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Introduction

Reproduction is the biological process by which organisms produce/generate new off
springs of the same kind. Reproduction can be broadly classified into two categories
- sexual and asexual. Asexual reproduction is carried out by the individual organisms
alone, without involving another individual. In case of sexual reproduction, male and
female gametes, commonly called sperm and egg respectively, interact and fuse with

one another resulting in the formation of new individual organism.

1.1. Male and female gametes
1.1.1. Oocyte (egg)

Oocyte or egg or ovum is the female germ cell that is involved in the
reproduction. Ova are produced by a process known as ‘oogenesis’, which occurs in
the ovary. In mammals, the germinal epithelium of the ovary develops into the
ovarian follicles which are the functional units of ovary. The development of mature
ovum is a highly complex process and involves the development of ‘oogonium’ and
‘primary oocyte’ which are diploid in nature and to finally haploid ‘secondary
oocyte’ whose development will be halted at metaphase-11 until fertilization. After
fertilization the secondary oocyte will undergo maturation process and transforms
into mature ovum.

1.1.2. Sperm

The term ‘sperm’ is derived from the greek word ‘sperma’ meaning ‘seed’
and is the male germ cell which participate in the reproduction. Sperm cells were
first observed by Anton Von Leeuwonhoek in 1677. Spermatozoa are produced by a
process known as ‘spermatogenesis’, which occurs in the testis. The sperm cells are
produced from the initial, immature spermatogonia from the male primordial germ
cells present in the basal epithelium of testis. These spermatogonia through mitotic
division form primary spermatocytes. The primary spermatocytes divide meiotically

into two secondary spermatocytes. Each secondary spermatocyte undergoes second
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meiotic division to produce two spermatids, which develop into mature spermatozoa.
Thus each spermatogonium will produce four spermatozoa. The maturation of
spermatids to spermatozoa is termed as ‘spermiogenesis’. This process involves
changes in the shape and size of the sperm cell and involves nuclear condensation,
acrosome formation and development of flagellum from axonemal structure near

centrioles [Clermont et al., 1993, de Krester & Kerr, 1994].
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Fig. 1.1. Spermatogenesis. (Taken from porpax.bio.miami.edu/~cm).

1.1.3. Structure of mammalian sperm
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Mammalian spermatozoa which perform the function of carrying genetic
material exhibit a great variety of shape, size and form among various animal groups.
But the structure of the sperm is highly conserved and uniform throughout the
mammalian species. Sperm is the only cell that has the ability to swim in mammalian
tissue system. A mature sperm contains four parts viz. head, neck, middle piece and
tail [Phillips, 1975].

Head is conical in shape and consists of acrosome and nucleus. Acrosome is found
on the anterior tip of the sperm head and is formed from the golgi complex during
spermatogenesis. This alone is bound by a membrane and contains various hydrolytic
enzymes such as phosphatases, lysozymes etc. which help in the lysis of egg
membrane and facilitates the penetration of sperm into the egg. Sperm nucleus
occupies most of the volume of the sperm head and is covered by a nuclear
membrane. Nucleus is devoid of any fluid content and nucleolus, but contains DNA

and some basic proteins.

Neck is a short piece that separates head and middle piece. Neck mainly consists of
two centrioles called proximal centriole and distal centriole. Both are present in the
posterior depression of the neck. They enter into the egg along with the nucleus and
are essential for the primary divisions of zygote by forming the first mitotic spindle
fiber.

Middle piece consists of outer ring of the coarse fibers and the mitochondrial sheath
around it. The mitochondria arranged end to end constitute a helix around the two
longitudinal fibers spread along the tail, which is the main source of energy for the
sperm motility. These longitudinal fibers are called beta fibers, which are surrounded
by nine pairs of fibers called alpha fibers. Together they form a circular 9+9+2 cross
sectional pattern [Fawcett, 1975; Phillips, 1975].
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Tail is usually the longest part of the sperm cell. It mainly constitute of two parts,
principle piece and end piece. The tail is made up of axial filaments with 9+2
arrangement. These fibrils are surrounded by fibrous sheath which sometimes appear
as helical coils. The distinct arrangement of these fibers throughout the tail in three
and four perpendicular to each other helps more powerful stroke of tail in one
direction and hence in the sperm motility.

1.1.4. Sperm capacitation

Unlike the sperm of may lower species, even though ejaculated mammalian
sperm are motile and appear mature morphologically, they do not possess the ability
to fertilize the egg. Ejaculated sperm has to spend a definite amount of time in the
female reproductive track to attain fertilizing ability. This time dependent changes in
sperm that enable sperm to attain capacity to fertilize an egg is defined as
‘capacitation’ [Chang, 1951 & Austin, 1952]. Historically, capacitation is defined as
"the residential time of sperm required to bring it to the final functional maturation of
sperm” [Chang, 1984]. This involves all the poorly understood morphological and
biochemical processes involved in the maturation process. Capacitation mainly
involves the remodeling of sperm plasma membrane (Yanagamachi, 1994; Visconti
et al., 1995). This process includes redistribution of sperm membrane proteins,
changes in the sperm intracellular ion concentration, increase in permeability of Ca**
and bicarbonate ion and increase in the molar ration of phospholipids to cholesterol
(YYanagamachi, 1994; Oliphant et al., 1985; Go & Wolf, 1983; Meizel, 1985;
Langlais & Roberts, 1985). Capacitation is correlated with changes in the sperm
metabolism, sperm cell volume, fluidity, motility, sperm cyclic nucleotide
metabolism and sperm protein phosphorylation. Sperm capacitation can be achieved
in vitro using appropriate salt solution containing electrolytes and metabolites in

optimum concentration and serum albumin which altogether mimics environment of
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oviductal fluid in many organisms. Even though the requirements and composition
for sperm capacitation to happen is known, molecular basis and role of the factors
involved and mechanism by which capacitation occurs is still enigmatic [Visconti et
al., 1995].

1.1.5. Acrosome reaction

As described earlier, acrosome is the cap like structure present in the apical
end of the sperm and acrosome reaction (AR) is a compulsory process the
spermatozoa must undergo to attain the ability to penetrate through outer membranes
of egg. AR can be defined as exocytosis of acrosome or fusion of acrsomal
membrane with sperm membrane so that the contents of acrosome are released. In
mammals, AR occurs in the ampulla of fallopian tube of female genital tract. AR is
initiated by binding of sperm to the zona-pellucida of egg. This binding causes
calcium influx into the cytosol, which triggers the exocytosis of acrosome, which
concurrently results in the release of hydrolytic enzymes that help in dissolving egg
protective coat. At the molecular level, the sperm-egg fusion is a carbohydrate
mediated process. Even though many factors can trigger AR, ZP3 present on the egg
surface is found to be the natural inducer of AR. The mode of this interaction is
found to be though binding of sperm and sugar moiety (Lewis X-acid) on ZP3 [Pang
et al., 2011]. This binding results in the activation of ion channels [Florman, 1994;
Florman et al., 1998; Aranoult et al., 1996] and G-protein activation (especially G1
protein) [War et al., 1992, 1994]. Binding of ZP3 to sperm results in membrane

depolarization and calcium influx [Aranoult et al., 1996; Lievano, 1996].
1.1.6. Fertilization

Fertilization can be defined as fusion of male and female gametes to develop

an individual organism. In mammals, fertilization is the union of egg and sperm,
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resulting in the formation of zygote. Fertilization occurs in the ampulla of fallopian
tube. The capacitated but acrosome intact sperm interact with the zona pellucida of
the egg loosely and reversibly, triggering acrosome reaction. In the later stage this
interaction becomes rigid, species specific and irreversible. This results in the
transfer of nucleus from sperm to egg where fusion of both nuclei occurs and results
in the formation of zygote [Gwatkin, 1977; Wasserman, 1987; Yanagamachi, 1994].
The egg activates itself upon fusing with a single sperm and thereby changes the cell

membrane to prevent fusion with any other spermatozoa [Wassermann, 1999].
1.2. Seminal plasma

Seminal plasma is the liquid entity of semen which is released along with
sperm during ejaculation. Seminal plasma is a mixture of contents secreted from
testis, epididymus, prostate and accessory sex glands such as seminal vesicle and
bulbourethral gland. Seminal plasma contains both organic and inorganic entities
such as metal ions, sugars, aminoacids, basic amines such as spermine, spermidine,
putriscine and cadaverine and lipids. Proteins are the only high molecular weight
biopolymers present in it, nucleic acids and polysaccharides are absent in it [Shivaji
et al., 1990]. The seminal plasma provides a nutritive and protective medium for the
spermatozoa during their journey through the female reproductive tract. The normal
environment of the vagina is a hostile one for sperm cells, as it is very acidic
(because of lactic acid produced by microflora), viscous, and guarded by immune
cells. The components in the seminal plasma attempt to compensate for this hostile
environment. These alkaline bases counteract and buffer the acidic environment of
the vaginal canal, and protect DNA inside the sperm from acidic denaturation. It also
contains decapacitation factors which prevent premature acrosome reaction. The
metal ions present in the seminal plasma such as Ca** and Mg®* play important role

in maintaining basic pH during further stages of fertilization.


https://en.wikipedia.org/wiki/Vagina
https://en.wikipedia.org/wiki/Sperm
https://en.wikipedia.org/wiki/Acidic
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/Sperm
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1.2.1. Bovine seminal plasma proteins

Four Acidic proteins secreted form the seminal vesicles constitute the major
protein content of the bovine seminal plasma which are named as BSP-Al, BSP-A2,
BSP-A3 and BSP-30kDa [Manjunath et al., 1987a &b; Chandonnet et al., 1990;
Schiet et al., 1988]. The primary structure of all the above proteins shows high
similarity [Seidah et al., 1987; Calvete et al., 1996a]. BSP-Al, A2 and A3 are small
proteins with molecular weight ranging from 12-15 kDa, where as BSP-30 kDa as
the name itself indicates is a 30 kDa protein [Manjunath et al., 1987a]. BSP-Al and
BSP-A2 have the same primary structure but differ in the extent of glycosylation and
their inseparable mixture is known as PDC-109 [Esch et al., 1983]. All the four
proteins are characterized by possessing two tandomly arranged repeating units of
fibronectin type Il (Fnll) domains [Calvete et al., 1996a]. These proteins show
affinity towards a variety of ligands such as choline phospholipids, sphingomyelin,
heparin, HDL, LDL, gelatin, apolipoprotein Al and different types of collagens (I, 11,
IV and V) [Desnoyer & Manjunath, 1992; Therien et al., 1995].

1.2.2. PDC-109: Structure and function

Protein containing N-termminal aspartic acid (D) and C-terminal cystein (C)
with 109 amino acids, PDC-109 is the major protein of the bovine seminal plasma
and is present at a very high concentration (15-20 mg/ml) in seminal plasma [Schiet
at al., 1988]. During and upon ejaculation ~9.5 million PDC-109 molecules bind to
the sperm surface at acrosome and some areas of mid piece [Calvete et al., 1994].
PDC-109 interaction with sperm membrane is mediated through specific interaction
between PDC-109 and zwitterionic phospholipids containing choline head group
[Desnoyer & Manjunath, 1992]. This binding lead to a process called ‘cholesterol

efflux’ which is the removal of phospholipids mainly, choline phospholipids and



Introduction

cholesterol, from the sperm plasma membrane. This process leads to a decrease in
the cholesterol to phospholipids ratio in the sperm membrane [Therien at al., 1998;
Moraeu et al., 1998].

Structurally, PDC-109 has an N-terminal stretch of 23 amino acid residues
followed by two tandemly repeating fibronectin type-11 (Fnll) domains [Esch at al.,
1983]. Single crystal X-ray analysis of PDC-109 complexed with PrC has showed
that both binding sites are on the same face of the protein. Binding occurs mainly
through cation-n interaction between the quaternary ammonium group of choline
moiety and indole ring of a core tryptophan residue. In addition binding is stabilized
by several hydrogen bonds between the phosphate group and tyrosine residues of
PDC-109 [Wah et al., 2002].

Apart from showing affinity towards choline phospholipids, PDC-109 binds
to a variety of molecules such as heparin, collagen, gelatin, high density lipoproteins,
low density lipoproteins, apolipoprotein Al, fibrinogen, casein, glycosaminoglycans
and a-, B- lactalbulins [Plante et al., 2015]. Among these their interaction with
phospholipids is investigated in detail. EPR studies have revealed that selectivity
towards choline phsopholipids is in the following order: phoshphatidyl choline ~
sphingomyelin > phosphatidic acid, phosphotidylglycerol ~ phosphotidylserine  ~
androsterol > phosphatidylethanolamine > N-acyl phosphotidylethanolamine >>
cholestane [Ramakrishnan et al., 2001]. Similar results were obtained from SPR
measurements with association constants of interaction of PDC-109 with different
lipids are in the order of DMPC > DMPG > DMPA > DMPE. The lipid specificity of
PDC-109 towards choline phospholipids was shown to be because of faster
association and slower dissociation compared to phospholipids containing other head

groups [Thomas et al., 2003].
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The sperm capacitation was found to occur through two different
mechanisms, PDC-109-heparin induced and PDC-109-HDL induced capacitation
[Manjunath & Therien, 2002]. Apart from binding to choline phospholipids on the
sperm membrane and induce cholesterol efflux, PDC-109 has been implicated in
various functions related to sperm activity and function. PDC-109 has been shown to
be involved in the formation of oviductal reservoir as sperm containing PDC-109
was shown to bind to the oviductal epithelium [Ignotz et al., 2001]. PDC-109 was
also found to regulate the cell volume of sperm in response to stress conditions
[Sahin et al., 2009]. PDC-109 was also shown to protect sperm against cold shock
during semen preservation [Barrios et al., 2005].

1.2.3. Chaperone like activity of PDC-109
1.2.3.1. Chaperones

Chaperones are proteins which assist in proper folding/ unfolding and
assembly/ dissembly of other proteins but are not present in the protein machinery
when the latter is performing their biological function [Lasky et al., 1978].
Chaperones are the second most abundant and highly important class of proteins in
the cell. In physiological conditions, under both normal and stress conditions,
chaperones protect newly synthesized polypeptides from misfolding and aggregation
[Ellis, 1987; Horwitz, 1992; Hartl, 1996; Rajaraman et al., 1996; Kumar et al., 2005].
Several major classes of chaperone proteins are present in cells and in the extra
cellular regions. They are Hsp100, Hsp90, Hsp70, Hsp60, Hsp40 and small heat
shock proteins (sHsp).

Hsp100 or Clp are a highly conserved family of proteins present in almost all
organisms. They have unfoldase activity and exist in hexamaric structures. Some of

the members of this family like CIpA, ClpX etc. are associated with the serine

11
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proteases and hence instead of typical refolding of the misfolded proteins they send
the target proteins towards degradation pathway when they are beyond refolding
condition [Glover et al., 1998].

Hsp90 family proteins are present in almost all living organisms, from bacteria to
mammals. In mammals, Hsp90 exist in dimeric form and functions with a wide
variety of co-chaperones [Prodromou et al., 1997]. Hsp90 chaperone action depends
on the nature of substrate. If the substrate is in a confirmation that can be recognized
by Hsp90 then in presence of co-chaperone and substrate is refolded in to active
confirmation. In case where substrate cannot be recognized by Hsp90 then the
substrate is directed towards degradation pathway [Wang et al., 2006].

Hsp70 family proteins are present in almost all the cell organelles indicating their
importance in cell survival and growth. Hsp70 typically contains two domains. An
highly conserved N-terminal domain which shows weak ATPase activity and a C-
terminal end which is the peptide binding domain. Hsp70 requires J- domain proteins
as co-chaperones to refold the substrate. Together chaperone and co-chaperone
system covers the hydrophobic segments of the substrate causing reduction in
intermolecular interaction thereby reducing the protein aggregation [Goloubinoff et
al., 1999; Palleros et al., 1993].

Hsp60 is also called chaperonin because of its mediation in folding of different kind
of proteins both in vivo and in vitro [Ellis and van der Vies, 1991]. These proteins are
coded by heat inducible hsp60 gene. They have a characteristic oligomeric structure
consisting of 14 subunits of 60 kDa monomers arranged in two heptameric rings
stacked on top of each other [Hendrix, 1979; Hohn et al., 1979; Pushkin et al., 1982].
GroEL is the most famous protein of this family present in bacteria and regulates the
assembly of bacteriophages [Georgopolous et al., 1973]. GroEL is an ATP dependent
chaperone. In the absence of ATP it binds to the substrate and stabilizes it. When

ATP is available, a stepwise release of substrate takes place, causing controlled
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folding of the substrate [Langer et al., 1992a; Martin et al., 1991; van der Veis et al.,
1992].

Hsp40 family is characterized by a conserved domain with 78 amino acid residues.
This family consists of more than 100 proteins. These proteins interact with Hsp70 in
the presence of ATP and acts as co-chaperones for Hsp70 [Laufen et al., 1998; Cyr,
1995]. Some proteins of this family such as DnalJ show chaperone activity
independently [Hendershot et al., 1996]. A small conserved segment of 'His-Pro-Asp'
is found to be responsible for the interaction of DnaJ with Hsp70 [Hill et al., 1995;
Quian et al., 1996].

Small heat shock proteins (sHsp) along with a-crystallin family proteins consist of
majority of extracellular heat shock proteins. They are typically large oligomeric
structures of up to 1000kDa with monomers of 12-43 kDa proteins [Laufen et al.,
1998; Sun & MacRae, 2005]. The oligomeric nature is found to be essential for
exhibiting chaperone like activity. Another difference between this family and other
Hsp’s is that these proteins are ATP independent in nature [Horwitz, 1992]. They
have no particular substrate specificity but shows high affinity towards partially
unfolded intermediates. The proposed mechanism is sHsp’s is that they coat the
target protein through hydrophobic interactions and forms stable complexes and
provide a reservoir for the other chaperone complexes to refold the substrate proteins
[Lee et al., 1997].

1.2.3.2. Spermatozoa associated chaperones

In the male reproductive system several molecular chaperones have been
identified. Most of them have different specificity towards somatic and germ line
systems. Spermatozoa itself carries some chaperones such as DnalB1, HspD1,
HspEl and HspAl1A [Mitchell et al., 2007]. These chaperones are localized in the
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mid piece and principal piece of the sperm tail. HSpA1A was also detected in the
equatorial region of the sperm along with HspCA. The locolization of these
chaperones, HspA5 and HspH1 is not known so far and Tral was identified to be
localized on the base part of the sperm head region. Even though the actual roles of
these chaperones are not characterized so far, studies on HspA1A has shown that it is
very crucial for fertilization as addition of anti HspA1A antibody has reduced the
rate of fertilization [Spinaci et al., 2005].

1.2.3.3. Chaperone-like activity of PDC-109

As described above, even though sperm contains some chaperone machinery
seminal plasma is completely devoid of them. Recently chaperone like activity of a
major protein of bovine seminal plasma has been discovered [Sankhala & Swamy,
2010]. Several lines of evidence have indicatede that PDC-109 can act as a
chaperone in vitro. PDC-109 was able to protect G6PD against heat stress condition
and help it to retain its native confirmation even at high temperatures. Turbidimetric
studies have shown that PDC-109 is able to solubulize aggregation prone proteins
such as ADH, LDH and aldolase. Prevention of insulin fibrillation by PDC-109 is
physiologically significance as some proteins of seminal plasma are found to be
prone to amyloidogenesis. PDC-109 was able to refold the chaotrope induced
unfolding of enzymes such as LDH. All these results indicate that PDC-109 can act

as molecular chaperone, in vitro.

The chaperone-like activity of PDC-109 was found to be dependent on its
polydisperse nature. PDC-109 exists mainly as a ~72 kDa oligomer in bovine
seminal plasma. Addition of PrC or high ionic strength dissociates the oligomeric
PDC-109 in to dimeric species [Gasset et al., 1997]. Presence of PrC or high ionic

strength resulted in a loss of chaperone-like activity, indicating that polydispersity is
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crucial for the CLA of PDC-109. PDC-109 complexed with lipid membranes show
high chaperone like activity than PDC-109 alone. This is found to be because of high
hydrophobicity exhibited by PDC-109/ lipid complex that PDC-109 alone. Presence
of cholesterol in the lipid membrane has decreased the CLA [Sankhala et al., 2011].
This phenomenon can be attributed to the fact that cholesterol caused partial
membrane rigidification or direct interaction with CARC domain of PDC-109
[Scolari et al., 2010]. These results strongly suggest that polydispersity and
hydrophobicity are important factors for the CLA of PDC-109.
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Fig. 1.2. A schematic model showing role of PDC-109 in sperm capacitation. A) PDC-109
induced cholesterol efflux. B) Chaperone like activity of PDC-109. (Taken from PLoS ONE
6(3): €17330. doi:10.1371/journal.pone.0017330)
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1.3. Equine seminal plasma proteins

The protein content in equine (horse) seminal plasma is relatively low (10
mg/mL) compared to other mammals like bovine (up to 60 mg/mL). Equine seminal
plasma proteins tend to form multi-protein aggregates of high molecular weight
(~800 kDa) which are composed of low molecular weight proteins (11-30 kDa) [von
Fellenberg et al., 1985]. The major proteins of horse seminal plasma were isolated by
RP-HPLC and designated as HSP-1 to HSP-8 (Horse Seminal plasma Protein), based
on their elution time/order. All these proteins have low molecular weight (14 to 30
kDa) and except HSP-4, all the proteins are bound to the equine sperm and can be
isolated from the sperm extract [Calvete et al., 1994]. HSP-1 and HSP-2 belong to
fibronectin type-Il proteins. HSP-3 belongs to a family of proteins called cystein-rich
secretory proteins (CRISP). HSP-4 is related to calcitonin gene like protein. HSP-6
and HSP-8 are isoforms of human kallikrein like proteins and have high similarity
with human prostate specific antigen (PSA). HSP-7 belongs to a protein family
called ‘Spermadhesins’, which are the major proteins in porcine seminal plasma
containing a single CUB domain (complete B-sheet structure with conserved
hydrophobic and aromatic residues). The N-terminal sequence of HSP-5 could not be
related to any known family of proteins. HSP-1, HSP-2 and HSP-7 are the only
known lipid binding proteins among the above stated. Even though all the proteins
except HSP-4 are known to be present on the sperm head, their mode of anchorage is

still unknown.

1.4. Horse seminal plasma protein-1 and -2 (HSP-1 and HSP-2)

Seminal Fnll proteins are characterized by two or four tandemly arranged
fibronectin type-11 domains with N-terminal acidic stretches [Menard et al., 2003].
Short Fn-I1 proteins containing two Fn-ll1 domains are the major proteins in seminal

plasma of bull, goat, cattle and horse. In minor quantities, these proteins are also
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present in porcine, ram, murine and human seminal plasma [Fan et al., 2006]. Long
Fnll proteins containing four fnll domains are present in human and equine seminal
plasma and are termed SE-12 and EQ-12, respectively [Saalmann et al., 2001].
Because of their low expression and low abundance in the seminal plasma no lipid
binding studies has been done on the long Fnll proteins till date.
1.4.1. Structure of horse seminal plasma proteins, HSP-1/2

The primary structure of HSP-1 contains 121 amino acids, which structurally
can be organized into four domains (AA'BB') [Calvete et al., 1995]. As described
earlier, they contain two Fn-11 domains designated as BB', with a free N-terminal
flank containing two repeated units eachcontaining 16 amino acids, designated as A
and A'. The N-terminal domains have two O-glycosylation sites each, containing
sailylated Gal-GalNAc glycans. HSP-2 contains only one N-terminal ‘A’ domain
hence has lower degree of glycosylation. Both proteins exist in different iso- and
glycoforms, coded by a single gene, ‘spl’ [Ekhlasi-Hundrieser et al., 2004]. HSP-1
and HSP-2 could not be separated under non-denaturing conditions; hence their
mixture is referred to as HSP-1/2. Secondary structure of HSP-1/2 is very similar to
that of PDC-109 with no major changes in the far UV or near UV CD spectra on
addition of PrC [Anbazhagan & Swamy, 2005; Sankhala et al., 2012]. However, PrC
binding stabilizes the protein structure against thermal denaturation in a
concentration dependent manner, with the unfolding temperature increasing from
49°C in the absence of PrC, whereas in the presence of 10 and 20 mM PrC the
unfolding temperature increases to 57 and 60°C, respectively [Sankhala et al, 2012].
HSP-1/2 has a complex quaternary structure. It exists as a mixture of monomer and
~90 kDa oligomer, unlike PDC-109 which predominantly exists as an oligomeric
form [Calvete et al., 1997]. This polydisperse nature was mainly attributed to the
difference in glycosylation of HSP-1/2 [Calvete et al., 1995]. Similar to PDC-109 it
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was shown that on addition of PrC the ~90 kDa oligomers are reduced to monomer
or dimer [Calvete et al., 1997].

1.5. Lipids

Lipids are one of the four major classes of biomolecules in the living systems
others, the being proteins, DNA and RNA. They are the main constituents of the
membranous structures covering the cells and intracellular organelles. As they
seperate the cells from outer environment and organelles in the cell from each other,
they are of great importance. Other than acting as structural components, lipids are
used for energy storage and some lipids and their derivatives act as hormones and
vitamins. Structurally lipids are the small organic molecules which are mostly not
soluble in water but are soluble in organic solvents such as acetone, chloroform,
ether etc. This solubility in organic solvents is mainly because of their hydrophobic
nature. Typically lipds contain a hydrophilic head connected to two hydrophobic
chains most of which are either alkyl or acyl chains. Based on their structure lipids
are classified in to two major classes. 1) simple lipids, which cannot be hydrolyzed
and hence are basic functional units in most of the membranous structures such as
cholesterol and other steroids. 2) complex lipids, which yield smaller molecules such

as hydrophilic group and hydrophobic tail separately, such as fats and waxes.
1.5.1. Types of lipids

All the organisms contain one or the other forms of membranous structures.
The membrane mainly consists of lipids and proteins with lipids. The most accepted
model of the membrane is the ‘Fluid-Mosaic model’ proposed by Singer and
Nicolson in 1972. According to this model, membrane is a non-polar lipid bilayer
which is fluidic in nature because of the saturated and unsaturated fatty acids present

in it. The mosaic nature of the membrane comes from the presence of various other
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molecules such as proteins, sterols etc [Singer & Nicolson, 1972; Singer, 1974]. This
model also indicates the dynamic nature of the lipids in the membrane due to
diffusion through two-dimensional surface of the membrane and lipid ‘flip-flop” i.e.
jumping of lipid from one side to the other side (inner leaflet to outer leaflet).
Membrane mostly consists of three major types of lipid: glycolipids, sterols and
phospholipids.

Phospholipids: Phospholipids constitute the major portion of lipid membranes.
These are amphiphilic in nature, contains negatively charged phosphate moiety in the
head group and two hydrocarbon chains as the hydrophobic tail part. Due to high
hydrophobicity of the tail part they segregate towards each other creating a non-polar
environment in the membrane with phosphate group facing the outer hydrophilic

environment.

Phosphoglycerides: These are derived from glycerol and contain a phosphate group.
Phosphatidic acid (PA), the simplest phosphoglyceride with two hydroxyls of
glycerol attached to fatty acyl chain and the other hydroxyl attached to the phosphate
group. PA is absent in cell membranes, instead derivatives of PA are found as
commonly occurring lipids in the cell membranes. These derivatives based on the
additional group present can be called as phosphotidylcholine, phosphotidylserine,
phosphotidylethanolamine, phosphotidylinisitol ~ and  phosphotidylglycerol.
Cardiolipin or diphosphatidylglycerol is a four chain lipid present in the heart tissue.

Structures of these molecules are shown in Fig. 1.3.
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Fig. 1.3. Structures of different phospholipids (Taken from_http://.doi:0.5772/51882)

Sphingolipids, contains a sphingosine as the back bone, which contains amino group
at 2-hydroxy position of glycerol moiety and unsaturated (4C-5C) long alkyl chain
attached to the 3" carbon. Based on the additional groups attached to this back bone
the sphingolipids are further classified into ceramides (N-acylated shpingosines),
sphingomyelins, phosphocholine or phosphoethanolamine attached to 1-hydroxy
position of ceramide. If a sinlge carbohydrate molecule (a monosaccharide) is
attached to ceramide they are called as cerebrocides. Ceremides with at least
twosugar molecules attached to them with at least one sialic acid are called

gangliosides.

Sterols, are compact, polycyclic (mostly 5 or 6 membered ring), rigid, hydrophobic
molecules with one polar hydroxyl group. These are found in microbial, plant and
animal kingdoms with cholesterol being the most commonly occurring one.

Cholesterol constitutes ~30% of the plasma membrane lipids in animals, but is also
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present in lysosomes, endosomes and golgi complex. Sterols play an important role
in maintaining order, fluidity/rigidity of the cell and cell organelle membranes.

Sitosterol Stigmasterol

Fig. 1.4. Structures of different sterols
1.5.2. Self assembly of lipids in excess water

when amphiphilic molecules such as phospholipids are mixed with excess
water, specific structures such as micelles, bilayers, liposomes or vesicles, inverted
micelles etc are formed to minimize the exposure of the hydrophobic part to water.
The formation of the above mentioned supra molecular assemblies depends on the
critical packing parameter which in turn depends on the size and shape of the
hydrophilic and hydrophobic parts of lipid. The formation also depends on the

environmental factors such as temperature, pressure, pH and ionic strength.

Micelles are the aggregates of the lipids with the hydrophilic part of the amphiphile
oriented towards the solvent interface and the hydrophobic tail part oriented away
from the polar phase. Micelles may take several forms such as disks, rods, distorted

spheres etc. depending on conditions and composition of the lipid. Reverse micelles
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are formed in non-polar solvents such as benzene when amphiphile clusters around a

small water droplets in the system.

Monolayers are formed spontaneously when polar lipids are added to aqueous
solution. They are one layer thick with hydrocarbon tails of the polar lipid exposed to
air and the hydrophilic heads in contact with the aqueous phase.
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Fig. 1.5. Schematic representation of micelles and bilayer (Taken from
http://chemwiki.ucdavis.edu/Wikitexts/University of California Davis/fUCD Chem 2B/ UCD
Chem 2B%3A Larsen/Unit 11%3A States of Matter /Solutions /13.6%3A)

Bilayers and multilayers are formed by phospholipids and other amphiphiles when
suspended in aqueous media and separate two or more agueous compartments.
Phospholipid bilayers are ~ 6-7 nm thick depending on the nature of the fatty acid
constituting the lipid. Bilayers contain hydrocarbon tails extending inward from the
two surfaces of the water to form continuous inner hydrocarbon core and the

hydrophilic heads face towards aqueous phases.

Liposomes are spherical vesicular structures constaining phospholipid alone or
mixed with cholesterol or any other lipid bilayer. Liposomes contain an encapsulated
aqueous solution inside the hydrophobic membrane. Any chemical which is

hydrophobic in nature can be dissolved into the membrane. Liposomes are usually
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made by sonicating the membrane bilayer or multilayers in water for extended
periods of time. In pharmaceutical applications liposomes are used as carriers for

delivering vaccines, enzymes, hormones, genes and drugs.
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Fig. 1.6. Schematic picture of a liposome used for drug delivery

(Taken from http://dx.doi.org/10.1016/j.ajps.2014.09.004)

1.5.3. Interaction of HSP-1/2 with lipid membranes/vesicles

Interaction of HSP-1/2 with phospholipid membranes was investigated in a
study by gruebe et al.[2004] using fluorescence and EPR spectroscopy. the important
features of the interaction are very similar to those of PDC-109-phospholipid
interaction. Similar to PDC-109, intrinsic fluorescence spectrum of HSP-1/2 was
blue shifted upon interaction with choline phospholipids. Similar to PDC-109, SP-
1/2 has specificity for phospholipids with the phosphocholine headgroup. Upon
binding to lipid vesicles, the protein intercalates into the hydrophobic membrane
core, resulting in a rigidification of the lipid phase and, at higher concentration
results in the perturbation of membrane structure. However, compared with PDC-
109, the impact of SP-1/2 on membranes is less intense in that the degree of protein-

mediated immobilization of lipids was lower. Furthermore, SP-1/2 was not able to
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extract lipids from human red blood cells to the same extent indicating species
specific differences.’

From the studies of interaction of HSP-1/2 with spin labeled cholesterol
analogues using EPR Gruebe et al. [2004] has observed that a higher protein to lipid
ration is required to cause any rigidification of lipid membrane and was able to cause
membrane perturbation resulting in the exposure of the inner leaf let of the liposome
interacting with HSP-1/2.
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Fig. 1.7. Influence of SP-1/2 on long-chain spin-labeled PC incorporated into both leaflets of
PC LUV. PC LUV (2 mM) was labeled with 50 uM C5-SL-PC (A) and C10-SL-PC (B) as
described in Experimental Procedures. ESR spectra of labeled vesicles were recorded at 25
°C in the absence (I) and in the presence (II) of SP-1/2 (L/P). (B).The immobilized
component observed in the presence of the protein (see arrows) was extracted by spectra
subtraction, i.e., spectra Il - |, yielding spectra Ill. (C)Spectra were recorded as described
above but at L/P =10(Taken from http://pubs.acs.org/ doi/abs/10.1021/bi0356471)
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1.6. Oxidative stress in reproduction

Infertility because of abnormalities in male reproductive system occurs at
least in 50% of the total cases. Most of these are because of the “alteration in sperm
concentration, motility, and/or morphology is present in at least one sample of two
sperm analyses, collected 1 to 4 weeks apart” [Trussell, 2013; WHO, 2010].
Oxidative stress (OS) is found to be one of the major and plausible reason for the
infertility. Oxidative stress is a condition in which imbalance occurs between the
reactive oxygen species (ROS) producing systems and ROS scavenging systems in
such a way that damage occurs to the total system. In general, spermatozoa are
equipped with antioxidant machinery to tackle the OS, but under abnormal
pathological conditions ROS production exceeds the antioxidant machinery capacity
or antioxidant capacity itself decreases, creating a situation of OS [Hampl, 2012;
Henkel, 2011].

1.6.1. ROS generation in sperm and seminal plasma

In active spermatozoa, electron leakage is observed because of the ROS. The
generation of ROS in sperm occurs mainly via 2 mechanisms. one being NADP-
oxidase system operating at plasma membrane of spermatozoa and the other one is
the NAD dependent oxido-reductase system, which serves as a source of energy at
the mitochondrial region of the spermatozoa. In human spermatozoa, superoxide ion
is found to be the major ROS generated, which along with H,O, in the presence of
metal ions such as iron, copper, cobalt etc. undergoes Heber-Weiss reaction
producing hydroxyl radical (OH™), which is found to be pathological to the sperm,
hindering their morphology, integrity and most importantly function [Henkel, 2011;
Sikka, 2001]. In case of seminal plasma, ROS are produced from both endogenous

and exogenous sources. In human semen, sperm cells and other cells from different
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stages of sperm meturation process (spermatogenesis) are present along with
epithelial cells and leukocytes. Among these cells, immature sperm cells and the
defense cells such as neutrophils and macrophages are the main source of the
endogenous production of ROS. Life style choices and factors such as smoking and
drinking, excessive use of drugs are the main source of exogenous source of ROS.
Environmental factors such as exposure to radiation and toxins are found to
contribute to the production of ROS [Gharagozloo & Aitken, 2011; Esteves, 2002].
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Fig. 1.8. Oxidative stress in male reproductive system.

(Taken from doi:10.5534/wjmh.2014.32.1.1)

Production of ROS is said to be of physiological significance as the ROS
signaling pathway was found to regulate capacitation in an indirect manner [de
Lamirande & O’Flaherty, 2008]. Hyper-activation of spermatozoa, which is essential

for sperm motility and fertilization and acrosome reaction are also found to be
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correlated with the ROS generation in sperm [Saurez, 2008]. Even though the
generation of ROS in limited quantities is found to be useful, any imbalance in the
ROS production and regulation is found to be pathological for spermatozoa.
Depending on the nature, amount, and duration of the ROS insult, these defects cause
significant damage to biomolecules such as lipids, proteins, nucleic acids, and sugars.
Two of the main damaging cascades caused by ROS to spermatozoa are lipid
peroxidation and DNA damage [Agarwal & Prabhakaran, 2005].

To counter the oxidative stress, sperm and seminal plasma contain two kinds
of anti-oxidants. They are enzymatic and non-enzymatic anti-oxidants. Enzymatic
anti-oxidants are naturally present in the system and they constitute mainly three
enzymes viz. super oxide dismutase (SOD), catalase and glutathione reductase
(GSH). Some non enzymatic anti-oxidants include vitamins C, E, and B, carotenoids,
carnitines, cysteines, pentoxifylline, metals, taurine, hypotaurine and albumin
[Lampiao, 2012; Sharma & Agarwal, 1996].

Table: 1.1. Anti-oxidants present in mammalian seminal plasma and their mode of action.
(Taken from Agarwal et al., 2014, doi:10.5534/wjmh.2014.32.1.1)

Antioxidant Mechanism of action Effect

GSH/GPX Scavenges for free radicals Prevents lipid peroxidation and improves sperm
membrane characteristics

Superoxide Neutralizes superoxide anions Prevents lipid peroxidation

dismutase

Catalase Breaks H,O, down into H,O and O, Prevents lipid peroxidation

Vitamin E Neutralizes free radicals Prevents lipid peroxidation and improves activity of
other antioxidants

Vitamin C Neutralizes free radicals Protects viability and motility

Carnitine Neutralizes free radicals and acts as an energy source Prevents lipid peroxidation and DNA damage

Carotenoids ~ Quenches singlet molecular oxygen Prevents lipid peroxidation

Cysteines Increases the amount of GSH synthesized Prevents lipid peroxidation

Pentoxifylline  Prevents cAMP breakdown and suppresses Prevents lipid peroxidation

the synthesis of pro-inflammatory factors

27


http://dx.doi.org/10.5534%2Fwjmh.2014.32.1.1

Introduction

1.7. Objectives and major finds of the current study

Sperm capacitation is an important event that must occur for the final
maturation of spermatozoa to participate in fertilization. Even though capacitation is
known for last several decades, molecular basis of this process is not clearly
known/understood [Chang, 1951; Austin, 1952]. Moreover, the significant
differences observed between the steps involved in sperm capacitation appear to be
species specific and cannot be generalized. Hence it is important to study each and
individual species in order to obtain the complete picture of the capacitation process

in mammals and factors involved in it.

Recent studies have shown that the major bovine seminal plasma protein,
PDC-109 exhibits chaperone like activity. Various line of evidence was given to
show that PDC-109 is able to protect target enzymes against chemical and thermal
stress condition. Inhibition of insulin fibrillation by PDC-109 indicates that it can
prevent the non-specific aggregation of target polypeptides which are in both
amorphous and fibrillar in nature [Rajeshwar & Swamy, 2010]. These results are
significant considering that the ‘traditional’ hsp’s (Heat Shock Proteins) are absent in
the mammalian seminal plasma. Hence finding of a chaperone in a system such as
seminal plasma which is prone to stress conditions is of greater significance. It is also
shown that membrane binding which is the physiological role of PDC-109 increases
the CLA of PDC-109 due to increase in hydrophobicity of the whole system
[Shankala et al., 2011].

Fnll proteins like PDC-109 are present in most of the mammalian seminal
plasma such as horse, ram, bison, human, rat, porcine and goat [Plante et al., 2015].

Hence establishing the functional roles of these proteins in the respective



Introduction

reproductive system is of considerable importance because the expression levels of

these proteins vary from species to species indicating different physiological roles. In

view of this, in the present thesis entitled "Biochemical and Biophysical

Characterization of Chaperone-like Activity and Lipid Binding to the Major

Protein of Horse Seminal Plasma, HSP-1/2" we tried of address the following

problems/questions.

Does HSP-1/2,similar to PDC-109 exhibit chaperone-like activity and
protective non-specific target enzymes/proteins against thermal and chemical
stress conditions? If it does show chaperone like activity, what are the factors
responsible for exhibiting the CLA?

Oxidative stress is an important problem for spermatozoa abnormality
causing reduced fertility rates. Hence it is important to examine If HSP-1/2
can act as chaperone under oxidative stress and afford protection to target
proteins in similar way to that of against thermal stress.

HSP-1/2 interaction with choline phospholipids is of physiological
significance as this interaction is found to be the molecular basis for
cholesterol efflux. Except for study by Greube et al., [2004] no detailed study
of this interaction is done. Hence HSP-1/2 interaction with phospholipids and
chemical unfolding studies on HSP-1/2 are investigated.

Further Experiments were directed to investigate the effect of HSP-1/2 on
morphology and integrity on model cell and supported membranes. Effect of
various conditions such as effect of ligands and pH was carried out and the
results have shown that HSP-1/2 dual functionality (membrane

destabilization and chaperone like activity) is regulated by a pH switch.
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HSP-1/2, a major protein of equine seminal plasma, exhibits
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HSP-1/2 is a molecular chaperone

2.1. Summary

The major bovine seminal plasma protein, PDC-109 exhibits chaperone-like activity
(CLA) against a variety of target proteins. The present studies show that the
homologous protein from equine seminal plasma, HSP-1/2 also exhibits CLA and
inhibits the thermal aggregation of target proteins such as lactate dehydrogenase, and
DTT-induced aggregation of insulin in a concentration-dependent manner.
Phosphorylcholine binding inhibited the CLA of HSP-1/2, suggesting that
aggregation state of the protein is important for this activity. These results
demonstrate that HSP-1/2 functions as a molecular chaperone in vitro, and suggest
that it may protect other proteins of equine seminal plasma from
unfolding/misfolding or aggregation. These results suggest that homologous proteins
from the seminal plasma of other mammals also exhibit CLA, which will be

physiologically relevant.
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HSP-1/2 is a molecular chaperone

2.2. Introduction

In mammals, seminal plasma carries the sperm cells from the male testes to the
female uterus, where sperm-egg fusion takes place, which results in fertilization
[Yanagimachi, 1994; Shivaji et al., 1990]. In the bovine seminal plasma, a group of
acidic proteins are known to be involved in various stages of fertilization such as
establishment of oviductal reservoir, sperm capacitation and sperm-zona pellucida
interaction [Desnoyers & Manjunath, 1992; Topfer-Petersen, 1999; Gwathmey et al.,
2003] and similar mechanisms seem to exist in many other mammals. Based on the
structural characteristics, most of these proteins have been classified as fibronectin
type-11 (Fnll) proteins, cysteine-rich secretory proteins and spermadhesins [Topfer-
Petersen et al., 2005]. Among the Fnll proteins, the major protein of bovine seminal
plasma, PDC-109, has been studied in great detail [Manjunath & Therein, 2002;
Swamy, 2004; Anbazhagan et al., 2011; Tannert et al., 2007, Sankhala et al., 2011].
PDC-109 binds specifically to phospholipids containing choline head group, such as
phosphatidylcholine and sphingomyelin  [Desnoyers & Manjunath, 1992;
Anbazhagan et al., 2011; Ramakrishnan et al., 2001; Greube et al., 2001; Swamy et
al., 2002; Thomas et al., 2003].

Proteins homologous to PDC-109 have also been identified in several other
mammals [Fan et al., 2006]. Two such proteins in equine seminal plasma, HSP-1 and
HSP-2, exhibit a high degree of homology and differ from each other in the extent of
glycosylation and in the number of residues in the N-terminal segment [Calvete et al.,
1994, 1995a & b]. HSP-1 is a polypeptide of 121 amino acids, with a 29 residue
segment preceding the two Fnll domains, whereas HSP-2 has a shorter (14 residue)
N-terminal region. HSP-1 and HSP-2 share ~60% sequence similarity with PDC-109
[Sankhala & Swamy, 2010]. These two homologous proteins could not be separated

under non-denaturing conditions and their mixture is referred to as HSP-1/2. In
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previous work, the interaction of HSP-1/2 with phospholipid membranes was
investigated using spin-label ESR and fluorescence spectroscopy [Greube et al.,
2004]. The results obtained indicate that similar to PDC-109, HSP-1/2 show greater
affinity for choline phospholipids. The interaction of HSP-1/2 with phospholipid
membranes and heparin appears to be physiologically significant in view of their

involvement in sperm capacitation.

Recently work has demonstrated that PDC-109 exhibits chaperone-like
activity against a variety of target proteins by preventing their aggregation under
stress conditions and that polydispersity and hydrophobicity are important for this
activity [Sankhala & Swamy, 2010; Sankhala et al., 2011]. Since HSP-1/2 shares
significant homology with PDC-109 and exists in polydisperse oligomeric states
[Calvete et al., 1995a ,1997], we considered that this protein may also exhibit CLA
and carried out biochemical and biophysical studies to explore this possibility. The
results obtained indicate that HSP-1/2 exhibits chaperone-like activity against a
variety of substrate proteins. Presence of such chaperone proteins in the seminal
plasma is of considerable physiological significance; therefore establishment of their

presence in other mammalian species including humans is of great interest.

2.3. Materials and methods
2.3.1. Materials

Phosphorylcholine chloride calcium salt, glucose-6-phosphate dehydrogenase (from
Leuconostoc mesenteroides), insulin (form bovine pancreas), glucose-6-phosphate
and heparin-agarose type | beads were obtained from Sigma (St. Louis, MO, USA).
p-Aminophenyl phosphorylcholine-agarose column was obtained from Pierce
Chemical Co. (Oakville, Ontario, Canada). Lactate dehydrogense, alcohol

dehydrogenase, nicotinamide adenine dinucleotide phosphate, tris base and other
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chemicals were purchased from local suppliers and were of the highest purity

available.

2.3.2. Purification of HSP-1/2

HSP-1/2 was purified by affinity chromatography on heparin agarose and p-
aminophenyl phosphorylcholine-agarose, followed by reverse phase HPLC on a C-
18 column [Calvete et al., 1994, 1997]. Briefly, stallion seminal plasma was
separated from spermatozoa by centrifugation of the semen at 1500 x g for 15 min,
and the supernatant obtained was further clarified by centrifugation at 6000 x g for
10 min at 4°C. About 50 mL of the clear seminal plasma was applied to a heparin-
agarose column pre-equilibrated with 50 mM tris buffer, pH 7.4, containing 0.15 M
NaCl and 5 mM EDTA (TBS). After washing with the same buffer till the column
effluent showed an absorbance below 0.01, the bound proteins were eluted with the
same buffer containing 20 mM phosphorylcholine. The eluted protein fraction was
extensively dialyzed against TBS and applied to a p-aminophenylphosphorylcholine
column. After extensive washing with the same buffer, the bound proteins were
eluted with TBS containing 10 mM phosphoryl choline. Further separation of
individual proteins in the bound fraction was done by reverse phase HPLC (RP-
HPLC) using a Luna RP-100 C;g column (25x4.6, 5um particle size) (Phenomenex,
California, USA). The column was pre-equilibrated with a mixture of 0.1%
trifluoroacetic acid in water (solution A, 75%) and acetonitrile (solution B, 25%). A
flow rate of 1 mL/ml was maintained throughout. After sample loading, the column
was run first isocratically with 25% B for 5 min, followed by a gradient of 25-30% of
B for 5 min and 30-50% for 70 min. Peaks were collected manually and purity of the
proteins was checked with 15% sodium dodecyl sulphate polyacrylamide gel

electrophoresis [Lamelle, 1970].

2.3.3. Circular dichroism spectroscopy
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CD spectral studies were performed using a JASCO J-815 spectropolarimeter
fitted with a thermostatted cell holder and a thermostatic water-bath at a scan speed
of 50 nm/min. Far and near UV spectra were recorded using a 0.2 cm path length
quartz cell at a HSP-1/2 concentration of ~0.12 mg/mL and 0.45 mg/mL,
respectively. Each spectrum reported was the average of 10 consecutive scans from
which buffer scans, recorded under the same conditions, were subtracted. Spectra
were also obtained in the presence of 20 mM phosphorylcholine.

Thermal unfolding of HSP-1/2 was investigated by monitoring the CD spectral
intensity of the protein (0.12 mg/mL) at 223 nm, while the temperature was increased
from 25 to 80°C at a scan rate of 1°/min. Effect of PrC binding on the thermal
stability of HSP-1/2 was investigated by incubating the protein for ~30 minutes with

fixed concentrations of PrC before the temperature scans were performed.

2.3.4. Computational modeling

The amino acid sequences of HSP-1, HSP-2 and PDC-109 were obtained from
PubMed tool of NCBI (National Centre for Biotechnology Information) and
submitted to I-TASSER server (http://zhang.bioinformatics.ku.edu/I-TASSER/) to
build 3-dimensional structural models of the proteins. The crystal structure of PDC-
109 (pdb code: 1h8p) was provided as a scaffold template. For each protein, the

model with the lowest energy was used for further analysis and comparison.
2.3.5. Aggregation inhibition of substrate proteins by HSP-1/2

Chaperone activity was assayed as described previously [Sankhala & Swamy, 2010]
by monitoring the ability of HSP-1/2 to prevent heat-induced aggregation of alcohol
dehydrogenase. ADH was incubated at 48°C and its aggregation was monitored by

recording light scattering at 360 nm as a function of time in a Perkin Elmer Lambda
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35 UV/Visible Spectrophotometer, which was also used for all other
spectrophotometric measurements. A fixed concentration of HSP-1/2 in TBS was
pre-incubated with 0.05 mg/ml of ADH for 5 minutes at room temperature and then
experiments were performed as described above. ADH:HSP-1/2 (w/w) ratios of 1:0.2
and 1:0.5 were used. Aggregation profile for the native enzyme was taken as 100%
and percent aggregation of other samples was calculated with respect to native
enzyme. The effect of PrC binding was investigated by performing the aggregation
assays after incubating HSP-1/2 for 10 minutes with different concentrations of PrC.

2.3.6. G6PD activity assay

G6PD activity was assayed by a spectrophotometric method essentially as
described earlier for PDC-109 [Kumar et al., 2005]. In this assay G6P is oxidized to
6-phospho-D-gluconate by G6PD with simultaneous reduction of NADP to NADPH.
The reaction was initiated by addition of NADP to a mixture containing G6PD (0.25
uM), NADP (0.1 mM), G6P (5 mM) and 12 mM each of MgCl, and KCI, and
increase in absorbance at 340 nm due to the reduction of NADP was monitored. To
investigate the effect of HSP-1/2 on the thermal inactivation of the enzyme, 0.25 uM
G6PD was incubated for 30 minutes in the absence or presence of 0.5 uM HSP-1/2 at
45°C. Relative activities of various treated samples were normalized with respect to

the native enzyme.

2.3.7. Insulin aggregation assay

Insulin aggregation assay was performed as described earlier [Farahbakhsh et al.,
1995]. In this assay, the ability of HSP-1/2 to prevent the aggregation of insulin B-
chain caused by DTT is monitored. Briefly, 0.2 mg of insulin alone, or upon
incubation with different concentrations of HSP-1/2 was taken and 20 uL of freshly
prepared DTT (1M stock) was added and the volume was adjusted to 1 ml with TBS.
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The insulin:HSP-1/2 (w/w) ratios in different samples were 1:0.5, 1:1 and 1:1.5. The
time course of aggregation was monitored at 360 nm for 1 hour. Aggregation of
native insulin was taken as 100% and percent aggregation of the remaining samples
was calculated with respect to it.

2.3.8. Aggregation inhibition of LDH by HSP-1/2: AFM studies

LDH samples at a concentration of 75 pg/mL in TBS were incubated in the
presence and absence of 1:1 (w/w) ratio of HSP at 48°C in a heating bath for 20
minutes and then transferred to an ice bath. A 25-50 pL aliquot of each sample was
carefully deposited on a freshly cleaved mica sheet (1 cm x 1 cm) and allowed to dry
for 20-30 minutes, rinsed with HPLC grade water, dried again and transferred to the
AFM stage for imaging. Imaging was performed in semi-contact mode using a
SOLVER PRO-M atomic force microscope (NT-MDT, Moscow, Russia) and the
images obtained were analyzed using NOVA software, supplied by NTMDT as
described earlier [Sankhala & Swamy, 2010].

2.4. Results and Discussion

2.4.1. Secondary tertiary structure of HSP-1/2

Far-UV CD spectra of HSP-1/2 alone and in the presence of 20 mM PrC are
shown in Fig. 2.1A. The spectrum of the protein alone (solid line) is characterized
by a broad positive asymmetric band with maximum at 223 nm and a shoulder at
~210 nm. In the presence of PrC, the spectral intensity increases, although no major
changes are observed in the shape of the spectrum (dashed li