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ABSTRACT

Age-related cataract is the commonest cause of treatable blindness in the
world today. It is an ever-increasing problem with prolonged life-expectancy and a
burgeoning elderly population. Although successfully treated by modemn,
sophisticated cataract surgery, the resources needed to i;)rovide a surgical set-up and

the prolonged training time required to produce a competent surgeon can challenge

~the available finances of developed economies and result in unacceptable waiting

times while they may simply be unéffordable in developing economies and result in
high prevalence of blindness. Su1;gical treatment, although effective in dramatically
reversing blindness, is associated with a small risk of sight-threatening complications.
Against this background, it is worth considering an alternative, simpler, medical
means of treating cataracts that is easily administered and equally effective.

Calpains are Ca’*-dependent intracellular proteases and several of these

enzymes are believed to participate in cataractogenesis. Calpain 2 is the major isoform

of calpain involved in human cataractogenesis and its activation appears to be

" “iodalated by T lipid ™/ membrane interaction.  The main aim —of ~this~ work i1§t0

investigate the mechanism of lipid activation of calpains as an essential link towards
understanding the molecular and cellular dynamics of cataractogenesis in vivo. A
clear i)icture of the enzymatic events in cataractogenesié will form the basts of drug
development to cause selective enzyme inhibition.

In chapter 2, atomic absorption spectroscopy shows that the progressive
uptake of extra-lenticular Ca®* by porcine lenses correlates with increaées in levels of
lens opacification with 8.0 pumoles Ca™ (gm wet lens Wcight)’l corresponding to

cataract occupying approximately 70% of the lens cell volume. This degree of cataract



was reduced by approximately 40%, when a calpain inhibitof, SJA6017 (final
concentration 0.8 -]J.M), was included in the extra-lenticular medium, therefore
suggesting that the observed porcine opacifications involve the Ca**-mediated
activation of calpains and that cataract could be rétarded by the topical administration
of calpain inhibitors. -

In chapter 3, DWIH (Depth weighted insertion hydrophobicity) analysis shows
the small subunit of several calpain 2 isozymes to each posess a segment with the
potential to form a lipid / membrane interactive a-helix (DWIH values circa 7.0).
Exte‘nded h ydrdphobic moment analysis shows these segments to be potential oblique

orientated o-helix formers (< py > circa 0.5). This potential is confirmed by

hydropathy plot and graphical analyses, which show each «-helix to possess a

signiﬁcani N — C hydrophobicity gradient. It is suggested that the lipid / membrane
activation of calpain 2 may involve oblique angled membrane penetration by an o-

helical segment in domain V of the enzyme.

In chapter 4, VP1, a peptide homologue of this domain V segment, is shown to

be strongly haemolytic (half-maximal lytic dose = 1.45 mM). FTIR conformational

analysis shows VP1 to adopt t-helical structure (20% - 65% of primary structure) in
the presence of lipids. These levels are maximal in the presence of anionic lipid (65%
of primary structure) and monolayer studies show the peptide to exhibit high levels of

anionic lipid monolayer penetration with surface pressure changes (A SP) of 5-6 mN

 m™ at 30 mN m”, which are reduced by approximately 40% +15% in the presence of

100 mM NaCl. It is suggested that membrane penetration by the domain V a-helix of
calpain 2 may proceed via electrostatic interactions and snorkelling, involving
associations between an arginine residue located in the polar face of this ct-helix and

anionic membrane lipid.
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It has been suggested that lipid / membranes may moduiate calpain 2 activity
by lowering the enzyme’s in vivo Ca®* requirements. In chapter 5, colorimetric assay
of calpain 2 shows that the enzyme requires 4 mM Ca®* for 100% proteolytic activity,
as defined by this assay. In the presence of 1 mM Ca®, negligible calpain 2

proteolysis is detected but at this level of Ca®, in the presence of either Dimyristoyl

'phosphatidylinositol(DMPI), Dimyristoyl phosphatidylserine(DMPS), Dimyristoyl

phosphatidylcholine(DMPC) or Dimyristoyl phosphatidylethanolamine(DMPE),
calpain 2 shows proteolytic activity which ranges between 37% and 77% of the
protein’s full enzymatic activity. The large subunit of calpain 2 (LS-calpain 2) is
proteolytically active in the absence of tﬁe calpain 2 small subﬁnit and it has been
suggested that this latter subunit is dispensable for the lipid activation of calpain 2.
LS-calpain 2 is assayeci under conditions corresponding to those used here for calpain
2 assay and is shown to require the presence of 6 mM Ca®* for 100% enzymatic
activity, These Ca”* levels are unaffected by the presence of either: DMPI, DMPS,
DMPC or DMPE,. and based on these combined results, it is suggested that the lipid

activation of calpain 2 requires the presence of the small subunit. In addition, it is

“shown that when compared to Zwitterionic lipid under corresponding conditions,

anionic lipid induces an approximate twofold enhancement of calpain 2 proteolytic
activity (70% - 77% as compared to 37% - 49%) and a similar enhancement in its
average rates of lipid monolayer interaction (ASP = 1.5 X 107 mN M sec at 10 mN
M as compared to ASP = 5.0 x 10 mN M sec™ at 10 mN M™). It is suggested that -
calpain 2 may posess an electrostatically driven preference for anionic lipid, which
contributes to lowering the enzyme’s Ca’* requircment‘for activation.

In chapter 6, these combined data are discussed in relation to a model for the

lipid activation of calpain 2 and proposals for future work are presented.
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CHAPTER 1

Cataract and calpains

Biswas, S., Harris, F., Dennison, S., Singh, J. and Phoenix, D. A. (2003) The role of
calpains in cataract and their potential to act as targets in cataract therapy. J. Equa. In
press; Biswas, S., Harris, F., Dennison, S., Singh, J. and Phoenix, D. A. (2003)
Calpains: targets of cataract prevention? Trends Mol. Med. In press.




1.1 INTRODUCTION

The ocular lens is a highly specialised non-vascular tissue, which focuses an
image onto the retina of the eye, triggering electrical impulses that will then be
interpreted by the brain as vision. (Figure 1.1; Harding et al., 1997). In cataract,
opacification of all or part of the lens prevents visible light from reaching the retina,
reducing optical performance and is most commonly manifested by decreased visual
acuity, gla£e and contrast sensitivity (Truscott, 2003; Johnson er al., 1998).

Cataract accounts for the majority of cases of treatable blindness world-wide
and is a major detriment to the quality of life. The disorder can be caused by a variety
of factors including: ageing (Harding, 2002) metabolic disturbances, radiation,
trauma, drugs (Brown and Bron, 1996a) and congenital disorders (Francis et al.,
1999). Aetiologically, the most common types of cataract are those associated with
ageing (Harding, 2002), followed by those associated with diabetes (Bron et al.,
1998). Age-related cataract involves both changes in the lens cortex, giving rise to
cortical cataract, and in the lens nucleus, leading to nuclear cataract (Bron et al.,

2000). Below the age of 50, women have a lower incidenc;a of cataract than men, but

above that age the incidence is greater. A hormonal influence in cataractogenesis has
been suggested and indeed, women undergoing hormone replacement therapy have a
significantly reduced incidence of cortical cataract when compared to men (Brown
and Bron, 1996b). In human diabetic cataracts, opacitiés are observed in various
regions of the lens, and the posterior, subcapsular or cortical types are common in the
early stage. In the cortical type of diabetic cataract, opacities spread along lens fibres
from the equator to the centre and the cortex appears to be the lens region
predominantly involved in human cataract under long-term diabetic stress (Bron ez al.,

1998).



Figure 1.1 A schematic cross-section of the human eye

Hatina
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Figure 1.1 was adapted from Biswas et al., (2004) and shows the location of the lens
in the human eye. The ocular lens is a highly specialised non-vascular tissue, which
focuses an image onto the retina of the eye, triggering electrical impulses that will
then be interpreted by the brain as vision. In cataract, opacification of all, or part, of
the lens prevents visible light from reaching the retina, which reduces optical
performance and is most commonly manifested by decreased visual acuity, glare and
contrast sensitivity (Bron, 2000). Also shown in Figure 1.1 is a magnified image of

- -.-the-lens_depicting _its_major. anatomical _regions_each _of_which _on its own or in

combination can undergo opacification to form localised cataract or a total ‘mature’
cataract. Cataracts caused by steroid treatment are localised to the posterior sub-
capsular region of the lens. Age-rclatcd cataract, which is the most common group of
cataracts worldwide, can start either in the cortex, or in the nucleus, although it
eventually affects both regions and this is also true of cataracts in diabetic people. The
anterior epithelial layers and cortical regions of human cataract have been shown to
contain calpain 2, a key enzyme implicated in the genesis of some forms of cataract
(Sanderson et al., 2000).

In many cases the precise undef]ying mechanisms that lead to cataract are not
fully understood (Biswas et al., 2003). The lens changes involved in cataractogenesis

may be considered to be either specific or general in nature. Specific lens changes are

related to the aetiology of the cataract, a major example of which is seen -with



diabetics where the effects of sugar-mediated changes to the lens are perhaps, not
surprisingly, much higher than in age-matched non-diabetics (Bron et al., 1998).
General changes associated with the normal ageing of the lens are also observed in
cataract although such changes are generally greater in the case of cataract (Harding,
2002; Bron et al., 2000). These lens changes include: alterations to membrane lipid
structure, thereby compromising membrane functions (Tang et al., 2003a; Zheng et
al., 1999; Ahuja et al.,, 1999) changes in the levels of lens enzyme activity,
particularly in anti-oxidant enzyme systems (Lou, 2003; Lou, 2000) and the structural
modification of a variety of meﬁbrane .associated proteins (Sanderson et al., 2000;
Clark .et al., 1999; Matsushima et al., 1997; Andersson et al., 1996). However, in most
cases of cataract, the major change associated with reduced optical performance of the
lens is the structural modificati‘(m of the water-soluble crystallins (Figure 1.2).
Crystallins are primarily responsible for lens transparency and the@r structural
modification usually leads to compromised function, aggregation and insolubilisation

with elevated levels of these processes resulting in cataract (Dubbelman et al., 2003;

Fujii, 2003; Derham and Harding, 2002; Fujii et al., 2001). A number of lens insults

2003; Stitt, 2001; Spector, 2000; Ottonello et'al., 2000) but over the last decade it has
become increasingly clear that members of the calpain family of proteases may
participate in these processes in response to the elevation of internal Ca** levels that
are observed in cataractogenesis (Figure 1.2; Biswas et al., 2003; Biswas et al., 2001)..
Here, recent research into the roles played by calpain 2, calpain 10 and lens specific
isoforms of calpain 3 in cataractogenesis is rcviéwed with a focus on crystallin
proteolysis, the activation of these calpains in the lens and the potential use of caipain

inhibitors as anti-cataract agents.



Figure 1.2 Representative lens pathways leading to calpain activation

Figure 1.2 was adapied from Biswas et al., (2004) and shows biochemical pathways
that can induce light scattering and cataract. The ageing process and lens insults such
as oxidation and diabetes, can lead to impaired membrane function, which. results in
pathologlcally elevated levels of lenticular Ca®* (Lou, 2003; Stitt, 2001). Under these
Ca®* conditions, calpains are over-activated and the resulting deregulated proteolysis
of soluble crystallins leads to their insolubilisation and aggregation, thereby
compromising their function(s) in maintaining lens transparency and producing the
reduced lens performance associated with cataract. Over-activated calpains also
proteolyse lens _cytoskeletal proteins such as vimentin, which, can further elevate

lenticular Ca** ., thus excavating calpain over-activation and cataract formation
(Biswas et al.,, 2001; Sanderson et al., 2000). Calpains have been implicated in a
number of cellular processes (Ray et al., 2003; Nixon, 2003; Huang and Wang, 2001)
but for clarity, these biochemical pathways are not shown.

1.2 CRYSTALLIN FUNCTION IN THE LENS

Essentially, the bulk of the lens is formed from densé]y packed elongated fibre
cells, which are arranged in concentric shells (Harding, 1997) with a single-celled

surface layer of epithelial cells (Bhat, 2001). The transparency of the lens is a function



of the highly ordered arrangement of the macro-molecular components of its cells and
the extracellular matrix. The epithelial cell surface layer of the lens and its capsule
neither scatter or reflect light, essentially because their combined refractive index is
the same as that of the eye’s aqueous humour (Paterson and Delamere, 1992). ’fhc
regular organization of the lens fiber cells in a hexagonal, densely packed cellular
arrangement increases the transmission properties of the lens (Francis et al., 1999).
Functionally, lens fibre cells are highly specialised. During development, these cells
t\;ecome devoid of nuclei and organelles to reduce light scattering, and are thus,
metabolically inactive, being entirely depcndent upon the epithelial cells (Bhat, 2001)
and a network of gap junctions for metabolic and ionic homeostasis (White and
Bruzzone, 2000; Varney and Weiler, 2000). When mature, these cells become
specialized for the production of crystallins; which are responsible for the high
refractive index of the lens. Birefringence, as shown by the ocular lens, is an loptical
property arising from a high degree of order in a structure and it has been shown that
at high concentrations; crystallins are capable of a high degree of packing regulanty

(Duncan et al., 1997). It is generally accepted that lens transparency is predominantly

order produced by these packing arrangements allowing light scatter from individual

molecules to cancel each other out (Delaye and Tardieu, 1983).
1.3 CRYSTALLINS IN CATARACT

Crystallins comprise three main classes: o-crystallins B-crystallins and y-
crystallins (Horwitz, 2003; Jaenicke and Slingsby. 2001 Slingsby and Clout, 1999). In

addition to their established role in maintaining transparency, it has now been shown



that a-crystallins function as molecular chaperones by suppressing the unfolding of
crystallins, other proteins and probably certain lens enzymes or by mediating in the
refolding of unfolded proteins (Derham and Harding, 2002; Goenka er al., 2001;

Horwitz, 2000).

Functional o-crystallins and B-crystallins are multimeric protein complexes
whilst 7~crys£allins are monomeric with each of these protein classes primarily
possessing B-sheet structures (Horwitz, 2003; Jaenicke and Slingsby. 2001 Slingsby
and Clout, 1999). The crystallins can be structurally modified in response to ageing
and a number of lens insults (Zhang et al., 2003; Lapko et al., 2003; Davies and
Truscott, 2001; Hanson et al., 2000; Zarina et al., 2000; Liang and Ahktar, 2000;
Hanson et al., i998; Lamﬁi et al., 1998). For example, the non-enzymatic glycation of
crystallins ‘involves the attachment of carbohydrate molecules to their amino acid
residues, modifications which have been shown to inhibit crystalline function and to .
lead to reduced optical performance in ageing lenses and to contribute to cataract
(Pokupec et al., 2003; Lehman and Ortwerth, 2002; Ulrich and Cerami, 2001).

However, the major form of crystallin modification resulting from lens insult involves

the oxidation of their thiol containing residues. To maintain clarity of the lens, it is
generally necessary for the methionine and cysteine amino acid residues of cryétallins
to be maintained in the reduced state and their oxidation can lead to cross-linking by
disulphide bridge formation, thereby facilitating crystallin aggregation and
msolubilisation. These effects are prone to occur with crystalling possessing éurface-
located thiol groups and contribute to the reduced optical performance noﬁnally
observed with the general ageing process. However, when these effects are associated
with lens insult, they generally involve higher levels of residue oxidation, increased

unfolding of crystallins and the exposure of buried cysteine groups to oxidation. The



disulfide bonds thereby generated, cause high levels of crystalline aggregation and
insolubilisation and generally cataract (Lou, 2003; Lou, 2000; Hanson, 2000; Lund et

al., 1996).

In addition to oxidative damage, it has become increasingly clear over the last
ten years that pathological structural modifications to lens crystallins. also arise from
their proteolytic cleavage. It is now believed that Ca**-mediated insult of the iens may
lead to crystallin processing via the over-activation of lens proteases, thereby

contributing to both age-related changes in the lens and some forms of cataract.

1.4 Ca®* AND CATARACT

Ca®* plays an essential role in many lens processes and the maintenance of
Ca’* homeostasis is critical to lens clarity with free Ca® levels in the lens needing to
be kept in the submicromolar range, lower than that of the aqueous humour (Duncan

et al.,, 2002; Duncan et al., 1994). To maintain this homeostasis, the inward passive’

diffusion of Ca* via lens membrane channels (Coopér &t al., 1986) i§ countered by
the use of a variety of Ca’*-adenosine triphosphatases (Ca®*-ATPases) and Ca®*/Na*
exchang_ers, variously located in the plasma membrane, sarcoplasmic membrane and
endoplasmic reticular membrane (figure 1.3; Liu et al., 2002; Bian et al., 2000;
Churcﬁill and Louis, 1599; Liu et al., 1999, Duncan et al., 1994 Ye and Zadunasky,
1992). |

The mechanisms that regulate Ca®* homeostasis in lens fibre cells are not well

understood. Deep lens fibers do not posess organelles and therefore have lost the

means to synthesise ATP to a significant extent, although low concentrations of ATP



may be produced by glycolysis (Bassnett, 2002). Earlier studies have shown that there

1s no signiﬁcant Ca’*-ATPase activity in the lens nucleus (Borchman et al. 1988).

Figure 1.3 Mechanisms involved in the regulation of lens cell internal Ca**

Extracellular Ca® ca

Figure 1.3 was adapted from Duncan et al., (1994) and shows mechanisms involved in
Ca®*-homeostasis in a representative lens cell. These mechanisms include passive

influx through dlfferent channel types and efflux via at least two active transport -

mechanisms. Most Ca”* efflux in the resting cell is performed by Ca**-ATPases with
contributions from Ca”*/Na* exchangers, depending upon cellular conditions. Calcium
storage can also occur through sequestration in the cytosol and membrane,
represented above by shaded areas, and through mcorporatlon into dynamic
cytoplamsic stores within the endoplasmic 1 retlculum

Borchman et al. 1989). However, it has been recently suggested that gap junctions
may play a role in the Ca®* homeostasis of lens fibre cells (Baruch et al., 2001). Gap
junctions are formed by hexameric structures of connexin molecules that interact with
their counterparts in neighbouring cells to form membrane aqueous pores (Evans et
al., 2002). These pore systcnis appear to mediate the transport of Ca®* (Pacmeleire et
al., 2000) and o3 connexin is a gap junction protein expressed in lens fibre cells

(Vaney and Weiler, 2000). Knockout mice for a3 connexin (-/-) have been generated

(Gong et al., 1998) and when lenses from a3 (-/-) mice were recently compared to



those of wild type mice, an age-dependent rise in the total Ca®* of the lens nuclear
regions of the genetically modified mice was observed. These elevations in nuclear
Ca™ were due to both increased Ca®" influx and reduced Ca’* efflux and correlated

spatially and temporally, with nuclear cataract formation (Baruch et al., 2001).

Recent studies have suggested that the maintenance of Ca®* homeostasis in
lens epithelial cells may involve gap junctions (Churchill et al., 2001) but currently,
the primary mechanism involved in this maintenance appears to be Ca*"-ATPasc
activity (Duncan et al., 1994). During normal ageing processes, the increased entry of
Ca®* into the clear lenses is usually compeﬁsated for by increased activity of Ca**-
ATPases (Zeng et al., 1995; Duncan et al., 1993). However, age related changes that
are detrimental to the lens can decrease the efficiency of these compensatory
mechanisms and in cataract, their efficiency is greatly reduced - showing
approximately 50% of their normal cellular activity (Paterson et al., 1997). Ca®*-
ATPase are pa.rticula;]y sensitive to oxidation and it has been suggested that
progressive oxidative damage to Ca’*-ATPases leads to decreased activity of these

proteins, resulting in the elevated Ca’* levels associated with cataract and the reduced

optical performance of agéd lens-es (Xhilja et al., 1999). Ca®*-ATPases are also
sensitive to membrane lipid order (Zeng et al., 1999; Delamere et al., 1991}, which
changes during cataractogenesis (Paterson et al., 1997; Borchman et al., 1993) and
ageing (Zeng et al., 1999), and several studies have suggested that decreased Ca™-
ATPase activity may be related to structural changes in membrane lipid (Paierson et
al., 1997; Borchman et al., 1993). Most recently, studies on human lenses showed that
that lens lipids have a high capacity to bind Ca®* and that decreases in.this capacity
lead to elevated Ca®* levels and increased light scattering from lipids and especially

proteins, possibly indicating a further mechanism that may lead to elevated Ca™*

10




- levels in the lens (Tang et al., 2003b). Moreover, studies involving Ca®*-sensitive
microelectrodes to probe localised cortical opacities, and surrounding clear regions,

have shown that Ca®* is elevated only in the disrupted areas (Duncan, 1997).

Elevated Ca®" levels are known (o be associated with a number of processes
that are detrimental to the lens (Rhodes et al., 2003; Tang et al., 2003a; de Valle,
2002; Biswas et al., 2001; Hightower and Misiak, 1998) including the overactivation
of Ca2+-dependcnt enzymes. Transglutaminase for example has been shown to process
a number of enzymes associated with cataractogenesis (Shridas et al., 2001;
Sanderson et al., 2000; Clement et al.,, 1998; Lorand et al., 1998) but the major

enzymes implicated in this eye disorder are the calpains.

1.5 CALPAINS AND CATARACT

Calpains are a growing superfamily of Ca®*-dependent structurally related
intracellular cysteine proteases (Goll et al., 2003; Perrin and Huttenlocher, 2002;
Sorimachi and Suzuki, 2001; Wang, 2000). Calpain 2 (Shearer et al., 2000; Azuma et
AL, 1997), calpain 10 (Ma et al,, 2001) and the calpain 3 splice variants, Lp§2 Maet
al., 1998a; Ma et al., 1998b) and Lp85 (Ma et al., 2000a) are the major calpains
known to be expressed in the lens (Figure 1.4). Numerous studies have shown that
calpain inhibitors can retard and inhibit cataractogenesis (Biswas et al., 2003;
Nakamura et al., 2002; Quian and Shichi, 2000; Wang and Yuen, 1994)' whilst recent
studies have suggested that multiple calpains may be invo];rcd in cataractogenesis
(Azuma et al., 2001; Takeutchi et al., 2001; Tomohiro et al., 1997). There is
accumulating evidence that in response to elevated levels oif Ca®, the proteol ysis of

crystallins by calpain 10, Lp82, Lp85 and calpain 2 may contribute to cataractogenesis

(Huang and Wang, 2001; Shearer et al., 2000; Azuma et al., 1997).
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Figure 1.4 The structural organisation of calpains expressed in the lens
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Figure 14 was adapted from Biswas et al., (2004) and shows the structural
organisation of lens calpains implicated in cataractogenesis. Calpain 2 (and calpain 1)
is dimeric, possessing a large subunit comprising domains I-IV and a smaller subunit
comprising domains V-VI. Calpain 10 and calpain 3 are monomeric, possessing the
structural organisation of the calpain 2, larger subunit, except that calpain 3 possésses
a novel N-terminus (NS) and the unique inserts, IS1 and IS2, in domains II and IV
respectively. Lp82 (and Lp85) is a lens specific variant of calpain 3, lacking IS1 and
182, and possessing a modified N-terminal region (AX1). Also represented above, in
domain IV of calpain 2 and calpain 3 are five EF-hand motifs, which appear to be

However, calpain 10 lacks domain IV and these EF-hands, instead possessing a
divergent T domain (Goll et al., 2003; Ma et al., 2001; Ma et al., 2000). Annotated in
domain IT of the above calpains is the triad of amino acid residues that forms the
active site of all calpains, C, H and N. Essentially, the thiol group of this cysteine
residue directly participates in catalytic cleavage of the substrate peptide bond. The
histidine residue, which is in close spatial proximity is also essential for the cysteine
protease activity of calpains whilst other nearby residues provide groups for general
acid-base catalysis (Reverter et al., 2001). A three-dimensional representation of
residues forming the active site of calpain 2 is included within Figure 1.5.
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1.5.1 Calpain 10

Polymorphisms in both calpain 10 and its parent gene, CAPNI0, have been
associated with human diabetes mellitus (Harris et al., 2003; Horikawa et al., 2000).
Recently, Sakamoto-Mizutani ez al., (2002) studied calpain 10 in the lenses of Wistar
Bonn/Kobori (WBN/Kob) rats, which spontaneously exhibit diabetic cataract
(Nakama et al., 1985). These lenses were fractionated and immunoblot analysis
showed calpain 10 to be predominantly present in the water—inso.luble fraction of the
lens cortex (Sakamoto-Mizutani et al., 2002). Male WBN/Kob rats develop cortical
cataract at 1 year of age and co-incident with the onset of this cataract, lenses from
these rats showed large rises in intracellular Ca®*, which correlated with the over-
activation of calpain 10. Based on these results, it was 'sugg'estcd that calpain 10 may
be involved in the development of diabetic caractogenesis in male WBN/Kob rats
(Sakamoto-Mizutani et al., 2002). Consistent with these results, the highest
concentrations of calpain 10 were found in the water-insoluble fraction of lens tissues
derived from a rat selenite cataract model, with over-activation of the enzyme

detected in the lens cortex and epithelial cells, and coincident with the onset of

C-zitaractogen-tas;is (Ma“et al., 2001). hHOWC\;f_:i',_iwhiISt selenite-induced cataract is
known to involve the Ca®* induced over-activation of calpains, these cataracts are
specifically located in the lens nucleus (Shearer et al., 1997) as opposed to the cortical
location identified for calpain 10. In order to explain these results, it was observed
that domain III of calpain 10 possesses a putative nuclear localisation signal and that
the enzyme localises to the nucleus of o(TN4-1 mouse cells, suggesting a role for
calpain 10 in signal transduction (Ma er al., 2001). Moreover, elevated Ca®* levels
were found to enhance this nuclear localisation of calpain 10, and based on these

combined results, it was suggested that the normal function of the enzyme may be in
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epithelial cell differentiation but that elevated intracellular Ca* may lead to the
increased uptake of calpain 10 into the nuclei of lens epithelial cells and a
contribution to selenite cataract formation. Some support for this suggestion could
come from the observation that the hi ghest levels of calpain 10 expression in the lens
of non-diabetic mice were in regions of the lens associated with the differentiation of
epithelial cells (Reed er al., 2003).

Clearly, the results described above imply that calpain 10 may be over-
activated in response to the elevated Ca”* levels associated with lens cataract (Tang et
al., 2003). Nonetheless, a requirement for Ca®* by calpain 10 has not yet been
definitively demonstrated (Reed et al., 2003) and the enzyme lacks domain IV of the
typical calpains, which contains the EF-hand motifs generally believed to be
responsible for calpain Ca2+-binding activities (figure 1.4; Reverter et al., 2002;
Reverter et al., 2001a; Reverter et al., 2001b). However, it has been reported that
TRA-3, a homologue of calpain 5 from Caenorhabditis elegans, which lacks EF-
hands, shows Ca®* dependent proteolytic activity, (Sokol and Kuwabara, 2000).

Moreover, domain Il of TRA-3 is homologous to domain III of calpain 2, which has

recently been shown to possess Ca-*-binding activity (Tompa et al; 2001). Viewed in
total, these results are suggestive of a role for calpain 10 in cataractogenesis. Further
inveétigation of this putative role would be particularly merited when it is considered
that the lens opacification exhibited by WBN/Kob rats is generally accepted as a good

mimic of human diabetic cataract (Sakai, 1991).
1.5.2 Calpain 3 splice variants: Lp85 and Lp82

CAPN3 encodes calpain 3 and has been implicated in several genetic disorders

(Huang and Wang, 2001), including muscular dystrophy (Jia et al., 2001; Gordon et
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al., 2001, Richards et al., 1999} and diabetes mellitus (Harris et al., 2003; Horikawa et
al., 2000). Multiple variants of CAPN3 have been described in rodents (Herasse et al.,
1999) and the best characterised of these at the protein level are the lens specific Lp82
and Lp85 (Ma et al., 2000a).

Lp82 has been localised to the nuclear and cortical regions of lens from new
born mice (Ma et al., 2000b) and has been shown to co-localise with lens crystallins in
the elongating fibres, and central fibres, of embryonic and post-natal mouse lenses
(Reed et al., 2003). However, these latter studies that- found in mature mouse lenses,
levels of Lp82 were greatly reduced (Reed et al., 2003). It is known that the normal
post-translational proteolytic processing of crystailins is completed prior to adulthood
in mice (Ueda et al., 2002a) and that this processing proceeds at a slower rate in the
cortical fibres of adult murine lenses (David et al.,, 1994). Based on these
observations, it was suggested that the normal function of Lp82 may be in the post-
translational processing of crystallins and that in adult mouse lenses, only low levels
of the enzyme may be required in order to maintain crystalline architecture (Reed et

al., 2003).

_____________ Previous studies 'on Lp82 have ’s'}i'd\ifﬁ"t}iéi'iﬁTﬁ%ﬁhﬁﬁh—g"ﬁ]_o"ﬁéé_léﬁs_e"s, mouse
cataracts (Ma ef al., 1999) and mouse lenses with congenité] nuclear cataréct, the
presence of elevated Ca®* levels leads to increased crystalline proteolysis by the
enzyme (Baruch et al., 2001). Most recently, exogenous Ca®* was used to activate
endogenous calpains in total sdlub]e protein qxtracts from mouse lenses (Azuma et al.,
2002). These studies demonstrated that Lp82 was able to proteolyse ctA-crystallin, a
subunit of the a—crystallin. multimenc protein complex (Horwitz, 2003} and

additionally, that this proteolysis produced C-terminally truncated forms of oA-

crystallin with increased susceptibility to insolubilisation when compared to GA-
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crystallin proteolysis by other calpains, suggesting enhanced potential for Lp82 to
induce cataracts (Azuma et al., 2003). Based on these and other studies (Baruch et al.,
2001) it has been proposed that Lp§2 was the. major calpain involved in mouse
cataract formation (Azuma et al., 2003)

Lp82 from rat lenses was found to be 99% homologous to its mouse

counterpart (Ma et al., 1999), to be localised to the nuclear regions of the lens (Ma et

al., 2000a) and able to proteolyse crystallins (Ueda et al., 2002b). In these latter
studies, total rat lens extracts 01:” soluble proteins were taken and endogenous calpain
activity inhibited. It was then shown that exogenous £p82 was able to proteolyse 0tA-
crystallins, producing insoluble C-terminally truncated forms of the protein, the levels
of which were enhanced by the addition of Ca**. Moreover, these studies found that
Lp82 produced a specific cleavage fragment, 0tA.1¢3, Which has also been identified
in the Lp82-mediated proteolysis of mouse ctA-crystallins (Azuma er al., 2003). This
fragment lacks the final five C-terminal amino acid residues of ctA-crystallin and the
C-terminal region of this protein, 0tA;sz.173, is essential for its chaperone activity with
tr_unAcation. of the 7aA£53-l-,3 _rcgion lfiadmg to lens crystallin aggregation,

insolubilisation and cataract formation (Sharma et al._, 1996; Takemoto, 1994). The
studies of Ueda et al., (2002b) further showed that in rat lenses, endogenous levels of
insoluble C-terminally truncated otA-crystallins were significantly enhanced under the
elevated Ca®* conditions of selenite-induced cataract when compared to age-matched
lenses from healthy non-diabetic rats. It was found that the highest proportions of
these C-terminally truncated oA-crystallins could be associated with Lp82 proteolysis
and the Lp82 specific crystallin fragment oAj.;¢3 whilst a similar selective

insolubilisation of truncated crystallins was reported by other authors (Ueda et al.,

2002a). Based on these combined results, it was suggested that Lp82 may be the
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major calpain involved in selenite cataract formation in rats (Ueda er al., 2002b).
However, these results contrast to those of other authors (Inomata et al., 2002) who
studied Lp82-mediated crystallin proteolysis in Shumiya cataract rats (SCRs), which
also demonstrate spontaneous nuclear cataract. These studies. demonstrated that LpS2
activity occurred in both normal and cataractous lenses with no specific localisation to
lens regions associated with cataract formation in SCRs. Taken with the results of
other studies (Inomata et al., 2000), it was concluded by Inomata et al., (2002) that
Lp82-mediated proteolysis made no direct contribution to cataractogenesis in SCRs
Following on from this work, the effect of streptozotocin-induced diabetes (Perry,
1987) on the Lp82-mediated proteolysis of rat lens crystallins in the absence of
cataract was investigated (Thampi ez al., 2002). These diabetic rats were killed prior
to the onset of cataract and C-terminal cleavage patterns of crystallins in water-
soluble fraction of their lenses analysed using electrospray ionisation mass
spectrometry. It was found that levels of C-terminally truncated atA-crystallins and

aB-crystallins were significantly higher in diabetic lenses than age-matched non-

diabetic lenses. Moreovér, the level of the Lp82 specific crystalline fragment oA ;.68
was svirnjl‘:a-r“inl l;oth lt-ansr groups, wglere-a;;_ (-Z-terrmn;I—l;;;;;;atec_ingx;-c;ystallm
fragments specific to other calpains were strongly represented in diabetic lenses but
not those of non-diabetics. Based on these results, it was .suggcsted that Lp82 was not
the major caipain activated when the rats were under diabetic stress (Thampi et al.,
2002). This suggestion was strongly supported by the results of studies on male
WBN/Kob rats. Lp82 was detected in both the nucleus and cortex of lenses from these
rats, but the proteolytic activity of the enzyme disappeared after three months, nine

months before the spontaneous appearance of the hereditary diabetes exhibited by

these rats. However, other calpains appeared to be specifically activated with the
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onset of cataract when under diabetic stress (Sakamoto-Mizutani ef al., 2002).

There is therefore some debate as to whether Lp82 is the major murine
calpain involved in lens cell crystallin processing and cataractogenesis. Adding to the
debate, the Lp&2 specific crystalline fragment, aA . j65, has previously been identified
in various 6ther mammalian lenses (De Jong et al., 1981) and most recently, in bovine
lenses, which led to the proposal that the enzyme may be the major calpain in these
lenses (Ueda et al., 2001). Whilst both Lp82 and Lp85 are believed to be absent in
human lenses (Fougerousse et al., 2000}, studies on these enzymes may help to
elucidate the roles played by calpains in human cataractogenesis. Morebver, it is
interesting to note that crystallin frégments corresp;)nding to specific Lp82 cleavage
products from oA-crystallin (Lund et al., 1996; Takemoto et al., 1995) and (-
crystallin (Colvis et al., 2000) have been detected in human lenses whilst those from
y-crystallins have been identified in some human cataracts (Baruch et al., 2001).
Nonetheless, several studies have clearly shown that Lp82 does not appear to play a
major role in mun’ne-diabetic cataractogenesis (Thampi et al., 2002; Sakamoto-

Mizutani et al., 2002) and based on the current evidence, this calpain would not

- appcﬁ té be in—\;oive-d in' human cétar_z;r-:t_ogenesi:-s.-

At presént, research on Lp&5 in relation to Lp82 appears to be limited.
Immunolocalisation studies have shown low levels of Lp85 to be present in the lens
fibre cells of developing and post natal mice but that these levels were greatly
decreased in mature mouse lenses, consistent with calpain autolysis and over-
activation (Reed et al., 2003j. It has also been shown that the proteolytic activity of
Lp85 is Ca**-dependent (Ma et al., 2000a) but presently no role for the enzyme in

cataractogeneis has yet been established. Nonetheless, the intimate association of this

calpain with lens processes suggests that this possibility should not be excluded.
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Structural studies on Lp82 and Lp835 have shown that in relation to calpain 3,
these enzymes lack the unique insert regions, IS1 and IS2 (figure 1.4), and possess a
new N-terminal region (AX1) encoded by an alternative exon (Herasse er al., 1999).
In addition, Lp85 possesses a further alternative splice, which leads to the addition of
a short segment to domain IV, the calpain Ca**- binding region (Ma et al., 2000a; Ma
et al., 1998a). These structural changes appear to give Lp82 greater stability than wild
type calpain 3 (Ma et al.,, 2000b) and studies on calpain 3 splice variants have
suggested that the novel AX1 N-terminus of Lp82 and Lp85 may play an important
role in the ocular tissues of rodents (Nakajima et al., 2001). Interestingly, these same
studies isolated CAPN3 isoforms encoding the AX1 region from human ocular tissue
(Nakajima et al., 2001). However, the -functional significance of the structural
differences shown between Ip82 and Lp85, and calpain 3, and whether these
differences influence the Lp82 and Lp85 activation mechanisms, are currently

- unknown.

1.5.3 Calpain 2

Encoded by CAPN2, calpain 2 is the best characterised member of the calpain
superfamily (Goll et al., 2003). The enzyme is highly conserved across mammalian
species (Daman et al.,, 2000) and has been implicated in a range of pathological
conditions (Huang and Wang, 2001), ranging from spinal cord injury (Ray et al,,
2003) to Alzheimers disease (DiRosa et al.,, 2002). However, over the last two
decades, mounting evidence from numerous studies has suggested that the enzyme is
involved in cataractogenesis. Earlier investigations established the ability of calpain 2

to proteolyse a-crystallins and f-crystallins and that calpain inhibitors could prevent
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the progression of rodent cataract, which had been induced by the activation of
calpain 2 in response to elevated Ca®* levels. Based on these (Shearer, 2000; Azuma
et al., 1997; Andersson et al., 1996, Shearer and Davis, 1991) and more recent studies
Goll et al., 2003; Inomata et al., 2000), it is now generally accepted that calpain 2
plays a major role in rodent lens opacification. Most recently, calpain 2 has been
shown to similarly induce cataractogenesis, and to cleave crystallins, in the lenses of a
variety of other mammalian species including: mice and guinea-pigs (Ueda et al.,
2002a; Ueda et al., 2002b; Fukiage et al., 1997), monkeys and rabbits (Nakajima et
al., 2001) and calves (Ueda et al., 2001). Nonetheless, a role for calpain 2 in human
cataractogeneisis has not been definitively demonstrated, although the  available
evidence is strongly suggestive. The presence of calpain 2 in human lenses is
generally accepted whilst Andersson et al., (1994) showed that the enzyme was the
major calpain in thé épithélia] cells of human lenses exhibiting age-related cortical
cataract. Human lenses with cortical cataract are known to have increased levels of
intracellular Ca®* (Duncan and Bushell, 1975) whilst treating these lenses with

extracellular Ca®* leads to discrete cortical cataracts (Hightower and Farnum, 1985).

The activity of calpain 2 has previously been demonstrated in the coftex b?_lfilman
lenses (David et al., 1989) but it was only recently, that the Ca®*-induced activation of
calpain 2 in this type of human cataract was demonstrated under physiologically
relevant conditions (Sanderson et al., 2000). It was shown that when Ca** overload
was induced‘ in-cultured human lenses using ionomycin and physiologically relevant
extracellular Ca®* concentrations, cortical opacificatiqn resulted, accompanied by a
significant loss of crystallins from the soluble fraction of the lens. These effects were
‘strongly inhibited when extracellular Ca®* was chelated with EGTA. Moreover,

analysis of the insoluble fraction from human lenses showed that elevated Ca®* levels



had led to high levels of vimentin proteolysis. Vimentin is a cytoskeletal protein
substrate of calpain 2 in the lens, and other tissues, and vimentin proteolysis is taken
as a biomarker of calpain 2 activation (Goll et al., 2003). Previous studies on animal
lenses have shown t};at elevated Ca® levels lead to almost total degradation of
vimentin but that this effect can be strongly reduced by calpain inhibitors (Sanderson
et al., 1996; Marcantonio et al., 1991). Taken overall, these results clearly imply that
calpain 2 plays arole in at ieast cortical human cataractogenesis.

Several studies have strongly suggested that calpain 2 is the major calpain
activated in murine diabetic cataractogenesis. Sakamoto-Mizutani et al., (2002)
showed that in spontaneously diabetic male WBN/Kob rats, thé onset of
cataractogenesis was accompanied by increased levels of proteolytic activity due to
the specific activation of calpain 2. Moreover, Thampi ez al., (2002) showed that there
were high levels of the aA-crystalline cleavage fragment, a-Aj.163, which is specific
to calpain 2, in the diabetic lenses of streptozotocin-treated rats but that the fragment
was absent from the lenses of age-matched non-diabetic rats. In studies on human
lenses, these latter authors showed that levels of C-terminally truncated 0.A-crystallins
were | si-g.ﬁifi-ca-ntl—y- hi;gher"ir; diabetic cataracts than in e;g_é-unﬁ_t_c‘lic-d- non-diabetic
 cataracts but were not able to ascribe the crystalline cleavage sites to calpains. In

addition, other studies have shown that aA-crysta]Iin chaperone activity is strongly
decreased in human diabetic cataracts with these levels of activity less than in age-
matched senile human cataracts (Cherian-Shaw et al., 1999; Cheran and Abraham,
1995; Thampi and Zarina, 2002). At present there appears to be no clear
demonstration of calpain 2 activity in diabetic lenses. quever, it i1s known that
calpain activity in normal human lenses is low, circa 3% of that in rat lenses (David et

al., 1989) and most recently it has been shown that overall levels of Ca®* found in the
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lenses of diabetic cataract are statistically no different to those of normal lenses,
implying that the elevated levels of Ca** known to be associated with diabetic cataract

may.be highly localised to specific lens regions (Tang et al., 2003).

1.5.3.1 The activation of calpain 2

Despite many years of intensive study, full details of the Ca’*-mediated
activation of calpain 2 have not been elucidated (Goll et al., 2003; Perrin and
Huttenlocher, 2002). Some progress was made in this direction when the recently
solved crystal structures of Ca®" free, rat calpain 2 (Hdsﬁeld et al., 1999) and human
calpain 2 (Strobl et al, 2000) suggested a structural basis for the Ca** dependence of
the enzyme. These studies confirmed the dimeric nature of the enzyme, which
possesses an 80 kDa large subunit with the four domain organisation (I, 11, il and I'V)
of typical calpains, and a 30 kDA smaller regulatory subunit comprising domains VI
and V (figure 1.4; Sonimachi and Suzuki, 2001). Moreover, the high-resolution data

provided by the studies of Strobl et al, (2000} and Hosfield et al., (1999) revealed that

“domain T of calpain 2, which houses the active site of the enzyme, is divided into two

sub-domains, IIa and IIb. Between them, these sub-domains contain the amino acid
residues necessary to form this site (Figure 1.5) but in the absence of Ca®*, structural
constraints hold these subdomains apart, thus maintaining the active site in a
disassembled state. The N-terminal segment of domain I appears to anchor domain Ila
to domain VI in the regulatory subunit whilst Domain ITb makes a number of contacts
with domain III, which is centrally placed within the mol'ecu]e, making contact with
each other domain of the enzyme. Effectively circularising the inactive catalytic

subumt, domain IIT is connected vig a short linker to Domain IV, which, in turn
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associates with domain IV of the regulatory subunit (Strobl er al., 2000, Hosfield er
al., 1999). This association of domains IV and VI has previously been shown to
proceed via predominantly hydrophobic interactions and facilitates the hetero-
dimerisation of the calpain subunits (Blanchard er al., 1997; Lin er al., 1997). Based
on these results, a number of authors have proposed mechanisms for core events
involved in the Ca**-mediated activation of calpain 2 (Figure 1.5; Reverter et al.,
2001a; Reverter ez al., 2001b; Strobl et al., 2000; Hosfield ez al., 1999). Essentially,
these mechanisms propose that Ca®* binds to domains IV and VI, which each contain
Ca®* binding sites consisting of a series of linked ct-helices forming potential EF-hand
motifs (Dutt er al., 2000; Kretsinger, 1997). This binding induces conformational
changes in domains IV and VI, which leads to release of the domain I N-terminal
anchor and initiates a series of structural events, including conformational changes,
resulting in the realighment of domains Ila and Iib and the assembly of th@: calpain 2
papain-like cysteine protease domain (figure 1.6; Reverter et al., 2002; Reverter ez al.,
2001a; Reverter ef al., 2001b; Strobl et al., 2000; Hosfield er al., 1999). Additionally,

whilst generally supporting this proposed mechanism, several studies have indicated

the i)ossibiiit—y that Caf“:bmd-mg to domain I and domain IH"m-éy—;ﬂ_‘sfo pl'aS,fa role in
the activation of calpain 2 (Hata et al., 2001; Tompa et al., 2001; Moldoveanu et al.,
2001; Hosfield et al., 2001).

Whilst the above results provide insight into the internal molecular events
involved in the activation of calpain 2, an important need with regards to external
environmental events associated with activation of the enzyme is clear elucidation of
the threshold levels of Ca®* required for this activation. Under normal lens cell

condition, where Ca®* levels are in the nanomolar range, calpain 2 exists as an

nactive proenzyme (Azuma et al., 1997) and several models have been proposed for
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--of-this-salt-bridgefacilitates--the-liberation-of-the-N-terminal-region-of-domain-I;

the Ca**-mediated trigger used by the enzyme for activation. It has been postulated
that calpain 2 activation may involve a “calpain cascade” in which

Figure 1.5 The Ca® dependence of calpain 2 activation

Figure 1.5 was adapted from Biswas et al., (2004) and is a representation of core
events, which form the basis of the calpain 2 dependence on Ca®* for activation.
Figure 1.5A shows calpain 2 with subdomains Ila and IIb. distal and thus, the
enzyme’s active site in a disassembled state. Figure 1.5B shows Ca®* binding to EF
hands in domain VI, which disrupts a salt bridge between lysine 7 of domain I of the
catalytic subunit and asparagine 154 of domain VI of the smaller subunit. Disruption

thereby initiating a series of structural movements that bring domain IIb into close
proximity with domain Ila and assembly of the calpain 2 active site, represented in
figure 1.5B by cysteine 105 and histidine 262. These processes may be assisted by
Ca’™ binding to acidic residues on both sides of the active site and lipid / membrane
mediated Ca’* binding to an acidic loop in domain III. Also associated with the lipid /
membrane mediated activation of calpain 2 is Ca** binding to domain IV (figure
1.5B), which works in concert with the above Ca®* binding events to promote other
features of the enzyme’s activation process, including autolysis and subunit
dissociation (figure 1.6, Azuma et al., 1997). Additionally, figure 1.5B shows that
domain V of calpain 2 (in white) has a surface location, which would give this region
access to lipid bodies / the membrane, consistent with the recent proposal that a
membrane interactive d-helix within domain V may play a role in calpain 2 activation
(Brandenberg et al., 2002). '
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calpain 1, which is activated in the presence of umolar Ca®*, proteolyses calpain 2,
thereby reducing its Ca”* requirement to a level that would permit the Jatter calpain to
be active at physiological levels of Ca’* (Tompa et al., 1996)7. However, more recent
studies showed that calpain 1 caused no detectable proteolytic degradation of calpain
2 and did not change the Ca™" concentration required for the proteolytic activity of
calpain 2. It was concluded that calpain 1 was unlikely to act as an activator of calpain
2 in living cells (Thompson et al., 2000). Croall and Demartino, (1991), proposed the
autolytic model of calpain 2 activationﬁfF.igure 1.6).7 According to this model,
increases in intracellular Ca®* trigger the autolytic cleavage of N-terminal segments
from domain I and domain V of calpain 2. These structural modifications then lead to
conformational change in the calpain molecule and separation of the truncated
subunits, accompanied by activation of the enzyme (Johnson and Guttmann, 1997;
Azuma et al.,, 1997). However, there are several difficulties associated with this
model. The autolysis of domain V of calpain 2 involves the cleavage of the 86 N-

terminal residues from the enzyme’s smaller subunit. This cleavage does not affect the

- énzym-c’_s_ azrra]uirement and its significance is not well understood (Elce et al.,
1997a). In contrast, it is well established that cleavage after residue 9 of domain 1 of
the enzyme’s larger subunit, and later possibly after residuc 19, greatly reduce the
enzyme’s Ca™ requirement for activation (Goll et al., 1992). However, a number of
studies have shown that autolysis of the domain I N-terminal segment is neither
strictly necessary for activity (Molinari ez al., 1994) nor sufficient for activation (Elce
et al., 1997b}. Furthermore, how the autolysis model of calpain 2 activation would be
triggered under normal in vivo conditions is unclear. It is well established that, in

vitro, calpain 2 requires Jevels of Ca’ in the mM range for activation (Perrin and-
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Huttenlocher, 2002) and clearly, these levels of Ca** do not occur in normal cellular
metabolism, which are generally < 1 umolar (Goll ef al, 1992). One possible
explanation has been proposed by Azuma et al., (1997) ;who suggested that transient,
regionally specific elevations in Ca®* may activate calpain 2. Nonetheless, taken
overall, these results suggested that in addition to autolysis, some other factor(s) are
involved in the in vivo activation of calpain 2. As described above, membrane-
associated forms of calpain 2 have been detected in the lens and it has been shown
that lipid can lower the Ca®" requirement for activation of the enzyme to near
physiological levels (Shearer, 2000; Azuma et al., 1997). Based on ‘thcse observations,
Mellgren (1987) proposed the membrane activation model for calpain 2. The original
model proposed by the latter author has since been developed to account for more
recent data and is shown in its present form in Figure 1.6. The model shown in Figure
1.6 indicatés that elevated intracellular Ca®* triggers the translocation of calpain 2
from the cytosol to the membrane. There, at physiological levels of Ca and the
presence of membrane effectors such as specific phospholipids, the dissociation of the

calpain 2 subunits is promoted, accompanied by activation of the enzyme. Once so

activated on the rﬁembrane, }:alpain may diffuse into the cytosol or may be confined to

acting on membrane-associated proteins {(Molinari and Carafoli, 1997, Kawasaki and
Kawashima, 1996). Whilst a generally a‘ccepted model, there is some debate with
regards to events involved in the membrane activation model of calpain 2. Some
authors have disputed the involvement of subunit dissociation in the activation of the
enzyme (Dutt et al., 1998; Elce et .al., 1997a; Zheng and Mellgren, 1996). Other
studies would support the view that the subunit dissociation of calpain 2 is
accompanied by autolysis, producing the N-terminally truncated large subunit of the

enzyme as the active species (Dainese et al., 2002; Nakagawa et al., 2001; Kitagaki et
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al., 2000). Yet other studies wouid suggest that subunit dissociation occurs without
autolysis and that the intact lone large subunit is the enzymatically active form of
calpain 2 (Cottin et al., 2001, Pal et'al., 2001 Bessiere et al., 1999; Yoshizawa et al.,
1995). At present, whilst subunit dissociation is generally accepted as a feature of

Figure 1.6 Activation pathways of calpain 2
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Figure 1.6 shows a schematic representation of the membrane mediated activation of
calpain 2 and was adapted from Suzuki and Sorirmnachi (1998). In the presence of
— ___L.-_--L,_#elevated_intracellular__Ca%f, dimeric_calpain. 2 (1)_is_translocated_to_the membrane (2).

Then, in the presence of lipid / Ca®*/ activators(?) subunit dissociation occurs, either
directly and leading to the formation of the activated 80 kDa form of calpain 2 (5), or
preceded by autolysis and leading to the activated 76 kDa form of the enzyme (4). It
has been suggested that an end product of both forms of activation may be the
dimerisation of liberated calpain 2 small subunits.

calpain 2 activation, no proposed mechanism of activation for the enzyme has been
definitively rejected. Indeed, it has been suggested that calpain 2 may employ more
than one activation mechanism with choice depending upon cellular conditions
(Figure 1.6; Sorimach and Suzuki, 1998; Azuma et al., 1997). A number of recent

studies have progressed understanding of the membrane activation model for calpain

2. Domain III of the enzyme was found to contain an EF hand motif and was shown to
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bind lipid in a Ca® dependent manner (Tompa et al., 2001). Moreover, this domain
was shown to form an anti-parallel B-sheet sandwich, which is structuraily related to
C2 domains (Strobl et al., 2000; Hosfield et al., 1999) and believed to modulate
enzyme activity via Ca** regulated lipid. binding (Rizo and Sudhof, 1998). It has- been
proposed that a similar mechanism may allow domain III to modulate the activation of
calpain 2 via electrostatic interactions with domain IT (Reverter et al., 2002; Reverter
et al., 2001a; Reverter er al., 2001b). Domain V of calpain 2 was shown to possess ﬁ
C-terminal segment with the sequence Gi;7TAMRILGG, which appeared to be
required for the lipid activation of calpain 2 (Crawford et al., 1990). More recent
investigations, using peptides homologous to various regions of domain V,
demonstrated that although the presence of the TAMRIL sequence was required for
these lipid ipteractions, the presence of a polyglycine sequence was also necessary for
such interaction (Arthur and Crawford, 1996). It was concluded by these latter authors
that their data supported the general membrane activation model proposed for calpain
2 (Figure 1.6; Suzuki and Sorimachi, 1998) but no further investigations into the lipid

/ membrane interactions of these domain V segments appears to have been performed.

1.6 Calpain inhibitors and cataract

In view of the major role played by calpains in cataractogenesis, a number of
anthors have suggested that calpain inhibitors may have potential as anti-cataract
agents (Biswas et al., 2001; Donkor, 2000; Wang and Yuen, 1994. However, to
perform this function, these inhibitors must possess alnumbcr of characteristics,
including high specificity for lens calpains, water solubility and membrane

permeability. The only known compound with absolute specificity for calpains is their
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endogenous inhibitor, calpastatin (Todd et al., 2003) but due to its high molecular
mass, and thus membrane impermeability, this inhibitor is of little therapeutic use
(Goll et al.,'2003). In response, calpain inhibitors have been derived from naturally
occurring sources and produced by both semi-synthetic and fully synthetic routes
(Hernandez and Rousch, 2003; Ray et al., 2003; Donkor, 2000; Wells and Bihovsky,
1998; Chatterjge, 1998). Amongst the best characterised of first generation calpain
inhibitors are the epoxysuccinyl peptides, which include E64 and its analogues
(Figure 1.7; Wang and Yuen, 1994; Azuma et al., 1992). These inhibitors possess
electrophilic centres within their structure that form an irreversible covalent bond with
the thiol group of the cysteine residue in the calpain active site, thereby blocking
calpain proteolytic action (Wang, 1990, Parkes et al., 1985). E64 was found to show
some ability to reduce the proteolysis of B-crystallins and retard cataractogenesis in
rodent models (Lampi et al., 1992; Azuma et al., 1992) but showed poor selectivity
for calpain, inhibiting other cystein‘e proteases, and suffered from poor membrane
permeability due to the presence of charged carboxylate and guanidinium groups

within its structure (Wang and Yuen, 1994). The esterification of the E64 carboxyl

“gfblip and the modification of -thé'compouun;d—-’-sm guanidinobutane group to an alkyl
group produced E64d, which showed improved membrane permeability. Moreoever,
in vivo, E64d is readily hydrolysed by cellular esterases to an active form, which has
been shown to prevent induced-cataract in lens culture models (Ray et al., 2003;
Azuma et al., 1992). A further well characterised class of first generation calpain
inhibitors are the peptide aldehydes, which bind calpains in a reversible Ca®*-
dependent manner and include leupeptin, calpain inhibitor I, calpain inhibitor II

calpeptin ( Igbal et al., 1997) and MDL28170 (Wang and Yuen, 1994). Electrophilic

centres within these inhibitors, usually a functional group such as an aldehyde or a
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ketone, which contains a carbonyl moiety, react with the thiol group of the active site
cysteine of calpains. These reactions form covalent hemithioacetal or hemithioketal
adducts, which effectively allows these peptide aldehydes to function as competitive
inhibitors of calpains (Wang, 1990). The peptide aldehydes showed improved
membrane permeability and calpain selectivity over E64 and its analogues and
demonstrated some success in retarding calpain-mediated cataractogenesis (Azuma et
al., 1992). However, low water solubility and toxicity to lenses largely prohibited
their use as pharmacological tools and anti-cataract agents (Biswas et al., 2001;
Sanderson, 1996; Lampi et al., 1992).

As potential therapeutic agents in a vanety of disorders, the problems of poor
membrane permeability and calpain selectivity have led to the development of a large
number of novel compounds directed against calpains (Ray et al., 2003; Di Rosa et
al., 2002; Wang and Yuen, 1994) and indeed cysteine proteases in general (Hermandez
and Rousch, 2003). These efforts have produced a chemically diverse range of novel
compounds, including: reversible calpain inhibitors such as peptidyl aldehydes, o-

ketocarbonyls and o-ketoamides, and irreversible calpain inhibitors such as

ﬂuorom&hyiketénles, - ;/inyl - _sulph(;nes;:‘ d1 azomcthylketoﬁgé , z;cyloxymethyll-(étbn;s,
sulphoniummethylketones, haloacylhydrazines and epoxysuccinyl peptides
(Hernandez and Rousch, 2003; Ray et al., 2003; Donkor, 2000; Wells and Bihovsky,
1998). As recent examples: Novel compounds, -based on short peptides with
heterocyclic components bearing o,-unsaturated carbonyl functionalities have been
shown to be-potent calpain inhibitors (Mann et al., 2002). Several authors have
employed a peptidyl o-hydroxamate scaffold for the design .of reversible calpain
inhibitors and identified a hydroxamate with an N-alkoxy substituent that enhanced

inhibitory potency by strengthening the hydrogen bonding between the hydroxamate
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NH moiety and fesidues in the active site of calpain (Josef et al., 2001; Donkor et al.,
2001). Peptidyl methyl ketone inhibitors have been designed using 1-
hydroxybenzotriazole and other peptide-coupling reagents to produce a number of
compounds, which are potent irreversible inhibitors of the enzyme (Tripathy et al.,
2000). Calpastatin has been used as a structural template and it was found that the
fusion of an eleven poly-arginine peptide to the inhibitor yielded a peptide with
enhanced membrane permeability but no reduction in its ability to inhibit calpains
when compared to naturally occurring calpastatin (Wu et al., 2003). Peptidomimetics
have been introduced into the design of reversible calpain inhibitors. The substituﬁon
of peptide constituent ﬁmino acid residues with piperidine carboxamides or
benzothiazine led to the identification of novel ketoamide and aldehyde inhibitors of
calpains with high selectivity over other cysteine proteases (Lubisch et al., 2000;
Wells et al., 2001). A number of non-peptide calpain inhibitors have been developed
and recently, o-mercapto acrylate derivatives have been synthesised, which interact
with the Ca2+-binding domains III, IV and VI rather than the active site of calpain

(Lin et al., 1997; Wang et al., 1996). One such derivative, PD150606, was reported to

beihig-ﬁl_y membrane permeable and highly selective for the inhibition of calpains
relative to other cysteine proteases (Wang et al., 1996), although more recently, the
compound has been shown to inhibit motor neuron death vig inhibition of kainate-
induced Ca*" influx and not via calpain inhibition (Van den Bosch et al., 2002).

In general, the testing of these novel calpain inhibitors as anti-cataract agents
is in the infancy stage. Nonetheless, the lessons being learnt, coupled to the recently
gained insigﬁts into calpain activation mechanisms (Reverter et al., 2001a; Reverter et

al., 2001b; Strobl er al., 2000; Hosfield er al., 1999), will allow structure based
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inhibitor design (Hemandez and Rousch, 2003) and the production of highly specific

lens calpain inhibitors with physiochemical properties tailored for lens entry.

1.7 CONCLUSIONS

Here, an overview of cument research into the role of calpains in
cataractogenesis has been described and the body of evidence strongly suggests that
these enzymes participate in the eye disorder. In murine lenses, and possibly those of
other animals, calpain 2 and Lp82 are the major candidates for these roles with the
possibility of contributions from calpain 10 and Lp85. Calpain 2 appears to be the
major calpain involved in animal models of diabetic cataractogenesis. Lp82 and Lp85
have not been detected in human lenses and it is tempting to extrapolate from animal
models and suggest that calpain 2 may play a major role in at least some forms of

human cataractogenesis.

T AR yetr no definitive'"mechanism(s) -for-the -activation—of- calpain*Z—undcr“ T T T

physiological conditions appears to have been presented although the involvement of
lipid / membranes in these mechanisms seems probable and it is worthy of note that
high levels of Ca**-induced calpain 2 activity have been demonstrated in the
membrane fraction of human lenses (Sanderson er al., 2000). In response to
physiologically relevant elevations of lens Ca*, there appears to be the possibility of
multiple mechanisms of calpain 2 activation, leading to different enzymatically active
forms of the enzyme. It would seem that the mechanism of calpain 2 activation used

depends at least in part, upon the cellular location of the enzyme. It may be that in the
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lens, physiological functions are performed by different isoforms of calpain 2,
generated according to the location of the enzyme’s activation. However, under
pathological conditions such as cataract where intracellular levels of Ca®* are in the
mM range and above (Tang et al., 2001), autolysed forms of calpain 2 have been
consistently detected (Goll et al., 2003; Shearer, 2000; Azuma et al., 1997). These
observations clearly suggest that pathological levels of Ca®* are able to directly induce
the activation of calpain 2 via autolytic mechanisms. Nonetheless, it has been
observed that pathological levels of lens Ca™ are also likely to directly induce the
conformational changes assoctated with the production of non-autolysed forms of
activated calpain 2 (Shearer, 2000; Azuma et al., 1997). It may therefore be that in
cataract, multiple mechanisms of calpain 2 activation lead to the unregulated

proteolysis of crystallins and lens opacification.

1.8 Aims of the study and Scope of the work

The aim of this study was to develop an in vitro mode] of cataract in order to

study the effect of calpain inhibitors in retarding this process. Here, the ability of Ca2*

to induce cataractogenesis in porcine lenses is investigated for the first time,
extending the range of in vifro lens sources available for such studies. Atomic
adsorption spectroscopy is used to investigate the relationship between levels of
porcine lens Ca® and degree of opacification within these lenses whilst calpain
inhibitors are used to confirm the participation of calpains in this opacification
(chapter 2).

Thes; investigations imply a role for calpain 2 in porcine cataract and the

remaining work presented in this thesis attempts to extend the understanding of the
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role played by lipid / membranes in the lens activation of this enzyme corroborating
the hypothesis that membrane phospholipids play a significant role in the activation of
calpain 2 in vivo. Hydrophobic moment plot based methodologies, hydropathy
analysis and the DWIH measure of membrane interactive potential are used té)
identify segments within the primary structure of domain V of calpain 2 for the
potential to f;:)rrn lipid interactive secondary structure (chapter 3).

A peptide homologue of the domain V segments thus identified fs then tested
experimentally for the ability to penetrate membranes, using haemolytic anal'ysis and
monolayer studies. Additionally, the ability of the peptide to adopt lipid interactive
secondary structure is investigated in conjunction with German collaborators using
FTIR conformational aﬁalyses (chapter 4).

A role for domain V of calpain 2 in the membrane mediated activation of the
enzyme is then investigated. The large subunit of calpain 2 (LS-calpain 2) is
proteolytically active in the absence of the calpain 2 small subunit. LS-calpain 2 and
calpain 2 are assayed for proteolytic activity in the presence of various phospholipids

in order to see if these lipids can reduce the threshold Ca®* requirement of these

~ enzymes, which is clearly demonstrated for calpain 2 but not LS-calpain 2. In

addition, the lipid preferences of calpain 2 are investigated using monolayer studics
{chapter 5).

In combination, the results of these studies are used to construct a putative
model for the lipid / membrane activation of calpain 2 énd in the discussion of the

potential of calpain inhibitors to act as anti-cataract agents (chapter 6).
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CHAPTER 2

The in vitro ability of the peptide aldehyde, STJTA6017,
to inhibit calpain-mediated porcine opacification

Biswas, S., Harris, F., Singh, J. and Phoenix, D. A. (2003) The irn vitro ability of the
- peptide aldehyde, SJA6017, to inhibit calpain-mediated porcine cataractogenesis.
Cell. Mol. Biochem. In press
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2.1 ABSTRACT

Calpain inhibitors show the potential to support non-surgical alternatives in
treating cataract. Here, the recently developed calpain inhibitor, SJA6017, and calpain
inhibitor IT are tested in vitro for their ability to inhibit opacification in porcine Ienseé.
These lenses were incubated in increasing levels of extra-lenticular Ca®* (5 mM — 30
-mM). Atomic absorption spectroscopy was used to determine the total Ca’* content of
these lenses and a correlation between lens Ca** uptake and levels of lens
opacification was found with a lens total Ca®* content of the order of 5.0 pmoles Ca™*
(gm wet lens wcight)'1 corresponding to the onset of opacification. A total lens Ca’*
content of the order of 8.0 umoles Ca®* (gm wet lens weight)? corresponded to
opacity occupying approximately 70% of the lens cell volume. This degree of
opacification was reduced by approximately 40%, when STA6017 (final concentration
0.8 uM) was included in the extra-lenticular medium, suggesting that the Ca*-
mediated activation of calpains may be involved in the observed opacification.
Supporting this suggestion atomic absorption spectroscopy showed that the effect of

- —--SJA6017_ (final _concentration_0.8_puM)_on_lens opacification was not due to the

compound restricting porcine lens Ca”* uptake. Calpain inhibitor I showed no ability
to retard porcine opacification and the results of this study are discussed in refation to

the development of SJA6017 as an anti-cataract agent.
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2.2 INTRODUCTION

With the realisation that calpains are involved in a spectrum of human
disorders, investigation into the potential of calpain inhibitors to aét as therapeutic
agents has led to the production of a plethora of agents (section 1.6). dne of the most
potent of these agents is the recently characterised compound, STA6017 (figure 2.1;

Nakamura et al., 2003; Fukiage et al., 1997),

Figure 2.1 The chemical structure of SJA6017

Figure 2.1 was adapted from Nakamura et al., (2003) and shows the chemical

structure  of ~theé ™ Tecently “characterised—calpain—inhibitor,—SJA6017—N-(4
fluorophenylsulfonyl)--valyl-_-leucinal), which is essentially a peptide aldehyde. The
functional aldehyde of the compound (in bold) forms a hemithioacetal with the active
SH on the cysteine residue of calpains, thereby reversibly inhibiting the proteolytic
activity of the enzyme (section 1.6; Inoue et al., 2003; Fukiage et al., 1997).

The chemical structure of SJTA6017 is shown in figure 2.1 and it can be seen
that the inhibitor is a peptide aldehyde. Essentially, SJA6017 was synthesised by
treating i-valine with 4-fluorobenzenesulfonyl chloride to give N-(4-
ﬂuoropﬁenylsulfonyl)—L—va]ine. This product was then coupled with -leucinol and the

resulting compound oxidised, using a sulphur trioxide-pyridine complex, to give N-

(4-fluorophenylsulfonyl)-; -valyl-L-leucinal (Fukiage et al., 1997). SJA6017 has been
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shown to be a potent inhibitor of calpain 2 (Nakamura et al., 1999; Fukiage et
al.1997) and Lp82 (Nakamura et al., 1999). In relation to othér calpain inhibitors,
SJAG017 shows high specificity for calpains, exhibiting only limited efficacy against
other cysteine proteases and relatively low cytotoxicity (Inoue et al., 2003). Based on
these therapeutically desirable characteristics, STA6017 has been studied as a potential
agent for the treatment of a variety of human disorders including: brain injury (Ray et
al., 2002; Kupina et al., 2001), Alzheimers disease (DiRosa et al., 2002), retinal cell
damage (Tamada et al., 2002) and angiogenesis (Tamada et al., 2000). Additionally,
SJA6017 is one of the few recently developed calpain inhibitors to be tested as an
anti-cataract agent. Studies on rats showed that systemic SJA6017 was taken up by
the lens and inhibited in vivo selenite cataract formation (Tamada et al., 2001) whilst
studies on cultured lenses from rats (Mathur et al., 2000; Fukiage et al., 1997), guinea
pigs and rabbits (Fukiage et al., 1998) have found the inhibitor to possess high
efficacy in preventing Ca®*-induced models of cataract. There appears to have been no
investigation into the effects of SJTA6017 on ca.lpain-mediatcd cataractogenesis in

other mammalian lenses and in terms of physical dimensions, porcine lenses are close

‘to human lenses. In the present study, the i vitFo ability of-STA6017,-and-the well-

ch:.a.racterised calpain inhibitor, calpain inhibitor II, to inhibit Ca**-induced
opacification in porcine lenses was investigated. To ensure that this ability was not
related to reduced lens cell uptake of Ca2+, the total Ca®* content of opacified lenses,
which had been treated with. either STA6017 or calpain inhibitor II, and their
corresponding controls, were determined using atomic abso¥ption sbectroscopy. The
results of these studies showed thét neither calpain inhibitor II nor SJA6017 were able
to significantly influence porcine lens cell uptake of Ca’* and that STA6017 alone

retarded opacification in these lenses.
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"~ 2.3.2Lens photography -

2.3 MATERIALS AND METHODS
2.3.1 Materials

The calpain inhibitor, STA6017, was donated by Senju Pharmaceuticals
(Japan). Calpain inhibitor Il and Analar calciam chloride were purchased from Sigma
(UK). All other reagents were of Analar grade with Ca®™ < 0.01 ppm and purchased
from Sigma (UK) except for concentrated nitric acid (70%, w/v) and lanthanum
chloride, which were purchased from bFischer (UK). Aliquots (1 litre) of lens medium
(M) were prepared: A solution (.:ontaining: NaCl, 13;1 mM; KCl, 12.7 mM; NaHCOs,
12mM; NaH,PQ,, 36 mM; Tms, 10 _mM, pH 7.5 was autoclaved. The cooled solution

was supplemented with: penicillin (final concentration 100 units mi™), streptomycin

(final concentration 100 units ml™) and sterile glucose solution to give a final glucose

concentration of 5.5 mM. The tonicity of the resulting mixture was adjusted to give a

value of 300 mOsm Kg’1 according to Varma et al., (1986).

Lenses were photographed with their epithelial side up using an SLR camera
(Nikon 55 with micro-lens attachment) against a black grid with homogeneous retro-
illumination from a light table. When viewed through a transparent lens, the black
grid should be visible without any discontinuity of the lines. Howéver, since the
porcine lens has a somewhat biconvex shape (as most o£her lenses), clear visibility of
a plane grid was only obtained through the relatively central area of the lens. Some

parts of the grid will therefore appear distorted or blurred in the periphery of even a
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clear lens. In addition, some optical irregularity is always seen in a natural lens, and
being a biological tissue, a lens is never totally transparent. Opacification was
determined qualitatively by assessing the loss of visibility of the grids, either as an
overall diffuse blurring, segmental discontinuity of the lines or a tota loss of visibility
when viewed through thé central circular area of the lens, as well as the appearance of
white paiches within the lens substance. The results are presented as original

photographs in figures 2.3, 24,25and 2.7,
2.3.3 Isolation of the porcine whole lens system and preliminary analyses

Paired porcine eyes were obtained from a local abattoir (Preston Meats, UK)
and washed with sterile saline (0.25 mM) containing 1% (w/v) povidone-iodine.
Under aseptic conditidns, the lenses of these eyes were removed by genfle dissecti.on
from the posterior approach to avoid anterior epithelial damage (Holleschau et al.,
1986). Lenses were visually examined and those obviously damaged, or clearlyv

showing pre-existing cataracts were rejected (Figure 2.3A), including the matching

lens it~ the pait.” The selected pairs of matched lenses were-then-cleaned-of adherent—— - - -

vitreous material, iris pigment and lens zonules, and immediately weighed. Each lens
was placed on its posterior side and photographed as described above.

Preliminary experiments were performed to optimise experimental conditions
such that the Ca**-mediated induction of porcine lens opacification reached desired
levels without accompanying lens degradation. Accordingly, a series of matched lens
pairs were taken and one lens from each pair immefsed in 2 ml of sterile. I..M The
remaining lenses from the matched lens pairs were similarly placed in LM except that

in this case, the medium contained sterile calcium chloride with concentrations that
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varied between 5 mM and 30 mM. These samples were then incubated at either: 25°C
or 30°C for either: 12, 15, 18 or 24 hr, lens integrity visually assessed and optimal

conditions for lens incubation determined.
'2.3.4 The effect of calpain inhibitors on porcine lens opacification

A series of matched porcine lens pairs were taken and one lens from each
matched lens pair was incubated in sterile LM containing CaCl; with a concentration
of either: 7.5 mM, 10 mM, 15 mM, 20 mM, or 30 mM. The remaining lens of each
matched lens pair was placed in a corresponding medium except that either calpain
inhibitor IT or SJA6017 had been added. In all cases, the final concentration qf each
inhibitor corresponded to its ICso value for calpain 2, which in the case of calpain
inhibitor 1T was 500 nM (Maki et al., 1989) and in the case of SJA6017 was 0.8 uM
(Fukiage et al., 1997). Each of these samples was then incubated at 25°C for 18 hours.
After incubation, the lenses were extracted, excess medium gently removed using

absorbent tissue, and the lenses photographed as described above. Lenses were then

placed in sterile containers and frozen at -80°C until further use.

2.3.5 Atomic absorption spectroscopy.

Lenses were allowed to come to room temperature and any visible moisture
gently removed using absorbent tissue. The lenses were then weighed, individually
placed in a microwave bomb containing 10 m! of concentrated nitric acid (70% w/v)

and microwave digested at 180°C for 20 min (CEM Mars X microwave).
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The resulting samples were then evaporated to dryness in PTFE beakers using
a heating plate and re-dissolved in 25 ml of nitric acid (5% w/v), which also contained

lanthanum chloride (0.2 gm .

Figure 2.2 ATI Unicam Flame Atomic Absorption Spectrophotometer

e

Figure 2.2 shows an interior view of a typical flame atomic absorption
spectrophotometer, including: hollow cathode lamps (1), high temperature acetylene
flame atomising calcium from sample (2), beaker containing test sample in solution
(3), wunit housing photo-multiplier diode (4) and console displaying
spectrophotometric readings (5).

The Ca®* content of the lens samples was then measured using atomic
absorption spectroscopy (ATI Unicam Model 929, Figure 2.2). A set of Ca™
calibration standards were prepared, analysed in triplicate and used to produce a
calibration curve for Ca®* across the range 0 ppm to 10 ppm (Figure 2.5). Total lens

Ca®* content was determined in triplicate and expressed as wmoles Ca®* per gm wet

lens weight.
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~ 2.3.6 Statistical analyses of porcine lens Ca® uptake data

Mean Ca®* uptake by p(-)rcine lenses was pldttcd as a function of the extra-
lenticular Ca** concentration with error bars based on the standard deviation (SD).
These plots were analysed to make cofnparisons between porcine lenses Ca”* uptake
in the présence and absence of: 1) calpain inhibitor II, and 2) SJA6017, using a
Regression in Groups model (Draper and Smith, 1998):

y=PBo+Pix + Pl + Bslex + €
where 39, 1, B2, and B; are the regression cocfﬁcientg with (o the intercept for x, and
B1, B>, and B3 the coefficients for x, I and the interaction term I.x respectively; x
represents porcine lens CaZ* uptake, 1 is the dummy variable denoting group
membership (I = 0 for Ca® uptake without inhibitor and I = 1 for Ca? uptake with
inhibitor) and € is the error term. The Least Squares estimators for the regression
coefficients, B, and f3, were analysed to establish statistically whether the curves
representing porcine lenses Ca®* uptake in the presence and absence of: 1) calpain

inhibitor [[ and 2) SJA6017, can be conmdered to bc coincident. The results of these

analyses are presented in Table 2.1.
In this and Chapters 3, 4 and 5, the results are presented as original photographs,
traces and as mean * the standard deviation (SD). All data were analysed using

MINITAB 13.1 statistical software. A ‘p’ value of <0.05 was taken as significant.

2.4 RESULTS

Here, the in vitro ability of Ca®* to induce opacification in porcine lenses has
been investigated. Preliminary experiments showed that when porcine lenses were

incubated in LM supplemented with 30 mM Ca® for 12 hours, substantial lens
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degradation occurred (Figure 2.3B and 2.3C). However, similar incubations for a
duration of 18 hours at 25°C led to total opacification of the incubated lenses whilst
preserving lens integrity (Figure 2.4B”). All future lens incubations were conducted
under these conditions.

Control lenses, which had been incubated in LM alone showed no evidence of
opacification (Figure 2.4A). However, when incubated in LM, which was
supplemented with increasing levels of Ca™ (5.0 mM to 30 mM), lenses showed clear
evidence of progressive opacification. LM supplemented with 10 mM Ca®* marked
the onset of significant opacity in these leﬁses whilst a 15 mM Ca®* supplement, led to
high levels of opacification, which occupied approximately 70% of lens volume
(Figures 2.5C’ and 2.5D’). Lenses incubated in LM, which had been supplemented
with 30 mM Ca’* showed dense opacification, characteristic of advanced cataract

formation.(Figure 2.4B).

Figure 2.3 Examples of porcine lenses found unsuitable for investigation

Figure 2.3A shows a porcine lens exhibiting a pre-existing sectoral opacity. Such
lenses were not considered for further investigation as clearly, pre-existing opacities
will confound the extent of neo-cataract formation. Figures 2.3B and 2.3C show
porcine lenses that have been incubated in LM, supplemented with 30 mM Ca**, for
12 hours and the early stages of disintegration can be seen. For these lenses,
disintegration of the lens capsule in a small area causes the slow release of intra-
lenticular contents. As a result, the lens then loses its bi-convex spheroidal shape and
normal consistency, ultimately becoming an opacified, irregular mass. All
photography was performed as described in section 2.3.2.
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Atomic absorption spectroscopy was used to determine the total Ca®* content
of lenses that had been incubated in LM supplemented with increasing levels of Ca®'.
Mean lens Ca® uptake was plotted as a function of the extra-lenticular Ca®
cpncentration and it was found that a strong linear correlation (Table 2.1A and 2.1C)
existed between porcine lens total Ca®* content and levels of Ca®* in the extra-
lenticular LM medium across the range 5 mM to 30 mM (Figures 2.6A gnd 2.6B).
The onset of opacification (10 mM extra-lenticular 'Ca2+) corresponded to a lens
total Ca®* content of 5.8 umoles Ca** {per gm wet lens weight). Increases in lens total
Ca?* content correlated with progressively greater levels of lené opacification (Figure
2.4 and 2.5), clearly showing a link between le\.rels of porcine lens uptake of Ca** and
degree of lens opacity.

The previous experiments were repeated except that either calpain inhibitor II
(final concentration 500 nM) or SJA6017 (final concentration 0.8 uM) were included
in the extra-lenticular medium. In each case, the Ca** uptake of lenses was plotted as a
function of the extra-lenticular Ca®* concentration and it can be seen from Fi gures

2.6A and 2.6B that curves representing lens Ca”* uptake in the presence of inhibitors

appear to be-éoinciden.t with ;u-r_v.cs representin;g— lens Ca® _u"ﬁ{ake_ in the absence of
inhibitors.

This was confirmed by analysis of these curves using a fitted Regression in
Groups model (Draper_and -Smith, 1998), which éhowed that all p-values for the p,
and {3 coefficients are not significant at the 5% level (Tables 2.1C and 2.1D).
Analysis of the corresponding residuals confirmed that the distributional assumptions
of Normality and homoscedasticity were met. These results indicate that neither

calpain inhibitor II nor STA6017 showed any significant effect on levels of lens total
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Ca®* content across the range 5 mM to 30 mM (Figure 2.6A and 2.6B), showing that

neither inhibited porcine lens uptake of Ca®*.

Figure 2.4 Porcine lenses exhibiting advanced opacification

Figure 2.4A shows a lens that has been incubated in LM alone and the background
grid can be clearly seen, indicating that under these conditions, opacification was not
induced. Figure 2.4B’ shows a lens that had been incubated in LM, supplemented
with 30 mM Ca2+_and the lens is densely opaque with the background grid completely

obscured, typical of advanced cataract. A similar resuli’is seen in figuie 2:4B WHeTe
the lens was incubated in LM, supplemented with 30 mM Ca** and SJA6017 (final
concentration 0.8 uM), indicating that under conditions of high Ca®*, these levels of
the calpain inhibitor have no detectable effect on levels of lens opacification. All
photography was performed as described in section 2.3.2.
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Figure 2.5 The retardation of porcine lens opacification by SJA6017

Figure 2.5C’ and 2.5D’ show porcine lenses that have been incubated in LM,
supplemented with 10 mM and 15 mM Ca®*, respectively. In Figure 2.5C’, the onset
of opacification is evidenced by a developing translucency, which creates a significant
blurring of the background grid lines. This effect has strongly progressed in Figure
2.5D’ where the background grid lines are largely obscured and the lens shows the
development of several patches of localised white opaque areas, which encompasses
circa 70% of the lens volume.

~

Figures 2.5C and 2.5D show porcine lenses that had been incubated in media

-~ -——--—corresponding-those-of-2.5C and.2.5D’ except_that_in_both cases, SJA607 had been
included in the medium (final concentration 0.8 uM). In contrast to figure 2.5C’,
figure 2.5C shows that, although some optical distortion is present, the background .
grid lines can be more clearly seen through the lens than in Figure 2.5C. In Figure
2.5D, whilst opacification has clearly started in the lens with a diffuse obscuration of
the black grid lines, this opacity occupies only circa 30% of the lens volume,
representing a reduction of circa 40% of the opacity observed in Figure 2.5D’.

These results clearly show that SAJ6017 is able to retard porcine opacification under
our experimental conditions. To highlight areas of opacification, higher levels of
illumination were used when photographing these lenses, which were optimised in
each case. All photography was performed as described in section 2.3.2.
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Figure 2.6 Relationship between lens uptake of Ca® and extra-lenticular Ca®'
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Figure 2.6A shows Ca** uptake in porcine lenses, which were incubated in LM
containing increasing levels of Ca®*, either in the absence (#) or presence (B) of the
calpain inhibitor SJA6017 (final concentration 0.8 uM). Figure 2.6B shows Ca®*
uptake in porcine lenses that were treated identically except that incubations were
conducted in the absence (¢) or the presence (M) of calpain inhibitor II (final
concentration 500 nM). It can be seen that in the absence of these inhibitors, there is a
linear correlation between Ca®* uptake levels and the concentration of Ca’* in the
extra-lenticular medium. It can also be seen that in both cases, the presence of calpain
inhibitor in the extra-lenticular medium led to no significant change in this linear
correlation, suggesting that neither inhibitor had any significant effect upon Ca**
uptake by porcine lenses. Experimental procedures were as described in section 2.3.5
and each data point represents the mean of three experiments with error bars  SD.

48



Table 2.1 Statistical analyses of porcine lens Ca** uptake data

: L T Correlation Coefficient P-value
Calpain Inhibitor II present 0.964 <0.0005
Calpain Inhibitor II absent 0.985 <0.0005

Table 2.1A shows the Pearson Product-Moment correlation coefficient for Ca®*
uptake by porcine lenses with and without calpain inhibitor II present, against extra-
lenticular Ca®* concentrations with P-values for test of si gnificance.

Regression Coefficient Least Squares Estimate P-Value
Bo -0.0445 0.908

B1 0.56882 <0.0005
B2 0.3301 0.547
B3 -0.04641 0.190

Table 2.1B shows Regression Coefficients for Regression in Groups fit of Ca** uptake
by })orcinc lenses with and without calpain inhibitor IT present, against extra-lenticular
Ca“* concentrations (Adjusted Coefficient of Determination=0.96; Anderson-Darling
statistic for Normality of residuals, AD=0.391, P=0.365).

Correlation Coefficient P-value

SJAG017 present 0.983 <0.0005
SJA6017 absent 0.975 <0.0005

——Table-2:1C--shows.-the.-Pearson-Product-Moment..correlation. coefficient_for Ca2*
uptake by porcine lenses with and without STA6017 present, against extra-lenticular
Ca®™ concentrations with P-values for test of si gnificance.

Regression Coefficient Least Squares Estimate P-Value
Bo -0.0245 0.948
B, 0.53853 <0.0005
B 0.1485 0.780
B -0.06559 0.590

Table 2.1D shows Regression Coefficients for Regression in Groups fit of Ca** uptake
by porcine lenses with and without SJA6017 present, against extra-lenticular Ca*
concentrations (Adjusted Coefficient of Determination=0.96; Anderson-Darling
statistic for Normality of residuals, AD=0.391, P=0.365). )
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The effect of calpain inhibitor II and SJA6017 on the Ca’*-mediated
opacification of porcine lenses was tested. Theéc lenses were incubated in LM that
had been supplemented with increasing levels of Ca®* (5.0 mM to 30 mM) and either
calpain inhibitor II (final concentration 500 nM) or SJA6017 (final concentration 0.8
uM). At extra-lenticular Ca®* concentrations of 10 mM and 15 mM, the presence of
SJA6017 (Figures 2.5C and 2.5D) led to reductions in levels of lens opacity when
compared to those in lenses that had been incubated in corresponding media but
lacking the inhibitor (Figures 2.5C” and 2.5D’). At 15 mM Ca?, this decrease in lens
opacity was of the order of 40% of lens cell volume, showing that SJTA6017 was able
to retard the onset of pc;rcine opcification (Figure 2.5D). At extra-lenticular Ca®*
concentrations of 30 mM, the levels of SJA6017 used in these experiments showed ﬁo
significant effect on the advanced state of opacification observed in porcine lenses
(Figures 2.4B and 2.4B’). In contrast to STA6017, éalpain inhibitor II showed no
signiﬁcént ability to retard Ca’*-induced porcine lens opacification under the

experimental conditions used here (Figure 2.7).

2.5 DISCUSSION |

In lenses which had been incubated in LM alone, lens total Ca®* content was
found to be 0.38 pumoles Ca** (gm wet lens wcight)'l. Comparable values for total
Ca®™ in the normal lenses of other mammalian species were reported by Shi et al.,
(1994), which véried between 0.11 and 0.6 umoles Ca®* (gm wet lens weight)”. As
LM was increasingly supplemented with Ca®*, a strong, almost linear response was
shown by levels of porcine lens total Ca®* content, implying progressively increased

Ca® uptake by these lenses (Figure 2.6). Moreover, this Ca** uptake correlated with
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Figure 2.7 The effect of calpain inhibitor II on porcine lens opacification

Figure 2.7A shows a porcine lens that has been incubated in LM alone and the
background grid can be clearly seen, indicating that under these conditions,
opacification was not induced. Figure 2.7B’ shows a porcine lens that had been
incubated in LM, which was supplemented with 15 mM Ca®™. Similarly to figure
27C’, the background grid lines are largely obscured with the lens showing the
development of opacification, which encompasses circa 70% of the lens volume.
Figure 2.7B shows a porcine lens that had been incubated in a medium corresponding
to that of 2.7B’ except that calpain inhibitor II (final concentration 500 nM) had been
included in the medium. The levels of opacity shown by this lens shows no
appreciable difference to that shown in figure 2.7B’ indicating that calpain inhibitor II
was unable to retard opacification under these conditions. The lenses shown in figures
2.7C’ and 2.7C were incubated in media that corresponded to those of figures 2.7B’
and 2.7B, respectively, except that 30 mM Ca®* was included in these media. Again, it
can be seen that the presence of calpain inhibitor II led to no apparent reductions in

lens opacity, which undzer these Ca** conditions givesriseto-lenses-exhibiting-dense
opacity, typical of advanced cataract. All photography was performed as described in
section 2.3.2.

increasing levels of lens opacification (Figures 2.4 and 2.5) and in combination, these -
results suggest that the activation of porcine lens calpains could be involved in this
opacification. To investigate this suggestion further, the previous experiments were
repeated except that either STA6017 or calpain inhibitor II were included in the extra-
lenticular medium. It can be seen from Figure 2.7 that calpain inhibitor II showed no

apparent ability to retard porcine opacification. However, previous studies have

shown this compound able to retard the opacification associated with cataractogenesis
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(Tamada et al., 2001; Mathur et al., 2000; Fukiage et al., 1998; Fukiage et al., 1997)
and a possible explanation for the results found here is that calpain inhibitor IT shows
low permeability to porcine lens cell membranes, thus inhibiting uptake of the
inhibitor. In contrast, it can be seen from Figure 2.4 that whilst the presence of
SJA6017 had no significant effect on the development of advanced lens opacificat-ion,
it significantly affected earlier stages of lens opacification (Figure 2.5). This effect
would not appear to be due to STA6017 restricting the uptake of Ca>* by porcine lens
as the presence of the inhibitor had no significant effect on the ability of extra-
lenticular Ca™* to induce changes in the total Ca®" of porcine lenses (Figure 2.6A). In
combination, these results strongly suggest that the ability of SJA6017 to retard the
observed porcine opacification is due to its ability to inhibit calpains, which have been
activated in response to elevated levels of lens Ca®*.

The levels of opacification seen in porcine lenses in the presence of 30 mM
extra-lenticular Ca** (Figure 2.4B’) corresponds to that observed in advanced cortical
cataract (Biswas ei al., 2004). The total Ca®* content of these lenses was of the order
of 160 umoles Ca** (gm wet lens wei ght)’, which corresponds to a val;Je of

" approximately 24 millimoles Ca>* (Kg lens water)”’ and compares to the valtie of 22~
millimoles Ca®** (Kg lens water)! recently reported for advanced age-related cortical
cataract in human lenses (Tang et al., 2003b). This comparability of Ca®* levels at
similar stages of cataract, suggests that .therc may be similarities in the levels of
calpain activation shown by human and porcine lenses in the disorder. Current
understanding is that calpaih 2 is probably the only major calpain activated in human
cataractogenesis (section 1.5.3) and it -is interesting to note that, at the onéet of porcine

opacification observed in the present study (10 mM extra-lenticular Ca®"), the total

lens Ca®* was of the order of 5.5 pmoles Ca®* (gm wet lens weight)!, which
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correspénds to a lens water Ca®* concentration of approximately 8.2 mM. It is well
established that millimolar levels of the ion lead to the direct activation of calpain 2,
whose normal in vitro activity is tightly regulated by a variety of factors (section
1.5.4; Goll et al., 2003). Moreover, it can be seen from Figure 2.5 that STA6017
significantiy inhibited the onset of porcine obacification and SJA6017 is known to
strongly inhibit calpain 2 activity (Fukiage et al., 1997)’.

Taking these resuits overall, it would seem that they provide a basis for further
investigations. The porcine lens may be a useful model for investigating some aspects
of human cataractogesesis. SJA6017 is clearly taken up by porcine lenses and shows
considerable efficacy in reducing their opacification. Tt has previously been suggested
that calpain inhibitors could be developed as anti-cataract agents for use in cases
where surgery is not an option, and in the treatment of diabetic cataract as a
complement to conventional diabetes therapy (Biswas et al., 2003). SJA6017, or its
derivatives, may be suitable for development in such capacities. Indeed, supporting
this suggestion, analogﬁes of STA1067 have recently been shown to be efficacibus in

inhibiting nuclear cataract in a rat lens culture model (Nakamura et al., 2003).
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CHAPTER 3

A theoretical investigation into the potential of
calpain 2, domain V, to form lipid interactive
secondary structure

Biswas, S., Harris, F., Daman, O A., Wallace, J., Phoenix, D. A. (2001) A theoretical
investigation into the role of amphiphliic o-helical structure in the lipid interactions
of m-calpain. Abstracts of the Association for Research in Vision and Opthalmology,
Investigative Opthalmology and Visual Science 42, p 5877, No 4710-B729; Daman,
O. A., Biswas, S., Harris, F., Wallace, J. and Phoenix, D. A. (2001) A theoretical

“investigation into the lipid ifiteractions of m-calpain-Mol~Cell-Biochem223;7159———————

163.
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3.1 ABSTRACT

Calpain 2 is a calcium-dependent heterodimer whose activation appears to be
modulated by membrane interaction involving a segment, G;TAMRILGG, in domain
V of the enzyme’s smaller subunit. Here, sequence analysis .of calpain 2 from a
number of mammalian species showed domain V from each to possess a segment,
centred on the TAMRIL sequence, with the potential to form a lipid interactive o-
helix. These a-helical segments showed high levels of homology between species and
comparable DWIH values, circa 7.0, indicating high membrane interactive potentials.
Additionally, these «-helices were found to possess comparable hydrophobic

moments (< 4y >) of the order of 0.5, which identified them as candidate oblique

-orientated o-helices. Consistent with this result, hydropathy plot anaﬁlysis showed each

o-helix to possess a significant N — C hydrophobicity gradient whilst graphical
analysis demonstrated that each o-helix possessed strong structural similarities to the

kﬁown oblique orientated o-helix of the influenza HA2 peptide. Based on these

..Tesults, it is_suggested that an early stage in the membrane activation of calpain 2 may

be oblique angled penetration of the membrane by o-helical structure in domain V of

the enzyme.

55



3.2 INTRODUCTION

As described in chapter 1 the membrane activation model for calpain 2 is that
most generally accepted. Membrane interaction is a preliminary event in this model
‘and previous studies have shown that a C-terminal segment, G;;TAMRILGG, in
domain V of the enzymes smaller subunit is required for these interactions (Crawford
et al., 1990). A previous sequence analysis of domain V from porcine calpain 2
revealed no potential for either amphiphilic B-sheet or amphiphilic o-helix formation
(Crawford et al., 1996), the major elements of membrane interactive secondary
structure found in proteins (Phoenix et al., 2002). Here, the sequence of domain V
from calpain 2 is analysed using several recently developed techniques for the
detection of protein segments with membrane interactive potential. The primary
structures of domain V from porcine, human, bovine and rabbit calpain 2 (table 2.1.)
are analysed using the DWIH (dei)th weighted insertion hydrophobicity) algorithm of
Roberts et al., (1997). This algorithm identifies protein segments with the potential to

form membrane interactive o-helices and provides a novel quantitative measure of

this potential. Tl;;—s_e- ;:a]pain 2 sequ;;lces are alg)—z{na]ysed according to extended
hydrophobic moment plot methodology (Harris et al., 2000, Eisenberg et al., 1984),
which identifies protein segments with the potential to form oblique orientated o-
helices. These a-helices possess highly specialised structure / function relationships
and are characterised by the possession of hydrophobicity gradients, which facilitate
membrane penetration at a shallow angle (Brasseur, 20(_)0). Supported by graphical
analysis (Hennig, 1999) and hydropathy plot analysis (Kyte and Doolittle, 1982), the
results obtained from these sequence analyses showed that each calpain 2 examined

possesses a domain V segment, centred on the TAMRIL sequence, with the potential
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to form a lipid interactive oblique orientated o-helix. It is predicted that such structure

may play a role in the membrane activation of calpain 2.

3.3 EXPERIMENTAL

The sequénce of the HA2 influenza peptide, and those of domain V from
human, bovine, porcine and rabbit calpain 2 (tables 3.1 and 3.2.) were obtained from
the “SWISSPRO'_I‘” data bank, (http://ca.expasy.org/sprot/, accessed 13.12.03) and
tested for homology using the Match-box Web Server 1.3 facility for protein sequence

alignment  (http://www.sciences.fundp.ac.be/biologie/bms/matchbox submit.shtml,

accessed, 13.12.03). The ability of these calpain 2 domains to form lipid interactive o-
helical structure was then investigated using the depth-weighted inserted
hydrophobicity (DWIH) algorithm of Roberts et al., (1997) and the extended

hydrophobic moment plot analysis of Harris et al., (2000).
3.3.1 DWIH analysis

The DWIH algorithm provides a measure of membrane interactive potential
by maximising the sequestration of hydrophobic residues within a hydrophobic
compartment. The window size is not fixed but optimised to identify the maxin;um
window size, which could potentially interact with the membrane. A statistical
significance for the measure is obtained by Monte-Carlo techniques, which take into
account the significance of the amino acid residues present (uniform test) and the
significance of the arrangements of the amino acid residues around the o-helix

(random test). The DWIH aigorithm was used to analyse the calpain 2 domains shown
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in table 3.1 for the ability to form lipid interactive o-helical structure (tables 3.2 and

3.3).
3.3.2 Extended hydrophobic moment plot methodology

This methodology first uses hydrophobic moment analysis (Eisenberg er al.,
1982a) to identify putative ¢-helical sequences and to quantify their amphiphilicity.
Essentially, the hydrophobic moment measures the structured partitioning of
hydrophilic and hydrophobic residues in a regular repeat structure of period 0 and
hence car; provide a measure of o-helical amphiphilicity (Eisenberg et al., 1984). To
determine the hydrophobic moment, the hydrophobicities of consecutive residues in a
putative 0-helical sequence are treated as vectors with positive Qa]ues implying that a
residue is hydrophobic. A vector with magnitude proportional to the hydrophobicity
of amino acid, &, is drawn from the o-helical long axis towards the central o-carbon

of the amino acid residue. The hydrophobic moment is defined by:

! {
@) = {[ Y Hisink®]*+ [, Hicos(k8))* }'*
k=1

k=1

where n(0) is the hydrophobic moment of a sequence of length ! residues. Hy is the

hydrophobicity of residue &, and is usually quantified according to the normalised

consensus hydrophobicity scale of Eisenberg er al., (1982b). The usual analytical
approach is to consider a window, with a length of eleven amino acid residues,
progressing along the amino acid sequence and for each window, the associated

hydrophobic moment at 100° is calculated. Windows with maximal values of £100°)
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are taken as the most likely candidates for amphiphilic o-helix formation. The
amphiphilicity of an a-helix thus identified is given by the more usnal form of the
hydrophobic moment, < g >, which is defined by w(100°) / 11. For the calpain 2
domains shown in Table3.2. < 4y > and the corresponding mean hydrophobicity,< H
>, were comp'uted and these results are presented in Table 3.3. With these data,
extended hydrophobic moment plot methodology then attempts to classify putative o
helical sequences as either globular, transmembrane, surface active or oblique A
orientated. Accordingly, the values of < s > and < H > computed for the windows
identified in Table 3.2 were used as coordinate pairs to represent their parent o-
helices as data points (Figure 3.1) on the extended form of the hydrophobic moment
plot diagram (Harris et al., 2000; Eisenberg et al., 1984). For comparative purposes,
the HAZ2 peptide, which is known to form a lipid interactive oblique orientated o-helix

(Brasseur, 2000), was similarly analysed (Tables 3.2 and 3.3) and plotted (Figure 3.1),

3.3.3 Hydropathy plot analysis and graphical analysis

Wingen/Winpep software from Google (Hennig, 1999) was used to perform
hydropathy plot analysis on the m-calpain common segment, GTAMRILGGVI (Table
3.2), using the hydrophobicity scale of (Kyte and Doolittle, 1982) and a seven-residue
window (Figure 3.2). This software was also Lised to model this latter sequence and
that of the HA2 peptide as two-dimensional axial projections, taken perpendicul.ar to

the helical long axis and assuming an amino acid periodicity of 100° (Figure 3.3).
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3.4 RESULTS AND DISCUSSION

It has been suggested that the enzymatic activity of calpain 2 may be
modulated by membrane interaction involving the small subunit of the protein
(section 1.5.3.1). Experimental results obtained for porcine calpain 2 have shown that
domain V of the protein’s small subunit possesses a C-terminal segment with the
sequenﬁe TAMRIL, which 1s required for calpain 2 — lipid interaction (Arthur and
Crawford, 1996). Here, theoretical analyses were used to investigate the possibility
that this lipid interaction may involve amphiphilic a—helical secondary structure. The
primary structure of do-main V of calpain 2 was derived for a number of mammalian
species and analysis of these sequences showed that they possessed high levels of
Homology (> 90%) with each sequence possessing a C-terminal TAMRIL segment
corresponding to that found in porcine calpain 2 (Table 3.1). These primary structures
were then analysed according to the DWIH methodology of Roberts et al., (1997) and

for each sequence analysed, a putative o-helical region was identified (Table 3.2).

These o-helical régions showed high levels of homology and possessed the common

sequence GTAMRILGGVI, which c;n be seen igfom Table 3.2 to include the
TAMRIL segment identified by Crawford ez al., (1996). Based on these results, we
suggest that the TAMRIL segment may contribute to an amphiphilic o-helical region,
which is present in domain V of each calpain 2 analysed. This suggestion is reinforced
by the results of a further analysis of the domain V primary sequences shown in taB]c
3.2. The hydrophobic mome.nt methodology of Eisenberg et al., (1982a) identified
putative lipid interactive sequences in each case, which showed 100% overlap with

those identified by DWTH analysis.
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Table 3.1 Sequence homology of domain V from various mammalian m-calpains

m-calpain Domain V sequence

Human MFLVNSFLKGGGGGGGGGGGLGGGLGNVLGGLISGA
GGGGGGGGGGGGGGGGGGGGTAMRILGGVI

Rabbit MFLVNSFLKGGGGGGGGGGLGGGLGNVLGGLISGAG
GGGGGGGGGGGGGAGGGGTAMRILGGVI

Porcine MFLVNSFLKGGGGGGGGGGGLGGGLGNVLGGLISGA
GGGGGGGGGGGGGGGGGGTAMRILGGVISAL

Bovine MFLVNSFLKGGGGGGGGGGGLGGGLGNVLGGLISGA
GGGGGGGGGGGGGGGGGGTAMRILGG VISAI

Table 3.1 shows the primary sequencé ‘of domain V from calpain 2 of various
mammalian species. Multiple sequence alignment, as described in section 3.3, showed
these domains to possess 80% homology.

Table 3.2 a-helical regions identified in the primary structures of calpains

Protein or peptide : Domain V sequence

Domain V from human calpain 2 GGGGTAMRILGGVI

~ Domain V from rabbit calpain 2 [ GGGGTAMRIEGGVI -

Domain V from porcine calpain 12 GGGGTAMRILGGVISAI

Domain V from bovine calpain 2 GGGGTAMRILGGVISAI

Influenza virus, fusion peptide HA2 | GLFGAIAGFIENGWEGMIDG

Table 3.2 shows putative ci-helical regions, which were identified in the primary
structure of various calpain 2 domain V species, and the HA2 viral fusion peptide.
These sequences were identified according to either the hydrophobic moment
methodology of Eisenberg et al., (1982a) (shown in bold) or the DWIH methodology
of Roberts et al., (1997) (shown underlined), all as described in sections 3.3.1 and
3.3.2.
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Table 3.3 Hydrophobic moment and DWIH parameters for o-helical regions
identified in calpains

Protein Parameters derived Parameters derived from DWIH
from hydrophobic analysis
moment analysis

< g > <H> DWIH Uniform Random
significance | significance
(%) (%)
Human calpain 2 0.46 0.47 6.16 1.2 0.5
Rabbit calpain 2 0.46 0.47 6.16 1.2 0.5
Porcine calpain 2 0.57 0.54 7.91 0.3 < 0.001
Bovine calpain 2 0.57 0.54 7.91 03 < 0.001
Influenza HA2 0.23 0.48 - - -

For the putative a-helical regions shown in table 3.2 table 3.3 shows values of < H >
and < uy >, which were computed according to the hydrophobic moment
methodology of Eisenberg et al., (1982a) and, DWIH values and associated
parameters, which were computed according to the methodology of Roberts et al.,
(1997), all as described in sections 3.3.1 and 3.3.2.

For each putative a-helical region identified by hydrophobic moment analysis,
the values of < g > and < H > were computed (Table 3.3) and these values then used

to p]ot data pomts (F1gure 3. 1) on the extended hydrophob1c moment plot diagram

(Harris et al., 2000; Elsenberg et al, 1984) It can be seen from Flgure 3.1 that these
data points lie in the area delineating candidate oblique orientated c-helices, proximal
to that of the HA2 peptide, which is known to form sucﬁ an o-helix. These
observations suggest that the calpain 2 segments analysed may form oblique
orientated ar-helices. This suggestion is reinforced by the results of hydropathy plot
analysis of these sequences, (Figure 3.2), which showed that there was a progressive
increase in hydrophobicity in moving from the N-terminus to the C-terminus (Figure
3.2), suggesting the ability t;) form an o-helix with an asymmetric distribution of

hydrophobicty along the a-helical axis.
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Figure 3.1. Hydrophobic moement plot analysis of protein segments

1.50

125 F
1.00

0.75

Mean hydrephobic moment

0.50

0.25

1.0 05 20 0.5 10 1.5
Mean hy‘di‘oﬁlﬁﬁu icity_'

Figure 3.1 shows the conventional hydrophobic moment plot diagram of Eisenberg ez
al., (1984) with an overlaid grey region delineating candidate oblique orientated -
helices (Harris et al., 2000). The sequences shown in table 3.2 were plotted on the
diagram according to their <z > and corresponding < Hp > values (table 3.3), all as
described in section 3.3.2. The data point representing the calpain 2, domain V
segment, GTAMRILGGVI (1), can be seen to lie in the grey region, proximal to that
representing the HA2 peptide (2), indicating that the segment may be a candidate for
oblique orientated ¢t-helix formation.

Figure 3.2. Hydropathy plot analysis of protein segments.
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Figure 3.2. shows an hydropathy plot analysis of the calpain 2, domain V segment,
GTAMRILGGVI, performed using a seven residue window and the software of
Hennig (1999), all as described in section 3.3.3. It can be seen that hydrophobicty
progressively increases along the length of the segment with a maximal value centred
on the C-terminal glycine, residue 8.
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Similar asymmetric distributions of hydrophobicity, or hydrophobicity gradients, are
found in the o-helices of viral fusion peptides such as HA2, and these a-helices
possess highly specialised structure / function relationships; their hydrophobicity
gradients facilitating membrane penetration at a shallow angle and the promotion of
membrane fusion (Brasseur, 2000). It has been established that both the nature and the
spatial organisation of the amino acid residues forming oblique orientated o-helices is
important for their biological activity (Nievea and Agirre, 2003; Fujii, 1999; Decout
et al., 1999). The DWIH measure of the predicted d—helical regions {Table 3.2) have
been computed and the results show that both the uniform and random significance of
these measures is << 5%, indicating that both the nature and the order of the amino
acid residues forming these c-helices is highly significant. To investigate this
observation further, the sequence common to the predicted domain V o-helical
regions, GTAMRILGGVI, and that of the HA2 peptide (T able 3.2), were taken and
represented as a two dimensional projections (Figure 3.3). It can be seen from figure

3.3 that both sequences exhibit structural similarities with each possessing a narrow

hydrophilic face, which is rich in glycine residues and a wide hydrophobic face,

which is rich in bulky amino acid residues. Moreover, it can be seen for the
GTAMRILGGVI projection that the bulky residues, leucine and isoleucine are
preponderant in the C-terminal region of the a-helix. This localisation of strongly
hydrophobic amino acid residues is structuraliy consistent with the higher levels of
hydrophobicity predicted for the C-terminal region of the segment (Figure 3.2) and

possession of an hydrophobicity gradient (Phoenix et al., 2002; Brasseur, 2000).
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Figure 3.3. Two-dimensional axial projections of protein sequences
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Figure 3.3. shows the primary structures of: (A) the influenza peptide, HAZ2, a known
oblique orientated a-helix former and (B) the putative oblique orientated ¢-helix
forming segment identified in calpain 2, domain V (table 3.2), represented as two-
dimensional axial projections using the software of Hennig, (1999), all as described in
section 3.3.3. Annotated numbers represent the relative locations of amino acid

* residues within protein primary structure and hydrophobic residues are circled. It can

be seen that each oc-helix possesses a glycine rich polar face and a wide hydrophobic
face rich in bulky amino acid residues. In the case of the GTAMRILGGVI segment
these residues, isoleucine (6) and leucine (7 and 11) can be seen to be localised in the
C-terminal region of the o-helix.

Studies on the HA2 peptide and others of this o-helical class have shown that the

positional preferences of glycine residues are core to the function of these o-helices
(Fujii, 1999). It has been suggested that the presence of glycine residues within these
o-helical arrangements is required to maintain the balance between hydrophilicity and
amphiphilicity needed for membrane interaction (Harris et al., 2000) and we speculate
that this could be the case for our predicted o-helical regions.

In conclusion, it is suggested that the lipid interactions of each calpain 2
analysed involves an amphiphilic o-helical region in domain V, which includes the
TAMRIL segment identified by Arthur and Crawford, (1996). These a-helical regions

show a number of structural resemblances to proteins and peptides, which associate
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with lipid / membranes via oblique orientated o-helices. Based on these results, it is
suggested that an early stage in the membrane activation model f)roposed for calpain 2
may be oblique angled penetration of the membrane by ci-helical structure in domain
V of the enzyme. Clearly, these results form a basis for future investigations into the
role of lipid / membranes in the activation of calpain 2 and such investigations are

undertaken in chapters 4 and 5.
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CHAPTER 4

Biophysical investigation into the potential of domain
V, calpain 2, to form lipid interactive secondary
structure

Phoenix, D. A., Dennison, S., Harris, F., Hauf3, T., Dante, S., Brandenburg, K. and
Biswas, S (2003) Investigations into the membrane interactions of m-calpain, an
enzyme implicated in diabetic cataractogenesis. 4 International Symposium on
Diabetes Mellitus and its Complications: From Molecular ’Biology to Clinical
Medicine. Preston. p18; Biswas, S., Daman, A., Harris, F. and Phoenix, D A. (2001)
A theoretical investigation into the lipid interaction of m-calpain. Proceedings of the
4th European Symposium of the Protein Society, Protein Science 10, (suppl 1), p 149,
No. 367; Biswas, S., Harris, F. and Phoenix, D. A. (2001) The lipid interactions of m-
calpain. Abstracts of the Biochemical. Society, 675th meeting, p39, No 51.
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4.1 ABSTRACT

In chapter 3 it was predicted that a lipid interactive oblique orientated ct-helix,
formed by a GTAMRILGGVI segment in domain V of calpain 2 may feature in the
membrane activation of the enzyme. Here, FTIR conformational analysis shows a
peptide homologue of this segment, VP1, to be predominantly B-sheet in free solution
but to adopt o-helical structure in the presence of DMPC (20%) and DMPS (65%).

The peptide interacted strongly with monolayers formed from either of these lipids (A
SP=5.0-5.5mN m") at surface pressures mimetic of naturally occurring membranes
( 30 mN m™) but by apparently different mechanisms in each case. VP1 interacted
primarily with the headgroup region of DMPC monolayers but was able to penetrate
the membrane core region of DMPS monolayers. Additionally, the presence of ionic
agents reduced the ability of VP1 to penetrate DMPS monolayers by approximately
50%. The peptide also showed strong haemolytic ability (half-maximal haemolysis =
1.45 mM) and based on these combined results, it is suggested that anionic lipid

facilitates haemolysis and membrane penetration of VP1 via mechanisms that are

---consistent with-its-adoption-of-oblique-orientated- o-helical-structure.—These-results

strongly support the predicted use of such structure by domain V of calpain 2 in the

membrane activation model of the enzyme (chapter 3).
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4.2 INTRODUCTION

A wide variety of biophysical systems have been developed to study the
intcra;:tions of proteins / peptides with membranes and these may be generally
subdivided into those that use model mcmbranés and those that use naturally
occurring membranes. The most commonly used systems based on naturally occurring
membranes are whole cell Iytic systems, which are cells possessing an internal
biomarker that can be quantitatively determined when externalised, thus providing a
measure of protein mediated membrane lysis. To study the interactions of proteins
with prokaryotic membranes, bacterial cells have been genetically engineered to
produce enzymes or proteins that are chosen for their ability to serve as biomarkers of
bacteriolysis (Harris et al., 2003). However, to study the interactions of proteins /
peptides with eukaryotic membranes, the most widely used approach is haemolytic
analysis in which proteins under study are incubated with erythrocytes. The
haemoglobin of these cells acts as a naturally occurring biomarker of protein-

mediated erythrocyte lysis and is readily quantified spectrophotometrically when

released frc")m ihe cell (Brandenber_f,; et al., 2002; Harris and Phoenix, 1997).
Liposomes are frequently used as model membranes and provide a good
physical mimic of the whole-cell membrane systems found in vivo. Such lipid bodies
are often used to provide a lipid / water interface, mimicking the amphiphilic
environment of a membrane surface, when studying the conformational behaviour of
proteins in the presence of membranes. The other majdr model used to mimic
naturai]y occurring membranes is the monolayer system, which possesses a number of
advantages over other membrane models. Monolayers allow chosen parameters to be

widely varied, including: the nature of the lipid molecules forming the monolayer, the

69



composition of the subphase, and a variety of incidental factors such as pH and
temperature. This choice permits a variety of in vivo situations to be mimicked and
moreover, monolayers gencrajly possess stability and well-established planar
geometry where the lipid molecules have a specific orientation, assisting the
infcrpretation of lipid / monolayer interactions (Maget-Dana, 1999), However,
perhaps the major advantage of monolayer use in membrane studies is that their
surface pressure can be adjusted to choice and an initial surface pressure of 30 mN
M is known to be mimetic of naturally occurring membranes (Demel, 1974). Thus,
with an appropriate choice of lipid(s), a variety of specific in vivo membrane
situations can be mimicked and used to investigate differing physiological functions
of membrane interactive proteins and peptides.

In chapter 3, theoretical analyses predicted that domain V of calpain 2
possessed a segment, GTAMRILGGVI, with the potential to form a lipid interactive
oblique orientated «-helix, which may feature in the membrane activation model of
the enzyme. Here, FTIR spectroscopy is used to study the conformational behaviour

of a peptide homologue of this segment, VP1, in the presence of zwitterionic and

anionic liposomes. Langmuir-Blodgett troughs were used fo investigate the ability of
the peptide to interact with monolayers formed from these respective lipid types
whilst the interactions of VP1 with naturally occurring membranes are studied using

haemolytic analysis.
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4.3 MATERIALS AND METHODS

4.3.1 Reagents

The peptide VP1 with sequence GTAMRILGGVI was supplied by PEPSYN,
University of Liverpool, UK, produced by solid-state synthesis and purified by HPLC
to a purity of greater than 99%. The peptide was stored as a stock solution (10 mM) in

10% (v/v} ethanol at 4°C. Human erythrocytes were supplied by the Royal Preston

Hospital, UK.  Dimyristoyl  phosphatidylcholine ~ (DMPC),  dimyristoyl

phosphatidylserine (DMPS) and all solvents, which were of spectroscopic grade, were

purchased from Sigma (UK).

4.3.2 Preparation of phospholipid small unilamellar vesicles

Small unilamellar vesicles (SUV’s) were prepared according to Keller et al.,

(1992). Essentially, lipid / chloroform mixtures were dried with nitrogen gas and

_hydrated_ with aqueous N-[2-Hydroxyethylpiperazine-N’-[2-ethanesulphonic acid],

(HEPES) at pH 7.5 to give final phospholipid concentrations of 50 mM. The resulting
cloudy suspensions were sonicated at 4°C with a Soniprep 150 sonicator (amplitude
10 milli-decibels) until clear suspensions resulted (30 cycles of 30 seconds), which

were then centrifuged (15 min, 3000 g, 4°C).
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4.3.3 FTIR conformational analyses of VP1

To give a final peptide concentration of 1 mM, VP1 was solubilised in 50_mM
aqueous HEPES (pH 7.5) or suspensions of SUV’s, which were formed from either:
DMPS, DMPC or DMPE, prepared as described above. Samples of solubilised
peptide were spread on a CaF; crystal, and the free excess water was evaporated at
room temperature. The single band components of the VP1 amide I vibrational band
(predominantly C=0O stretch) was monitored using an FTIR ‘5-DX’ spectrometer
(Nicolet Instruments, Madjson,AWI, USA) and for each sample, absorbance spectra
produced (figure 4.1). These spectra were analysed and for those with strong
absorption bands; the evaluation of the band parameters (peak position, band width
and intensity) was performed with the original spectra, if necessary after the
subtraction of strong water bands. In the case of spectra with weak absorption bands,
resolution enhancement techniques such as Fourier setf-deconvolution (Kauppinen et
al., 1981) were applied after baseline subtraction with the parameters: bandwidth, 22-

28 cm‘l, resolution enhancement factor, 1.2-1.4 and Gauss / Lorentz ratio of 0.55. In

“the case of overlapping bands, curve fitting was applied usinig a modified version of —

the CURFIT procedure written by D. Moffat (National Research Council, Ottowa,
Canada). An estimation of the number of band components was obtained from
deconvolution of the spectra, curve fitting was then applied within the original spectra
after the subtraction of baselines resulting from neighbouring bands. Similar to the
deconvolution technique, the bandshapes of the single components are superpositions
of Gaussian and Lorentzian bandsﬁapes. Best fits were obtained by assuming a Gauss
fraction of 0.55 - 0.6. The CURFIT procedure measures the peak areas of single band

components and after statistical evaluation, determines the relative percentages of

72



primary structure involved in secondary structure formation. For VP1, relative levels
of a-helical structure (1650 cm™ - 1655 cm™) and p-sheet structures (1625 cm™ -

1640 cm’™) were computed and are shown in Table 4.1.

4.3.4 Monolayer studies on VP1
All monolayer equipment was suppiied by NIMA (UK). Surface tension was
monitiored by the Wilhelmy plate method using a microbalance (Demel, 1974).

Studies were conducted using a 5 x 15 cm Teflon trough containing 80 ml of buffer

subphase (10 mM Tris buffer, pH 7.5).

Figure 4.1 Langmuir-Blodgett trough for monolayer studies
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The trough was equipped with moveable barriers, which responded to the
microbalance and could be adjusted to maintain monolayers at either constant surface
pressure or constant surface area. Monolayers were formed by spreading pure
phospholipids (10 mM) in chloroform, compressed to give a surface pressure of 30
mN m™ and then maintained at constant area. Stock VP1 was added to the subphase
via a reservoir extending into the subphase, which was contniuously stirred by a
magnetic bar and VP1 - monolayer interactions were recorded as changes in

monolayer surface pressure (Figure 4.2)

4.3.5 Haemolytic assay of VP1

Haemolytic assay was conducted according to (Harris and Phoenix, 1997).
Essentially, packed red blood cells were washed three times in Tris Buffered Sucrose
(TBS; 0.25M sucrose, 10mM Tris, pH 7.5) and resuspended in the same medium to
give an initial blood cell concentration of approximately 0.05 gm%(w/v). For the

haemolytic assay, this concentration was adjusted such that incubation with 0.1%

... {v/y) Triton X-100 for 1 hour produced a supernatant with Ay = 1.0 and this was

taken as 100% haemolysis. Varying amounts of VP1 were solubilised in aliquots (1
ml) of blood cells at assay concentration and the resulting mixtures incubated at room
temperature with gentle shaking. After I hour the suspensions were centrifuged at low

speed (1500g, 15 min, 25°C) and the A, of the supematants determined. In all cases,

levels of haemolysis were determined as the % haemolysis relative to that of Triton-
X100 and the results recorded (Figure 4.3). The addition of buffer instead of peptide

gave a basal lysis of less than 1 % in all cases.
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4.4 RESULTS AND DISCUSSION

" Theoretical analyses have predicted that a lipid interactive oblique orientated
o-helix, formed b)Iz a GTAMRILGGVI segment in domain V of calpain 2 may feature
in the membrane activation of the enzyme (chapter 3). Here, this prediction was
investigated using a variety of biophysical techniques to study the conformational
behaviour and lipid interactive properties of a peptide, VP1, corresponding to the

GTAMRILGGVI segment of calpain 2.

FTIR conformational analysis of VP1 showed that in aqueous solution, the
peptide was predominantly formed from f-sheet structures, exhibiting less evidence
of o-helical structure (Figure 4.2A). However, confirming theoretical predictions,
these analyses showed the peptide to adopt c-helical structure ;n the presence of

DMPC (20%) and DMPS (65%) (Table 4.1; Figure 4.2B and 4.2C), suggesting that

the GTAMRILGGVI segment requires the ansiotropic environment of a lipid

-—--interface to-adopt-a-helical-structure:  -——— v - — ———
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Figure 4.2 FTIR conformational analysis of VP1 in the presence of lipid
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Absorbance

Figures 4.2 shows spectra representing FTIR conformational analyses of VP1 in
aqueous buffer (A), in the presence of DMPC (B) and in the presence of DMPS (C).
Amnotated numbers indicate band peak absorbances and for each spectrum, the
relative percentages of VP1 a-helical secondary structure (1650 cm™ - 1652 cm™)
were computed. In the presence of DMPC these were 20% and in the presence of
DMPS, 65%. All FTIR analyses were performed as described in section 4.3.3.

Table 4.1 VP1 secondary structural contributions in the presence of lipid

T lipidT | % ochelix T T % Psheet —— |-
- - 92
DMPS 65 32
DMPC 20 61

Table 4.1 shows the relative levels of ¢-helical structure and J-sheet structure
determined in VP1, a peptide homologue of the putative oblique orientated a-helix
forming segment identified in domain V of calpain 2 (Table 2.1). The peptide was
either: in aqueous solution or in the presence of lipid. Conformational analysis of VP1
was performed using FTIR spectroscopy and the resulting spectra (Figure 4.1) used to
determine relative levels of secondary structure as described in section 4.3.3.
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VP1 adopted relatively low levels of a-helical structure (20%) (Table 4.1;
Figure 4.2B) in the presence of DMPC monolayers yet interacted strongly with these
monolayers, inducing a final surface pressure change of 5.0 mN m™ (Figure 4.3).
Previous studies have shown that this peptide has only a minor effect on the lipid
phase transition temperature and fluidity of DMPC membranes (Brandenberg et al.,
2002), indicating that the primary interaction of VP1 with DMPC monolayers may be
with the headgroup region rather than penetration of the hydrophobic acyl chain
region. Taken in combination, these results suggest that the interactions of VP1 with
DMPC membranes is unlikely to involve oblique orientated o-helix formation.
Indeed, it seems likely that these interactions may i.nvolve f-sheet structure, which
was the predominant secondary structural type shown by the peptfde in the presence

of DMPC membranes (61%) ( Table 4.1; Figure 4.2B).

Figure 4.3 The monolayer interactions of VP1
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Figure 4.3 shows the typical time course for interactions of VP1 (final concentration
20 uM) with lipid monolayers at an initial surface pressure of 30 mN m™, taken to
represent that of naturally occurring membranes. Figure 4.3A shows the interaction of
VP1 with DMPS monolayers (upper curve) where it can be seen that the peptide
reaches maximal levels of penetration (A SP = 5.5 mN m’™") after 600 secs. Figure
4.3A also shows that when 100 mM NaCl was introduced into the subphase of the
VP1 — DMPS monolayer system (lower curve), the maximal levels of peptide —
monolayer interaction were reduced by approximately 50% (A SP = 2.6 mN m™')
whist the time taken to achieve these levels was 1200 secs. Figure 4.3B shows that the
ability of VP1 to penetrate DMPC monolayers (A SP = 5.0 mN m) is comparable to
that of the peptide to penetrate DMPS monolayers but the time taken to achieve these
. levels_was_is_increased_to_1200 secs._All monolayer experiments were conducted as

described in section 4.3.4.

VPI induced a final surface pressure change of 5.5 mN m” in DMPS
monolayers, indicating a capacity to interact with these monolayers that is comparable
to that shown with DMPC monolayers but the use of differing mechanisms would
appear to be involved. FTIR conformational analysis showed that VP1 is
predominantly o-helical (65%, table 4.1; Figure 4.2C) in the presence of DMPS
membranes whilst previous studies have shown that the peptide interacts strongly with
the acyl chain region of DMPS membranes (Brandenberg et al, 2002). Moreover, it

can be seen from figure that the kinetics of VP1 interaction with DMPS and DMPC
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monolayers show marked differences (Figure 4.3). With DMPC monolayers, the
presence of the peptide led to a slow progressive increase in monolayer surface
pressure, which showed hyperbolic type kinetics and a maximum surface pressure
change after 1200 secs (Figure 4.3). In contrast, VP1 induced a rapid, almost linear
rise in the surface pressure of DMPS monolayers over 200 secs, which increased to a
maximum surface pressure change after 600 secs. VP1 possesses a sole positively
charged arginine residue, which suggests that electrostatic interactions between this
_residue and the anionic headgroup region of DMPS monolayers may contribute to the
enhanced rates of interaction observed between the peptide and these monolayers.
This suggestion was strongly supported When 100 mM NaCl was included in the
DMPS monolayer subphase (Figure 4.3). It can be seen from figure 4.3 that the high
ionic strength of this salinated subphase has greatly decreased the rate, and levels, of
VP1 - DMPS monolayer interaction with maximal monolayer surface pressure
changes of 2.6 mN m™ occurring after 1200 secs. Taken overall, these results clearty

show that the membrane interactions of VP1 involve a-helix formation by the peptide

and antonic lipid.

Té mvest;é;te t};é_‘zlbiligy of VPI to interact with _I_'IE-lil.IrETliy- occurring
membranes, the haemolytic potential of the peptide was studied. VP1 was found to be
strongly haemolytic with an half-maximal lytic dose of 1.45 mM (Figure 4.4) and
when taken with both the DMPS monolayer data shown in figure 4.2 and the
theoretical analyses of chapter 3, these results suggest a basic model for VPI
haemolytic action. According to this model: positively charged VP1 preferentially
targets amionic lipid.headgroups at the erythrocyte membrane interface. In this

ansiotropic environment, VP1 adopts o-helical structure and the hydrophobicity

gradient possessed by this o-helical structure then facilitates erythrocyte membrane
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penetration at a shallow angle, leading to the destabilisation of membrane lipid
packing and haemolysis. To assist this form of membrane penetration, it seems likely
that the arginine residue of the VP1 a-helix would engage the snorkelling mechanism
(Segrest et al., 1990). This mechanism has been shown to enhance the levels of
membrane penetration achieved by many membrane interactive proteins and peptides
(Strandberg and Killian, 2003) and alleviates the energetically unfavourable
positioning of the positive charges carried by arginine and lysine residues within the
hydrophobic membrane core region. In the case of the VP1 o-helix, the snorkelling
mechanism would allow the arginine residue of this a-helix to extends its long
hydrophobic alkyl chain, permitting deeper c-helix penetration of the erythrocyte
membrane’s hydrophobic core region yet still allowing the arginine’s positively

charged moiety to interact with anionic lipid headgroups.

Figure 4.4 The haemolytic action of VP1
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Figure 4.4 shows the haemolytic curve of VP1 when incubated with human
erythrocytes. It can be seen that a threshold concentration of 0.4 mM VP! was
required for haemolysis to occur whilst a concentration of 2.4 mM, VPI1 led to100%
lysis of erythrocytes (LDsp = 1.45 mM). The % haemolysis was determined in
triplicate, all as described in section 4.3.5, and the mean % haemolysis plotted as a
function of VP1 concentration with error bars representing + SD ( n=5 ).
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It can be seen from figure 4.4 that VP1 exhibits a sigmoidal type relationship
between levels of haemolysis and VP! concentration, which requires a threshold VP1
concentration of 0.4 mM. This relationship implies that under the experimental
conditions used here, VP1 haemolytic action involves some form of cooperative
action between molecules of the peptide. A number of peptides, which appear to form
oblique orientated o-helices (Harris et al., 2002), have previously been reported to
exhibit haemolytic ability with sigmoidal kinetics and cooperative mechanisms of
action (Harris and Phoenix, 1997). It was suggested by Harris and Phoenix, (1997)
that these latter peptides may utilise a “carpet” type mechanism (Dennison et al.,
2004) in their haemolytic action; a mechanism, which could also explain the
sigmoidal kinetics of VP1 haemolysis. Using this mechanism, erythrocyte membrane
destabilisation by VP1 would lead to membrane lesions whose levels increase with
nsing peptide concentration. At VP1 concentrations below 0.4 mM, the accumulating
effects of these lesions would not be sufficient to lead to significant erﬁhrocﬁe cell
lysis. However, as VP1 concentration increases above this threshold peptide level,

progressively greater cooperative interaction between the formation of VPI-mediated

uliﬁeririxnt_)rane lesions would lead t})—iﬁc-:rcasinély highc£ levels of _éx:ﬁozﬁ?éell lysis
until at 2.5 mM peptide (Figure 4.4), total haemolysis would occur. It is interesting to
note that the peptides studied by Phoenix and Harris (1997) contrast with VP1 in that
the former peptides were haemolytic at micromolar concentrations and showed no
requirement for anionic lipid in their membrane interactions (Harris et al., 1997). It is
well established that erythrocyte membranes possess an asymmetric distribution of
anionic lipids with the extracytoplasmic leaflet depleted in such lipids (Op den Kamp,
1979) and it may therefore be that the relatively high levels of VP1 required for

hacmolysis reflect the relative inaccessibility of anionic lipid to the peptide.
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In conclusion, these studies have shown that VP1, a peptide homologous to the
GTAMRILGGVI segment of domain V in calpain 2, was able to form lipid interactive
o-helical structure. Anionic lipid was shown to enhance the levels of a-helicity
adopted by VP1 and appeared to facilitate membrane penetration by the peptide via
mechanisms that were consistent with its adoption of oblique orientated c-helical
structure. It is also speculated that VP1 may achieve deeper levels of membrane
penetration by use of the snorkelling mechanism (Phoenix et al., 2002; Segrest et al.,
1992). It has previously been shown that calpain 2 activity is modulated by the
presence of anionic lipid (Arthur and Crawford, 1996) and in combination, these
results clearly support the role predicted for domain V of calpain 2 in the membrane

actrvation model of the enzyme (chapter 2).
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Chapter 5
Investigation into the role of the calpain 2 small

subunit in the lipid / membrane activation of the
enzyme.

34



5.1 ABSTRACT

Calpain 2 is a heterodimeric enzyme whose in vivo requirement for Ca™
appears to be lowered by lipid / membrane interactions. Colorimetric assay showed
calpain 2 to require 4 mM Ca®* for 100% proteolytic activity, as defined by this assay,
but to show negligible activity in the presence of 1 mM Ca". In contrast, calpain 2
showed significant proteolytic activity at this 1 mM Ca®* level, in the presence of
either: DMPI, DMPS, DMPC or DMPE, with this activity ranging between 37% and
77% of the protein’s full enzymatic activity. The large subunit of calpain'2 (LS-
calpain 2) is proteolytically active in the absence of the calpain 2 small subunit and
when assayed under conditions corresponding to those used for calpain 2, LS-calpain
2 was found to require the presence of 6 mM Ca®" for 100% proteolytic activity.
However, in the presence of either: DMPI, DMPS, DMPC or DMPE, LS-calpain 2
showed no evidence of reduced Ca®* requirements for proteol ytic éctivity and based
on these combined resuits, it 1s suggested that the lipid activation of calpain 2 requires

the presence of this enzyme’s small subunit. In addition, when compared to

z-witten'.on.ic lipi_& under _c_:orrespond—ing mc-onditions,_ anionic vlipidv induced an
approximate twofold enhancement of calpain 2 activity (70% - 77% as compared to
37% - 49%) and a similar enhan_cement in average rates of anionic lipid monolayer
interaction (changes in surface pressure (ASP) = 1.5 x 107 mN M sec! at 10 mN M!
as compared to ASP = 5.0 x 10 mN M sec at 10 mN M), It is suggested that an
electrostatically driven affinity for anionic lipid may help lower the Ca®* requirement

for calpain 2 activation.
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5.2 INTRODUCTION

Calpain 2 is a heterodimeric enzyme with the large subunit housing the
enzyme’s active site and it is generally believed that in vive lipid / membranes lower
the enzyme’s Ca** requirement for activation (section 1.5.3.1; Biswas et al., 2004). It
was found nearly a decade ago that the large subunit of calpain 2 (LS-calpain 2)
possesses full catalytic activity in the absence of the enzyme’s small subunit
(Yoshizawa et al., 1995). More recent studies have identified a Ca2+-regulated lipid
binding site in domain I of the calpain 2 large subunit (Tompa et al., 2001) and it
was suggested that this site may mediate the role of lipid binding in calpain 2
activation (Hood et al., 2003; Goll et al., 2003). These results clearly suggest that the
small subunit of calpain 2 may not be required for the enzyme’s activation. However,
sequence analysis (chapters 2) and biophysical studies (chapter 3; Crawford et al.,
1996) have suggested that segments in domain V, and thereby the small subunit, of
calpain 2 may participate in the lipid / membrane activation of the enzyme.

Supportive of this suggestion, recent studies on mice have shown that the

N 7h0m0z3'/gou§ aiéﬁﬁfiahwgf CAPN4, the allele for this subunit, results in embryonic
lethality, clearly suggesting that the small subunit of célpain 2 1s both an essential and
integral part of the enzyme’s function (Arthur et al., 2000; Zimmerman et al., 2000).
Reinforcing these observations, more recent studies have shown that a novel tissue
specific form of the subunit is expressed in humans, suggesting biological
diversification by this small subunit and there.:by, implying fulllnctional relevance
(Schad et al., 2002).

Here, it is attempted to ascertain whether thé small subunit of calpain 2 is

essential or dispensable for the enzyme’s activation. Colorimetric assay is used to
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determine the Ca®* requirement for both calpain 2 and LS-calpain 2 to proteolyse
casein and then the ability of a range of lipids to lower these Ca® requirements is
investi gatéd. The results show lipid is able to lower the Ca®* requirements for calpain
2 activation but not that of LS-calpain 2. Based on these results, it is suggested that
the presence of the calpain 2 small subunit is required‘to facilitate the lipid activation
of the enzyme. It is also shown that anionic lipid has an enhanced ability to lower the
Ca”* requirements of calpain 2 activation when compared to zwittenionic lipid. Based
on lipid monolayer studies, it is suggested that this ability could be related to an

electrostatically driven preference for anionic lipid by the enzyme.
5.3 MATERIALS AND METHODS

5.3.1 Reagents

Dimyristoyl phosphatidylserine, dimyristoyl phosphatidylcholine, all solvents,

which were of spectroscopic grade, N, N-dimethylated casein and LS-calpain 2 (the

~enzymatically active” 80 kDa subunit, derived from rabbit skeletal muscle) were

purchased from Sigma (UK). A recombinant form of calpain 2, derived from the rat
enzyme, was purchased from Calbiochem (UK). Both calpains were stored in enzyme

buffer {20 mM imidazole, pH 7.5; 1 mM EGTA; 1 mM EDTA; 5 mM 2-mercapto

ethanol] at 4°C.
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5.3.2 The preparation of phospholipid small unilamellar vesicles

Small unilamellar vesicles (SUV’s) were prepared according to the method of
Keller et al., (1992). Essentially, phospholipid / chloroform mixtures were dried with
nitrogen gas and hydrated with enzyme buffer to give a final phospholipid
concentration of 2.0 mM. The resulting cloudy suspensions were sonicated at 4°C
with a Soniprep 150 sonicatdr (amplitude 10 microns) until clear suspensions resulted,
which were then centrifuged (15 min, 3000 g, 4°C). The resulting cleared suspensions

were taken as stock solutions for immediate use.

5.3.3 Enzyme assay conditions

Enzymatic activity was assayed using a modified form of the colorimetric
assay developed by Kawashima et al., (1984): Either LS-calpain 2 or calpain 2, in 250
ul of enzyme buffer {20 mM imidazole, pH 7.5; 1 mM EGTA; 1 mM EDTA; 5 mM
2-mercapto ethanol], was added to: 250 ul of enzyme buffer: 100 ul of 50 mM
cysteine solution; 100 pl of 4% (w/v) N, N-dimethylated casein in buffer [0.5 M
imidazole, pH 7.5]); 200 pl of deionised water and 100 pl of CaCl, that varted
betwween 10 mM, 20 mM, 30 mM, 40 mM, 50 mM or 60 mM. Each of these mixtures
was then incubated for 1 hour at 30°C, the reaction stopped by the addition of 1.0 ml
5% (w/v) of Trichloracetic acid, the whole ccﬁtrifugcd at low speed (1500 g, 15 min,
30°C). After centrifugation, 400 pl of the supernatant was added to: 100 ui of 0.7 M
Na;COj in 0.1 M NaOH; 100 pl of 2 M iodoacetic acid in 2M NaOH and 2.0 ml of:
0.5% (w/v) CuSQ,, 1.0% (w/v) K Na tartrate and 1.5% (w/v) NayCOs in 0.1 M

NaOH; in the ratio 1:1:50 (v/v). The mixture was left for 10 min, 200 ul of IM Folin-

Phenol reagent added, the whole left for 1 hour and the absorbance at 750 nm
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measured, all at 30°C. These absorbance values were used as relative measures of

enzymatic activity.
5.3.4 Units of enzymatic activity

Using the above protocol (section 5.3.3), levels of either 1.S-calpain 2 or
calpain 2 were arbitrarily chosen and used to determine the respective minimum
levels of Ca** that permitted the enzymatic activity of these proteases. The above
protocol (section 5.3.3) was then used to determine the quantity of either LS-calpain 2
or calpain 2 that produced an absorbaqce change of 1.0 when assayed with casein as
substrate for one hour i.n the presence of the minimum level of Ca** required for
enzymatic activity. In each case, this quantity of enzyme was defined as possessing
one unit of enzymatic activity and an absorbance change of 1.0 taken to represent

100% enzyme activity as described by Kawashima.

5.3.5 The lipid activation of LS-calpain 2 and calpain 2

As control experiments, levels of either LS-calpain 2 or calpain 2, which
possessed one unit of enzyme activﬁy (section 5.3.4), were assayed as described in
section 5.3.3. Similar experiments were performed except that the addition of 250 pl
of enzyme buffer was replaced by the addition of 250 Ul of enzyme buffer containing
SUV’s of either DMPS or DMPC, prepared as described in section 5.3.2. In all cases,
experiments were conducted in triplicate and the mean absorbance determined. This
mean absorbance was used to express enzyme activity as a percentage relative to the

standard that an absorbance of 1.0 represented an enzymatic activity of 100%. (section
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5.3.4). The relative % enzymatic activity was then plotted as a function pf the final
Ca®™ concentration used under the assay conditions of section 5.3.3 with error bars
representing £ SD (Figures 5.1 and 5.25.
5..3.6 Monolayer interations of calpain 2

All monolayer equipment was supplied by NIMA (UK). Surface tension was
monitored by the Wilhelmy plate method using a microbalance (Demel,1.974, Figure
4.1). Studies were conducted using a 5 x 15 cm Teflon trough containing 80 ml of
either 10 mM Tris (pH 7.5) or this buffer supplemented with NaCl A\(ﬁnal
concentration 100 mM). The trough was equipped with moveable barriers, which
responded to the microbalance and could be adjusted to maintain monolayers at

constant surface area. Monolayers were formed by spreading pure phospholipids (10

~ mM) in chloroform onto the subphase, followed by compression to give the desired

final surface pressure. 20 umol. Stock calpain 2 was introduced to the subphase via a
reservoir extending below the monolayer and the subphase was continuously stirred
by a magnetic bar. Calpain 2 — lipid monolayer interactions were monitored via

changes in monolayer surface pressure and recorded as a function of time (figure 5.3).

5.4 RESULTS AND DISCUSSION

It has previously been reported that lipid is able to lower the Ca®'
requirements of calpain 2 for aétivation but no corre‘sponding studies on LS-calpain 2
seem to have been conducted. Clearly, a éompan'son of such studies may pro;/idc
information on the participation / non-participation of calpain suburi'its in the lipid
activation of calpain 2 aﬂd such a comparison is undertaken here.

Colorimetric assay of LS-calpain 2 (section 5.3.5) showed that the enzym.e

required Ca®* levels of 6 mM for 100% activity (figure 5.1), which was defined as an

90



absorbance change of 1.0 after an incubation of one hour with casein as substrate
(section 5.3.4). However, LS-calpain 2 exhibited no significant activity at Ca®t
* concentrations < 5 mM (Figure 5.1). These experiments were repeated in the presence
of either: DMPI, DMPS, DMPC or DMPE. No significant LS-calpain activity was
detected at Ca®* concentrations < 5 mM, showing that these lipids had no significant
ability to reduce the Ca®* levels required for activation of the enzyme (Figure 5.1). It
has been suggested that domain III of calpain 2 may play a role in the lipid-mediated
reduction of the Ca”* levels required for activation of the enzyme (Hood et-al., 2003;
Qoll et al., 2003). Clearly, LS-calpain 2 also possesses domain III but the results
shown in Figure 5.1 show that under our experimental conditions, the ability of this
domain to interact with lipid does not lead to reductions in the Ca®* requirements of
LS-calpain 2 for activity. These results clearly suggest ‘that additional factors are

involved in the lipid-mediated reduction of Ca®* requirements for calpain 2 activation.
p q p

Figure 5.1 The lipid activation of LS-calpain 2
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Figure 5.1 shows LS-calpain 2 activity as a function of Ca® concentration when assayed with
casein as substrate, all as described in section 5.3.3. The enzyme reqmred Ca™ levels of 6
mM for 100% activity and exhibited no significant activity at. Ca® concentrations € 5 mM.
Corresponding assays were performed in the presence of either: DMPI, DMPS DMPC or
DMPE and it was found that these lipids had no significant ability to reduce the levels of Ca™

required for LS-calpain 2 activity, therefore producing data points coincident with those of
the corresponding assay of LS-calpain 2 assay in the absence of lipid. LS-calpam 2 activity
was expressed as the mean relative % activity of triplicate determinations and Ca™ levels as
the final Ca™ concentration used under assay conditions, all as described in section 5.3.5,

with error bars representing + SD. (n=5)
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Colorimetric assay of calpain 2 (section 5.3.5) showed that the enzyme
required the presence of 4 mM Ca® to exhibit 100% activity with casein as substrate
(Figures 5.2A - 5.2D). As Ca* levels were decreased, the proteolytic activity of
calpain 2 rapidly decreased and at Ca®™ concentrations < 2 mM, the activity of the
enzyme was < 10% (Figures 5.2A - 5.2D). At 1 mM Ca®™, the enzyme showed
negligible proteolytic activity (6%) but the activity of the enzyme was increased to
77% in the presence of DMPI, 70% in the presence of DMPS, 49% in the presence of
DMPC and 37% in the presence of DMPE (Figures 5.2A - 5.2D). As shown in figure
5.2, these lipid-mediated effects decreased with increasing Ca** until at 4 mM Ca®,
no significant effect of lipid on the activity of calpain 2 was observed. These
experiments clearly show that lipid is able to mediate reductions in the Ca®"
requirements of calpain 2 for activity. Moreover, when these results are taken with
those described above for corresponding experiments on LS-calpain 2 (Figure 5.1),
‘they strongly suggest that the presence of the calpain 2 small subunit is required for
the lipid-mediated activation of this latter enzyme.

Comparison of Figures 5.2A and 5.2B to Figures 5.2C and 5.2D show that the

proteolytic act1v1ty of calpain 2 is up to approx1mately twofold enhanced in the
presence of DMPI and DMPS when compared to that in the presence of DMPC and
DMPE (70% - 77% as compared to 37% - 49%). These results clearly suggest that
calpain 2 may have a preference for association with anionic lipid and to study this
suggestion, the interactions of the enzyme with lipid monolayers were observed.
Calpain 2 showed high levels of interaction with both DMPS and DMPC monolayers
at an initial surface pressure of 10.0 mN Mt (Figure 5.3). Moreover, the final surface
pressure changes induced by calpain 2 in both cases were comparable at 6 mN M

and 5 mN M respectively (Figure 5.3), suggesting that monolayer insertion by
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Figure 5.2 The lipid activation of calpain 2
A.

Calpaln 2 activity
{Relative %)
o
o

0.0 1.0 2.0 3.0 4.0 50 - 60
Calcium {m M)

120
100
a0
60
40
20
o T T T

0.0 1.0 2.0 3.0 4.0 5.0 8.0
Calcium {mM)

(Relative %}

Calpain 2 activity

120

Calpain 2 activity
(Relative %)} -
86888

<

T T T

0.0 1.0 20 3.0 4.0 5.0 6.0
" Calcium (mM)

120
100
80
60
40
20
0 T T : T ;

00 1.0 20 3.0 40 5.0 8.0
Calcium {(mM)

Calpain 2 activity
(Relative %)

Figure 5.2 shows calpain 2 activity plotted as a function of Ca®* concentration when assayed
with casein as substrate, all as described in section 5.3.3, either in the presence (W) or
absence (®) of: DMPI (Figure 5.2A), DMPS (Figure 5.2B), DMPC (Figure 5.2C), DMPE
(Figure 5.2D). It can be clearly seen from these figures that in the absence of lipid, calpain 2
shows negligible activity at Ca®* concentrations < 2 mM. However, the enzyme shows
significant proteolysis at Ca®* concentrations < 2 mM when in the presence of each lipid
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_....__when 100 mM NaCl was included in the subphase of DMP

studied, which at 1 mM Ca® ranged between 37% -77%. It can also be seen that, at these
Ca® concentrations, the proteoltyic activity of calpain 2 was generally greater in the presence
of anionic lipid (70% -77%, Figures 5.2A and 5.2B) when compared to zwitterionic lipid
(37% - 49%, Figures 5.2C and 5.2D). Calpain 2 activity = the mean relative % activity = SD.
(n=5)
the enzyme was hydrophobicity driven. However, the kinetics of these monolayer
interactions showed fundamental differences. The interaction of calpain 2 with DMPC
monolayers were relatively‘ slow with final surface pressure changes reached after
approximately 10,000 sec (Figure 5.3B), giving an average rate of surface pressure
change of 5.0 x 10 mN M sec’. In contrast, the rates of interaction of calpain 2
with DMPS monolayers were much higher with final surface pressure changes
reached after a period of 4000 sec (Figure 5.3A), giving an average rate of surface
pressure change of 1.5 x 10° mN M sec™.

In combination, these results suggest that electrostatic interactions between
cationic regions of calpain 2 and DMPS headgroups accelerate the rates of interaction
between the enzyme and this lipid when compared to those observed between calpain

2 and DMPC monolayers. Strongly supporting this suggestion, it was also found that

S monolayers, the high

ionic strength of the salt reduced the rates, and levels, of surface pressure change
shown between calpain 2 and these monolayers by approximately 40% (lower curve,
Figure 5.3A). Hence the overall results clearly suggest that, whilst calpain 2 has a
_general hydrophobicity-driven ability to interact with lipid, the enzyme has an
-elcctrostatically-drivcn preference for interaction with anionic lipid.-Such a preference
for anionic lipid could explain the enhanced ability of such lipid to reduce the levels
of Ca®* required for calpain 2 activation observed in Figure 5.2. Moreover, it was
suggested ab‘ove that the calpain 2 small subunit, and thereby the GTAMRILGGVI

segment of domain V, may be required for the lipid / membrane activation of the
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enzyme. It would seem significant that this segment was also shown to exhibit a
preference for anionic lipid in chapter 4, further supporting the view that this segment
may participate in the lipid-mediated activation of calpain 2.

Figure 5.3 The monolayer interactions of calpain 2
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Figure 5.3A and 5.3B show the interactions of calpain 2 with monolayers at an initial surface pressure
of 10.0 mN M", all as described in section 5.3.6. The enzyme showed comparable final surface
pressure changes with DMPS monolayers (upper curve, Figure 5.3A) and DMPC monolayers (Figure
3.3B), suggesting a major role for hydrophobic forces in these interactions. However, when compared
to DMPC monolayers (Figure 5.3B) the accelerated rates of changes in surface pressure shown by
calpain 2 with DMPS monolayers (upper curve, Figure 5.3A), suggests an electrostatically driven
preference for anionic lipid. Supporting this suggestion, 100 mM NaCl reduced the levels, and rates, of
surface pressure changes associated with calpain 2 - DMPS interactions (lower curve, Figure 5.3A) by
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circa 40%. In contrast to these previous results, Figures 5.3C and 5.3D show DMPS and DMPC
monolayers respectively, at an initial surface pressure of 30.0 mN M, mimetic of naturally occurring
membranes. Calpain 2 was introduced into the subphase of these monolayers but showed no ability to
introduce changes in their surface pressures. In combination, these results suggest that lipid-packing
density may be important to the lipid interactions of calpain 2.

In summary, these results strongly support a role for the calpain 2 small subunit in the
lipid / membrane mediated activation of the enzyme. However, it is interesting to note
that in the present study, this enzyme showed no evidence of interaction with
monolayers of either DMPS or DMPC at surface pressure of 30 mN M, which is
representative of naturally occurring membranes (Figure 5.3C). Whilst these rcgults
do not preclude the enzyme from membrane interaction, they suggest that lipid-
packing density is important to the lipid interactions of the enzyme. Indeed, it is
noticeable that many of the studies advocating calpains to be membrane interactive
have been performed using lipid vesicles. Due to their high curvature, these bodies
possess lower lipid packing densities in their surface regions and it may be that such
bodies feature in the lipid activation or biological activity of calpain 2.

Consistent with this suggestion, Yudin et al., (2000) recently showed that

calpain.2, and calpain_l, were_strongly _associated with the acrosomal reaction of

cyanomolgus macaque sperm. These enzymes were localised 1o a region between the
acrosomal vesicle membrane and the plasma membrane prior to this reaction and
strongly associated with the acrosomal shroud after. It appears that calpain
participation in this reaction involves the promotion of fusion between the acrosomal
membrane with the sperm plasma membrane. Interestingly, the promotion of
membrane fusion is an activity strongly associf'ited with oblique orientated -helical

structure; protein architecture, which chapter 3 predicted was likely to be formed by

the GTAMRILGGVI segment.
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CHAPTER 6

Final discussion and future work
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6.1 CONCLUDING DICUSSION AND FUTURE WORK

The precise physiological role(s) of calpains in the lens are not fully
understood but it has been postulated that following differentiation, calpains remain in
mature fibre cells to degrade damaged lens proteins that accumulate during the life of
the lens. On this basis, two hypotheses to explain the role of calpains in cataract have
been proposed. In. the first, loss of lens calpain activity leads to pathologically
clevated levels of damaged proteins, reduced lens optical performance and cataract
(David and Shearer, 1989). However, it clearly emerges from our review of the
literature in chapter 1 that the unregulated calpain-mediated proteolysis of crystallins
makes a contribution to cataract in aged lenses and calpain inhibitors have been
shown to be able to retard these processes. These observations are clearly inconsistent
with the above hypothesis and rather, support the alternative hypothesis that the
pathologically-mediated over-activation of calpains cause the accumulation of
partially-degraded lens proteins, thereby contributing to age-related and o'ther forms

of cataract (David and Shearer, 1989). This latter hypothesis is also consistent with

our studies on porcine lenses, which showéd that the pathological elevation of Ca*if
these lenses plroduced an almost linear response in levels of cataract, which,
moreover, could be reduced by ca]pajn'inhibitlors {(chapter 2). These latter studies also
suggested that the over—activatioﬁ of calpain 2 may contribute to porcine cataract,
which has previously been shown to contribute to cataract in other animals and
appears to be the major contributor to human cataract (chapter 1).

It has been proposed that lipid / membranes may mediate the activation of
calpain 2 by lov;/ering the enzyme’s Ca®* requirements for proteolysis, although there

is some debate as to whether the enzyme’s small subunit participates in this process
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(chapter 1). The present study has shown dimeric- calpain 2 to be membrane
interactive and that lipid is able to reduce the Ca®* requirements of this form of the
enzyme for activation but shows no corresponding ability with monomeric calpain 2.
This latter form of calpain 2 is a fully active protease comprising the. intact large
subunit of calpain 2 but lacking the small subuhit of the enzyme and clearly, these
combined results strongly support a role fof this subunit in the lipid / membrane
activation of calpain 2 (chapter 5). Consistent with this suggestion, the combined
results of chapter 4 and 5 have suggested that a segment, GTAMRILGGVI, in domain
V of the calpain small subunit may play a role in the in the lipid / membrane
activation of the enzyme. Based on the combined data of these two chapters, a model
for the membrane interaction of this domain V segment is presented: in figure 6.1.
Incorporating the model of Figure 6.1, and the data of chapter 5, the following
sequence of event is suggested to occur in the lipid activation of dimeric calpain 2:
The cytostolic enzyme is first translocated (chapter 1) to the membrane / lipid bodies
(chapter 5). In the presence of amionic lipid, activation of the enzyme proceeds

(chapter 5) and the segment, GTAMRILGGVI, in domain V of the calpain 2 small

‘subunit forms an oblique orientated o helix (chapter 3 and chapter 4). The
hydrophobicity gradient possessed by this a-helix acts in conjunction with snorkelling
interactions between its arginine residue and anionic lipid to achieve angled insertion
into the membrane / lipid surface and penetration to the level of the hyarophobic acyl
chain region (Figure 6.1). These interactions lead to further conformational changes in
the calpain 2 small subunit that result in the activation of the enzyme at lower Ca®

levels.
It is envisaged that future work will have two major foci. Membrane

penetration by the GTAMRILGGVI segment will be further investigated using
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Figure 6.1 The lipid / membrane interaction of the GTAMRILGGVI segment

LIPID HEADGROUP REGION

LIPID ACYL CHAIN REGION

Figure 6.1 shows a schematic representation of the lipid surface / membrane
interaction of the calpain 2 segment, GTAMRILGGVI, in which the segment is
represented as a ribbon structure. Due to its hydrophobicity gradient, the segment is
depicted as penetrating the lipid surface / membrane in an oblique orientation with its
strongly hydrophobic C-terminal region in the hydrophobic lipid acyl chain region.
The angle of membrane penetration was arbitrarily chosen as 45° but most tilted
peptides adopt orientations between 30° and 60° (Brasseur et al., 2000). Also
represented is snorkelling by the segment’s arginine residue with the positively
charged sidechain of the residue extending up to interact with negatively charged
moieties in the lipid headgroup region. Figure 6.1 is not to scale but geometrical
interpretation of previously presented data (Stopar et al., 2003) shows that the angled
arrangement of the GTAMRILGGVI o-helix in relation to the membrane surface
could allow snorkelling by the segment’s arginine sidechain.

neutron lamellar diffraction and a series of deuterated peptide homologues of the
segment. These studies can indicate the relative bilayer locations of the deuterated
residues and simple geometry will allow an estimate of the angle of penetration used
by the segment. The other major focus of future studies will be on the membrane
interactions of the lone dimeric calpain 2 small subunit. Clones of genes for both this
intact subunit and, this subunit lacking most of the GTAMRILGGVI segment, are
now available. FTIR spectroscopic analysis and monolayer studies on the membrane

interactions of the proteins expressed by these genes will provide information on the
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role(s) played by the GTAMRILGGVI segment in the lipid interactions of the calpain
2 small subunit, and thereby, possibly the enzyrﬁe’s lipid / membrane activation
mechanism.

As a final comment, the mainstay of the present treatment of cataract is
surgery. Cataract surgery was described as long ago as 300 BC in the treatise of
‘Susruta’, from the ancient Indian civilisation (Biswas et al., 2001). A revolution in
the field of cataract surgery was initiated by Harold Ridley, who in 1948 designed the
intra-ocular lens implant, and Charles Kelman, who in 1967 developed phaco-
emulsification surgery, the ophthalmic version of keyhole surgery (Olsen et al., 2003).
Modern cataract surgery, although very successful in dramatically reversing the visual
debility induced by cataract (Rubin er al, 1993) is a highly skilled surgery with
expensive and sophisticated instrumentation requiring considerable investment in
manpower and technology. Even with an excellent success rate, there is a 1:300
incidence of severe complications resulting in permanent blindness (Masket, 1992;
Powe et al., 1994). As with many other medical conditions where surgical treatment

has been replaced over time by drug-based medical therapy, which is easily

administered, a medical option to treat or prevent cataract is perhaps the ‘Holy Grail’
of cataract treatment. Significant advances are continuously being made in the
development of membrane permeable calpain inhibitors, which are suitable for topical
aministration in the eye. Research into the molecular genetics of cataract is also
underway and advances have been made in undcrstanding the genetic basis of
congenital cataract. This may lead to the introduction of novel medical therapies,
possibly involving gene manipulation, to prevent or treat cataract (Francis et al.,

1999). Continued progress in this direction could lead to the non-surgical treatment of
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cataract — which would perhaps be the next revolution and the Holy Grail of cataract

treatment

102



CHAPTER 7

References

103



7.1 REFERENCES

Ahuja, R.P., Borchman, D., Dean, W.L., Paterson, C.A., Zeng, J., Zhang, Z.,
Ferguson-Yankey, S and Yappert, M.C. (1999) Effect of oxidation on Ca**-ATPase
activity and membrane lipids in lens epithelial microsomes. Free Rad. Biol. Med. 27,

177-185

Andersson, M., Sjostrand, J. and Karlsson, J-O. (1996) Calpains in the Human Lens:
Relations to Membranes and Possible Role in Cataract Formation. Ophth. Res. 28, 51-

54
Andersson, M., Sjostrand, J., Andersson, A.K., Andersen, B. and Karisson, J-O.
(1994) Calpains in lens epithelium from patients with cataract, Exp. Eve Res. 59, 359-

364

Ando, R., Sakaki, T., Masuda, H., Inakoshi, N., Jikihara, T., Fujimura, Y., Niwa, T.,

Yoshii, N. and Tabata, R. (1996) Patent WO9625408. Chem. Abstr. 125, 300810.

Arthur, J.§., Elce, J.S., Hegadorn, C., Williams, K. and Greer, P.A. (2000} Disruption
of the murine calpain small subunit gene, Capn4: calpain is essential for embryonic

development but not for cell growth and division. Mol. Cell Biol. 20, 4474-4481
Arthur, J.S. and Crawford, C. (1996) Investigation of the interaction .of m-calpain with

phospholipids: calpain-phospholipid interactions. Biochim. Biophys. Acta. 1293, 201-

206

104



Azuma, M., Tamada, Y., Kanaami, S., Nakajima, E., Nakamura, Y., Fukiage, C.,
Forsberg, N.E., Duncan, M.K. and Shearer, T.R. (2003) Differential influence of
proteolysis by calpain 2 and Lp82 on in vitro precipitation of mouse lens crystallins.

Biochem. Biophys. Res. Comm. 307, 558-563

Azuma, M., Fukiage, C., Tamada, Y., Nakamura, Y., Forsberg, N., Duncan, M.K. and
Shearer, T. R. (2001) Lens-directed, dominant negative for m-calpain suggests
participation of multiple calpains in rodent cataract formation. Invest. Ophth. Vis. Sci.

42, suppl §, 4711

Azuma, M., Fukiage, C., David, L.L. and Shearer, T.R. (1997) Activation of Calpain

in Lens: A Review and Proposed Mechanism. Exp. Eve Res. 64, 29-538

Azuma, M., David, L.L.. and Shearer, T.R. (1992) Superior prevention of calcium

ionophore cataract by E64d. Biochim. Biophys. Acta, 1180, 215-220

Azuma, M., David, L.L. and Shearer, T.R. (1991) Cysteine protease inhibitor E64

reduces the rate of formation of selenite cataract in the whole animal. Curr. Eye Res.

10, 657-666

Biswas, S., Harmis, F, Singh, J. and Phoenix, D. A. (2003) Calpains: targets for

cataract prevention? Trends Mol. Med. In press

105



Biswas, S., Harris, F, Singh, J. and Phoenix, D.A. (2003) The in vitro retardation of

porcine cataractogenesis by the calpain inhibitor, STA6017. Cell Mem. Biol. In press

Biswas, S., Harris, F., Daman, O.A., Wallace, J. and Phoenix, D.A. (2001) A
theoretical investigation into the role of amphiphilic alpha-helical structure in the lipid

interactions of m-calpain. Invest. Ophth. Vis. Sci. 42,4710

Biswas, S., Harris, F. and Phoenix, D.A. (2001) Treatment of cataracts: vision for the

future? Biologist 48, 273-277
Baruch, A., Greenbaum, D., Levy, E.T., Nielsen, P.A., Gilula, N.B., Kumar, N.M. and
Bogyo, M. (2001) Defining a link between gap junction communication, proteolysis,

and cataract formation. J. Biol. Chem. 276, 28999-29006

Bassnett, S (2002) Lens Organelle Degradation. Exp. Eye Res. 74, 1-6

‘Bhat, S.P. (2001) The ocular lens epithelium. Biosci. Rep. 217537-563~ ——~ - =

Bian, L. J., Zeng, J. W., Borchman, D. and Paterson, C. A. (2000) Plasma membrane

calcium ATPase gene expression in bovine lens epithelium. Ophth. Res. 32, 100-105
Blanchard, H., Grochuiski, P., Li, Y., Arthur, J.S.C., Davies, P.L., Elce, J.S. and

Cygler, M. (1997) Structure of a calpain Ca**-binding domain reveals a novel EF-

hand and Ca®*-induced conformational chan ges. Nature 4, 532-538

106



 (Hypothesis). Mol. Mem. Biol. 17, 3140

Borchman, D., Delamere, N.A. and Paterson, C.A. (1988) Ca-ATPase activity in the

rabbit and bovine lens. Invest. Ophth. Vis. Sci. 29, 982-987

Borchman, D, Paterson, C.A. and Delamere, N.A. (1989) Ca®*-ATPase activity in the

human lens. Curr. Eye Res. 8, 1049-1054

Borchman, D., Lamba O.P. and Yappert, M.C. (1993) Structural characterization of
lipid membranes from clear and cataractous human lenses. Exp. Eye Res. 57, 199-

208

Brandenburg, K., Harris, F., Dennison, S., Seydel, U. and Phoenix, D.A. (2002)
Domain V of m-calpain shows the potential to form an oblique-orientated alpha-helix,
which may modulate the enzyme's activity via interactions with anionic lipid. Eur. J.

Biochem. 269, 5414-5422

Brasseur, R. (2000) Tilted peptides: a motif for membrane destabilisation

Bron, A.J,, Vrensen, G.F.J M Koretz, J., Maraini, G. and Harding, J.J. (2000) The

ageing lens. Opthalmologia. 214, 86-104

Bron, AJ., Brown, N.A,, Harding, J.J. and Ganea, E. (1998) The lens and cataract in

diabetes. Int. Ophth. Clin. 38, 37-67

107



Brown NP, Bron AJ: Aetiological classification of cataract: ocular, toxic, nutritional
and physical factors, and senile cataract In: Brown, A.J. Bron (eds) Lens Disorders a
Clinical Manual of Cataract Diagnosis. Butterwoth-Heinemann, Oxford: pp 190-211,

1996a

Brown NP, Bron AJ: Development of the lens In: N.P. Brown, A.J. Bron (eds) Lens
Disorders a Clinical Manual of Cataract Diagnosis. Butterwoth-Heinemann, Oxford:

pp 4-17, 1996b

Cho, W. and Abraham, E. (2002) C-terminal truncation of five amino acid residues of

0B-crystallin influences its chaperone activity. ARVO abstract B545

Cherian-Shaw, M., Smith, J. B, Jiang, X. Y. and Abrahem, E. C. (1999)
Intrapolypeptide disulphides in human alphaA-crystallin and their effect on

chaperone-like function. Mol. Cell. Biochem. 199, 163-167

-Cheriz-m,- M. and Abraham, E.C. (1995) Decreased moiecular chaperone property of
alpaha-crystallins due to post-translational modifications. Biochem. Biophys. Res.

Comm. 208, 675-679

Churchill, G.C. and Louis, C.F. (2002) Ca®™ regulation in differentiating lens cells in

culture. Exp. Eye Res.75, 77-85

Churchill, G.C., Lurtz, M.M. and Louis, C.F. (2001) Ca** regulation of gap junctional

coupling in lens epithelial cells. Am. J. Physiol. Cell Physiol. C972-C981

108



Churchill, G.C. and Louis, C.F. (1999) Imaging of intracellular calcium stores in

single permeabilized lens cells. Am. J. Physiol. Cell Physiol. 276, C426-C434

Clark, J.I., Matsushima, H., David, L L. and Clark, J.M. (1999) Lens cytoskeleton and

transparency: a model. Eye. 13, 417-424

Clement, S., Velasco, P.T., Murthy, S.N.P., Wilson, J.H., Lukas, T.J., Goidman, R.D.
and Lorand, L, (1998) The intermediate filament protein, vimentin, in the lens is a

target for cross-linking by transglutaminase. J. Biol. Chem. 273, 7604-7609

Cottin, P., Thompson, V.F., Sathe, S.K., Szpacenko, A. and Goll, D.E. (2001}
Autolysis of mu- and m-calpain from bovine skeletal muscle. Biol. Chem. 382, 767-

776

Covis, C.M., Duglas-Tabor, Y., Weth, K.B., Viera, N.E., Kowalak, J.A., Janjani, A.,

Yergi, AL. and Garland, D.L. (2000) Tracking pathology with ~protedics:
identification of in vivo degradation products of oB-crystallins Electrophoresis 21,

2219-2227
Crawford, C., Brown, N.R., Willis. A.C (1990} Investigation of the structural basis of

interaction of calpain II with phospholipid and with carbohydrate. Biochem. J. 265,

575-579

109



Croall, D.E. and DeMartino, G.N. (1991) Calcium-activated neutral protease

(Calpain) system — structure, function and regulation. Physiol. Rev. 71, 813-847

Dainese, E., Minafra, R., Sabatucci, A., Vachette, P., Melloni, E. and Cozzani, 1.
(2002) Conformational Changes of Calpain from Human Erythrocytes in the Presence

of Ca®" J. Biol. Chem. 277, 40296-40301

Daman, O.A., Biswas, S., Harris, F., Wallace, J. and Phoenix, D.A. (2001) Theoretical
investigation into the lipid interaction of m-calpain. Mol. Cell. Biochem. 223, 159-

163.

David, L.L.,, Azuma, M. and Shearer, T.R. (1994) Cataract and the acceleration of
calpain-inducéd beta-crystallin insolubilisation occurring during normal maturation of

the rat fens. Invest. Ophth. Vis. Sci. 35, 785-793

David, L.L., Varnum, M.D., Lampi, M.D. and Shearer, T.R. (1989) Calpain II in

human lens. Invest. Ophth. Vis. Sci. 30, 269-275

Davies, M.J. and Truscott, RJ.W. (2001) Photo-oxidation of proteins and its role in,

cataractogenesis. J. Photochem. Photobiol. B. Biol. 63, 114-125

De Jong WW: Evolution of lens and crystallins. In: B. Bloemendal, H Bloemendal

(eds) Molecular and cellular biology of the eye lens, John Wiley and Sons, New York,

‘pp 221-278, 1981

110



Decout, A., Labeur, C., Vanloo, B., Goethals, M., Vandekerckhove, J., Brasseur, R.
and Rosseneu, M. (1999) Contribution of the hydrophobicity gradient to the

secondary structure and activity of fusogenic peptides. Mol. Mem. Biol. 16, 37-246

Del Valle, L.J., Escribano, C., Pérez, J.J. and Garriga, P. (2002) Calcium-induced
decrease of the thermal stability and chaperone activity of m-crystallin, Biochim.

Biophys. Acta. 1601, 100-109

Demel, R. A. (1974) Model membrane monolayers - description of use and

interaction. Methods Enzymol. 32, 539-545

Derham, B.K. and Harding, J.J. (2002) Effects of modifications of alpha-crystailin on

its chaperone and other properties. Biochem. J. 364, 711-717

Delamere, N.A., Paterson, C.A., King, K.L. and Cawood, S.A. (1991) Calcium-

transport, Ca**-ATPase and lipid order in rabbit ocular lens membranes. Am. J.

~ Physiol. 260, C731:C737

Delaye, M. and Tardieu, A. (1983) Short-range order of crystallin proteins accounts

for eye lens transparency. Nature, 302, 415-417

Dennison, S., Hauss, T., Dante, S., Brandenberg, K., Biswas, S., Harris, F. and
Phoenix, D.A. (2003) Biophysical studies show that the smaller subunit of m-calpain

to contain a lipid interactive a-helical segment. Eur. Biophys. J. 32, 255.

111



DiRosa, G., Odrljin, T., Nixon, R.A. and Arancio, O. (2002) Calpain inhibitors - A

treatment for Alzheimer’s disease. J. Mol. Neurosci. 19, 135-14

Donkor, 1.O., Zheng, X., Han, J., Lacy C. and Miller, D.D (2001) Significance of
hydrogen bonding at the S1' subsite of calpain 1. Bivorg. Med. Chem. Lett. 11, 1753-

1755
Donkor, L.O. (2000) A survey of calpain inhibitors. Curr. Med. Chem. 7, 1171-1188

Draper, N R and Smith, H (1998) Applied Regression Analysis, 3" edn, Wiley &

Sons, New York, USA.

Dubbelman, M., Van der Heijde, G.L., Weeber, H.A and Vrensen, G.F.J.M (2003)
Changes in the internal structure of the human crystalline lens with age and

accommodation. Vis. Res. 43, 2363-2375

Duncan, G. and Collison, D.J. (2002) Calcium Signalling in Ocular Tissues:
Functional Activity of G-protein and Tyrosine-Kinase Coupled Receptors, Exp. Eye

Res. 75, 377-389

Duncan, G., Woﬁnstone, IM. and Davies, P.D. (1997) The aging human lens:

structure, growth, and physiological behaviour. Brit. J. Ophth. 81, 818-823

Duncan, G., Williams, M.R. and Riach, R.A. (1994) Calcium, cell signalling and

cataract. Prog. Ret. Eye Res. 13, 623-652

112



Duncan, G., Webb, S.F., Dawson, AP. and Bootman, M.D. (1993) Calcium
regulation in tissue-cultured human and bovine lens epithelial cells. Invest. Ophth.

Vis. Sci. 34, 2835-2842.

Duncan, G. and Bushell, A.R. (1975) Ion analysis of human cataractous lenses. Exp.

Lye Res. 20, 223-230

Dutt, P., Arthur, J.S.C., Grochulski, P., Cygler, M and Elce, J.S. (2000) Roles of

individual EF-hands in the activation of m-calpain by calcium. Biochem. J. 348, 37-43

Dutt, P., Arthur, J.S.C., Croall, D.E. and Elce, I.S. (1998) m-calpain subunits remain

associated in the presence of calcium. FEBS Lett. 436, 367-371

Eisenberg D., Weiss R. M. and Terwilliger T. C (1982a) The helical hydrophobic

moment: a measure of the amphiphilicity of a helix. Nature 299, 371-374

Eisenberg D, Weiss R. M, Terwilliger T. C. and Wilcox W (1982b) Hydrophobic

moment and protein structure. Faraday Symp. Chem. Soc. 17, 109-120
Eisenberg, D., Schwarz, E.,, Komaromy, M. and Wall, R. (1984) Analysis of

membrane and surface protein sequences with the hydrophobic moment plot. J. Mol.

Biol., 179, 125-142

113



Elce, 1.S., Davies, P.L., Hegadorn, C., Maurice. D.H. and Arthur, J.S.C. (1997a) The
effects of truncations of the small subunit on m-calpain activity and heterodimer

formation. Biochem. J. 326, 31-38

Elce, J.S., Hegadomn, C., Simon, J. and Arthur, C. (1997b) Autolysis, Ca2+

requirement, and heterodimer stability in m-calpain. J. Biol. Chem. 272, 11268-11275

Evans, W.H. and Martin, P.EM. (2002) Gap junctions: structure and function

(Review). Mol. Mem. Biol. 19, 121-136

Fougerousse, F., Bullen, P., Herasse, M., Lindsay, S., Richard, I., Wilson, D., Sue,l
L., Durand, M., Robson, S., Abitbol, M., Beckmann, J.S. and Strachan, T. (2000)
Human-mouse differences in the embryonic expression patterns of developmental

control genes and disease genes. Hum. Mol. Genet. 9, 165-173

Francis, P. J., Berry, V., Moore, A. T. and Bhattacharya, S. (1999) Lens biology:

development and human c-:-zitafzictc-)gér_lgs—i_s.‘ Trends Genet. 15, 1

Franke, S., Dawczynski, J., Strobel, J., Niwa, T., Stahl, P. and Stein, G: (2003)
Increased levels of advanced glycation end products in human cataractous lenses. J

Cataract. Refr. Surg. 29, 998-1004
Fujii, N., Awakura, M., Takemoto, L., Inomata, M., Takata, T., Fujii, N. and Saito, T.

(2003) Characterization of alpha A-crystallin from high molecular weight aggregates

in the normal human lens, Mol Vis. 9, 315-322

114



Fujii, N., Matsumoto, S., Hiroki, K. and Takemoto, L. (2001) Inversion and
1somerization of Asp-58 residue in human A-crystallin from normal aged lenses and

cataractous lenses, Biochim. Biophys. Acta. 1549, 179-187

Fujii, G. (1999) To fuse or not to fuse: the effects of electrostatic interactions,
hydrophobic forces and structural amphiphilicity on protein-mediated membrane

destabilisation. Adv. Drug Del. Rev, 38, 257-277.

Fukiage, C., Azuma, M., Nakamura, Y., Tamada, Y., Nakamura, M. and Shearer, T.R.
(1997) SJA6017, a newly synthesized peptide aldehyde inhibitor of calpain:

amelioration of cataract in cultured rat lenses. Biochim. Biophys. Acta. 1361, 304-312

Fukiage, C., Azuma, M., Nakamura, Y., Tamada, Y. and Shearer, T.R, (1998) Nuclear
cataract and light scattering in cultured lenses from guinea pig and rabbit. Curr. Eye

Res. 17, 623-635

Fukiage, C., Azuma, M., Nakamura, Y., Tamada, Y. and Shearer, T.R. (1997)
Calpain-induced light scattering by crystallins from three rodent species. Exp. Eye.

Res. 65,757-770

Goll, D.E., Thompson, V.F,, Li, HQ., Wei, W., Cong, J.Y. (2003) The calpain

system. Physiol. Rev. 83, 731-801

115



Gong, X., Li, E, Klier, G., Huang, Q., Wu, Y., Lei, H., Kumar, N. M., Horwitz, J. and
Gilula, N. B. (1997) Disruption of alpha3 connexin gene leads to proteolysis and

cataractogenesis in mice. Cell 91, 833-843

Gordon, E.S. and Hoffman, E.P. (2001) The ABC's of limb-girdle muscular
dystrophy: alpha-sarcoglycanopathy, Bethlem myopathy, calpainopathy and more.

Curr. Opin. Neurol. 14, 567-573

Hanson, S.R.A., Hasan, A., Smith, D.L. and Smith, J.B. (2000) The major in vivo
modifications of the human water-insoluble lens crystallins are disulfide bonds,
deamidation, methionine oxidation and backbone cleavage. Exp. Eye. Res. 71, 195-

207

Hanson, S.R.A., Smith, D.L. and Smith, J.B. (1998) Deamidation and Disulfide

Bonding in Human Lens — Crystallins. Exp. Eye Res. 67, 301-312

Research Reviews. 1, 465-479

Harding, J.J Lens. In: J.J. Harding, (ed) Biochemistry of the Eye, Chapman and Hall,

London, pp 94-135, 1997

Harris, F., Chatfield, LK., Singh, J. and Phoenix, D.A. (2003) Diabetes and calpains.

Mol. Cell. Biochem. In press.

116



Harris F, Wallace J. and Phoenix D. A. (2000) Use of hydrophobic moment plot
methodology to aid the identification of oblique orientated a-helices. Mol. Mem. Biol.

7, 201-207

Harris F. and Phoenix, D.A. (1997) An investigation into the ability of C-terminal
homologues of the Escherichia coli low molecular mass penicillin-binding proteins 4,

5 and 6 to undergo membrane interaction Biochemie, 79, 171-174

Hata, S., Sorimachi, H., Nakagawa, K., Maeda, T., Abe, K. and Suzuki, K. (2001}
Domain II of m-calpain is a Ca**dependent cysteine protease. Febs Letr. 501, 111-

114.

Hennig, L. (1999) Wingen/Winpep:User friendly software for the analysis of amino

acid sequences. Biotechnigques, 26, 1170-1172

Herasse, M., Ono, Y., Fougerousse, F., Kimura, E., Stockholm, D., Beley, C.,

Montarras, D., Pinset, C., Sorimachi, H., Suzuki, K., Beckmann, J.S. and Richard, L.

(1999) Expression and functional characteristics of calpain 3 isoforms generated
through tissue-specific transcriptional and posttranscriptional events. Mol. Cell. Biol.

19, 4047-4055

Hernandez, A.A. and Roush, W.R. (2002) Recent advances in the synthesis, design

and selection of cysteine protease inhibitors. Curr. Opin. Chem. Biol. 6, 459-465

117



Hightower, K.R. and Misiak, P. (1998) The relationship between osmotic stress and

calcium elevation: in vitro and in vivo rat lens models. Exp. Eye Res. 66, 775-781

Hightower, K.R, and Farnum, R. (1985) Calcium induced opacities in cultured human

lenses. Exp. Eve Res. 41, 565-568

Holleschau, A.M., Rathbun, W.B. and Wheeler, L. (1986) Procedures for augmenting

glutathione in cultured rabbit lenses. Lens Res. 3, 107-118

Hood, J.L., Logan, B.B., Sinai, A.P., Brooks, W.H. and Roszman, T.L. (2003)
Association of the calpain/calpastatin system with subcellular organelles. Biochem.

Biophys. Res. Comm. 310, 1200-1212

Horikawa, Y., Oda N., Cox, N.J., Li, X.Q., Orho-Melander, M., Hara, M., Hinokio,
Y., Lindner, T.H., Mashima, H., Schwarz, P.E.H., del Bosque-Plata, L., Horikawa, Y.,

Oda, Y., Yoshiuchi, L, Colilla, S., Polonsky, K.S., Wei, S., Concannon, P., Iwasaki,

'N., Schulze, T., Baier, L.J., Bogardus, C., Groop, L., Boerwinkie, ., Hanis, CL. and

Bell, G.I. (2000) Genetic variation in the gene encoding calpain-10 is associated with

type 2 diabetes mellitus. Nature 2, 163-175
Horwitz, 1. (2003) Alpha-crystallin. Exp Eye Res. 76, 145-153
Horwitz, J. (2000) The function of alpha-crystallin in vision. Seminars Developmental

Biol. 11, 53-60

118



Hosfield, C.M., Moldoveanu, T., Davies, P.L., Elce, 1.S, and Jia, Z.C. (2001) Calpain
mutants with increased Ca2+ sensitivity and implications for the role of the C-2-like

domain. J. Biol. Chem. 276, 7404-7407

Hosfield, C.M., Elce, 1.S, Davies, P.L. and Jia, Z.C. (1999) Crystal structure of
calpain reveals the structural basis for Ca™ dependent protease activity and a novel

mode of enzyme activation. EMBO. J. 18, 6880-6889.

Huang, Y.H. and Wang, K. K.W: (2001) The calpain family and human disease.

Trends Mol. Med. 7, 355-362

Huang, Z.Y., McGowan, E.B. and DeTweiler, T.C. (1992) Ester and amide

derivatives of E64c as inhibitors of platelet calpains. J. Med. Chem. 35, 2048-2054

Inomata, M., Hayashi, M., Ito, Y., Matsubara, Y., Takehana, M., Kawashima, S. and

Shumiya, S. (2002) Comparison of Lp82- and m-calpain-mediated proteolysis during

Inomata, M., Hayashi, M., Shumiya, S., Kawashima, S. and Ito, Y. (2000)
Aminoguanidine-treatment results in the inhibition of lens opacification and calpain-

mediated proteolysis in Shumiya cataract rats (SCR). J. Biochem. 128, 771-776

Inoue, J., Nakamura, M., Cui, Y.S., Sakai, Y., Sakai, O., Hill, J.R., Wang, KK.W.

and Yuen, P.W. (2003) Structure-activity relationship study and drug profile of N-(4-

119



fluorophenylsulfonyl)-L-valyl-L-leucinal (SJA6017) as a potent calpain inhibitor. J.

Med. Chem. 46, 868-871

Igbal, M., Messina, P.A., Freed, B., Das, M., Chatterjee, S., Tripathy, R., Tao, M.,
Josef, K.A., Dembofsky, B., Dunn, D., Griffith,E., Siman, R., Senadhi, S.E., Biazzo,
B., Bozyczko-Coyne, D., Meyer, S.1., Ator, M.A. and Bihovsky, R. (1997) Subsite
requirements for peptide aldehyde inhibitors of human calpain 1. Bioorg. Medic.

Chem. Lett. 7, 539-544

Jaenicke, R. and Slingsby, C. (2001) Lens Crystallins and Their Microbial Homologs:

Structure, Stability, and Function. Crit. Rev. Biochem. Mol. Biol. 36, 435-499

Johnson, G.V.W. and Guttmann, R.P. (1997) Calpains: intact and active? Bioessays

19,1011-1018

Josef, K.A., Kauer, F.W. and Bihovsky, R. (2001) Potent peptide -ketohydroxamate

inhibitors of recombinant human calpain L Bioorg. Med. Chem. Lett. 11, 2615-2617

Kawasaki, H. and Kawashima, S. (1996} Regulation of the calpain-calpastatin system

by membranes (review). Mol. Mem. Biol. 13, 217-224

Kawashima, S., Ohsumi, M., Hayashi, M., Inomata, M., Nakamura M. and Imahori K.

(1984) Lack of tissue-specificity of calcium-activated neutral proteases from skeletal

muscle and lung of rabbit. J. Biochem. 95, 1231-1234

120



Keller, R.C., Killian, J.A. and De Kruijff, B. (1992) Anionic phospholipids are
essential for alpha-helix formation of the signal peptide of prePhoE upon interaction

with phospholipid vesicles. Biochemistry 31, 1672-1677

Kitagaki, H., Tomioka, S., Yoshizawa, T., Sorimachi, H., Saido, T.C., Ishiura, S. and
Suzuki, K. (2000) Autolysis of calpain large subunit inducing irreversible dissociation

of stoichiometric heterodimer of calpain. Biosci. Biotech. Biochem. 64, 689-695
Kretsinger, R.H. (1997) EF-hands embrace Nature 4, 514-516

Kupina, N.C,, Nath, R., Bernath, E.E., Inoue, J., Mitsuyoshi, A., Yuen, P.W., Wang,
K.K.W. and Hall, ED. (2001) The novel calpain inhibitor SJA6017 improves
functional outcome after delayed administration in a mouse model of diffuse brain

injury. J. Neurotrauma 18, 1229-1240

Kyte, J. and Dolittle, R.F. (1982) A simple method for displaying the hydropathic

" “character of a protein. J. Mol. Biol. 157, 105-132

Lampi, K.J., Ma, Z., Hanson, S.R.A., Azuma, M., Shih, M., Shearer, T.R., Smith,
D.L., Smith, J.B. and David, LL. (1998) Age-related Changes in Human Lens
Crystallins Identified by Two-dimensional Electrophoresis and Mass Spectrometry,

Exp. Eye Res. 67,31-43

121



Lampi, K.J., Kadoya, A K., Azuma, M., David, L.L.. Shearer, T.R (1992) Comparison
of cell-permeable calpain inhibitors and E64 in reduction of cataract in cultured rat

lenses. Toxicol. App. Pharmacol. 117, 53-57

Lapko, V.N., Smith, D.L. and Smith, J.B. (2003) Methylation and carbamylation of

human gamma-crystallins. Pror. Sci12, 1762-1774

Lehman, T.D. and Ortwerth, B.J. (2001) Inhibitors of advanced glycation end

product-associated protein cross-linking Biochim. Biophys. Acta. 1535, 110-119

Liang, I.J-N. and Akhtar, N.J. (2000) Human Lens High-Molecular-Weight -

Crystallin Aggregates. Biochem. Biophys. Res. Comm. 275, 354-359

Lin, G.D., Chattopadhyay, D., Maki, M., Wang, KX.W., Carson, M., Jin, L., Yuen,
P., Takano, E., Hatanaka, M., DeLucas, L.J. and Narayana, S.V.L. (1997) Crystal

structure of calcium bound domain VI of calpain at 1.9 angstrom resolution and its

role” in enzyme assembly, regulation, and inhibitor binding.  Narure 4, 539-547

Liu, L., Paterson C.A. and Borchman D. (2002) Regulation of Sarco/Endoplasmic
Ca**-ATPase Expression by Calcium in Human Lens Cells, Exp. Eye Res. 75, 583-

590

122



Liu, L., Bian, L., Borchman, D. and Paterson, C.A. (1999) Expression of
sarco/endoplasmic reticular Ca**-ATPase in human lens epithelial cells and cultured

human lens epithelial B-3 cells. Curr. Eye Res. 19, 389-394

Lou, M.F. (2003) Redox regulation in the lens. Prog. Ret. Eye Res. 22, 657-682

Lou, M.F. (2000). Thiol regulation in the lens. J. Ocul. Pharmacol. Therapeut. 16,

137-148.

Lubisch, W., Hofmann, HP., Treiber H.J. and Moller, A. (2000) Synthesis and
biological evaluation of novel piperidine carboxamide derived calpain inhibitors.

Bioorg. Med. Chem. Lett. 10, 2187-2191

Lund, A.L., Smith, J.B. and Smith, D.L. (1996) Modifications of the water-insoluble

human lens alpha-crystallins. Exp. Eye Res. 63, 661-672

Ma, H., Fukiage, C., Kim, Y.H., Duncan, M.K., Reed, N.A., Shih, M., Azuma, M and

Shearer, T.R. (2001) Characterization and expression of calpain 10 - A novel

ubiquitous calpain with nuclear localization. J. Biol. Chem. 276, 28525-28531
Ma, H., Shih, M., Hata, 1., Fukiage, C., Azuma, M and Shearer, T.R. (20002) Lp85

calpain is an enzymatically active rodent-specific isozyme of lens Lp82. Curr. Eye

Res. 20, 183-189

123




Ma, H., Shih, M., Fukiage, C., Azuma, M., Duncan, M K., Reed, N.A, Richard, I.,
Beckmann, J.S. and Shearer, T.R. (2000b) Influence of specific regions in Lp82
calpain on protein stability, activity, and localization within lens. Invest. Ophth. Vis.

Sci. 41, 4232-4239

Ma, H., Hata, I., Shih, M., Fukiage, C., Nakamura, Y., Azuma, M. and Shearer, T.R.
(1999) Lp82 is the dominant form of calpain in young mouse lens. Exp. Eye. Res. 68,

447-456

Ma, H., Fukiage, C., Azuma, M. and Shearer, T.R. (1998a) Cloning and expression of
mRNA for célpain Lp82 from rat lens: Splice variant of p94. Invest. Ophth. Vis. Sci.

39, 454-461

"

Ma, H., Shih, M., Hata, I., Fukiage, C., Azuma, M. and Shearer, T.R. (1998b) Protein
for Lp82 calpain is expressed and enzymatically active in young rat lens. Exp. Eye.

Res. 67,221-229

Maget-Dana R (1999) The monolayer technique: a potent tool for studyng the
interfacial properties of antimirobial and membrane-lytic peptides and their

interactions with lipid membranes, Biochim. Biophys. Acta, 1462, p109-140
Maki, M Bagci, H Hamaguchi, K Ueda, M Murachi, T and Hatanaka M (1989)

Inhibition of calpain by a synthetic oligopeptide corresponding to an exon of the

human calpastatin gene. J. Biol. Chemn. 264, 18866-18869

124



Mann, E., Chana, A., Sanchez-Sancho, F., Puerta, C., Garcia-Merino, A. and
Herradon, B. (2002) Novel peptide-heterocycle hybrids: Synthesis and preliminary

studies on calpain inhibition. Advan. Syn. Catal. 344, 855-867

Marcantonio, J.M. and Duncan, G. (1991) Calcium-induced degradation of the lens

cytoskeleton. Biochem. Soc. Trans. 19, 1148-1150

Mathur, P., Gupta, S.K., Wegener, A.R., Breipohl, W., Ahrend, M.H., Sharma, Y.D/,
Gupta. Y.K., Vajpayee, R.B. (2000) Comparison of various calpain inhibitors in
reduction of light scattering, protein precipitation and nuclear cataract in vitro. Curr.

Eye Res. 21, 926-933

Matsushima, H., David, L.L., Hiraoka, T. and Clark, J.I. (1997) Loss of cytoskeletal
proteins and lens cell opacification in the selenite cataract model Exp. Eye Res. 64,

387-395

Moldoveanu, T., Hosfield, C. M-, .Tla:-Z C., Elce, J. S. and Davies, P. 1. (2001) Ca®*-
induced structural changes in rat m-calpain rvealed by partial proteolysis. Biochim.

Biophys. Acta. 1545, 245-254.

Molinari, M. and Carafoli, E. (1997) Calpain: A cytosolic proteinase active at the

membranes. J. Mem. Biol. 156, 1-8.

125



Molinari, M., Anagli, J. and Carafoli, E (1994) Ca**-activated neutral protease is
active in the erythrocyte-membrane in its nonautolyzed 80 Kda form. J. Biol. Chem.

269, 27992-27995

Nakagawa, K., Masumoto, H., Sorimachi, H. and Suzuki, K. (2001) Dissociation of
m-calpain subunits occurs after autolysis of the N-terminus of the catalytic subunit,

and is not required for activation. J. Biochem. 130, 605-611

Nakajima, T., Fukiage, C., Azuma, M., Ma, H. and Shearer, T.R. (2001) Different
expression patterns for ubiquitous calpains and Capn3 splice variants in monkey

ocular tissues. Biochim. Biophys. Acta. 1519, 55-64

Nakama. K., Shichinohe, K., Kobayashi, K., Naito, K., Uchida, O., Yasuhara, K. and
Tobe, M. (1985) Spontancous diabetes-like syndrome in WBN/Kob rats. Acta

Diabetol. Lar. 22, 335-342

Nakamura, M., Yamaguchi, M., Sakai, O and Inoue."J. (2002) Exploration of cornca
permeable calpain inhibitors as anticataract agents. Bioorg. Med. Chem. 11, 1371-

1379
Nakamura, Y., Fukiage, C., Ma, H., Shih, M., Azuma, M. and Shearer, T.R. (1999)
Decreased sensitivity of lens-specific calpain Lp82 to calpastatin inhibitor. Exp. Eye -

Res. 69, 155-162

Nievea, J. L. and Agirre, A. (2003) Biochim. Biophys. Acta. 1614, 104-115

126



Nixon, R.A. (2003) The calpains in aging and aging-related processes. Aging Res.

Rev. In press

Olson, R. J., Mamalis, N., Werner, L. and Apple, D.J. (2003) Cataract treatment in the

beginning of the 21st century, Amer J of Ophth, 136, 146-154

Op den Kamp, J.A'F. (1979) Lipid asymmetry in membranes. Annu. Rev. Biochem.

48, 47-71

Otto_nello, S., Foroni, C., Carta, A., Petrucco, S., Maraini, G. (2000) Oxidative stress

and age-related cataract. Ophthmalogica 214, 78-85

Pal, G.P., Elce, J.S,, Jia, Z.C. (2001) Dissociation and aggregation of calpain in the

presence of calcium. J. Biol. Chem. 276, 47233-47238

Parkes, C., Kembhavi, A.A. and Barrett, A.J. (1985) Calpain inhibition by peptide

epoxides. Biochem. J. 230, 509-516

Paemeleire, K., Martin, P. E. M., Coleman, S. L., Fogarty, K. E., Carrington, W. A.,
Leybaert, L., Tuft, R. A., Evans, W. E. and Sanderson, M. J. (2000) Intercellular
Calcium Waves in HeLa Cells Expressing GFP-labeled Connexin43, 32, or 26. Mol

Biol. Cell. 11, 1815-1827

127



Perrin, B.J. and Huttenlocher, A. (2002) Calpain. Int. J. Biochem. Cell Biol. 34, 722-

725

Perry, R.E., Swamy, M.S. and Abraham, E.C. (1987) Progressive changes in lens
crystallin glycation and high-molecular-weight aggregate formation leading to

cataract development in streptozotocin-diabetic rats. Exp. Eye Res. 44, 269-282

Phoenix, D.A ., Dennison, S., Harris, F., Hauss, T., Dante, S., Brandenburg, K. and
Biswas, S. (2003) Investigations into the membrane interactions of m-calpain, an
enzyme implicated in diabetic cataractogenesis. 4™ International Symposium on
Diabetes Mellitus and its Complications: From Molecular Biology to Clinical

Medicine, Preston. P18, 2003

Phoenix, D. A., Harris, F., Daman, O. A. and Wallace, J. (2002) The prediction of

amphiphilic helices. Curr. Prot. Peptide Sci. 3, 201-221.

7P0kup-f-:(-:-,ﬂl-l.; ka]auz, M., Turk, N. Aand "'i“urk, Z. (2003) ‘Advanced glycation

endproducts in human diabetic and non-diabetic cataractous lenses. Graefes Arch.

Clin. Exp. Ophth. 241, 378-384

Quian, W. and Shichi, H. (2000) Cataract formation by a Semiquinone Metabolite of
Acataminophen in Mice: Possible involvement of Ca 2+ and Calpain Activation. Exp

Eye Res. 71, 576-574

128



Ray, S.K., Hogan, E.L.. and Banik, N.L. (2003) Calpain in the pathophysiology of
spinal cord injury: neuroprotection with calpain inhibitors Brain Res. Rev. 42, 169-

185

Ray, SK., Dixon, C.E. and Banik, N.L. (2002) Molecular mechanisms in the

pathogenesis of traumatic brain injury. Histology and Histopathology 17,1137-1152

Reed, N.A., Castellini, M.A., Ma, H., Shearer, T.R., Duncan, M.K. (2003} Protein
expression paiterns for ubiquitous and tissue specific calpains in the developing

mouse lens. Exp. Eye Res. 76, 433-443

Reverter, D., Braun, M., Fernandez-Catalan, C., Strobl, S., Sorimachi. H., Bode, W

(2002) Flexibility analysis and structure comparison of two crystal forms of calcium-

© free human m-calpain. Biol. Chem. 383, 1415-1422

Reverter, D., Sorimachi, H. and Bode, W: 92001) The Structure of Calcium-Free

Cardiovasc. Med. 11, 222-229
Reverter, D., Strobl, S., Fernandez-Catalan, C., Sorimachi, H., Suzuki, K. and Bode,
W. (2001) Structural basis for possible calcium-induced activation mechanisms of

calpains. Biol. Chem, 382: 753-766

Rhodes, 1.D., Collison, D.J., Duncan, G. (2003) Calcium activates SK channels in the

intact human lens. Invest. Ophth. Vis. Sci.. 44, 3927-3932

129



Richard, I, Roudaut, C., Saenz, A., Pogue, R., Grimbergen, J.E.M.A., Anderson,
L.V.B,, Beley, C., Cobo, A.M., de Diego, C/, Eymard, B., Gallano, P., Ginjaar, H.B.,
Lasa, A., Pollitt, C., Topaloglu, H., Urtizberea, J.A., de Visser, M., van der Kooi, A.,
Bushby, K., Bakker, E., de Munain, A.L., Fardean, M. and Beckmann, J.S. (1999)
Calpainopathy - A survey of mutations and polymorphisms. Am. J. Human. Genet. 64,

1524-1540

Rizo, J. and Sudhof, T.C. (1998) C2-domains, structure and function of a universal

Ca**-binding domain. J. Biol. Chem. 273, 15879-15882.

Roberts M. G, Phoenix D. A. and Pewsey A. R (1997) An algorithm for the detection
of surface-active o-helices with the potential to anchor proteins at the membrane

interface. CABIOS 13, 99-106

Sakai, H. (1991) Cataractous changes in a new diabetic strain of rat (WBN/Kob):

morphological changes. Atarashi Ganka (J. Eye) 8, 1659-1663

Sakamoto-Mizutani, K., Fukiage, C., Tamada, Y., Azuma, M., Shearer, T.R. (2002)
Contribution of ubiquitous calpains to cataractogenesis in the spontaneous diabetic

WBN/Kob rat. Exp. Eve Res. 75, 611-617
Sanderson, J, Marcantonio, JJM. and Duncan, G. (2000) A human lens model of
cortical cataract: Ca**-induced protein loss, vimentin cleavage and opacification,

Invest. Ophth. Vis. Sci. 41, 2255-2261

130



Sanderson, J., Marcantonio, J.M. and Duncan, G. (1996) Calcium ionophore induced
proteolysis and cataract: inhibition by cell permeable calpain antagonists, Biochem.

Biophys. Res. Comm. 218, 893-901

Schad, E., Farkas, A., Jekely, G., Tompa, P. and Friedrich, P. (2002) A novel small

subunit of calpains. Biochem. J. 362, 383-388.

Sharma, K K., Kester, K. and Elser, N (1996) Identification of New Lens Protease(s)
-Using Peptide Substrates having in vivo Cleavage Sites. Biochem. Biophys. Res.

Comm. 218, 365-370

Shearer, T.R., Ma, H., Shih, M., Fukiage, C. and Azuma, M. (2000) Calpains in the
lens and cataractogenesis. Methods. Mol. Biol. Calpain methods and protocols. J.S.

Elce, Humana Press Inc. 144, 277-285

Shearer, T.R., I:/El, H., Shih, M., Hata, ., Fukiage, C., Nakamura, Y. and Azumi, M.
(1998) Lp82 calpain during rat lens maturation and cataract-formation. Curr. Eye Res.

17, 1037-1043

Shearer, R.T., Ma, H., Fukiage, C., Azuma, M. (1997) Selenite nuclear cataract:

Review of the Model. Mol. Vis. 3:8 <http://www.emory.eduw/molvis/v3/shearer>

131



Shearer, T.R. and David, L.L (1991) Calpains in lens and cataract. In: R.L. Mellgren,
T. Murachi, (eds) Intracellular Calcium-Dependent Proteolysis, CRC Press, Boca

Raton, FL. pp 265-274, 1991

Shi, H., Zhang, R., Chandrasekher, G. and Ma, Y. (1994) Simultaneous detection of
sodium, potassium, calcium and magnesium in ocular lenses by high-performance
capillary electrophoresis with indirect photometric detection. J. Chromatog. 68, 653-

658

Shridas, P., Sharma, Y. and Balasubramanian, D. (2001) Transglutaminase-mediated
cross-linking of o-crystallin: structural and functional consequenécs. FEBS Lett. 499,

245-250

Slingsby, C. and Clout, N.J. (1999) Structure of the crystallins. Eye 13, 395-402

Sokol, S.B. and Kuwabara, P.E. (2000) Proteclysis in Caenorhabditis elegans sex

deternﬁnation: cleavage of TRA-ZK-by TRA-3. Gene Dev. 14, 901-906

Sorimachi, H. and Suzuki, K. (2001) The structure of calpain. J. Biol. Chem. 129,
653-664. Spector, A. (2000) Review: Oxidative stréss and disease. J. Ocul.
Pharmacol. Th, 16, 193-201

Stitt, A. W. (2001) Advanced glycation: an important pathological event in diabetic

and age related ocular disease. Bri. J. Opth. 85, 746-753

132



Strandberg, E. and Killian, J. A. (2003) Snorkeling of lysine side chains in

transmembrane helices: how easy can it get? FEBS Lett. 544, 69-73

Strobl, S., Fernandez-Catalan, C., Braun, M., Huber, R., Masumoto, H., Nakagawa,
K., Irie, A., Sorimachi, H., Bourenkow, G., Bartunik, H., Suzuki, K. & Bode, W.
(2000) The crystal structure of c.alciurn-free human m-calpain suggests an
electrostatic switch mechanism for activation by calcium. Proc. Natl. Acad. Sci. USA.

97, 588-592.

Suzuki, K. and Sorimachi, H.A. (1998) Novel aspect of calpain activation. FEBS

Lernt. 433, 1-4

Snivastava, S. K., Wang, L. F., Ansari, N. H. and Bhatnagar, A. (1997) Calcium
homeostasis of isolated single cortical fibers of rat lens. Invest. Ophth. Vis. Sci. 38,

2300-2312

Take;nZ)td, L.J (1995) Identification of the in-vivo truncation sites at the C-terminal
region of alphaA-crystallin from aged bovine and human lens. Curr. Eye Res. 14, 837-

841

Takemoto, L. (1994) Release of a-A Sequence 158-173 Correlates with a Decrease in

the Molecular Chaperone Properties of Native o-Crystallin. Exp. Eye Res. 59, 239-

242

133



Takeuchi, N., Ito, H., Namiki, K. and Kamei, A. (2001) Effect of calpain on

hereditary cataractous rat, ICR/f. Biol. Pharmaceut. Bull. 24, 1246-1251

Tamada, Y., Fukiage, C., Daibo, S., Yoshida, Y., Azuma, M. and Shearer, T.R. (2002)
Involvement of calpain in hypoxia-induced damage in rat retina in vitro. Comp.

Biochem. Physiol. B-Biochem. Mol. Biol. 131, 221-225

Tamada, Y., Fukiage, C., Mizutani, K., Yamaguchi, M., Nakamura, Y., Azuma, M.
Shearer, T.R. (2001) Calpain inhibitor, SJA6017, reduces the rate of formation of

selenite cataract in rats. Curr. Eye Res. 22, 280-285

Tamada, Y., Fukiage, C., Boyle, D.L., Azuma, M. and Shearer, T.R. (2000)
Involvement of cysteine proteases in bFGF-Induced angiogenesis in guinea pig and

rat cornea. J. Ocul. Pharmacol. Therapeut. 16, 271-283

Tang, D., Borchman, D., Schwarz, A.K., Yappert, M.C. Vrensen, G. F. J. M. van

Maﬁe, J and DuPre, D.B. (2003a) L;g];t scattering of human lens vesicles in vitro.

Exp. Eye Res. 76, 605-612
Tang, D.X., Borchman, D., Yappert, M.C., Vrensen, G.F.J.M. and Rasi, V. (2003b)

Influence of age, diabetes, and cataract on calcium, lipid-calcium, and protein-calcium

relationships in human lenses. Invest. Ophth. Vis. Sci. 44, 2059-2066

134



Thampi, P., Hassan, A., Smith, J.B. ands Abraham, E.C. (2092) Enhanced C-terminal
truncation of alpha A- and alpha B-crystallins, in diabetic lenses, Invest. Ophth. Vis.

Sci. 43, 3265-3272

Thampi, P, Zarina, S, Abraham, EC (2002) Alpha-crystallin function in diabetic rat

and human lenses. Mol. Celi. Biochem. 229,113-118

Thampi, P. and Abraham, E. (2002) Truncation of C-terminal series of huran cA-

crystallin results in decreased chaperone activity. ARVO abstract, B544

Thompson, V.F., Lawson, K., Goll, D.E. (2000) Effect of mu-calpain on m-calpain.

Biochem. Biophys. Res. Comm. 267, 495-499

Todd, B., Moore, D., Deivanayagam, C.C.S., Lin, G., Maki, D., Wang K. W.W. and
Narayana, S.V.L. (2003) A Structural Model for the Inhibition of Calpain by

Calpastatin: Crystal Structures of the Native Domain VI of Calpain and its Complexes

with Calpastatin Peptide and a Small Moleculc Inhibitor. J. Mol. Biol. 328, 131-146

Tomohiro, M., Aida, Y., Inomata, M., Ito, Y., Mizuno, A. and Sakuma, S. (1997)
Immunohistochemical study of calpain-mediated alpha-crystallin proteolysis in the

UPL rat hereditary cataract. Japanese J. Ophth. 411, 21-129
Tompa, P., Emori, Y., Sorimachi, H., Suzuki, K. and Friedrich, P. (2001) Domain III
of calpain is a Ca2+-rcgulated phospholipid-binding domain. Biochem. Biophys. Res.

Comm. 280, 1333-1339.

-~ 135



Tompa, P., Baki, A., Schad, E., Friedrich, P. (1996) The Calpain cascade - mu-

Calpain activates m-Calpain. J. Biol. Chem. 271, 33161-33164

Tripathy, R., Ator, M.A., and Mallamo, J.P. (2000) Calpain inhibitors based on the
quiescent affinity label concept: high rates of calpain inactivation with leaving groups
derived from N-hydroxy peptide coupling reagents. Bicorg. Med. Chem. Lett. 10,

2315-2319

Truscott, R.JW. (2003) Human cataract: the mechanisms responsible; light and

butterfly eyes. Int. J. Biochem. Cell Biol. 35, 1500-1504

Ueda, Y., Duncan, M.K., David, L.L. (2002a) Lens proteonomics: the accumulation
of crystallin modifications in the mouse lens with age. Invest. Opth. Vis. Sci. 43, 205-

215

Ueda, Y., Fukiage, C., Shih, M., Shearer, T.R. and David, L.L. (2002b) Mass
measurements of C-terminally truncated alpha-crystallins from two-dimensional gels
identify Lp82 as a major endopeptidase in rat lens. Mol. Cell Proteonomics 1, 357-

365
Ueda, Y., McCormack, A.L., Shearer, T.R. and David, L.L. (2001) Purification and

characterization of lens specific calpain (Lp82) from bovine lens. Exp. Eye Res. 73,

625-637

136



‘ _Neu;oscf.-g 26-é6.

Ulrich, P. and Cerami, A. (2001) Protein glycation, diabetes, and aging. Rec. Prog.

Hormone Res. 56, 1-21

Van den Bosch, L., Van Damme, P., Vleminckx, V., Van Houtte, E., Lemmens. G.,
Missiaen, L., Callewaert, G. and Robberecht, W. (2002) An alpha-mercaptoacrylic
acid derivative (PD150606) inhibits selective motor neuron death via inhibition of
kainate-induced Ca®* influx and not via calpain inhibition Neuropharmacol. 42, 706-

713

Vaney, D.I. and Weiler, R. (2000) Gap junctions in the eye: evidence for heteromeric,

heterotypic and mixed-homotypic interactions. Brain Res. Rev. 32, 115-120

Varma, S.D. (1986) Haber-Weiss reaction in peroxide damage to rat lens in vitro.

Lens Res. 3, 41-55

Wang, K.K.W. (2000) Calpain and caspase: Can you tell the difference. Trends

Wang, KK.W., Nath, R, Posner, A., Raser, K], BurokerKilgore, M.,
Hajimohammadreza, I., Probert, A.W., Marcoux, FW., Ye, Q.H., Takano, E.,
Hatanaka, M., Maki, M., Caner, H., Collins, J.L., Fergus, A, Lee, K.S., Lunney, E.A .,
Hays, S.J. and Yuen, P.W. (1996) An alpha-mercaptoacrylic acid derivative is a
selective nonpeptide cell-permeable calpain inhibitor and is neuroprotective Proc.

Natl. Acad. Sci. USA. 93, 6687-6692

137



Wang, K.KK.W. and Yuen, P.W:. (1994) Calpain inhibition — an overview of its

therapeutic potential. Trends Pharmacol. Sci. 15, 412-419

Wang, K. W.W. (1990) Developing selective inhibitors of calpain. Trends Pharmacol.

Sci. 11, 139-142

Wells, G.J., Tao, M., Josef, K.A. and Bihovsky, R. (2001) 1,2-Benzothiazine 1,1-
dioxide P2 - P3 peptide mimetic aldehyde calpain I inhibitors.. J. Med. Chem. 44,

3488-3503.

Wells, G.J. and Bihovsky, R. (1998) Calpain inhibitors as potential treatment for
stroke and other neurodegenerative diseases: recent trends and developments. Expert

Opin. Ther. Pat. 8, 1707-1727

White, T. W. and Bruzzone, R. (2000) Intercellular communication in the eye:

clarifying the need for connexin diversity. Brain Res. Rev.. 32, 130-137

Wu, H-Y., Tomizawa, K., Matsushita, M., Lu, Y-F., Li, S-T. and Matsui, H. (2003)
Poly-arginine-fused calpastatin peptide, a living cell membrane-permeable and

specific inhibitor for calpain. Neurosci. Res. 47, 131-135

Ye, IJ. and Zadunasky, J.A. (1992) Ca*/Na* exchanger and Na*, K' 2CI

cotransporter in lens fiber plasma membrane vesicules. Exp. Eye Res. 55, 797-804.

138



Yoshizawa, T., Sorimachi, H., Tomioka, S., Ishiura, S. and Suzuki, KA. (1995)
Catalytic subunit of calpain possesses full proteolytic activity. FEBS Lert. 358, 101-

103

Yudin, A. I, Goldberg, E., Robertson K. R., and Overstreet, J. W. (2000) Calpain and
calpastatin are located between the plasma membrane and outer acrosomal membrane

of cynomolgus macaque spermatozoa. J. Androlol, 21, 721-729,

Zarina, S., Zhao, HR., Abraham, E.C. (2000) Advanced glycation end products in

human senile and diabetic cataractous lenses. Mol. Cell. Biochem. 210, 29-34

Zeng, J., Zhang, Z., C. Paterson, C. A., Ferguson-Yankey, S., Yappert, M. C. and
Borchman, D. (1999) Ca**-ATPase Activity and Lens Lipid Composition in

Reconstituted Systems. Exp. Eye Res. 69, 323-330

Zeng, J., Borchman D. and Paterson, C. A. (1995) ATPase activities of rabbit and
bovine lens epithelial microsomes: a continuous fluorimetric assay study. Curr. Eye

Res. 14, 87-93

139



Zhang, Z.L., Smith, D.L. and Smith, J.B. (2003) Human beta-crystallins modified by
backbone cleavage, deamidation and oxidation are prone to associate. Exp. Eye Res. 7,

259-272

Zhang, W.L. and Meligren, R.L. 1996} Calpain subunits remain associated during

catalysis. Biochem. Biophys. Res. Comm. 227 , 890-896

Zimmerman, U-J., Boring, L., Pak, J H., Mukerjee, N. and Wang, K.K.W. (2000) The
calpain small subunit gene is essential: its inactivation results in embryonic lethality.

Life 50, 63-68

140



CHAPTER 8

Publications list

141



8.1 PUBLICATIONS LIST

Papers

Biswas, S., Harris, F. and Phoenix, D. A. Calpains: targets of cataract prevention?

(2004) Trends Mol. Med. In press.

Biswas, S., Harris, F., Singh, J and Phoenix, D. A. (2003) Calpains and Diabetic

cataractogenesis. Mol. Cell. Biochem. In press.

Biswas, S., Harris, F., Singh, J and Phoenix, D. A. (2003) The in vitro retardation of
porcine cataractogenesis by the calpain inhibitor, STA6017. Mol. Cell. Biochem. In

press.

Biswas, S., Harris, F., Singh, J and Phoenix, D. A. (2003) The role of calpains in

cataract and their potential to act as targets in cataract therapy. J. E. C. Qua. L. 2, In

press.

Daman, O.A., Biswas, S., Harris, F., Wallace, J. and Phoenix D.A. (2001) Theoretical
investigation into the lipid interaction of m-calpain. Mol. Cell. Biochem. 223, 159-

163.

Biswas, S., Harris, F. and Phoenix D. A. (2001) Treatment of cataracts: vision for the

future? Biologist, 48, 273-277.

142



Conference Proceedings

Biswas, S., Harris, F. and Phoenix, D. A. (Dec. 2003) Calpains: cataract targets of the

future? Annual Research meeting, Royal Preston Hospital

Phoenix, D. A.,‘Dennison, S., Harris, F., HauP, T., Dante, S., Brandenburg, K. and
Biswas, S (July 2003) Investigations into the membrane interactions of m-calpain, an
enzyme implicated in diabetic cataractogenesis. 4® International Symposium on
Diabetes Mellitus and its Complications: From Molecular Biology to Clinical

Medicine. Preston. p18.

Dennison, S., Hauf3, T., Dante, S., Brandenburg, K., Harris, F., Biswas, S. and
Phoenix, D. A. (2003) Biophysical studies show the smaller subunit of m-calpain to

contain a lipid interactive a-helical segment. Eur. Biophys. J., 32, 6-95, p255

—-———---Biswas;-S-Harris; F5-Daman; OA--Wallace,-J.-Bhoenix; D~A.-(2001}-A-theoretical
investigation into the role of amphiphliic e-helical structure in the lipid interactions
of m-calpain. Abstracts of the Association for Research in Vision and Opthalmology,

Investigative Opthalmology and Visual Science 42, p 5877, No 4710-B729.
Biswas, S., Daman, A., Harris, F. and Phoenix, D A. (2001) A theoretical

investigation into the lipid interaction of m-calpain. Proceedings of the 4th European

Symposium of the Protein Society, Protein Science 10, (suppl 1), p 149, No. 367.

143



Biswas, S., Harris, F. and Phoenix, D. A. (2001) The lipid interactions of m-calpain.

Abstracts of the Biochemical. Society, 675th meeting, p39, No 51.

Biswas, S., Harris, F. and Phoenix, D. A. (Dec. 2001) A study on the lipid interactions

of m-calpain. Annual Research meeting, Royal Preston Hospital

144



