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Abstract

Abstract

As the major protein of the lens, a-crystallin is a molecular chaperone that stabilises
lens proteins to prevent their precipitation into solution. In this role it is vital in
maintaining lens transparency. The chaperone ability of a-crystallin and its
individual subunits, aA- and aB-crystallin, has been shown to be sensitive to a
variety of environmental and intrinsic factors, including temperature, denaturation
and post-translational modification. The effect of pH on a-crystallin chaperone
ability, however, has not been thoroughly investigated. There is limited evidence to
suggest that the chaperone ability of a-crystallin is pH-sensitive such that o-
crystallin is a significantly worse chaperone at pH 6.0 than at pH 8.0. This is of
physiological significance since in the lens there is a measurable pH gradient of pH
7.2 in outer lens cells, compared to pH 6.7 in the lens nucleus. A loss of a-crystallin
chaperone function in the lens nucleus, as a consequence of decreased pH, may
compromise lens transparency. Similarly, extra-lenticular fibrillar aggregation of
some disease-related target proteins (AB-peptide, for example) is promoted by
acidic pH.

This study investigates the effect of pH on the chaperone ability of a-
crystallin and its subunits. Further, this study characterises the structural changes to
a-crystallin accompanying pH variation in an attempt to explain the structural basis
for the observed pH sensitivity. In addition, this study examines the chaperone
function of cyclodextrins, a class of chemical chaperones that may act in

conjunction with a-crystallin as part of a two-step protein refolding pathway.
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Abstract

This study demonstrated that the chaperone activity of a-crystallin is pH
sensitive between pH 6.0 and 8.0; the ability of a-crystallin to protect against
temperature- and reduction-stress induced amorphous aggregation is significantly
reduced at pH 6.0 and 6.5 compared to pH 7.0 and above. The decreased chaperone
ability of a-crystallin at pH 6.0 and 6.5 was accompanied by partial unfolding of the
protein, and a loss of secondary structure, while a-crystallin quaternary structure
remained unchanged. Interestingly, a-crystallin was found to have significant
chaperone ability below pH 4.0, conditions under which a-crystallin is largely
unfolded. The unfolding of a-crystallin at pH 6.0 and 6.5 is comparatively minor,
and it is difficult to say whether this unfolding is directly responsible for the
observed pH sensitivity of a-crystallin chaperone ability. The thermal stability of a-
crystallin was compromised at pH 6.0 and 6.5, which may partially explain its
decreased chaperone ability at these pH values in heat-stress assays conducted at
temperatures above 50°C. However, a-crystallin chaperone activity remained pH-
sensitive at 37°C and 45°C, at which temperatures it is thermally stable.

Blocking exposed aB-crystallin histidine residues by chemical modification
removed, to a large extent, the pH-sensitivity of its chaperone activity. This
suggests that the protonation of an exposed histidine residue(s) at pH 6.0 and 6.5 is
responsible for the observed pH sensitivity of a-crystallin chaperone ability.
Inhibiting the protonation of a specific histidine residue, H83, by site-directed
mutagenesis (H83A) did not remove the pH sensitivity of aB-crystallin chaperone
activity, and suggests that protonation of this residue alone does not explain the
decreased chaperone ability of a-crystallin at mildly acidic pH. This residue lies

within the putative chaperone-binding region of aB-crystallin, and is highly



Abstract

conserved between species and between the human small heat shock proteins. It
appears that the protonation of several histidine residues, or residues other than
HS3, is primarily responsible for the influence of pH on a-crystallin chaperone
ability observed in this study. The observed decrease in a-crystallin chaperone
function below pH 7.0 partially explains the preferential formation of age-related
cataract in the lens nucleus, as the chaperone ability of a-crystallin would be
compromised under the mildly acidic conditions characteristic of the nucleus.
Additionally, the pH sensitivity of a-crystallin chaperone ability may be significant
in the ability of extra-lenticular aB-crystallin to inhibit amyloid-related disease at
sites of localised acidosis.

Cyclodextrins are a family of cyclic oligosaccharides that have been shown
to function as chemical chaperones under specific protein aggregation conditions.
Cyclodextrins have been demonstrated to facilitate the refolding of chemically-
stressed target proteins that have already bound to synthetic nanogels, which act in a
manner reminiscent of small heat shock proteins. In this study, cyclodextrins were
unable to act in conjunction with a-crystallin to facilitate the refolding of thermally-
stressed target proteins. B-Cyclodextrin (3CD) demonstrated little or no ability to
inhibit the amorphous aggregation of target proteins, but was able to significantly
inhibit the fibrillar aggregation of a number of target proteins, including the disease-
related A53T a-synuclein mutant. Characterisation of the binding of BCD to target
proteins during fibrillar aggregation via circular dichroism, intrinsic and extrinsic
fluorescence and competitive chaperone assays provided a model of the
cyclodextrin chaperone mechanism. In this model, cyclodextrins interact with
already partially unfolded, pre-fibrillar protein intermediates via the insertion of

aromatic residues into the cyclodextrin anulus, and by doing so inhibit intra-fibrillar
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n-bonding and protofilament assembly. This suggests the potential for cyclodextrins
as therapeutic molecular chaperones in vivo that may be able to inhibit the

pathogenic aggregation of target proteins.
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Chapter 1 — Introduction and literature review

Chapter 1 - Introduction

1.1 Protein folding

Correct protein folding is an essential process that underpins the very function of
cellular organisms. Unfolded, non-native proteins are generally non-functional until
their correct structural conformation is achieved. Consequently, the process of a protein
folding to its native state is typically rapid and robust (Kim and Baldwin, 1982). Protein
folding occurs as a consequence of a conformational bias towards native protein
structure, brought about by the increased thermodynamic stability of the folded protein
state (Anfinsen, 1973; Rossman and Argos, 1981). This is dictated by the interactions
of a variety of protein structural elements; secondary structure is stabilised by
multivalent hydrogen bonding across the protein backbone, facilitating the formation of
a-helix and f-sheet structures, while intramolecular forces between amino acid side
chains dictate secondary, tertiary and quaternary protein structure (Rossman and Argos,
1981; Murphy and Kendrick, 2007). The necessary burial of hydrophobic side chains is
believed to be a decisive factor in protein folding (Chothia, 1974; 1975; Rossman and
Argos, 1981), but a variety of other factors, including salt-bridges between acidic and
basic side chains, disulfide bonding and dipole-ion interactions between charged side
chains further influence the final native structure of a protein (Murphy and Kendrick,
2007).

While this process of folding to a native is state is necessarily rapid and precise,
the complexity of intra-protein interactions required for correct folding means that

comparatively simple or minor alterations can sometimes result in wildly varying
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protein conformations. The correct folding of large, globular proteins, while rapid,
involves the formation of a number of intermediately folded states between the
unfolded polypeptide chain and the attainment of a native, functional protein. These
intermediately folded proteins generally exist in a brief, transient form, but expose
portions of their hydrophobic core to solution (Ellis and Hartl, 1996; Carver et al.,
2003). Further, the correct folding of protein intermediates to native conformation is a
reversible process, and so while the protein folding pathway is indeed rapid, there is
ample opportunity for vulnerable, semi-folded protein intermediates to interact
unfavourably. This can result in misfolded proteins that are either non-functional or
which have a potentially modified function, which can lead to a variety of problems in

Vivo.

1.2 Protein misfolding and aggregation

Protein misfolding presents serious problems for the correct functioning of cellular
systems. Significant in this regard is the large scale protein aggregation arising from
misfolded protein intermediates. The exposure of the hydrophobic core of semi-folded
protein intermediates renders them vulnerable to hydrophobic interactions with other
semi-folded proteins; such interactions can facilitate the rapid inclusion of further
protein intermediates, resulting in the accumulation of large protein aggregates (Ellis
and Hartl, 1996; Carver et al., 2002) (Figure 1.1). It is believed that this manner of
aggregation, generally referred to as amorphous aggregation, is a nucleation dependent

process (Kim et al. 2002; Ignatova and Gierasch, 2005). Large-scale aggregation does
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not occur until a suitable nucleus of misfolded protein intermediates has developed,
after which further protein intermediates are added rapidly to the aggregate nucleus.
This is typified by a sigmoidal relationship between time and protein aggregation; an
initial lag phase as a nucleus is slowly developed, followed by a rapid increase in
aggregation around the protein nucleus and concluding with a plateau region as
aggregation reaches a maximal level.

Over the past 20 years protein misfolding and aggregation has been implicated
in at least forty distinct diseases, of which some of the major types are listed in Table
1.1 (Chiti and Dobson, 2006). It has been suggested that protein misfolding may be
implicated in as many as half of all human diseases (Bradbury, 2003), and while this
conjecture may be exaggerated, the toxic effects of misfolded aggregated proteins are
obvious and pronounced. Pathogenic effects can occur from a variety of causes, the
most common being a loss of protein function as a consequence of misfolding (as in
cystic fibrosis (Powell and Zeitlin, 2002)), or a ‘gain’ of toxic protein function, as in
Alzheimer’s and other neurodegenerative diseases (Kelly, 1996; Cohen and Kelly,
2003).

While it was initially thought that protein aggregation results solely in an
unstructured, amorphous mass, research over the last 10 years has identified a stable,
highly structured form of protein aggregation known as amyloid fibrils (Dobson, 1999).
Amyloid fibrils are implicated in a number of neurodegenerative diseases, including
Alzheimer’s, Creuzfeldt-Jakob, Parkinson’s and Huntington’s diseases (Chiti and
Dobson, 2006), and as a consequence, fibrillar protein aggregation has become a major

topic of investigation.
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Figure 1.1 — Schematic diagram of the folding/unfolding and off-folding pathways. Newly
expressed proteins adopt a number of partially-folded intermediate structures (here designated I,
and I,) before achieving native conformation. The folding of protein intermediates to a native
conformation is reversible, particularly during cellular stress. If proteins remain intermediately
folded for too long, the hydrophobic association of several intermediates can result in protein
aggregation on the off-folding pathway. Aggregates can be unstructured, amorphous masses,
composed of partially folded intermediate protein states; conversely, aggregates can be highly
structured amyloid fibrils. Figure adapted from Carver et al. (2002).
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Table 1.1 — A summary of the mgjor protein-misfolding diseases in vivo. Table adapted from
Chiti and Dobson (2006).

NOTE:
Thisfigureisincluded on page 5
of the print copy of the thesis held in
the University of Adelaide Library.

1.3 Amvloid fibrils

Amyloid fibrils are highly ordered, -sheet rich protein aggregates characterised by a
common cross (-sheet core structure (Sunde and Blake, 1997; Serpell et al., 2000).
Amyloid fibrils are typically straight, unbranched strands of variable length, between 7
and 12nm in diameter (Sunde and Blake, 1997). These strands generally consist of a
succession of tubular, B-sheet derived protofilaments arranged laterally to the fibril axis
(Figure 1.2). The number of protofilaments that comprise the fibrillar superstructure

varies between target proteins (Serpell et al., 2000). Gross fibrillar morphology varies
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significantly depending on the misfolded protein from which it is derived, with rope-
like, tape-like, branched and, recently, looped fibrillar structures observed via TEM
(Chiti and Dobson, 2006; Dobson, 2006). Fibril morphology appears to be directly
influenced by both solvent type and the conditions under which aggregation is induced,
and may also be influenced by target protein primary structure (Bauer et al., 1995;
Goldsbury et al., 1997; Pedersen et al., 2006; Porat et al., 2006).

Cryo-EM and x-ray diffraction analysis have determined that fibrillar
protofilaments consist of a number of closely interacting parallel p-sheets, the
component (3-strands of which are arranged perpendicular to the fibril axis (Blake and
Serpell, 1996; Sunde and Blake, 1997). These B-strands are generally derived from
small peptide regions, typically between 8 and 10 amino acids in length (Jiminez et al.,
2002). Accordingly, a highly ordered cross -sheet structure is considered characteristic
of amyloid fibrillar aggregates. In larger proteins and polypeptides it has been
suggested that areas not contributing to the B-sheet form hydrophilic loops on the
exterior of the proto-filament, and there is some evidence to suggest that these loops
may influence both fibril solubility and interactions between multiple protofilaments
within the gross fibril structure.

The highly ordered fibril structure is believed to be facilitated by hydrogen
bonding across the protein backbone and so is generally independent of amino acid
sequence (Fandrich and Dobson, 2002; Bucciantini et al., 2002). The non-specific
nature of these interactions and common structure of the polypeptide backbone result in
morphologically similar fibrils being formed from a variety of different peptides, and

suggest that fibrillar aggregation is a generic structure possible for all polypeptides
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(Chiti et al., 1999; Dobson, 1999; Bucciantini et al., 2002). Despite this, recent data
suggest that interactions between amino acid side chains on adjacent (3-strands may be
important for the formation and stability of amyloid fibrils. Analysis of AR-peptide
derived mutants has demonstrated that side chain-side chain interactions are necessary
for initiating fibrillar aggregation (Klimov and Thirumalai, 2003). w-Bonding between
aromatic residues has been demonstrated to increase fibrillar aggregation propensity
and stabilise cross f3-sheet structure in amyloid-like structures (Makin et al., 2005;
Gazit, 2002; Porat et al., 2004), and aromatic side chain interactions appear necessary
for human islet amyloid polypeptide fibrillar aggregation (Zanuy et al., 2004). It has
been suggested that aromatic residues are relatively abundant in amyloidogenic protein
sequences (Gazit, 2002), and that the aromatic residues tryptophan and phenylalanine
are the most amyloid-prone amino acids (Pawar et al., 2005). From this it has been
inferred that while the ability to form fibrillar aggregates is a trait common to all
proteins, the propensity to form, and stability of fibrillar aggregates is directly

influenced by protein primary structure (Dobson, 1999; 2006).
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Figure 1.2 —Representations of proposed amyloid fibril structure. a) A molecular model of
amyloid fibrils derived from an SH3 domain, compiled from cryo-EM data. The fibril consists
of four protofilaments, each comprised of highly structured anti-parallel 3-sheets (from Dobson,
1999). b) Atomic structure of fibrillar micro-crystals derived from the peptide GNNQQNY.
Anti-parallel p-sheets are arranged perpendicular to the fibrillar axis, as is suggested of all
fibrillar models (from Nelson ez al., 2005). c) AP-peptide amyloid fibrils, observed via
transmission electron microscopy (from Goldsbury et al., 2000).

1.4 Mechanism of fibrillar aggregation

Like amorphous aggregation, amyloid fibril formation is believed to be a nucleation-
dependent process (Jarrett and Lansbury, 1992, Jarrett et al., 1993; Come et al., 1993;
Harper and Lansbury, 1997). Fibrillar aggregation is generally preceded by the
disruption of native protein structure, in a manner similar to the initial stages of
amorphous aggregation (Chiti et al., 1999; Dunker et al., 2002; Dobson, 2006). The

resulting semi-folded, amyloidogenic protein intermediates are prone to association via
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intermolecular forces, such as hydrogen bonding (Chiti er al., 1999). Protein
intermediates associate into large, insoluble oligomers (the fibril ‘nucleus’), after which
subsequent monomers are rapidly added to the growing amyloid fibril (Jarrett et al.,
1993; Harper and Lansbury, 1997). It has been suggested that this process is a more
ordered process than that of amorphous aggregation, during which the nucleus provides
a ‘template’ for the addition of subsequent monomers to either end of the developing
amyloid fibril (Griffith, 1967; Lomakin et al., 1996; Serio et al., 2000) (Figure 1.3). In
this model, the creation of a stable, amyloidogenic nucleus is the rate-limiting step of
fibrillar aggregation, and is characterised by a pronounced lag-phase during fibrillar
aggregation. Consequently, fibrillar aggregation can be sped up via the addition of pre-
formed fibrils, which provide the nucleus for large-scale fibrillar aggregation (Jarret
and Lansbury, 1992; Come et al., 1993; Kim et al., 2007).

Whilst this is the generally accepted ‘generic’ mechanism of fibrillar
aggregation, an increasing number of exceptions are being discovered. Both HypF and
acylphosphatase fibril formation can be preceded by intermediates that adopt a highly
native-like structure (Plakoutsi et al., 2004; Marcon et al., 2005). Alzheimer’s disease
is characterised by plaques that are believed to form as a result of protein truncation, as
opposed to stress-induced unfolding and subsequent association (Prelli ez al., 1988;
Stefani and Dobson, 2003). Recently, a mechanism of fibrillar aggregation has been
identified in which the formation of an amyloidogenic nucleus is not the limiting step,
using reduced and carboxymethylated k-casein as a target protein (Ecroyd et al., 2008).
In this system, the lag phase of fibrillar aggregation is independent of protein

concentration or seeding. It is believed that this is a consequence of the structure of
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monomeric K-casein; K-casein oligomers dissociate directly into highly amyloidogenic

monomers, removing the lag phase of fibril formation (Ecroyd et al., 2008).

NOTE:
Thisfigureisincluded on page 10
of the print copy of the thesisheld in
the University of Adelaide Library.

Figure 1.3 — A generic model of amyloid fibril formation. Natively folded proteins unfold into
partially-folded amyloidogenic intermediates, which associate to form the fibrillar nucleus.
Subsequent intermediates associate with the fibrillar nucleus, stacking to form protofilaments
and eventual amyloid fibrils. Figure from Ecroyd et al. (2008).

1.5 pH influences fibrillar aggregation

Amyloid formation can be affected by a number of extrinsic factors, one of the more
significant being pH variation. Low pH has been identified as a key stress in the initial
stages of fibrillar aggregation, and provides an environment conducive to the
intermolecular interactions necessary for fibrillar aggregation (Chiti et al., 1999;
Dobson, 2006). Solution pH has a direct effect on the ionisable groups of amyloid-
forming peptides; consequently, the degree to which pH affects amyloid fibril
formation is influenced by the primary structure of the protein species undergoing
amyloidosis (Ma et al., 1999). Proteins such as HypF can be induced to form fibrils

only after a decrease in pH to 5.5 (Bucciantini er al., 2002), while transthyretin is
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unable to adopt the necessary structural conformation for amyloid fibrils at a pH of
greater than 5.0 (Lai er al., 1996). a-Lactalbumin preferentially forms fibrillar
aggregates at pH 2.0, and amorphous aggregates at neutral pH (Goers et al., 2002). The
fibrillar aggregation of 2-microglobulin, characteristic of dialysis-related amyloidosis,
occurs at both acidic (pH 2.5) and neutral pH (Raman et al., 2005; Sasahara et al.,
2008). Alzheimer’s disease, characterised by AP-peptide amyloid plaques, coincides
with localised acidosis (pH 6.0) in diseased tissue (Yates et al., 1990). Significantly,
AB-peptide is believed to adopt an amyloid-prone conformation at pH 6.0 (Khandogin

and Brooks, 2007).

1.6 Molecular chaperones

The complex nature of correct protein folding means that simple modifications, such as
single-point mutations, can result in significant changes to the protein structure
(Murphy and Kendrick, 2007). Consequently, the cellular protein expression system
has an extensive quality control system to ensure both the correct folding of expressed
proteins, and the efficient removal of incorrectly folded and possibly damaging protein
intermediates. This is generally understood to be a two-tiered system, controlled by
both the ubiquitin-proteosome system (UPS) and a complex array of molecular
chaperones (Berke and Paulson, 2003). Molecular chaperones are a variety of protein
species whose key role is to inhibit the aggregation of reactive protein intermediates,
and facilitate the re-folding or removal of misfolded proteins. Molecular chaperones

fulfil a variety of tasks in this role; calnexin, for example, recognises and targets

11
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abnormally folded proteins for rapid degradation via subsequent pathways (Liu et al.,
1999; Welch, 2003), and both calnexin and calreticulin aid the retention of misfolded
proteins in the endoplasmic reticulum, to ensure that only correctly folded proteins are
secreted into the cytosol (Jackson et al., 1994; Pind et al., 1994; Hammond and
Helenius, 1995). One of the more significant roles of molecular chaperones in vivo is
the inhibition of interactions between reactive protein intermediates by direct binding
with target proteins, and by doing so inhibiting large scale protein aggregation (Derham
and Harding, 1999). This can be purely protective, limiting further protein aggregation
as with small heat shock proteins (Horwitz, 1992; Lee et al., 1997); conversely, it may
be to refold misfolded proteins, as with Hsp70 and GroEL (Hartl and Hayer-Hartl,
2002; Young et al., 2004). While the exact mechanism of this protection method is still
unknown, it is believed that such molecular chaperones bind to regions of
hydrophobicity on misfolded protein intermediates, limiting hydrophobic interactions
between multiple incorrectly folded peptides (Raman and Rao, 1994; Datta and Rao,

1999; Singh and Rao, 2002; Melkani et al., 2004).

1.7 Small heat shock proteins

Small heat shock proteins (sHsps) are one of the largest and most significant families of
molecular chaperones. The sHsp superfamily encompasses a widespread and diverse
range of low molecular weight proteins that range in size from 15 to 42 kDa (Horwitz,
2003). There are 10 human sHsps, including alA- and aB-crystallin, Hsp27 and Hsp20

(Taylor and Benjamin, 2005). These proteins are generally found in vivo in large,

12
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dynamic, heterogeneous oligomeric structures up to 1MDa in mass (Horwitz, 2003;
Sun and McRae, 2005). While the overall homology between sHsp proteins is low
(Plesofsky-Vig et al., 1992), they share the common traits of a conserved C-terminal
region of about 80 amino acids in length (dubbed the a-crystallin domain) and a low
subunit molecular mass (Lindquist, 1986; Plesofsky-Vig et al., 1992; Ehrnsperger et
al., 1998). sHsps have been detected in almost all types of organisms, and perform a
variety of functions including protein stabilisation, caspase inhibition and cytoskeletal
interaction (Bloemendal, 1981; Lavoie et al., 1993; Mounier and Arrigo, 2002;
Treweek et al., 2003).

Many of the human sHsps were not classified as sHsps until comparatively
recently. Several of these proteins were independently identified and characterised by
disparate research groups, often within one or two years of each other, and
consequently the same small heat shock protein may have several names; HspB2, for
example, was independently identified as myotonic dystrophy protein kinase binding
protein (MKBP), due to its role in the binding to and activation of myotonic dystrophy
protein kinase (Suzuki et al., 1998). Similarly, Hsp22 was initially identified as H11
kinase, due in part to its perceived similarity to the putative protein kinase domain R1
subunit of herpes simplex virus type 2 ribonucleotide reductase (Smith ez al., 2000).
Based upon our current understanding and classification of the human sHsps, a
systematic nomenclature has been proposed to ‘tidy up’ redundant nomenclature in the
literature, designated HspB1-10 (Table 1.2) (Kappe et al., 2003; Taylor and Benjamin,
2005). This nomenclature is not widely used, particularly in reference to alA- and aB-

crystallin (HspB4 and 5, respectively). It does, however, provide a systematic
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classification of human sHsps that is useful for database search and comparison. This
study does not utilise the HspB nomenclature except during SwissProt database

searching and multiple sequence alignment (Chapter 7).

Table 1.2 — The HspB classification system of sHsps, and common alternative names. The
HspB classification system is infrequently used, particularly in regards to atA- and aB-crystallin
(HspB4 and 5, respectively). Table adapted from Taylor and Benjamin (2005).

Name Alternatives
HspB1 Hsp27, Hsp25
HspB2 MKBP
HspB3 HSPL27
HspB4 aA-crystallin
HspB35 aB-crystallin
HspB6 Hsp20, p20
HspB7 cvHsp

HspB8 Hsp22, H11 kinase
HspB9 -

HspB10 ODF1

1.8 sHsps as molecular chaperones

The primary role of sHsps in vivo is that of a molecular chaperone, to inhibit illicit
interactions between misfolded or partially folded proteins (Horwitz, 1992; Jakob et al.,
1993; Haslbeck et al., 2005). sHsps typically bind to misfolded proteins without
affecting their structure, instead directly inhibiting further interactions between
misfolded protein intermediates via hydrophobic binding (Horwitz, 2003; Haslbeck et
al., 2005). Areas of reactive, exposed hydrophobicity on partially-folded protein

intermediates interact with specialised chaperone-binding regions on the sHsp, and in
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so doing, protein-protein interactions leading to aggregation are avoided (Raman and
Rao, 1994; Das et al., 1996). In their role as molecular chaperones, sHsps do not
generally refold bound target proteins, but rather sequester them into unreactive and
generally stable chaperone-target protein complexes (Figure 1.4) (Horwitz, 1992; Lee
et al., 1997; Ehrnsperger et al., 1997). This reservoir of partially folded protein
intermediates will neither further aggregate nor refold, but can subsequently be acted
upon by refolding chaperone proteins (Hsp70 and GroEL, for example) to facilitate the
renaturation of the protein chain and correct protein folding when cellular conditions
become permissive (Ehrnsperger et al., 1997; Lee et al., 1997; Lee and Vierling, 2000;
Wang and Spector, 2000). This in turn allows for the efficient turnover and recycling of
incorrectly folded proteins, which might otherwise cause complications within cells.
The function of sHsps on the off-folding pathway becomes more significant in
situations of low protein turnover, such as the eye lens, where regenerative heat shock
proteins are not available for the refolding of misfolded peptides (Horwitz 1992;
Horwitz, 2003). In the lens, sHsps provide an indefinite reservoir of partially folded
protein intermediates with no recourse for protein renaturation. A decrease in the ability
of local sHsps to carry out this task may result in the accumulation of reactive,
misfolded peptide species, that could in turn lead to large scale protein precipitation and

possible pathological conditions (Horwitz, 1992; Horwitz, 2003).
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Figure 1.4 — Schematic representation of sHsps on the off-folding pathway. Functional sHsp
subunits generally dissociate from un-reactive oligomeric complexes to sequester partially-
folded protein intermediates, via hydrophobic interactions. While the functional sHsp unit is
depicted here as dimer, this may not necessarily be the case with all sHsps. sHsps subsequently
maintain protein intermediates in non-reactive complexes that can be re-folded via the action of
additional molecular chaperones (Hsp70 or GroEL, for example). Figure from Carver et al.
(2002).

1.9 Structure and function of the lens

The structure of the eye lens is inextricably linked to its key physiological function,
namely the correct focusing of images onto the retina (Tardieu and Delaye, 1988). The
lens structure consists of two distinct cell types, epithelial cells responsible for the
generation of new lens cells, and fibre cells responsible for maintenance of the

necessary transparency of the lens (Bloemendal er al., 2004). Epithelial cells are
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arranged towards the front of the lens, aligned along the anterior capsule, while fibre
cells make up the bulk of the lens structure. Younger fibre cells are arrayed at the edges
of the lens, while older cells are stacked around each other at the nucleus or centre of
the lens structure (Figure 1.5) (Bloemendal ez al., 1984). Consequently, there is no cell
turn-over within the lens; aged fibre cells accumulate in the lens nucleus, while
progressively younger cells are added to the extremities (Bloemendal, 1981). Cellular
organelles, including those necessary for protein degradation and synthesis, are lost as
lens fibre cells mature; importantly, this ensures that there is no protein turnover in
mature lens cells (Bassnett and Beebe, 1992).

Accurate focusing of light onto the retina is necessary for unobstructed vision,
and requires the maintenance of the correct refractive index of light passing through the
lens. Consequently, incorrect scattering of light by the lens due to lens opacification
results in an impaired ability to focus images (Benedek, 1971). This necessitates an
exceptional degree of lens transparency; the human lens, for example, shows less than
5% light scatter (Bettelheim, 1985). Transparency is facilitated by the close packing of
cell proteins within the lens cytoplasm, with essentially no fluctuation in refractive
index between proteins (Benedek, 1971; Delaye and Tardieu, 1983). However, the
maintenance of this refractive index within the eye lens requires an inordinately high
concentration of cytoplasmic protein, with protein concentrations in excess of
450mg/ml (Fagerholm et al., 1981). It was initially suggested that lens proteins were
structured in a dense and highly ordered crystalline array, in order to explain both the
high protein concentration and transparency of the lens (Trokel, 1962). X-ray

crystallographic studies have since shown this to be false, with lens proteins instead
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being arranged as a dense, freely moving liquid, with a spatial arrangement similar to
that of glass. The short-range spatial order of lens proteins is responsible for lens

transparency (Benedek, 1971; Delaye and Tardieu, 1983).

ﬂ epithehal cells

.

ti..tire cells

Figure 1.5 — Schematic diagram of the mammalian lens. The open arrow designates the
direction of light entering the lens. Epithelial and fibre cells are arranged on the exterior of “the
lens, and migrate towards the nucleus with age. ‘Nucl’ designates the lens nucleus, ‘cx’
designates the cortical region of the lens, ‘eq’ designates the equatorial region of the lens.
Arrowheads show the region where epithelial cells differentiate into secondary fibre cells.
Figure from Bloemendal ez al. (2004).

1.10 Crystallins

The crystallins are the primary structural proteins of the lens, and account for over 90%
of soluble lens protein, and up to 33% wet weight of the adult lens nucleus (Horwitz,
2003). Crystallins are generally divided into the physiologically related a-, - and y-

families, and to date 2 a-, 7 B- and 5 y-crystallins have been identified in the
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mammalian lens (Bloemendal et al., 2004). Crude lens purification typically produces
five crystallin fractions, designated o (including aA- and aB-crystallin), 4, B, Ys and
yr-crystallin. As the major structural proteins of the lens, crystallins facilitate lens
transparency by maintaining the correct refractive index of the lens (Bloemendal,
1981). Of these, a—crystallin is the predominant crystallin species, accounting for 40%
of human soluble lens protein (Horwitz, 2003). As well as maintaining lens
transparency through structural interactions, lens crystallins have been implicated in a
variety of physiological processes. Both (- and y-crystallins are expressed in lens
epithelial cells during cellular stress, and it has been suggested that these proteins may
have a protective role in epithelial cells (Wang et al., 2004). Additionally, both - and
y-crystallins bind calcium, and are believed to play an important role in lens calcium
homeostasis (Rajini et al., 2001; Jobby and Sharma, 2007). Mutations in y-crystallin
structure have been implicated in both cataract and epithelial cell defects (Sinha et al.,
2001; Bu et al., 2002). a-Crystallin has been implicated in apoptosis, cytoskeletal
interactions and cell differentiation (Bennardini et al., 1992; Nicholl, and Quinlan,
1999; Ito et al., 2001; Kamradt et al., 2005), but its most significant function appears to

be that of a molecular chaperone.

1.11 a—Crystallin as an sHsp and molecular chaperone

Since its discovery as a sHsp, and subsequent identification as a molecular chaperone
(Klemenz 1991; Horwitz 1992), a-crystallin has been extensively studied and

characterised due to its unique role in maintaining the necessary transparency of the eye
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lens. In addition to its role as an integral structural protein of the lens, a-crystallin also
functions as the primary protein chaperone within the lens (Horwitz, 1992). In its
capacity as a molecular chaperone, a-crystallin inhibits the aggregation of the
structurally related PB-crystallin and y-crystallins, as well as a variety of minor lens
components that include glyceraldehyde-3-phosphate dehydrogenase, enolase, leucine
aminopeptidase and aldehyde dehydrogenase (Velasco et al., 1997). By doing so, a-
crystallin is believed to maintain lens transparency. Interestingly, aB-crystallin
knockout mice do not display a cataractous phenotype (Brady et al., 2001), while aA-
crystallin knockout mice show an increased propensity for cataract and cytoplasmic
inclusion bodies in lens fibre cells (Brady et al., 1997). These inclusion bodies include
aggregated y- and aB-crystallin, as well as Hsp25, suggesting that aA-crystallin is
primarily responsible for maintaining the solubility of lens proteins. The inability of o-
crystallin to perform either as a soluble, structural lens protein, or as a molecular
chaperone in the lens, has been argued to result in a loss of functional lens
transparency. (Horwitz, 1992).

As yet, the exact nature of a-—crystallin-target protein interaction is unknown.
Several molecular chaperones are believed to interact with target proteins via non-
specific hydrophobic interactions, including GroEL (Melkani er al., 2004), 70S
ribosome (Singh and Rao, 2002) and mitochondrial Atpl1p (Sheluho and Ackerman,
2001), and it follows that a-crystallin may interact with target proteins in a similar
manner. Studies demonstrating that a-crystallin preferentially recognises non-native

structures with increased surface hydrophobicity (Carver et al., 1995; Das et al., 1996;

Rajaraman et al., 1998; Treweek et al., 2000; Carver et al., 2002), and the observed
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correlation between exposed hydrophobicity and enhanced chaperone ability (Raman
and Rao 1994; Das and Surewicz, 1995) suggest that the a-crystallin chaperone binding
mechanism may be similar to that of GroEL. Consequently, it is widely accepted that
a-crystallin interacts with target proteins via non-specific interactions between
hydrophobic regions on o-crystallin and areas of exposed hydrophobicity on semi-
folded protein intermediates. In this manner, a-crystallin behaves as other sHsps,
binding to semi-folded protein intermediates on the off-folding pathway (Carver et al.,
1995; Das et al., 1996; Rajaraman et al., 1998; Treweek et al., 2000; Carver et al.,
2002). Putative chaperone binding regions have been identified on both aA- and aB-
crystallin (Sharma et al., 2000; Bhattacharyya et al., 2006, Ghosh et al., 2007), which
lie within hydrophobic areas of (3-sheet in the C-terminal (‘a-crystallin’) region of the
protein. a—Crystallin is a relatively stable protein, and while elevated temperatures may
induce thermotropic conformational changes, these appear to enhance its chaperone
activity (Raman and Rao, 1994; Das and Surewicz, 1995; Datta and Rao, 1999).
Additionally, both of the related aA- and aB-crystallin subunits of a—crystallin are
capable of stress induced chaperone activity independently of each other (Carver,
2003). Studies have demonstrated that o—crystallin is capable of the prevention of y-
crystallin and insulin-B-chain aggregation as a consequence of chemical stress without

thermal activation (Bhattacharyya and Das, 1998).
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1.12 Structure of a—crystallin

Human a—crystallin consists of two similar and related subunits, the 173 residue
aA—-crystallin subunit and the 175 residue aB-crystallin subunit. These proteins are
coded for on two distinct chromosomes (23 and 11 respectively), and share 57%
sequence similarity (Bloemendal and de Jong, 1991). Primary structure is highly
conserved between the two subunits, notably in the putative chaperone-binding regions
(Sharma et al., 2000; Bhattacharyya et al., 2006).

In vivo, a-crystallin forms heterogenous, multimeric aggregates, which have
been estimated variously to consist of between 14 and 50 o-crystallin subunits
(Thomson and Augusteyn, 1988; Spector et al., 1971). The generally accepted
molecular weight of native a-crystallin, however, lies between 700 and 800 kDa (35 —
40 subunits) (Bloemendal, 1981; Vanhoudt ef al., 2000). In the human lens, cA- and
aB-crystallin exist in a ratio of close to 3:1 (Bloemendal, 1981). aA-Crystallin appears
to be lens specific, while aB-crystallin is commonly found in extra-lenticular tissue
(Bhat and Nagineni, 1989; Dubin et al., 1989; Iwaki et al., 1990; Srinivasen et al.,
1992). Regardless of their aggregated state, it has been shown that all sHsps exist in a
dynamic equilibrium between oligomeric and non-oligomeric forms (van den Oetelaar
et al., 1990; Bova et al., 1997, 2000; Haley et al., 1998). There is substantial evidence
to suggest that the dissociated subunit is the functional chaperone unit of a-crystallin,
and that the dissociation of subunits from the o-crystallin oligomer facilitates the
exposure of hydrophobic chaperone-binding regions of a-crystallin buried previously

within the protein multimer (Plater er al., 1996; Bova et al., 1997). Accordingly,
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dynamic subunit exchange between multimeric and dissociated o.—crystallin has been
considered a key factor in regulating chaperone function (Bova et al., 1997; Avilov et
al., 2004; Liu et al., 2006a). Studies have since suggested that the a-crystallin oligomer
is a functional chaperone unit, and is capable of chaperone activity independent of
subunit exchange or dissociation (Augusteyn, 2004b). It is likely that both oligomeric
and dissociated a-crystallin is capable of chaperone activity, and that dissociation is not
necessary for a-crystallin chaperone function.

a-Crystallin consists of three domains; the C-terminal ‘a-crystallin’ domain,
common to all sHsps (sometimes referred to as the a-—crystallin domain), the N-
terminal domain and the flexible C-terminal extension. The o-crystallin domain has
been extensively studied due to its commonality between sHsps, and is believed to have
both a chaperone function and a role in monomer-monomer interactions within the o.-
crystallin oligomer (Sharma et al., 2000; Ghosh and Clark, 2005; Bhattacharyya et al.,
2006). The a-crystallin domain is believed to consist of a complex B-sheet sandwich
containing multiple B-strands (Mornon et al., 1998). Putative aA- and aB-crystallin
chaperone binding sites have been identified in this region, between residues 70 and 88
in aA-crystallin, and between residues 79 and 92 in aB-crystallin (Sharma et al., 2000;
Bhattacharyya et al., 2006). Accordingly, it is believed that the hydrophobic C-terminal
region of o-crystallin is important in chaperone binding and the inhibition of target
protein aggregation (Saha and Das, 2004). The a-crystallin domains of Hsp27
monomers interact closely with each other within the Hsp27 multimer (Ehrnsperger et
al., 1997), suggesting that the o-crystallin domain may also be important in the

formation and maintenance of oligomeric sHsp structures.
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Despite a high degree of variation in length and amino acid sequence within
sHsps, the N-terminal sHsp domain is also believed to be required for a-crystallin
aggregation and monomer—monomer interaction. It has been suggested that the N-
terminal domain of protein monomers is buried within the oligomeric structure, and
hence that this domain is also involved in the aggregation of sHsp subunits into
multimeric oligomers (Leroux et al., 1997). Truncation of the N-terminal region past
the first 20 residues of aA-crystallin reduces oligomer size and stability, supporting the
suggestion that the N-terminal region is important for oligomeric assembly (Bova et al.,
2000; Sreelakshmi et al., 2004; Kundu et al., 2007). N-terminal deletion has been
shown variously to increase o-crystallin f-sheet content, but decrease exposed
hydrophobicity (Kundu et al., 2007; Chaves et al., 2008). Additionally, the N-terminal
region of a-crystallin has been implicated in chaperone-substrate binding, and N-
terminal deletion inhibits atA-crystallin chaperone ability (Plater ez al., 1996; Aquilina
and Watt, 2007; Kundu et al., 2007). The loss of chaperone ability is particularly
interesting, and is believed to be a direct consequence of the loss of aA-crystallin
oligomerisation, providing further evidence for the importance of o-crystallin
oligomerisation and subunit exchange in chaperone ability (Kundu et al., 2007).

As determined by NMR spectroscopy, a short and highly flexible C-terminal
extension extends from the a—crystallin domain of several mammalian sHsps (Carver
et al., 1992; Carver et al., 1995a; van de Klundert et al., 1998; Carver, 1999). Whilst it
has been suggested that the C-terminal extension may play some role in chaperone-
protein binding, this appears unlikely due to the highly hydrophilic and flexible nature

of the extension. Rather, the hydrophilic nature of the C-terminal extension, and the
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fact that subunit C-terminal extensions within the sHsp oligomer extend outwards into
the cytosol suggest that the C-terminal extension may instead function to aid in the
solubility and stability of protein oligomers and their complex with target proteins
(Smulders et al., 1996; Carver, 1999).

The overall secondary structure of a-crystallin has been determined by circular
dichroism spectroscopy. From these studies, oa-crystallin has been shown to consist
primarily of  sheets (between 40 and 70%) interspersed with a minimal amount of o
helical structure (Thompson and Augusteyn, 1989; Ehrnsperger et al., 1997). Despite
the predominance of 3 sheet, studies have implicated a-crystallin a—helical structure in
the chaperone activity of a—crystallin (Koretz et al., 1998).

A 3D model of aB-crystallin tertiary structure has recently been proposed,
based upon the x-ray crystal structures of two structurally related sHsps,
Methanococcus jannaschi Hsp16.5 and wheat Hsp16.9 (Kim et al., 1998; van Montford
et al., 2001). A series of overlapping eight amino acid peptides, derived from oB-
crystallin, were probed against alA- and aB-crystallin, to determine areas of subunit-
subunit interaction. Interaction sites were then modelled onto a 3D homology model of
aB-crystallin based upon Hsp 16.5 and Hsp 16.9 structures. (Ghosh and Clark, 2005)
(Figure 1.6). Subunit-subunit interaction sites appear to be solvent exposed, and suggest

a pattern of exposed hydrophobicity on the aB-crystallin monomer.

25



Chapter 1 — Introduction and literature review

Figure 1.6 — 3D space-filling model of aB-crystallin’s tertiary structure. The N-terminal o-
crystallin domain (red circle) consists of a single a-helix and random coil elements; the C-
terminal domain (blue circle) consists primarily of $-sheets. The C-terminal extension (yellow

circle) is hydrophilic, and extends freely from the structure. Figure from Ghosh and Clark
(2005).

The tertiary and quaternary structures of a—crystallin remain to be definitively
established, as it has not been possible to grow crystals of the protein due to the
heterogenic and dynamic nature of the a-crystallin oligomer. While NMR
spectroscopy has been used to investigate the flexible C-terminal extension of the
protein (Carver et al., 1992, 1995a; Carver, 1999), it is not suitable for investigating
further regions of the protein due to their large size. Initially, a three-layered, micelle-
like association of a-crystallin subunits was proposed (Tardieu et al., 1986; Augusteyn,
and Koretz, 1987) based largely on the belief that a-crystallin subunits were
differentially exposed to solution during oligomerisation (Figure 1.7). It was
subsequently observed that aA- and aB-crystallin have broadly similar tertiary

structures, and occupy equivalent positions in the a-crystallin oligomer (Hendriks et
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al., 1990); from this, cubic and rhombic-dodecahedral oligomeric structures were
proposed, in which aA- and aB-crystallin occupy equivalent positions (Wistow, 1993)
(Figure 1.7b). In these models, the C-terminal regions of a-crystallin subunits are
arranged externally on the oligomer, while N-terminal domains are buried within the
interior of the structure. A refinement of these initial models has lead to the so-called
‘pitted-flexball’ model, in which a-crystallin subunits form a micelle-like association
with equivalent aA- and aB-crystallin subunits. In this model, the N-terminal domains
of a-crystallin subunits associate toward the interior of the oligomer, with externally
facing C-terminal domains (Smulders et al., 1998) (Figure 1.7c). The C-terminal
extensions of o-crystallin subunits extend freely into solution, aiding oligomer
solubility. This model creates a pitted oligomeric surface, in which the N-terminal
regions of multiple subunits are still partially exposed to solution. Chaperone substrate
binding was assumed to occur via interactions with semi-exposed N-terminal regions of
a-crystallin subunits. Subsequent studies have demonstrated the importance of the C-
terminal domain in a-crystallin substrate binding, and so cast some doubt on this
model.

Carver et al. (1994) have proposed an annular oligomeric structure, in which a-
crystallin subunits are arranged into a hollow cylindrical conformation reminiscent of
GroEL (Figure 1.7d). Evidence for a central cavity comes from negatively-stained
electron micrographs, in which the size of the a-crystallin oligomer (800kDa) can only
account for roughly 50% of the average diameter of the a-crystallin oligomer (around
14nm). In this model, the N-terminal regions of subunits are arranged towards the

interior of the oligomer, and are responsible for the oligomerisation of multiple
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subunits. Accordingly, N-terminal domains are largely shielded from solution by larger,
surface exposed C-terminal domains. C-terminal extensions extend freely into solution,
and may aid solubility in a similar manner to that of the ‘pitted-flexball’ model.
Chaperone substrate binding is believed to occur on the exterior cylindrical surface of
the oligomer. Cryo-EM studies have, to an extent, supported this model, suggesting a
globular a-crystallin aggregate with a large central cavity, and substrate binding on the
external surface of the oligomer (Haley et al., 1998) (Figure 1.8). This model of the a-
crystallin oligomer is similar to x-ray crystal structures observed for Hspl6.5 and
Hsp16.9; Hsp16.5 forms hollow, spherical oligomers consisting of 24 subunits (Kim ez
al., 1998) while Hspl16.9 is formed as a similarly hollow, spherical dodecamer
containing two rings each of six subunits (van Montford et al., 2001) (Figure 1.9).
While it is at present impossible to definitively state the quaternary structure of o-
crystallin, the annular model proposed by Carver et al. seems the most likely of those
available, and accounts for both the hollow internal cavity of a-crystallin, and the role

of the C-terminal region in chaperone-substrate binding.
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Figure 1.7 — Various suggested models for a-crystallin quaternary structure. a) a three-layered
open micelle model of the o-crystallin oligomer, in which spheres designate o-crystallin
subunits. Alternating grey and white spheres denote the three layers of association and
accessibility of a-crystallin subunits (from Tardieu et al., 1986). b) cubic and rhombic-
dodecahedral quaternary structural models of a-crystallin. ‘Peanut-like’ shapes represent the
surface-exposed C-terminal domains of a-crystallin subunits. aA- and aB-crystallin occupy
equivalent positions in the oligomer. Letters denote specific association regions on each subunit;
a associates with b, ¢ associates with d (from Wistow, 1993). c¢) ‘Pitted-flexball’ quaternary
structural model of a-crystallin. Grey regions denote subunit N-terminal domains, open regions
indicate subunit C-terminal domains. Lines represent C-terminal extensions. Oligomerisation is
achieved through the association of subunit N-terminal domains. C-terminal domains are
arrayed on the external surface of the oligomer. The N-terminal domains remain surface-
exposed, and provide the primary site for chaperone binding (from Smulders ez al., 1998). d)
Annular quaternary structural model of a-crystallin. Large spheres represent subunit C-terminal
domains, smaller spheres represent subunit N-terminal domains. Lines represent subunit C-
terminal extensions. The oligomer contains a hollow central cavity, and substrate binding occurs
on the external cylindrical surface of the oligomer (from Carver et al., 1994).
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Figure 1.8 — Single resolution representation of aB-crystallin quaternary structure, based upon
Cryo-EM data. b) is a cutaway of figure a). The aB-crystallin oligomer is roughly spherical in

shape, and contains a large, hollow central cavity, as suggested by Carver et al. (1994). Figure
adapted from Haley ez al. (1998).

Figure 1.9 — 3D space-fill models of the quaternary structures of a) Hsp16.5 and b) Hsp16.9,
derived from x-ray crystallography. Both oligomers contain a large, hollow central cavity,
reminiscent of the a-crystallin oligomeric model proposed by Carver et al. (1994). Figure from
van Montfort ef al. (2001)
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1.13 Aging within the lens

Aging within the eye lens is accompanied by a number of changes in protein structure
and composition. Lens aging is characterised by the increased presence of a high
molecular weight protein species, of which o- and y-crystallin are the primary
components (Liang and Rossi, 1989; Yang et al., 1994); this high molecular weight
protein species has significantly reduced chaperone ability compared to wild-type o.-
crystallin (Takemoto and Boyle, 1994; Carver et al., 1996; Carver and Lindner, 1998).
The relative proportions of crystallin species within the lens vary markedly with age, o-
crystallin composition rising while p-crystallin remains constant, and y-crystallin
composition drops significantly (Bessems et al., 1983; Bhattacharyya and Das, 1998).
Soluble aA-crystallin is almost entirely absent within lenses at 60 years or older, but
dominates the non-water soluble lens protein fraction (Roy and Spector, 1976; McFall-
Ngai, et al., 1985; Rao et al., 1993).

As proteins age in the cell, they tend to become disordered and partially folded,
leading to an increased degree of hydrophobicity exposed to cytosol. It is here that the
significance of a-crystallin as a molecular chaperone becomes apparent, as o-crystallin
is the primary chaperone responsible for the inhibition of this aggregation. This may
explain the protein’s elevated concentration in aged cells, as well as its absence in the
free, water-soluble protein fraction of the aged lens nucleus (Rao et al., 1993). As there
is no significant re-folding pathway available within the lens, a-crystallin provides an
indefinite reservoir of un-reactive, partially folded proteins (Horwitz, 1992; Horwitz,

2003). a-Crystallin from aged lenses demonstrates a substantial loss of chaperone
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ability compared to that of juvenile lenses, which was initially attributed to age-related
modifications to a-crystallin (Horwitz et al., 1992; Derham and Harding, 1997). It has
since been determined that the loss of chaperone ability observed in aged cells is a
consequence of a-crystallin’s incorporation into non-functional high molecular weight
complexes with aggregating - and y-crystallin, which may explain the loss of soluble

a-crystallin within fibre cells with age (Carver et al., 1996; Carver and Lindner, 1998).

1.14 Aging and cataract formation

Cataract describes a pathological opacity of the lens, resulting in compromised
transparency (Bloemendal ez al., 2004). It has long been known that the formation of
high molecular weight protein aggregates can result in the opacification of the lens, due
to light scattering (Benedek, 1971; Jedziniak, 1973), and that these high molecular
weight aggregates are prevalent in cataractous lenses (Jedziniak er al., 1975). The
formation of these high molecular weight protein aggregates is believed to be one of the
major causes of cataract formation; accordingly, cataract is widely considered to be a
protein misfolding disease, in a similar manner to Alzheimer’s and other
neurodegenerative diseases (Benedek, 1997; Bloemendal et al., 2004). Studies have
demonstrated that cataractous formations are characterised by numerous modifications
within the lens, including an increase in non-tryptophan fluorescence, tryptophan
oxidation and de-amidation (Hoenders and Bloemendal, 1983). The role of a—crystallin
in cataract formation is still not fully understood, but studies have shown cataract to be

accompanied by a marked increase in o-crystallin-plasma membrane interactions
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within lens fibre cells (Boyle and Takemoto, 1996). Also significant amongst these
factors is the presence of increased concentrations of insoluble lens proteins,
particularly within the lens nucleus (Hoenders and Bloemendal, 19835 Liang and Rossi,
1989; Yang et al., 1994). The aggregation of o-crystallin into high molecular weight
complexes impairs its ability to effectively chaperone other incorrectly folded proteins,
leading to a situation of increased protein aggregation (Takemoto and Boyle, 1994;
Carver et al., 1996; Carver and Lindner, 1998). The decrease in soluble lens -
crystallin is accompanied by an observed increase in insoluble B- and y-crystallin,
which are key targets for a—crystallin chaperone activity (Hanson et al., 2000). This
phenomenon is aggravated by the lack of protein turnover within the lens (Bassnett and
Beebe, 1992), as aging fibre cells and their compliment of high molecular weight
protein are compacted towards the nucleus of the lens, and possibly jeopardise lens
transparency. The loss of a-crystallin chaperone ability with age correlates with an
increase in insoluble protein content in the lens, and suggests that a loss of a-crystallin

chaperone function is a significant factor in cataract formation (Carver et al., 1996).

1.15 a-Crystallin and cataract

Aging in the lens is accompanied by extensive post-translational modification of lens
proteins, and it is believed that post-translational modification of lens a-crystallin
contributes to cataract formation in vivo (Horwitz, 1992; Ponce et al., 2006). Analysis
of cataractous human lenses demonstrates significant oxidation, deamidation,

acetylation and phosphorylation of lens crystallins (Hains and Truscott, 2007), and
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several of these modifications have been demonstrated to impair o-crystallin chaperone
ability in vitro. Deamidation of asparagine residues is amongst the most frequently
observed post-translational modifications of a-crystallin in cataractous lenses, and in
the insoluble protein fraction of aged lenses (Hains and Truscott, 2007; Hanson et al.,
2000); deamidation has been shown to decrease aA- and aB-crystallin chaperone
ability against y-crystallin, citrate synthase and insulin in vitro. (Gupta and Srivastava,
2004a,b). Oxidation of histidine, methionine and tryptophan residues in lens crystallins
is considered characteristic of age-related nuclear cataract formation (Truscott, 2005),
and decreases chaperone ability against (3, - and y-crystallin aggregation in vitro (van
Boekel et al., 1996; Rajan et al., 2006). Truncated a-crystallin purified from ICR/f rat
lenses, a strain exhibiting hereditary cataract, demonstrates reduced chaperone ability
against thermally-stressed 3, -crystallin (Takeuchi et al., 2004).

Frequently, demonstrating a definitive link between post-translational
modifications and decreased a-crystallin chaperone ability in vitro is difficult, as results
can vary between target proteins and treatment conditions. Glycation of a-crystallin
lysine and arginine residues, for example, is enhanced during diabetes, and is believed
to be responsible for cataract formation in diabetes patients (Cherian and Abraham,
1995a). Studies have demonstrated that extensive glycation and cross-linking of human,
rat and rabbit a-crystallin decreases chaperone ability against 3, -crystallin aggregation
(Cherian and Abraham, 1995b); limited glycation of lysine residues, however, has no
effect on chaperone ability (van Boekel et al., 1996). Phosphorylation of aB-crystallin
serine residues has been demonstrated to inhibit chaperone ability against ccf-Trp

peptide and o-lactalbumin aggregation, but increase chaperone ability against f3;-
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crystallin, catalase, insulin, citrate synthase, alcohol dehydrogenase, a-synuclein and
reduced and carboxymethylated (rcm) k-casein (Aquilina et al., 2004; Ecroyd et al.,
2008; Ahmad et al., 2008). This is further complicated by the seemingly contradictory
observation that the phosphorylation of rat aA- and aB-crystallin has no effect on the
chaperone ability of either crystallin against ;- or y-crystallin aggregation (Wang et
al., 1995), and by the recent suggestion that phosphorylated aB-crystallin subunits
form mixed oligomers with un-phosphorylated subunits (Ahmad et al., 2008). While it
is not always simple to correlate post-translational modifications to a-crystallin with
decreased chaperone ability in vitro, the increased incidence of modified a-crystallin in
cataractous deposits, and in the insoluble protein fraction of aged lenses, strongly
suggests that such modifications inhibit a-crystallin solubility and/or function in vivo.
Reduced a-crystallin function, in turn, appears to be inextricably linked with cataract
formation.

Similarly, a number of aA- and aB-crystallin mutations have been isolated
from cataractous human lenses, and it is believed that a loss of chaperone function
accompanying these mutations is directly responsible for cataract formation in vivo.
The oaA-crystallin mutations R12C, R21W, R54C, G98R and R116G have been
isolated from cataractous human lenses; of these mutations, G98R and R116C have
decreased chaperone ability against y-crystallin, insulin and alcohol dehydrogenase in
vitro (Kumar et al., 1999; Cobb and Petrash, 2000; Shroff et al., 2000; Singh et al.,
2006), while R54C disrupts fibre and epithelial cell development (Xia et al., 2006).
Similarly, the aB-crystallin mutations P20S, R120G and D140N have been isolated

from cataractous human lenses; of these mutations, R120G and D140N completely
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remove aB-crystallin chaperone ability against a-lactalbumin, alcohol dehydrogenase
and insulin in vitro, and promote target protein aggregation (Bova et al., 1999; Kumar
et al., 1999; Liu et al., 2006b; Simon et al., 2007). R120G aB-crystallin in particular
has been extensively studied, and causes desmin-related myopathy in vivo (Vicart et al.,
1998). Interestingly, there has been no investigation into the chaperone ability of P20S
aB-crystallin homoaggregates in vitro; rather, studies have shown that the P20S aB-
crystallin mutation decreased the chaperone ability of re-associated o-crystallin
heteroaggregates (P20S oaB-crystallin reassociated with wild type aA-crystallin)
against y-crystallin, insulin and citrate synthase (Li et al., 2008). The rationale for this
approach comes from the observation that aB-crystallin knock-out mice do not display
a cataractous phenotype, and the assumption therefore that aB-crystallin mutations do
not have a direct role in cataract formation. From this, it has been assumed that P20S
aB-crystallin promotes cataract formation by influencing the subunit exchange of the
a-crystallin oligomer, and specifically the chaperone ability of aA-crystallin. This
interpretation seems limited, particularly in light of the decreased chaperone ability of
R120G and G140A aB-crystallin in vitro, and the role of R120G in cataract formation
and desmin-related myopathy. Mutations or post-translational modifications directly
affecting the chaperone ability of a-crystallin appear to correlate with cataract
formation in vivo. Accordingly, the removal of a-crystallin chaperone function is of

physiological importance, and has significant pathological implications.
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1.16 a-Crystallin and fibrillar aggregation

Of the two oa-crystallin subunits, aA-crystallin is virtually non-existent in extra-
lenticular tissue; conversely, non-lenticular aB-crystallin has been shown to exist in a
variety of tissues, including the heart, skeletal muscle and kidney cells (Bhat and
Nagineni, 1989; Dubin et al., 1989; Iwaki et al., 1990; Srinivasan et al., 1992). The
discovery of aB-crystallin in pathological deposits characteristic of number of
neurological conditions, including Alzheimer’s, Parkinson’s and Creutzfeldt-Jakob
disease, suggests that aB-crystallin may have a protective function against fibrillar
aggregation in non-lenticular tissue (Iwaki ef al., 1991, Lowe et al., 1992, Renkawek et
al., 1992, 1994). Characteristic of these diseases is the formation of amyloid plaques;
from this it appears likely that chaperone proteins may potentially combat fibrillar
aggregation by inhibiting hydrophobic main-chain interactions, and as a consequence
plaque formation. This idea is supported by the over-expression of aB-crystallin
accompanying amyloid-induced neurological diseases (van Rijk and Bloemendal,
2000), and it has been shown in vitro that a variety of sHsps, including a—crystallin,
have been successful in preventing the aggregation of partially folded protein chains
that form fibrils (Hatters er al., 2001, Rekas et al., 2004, Lee et al., 2006; Wilhelmus et
al., 2006; Ecroyd et al., 2008). Importantly, aB-crystallin inhibits the fibrillar
aggregation of a number of disease related proteins in vitro, including AS3T o-
synuclein (characteristic of Parkinson’s disease and Lewy body dementia), Af-peptide
(characteristic of Alzheimer’s disease) and 2-microglobulin (characteristic of dialysis-

related amyloidosis) (Rekas et al., 2004; Raman et al., 2005; Wilhelmus er al., 2006).
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The implied protective role of aB-crystallin in vivo suggests that a loss of aB-crystallin
chaperone function may have pathological implications regarding fibrillar aggregation

and protein misfolding diseases.

1.17 Structural changes affecting a.-crystallin as a molecular chaperone

Investigation into the relationship between a-crystallin structure and function has
focused primarily on the influence that exposed hydrophobicity exerts upon a-crystallin
chaperone ability. As with much of the research regarding o-crystallin chaperone
ability, however, a consensus is difficult to come by. The idea that exposed
hydrophobicity directly influences chaperone ability has been commonly accepted since
first proposed by Raman and Rao (1994), and has been used to explain oa-crystallin
behaviour under a variety of conditions, including thermal stress and chemical
denaturation (Raman and Rao, 1994; Datta and Rao, 1999). Accordingly, exposed
hydrophobicity has been generally held to be an intrinsic function of a-crystallin
chaperone activity. sHsp—target protein binding is believed to be driven by non-specific
hydrophobic interactions, and a-crystallin preferentially recognises hydrophobic non-
native structures for interaction and protection from aggregation (Carver et al., 1995;
Das et al., 1996; Rajaraman et al., 1998; Treweek et al., 2000; Carver et al., 2002). The
thermally induced increase in aA- and aB-crystallin chaperone ability at higher
temperatures is accompanied by large-scale protein unfolding (and consequently
increased exposed hydrophobicity), and these observations provide the primary

evidence for the relationship between exposed a-crystallin hydrophobicity and
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chaperone ability (Raman and Rao, 1994; Das and Surewicz, 1995; Datta and Rao,
1999). Despite this, there is an increasing body of evidence to suggest that exposed
hydrophobicity does not directly correlate with chaperone ability (Kumar et al., 2005).
An increase in exposed a-crystallin hydrophobicity has been demonstrated variously to
decrease (Santhoshkumar and Sharma, 2001) or have no effect (Smulders ef al., 1995)
on a-crystallin chaperone ability, and it has been suggested that the relationship
between exposed hydrophobicity and chaperone ability is more complex than initially
proposed (Reddy ez al., 2006). As yet there is not a consensus opinion on the role of
exposed hydrophobicity regarding the chaperone ability of a-crystallin and its subunits,
and research continues to attempt to clarify this relationship.

As mentioned in Section 1.12, it is long believed that oligomerisation and
subunit exchange is crucial for a-—crystallin’s ability to inhibit the aggregation of
protein species (Plater et al., 1996; Bova et al., 1997; Avilov et al., 2004). Recent
studies seem to contradict this interpretation, suggesting that the rate of subunit-
exchange has little influence on a-crystallin chaperone ability (Aquilina et al., 2005),
and that the oa-crystallin oligomer is a functional chaperone unit (Augusteyn, 2004b).
This interpretation is controversial, and the role of oligomerisation and subunit
exchange in o-crystallin chaperone ability is currently under debate (Haslbeck et al.,
2005). The fact that the a-crystallin oligomer can function as a molecular chaperone
without subunit dissociation in vitro does not necessarily demonstrate that the oligomer
is the functional chaperone unit in vivo; further, there has been very limited comparison
of the relative chaperone abilities of oligomeric and dissociated o-crystallin. There is,

however, significant anecdotal evidence to support the role of un-dissociated o-
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crystallin as a functional molecular chaperone in vitro. The size of stable aA- and aB-
crystallin oligomers does not appear to influence chaperone ability (Bode et al., 2003;
Saha and Das 2004, 2007), for example, yet oligomer surface hydrophobicity appears to
enhance chaperone ability (Bode et al., 2003; Saha and Das, 2004). Additionally,
almost half of a-crystallin’s histidine residues are buried within the oligomeric
structure, or else otherwise protected from solution, and this has been suggested to aid
chaperone activity by increasing oligomeric surface hydrophobicity (Bera and Ghosh,
1996). While it is difficult to definitively state the importance of oligomeric
dissociation in the chaperone activity of a-crystallin, it would appear that oligomeric,
un-dissociated o-crystallin has a more significant role as a molecular chaperone than
has been previously understood.

A variety of additional structural modifications have been implicated in the
chaperone ability of a-crystallin and its subunits. Decreasing pH from pH 8.0 to 6.0 is
accompanied by a decrease in o-crystallin a-helical content (Koretz, 1998), which has
been suggested as a possible explanation for the decreased chaperone ability of
a—crystallin at pH 6.0. Similarly, decreasing pH from pH 8.0 to 6.0 inhibits the ability
of a-crystallin to withstand renaturation-induced aggregation (Koretz, 1998). The
significant effect of post-translational modifications and single-point mutations on o.-
crystallin chaperone ability has been thoroughly covered earlier in this chapter.
Modification of almost all regions of a-crystallin have been variously suggested to
influence the ability of the protein to inhibit target protein aggregation, and it appears
that almost all regions of the protein are implicated in its chaperone activity

(Augusteyn, 2004a).
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1.18 Extrinsic factors affecting a—crystallin chaperone activity

A number of external factors have similarly been demonstrated to influence the
chaperone ability of a-crystallin. Amongst the most thoroughly investigated is the
increase in o-crystallin chaperone ability with increasing temperature. It was initially
believed that a-crystallin was an exceptionally thermally stable protein (Maiti et al.,
1988), resisting morphological change until temperatures in excess of 100°C. It has
subsequently been determined that a-crystallin undergoes a major thermally induced
morphological change at 62°C (Raman and Rao, 1994; Surewicz and Olesen, 1995;
Gesierich and Pfeil, 1996). Evidence suggests that the 62°C unfolding event actually
begins at temperatures as low as 30°C (Raman and Rao, 1994; Datta and Rao, 1999),
with significant unfolding from 50°C onwards (Datta and Rao, 1999; Reddy et al.,
2000). Regardless, o-crystallin has been demonstrated to remain functional at
temperatures in excess of 65°C (Lee ef al., 1997b), and there is significant evidence to
suggest that thermally unfolded a-crystallin has enhanced chaperone ability (Raman
and Rao, 1994; Das and Surewicz, 1995). It is important to note that the effect of
temperature on a-crystallin chaperone ability varies between target proteins; while the
ability of a-crystallin to inhibit thermally-induced f3, -crystallin aggregation is thermally
sensitive up to 55°C, its ability to inhibit the reduction-induced aggregation of insulin
and a-lactalbumin is only thermally sensitive up to 35°C (Raman and Rao, 1994, Datta
and Rao, 1999). Further, Lee et al. (1997b) showed that the ability of a-crystallin to
inhibit the amorphous aggregation of alcohol dehydrogenase is essentially unchanged

between 48°C and 70°C.
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Thermotropic conformation changes at or around 62°C cause a relaxation of the
tertiary structure of a—crystallin, such that it adopts a state similar to that of a molten
globule (Gesierich and Pfeil, 1996). This molten globule state is characterised by the
presence of elements of secondary structure, while significant tertiary structure is
absent (Horwitz, 2003). It has been hypothesised that the resulting increase in
hydrophobicity exposed to solution facilitates an increased ability to bind to partially
folded proteins, and hence improves the chaperone activity of a-crystallin (Raman and
Rao, 1994; Das and Surewicz, 1995; Datta and Rao, 1999). This is particularly the case
with aA-crystallin, the chaperone activity of which is highly temperature sensitive.
While aB-crystallin is up to four times as effective a molecular chaperone as oA-
crystallin at temperatures less than 40°C, depending upon the target protein, above
55°C aA-crystallin is the more effective of the two chaperones (Reddy et. al, 2000).

The effect of pH on the chaperone ability of a—crystallin is relatively under-
investigated. Studies have shown that oligomeric aggregates of the structurally
unrelated but functionally similar extracellular chaperone clusterin disassociate under
mildly acidic conditions (Poon et al., 2002). Concomitantly, clusterin becomes a more
effective chaperone, possibly as a consequence of partial clusterin unfolding (Poon et
al., 2002). The same study implied a correlation between pH and a-crystallin
chaperone activity, but in this case the converse was found, with a-crystallin
chaperone ability decreasing significantly at low pH values (Figure 1.10a). A similar
study has revealed a decrease in the ability of a—crystallin to prevent y-crystallin
aggregation accompanying a decrease in pH (Figure 1.10b), which was accompanied by

a loss of a-crystallin’s a-helical secondary structure (Koretz et al., 1998). Investigation
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into the effect of pH on Hsp20 function supported the data of Koretz et al. and Poon et
al., and suggested that a-crystallin chaperone ability was diminished at pH 6.0 (Bukach
et al., 2004). Hsp20 chaperone activity decreased even more significantly than that of
a-crystallin at pH 6.0, as a result of the formation of unstable, dissociated Hsp20
monomers.

The reduction of a-crystallin chaperone ability has significant pathological
implications, as has been noted previously with a-crystallin post-translational
modifications and mutations in vivo. If the chaperone ability of a-crystallin is
significantly pH sensitive, the mildly acidic conditions in the lens nucleus (pH 6.7) may
inhibit the chaperone function of a-crystallin. Given that aged and potentially modified
proteins accumulate in the lens nucleus, and that age-related cataract is most prevalent
in the nucleus, the influence of pH on the chaperone ability of a-crystallin may
compromise its ability to maintain the transparency of aged lenses. Similarly, extra-
lenticular fibrillar aggregation of some proteins is promoted at low pH, and is in some
cases accompanied by localised acidosis (Yates et al., 1990; Khandogin and Brooks,
2007); decreased a-crystallin chaperone ability at low pH may accordingly compromise
the suggested protective function of extra-lenticular aB-crystallin in vivo. Investigating
the structural and functional effect of pH on a-crystallin will help to better understand
the role of a-crystallin in cataract formation, lens transparency and neurodegenerative
disease in vivo.

Interestingly, it has recently been demonstrated that o-crystallin is able to
suppress the formation of amyloid fibrils formed by P2-microglubulin at pH 2.5

(Raman et al., 2005). Below pH 4.0 aA- and oaB-crystallin aggregate size is
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significantly reduced, and both subunits are relatively unfolded (Stevens and
Augusteyn, 1993). Additionally, below pH 2.5 a-crystallin dissociates into atA- and
aB-crystallin homopolymers (Augusteyn et al., 1988). Whilst largely unfolded below
pH 2.5, aA-crystallin still retains significant secondary structural elements (Stevens
and Augusteyn, 1993). Conversely, aB-crystallin is almost entirely unfolded at this pH,
and exists as denatured and largely unstructured monomers (Augusteyn et al., 1988;
Stevens and Augusteyn, 1993). A better understanding of o-crystallin chaperone ability
at acidic pH may help to clarify the effect of mildly acidic pH on a-crystallin

chaperone ability, and the physiological implications of this relationship.

44



Chapter 1 — Introduction and literature review

A
18
HAA pHTS
12 ® pH70
Cm pH6S
06
| <4 pHG60
0
0 20 40 60
B
12
1.0
08
E & 8 pH60
=3 f ® pHES
8 a ® pH7.0
5 06 & o pHTS
> ‘;F " pHB.O
-l
2 &
g 0.4 .Pn

T T T T T
0 10 20 30 40 50 60

Time (min)

Figure 1.10 — Aggregation assays of thermally-stressed a) ovotransferrin (Poon et al., 2002) and
b) y-crystallin (Koretz et al., 1998) in the presence of a-crystallin, and between pH 6.0 and 8.0.
In both studies, the ability of a-crystallin to inhibit protein aggregation is reduced at pH 6.0 and
6.5, compared to pH 7.0 and above. In a) Poon et al. (2002), open points represent aggregation
in the absence of o-crystallin.

1.19 Target proteins affect a-crystallin chaperone ability

The effect of specific target proteins on the protective ability of molecular chaperones
is often overlooked. This is particularly the case with a-crystallin, for which some
argument exists over the effect of intrinsic and extrinsic factors on oa-crystallin
chaperone ability. In his now classic paper, in which a-crystallin was first determined

to function as a molecular chaperone, Horwitz (1992) observed that a-crystallin
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chaperone ability varied between target proteins; chaperone ability was higher for f3; -
and y- crystallin than for alcohol dehydrogenase, carbonic anhydrase B and a number of
other enzymes (Horwitz, 1992). Despite this observation, investigations into o-
crystallin chaperone activity frequently result in generalisations that do not take into
account the nature of the target protein used for investigation. It has been observed, for
example, that a-crystallin chaperone ability is thermally sensitive, and it is commonly
stated that between 25°C and 60°C a-crystallin chaperone ability increases with
increasing temperature (Raman and Rao, 1994; Das and Surewicz, 1995; Datta and
Rao, 1999). While this is true for the thermally-induced aggregation of f, -crystallin
(Raman and Rao, 1994), the same study demonstrates that the ability of a-crystallin to
inhibit the reduction-induced aggregation of insulin is only thermally sensitive between
25°C and 35°C. Similarly, studies have shown that a-crystallin’s chaperone ability
against alcohol dehydrogenase aggregation is essentially unchanged between 48°C and
70°C (Lee et al., 1997b). In their frequently-referenced study, Das and Surewicz (1995)
compared the ability of a-crystallin to inhibit the reduction-induced aggregation of o-
lactalbumin at 37°C to its ability to inhibit the thermally-induced aggregation of f3,-
crystallin at 60°C; from this rather indirect comparison, between differing target
proteins (one of which was physiologically relevant) and stresses, it was concluded that
a-crystallin chaperone ability was enhanced at 60°C compared to 37°C.

Similarly, exposed a-crystallin hydrophobicity is believed to increase o-
crystallin chaperone ability (Raman and Rao, 1994; Das et al., 1996); it has been
observed, however, that depending upon the target protein and location of a-crystallin

exposed hydrophobicity, a-crystallin chaperone ability can also be decreased
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(Santhoshkumar and Sharma, 2001) or unaffected (Smulders et al., 1995) by increased
exposed hydrophobicity. Significantly, the rate of target protein aggregation has been
shown to directly affect the chaperone ability of a-crystallin; rapid protein aggregation
can outpace the binding of a-crystallin to aggregating proteins, and by doing so inhibit
a-crystallin chaperone ability (Lindner et al., 1997, 2001). Accordingly, a-crystallin
chaperone may vary between target proteins as a consequence of aggregation rate. In a
recent study, Ecroyd et al., (2008) observed that phosphomimics increased the
chaperone ability of oB-crystallin against [, -crystallin, catalase, alcohol
dehydrogenase and reduced and carboxymethylated (rcm) k-casein, but decreased its
chaperone ability against a cc-peptide mutant.

What are sometimes interpreted as conflicting results can often be explained by
differences in the target proteins used between studies; consequently, it is important to
take into account the target protein(s) used for investigation when making generalised
statements about the chaperone ability of a-crystallin and other molecular chaperones.
Ideally, investigation should canvas a number of target proteins, methods of stress and

forms of aggregation, although this is obviously not always practical.

1.20 Cyclodextrins

Cyclodextrins (CDs) are a family of both naturally occurring and synthetic ring sugars,
produced as a consequence of starch degradation by the enzyme CD
glucosyltransferase. First identified towards the end of the 19" century (Villiers, 1891),

CDs typically consist of 6 or more a 1-4 linked D-glucopyranose units arranged to
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form a cyclic oligosaccharide ring. This arrangement results in a donut-like structure,
with wide and narrow hydrophilic ends, and a large hydrophobic cavity lined with
hydrogen molecules (Figure 1.11). The relative polarity of the wide and narrow ends of
the molecule creates a preferential hydrophobic binding region within the CD annuli.
The large hydrophobic annulus of cyclodextrins facilitates the insertion of a
diverse range of molecules and moieties, and it is this characteristic that makes
cyclodextrins an attractive and extensive area of research. Both naturally occurring and
synthetic cyclodextrins have been applied extensively to the food, cosmetic,
pharmaceutical and pesticide industries (Szejtli, 1997; 1998; Easton and Lincoln,
1999), and areas of cyclodextrin research extend from physical and inorganic chemistry
to biochemistry and thermodynamics (Easton and Lincoln, 1999). Cyclodextrin
research is a particularly broad field; by 1997, over 15,000 papers had been printed on
the topic (Szejtli, 1997), and thousands of tonnes of cyclodextrins are synthesised
annually for industrial and research purposes (Szejtli, 1997; Easton and Lincoln, 1999)
Insertion of a variety of moieties into the cyclodextrin cavity facilitates a variety of
functions, including selectively increased or decreased reactivity, enhanced catalytic
activity, molecular switching and a tentative molecular chaperone action (Camilleri et

al., 1994; Qin et al., 2002; Danielsson et al., 2004).
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Figure 1.11 — Schematic representations of a-, $- and y-cyclodextrin structure. a) Stylised
representation of the truncated cone structure of $CD. Polar hydroxyl groups at the wide and
narrow ends of the truncated cone create a relatively hydrophobic interior cavity. The
hydrophobicity of this cavity is important for cyclodextrin binding to biological moieties. b) The
chemical structure of BCD, consisting of 7 D-glucopyranose rings arranged around a hollow
central cavity. ¢) 3D molecular models of a-, § and yCD, demonstrating the hollow cyclodextrin
annulus and the approximate annulus widths of each cyclodextrin. The 0.7nm width of the CD
annulus is ideal for the insertion of aromatic residues.
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1.21 Biological activity of cyclodextrins

Of the commonly used cyclodextrins, fCD is the most extensively utilised for
biological applications. The reason for PCD’s increased reactivity over aCD or yCD is
not fully understood, but it has been suggested that the annulus width of BCD is the
most suited to the insertion of biological moieties, particularly aromatic side-chains
(Qin et al., 2002). BCD has been extensively characterised as a synthetic molecular
chaperone, but there is only limited evidence to suggest that BCD can effectively inhibit
the aggregation of target proteins on the off-folding pathway (Tavornvipas et al., 2004).
Rather, the primary chaperone activity of CD appears to be in ensuring the correct
refolding of denatured proteins, in a manner similar to Hsp70 or GroEL. By this
method, proteins are significantly denatured (by urea or GuHCI, for example) over an
extended time frame (generally 24hrs), after which the dissociating chemical is diluted
out. This facilitates refolding, but generally results in misfolding and protein
aggregation; it is important to note that aggregation of this type occurs on the
folding/unfolding pathway, and is distinct from aggregation on the off-folding pathway.
Aggregation of carbonic anhydrase B (CAB) and insulin by this method can be
inhibited by up to 90% in the presence of BCD at a 50:1 molar ratio of BCD to target
protein (Karuppiah and Sharma, 1995). Additionally, chaperone protection via CD has
been shown to effectively re-fold target proteins, returning normal protein function by
up to 90% (Karuppiah and Sharma, 1995). Structural and kinetic studies of PCD-
protein interaction during aggregation suggest that chaperone binding requires a high

level of solvent exposure of target protein binding sites (Aachmann er al., 2003).
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Dissociation would allow for a high degree of target protein solvent exposure prior to
re-association, and so might explain why the PCD chaperone action prefers the
dissociation/re-association method of protein aggregation.  Studies have also
demonstrated that it is primarily aromatic side chains, rather than generalised
hydrophobic regions, that interact with cyclodextrin molecules via insertion into the
hydrophobic annulus (Oh et al., 1998; Otzen et al., 2002; Aachmann et al., 2003,
Danielsson et al., 2004).

While BCD can effectively refold unfolded or denatured proteins, research in
this area has focused on a two-step artificial chaperone mechanism, utilising an
additional chaperone to initially capture unfolding proteins. The additional chaperone,
typically a detergent or synthetic hydrogen nanogel, sequesters stressed, molten globule
protein intermediates to prevent aggregation in a manner reminiscent of sHsps in vivo
(Rozema and Gelman, 1996; Daugherty et al., 1998; Kazunari et al., 1998; Nomura et
al., 2003). Cyclodextrin molecules then strip the target protein from the stable nanogel-
target protein complex and facilitate correct refolding and a return of protein function.
CAB studies have demonstrated a return of function in excess of 85% via this two-step
refolding method (Akiyoshi et al., 1998; Nomura et al., 2003).

So far, surprisingly little research has been directed towards the role of
cyclodextrins in inhibiting amyloid fibril formation. A two-stage mechanism involving
nanogels and PCD-refolding has been demonstrated to effectively inhibit the
aggregation of AB-peptide (Ikeda et al., 2006), but more exciting is the observation that
cyclodextrins can inhibit the fibrillar aggregation of AB-peptide on their own (Camilleri

et al., 1994; Qin et al., 2002; Danielsson et al., 2004). BCD significantly inhibits Af-
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peptide amyloid fibril formation, while aCD and yCD are largely ineffective (Qin et
al., 2002), and by doing so has been shown to diminish Af-peptide cytotoxicity in
PC12 cells (Camilleri et al., 1994). NMR spectroscopy suggests that BCD chaperone
action is facilitated by the binding of aromatic side chains to the fCD annulus (Qin et
al., 2002; Camilleri et al., 1994). CD-AB-peptide interaction occurs via Phel9 and
Phe20 on the AP-peptide, and an AB-peptide mutant without phenylalanine residues
was completely unable to bind BCD (Danielsson et al., 2004), emphasising the

importance of aromatic residue binding in the chaperone action of cyclodextrins.

1.22 Project aims

This study extends investigations into the relationship between pH variance and the
effectiveness of a-crystallin as a molecular chaperone, and aims to characterise any
changes in the protein’s structure accompanying an alteration in pH. Specifically, the
effect of pH on the chaperone ability of a—crystallin and its subunits will be examined
via its ability to inhibit heat-induced amorphous aggregation, reduction-induced
amorphous aggregation and fibrillar aggregation. Changes to o-crystallin secondary
and quaternary structure will be observed via spectrophotometric and biophysical
techniques including Thioflavin T binding, intrinsic and extrinsic fluorescence, size
exclusion chromatography and transmission electron microscopy. The possible pH
dependence of o-—crystallin’s chaperone ability may have significant physiological
implications with regard to the maintenance of lens transparency, due to the observed

pH gradient across the lens. The nucleus of the lens is significantly more acidic than
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epithelial or cortical lens cells (Mathias et al., 1991; Eckert, 2001); while epithelial
cells have a measurable pH of up to pH 7.2 (Bassnett and Duncan, 1985), the pH of the
lens nucleus has been estimated to be as low as pH 6.7 or 6.5 (Bassnett and Duncan,
1987; Eckert, 2001). As there is no protein turnover in lens fibre cells, and aged fibre
cells accumulate in the nucleus, the protein content of the nucleus consists primarily of
aged and possibly modified lens proteins (Bloemendal, 1981). A reduction of o-
crystallin chaperone ability in the lens nucleus, as a consequence of pH sensitivity, may
significantly affect the transparency of the aging lens. The pH dependence of o-
crystallin chaperone activity is similarly physiologically significant in regards to the
suppression of extra-lenticular amyloid fibril formation, which for a number of proteins
is promoted by acidic conditions (Lai ef al., 1996, You and Cheng, 2001, Khandogin
and Brooks, 2007).

Additionally, the role of cyclodextrins as a possible molecular chaperone and
refolding agent will be investigated. The possible co-operative relationship between
cyclodextrins and a-crystallin to create a two-step refolding model will be investigated
using thermally stressed molecular enzymes. Further, the ability of cyclodextrins to
directly inhibit amorphous and fibrillar aggregation will be invested to determine the
potential use of cyclodextrins as molecular chaperones. Cyclodextrin chaperone ability
may suggest potential therapeutic applications in vivo as anti-amyloid molecules
(Camilleri et al., 1994; Qin et al., 2002; Danielsson et al., 2004).

The breakdown of each chapter of this thesis is as follows;

Chapter 3 - Looks at the relationship between pH and the chaperone ability of

o~ (total a-crystallin, containing both aA- and aB-crystallin subunits), atA-
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and aB-crystallin between pH 6.0 and 8.0. This investigation utilises four target
proteins representing three distinct forms of protein aggregation; thermal-stress
amorphous aggregation (catalase and f3, -crystallin), reduction stress amorphous
aggregation (o-lactalbumin) and thermal stress fibrillar aggregation (rcm K-
casein). Data demonstrate a clear correlation between pH and chaperone ability
for a-, aA- and aB-crystallin between pH 6.0 and 8.0, whereby a-crystallin is
a more effective chaperone of amorphous aggregation at pH 7.0 and above than
at pH 6.0 and pH 6.5.

Chapter 4 — Characterises changes to a-crystallin structure between pH 6.0 and
8.0. Structural characterisation methods included intrinsic, ANS and ThT
fluorescence, size exclusion FPLC and transmission electron microscopy. The
investigation demonstrates a general loss of secondary structure and partial
unfolding of a-, aA- and aB-crystallin as the pH decreased from pH 8.0 to 6.0.
Interestingly, pH had little or no effect on the quaternary structure of o-
crystallin. The extent to which these gross structural changes are responsible for
the pH-sensitive chaperone ability of a-crystallin, however, is uncertain. As
aA- and aB-crystallin are significantly unfolded below pH 3.5, investigation of
aA- and aB-crystallin chaperone ability at this pH range was used to further
understand the relationship between chaperone ability and pH-induced
unfolding. Investigation demonstrated no clear relationship between pH and
chaperone ability between pH 2.0 and 3.5.

Chapter 5 — Investigates the relationship between pH and a-crystallin thermal

stability. The pH-sensitivity of alA- and aB-crystallin chaperone ability appears

54



Chapter 1 — Introduction and literature review

to be more pronounced at higher temperatures, and at pH 6.0 and temperatures
above 55°C oy, aA- and aB-crystallin form unstable complexes with
aggregating target proteins. Consequently, pH-influenced thermal stability may
be partially responsible for the pH-sensitivity of a-crystallin chaperone ability.
Further investigation demonstrates that pH directly affects o-crystallin thermal
stability, with lower pH resulting in an increased propensity for aggregation at
elevated temperatures.

Chapter 6 — Investigates the role of histidine protonation in the chaperone
activity of aB-crystallin. Histidine itself has a pKa of 6.5, and so protonation of
histidine residues may be implicated in decreased aB-crystallin chaperone
ability below pH 7.0. Inhibiting the protonation of exposed histidine residues
largely removed the pH sensitivity of oaB-crystallin chaperone ability,
suggesting that histidine protonation is responsible for decreased aB-crystallin
chaperone ability at pH 6.0 and 6.5. However, mutation of a single conserved
histidine residue in the aB-crystallin chaperone-binding region, H83A, has no
effect on aB-crystallin chaperone ability below pH 7.0, implying that the
protonation of this residue is not directly responsible for the pH sensitivity of
aB-crystallin chaperone ability.

Chapter 7 — Investigates the role of cyclodextrins as molecular chaperones and
protein refolding agents. While BCD appears to have very limited ability to
inhibit amorphous protein aggregation, and is unable to co-operate with o~
crystallin as part of a two-step refolding mechanism, it demonstrated a

significant ability to inhibit the fibrillar aggregation of rcm «x-casein, f3-
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lactoglobulin, a-lactalbumin and both wild-type and A53T a-synuclein. BCD
was the more effective of the three cyclodextrins investigated. The ability of
cyclodextrins to inhibit fibrillar, but not amorphous aggregation, suggests an
amyloid-specific cyclodextrin chaperone mechanism.

Chapter 8 — Attempts to characterise the chaperone binding mechanism of BCD
to target proteins, and in doing so better understand the differences between the
amorphous and fibrillar aggregation of target proteins. Intrinsic fluorescence,
ANS-binding, far UV circular dichroism and competitive chaperone assays
enabled the development of a putative model for BCD chaperone ability, based
around the insertion of exposed aromatic side chains on target proteins into the

BCD cavity.
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Chapter 2 - Materials and Methods

2.1 Reagents

A complete list of reagents suppliers used in studies described in this thesis is given in

Appendix A

2.2 Chapter 3 methods

2.2.1 Purification of ar-, and §, - crystallin

Frozen lenses from calves less than one year old were prepared according to the method
of Horwitz (1992). Lenses were thawed, decapsulated and homogenised in 3ml of
100mM Tris homogenising buffer (0.04% NaN,, pH 7.2) per lens. The homogenised
fraction was then centrifuged on a Beckman Allegra 21-R centrifuge at 12000 rpm for
15 minutes. The supernatant was extracted and separated on a HiPrep sephacryl S300
size exclusion chromatography column with dimensions 26mm x 600mm, in 50mM
Tris buffer (0.04% NaN,, pH 7.2). Protein content was detected via absorbance at
280nm using an Akta FPLC purification system. The resulting chromatograph was
analysed to identify the o~ and fr-crystallin fractions. Other crystallin fractions not of
interest to this study were discarded. Fractions were concentrated using an Amicon
concentrator and a millipore regenerated cellulose membrane (NMWL <30,000) until
<10ml samples were obtained. Concentrated fractions were placed in dialysis tubing

and left in 3L of MilliQ water overnight with no water changes to remove excess Tris
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buffer. The dialysed protein was then freeze-dried overnight in a Christ Alpha 1-4

freeze drier. The purity of the freeze-dried proteins was analysed via SDS-PAGE.

2.2.2 Purification of a A—crystallin

Human recombinant atA-crystallin was purified via a variation of the method described
by Santhoshkumar and Sharma (2006). Competent BL21(DE3) e. coli containing the
human aA-crystallin gene in a pEG23d plasmid template were plated out on ampicillin-
selective agar plates and incubated overnight at 37°C. From this single colonies were
grown overnight in 50ml sterile Louria Broth (LB) containing 10mM ampicillin. 20ml
aliquots were transferred to 0.5L LB and grown to log phase, at which point 0.5mg/ml
IPTG was added to induce aA-crystallin expression. Induction was allowed to continue
for four hours.

Cell suspensions were spun down in a Beckman Allegra 21-R centrifuge at
6000rpm for 15 minutes at 4°C, and cell pellets lysed using the sequential addition of
lysozyme, deoxycholic acid and DNAse I. Cell lysate was further purified via the
addition of S0mM DTT and PEI. Proteins present in cell lysate were precipitated via
sequential ammonium sulphate precipitation (25% and 35%), and the 35% precipitate
re-dissolved in 50mM Tris buffer (0.04% NaN;, pH 7.2). The re-suspended precipitate
was purified via size exclusion chromatography over a HiPrep sephacryl S300 size
exclusion chromatography column in 50mM Tris buffer (0.04% NaN,, pH 7.2). The
purified aA-crystallin peak was concentrated using an Amicon concentrator and a

millipore regenerated cellulose membrane (NMWL <30,000) until <10ml samples were
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obtained. Concentrated fractions were placed in dialysis tubing and left in 3L of MilliQ
water overnight with no water changes to removed excess Tris buffer. The dialysed
protein was then freeze-dried overnight in a Christ Alpha 1-4 freeze drier. The purity of

the freeze-dried proteins was analysed via SDS-PAGE.

2.2.3 Purification of aB-crystallin

Human recombinant aB-crystallin was purified via the method described for aA-
crystallin above. Competent BL21(DE3) e. coli containing the human aB-crystallin
gene in a pET20b(+) plasmid template were plated out on kanamycin-selective agar
plates and incubated overnight at 37°C. From this single colonies were grown overnight
in 50ml sterile LB containing 10mM kanamycin. 20ml aliquots were transferred to 0.5L
LB and grown to log phase, at which point 0.5mg/ml IPTG was added to induce aB-
crystalliin expression. Induction was allowed to continue for 4 hours.

Cell suspensions were spun down in a Beckman Allegra 21-R centrifuge at
6000rpm for 15 minutes at 4°C, and cell pellets lysed using the sequential addition of
lysozyme, deoxycholic acid and DNAse I. Cell lysate was further purified via the
addition of S0mM DTT and PEI. Proteins present in cell lysate were precipitated via
sequential ammonium sulphate precipitation (25% and 35%), and the 35% precipitate
re-dissolved in 50mM Tris buffer (0.04% NaN,, pH 7.2). The re-suspended precipitate
was purified via size exclusion chromatography over a HiPrep sephacryl S300 size
exclusion chromatography column in 50mM Tris buffer (0.04% NaN,, pH 7.2). The

purified aB-crystallin peak was concentrated using an Amicon concentrator and a
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millipore regenerated cellulose membrane (NMWL <30,000) until <10ml samples were
obtained. Concentrated fractions were placed in dialysis tubing and left in 3L of MilliQ
water overnight with no water changes to removed excess Tris buffer. The dialysed
protein was then freeze-dried overnight in a Christ Alpha 1-4 freeze drier. The purity of

the freeze-dried proteins was analysed via SDS-PAGE.

2.2.4 Reduction and carboxymethylation of K -casein

Reduction and carboxylation of k-casein was undertaken via a variation of the method
of Shechter ef al., (1973). 50mg/ml k-casein was dissolved in Sml of 1M Tris buffer
(8M urea, pH 9.0). 30mg DTT was added to k-casein and incubated for lhr at room
temperature (with stirring) to facilitate reduction. Carboxymethylation was achieved via
incubation with 150mg iodoacetic acid for 20 minutes (with stirring). Reduced and
carboxmethylated (rcm) k-casein was purified via gel filtration using a Sephadex G-75
desalting column, and eluted using 0.05M ammonium bicarbonate. Purified rcm k-
casein was freeze-dried overnight in a Christ Alpha 1-4 freeze drier. The purity of the

freeze-dried proteins was analysed via SDS-PAGE.

2.2.5 SDS-PAGE of purified proteins

Samples for SDS-PAGE were dissolved at a concentration of 1mg/ml in 15 ul MilliQ
water and added to 15ul SDS loading dye. The samples were heated to 100°C for 1-2

minutes to facilitate protein denaturation and loaded onto a 15% polyacrylamide gel.

60



Chapter 2 — Materials and methods

Electrophoresis was run at 150 volts until the dye reached the bottom of the gel. The gel
was then soaked in coomassie blue (0.025 % Coomassie Blue R-250 (w/v), 30 %
methanol, 10 % glacial acetic acid) for 30 minutes to stain the protein bands, and
destained by rocking overnight in destain solution (30% methanol, 10% glacial acetic

acid).

2.2.6 Thermal-stress induced amorphous aggregation

The ability of o, aA and aB-crystallin to inhibit the aggregation of catalase and f3, -
crystallin under thermal stress conditions was monitored using a FluoStar plate reader,
with light scattering at 340nm measured as an indication of protein aggregation. Assays
were carried out on 400ug/ml catalase samples and 600ug/ml 3, -crystallin samples in
50mM phosphate buffer (0.04% NaN,) and at pH values of 6.0, 6.5, 7.0, 7.5 and 8.0.
Samples were analysed in 96 well plates. a—Crystallin was added to each sample at
either 0:1, 0.2:1, 0.5:1 or 1:1 molar ratio with the target protein. For catalase samples,
samples were incubated at 55°C, with light scattering at 340nm measured every minute
for ninety minutes. For (3, -crystallin samples, samples were incubated at 60°C, with
light scattering at 340nm measured every minute for ninety minutes. Light scatter was
plotted versus time to observe the effect of increased a-crystallin concentration on

target protein aggregation.
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2.2.7 Reduction-stress induced amorphous aggregation

The ability of o, A and aB-crystallin to inhibit the amorphous aggregation of
o—-lactalbumin under reduction stress conditions was monitored using a FluoStar plate
reader, with light scattering at 340nm measured as an indication of protein aggregation.
Assays were carried out on 500pg/ml o-lactalbumin samples in 50mM phosphate
buffer (0.04% NaN,, 10mM NaCl, 10mM TCEP) and at pH values of 6.0, 6.5, 7.0, 7.5
and 8.0. Samples were analysed in 96 well plates. Crystallins was added to each sample
at either 0:1, 0.2:1 or 0.5:1 molar ratio with the target protein. Samples were incubated
at 37°C, with light scatter at 340nm measured every minute for 120 minutes. Light
scattering was plotted versus time to observe the effect of increased crystallin

concentration on protein aggregation.

2.2.8 Thermal-stress induced fibrillar aggregation

The ability of o, aA and aB-crystallin to inhibit the fibrillar aggregation of rcm k-
casein was monitored using a FluoStar plate reader, with thioflavin T- (ThT) associated
fluorescence (440nm excitation; 490nm emission) measured as an indication of protein
aggregation. Assays were carried out on Img/ml rcm K-casein samples in 50mM
phosphate buffer (0.04% NaN,, 50mM ThT) and at pH values of 6.0, 7.0 and 8.0.
Samples were analysed in 96 well plates. a-Crystallin was added to each sample at
either 0:1 or 0.5:1 molar ratio with the target protein. Samples were incubated at 37°C,

and ThT-associated fluorescence was measured in situ every 10 minutes for 20 hours.
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ThT-associated fluorescence was plotted versus time, and change in ThT-associated
fluorescence over time was plotted to observe the effect of increased a-crystallin

concentration on protein aggregation.

2.3 Chapter 4 methods

2.3.1 Intrinsic tryptophan fluorescence of crystallins

Purified o, oA or aB-crystallin was dissolved in 50mM phosphate buffer (0.04%
NaN;) at pH 6.0, 6.5, 7.0, 7.5 and 8.0, and at a concentration of 200xg/ml. 2 ml samples
were incubated for 1 hour at room temperature. Samples were loaded into 10mm path
length glass cuvettes, and intrinsic tryptophan emission fluorescence of each sample
measured at wavelengths between 300 and 450nm via Hitachi F-4500 fluorescence
spectrophotometer. Excitation was at 280nm. Maximum fluorescence intensity was

plotted versus wavelength for each sample pH value, as well as A, versus pH.

max

2.3.2 ANS binding of crystallins

Purified o, oA or aB-crystallin was dissolved in 50mM phosphate buffer (0.04%
NaN;) at pH 6.0, 6.5, 7.0, 7.5 and 8.0, and at a concentration of 200ug/ml. 1.7ml
samples were incubated with 300u1 of 10uM 1-anilino-8-napthalene sulfonate (ANS)
solution for 1 hour at room temperature. Samples were loaded into 10mm path length
glass cuvettes, and ANS associated fluorescence intensity was measured between 400

and 450nm via Hitachi F-4500 fluorescence spectrophotometer. Fluorescence intensity
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was plotted versus wavelength for each sample to determine A,,,,. Following this, 30ul
aliquots of 10uM ANS stock solution was titrated with fresh 2ml o-crystallin samples,

and fluorescence at 450nm (A,,) measured via Hitachi F-4500 fluorescence

spectrophotometer after each addition of ANS. Excitation was at 387nm. Fluorescence
was plotted versus ANS volume, and maximum fluorescence determined as the mean

intensity of the plateau region of the plot. Mean ANS-associated fluorescence was

plotted versus pH.

2.3.3 Thioflavin T binding of crystallins

Purified o, aA or aB-crystallin was dissolved in 1504M ThT in 50mM phosphate
buffer (0.04% NaN;) at pH 6.0, 6.5, 7.0, 7.5 and 8.0, and at a concentration of 200xg/ml
protein. 2ml a-crystallin samples were loaded into 10mm path length glass cuvettes,
and fluorescence intensity was measured via Hitachi F-4500 fluorescence
spectrophotometer for each sample at an excitation wavelength of 440nm and emission
wavelength of 490nm. Samples were acquired for thirty seconds, and fluorescence
intensity measured as the average of thirty readings over this thirty-second period.

Fluorescence intensity was plotted versus pH for each sample.

2.3.4 Transmission electron microscopy of crystallins

Purified o, aA or aB-crystallin was dissolved in SmM phosphate buffer (0.04% NaN)

at pH 6.0, 6.5, 7.0, 7.5 and 8.0, and at a protein concentration of 1mg/ml. 3ul samples
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from each pH treatment were coated onto formvar and carbon-coated nickel TEM grids
prepared previously. Grids were washed three times with 10 ul milliQ water and
negatively stained with 10 ul uranyl acetate (2% w/v). Samples were viewed on a
Philips CM100 transmission electron microscope under 64Kx magnification at a 100kV

exceleration voltage.

2.3.5 Size exclusion fast protein liquid chromatography of crystallins

Purified o, oA or aB-crystallin was dissolved in 50mM phosphate buffer at pH 6.0,
7.0 and 8.0 at a protein concentration of 0.25ug/ml. 300ul samples were incubated for
Ihr at room temperature. Size exclusion fast protein liquid chromatography (SEFPLC)
data was acquired via an AKTA FPLC purification system using a HiPrep superose
Super200 chromotography column, with dimensions 10mm by 300mm. Protein elution
was monitored via absorbance at 280nm. Absorbance at 280nm was plotted versus time

for each pH value.

2.3.6 The relationship between target protein aggregation rate and crystallin

chaperone ability

The influence of the rate of target protein aggregation on o-, aA- and aB-crystallin
chaperone ability was investigated by plotting percentage protection values from
Sections 3.2.1-2 against the corresponding target protein aggregation rate (0:1 molar

ratio crystallin : target protein). Data was plotted for o.-, aA- and aB-crystallin against
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the aggregation of catalase, {3, -crystallin and a-lactalbumin. A statistically significant
relationship between the rate of target protein aggregation and percentage protection
was determined by linear, logarithmic or exponential fits to the data with an r* value

above 0.6.

2.3.7 Reduction- and thermal-stress induced amorphous aggregation at acidic pH

The ability of ar- and aB-crystallin to inhibit the amorphous aggregation of o-
lactalbumin under reduction- and thermal-stress conditions and at low pH was
monitored using a FluoStar plate reader, with light scattering at 340nm measured as an
indication of protein aggregation. Assays were carried out on 1.2mg/ml a-lactalbumin
samples in 50mM glycine buffer (0.04% NaN,;, 20mM TCEP) and at pH values of 2.0,
2.5, 3.0 and 3.5. Samples were analysed in 96 well plates. Crystallins were added to
each sample at either 0:1, 0.2:1 or 0.5:1 molar ratio with the target protein. Samples
were incubated at 55°C, with light scatter at 340nm measured every minute for 120
minutes. Light scatter was plotted versus time to observe the effect of increased

crystallin concentration on protein aggregation.

2.4 Chapter 5 methods

2.4.1 o.,-Crystallin aggregation with temperature

a—Crystallin thermal stability was monitored via absorbance at 340nm using a JASCO

J810 circular dichroism spectrophotometer. This instrument was used instead of a UV-
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vis spectrophotometer as it had the necessary software to measure absorbance with
increasing temperature. 3 ml o-crystallin samples at pH 6.0, 7.0 and 8.0 were prepared
at 0.5mg/ml. Samples were incubated for 5 minutes at 35°C for temperature
equilibration. Absorbance at 340nm was read between 35°C and 90°C, with
measurements taken every 0.1°C. Temperature increased at a rate of 1°C/minute. Light

scattering at 340nm was plotted versus temperature, and compared between pH values.

2.4.2 0.,-Crystallin aggregation with time

a—Crystallin thermal stability was further monitored using a FluoStar plate reader,
with light scattering at 340nm measured as an indication of protein aggregation. Assays
were carried out on 200ug/ml crystallin samples in S0mM phosphate buffer (0.04%
NaN;) and at pH values of 6.0, 6.5, 7.0, 7.5 and 8.0. Samples were analysed in 96 well
plates. Samples were incubated at 37°C, 45°C or 55°C, with light scattering at 340nm
measured every minute for ninety minutes. Light scattering was plotted versus time to

observe the thermal stability of o-crystallin at 37°C, 45°C and 55°C.

2.4.3 Thermal stress amorphous aggregation

The effect of temperature on the ability of aA- and aB-crystallin to inhibit the
aggregation of catalase under thermal stress conditions was monitored using a FluoStar
plate reader, with light scattering at 340nm measured as an indication of protein

aggregation. Assays were carried out under conditions identical to those described in
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Section 2.2.6, with the exception that assays were conducted at 45°C. Light scatter was
plotted versus time and compared to data acquired in Section 3.3.1, in order to
determine the effect of temperature on crystallin chaperone activity, as influenced by

pH.

2.5 Chapter 6 methods

diethylpyrocarbonate

The surface-exposed histidine residues of human aB-crystallin were modified using a
variation of the method described by Pal and Ghosh (1998). Human recombinant a.B-
crystallin was purified via the method described in Section 2.1.3. Purified aB-crystallin
(50mM phosphate buffer, 0.04% NaN,) was incubated with a 600x molar excess of
DEPC for 2hrs at room temperature to facilitate the binding of DEPC to exposed
histidine residues. DEPC binding was quantified via absorbance at 240nm.

The chaperone ability of DEPC-bound aB-crystallin was immediately
determined by observing its ability to suppress the thermally-induced aggregation of
catalase at 55°C, as described in Section 2.2.6. Chaperone ability was investigated at
pH 6.0, 6.5, 7.0, 7.5 and 8.0, and at a 0.2:1 molar ratio of chaperone to target protein.
Chaperone ability was observed for unbound DEPC, aB-crystallin, and DEPC-bound
aB-crystallin. The chaperone abilities of unbound DEPC and oB-crystallin were

summed to create a ‘theoretical’ percentage protection value that was compared to the
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chaperone ability of DEPC-bound aB-crystallin, to determine if DEPC-induced

modification of aB-crystallin resulted in a change in chaperone ability.

2.5.2 ClustalW sequence homology analysis of a A- and o B-crystallin

A blastp sequence similarity search of the Swiss-Prot and TTEMBL databases was run
against human aB-crystallin (primary accession number P02511), accepting the twenty
closest similarity matches. The homology of these twenty sequences was determined
using Clustal W multiple sequence alignment (opening and end gap penalty = 10,
extending and separation gap penalty = 0.05). Additionally, sequence homology of the
ten known human sHsps was determined using ClustalW multiple sequence alignment
(opening and end gap penalty = 10, extending and separation gap penalty = 0.05), with
sHsp sequences acquired from the Swiss-Prot and TrEMBL databases. For a complete

list of primary accession numbers, see Appendix B.

2.5.3 Purification of H83A aB-crystallin

Human recombinant H83A oaB-crystallin was purified via the method described for
aA-crystallin in Section 2.2.2. Competent BL21(DE3) e. coli containing the mutant
human H83A aB-crystallin gene in a pEG23d plasmid template were plated out on
ampicillin-selective agar plates and incubated overnight at 37°C. From this single
colonies were grown overnight in 50ml sterile LB containing 10mM ampicillin. 20ml

aliquots were transferred to 0.5L LB and grown to log phase, at which point 0.5mg/ml
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IPTG was added to induce H83A aB-crystallin expression. Induction was allowed to
continue for 4 hours.

Cell suspensions were spun down in a Beckman Allegra 21-R centrifuge at
6000rpm for 15 minutes at 4°C, and cell pellets lysed using the sequential addition of
lysozyme, deoxycholic acid and DNAse I. Cell lysate was further purified via the
addition of 50mM DTT and PEI. Proteins present in cell lysate were precipitated via
sequential ammonium sulphate precipitation (25% and 35%), and the 35% precipitate
re-dissolved in 50mM Tris buffer (0.04% NaN,, pH 7.2). The re-suspended precipitate
was purified via size exclusion chromatography over a HiPrep sephacryl S300 size
exclusion chromatography column in 50mM Tris buffer (0.04% NaN,, pH 7.2). The
purified H83A aB-crystallin peak was concentrated using an Amicon concentrator and
a millipore regenerated cellulose membrane (NMWL <30,000) until <10ml samples
were obtained. Concentrated fractions were placed in dialysis tubing and left in 3L of
MilliQ water overnight with no water changes to removed excess Tris buffer. The
dialysed protein was then freeze-dried overnight in a Christ Alpha 1-4 freeze drier. The

purity of the freeze-dried proteins was analysed via SDS-PAGE.

2.5.4 Thermal-stress induced amorphous aggregation

The ability of H83A aB-crystallin to inhibit the aggregation of catalase under thermal-
stress conditions was monitored using a FluoStar plate reader, with light scattering at

340nm measured as an indication of protein aggregation. Assays were carried out on

400ug/ml catalase samples in SOmM phosphate buffer (0.04% NaN;) and at pH values
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of 6.0, 6.5, 7.0, 7.5 and 8.0. Samples were analysed in 96 well plates. H83A aB-
crystallin was added to each sample at either 0:1, 0.2:1 or 0.5:1 molar ratio with the
target protein. Samples were incubated at 45°C, with light scattering at 340nm
measured every minute for ninety minutes. Light scattering was plotted versus time to

observe the effect of increased o-crystallin concentration on protein aggregation.

2.5.5 Reduction-stress induced amorphous aggregation

The ability of H83A aB-crystallin to inhibit the amorphous aggregation of
a—lactalbumin under reduction stress conditions of was monitored using a FluoStar
plate reader, with light scattering at 340nm measured as an indication of protein
aggregation. Assays were carried out on 500ug/ml a-lactalbumin samples in 50mM
phosphate buffer (0.04% NaN;) and at pH values of 6.0, 6.5, 7.0, 7.5 and 8.0. Samples
were analysed in 96 well plates. H83A aB-crystallin was added to each sample at either
0:1, 0.2:1 or 0.5:1 molar ratio with the target protein. Samples were incubated at 37°C,
with light scattering at 340nm measured every minute for 120 minutes. Light scattering
was plotted versus time to observe the effect of increased crystallin concentration on

protein aggregation.
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2.6 Chapter 7 methods

2.6.1 B CD-induced refolding of catalase

The ability of BCD to refold thermally denatured catalase in conjunction with ot;-
crystallin was monitored via the return of catalase enzymatic activity after thermal-
stress. Thermally-induced catalase aggregation was monitored via light scattering at
340nm as described in Section 2.2.6. a-Crystallin was added to aggregating catalase at
a 1:1 molar ratio to entirely inhibit catalase aggregation, and samples were incubated
for 120 minutes to ensure the complete aggregation of o-crystallin-free catalase. After
incubation, fCD was added to both a-crystallin bound and a-crystallin free catalase
samples at a 100x molar excess, and incubated for 24hrs via the method described by
Akiyoshi et al. (1999). Catalase enzymatic activity was monitored via the degradation
of hydrogen peroxide (H,0,). H,0, degradation was measured via light scattering at
240nm on a FluoStar plate reader. Enzymatic activity was compared between native
catalase, thermally-stressed catalase (with or without incubation with fCD) and
catalase thermally stressed in the presence of ar-crystallin (with or without incubation
with BCD), to determine if a combination of a-crystallin and BCD could facilitate the

refolding of thermally-stressed catalase.

2.6.2 BCD and amorphous aggregation

The ability of BCD to inhibit the aggregation of catalase under thermal stress conditions

and insulin under reduction stress conditions was monitored using a FluoStar plate
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reader, with light scattering at 340nm measured as an indication of protein aggregation.
Catalase assays were carried out at a concentration of 400ug/ml in S0mM phosphate
buffer (0.04% NaN,, pH 7.5). Insulin assays were carried out at a concentration of
500pg/ml in S0mM phosphate buffer (0.04% NaN,, 20mM DTT, pH 7.5). Samples
were analysed in 96 well plates. BCD was added to each sample at either 0:1, 5:1, 10:1,
25:1 or 50:1 molar ratio with the target protein. For catalase aggregation, samples were
incubated at 55°C, with light scattering at 340nm measured every minute for ninety
minutes. For insulin samples, samples were incubated at 37°C, with light scattering at
340nm measured every minute for sixty minutes. Light scattering was plotted versus

time to observe the effect of increased fCD concentration on protein aggregation.

2.6.3 Cyclodextrins and rcm K -casein fibrillar aggregation

The ability of aCD, BCD and yCD to inhibit the fibrillar aggregation of rcm x-casein
was undertaken using a variation of the method outlined in Section 2.2.8. The ability of
cyclodextrins to inhibit rcm k-casein fibrillar aggregation was monitored using a
FluoStar plate reader, with ThT-associated fluorescence (excitation 440nm, emission
490nm) measured as an indication of protein aggregation. Cyclodextrins were added to
aggregating 1mg/ml rcm K-casein (S0mM phosphate buffer, 0.04% NaN,, pH 7.5) ata
5:1 or 25:1molar ratio. ThT fluorescence was measured every 10 minutes for twenty
hours, with fluorescence plotted versus time. The change in ThT-associated
fluorescence with time was plotted between cyclodextrins samples to observe the effect

of cyclodextrins on fibrillar protein aggregation.
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2.6.4 BCD and fibrillar aggregation

The ability of BCD to inhibit the fibrillar aggregation of rcm k-casein was investigated
using the method described in section 2.6.3, with the exception that a dose-dependant
response was observed by adding BCD at a 5:1, 10:1, 25:1, 50:1 and 100:1 molar ratios.

The ability of fCD to inhibit a-lactalbumin and B-lactoglobulin fibrillar
aggregation under reduction stress conditions was monitored using a FluoStar plate
reader, with ThT-associated fluorescence (excitation 440nm, emission 490nm)
measured as an indication of protein aggregation. a-Lactalbumin assays were carried
out at a concentration of 3mg/ml in 50mM phosphate buffer (0.04% NaN,, 20mM DTT,
12.5mM ThT, pH 7.5). B-lactoglobulin assays were carried out at a concentration of
2mg/ml in 50mM phosphate buffer (0.04% NaN,, 20mM DTT, 12.5 mM ThT, pH 7.5).
BCD was added to each sample at a 50:1 molar ratio with the target protein.

The ability of BCD to inhibit wild-type and A53T mutant a-synuclein fibrillar
aggregation under thermal stress conditions was similarly monitored using a FluoStar
plate reader, with ThT-associated fluorescence (440nm excitation, 490nm emission)
measured as an indication of protein aggregation. Samples were incubated in a
ThermoStar plate shaker at 37°C, and time point measurements taken at 8 or 16 hour
timepoints for 160 hours. Assays were carried out at a concentration of 2mg/ml in
50mM phosphate buffer (0.04% NaN,, 12.5mM ThT, pH 7.5). BCD was added to each
sample at a 12:1, 25:1 or 50:1 molar ratio with target protein. For all samples, ThT-

associated fluorescence was plotted versus time, and change in ThT-fluorescence over
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time plotted to observe the effect of increased CD concentration on protein

aggregation.

2.7 Chapter 8 methods

2.7.1 Intrinsic fluorescence of aggregating proteins

The effect of BCD on protein structure during fibrillar aggregation was observed via
intrinsic tryptophan fluorescence intensity over time. 3-lactalbumin and rcm k-casein
were dissolved in 50mM phosphate buffer (0.04% NaN;, pH 7.4), and at a
concentration of 2mg/ml protein. 20mM DTT was added to the B-lactoglobulin sample.
2 ml samples were incubated for 1 hour at room temperature. Samples were loaded into
Icm path length glass cuvettes, with BCD added to each protein sample at 0:1 and 50:1
molar ratios. Intrinsic tryptophan emission fluorescence of each sample was measured
at wavelengths between 300 and 400nm via a Cary Eclipse fluorescence
spectrophotometer, with excitation at 280nm. Wavelength scans were taken every 20
minutes for twelve hours for each target protein and BCD concentration. Fluorescence
intensity was plotted versus wavelength for each time point, as well as A,,, versus time

and maximum fluorescence intensity versus time.

2.7.2 Circular dichroism spectrophotometry of aggregating proteins

The effect of BCD on the structure of fibrillar aggregating proteins was further

investigated via CD spectrophotometry over time. BCD was added to 2ml 1mg/ml rcm
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K-casein samples in SmM phosphate buffer (0.04% NaN,, pH 7.4) at 0:1 and 25:1
molar ratios to target protein. Samples were incubated in a 37°C waterbath for 20hrs,
with 200ml samples taken at 1, 2, 3, 6, 8, 10, 12, 18 and 24 hrs. Far UV CD spectra for
time point samples were acquired on a JASCO J810 circular dichroism
spectrophotometer at 37°C and at wavelengths between 250 and 190nm using 1mm
path length glass cuvettes. Molar ellipticity was plotted versus wavelength for each
sample and timepoint, as well as ellipticity at 205nm versus time and at 216nm versus

time.

2.7.3 Competitive ANS binding

The nature of BCD-protein interaction during fibrillar aggregation was observed via
competitive ANS binding over time. rcm k-Casein (1mg/ml) or f-lactalbumin (2mg/ml)
samples were dissolved in 50mM phosphate buffer (0.04% NaN;, pH 7.5). 20mM DTT
was added to the B-lactoglobulin sample. 1.4 ml samples were added to 600ul of 10uM
ANS solution, and BCD was added to each protein sample at either a 0:1 or 50:1 molar
ratio with target protein. ANS-associated fluorescence of each sample was measured
via Cary Eclipse fluorescence spectrophotometer (excitation 280nm, emission 387nm).
Measurements were taken every 20 minutes for twelve hours for each target protein and
BCD concentration. Fluorescence intensity was plotted versus time for each target
protein and BCD concentration.

This was further observed via competitive chaperone assays against aggregating

rcm k-casein. ANS, BCD, or a combination of the two were added to aggregating rcm
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K-casein at 0:1 and 50:1 molar ratios. ThT-associated fluorescence was measured at 0,
1,2, 6, 12 and 20 hour timepoints, with fluorescence plotted versus time. The
chaperone activity of the BCD/ANS combination was compared to the activity of
independent BCD and ANS samples, to investigate a possible additive effect of the two
chaperones, and consequently if their protein binding mechanisms were in direct

competition.

2.7.4 Co-operative chaperone activity of § CD with a.;-crystallin

The possible additive effect of sHsp and cyclodextrin chaperone abilites was
investigated using a variation of the method described in section 2.6.4. BCD, o~
crystallin, or a combination of both was added to aggregating rcm K-casein at molar
ratios of 25:1 (BCD) and 0.5:1 (o-crystallin). ThT fluorescence was measured every
10 minutes for twenty hours, with fluorescence plotted versus time. The chaperone
activity of the CD/ai;-crystallin combination was compared to the activity of fCD and
a-crystallin on their own to investigate a possible additive effect of the two
chaperones, and consequently if their protein binding mechanisms were in direct

competition.
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2.7.5 The relationship between protein aggregation rate and 8 CD chaperone

ability

The relationship between the rate of target protein aggregation and BCD chaperone
ability was investigated using a similar method to that described in Section 2.3.7.
Percentage protection values for BCD against the fibrillar aggregation of a-lactalbumin,
B-lactoglobulin, rcm «x-casein, wild-type a-synuclein and AS53T a-synuclein were
plotted against the corresponding time taken to achieve maximum ThT fluorescence
(tMax) at a 0:1 molar ratio of BCD to target protein. A statistically significant
relationship between tMax and BCD percentage protection was determined by linear,

logarithmic or exponential fits to the data with an 1* value above 0.6.

2.8 Statistics

The statistical significance of any differences observed between group means was
determined by analysis of variance. Post-hoc testing of differences between groups was
accomplished using Student’s t-test assuming unequal variance, with p =< 0.05
considered statistically significant. Where appropriate, data are presented as means +

SD.
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Chapter 3 — Investigating the pH-sensitive chaperone ability of a-crystallin

3.1 Introduction

As the primary molecular chaperone of the mammalian lens, a-crystallin is essential for
stabilizing lens proteins and maintaining lens transparency (Horwitz, 1992; Bloemendal et
al., 2004). The high protein concentration of the lens, coupled with the constant
accumulation of aged cells in the nucleus, places unusual pressure on the lens chaperone
system (Bloemendal et al., 2004). As lens cells age, the ability of a-crystallin to protect
against target protein aggregation becomes compromised, presumably as the
concentration of available, functional o-crystallin becomes diminished (Horwitz, 1992;
Carver et al., 1996; Derham and Harding, 1999). As a consequence, the frequency of
cataract development increases markedly with age, and aging is considered to be the key
risk factor for nuclear cataract development (Truscott, 2005).

There is evidence to suggest that a-crystallin is a more effective chaperone at pH
7.5 and 8.0 than at pH 6.0 (Koretz et al., 1998; Poon et al., 2002). As yet, the reasons for
this apparent pH-sensitivity are not known. Lens pH varies from pH 7.2 at the cortex to
pH 6.7 in the lens nucleus (Bassnett and Duncan, 1985; 1987), and so the influence of
mildly acidic pH on a-crystallin chaperone ability may be physiologically significant in
the lens. As aged and modified proteins accumulate in the lens nucleus, the ability of o-
crystallin to function as a molecular chaperone becomes imperative in the maintenance of

lens transparency. If a-crystallin chaperone ability is significantly decreased at lower pH,
then the ability of oa-crystallin to inhibit protein aggregation in the lens nucleus would

almost certainly be compromised. This in turn may result in increased protein
aggregation, reduced lens transparency and potentially an increased likelihood of cataract

formation. An increase in insoluble, high molecular weight protein content has been

identified as characteristic of lens aging (Liang and Rossi, 1989; Yang et al., 1994), and
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the build up of high molecular weight protein species in aged lens nuclei has been well
observed (Stauffer er al, 1974; Jedziniak et al., 1975). This suggests a reduced
chaperone capability of a-crystallin in the lens nucleus, characterised by an inability to
inhibit the aggregation and precipitation of lens proteins.

Extra-lenticular aB-crystallin is up-regulated in response to a number of clinical
disorders, including Alzheimer's and Parkinson's disease, that are characterised by fibrillar
aggregation (Clark and Muchowski, 2000; Sun and McRae, 2005). Accordingly, aB-
crystallin is believed to play a protective role in the prevention of fibrillar aggregation

characteristic of a variety of disorders in vivo (Clark and Muchowski, 2000). Amyloid
fibril formation of a number of proteins is promoted by acidic conditions, including o.-
lactalbumin (Goers et al., 2002), HypF (Bucciantini et al., 2002), transthyretin (Lai et al.,

1996) and P2-microglobulin (Raman et al., 2005). Additionally, Alzheimer's disease has
been demonstrated to coincide with localized acidosis in infected brain tissue, wherein
pH drops below pH 6.0 (Yates ef al., 1990). Recent investigation suggests that fibrillar
aggregation of Ap-peptide, characteristic of Alzheimer’s disease, is promoted at pH 6.0
(Khandogin and Brooks, 2007). If the chaperone ability of a-crystallin is reduced under

acidic conditions, the ability of aB-crystallin to effectively inhibit extra-lenticular fibrillar

aggregation and protect against clinical disorders may be compromised in mildly acidic

environments in vivo.
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Rationale for work presented in this chapter

The effect of pH on the chaperone ability of a-crystallin and its subunits, aA- and oB-
crystallin, was investigated between pH 6.0 and pH 8.0, to determine if oa-crystallin

chaperone ability is pH sensitive. Characterisation was carried out using four in vitro
target proteins; the thermal-stress induced amorphous aggregation of a physiologically

relevant target protein (B, -crystallin, a structural lens protein and physiological target for
a-crystallin), thermal-stress induced amorphous aggregation of a physiologically un-
related target protein (catalase), reduction-stress induced amorphous aggregation of o-
lactalbumin and the thermal-stress induced fibrillar aggregation of reduced and
carboxymethylated (rcm) x-casein. The variety of target proteins and stress conditions

investigated in this study were selected to encompass a broad range of aggregation

conditions.
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3.2 Results

3.2.1 Thermal-stress induced amorphous aggregation

Light scattering at 340nm is indicative of protein aggregation; an increase in light

scattering with time is characteristic of amorphous protein aggregation. The ability of
ar-, 0A- and aB-crystallin to prevent thermal-stress amorphous aggregation was
determined by observing the light scattering at 340nm of heat stressed f3, -crystallin
and catalase. Profiles were measured at pH 6.0, 6.5, 7.0, 7.5 and 8.0, and at varying

molar subunit ratios of a-, aA- or aB-crystallin (See appendix C, Figures C1-2).

At pH 6.5 and above, the rate of both catalase and {3, -crystallin aggregation
showed a dose-dependent decrease with the addition of increasing amounts of ou;-,
aA- or oB-crystallin, indicating the inhibition of target protein aggregation. The
ability of a-, aA- and aB-crystallin to suppress target protein aggregation decreased

below pH 7.0. At pH 6.0, maximum light scattering at 340nm for both target protein
samples increased slightly with the addition of chaperone protein. This suggests that
the target protein-chaperone complex is inherently unstable at low pH, and that these
conditions promoted aggregation.

For all aggregation curves, the pH sensitivity of chaperone ability was
quantified via the comparison of percentage protection values. Percentage protection
was determined using a modified version of the method of Raman and Rao (1994),

according to the equation;

percentage protection = ((R-R, 5)/R,)*100

where R, and R, are the rate of light scatter increase in the absence (0:1 molar

subunit ratio with target protein) and presence (0.5:1 molar subunit ratio with target

protein) of chaperone respectively. Calculations were based upon the initial rate of

protein aggregation. Higher percentage protection values demonstrate an increase in
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chaperone ability. Percentage protection values were plotted versus pH for each
chaperone and target protein (Figure 3.1-2). Percentage protection was lowest at pH
6.0, and increased significantly between pH 6.0 and pH 7.0 for each chaperone with
either target protein. There was no significant variation in percentage protection

between pH 7.0 and 8.0 for a.;- or aA-crystallin with either target protein, or for aB-
crystallin with catalase. oB-crystallin percentage protection against f3;-crystallin

aggregation increased significantly between pH 7.0 and 7.5, but did not vary

significantly between pH 7.5 and 8.0.
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Figure 3.1 — Percentage protection, calculated from light scattering assays, of
ar-, oA- and aB-crystallin against the thermally-induced amorphous aggregation
of catalase (55°C). Percentage protection increased significantly between pH 6.0
and pH 7.0, but showed no significant variation between pH 7.0 and pH 8.0. *
Indicates significant difference in the mean percentage protection (p < 0.05).
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Figure 3.2 - Percentage protection, calculated from light scattering assays, of or-
, 0A- and aB-crystallin against the thermally-induced amorphous aggregation of
B -crystallin (60°C). Percentage protection increased significantly between pH
6.0 and 7.0. aq- and aA-crystallin percentage protection showed no significant
variation between pH 7.0 and pH 8.0. aB-Crystallin percentage protection
increased significantly between pH 7.0 and 7.5, but showed no significant
variation between pH 7.5 and 8.0 * Indicates significant difference in the mean
percentage protection (p < 0.05).
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3.2.2 Reduction-stress induced amorphous aggregation

The ability of o -, aA- and aB-crystallin to prevent the reduction-stress induced
amorphous aggregation of a-lactalbumin was determined using the same method

described in Section 3.2.1. Reduction of disulphide bonds between cysteine residues
can disrupt the native conformation of target proteins and induce aggregation.
Dithiothreitol (DTT)-induced reduction has been demonstrated extensively to induce

the aggregation of o-lactalbumin under physiological conditions (37°C, pH 7.4)

(Magnuson and Magnuson, 1971; Lindner et al., 1997; Rajaraman et al., 1998; Carver
et al., 2002). TCEP was chosen over DTT as a reducing agent due to its broader

effective pH range, and its ability to reduce disulphide bonds in a non pH-sensitive
manner between pH 6.0 and 8.0 (Han and Han, 1994).

TECP-induced a-lactalbumin aggregation was measured via light scattering at
340nm. a-lactalbumin aggregation was measured at pH 6.0, 6.5, 7.0, 7.5 and 8.0, and
at varying molar ratios of a-, aA- or aB-crystallin. As with thermal-stress

amorphous aggregation (Section 3.2.1), a-lactalbumin aggregation decreased in a

dose-dependent fashion with the addition of increasing amounts of chaperone,

suggesting the inhibition of a-lactalbumin aggregation (See appendix C, Figure C3).
ar- , aA- and aB-crystallin percentage protection was lowest at pH 6.0, and increased
significantly between pH 6.0 and pH 7.0 (Figure 3.3). There was no significant
change in aA-crystallin percentage protection between pH 7.0 and pH 7.5. aA-
crystallin percentage protection increased significantly between pH 7.5 and 8.0. There
was no significant difference in either oir- or auB-crystallin percentage protection

between pH 7.0 and 8.0. This is largely consistent with data from Section 3.2.1.
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Figure 3.3 - Percentage protection, calculated from light scattering assays, of ar-
, aA- and oB-crystallin against the reduction-induced amorphous aggregation of
a-lactalbumin (37°C). Percentage protection values increased significantly
between pH 6.0 and pH 7.0. There was no significant variation in o~ or oB-
crystallin percentage protection between pH 7.0 and pH 8.0. There was no
significant difference in aA-crystallin percentage protection between pH 7.0 and
7.5, but percentage protection increased significantly between pH 7.5 and 8.0. *
Indicates significant difference in the mean percentage protection (p < 0.05).
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3.2.3 Thermal-stress induced fibrillar aggregation of rcm k-casein

The ability of o -, aA- and aB-crystallin to prevent the fibrillar aggregation of rcm x-

casein was determined using a similar method to that described in Section 3.2.1.

Thioflavin T (ThT) is a fluorescent dye that binds strongly to regions of stacked f3-

sheets, in particular those associated with the formation of amyloid fibrils.
Fluorescence at 490nm is characteristic of ThT-protein binding (LeVine, 1999). As a

highly ordered cross B-sheet structure is characteristic of amyloid fibrils, an increase

in 3-sheet content over time, as observed by ThT fluorescence, is representative of

fibrillar aggregation (LeVine, 1999, Khurana et al., 2005). ThT-associated

fluorescence of reduced, carboxymethylated (rcm) K-casein at an emission wavelength

of 490nm (440nm excitation wavelength) was measured at pH 6.0, 7.0 and 8.0, and at

varying molar ratios of a.-, aA- or aB-crystallin (Figure 3.4). ThT fluorescence

assays were undertaken in situ.

ThT fluorescence associated with rcm K-casein aggregation decreased with the
addition of a;-, aA- or aB-crystallin. The chaperone ability of o.-, aA- and aB-
crystallin against rcm K-casein aggregation was quantified by comparison of the

change in ThT-associated fluorescence after 20 hours, by the equation;

percentage protection = ((AF,-AF, 5)/AF,)*100

where AF, and AF,  are the change in ThT-associated fluorescence in the
absence (0:1 ratio with rcm K-casein) and presence (0.5:1 molar ratio with rcm x-

casein) of chaperone, respectively (Figure 3.4). Unlike data observed in Sections

3.2.1-2, in general there was no significant change in either o.-, aA- or aB-crystallin
percentage protection against rcm K-casein aggregation between pH 6.0 and 8.0. The

only exception to this was o-crystallin chaperone ability, which demonstrated a
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significant difference between pH 7.0 and 8.0. This appears to be a consequence of
the particularly low percentage protection observed for o -crystallin against rcm k-
casein aggregation at pH 7.0, and is not representative of the data set. In contrast to
the data for the inhibition of amorphous target protein aggregation (Sections 3.2.1-2),

the ability of a-crystallin to inhibit rem K-casein fibrillar aggregation does not appear

to be pH sensitive.
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Figure 3.4 —Percentage protection, calculated from the change in ThT-
fluorescence, of o-, aA- and aB-crystallin against the fibrillar aggregation of
rcm K-casein. Percentage protection did not vary significantly with pH, except
with a-crystallin between pH 7.0 and 8.0.
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3.3 Discussion

Investigation into the effect of pH on molecular chaperone activity has to date been
limited. Mildly acidic pH (pH 6.0) has been demonstrated to enhance the dissociation
and chaperone ability of clusterin, an extra-cellular protein with chaperone-like qualities
(Poon et al, 2002). It is believed that acidic pH increases exposed clusterin
hydrophobicity, and by doing so facilitates enhanced chaperone ability, in a manner
reminiscent of o-crystallin at elevated temperatures (Poon et al., 2002). Conversely,
Hsp20 chaperone ability decreases from pH 7.5 to 6.0 in a manner reminiscent of o.-
crystallin (Bukach ef al., 2004). Interestingly, direct comparison suggests that Hsp20 is
a significantly less effective chaperone at pH 6.0 than a-crystallin (Bukach et al.,
2004). Koretz et al. (1998) have demonstrated that ar-crystallin is less able to inhibit
the thermal-stress induced aggregation of y-crystallin at mildly acidic pH (pH 6.0),
possibly as a consequence of decreased a-helical content.

In this study, ar-, aA- and aB-crystallin percentage protection increased
significantly as pH increased from pH 6.0 to 7.0 for three of the target proteins
investigated (catalase, Py -crystallin and a-lactalbumin). For these target proteins, there
is a clear correlation between pH and a-crystallin chaperone ability in this pH range,
demonstrating that or-crystallin and its subunits are pH-sensitive molecular
chaperones. The decreased chaperone ability of ar-crystallin at pH 6.0 and pH 6.5
observed in this study is in agreement with the results of others (Koretz et al., 1998;

Poon et al., 2002; Bukach et al., 2004). Similarly, the results observed for the o A- and
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aB-crystallin subunits support investigations by Koteiche and Mchaourab (2003), who
showed a marked increase in the affinity of aA- and aB-crystallin for T4 lysozyme
mutants as pH increased from pH 6.0 to 8.0. Interestingly, it appears that there is no
significant difference between the pH sensitivity of ar-, aA- and aB-crystallin across
the pH range investigated; that is, all three crystallins demonstrated significantly
decreased chaperone ability below pH 7.0. The fact that the observed pH sensitivity of
chaperone ability was common to three target proteins suggests that pH affects the
ability of a-crystallin to inhibit both thermal- and reduction-stressed amorphous
aggregation, and that the observed pH-sensitive trend appears to be an intrinsic function
of a-crystallin and its individual subunits.

Interestingly, the pH-sensitive chaperone ability of a-crystallin observed
against catalase, P-crystallin and a-lactalbumin amorphous aggregation was not seen
against the fibrillar aggregation of rcm K-casein. k-Casein has recently been shown to
aggregate via a unique mechanism, whereby the unfolding of native x-casein to an
amyloidogenic precursor conformation (which is believed to be typical of many forms
of fibrillar aggregation) does not occur prior to fibrillar aggregation (Ecroyd et al., 2008).
Rather, k-casein monomers or dimers that have dissociated from the k-casein oligomer
are believed to exist as amyloidogenic precursors that do not require unfolding to adopt
an amyloidogenic conformation; accordingly, fibrillar aggregation can commence
immediately upon dissociation. It has been suggested that this aggregation mechanism

limits the ability of sHsps, particularly aB-crystallin to interact with aggregating k-

90



Chapter 3 — Chaperone ability of a-crystallin

casein, due to the transient presence of the amyloidogenic fibrillar precursor (Ecroyd et
al., 2008). oB-Crystallin selectively interacts with partially-folded protein
intermediates on the off-folding pathway, and largely ignores natively folded proteins,
or partially-folded protein intermediates in a structurally stable conformation that are
not prone to aggregation (Carver et al., 1995; Rajaraman et al., 1998; Treweek et al.,
2000; Carver et al., 2002). This chaperone mechanism is considered characteristic of
sHsps, and of aggregation on the off-folding pathway. The aggregation of rcm K-casein,
which is facilitated by dissociation, and is not characterized by the formation of
partially-folded protein intermediates, would not allow for such interactions. o-
Crystallin has been shown previously to be a poor molecular chaperone of rcm k-
casein, supporting this theory (Rekas ef al., 2007; Ecroyd et al., 2007; Ecroyd and
Carver, 2008). Similarly, in this study both ar-, aA- and aB-crystallin showed reduced
chaperone ability against rcm «k-casein, compared to the other target proteins
investigated. The atypical nature of rcm k-casein aggregation leads to inefficient
interactions between o-crystallin and rcm K-casein, which most likely explains the
unexpected results observed in this study. In light of this, the data observed for rcm x-

casein aggregation in this study do not necessarily contradict the data observed for
catalase, (3. -crystallin or a-lactalbumin aggregation.

A further explanation for the results observed for rem K-casein aggregation in
this study may involve possible differences in the a-crystallin chaperone mechanism of
action for amorphous versus fibrillar aggregation. The proposed ‘generic’ mechanism

of fibrillar aggregation on the off-folding pathway involves the unfolding of target
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proteins into a relaxed, partially-folded conformation that contains elements of
secondary structure; hydrophobic interactions between these precursor intermediates
are believed to facilitate subsequent protein aggregation (Dobson 1999; Chiti, 1999;
Chiti and Dobson, 2006). As sHsps are believed to inhibit protein aggregation via their
interaction with areas of exposed hydrophobicity on misfolded protein intermediates
(Das et al., 1996; Singh and Rao, 2002; Melkani et al., 2004), it is commonly assumed
that sHsps and other molecular chaperones can effectively inhibit both amorphous and
fibrillar target protein aggregation. Several molecular chaperones have been shown to
be capable of inhibiting both amorphous and fibrillar aggregation, including o-
crystallin (Horwitz, 1992; Wilhelmus et al., 2006) and clusterin (Poon et al., 2002;
Kumita et al., 2007), which supports this assumption.

It may be, however, that the specifics of the sHsp chaperone mechanism vary
against amorphous versus fibrillar aggregation. While there has so far been little
research into characterizing any differences between the mechanisms of amorphous and
fibrillar aggregation, there is circumstantial evidence to suggest subtle differences exist
between the respective chaperone mechanisms. Ecroyd et al. (2007) demonstrated that
mimicking the phosphorylation of serine residues of aB-crystallin increased its
chaperone ability against the amorphous aggregation of catalase, -crystallin, insulin
and a-lactalbumin, but decreased its chaperone ability against the fibrillar aggregation
of ccp-peptide. Similarly, the addition of lysine-HCl to aB-crystallin increased its
chaperone ability against the fibrillar aggregation of a-synuclein, but either decreased
or had no effect on aB-crystallin chaperone ability against the amorphous aggregation

of catalase, insulin or a-lactalbumin (Ecroyd and Carver, 2008). Although the current
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evidence is as yet limited, it may help to explain the aberrant results observed in this

study for the aggregation of rcm K-casein.

Importantly, the observed pH-sensitive chaperone trend was consistent
between lens-purified ar-crystallin and recombinant, bacterially expressed o A- and aB-
crystallin. This rules out the possibility of post-translational modifications to o-
crystallin influencing the pH sensitivity of its chaperone ability. A number of post-
translational modifications to a-crystallin have been observed in vivo; of these,
phosphorylation of lens a-crystallin serine residues is the most commonly observed
(Ito et al., 1997; Kato et al., 1998). Both oxidation and phosphorylation of a-crystallin
have been shown to reduce its chaperone ability against specific target proteins
(Aquilina et al., 2004; Rajan et al., 2006; Ecroyd et al., 2007). As the recombinant (and
consequently unmodified) aA- and aB-crystallin subunits exhibited the same pH-
sensitive trend as the lens-purified (and possibly modified) ar-crystallin, post
translational modification of a-crystallin appears to have little or no effect on the
relationship between pH and chaperone ability.

Almost all elements of the secondary, tertiary and quaternary structure of our-
crystallin are believed to influence its ability to inhibit target protein aggregation
(Horwitz, 2003; Augusteyn, 2004a). Unfolding and exposed hydrophobicity may play
an important role in regulating a-crystallin chaperone ability (Raman and Rao, 1994;
Das and Surewicz, 1995), although the exact nature of this relationship is currently
under debate (Reddy e al, 2006). Previous investigation has demonstrated that pH-

induced modifications to a-crystallin secondary structure may affect its chaperone
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ability (Koretz et al., 1998), and while a-crystallin oligomer size appears to have little
effect on its chaperone ability (Saha and Das 2004; 2007), oligomer hydrophobicity is
believed to directly influence and facilitate a-crystallin chaperone ability (Saha and Das
2007; Augusteyn, 2004b). It seems likely then that pH-induced modifications of a-
crystallin structure may be responsible for the pH-sensitive chaperone ability observed
in Section 3.2. Consequently, gross structural characterisation of a-crystallin with pH
may help to understand the reasons behind its observed pH-sensitive chaperone ability.

A final factor effecting a-crystallin’s pH-sensitive chaperone ability may be the
kinetic relationship between the rate of target protein aggregation and chaperone-target
protein interaction. It has been suggested that at fast aggregation rates, target protein
nucleation outpaces, and consequently overwhelms, the rate of chaperone-protein
interaction (Lindner et al., 2001). As aggregation occurs via hydrophobic interactions
between target proteins, similar to those implicated in chaperone-target protein binding,
rapid protein aggregation may inhibit the ability of a-crystallin to successfully bind
target proteins. Aggregating target protein intermediates may 'out-compete' a-crystallin
for hydrophobic binding sites, and by doing so decrease a.-crystallin chaperone ability.
This has been demonstrated previously with a-crystallin’s inhibition of both o-
lactalbumin (Lindner et al., 2001) and rcm k-casein aggregation at low temperatures
(Rekas et al., 2007). Catalase, fi-crystallin and o-lactalbumin each aggregated more
rapidly at pH 6.0 and 6.5 than at pH 8.0, which may have influenced the ability of o-

crystallin to inhibit their aggregation. Accordingly, the observed pH-sensitivity of a-
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crystallin chaperone ability may be, in part, a consequence of target protein aggregation

kinetics.
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Chapter 4 — Characterising the effect of pH on the structure of a-crystallin

4.1 Introduction

a-Crystallin acts as a molecular chaperone under a variety of conditions, both in
vivo and in vitro. The exact mechanism of its chaperone ability is currently
unknown. The structure of a-crystallin is believed to be a key determinant of its
chaperone ability; dissociation, oligomerisation and the rate of subunit exchange
have each been argued to influence the chaperone activity of a-crystallin (Bova et
al., 1997; Avilov et al., 2004; Liu et al., 2006), but the precise effect of these factors
is still open to interpretation (Augusteyn 2004b; Aquilina ef al., 2005). Similarly,
the exposed hydrophobicity of both dissociated and oligomeric a-crystallin is also
believed to be a decisive factor in determining the chaperone activity of a-crystallin
(Raman and Rao, 1994; Das ef al., 1996, Saha and Das, 2004; Augusteyn 2004b). It
has been generally accepted that exposed hydrophobicity facilitates the binding of
a-crystallin to semi-folded protein intermediates, and consequently that increased
exposed hydrophobicity enhances a-crystallin chaperone activity, (Raman and Rao,
1994; Das and Surewicz, 1995, Datta and Rao, 1999). However, in recent years
studies have indicated that increased o.-crystallin hydrophobicity can either inhibit
(Santhoshkumar and Sharma, 2001) or have no effect (Smulders ez al., 1996) on a-
crystallin chaperone activity. Consequently, the relationship between exposed
hydrophobicity and a-crystallin chaperone activity is currently the subject of debate
(Kumar et al., 2005; Reddy et al., 2006)

The rate of nucleation-dependent target protein aggregation also appears to
influence sHsp chaperone activity; target protein aggregation has been observed to

outpace chaperone-target protein interaction in situations of high aggregation rate,
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and consequently overwhelm potential chaperone activity (Lindner ef al., 2001).
Three of the four target proteins discussed in Section 3.2 (catalase, fr-crystallin, a-
lactalbumin) appeared to aggregate more rapidly as pH decreased from pH 8.0 to
6.0, which correlated with a decrease in the chaperone activity of a-crystallin and
its subunits.

Characterising the structural modifications to a.-crystallin and its subunits
accompanying pH variation should assist in explaining the pH-sensitive chaperone
activity observed in Section 3.2. Additionally, investigating the relationship
between protein aggregation rate and crystallin percentage protection will determine
if nucleation rate, as opposed to exposed hydrophobicity or other intrinsic structural
factors, is primarily responsible for the pH sensitive chaperone activity of ar-, aA-

and aB-crystallin.

Rationale for work presented in this chapter

Characterisation of ar- , aA- and aB-crystallin protein structure over the pH range
observed in Sections 3.2.1-3 (pH 6.0 — 8.0) was used to gain a greater understanding
of their pH-dependent chaperone activity. pH-induced structural changes to or-

, 0A- and aB-crystallin were observed via intrinsic tryptophan fluorescence, ANS
binding, ThT-associated fluorescence, size exclusion fast protein chromatography
and transmission electron microscopy. This structural characterisation suggested
that a-crystallin is partially unfolded at pH 6.0 and 6.5, compared to pH 7.0 and
above. Additionally, the effect of the rate of target protein aggregation on the
activity of ar-, aA- and aB- crystallin to protect against target protein aggregation

was investigated by observing the relationship between percentage protection and
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target protein aggregation rate for each crystallin and target protein investigated in
Sections 3.2.1-2. A strong statistical relationship between protein aggregation rate
and percentage protection would imply that aggregation rates may contribute to the
pH sensitivity of a-crystallin chaperone activity observed in Sections 3.2.1-2.
Finally, the ability of ar- and aB-crystallin to inhibit the amorphous aggregation of
a-lactalbumin was investigated between pH 2.0 and 3.5. At acidic pH, ar-crystallin
separates into aA-crystallin homopolymers and denatured a.B-crystallin monomers,
and both aA- and aB-crystallin are significantly unfolded and less structured than
at pH 6.0 and 6.5 (Augusteyn et al., 1988; Stevens and Augusteyn, 1993);
comparison of ar- and aB-crystallin chaperone ability between mildly acidic (pH
6.0 and 6.5) and acidic pH (pH 2.0 — 3.5) may help to determine the functional

significance of the partial a-crystallin unfolding observed in this chapter.
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4.2 Results

4.2.1 Intrinsic tryptophan fluorescence of a.1-, a A- and o B-crystallin

Tryptophan fluorescence is highly sensitive to environmental conditions, and can be
used to investigate changes in the environment surrounding tryptophan residues
(Freifelder, 1982). A decrease in fluorescence intensity suggests quenching of
tryptophan fluorescence, generally by adjacent amino acids, whilst a red-shift in
A demonstrates a decrease in the exposure of tryptophan to a polar environment;
this can generally be interpreted as representative of protein unfolding. Intrinsic
tryptophan fluorescence profiles in this study for aA- and aB-crystallin at pH 7.0
were in agreement with those of Sun er al., (1997), with a A, around 340nm and
significantly higher maximum fluorescence for aB-crystallin than oA-crystallin.
This is most likely a consequence of aB-crystallin’s two tryptophan residues (W9,
W60), as opposed to aA-crystallin’s one (W9). Intrinsic fluorescence profiles
demonstrated neither a shift in a-crystallin A,, (340nm) or an observable trend in
maximum fluorescence as pH increased from pH 6.0 to 8.0 (Figure 4.1). This
suggests that as pH increased there was no significant change in the exposure of o-
crystallin tryptophan residues to solution. The single N-terminal tryptophan residue
of aA-crystallin, and two tryptophan residues of aB-crystallin are believed to lie
buried within the overall crystallin multimer (van den Oetelaar et al., 1990, Carver
et al., 1994). Consequently, they would be largely sheltered from solution. The
insensitivity of a-crystallin tryptophan fluorescence to pH change between pH 6.0
and 8.0 suggests that this change in pH does not result in enough protein unfolding

to significantly alter either the N-terminal region of o-, aA- or aB-crystallin, or

the multimeric assemblies of these proteins.
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Figure 4.1 — (a) Maximum intrinsic tryptophan fluorescence and (b) A, of o-, aA- and
aB-crystallin between pH 6.0 and pH 8.0. There was no trend in maximum fluorescence or

Amax TOT either o-, 0 A- or aB-crystallin, suggesting that a-crystallin tryptophan
fluorescence is unaffected by pH changes within this pH range.
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4.2.2 ANS-associated fluorescence of at-, a A- and o B-crystallin

l-anilino-8-napthalene sulfonate (ANS) is a fluorescent dye that binds strongly to
areas of exposed, clustered hydrophobicity. When bound to a protein, ANS has a

characteristic A,,, between 400 and 500nm, at an excitation wavelength of 387nm.

Accordingly, ANS fluorescence in this range can be used as an indication of
exposed hydrophobicity on the particular protein (Freifelder, 1982). Alteration in
fluorescence intensity is representative of changing surface hydrophobicity. In the
present study, ANS A, remained constant at 450nm for o;-, aA- and aB-crystallin
between pH 6.0 and 8.0. a,-Crystallin maximum ANS-associated fluorescence at
450nm decreased significantly between pH 6.0 and pH 7.0, but remained constant
between pH 7.0 and pH 8.0. aA- and aB-crystallin maximum ANS-associated
fluorescence at 450nm decreased significantly between pH 6.0 and 6.5, but
remained constant between pH 6.5 and 8.0 (Figure 4.2). ANS in phosphate buffer,
used as a negative control, did not change significantly between pH 6.0 and 8.0,
demonstrating that ANS-associated fluorescence is not pH sensitive in this pH
range.

a-Crystallin bound significantly less ANS as pH increased from pH 6.0 to
7.0, which suggests a decrease in exposed protein hydrophobicity. There appeared
to be no change in the exposed hydrophobicity of a,-crystallin above pH 7.0.
Similarly, as pH increased from 6.0 to 6.5, aA- and aB-crystallin bound
significantly less ANS, suggesting decreased exposed hydrophobicity. There was
no change in the exposed hydrophobicity of aA- or aB-crystallin above pH 6.5.
Increased surface hydrophobicity is suggestive of partial protein unfolding, as a

loss of tertiary structure results in the exposure of hydrophobic protein regions
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previously buried within the native protein structure. Consequently, the ANS-
binding data implies the partial unfolding of o-crystallin as pH decreased from pH
7.0 to pH 6.0, and of atA- and aB-crystallin as pH decreased from pH 6.5 to 6.0.
This unfolding correlates, in part, with the decrease in o-, aA- and aB-crystallin

chaperone ability observed below pH 7.0 in Sections 3.2.1-2.
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Figure 4.2 — ANS-associated fluorescence of o, aA- and aB-crystallin between pH 6.0
and 8.0. ANS-associated fluorescence decreased significantly between pH 6.0 and 7.0 for
aq-crystallin, and between pH 6.0 and 6.5 for aA- and aB-crystallin. * denotes significant
difference in the mean maximum fluorescence (p < 0.05).
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4.2.3 Thioflavin T-associated fluorescence of o -, o A- and o.B-crystallin

ThT binds strongly to areas of stacked (3-sheet within a protein, and is particularly
sensitive to the cross -sheet structure characteristic of amyloid fibrils (LeVine,
1999, Khurana et al., 2005). Bound ThT fluoresces at 490nm (with an excitation of
440nm), and so ThT fluorescence at this wavelength can be measured as an
indication of stacked [-sheet content. a-Crystallin has a high native 3-sheet content
(between 40 and 70% secondary structure) (Thompson and Augusteyn, 1989;
Ehrnsperger et al., 1997), and so a loss of 3-sheet can be interpreted as a loss of
secondary structure, and hence as an indication of partial protein unfolding. ThT-
associated fluorescence increased significantly between pH 6.0 and 6.5 for a.;-, o A-
and aB-crystallin, and increased significantly between pH 6.5 and 7.0 for o.;- and
aA-crystallin (Figure 4.3). There was no significant change in ThT fluorescence for
any of the three crystallins between pH 7.0 and 8.0, or for aB-crystallin between pH
6.5 and 8.0.

The decreased ThT-fluorescence of a;-, aA- and aB-crystallin below pH
7.0 demonstrates a loss of -sheet. As [-sheet is the primary structural element of
native a-crystallin, the loss of B-sheet at pH 6.0 suggests that o-, aA- and aB-
crystallin are less structured below pH 7.0. The observed loss of protein structure
suggests the partial unfolding of a,-, aA- and aB-crystallin between pH 7.0 and
6.0, which is largely in agreement with the previously observed ANS-binding data

(Section 4.2.2).
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Figure 4.3 — ThT-associated fluorescence of a;-, aA- and aB-crystallin between pH 6.0 and
8.0. ThT-associated fluorescence increased significantly between pH 6.0 and 6.5 for our-,
aA- and aB-crystallin, and increased significantly between pH 6.5 and 7.0 for a- and aA-
crystallin. There was no significant difference in ThT-associated fluorescence between pH
7.0 and 8.0 for any of the three crystallins. * denotes significant difference in the mean
fluorescence intensity (p < 0.05).
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4.2.4 Transmission electron microscopy of ar-, a A- and aB-crystallin

Transmission electron microscopy (TEM) can be used to visualise any gross
changes to the shape of o, aA- or aB-crystallin aggregates occurring due to
changes in pH. Transmission electron micrographs showed a constant aggregate
shape between pH 6.0 and 8.0 for both o, aA- and aB-crystallin (Figure 4.4).
Aggregates retained the roughly spherical shape expected of a-crystallin multimers
(Burgio et al., 2000; Meehan et al., 2004). Changing pH had no visible effect on the
gross shape of o;-, aA- or aB-crystallin aggregates, which suggests that the

quaternary structure of a-crystallin is unaffected by pH changes between pH 6.0

and 8.0.
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Figure 4.4 — Transmission electron micrographs of (a) a-, (b), aA- and (c) aB-crystallin
between pH 6.0 and 8.0. Crystallin aggregates demonstrated a roughly spherical shape
characteristic of a-crystallin aggregates regardless of pH, suggesting that pH has little effect
on o.-, 0A- or oB-crystallin quaternary structure.
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4.2.5 Size exclusion fast protein chromatography of ar-, a A- and aB-

crystallin

Size exclusion gel chromatography separates molecules by size, with larger
molecules passing more rapidly through the gel bed. Comparison of protein elution
times can therefore give an indication of protein aggregate size, and variations in
elution time are suggestive of a change in aggregate size. The elution times of o-,
aA- and aB-crystallin did not vary significantly with pH between pH 6.0 and 8.0
(Figure 4.5). It appears that pH has no effect on a-, aA- or aB-crystallin aggregate
size between pH 6.0 and 8.0. While peak intensity varied between pH samples,
there was no trend in this variation, and it can be attributed changes in protein
sample concentration during chromatography. This would arise from variations in
sample load volume during the injection of samples onto the chromatography
column. The o-crystallin samples had an additional minor peak prior to the major
a,-crystallin peak, which can be attributed to high molecular weight o -crystallin
aggregates commonly isolated from calf lenses. As with TEM data discussed
previously (Section 4.2.4), the constant aggregate size between pH 6.0 and 8.0
supports the conclusion that pH has no effect on the quaternary structure of a-

crystallin between pH 6.0 and 8.0.
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Figure 4.5 — SEFPLC of (a) o, (b) aA- and aB- (¢) crystallin between pH 6.0 and 8.0.
Elution times remained constant for a-, aA- and aB-crystallin with increasing pH,
suggesting that pH changes in this range have little effect on a-crystallin aggregate size, and

consequently that a-crystallin quaternary structure is unaffected by pH between pH 6.0 and
8.0.
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4.2.6 The relationship between target protein aggregation rate and crystallin

chaperone ability

It has been demonstrated previously that the rate of protein aggregation may
influence the chaperone ability of sHsps (Lindner et al., 2001). It is believed that
sHsp-target protein interactions occur predominantly via hydrophobic interactions,
similar to those that drive nucleation-dependent protein aggregation (Das et al.,
1996; Singh and Rao, 2002). Consequently, rapid protein aggregation may ‘outpace’
the rate of sHsp binding with target-proteins. This may lead to misfolded target
proteins interacting with each other at the expense of the prospective chaperone
molecule (Lindner et al., 2001). In the amorphous aggregation studies discussed in
Sections 3.2.1-2, catalase, 3, -crystallin and a-lactalbumin aggregated more rapidly
at pH 6.0 and pH 6.5 than at pH 7.0 and above. The increased aggregation rate of
catalase, 3, -crystallin and a-lactalbumin coincides with a decrease in the ability of
.-, aA- and aB-crystallin to protect against target protein aggregation. It could be
argued that the rate of target protein aggregation is influencing the chaperone ability
of a;-, aA- and aB-crystallin below pH 7.0. If true, this may help explain the pH-
sensitive chaperone ability of a-crystallin and its subunits.

To assess this, the rate of target protein aggregation (0:1 molar ratio
chaperone to target protein) was plotted versus percentage protection for each
crystallin and each target protein investigated in Sections 3.2.1-2 (Figure 4.6). All
pH values were included. A statistically significant relationship between
aggregation rate and percentage protection, indicated by r* values over 0.6, would
suggest that the chaperone ability of o-, aA- or aB-crystallin was directly

influenced by the rate of target protein aggregation.

109



Chapter 4 — Structural changes to a-crystallin with pH

Thermally stressed catalase and {3, -crystallin (55°C and 60°C, respectively)
demonstrated no significant exponential, linear or logarithmic relationship between
a.-, aA- or aB-crystallin percentage protection and target protein aggregation rate
(Table 4.1); the rate of catalase or {3, -crystallin aggregation appeared to have no
direct influence on the observed chaperone ability of a-, aA- or aB-crystallin,
irrespective of pH.

Contrary to the findings for catalase or 3 -crystallin, reduction-stressed a-
lactalbumin aggregation (37°C) demonstrated a correlation between chaperone
activity and target protein aggregation. Strong linear and logarithmic relationships
between -, aA- and aB-crystallin percentage protection and target protein
aggregation rate were observed (Table 4.1). Percentage protection decreased
proportionately to increased a-lactalbumin aggregation rate. There appears to be a
strong correlation between a-lactalbumin aggregation rate and o-crystallin

percentage protection, which is in agreement with previous studies (Lindner et al.,

2001)
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Figure 4.6 — Plots of the rate of a) catalase, b) 3, -crystallin and c) a-lactalbumin
aggregation versus the corresponding o.r-, aA- or aB-crystallin percentage protection
values determined in Sections 3.2.1-2. There was no statistically significant linear,
logarithmic or exponential relationship between the rates of catalase or 3 -crystallin
aggregation and the corresponding percentage protection values of o-, A- or aB-
crystallin (data from Section 3.2.1). There were, however, strong linear and logarithmic
relationships between the rate of a-lactalbumin aggregation and the corresponding
percentage protection values of ar-, aA- and aB-crystallin (data from section 3.2.2). This
suggests that the rate of a-lactalbumin aggregation directly influences the chaperone ability
of a-, aA- and aB-crystallin in assays from section 3.2.2.
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Table 4.1 — r* Values of linear, logarithmic and exponential trendlines from Figure 4.6. 1*
Values above 0.6 suggest a statistical relationship between the rate of protein aggregation
and a-crystallin chaperone ability. There were strong linear and logarithmic relationships
between the rate of a-lactalbumin aggregation and o.-, aA- and aB-crystallin chaperone
ability observed in Section 3.2.2. This suggests that the rate of aggregation directly
influences the ability of a.-, aA- and aB-crystallin to inhibit a-lactalbumin aggregation; as
aggregation rate increases, chaperone ability decreases. A ‘- demonstrates that no fit was

possible.
Linear Logarithmic Exponential

With catalase
ar-crystallin 0.2774 0.2527 -
otA-crystallin 0.5683 0.5459 0.4717
aB-crystallin 0.3168 0.2551 -
With Bp-crystallin
ar-crystallin 0.2685 0.2729 -
aA-crystallin 0.0025 0.0006 -
aB-crystallin 0.4081 0.4269 -
With a-lactalbumin
ar-crystallin 0.9055 0.9553 0.9798
aA-crystallin 0.6174 0.8073 0.4277
aB-crystallin 0.8367 0.9180 0.8726

4.2.7 o..- and a.B-crystallin chaperone ability at acidic pH

The structural characterization undertaken in this chapter suggests that or-, aA-
and aB-crystallin are partially unfolded at pH 6.0 and 6.5, compared to pH 7.0 and
above. This partial protein unfolding corresponds with decreased chaperone ability
at pH 6.0 and 6.5 against the amorphous aggregation of catalase, 3 -crystallin and a-
lactalbumin (Sections 3.2.1-2). The precise effect of a-crystallin unfolding and
exposed hydrophobicity on its chaperone ability is currently unclear (Reddy ez al.,

2006), and consequently it is difficult to determine the extent to which the observed
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partial unfolding of a-crystallin below pH 7.0 is responsible for its corresponding
decrease in chaperone ability. Previous investigation by Stevens and Augusteyn
(1993) has shown that both aA- and aB-crystallin are significantly unfolded below
pH 4.0, and are less structured at this pH range than at pH 6.0. At pH 2.5 ar-
crystallin separates into aA- and aB-crystallin homoaggregates. Below this pH
value, aB-crystallin is entirely unfolded, and exists in solution as dissociated
monomers, while aA-crystallin is largely unfolded and forms significantly smaller
homoaggregates than at neutral pH (Stevens and Augusteyn, 1993). Investigating the
chaperone ability of ar- and aB-crystallin at acidic pH (pH 2.0 — 3.5), under which
conditions these proteins are significantly unfolded, may help to understand the
relationship between partial protein unfolding and decreased chaperone ability
observed at pH 6.0 and 6.5 in this study.

The reduction of protein disulphide bonds is promoted by alkaline pH, and
is inhibited by acidic pH (Stryer, 1995). DTT, the most commonly used reducing
agent for biological assays, has an effective reduction range of pH 6.5 to 9.5, and is
most effective above pH 7.0 (Zahler and Cleland, 1968; Jocelyn, 1987). Thus, it is
an ineffective reducing agent at acidic pH, and so DTT-induced protein reduction
was unsuitable for the pH range used in this study (pH 2.0 - 3.5). By contrast,
TCEP is more stable at acidic pH than DTT, and is an effective reduction agent at
pH 1.5 (Han and Han, 1994). TCEP is limited in its ability to interact with
disulphide protein bonds buried within strongly hydrophobic protein regions at
neutral pH, but under denaturing conditions (including thermal denaturation or acidic

pH) is up to twice as efficient a reducing agent than DTT (Han and Han, 1994). A
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combination of reduction- (TCEP) and thermal-stress (55°C) was capable of
inducing the amorphous aggregation of a-lactalbumin between pH 2.0 and 3.5.

The ability of ar- and aB-crystallin to prevent the reduction- and thermal-
stress induced amorphous aggregation of a-lactalbumin at acidic pH was determined
by observing light scatter at 340nm of a-lactalbumin (55°C). Aggregation profiles
were compared between pH 2.0 and 3.5, with the addition of increasing
concentrations of ar- and aB-crystallin. As with aggregation profiles of a-
lactalbumin between pH 6.0 and pH 8.0 (Section 3.2.2), a-lactalbumin aggregation
showed a dose-dependant decrease with the addition of increasing amount of or- or
aB-crystallin between pH 2.0 and 3.5. There was no change in o~ or aB-crystallin
percentage protection between pH 2.0 and 3.5, or between ar- and aB-crystallin
(Figure 4.7). This is particularly interesting for the ar-crystallin samples, which
would consist of a mixture of semi-folded aA-crystallin homoaggregates and
denatured aB-crystallin monomers at pH 2.0 and 2.5. Percentage protection values

were uniformly high, and higher than at pH 6.0 or 6.5.
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Figure 4.7 — Percentage protection values for oir- and aB-crystallin against the amorphous
aggregation of a-lactalbumin between pH 2.0 and 3.5, and at 55°C. Percentage protection
was calculated from light scattering assays, and did not vary between pH 2.0 and 3.5 for
either ar- or aB-crystallin.
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4.3 Discussion

Neither o-, aA- nor aB-crystallin aggregate size alters as pH changes from pH 6.0
to pH 8.0. Size exclusion FPLC data showed no change in the elution time of the
aq-, aA- and aB-crystallin aggregate peak as pH increased from pH 6.0 to 8.0,
suggesting that there was no significant change in protein aggregate size. These data
are supported by transmission electron microscopy, which showed no observable
change in protein aggregate morphology as pH increased from pH 6.0 to 8.0.
Constant aggregate size with pH suggests that changes in a-crystallin quaternary
structure play little or no role in the pH dependence of the chaperone ability of o-
crystallin over the observed pH range.

The tryptophan residues of aA- and aB-crystallin (aA-crystallin; W9, oB-
crystallin; W9, W60) are located within their N-terminal regions, which are most
likely buried within the interior of the a-crystallin multimer (Augusteyn and Koretz,
1987; van den Oetelaars ef al., 1990; Carver et al., 1994). The increased maximum
tryptophan fluorescence of aB-crystallin over that of aA-crystallin is in agreement
with others (Sun et al., 1997), and is probably a consequence of aB-crystallin’s two
tryptophan residues, as opposed to one residue in aA-crystallin. The lack of an
observable trend in intrinsic fluorescence suggests that a-crystallin tryptophan
residues are insensitive to environmental changes resulting from pH variation
between pH 6.0 and 8.0. This is in agreement with previous studies (Stevens and
Augusteyn, 1993). It appears that between pH 6.0 and 8.0 neither a-crystallin nor its
subunits undergo significant structural change to further expose the N-terminal

region of the protein to solution.
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The significant increase in ANS-associated fluorescence intensity of oi-
crystallin below pH 7.0 demonstrates an increase in clustered, exposed o-crystallin
hydrophobicity at pH 6.0 and 6.5. Similarly, the ANS-associated fluorescence of
aA- and oaB-crystallin demonstrates an increase in clustered, exposed
hydrophobicity at pH 6.0 compared to pH 6.5 and above. Increased exposed
hydrophobicity is characteristic of partial protein unfolding, as previously buried
hydrophobic regions of the protein become exposed to solution. The increase in
exposed o, aA- and aB-crystallin hydrophobicity at pH 6.0 coincides with
decreased chaperone activity, as observed in Sections 3.2.1-2

The observed increase in ThT binding of o;-, aA- and aB-crystallin as pH
increased from pH 6.0 to 7.0 implies an increase in stacked (-sheet content. As
previously discussed, ThT binds strongly to regions of stacked [-sheet, and
consequently ThT fluorescence can be directly correlated with -sheet content. a-
Crystallin contains between 40 and 70% native p-sheet structure (Thompson and
Augusteyn, 1989; Ehrnsperger et al., 1997), and consequently the decrease in ThT-
fluorescence below pH 7.0 (and hence decrease in [(-sheet content) can be
interpreted as a loss of protein secondary structure. A loss of secondary structure in
this manner suggests partial protein unfolding below pH 7.0, which is largely in
support of the ANS-binding data from Section 4.2.2. As with ANS binding, ThT-
associated fluorescence data suggest that a partial loss of protein secondary
structure coincides with a decrease in chaperone ability below pH 7.0.

The demonstrated pH-sensitive chaperone ability of o-, aA- and oB-
crystallin does not appear to be directly related to the rate of protein aggregation in
either of the thermal stress amorphous aggregation models investigated (catalase

and (B, -crystallin). Plots of the rate of target protein aggregation versus percentage
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protection for thermally-stressed catalase and {3, -crystallin demonstrated no suitable
linear, exponential or logarithmic fit. The lack of a strong relationship between the
rate of target protein aggregation and percentage protection for catalase and f3,-
crystallin with either o-, aA- or aB-crystallin suggests that the rate of target
protein aggregation did not directly influence the ability of a-, aA- or aB-
crystallin to interact with aggregating target proteins, and is not responsible for the
pH-sensitive chaperone ability observed in Section 3.2.1.

The reduction-stress induced amorphous aggregation of o-lactalbumin,
however, showed strong linear and logarithmic relationships between the rate of
protein aggregation and crystallin percentage protection. This suggests that for a-
lactalbumin, under these conditions, aggregation rate directly influenced o-
crystallin chaperone ability. As aggregation rate increased, the ability of a-, aA- or
aB-crystallin to inhibit target protein aggregation decreased proportionally, which
suggests that the rate of a-lactalbumin aggregation directly affects the chaperone
ability of oy, aA- and aB-crystallin This has been shown previously for aB-
crystallin chaperone ability against a-lactalbumin aggregation (Lindner et al.,
2001), and implies that below pH 7.0 the increased rate of o-lactalbumin
aggregation is partially responsible for the corresponding decreased chaperone
ability of o-, aA- or aB-crystallin, as observed in Section 3.2.2. However, the fact
that target protein aggregation rate was only relevant for one target protein studied
suggests that rate considerations are only one of several variables that may be
responsible for the pH-sensitive chaperone activity of a-crystallin.

The structure of a-crystallin has been partially characterised between pH 2.0
and 4.0 (Augusteyn ef al., 1988; Stevens and Augusteyn, 1993). Below pH 2.5 ar-

crystallin dissociates into homogeneous aA-crystallin homopolymers and entirely
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denatured aB-crystallin monomeric chains. Circular dichroism suggests that aA-
crystallin polypeptides experience a 12% loss of secondary structure between pH
4.0 and 2.0, accompanied by an increase in random coil protein structure. Intrinsic
tryptophan fluorescence red-shifts significantly for both aA- and aB-crystallin
between pH 7.0 and pH 3.5, suggesting significant protein unfolding (Stevens and
Augusteyn, 1993). The implication, therefore, is that between pH 2.0 and 4.0, the
pH range used in Section 4.2.7, aB-crystallin exists in an entirely denatured,
unfolded monomeric form, while aA-crystallin exists in unfolded, semi-structured
homogeneous aggregates.

A combination of reduction- and thermal-stress induced the amorphous
aggregation of a-lactalbumin between pH 2.0 and 3.5. Aggregation profiles of a-
lactalbumin with ar- and aB-crystallin between pH 2.0 and 3.5 showed that both
crystallins are capable of chaperone activity at this pH range. a-Lactalbumin
aggregation decreased in a dose-dependent fashion with the addition of increasing
concentrations of either air- or aB-crystallin. This agrees with the investigation of
Raman et al. (2005), who showed that both alA- and a.B-crystallin are able to inhibit
the fibrillar aggregation of p2-microglobulin at pH 2.5. It is possible that the
chaperone ability of air- and aB-crystallin observed in Section 4.2.7 may be a
partial consequence of the presence of a highly unfolded protein during a-
lactalbumin aggregation, as opposed to a specific chaperone action (such as that
observed for ar- and aB-crystallin at neutral pH). Bovine serum albumin (BSA),
for example, 1s significantly unfolded at acidic pH (Estey et al., 2006), and has been
demonstrated to inhibit f2-microglobulin aggregation at pH 2.5, but not at pH 7.4
(Raman et al., 2005). While possible, this explanation does not adequately account

for the high a-crystallin chaperone ability observed in this study; in the study of
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Raman et al. (2005), the ‘chaperone ability’ of BSA was noticeably less than that of
aB-crystallin under the same conditions, suggesting that the chaperone activity
observed was at least partially representative of a specific chaperone mechanism.

Comparison of percentage protection data for both ar- and aB-crystallin
showed no change in chaperone ability between pH 2.0 and 3.5. This was
particularly interesting for ar-crystallin samples; above pH 2.5 the ar-crystallin
samples would consist of ar-crystallin heteroaggregates, while below pH 2.5 our-
crystallin samples would consist of a mixture of semi-folded aA-crystallin
homopolymers and denatured aB-crystallin monomers (Stevens and Augusteyn,
1993). Accordingly, there appears to be no direct correlation between pH-induced
protein unfolding or dissociation between pH 2.0 and 3.5 and subsequent or- or aB-
crystallin chaperone ability.

Comparison of a-crystallin chaperone ability between pH 2.0 and 8.0 does
not show a clear correlation between pH and chaperone ability. Between pH 2.0 and
3.5 ar- and aB-crystallin chaperone ability against amorphous a-lactalbumin
aggregation is similar to that observed at pH 7.0 and above. However, both or- and
aB-crystallin chaperone ability is significantly lowered at pH 6.0 and 6.5. While a-
crystallin chaperone ability is clearly pH-sensitive under mildly acidic conditions,
the correlation between decreasing pH and decreased chaperone ability observed
between pH 6.0 and 8.0 (Section 3.2.1-2) is not applicable at low pH (pH 2.0 to
3.5).

The relationship between a-crystallin exposed hydrophobicity (as a
consequence of protein unfolding) and corresponding chaperone ability is currently
the subject of debate. It was initially believed that an increase in exposed o.-

crystallin hydrophobicity correlated with an increase in chaperone ability; evidence

120



Chapter 4 — Structural changes to a-crystallin with pH

for this comes primarily from investigation into the effect of increasing temperature
on aA- and aB-crystallin chaperone ability, in which thermally-induced o.-
crystallin unfolding corresponded with an increase in chaperone ability at higher
temperatures (Raman and Rao, 1994; Datta and Rao, 1999). As the a-crystallin
chaperone mechanism is believed to be based primarily upon hydrophobic
interactions between partially-folded protein intermediates and the chaperone
binding region of a-crystallin (Raman and Rao, 1994; Das et al., 1996), it was
assumed that an increase in exposed hydrophobicity (as a result of unfolding) would
improve a-crystallin-target protein interactions, and facilitate greater chaperone
ability. It has been demonstrated, however, that this is an over-simplification, and
that under a variety of conditions an increase in exposed hydrophobicity has no
influence on chaperone ability (Smulders ef al., 1995), and in some cases correlates
with a decrease in chaperone ability (Santhoshkumar and Sharma, 2001). A recent
isothermic titration calorimetry study suggests that there is no general correlation
between exposed oa-crystallin hydrophobicity and chaperone ability; rather, it
appears that exposed hydrophobicity is only one of a number of factors that can
influence a-crystallin’s ability to inhibit target protein aggregation (Kumar ef al.,
2005). Accordingly, while a-crystallin unfolding and exposed hydrophobicity may
in some cases directly influence the chaperone ability of a-crystallin, it seems likely
that in other cases further (possibly subtle) intrinsic factors are equally important in
dictating the interaction of a-crystallin with aggregating target proteins.

Structural characterisation in this chapter demonstrated that the pH-induced
decrease in chaperone ability of ar-, aA- and aB-crystallin between pH 8.0 and 6.0
corresponded with partial a-crystallin unfolding and increased exposed, clustered

hydrophobicity. The partial unfolding of a-crystallin between pH 8.0 and 6.0 was,
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however, comparatively minor, and the structural modifications observed are less
extensive than those between pH 2.0 and 4.0 (Stevens and Augusteyn, 1993).
Further, the data from Sections 4.2.1-5 agree with infrared spectroscopy
investigation, which has demonstrated that while a-crystallin becomes partially
denatured as pH decreases from pH 8.0 to 6.0, at pH 6.0 a-crystallin still retains
many of the structural elements present at pH 8.0 (Lin ez al., 1999). It is difficult to
say whether these minor changes to a-crystallin secondary structure influence its
chaperone ability to the extent observed in Sections 3.2.1-2.

There has been comparatively little investigation into the effect of pH on the
ability of molecular chaperones to inhibit protein aggregation. The decreased
chaperone ability of a-crystallin at pH 6.0 has been reported previously (Koretz et
al., 1998), and was attributed to a decrease in a-helical content, rather than changes
in exposed hydrophobicity. Clusterin chaperone ability is enhanced at mildly acidic
pH, apparently as a consequence of partial protein unfolding similar to that
observed for a-crystallin in Section 4.2 (Poon ef al., 2002). This is in direct contrast
to the correlation between partial unfolding and decreased chaperone ability
observed for a-crystallin in this study. Hsp20 chaperone ability is compromised at
pH 6.0 in a manner similar to that of a-crystallin, and appears to be an even more
pH-sensitive chaperone than a-crystallin (Bukach ef al., 2004). Interestingly,
Bukach ef al. did not report a correlation between partial protein unfolding and
Hsp20’s decreased chaperone ability. Rather, Hsp20 appeared to form dissociated,
semi-folded monomers at pH 6.0 that were unstable when binding to target proteins,
resulting in decreased chaperone ability. It is unlikely, however, that this
explanation can explain the pH-sensitivity of a-crystallin chaperone ability

observed in this study; below pH 2.5 aB-crystallin exists as dissociated, unfolded
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monomers (Stevens and Augusteyn, 1993) that are both soluble and efficient
molecular chaperones. Based on previous data, it is difficult to attribute the pH-
sensitive chaperone ability of a-crystallin observed in Sections 3.2.1-2 to partial
protein unfolding. This is made even more difficult because significant aA- and
aB-crystallin unfolding below pH 4.0 does not correlate with a decrease in
chaperone ability. While pH-induced changes to a-crystallin structure and function
have been extensively characterised in this study, none of the observed structural
changes adequately explain the pH-sensitive chaperone ability of a-crystallin as
seen in Sections 3.2.1-2.

Below pH 4.0, aA- and aB-crystallin homopolymers decrease in size to an
average of 250kDa (a.A-crystallin) and 140kDa (aB-crystallin); more significantly,
below pH 2.5 aA-crystallin exists in homogenous aggregates of 160 kDa (8
subunits) while aB-crystallin is monomeric and entirely denatured (Stevens and
Augusteyn, 1993). It is unlikely that these changes to alA- and aB-crystallin
oligomerisation or aggregate size influence chaperone ability at low pH. At neutral
pH ar-crystallin exists in large heterogenous multimers of varying sizes, the most
thorough estimate placing the a-crystallin oligomer at 700kDa (Vanhoudt et al.,
2000). Oligomer formation and subsequent dissociation have been identified as
important factors in dictating the chaperone ability of a-crystallin (Avilov et al.,
2004), but recent data suggests that oligomer dissociation and subunit exchange rate
do not necessarily directly correlate with chaperone ability (Augusteyn, 2004b;
Aquilina et al., 2005). Between pH 2.0 and 4.0 there appeared to be no difference in
the chaperone ability of ar- or aB-crystallin, despite differences in oligomer size,
the dissociation of ar-crystallin into aA- and aB-crystallin homoaggregates, and

the dissociation of aB-crystallin into monomers below pH 2.5. This suggests that
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oligomer size does not influence oar- or aB-crystallin chaperone ability across this
pH range, which is in agreement with previous investigation at neutral pH (Saha and
Das 2004; 2007). Further, the similar chaperone ability of ar- and aB-crystallin
below pH 2.5 suggests there is little difference between the chaperone ability of
monomeric and oligomeric a-crystallin at acidic pH. Interestingly, tryptic digest
studies characterising a-crystallin oligomer size demonstrated that the presence of
exposed hydrophobic clefts on the a-crystallin multimer is more important for
effective chaperone ability than the actual oligomer size (Saha and Das, 2004;
2007).

Given the relatively tight pH range across which a-crystallin chaperone
ability appears to be altered, it is possible that electrostatic interactions may be at
least partially responsible for the pH sensitivity observed in Sections 3.2.1-2.
Protonation of an ionisable amino acid residue (or residues) with a pKa value
between pH 6.0 and 7.0 may lead to electrostatic repulsion between the chaperone
molecule and target protein. This in turn may affect a-crystallin's ability to interact
with, and consequently sequester target proteins. Histidine has a pKa value of 6.5
(Stryer, 1995), and so would be protonated at pH 6.5 and below. Interestingly, there
is a highly conserved histidine residue (H83) within the putative chaperone-binding
regions of both aA- and aB-crystallin (Sharma et al., 2000; Bhattacharyya et al.,
2006). Replacement of this histidine with an alanine residue in aB-crystallin results
in increased chaperone ability and molar mass, but little change to aB-crystallin
secondary structure (Santhoshkumar and Sharma, 2006). Protonation of H83 at
around pH 6.5 would add an additional positive charge to the chaperone-binding
region of a-crystallin, and might compromise the hydrophobic interactions

necessary for a-crystallin chaperone binding.
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The data observed suggest three possible factors which may be responsible

for the pH dependent chaperone ability of a-crystallin;

1.

Gross structural changes, as characterised in this chapter. These include
protein unfolding, loss of secondary structure and an increase in exposed
hydrophobicity as pH decreases. It is difficult to evaluate the significance of
these structural changes towards a-crystallin chaperone ability, particularly
in light of the increased chaperone ability of significantly unfolded atA- and
aB-crystallin at acidic pH.

Temperature sensitivity. The trend towards decreased percentage protection
at pH 6.0 and 6.5 appears to be less pronounced at 37°C than at 55°C, which
may imply that the inherent thermal stability of a-crystallin may be affected
by pH (Sections 3.2.1-2). Further, o.; and a.B-crystallin-target protein
complexes appear unstable at pH 6.0 and pH 6.5 at 55°C (section 3.2.1), but
not at 37°C (Section 3.2.2). Finally, a;-, aA- and aB-crystallin chaperone
function appears independent of the rate of target protein aggregation at
55°C and 60°C, but not always so at 37°C (Section 4.2.7).

Protein primary structure. The fact that pH is the variable investigated in this
study implies that the surface charge of the chaperone binding region of the
protein may affect its chaperone ability. aA- and aB-crystallin each have a
highly conserved histidine residue in their chaperone binding regions (H83),
which if solvent exposed would have a pKa value of 6.5, and so would be

protonated at pH 6.0.

These factors each need investigation in greater detail. Whilst a-crystallin is

a reasonably thermally stable protein, data from Sections 3.2.1-2 suggest that at
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mildly acidic pH the chaperone-target protein complex was unstable at 55°C
(but not so at 37°C). Accordingly, the thermal stability of a-crystallin and its
subunits may be pH-sensitive in a similar manner to chaperone ability. Previous
studies have suggested that a-crystallin is less able to resist re-naturation
induced aggregation at pH 6.0 than at pH 8.0 (Koretz ef al., 1998), suggesting
that the inherent structural stability of a-crystallin may be compromised at pH
6.0. a-Crystallin thermal stability between pH 6.0 and 8.0 was characterised to
determine whether thermal stability is pH sensitive, and in turn whether this
thermal stability influences the chaperone ability of a-crystallin (Chapter 5). If
a-crystallin is thermally unstable at temperatures at which thermal-aggregation
assays were undertaken in Section 3.2.1, it seems likely that reduced protein
stability may be partially responsible for the impaired chaperone ability of a-
crystallin below pH 7.0.

The effect of amino-acid protonation on a-crystallin chaperone ability, as
discussed above, was investigated using site-directed aB-crystallin mutagenesis
and the chemically-induced masking of exposed histidine residues.
Diethylpyrocarbonate was used to chemically mask exposed aB-crystallin
histidine residues, to determine if histidine residues might be responsible for the
pH sensitive chaperone ability of aB-crystallin observed in Sections 3.2.1-2
(Chapter 6). Additionally, the chaperone ability of a histidine -> alanine aB-
crystallin mutant (H83A) under the conditions described in sections 3.2.1-2
(thermally-stressed catalase aggregation, reduction-stressed a-lactalbumin
aggregation) was compared to that of wild-type aB-crystallin, to determine
whether electrostatic interactions between charged amino acids, as affected by

pH variation, might influence the chaperone ability of a-crystallin.
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Chapter 5 — The effect of pH on the thermal stability of a-crystallin

5.1 Introduction

a-Crystallin is relatively resistant to thermal modification at physiological pH, and
is structurally stable at temperatures up to 62°C (Gesierich and Pfeil, 1996). Despite
this stability, significant a-crystallin unfolding may begin at temperatures as low as
30°C (Raman and Rao, 1994), and between 45°C and 60°C a-crystallin undergoes a
large-scale structural transition to a relaxed, molten-globule like conformation
(Surewicz and Olesen, 1995; Gesierich and Pfeil, 1996). The ability of a-crystallin
to inhibit fr-crystallin aggregation increases with temperature between 30°C and
60°C, and this enhanced chaperone ability corresponds with partial a-crystallin
unfolding (Raman and Rao, 1994). Accordingly, it is believed that the increased
chaperone ability of a-crystallin at elevated temperatures is a direct result of
increased exposed hydrophobicity, resulting from the partial unfolding of a-
crystallin (Raman and Rao, 1994; Das and Surewicz, 1995). Both aA- and a.B-
crystallin homoaggregates have been shown to be susceptible to thermally-induced
unfolding between 50°C and 60°C (Surewicz and Olesen, 1995; Gesierich and Pfeil,
1996, Datta and Rao, 1999; Reddy et al., 2000). While increased temperature
enhances a-crystallin chaperone ability at neutral pH, data from Section 3.2 suggest
that increased temperature may inhibit chaperone ability below pH 7.0; at pH 6.0
ar- and aB-crystallin appeared to form unstable complexes with catalase and -
crystallin at 55°C and 60°C, resulting in negative percentage protection as the
unstable chaperone-target protein complex precipitated out of solution. At 37°C,
however, the chaperone-target protein complex (a-lactalbumin or rem k-casein)

appeared to remain stable and soluble at pH 6.0. It seems reasonable then that pH
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might influence the thermal stability of a-crystallin and its subunits below pH 7.0,
and that thermal stability might help to explain the variation in chaperone ability

observed in Sections 3.2.1-2.

Rationale for work presented in this chapter

ar-Crystallin aggregation with temperature was compared between pH 6.0 and pH
8.0, demonstrating that ar-crystallin is less thermally stable at pH 6.0 than at pH 7.0
or above. Catalase chaperone assays identical to those undertaken in Section 3.2.1
were repeated at reduced temperature (45°C), at which temperature or-crystallin is
largely thermally stable between pH 6.0 and 8.0. Percentage protection values were
compared to those at 55°C, in order to observe the effect of temperature on o-
crystallin chaperone ability. From these data, the effect of pH on the thermal
stability of a-crystallin could be characterised, to determine what role this might

have on the observed pH dependence of the chaperone ability of a-crystallin.
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5.2 Results

S.2.1 The influence of pH on the thermal stability of ar-crystallin

The effect of pH on the ability of ar-crystallin to withstand thermal stress was
monitored via light scattering at 340nm with increasing temperature. Light scatter at
340nm was measured as an indicator of protein aggregation. ar-Crystallin samples
at pH 6.0, 7.0 and 8.0 were heated from 30°C to 80°C, with light scattering
compared between pH values (Figure 5.1). At pH 6.0 ar-crystallin light scatter
increased from 40°C onwards. However, at pH 7.0 and pH 8.0 light scatter did not
increase noticeably until above 55°C. Maximum light scatter was higher at pH 6.0
than at pH 7.0 or pH 8.0. pH appears to directly influence the thermal stability of
ar-crystallin; ar-crystallin is prone to thermal aggregation at lower temperatures at
pH 6.0 than at pH 7.0 and above. Importantly, at pH 6.0 ar-crystallin aggregated
extensively at temperatures below those used to investigate the thermally-induced
aggregation of catalase and i -crystallin in Section 3.2.1. The thermal instability of
ar-crystallin at pH 6.0 may partially explain the decreased chaperone ability of or-,

aA- and aB-crystallin under thermal stress observed below pH 7.0.
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Figure 5.1 - Light scattering at 340nm of ar-crystallin with increasing temperature between
pH 6.0 and 8.0. Light scattering increased with temperature at all pH values. Light

scattering at pH 6.0 increased from 40°C onwards. Light scattering at pH 7.0 and 8.0
increased from 57°C onwards.
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ar-Crystallin thermal stability was investigated in greater detail under the
conditions used in Section 3.2.1, but in the absence of target protein. Light
scattering (340nm) at pH 6.0, 6.5, 7.0, 7.5 and 8.0 was monitored at 37°C, 45°C and
at 55°C over 2hrs, and at concentrations representative of a 1:1 molar ratio of ar-
crystallin with fp-crystallin (0.03uM) (Figure 5.2). This concentration is in excess
of that used for catalase thermal-stress aggregation assays in Section 3.2.1, and so
encompasses both thermal-stress amorphous aggregation models from Section
3.2.1. At pH 7.0 or above, there was no increase in light scatter at 37°C, 45°C or
55°C. At pH 6.5, light scattering increased slightly at 55°C, but did not increase at
37°C or 45°C. At pH 6.0, light scattering increased noticeably with time at 55°C,
and increased very slightly at 45°C, but did not increase at 37°C. While the rate of
ar-crystallin aggregation was low, and aggregation was comparatively slight, these
data suggest that under the conditions used for catalase and f-crystallin thermal-
stress amorphous aggregation in Section 3.2.1 ar-crystallin was thermally unstable
and prone to aggregation. At 37°C and 45°C, however, ar-crystallin was largely
thermally stable. The thermal instability of ar-crystallin under the conditions used
in Section 3.2.1 may partially explain the pH-sensitivity of a-crystallin, particularly

at elevated temperatures.
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Figure 5.2 - Light scattering at 340nm of ar-crystallin between pH 6.0 and 8.0 at (a) 37°C,
(b) 45°C and (c) 55°C. At 37°C, 45°C and 55°C there was no increase in or-crystallin light
scatter between pH 7.0 and 8.0. At 45°C ar-crystallin light scatter increased slightly at pH

6.0. At 55°C ar-crystallin light scatter increased at both pH 6.0 and 6.5.

132



Chapter 5 — Thermal stability of a-crystallin with pH

5.2.2 Thermal-stress amorphous aggregation with temperature

Data from Section 5.2.1 suggest that at 55°C and pH 6.0 (and to a lesser extent, pH
6.5), og-crystallin is thermally unstable, and prone to thermally induced
aggregation. Two of the four aggregation assays used to investigate oa-crystallin
chaperone ability in Section 3.2.1 were conducted at or above 55°C (catalase and
B, -crystallin); if a-crystallin aggregates under the conditions used in these assays,
this would presumably affect a-crystallin chaperone ability. To examine the effect
of a-crystallin’s thermal stability on its chaperone ability between pH 6.0 and 8.0,
the ability of aA- and aB-crystallin to prevent the thermal-stress amorphous
aggregation of catalase was compared between 45°C and 55°C, and between pH 6.0
and 8.0. Whilst data from Section 5.2.1 suggests that o-crystallin aggregates very
slightly at pH 6.0 and at 45°C, this aggregation is less extensive than that observed
at 55°C; further, o;-crystallin is very thermally stable at pH 6.5 and 45°C, but
aggregates slightly at pH 6.5 and 55°C. A significant decrease in the chaperone
ability of a-crystallin below pH 7.0 at 55°C compared to 45°C would suggest that
the thermal stability of a-crystallin is directly influencing its chaperone ability.
Thermal stress aggregation assays were conducted with catalase as a target
protein using the method described in Section 3.2.1, and using the same protein
stocks for assays at 45°C and 55°C. Data were acquired at pH 6.0, 6.5, 7.0, 7.5 and
8.0. The ability of alA- and aB-crystallin to inhibit thermal-stress induced catalase
aggregation at 45°C demonstrated a pH dependence similar to that observed at
55°C. For each chaperone, target protein aggregation showed a dose-dependant
decrease with the addition of increasing amount of aA- or aB-crystallin. As at

55°C, percentage protection was lowest at pH 6.0, and increased significantly
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between pH 6.0 and pH 7.0. There was no significant variation in percentage
protection between pH 7.0 and pH 8.0.

Percentage protection values for aA- and aB-crystallin with catalase were
compared between 45°C and 55°C (Figure 5.3). Comparison of percentage
protection values at 45°C and 55°C across the observed pH range showed a
significant increase in atA- and aB-crystallin percentage protection at 45°C and at
pH 6.0 and 6.5. Interestingly, above pH 7.0, there was no significant difference in
either alA- or aB-crystallin percentage protection between 55°C and 45°C. Below
pH 7.0, aA- and aB-crystallin are more effective chaperones of catalase at 45°C
than at 55°C. Conversely, above pH 7.0 neither aA- or aB-crystallin chaperone

ability appeared to be significantly effected by temperature.
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Figure 5.3 -.Comparison of percentage protection values of a) aA- and b) aB-crystallin
against catalase aggregation between pH 6.0 and 8.0, and at 45°C and 55°C. At pH 6.0 and
6.5, percentage protection for aA- and aB-crystallin was significantly increased at 45°C
compared to 55°C. At pH 7.0 and above there was no significant difference in percentage
protection for either oir- or aB-crystallin between 45°C and 55°C. * indicates significant
difference in the mean percentage protection between 45°C and 55°C at each pH value (p <
0.05).
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5.3 Discussion

Light scattering at 340nm demonstrated that ar-crystallin is unstable, and slightly
prone to thermal-stress induced aggregation at elevated temperatures and at lower
pH values. At pH 7.0 and 8.0, thermal-stress induced oar-crystallin aggregation
began at approximately 60°C. Interestingly, at pH 6.0 ar-crystallin aggregation
occurred at temperatures as low as 40°C, which is significantly lower than at pH 7.0
or above. Mildly acidic pH appears to compromise the thermal stability of our-
crystallin. Importantly, the temperature of ar-crystallin aggregation at pH 6.0 is
below that used in a number of chaperone assays in this study, including the
thermal-stress induced aggregation of catalase and Pp-crystallin (55°C, Section
3.2.1). It would appear that ar-crystallin (and presumably o A- and aB-crystallin)
would be prone to aggregation at pH 6.0 and 6.5 during some of the aggregation
assays used in this study; accordingly, this aggregation would inhibit a-crystallin
chaperone ability.

Time-course aggregation assays of ar-crystallin between pH 6.0 and 8.0 for
2 hrs at 55°C showed that ar-crystallin aggregation occurred at pH 6.0 and 6.5, but
not at pH 7.0 or above (Figure 5.2). There was little or no ar-crystallin aggregation
observed at 37°C or 45°C. Consequently, it appears that ar-crystallin is thermally
unstable under the conditions used for catalase and [ -crystallin aggregation assays
in Section 3.2.1. The chaperone ability of a-crystallin would be compromised under
these conditions, due to its aggregation, and so the effect of pH on the thermal
stability of a-crystallin may help to explain the pH-sensitivity of a-crystallin

chaperone ability.
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Increased temperature directly affects aA- and aB-crystallin chaperone
ability. Previously, increased temperature has been demonstrated to enhance a-
crystallin chaperone ability at neutral pH (Raman and Rao, 1994; Das and Surewicz,
1995; Datta and Rao, 1999). However, the relationship between increased
temperature and a-crystallin chaperone ability is not necessarily a straightforward
one; Raman and Rao (1994) saw no difference in the ability of a-crystallin to
inhibit the reduction-stress induced aggregation of insulin above 35°C, while Lee et
al. (1997b) found that the ability of a-crystallin to inhibit the thermal-stress induced
aggregation of alcohol dehydrogenase was essentially unchanged between 48°C and
70°C. Above pH 7.0, this study showed no significant difference in aA- or aB-
crystallin percentage protection values against thermally-stressed catalase at 45°C
and 55°C. These data do not necessarily contradict that of previous researchers, as it
is likely that a number of factors require consideration in discussing the effect of
temperature on a-crystallin chaperone ability. Rekas ez al. (2007) identified that
while the ability of a-crystallin to inhibit rcm K-casein aggregation is thermally
sensitive, investigation becomes complicated by the increased aggregation rate of
rcm K-casein at elevated temperatures. It may be the case in this study that the
increased aggregation rate of catalase at 55°C compared to 45°C mitigates, to an
extent, the chaperone ability of aA- and aB-crystallin, as has been seen for o.-
lactalbumin aggregation (Lindner et al., 2001). This would mask any effect of
increased temperature on the chaperone ability of a-crystallin.

At pH 6.0 and 6.5, increased temperature inhibited aA- and a.B-crystallin
chaperone ability; percentage protection was significantly lower for both aA- and
aB-crystallin with thermally-stressed catalase at 55°C than at 45°C. It may be the

case, as discussed above, that the decreased rate of catalase aggregation at 45°C
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enhances the chaperone ability of aA- and aB-crystallin, and that this may explain
the increased percentage protection values observed for aA- and aB-crystallin at
45°C compared to 55°C. This explanation appears insufficient, however, when
considered in light of the lack of a significant difference in aA- and aB-crystallin
percentage protection values between 45°C and 55°C above pH 7.0. Rather, these
data suggest that the thermal stability of a-crystallin, as investigated in this study,
directly influences its chaperone ability between pH 6.0 and 7.0. Accordingly, the
decreased thermal stability of a-crystallin at pH 6.0 and 6.5, compared to pH 7.0
and above, may be partially responsible for the pH sensitive chaperone ability
observed in Section 3.2. It is important to note, however, that the ability of aA- and
aB-crystallin to inhibit the thermally-induced aggregation of catalase at 45°C is still
pH sensitive; that is, at 45°C aA- and aB-crystallin are more efficient chaperones
against catalase aggregation at pH 7.0 and above than at pH 6.0 or 6.5. Similarly,
the ability of ar-, aA- and aB-crystallin to inhibit the reduction-stress induced
aggregation of a-lactalbumin at 37°C (Section 3.2.2) is pH sensitive in a manner
reminiscent of aggregation assays conducted at higher temperatures (i.e, catalase or
Br-crystallin at 55°C). While higher temperatures appear to exacerbate the inability
of aA- and aB-crystallin to efficiently chaperone aggregating catalase below pH
7.0, a-crystallin chaperone ability below pH 7.0 is still significantly compromised
at temperatures as low as 37°C.

Koretz et al. (1998) have described a variety of effects that pH has on the
quaternary structure of ar-crystallin, including an increased susceptibility to
renaturation-induced aggregation at pH 6.0 compared to pH 8.0. (Koretz ef al.,
1998). The protonation of an ionisable amino acid, such as histidine (as discussed in

section 4.3), might help to explain the pH-dependent thermal stability of a-
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crystallin. Modification of a single histidine residue (H83) results in a two-fold
increase in aB-crystallin aggregate size upon reassociation (Santhoshkumar and
Sharma, 2006), and the chemical modification of surface histidine residues by
diethylpyrocarbonate (DEPC) increases ar-crystallin aggregate size and modifies
subunit re-assembly and oligomeric re-organisation after protein denaturation (Pal
and Ghosh, 1998). As roughly 43% of a-crystallin histidine residues are buried
within the a-crystallin oligomer (Bera and Ghosh, 1996), it has been suggested that
the differential accessibility of a-crystallin histidine residues may be significant in
stabilising a-crystallin quaternary structure and maintaining surface hydrophobicity.
Were this the case, protonation of histidine residues at pH 6.5 may affect the
stability or solubility of the a-crystallin aggregate, and in turn be responsible for the
compromised thermal stability observed in this study.

Previous investigations suggest that the flexibility of the C-terminal
extension is necessary for retaining protein solubility and thermal stability (Carver
and Lindner, 1998). NMR analysis of tryptophan and alanine atA-crystallin C-
terminal mutants demonstrated that reduction of C-terminal extension flexibility, by
introducing a hydrophobic tryptophan residue to the largely polar C-terminal
extension, had no effect on the temperature of protein unfolding of a-crystallin.
Despite this, the less flexible tryptophan mutant aggregated and precipitated out of
solution at 52°C while the alanine mutant remained soluble (Smulders ef al., 1996).
Accordingly, pH-induced modification of the a-crystallin C-terminal extension may
result in compromised flexibility, may be further cause for the observed pH
sensitivity of a-crystallin thermal stability.

It appears then that the pH sensitivity of a-crystallin chaperone ability

observed in Section 3.2 can, in part, be explained by the influence of pH on the
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thermal stability of the protein. At pH 6.0 and 6.5, ar-crystallin is prone to
thermally induced aggregation at temperatures above 50°C, while at pH 7.0 and
above ar-crystallin remains thermally stable. This differential thermal stability may
be a consequence of decreased C-terminal extension flexibility or electrostatic
instability, and results in the chaperone forming unstable complexes with
aggregating target proteins. These unstable complexes aggregate and precipitate out
of solution, resulting in negative percentage protection and increased target protein
aggregation at pH 6.0. However, at temperatures as low as 37°C, at which a-
crystallin has been demonstrated to be thermally stable, percentage protection is still
dependent upon pH and mirrors the trend observed at higher temperatures. Thermal
stability on its own does not adequately explain the pH sensitive chaperone ability
of a-crystallin; a variety of factors appear to be responsible for the decreased

chaperone ability of a-crystallin under mildly acidic conditions.
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Chapter 6 — The role of histidine residues in the chaperone action of o B-

crystallin

6.1 Introduction

A variety of factors have been investigated so far in this study to explain the pH
sensitivity of a-crystallin chaperone ability against amorphous aggregation, as
described in Sections 3.2.1-2. Partial unfolding of a-crystallin as pH decreases from
pH 7.0 to 6.0 appears to have only a limited influence on the ability of a-crystallin
to inhibit target protein aggregation. Further, significant a-crystallin unfolding
below pH 4.0 appears to enhance a-crystallin chaperone ability with a-lactalbumin.
While the effect of pH on a-crystallin thermal stability appears to partially
influence the chaperone ability of a-crystallin at 55°C and 60°C, this does not
explain the pH sensitive chaperone ability observed at 37°C and 45°C (at which
temperatures o-crystallin is largely thermally stable). A relationship between
percentage protection and target protein aggregation rate may help to explain the
effect of pH on a-crystallin chaperone ability against the amorphous aggregation of
a-lactalbumin at 37°C, but not the effect of pH on a-crystallin chaperone ability at
45°C, 55°C or 60°C. It appears that other intrinsic factors are influencing the
chaperone ability of a-crystallin and its subunits at pH 6.0 and 6.5.

The putative chaperone binding regions of both aA- and aB-crystallin have
been characterised previously (Sharma et al., 2000; Bhattacharyya et al., 2006).
There is significant overlap between these chaperone binding regions in aA- and
aB-crystallin, and both alA- and aB-crystallin have a highly conserved histidine
residue within their chaperone-binding region (aA-crystallin H79; aB-crystallin

H83). Protonation of this histidine residue, which would occur when the pH is
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lowered from pH 7.0 to 6.0, may result in electrostatic repulsion between a-
crystallin and misfolded target proteins, and thereby interfere with hydrophobic
interactions between a-crystallin and aggregating, partially folded target proteins.
The significant decrease in chaperone ability between pH 7.0 and 6.0 suggests that
protonation of a histidine residue may be partially responsible for the decreased
chaperone ability of a-crystallin below pH 7.0.

The effect of histidine residues on a-crystallin structure and chaperone
activity has been characterised previously, but not in relation to pH. Modification of
exposed aB-crystallin histidine residues using diethylpyrocarbonate (DEPC), a
histidine masking molecule, demonstrated no significant effect on chaperone ability
at pH 7.4 (Bera and Ghosh, 1996; Pal and Ghosh, 1998). Conversely, studies using
an H83A aB-crystallin mutant demonstrated a two-fold increase in molar mass, and
showed a 15 - 20% increase in chaperone ability against alcohol dehydrogenase and
insulin aggregation at pH 7.2 (Santhoshkumar and Sharma, 2006). Chaperone assays
using both DEPC-modified and H83 A mutant aB-crystallin between pH 6.0 and pH
8.0 may help to determine what effect, if any, protonation of histidine residues has

on the chaperone ability of a-crystallin.

Rationale for work presented in this chapter

The protonation of exposed histidine residues on aB-crystallin can be blocked via
the binding of DEPC. Characterising the ability of DEPC-bound aB-crystallin to

inhibit the aggregation of thermally-stressed catalase between pH 6.0 and 8.0 will
clarify the influence of exposed histidine residues on the chaperone ability of aB-

crystallin; if protonation of histidine residues is responsible for the decreased
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chaperone ability of aB-crystallin below pH 7.0, DEPC binding to aB-crystallin
should enhance chaperone ability at pH 6.0 and 6.5 compared to unmodified aB-
crystallin. Similarly, substituting mutant H§3A aB-crystallin into the thermal- and
reduction-stress aggregation assays described in Sections 3.2.1-2 will clarify the
influence of a specific histidine residue, His83, on the chaperone ability of aB-
crystallin. If blocking the protonation of one or more histidine residues improves the
chaperone ability of aB-crystallin at pH 6.5 and below, it would suggest that
histidine protonation is at least partially responsible for the pH sensitive chaperone

ability of aB-crystallin observed in Sections 3.2.1-2.
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6.2 Results

6.2.1 Modification of surface-exposed histidine residues on o B-crystallin

Diethylpyrocarbonate (DEPC) binds covalently to a number of nucleophiles,
including amines and imidazoles (Ovadi and Keleti, 1969; Tawfik, 1996). The
binding of DEPC to a histidyl residue results in the formation of N-
carbethoxyhistidyl product (Figure 6.1), and this reaction has been shown to inhibit
histidine protonation (Dietz et al., 1992). N-carbethoxyhistidine has a characteristic
absorbance at 240nm (e40 = 3200 M cm™) (Miles, 1977; Tawfik, 1996), and so the
binding of DEPC to histidine residues can be followed spectrophotometrically.
Consequently, the binding of DEPC is commonly used to inhibit histidine
protonation in vitro, and to probe the role of histidine residues in protein function
(Dietz et al., 1992; Carneiro et al., 2003; Kawai et al., 2005). The binding of DEPC
to ar-crystallin has been well characterised previously (Bera and Ghosh, 1996; Pal
and Ghosh, 1998), demonstrating that approximately 57% of ar-crystallin histidine
residues are available for binding with DEPC (Bera and Ghosh, 1996). In that study,
the binding of DEPC to ar-crystallin increased ar-crystallin aggregate size upon
subunit re-assembly, but had no effect on ar-crystallin chaperone ability at pH 7.4

(Pal and Ghosh, 1998).
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Figure 6.1 — The reaction of diethylpyrocarbonate with a histidyl residue, resulting in the
formation of N-carbethoxyhistidyl derivative.

The modification of surface-exposed aB-crystallin histidine residues was
achieved via DEPC binding, using a variation of the method described by Bera and
Ghosh (1996). aB-crystallin in phosphate buffer was incubated with a 600-fold
molar excess of DEPC for 2 hrs at room temperature. These have been identified as
the optimal conditions for DEPC binding to a-crystallin (Bera and Ghosh, 1996).
DEPC binding was monitored by absorbance at 240nm. The binding of DEPC to
aB-crystallin was quantified on a molar subunit basis using the extinction
coefficient of N-carbethoxyhistidine (g240 = 3200 Mm! cm'l). At 2 hours four moles
of N-carbethoxyhistidine were observed per mole of aB-crystallin, demonstrating
that four of a possible seven histidine residues were modified per aB-crystallin
subunit (56%) (Figure 6.2). This is in agreement with the findings of Bera and
Ghosh (1996).

Chaperone assays were conducted under conditions identical to those

described in Section 3.2.1. Light scattering at 340nm of heat-stressed catalase was
measured at pH 6.0, 6.5, 7.0, 7.5 and 8.0, and in the presence of DEPC-modified aB-

crystallin (see appendix D, Figure D1). Dialysis disrupts the binding of DEPC to

histidine residues, and unbound DEPC rapidly hydrolyses to ethanol and carbonate;
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consequently, it is common practice to conduct activity assays involving DEPC-

modified proteins without removing excess DEPC from solution (Tawfik, 1996).

However, control experiments demonstrated that unbound DEPC in solution
significantly inhibited catalase aggregation. Presumably, not all unbound DEPC was
hydrolysed during incubation with aB-crystallin, and interacted with catalase to
stabilise it against unfolding. To quantify the effect of DEPC binding on aB-
crystallin chaperone ability, and account for the added influence of DEPC-induced
inhibition of catalase aggregation, percentage protection was compared between
DEPC, unmodified aB-crystallin, and DEPC-modified aB-crystallin. The
percentage protection values of unbound DEPC and unmodified aB-crystallin were
summed to create a ‘theoretical’ percentage protection value that accounted for the
cumulative effect of both aB-crystallin and unbound DEPC on catalase aggregation.
The calculation of theoretical percentage protection as a control value was
considered the most suitable method of control (as opposed to using a combination
of DEPC and aB-crystallin prepared immediately prior to analysis, for example), as
this method eliminated the possibility of DEPC interacting with aB-crystallin in the
control sample over the course of the aggregation assays. The theoretical value was
compared to the observed percentage protection value of DEPC-modified aB-
crystallin to determine whether binding DEPC to aB-crystallin had any effect on
aB-crystallin chaperone ability (Figure 6.3). If the theoretical percentage protection
value matched that of the DEPC-bound aB-crystallin, it would suggest that any
effect on aB-crystallin chaperone ability observed after the addition of DEPC was
an artefact of the inherent protein-stabilising ability of DEPC, and not a
consequence of structural modifications to aB-crystallin resulting from DEPC

binding.

146



Chapter 6 — Histidine protonation and a-crystallin chaperone ability

Theoretical percentage protection values were significantly lower than that
of DEPC-modified aB-crystallin at pH 6.0 and 6.5, suggesting that binding DEPC
to aB-crystallin increases its chaperone ability. At pH 7.0 and 7.5 there was no
significant difference between the theoretical percentage protection value and that
of DEPC-modified aB-crystallin. At pH 8.0 the theoretical percentage protection
value was in excess of 100%, as a result of the significant chaperone ability of
DEPC at pH 8.0. As percentage protection values cannot in reality exceed 100%,
theoretical percentage protection was ‘capped’ at 100% at pH 8.0, to enable
comparison with DEPC-modified aB-crystallin. When analysed in this way, there
was no significant difference between the theoretical percentage protection value
and that of DEPC-bound aB-crystallin; that is, binding DEPC to a.B-crystallin
enhances aB-crystallin chaperone ability at pH 6.0 and 6.5, but has no effect on
chaperone ability at pH 7.0 or above. This suggests that blocking surface-exposed
histidine residues on aB-crystallin enhances its chaperone ability at pH 6.5 and
below. Whilst binding DEPC to aB-crystallin enhanced chaperone ability at pH 6.0,
the percentage protection value for DEPC-bound aB-crystallin at pH 6.0 was still
significantly lower than that at pH 6.5 and above. There was no significant
difference in percentage protection for DEPC-modified aB-crystallin at pH 6.5 and
above. Modifying surface-exposed histidine residues via DEPC binding removes, to

a large extent, the pH-sensitivity of aB-crystallin.
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Figure 6.2 — Moles of DEPC bound to histidine per mole of aB-crystallin (with time), as
calculated from absorbance at 240nm. After a two hour incubation, approximately four
moles of DEPC were bound to histidine per mole of aB-crystallin, demonstrating that four
DEPC molecules were bound to each molecule of aB-crystallin, and hence that four
histidine residues were modified per aB-crystallin monomer.
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Figure 6.3 — Comparison of percentage protection values between aB-crystallin,
and aB-crystallin modified by DEPC, against catalase aggregation. As unbound
DEPC stabilises catalase against aggregation, it was necessary to compare the
percentage protection values of unbound DEPC, aB-crystallin, and DEPC-bound
aB-crystallin; percentage protection was summed for unbound DEPC and oB-
crystallin, to provide a ‘theoretical’ percentage protection value that accounts for
the chaperone effect of unbound DEPC. ‘Theoretical’ percentage protection
values were compared to those for DEPC-bound oB-crystallin. Percentage
protection values were higher for DEPC-bound oB-crystallin than the
corresponding theoretical percentage protection values values at pH 6.0 and 6.5,
but there was no statistical difference between theoretical and observed percentage
protection values at pH 7.0 and above. * denotes significant difference in the
mean between ‘theoretical’ and observed percentage protection values at a given
pH (p < 0.05).
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6.2.2 Sequence similarity search and multiple sequence alignment of conserved

histidine residues in a A- and o B-crystallin

Blastp is a similarity search algorithm that can be used to compare a number of
protein sequences within the Swiss-Prot and TTEMBL protein databases, and rank
them in terms of sequence similarity. Multiple protein sequences can be
subsequently aligned using ClustalW2, which aligns divergent protein sequences
and allows for comparison of residues between numerous protein sequences.

A blastp sequence similarity search of the Swiss-Prot and TTEMBL protein
databases against human aB-crystallin resulted in twenty aA- and aB-crystallin
sequences from a variety of organisms. ClustalW2 multiple sequence alignment
suggested highly conserved aA- and a.B-crystallin primary structures amongst the
twenty proteins obtained via sequence similarity search. The previously
characterised human aA- and aB-crystallin putative chaperone-binding regions
(aA-crystallin residues 54-113; aB-crystallin residues 58-117) (Sharma et al.,
2000; Bhattacharyya et al., 2006) were highly conserved between species for both
aA- and aB-crystallin, and there was significant overlap between the chaperone
binding regions of aA- and aB-crystallin (Figure 6.4). Both subunits contained a
highly conserved histidine residue within the chaperone-binding region (aB-
crystallin H83; atA-crystallin H79).

A clustalW2 multiple sequence alignment of the ten known human sHsps
demonstrated that the histidine residue at H83 of aB-crystallin is reasonably
conserved between human sHsps, and is the consensus residue at this location
(HspB1 H103; HspB2 H82; HspB6 H82) (Figure 6.5). The HspB- classification of

human sHsps was used for clustal W2 multiple sequence alignment, due to its
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systematic nomenclature. The conserved nature of this histidine residue, and its

location within the putative chaperone binding regions of aA- and aB-crystallin,

suggests that it may have a role in the chaperone activity of a-crystallin and other

human sHsps. Protonation of this residue at mildly acidic pH may explain the

decreased chaperone ability of both air, aA- and aB-crystallin observed in this

study (Sections 3.2.1-2).
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Figure 6.4 — A section of the clustalW2 multiple sequence alignment of atA- and aB-
crystallin (aA-crystallin residues 54-113; aB-crystallin residues 58-117), from a variety of
species. Previously characterised chaperone-binding regions (aA-crystallin residues 70 —
88; aB-crystallin residues 79-92) within human aA- and aB-crystallin are in blue (Sharma
et al., 2000; Bhattacharyya et al., 2006). Conserved histidine residues within these regions
(aA-crystallin H79; aB-crystallin H83) are in red. For an explanation of Swiss-Prot entry

names, see Appendix B.
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Figure 6.5 — A section of the clustalW2 multiple sequence alignment of the ten human
sHsps. Previously characterised chaperone-binding regions (atA-crystallin residues 70 — 88;
aB-crystallin residues 79-92) are in blue (Sharma et al., 2000; Bhattacharyya et al., 2006).
Conserved histidine residues within these regions (aA-crystallin H79; aB-crystallin H83;
HspB1 H103; HspB2 H82; HspB6 82) are in red. For an explanation of Swiss-Prot entry
names, see appendix B.

6.2.3 Chaperone ability of H83A o B-crystallin

The plasmid for a histidine 83 to alanine mutant of aB-crystallin was acquired from
Prof. K. Krishna Sharma (University of Missouri-Columbia, U.S.A), who has
previously characterized this mutant (Santhoshkumar and Sharma, 2006). It was
hoped that by substituting the ionisable histidine residue for an alanine residue, the
chaperone ability of mutant H§3A aB-crystallin would be less pH-sensitive than that
of unmodified aB-crystallin; that is, H83A aB-crystallin chaperone ability would not
be significantly inhibited at pH 6.0 and 6.5, compared to pH 7.0 and above. This
would imply that the residue H83 is intimately involved in the pH sensitivity of aB-
crystallin chaperone ability. The ability of H83A aB-crystallin to prevent the
amorphous aggregation of thermally stressed catalase was determined by the method

described in Section 3.2.1. Light scattering at 340nm of heat-stressed catalase was

measured between pH 6.0 and 8.0, and at 0:1, 0.2:1 and 0.5:1 molar ratios of H§3A
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aB-crystallin to catalase. Aggregation assays were conducted at 45°C (Figure 6.7a).
Chaperone ability was quantified via percentage protection values calculated as

described in Section 3.2.1. H83A aB-crystallin percentage protection was lowest at

pH 6.0, and increased significantly between pH 6.0 and pH 7.0. There was, however,

no significant change in H83A aB-crystallin chaperone ability between pH 7.0 and
pH 8.0. H83A aB-crystallin chaperone ability was pH sensitive in the same manner as

unmodified aB-crystallin.

The ability of H83A aB-crystallin to prevent the reduction-stress induced
aggregation of a-lactalbumin was determined by the method described in Section

3.2.2. As with the thermal-stress induced aggregation of catalase described above,

H83A aB-crystallin percentage protection was lowest at pH 6.0, and increased

significantly between pH 6.0 and pH 7.0 (Figure 6.6b). There was, however, no
significant change in percentage protection between pH 7.0 and pH 8.0. Thus,
substitution of H83 with an alanine residue had little effect on the pH sensitivity of
aB-crystallin chaperone ability against catalase.

There was no significant difference in the ability of H83A aB-crystallin to
inhibit a-lactalbumin aggregation between pH 6.0 and 6.5. Additionally, the ability of
H83A aB-crystallin to inhibit a-lactalbumin aggregation appeared to be more pH
sensitive than that of wild-type aB-crystallin (Section 3.2.2); that is, the change in
percentage protection between pH 6.5 and 7.0 for H83A aB-crystallin was larger than
that of wild-type aB-crystallin (H83A aB-crystallin; 68%, wild-type aB-crystallin;
27%). Thus, it appears that substituting the ionisable H83 residue for alanine slightly

increases the pH-sensitivity of aB-crystallin chaperone ability against a-lactalbumin.
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Figure 6.6 - Percentage protection calculated from light scattering assays for
H83A oB-crystallin with a) catalase at 45°C and b) o-lactalbumin at 37°C.
Percentage protection increased significantly between pH 6.5 and 7.0 for H83A
aB-crystallin with both a-lactalbumin and catalase. There was no significant
variation in H83A oB-crystallin chaperone ability between pH 7.0 and pH 8.0
for either of the target proteins investigated. * indicates significant difference in
the mean percentage protection (p < 0.05).

154



Chapter 6 — Histidine protonation and a-crystallin chaperone ability

6.3 Discussion

The pH sensitivity of ar-, aA- and aB-crystallin chaperone ability against
amorphous aggregation has been well characterised in this study; both a-crystallin
and its subunits are less effective chaperones at pH 6.0 and 6.5 than at pH 7.0 and
above (Section 3.2.1-2). Characterising the structural changes to ar-, aA- and aB-
crystallin accompanying pH variation does not adequately explain their observed
pH-sensitive chaperone ability (Section 4.2); further, investigation into ar- and aB-
crystallin chaperone ability at acidic pH (pH 2.0 — 3.5) showed that significant
protein unfolding increased chaperone ability, and made a correlation between pH-
induced protein unfolding and decreased chaperone ability difficult. This study
demonstrated that ar-crystallin is less thermally stable at pH 6.0 and 6.5 than at pH
7.0 and above, which correlates with decreased chaperone ability below pH 7.0; at
55°C and 60°C, ar-crystallin aggregates at pH 6.0 and 6.5 (Section 5.2), but not at
pH 7.0 and above. Decreased thermal stability may partially explain the decreased
chaperone ability of a-crystallin below pH 7.0. However, the ability of ar-, aA-
and aB-crystallin to inhibit a-lactalbumin aggregation at 37°C, and of a.A- and a.B-
crystallin to inhibit catalase aggregation at 45°C, was shown to be pH sensitive in
the same manner as their ability to inhibit catalase and 3 -crystallin aggregation at
55°C and 60°C. Thus, despite significant investigation in this study, the cause of the
observed pH sensitive chaperone ability of ar-, aA- and aB-crystallin remains
unclear.

The ionisation of amino acids, particularly histidine, accompanying pH
change has been implicated in the biochemical activity of many proteins. For

example, protonation of histidine resides enhances the catalytic activity of
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homoserine kinase (Huo and Viola, 1996), the chaperone activity of GroEL
(Gibbons and Horowitz, 1995), and the fusion of Vesicular stomatitis virus and
cytochrome C to cellular and mitochondrial membranes respectively (Carneiro et
al., 2003; Kawai ef al., 2005); conversely, histidine protonation has been
demonstrated to inhibit the catalytic activity of xylose isomerase (Lee ef al., 1990).
Protonation of histidine residues is also partially responsible for the Bohr effect in
Haemoglobin, which promotes the release of haemoglobin-bound O; into acidic
tissue (Stryer, 1995). Histidine protonation is commonly inhibited via the binding
of DEPC to exposed histidine residues (Dietz et al., 1992; Carneiro et al., 2003;
Kawai et al., 2005). The isolated histidine amino acid has a pKa value of 6.5, which
can vary with regards to its local environment (Lodi and Knowles, 1991, 1993; Lin
et al., 1998); this pKa value corresponds with the pH range in which a-crystallin
chaperone ability was observed to decrease significantly (pH 6.0 - 7.0) (Section
3.2.1). Solvent-exposed histidine residues in a-crystallin would be predominantly
protonated at pH 6.0 and 6.5, and hence positively charged, but would be generally
neutrally charged at pH 7.0 and above. A positive charge on histidine residues may
disrupt hydrophobic interactions between a-crystallin and aggregating target
proteins. The protonation of an exposed histidine residue (or residues) between pH
6.0 and 6.5 may provide a possible explanation for the decreased chaperone ability
of ar-, aA- and aB-crystallin at mildly acidic pH, as observed in this study.
Blocking histidine protonation via DEPC binding increased the ability of
aB-crystallin to inhibit temperature-induced catalase aggregation at pH 6.0 and 6.5
(by 48% and 23% respectively). DEPC binding had no statistical effect on aB-
crystallin chaperone ability at pH 7.0 and above, which is in agreement with

previous work by Pal and Ghosh (1998), who saw no effect on a-crystallin
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chaperone ability against y-crystallin aggregation at pH 7.0. Binding of DEPC has
been reported to only modify surface-exposed histidine residues, which account for
57% of ar-crystallin histidine residues (Bera and Ghosh, 1996). Absorbance at
240nm from the current study supports this conclusion for aB-crystallin, suggesting
that four of a possible seven (56%) aB-crystallin histidine residues were modified
via DEPC binding.

While DEPC binding at pH 6.0 increased the chaperone ability of a.B-
crystallin by 48% against thermal-stress aggregation, DEPC-bound aB-crystallin
was still a significantly worse chaperone at pH 6.0 than at pH 6.5 and above. It
appears that factors other than protonation of histidine residues may be contributing
to the decreased chaperone ability of aB-crystallin at pH 6.0; these may include the
previously identified thermal stability of aB-crystallin, which is significantly
reduced at pH 6.0. The chaperone ability of DEPC-modified aB-crystallin at pH 6.5
was, however, statistically identical to that at pH 7.0 and above; blocking histidine
protonation at pH 6.5 completely removed the pH sensitivity of aB-crystallin
chaperone ability.

While a number of regions of a.B-crystallin have been implicated in
chaperone-target protein binding, the most well-characterised is a fourteen amino
acid sequence in the aB-crystallin C-terminal domain (79-92) (Bhattacharyya et al.,
2006). This region contains a single histidine residue (H83), and clustal W2 multiple
sequence alignment demonstrates that this residue is highly conserved amongst
different species, and between aA- and aB-crystallin, and is relatively conserved
amongst human sHsps. Its position in the putative chaperone-binding region of aB-
crystallin suggests that H83 may be implicated in the chaperone binding of aB-

crystallin, and that protonation of this residue could result in the decrease in aB-
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crystallin chaperone ability observed at pH 6.0 and 6.5. A His83-Ala aB-crystallin
mutant has previously been expressed and well characterised by Santhoshkumar and
Sharma (2006). In their study, Santhoshkumar and Sharma reported little change to

the secondary structure of H83A aB-crystallin, but did see increased oligomer size,

and a 15-20% increase in chaperone ability against alcohol dehydrogenase and insulin

aggregation at pH 7.2 (Santhoshkumar and Sharma, 2006).

The current study demonstrated that H83A aB-crystallin’s chaperone ability

was pH sensitive in a manner similar to that of wild type aB-crystallin; HS3A aB-

crystallin was less able to inhibit the thermal-stress induced aggregation of catalase

(45°C), and the reduction-stress induced aggregation of a-lactalbumin (37°C), at pH
6.0 and 6.5 than at pH 7.0 and above. Percentage protection values of H83A aB-
crystallin with thermally-stressed catalase at 45°C were comparable to those of wild
type aB-crystallin. Interestingly, H83A aB-crystallin appeared to be less able to
inhibit the reduction-stress induced aggregation of a-lactalbumin at pH 6.5 than wild
type aB-crystallin at the same pH value. Modifying H83 in aB-crystallin had no
effect on the pH sensitivity of aB-crystallin chaperone ability, suggesting that the
protonation of H83 is not directly implicated in the pH sensitivity of aB-crystallin
chaperone ability, and/or that the protonation of several histidine residues is
responsible for the decreased chaperone ability of aB-crystallin at pH 6.0 and 6.5.
As the structure of aB-crystallin is not yet known, it is impossible to know
whether H83 is solvent exposed in the a.B-crystallin oligomer. Quaternary structural
models of a-crystallin place the C-terminal domain, in which H83 lies, on the outside
of the a-crystallin oligomer (Carver et al., 1994). H83 lies one residue outside of one
of the regions identified by Ghosh and Clark (2005a,b) as responsible for both
subunit-subunit and chaperone-target protein interactions, and studies have placed it

within the putative chaperone-binding region of aB-crystallin (Bhattacharyya et al.,
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20006). It therefore seems likely that H83 interacts with DEPC. If H83 does prove to
be accessible for DEPC binding, it would suggest that the protonation of several
histidine residues is responsible for the pH-sensitive chaperone ability of aB-
crystallin observed in this study.

In summary, the chaperone activity of a-crystallin against amorphous
aggregation is pH sensitive between pH 6.0 and 8.0. The decreased chaperone
ability of a-crystallin at pH 6.0 and 6.5 is accompanied by partial protein unfolding,
and a slight loss of a-crystallin secondary structure, while a-crystallin quaternary
structure remains unchanged. The relationship between partial a-crystallin
unfolding and chaperone ability does not extend below pH 4.0, and it is doubtful
whether a correlation between partial unfolding and a-crystallin chaperone ability is
responsible for the decreased chaperone ability of a-crystallin at mildly acidic pH.
The thermal stability of a-crystallin is compromised at pH 6.0 and 6.5, which may
partially explain the decreased a-crystallin chaperone ability at these pH. However,
a-crystallin chaperone ability is significantly pH-sensitive at 37°C and 45°C, at
which temperatures a-crystallin is largely thermally stable. This suggests that other
factors are responsible for the decreased chaperone ability of a-crystallin at pH 6.0
and 6.5. Blocking exposed aB-crystallin histidine residues by chemical
modification removes, to a large extent, the pH-sensitivity of its chaperone activity,
and suggests that the protonation of exposed histidine residues at pH 6.0 and 6.5 is
at least partially responsible for the observed pH sensitivity of a-crystallin
chaperone ability. Inhibiting the possibility of the protonation of a specific histidine
residue, H83, does not remove the pH sensitivity of aB-crystallin chaperone
activity, and suggests that protonation of this residue alone does not explain the

decreased chaperone ability of a-crystallin at pH 6.0 and 6.5. Thus, it appears that
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the protonation of several histidine residues, or residues other than H83, is

responsible for the decreased chaperone ability of a-crystallin at mildly acidic pH.
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Chapter 7 — Cyclodextrins as molecular chaperones

7.1 Introduction

a-Crystallin is effective in inhibiting protein aggregation and precipitation, but has
only a limited ability to facilitate protein refolding (Horwitz, 1992; Muchowski and
Clark, 1998). It is believed that sHsps, a-crystallin included, retain misfolded
proteins indefinitely in a semi-folded state, and in doing so create a reservoir of
unreactive but ‘re-foldable’ protein intermediates (Horwitz, 1992; Ehrensperger et
al., 1997; Lee et al., 1997). The subsequent interaction of sHsp-bound protein
intermediates with further chaperones, such as Hsp70, is believed to facilitate
protein re-folding to a native conformation (Ehrensperger et al., 1997; Lee et al.,
1997; Horwitz, 2003).

Cyclodextrins have been extensively studied and characterised due to the
unique functional properties afforded by their annular structure. The comparatively
hydrophobic cyclodextrin annulus allows for the insertion of a variety of
hydrophobic moieties, which in turn facilitates a variety of enzymatic, physical-
chemical and nano-technological applications (Szjetli, 1997; 1998). Despite this,
there has been comparatively little research into potential biochemical applications
of cyclodextrins. Studies have focused primarily on the ability of CD to re-fold
semi-folded target proteins captured either by detergents (Rozema and Gellman,
1996a,b; Daugherty et al., 1998; Yazdanparast et al., 2005) or synthetic nanogels
(Akiyoshi et al., 1999; Nomura et al., 2003; Ikeda et al., 2006; Asayama et al.,
2008) during aggregation. Hydrogen nanogels mimic sHsp chaperone activity,
binding to thermally unfolded target proteins via hydrophobic interactions

(Akiyoshi et al., 1999). It seems plausible that this research might be extended to
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include biological molecular chaperones, substituting a-crystallin for carbon
nanogels to facilitate an sHsp-BCD two-step refolding pathway.

Studies suggest that cyclodextrins can also act individually as molecular
chaperones. Research has concentrated on the ability of cyclodextrins to inhibit
amorphous aggregation upon protein re-naturation, whereby cyclodextrins
(particularly BCD) are able to inhibit the aggregation of already denatured (and
therefore largely unfolded) target proteins that are induced to misfold by the
removal of denaturant (Karuppiah and Sharma, 1995; Sharma and Sharma, 2001;
Desai et al., 2006). There is increasing evidence to suggest that cyclodextrins, fCD
in particular, can also effectively inhibit fibrillar aggregation (Qin et al., 2002;
Danielsson et al., 2004). Amyloid plaques are characteristic of a number of
neurodegenerative diseases, including Cruzfeldt-Jacob’s, Alzheimer’s and
Parkinson’s disease (Chiti and Dobson, 2006). Cyclodextrins, as molecular
chaperones, may have potential therapeutic applications towards the inhibition of
amyloid plaques, but their use is limited by the large molar excesses of cyclodextrin
necessary for significant protection from aggregation (up to 20:1 molar ratio of
cyclodextrin to target protein) (Qin et al., 2002). If these ratios could be lowered,
and cyclodextrins demonstrated to be more efficient molecular chaperones,

therapeutic applications of cyclodextrins may become more practical.

Rationale for work presented in this chapter

The ability of a-crystallin to replace synthetic hydrogen nanogels in a two-step
BCD refolding system was investigated via catalase aggregation and return of

enzymatic activity. It became clear that ar-crystallin was unable to function with
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BCD to facilitate protein refolding. The ability of BCD to inhibit amorphous
aggregation was investigated using catalase and insulin aggregation assays, which
demonstrated that BCD had no effect on amorphous protein aggregation. The
inability of BCD to inhibit amorphous protein aggregation was surprising,
particularly in light of the demonstrated ability of CD to inhibit fibrillar
aggregation. Consequently, the ability of BCD (and other cyclodextrins) to inhibit
fibrillar aggregation was investigated in-depth using rcm k-casein, $-lactoglobulin,
a-lactalbumin and a-synuclein (both wild type and the disease-related A53T
mutant) to further clarify if BCD chaperone ability was specific to fibrillar

aggregation.
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7.2 Results

7.2.1 BCD and ar-crystallin induced refolding of catalase

In Section 3.2.1, ar-crystallin was demonstrated to inhibit the thermally-induced
aggregation of catalase at 55°C. The ability of BCD to act in conjunction with our-
crystallin to facilitate protein refolding was investigated under conditions similar to
those described in Section 3.2.1. Catalase was thermally stressed at 55°C in the
presence of ar-crystallin (1:1 molar ratio), and at pH 7.5 for 90 minutes. Light
scattering was monitored at 340nm to ensure ar-crystallin binding to aggregating
catalase (Figure 7.1a). After heating, BCD was added to the ar-crystallin/catalase
complex and incubated for 24hrs at 37°C to facilitate the interaction of fCD
molecules with chaperone-bound catalase, using a variation of the method described
by Akiyoshi et al. (1999). Catalase refolding was determined via the return of
catalase enzyme activity. Catalase catalyses the decomposition of hydrogen
peroxide (H,0,) into water and oxygen. H,O, degradation can be measured by its
absorbance between wavelengths of 200 and 300nm (Beers and Sizer, 1951). As
only natively folded catalase degrades H»O,, a return of catalase activity is
representative of catalase refolding to a native conformation. Catalase activity was
monitored at 240nm (Figure 7.1b), and quantified by expressing ar-crystallin- and
BCD- influence on catalase activity as a percentage of that of native, unstressed
catalase (Figure 7.1c).

There was less than 10% return of catalase activity after the addition of or-
crystallin and BCD to aggregating catalase at 55°C. There was no significant
difference in the catalytic activity of thermally-stressed catalase incubated with or

without ar-crystallin and BCD, suggesting that a combination of ar-crystallin and
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BCD is unable to facilitate the refolding of catalase via the proposed two-step
refolding pathway. As ar-crystallin was demonstrated to efficiently inhibit the
thermally induced aggregation of catalase, it appears that BCD was unable to free
ar-crystallin-bound catalase molecules to facilitate further refolding. Accordingly,
ar-crystallin is not a viable substitute for hydrogen nanogels as part of a two-step
refolding pathway. Interestingly, negative controls demonstrated that BCD was

unable to inhibit catalase aggregation on its own (Figure 7.1a).
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Figure 7.1 — BCD-induced refolding of thermally-stressed catalase. (a) Light scattering at
340nm demonstrated that ar-crystallin inhibited the aggregation of thermally-stressed
catalase (55°C). (b) Light scattering at 240nm demonstrated that thermally-stressed catalase
was unable to catalyse the degradation of H,O, in either the presence or absence of BCD.
Conversely, non-stressed catalase facilitated H,O, degradation. (c) Catalase refolding was
quantified by return of activity, and demonstrated that the ar-crystallin/fCD refolding
mechanism was unable to facilitate the refolding of thermally-stressed catalase.
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7.2.2 B CD and amorphous aggregation

There is only limited evidence to suggest that cyclodextrins can inhibit the
amorphous aggregation of thermally-stressed target proteins on the off-folding
pathway (Tavornvipas, 2004). Rather, cyclodextrin chaperone ability appears
limited to re-naturation induced protein aggregation on the folding-unfolding
pathway (Karuppiah and Sharma, 1995; Sharma and Sharma, 2001). Negative
controls from Section 7.2.1 suggest that CD is unable to inhibit the thermally
induced aggregation of catalase at 55°C (Figure 7.1a). The ability of BCD to inhibit
the amorphous aggregation of thermally-stressed catalase and reduction-stressed
insulin was observed in a manner similar to that described in Sections 3.2.1-2.
Catalase and insulin aggregation was measured via light scattering at 340nm, with
the addition of increasing concentrations of BCD. fCD concentration ranged from
5:1 to 50:1 molar ratios of BCD:target protein.

BCD concentration had no effect on the amorphous aggregation of catalase
at 55°C, or insulin at 37°C. Chaperone activity was quantified by percentage
protection, calculated by the method described in Section 3.2.1 (Figure 7.2). BCD
was unable to inhibit amorphous aggregation by any more than 11% at a 50:1 molar
ratio to target protein, consistent with the negative controls from Section 7.2.1, and
demonstrating that BCD was unable to significantly inhibit the amorphous

aggregation of catalase or insulin.
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Figure 7.2 — Percentage protection values for BCD against the amorphous aggregation of
catalase and insulin. BCD had little to no effect on either catalase or insulin aggregation, as
quantified by percentage protection calculations.

7.2.3 Cyclodextrins and fibrillar aggregation

The ability of cyclodextrins to inhibit the fibrillar aggregation of rem K-casein was
determined using the method described in Section 3.2.3. ThT-associated
fluorescence of aggregating rcm K-casein was monitored in the presence of two
concentrations of o, 3 and YCD (5:1 and 25:1 molar ratios with target protein) for
20 hours and at 37°C (Figure 7.3). ThT-associated fluorescence of rcm K-casein
decreased in a dose-dependent manner with the addition of a, § and yCD,
demonstrating the inhibition of fibrillar aggregation by each of the cyclodextrins

investigated. Chaperone ability was quantified by percentage protection, calculated
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by the method described in Section 3.2.1. There was little difference in chaperone
ability between a, 3 or yCD at a 5:1 molar ratio with target protein. BCD was
significantly more effective at inhibiting amyloid fibril formation than either a or
vyCD at a 25:1 molar ratio with target protein (53% compared to 12% and 22%).
This is in agreement with the inhibition of AB-peptide aggregation (Qin et al.,
2002). Consequently, CD was selected as the cyclodextrin species for all further
fibrillar inhibition investigation.

BCD demonstrated a dose-dependent ability to inhibit rcm k-casein fibrillar
aggregation at 37°C (Figure 7.4). ThT-fluorescence decreased with increasing
concentrations of fCD, up to a 50:1 molar ratio with the target protein. There was
little difference in BCD chaperone ability at a 50:1 and 100:1 molar ratio with rcm
K-casein.

BCD showed a comparable ability to inhibit amyloid fibril formation from
three distinct target proteins; rcm K-casein (by heating), -lactoglobulin (by
reduction) and a--lactalbumin (by reduction) (Figure 7.5). Fibrillar aggregation was
monitored by ThT-associated fluorescence as described in Section 3.2.3. The ability
of BCD to inhibit the fibrillar aggregation of rcm k-casein, f-lactoglobulin and a-
lactalbumin implies that fibrillar aggregation inhibition by BCD is a generalised
characteristic, and not limited to a specific target protein (e.g. rcm K-casein). It
appears that cyclodextrins selectively inhibit fibrillar, but not amorphous, protein
aggregation. Characterisation of the cyclodextrin chaperone mechanism may help to
understand the preferential chaperone ability of cyclodextrins towards fibrillar

aggregation.
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Figure 7.3 —Percentage protection calculated from change in ThT fluorescence of a3 and
yCD with aggregating rcm k-casein at 5:1 and 25:1 molar ratios (cyclodextrin : rem k-
casein). BCD is a more effective molecular chaperone at higher concentrations than either
aCD or yCD.
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Figure 7.4 —Percentage protection, calculated from change in ThT-associated fluorescence,

of rem K-casein in the presence of increasing concentrations of CD. fCD chaperone ability
increases significantly with concentration up to a 50:1 molar ratio.
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Figure 7.5 —Percentage protection, calculated from change in ThT-associated fluorescence,
of a-lactalbumin, 3-lactoglobulin and rcm k-casein fibrillar aggregation in the presence of
BCD (25:1 and 50:1 molar ratios fCD : target protein. BCD was able to effectively inhibit
the fibrillar aggregation of all target proteins. fCD percentage protection was similar for
rcm K-casein, o-lactalbumin and (3-lactoglobulin.
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7.2.4 AS3T oa-synuclein as a phyvsiologically significant target for § CD

chaperone action

The neurodegenerative diseases Parkinson’s disease and Lewy body dementia are
characterised by the build up of protein aggregates, known as Lewy bodies, in the
substantia nigra (Forno, 1996). Lewy bodies consist primarily of fibrillar aggregates
of a-synuclein (Spillantini ez al., 1998), and A53T and A30P a-synuclein mutations
have been implicated in Parkinson’s disease (Polymeropoulos et al., 1997; Kruger
et al., 1998; Tofaris and Spillantini, 2005). While a direct correlation between o-
synuclein mutation, fibrillar aggregation and Parkinson’s disease is still speculative
(Tofaris and Spillantini, 2007), A53T a-synuclein transgenic mice demonstrate a
build up of a-synuclein in cell bodies, dystrophic neurons and impaired motor
function reminiscent of Parkinson’s disease (Giasson et al., 2002). In vitro, the
fibrillar aggregation of A53T a-synuclein is accelerated over wild-type or A30P a.-
synuclein (Kotzbauer et al., 2004), and consequently A53T a-synuclein is the more
attractive target protein for fibrillar aggregation studies.

The ability of BCD to inhibit the fibrillar aggregation of wild-type and A53T
a-synuclein was monitored via time-point ThT fluorescence assays in the presence
of increasing concentrations of BCD. a-Synuclein ThT fluorescence was monitored
over 160 hrs at 37°C at 0:1, 25:1 and 50:1 molar ratios with fCD, to determine the
ability of fCD to inhibit a-synuclein fibrillar aggregation. BCD chaperone ability
was quantified via percentage protection, calculated by the method described in
Section 3.2.1 (Figure 7.6). BCD was more efficient at inhibiting the fibrillar
aggregation of both wild-type and A53T a-synuclein than of rcm k-casein, 3-

lactoglobulin or a-lactoglobulin.
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Figure 7.6 — Percentage protection, calculated from change in ThT-associated tluorescence,

of wild-type and A53T a-synuclein fibrillar aggregation in the presence of fCD. Percentage
protection calculations demonstrate that CD is a particularly efficient molecular chaperone
of both wild-type and A53T a-synuclein.
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7.3 Discussion

Cyclodextrins have been demonstrated extensively to function in conjunction with
an initial synthetic molecular chaperone (either detergents or synthetic hydrogen
nanogels) to facilitate the refolding of thermally stressed target proteins (Rozema
and Gelman, 1996; Daugherty et al., 1998; Akiyoshi et al., 1999; Nomura et al.,
2003). The refolding mechanism is believed to occur in two distinct stages; firstly,
aggregating, semi-folded target proteins are captured on the surface of nanogel
molecules by non-specific hydrophobic interactions, and in doing so are rendered
incapable of further protein-protein interactions that would lead to large-scale
aggregation. In this regard, the hydrogen nanogel functions in a manner similar to
that of sHsps. Second, CD molecules are added to solution and dissociate the
synthetic chaperone from weakly bound semi-folded protein intermediates. This is
achieved either by stripping detergent molecules from the protein intermediate
(Daugherty et al., 1998), or by destroying the gel nanoparticles, and in doing so
freeing bound protein intermediates (Akiyoshi et al., 1999). The freeing of bound
protein in this manner then allows for effective protein refolding, although the
degree to which cyclodextrin molecules interact with the refolding target protein is
unclear. This method has been demonstrated to be particularly efficient, and has
resulted in the return of carbonic anhydrase B and citrate synthase activity (an
indicator of protein refolding to a native conformation) in excess of 70% (Nomura
et al., 2003). Similarities between the role of hydrogen nanogels in this process and
that of sHsps, particularly a-crystallin, in vivo suggested that ar-crystallin might be
an effective (and more physiologically significant) replacement for nanogels as part

of a BCD-facilitated two-step protein refolding system. Further investigation,
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however, demonstrated this assumption to be incorrect; a,-crystallin was unable to
co-operate with BCD to enable the correct refolding of thermal-stressed catalase.
Light scatter at 340nm demonstrated that ar-crystallin was binding as expected to
aggregating catalase, and in doing so inhibiting large-scale protein aggregation.
Accordingly, it appears that the ability of BCD to meaningfully interact with cur-
crystallin-bound catalase is inhibited in this system.

While ar-crystallin effectively inhibits the aggregation of catalase in a
manner reminiscent of hydrogen nanogels and other synthetic chaperones, it would
seem impossible for BCD molecules to cause the dissociation of the ar-crystallin-
catalase complex. Dissociation of bound protein intermediates from hydrogen
nanogels in previous studies was facilitated by destruction of the functional
hydrogel nanoparticle (Akiyoshi et al., 1999). Binding of BCD to accessible
cholesterol moieties on hydrogen nanogels disrupts cross-linking within
nanoparticles, which results in the destruction of the nanoparticle, and the
subsequent freeing of bound protein intermediates (Akiyoshi ez al., 1999). This
would be impossible with ar-crystallin, and so fCD not be able to free ar-crystallin
bound catalase intermediates for subsequent refolding.

Interestingly, negative controls from Section 7.2.1 demonstrated little or no
ability for fCD to inhibit catalase aggregation on its own. Cyclodextrins have been
demonstrated previously to be efficient molecular chaperones (Karuppiah and
Sharma, 1995; Sharma and Sharma, 2001), although studies have generally
concentrated on the refolding of target proteins during renaturation-induced protein
aggregation, a process that is distinct from aggregation on the off-folding pathway.
Amorphous aggregation assays from Section 7.2.2 supported the controls from

Section 7.2.1, demonstrating that BCD was unable to inhibit the aggregation of
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catalase or insulin at a 50:1 molar ratio to target protein. There appeared to be little
or no correlation between BCD concentration and percentage protection for either
insulin or catalase aggregation, and percentage protection was never better than
11%.

BCD has been shown to inhibit the fibrillar aggregation of a variety of target
proteins, including AB-peptide (Qin et al., 2002; Danielsson et al., 2004). This
study is in agreement with previous studies, and demonstrated that BCD has
significant chaperone ability against the fibrillar aggregation of rcm K-casein, f3-
lactoglobulin, a-lactalbumin and both wild-type and A53T a-synuclein. The
significantly greater chaperone ability of CD than either aCD or yCD was in
agreement with previous AR-peptide aggregation studies (Qin et al., 2002).

BCD is a far more efficient chaperone of A53T and wild-type a-synuclein
aggregation than of rcm k-casein, 3-lactoglobulin or a-lactalbumin; at a 25:1 molar
ratio BCD inhibited both wild type and AS3T a-synuclein aggregation by over 85%,
compared to between 20 and 40% for the other target proteins studied. The structure
of a-synuclein may in part explain the observed differential chaperone ability of
BCD with various target proteins; native o-synuclein is largely un-structured in
vitro (Weinreb et al., 1996), which would provide a high degree of solvent
accessibility for binding sites on the target protein. While it is true that rcm k-casein
has a similarly relaxed structure, K-casein exists in a multimeric state that requires
dissociation into dimeric or monomeric protein intermediates before fibrillar
aggregation can begin (Ecroyd et al., 2008). Consequently, BCD would be more
able to bind extensively with a-synuclein, and in doing so facilitate a higher degree
of chaperone protection. Also requiring consideration is the time-frame over which

aggregation occurs; a-synuclein aggregation requires an incubation period
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approaching 180 hrs, while rcm k-casein, a-lactalbumin and B-lactoglobulin
aggregate over 20 hrs (and amorphous aggregation occurs in 2 hrs or less).
Cyclodextrins generally require extended incubation periods and a high degree of
solvent exposure to inhibit protein aggregation (Aachmann et al, 2003).
Consequently, a high rate of target protein aggregation may affect the ability of
BCD to interact with target proteins and inhibit protein aggregation.

It is significant that in this study BCD demonstrates little or no ability to
inhibit amorphous protein aggregation, but can effectively inhibit fibrillar
aggregation. Despite their structural and mechanistic differences, it is believed that
both amorphous and fibrillar aggregates occur as a result of non-specific
hydrophobic interactions (Das et al., 1996; Chiti et al., 1999; Singh and Rao, 2002;
Chiti and Dobson, 2006). Molecular chaperones are believed to inhibit aggregation
via the interaction of hydrophobic binding regions with areas of exposed
hydrophobicity on misfolded protein intermediates (Das et al., 1996; Singh and
Rao, 2002; Melkani et al., 2004). A number of molecular chaperones have been
shown to inhibit both fibrillar and amorphous aggregation, including o-crystallin
(Horwitz, 1992; Wilhelmus et al., 2006) and clusterin (Poon et al., 2002; Kumita et
al., 2007); this may be a consequence of the role of non-specific hydrophobic
interactions in both amorphous and fibrillar aggregation. The fact that cyclodextrins
demonstrate differential chaperone ability between amorphous and fibrillar
aggregation suggests that there may be some intrinsic characteristic of the
cyclodextrin chaperone mechanism that favours interaction with fibrillar
aggregation rather than amorphous aggregation. Characterisation of the fCD
chaperone mechanism may help to further understand the differences between

amorphous and fibrillar aggregation.
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Chapter 8 — Characterising the mechanism of cyclodextrin chaperone activity

8.1 Introduction

In Section 7.2, it was demonstrated that cyclodextrins can effectively inhibit the fibrillar
aggregation of a variety of proteins, including A53T and wild-type a-synuclein.
Conversely, BCD was unable to inhibit amorphous protein aggregation on the off-
folding pathway. The observed inhibition of fibrillar aggregation by cyclodextrins, fCD
in particular, is in agreement with previous studies (Qin ez al., 2002). While there is
extensive evidence to suggest that cyclodextrins are capable of inhibiting protein
aggregation (Karuppiah and Sharma, 1995; Sharma and Sharma, 2001), studies have
focused specifically on the misfolding of denatured proteins. Aggregation of this kind is
distinct from the amorphous aggregation of semi-folded protein intermediates on the
off-folding pathway.

Both fibrillar and amorphous aggregation are believed to result from non-specific
hydrophobic interactions between intermediately folded proteins (Chiti ez al., 1999;
Chiti and Dobson, 2006); consequently, molecular chaperones are often able to inhibit
both forms of protein aggregation. Clusterin, for example, inhibits the amorphous
aggregation of a-lactalbumin and y-crystallin (Poon ef al., 2002) as well as the fibrillar
aggregation of lysozyme (Poon ef al., 2002; Kumita ef al., 2007), and a-crystallin
inhibits the amorphous aggregation of insulin, alcohol dehydrogenase and a-lactalbumin

(Horwitz, 1992; Datta and Rao, 1999), as well as the fibrillar aggregation of
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apoliprotein C-II, k-casein and AB-peptide (Hatters ez al., 2001; Wilhelmus ef al., 2006;
Ecroyd et al., 2007, 2008). The specificity of cyclodextrin chaperone activity towards
fibrillar aggregation provides an important opportunity to better understand the
differences between the mechanisms of amorphous and fibrillar aggregation.
Characterising the specifics of BCD-target protein interactions during fibrillar
aggregation may provide insight into the factors that dictate the binding of target
proteins to molecular chaperones, and help elucidate the still speculative mechanism of

molecular chaperone activity.

Rationale for work presented in this chapter

Intrinsic fluorescence, ANS binding, competitive chaperone binding and circular
dichroism were used to provide a thorough insight into the nature of BCD interactions
with fibril forming proteins. Based upon these data, a speculative model of the
cyclodextrin chaperone mechanism is proposed. The proposed cyclodextrin chaperone
mechanism may provide an important starting point for further investigation into the

intrinsic factors driving fibrillar aggregation, as opposed to amorphous aggregation.
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8.2 Results

8.2.1 Intrinsic tryptophan fluorescence characterisation of fibrillar aggregation

in the presence of CD

Intrinsic tryptophan fluorescence can be used to monitor protein structure and
unfolding in situ (as described in Section 4.1). Fibrillar aggregation is believed to be
preceded by the unfolding and dissociation of the target protein into a relaxed,
amyloidogenic conformation (Chiti et al., 1999; Chiti and Dobson, 2006).
Consequently, intrinsic tryptophan fluorescence was used to investigate the initial
stages of the cyclodextrin chaperone mechanism. As both rcm k-casein and f3-
lactoglobulin contain tryptophan residues (k-casein, W155; B-lactoglobulin, W19,
W61), a shift in tryptophan fluorescence with time may be suggestive of protein
unfolding around these tryptophan residues prior to fibrillar aggregation.

Real-time intrinsic fluorescence was monitored over the course of rcm k-
casein and (-lactoglobulin fibrillar aggregation, in both the presence and absence of
BCD as a chaperone. There was no significant change in Anax over the course of rcm
K-casein fibrillation, while maximum fluorescence, decreased steadily (Figure 8.1).
It 1s believed that rem K-casein does not undergo significant unfolding prior to
fibrillar aggregation; rather, it appears that the K-casein multimer dissociates
directly into already highly amyloidogenic fibrillar precursors, allowing for
immediate association into fibrillar aggregates (Ecroyd et al., 2008). The lack of a
shift in rem K-casein intrinsic fluorescence agrees with this assumption, and
suggests no significant unfolding of rcm K-casein prior to or during fibrillar
aggregation. The presence of BCD increased maximum rcm K-casein intrinsic

fluorescence, slightly, but controls suggest that BCD increases L-trp fluorescence
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proportionally. BCD had no effect on rcm K-casein Amax, and the rate of maximum
fluorescence decrease was identical in the presence and absence of BCD.
Consequently, it appears that BCD had no effect on the dissociation of rcm k-casein.
With B-lactoglobulin as a target protein, however, a decrease in maximum
tryptophan fluorescence after 5 hours was accompanied by a red shift in Ayax
(Figure 8.2). A red-shift in A, indicates exposure of tryptophan residues to a more
polar environment, and so is suggestive of protein unfolding around tryptophan
residues. Accordingly, intrinsic tryptophan fluorescence data suggest 3-
lactoglobulin unfolding in the environment of residues W19 and W61 during the
initial stages of fibrillar aggregation. The addition of BCD to aggregating -
lactoglobulin increased maximum f-lactoglobulin tryptophan fluorescence, but L-
trp controls demonstrate that BCD increased L-trp fluorescence proportionally. The
addition of BCD to aggregating f-lactoglobulin had no effect on B-lactoglobulin
Amax, Or on the rate of maximum fluorescence decrease with time. Consequently, it
appears that BCD has no influence on the unfolding of 3-lactoglobulin prior to

fibrillar aggregation.
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Figure 8.1 — Real-time intrinsic tryptophan fluorescence of rcm k-casein fibril formation in
the presence (25:1 molar ratio) and absence of CD. Wavelength scans of intrinsic
tryptophan fluorescence during rem K-casein aggregation in the (a) absence and (b)
presence of BCD show a decrease in overall fluorescence intensity with time. (¢) Apax does
not change over the course of protein fibrillation, and is unaffected by the presence of BCD.
(d) Maximum fluorescence decreases steadily over the course of protein aggregation,
probably as a consequence of fluorescence quenching during aggregation. CD has little
effect on the rate of decrease.
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Figure 8.2 — Real-time intrinsic tryptophan fluorescence of 3-lactoglobulin fibril formation
in the presence (25:1 molar ratio) and absence of BCD. Wavelength scans of intrinsic
tryptophan fluorescence during -lactoglobulin aggregation in the (a) absence and (b)
presence of BCD show a decrease in overall fluorescence intensity with time. (¢) Apax shifts
to the red during the initial five hours of protein fibrillation, suggesting significant protein
unfolding during the initial stages of f-lactoglobulin aggregation. The shift in A,y is
unaffected by the presence of BCD. (d) Maximum fluorescence decreases steadily after 5
hours, probably as a consequence of fluorescence quenching during aggregation. CD has
little effect on the rate of decrease.
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8.2.2 Far UV circular dichroism spectroscopy of fibrillar aggregation in the

presence of CD

Far UV Circular dichroism spectroscopy was used to monitor structural
modifications accompanying the fibrillar aggregation of rcm k-casein, and in the
presence of BCD. Fibrillar aggregation can be observed via ellipticity at both 205
nm and 216nm; Fibrillar aggregation is characterised by an increase in 3-sheet
content, which is indicated by a decrease in ellipticity at 216nm over time.
Additionally, fibrillar aggregation is generally preceded by partial protein
unfolding, which is indicated by decreased ellipticity at 205nm during the initial
stages of aggregation.

Far UV CD spectra were observed for aggregating rcm K-casein in the
presence and absence of BCD at 0, 1, 2, 3, 6, 12, 18, 20 and 24hrs (Figure 8.3).
Aggregating rcm K-casein showed no significant change in ellipticity at 205nm
(characteristic of random coil structure) until after 18 hours. Random coil content
decreased substantially after 18 hours, suggesting that the majority of rcm K-casein
in solution was involved in structured, presumably fibrillar aggregates. Ellipticity at
216nm decreased slightly from 0-12 hrs, before a dramatic decrease between 12 and
24hrs. This implies a gradual increase in (3-sheet structure up to 12 hrs followed by
a significant increase in f3-sheet between 12 and 24hrs. $-Sheet is the primary
structural element of amyloid fibrils, and so it appears that fibril assembly occurs at
a steady rate for the first 12 hours of aggregation before a rapid period of B-sheet
stacking and fibril assembly after 12 hours.

The presence of BCD had no effect on aggregating rcm K-casein ellipticity at

205nm. Between 3 and 18 hours, ellipticity at 216nm remained significantly higher
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in the presence of BCD compared to the rcm k-casein control, demonstrating that
BCD inhibited rcm k-casein -sheet formation in this time period. After 18 hours,
ellipticity at 216nm decreased in a similar fashion to the rcm K-casein control.
Significant 3-sheet stacking appeared to be inhibited by BCD during the initial
stages of fibrillar aggregation, after which fibril assembly continued as in the
absence of BCD. The delay and inhibition of fibrillar assembly observed in the
presence of BCD supports the conclusions suggested by intrinsic fluorescence; that
is, PCD does not appear to influence the initial unfolding or dissociation of
aggregating proteins. Rather, BCD inhibits the formation of B-sheet rich structures
(presumably protofilaments) from already unfolded and dissociated protein

intermediates.
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Figure 8.3 — Ellipticity at a) 205nm and b) 216nm derived from far UV CD spectra of
aggregating rcm K-casein, in the absence and presence (25:1 molar ratio) of BCD. Ellipticity
at 205nm of aggregating rcm K-casein remained constant up to 18 hours. The presence of
BCD had no effect on ellipticity at 205nm. In the absence of BCD, ellipticity at 216nm of
aggregating rcm K-casein decreased slightly over the first 12 hours before decreasing
significantly after 12 hours. The presence of BCD increased ellipticity at 216nm over that of
the rem k-casein control between 3 and 18 hours. fCD appears to inhibit 3-sheet stacking
(and hence fibril formation) over the first 18 hours of aggregation.
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8.2.3 Competitive binding of ANS and g8 CD to aggregating proteins

BCD does not appear to influence the initial unfolding of fibril forming proteins, but
somehow disrupts the ordering and stacking of B-sheets. Competitive ANS binding
was used to determine if BCD binds in a generalised fashion to exposed
hydrophobic regions on the already partially unfolded target protein, in much the
same manner as a-crystallin and other sHsps (Raman and Rao, 1994; Das et al.,
1996). As previously described (Section 4.2), ANS binds to areas of exposed,
clustered hydrophobicity on molecules in vitro. Further, it has been reported that in
its capacity to bind to exposed hydrophobicity on aggregating proteins, ANS can act
as a molecular chaperone and inhibit protein aggregation (Fu ef al., 2005). ANS-
associated fluorescence of aggregating rcm K-casein and p-lactoglobulin was
measured in the presence and absence of BCD (Figure 8.4). ANS-associated
fluorescence should increase slightly during the initial stages of fibrillar
aggregation, as target proteins dissociate (rcm k-casein) or unfold (f3-lactoglobulin)
into amyloidogenic fibrillar precursors that exhibit a high degree of exposed
hydrophobicity. If BCD inhibits protein aggregation by reducing protein unfolding
or dissociation during the initial stages of fibrillar aggregation, the addition of fCD
to aggregating target proteins should result in little to no increase in ANS
fluorescence over time. Additionally, if BCD binds non-specifically to regions of
exposed hydrophobicity on the target protein during fibrillar aggregation,
competitive binding would occur between ANS and BCD, which would decrease
ANS fluorescence against target proteins aggregating in the absence of fCD.
ANS-associated fluorescence increased over the first ten hours of both rcm

K-casein and B-lactoglobulin fibrillar aggregation. This suggests the increasing
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exposure of hydrophobic intermediates during the initial stages of fibrillar
aggregation, either as a result of protein unfolding or oligomer dissociation into
amyloidogenic, hydrophobic precursors. ANS-associated fluorescence levelled off
after 10 hours for both target proteins. The addition of fCD to either rcm K-casein
or B-lactoglobulin during fibrillar aggregation had no effect on ANS-associated
fluorescence. This supports intrinsic fluorescence data from Section 8.2.1, and
demonstrates that BCD does not inhibit fibrillar aggregation by influencing the
unfolding or dissociation of target proteins into amyloidogenic precursors.
Additionally, it appears that ANS and fCD bind to unfolded proteins via
significantly disparate mechanisms to avoid competition for binding sites.

It may, however, be the case that ANS has a significantly increased binding
affinity to the unfolded target proteins over that of BCD, and consequently out-
competes BCD for binding sites. Were this true, BCD would have no influence on
ANS-associated fluorescence, as was seen in Figure 8.4. To investigate this,
aggregation profiles of rcm K-casein (monitored via ThT-associated fluorescence)
with a 50:1 molar excess of either ANS or BCD, as well as a combination of ANS
and BCD, were compared. It was assumed that if ANS was entirely out-competing
BCD for binding sites on K-casein, the percentage protection of ANS against rcm k-
casein aggregation would be identical to the percentage protection of an ANS-FCD
combination. While there did not appear to be an entirely additive effect between
ANS and BCD, the combination of both chaperones had a larger percentage
protection than the sum of the individual percentage protection values of ANS and
BCD (labelled ‘theoretical’) (Figure 8.5). This implies that the two molecules bound
to aggregating rcm K-casein in a significantly separate manner to avoid competitive

binding. Consequently, it appears that BCD is not necessarily inhibiting protein
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fibril formation by binding non-specifically to areas of exposed hydrophobicity on

the aggregating target proteins.
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Figure 8.4 — ANS binding with (a) rcm k-casein and (b) p-lactoglobulin during fibrillar
aggregation in the presence of fCD. ANS-associated fluorescence increased over the first 8
- 10 hours for both rcm x-casein and f3-lactoglobulin, suggesting dissociation or unfolding
into a relaxed, amyloidogenic precursor conformation with increased exposed
hydrophobicity. The presence of fCD had no effect on ANS binding to either rcm k-casein
or 3-lactoglobulin during fibrillar aggregation. There was no competition for binding sites
between BCD and ANS.
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Figure 8.5 — Percentage protection values from rcm K-casein fibrillar aggregation in the
presence of excess ANS and/or CD. ANS, fCD and a combination of ANS and BCD
inhibited fibrillar aggregation. Percentage protection calculations demonstrate that
chaperone ability of the BCD and ANS combination was higher than sum of CD and ANS
individually (labelled ‘theoretical’). ANS and BCD did not appear to compete for binding
sites on aggregating rcm K-casein.
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8.2.4 Competitive binding of ar-crystallin and § CD to aggregating proteins

To further investigate the nature of hydrophobic interactions between $CD and
aggregating target proteins, competitive binding of ar-crystallin and BCD was
monitored via ThT fluorescence chaperone assays. It is believed that during its
chaperone action, ar-crystallin binds to aggregating proteins via hydrophobic
interactions (Raman and Rao, 1994; Das ef al., 1996). If CD binds to target
proteins via a similar non-specific hydrophobic mechanism, binding of fCD to
target proteins should preclude the binding of ar-crystallin (or vice-versa). ThT-
associated fluorescence assays demonstrated that ar-crystallin (at a 1:1 molar ratio
of chaperone to target protein), BCD (at a 25:1 molar ratio of chaperone to target
protein), and a combination of both ar-crystallin and BCD each effectively inhibited
rcm K-casein aggregation (Figure 8.6). Percentage protection of the CD/ar-
crystallin combination was comparable to the sum of the percentage protection
values of individual ar-crystallin and BCD (labelled ‘theoretical’, as in Section
8.2.3). There appeared to be no competition between the chaperone mechanisms of
ar-crystallin and BCD; the ability of BCD to inhibit target protein aggregation was
not compromised by the addition of ar-crystallin, and vice versa. BCD does not
appear to compete with ar-crystallin for binding sites on aggregating rcm K -casein
and B-lactoglobulin, which suggests that the two molecules bind to target proteins
by significantly disparate mechanisms. This supports ANS data from Section 8.2.3,
suggesting that BCD does not bind to target proteins via non-specific hydrophobic

interactions.
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Figure 8.6 — Percentage protection values from rcm k-casein fibrillar aggregation in the
presence of ar-crystallin and/or BCD. ar-Crystallin, BCD and a combination of ar-
crystallin and BCD inhibited the fibrillar aggregation of rcm k-casein. Percentage protection
calculations demonstrate that the chaperone ability of the ar-crystallin and fCD
combination was comparable to the sum of ar-crystallin and BCD individually (labelled
‘theoretical’). ar-crystallin and BCD did not appear to compete for binding sites on
aggregating rcm K-casein.

194



Chapter 8 — Characterising the cyclodextrin chaperone mechanism

8.2.5 The relationship between target protein aggregation rate and g CD

chaperone ability

Data from Section 7.2 show that BCD is better able to inhibit the fibrillar
aggregation of wild-type and A53T a-synuclein than of a-lactalbumin, 8-
lactoglobulin or rcm k-casein. Importantly, both wild-type and AS3T a-synuclein
aggregated at a much slower rate than either a-lactalbumin, f3-lactoglobulin or rcm
K-casein; this may help explain the enhanced chaperone ability of fCD against
wild-type and A53T a-synuclein. Previous studies have shown that cyclodextrins
require highly solvent exposed binding sites for interactions with target proteins,
and preferentially interact with significantly unfolded proteins (Aachmann et al,
2003). Slowly aggregating target proteins would facilitate more accessible binding
sites for BCD-target protein interaction, as target proteins remain in a semi-folded
state for a greater period of time. This, in turn, may enhance BCD chaperone ability.
The relationship between the rate of target protein aggregation and fCD
chaperone ability was investigated using a similar method to that described in
Section 4.2.7. The analysis used a-lactalbumin, 3-lactoglobulin, rem k-casein, wild-
type a-synuclein and A53T a-synuclein fibrillar aggregation data from Section 7.2.
The aggregation data compared for investigation involved differing target proteins
and protein concentrations, as well as different ThT stocks. These factors could
result in differing ThT fluorescence intensities between data sets, irrespective of
protein aggregation; consequently, comparing the rate of ThT-fluorescence increase
over time was not considered an accurate method of investigation. To accommodate
for the differences in aggregation conditions between data sets, the time taken to

maximum fluorescence (tMax) was used as an indicator of the rate of target protein
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aggregation. Percentage protection values (at a 25:1 molar ratio of fCD to target
protein) were plotted against tMax in each assay (Figure 8.7). As with data from
Section 4.2.7, a statistically significant relationship between tMax and percentage
protection values (as determined by r* values) suggests that the rate of target protein
aggregation directly influences CD chaperone ability.

There were strong linear, logarithmic and exponential relationships between
BCD percentage protection and the time to maximum ThT-fluorescence for
aggregation assays from Section 7.2. BCD chaperone ability increased
proportionally as the rate of fibrillar aggregation decreased (linear fit r* = 0.9482,
exponential fit r* = 0.9172, linear fit r* = 0.8698). This demonstrates a direct
relationship between the rate of target protein aggregation and BCD chaperone
ability, and suggests that the rate of target protein aggregation directly influences

the chaperone ability of BCD.

196



Chapter 8 — Characterising the cyclodextrin chaperone mechanism

Percentage protection

120

100

80

60

40

20

0 20 40 60 80 100 120
tMax (hrs)

Figure 8.7 - Percentage protection versus the time taken to maximum ThT fluorescence
(tMax) for data from Section 7.2. There were strong linear, logarithmic and exponential
relationships between BCD percentage protection and the time taken to maximum ThT
fluorescence (1* = 0.9482, 0.8698 and 0.9172, respectively). The rate of target protein
aggregation directly influences the chaperone ability of CD.
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8.3 Discussion

Intrinsic fluorescence data demonstrated that CD did not significantly affect the
unfolding (f-lactoglobulin) or dissociation (rcm K-casein) of proteins during the
initial stages of fibrillar aggregation. It appears that cyclodextrins prevent fibrillar
aggregation by interacting with already unfolded, sometimes dissociated target
proteins. Previous studies support this conclusion; it has been demonstrated that
cyclodextrins preferentially interact with highly unfolded target proteins (Karrupiah
and Sharma, 1995; Aachmann et a/, 2003), and require binding sites on target
proteins with a high degree of solvent exposure to enable cyclodextrin/target protein
interaction (Aachmann et a/, 2003).

Circular dichroism spectroscopy from this study further supports this
conclusion, demonstrating that BCD had little effect on the dissociation of rcm x-
casein prior to fibrillar aggregation. It appeared that BCD had little effect on rcm k-
casein random coil content, but significantly delayed the emergence of B-sheet
structure of aggregating rcm k-casein for up to 18 hours. After this time, fCD
appeared to have no influence on rcm k-casein aggregation, and fibrillar
aggregation (as implied by increasing [3-sheet content) continued as in the control
sample.

BCD had no effect on the ANS-associated fluorescence of 3-lactoglobulin or
rcm K-casein during the initial stages of fibrillar aggregation, demonstrating that
BCD did not influence the exposed hydrophobicity of either target protein during
fibrillar aggregation. An increase in exposed hydrophobicity can be interpreted as
partial protein unfolding (in the case of -lactoglobulin) or dissociation into semi-

folded monomers or dimers (in the case of rcm k-casein), as would occur prior to
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fibril assembly; accordingly, these data support the intrinsic tryptophan fluorescence
and circular dichroism data, and suggest that the presence of CD has no effect on
the initial unfolding (B-lactoglobulin) or dissociation (rcm K-casein) of target
proteins prior to fibril assembly. Competitive binding of ANS and BCD to
aggregating rcm K-casein showed that there was little or no competition for binding
sites between ANS and BCD. ANS fluorescence was constant in the presence and
absence of BCD, suggesting that ANS binding was not inhibited by the presence of
BCD. Additionally, neither BCD’s, nor ANS’s ability to protect against fibrillar
aggregation was affected by the presence of the other molecule. The non-
competitive binding of ANS and BCD to rcm K-casein suggests distinct binding
mechanisms, or regions of binding, for ANS and BCD. ANS binds non-specifically
to areas of exposed, clustered hydrophobicity on target proteins (Freifelder, 1982),
and is believed to inhibit fibrillar aggregation as a consequence of non-specific
hydrophobic interactions with aggregating target proteins (Fu et al., 2005). The lack
of competition between BCD and ANS for binding sites on aggregating rcm K-
casein implies that BCD does not interact with target proteins in a non-specific
hydrophobic manner, and consequently that the CD chaperone mechanism is not
driven by non-specific hydrophobic interactions with target proteins.

Competitive chaperone assays of ar-crystallin and CD with aggregating
rcm K-casein support this conclusion. As an sHsp, ar-crystallin is believed to bind
to exposed hydrophobic regions on misfolded protein intermediates (Raman and
Rao, 1994; Das et al., 1996). BCD chaperone ability was unaffected by the presence
of ar-crystallin, and likewise arr-crystallin chaperone ability was unaffected by the

presence of BCD. From this it can be inferred that BCD and ar-crystallin bind to
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aggregating target proteins via sufficiently distinct mechanisms, which allows for
the simultaneous binding of both molecules to target proteins.

Previous studies have shown that the annulus of the cyclodextrin ring
preferentially accepts the insertion of aromatic amino acid side-chains from target
proteins (Oh et al., 1998; Otzen et al., 2002; Aachmann ef al., 2003; Danielsson et
al., 2004). NMR spectroscopy has shown that aromatic side-chains are inserted into
the BCD cavity during the inhibition of fibrillar aggregation (Qin et al., 2002;
Danielsson et al., 2004), and that BCD is unable to interact with phenylalanine-free
ApB-peptide mutants (Danielsson et al., 2004) This may help to explain the observed
lack of competition for target protein binding sites between BCD and either ANS or
ar-crystallin. While both ANS and ar-crystallin bind non-specifically to areas of
exposed hydrophobicity on target proteins, it appears that CD may instead bind
specifically to aromatic amino acid side-chains. Interaction in this manner would
allow for the simultaneous binding of CD and either ANS or ar-crystallin to
aggregating target proteins. Further, this may help to explain the observed
dependency of cyclodextrin binding on high levels of target protein solvent
exposure (Aachmann et a/, 2003), and the observation that cyclodextrins are most
able to chaperone denatured and significantly unfolded target proteins (Karrupiah
and Sharma, 1995; Sharma and Sharma, 2001); the highly specific cyclodextrin
binding sites on target proteins would necessitate a comparatively high degree of
accessibility, and would favour significantly unfolded target proteins. This idea is
supported by the observed intrinsic tryptophan fluorescence, ANS fluorescence and
CD data, which demonstrated that CD has little or no influence on target protein
unfolding, but delays and decreases the formation of stacked [-sheet structure in

aggregating rcm K-casein.
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Recent data suggest that side chain interactions, particularly t-bonding
between aromatic residues on adjacent B-sheet strands, may be necessary for the
stacking and stabilisation of amyloid protofilaments (Gazit, 2002; Porat et al., 2004;
Zanuy et al., 2004; Makin et al., 2005). Aromatic residues, particularly tryptophan
and phenylalanine, have been identified to be amongst the most ‘amyloid-prone’
amino acid residues (Pawar et al., 2005). The disruption of m-bonding between
aromatic residues has been suggested as an explanation for the anti-amyloid
properties of aromatic-binding molecules, polyphenols in particular (Ono et al.,
2003, 2004; Taniguchi et al., 2005; Porat et al., 2006). This theory is supported by
the observed insertion of aromatic amino acid residues into the annuli of fCD
molecules during the inhibition of AP peptide aggregation (Qin et al., 2002;
Danielsson et al., 2004).

Our data, coupled with previous findings, suggest a mechanism for fCD
chaperone activity based upon BCD binding to exposed aromatic residues on
unfolded or partially folded target proteins (Figure 8.8). Prior to fibrillar
aggregation, natively folded target proteins unfold or dissociate into a relaxed
conformation that acts as a precursor to fibrillar aggregation (Chiti et al., 1999;
Chiti and Dobson, 2006). Hydrophobic regions on these amyloidogenic protein
intermediates associate into $-sheet stacks, forming protofilaments that arrange
themselves to form amyloid fibrils (Chiti et al., 1999; Chiti and Dobson, 2006).
This is a simplified explanation of the fibrillar aggregation mechanism, but is
representative of a general model describing amyloid fibril formation. Exceptions to
this model have been reported; rcm k-casein, for example, dissociates directly into
partially folded, highly amyloidogenic monomers that can immediately associate

into fibrillar aggregates (Ecroyd et al., 2008). Protein unfolding (or dissociation)
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into amyloidogenic monomers is unaffected by the presence of BCD; BCD
molecules are instead able to interact with solvent accessible aromatic amino acid
residues on relaxed target protein intermediates. The insertion of aromatic side
chains into the annulus of cyclodextrin molecules inhibits the correct stacking of
adjacent [-sheets on developing protofilaments by disrupting m-bonding, and
destabilises the developing protofibrils. This in turn inhibits the formation of

amyloid fibrils.
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Figure 8.8 — Schematic representation of fibrillar aggregation in the (a) absence and (b)
presence of BCD. The aggregation mechanism is by necessity simplified, but provides a
general representation of fibrillar aggregation. Native proteins unfold (or dissociate) into an
amyloidogenic precursor conformation, which facilitates $-sheet stacking and the assembly
of protofilaments. These protofilaments then arrange into fibrillar aggregates. In the
presence of BCD (b), natively folded proteins unfold or dissociate as normal. The relaxed
conformation of amyloidogenic proteins allows BCD molecules to interact with exposed
aromatic residues of the target protein. Insertion of aromatic side chains into CD
molecules inhibits $-sheet stacking and disrupts s-bonding that stabilises protofilaments.
This, in turn, inhibts amyloid fibril formation.
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Recently, the fibril-forming cores of rcm k-casein (Ecroyd et al., 2008) and
a-synuclein (Qin et al., 2007) have been determined via a combination of mass
spectroscopy and NMR spectroscopy. The fibril-forming core of k-casein contains
eleven aromatic residues; three phenylalanine (F38, F39 and F76) and eight
tyrosines (Y56, Y59, Y63, Y64, Y79, Y81, Y82 and Y91), which account for 18%
of residues in the fibril-forming region. a-Synuclein has two aromatic residues in its
fibril-forming core; one phenylalanine (F94) and one tyrosine (Y39). These residues
could provide binding sites for BCD molecules during amyloid fibril formation, and
to an extent support the aromatic residue-binding model proposed above.
Importantly, both of the amorphous aggregation target proteins used in this study
contain a significant number of aromatic side chains (58 in catalase, 8 in insulin).
Assuming that the proposed BCD binding model is feasible, it appears that there are
adequate aromatic binding sites available for PCD-target protein interactions for
amorphously aggregating catalase and insulin, but that the rapid nature of
amorphous aggregation does not allow for significant interaction between fCD and
aggregating target proteins. Similarly, the conformation of intermediately folded
protein monomers may vary between the initial stages of amorphous and fibrillar
aggregation, such that protein intermediates preceding amorphous aggregation do
not significantly expose aromatic residues for CD binding.

There has so far been limited investigation into the correlation between
target-protein aromatic residue content and cyclodextrin chaperone ability. As
discussed previously, AB-peptide studies have demonstrated that BCD interacts with
F19 and F20 during chaperone activity, and that BCD is unable to bind to a
phenylalanine-free Ap-derived peptide or prevent aggregation (Danielsson et al.,

2004). Further investigation into a possible differential CD chaperone ability
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between aromatic-rich and aromatic-poor target proteins may provide definitive
evidence as to the veracity of the BCD chaperone mechanism proposed in this study.
If verified, this binding model suggests a number of exciting physiological
implications. Cyclodextrins, as naturally occurring molecules, provide an excellent
opportunity to investigate the therapeutic inhibition of disease-related fibrillar
aggregation. fCD has now been demonstrated to inhibit the fibrillar aggregation of
AB-peptide (Qin et al., 2002; Danielsson et al., 2004) and A53T a-synuclein
(Section 7.2). These proteins are implicated in two of the most prevalent
neurodegenerative diseases, Alzheimer’s and Parkinson’s disease. Both o and yCD
have_been approved for use as novel foods by the Australia New Zealand Food
Authority (ANZFA), and BCD has been approved as a processing agent. Further
characterisation and analysis of this mechanism may provide important applications

for the inhibition of disease-causing protein misfolding in vivo.
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Chapter 9 — Conclusions and future directions

Chapter 9 — Conclusions

9.1 a-Crystallin chaperone ability is pH sensitive

The results presented in this thesis show conclusively that the chaperone ability of
a-crystallin and its subunits is pH dependent against amorphous aggregation.
Amorphous target protein aggregation, resulting from both thermal and reduction
stress, demonstrates that ar-, aA- and aB-crystallin are all significantly better
chaperones at pH 7.0 and above compared to at pH 6.0 and pH 6.5. This pH
sensitivity is of particular relevance in the lens, where aA-crystallin is the primary
molecular chaperone. The nucleus of the lens, where aged cells accumulate, is
significantly more acidic (pH 6.7) than the exterior epithelial or cortical cells of the
lens (pH 7.2) (Bassnett and Duncan, 1985; 1987). The lack of protein turnover in the
lens ensures that the oldest lens crystallins accumulate in the nucleus, and these
crystallins are more prone to modification and consequential aggregation; reduced
pH in the nucleus may further compromise the chaperone function of a-crystallin as
the lens ages, and help explain the preferential development of age-related cataract
in the lens nucleus (Truscott, 2005). Additionally, the observed pH-sensitive
chaperone ability may compromise the ability of extra-lenticular a.B-crystallin to
inhibit fibrillar aggregation in low pH environments, for example at sites of
localised acidosis. aB-crystallin expression is elevated in response to extra-
lenticular amyloidosis in what is believed to be an extra-cellular protection
mechanism (Shinohara et al., 1993; Renkawek ef al., 1994), and has been isolated
from low-pH exclusion bodies characteristic of Parkinson’s disease (Lowe ef al.,

1990; Lowe et al., 1992; Mizutani ef al., 1998). AB-peptide aggregation,
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characteristic of Alzheimer’s disease, is accompanied by localised acidosis, and is
promoted at pH 6.0 (Khandogin and Brooks, 2007).

The pH-sensitive chaperone ability of a-crystallin observed against
amorphous aggregation was not seen against the fibrillar aggregation of rcm K-casein.
This may result from inherent differences between the aggregation mechanisms of
amorphous and fibrillar aggregation, but may equally be a consequence of the
atypical aggregation method of rcm K-casein, as identified by Ecroyd et al. (2008).
Support for this latter interpretation comes from the significantly reduced chaperone
ability of ar-, aA- and aB-crystallin against rcm K-casein aggregation, reported here
and in the work of others (Rekas et al., 2007; Ecroyd et al., 2007; Ecroyd and
Carver, 2008). Accordingly, it is entirely possible that the data presented here for
rcm K-casein aggregation are not typical of a-crystallin chaperone ability against
fibrillar aggregation, and that the ability of aB-crystallin to inhibit extra-lenticular
fibrillar aggregation in vivo is pH-sensitive in the same manner as its ability to
inhibit amorphous aggregation in vitro. If this is the case, the ability of aB-crystallin

to function as an effective chaperone under conditions of localised amyloidosis may
be compromised in vivo.

There appears to be no clear structural correlation between pH and
chaperone ability of a-crystallin. Whilst all three crystallins are partially unfolded at
pH 6.0 and pH 6.5, compared to pH 7.0 and above, and demonstrate a higher degree
of exposed hydrophobicity, this does not appear to directly influence their ability to
inhibit target protein aggregation. At pH 3.5 and below, where aA- and a.B-
crystallin are highly unfolded, chaperone ability is significantly heightened over that

of pH 6.0, or even pH 8.0. These observations are reminiscent of the thermally-
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enhanced chaperone ability of a-crystallin observed by Raman and Rao (1994),
amongst others (Das and Surewicz, 1995; Datta and Rao, 1999, Reddy ef al., 2000).
A thorough reading of the available literature suggests that increasing exposed
hydrophobicity can both increase (Das and Surewicz, 1995; Datta and Rao, 1999)
and decrease (Smulders ef al., 1995) chaperone ability, and so whilst surface
hydrophobicity probably plays some role in dictating chaperone ability, it does not
directly correlate with the ability of a-crystallin and its subunits to protect against
target protein aggregation.

A kinetic relationship between the rate of target protein aggregation and the
ability of a-crystallin to inhibit target protein aggregation does not appear to be a
sufficient explanation for the pH sensitive chaperone ability of a-crystallin observed
in this thesis. Reduction-stress induced aggregation of a-lactalbumin at 37°C
demonstrated a strong correlation between the rate of protein aggregation and o-
crystallin percentage protection; as the rate of a-lactalbumin aggregation increased,
ar-, aA- and aB-crystallin chaperone ability decreased. For all other target proteins
and aggregation conditions, however, no such relationship was evident. It has been
demonstrated previously that when the rate of target protein aggregation
significantly outpaces the subunit exchange between a-crystallin and target
proteins, chaperone ability is compromised (Lindner ef al., 2001); consequently, -
crystallin is believed to be a better chaperone of slowly aggregating target proteins.
In this study, however, the relationship between target protein aggregation rate and
a-crystallin chaperone ability does not appear to be a significant factor in explaining
the observed pH sensitivity of a-crystallin chaperone ability.

The relative thermal stability of both a-crystallin and its subunits may have

a more direct effect on chaperone ability with varying pH, particularly at pH 6.0.
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Initial chaperone assays (Section 3.2.1) were undertaken at elevated temperatures
(55°C or 60°C), at which a-crystallin has been previously shown to begin to unfold
(Surewicz and Olesen, 1995; Gesierich and Pfeil, 1996). At these temperatures, o-
crystallin has been shown to retain a high degree of both stability and solubility, and
function effectively as a molecular chaperone (Raman and Rao, 1994; Raman et al.,
1995; Das and Surewicz, 1995; Datta and Rao, 1999). However, the solubility and
thermal stability of ar-crystallin appears to be directly influenced by pH, and ar-
crystallin is unable to form stable complexes with target proteins at 55°C and pH
6.0 (and to a lesser extent at pH 6.5). This corresponds with decreased chaperone
ability for both ar-crystallin and its subunits, and so provides a possible explanation
for the influence pH has on the chaperone ability of these proteins. However, even
at lower temperatures, where ar-crystallin is demonstrated to be neither unfolded
nor structurally unstable at pH 6.0 and 6.5, there remains a clear correlation between
pH and chaperone ability. It appears therefore that while the relative thermal
stability of a-crystallin may exacerbate the influence of pH on the ability of a-
crystallin to inhibit target protein aggregation, it is not necessarily the sole cause of
this phenomenon.

Chemical modification of exposed histidine residues largely removed the pH
sensitivity of aB-crystallin chaperone ability. DEPC modification of histidine
residues significantly increased the chaperone ability of aB-crystallin at pH 6.0 and
6.5, but had no effect on the chaperone ability of aB-crystallin between pH 7.0 and
8.0. While the chaperone ability of DEPC-bound aB-crystallin was still
significantly lower at pH 6.0 than at pH 6.5 and above, there was no significant
difference in DEPC-bound aB-crystallin chaperone ability between pH 6.5 and 8.0.

DEPC binding to exposed histidine residues inhibits histidine protonation (Dietz et
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al., 1992; Carneiro et al., 2003; Kawali et al., 2005); consequently, protonation of an
exposed histidine residue or residues appears to be primarily responsible for the
decreased chaperone ability of aB-crystallin (and most likely also ar- and aA-
crystallin) at pH 6.0 and 6.5. Interestingly, site-directed mutagenesis of a specific
histidine residue, H83, in the chaperone-binding region of aB-crystallin, did not
improve the chaperone ability of aB-crystallin at pH 6.0 and 6.5 relative to wild-
type aB-crystallin. It would appear that protonation of H83 is not involved in the
pH-sensitivity of aB-crystallin chaperone ability, or else that protonation of several
histidine residues is responsible for the decreased chaperone ability of a-crystallin

at pH 6.0 and 6.5, compared to at pH 7.0 and above.

9.2 Cyclodextrins are effective molecular chaperones of fibrillar aggregation

Whilst it is commonly stated that cyclodextrins are efficient molecular chaperones,
an appraisal of the literature shows that this is predominantly the case in situations
of renaturation-induced aggregation. During this type of aggregation, the target
protein is significantly, if not totally unfolded for extended periods of time in the
presence of a denaturant (for example, urea or guanadinium hydrochloride), and
then induced to refold via the removal of the initial denaturant (Karuppiah and
Sharma, 1995; Sharma and Sharma, 2001). Aggregation of this type is distinct from
that of the off-folding pathway, in which semi-folded protein intermediates
aggregate via hydrophobic interactions between multiple intermediates. In the
dynamic, intermediate-derived aggregation characteristic of the off-folding
pathway, there 1s only limited evidence to suggest that cyclodextrins function as

efficient chaperones (Tavornvipas et al., 2004), and instead function as the second
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stage of a two-step refolding pathway; this mechanism necessitates an additional
molecular chaperone, acting in much the same manner as an sHsp, to capture
aggregating target proteins (Rozema and Gelman, 1996; Daugherty et al., 1998;
Akiyoshi et al., 1999; Nomura et al., 2003).

As shown in this thesis cyclodextrins do, however, efficiently inhibit the
fibrillar aggregation of target proteins under a variety of conditions. BCD is more
efficient in this capacity than either aCD or yCD, and favours slower rates of
protein aggregation. The relationship between protein aggregation rate and
percentage protection suggests that kinetic considerations are a significant factor in
the BCD chaperone mechanism, and might be explained by the high specificity of
BCD-target protein binding. Both the available literature and data presented here
suggests that BCD does not bind to aggregating target proteins in a non-specific
hydrophobic manner, and is unable to prevent the initial unfolding of target
proteins. Rather, BCD appears to interact with fibril-forming proteins during the
assembly of protofilaments, and thereby delays the onset of [3-sheet stacking. This
most probably occurs via interactions with aromatic residues (Qin ef al., 2002;
Aachman et al., 2003; Danielsson et al., 2004), which are increasingly demonstrated
to play a significant role in fibrillar aggregation (Gazit, 2002; Porat ef al., 2004;
Zanuy et al., 2004; Makin et al., 2005). This highly specific mode of interaction
would require both significant solvent exposure and a relatively slow rate of protein
aggregation, both of which are suggested to be key factors in enabling BCD-protein
interaction (Aachman et al., 2003). More significantly, BCD has been shown to be
unable to interact with phenylalanine-free mutants of the Af-peptide, a peptide that
BCD normally binds strongly to (Danielsson et al., 2004). The weight of data

suggests a putative chaperone mechanism reliant upon the insertion of aromatic
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side-chains into the central fCD cavity, inhibiting m-bonding between [-strands in
fibrillar protofilaments, and consequently delaying or inhibiting fibril formation.
Polyphenols have recently been demonstrated to inhibit fibril formation via a
similar method, and this provides an exciting insight into potential anti-amyloid
applications (Ono ef al., 2003, 2004; Taniguchi et al., 2005; Porat et al., 2006). The
data presented here are particularly pertinent in light of the inhibition by fCD of
AS53T a-synuclein fibrillar aggregation, a protein characteristic of Parkinson’s
disease (Tofaris and Spillantini, 2005, 2007). An approximately 2:1 weight to
weight ratio of BCD with A53T a-synuclein was able to inhibit target protein
aggregation in excess of 90%, suggesting a possible therapeutic role for
cyclodextrins in inhibiting amyloidosis iz vivo. The ability of small, aromatic-
binding compounds such as cyclodextrins to inhibit fibrillar aggregation demands
further research into their use for inhibiting amyloid formation in vivo, and thereby

combating neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease.

9.3 Future directions

The pH sensitivity of a-crystallin chaperone ability has been shown conclusively in
this study, except in regards to rcm K-casein fibrillar aggregation. It is possible that
the unexpected results observed for rem k-casein aggregation are a consequence of
the atypical mechanism of k-casein fibril formation, and not necessarily
representative of differences between the mechanisms of fibrillar and amorphous
aggregation. To determine whether the ability of a-crystallin to inhibit fibrillar
aggregation is pH sensitive, in the same manner as against amorphous aggregation,

it would be necessary to repeat the experiments from Section 3.2.3 with two or more
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target proteins that form amyloid fibrils between pH 6.0 and 8.0. Most fibrillary
aggregating species require very specific solution conditions for fibrillar
aggregation, and it is difficult to identify target proteins that will aggregate
satisfactorily at both pH 6.0 and 8.0; possible exceptions include ccf-peptide and
ApB-peptide, which aggregate under a variety of solution conditions and may help to
clarify the relationship between pH and a.-crystallin chaperone ability against
fibrillar aggregation.

It is likely that the protonation of histidine residues influences the chaperone
ability of ar- and a.A-crystallin, as has been observed in this thesis for aB-
crystallin. This cannot be definitively stated, however, until both aA- and our-
crystallin have been similarly investigated. Repetition of the DEPC-binding studies
from section 7.2.1 utilising ar- and aA-crystallin as molecular chaperones will
provide an overall picture of the role of histidine residues in the chaperone ability of
a-crystallin.

While this study involved a thorough investigation into the causes of a-
crystallin’s pH sensitive chaperone ability, the exact role of histidine protonation is
not yet clear. It appears that an exposed histidine residue or residues, of which aB-
crystallin has four, is implicated in the chaperone ability of aB-crystallin. It is
unclear whether the protonation of a single or several histidine residues results in
the decreased chaperone ability of aB-crystallin at pH 6.0 and 6.5, based upon the
current data. Data show that protonation of H83 on its own does not result in
decreased aB-crystallin chaperone ability below pH 7.0, and so it would appear that
several other histidine residues are implicated in the pH-sensitivity of aB-crystallin
chaperone ability. Characterising the specific histidine residues involved in aB-

crystallin chaperone action would be difficult; mass spectroscopy of DEPC-bound
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aB-crystallin would be unhelpful in determining which histidine residues are
modified by DEPC, as the ethoxyformyl product is inherently unstable (Tawfik,
1996). Synthesis of a series of his -> ala mutants, focusing on the C-terminal
domain of aB-crystallin, would be necessary to determine which specific histidine
residues are implicated in the pH-sensitivity of aB-crystallin chaperone ability.

The demonstrated ability of cyclodextrins to inhibit fibrillar aggregation
provides a wealth of future research options and potential clinical applications. In
relation to this study, however, there are still a number of experiments that would
help clarify the proposed fCD-target protein binding mechanism. So far, very little
has been done to investigate the differential binding and chaperone ability of fCD
to target peptides with a high and low proportion of aromatic residues. Whilst fCD
binds to and inhibits the aggregation of AB-peptide, the demonstrated inability of
BCD to bind to aggregating phenylalanine-free AB-peptide mutants suggests that
BCD will preferentially bind to, and consequently inhibit, the aggregation of
aromatic residue-rich peptides and proteins (Danielsson et al., 2004). To quantify
this it would be both necessary and helpful to investigate the ability of fCD to
inhibit the aggregation of a variety of fibril forming peptides with varying aromatic
residue content. This in turn would support the BCD-target protein binding
mechanism suggested in this study.

BCD facilitates the refolding of aggregating target proteins, either
individually or as part of a two-step refolding pathway (Karuppiah and Sharma,
1995; Rozema and Gelman, 1996; Daugherty et al., 1998; Sharma and Sharma,
2001). From this it seems possible that, in addition to inhibiting fibrillar
aggregation, fCD might be able to facilitate the refolding and return of function of

aggregating target proteins. Currently, there are few enzymatically active proteins
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for which fibrillar aggregation has been extensively characterised. Lysozyme
fibrillar aggregation has been characterised under a variety of conditions, and two
lysozyme mutants (I56T, D67H) are characteristic of amyloidosis in vivo (Pepys et
al., 1993; Booth et al., 1997, Kumita et al., 2007). Further, the commonly used
lysozyme functionality assay is simple and rapid, and so lysozyme provides a
perfect model for investigating the refolding ability of BCD during the inhibition of
fibrillar aggregation. A return of function of BCD-bound aggregating lysozyme, as
determined by the breakdown of bacterial cell membrane, would suggest return of

correct folding and definitively demonstrate the refolding ability of BCD.
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Appendix A — Reagents, suppliers and materials

A.1 Reagents and suppliers

Reagent

a-lactalbumin

ammonium hydrogen carbonate
ammonium persulphate

ammonium sulphate

ampicillin
ANS
B-lactoglobulin

[-mercaptoethanol

bis-acrylimide (40%)

catalase
coomassie blue
deoxycholic acid
DEPC

DMSO

DNAse I

DTT

Ethanol

glacial acetic acid
glycine
hydrochloric acid
hydrogen peroxide
insulin

1odoacetic acid
IPTG

K-casein
kanamycin

L-trp

Lysozyme

Methanol

Supplier

Sigma-Aldrich, MO, U.S.A

Ajax Finechem, N.S.W., Australia
Merck Scientific, Vic., Australia
Merck Scientific, Vic., Australia
Sigma-Aldrich, MO, U.S.A
Sigma-Aldrich, MO, U.S.A
Sigma-Aldrich, MO, U.S.A
Amresco Pty. Ltd., OH, U.S.A
Amresco Pty. Ltd., OH, U.S.A
Sigma-Aldrich, MO, U.S.A

MP Biochemicals, OH, U.S.A
Astral Scientific, N.S.W., Australia
Sigma-Aldrich, MO, U.S.A

Ajax Finechem, N.S.W., Australia
Sigma-Aldrich, MO, U.S.A

Astral Scientific, N.S.W., Australia
Ajax Finechem, N.S.W., Australia
Merck Scientific, Vic., Australia
Amresco Pty. Ltd. OH, U.S.A
Ajax Finechem, N.S.W., Australia
Ajax Finechem, N.S.W., Australia
Sigma-Aldrich, MO, U.S.A
Sigma-Aldrich, MO, U.S.A

Astral Scientific, N.S.W., Australia
Sigma-Aldrich, MO, U.S.A
Sigma-Aldrich, MO, U.S.A

BDH Laboratory Supplies Ltd., U.K
Sigma-Aldrich, MO, U.S.A

Ajax Finechem, N.S.W., Australia
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PEI

PMSF

sodium azide
sodium chloride
SDS

sodium diphosphate
sodium hydroxide
sodium monophosphate
TCEP

TEMED

ThT

Tris HCI1

Tris base

A.2 Materials

Material

Sigma-Aldrich, MO, U.S.A
Sigma-Aldrich, MO, U.S.A
Sigma-Aldrich, MO, U.S.A
Amresco Pty. Ltd., OH, U.S.A
BDH Laboratory Supplies Ltd., U.K
Merck Scientific, Vic., Australia
Ajax Finechem, N.S.W, Australia
Merck Scientific, Vic., Australia
Sigma-Aldrich, MO, U.S.A
Amresco Pty. Ltd., OH, U.S.A
Sigma-Aldrich, MO, U.S.A
Amresco Pty. Ltd., OH, U.S.A
Amresco Pty. Ltd., OH, U.S.A

Supplier

regenerated cellulose membranes Adelab Scientific, S.A., Australia
Pierce Scientific, IL, U.S.A

TEM grids ProSciTech, QId., Australia

snakeskin dialysis tubing

96 well clear plates Greiner BioOne, Germany
96 well black clear-bottom plates Greiner BioOne, Germany

Starna Pty. Ltd., N.S.W., Australia
Starna Pty. Ltd., N.S.W., Australia

Starna Pty. Ltd., N.S.W., Australia

10mm path length quartz cuvettes
10mm path length glass cuvettes

Imm path length glass cuvettes
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Appendix B — Explanation of Swiss-Prot entry names from Chapter 7

B.1 Explanation of Swiss-Prot entry names from Figure 7.4

Entry name

Primary
accession
number

Protein name

Species of origin

CRYAA TAMME
CRYAA BRAVA

CRYAA CHOHO
CRYAA HUMAN
CRYAA MACMU
CRYAA MERUN
CRYAA TUPGL
CRYAA CAVPO
CRYAA PEDCA
CRYAA RABIT
CRYAA HORSE
CRYAA CERSI
CRYAA TAPIN
CRYAA BOVIN
CRYAA SHEEP
CRYAA PIG
CRYAA ARTJA
CRYAA LOXAF
CRYAA PROCA
CRYAA TUPTE

CRYAB-HUMAN
CRYAB PONPY
CRYAB_MACFA
CRYAB_RABIT
CRYAB MESAU
CRYAB RAT
CRYAB SPAJO
CRYAB MOUSE
CRYAB_SHEEP
CRYAB BOVIN
CRYAB CHICK
CRYAB_ANAPL
CRYAB RANCA
CRYAB_SQUAC

P02485
P02487

P02486
P02489
P02488
P68405
P68406
P68281
P68283
P02493
P02478
P02479
P02476
P02470
QSENZ0
P02475
P02480
P02498
P02499
P02506

P02511
Q5RIKO
Q60HGS
P41316
P05811
P23928
Q9EPF3
P23927
Q589Y9
P02510
Q05713
Q05557
Q91312
P02512

aA-crystallin
aA-crystallin

aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin
aA-crystallin

aB-crystallin
aB-crystallin
aB-crystallin
aB-crystallin
aB-crystallin
aB-crystallin
aB-crystallin
aB-crystallin
aB-crystallin
aB-crystallin
aB-crystallin
aB-crystallin
aB-crystallin
aB-crystallin

Mexican collared ant-eater
Brown-throated 3-fingered
sloth

Hoffman’s 2-fingered sloth
Human

Rhesus macaque
Mongolian gerbil

Tree shrew

Guinea pig

Springhaas

Rabbit

Horse

White Rhinoceros

Asiatic tapir

Bovine

Sheep

Pig

Jamaican fruit-eating bat
African elephant

Cape hyrax

Common tegu

Human

Bornean orangutan
Crab-eating macaque
Rabbit

Golden hamster

Rat

Blind subterranean mole rat
Mouse

Sheep

Bovine

Chicken

Domestic duck
Bullfrog

Spiny dogfish
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B.2 Explanation of Swiss-Prot entry names from Figure 7.5

Entry name

Primary
accession
number

Protein name

CRYAA HUMAN
CRYAB HUMAN
HSPB6 HUMAN
HSPB1 HUMAN
HSPB8 HUMAN
HSPB2 HUMAN
HSPB3 HUMAN
HSPB7 HUMAN
HSPB9 HUMAN
ODFP1_HUMAN

P02489
P02511
014558
P04792
QoUJY1
Q16082
Q12988
Q9UBYN
Q9BQ56
Q14990

aA-crystallin

aB-crystallin

Small heat shock protein B6
Small heat shock protein Bl
Small heat shock protein B8
Small heat shock protein B2
Small heat shock protein B3
Small heat shock protein B7
Small heat shock protein B9
Outer dense fibre protein 1
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Appendix C — Light scattering data from Section 3.2.1-2

C.1 — Light scattering assays of ar-,  A- and aB-crystallin with thermally-
stressed catalase
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Light Scatter (340nm)
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Figure C1 — Light scattering at 340nm (55°C) versus time of catalase with (a) or-
crystallin, (b) aA-crystallin and (c) aB-crystallin
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C.2 Light scattering assays of a1-, ¢ A- and o B-crystallin with thermally-

stressed B -crystallin
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Figure C3 — Light scattering at 340nm (60°C) versus time of fr-crystallin with
(a) ar-crystallin, (b) aA-crystallin and (¢) aB-crystallin
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C.3 Light scattering assays of a1-, . A- and aB-crystallin with reduction-
stressed a-lactalbumin
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Appendix D — Light scattering assays from Section 6.2.1
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