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INTRODUCTION

1.1 Entamoeba histolytica: A pathogenic enteric protozoan

The enteric protozoan parasite Entamoeba histolytica is the causative agent of
amoebiasis, an endemic disease in developing countries causing morbidity and
mortality among large number of individuals (WHO/PAHO/UNESCO report, 1997,
Stanley, 2003). It belongs to Phylum- Sarcomastigophora, Class- Labosea and Order-
Amoebida. Unlike many protozoan parasites, E. histolytica has a simple life-cycle,
existing as either the infectious cyst form or the amoeboid trophozoite stage. Human
beings and some non-human primates are the only natural hosts. E. histolytica cysts
are round, four nucleated usually 10-15um in diameter and are surrounded by a
refractile wall made of chitin (Clark, 2000). Trophozoites are highly motile with a
pleuromorphic shape, 10-50 pum in diameter and mostly uninucleated. Typical
mitochondria, Golgi apparatus, rough endoplasmic reticulum, centrioles and
microtubules are absent. Nucleus is spherical, 4-7 um in diameter and covered by a
bilayered nuclear envelope. Chromatin clumps are usually uniform in size and evenly

distributed inside the nuclear membrane (Clark, 2000).

1.1.1 Historical background

Amoebic colitis and amoebic liver abscess were known to the ancients; Dysentery
(Greek dys-alteration, enteron-bowl) was described by Celso and Hippocrates (460 to
377 AC) as "belly flow" and later by Huang Ti (140-87 AC) as dysentery.” Lambal
(1850) showed the presence of protozoan in the fecal matter of a dysentery patient.
However, more than 2000 years would elapse before amoebas were identified as a
cause of dysentery when, in 1875, the St. Petersburg physician Fedor Aleksandrovich
Losch described amoebic trophozoites in the stool and colonic ulcerations of a farmer
with a fatal case of dysentery and named it Amoeba coli (Losch, 1875). Koch (1886)
in Egypt demonstrated the presence of the parasite in liver injury. In 20th century, this
parasite received different names as Amoeba coli, Amoeba dysenteria, Entamoeba
dysenteriea etc. In 1901, William Councilman and H. A. Lafleur described the
pathology of amebiasis and introduced the terms “amebic dysentery” and “amebic
abscess of the liver”. Later in 1903, Fritz Schaudinn documented the taxonomic
description and named as Entamoeba histolytica (Schaudinn, 1903). In 1919, Clifford

classified this organism into several species on the basis of number of nuclei present
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in the cyst. In 1925, Emile Brumpt proposed that there were actually two species of
Entamoeba, of which one was infective to human whereas the other was not. The
former was Entamoeba histolytica and the later he called Entamoeba dispar (Brumpt,
1925). However, as the two species were morphologically indistinguishable, Brumpt’s
hypothesis was ignored for 50 years till the biochemical evidence in favor of
subgroups within E. histolytica was reported in 1973, based on differences in lectin
agglutination properties of parasites isolated from amebic patients and asymptotic
individuals (Martinez-Palomo et al., 1973). Over the next fifteen years evidence for
the existence of two groups continued to accumulate and came to include antigenic
differences (Strachan et al., 1988) and DNA evidence (sequencing of ribosomal and
other highly conserved genes) (Burch, Clark) (Tannich et al., 1989) in addition to
isoenzymes. Finally in 1993, E. histolytica was formally redescribed to separate it
from E. dispar, (Diamond et al., 1993; Clark, 2000), validating Brumpt’s hypothesis

after almost seventy years.

1.1.2 Epidemiology

E. histolytica is distributed throughout the world and is a substantial health risk in
almost all countries where the barriers between human faeces and food and water are
inadequate. It is the third leading cause of morbidity and mbrtality due to parasitic
disease in humans after malaria and schistosomiasis (Anand, 1997) and is estimated to
be responsible for between 50,000 and 100,000 deaths worldwide every year (Stanley,
2003). It is a serious health hazard, particularly in developing countries. Many of the
estimated 500 million individuals infected with Entamoeba are colonised by E.dispar;
this organism is not a pathogen, and causes no signs of disease or mucosal invasion
even in patients with AIDS (Allanson-Jones et al., 1986; Reeds et al., 1991). E.
histolytica is the causative agent of amoebic colitis and all forms of extraintestinal
amoebiasis, but is also present in many asymptomatic individuals. Data from
epidemiological surveys with techniques that can differentiate between E.dispar and
E.histolytica in stool samples suggest that most asymptomatic individuals infected
with Entamoeba are colonized with E.dispar; however, in some regions, the
prevalence of E.histolytica both in asymptomatic individuals as well as in patients

with diarrhoea is very high (Adb-Alla ez al., 2002).
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Amoebic colitis has generally been regarded as an equal-opportunity disease
affecting children and adults of both sexes although, this notion has been challenged
by data indicating a significant male predominance (Acuna-Soto et al., 2000).
However, amoebic liver-abscess mainly affects men between the ages of 18 and 50, in
whom rates are 3-20 times higher than females (Acuna-Soto et al., 2000; Thompson
et al., 1985; Abuabara et al, 1982; Shandera et al.,1998; Barnes et al., 1987,
DeBakey et al., 1951; Katzenstein et al., 1982). The parasite usually thrives in the
intestinal lumen but during the invasive form of the disease it penetrates the intestinal
wall and enters the blood stream from where it goes to vital organs, mainly the liver

and sometimes the brain, causing abscesses, which are fatal if not diagnosed, timely.

1.1.3 Life cycle of the parasite

The dimorphic parasite has two stages in its life cycle, infective, non-motile
and dormant stage known as cyst and invasive, motile and dividing stage known as
trObhozoite. Infection starts with ingestion of food and wéter'contaminated with fecal
material (Fig.1.1). The cysts get excysted in the ileo-cecal region and give rise to
eight trophozoites each. The trophozoites migrate to the colon and continue to divide
further and colonize the host’s tissues, causing dysentery. The process of excystation
has been studied both in vitro (Marinets et al., 1997) and in monkey with almost
identical results ( Espinosa-Cantellano et al., 1991). First the amoeba moves within
the cyst wall, later at one point thinning of wall occurs through which amoeba
emérges, usually after numerous extension and retraction of the pseudopodia leaving
behind an empty cyst wall. The multi-nucleated trophozoite undergoes cytokinesis
and nuclear division to give rise to eight daughter amoebae (Marinets et al., 1997).
The trophozoites multiply by binary fission and re-encyst and are finally passed
through the faeces, thus completing the life cycle. Although cysts may remain viable
in a humid environment and stay infective for several days, trophozoites are short
lived outside the body and do not survive during the passage through the upper gastro-

intestinal tract. Tissue invasion is not a part of the life cycle of the organism as those
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Figure-1.1 Life cycle of Entamoeba histolytica. (Adapted from the website

http://commons.wikimedia.org/wiki/File:Entamoeba_histolytica life cycle-en.svg).

organisms that pass through the mucosa are no longer capable of giving rise to new
infections. The invasive disease is therefore viewed as an aberrant behaviour on the

part of the organism.

1.1.4 Pathogenesis

The pathogenesis of infection by E. histolytica is mostly governed at three levels-

1. Adherence of trophozoite to the target cell
2. Lysis of target cell and

3. Phagocytosis of target cell
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Disease begins after adherence of trophozoites to colonic epithelial cells,
probably through the galactose/N-acetylglucosamine specific lectin (Gal/GalNAc), a
corhplex of a disulphide-linked 170 kDa and 35/31 kDa subunits and an associated
150 kDa protein (Mann et al., 2002). Mammalian cells without N-terminal galactose
or N-acetylgalactosamine residues are resistant to adherence by amoebic
trophozoites and to killing by E. histolytica, consistent with a physiological role for
the lectin adhesion and the known requirement for cell-cell contact in killing process
(Ravdin et al., 1989). Analysis of the genome reveals redundancy in the genes

encoding the subunits of Gal/GalNAc lectin.

The cytolytic capabilities of E. histolytica were first documented decades
ago. Human cells touched by amoebic trophozoites become immobile within minutes
and loose their cytoplasmic granules, structures and eventually their nucleus (Ravdin
et al.,1980). A family of pore forming peptides named amoebapores are attributed to
the cytolytic effect and are structurally and functionally related to granulolysins and
(natural killer) NK-lysins produced by mammalian T cells (Leippe, 1997). In
addition to three amoebapores, a homologue of haemolysin III was identified in
recent genome sequencing and suggested haemolysins may have a role in host cell

lysis in addition to amoebapores (Loftus ef al., 2005).

E. histolytica trophozoites can also kill mammalian cells by induction of
programmed cell death (apoptosis), determined by the host cell DNA ladder
formation and over-expression of Bcl-2 (Ragland et al., 1994). Soluble amebic
proteins activate the heat shock transcription factor-1 to form trimers from its
inactive monomers. Activated HSF-1 induces the expression of Hsp27 and Hsp72,
which perform different functions. Phospho-Hsp27 associates with IKK (Inhibitor of
NF-xB-kinase) and inhibits its activity, thereby suppressing NF-xB activation
induced by the pro-inflammatory cytokines released in response to amebic infection.
Suppression of NF-kB favors increased apoptosis. However, Hsp72 that apparently
does not play a role in NF-kB signaling in intestinal epithelial cells (IEC) might
function to promote cell survival through its potent anti-apoptotic activity. Together,
the stress response induced by amebic proteins functions to inhibit intestinal

inflammation and promote cell survival (Kammanadiminti e¢ al., 2006).
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Amoebic invasion through the mucosa and into the sub-mucosal tissue is the
hallmark of amoebic colitis. Cysteine proteinases are a key virulence factor of E.
histolytica and play a role in intestinal invasion by degrading the extra cellular
matrix and circumventing the host immune response through cleavage of secretory
immunoglobulin A (sIgA), IgG, and activation of complement. So far, seven distinct
genes encoding pre-pro forms of papain family proteases have been identified in E.
histolytica out of which many are absent in the nonpathogenic sibling E. dispar (Que
et al., 2000). Proteases are secreted by E. histolytica trophozoites and large quantity
of cysteine proteases are seen extracellularly in amoebic liver abscess in animals.
Genetically engineered, protease deficient E.‘histolytica trophozoites have reduced

virulence in a model of amebic liver abscess in rodents (Ankri et al., 1999).

1.1.5 Metabolism

The metabolism of E. histolytica seems to have been shaped by secondary gene loss
and lateral gene transfer (LGT), primarily from bacterial lineages (Loftus et al., 2005)
. E. histolytica is an obligate fermenter, using bacterial-like fermentation enzymes and
lacking proteins of the tricarboxylic acid cycle and mitochondrial electron transport
chain. An atrophic, mitochondrion-derived organelle has been identified in E.
histolytica (Leon-Avila et al., 2004), and the genome data support the absence of a
mitochondrial genome. Glucose is the main energy source; however, in place of the
typical eukaryotic glucose transporters, those of E. histolytica are related to the
prokaryote glucose/ribose transporter family, with the amino- and carboxy-terminal

domains switched relative to their prokaryotic counterparts.

Most pathways for amino acid biosynthesis have been eliminated, except those
for serine and cysteine, which are probably retained for the production of cysteine, the
major intracellular thiol. The high levels of cysteine in E. histolytica may compensate
for the lack of glutathione and its associated enzymes, a major component of
oxidative stress resistance in many organisms (Fahey et al., 1984). E. histolytica lacks
de novo purine, pyrimidine and thymidylate synthesis and must rely on salvage
pathways, similar to G. lamblia and T. vaginalis (Abrahamsen et al, 2004). In
addition, E. histolytica appears to lack ribonucleotide reductase, a characteristic that it
shares with G. lamblia (Baum et al.,1989). E. histolytica is unable to synthesize fatty
acids but retains the ability to synthesize a variety of phospholipids. The absence of
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identifiable pathways for the synthesis of isoprenoids and the sphingolipid head group
aminoethylphosphonate suggests the existence of novel pathways. These pathways,
once characterized, might represent attractive drug targets. Two unusual enzymes of
fatty acid elongation are shared between E. histolytica and G. lamblia, including a
predicted acetyl-CoA carboxylase with two carboxyltransferase domains (Jordan et
al., 2003). This enzyme removes a carboxyl group from oxaloacetate and transfers it
to acetyl-CoA to form malonyl-CoA and pyruvate. E. histolytica also has five
members of a fatty acid elongase family, previously identified only in plants, green
algae and G. lamblia (Lawrence , 2003; Qvarnstrom et al., 2005). Folate is a cofactor
essential for thymidylate synthesis, methionine recycling and is also required for
organelle protein synthesis in mitochondria and chloroplast in plants. Loss of

mitochondrial genome may have paved for the loss of folate dependent functions.

1.1.6 Genome organization of E. histolytica

The genome of E. histolytica is 24 Mb 1n size, encodes around 9938 genes of average
size 1.17 Kb, which comprise about 49% of the total genome. Only 25% of genes
contain introns and only 6% contain multiple introns (Loftus et al., 2005). The
genome is highly A+T rich (67% in the coding region and 72% in the intergenic
region) and it is estimated that each trophozoite contains about 0.24 picogram of DNA
(Dvorak et al., 1995). From the total predicted genes 31.8 % of proteins do not have
any homologue. The E. histolytica chromosomes do not condense during cell cycle.
Also the lengths of the homologous chromosome are variable. From Pulsed Field Gel
Electrophoresis (PFGE) it is established that the genome of strain HM-1: IMSS has
31-35 chromosomal bands of sizes ranging from 300Kb to 2200Kb. The size
distribution however changes with the isolation conditions and separation conditions
(Dhar et al., 1996; Bagchi et al., 1999; Willhoeft et al., 1999). The chromosome size
variation observed may be due to expansion and contraction of subtelomeric repeats,
as in other protists and it has been suggested that in E. histolytica these regions may
consist of tRNA-containing arrays. Molecular analysis showed that there are 14

linkage groups (Willhoeft et al., 1999).

A number of extra-chromosomal circles of different size varying from Skb to
50kb are present in the genome (Dhar ef al., 1996). Among them, the 24.5 Kb EhR1

circle encoding the TRNA genes is the most abundant with around 200 copies per
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haploid genome (Mittal ez al., 1994). The organization and role of the other circular

molecules is not clear.

Multicopy protein coding gene families are also abundant in E. histolytica
genome. These include virulence factor genes like Gal/GalNAc lectin intermediate
subunit (30 copies), Cysteine proteinase family (at least 20 different members), the
protein kinase family (271 members across seven super families), calcium binding

proteins (CaBPs) and phosphatases (about 100 members) (Loftus et al., 2005).

+
1.2 Ca®"as second messenger

Protein function is governed by shape and charge. Ca’* binding triggers changes in
protein shape and charge. The abilities of Ca® and phosphate ions to alter local
electrostatic fields and protein conformations are the two universal tools of signal
transduction. The calcium ion is used as a major signaling molecule in a diverse
range of eukaryotic cells including several human parasitic protozoa, such as
Trypanosoma cruzi, Trypanosoma brucei, Leishmania sp, Plasmodium sp.,
Toxoplasma gondii, Cryptosporidium parvum, Entamoeba histolytica, Giardia
lamblia and Trichomonas vaginalis. Ca*" is critical for invasion of intracellular
parasites, and its cytosolic concentration is regulated by the concerted operation of
several transporters present in the plasma membrane, endoplasmic reticulum,
mitochondria and acidocalcisomes. The ubiquitous second messenger Ca®" is
responsible for regulating a wide range of cellular processes (Clapham et al., 1995).
Intracellular calcium plays a crucial role as a second messenger for the control of a
variety of cell functions in eukaryotes, including muscle contraction, secretion,
exocytosis, energy metabolism, cell division and differentiation, sodium and
potassium permeability, chemotaxis and synaptic plasticity during learning and
memory. Ca®" is an unlikely candidate to perform this role of a universal messenger
because prolonged elevations of [Ca®'] result in irreversible damage as occurs during
cardiac or cerebral ischaemia (Trump et al., 1995). Because of its cytotoxicity, the
intracellular level of Ca>* in resting cells is normally held within a narrow range of
20-100 nmol 1. The signaling functions of Ca>" have to be performed against this
background of a tightly controlled Ca®* homeostasis. Another consequence of this
rigid homeostatic control over Ca®" is that this messenger has a very low diffusibility

in cytoplasm. An extensive array of Ca® pumps are distributed throughout the
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cytoplasm (Carafoli et al., 1994) which rapidly sequester Ca®*, thus restricting its
diffusion. In order to overcome the twin problems of an inherent cytotoxicity and low
diffusibility, cells have evolved an ingenious mechanism of signaling based on
presenting Ca®" as brief spikes often organized as regenerative waves (Cheek et al.,
1991; Berridge et al., 1993; Clapham et al., 1995). Ca®* enters from the outside
through a variety of channels such as the voltage-operated channels (VOCs), receptor-
operated channels (ROCs) or store-operated channels (SOCs). Also, it can be released
from internal stores (Fig.1.2). Utilization of these sources varies from cell to cell. In
most cells, it is the internal stores which provide most of the signal Ca®*, so attention
has focused on the intracellular Ca®* channels, which are of two main types (Berridge
et al., 1993; Clapham et al., 1995). First, there is the ryanodine receptor (RYR) family
comprising three members: RYR1 found in skeletal muscle and certain neurons (e.g.
Purkinje cells), RYR2 found in cardiac muscle, brain and some other cells, and RYR3
found in smooth muscle, brain and other cells (Bennett ez al., 1996; Giannini et al.,
1995). Second, the inositol 1,4,5-trisphosphate receptor (InsP3R) family has a number
of members (Furuichi et al., 1995; Taylor et al., 1995; Bezprozvanny et al., 1995).
Théré are four InsP3R genes, and further diversity results from alternative splicing.
“These two receptor families must have evolved from a common ancestor since they
display considerable sequence homology which is matched by a number of
physiological similarities, particularly with regard to the control of channel opening
(Taylor et al., 1995). Cytosolic Ca®* homeostasis in resting cells is achieved by
balancing the leak of Ca* (entering from the outside or from the stores) by the
constant removal of Ca’" using pumps either on the plasma membrane or on the
internal stores (Fig.1.2). These pumps ensure that cytoplasmic [Ca®*] remains low and
that the stores are loaded with signal Ca®". The brief burst of Ca** responsible for cell
activation is usually produced by the coordinated opening of either the RYRs or the
InsP3Rs. Perhaps their most important pfoperty is their sensitivity to Ca®" i.e., they
display the phenomenon of Ca®*-induced Ca’** release (CICR) which is of major
significance for the generation of complex signals. Ca®* has a biphasic effect on the
RYRs and InsP3Rs: as its concentration is increased, it initially exerts a positive
feedback effect by enhancing the opening of the channels (i.e., CICR), but as soon as
the concentration reaches a certain level the feedback switches from positive to
negative and Ca?* then inhibits the channel (Bezprozvanny et al., 1995). This negative

feedback effect ensures that just enough Ca®' is released to give a meaningful signal,
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thus avoiding the cytoplasm from being swamped with this potentially cytotoxic
agent. The fact that Ca’" release is regenerative has important implications for
signaling because it provides one of the mechanisms for coordinating the activity of
individual receptors i.e., they can communicate with each other using Ca’* as a
messenger (Bootman et al., 1995). A specific region within the cell usually functions
as an initiation site where the release of calcium takes place, which then diffuses
outwards to excite neighboring receptors, thereby setting up a Ca>* wave. A global
Ca®* signal is created by coordinating release from all the receptors using Ca>" as the
messenger. A more specialized mechanism of coordination is found in skeletal and
cardiac muscle, where the opening of the RYRs is tightly coupled to the action
potential sweeping over the plasma membrane (Cannell et al., 1995; Lopez-Lopez et
al., 1995). Using a regenerative process is inherently dangerous because it is liable to
be triggered by the stochastic opening of a single channel. To avoid such random
triggering of regenerative Ca’* waves, cells have developed mechanisms for
regulating the excitability of these intracellular receptors such that they are turned off
in resting cells but become increasingly excitable when Ca’" signals are being
generated. In the case of the InsP3Rs, excitability is regulated by the agonist-
dependent generation of InsP3 by cell surface receptors. This InsP3 binds to the
InsP3Rs, greatly enhancing their sensitivity to the stimulatory action of Ca**. In
effect, the InsP3R is under the dual regulation of two agonists — InsP3 and Ca”". The
primary function of the former is to increase the Ca>" sensitivity of the InsP3R.
Similarly, the RYR may also be under dual regulation, at least in some cell types (Lee
et al., 1994; Galione ef al., 1994). The putative second messenger cyclic ADP ribose
(cADPR) is able to enhance the Ca”" sensitivity of the RYRs. In summary, through
the ability of InsP3 or cADPR to enhance the sensitivities of the InsP3Rs and RYRs
respectively, these messengers convert the quiescent cytoplasm into an excitable
medium in which these intracellular channelts can communicate with each other to
generate global Ca®" signals. Cells invest much of their energy to effect changes in
Ca®* concentration. Underlying the speed and effectiveness of Ca®* is the 20,000-
fold gradient maintained by cells between their intracellular (~100 nM free) and
extracellular (mM) concentrations. In contrast, the concentration of Ca?"’s cousin,
Mg*", barely differs across the plasma membrane. This versatility is exploited to

regulate diverse cellular responses.
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1.2.1 The Ca*" signaling toolkit
The Ca®" signaling network can be divided into four functional units (Fig.1.2):-

« Signaling is triggered by a stimulus that generates various Ca’*-mobilizing signals.
« The latter activate the ON mechanisms that feed Ca®* into the cytoplasm.
« Ca™" functions as a messenger to stimulate numerous Ca’*-sensitive processes.

« Finally, the OFF mechanisms, composed of pumps and exchangers, remove Ca*"

from the cytoplasm to restore the resting state.

Figure-1.2 The four units of the & o signaling network. Stimuli act by generating
Ca2+-mobilizing signals that act on various ON mechanisms to trigger an increase in
the intracellular concentration of Ca’" The increased level of Ca’" stimulates various
Ca’ -sensitive processes to trigger many different cellular pathways. The response is
terminated by OFF mechanisms that restore Ca’" to its resting level (Adapted from
Berridge et al., 2000).

11
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The functional relationship between these units is illustrated in Fig.1.3, which reveals
that the signaling network is composed of many components (the Ca®" signaling
toolkit). Each specific cell type can exploit this large repertoire to construct versatile

Ca’" signaling networks.
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Figure-1.3. Elements of the Ca** signaling toolkit. Cells have an extensive signaling
toolkit that can be mixed and matched to create Ca’  signals of widely different
properties. Ca’ “-mobilizing signals (blue) are generated by stimuli acting through a
variety of cell-surface receptors (R), including G-protein (G)-linked receptors and
receptor tyrosine kinases (RTK). The signals generated include: (Ins(1,4,5)P3),
generated by the hydrolysis of phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2)
by a family of phospholipase C enzymes (PLCf, PLCy); cyclic ADP ribose (cADPR)
and nicotinic acid dinucleotide phosphate (NAADP), both generated from
nicotinamide-adenine dinucleotide (NAD) and its phosphorylated derivative NADP by
ADP ribosyl cyclase; and sphingosine 1-phosphate (S1P), generated from
sphingosine by a sphingosine kinase. ON mechanisms (green) include plasma
membrane Ca’  channels, which respond to transmitters or to membrane

depolarization (AV), and intracellular Ca’" channels - the Ins(1,4,5)P3 receptor
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(InsP3R), ryanodine receptor (RYR), NAADP receptor and sphingolipid Ca’" release-
mediating protein of the ER (SCaMPER). The Ca’" released into the cytoplasm by
these ON mechanisms activates different Ca’" sensors (purple), which augment a
wide range of Ca’*-sensitive processes (purple), depending on cell type and context.
OFF mechanisms (red) pump Ca’" out of the cytoplasm: the Na*/Ca** exchanger and
the plasma membrane Ca’* ATPase (PMCA) pumps Ca’* out of the cell and the
sarco-endoplasmic reticulum Ca+ ATPase (SERCA) pumps it back into the ER/SR.
(TnC, troponin C; CAM, calmodulin; MLCK, myosin light chain kinase; CAMK,
Ca**/calmodulin-dependent protein kinase; cyclic AMP PDE, cyclic AMP
phosphodiesterase; NOS, nitric oxide synthase; PKC, protein kinase C; PYK2,
proline-rich kinase 2; PTP, permeability transition pore.) (Adapted from Berridge et
al., 2000).

1.2.1 Calcium Binding Motifs

Based on cellular location there are two type of calcium binding proteins- extra
cellular and intracellular. On the basis of its function the Ca®>" binding proteins can be
divided into three categories: trigger or sensor proteins (e.g., calmodulin, troponin C)
(Berridge et al., 2000), buffer proteins (e.g., S100G and parvalbumin) (Schroder et
al., 1996, or Ca**-stabilized proteins (e.g., thermolysin) (Buchanan et al., 1986).
There are four kinds of calcium binding motifs which have been characterized at the
molecular level. They are- Annexin domain (Gerke et al., 2005), C2 domain (Sutton
et al., 1998), C-lectin (Weis et al., 1998), and EF-hand domain (Kretsinger et al.,
1973). The most common calcium binding motif is the EF-hand motif. It is one of the
most frequently used motifs in eukaryotic systems and can be found in each category
mentioned above and constitute more than 50% of all well-characterized Ca®"-binding

proteins.
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1.3. The EF-Hand: A Ca2+-Binding Unit

The Ca®" that flows into the cytoplasm during the ‘on’ reaction does not remain free.
Instead it becomes bound to a wide variety of CaBPs (Ca**-Binding Proteins), many
of which belong to a homologous family that binds this cation using a characteristic
helix—loop—helix structural motif termed the ‘EF-hand’ (Fig.1.4) (Kretsinger et al.,
1973). This motif was first observed in the crystal structure of parvalbumin, a small
Ca’"-binding protein isolated from carp muscle (Berridge er al., 2000). The EF-hand
motifs were later identified in the amino acid sequence of troponin C (Berridge et al.,
2003) the myosin light chains (Grabazek et al., 2006), the ubiquitous calmodulin,
(Capozzi et al., 2006; Falke et al., 1994) and in many other Ca’"-binding proteins
(Linse et al., 1995; Kretsinger et al., 1973).

Figure-1.4 A single EF-hand motif from N-terminal domain of calmodulin (PDB
code 1EXR) showing the helix-loop-helix structure with bound calcium ion in cyan

sphere in the loop region.

Calcium and the EF-hand Ca®"-binding proteins have been recognized as the key
players in nearly all aspects of cell functions, starting with a cell’s birth during mitosis

and ending with its apoptotic death. (Pidcock ef al., 2001; Mcphalen e al., 1991). The

14
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exceptional versatility of the EF-hand motif is clearly reflected in the growing
database of three-dimensional structures of EF-hand proteins revealing a great
diversity of conformations, domain organization, and structural responses to calcium
(Likic et al., 2003; Evanus et al., 2001). EF-hand proteins are categorized into two
general classes: the Ca®" sensors and the Ca®* buffers. The Ca” sensors translate the
chemical signal of an increased Ca®" concentration into diverse biochemical
responses. Ca’’ binding to the ubiquitous sensor CaM elicits a structural response
through which CaM binds its target proteins, in many cases removing enzymatic auto-
inhibitory domains, thereby activating these enzymes in a Ca**-dependent manner. In
the case of the vision-associated protein recoverin, the binding of Ca®" results in the
extrusion of a hydrophobic myristoyl group, allowing recoverin to associate with the
membrane and subsequently its membrane-bound protein target. The Ca®" buffers are
a smaller subset of the EF-hand protein family.

Exemplified by calbindin D9K and parvalbumin, these proteins help to modulate the
Ca”* signal both spatially and temporally as they bind the free Ca® to transmit the
signal throughout the cell or to remove the potentially harmful ion from the

cytoplasm.

For most protein, Ca’*-binding motifs, including the EF-hand, a turn—loop structure
provides the bulk of the ligands for the bound cation. Unlike helices and sheets, which
can only provide a few appropriate ligands in a given sequence, owing to geometric or
spacing constraints, the turn—loop structure is flexible and can readily supply three
ligands from a sequence of five amino acids (Pidcock et al., 2001). Ca®" is a ‘hard’
metal ion and likes ‘hard’ ligands that provide an interaction dominated by ionic
forces with little covalency (Falke et al., 1994). As such, oxygen is the coordinating
atom of choice and consequently EF-hands, and in particular EF-loops, are rich in the
negatively charged amino acids, glutamic acid and aspartic acid (Fig.1.5A). Of the
two amino acids, Ca®" ligands are more commonly provided by the side chain of
aspartic acid residues, a frequency which may reflect the preference of the EF-loop for
carboxylate ligands with a less bulky side chain (McPhalen ef al., 1991). Consistently,
asparagine is present to a greater extent than glutamine. The preferred coordination
geometry of the Ca®" ion is seven ligands arranged in a pentagonal bipyramidal

fashion. This is the geometry of the Ca’* ion in water and, in most protein binding
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sites, including EF-hands, this geometry is preserved with six or seven of the

chelating groups provided by the binding motif (Strynadka ef al., 1989).

1.3.1 The canonical EF-loop

In the canonical EF-loop, five of Ca’"s seven co-ordinating groups are provided by
the nine-residue loop. The remaining two come from a bidentate carboxylate ligand
supplied by the side chain of an acidic amino acid located in the exiting helix, three
residues removed from the loop’s C-terminus. Though this residue is not structurally
part of the loop, it is commonly referred to as the EF-loop’s twelfth residue. Of the
ligands provided by the loop itself, three or four come from the side-chain carboxy

groups of negatively charged amino acids and one from a backbone carbonyl group.

Frequently, the coordination sphere of the Ca® ion is completed by a water
molecule hydrogen-bonded to one of the side chains of the loop (Fig.1.5B). The
chelating residues of the loop are notated in two ways, the first based on linear
position and the second on the tertiary geometry imposed by their alignment on the
axes of a pentagonal bipyramid: 1(+X), 3(+Y), 5(+Z), 7(-Y), 9(-X), 12(-Z). The Y-
and Z-axis pairs align along the vertices of an approximately planar pentagon,
whereas the X-axis pair takes up an axial position perpendicular to the Y/Z plane
(Strynadka et al., 1989).

In addition to the Ca-O bonds formed through the chelating interactions, the
canonical EF-loop also contains an extensive network of hydrogen bonds between
chelating and non-chelating residues. These bonds help to stabilize the otherwise
unfavourably close proximity of the negatively charged oxygen atoms in the
coordination sphere of the bound Ca®". Several of the loop’s residues contribute
individual and identifiable roles to both the stabilization and fold of this structure.
Through numerous intraloop hydrogen bonds, the first residue plays an important part
in defining a precise sterochemical arrangement for the loop. The conserved glycine
residue found at the sixth position facilitates the unusual main-chain conformation (¢
and y ~60° and 20° respectively) which results in a 90° turn that enables the
remaining Ca’" ligands to take up co-ordinating positions. The eighth residue of the
loop is a highly conserved hydrophobic residue (Godzik et al., 1989), the main chain
NH and CO groups of which face away from the Ca®*-binding site towards the loop of
the paired EF-hand. This forms the short anti- parallel 3-sheet with the corresponding
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groups of the paired loop’s eighth position. As well as chelating the bound Ca®" ion
either directly or indirectly via a bridging water molecule, the hydrogen-bonding
pattern formed by the side chain of loop position 9 initiates the exiting helix, a
conformation stabilized through additional hydrogen bonds with the side-chain
carboxylate group of position 12. Finally, the bidentate side-chain ligands supplied by

the twelfth loop position are critical to both the structure and function of the EF-loop.

As the above discussion reflects EF-loop structural information predominantly
obtained through X-ray crystal structures, it represents a static view. MD (molecular
dynamics) simulations corroborate many of these points, but they have shed light on
the transitory nature of the Ca’" ligands. Although EF1 (EF-hand 1) remained
essentially as observed in the crystal structure, in the course of simulations the bound
Ca*" ion in EF2 of CaM had a tendency to gain an extra water molecule as a ligand,
the appearance of which coincided with a decreased contribution from the main-chain
carbonyl group of the —Y ligand (Likic ef al., 2003). This ligand exchange results in
two water molecules in the coordination sphere, a liganding scheme that increases the

flexibility of the loop and perhaps the Ca®" off-rate (Evanus ef al., 2001).

A second short equilibrium simulation on Ca®*-bound EF3 of the C-terminal
domain of CaM found that the coordination number of the Ca®* ion fluctuated
‘between seven and eight as the Asp95 (+Y ligand) flipped between monodentate and
bidentate (Kobayashi, 2006). As this same phenomenon was observed in EF2 of
calbindin D9K (Marchand et al., 1998), it appears that the current van der Waals
parameters of Ca®" that are used in the simulations, coordination numbers of 7 and 8,

are in a quasi-equilibrium.
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A)
EF-loop position 1 2 3 4 5 6 7 8 9 10 11 12
coordinating ligand X i Z -Y -X -Z
SC SC SC bb sc* sc2
most common Asp Lys Asp Gly Asp Gly Thr Ile Asp Phe Glu Glu
100% | 29% 76% 56% 52% 96% 23% 68% 32% 23% 29% 92%
also frequently Ala Asn Lys Ser Phe Val Ser Tyr Asp Asp
observed Gln Arg Asn Lys Leu Thr Ala Lys
Thr Asn Gln Glu Thr Ala
Val Tyr Asn Leu Pro
Ile Glu Gly Glu Asn
Ser Arg Gln Lys
Glu
Arg

Figure-1.5 The canonical EF-hand loop. (A) The sequence preference of the EF-
hand loop. The Ca’" ligands are indicated by both their position in the EF-loop and
in the co-ordinating array with whether or not coordination occurs via the side chain
(sc) or through the backbone (bb) indicated below. The asterisk (*) highlights the
ligand typically provided by a water molecule that is hydrogen-bonded to the side
chain of the amino acid found at position 9. Also noted in the Figure are the most
common amino acids at each position, with their corresponding percentages of
occurrence, and those that occur with a frequency greater than 5% in known EF-
loops (Falke et al., 1994). (B) A schematic diagram of the Cd’" coordination sphere
with the entering and exiting helices in red, the co-ordinating protein ligands in blue

and co-ordinating water molecule (W) in teal (dark blue). Light green corresponds to
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the conserved glycine residue that provides the bend in the loop. Purple highlights the
conserved hydrophobic residue that forms the short 3-sheet in the paired EF-hand.
Also indicated are the most common amino acids found at the critical positions. (C)
Ca’" is coordinated by seven oxygen atoms (five in the plane of the orange
pentagon and two perpendicular to the plane, thus forming a bipyramidal
pentagon).

(Adapted from the website http://structbio.vanderbilt.edu/chazin/cabp database).

1.3.2 The non-canonical EF-loops

Although the Ca’" chelation scheme outlined above is employed by the majority of
EF-hands, the composition and length of functional binding loops vary significantly in
the ‘EF-handome’ (Haiech et al., 2004) (Fig.1.6). The different non-canonical EF-
loops can be classified into four groups, three of which demonstrate different ways
whereby the pentagonal bipyramidal coordination is achieved. The first group
contains EF-hands that, although they are the same length as the canonical sequence
(12 residues), do not use canonical ligands to bind the Ca®" ion (Fig.1.5C). This group
contains two types of deviation. In approximately 10% of known EF-hands, an
aspartic acid residue instead of a glutamic acid residue occupies loop position 12.
These ‘Aspl12’ EF-loops tend to be smaller and more compact than the canonical loop
(Cook et al., 1993; Vijay-kumar et al., 1992) a characteristic that has effects on Ca*"
coordination and Mg®* selectivity. As seen in the crystal structure of EF3 from CIB
(calcium- and integrin-binding protein), the side chain of Aspl2 is too short for both
oxygen atoms to co-ordinate Ca®", and although one does, the second is replaced by a
bridging water molecule (Gentry et al., 2005). The second deviation in this group are
EF-loops that bind Ca" through an increased use of main-chain carbonyl groups such
as EF4 of AtCBL2 [Arabidopsis thaliana (thale cress) calcineurin B-like protein]
(Nagae et al., 2003). This deviation is most likely a response to substitution of

otherwise disabling amino acids, since, through a shift in the entering
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A) B)

Figure-1.6 The canonical and Non-canonical EF-loops. The loop of CaM EFI
(PDB code 1EXR) indicating the canonical arrangement. (B) EF1 of calpain domain
VI is shorter than the canonical sequence and has an additional ligand provided by a
backbone carbonyl group as well as an additional water molecule (PDB code 1DVI).
(C) EF-loops with insertions: the y-hand of calbindin DK overcomes a two-residue
insertion by turning inside out and using the backbone carbonyl groups for
coordination (PDB code 3ICB) (D) EF-loops that have the canonical length, but do
not chelate the Ca’" ion with the canonical ligands: AtCBL2 EF4 has a lysine residue
at the +Y position and as such chelates the Ca’" ion through the backbone carbonyl
group (PDB code 1UHN). In (B)—(D) the Ca’" ion is represented by a green sphere,
water molecules by red spheres, the chelating groups as red sticks and the side chain

and backbone carbonyl groups as light green sticks.

helix, the main-chain carbonyl oxygen atom substitutes for the missing side-chain

carboxy group. The second group of non-canonical EF-loops are those with insertions
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(Fig.1.6D). An entire subfamily, the S100s and related proteins including
calbindinD9K, contain a non-canonical EF-loop in EF1 termed the ‘pseudo-EF-loop’
forming an EF-hand variant known as the w-hand (‘pseudo-EF-hand’). To
accommodate a two-residue insertion in the first part of the loop, this segment is
turned inside-out with the dipoles of the main-chain carbonyl groups providing the
chelating +X, +Y and +Z ligands. Interestingly, the presence of these unusual
liganding groups does not prevent the formation of several favourable hydrogen
bonds and, at least in the case of calbindin D9K, high-affinity Ca®" binding still
occurs. Main-chain co-ordinating groups are also used to overcome a three-residue
insertion between the +X and +Y positions and enable pentagonal bipyramidal
geometry in EF1 of AtCBL2 (Nagae ef al., 2003) and a one-residue insertion between
these same positions in EF1 of the extracellular glycoprotein BM40 (also known as
SPARC and osteonectin) (Hohenester et al., 1996). Interestingly, the loops of EF1
and the canonical EF2 of BM40 can be superimposed with an rmsd (root mean square
deviation) of only 0.25 A (1 A=0.1 nm), demonstrating that the one-residue insertion
of EF1 results only in a very localized effect. The final non-canonical EF-hand that
falls into this subgroup is the single functional EF-hand found in the ELC (essential
light chain) of scallop (Argopecten irradians) myosin. The EF-loop of its EF1 is

unusual in a number of ways:

@ although there is a significant number of aspartic acid residues present,
owing to their unusual separation, main-chain carbonyl groups provide a
number of ligands;

(I)  a substitution of lysine for the C-terminal glutamic acid ligand is
compensated for by an insertion of two residues after the first ligand,
enabling Ca**-coordination entirely by the N-terminal part of the loop; and

(III)  instead of coming from a glutamic acid residue found in the exiting helix,

the final two ligands are provided by two side chains of the entering helix

(Houdusse et al., 1996). TE_I— '1 5'61 g 4

Members of the third group of non-canonical EF-hands are rarer. At present there is
only one example of a Ca’*-chelation loop shorter than the canonical sequence: the
eleven-residue loop of EF1 in most members of the penta-EF-hand subfamily

(Fig.1.6B). In these EF-loops, as is the case for several of the loops mentioned above,
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the lack of prototypic side chains in the X and Y positions is compensated for by both
an alternative loop conformation that allows for the oxygen of a main-chain carbonyl
group to act as a ligand and by coordination through an additional water molecule
(Blanchard et al., 1997). Of course, one way in which a non-canonical EF-loop can
try to bind Ca®" is to abandon the pentagonal bipyramidal coordination scheme. An
oétahedral coordination scheme is seen in EF5 of the apoptosis-linked protein ALG-2
(apoptosis-linked gene-2). The loop of this EF-hand in all known members of the
penta-EF-hand subfamily contains a two-residue insertion in the C-terminal part of
the loop that inactivates the site in all members except ALG-2 (Tarabykina et al.,
2000). In this protein the Ca®" is co-ordinated only by the N-terminal part of the loop
and has an octahedral geometry, as the potential glutamine ligand is too distant and it
is replaced by a single water molecule (Jia, et al., 2001). Octahedral coordination is
also seen in EF1 of the conventional myosin ELC from the acellular true slime mould
Physarum polycephalum (Debreczeni et al., 2005). The unusual conformation of this
EF-loop prevents the loop’s C-terminal ligands from participating in the coordination

scheme.
1.3.3 The EF-hand pair

The EF-hand motif almost always occurs in pairs, creating an 11 A distance between
the two bound Ca®" ions (Biekofsky et al., 1998). Stacked against one another in a
face-to-face manner, this pair forms a four-helix bundle with the amphipathic helices
packed together to make a hydrophobic core. The structural integrity of the two EF-
hand motifs is further stabilized through the short antiparallel 3-sheet formed between
the pairs EF-loops (Grabazek et al., 2006). Even though the two EF-hands in the
domain are related by an approximate 2-fold axis of symmetry that passes through the
eighth position of the loop (Strynadka et al., 1989), they are not identical. In fact, an
EF-hand’s position in a pair is strictly defined and designated as either ‘odd’ or
‘even’. This asymmetry translates into asymmetric dynamic and Ca®'-binding
properties well documented for CaM (Evanus et al., 1998; Malmendal et al., 1999)
and calbindin D9K (Akke et al., 1993; Maler et al., 2000). Two pieces of evidence
point to the pervasiveness of this pairing. Firstly, it is maintained even if one of the
EF-hands is non- functional, a good example of which is seen in the Ca®*-bound
forms of the SCPs (sarcoplasmic Ca2+-binding proteins) of the invertebrates Nereis

diversicolor (a ragworm) and Branchiostoma (formerly Amphioxus; the lancelet). For
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Nereis SCP, although EF2 is non-functional, owing to an extensive insertion, it is still
paired with a functional EF1 and the two-fold symmetry is approximately preserved
(Vijay-kumar. et al., 1992). In the case of Branchiostoma SCP, the non-functional
EF4 is again paired with a Ca**-bound EF3, but in this case the antiparallel S-sheet
between the two EF-hands is lost (Cook. ef al., 1993). The second piece of evidence is
provided by peptide studies on individual EF-hands. The hydrophobic packing of the
EF-hand motif provides a strong driving force for peptide dimerization, the extent of
which has been demonstrated in experiments using isolated EF-hands from several
EF-hand containing proteins, including CaM (Reed et al., 1990), TnC (troponin C)
(Shaw et al., 1992), calbindin D9K (Linse et al., 1993) and Nereis SCP (Durussel et
al., 1993). These peptides are observed to form homodimers in the presence of Ca®”,
which includes a short (3- sheet formed between the loops. Tellingly, when a
homodimer is mixed with its natural partner, a heterodimer is preferentially formed at
the expense of the homodimer. This suggests a highly specific packing of the core
(Godzik et al., 1989), a suggestion corroborated by the 200-fold increased affinity of
the heterodimer compared with the homodimer for Ca®>" (Reid ef al., 1981; Shaw et
al., 1991). Interestingly, in addition to dimer formation, there is a cation-induced
transition from a random-coil structure to a helix—loop-helix conformation, a
transition which may have important implications for protein folding (Lopez et al.,
2002). Finally, the interdependent folding of a pair of Ca*"-binding sites is supported
by calorimetric studieé showing that the Ca’*- saturated forms of TnC and CaM
unfold as a ‘co-operative block’ (Tsalkova et al., 1980). Even though the structure of
the EF-hand pair is highly conserved throughout this protein family, diversity is
introduced through both structural additions to the N-terminus of the Ca**- binding
domain and by modifications to both the length and composition of the linker
connecting the two EF-hands. An additional and significant level of diversity is also
introduced through the topic of the next subsection — the organization of the EF-hand

domains in a protein.
1.3.4 [EF-hand domain organization

The smallest member of this family is calbindin D9K, a 9kDa protein which contains
a single EF-hand pair. Although the other members of the S100 subfamily to which
this protein belongs also contain a single pair of EF-hands, these members occur as

part of either homo- or hetero-dimers, giving each of the S100 proteins four EF-
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hands. Most of the proteins of the EF-hand family contain two pairs, each similar to
calbindin D9K, totalling four EF-hand motifs. Three different arrangements of the
two domains have been observed, depending on the conformation and length of the
linker between the domains of paired EF-hands. In the first, two independent globular
domains are connected by a flexible linker. As observed for sTnC (skeletal-muscle
TnC) (Herzberg et al., 1988), and extensively for CaM (Babu et al., 1985), the
plasticity of the linker in this arrangement allows the two EF-hand domains to take up
a variety of orientations with respect to each other, enabling an extensive array of
target interaction arrangements. In the second conformation, which is seen in the
structure of recoverin and other members of the NCS (neuronal Ca’'-sensor)
subfamily, a U-shaped linker between the domains places the four EF-hands in a
compact tandem array on one face of the protein (Ames et al., 2000; Ames et al.,
1999). Here, the relative disposition of the domains is fixed by intra- and inter-domain
contacts. The final observed arrangement for the four EF-hands is the compact
globular fold seen in the structure of the invertebrate SCPs (Cook et al., 1993; Vijay-
kumar et al., 1992). In this conformation, the two pairs of EF-hands reside on
opposite faces of the compact molecule. In fact, the highly apolar surfaces of the two
domains exhibit such an affinity and specificity for each other that they preclude
recognition and binding to the hydrophobic surface of a target protein (Rabah et al.,
2005). Finally, there are those members of the EF-hand superfarhily which contain six
EF-hands, including the neuroprotective protein .calbindin D28K and its homologue
calretinin, as well as a sub- family of ER regulatory proteins, including
reticulocalbindin. For calbindin D28K the three pairs of EF-hands form a compact
and ellipsoid-type conformation similar to that of the NCS subfamily (Kojetin et al.,
2006). In these larger EF-hand-containing proteins, rarely are the entire EF-hands
active in binding Ca**. Because the EF-hand motif has a strong tendency to be part of
a pair, examples of EF-hand proteins that contain an odd number of EF-hands are
rare. A single, functional EF-hand is found in the C-terminal domain of the CaV1.2
subunit of the voltage- gated Ca>* channel. Despite the non-canonical sequence found
in its EF-loop, this motif is believed to bind bivalent cations and may function in Ca**
homoeostasis (Brunet et al., 2005). For the parvalbumins, a three-EF-hand protein
subfamily, the unpaired EF1 lacks several characteristic features of the EF-hand
motif. Functionally, this site does not bind Ca®* but serves to stabilize the Ca®'-

binding EF2/3 pair by behaving like an endogenous peptide bound to the C-terminal

24



o

INTRODUCTION

domain in a manner reminiscent of Ca-CaM—peptide interactions (Babini et al., 2005).
Interestingly, substitution of a canonical loop into this inactivated EF-hand does not
restore Ca’*-binding and causes an overall destabilization of the structure (Cox et al.,
1999). Finally, an entire subfamily contains five EF-hands. However, the function of
this fifth hand is to promote self-association to create a ten-EF- hand structural unit.
This dimerization property of the EF-hand is particularly interesting, as it suggests
that, in addition to being a Ca’*-binding unit, it can also serve as a dimerization motif.
In structures of penta-EF-hand subfamily members, EF5 of the first monomer is
packed against the equivalent section of the second, burying one-fifth [( for example,
the homodimer of calpain domain VI formed through interactions between EF5/5’
(PDB code 1DVI)] of the total surface of each monomer and forming a tightly
associated four-helix bundle (Blanchard et al., 1997; Jia et al., 2001; Ilari et al., 2002;
Jia, et al., 2000) (Fig.1.6A). Pairing between fifth EF-hands is also used to mediate
heterodimer formation between domains IV and VI of calpain as well as ALG-2 and
peflin (Kitaura et al., 2002). Interestingly, the structure of the EF5/5 pair mimics that
of the traditional EF-hand pair, including the antiparallel S-sheet. Variation in the
amino acid composition of the EF-hand helices leads to different helix packing
interactions between the EF-hands as well as between a given EF-hand domain and

the rest of the protein.

1.4 Consequences of Ca’* binding
1.4.1 Ca’*-binding and induced structure formation

Traditionally, the role of Ca** binding has been examined through the lens of signal
transduction, which focuses on the Ca**-induced conformational changes and their
effects on target interactions. Ca®* can also play a de novo structural role and, in many
cases, the binding of this cation is key to the structural integrity of the protein. EF-
hands that serve a structural function have a high Ca®*-affinity sufficient enough for
Ca®" to be bound even in the resting cell. Proteins such as the sarcoplasmic CaBPs
(the invertebrate SCPs (Christova et al., 2000; Precheur et al., 1996), the C-terminal
domain of CaVP (calcium vector protein) (Theret et al., 2000) and the prokaryotic
protein calerythrin (Aitio et al., 2001) all exhibit an unfolded, molten-globule-like

state in the absence of Ca®* in vitro. Another example is the bilobal TnC, in which the
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two EF-hands of the C-terminal domain have an approximately 100-fold higher
affinity for Ca®* than have the N-terminal EF-hands — an affinity high enough to
ensure Ca®" saturation in the resting cell. Like the aforementioned proteins, the C-
terminal domain of TnC is unfolded in the absence of Ca®* (Li ef al., 1994). When
compared with the N-terminal domain, this lack of structure is thought to be due to
the absence of stabilizing hydrophobic interactions that overcome the destabilizing
electrostatic interactions, the main source of which are the carboxy ligands of the EF-
hand motif (Ingraham ef al., 1983). Interestingly, a structural role for the EF-hand has
also been suggested for several multidomain signalling proteins, since for both
phospholipase Cé (Bairoch ef al., 1990) and EH (Eps15-homology) domains (de Beer
et al., 1998), Ca** binding has no effect on the function of the protein. In contrast with
these proteins, in which Ca**-binding induces structure formation, most EF-hand-
containing proteins are structured in the apo state, and the binding of this cation leads
to a conformational change through which this protein transduces the message of an

increased Ca’' concentration.

1.4.2 Ca’-binding and conformational change

Initially the Ca**-induced conformational transformation was considered in terms of
a closed-to-open domain transition quantified through the change in interhelical angle
of vectors defined by the helices that bind Ca®*. For the members of the CaM
subfamily and several other EF-hand-containing proteins, these helices, antiparallel in
the apo structure with interhelical angles of 130~ 140°, open upon Ca>* binding to
become roughly perpendicular with an angle that approximates to 90° (Nelson ef al.,
1998; Yap et al., 1999). Through this change in angle there is a loss of interhelical
contacts between the entering and exiting helices of the EF-hand, as the top where
Ca®* binds is ‘pinched’ together and the bottom moved apart — a conformational
change that exposes once-buried hydrophobic side chains and creates an extensive
target-protein interaction site. In CaM these surfaces are approximately 10 Ax12.5 A
in each domain (Zhang et al., 1995). At a molecular level this conformational change
appears to be a consequence of Ca* chelation by the EF-loop. Initially the Ca®" ion is
bound by ligands in the N-terminal part of the loop (1, 3, 5 and 7), as this region is
quite flexible and ‘waves around’ to catch the ion (Kobayashi et al., 2006). At this
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point the C-terminal ligands, predominantly those provided by the twelfth position,
are too far away to chelate the bound Ca?* ion directly. In order for the loop to
complete the ion’s coordination sphere (an energetically favourable process), the
exiting helix must be repositioned by ~2A. It is the movement of this helix that
causes the conformation change in the EF-hand. The repositioning of Glul2 is
stabilized not only through the Ca—O ‘bonds’ that form, but also through two new
hydrogen bonds between this side chain and the backbone at positions 2 and 9. The
importance of these hydrogen bonds to the Ca**-induced conformational change has
been seen in structural studies in which this glutamic acid residue is replaced with a
glutamine residue (Evanus ef al., 1998; Evanus et al., 1997; Wimberly et al., 1995).
The inability of the glutamine residue’s side chain to simultaneously form both of
these hydrogen bonds leads to a conformational exchange between two conformations
similar to those of the closed and open states. This conformational exchange suggests
that, unlike in the wild-type protein, the equilibrium here is not being pushed towards
the open structure and that one additional hydrogen bond (~12 kJ/mol) is required to
shift the balance (Evanus et al., 1997). This two-step binding pathway suggests an
explanation for the observed asymmetry in the EF-hand pair mentioned above. As the
linker between EF1 and EF2 provides a strong covalent coupling between helices II
and III of the pair, rotation of helix II will cause pulling on helix III, forcing it to
follow and re-orient. By contrast, as there is no covalent link between helices I and
IV, a rotation of helix IV by itself can occur more readily. The consequence of this
smaller conformational cost of Ca>*-binding to EF2 compared with EF1 is seen in
several EF-hand proteins, including CaM, TnC and CIB, where the second EF-hand
of the pairs is filled first, since the binding affinity is higher.

1.5 Calcium Binding Proteins of Entamoeba histolytica

Calcium plays an essential role in many fundamental processes in almost all
eukaryotic cells including protozoan parasite Entamoeba histolytica (Moreno et al.,
2003). Intracellular calcium plays a crucial role for the control of ab variety of cell
functions in eukaryotes including cell migration, contraction, secretion, proliferation
and differentiation, exocytosis, transcellular ion transport, neurotransmitter release
and gap junction regulation (Tsein et al., 1990). The uptake and release of calcium

ions (Ca®") across the plasma membrane and intracellular organelles is orchestrated
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by the concerted operation of distinct and number of calcium transporting systems.
These processes are essentially mediated by a variety of Ca’"-binding proteins
(CaBPs) (Berridge et al., 2000.), which are involved in binding Ca>* and transducing
the signal through down-stream effectors. Many CaBPs can also directly function as
effectors, for example, calcium-dependent protein kinases (CDPKs) of plants (Harper
et al., 2005). Once inside the cell, Ca®" can either interact with so-called soluble

CaBPs or become sequestered into intracellular organelles.

One of the well-studied CaBP is calmodulin (CaM), a four EF-hand highly
conserved CaBP. It has been found in almost all eukaryotic cells and has been
implicated in a large number of cellular processes (Chin et al., 2000). Ca**-signaling
also plays a crucial role in the pathogenesis of many protozoan parasites (Scheibel et
al., 1992). In Plasmodium, the expression of CaM has been shown to be stage-specific
and is involved in erythrocyte invasion as well as schizont maturation (Matsumoto et
al., 1987). Chelation of Ca>* can prevent hepatocyte invasion by merozoites (Johnson
etal., 1981).

A number of CaBPs have been identified in E. histolytica (Scheibel et al.,
1992). In the protozoan parasite Entamoeba histolytica, the causative agent of
amebiasis, Ca®" is reported to be involved in its pathophysiology by initiating the
amebic cytolytic activity (Meza et al., 2000). Amebic cytolytic activity could be
blocked by Ca’’-channel blockers, or by treatment with EGTA (Ravdin et al., 1988),
whereas stimulation of amebic PKC activity with phorbol esters enhanced lysis of
target epithelial cells (Weikel et al., 1988). Changes in the Ca®" profile were also
related to the cell cycle and the developmental stages of the parasite, i.e., the cyst or
the trophozoite stage (Ganguly et al., 2001). Moreover, extracellular Ca2+, amebic
intracellular Ca**flux, bepridil-sensitive Ca>* channels and a putative CaM-dependent
signal transduction pathway have been implicated in the growth and encystation of
Entamoeba (Makioka et al., 2001). Ca®* is thus speculated to play a direct role in
precipitating the cytopathic effects of E. histolytica. Among these are two related EF-
hand-containing proteins, granin 1 and granin 2, which are localized in intracellular
granules (Nickel et al., 2000). They may be involved in phagocytosis, control of
endocytotic pathways and Ca**-dependent granular discharge. However, there is no
experimental evidence in support of any of the suspected functional involvement of

these proteins. Another protein, URE3-BP, was shown to have a transcription
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regulatory function with Ca”**-dependent DNA binding properties (Gilchrist et al.,
2001, 2003). E. histolytica genome encodes a large repertoire of CaBPs as revealed by
a motif-based search for EF-hand containing proteins suggesting an extensive Ca”’-

based signaling network in this organism (Table-1.1) (Bhattacharya et al., 2006).

Table 1.1 - Calcium Binding Proteins of Entamoeba histolytica

Predicted Class Length Number of copiesin No. of EF-hands EST Homology in

name {amino genome database (SMART/Pfams) other species of

(in genome acids) (with accession no.) Entamoeba

database)

EhCaBP1 CaBP1 134 EAL48959 4 Yes E.terrapinae
E.moshkovskii

EhCaBP2 CaBP2 134 EAL51694 4 Yes E.terrapinae
E.moshkovskii

CaM CaBP3 151 EAL46322 3 Yes ND

CaM-put CaBP4 146 EAL51814, EAL46978 2 ND ND

CaM CaBP5 144 EAL46660 2 ND ND

CaM CaBP6 150 EAL50371,EAL50341 4 ND ND

CaM-like CaBP7 155 EAL43751 3 ND ND

CaBP CaBP8 263 EAL50453 2 ND ND

CaBP CaBP9 157 EAL52004 4 ND E.moshkovskii

CaBP CaBP10 | 153 EAL50237 2 ND ND

CaBP CaBP11 | 627 EAL50040 3 ND ND

CaBP CaBP12 | 145 EAL51761 3 ND ND

CaBP CaBP13 | 336 EALA8778 3 Yes ND

CaBP CaBP14 | 264 EAL46305 3 ND E.dispa

Granin 1 CaBP15 | 215 EAL47854 3 ND ND

Granin 1 CaBP16 | 215 EAL44984,EAL44709,E 3 Yes E.terrapinae,

AL44971 E.dispar,

E.moshkavskii

Granin 2 CaBP17 | 213 EAL44985,EAL44970 3 Yes ND

Granin 2 CaBP18 | 600 EAL49043,EAL49043,E 3 Yes ND

* AL42900

CaBP/ CaBP19 | 220 EAL42646 3 Yes ND

URE3BP

Myosin light CaBP20 | 146 EAL52163,AL50546 3 ND E.dispar

chain

Calcineurin B- | CaBP21 | 179 E45078AL 2 Yes E.terrapinae,

subunit E.dispar,
E.inadens,
E.moshkavskii

Hypothetical CaBP22 | 317 EAL45535 3 ND ND

Hypothetical | CaBP23 | 169 EAL43738 2 ND ND

Hypothetical CaBP24 | 318 EAL49541 6 ND ND

Hypothetical CaBP25 | 307 EAL45702 6 ND ND

Hypothetical | CaBP26 | 673 EAL51827 6 ND ND

Hypothetical | CaBP27 | 658 EAL51029 5 ND ND

ND, not determined, ® likelyto be actinin (Adapted from Bhattacharya et al., 2006)
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1.6 Target binding mode of Calmodulin: A prototypic Calcium Binding Protein

Calmodulin (CaM) is a highly conserved Ca®" binding protein, which is ubiquitous
and central in translating Ca®* levels into physiological signals. For example, CaM-
dependent kinases are activated when Ca®" CaM binds to the auto-inhibitory region of
the target with hydrophobic patches in each of its two lobes to contact two
hydrophobic anchor residues located at ‘1-10,” ““1-14,” or “‘1-16"" spacings in the
primary sequence of the kinase (Ikura et al., 1992; Meador et al., 1992, 1993; Osawa
et al., 1999). This small 17 kDa acidic protein belongs to a family of homologous
calcium-binding proteins that bind Ca®* through the EF-hand motif (e.g., parvalbumin
(Krietsinger et al., 1973) or troponin C (Herzberg et al., 1988)).

CaM interacts with target proteins in a Ca®*-dependent manner (Klee, 1988;
Crivici et al., 1995) that translates the second messenger calcium into a variety of
cellular responses. Calcium binding to CaM exposes hydrophobic clefts in each of the
CaM lobes that interact with downstream targets (Crivici et al., 1995). The crystal
structures of Ca®* bound CaM show that this protein contains two similar domain
structures linked by an extended a-helix (Babu et al., 1985; Babu et al., 1988; Taylor
et al., 1991, Chattopadhayaya et al., 1992; Rao et al., 1993; Wilson et al., 2000), each
domain containing two helix-loop-helix EF-hand Ca®*-binding motifs. The
incorporation of Ca®*" into CaM is essential and leads to a major conformational
change which includes the opening of a hydrophobic cavity in each globular domain

necessary for target protein recognition (Zhang ef al., 1995).

Various modes of target peptide recognition have been thoroughly studied
especially by X-ray crystallography (Fig.1.7) (Ikura et al., 1992; Meador ef al., 1992,
Osawa et al., 1999; Elshorst ef al., 1999; Schumacher ez al., 2001; Han et al., 2000).
A compact, calcium-free, apo form of CaM is converted to an extended dumbbell-
shaped form on binding Ca®** (Zhang et al., 1995). This extended conformation
consists of two structurally similar domains separated by a flexible 28-residue helix.
Each domain has two EF-hand motifs with bound Ca?’. The calcium- induced
extension of CaM exposes two hydrophobic pockets, one per domain, which represent
the binding sites for target proteins. Each hydrophobic pocket in the N- and C-lobes
of CaM grabs well-conserved bulky hydrophobic residues separated by a specific
number of residues (10, 14 or 16) on the target peptide. On binding to the protein
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target, the central CaM helix unwinds, and the two hydrophobic pockets wrap around
the a-helix of the protein target. Various target sequences are classified according to

this spacing (Rhoads et al., 1997; Yap et al., 2000).

apo-CaM Ca*/CaM CaM/CaMKIlla CaM/Ca**-pump

CaM/CaMKK CaM/K*-channel CaM/exotoxin

Figure-1.7 Ribbon presentations of CaM and CaM in complex with target peptides.
CaM is colored blue, the CaM targets are red, Ca*" ions are yellow. The N-terminal
lobe of CaM is orientated to the top, the C-terminal lobe to the bottom of the figures.
Structural data were taken from the Protein Data Bank, accession codes: apo-CaM
(ICFD) Ca’ /CaM(ICLL); CaM/CaMKlla (ICM1); CaM/CaMKK (11Q5);
CaM/Ca‘u—pump (ICFF); CaM/K+-channel (1G4Y), CaM/anthrax exotoxin (1K93)
(Adapted from Vetter et al., 2003).

Comparison of the structures of apo-CaM and Ca’"/CaM determined by NMR

and X-ray crystallography reveals that the overall structure and distribution of
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secondary structure elements is very similar in both molecules (Kuboniwa et al.,

1995; Finn et al., 1995; Zhang et al., 1995).

The major conformational change induced by the binding of Ca®" ions into the
EF-hand pairs is a significant alteration of the relative orientation of the helices in
each lobe (Ikura ef al., 1996; Potter et al., 1983; Chou et al., 2001). As the result of a
twist-like motion, the relative angles between the helices change from 121°-144° in
apo-CaM to 86°-116° in Ca®"/CaM (Zhang et al., 1995). This rearrangement of the
helices leads to the exposure of several hydrophobic residues to the solvent, which

forms a large hydrophobic, concave patch or channel on the surface of each lobe.

1.7 Maetals in Proteins and plasticity of calcium binding loops

Metals are important for the biological activity of proteins. Metal ions in proteins can
act as structure promoters or can take part in enzymatic reactions. Divalent metal
cations such as Zn?*, Mg®*, Cu®" and Ca’" are often associated with the catalytic or
regulatory activities of proteins that constitute some of the fundamental chemical life
processes (e.g. Nelson et al., 2000; Dudev et al., 2003; Nicholson, 1997; Cowan,
1998). For example, Mg in chlorophyll is important for photosynthesis, Cu (together
with Fe) has a role in oxygen-carrying proteins and Zn, Mg and Ca caﬁ serve as Lewis
acids. Although the coordination geometry of proteins specifically invites essential
metal ions, it is susceptible to interact with toxic heavy metals. Heavy metals may
accumulate in the body and cause disease states even at low concentrations (Cline et
al., 1996; Lidsky et al., 2003). Calcium-binding proteins have received considerable
attention due to their diverse roles in biological systems. The vast majority of these
sites conform to the EF-hand motif proposed by Kretsinger (Kretsinger et al.,
1973), yet their affinities and specificities vary considerably (Levine et al., 1982).
Understanding the physical properties of calcium-binding loops has been difficult
because in most proteins containing EF-hand type sites, the loops are paired
(Kretsinger et al., 1987) Recently, proteins have been considered as a tool for
removing heavy metals from the environment in order to reduce pollution (Hennig et
al., 1986; Sano et al., 2006a,b). In this respect, knowledge of the preferred

coordination surrounding a metal ion could help in choosing proteins that would be
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more effective in removing certain metal ions from the environment than those

already available.

Calmodulin (CaM) is a prototypic EF-hand calcium-binding protein that acts
by sensing calcium levels and binding to target proteins in a regulatory manner. Its
importance is highlighted by its 100% sequence conservation across all vertebrates.
Although CaM is best characterized by its ability to specifically bind Ca”*, a number
of studies have indicated that in fact it can also be activated by other metal ions
(Habermann ef al., 1983; Chao et al., 1984; Richardt et al., 1986; Ouyang et al., 1998;
Ozawa et al., 1999). Of these, Pb>" is of special interest because of the possible role
that Pb**-CaM may play in Pb>* toxicity (Goering et al., 1993), which has a high
affinity towards CaM and is able to activate it even at low concentrations (Habermann
et al., 1983; Richardt et al., 1986; Kemn et al., 2000). To a large extent, Pb** seems to
be able to substitute for calcium in the regulation of CaM function (Habermann et al.,
1983; Fullmer et al., 1985) and many target proteins are indeed activated by Pb-CaM
similarly to Ca-CaM (Chao et al., 1995). Pb>* binds to all four metal-binding loops in
CaM simultaneously and with such high affinity that Pb>* can displace bound Ca*
from CaM (Aramini et al., 1996; Fullmer et al., 1985). Furthermore, Pb** can
functionally substitute for Ca>* in some aspects of CaM function, including the ability
of Pb>"-CaM to bind to the target peptide from myosin light-chain kinase (Chao et al.,
1995). Ba®" and Mg”* have been reported to have significantly lower, if any, affinity
towards CaM (Ozawa et al., 1999). Isothermal titration calorimetry of Sr**-binding
has been reported recently with Centrin, a highly conserved calcium-binding proteins

present in all eukaryotic cells (Charbonnier et al., 2006).
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AIMS AND OBJECTIVES

Entamoeba histolytica, a protozoan parasite, is the causative agent of amoebiasis. The
genome analysis shows that E. histolytica encodes a large number of calcium-binding
proteins. A number of studies show that Ca’" and its binding proteins are centrally
involved in amebic pathogenesis. One of the first identified four EF-hand motifs
containing Ca2+-binding protein from E. histolytica (EhCaBP1) is a 14.7 kDa (134
amino acid residues) protein, with no known homologue in the database. Though this
protein has some structural similarity with CaM, it is functionally quite distinct and
binds to different set of proteins compared to CaM. Inducible expression of EhCaBP1
antisense RNA categorizes it to be an essential gene and demonstrated its role in
cellular proliferation. Also, the confocal microscopic studies suggest the cytoplasmic
localization of the protein including pseudopods and beneath the plasma membrane.
The enrichment of EhCaBP1 on pseudopods suggests its association with areas rich in
actin cytoskeleton and its associated proteins. This suggests the involvement of
EhCaBP1 in dynamic changes of the actin cytoskeleton. Recently, it has been reported
that the N-terminal domain of EhCaBP1 carry out most of the functions of the full
length protein. Based on the previous discussions, the aims of this study have been

designed. They are summarized below:-

Structural studies of Calcium Binding Protein-1 from Entamoeba histolytica.
Visualization of mode of target binding of EhCaBP1.
Structural studies of N-terminal domain of EhCaBP1.

El o

Flexibility and plasticity of calcium binding loops of EhCaBP1.

This study envisages X-ray crystallography and other biophysical techniques to reveal
the three-dimensional structure of EhCaBP1, its mode of target binding as well as the

plasticity of the calcium binding loops.
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MATERIJALS AND METHODS

2.1 Sources of materials:

Clones of full-length EhCaBP1 and its N-terminal domain in pET-3c¢ vector were
kindly provided by Prof. Alok Bhattacharya, School of Life Sciences, Jawaharlal
Nehru University, New Delhi, India.

Ion-exhanger resins were obtained from Amersham Pharmacia, (U.S.A))
Chromatographic columns were obtained from Sigma-Aldrich (U.S.A.), Centricons
were obtained from Millipore. Membrane filter were purchased from Millipore.
Dialysis tubings from Sigma-Aldrich (U.S.A.) and Spectrum, Protein Marker from
Fermentas, Crystallization reagents from Hampton (U.S.A.), Jena-Biosciences
(Germany), Sigma-Aldrich (U.S.A.) and all the Heavy metals were purchased from
Merck.

(All concentrations indicated in percentage are in (w/v) basis unless stated otherwise.
All solutions were prepared in double distilled water unless stated otherwise.

Autoclaving was done at a pressure of 15 Ibs per square inch for 20 min.)

2.2 Organisms and growth conditions:

E. coli DH5a has the genotype: SupE44 lacU169 (680 lacZ M15) hsdR17 recAl
endAl gyrA96 thi-1 reldl. Cells from an agar stab or frozen glycerol stock were first
streaked on an LB plate (containing the appropriate antibiotic wherever necessary)
and allowed to grow overnight at 37°C. Liquid cultures in LB medium were initiated -
from a single colony and were grown with constant shaking at 220 rpm at 37°C. The
cells were grown overnight, were used as inoculums for further growth by diluting
100 fold in fresh LB medium and grown with aeration at 37°C for 3-4 hr to obtain log

phase cultures.

2.3 Culture media:

2.3.1 Luria Broth (LB):

Composition per litre

Tryptone 10g
Yeast extract 5¢g
Sodium Chloride 5g

35



MATERIALS AND METHODS

The components were dissolved in double distilled water and pH adjusted to 7.0 using

2 N NaOH. The medium was sterilized by autoclaving.
2.3.2 LB Agar:

LB agar was prepared by adding 1.5% (W/V) of Bacto-Agar to LB medium and
sterilized by autoclaving. Ampicillin was added to a final concentration of 100 pg/ml

after cooling the LB agar to around 55°C and plates poured.

2.4 Plasmid DNA isolation:
2.4.1 Boiling Method (mini-prep) (Holmes and Quigley, 1981):

A single bacterial colony containing the plasmid was inoculated in 2 ml LB medium
containing the appropriate antibiotic (50 pg/ml in case of Ampicillin) and grown
overnight at 37°C with shaking at 220 rpm. The overnight culture was transferred to
1.7 m] microfuge tubes and centrifuged at maximum speed for 30 seconds at 4°C. The
medium was completely drained off and the pellet was resuspended in 100 pl of ice-
cold Alkaline lysis solution I [SO mM Glucose, 25 mM Tris-Cl (pH-8.0) and 10 mM
EDTA (pH - 8.0)] by vigorous vortexing. 200 pl of freshly prepared Alkaline lysis
solution II (0.2 N NaoH and 1% SDS) was then added to each bacterial suspension.
The tubes were closed and mixed the contents by inverting the tubes rapidly (five
times). Then 200 pl of Alkaline lysis solution III [3 mM potassium acetate (pH-5.5)]
was added and dispersed through the viscous bacterial lysate by inverting the tube
several times. The tubes were stored on ice for 10 minutes and centrifuged at |
maximum speed for 10 minutes at 4°C. The supernatant was transferred to a fresh
microfuge tubes. The DNA was precipitated from the supernatant by adding 0.6 vol of
isopropanol and mixed by inverting. The precipitated nucleic acid was collected by
centrifugation at maximum speed for 10 minutes at room temperature. The pellet so
obtained was washed with 500 pl of 70% (v/v) ethanol, air dried and dissolved in 20
ul of TioE; (10 mM Tris. Cl, pH 8.0, 1 mM EDTA, pH 8.0) containing 0.1 mg/ml
RNAse A. The tube was incubated at 37°C for 30 min for RNAse digestion and 2 pl
was loaded on a 0.8% agarose gel to quantitate the DNA.
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2.4.2 Alkaline lysis method (midi-prep) (Birnboim et al, 1979):

Bacterial cells were grown overnight in 50 ml LB medium with the appropriate
antibiotic and collected by centrifugation (6,000 rpm at 4°C for 8 minutes). The cell
pellet was resuspended in lysis buffer [25 mM Tris.Cl (pH 8.0), 10 mM EDTA (pH
8.0), 15% Sucrose] containing 2 mg/ml lysozyme, and kept on ice for 10 min. To the
lysed cells were added 3 ml of denaturing solution (freshly prepared solution
containing 0.2 N NaoH and 1% SDS) and mixed gently by inverting. To the tube was
added 1.6 ml of 3 M sodium acetate (pH 4.6) and incubated on ice for 20 minutes
followed by centrifugation at 12,000 rpm for 20 min at 4°C. RNA was removed by
incubating the supernatant with 12-15 pl of RNAse A (10 mg/ml) at 37°C for 45 min.
The supernatant was extracted twice with phenol:chloroform:iosamyl alcohol [25:24:1
(v/v/v)] and once with equal volume of chloroform:isoamyl alcohol [24:1 (v/v)]. The
upper aqueous layer was transferred to an oakridge tube and the DNA precipitated by
addition of 2.5 volumes of chilled ethanol and left for overnight incubation at -20° C
or 45 minutes at -80°C. The DNA was precipitated by centrifugation at 12,000 rpm
for 20 minutes at 4°C. The pellet was resuspended in 0.4 ml of nuclease free water
and to this was added 120 pl of 4M NaCl and 0.5 ml 13% PEG 8000. The tube was
incubated in ice for 1h and centrifuged at RT at 12,000 rpm for 15 min. The pellet
was washed with 200 ul of 70% ethanol, dried in a 37°C incubator and resuspended in

50 ]J.l of T10E1.

2.5 Transformation of E. coli cells:
2.5.1 Preparation of competent cells (Hanahan, 1985):

A fresh single colony of E. coli (strain BL21-DE3) was grown overnight at 30°C, 200
rpm into 10 ml 2X LB medium in a 50 ml. flask. 1% of the overnight culture was
added into 50 ml 2X LB medium in 500 ml flask. The cells were grown at 30°C, 200
rpm to an ODggy of 0.40-0.45. The cells were chilled in ice water bath for 2 hr and
were thereafter collected by centrifugation at 6,000 rpm for 5 min at 4°C and
resuspended by swirling in 25 ml ice-cold filter sterilized acid-salt buffer (100 mM
CaCl,, 70 mM MnCl, and 40 mM CH3COONa; pH-5.4). The resuspended cells were

incubated in ice for 45 minutes and collected by centrifugation at 5,500 rpm, 8 min,
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4°C. The pellet was finally resuspended in 2.5 ml of ice-cold acid-salt buffer;
glycerol was then added and mixed gently. Immediately 100 pl aliquots were snap-
freezed by immersing the tightly closed tubes in liquid nitrogen and stored at —80°C

until needed.

2.5.2 Transformation of competent cells (Hanahan, 1985):

Competent cells were thawed on ice and to 100 pl cells, 5-10 ng of plasmid DNA was
added. The cells were incubated on ice for 45 min. Cells were then given a heat shock
at 42°C for 90 seconds and incubated on ice for 2 min. 0.9 ml of LB was added to the
cells and the cells were grown at 37°C for 1h at 225 rpm. Transformants were plated

on LB agar plates with appropriate antibiotic and incubated at 37°C for 12-16 h.
2.6 Clones of full-length EhCaBP1 and N-terminal domains of EhCaBP1:

The full-length EhCaBP1 gene and its N-terminal domain in the pET-3c expression
vector and was kindly provided by the laboratory of Prof. Alok Bhattacharya, School
of Life Sciences, Jawaharlal Nehru University, New Delhi, India).

2.7 Agarose gel electrophoresis:

The agarose concentrations used in electrophoresis separation were chosen based on
the size of the DNA to be resolved. Agarose was melted in 0.5X or 1X TBE [45 mM
Tris-borate and 1 mM EDTA, pH 8.0] by heating and was cooled to about 50°C
before adding 0.5pg/ml of ethidium bromide. The molten agarose was poured in a
tray and allowed to set. After the gel had set, DNA samples were loaded and
electrophoresed in 0.5X to 1X TBE in appropriate electric field strength for optimum

separation. The DNA was visualized at 302 nm using a transilluminator.
2.8 Protein purification
2.8.1 Over-expression and purification of EhCaBP1:

A 5ml culture (LB + 100 pg/ml ampicillin) of a single well-isolated EnCaBP1 colony
was inoculated in a 100 ml conical flask (Borosil) and incubated overnight at ,37°C at
220 rpm. A 200 ml culture (LB + 200 pg/ml ampicillin) in 1L of conical flask was
inoculated with 1% of the above culture and grown at 37°C/220 rpm till the ODggo
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reaches between 0.5 to 0.7. The bacterial culture was induced with 1 mM IPTG and
incubated for 3-4 hr at 37°C/220 rpm. The induced bacteria was collected at 6000 rpm
at 4°C for 10 min and washed once with Wash buffer (50 mM Tris.Cl, pH 7.5 and 100
mM NaCl). The cell pellet was suspended in 1/25™ volume of the original culture in
50 mM Tris.Cl pH 7.5 and 2 mM EGTA). The cells were lysed by freeze-thawing
thrice in liquid nitrogen followed by sonication (3 X 30sec, full burst, with 1 min
interval) on ice. The sonicated sample were spun down at 12,000 X g for 30 min at

4°C and the supernatant was loaded on to a packed DEAE sepharose column.

2.8.2 Over-expression and purification of N-terminal domain of EhCaBP1:

A 5ml culture (LB + 100 pg/ml ampicillin) of a single well-isolated EhCaBP1 colony
was inoculated in a 100 ml conical flask (Borosil) and incubated overnight at 37°C at
220 rpm. A 200 ml culture (LB + 200 pg/ml ampicillin) in 1L of conical flask was
inoculated with 1% of the above culture and grown at 37°C/220 rpm till the ODggo
reaches between 0.5 to 0.7. The bacterial culture was induced with 1mM IPTG and
incubated for 3-4 hr at 37°C/220 rpm. The induced bacteria was collected at 6000 rpm
at 4°C for 10 min and washed once with Wash buffer (50 mM Tris.Cl, pH 7.5 and 100
mM NaCl). The cell pellet was suspended in 1/25™ volume of the original culture in
‘50 mM Tris.Cl pH 7.5 and 2 mM EGTA). The cells were lysed by freeze-thawing
thrice in liquid nitrogen followed by sonication (3 X 30sec, full burst, with 1 min
interval) on ice. The sonicated sample were spun down at 12,000 X g for 30 min at

4°C and the supernatant was loaded on to a packed DEAE sepharose column.

2.8.3 Packing and Equilibration of column:

The DEAE-Sepharose beads was soaked in autoclaved water (Milli Q) and mixed and
the pH was maintained at 7.5 with dilute HCl and kept at 4°C for overnight
incubation. Next day, the beads were transferred to the Sigma column and
equilibrated with buffer pH 7.5 containing 100 mM Tris-Cl and 2 mM EGTA. This
process was repeated 4-5 times and finally the column was packed and kept at 4°C

until further use.
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2.8.4 Binding and Elution of EnCaBP1:

The column was equilibrated with 20 bed-volumes of 50 mM of Tris-Cl (pH 7.5) + 2
mM EGTA (pH 7.5) (20 bed volumes). The sample was loaded to the column either
using gravity flow method or using peristaltic pump from Amersham Biosciences and
the flow through was collected. The column was washed with 20 bed-volumes of 50
mM of Tris-Cl (pH 7.5), 2 mM EGTA (pH 7.5). The protein was eluted in 1ml
fractions with 50 mM Tris-Cl (pH 7.5), 10 mM CaCl, and the OD,gy was taken.

2.8.5 Binding and Elution of N-terminal domain of EhCaBP1:

The column was equilibrated with 20 bed-volumes of 50mM of Tris-Cl (pH 7.5) + 2
mM EGTA (pH 7.5) (20 bed volumes). The sample was loaded to the column either
using gravity flow method or using peristaltic pump from Amersham Biosciences and
the flow through was collected. The column was washed with 10 bed-volumes of 50
mM of Tris-Cl (pH 7.5), 2 mM EGTA (pH 7.5) and 10 bed-volumes of 50 mM of
Tris-Cl (pH 7.5), 2 mM EGTA (pH 7.5) and 20 mM of NaCl. The protein was cluted
in 1ml fractions with 50 mM Tris-Cl (pH 7.5), 3 mM CaCl, and the ODyg¢ was taken.

2.9 Desalting and equilibration of protein samples:
Protein samples were desalted by dialysis against the appropriate buffer using a
dialysis membrane of 10 kDa/3 kDa molecular weight cut-off. Samples were dialyzed

against 100 volumes of desired buffers at 4°C with minimum 5-6 changes.

2.10 SDS-Polyacrylamide gel electrophoresis (Laemmli UK, 1970):

~ SDS-PAGE was carried out under reducing conditions. The separating gels (12-14%
arylamide as per need) was prepared using acrylamide (acrylamide:bis-
acrylamide=29:1) in 1.5% Tris-Cl pH 8.8, 0.1% (w/v) SDS, 0.04% (w/v) APS and
TEMED. After polymerization of separating gel, stacking gel was poured. The
stacking gel contained 4% acrylamide in 0.5% Tris-Cl pH 6.8, 0.1% (w/v) SDS,
0.04% (w/v) APS and TEMED. Prewarmed samples and 4X SDS-PAGE loading dye
[125 mM Tris-Cl pH 6.8, 4% (w/v) SDS, 10% (w/v) 2-mercaptoethanol, 20% (v/v)
glycerol and 0.2% (w/v) bromophenol blue] were mixed to 1X dye concentration and

reboiled for 3 min. After electrophoresis, proteins were fixed in the gel by incubating
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in fixing solution (45% methanol, 10% acetic acid) and detected by Coomassie
Brilliant Blue (0.25% CBB R-250 in fixing solution) staining for 30 minutes to 1 hr.

The gels were destained in the fixing solution and scanned using Gel Doc.

2.11 Protein concentration:
The peak fractions of the elutions from the gel filtration column was pooled and

concentrated using the following methods-
2.11.1 Centricon concentration method:

A 10 kDa cut-off centricon from Millipore was used to concentrate the protein and the

final concentration of the protein was measured using Bradford assay.

2.11.2 Lyophilization:

Lyophilization is carried out using a simple principle of physics called sublimation.
Sublimation is the transition of a substance from the solid to the vapor state,
without first passing through an intermediate liquid phase. To concentrate the
protein for crystallization purpose the fractions was pooled and lyophilized in
LABCONCO. After lyophilization, the dried sample was dissolved in 50 mM of
Tris-CI (pH 7.5), 10 mM of CaCl, and the protein concentration was measured

using Bradford assay.

2.12 Protein Estimation:

The amount of protein in a sample was estimated by the Bradford Dye-Binding
Protein Assay using BSA as the standard (Bradford, 1976). The micro assay was done
in Spectramax-M2 and the concentration of protein is determined. This method
involves the measurement of the binding of Coomassie Brilliant Blue G-250 dye to
proteins and measurement of the absorbance of the dye-protein complex at 595 nm.
Its advantages as a protein concentration measuring procedure over other chemical
methods as it is fast and only requires one reagent, its color intensity is relatively
stable over a period of an hour so more flexibility in reading the absorbance is

provided and it has fewer substances that interfere with it 5 pl of protein sample was

mixed 250 ul of the working solution in a microtitre plate and incubated at 37°C for
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25 min. The absorbance was taken at 595 nm. BSA of known concentration was used

as standard.

2.13 Dynamic light scattering (DLS):

Dynamic light scattering (DLS) is a method to measure the size of the particles in
solution in a size range not accessible for a light microscope. This method exploits the
fact that the particles contained in the liquid undergo Brownian motion. This average
velocity of this motion is determined by the particle size, their thermal energy and by
the viscosity of the medium. This dependence is described by the Stokes-Einstein
equation. It is thus enough to measure the particle velocity. For doing so, a laser beam
is directed through the volume containing the particles, so that the light is scattered by
the particles. Because the laser light is coherent, the scattered light forms an
interference pattern. When the particles are in motion, this pattern changes
permanently, so that the particle movement is transferred to an ever-changing light
intensity distribution. A detector collects a fraction of the scattered light under a
certain angle, thus seeing permanent light intensity fluctuations. Now the fluctuation
rate is measure for the particle velocity. The detector signal is used to calculate the so-
called autocorrelation function, representing the temporal behavior of the intensity
fluctuations in a mathematical form. From this function the particle’s diffusion
velocity is derived, so that finally an appIication of the Stokes-Einstein equation
delivers the desired particle size. The DLS experiment was performed by using
Spectroscatter 201 Dynamic Light scattering equipment (RiNA NETZWERK RNA-

Technologien, Berlin).

The DLS experiments was carried out at different conditions as follows:-
A) 50 mM Tris pH 7.5, 10 mM CaCl, and 150 mM of NaCl
B) 50 mM Tris pH 7.5, 10 mM CaCl; and 300 mM of NaCl
C) NMR condition (50 mM Tris pH 6.0, 30 mM CaCl,)
D) 50 mM Tris pH 7.5, 10 mM CaCl; and 20% ethanol

2.14 Size exclusion chromatography:

The molecular size and the multimeric form of EhCaBP1 was determined by
subjecting the protein to size exclusion chromatography on Pharmacia Sephadex G-

75, 16/60 (GE health care) in 150 mM NaCl, 5 mM CaCl,, Tris pH 7.5 buffer.
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Approximately 2 mg of protein was injected and passed though the column at a flow
rate of 0.5 ml/min. The column was calibrated using following molecular weight
standards: bovine serum albumin (66 kDa), ovalbumin (45 kDa), chymotrypsinogen
(25.6 kDa) and lysozyme (14.3 kDa).

2.15 Crystallization of EhCaBP1:

The purified EnCaBP1 was concentrated to 30 mg/ml in 50 mM Tris buffer (pH 7.5)
containing 10 mM CaCl, for crystallization trials. Initial crystallization experiments
were performed at both 16°C and cold room (4°C) temperatures. It was crystallized in
hanging drops by mixing equal volumes (5 pl) of protein with the precipitant solution
containing 60% MPD, 5 mM CaCl, and 50 mM Acetate buffer pH 4.4. Hexagonal
shaped crystals (200 x 200 x 100 um®) of EhCaBP1 appeared at 16°C approximately

after ten days.

2.16 Mass spectroscopy of EhCaBP1 crystals:

Mass spectroscopy was done in an in-house source. EhCaBP1 crystals were washed in
the mother liquor twice and mixed (1:1) with matrix (sinapinic acid in acetonitrile
containing 0.1% TFA) on a target plate and left to dry, before analysis by MALDI-
MS. The mass scale of the instrument was externally calibrated using calibration
mixture [insulin (bovine), ubiquitin, Cytochrome C, myoglobin)]. Peak at 14.84 kDa
(m/z) confirms the full-length protein. A doubly ionized (m/2z) peak is also present.

2.17 Data collection, processing and structure determination of EhCaBP1

crystals:

The X-ray diffraction experiments were performed at 100 K with EhCaBP1 crystals
mounted on cryoloops in mother liquor and flash frozen in liquid nitrogen. These
crystals diffracted to 3 A with in-house rotating anode generator (At NII or ICGEB,
New Delhi) and same crystals diffracted at a higher resolution of 2.4 A at synchrotron
X-ray source beamline Al of CHESS (Cornell High Energy Synchrotron Source).
They belong to space group P63 (Table 2.1) with two molecules per asymmetric unit.
The data sets were indexed, processed and scaled with HKI.2000 program
(Otwinowski et al., 1997). '
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Table-2.1 Crystallographic data-collection and refinement statistics of EhCaBP1.

Data Set EhCaBP1
Crystallographic data
X-ray source CHESS Al
Wavelength 0.977
Space group P65
Unit Cell Parameters (A)
a =95.250, b =95.250, c = 64.996
Resolution range(A) 50-2.4
Reym (%) 7.1
Completeness 91.2 (73.9)
Total no. of observations 56718
No. of unique observations 12484
Redundancy 4.5(1.7)
Average 1/s(1) 15.5(1.9)
Crystal mosaicity (°) 0.5
Refinement
Resolution 50-24
R_factor (%) 25.7 (34.6)
Free_R factor (%) 28.2 (36.5)
Mean B_factor 66.4
Number of atoms
Protein/Ca/water/others 1013/4/31/20
{ RMS deviations
Bonds (A) 0.009
Bond angles (°) 2.0
Dihedral angles (°) 21.6
Improper angles (°) 1.0
Cross validated error 0.41

Values in parentheses are for the last resolution shell.

Free R factor was calculated with a subset of 7.5% randomly selected reflections.

The structure was solved by molecular replacement with Phaser program

(Storoni et al., 2004) using the N-terminal domain of human calmodulin (1CLL) as

the search model. This search molecule corresponded to half of the EhCaBP1

molecule. The structure was refined to 2.4 A resolution by iterative model building

either by “O” graphics package (Jones et al., 1993) or the COOT graphics package

(Emsley et al., 2004) combined with conjugate-gradient minimization with bulk

solvent correction in CNS (Brunger et al., 1998).
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In the model, the N-terminal domain of CaM, comprised two EF hand motifs
connected by a short loop. After an initial solution was located, each EF hand motif
was treated as rigid body for the initial refinement, followed by manual extension of
the model guided by both 2Fo-Fc (better than 1.5 A) and Fo-Fc (better than 3 A)
electron density maps. The final model refined well with good electron density
(Fig.3.3C; Chapter-1, Page No. 65) and crystallographic Rsctor and Rgee (Table 2.1)
values that are within the range of average values for structures refined at this given
resolution (Kleywegt et al., 1996).

Despite acceptable refinement statistics, electron density for the C-terminal
half of the molecule was absent. At this stage, we reduced the sigma cut-off of the
2fo-Fc and Fo-Fc electron density maps in an attempt to build the missing C-terminal
part of the molecule without success. The water molecules and acetate molecules
were added manually where justified by hydrogen bonds and Fo-Fc electron density at
=3.0 ¢ contour level in the final stages of refinement (Table 2.1). The structure was

validated and deposited in the Protein Data Bank (PDB code: 2NXQ).

2.18 Interhelical Angle determination:

The interhelical angle was calculated using the program interhlx (Yap, 1995). The
program uses the following convention to calculate the sign of the angle between two
helices:

The two helices are taken to be positioned such that helix I is "in front of" helix IL
Helix I (from N to C) is used to define a vertical vector. A second vertical vector is
defined, with its tail at the C-terminus of helix II. The angle between helices I and II
is the rotation required to align the head of the second vector with the N-terminus of
helix II. The vector is rotated in the direction (clockwise or counter-clockwise) that
produces an angle of less than 180 degrees. If the rotation is clockwise, the sign is

positive. If it is counter-clockwise, the sign is negative.

2.19 Crystallization of EhCaBP1-Phe compleX:

The purified protein was concentrated to 30 mg/ml in 50mM Tris pH 7.5 buffer
containing 10 mM CaCl, and 2 mM phenylalanine. This mixture was kept for
crystallization similar to native crystallization condition. The complex was

crystallized in hanging drops by mixing equal volumes (3 to 5 pl) of the complex with
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the precipitant solution containing 63 to 65% MPD, 5 mM CaCl, and 50 mM Acetate
buffer pH 4. Rod shaped crystals (400%675%x675 pm®) of EnCaBP1-Phe appeared at
16°C within 7-10 days.

2.20 Data collection and processing and structure determination of EnCaBP1-

Phe complex:

The X-ray diffraction experiments were done at 100 K with EhCaBP1-Phe crystals
mounted on cryoloops in mother liquor and flash frozen in liquid nitrogen. These
crystals diffracted to 2.9 A resolution with an in-house rotating anode generator
(Advanced Instrumentation Facility, JNU). They belong to space group P6; (Table
2.2) with two molecules per asymmetric unit similar to native structure (Kumar et al.,

2007). The data sets were indexed, processed and scaled with Automar program.

The structure was solved by molecular replacement with Phaser program
(Storoni et al., 2004) using the native structure of EhCaBP1 (2NXQ) as the search
model. The structure was refined to 2.4 A resolution by iterative model building by
the COOT graphics package (Emsley et al., 2004) combined with conjugate-gradient

minimization with bulk solvent correction in CNS (Brunger et al., 1998).

The structure looked similar to native EnCaBP1 structure except large Fo-Fc
density af the interface of EF1 and EF2 of the assembled domain to accommodate
Phenylalanine. The final model refined well with good electron density and bound
Phe (Fig.4.1C, Chapter II, Section-4.3.1) and crystallographic R factor and R _free
(Table 2.2) values that are within the range of average values for structures refined at
this given resolution (Kleywegt et al., 1996). Despite acceptable refinement statistics,
electron density for the C-terminal half of the molecule was absent similar to the
native structure. The water molecules, acetate molecules and phenylalanine molecules
were added manually where Fo-Fc electron density at 3.0¢ contour level and justified
by hydrogen bonds or hydrophobic interactions in the final stages of refinement
(Table 2.2).
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Table-2.2 Crystallographic Data-Statistics of EhCaBP1-Phe complex.

Data Set

EhCaBP1-Phenylalanine

Crystallographic data

X-ray source Microstar
Wavelength 1.5418
Space group P63
Unit Cell Parameters (A)
a=95.201, b =95.201, c = 64.287
Resolution range(A) 50-2.8
Reym (%) 6.1(7.33)
Completeness 97.9 (86.1)
Total no. of observations 15536
No. of unique observations 8289
Redundancy 8.9(5.4)
Average I/s(l) 51.92 (2.07)
Crystal mosaicity (°) 0.5
Refinement
Resolution 50-2.8
R_factor (%) 25.7 (26.4)
Free_R factor (%) 28.5 (28.8)
Mean B_factor 93.4
Number of atoms
Protein/Ca/water/Acetate/Phe 1024/4/42/2/2
RMS deviations
Bonds (A) 0.009
Bond angles (°) 1.5
Dihedral angles (°) 18.8
Improper angles (°) 0.73
Cross validated error 0.5

Values in parentheses are for the last resolution shell.

Free R factor was calculated with a subset of 7.5% randomly selected reflections.

2.21 Mass spectroscopy of N-terminal domain of EhCaBP1:

Mass spectroscopy was done in an in-house Bruker Daltonics flex Analysis instrument

of type autoflex TOF-TOF. The purified protein solution was mixed (1:1) with matrix

(sinapinic acid in acetonitrile containing 0.1% TFA) on a target plate and left to dry,

before analysis by MALDI-MS. The mass scale of the instrument was externally

calibrated using calibration mixture [Bradykinin, Angiotensin I, Angiotensin II,

Substance P, Bombesin, Renin Substance, ACTH clip and Somatostatin].
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2.22 Crystallization of N-terminal domain of EhCaBP1:

The purified N-terminal protein was concentrated to 10-15 mg/ml in 50 mM Tris
buffer (pH 7.5) containing 3 mM CacCl, and 20 mM of NaCl for crystallization trials.
Initial crystallization experiments were performed at both 16°C and cold room (4°C)
temperatures. It was crystallized in hanging drops by mixing equal volumes (3ul) of
protein with the precipitant solution containing 15-18% PEG 400, SmM CaCl,, 10%
Isopropanol, 50 mM NaCl and 100 mM Acetate buffer pH 3.6- 4.2. Thin Needle
appeared within 2 days. The rod shaped crystals (150x150x100 pm®) appeared at
16°C approximately after 5-10 days upon addition of a mixture of glycine, proline,
glucose and sucrose from 1M stock to a final concentration of 2 mM and 100 mM of

KCl solution.

2.23 Data collection, processing and structure determination of N-terminal

domain of EhCaBP1:

The X-ray diffraction experiments were performed at 100K with N-terminal crystals
mounted on cryo-loops in mother liquor and flash frozen in liquid nitrogen. These
crystals diffracted to 2.5 A with in-house rotating anode generator (Advanced
Instrumentation Facility (A.LF., Jawaharlal Nehru University, New Delhi, India).
They belong to space group P3 (Table 2.3) with four molecules per asymmetric unit.
The data sets were indexed, processed and scaled with Automar program

(Marresearch).

The structure was solved by molecular replacement with Phaser program
(Storoni et al., 2004) using the native structure of EhCaBP1 (2NXQ) as the search
model. The structure was refined to 2.5 A resolution by iterative model building by
the COOT graphics package (Emsley et al., 2004) combined with conjugate-gradient
minimization with bulk solvent correction in CNS (Brunger et al., 1998). The
structure (Chapter-III, Fig.5.5; Section 5.5.4) looked similar to native EhCaBP1
structure. The final model refined well with good electron density and
crystallographic R _factor and R_free (Table 2.3) values that are within the range of

average values for structures refined at this given resolution (Kleywegt et al., 1996).
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Table-2.3 Crystallographic Data-Statistics of N-terminal domain of EnCaBP1.

Data Set

N-terminal Domain

Crystallographic data

X-ray source Microstar
Wavelength 1.5418
Space group P3
Unit Cell Parameters (A)
a=89.589, b =89.589, c = 35.049
Resolution range(A) 25-2.5
Reym (%) 3.01(19.56)
Completeness 99.0 (99.5)
Total no. of observations 39681
No. of unique observations 10746
Redundancy 3.68
Average 1/s(l) 10.3 (1.6)
Crystal mosaicity (°) 0.47
Refinement
Resolution 25-25
R_factor (%) 23.3(23.9)
Free_R factor (%) 27.1(27.5)
Mean B_factor 51.0
Number of atoms
Protein/Ca/water/ 1970/8/68/
RMS deviations
Bonds (A) 0.012
Bond angles (°) 2.4
Dihedral angles (°) 20.5
Improper angles (°) 1.21
Cross validated error 0.5

Values in parentheses are for the last resolution shell.

Free R factor was calculated with a subset of 6.5% randomly selected reflections.

The water molecules were added manually where Fo-Fc electron density at 3.0

o contour level and justified by hydrogen bonds or hydrophobic interactions in the

final stages of refinement.

2.24 Preparation of Pb**EnCaBP1 complex, Crystallization and Data collection:

EhCaBP1 was over-expressed and purified as previously described (Kumar et al.,

2007). To the purified protein, 1M Pb(NO3), solution was added to bring to the final
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concentration of 5 mM. Upon addition of Pb**, the solution became turbid and protein
was precipitated. The solution was partially clarified upon the addition of 1M sodium
acetate pH 4.0 to a final concentration of 100 mM. Finally, the solution became clear
with addition of 2-methyl-2, 4-pentandiol (MPD) to a final concentration of 10%. The
EhCaBP1-Pb complex was centrifuged to 12,000 rpm to remove any precipitate and

the supernatant was used for crystallization.

Hanging-drop vapor-diffusion crystallization trials were performed similar to
native protein crystallization condition (Kumar et al., 2007). Crystals suitable for
diffraction were obtained by mixing 5 pl of EhCaBP1-Pb complex and 2 pl of the
reservoir solution containing 60-65% MPD, in 50mM sodium acetate pH 3.6. Rod
shaped crystals (250 x 250 x 150 pm®) appeared after 7-10 days of equilibration
(Fig.6.2, Chapter-1V; Section-6.3.1).

The X-ray diffraction experiments were done at 100 K with EhCaBP1-Pb
crystals mounted on cryoloops in mother liquor and flash frozen in liquid nitrogen.
These crystals diffracted to 2.8 A with in-house Bruker Microstar rotating anode
generator and MAR imaging plate (Advanced Instrumentation Facility, Jawaharlal
Nehru University, New Delhi). The crystals belong to P6; space group (Table-2.4)
with two molecules per asymmetric unit similar to native structure (Kumar et al.,
2007). The data sets were indexed, processed and scaled with Automar program

(Marresearch).
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Table-2.4 Crystallographic data-collection and refinement statistics of Pb?*-

EhCaBP1 complex

Data Set

Pb’*-EhCaBP1complex

Crystallographic data

X-ray source Microstar
Wavelength 1.5418
Space group P63
Unit Cell Parameters (A)
a=95.02,b=95.02, c = 64.27
Resolution range(A) 50-2.8
Reym (%) 0.035 (0.047)
Completeness 99.8 (100.0)
Total no. of observations 56365
No. of unique observations 8180
Redundancy 6.8(6.9)
Average |/s(l) 8.7 (0.7)
Crystal mosaicity (°) 0.5
Refinement
Resolution 50-2.8

R_factor (%)

26.54(26.64)

Free_R factor (%)

28.87 (28.93)

Mean B_factor 89.9

Number of atoms

Protein/Pb/water 1024/4/43
RMS deviations

Bonds (A) ' 0.009

Bond angles (°) 1.7

Dihedral angles (°) 18.8

Improper angles (°) 0.73

Cross validated error 0.49

Values in parentheses are for the last resolution shell.
Free R factor was calculated with a subset of 7.5% randomly selected reflections.

2.25 Preparation of Ba>*-EhCaBP1 complex, Crystallization and data collection:

Unlike lead, which can easily replace calcium from the calcium-binding loops of
CaM, barium ions cannot replace it, in all EF hand motifs. High concentration of
barium is required for the activation of CaM compared to lead (Yamazaki et al.,
1996). This is basically due to low binding affinity of barium compared to calcium.
To replace all the bound calcium ions from the calcium binding loops, the protein has
to be unfolded and the calcium ions has to be removed through dialysis and then the

protein has to be refolded in presence of excess of barium ions.
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The EhCaBP1 protein solution was denatured with 8M urea to remove the
tightly bound calcium ions and further dialyzed against 10mM Barium chloride in
Tris buffer (pH 7.5) several times to remove urea. This protein was concentrated to
20-25 mg/ml and wused for crystallization. Hanging-drop vapor-diffusion
crystallization trials were performed similar to native condition. Crystals suitable for
diffraction were obtained by mixing 5 pl of EhCaBP1-Ba complex and 5 ul of the
reservoir solution (60-65% MPD, 50 mM sodium acetate, pH 3.8). Rod shaped
crystals with oiling was appeared after 15-20 days of equilibration (Fig.6.4, Chapter-
IV; Section No. 6.3.3, Page No. 106).

Table-2.5 Crystallographic data-collection and refinement statistics of Ba**-
EhCaBP1 complex

Data Set Ba”*-EhCaBP1complex
Crystallographic data
X-ray source Microstar
Wavelength 1.5418
Space group P63
Unit Cell Parameters (A)
a=94.19, b =94.201, c = 64.947
Resolution range(A) 50-3.2
Reym (%) 0.082 (0.686)
Completeness 99.2 (98.1)
Total no. of observations ' 56365
No. of unique observations - 8180
Redundancy 5.0(5.0)
Average 1/s(1) 9.62 (1.43)
Crystal mosaicity (°) 0.5
Refinement
Resolution 50-3.2
R_factor (%) 26.1 (26.4)
Free_R factor (%) 28.1(28.8)
Mean B_factor 89.9
Number of atoms
Protein/Ba/water 1024/6/42
RMS deviations
Bonds (A) 0.009
Bond angles (°) 1.7
Dihedral angles (°) 189.9
Improper angles (°) 0.83
Cross validated error 0.49

Values in parentheses are for the last resolution shell.
Free R factor was calculated with a subset of 7.5% randomly selected reflections.
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The X-ray diffraction experiments were done at 100 K with EhCaBP1-Ba
crystals mounted on cryoloops in mother liquor and flash frozen in liquid nitrogen
stream. These crystals diffracted to 3.2 A with in-house rotating anode generator
(Advanced Instrumentation Facility, J awaharlal Nehru University, New Delhi). They
belong to space group P63 with two molecules per asymmetric unit similar to native
structure (Kumar et al., 2007). The data sets were indexed, processed and scaled with
Automar program (Marresearch). Table 2.5 represents the crystallographic data

statistics for Ba’"-EhCaBP1 complex.

2.26 Preparation of Sr**-EhCaBP1 complex, Crystallization and data collection:

Strontium has lower affinity than calcium for the calcium-binding site and it cannot
replace the bound calcium ions. EnCaBP1-Sr complex was prepared following similar
protocol used to prepare EhCaBP1-Ba complex. The EhCaBP1-Sr complex was

concentrated to 20-25 mg/ml and taken for crystallization trials.

Hanging-drop vapor-diffusion crystallization trials were performed similar to
native condition. Crystals suitable for diffraction were obtained by mixing 3 pl of
EhCaBP1-Sr complex and 3ul of the reservoir solution (60-65 % MPD, S0mM
sodium acetate pH 3.6). Hexagonal crystals appeared after 15-20 days of equilibration
(Fig.6.6 Chapter-1V; Section-6.3.5). The X-ray diffraction experiments were done at
100K with EhCaBP1-Sr complex crystals mounted on cryoloops in mother liquor and
flash frozen in liquid nitrogen stream. These crystals diffracted to 3.0 A at beamline
BL 5.2 R, XRDI, Elettra synchrotron source, Trieste, Italy. They belong to space
group P65 (Table 2.6) with two molecules per asymmetric unit similar to native
structure (Kumar et al., 2007). The data sets were indexed, processed and scaled with
HKIL.2000 program (Otwinowski et al., 1997).
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Table-2.6 Crystallographic data-collection and refinement statistics of Sr¥'-
EhCaBP1 complex.

Data Set Sr**-EhCaBP1complex
Crystallographic data
X-ray source Elettra
Wavelength 1.5418
Space group P63
Unit Cell Parameters (A)
a=95.43, b =95.43, c = 63.97
Resolution range(A) 50-3.0
Rsym (%) 0.068 (0.045)
Completeness 94.9 (96.8)
Total no. of observations 11558
No. of unique observations 6442
Redundancy 4.0 (4.0)
Average I/s(l) 18.8 (2.81)
Crystal mosaicity (°) 0.5
Refinement
Resolution 50-3.0
R_factor (%) 25.9 (26.4)
Free_R factor (%) 28.6 (28.8)
Mean B_factor 88.9
Number of atoms
Protein/Sr/water 1024/4/49
RMS deviations
Bonds (A) 0.009
Bond angles (°) 1.4
Dihedral angles (°) 18.4
Improper angles (°) 0.82
Cross validated error 0.5

Values in parentheses are for the last resolution shell.
Free R factor was calculated with a subset of 6.5% randomly selected reflections.

2.27 Structure determination of EhCaBP1-heavy metal complexes:

All the three complex structures were solved by molecular replacement with Phaser
program (Storoni et al., 2004) using the native structure of EhCaBP1 (2NXQ) as the
search model. The structure was refined by iterative model building by the COOT
graphics package (Emsley et al, 2004) combined with conjugate-gradieht
minimization with bulk solvent correction in CNS (Brunger et al., 1998). Calcium

atom binding sites shown high difference fourier map in all the three complexed
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structures. The barium bound structure had higher difference fourier map (60)
compared to other complex structures, where as strontium bound structure had low
difference fourier map with 3.5 sigma level, following the trend of molecular weight
of heavy atoms bound. The R-factors did not converge till the replacement of
respective heavy atoms in the place of calcium. The structure looked similar to native
EhCaBP1 structure. The final model refined well with good electron density and
crystallographic Reactor and Rgee values that are within the range of average values for
structures refined at this given resolution (Kleywegt et al, 1996). Despite acceptable
refinement statistics, electron density for the C-terminal half of the molecule was
absent similar to the native structure. Very few water molecules were added manually
where Fo-Fc electron density at =3.0 o contour level and justified by hydrogen bonds

in the final stages of refinement.

2.28 Anomalous signal analysis:

To confirm the presence of heavy atoms at the EF hand motifs, the anomalous signal
was checked. Barium and lead atoms have £ about 9 electrons at Cu Ko wavelength
of 1.54 A, where as strontium has F” of 1.845 electrons at 1.2 A. The anomalous

signal was calculated using phenix.xtriage (Zwart et al., 2005) for all data sets.

2.29 Phasing with Anomalous signal:

The structure of EhCaBP1 was attempted to solve using SAD technique exploiting the
anomalous signal of barium ions and lead ions independently. Both the structures
were tried to solve using the AutoSol and AutoBuild protocol of PHENIX (Adams et
al., 2002) and to check the strength of phasing power for solving structure by

automated direct method using home X-ray source.
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3.1 Abstract

Calcium plays a pivotal role in the pathogenesis of amoebiasis, a major disease caused
by Entamoeba histolytica. Several EF-hand containing calcium-binding proteins
(CaBPs) have been identified from E. histolytica. Even though these proteins have
very high sequence similarity, they bind to different target proteins in a Ca®*
dependent manner, leading to different functional pathways (Bhattacharya et al.,
2006; Chakrabarty et al., 2004). The crystal structure of the Entamoeba histolytica
Calcium Binding Protein-1 (EhCaBP1) has been determined at 2.4 A resolution. The
crystals were grown using MPD as precipitant and they belong to P63 space group
with unit cell parameters of a = 95.25 A, b = 95.25 A, ¢ = 64.99 A (Materials and
Methods, Table 2.1, Section-2.17, Page no. 44). Only two out of the four expected
EF-hand motifs could be modelled into the electron density map. The presence of
three glycine residues in the central linker region connecting the two domains of the
protein imparts flexibility and is the major cause of the disorder of the C-terminal half
of the protein. The final model refined to R factor of 25.6% and Free R of 28.2%
(Materials and Methods, Table 2.1, Section-2.17, Page no. 44). Unlike CaM, the first
two EF-hand motifs in EhCaBP1 are connected by a long helix and form a dumbbell
shaped structure. Owing to domain swapping oligomerization, three EhCaBP1
molecules interact in a head-to-tail manner to form a triangular trimer. The mass
spectroscopic analysis of the EhCaBP1 crystals confirms the full-length protein
crystals. Also, the trimeric nature of the protein is further confirmed by gel
permeation and dynamic light scattering experiments .This trimeric arrangement
allows the EF-hand motif of one molecule to interact with that of an adjacent
molecule to form a two EF-hand domain similar to that seen in the N-terminal domain
of the NMR structure of CaBP1, calmodulin and troponin C. The oligomeric state of
EhCaBP1 results in reduced flexibility between domains and may be responsible for

the more limited set of targets recognized by EhCaBP1.
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3.2 Introduction

Entamoeba histolytica is the etiological agent for human amoebic colitis and liver
abscess and causes a high level of morbidity and mortality worldwide particularly in
the developing countries. Calcium is a ubiquitous intracellular signal responsible for
controlling numerous cellular processes in wide spectrum of organisms. Cells respond
to an extra-cellular stimulus by a transient change in intracellular Ca**- concentration,
which in turn is sensed by calcium binding proteins (Berridge et al., 2000). A number
of studies show that Ca®" and its binding proteins are centrally involved in amebic
pathogenesis (Ravdin et al., 1988). Pathogenesis involves penetration into human
tissues, attachment of E. histolytica to the host cells followed by their cytolysis and
phagocytosis. E. histolytica not only phagocytoses epithelial cells, but also red blood
cells (Tsutsumi et al., 1992), bacteria (Bracha et al., 1982) and cells from the immune
system (Ravdin et al., 1988). Motility and phagocytosis of the parasite require
dynamic cytoskeletal organization based on the activity of microfilaments and actin-
binding proteins (Voigt et al, 1999). Like eukaryotic cells, regulation of the
cytoskeleton in protozoans is triggered by calcium and calcium binding proteins that
are critical for the progression and completion of phagocytosis, growth and host-
parasite interaction (Camacho, 2003; Burleigh et al, 1998). In Histoplasma
capsulatum, CBP, a calcium binding protein aids the yeast’s survival when they are in
a low-calcium environment, such as the phagolysosomal compartment within
macrophages (Batanghari et al., 1998). Calmodulin (CaM) is a highly conserved Ca**
binding protein, which is ubiquitous and central in translating Ca®" levels into
physiological signals. CaM has been shown to be involved in regulation of cell
growth in Trypanosoma cruzi and deletion of the CaM gene slows the procyclic
parasite growth by about 50% (Eid et al., 1991). In Toxoplasma gondii, depletion of
calcium, addition of channel blockers and use of CaM inhibitors blocked the cell
invasion process. CaM was found to concentrate at the apical end of Toxoplasma and
may be involved in cytoskeletal rearrangements for cell entry (Pezzella ef al., 1997).
Centrin, a Ca**-dependent cytoskeletal protein is essential for overcoming the G2/M
check point, thus implicating calcium in Leishmania growth (Selvapandiyan et al.,
2001). Free calcium concentration is acutely elevated upon the engagement of

phagocytic receptors of human neutrophils (Stendahl et al., 1994). The calcium/CaM
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signal is known to be involved in vacuole fusion, trafficking and exocytosis (Peters et

al., 1998; Colombo et al., 1997).

Calcium activation events have been less studied in E. histolytica.
Fibronectin-mediated adhesion in E. histolytica can modify cytosolic calcium
concentration. This induces the formation of actin adhesion plates and focal contacts,
which is a link between calcium signaling and cytoskeletal structures (Carbajal et al.,
1996). Also it has been shown that protein kinase C relocates from the cytosol to the
membrane fraction in actively phagocytosing trophozoites (De Meester et al., 1990).
The ubiquitous calcium binding protein calmodulin has been shown biochemically to
be present in E. histolytica (Munoz et al., 1991). CaM has been implicated in many
functions, such as channel activation, electron dense granule release, cell proliferation
and pathogenic activity of E. histolytica (Ravdin et al., 1982; Makioka et al., 2001).
However, the mechanism of CaM action is not known, as the corresponding gene has
not yet been characterized. E. histolytica has an extensive signaling system unlike
many other protozoan parasites. The extent of the signaling network can be gauged by
the fact that this microorganism has a large repertoire of novel CaBPs and trans-
membrane kinases (Loftus et al., 2005; Bhattacharya et al., 2006) many of which
possess four EF-hand motifs similar to Calmodulin (CaM), although none of them
exhibit high sequence identity with CaM. CaMs are highly conserved; therefore it

appears that there is no CaM gene in the E. histolytica genome.

To elucidate the mechanisms of Ca®" signalling in E. histolytica, various
calcium-binding proteins have been cloned, expressed, and biochemically
characterized. (Chakrabarty et al, 2004; Prasad et al., 1993; Gopal et al., 1998;
Nickel et al., 2000; Sahoo ef al., 2004 ). One of the first identified four EF-hand
motif containing Ca®*-binding protein from E. histolytica (EhCaBP1) is a 14.7 kDa
(134 amino acid residues) protein, with no known homologue in the database (Prasad
et al., 1992). Though this protein has some structural similarity with CaM, it is
functionally quite distinct and binds to different set of proteins compared to CaM
(Yadava et al., 1997)

Inhibition of the expression of the EhCaBP1 gene by regulatable antisense
RNA expression results in loss of cell growth, suggesting that the gene is essential for

E. histolytica (Sahoo et al., 2003). Inducible expression of EhCaBP1 antisense RNA
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demonstrated its role in cellular proliferation (Sahoo et al., 2003). EhCaBP1 is
involved in dynamic changes of the actin cytoskeleton (Sahoo et al., 2004). EhCaBP1
directly interacts with F-actin and co-localize in phagocytic cups and in pseudopods
with no significant change in the kinetics of in vitro polymerization of actin,
indicating that EnCaBP1 does not affect filament treadmilling (Sahoo et al., 2004). In
addition, using atomic force microscopy; it was found that filaments of F- actin,
polymerized in presence of EnCaBP1, were thinner (Sahoo et al., 2004). These results
indicate that EhCaBP1 may be involved in dynamic membrane restructuring at the
time of cell pseudopod formation, phagocytosis and endocytosis, in a process
mediated by direct binding of EhCaBP1 to actin, affecting the bundling of actin
filaments (Sahoo, N. et al., 2004).

Confocal microscopic studies suggest the cytoplasmic localization of the
protein including pseudopods and beneath the plasma membrane (Sahoo, N. et al,
2004). The enrichment of EnCaBP1 on pseudopods suggests its association with areas
rich in actin cytoskeleton and its associated proteins. However, this enrichment
pattern was not seen over the portion of the membrane not undergoing any ruffle.
Therefore, it appears that the presence of actin in some of the areas underneath the
plasma membrane ensures recruitment of EhCaBP1 or vice versa. When amoebic
cells are incubated with RBCs, phagocytic cups can be seen prior to engulfment of the
RBCs. EhCaBP1 is observed to be present around the cup along with actin. It is
probable that EhCaBP1 is recruited early in the initiation of phagocytosis and is lost
after phagocytic vesicles are formed, although association of actin with the vesicles
continues. This suggests that EnCaBP1 may not play a direct role in actin filament
production but rather in the higher organization of these filaments (Sahoo et al.,
2004). A number of calcium binding proteins are known to exert influence on the
functioning of cytoskeleton. DAP-kinase, a calcium-regulated death-promoting kinase
is known to bind actin filaments. One of the substrates of DAPk was identified as
myosin light chain (MLC), the phosphorylation of which mediates membrane
blebbing (Shohat et al., 2002). The neuronal calcium sensors are a family of EF-hand-
containing Ca®"-binding proteins. Neurocalcin, a member of this family is an N-
myristoylated calcium-binding protein that directly interacts with actin in a calcium-
dependent manner (Mornet et al., 2001). There is a possibility that neurocalcin delta

may be involved in the control of clathrin-coated vesicle traffic (Ivings et al., 2002).
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CaM is known to participate in endocytosis and actin cytoskeleton organization (Geli
et al., 1998; Ohya et al., 1994). Regulation of cytoskeletal organization by CaM is
through modulation of PtdIns(4,5)P2 levels and subsequently phospholipase D
activity (Desrivieres et al., 2002). The cytoplasm of E. histolytica has numerous
granules. Calcium binding proteins have been identified in these granules that may
have important role in granule discharge during cell killing (Nickel et al., 2000).
Therefore it is probable that EnCaBP1 modulates actin-mediated processes through
the participation of other proteins in a complex network. It is also possible that
EhCaBP1 may be able to pull the membrane-attached actin filaments away from the
membrane or denucleate these into shorter filaments, thereby allowing ingestion of
RBC as phagosomes, similar to some of the actin depolymerization factors, such as

ADF/cofilins.

EhCaBP1 shares 29% sequence identity with the ubiquitous CaBP,
Calmodulin (CaM). However, this protein is functionally distinct from CaM (Yadava
et al., 1997). EnCaBP1 is an essential protein, as down regulation of its expression
blocks proliferation of the parasite (Sahoo et al., 2003). A phagocytosis deficient E.
histolytica mutant, L6, showed reduced expression of EhCaBP1, further confirming
its involvement in phagocytosis (Hirata et al., 2007). Detailed analysis showed the
involvement of EhCaBP1 in different forms of endocytosis, such as pinocytosis and
erythrophagocytosis (Sahoo et al., 2004). EhCaBP1 is likely to participate in the
initiation step of endocytosis as it associated transiently with phagocytic cups and was
not found in phagosomes (Jain et al., 2008). Interestingly, the recruitment of
EhCaBP1 to the phagocytic cups was not dependent on its ability to bind calcium.
The mechanism by which EhCaBP1 is recruited to the phagocytic cups is not yet
clear, although its ability to bind both F- and G- actin directly has been demonstrated
(Sahoo et al., 2004).

The three dimensional structure of EhCaBP1 was determined using
multidimensional nuclear magnetic resonance (NMR) spectroscopic techniques in the
Ca®" bound form (Atreya et al., 2001) and a recent preliminary crystallographic
analysis of another calcium binding protein (EnCaBP2) was reported from our group
(Gourinath et al, 2004). Despite low sequence identity between EhCaBP1 and
calmodulin (CaM), the NMR structure of EhCaBP1 indicated structural similarity to
CaM and troponin C (TnC). Structural studies show that CaM molecule has two lobes
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separated by eight turn central helix, each lobe consisting of two EF-hand motifs
(Babu et al., 1985; Wilson et al., 2000). Ca** binding induces an opening of each lobe
and exposure of hydrophobic pockets, which are the target binding sites. Additionally,
CaM also undergoes a large structural transition upon binding to targets, by bringing
both EF-hand domains into close proximity and collapsing around an amphiphilic o-
helix in the target. Melting or unwinding of central helix allows this large
conformational rearrangement of lobes, and extensive protein flexibility accounts for
the ability to interact with various targets in a sequence dependent manner (Meadow

et al.,, 1993; Hoeflich et al., 2002).

Ca’*-binding loop position

P n Sites X Y z Y X 2
t 2 ) 4 5 & 7 & 9 1@ 11 12
I b vV N G P G A V 8 Y E E
f P A P G N G E 1 D Q N E
EhCaBpP1
m np v B G B € K L T K E E
v D A N G P G Y I T L E E
i D K b G p G E V § F E E
I o K p ¢ ¥ 6 T I T T K E
Calmodulin
m » K P ¢ N G Y 1 8 A A E
w »p ¢t P G D G E ¥V N Y E E
I p A » 6 ¢ ¢ D ! 8 T K E
n »p E Pp ¢ 8 6T I D F E E
TroponinC
m D K N A N G F P D I E
v p K N N N G R I D F D E

Scheme 1. EF-hand motif sequence alignment from EhCaBP1, Calmodulin and
Troponin C. The calcium-binding loop positions has been indicated according to

their consensus sequence.

The previous biochemical studies have clearly shown that the calcium binding
affinity of the EF3 and EF4 are much higher than that of the EF1 and EF2 (Gopal et
al, 1997). This strongly indicates that only EF1 and EF2 are affected by the Ca**

concentration fluctuations around it and C-terminal domain (EF3 and EF4) should be
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rigid and may not be influenced by Ca®" concentration changes. An analysis of the
EhCaBP1 primary sequence reveals the presence of four Ca** -binding sites, similar to
those observed in other EF-hand CaBPs (Strynadka ef al., 1989; Nelson et al., 1998).
The specific sites labelled as X,Y, Z, -Y, -X, -Z in Scheme 1, refer to 1%, 3 5t gt
9™ and 12™ positions, respectively in the calcium binding loops of the protein, which
coordinate to Ca®" in a pentagonal bipyramidal geometry (Strynadka ez al., 1989).
Extensive analyses of molecular databases including human genome show that
EhCaBP1 has a limited overall sequence similarity with known CaBPs. The
maximum identity at the amino acid level is 29% with calmodulins. In general, CaM
belongs to a highly conserved protein family showing more than 65% sequence
identity among members, irrespective of fhe species. Similarity in the protein
sequences of EhCaBP and CaM is restricted mainly to EF-hand Ca®*-binding loops
with a negligible similarity in the functional central linker region.
To understand its flexibility and differential target recognition the structure of
EhCaBP1 was determined by X-ray crystallography at 2.4 A resolution.

3.3 Results and Discussion

3.3.1 EhCaBP1 purification and crystallization

The protein was over-expressed and purified using ion-exchange chromatogréphy as
(Materials and Methods, Section No. 2.8.1, Page No. 38). The purity of protein was
analysed on 12% SDS-PAGE gel (Fig.3.1). The band observed was corresponding to
the size of full-length EhCaBP1 protein (i.e., 14.7 kDa). The purified protein was
concentrated using centricon and was used for crystallization trials. Hanging drop
method was used for crystallization and the crystals were obtained at 16°C using

MPD as a precipitant.
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116.0 kDa
66.2 kDa

45.0 kDa
35.0kDa
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14.4 kDa EhCaBP1

Figure-3.1 Over-expression and purification of full-length EhCaBPI1. SDS-PAGE
(12%) analysis of the purification of EhCaBP1. A total of 10 ul of the protein marker
and 5 ul of the purified and concentrated EhCaBP1 protein was loaded in the
respective lane. The gel was stained with coomassie blue. The mobility of molecular-

weight markers were as indicated. PM indicates the Protein Marker.

The crystals of EhCaBP1 were obtained in MPD and were hexagonal in shape
(Fig.3.2) (Materials and Methods, Section No. 2.15, Page No. 43).

Figure-3.2. Hexagonal crystals of EhCaBP1l.
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The initial molecular replacement model for EhCaBP1 was the CaM N-terminal
domain, where two EF-hand motifs are connected by a short loop and form a lobe.
Further model building and refinement of EnCaBP1 reveals that these two interacting

EF-hand motifs belong to two molecules related by crystallographic symmetry.

3.3.2 Overall crystal structure of EhCaBP1

The final model reveals that the two EF-hand motifs in EnCaBP1 are connected by a
straight helix (Fig.3.3), separating the two EF-hands by 44 A and forming a dumbbell
shaped structure, which is different from any known CaM-like proteins. The two EF-
hand motifs belong to the N-terminal half of EhCaBP1, and each of them is bound to
a calcium ion. The calcium coordination in both EF-hand motifs is very similar to that
of CaM, with six ligands coming from protein and one ligand from water. The C-
terminal half of the molecule, which has two more EF-hand motifs and is connected
by a linker to the N-terminal part of the molecule, could not be modelled because the
electron density for this region of the protein was absent. The connecting linker has
three glycines and these may be responsible for the disorder in this region (Fig.3.3).
Extensive flexibility and disorder of the C-terminal domain was observed in the NMR
structure of EhCaBP1, although both structures differ in the relative arrangement of
EF-hand motifs. The large- scale domain disorder observed for EhCaBP1 is not
unique and several structures have been reported in the literature, including the CaM-
Pb** complex structure (Wilson et al., 2000) that contain flexible and large domains
(up to 55% of the molecule) which are missing in the final structures (Van Raaij et al.,
2001; Thomassen et al., 2003). The final model of the EhnCaBP1 molecule contains 66
out of 134 residues, two tightly bound calcium atoms, two acetate molecules, and 15
water molecules. In EhCaBP1, two EF-hand motifs are connected by a long helix. In
contrast, the corresponding EF motifs in CaM are connected by a short loop, thus
bringing these two EF-hand motifs into close proximity and forming a two EF-hand

domain.
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Figure-3.3 Crystal structure of Calcium binding protein 1 from E. histolytica
(EhCaBP1). A) Schematic representation of CaBP1, showing calcium binding loops
(CaBL) with residue numbers (CaBL1 in blue and CaBL?2 in red). The central linker
region of the protein is displayed in orange, which has three glycines imparting
[flexibility to the molecule. (B) Structure of N-terminal half of the CaBP1 traced in the
crystal structure is displayed as a ribbon diagram generated by PyMOL, (DeLano,
2000) calcium’s (grey) are shown as spheres in two EF-hand motifs. Two EF-hand
motifs are connected by straight helix (green). (C) Connecting helix between two EF-
hand motifs is well defined. Part of the helix is shown with 2Fo-Fc electron density

map at 2o.
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3.3.3 Sequence comparison of EnCaBP1

Sequence comparison of EhCaBP1 with other Ca’’-binding proteins of known
structure indicates the probable explanation for this structural variation. In CaM and
the essential light chains (ELC) of the myosin light chain family, the region between
EF1 and EF2 contains

R R, CaBL1
Calmodulin  ---MADQLTE EQIAEFKEAF SLFDKDG--D GTITTKELGT VMRSLGQNPT EAELQDMINE 55
Skeletal ELC ----- MSFSA DQIAEFKEAF LLFDRTG--E CKITLSQVGD VLRALGTNPT NAEVKKVLGN 53
Smooth ELC  ----MCDFTE DQTAEFKEAF QLFDRTG--D GKILYSQCGD VMRALGQNPT NAEVLKVLGN 54
Scallop ELC ----MPKLSQ DEIDDLKDVF ELFDFWDGRD GAVDAFKLGD VCRCLGINPR NEDVFAVGG- 55
Cdedp = —mmmm—mmm S TDDSPYKQAF SLFDRHG--T GRIPKTSIGD LLRACGQNPT ---LAEITEI 46
Mlclp = ———————m- M SATRANKDIF TLFDKKG--Q GAIAKDSLGD YLRAIGYNPT NQLVQDIINA 49
Troponin-C  MSSVDEDLTP EQIAVLQKAF NSFDHQK--T GSIPTEMVAD ILRLMGQPFD KKILEELIEE 58
EhCaBP1 =  ———--mmmmm —mm- MAEALF KEIDVNG--D GAVSYEEVKA FVSKKRAIKN EOLLOLIFKS 44

RGP RANNINNNN
A CaBL2

Calmodulin  VDADDLPGNG TIDFPEF--- LTMMAR-- 78
Skeletal ELC PSNEEMN-AK KIEFEQF--- LPMLQAIS 77
Smooth ELC  PKSDEMN-VK VLDFEHF--- LPMLQTVA 78
Scallop ELC  --THKNG-EK SLPFEEF--- LPAYEGLM 77 LINKER REGION—C-terminal DOMAIN
Cdcdp ESTLP----A EVDMEQF--- LQVLNRPN 67
Mlcip DSSLRD--AS SLTLDQITGL IEVNEKEL 75
Troponin-C  VDEDKSG--- RLEFGEF--V QLAAKFIV 81
EhCaBP1 IDADGNG--- EIDQNEF--- AKFYGSIQ 66

Figure-3.4 Sequence homology of N-terminal half of EhCaBPIl with CaM and
other homologous essential light chains (ELC) indicating secondary structures. Gly
and Pro (indicated in bold) are conserved in between calcium binding loopl (CaBL1)
and calcium binding loop2 (CaBL2) in CaM, ELC'’s and troponin C. These residues
are changed to Arg and Lys in EhCaBP1.

conserved Gly and Pro residues (Fig.3.4) that induce a bend in this region. These
residues, which are helix breakers, are replaced by Arg and Lys in EhCaBP1, thereby
causing the stabilization and straightening of the helix. This provides the probable
explanation for the differences in the arrangement of EF-hand motifs in EhCaBP1 and

CaM.
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3.3.4 Solvent content

EhCaBP1 consists of 134 amino acids and was crystallized in pg3 symmetry with two
molecules in one asymmetric unit. With this molecular content, the unit cell has a
solvent content of 57.2% and Vm of 2.9. If the molecule crystallized was only 66
residues long, as observed in the crystal structure, the unit cell would have 78.2%
solvent content and a Vm of 5.7, which is unlikely given the typical solvent content of
protein crystals (Kantardjieftf ez al., 2003; Matthews, 1968) Even though there are
few structures reported in the literature with more than 80% solvent content, the
probability of crystallizing with such a high solvent content is low. To confirm that
the crystals contain the full EnCaBP1 molecule, the crystals were washed with mother
liquor, dissolved, and the molecular weight was determined using SDS-PAGE and
MALDI mass spectrometry (Fig.3.6). The solvent content and the supporting
biochemical data confirm that the crystals contain full-length EhCaBP1with 134
amino acids, only 66 residues of which are traceable in electron density maps. The
refinement statistics are also within the average values of structures at this resolution,
(Kleywegt et al., 1996) suggesting that the disordered residues do not contribute
significantly to the diffraction data.

3.3.5 Calcium Binding loops of EnCaBP1

The nature of the co-ordination geometry of the calcium ion in EF-hand motifs are
pentagonal bipyramidal. In each of the EF-hand motifs, one water molecule is also
taking part in the interaction. The calcium ligands in EF-hand 1 motif are D10, D14,
N12, A16 and E21 and the calcium ligands for EF-2 hand motif are D46, D48, N50,
E52 and ES57 respectively. The co-ordination distances have been shown for all the
interacting partners (Fig.3.5). The average co-ordination distance for Ca®’- ligand
interaction in EF-hand 1 and EF-hand 2 motifs are 2.64 A and 2.60 A, respectively.
The amino-acid side chains have been represented as sticks and calcium ion and water

molecule as green and red sphere, respectively.
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Figure-3.5 Calcium coordination in EF-hand motifs of EhCaBPIl. The calcium

coordination of the EF-hand 1 and EF-hand 2 motifs are shown with co-ordination
distances. The calcium ion is interacting with seven oxygen ligands. In both the EF-
hand motifs, one water molecule is also taking part to satisfy the coordination
geometry. The calcium ion and the water molecule are represented by green and red

spheres, respectively.

3.3.6 Mass spectrometry of EhCaBP1 crystals

To confirm whether the protein molecule has not been cleaved from the flexible
central linker region, the intact mass analysis of the EhCaBP1 crystals was done using
mass spectroscopy. The MALDI-TOF results of the EhCaBP1 crystals have clearly
shown the peak at 14840 Dalton which correspondence to the molecular weight of the
full length protein with bound calcium ions. This result further confirmed that the
crystal was of the full length protein (Materials and Methods, Section- 2.16., Page No.
43)
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Figure-3.6 Mass Spectroscopy of EhCaBPl crystal. Peak at 14840 Dalton
corresponds to the molecular wt. of full length protein bound with four calcium ions.

This confirms that the protein was intact after crystallization.

3.3.7 Symmetry interactions in domain swapped trimeric form of EhnCaBP1

The N-terminal half of EnCaBP1 makes extensive contacts with symmetry-related
molecules in the crystal. The unit cell contains six molecules that are positioned in
such a way that the C-terminal region is pointing towards a void near the center of the
cell [Fig.3.7 (A)] that resembles the N-terminal domain of CaM, TnC, and NMR
structure of the same protein [Fig.3.7 (C)]. The EF1 motif of one molecule makes
extensive hydrophobic and couple of hydrogen bond contacts with the EF2 motif of
the symmetry-related molecule, thereby forming a domain. Three molecules of
EhCaBP1 interact in a head-to-tail manner in the crystal to compose a triangular
trimer [Fig.3.7 (B)]. The EF-hand motifs from three molecules interact at the three

corners of the triangle to form domains containing two EF-hands.
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A) B)

Figure-3.7 Symmetry interactions and domain formation. (4) The arrangement of
six molecules of EhCaBP1 in the unit cell. (B) Interaction between three symmetry
related molecules. Three molecules (in blue, purple and gold) are shown interacting
with each other in head to tail manner. EF1 hand motif of one molecule makes
extensive interactions with EF2 hand motif of symmetry related molecule to form a
lobe/domain. (C) Magnified view of the assembled domain displaying the extensive
interactions that stabilize the domain formation. The hydrophobic pocket formed at

the interface of two molecules can also be seen.
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3.3.8 Trimeric nature of EhCaBP1

To verify that the trimer formation and three domain arrangement is not an artefact of
the crystal lattice, the multimeric form of the EnCaBP1 was confirmed using both size

exclusion chromatography and DLS (Dynamic Light Scattering) experiments.

3.3.8.1 Size exclusion chromatography

The multimeric form of this protein was further confirmed at physiological salt
concentration of 150 mM NaCl by gel filtration. The peak of EhCaBP1 on
SephadexG-75 was eluted at the 63.8mL volume corresponding to 34 kDa, (Fig.3.8)

which corresponds to the molecular weight in between dimer and trimer.
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Figure-3.8 Size exclusion chromatography of EhCaBPl. The protein was passed
through a Sephadex G-75, 16/60 column and 1 mL fractions were collected in each
tube. The elution volume as well as the elution pattern of the protein is shown. The
elution pattern of the gel filtration standards is marked in the inset as followed:
bovine serum albumin (66 kDa), ovalbumin (45 kDa), chymotrypsinogen (25.6 kDa)
and lysozyme (14.3 kDa). Molecular masses of the standards were plotted in
logarithmic scale against the elution volume. Molecular mass of the eluted form of

EhCaBP1 was deduced from the plot.
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3.3.8.2 Dynamic Light Scattering

The molecular mass of EhCaBP1 obtained from DLS data was 44.2 kDa consistent
with trimeric form of EnCaBP1 in Tris buffer (pH 7.5), 5 mM CaCl, containing 150
mM NaCl and 300 mM NacCl.

A) B}
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0lrem  tomm 300w “i0um  100mm  tmem 00 o 100wn 1um “Youm  100am  Amem
EhCaBP1in 150mMNaCl+ 10mMCaCl, EhCaBP1in 300mMNaCl + 10mM CaCl,
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00 10w 1000 fum . iuem 100 0 onm t00Rm T tOmE 100w
EhCaBP1in50mM Tris {(pH 6.0 )+ 30mM EhCaBP1in50mM Tris (pH. 7.5),
CacCl, 10mM CaCl, + 20% ethanol

Figure-3.9 Dynamic Light Scattering experiment of EhCaBPl in various
conditions. A) At physiological condition, a peak of radius 3.09 nm is obtained which
corresponds to the trimeric form of the protein. B) The addition of excess of salt (300
mM NaCl) maintained the the trimeric form of protein C) The NMR experimental
conditions has shown the monomeric form of the protein with a peak at 1.61 nM. D)
The presence of 20% EtOH in the buffer resulted in the dissociation of the trimer form
of the protein to its monomer with the peak at 1.81 nM.

While in low ionic strength buffer like Tris buffer pH 6.0, 30 mM CaCl, (NMR
experimental condition) (Atreya et al., 2001) or in the presence of 20% ethanol it

exhibited a molecular mass of 14.1 kDa indicating the monomeric form of the protein.
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3.3.9 Hydrophobic Core

The trimeric oligomerization of EhCaBP1 consequence of one EF1 motif of one
molecule interact with the EF2 motif of another molecule to form a domain, which is
similar to N-terminal or C-terminal domain of CaM. These two EF-hand domains
form a hydrophobic core similar to the hydrophobic regions that are present in each of
the two domains of CaM. In CaM, these hydrophobic regions are the primary binding
surfaces for CaM targets. L4, F5, I8, V16, Y18, and V21 from EF1 were in close
proximity to F57, 152, F41, and L37 from the EF2 of a symmetry-related molecule
and form a hydrophobic core [Fig.3.7(C)]. V16 of EF1 and 152 of EF2 interact
through backbone hydrogen bonds in such a way that they form an anti-parallel b-
sheet. E34 of EF2 also forms a salt bridge with K22 and a hydrogen bond with Y18 of
EF1. Overall, the two EF-hand motifs from two molecules of EhCaBP1 interact
extensively and form a distinct domain that is reminiscent of the two domains of CaM

and may be involved in target binding by EhCaBP1.

3.3.10 Comparison with calmodulin, Troponin C, and NMR structure

The individual EF-hand motifs of EhCaBP1 show a high structural similarity with
their counterparts in CaM, TnC, and NMR structure of EhCaBP1. EhCaBP1 EF
motifs are most similar to the EF-hands in CaM and least similar with the EF-hand

motifs in the NMR structure of EhCaBP1 (Table 3.1).

The comparison of interhelical angles indicate that both the NMR structure and
crystal structure of EhCaBP1 have a less open hydrophobic pocket as compared to the
Ca *"-bound CaM and TnC structures. The NMR structure of EhCaBP1, although, has
a relatively less open hydrophobic pocket than the crystal structure (Table 3.1B).
Notably, the overall arrangement of these EF-hands is completely different in the
crystal structure of EnCaBP1 compared with all these structures. The NMR structure
of EhCaBP1 is similar to the CaM structure, in that it has two globular domains
connected by a flexible linker helix, and each globular domain comprises of two
adjacent EF-hand motifs. Unlike CaM, the flexible linker does not form a helix in the
NMR structure of EnCaBP1 but instead it is so flexible that the relative positions of
the globular domains are ill defined (Atreya et al., 2001). In the crystal structure of
EhCaBP1 reported here, the C-terminal region, which corresponds to 50% of the
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molecule, is not visible in the electron density map. Moreover, the N-terminal half of
EhCaBP1 forms a dumbbell shaped structure with the EF1 and EF2 motifs separated
by an eight turn helix.

A) RMSD of individual EF-hand motifs and Assembled domain

Molecule EF1 (A) EF2 {A) Assembled domain
NMR {1JFK) 119 167 1.76 (42)
CaM {1CLL} 046 (.78 1.15 {50}
TnC {1TNX) 083 134 1.14 {36}

B) Comparison of Inter-helical Angles of EF-hand motifs

Molecule structure | and Il il and IV il and 1l | and IV
Present structure 97 106 129° 124°
NMR (1JFK) 117 122 133 117
CaM {iCLL} 87 86 112 107
TnC (1ITNX) g2 76 117 116

Table 3.1 Comparison of the present crystal structure with N-terminal domain ‘of
NMR structure, CaM, and TnC. Coe RMS deviations for independent EF-hand motifs
and with assembled domain are listed in the table. Inter helical angles (in degrees)
were calculated using the algorithm of Kuboniwa et al., 1995 as implemented in the
program ‘“‘interhlx’’ by K. Yap. Angles are stated as ‘‘pening angle’’ onto the
hydrophobic pocket, higher angle represents less open hydrophobic pocket. The angle
between II, III, and I, IV are calculated in the assembled domain of EhCaBP1I crystal

Structure.

In contrast, CaM and other structurally related EF-hand proteins have these motifs
closer, connected by a short loop to form a domain. However, the trimeric assembly
of EhCaBP1 brings EF1 from one molecule and EF2 from another into close
proximity in a domain-swapped manner to form a domain that is similar to the CaM

N-terminal domain [Fig.3.10 (B)].
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Figure-3.10 A superposition of CaM on trimer of EhCaBPl that reveals the
similarity of the assembled domain to CaM N-terminal domain. (A) The CaM N-
terminal domain (red) was superposed (by least square fit) on assembled domain of
EF1 of one molecule (light blue) and EF2 of neighbouring molecule (purple)
highlights the domain similarity. The distance between N-terminal and C-terminal
domains in CaM is approximately equal to the distance between the two assembled
domains of EnCaBP1 trimer. But the linker helix in CaM bends about 158 and thus C-
terminal domain of CaM do not overlap with the next assembled domain. (B).
Magnified view of CaM N-terminal domain (red) superposed on assembled domain of
EhCaBP1 trimer (EF1 in blue, EF2 in purple).

The assembled domain has RMSD of 1.15 A (50 residues) with the N-terminal
domain of CaM, 1.14 A (36 residues) with the N-terminal domain of TnC and 1.76 A
(42 residues) with the N-terminal domain of NMR structure of EhCaBP1 (Table
3.1A).

The assembled domain closely resembles the N-terminal domain of CaM in its
overall structure and hydrophobic core, suggesting that this domain may be

interacting with other cellular targets at hydrophobic residues in a fashion that is
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comparable to the CaM N-terminal domain. The different target binding specificities
between CaM and EhCaBP1 may be due to the differences in their respective EF-
hand linker regions. In CaM, the linker between C-terminal domain and N-terminal
domain is highly flexible and can accommodate structurally diverse target regions
which have hydrophobic residues separated by 10, 14, or 16 residues (Hoeflich et al.,
2002). In contrast, the trimeric quaternary arrangement of EhCaBP1, places severe
constraints on the mobility and flexibility of these EF-hand domains and may
therefore limit the range of targets that EnCaBP1 can bind. The distance between the
assembled domains in the trimer and the two domains in the CaM is almost the same.
The two assembled domains in trimer are separated by about 44 A (distance between
two calcium atoms in EF-hand motifs) whereas the two domains in CaM extended
structure are 43 A apart. Inspite of this, interestingly when the assembled domain was
superposed with the CaM N-terminal domain, the C-terminal domain of CaM deviates
from the next assembled domain, because of the 158° bend in the central helix of CaM
[Fig.3.10 (A)], whereas in EhCaBP1 trimer the helices connecting the domains are
straight.

3.4 Conclusion

In summary, the 2.4 A resolution crystal structure displays an unusual molecular
organization and EF-hand domain formation in EhCaBP1. We have found that
EhCaBP1 exists as trimer both in solution and in the crystal, where three molecules
interact with each other in head-to-tail manner. Three molecules of EhCaBP1 N-
terminal domains participate in domain swapping to form trimers led by couple of
critical residues difference in between EF1 and EF2 motifs in comparison to CaM and
ELC’s (Fig.3.4). This further confirms the previous observations that one or a few
critical amino acid replacements can lead to 3D domain-swapping (Rousseau F, et al.,
2003). Similar kind of domain swapping phenomenon was also observed in apo-CaM
structure, where CaM forms dimer (Schumacher et al., 2004) but the domain
swapping has never been seen before in any calcium bound CaM or CaM related

proteins.
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A

Figure-3.11 Model of EhCaBPI crystal structure. The N-terminal domain forms a

domain-swapped trimer where EF-1 of one molecule interacts with EF-2 of the
symmetry-related molecule in a head-to-tail manner. The circle represents the C-
terminal domain, which was not traced in the crystal structure, is supposed to be a
globular domain containing EF-3 and EF-4 motifs. The connection of the flexible

central linker has not been shown.

Variations in the buffer conditions like salt concentration and presence of a polar
solvent seems to influence the molecular state (monomeric/trimeric) of EhCaBP1.
DLS experiments clearly show that at around physiological conditions (150 mM NacCl

and pH 7.5) this protein exists in trimeric form.

Thus it clearly shows that the trimeric state observed in the crystal structure, is
the most probable functional and natural state of the protein compared with the

monomeric form found in the NMR structure. In the trimeric form hydrophobic
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pockets that may be involved in target binding are formed at the interface of two
molecules. The hydrophobic pockets in EnCaBP1 are very similar to the ones seen in
CaM and the distance between them in trimer of EhCaBP1 is almost equal to the
distance between the hydrophobic pockets in the CaM extended structure. The
functional difference between EhCaBP1 and CaM can be explained by the difference
in the flexibility of the helix that connects the EF-hand domains. In EhCaBP1, three
domains are connected by three helices, and these helices are constrained in triangular
arrangement by oligomerization. In CaM, the two EF-hand domains are connected by
a flexible linker helix that permits greater conformational flexibility and is largely
responsible for CaM’s ability to bind to a large array of targets. Taken together, these
crystallographic and biochemical results expand the range of structural diversity
observed for the EF-hand family and suggest that oligomerization of EhCaBP1 is both
essential for target binding and may restrict the structural diversity of the target
proteins to which EhCaBP1 can bind. These results represent fundamental advances
in our understanding of EF-hand comprising proteins and their structure-function
relationship. This opens up a new area to better undérstand the possibility of
unconventional EF-hand motif arrangement in CaM like proteins and its functional

implications.
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Crystal structure of EhCaBPl in complex with
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4.1 Abstract

The crystal structure of EhCaBP1 shows only the N-terminal domain whereas the C-
terminal domain has not been traced due to the presence of flexible linker region
connecting the two domains. Unlike the structure of CaM, the arrangement of EF-
hand motifs of the N-terminal domain is unusual where the EF-hand 1 of one
molecule interacts with EF-hand 2 of the symmetry related molecule in a domain
swapped manner. The assembled-domain closely resembles the N-terminal domain of
CaM in its overall structure and hydrophobic core, suggesting that this domain may be
interacting with other cellular targets at hydrophobic residues in a fashion that is
comparable to the CaM N-terminal domain. The trimeric quaternary arrangement of
EhCaBP1 places severe constraints on the mobility and flexibility of these EF-hand
domains and may therefore limit the range of targets that EhCaBP1 can bind. The
functional studies of independent domains clearly show that N-terminal domain is the
functional domain of EhCaBP1 in activating kinase and localization in phagocytic cup
(Jain et al., 2009). To understand the mode of target binding, EhCaBP1 was co-
crystallized with Phenylalanine and the structural studies show that the Phe binds to
the hydrophobic pocket of the assembled-domain. The crystal structure of the
EhCaBP1-phenylalanine complex has been determined at 2.8 A resolution. The
crystals were grown using MPD as precipitant and they belong to P63 space group
with unit cell parameters of a = 95.201 A, b = 95.201 A, ¢ = 64.287 A. The final
model refined to R_factor of 25.6% and Free R of 28% (Materials and Methods,
Table 2.2, Section-2.20, Page No. 47). The Phe-bound assembled-domain was
superimposed on the N-terminal domain of CaM, bound to hydrophobic 1Q motif of
cardiac Ca”* channel. Both structures superimposed very well with an RMS deviation
of 1.23 A. The hydrophobic residue Phe of the peptide (bound to CaM N-terminal
domain) and Phe bound to EhCaBP1 assembled-domain are located at the similar

regions.
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4.2 Introduction

Crystal structure of EhCaBP1 showed an unusual arrangement of the domains of
EhCaBP1 (Kumar, S., et al., 2007). The N-terminal domains of three molecules of
EhCaBP1 interact in a head to tail manner to form a domain-swapped trimer. In the
trimeric form, hydrophobic pockets are formed at each interface, and inter-pocket
distance is almost equal to the distance between the hydrophobic pockets in the
extended structure of CaM. The region connecting EF hands I and II was found to be
less flexible with extended conformation. On the other hand, the three glycine
residues (G63, G67 and G76) present in the central linker region makes it more
flexible as compared to CaM. Due to the flexibility of the central linker region, the C-

terminal domain structure could not be traced.

The N-terminal domain of EhCaBPl1 undergoes a major conformational
change upon binding to calcium, similar to the full length protein (Jain R., et al.,
2009). EhCaBP1 is known to activate endogenous kinase(s) in a Ca”* dependent
manner (Yadava et al, 1997). The endogenous kinase activation and the
erythrophagocytic studies show that the N-terminal domain behaves like a full-length
protein (Jain et al., 2009). Further, the fluorescence microscopic studies show the
presence of the N-terminal protein at the phagocytic cup and its complete co-
localization with F-actin (Jain et al., 2009). These studies clearly indicate that N-
terminal domain is the functional domain of EhCaBP1 which performs most of the

functions of the full-length protein.

4.2.1 Calmodulin: Target recognition and activation mechanism

CaM interacts with target proteins in a Ca?*-dependent manner (Klee, 1988; Crivici et
al., 1995) that translates the second messenger calcium into a variety of cellular
responses. Calcium binding to CaM exposes hydrophobic clefts in each of the CaM
lobes that interact with downstream targets (Crivici et al., 1995). This small 17-kDa
acidic protein belongs to a family of homologous calcium-binding proteins that bind
Ca®* through the EF-hand motif (e.g., parvalbumin (Krietsinger et al., 1973) or
troponin C (Herzberg et al., 1988)). Calmodulin (CaM) is a highly conserved Ca®"
binding protein, which is ubiquitous and central in translating Ca®* levels into

physiological signals. The crystal structures of Ca>* bound CaM show that this protein
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contains two similar domain structures linked by an extended o~helix (Babu et al.,
1985; Babu et al., 1988; Taylor et al., 1991; Chattopadhayaya et al., 1992; Rao et al.,
1993; Wilson et al., 2000;), each domain containing two helix-loop-helix EF-hand
Ca’" binding motifs. The incorporation of Ca®" into CaM is essential and leads to a
major conformational change which includes the opening of a hydrophobic cavity in
each globular domain necessary for target protein recognition (Zhang et al., 1995).
Various modes of target peptide recognition have been thoroughly studied especially
by X-ray crystallography (Ikura et al., 1992; Meador et al., 1992; Osawa et al., 1999;
Elshorst et al., 1999; Schumacher et al., 2001; Han et al., 2000). A compact, calcium-
free, apo form of CaM is converted to an extended dumbbell-shaped form on binding
Ca®" (Zhang et al., 1995). This extended conformation consists of two structurally
similar domains separated by a flexible 28-residue helix. Each domain has two EF-
hand motifs with bound Ca**. The calcium- induced extension of CaM exposes two
hydrophobic pockets, one per domain, which represent the binding sites for target
proteins. Each hydrophobic pocket in the N- and C-lobes of CaM grabs well-
conserved bulky hydrophobic residues separated by a specific number of residues (10,
14 or 16) on the target peptide. On binding to the target, the central CaM helix
unwinds, and the two hydrophobic pockets wrap around the o-helix of the protein
target. Various target sequences are classified according to this spacing (Rhoads ez al.,

1997; Yap et al., 2000).

The two EF hand motifs belonging to N-terminal domain of EhCaBP1 are
separated by long helix. In contrast, the corresponding EF motifs in CaM are
connected by a short loop, thus bringing these two EF hand motifs into close
proximity and forming a two EF-hand domain. The N-terminal domain of three
molecules of EhCaBP1 participates in domain swapping to form trimers (Chapter-I,
Fig.3.7 (B), Section-3.3.7) (Kumar et al., 2007). This allows the EF1-hand motif of
one molecule to interact with EF2-hand motif of an adjacent molecule to form a two
EF-hand domain. This assembled-domain is similar to that of the two EF hand
domains of CaM and TnC. This is essentially facilitated by a couple of critical
residues in the linker that separate EF1 and EF2 motifs in comparison to CaM and
ELC’s (Kumar et al., 2007). CaM and CaM-like proteins bind to their targets by

anchoring hydrophobic residue of the target. Two EF hand motifs of each domain of
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CaM bind to one hydrophobic residue of the target. To understand the target binding
mode, EhCaBP1 was co-crystallized with Phenylalanine (Phe).

4.3 Results and Discussion
4.3.1 Structural analysis of EhCaBP1- Phenylalanine complex

Crystal structure of EnCaBP1 with Phe showed that the hydrophobic pocket formed at
the interface between EF1 and EF2 in the assembled-domain is bound to Phe [Fig.4.1
(B)] with good electron density [Fig.1 (C)]. The Phe forms several hydrophobic
interactions with I8, F 24, V21 and V25 residues of EF hand motif 1 of one molecule
and Y61, F60, F57, 140 and L 37 residues of EF hand motif 2 of another molecule
(Fig.4.1 (C)]. The Phe-bound assembled-domain was superimposed on the N-terminal
domain of CaM, bound to hydrophobic IQ motif of cardiac Ca’" channel (Fallon ez
al., 2005) [(Fig. 4.1 (D)]. Both structures superimposed very well with an RMS
deviation of 1.23 A. The hydrophobic residue Phe of the peptide (bound to CaM N-
terminal domain) and Phe bound to EhCaBP1 assembled-domain are located at
similar regions. Both ligands were bound at their respective hydrophobic pockets of
the target protein. The distance between the two assembled-domains is approximately
the same as the N and C-terminal domains of CaM, but the assembled-doméin cannot
change its structure after binding to target. This rigidity in the trimeric structure may

be responsible for differential recognition of the targets.
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Figure-4.1 Structural characterization of EhCaBPl bound to Phenylalanine
molecule. (A) Structure of trimeric EhCaBP1 showing the phenylalanine molecule
bound in the hydrophobic pocket formed by the assembled-domain. Three molecules
interact with each other by head-tail manner forming an assembled-domain at the
interface. (B) Close view of assembled-domain showing phenylalanine in the
hydrophobic pocket surrounded by several hydrophobic residues. (C) 2Fo-Fc electron
density map of phenylalanine at 20 level. (D) The N-terminal domain of CaM-peptide
complex is superposed on the assembled-domain of EhCaBPl-phenylalanine
complex. The hydrophobic hankering residue of the peptide in CaM-peptide complex
is bound to similar location as Phe in the assemble-domain of EF1 of one molecule

(hot pink) and EF?2 of neighbouring molecule (deep teal).
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The binding affinity of EF hand motifs of EhCaBP1 (Gopal et al., 1997),
strongly indicates that only EF1 and EF2 are affected by the Ca®* concentration
fluctuations around it and C-terminal domain (EF3 and EF4) should be rigid and may
not be influenced by Ca®* concentration changes. This is also evident from the results
obtained from crystallization studies presented here that the assembled-domain in
trimer bind to the hydrophobic amino acid revealing the mode of target binding.
Therefore the evolution of the CaBPs, such as EhCaBP1 may have been designed to
offer both functional and structural diversity suitable for a pathogen to modulate host-

pathogen relationship.

4.4 Conclusion

Three molecules of EhCaBP1 N-terminal domains participate in domain swapping to
form trimers led by couple of critical residues difference in between EF1 and EF2
motifs in comparison to CaM and ELC’s' This allows the EF1-hand motif of one
molecule to interact with EF2 of an adjacent molecule to form a two EF-hand domain
(assembled-domain) similar to that of calmodulin and troponin C. The hydrophobic
pocket formed at the interface between EF1 and EF2 in the assembled-domain is
bound to phenylalanine [(Fig.4.1 (A)]. The phenylalanine forms several hydrophobic
interactions with Ile 9, Phe 25, Val 22 and Val26 residues of EF-hand motif 1 of one
molecule and Tyr 62, Phe 61, Phe 58, Ile 41 residues of EF-hand motif 2 of another
molecule. The Interacting distances of the bound Phenylalanine in the hydrophobic
pocket of the assembled-domain with the surrounding residues in EhCaBP1-Phe

complex is shown in Table 4.1.

The assembled-domain bound to Phe was superimposed with the N-terminal
domain Calmodulin bound to hydrophobic cardiac IQ motif of calcium channel
(Cardiac calcium channel) [Fig.4.1 (D)]. Both structures superimposed very well with
an rms deviation of 1.23 A and the hydrophobic residue Phe of the peptide bound to
Cam N-terminal domain and Phe bound to EhCaBP1 assembled-domain are located at
similar location. Both the ligands bind their targets in similar manner at the
hydrophobic pockets of respective domains.

The distance between two assembled-domains is approximately same as the
distance between calmodulin N and C-terminal domains. But the assembled-domain

can’t change its structure after binding to target as calmodulin wraps around its target.
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This rigidity in the trimeric structure may be responsible for differential recognition of

the targets.

Table-4.1 Interacting distances of the bound Phenylalanine in the hydrophobic
pocket of the assembled-domain with the surrounding residues in EhCaBP1-Phe
complex.

Interacting Phenylalanine Distances ( A)
residues
OH /62 Tyr/B N/ Phe 2.79
CE1/25 Phe/B’ CB/ Phe 3.53
CD1/45 Phe/B CZ/ Phe 4.27
CG2/41 1le/ B CZ/ Phe 4.47
CG2/26 Val/B’ CZ/ Phe 4.78
CG1/22 Val/B’ CZ/ Phe 3.89
CE1 /58 Phe/B CZ/ Phe 4.74

It is evident from the biochemical data and the structure that only N-terminal
domain is involved in target binding and activating kinase. It is also noted from earlier
biochemical data that the calcium binding affinity of the EF3 and EF4 are much
higher than the EF1 and EF2 (Gopal et al., 1997), which makes clear that only EF1
and EF2 are affected by the calcium concentration fluctuations around it and C-
terminal domain, which consists of EF3 and EF4 motifs, should be rigid and may not

be effected by calcium concentration changes.
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Crystal structure of N-terminal domain of EhCaBP1
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5.1 Abstract

The crystal structure of EnCaBP1 traced only the N-terminal region of the full-length
protein with a novel arrangement of EF-hand motifs. The pfesence of the long helix
joining the two EF-hand motifs results in the extended conformation. Three
symmetry-related molecules are interacting in a head-to-tail manner to form a trimeric
structure which limits the movement and hence the targets of this protein are different
from CaM, which is highly flexible in nature. The functional studies on the
independent domains show that the N-terminal domain undergoes a major
conformation change upon binding calcium and it activates the endogenous kinase
more efficiently than the full-length EnCaBP1 (Jain et al., 2009). Also, the absence of
dominant negative effect in N-terminal-GFP cells suggests that this domain is likely
to behave like the full length EnCaBP1 protein. Fluorescence microscopy studies
show the presence of the N-terminal domain at the phagocytic cup and its complete
co-localization with F-actin. Furthermore, majority of N-terminal molecules were
found around the phagocytic cups and not much in cytoplasm. The full-length
EhCaBP1 protein molecules are found around phagocytic cups as well as in the
cytoplasm. Distribution of C-terminal protein is quite different. Most of the molecules
are localized in the cytoplasm with no specific relation with F-actin at the site of
attachment of RBC (Jain ef al., 2009). These studies clearly demonstrate that the N-
terminal domain has most of the functions in comparison to the full length EnCaBP1.
As the full length EhCaBP1 structure revealed only the N-terminal domain and half of
the structure, i.e., the C-terminal domain is missing, raised several questions. To
validate the full-length structure, the initiatives have been taken to determine the
structures of the individual domains. The crystal structure of N-terminal domain has
been determined at 2.5 A resolution. The crystal were grown using PEG 400 as a
precipitant and they belong to P3 space group with unit cell parameters of a = 89.589
A, b =89.580A, ¢ = 35.049 A. The final model refined to R_factor of 23.3 % and
Free R of 27.1%, respectively (Materials and Methods, Table 2.3, Section-2.23, Page
No. 49). The structure is similar to the N-terminal structure of the full-length protein
with the extended conformation of the EF-hand motifs connected with a long central
helix. Unlike CaM, the overall structure of N-terminal domain is dumbbell shaped.
Owing to domain swapping oligomerization, three EnCaBP1 molecules interact in a

head-to-tail manner to form a triangular trimer.
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5.2 Introduction

Crystal structure of EhCaBP1 showed an unusual arrangement of the EF-hand motifs
of N-terminal domain (Kumar et al., 2007). Also, the three glycine residues (G63,
G67 and G76) present in the central linker region makes it more flexible as compared
to CaM. Due to the flexibility of this central linker region, the C-terminal domain
structure could not be traced. N-terminal domain contains two EF-hand motifs, each
binds to one calcium ion. In CaM, the presence of glycine and proline residues in the
linker region connecting EF-hand 1 and EF-hand 2 motifs results in loop-formation
and close-contacts of the two motifs forming the N-terminal domain. On the other
hand, the linker region connecting EF-hand 1 and EF-hand 2 motifs of EnCaBP1 has
arginine and lysine residues resulting in the extended conformation of the N-terminal
domain, where EF-1 and EF-2 motifs are far apart from each other (Kumar et al.,
2007). Three molecules of EhCaBP1 interact in a head-to-tail manner to form a

domain-swapped trimer.

Taking leads from the full-length structure, it was proposed that only N-
terminal domain can bind to targets and both N-terminal and C-terminal domains may
have different functions. The calcium binding affinities of EF-hand motifs also
suggests that N-terminal 'domain may sense calcium levels in the cell, whereas the C-
terminal domain may be rigid. To study the functional properties of the independent

domains of EhCaBP1, it was separately cloned, and characterized (Jain et al., 2009).

5.3 Schematic representation of independent domains of EnCaBP1

The N-terminal domain extends from 1-66 amino acid residues and the C-terminal
domain extends from 67-134 amino acid residues, respectively (Fig.5.1). Both the

domains contain two EF-hand motifs and each EF-hand motifs bind one calcium ion.
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Figure-5.1 Schematic representation of independent domains of EhCaBP1I.

A) Schematic representation of N-terminal domain containing 1-66 residues with EF-
1 and EF-2 motifs extending from 10-21 and 46-57 amino acids residues,
respectively. B) Schematic representation of C-terminal domain containing 67-134
residues with EF-3 and EF-4 motifs extending from 85-96 and 117-128 amino acids

residues, respectively. One calcium ion binds to each EF-hand motif.

5.4 Functional properties of N-terminal and C-terminal domains

The CD-spectroscopic studies show that both the domains bind Ca®*, but the
consequence of binding is not the same. N-terminal domain undergoes a major
conformation change as compared to the C-terminal domain. In this respect, N-
terminal domain behaved like a full-length EhCaBP1 (Jain et al., 2009). EhCaBP1 is
known to activate endogenous kinase(s) in a Ca®* dependent manner (Yadava et al.,
1997). N-terminal domain activates the endogenous kinase more efficiently than the
complete EhCaBP1 while, the C-terminal domain shows a marked reduction in

activity of about 50—-60% of the full-length EhCaBP1 (Jain ef al., 2009).

It has been shown that EhCaBP1 has a crucial role in the initiation of
erythrophagocytosis and erythrophagocytosis has been linked to the pathogenesis in
amebiasis (Orozco et al., 1983). Over-expression of full length EnCaBP1 also did not
change significantly the level of erythrophagocytosis (Sahoo er al., 2004). The
erythrophagocytic study with the independent domains shows that the over-expression

of C-terminal domain results in a dominant negative phenotype with respect to
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erythrophagocytosis, whereas the N-terminal-GFP cells suggests that this domain is
likely to behave like the full length EnCaBP1 protein (Jain et al., 2009). Fluorescence
microscopy studies show the presence of the N-terminal domain at the phagocytic cup
and its complete co-localization with F-actin. Furthermore, majority of N-terminal
molecules were found around the phagocytic cups and not much in cytoplasm. The
full-length EnCaBP1 protein molecules are found afound phagocytic cups as well as
in the cytoplasm. Distribution of C-terminal protein is quite different. Most of the
molecules are localized in the cytoplasm, with no specific relation with F-actin at the

site of attachment of RBC (Jain et al., 2009).

The crystal structure of EnCaBP1 has shown that N-terminal region forms a
domain-swapped trimer in which EF-hand 1 of one molecule interacts with EF-hand 2
of the symmetry-related molecule in a head-to-tail manner and the assembled domain
formed has similar hydrophobic pocket as that of CaM (Kumar et al., 2007). The
functional studies on the independent domains have shown that the N-terminal region
of the protein is the functional domain and is sufficient to carry out most of the
function of the full-length protein (Jain et al., 2009). Keeping the importance of the
N-terminal domain in mind and to remove the model bias of the C-terminal region to
get a well-refined structure and to further confirm the trimeric nature of the N-

terminal domain, it was crystallized and the structure has been determined.

5.5 Results and Discussion

5.5.1 Purification of N-terminal domain

The protein was purified using ion exchange chromatography and was analysed on
14% SDS-PAGE gel (Fig.5.2). The band observed was corresponding to the size of
N-terminal domain of EhCaBP1 protein (i.e., 7.2 kDa).
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Figure-5.2 Over-expression and purification of N-terminal domain of EhCaBPl.
SDS-PAGE (14%) analysis of the purification of N-terminal domain of EhCaBP1. A
total of 12 ul of the protein marker and 15ul of the purified N-terminal protein was
loaded in the respective lane. The gel was stained with coomassie blue. The mobility
of molecular-weight markers were as indicated. E2-E5 indicates the elution fractions;

PM indicates the Protein Marker.

5.5.2 Mass spectroscopy of N-terminal domain

The mass-spectroscopic results confirm the intact mass as well as the purity of the N-
terminal protein (Fig.5.3) Mass spectroscopy was done in an in-house Bruker
Daltonics flexAnalysis instrument of type autoflex TOF-TOF. (Materials and
methods, Section No. 2.21, Page No. 47).
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Figure-5.3 Mass Spectroscopy of N-terminal domain of EhCaBPl. The peak at
7241 dalton corresponds to the molecular weight of N-terminal domain of EhCaBP1.

5.5.3 Crystal structure of N-terminal domain

The crystals of N-terminal domain were obtained in PEG 400 and PEG 500-MME
with different morphology (Fig.5.5) and the crystals in PEG 400 were hexagonal in
shape and were used for the data collection using in-house X-ray source, whereas full-

length protein crystals were only obtained when MPD was used for crystallization.
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Figure-5.4 Crystals of N-terminal domain in different crystallization conditions.
(4) 18% PEG 500 MME, Acetate buffer pH 3.6.-3.8 (B) 15% PEG 400, Acetate
buffer pH 3.6-3.8 C) 15% PEG 400, Acetate buffer pH 3.6 with additive mixture
(Materials and Methods, Section No. 2.22, Page No. 438).

5.5.4 Overall structure of N-terminal domain of EhCaBP1

The crystal structure of N-terminal domain forms an extended conformation similar to
that of the full-length crystal structure in which only N-terminal region has been
traced. Each EF-hand motifs binds one calcium ion. It belongs to P3 space group with
four molecules in the asymmetric unit. Also, the N-terminal domain forms domain-
swapped trimer similar to the reported crystal structure of full-length protein (Kumar

etal.,2007).
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Figure-5.5 Crystal structure of N-terminal domain of EhCaBP1. Crystal structure
of N-terminal domain shows the extended conformation, where EF-hand 1 and EF-
hand 2 motifs are far apart and each motif binds one calcium ion. The linker region
between the two motifs forms a long helix. The overall structure is similar to the N-
terminal domain of the full-length protein. The calcium ion has shown in orange

sphere.

5.5.5 Calcium-binding loop of N-terminal domain

The N-terminal domain contains two EF-hand motifs with bound calcium ions. The
coordination geometry of both the calcium-binding loops has shown in Fig.5.6. The
calcium ion is coordinating with seven of its ligands. One water molecule is also

taking part in satisfying the coordination geometry.
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A) B)

Figure-5.6 Ca**-coordination of EF-hand motifs of N-terminal domain. A) Ca’'-
coordination in calcium-binding loop 1. B) Ca’*-coordination in calcium-binding
loop 2. The coordination distances are shown in A. Calcium and water molecules are

shown as orange and red spheres, respectively.

5.5.6 Symmetry-related trimeric structure of N-terminal domain

The extended conformation of N-terminal domain forms a domain-swapped trimer
where three symmetry-related molecules are interacting in a head-to-tail manner. EF-
hand 1 of one molecule interacts with EF-hand 2 of the symmetry-related molecule
and forms a trimer (Fig.5.7). The assembled domains are similar to CaM N-terminal

domain.
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Figure-5.7 Symmetry-related trimer of N-terminal domain. EF-hand 1 of one
molecule is interacting in head-to-tail manner with EF-hand 2 of the symmetry-
related molecule in a domain-swapped manner. Three N-terminal molecules are
shown in three different colors and the bound calcium ions are shown as orange

sphere. EF-hand motifs are labelled.

5.6 Conclusion

The high-resolution crystal structure of EhCaBP1 shows an unusual arrangement of
EF-hand motifs in which EF-hand 1 of one molecule is interacting with EF-hand 2 of
the symmetry- related molecule and forms a trimer. The structure was intriguing and
prompted us to carry out structural studies of the individual domains of EhCaBP1.
The crystal structure of N-terminal domain is solved at 2.5 A resolution. It belongs to

space group P3 with four molecules in the asymmetric unit. The overall structure of
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the N-terminal domain is more refined as compared to the full-length structure. The
crystallographic R_factor and R free of N-terminal domain (R_factor = 23.3%,
R _Free = 27.1%) are comparatively lower than that of the full-length crystal structure
( R_factor = 25.6%, R_Free = 28.2%).

The crystal structure of N-terminal domain of EhCaBP1 is similar to that of
the full-length protein in which only the N-terminal region has been traced. High
resolution crystal structure showed an unusual arrangement, with three molecules of
N-terminal domain interacting in a head-to-tail manner to form a symmetry-related
trimer. This arrangement allows the N-terminal EF-hand motif of one molecule to
interact with that of an adjacent molecule to form two EF-hand containing domains,
similar to that seen in CaM and TnC. The obsefvation indicating absence of dominant
negative phenotype on over-expression, also supports the view that the N-terminal
half of the protein is capable of carrying out most of the functions of the full
molecule. This may be due to expressed N-terminal domains forming trimeric
complexes with each other as well as endogenous N-terminal domains of EhCaBP1
molecules. However, not all functions can be carried out by the N-terminal half. For
example, it could not bind to G-actin. The differential behavior suggests that the two
halves of the molecule have different functions. The behaviour of C-terminal cells can
also be due to alteration in the property of C-terminal due to its fusion with GFP, the
latter being much larger than the former. It has been demonstrated that both domains
of EhCaBP1 have distinct folding features (Mohan et al., 2008; Mukherjee et al.,
2007). This is similar to TnC and CaM where N and C-terminal domains were found
to be structurally independent and likely to bind different targets (Babu et al., 1985;
Herzberg et al., 1985; Sunderalingam et al., 1985). TnC interacts with only two
proteins, troponin I and troponin T. The N-terminal domain functions as the Ca*" -
specific regulatory switch, while the C-terminal domain plays mainly the structure
stabilizing role (Takeda et al., 2003; Vinogradova et al., 2003). On the other hand,
domain independence is the key to high level of versatility of CaM (Yamniuk et al.,
2004). A genetic screen in Paramecium has also revealed that the domains of CaM

have separable physiological roles (Kung et al., 1992).

Previous biochemical studies have clearly shown that the calcium binding
affinity of the EF3 and EF4 are much higher than that of the EF1 and EF2 (Gopal et
al., 1997). This strongly indicates that only EF1 and EF2 are affected by the Ca**
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concentration fluctuations around it and C-terminal domain (EF3 and EF4) should be
rigid and may not be influenced by Ca®* concentration changes. This is also evident
from the results obtained from crystallization studies that N-terminal is the functional
domain and plays an important role in target recognition. Therefore, the evolution of
the CaBPs, such as EhCaBP1 may have been designed to offer both functional and

structural diversity suitable for a pathogen to modulate host-pathogen relationship.
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EhCaBP1: Crystal structure of EhCaBP1 in complex with
Pb*, Ba* and Sr**
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6.1 Abstract

Heavy metals may accumulate in the body and cause disease states even at low
concentrations. These bind to various proteins which ultimately influences the signal
pathways and leading to abnormal responses. Although CaM is best characterized by
its ability to specifically bind Ca®*, a number of studies have indicated that in fact it
can also be activated by other metal ions. The most studied of the toxic metal is Pb*",
which has a high affinity towards CaM and is able to activate it even at low
concentrations. Some other metal ions like Mg?*, Ba?', Sr*", Hg*", Cd** and most
lanthanides also show affinity with natural and engineered Calcium Binding Proteins
(CaBPs) including CaM. In this work, the structural investigation into flexibility and
plasticity of the EF-hand motifs is examined, with the structure of Calcium Binding
Protein-1 from Entamoeba histolytica (EhCaBP1) complexed with Pb, Ba and Sr. The
overall crystal structures of EnCaBP1- heavy metal complexes are found to be similar
to native protein with minor deviations in the metal-ion coordination and ligands
involved. In Pb?*-EhCaBP1, the lead ion coordinates with six ligands in the metal
binding loop with minor differences in the coordination distances. The coordination
distances of barium ion in Ba**-EhCaBP1 complex has found to be maximum with
one extra-bound barium ion outside the EF-hand 2 motif which represents a state
where an ion is just about to be bound/released. In Sr**-EhCaBP1 complex, the 34
aspartate residue of the metal binding loop is compensating the loss of water
coordinating by donating both of its oxygen atoms. These structures reveal that the
EF-hand motifs can accommodate several heavy atoms with different binding
affinities. Ba’’-EhCaBP1 complex data collected at Cu Ko, showed very strong
anomalous signal which could be used for SAD phasing. This clearly indicates that
the barium incorporation and data collection using home source could be an easy

approach towards the structure solution of Calcium Binding Proteins.
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6.2 Introduction

Complex formation between inorganic metals and proteins is essential to numerous
biological processes, where binding of physiologically-relevant metals (e.g. Ca, Mg,
Zn, Fe) effects conformational changes that confer new functions. Nearly 40% of all
proteins are known to bind metals (Ibers et al., 1980; Holm et al., 1996; Tainer et al.,
1992; Glusker et al., 1991, Silva et al., 1991; Lippard et al., 1994). Metal-binding
sites in general are characterized by a central shell of hydrophilic chelating ligands,
with a surrounding shell of hydrophobic residues (Yamashita et al., 1990; Bagley et
al., 1995), and the binding geometry, coordination number, and ligand preference
associated with the binding of essential metal ions to natural proteins has been studied
extensively (Glusker et al., 1991; Babor et al., 2005; Dudev et al., 2003; Dudev et al.,
2003; Einspahr et al., 1983; Harding et al., 1999; Harding et al., 2000). Ca2+-Binding

Proteins (CaBPs) represent a large family of these metalloproteins.

Calmodulin (CaM) is a prototypic EF-hand calcium-binding protein that acts
by sensing calcium levels and binding to target proteins in a regulatory manner. Its
importance is highlighted by its 100% sequence conservation across all vertebrates.
The resulting Ca’-CaM complex mediates biological processes related to
inflammation, muscle contraction, memory, nerve growth and the immune response,
and may act as a sensor/signal transducer when it binds with proteins unable to bind
Ca’" themselves (Herzberg et al., 1986; Holmes et al., 1990). Ca®* may also interact
with proteins to regulate functions related to cell division, apoptosis and intracellular
signaling (Carafoli et al., 1994, Santella et al., 1997; Martin et al., 1984; Nelson et
al., 1998), as well as to enhance protein stability (Tajima et al., 1986). Although CaM
is best characterized by its ability to specifically bind Ca®*, a number of studies have
indicated that in fact it can also be activated by other metal ions (Habermann et al.,
1983; Chao et al., 1984; Richardt et al., 1986; Ouyang et al., 1998; Ozawa et al.,
1999). In addition to Pb**, Sr**, Hg*" and Cd**, most lanthanides have been found to
bind with both natural and engineered CaBPs (Forsen et al., 1979; Mills et al., 1985;
Wang et al., 1984; Pidcock et al., 1984; Yang et al., 2005), and many of these can
activate and then inhibit CaM in response to changes in metal concentration, thus
altering the activity of downstream CaM-mediated functions (Chao et al., 1984;
Ferguson et al., 2000; Chao et al., 1995; Suzuki et al., 1985; Habermann et al., 1983).

Heavy metals may accumulate in the body and cause disease states even at low
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concentrations (Cline et al., 1996; Lidsky et al., 2003). Additionally, several recent
studies have reported bacterium capable of encoding sensor or chelate proteins for
toxic metals (Busenlehner et al., 2006; Fahmy et al., 2006; Ye et al., 2005), including
Ralstonia metallidurans, which possesses the first identified bacterial resistance
determinant found to be specific for Pb>* (Borremans et al., 2001). Despite rigorous
studies aimed at understanding the structural implications of metal-binding for
physiologically-relevant metals, the binding characteristics of toxic metals like lead

(Pb*") are less clearly defined.

Pb>" is a particularly persistent anthropogenic toxicant whose bioavailability
has increased as a result industry. Physiological effects of Pb>* uptake include
neurological disorders, anemia, kidney damage, hypertension and male fertility
decrease (Hernandez-Ochoa et al., 2005; Apostoli et al., 2005; Moore et al., 1987,
Chao et al., 1990). In the nervous system, lead affects among others, CaM-regulated
processes, neurotransmitter release and protein kinase C (Simons et al., 1993;
Marchetti et al., 2003). The effects of lead have also been reported to present
concentration-dependence, such that the activation of CaM by Pb®* peaks in the 30—
500 uM range and higher Pb** concentrations again activate CaM less effectively
(Sandhir et al., 1994; Weaver et al., 2002). At the molecular level, Pb** has been
shown to specifically target voltage-gated calcium channels (Atchison ef al., 2003),
activate skeletal muscle troponin C (TnC) (Chao et al., 1990), and displace both Ca®*
and Zn®* in proteins, including CaM, protein kinase C (Markovac et al., 1988) and
synaptotagmin (Bouton et al., 2001). Pb*" is the most studied toxic metal, which has a
high affinity towards CaM and is able to activate it even at low concentrations
(Habermann et al., 1983; Richardt et al., 1986; Kern et al., 2000). Low-level lead
vexposure also affects neuronal growth (Cline ef al., 1996). One specific target for lead
poisoning can be CaM; Pb®" binding to CaM may falsely activate it (Verity ef al.,
1990; Goering et al., 1993; Ouyang & Vogel, 1998; Kemn et al., 2000), leading to an
abnormal response. To a large extent, lead seems to be able to substitute for calcium
in the regulation of CaM function (Habermann et al., 1983; Fullmer et al., 1985) and
many target proteins are indeed activated by Pb-CaM similarly to Ca-CaM (Chao et
al., 1995).

The ionic characteristic of lead allows it to bind with greater affinity than

calcium and zinc ions to protein binding-sites. Because of its larger ionic radius (119
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pm) compared to zinc (74 pm) and calcium (100 pm)], and greater electronegativity
(in the Pauling scale, 2.33 versus 1.0 for calcium and 1.65 for zinc), lead establishes
very favourable interactions with the coordinating groups of the protein. In contrast to
zinc and calcium, where the spherical distribution of electric charge around the ion
produces a relatively regular arrangement of the groups that coordinate to them in the
protein, for lead the charge distribution is irregular because of the presence of an inert

electron pair in its electronic cloud (Fig.6.1).

A

Figure-6.1 Schematic representation of the coordinating groups for calcium and
lead. (4) Scheme of calcium coordination in an EF motif by oxygen atoms. A water
molecule (in black) also participates in the coordination. The coordination geometry
is holodirectional (pentagonal bipyramid), with a more regular distribution of the
coordinating groups. (B) In contrast, the hemidirectional disposition adopted by the
groups that form the coordination sphere for lead in a compound with coordination
number of six. This is caused by the presence of an inert electron pair in the ion.

(Adapted from Garza et al., 2006).

Some other metal ions like Mg2+, Ba2+, Sr2+, Hg2+, Cd*" and most lanthanides
also show affinity with natural and engineered Calcium Binding Proteins (CaBPs)

including CaM (Forson et al., 1979; Wang, 1984; Pidcock, 2001; Yang, 2005).
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However, the maximum activation decreased in the order Pb*" > Ca® > Sr*" > Ba’' >
Cd*" as demonstrated previously in EF-hand motif of D-galactose binding protein

(Vyas et al., 1989).

The activation and inhibition depends on the concentration of the metal ion,
which further alter the activity of downstream CaM-mediated functions. As lead
exhibits highest affinity, it can activate CaM at very low concentrations and can
replace all bound Calcium ions (Aramini et al., 1996) leading to abnormal activity
and diseased state. While ionic displacement of Ca’" by a competing metal ion may
represent one mechanism of metal toxicity, an additional opportunistic binding
mechanism, resulting from metal-protein interactions in regions lacking an
established binding site and related to electrostatic potential interactions, may
represent an additional avenue for metal toxicity (Kirberger et al., 2008). Both
mechanisms may offer partial explanations for the activation/inhibition of CaM
activity reported in related studies (Chao et al., 1984; Ferguson et al., 2000; Chao et
al., 1995; Suzuki et al., 1985; Habermann et al., 1983; Kern et al., 2000). Ba’" and
Mg”" have been reported to have significantly lower, if any, affinity towards CaM
(Ozawa et al., 1999). For example, the CaM-regulated activation of cerebellar nitric
oxide synthase requires an over 200-fold higher concentration of Ba®" than of Ca*’
(Yamazaki et al., 1996) and the interaction between CaM and caldesmon is weakened
by the exchange of Ca** for Ba®" (Huber ef al., 1996). On the other hand, Mg levels
in the cellular environment are much higher than those of Ca®" and CaM must be able
to function specifically in the presence of an excess of Mg®" ions (Malmendal er al.,

1999).

The strontium and the calcium ions, members of the alkaline earth series
(Group IIB of the Periodic Table), have many properties in common, both having a
valency of 2+, similar ionic radii, and the ability to form complexes and chelates of
various solubilities and various binding strengths. The relative binding affinity of Ca**
and Sr** differs among anionic compounds, some preferring Ca’* and others Sr**. The
binding of Sr** to alginates exceeds that of Ca>" by factors of 1.5 to 4.3, whereas
calcium is preferred in other interactions, e.g., binding to G-actin, blocking negative
charges on membranes, and binding to collagen (Wasserman et al., 1997). In most
biological systems, preference in general is given to Ca>" over Sr*", although a marine

organism, an Acantharia, constructs its internal skeleton of strontium sulfate (da Silva
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et al., 1991). In higher vertebrates, the bony skeleton is mostly composed of the
highly insoluble calcium phosphate complex, hydroxyapatite. Strontium present in
bone is usually considered a contaminant, with no physiological function at the trace
values present therein. However, the usefulness of strontium as a potential therapeutic
agent for osteoporosis has experimental support. For example, in recent studies, low
doses of strontium are reported to have beneficial effect on bone formation in
osteoporotic patients and, in some studies, strontium has been given as a salt,
designated S 12911 (Brandi et al., 1993; Grynpas et al., 1996). The mechanism of
discrimination between Ca®” and Sr°” is certainly a consequence of interactions that
occur during their transfer from one compartment or site to another. For intestinal
absorption, the preferential absorption of Ca** over Sr** can be explained, at least in
part, by current views of the way that calcium is absorbed from the ingesta. Two
factors in the transcellular path of absorption that are involved in the uphill transport
of calcium can be implicated as part of the discriminatory process, these being the
high-affinity calcium-binding protein, calbindin, that presumably serves to increase
the intracellular diffusion of calcium, and the plasma membrane ATP-dependent
calcium-pump that actively extrudes calcium from the enterocyte (Wasserman et al.,
1997). Binding of Ca®* to each of these proteins is considerably greater than that of
S (Ingersoll et al., 1971; Pfelger et al., 1975). In addition to active transport,
calcium also moves across the intestinal membrane by a paracellular, diffusional-type
process, and that path also seems to give preference to the movement of Ca’>" over
Sr**. Therefore, small changes in the reabsorption processes as a result of imposed
variables or disease states will result in large effects on the relative urinary excretion
of these alkaline earth cations. It seems apparent that strontium will continue to be
used, and increasingly so, as a pseudo-calcium in clinical and physiological
experimentation. Studies like that of Vezzoli et al. (Vezzoli et al., 1998) will help

define the advantages and disadvantages of strontium in this role.

The structural and binding affinity investigations on different calcium binding
proteins to understand the flexibility and plasticity of EF hand motifs and how they
can interact with various heavy metal ions is very limited. Among the EF-hand
containing proteins, so far CaM structure has been determined in complex with Pb**

(Wilson & Brunger., 2003; Kursula & Majava., 2007) and partly bound Ba’* (Kursula
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et al., 2007). In CaM-Ba complex, only EF-hand motif 2 was bound with the barium
ion (Kursula et al., 2007).

The crystal structure of EhCaBP1 has been solved at 2.4A resolution in which
only N-terminal half has been traced and C-terminal domain is missing due to the
presence of the flexible linker region between these two domains (Kumar ef al.,
2007). The overall structure is trimeric in which EF-hand 1 of one molecule interacts
with EF-hand 2 of the other molecule in a domain swapped manner to form an

assembled domain similar to that of calmodulin N-terminal domain.

In this study the specificity and flexibility of EF-hand motifs of EhCaBP1 has
been investigated in detail using three heavy atoms Pb**, Ba” and Sr’". The calcium
ions in EhCaBP1 has been successfully replaced with the Pb**, Ba’* and Sr*" and the

crystal structures of the complexes have been determined.

6.3 Results and Discussion

6.3.1 Pb**-EhCaBP1 complex

To study the plasticity of the calcium binding loop of EhCaBP1, it was co-crystallized
with Pb* (Fig. 6.2) and the structure was determined (Materials and Methods, Section
No. 2.24, Page No. 49).

Figure-6.2 Hexagonal crystal of Pb**-EhCaBPI complex.
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Similar to native protein structure, EF hand motifs were connected by a long helix and

in both the EF-hands the calcium ions are replaced by lead.

6.3.2 Overall structure of Pb** -EhCaBP1 complex

The final model refined to R factor of 26.5 % and Free R of 28.8%, respectively
(Materials and Methods, Table 2.4, Section No. 2.24, Page No. 51).The overall
conformation and metal-coordination geometry of Pb*" is similar to that of Ca®" in
EhCaBP1 with minor differences. As the lead has one lone pair of electrons in the
outermost shell, it interacts with six ligands compared to calcium, making it
hemidirectional pentagonal pyramidal shape and Pb”" interacts with one water

molecule less compared to calcium bound structure (Fig.6.3).

A) B)

A16

Figure-6.3 Lead coordination in EF-hand 1 and EF-hand 2 motifs of EhCaBPI.
Lead co-ordinates with six of its ligands in the EF-hand motifs. The coordination of
Pb”" is similar to that of Ca’" coordination. The coordination distances between the
Pb** and oxygen atom for EF-hand 1 motif ranges between 2.18 A and 2.86 A and for
EF-hand 2 motif ranges between 2.21 A and 2.58 A.
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The coordination distances vary little as compared to calcium bound structures but the
average coordination distance of both calcium and lead is almost same in the EF-hand
1 and EF-hand 2 motifs. Also, due to the presence of flexible linker region between
the N-terminal and C-terminal domain, the C-terminal region could not be traced in
this complex structure similar to the native structure in which only the N-terminal
region has been traced. No significant structural rearrangement occurs upon
replacement and the coordination geometry is highly similar suggesting that Pb can
act like Ca in binding and activating EhCaBP1. Similar coordination pattern was also

seen earlier in Calmodulin-Pb complex structure (Kursula ef al., 2007).

6.3.3 Ba’-EhCaBP1 Complex

Barium is a small stable divalent ion (ionic radius 1.35 A; Sharpe, 1992). The barium
absorption edges (K edge 37.4 keV, L edges 5.2-6.0 keV) lie beyond the easily
accessible wavelength range on commonly available synchrotron beamlines.
However, barium has a significant anomalous signal component in the energy range
7-13 keV (wavelength range ~1.7-1.0 A) which can be exploited for the phasing of
protein structures. Barium has low binding affinity to EF hand motifs compared to
calcium (Vyas et al., 1989) and it cannot replace the calcium at low concentrations.
For the replacement of calcium with barium in the calcium binding loop of EhCaBP1,
the protein was denatured and refolded in barium containing buffer and crystallized
using MPD as a precipitant (Fig.6.4) (Materials and methods, Section No. 2.25, Page
No. 51).

Figure-6.4 Hexagonal crystal of Ba’*-EhCaBPI complex surrounded with oiling.
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6.3.4 Overall structure of Ba**-EhCaBP1 complex

The final model refined to R_factor of 26.1% and Free R of 28.1%, respectively
(Materials and Methods, Table 2.5, Section No. 2.25, Page No. 52).The overall
structure of Ba?*-EhCaBP1 complex structure was similar to native structure with
minor differences. The coordination distances in Ba**-EhCaBP1 are slightly higher
compared to calcium bound structure with similar geometry. The average of barium
coordination distances is about decisive 0.1 A more than calcium coordinated

distances (Fig.6.5).

A) B)

E21

N12

.

Figure-6.5 Barium coordination in EF-hand 1 and EF-hand 2 motifs of EhCaBPI.
Barium co-ordinates with seven of its ligands in the EF-hand motifs. The coordination
of Ba’' is similar to that of Ca’". Two barium ions are bound at the EF-hand 2 motif,
one at the coordination sphere and another barium ion in the close vicinity of EF-
hand 2 motif with lower occupancy co-ordinated with K43, D46 and D48 residues,
respectively. The coordination distances between the ion and oxygen atom for EF-
hand 1 motif ranges between 2.24 A and 2.97 A and for EF-hand 2 motif ranges
between 2.08 A and 2.94 A.
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But in EF2 motif, two barium sites have been observed; one at the same site as
calcium and another barium atom was detected in the close vicinity of EF-hand 2 loop
with lower occupancy coordinated by K43, D46 and D48 side-chain residues. This
second barium seems to be partially occupied, which has weaker electron density and
high temperature factor compared to the barium ion bound in the centre of EF hand
loop. These two sites were confirmed by anomalous map and high intensity difference
Fourier map before keeping barium. The fully occupied barium ions have difference
Fourier electron density at about 100 and partially occupied barium ion has about 50
level. Anomalous signal evaluation of Ba**-EhCaBP1 complex and Pb**-EhCaBP1
complex have been compared in Table-5.1. Phenix AutoSol and AutoBuild output is

compared for both the complexes.

Table-5.1 Comparison of the anomalous signals and phasing power of barium

and lead complexes for automated structure solution using Phenix.

Data set Ba’-EhCaBP1 complex | Pb**-EhCaBP1 complex
Wavelength 1.54179 1.54179
Anomalous f” 9.025 8.934
Anomalous signal 0.1014 0.0622
Bijvoet pairs 4987 7281
Lone Bijvoet mates 89 24
AutoSol

No. of Heavy atom 6 4

sites

FOM 0.38 0.18

cC 0.79 0.41
R/Free_R (%) 41.6/43.7 53.0/56.0
AutoBuild

Residues built (%) 73 65

Map CC 0.72 0.64
R/Free_R 41.6/43.7 47.0/55.0

Similar binding pattern was also observed in EF-hand 2 of barium soaked calmodulin
crystals, even though barium was not bound to other EF hand motifs (Kursula et al.,

2007). This second barium ion at EF2 motif appears to be in the direction from which
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the metal ion can enter or release from its binding pocket. It is possible that this
second ion at EF-hand 2 represents a state where an ion is just about to be

bound/released.

6.3.5 Sr*’-EhCaBP1 complex

Proteins with the ability to specifically bind strontium would potentially be of great
use in the field of nuclear waste management. Unfortunately, no such peptides or
proteins are known and it is uncertain whether they exist under natural conditions due
to low environmental concentrations of strontium. Strontium has lower binding
affinity compared to calcium and lead but it has better binding affinity than barium
(Habermann et al., 1983) and also has comparable cation size and hydration energy to
calcium (Vyas ef al., 1989). Calcium was replaced by strontium using similar process
of barium, where the protein was denatured in urea and refolded in strontium
containing buffer and crystallized using MPD as a precipitant (Fig.6.6) (Materials and
methods, Section No. 2.26, Page No. 53).

Figure- 6.6 Hexagonal crystal of Sr**-EhCaBPI complex.

6.3.6 Overall structure of Sr**-EhCaBP1 complex

The final model refined to R factor of 25.9 % and Free R of 28.6 %, respectively
(Materials and methods, Table No. 2.6, Section No. 2.26, Page No. 53). Overall

structure of strontium bound CaBP1 was similar to native calcium bound protein
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structure except strontium coordination. Water molecule was not observed in the
coordination calcium binding loop of Sr*’-EhCaBP1 complex, as it was seen in

calcium and barium bound structures (Fig.6.7).

A) B)
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Figure-6.7 Strontium coordination in EF-hand 1 and EF-hand 2 motifs of
EhCaBPl. Strontium co-ordinates with seven of its ligands in the EF-hand motifs.
The coordination of S’ is similar to that of Ca’” coordination except for the absence
of water molecule in the coordination. The 3 aspartate residue is donating both of
its oxygen ligands to satisfy the coordination geometry. The coordination distances
between the ion and oxygen atom for EF-hand 1 motif ranges between 2.18 A and
2.86 A and for EF-hand 2 motif ranges between 2.21 A and 2.58 A.

The coordination distances with Sr** are marginally higher compared to Ca®*
coordination distances. The average coordination distance is about 0.03A more than
average calcium coordination distances in both EF1 and EF2 hand motifs. The 3"
aspartate residue of the calcium binding loop was donating both of its oxygen atoms

and hence, compensating for the loss of water coordination.
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6.3.7 Anomalous signal analysis and verification of heavy atom binding

Barium complex data had good anomalous signal of 0.1014, lead complex had
anomalous of 0.0622 while strontium complex data had no anomalous signal at the
respective wavelengths, at \;vhich the data sets were collected. Calculated anomalous
signal followed the pattern of f’ and number of heavy atom binding sites in the
protein. As the Ba®" is bound at three sites (two ions with full occupancy and another

ion with partial occupancy), this data showed the highest anomalous signal.

6.3.8 Phasing with anomalous signal

The Barium complex data had mean anomalous signal of 0.1034 and the anomalous
scatterers were located in AutoSol (Adams et al., 2002). A total of six Ba®* ions were
identified in asymmetric unit with a final figure of merit (FOM) of 0.38. A
preliminary atomic model was built automatically; the partial model obtained from
AutoSol in PHENIX was fed into AutoBuild for iterative model building and
refinement, resulting in a model with 70% of the residues and Ryo/Reee Of 42/43%.
This was achieved without any manual intervention in model building, clearly
showing the phasing quality of the barium ions. This clearly indicates that barium
incorporation and data collection using Cu Ko X-ray radiation is an easy approach

towards the structure solution of Calcium Binding Proteins.

6.4 Conclusion

The calcium ions of EhCaBP1 have been successfully replaced with other heavy
atoms like lead, barium and strontium, crystallized and the structure has been
determined. The difference Fourier electron density and anomalous signal clearly
indicate the presence of these heavy metal ions in place of calcium at calcium binding
loops in the respective crystal structures. The overall conformation and metal-
coordination geometry of Pb?*, St** and Ba*" in EnCaBP1 are similar to that of Ca*-
EhCaBP1, thus providing a structural rationale for the ability of Pb**, Sr** and Ba* to

bind and to activate some of the same targets as Ca®*- EnCaBP1.

Lead has been reported several times to be the element most able to act like

calcium in CaM activation. No significant structural rearrangements occur upon
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replacement of calcium with lead and the coordination geometry is similar. As the
binding affinity of lead is high, it is tightly bound and it is not released from EF hand
motif at lower concentrations unlike Ca”", thus it might be keeping calmodulin always
in active state. It seems that lead has similar effect on EnCaBP1. As lead is having
more affinity towards the calcium binding site and can replace calcium very easily, it
can result in the false activation of the downstream signaling pathways with abnormal

effects.

The structural analysis of EnCaBP1 in complex with strontium shows that the
Sr*"coordination is almost similar to that of native Ca®* bound structure. The
difference lies in the co-ordinating ligands. There is no water molecule in the
coordination and the 3™ aspartate residue is donating both of its oxygen ligands for
the coordination in a non-canonical fashion. Structure of any calcium-binding protein

in complex with strontium is being reported for the first time.

There were several attempts to replace Ca®" in EF hand containing proteins, including
CaM with Ba?*, without much success, except Ca*" replacement with Ba®" only in
EF2 motif of calmodulin (Kursula et al., 2007). In Ba®*-EhCaBP1 structure both the
EF hand motifs are replaced with Ba*" and average coordination distance is about 0.1

A more than the Ca*" bound structure.

The crystallographic data contains detailed information about the molecular
flexibility that can be extracted from even moderate-resolution data using modern
refinement protocols. Furthermore, it suggests that although protein mobility is
limited in the crystalline environment, lattice constraints do not appear to alter the
fundamental spatial characteristics of protein flexibility. These results clearly indicate,
EhCaBP1 is also capable of binding and being activated by other metal ions and help
in understanding the activation mechanisms of EhCaBP1 by different heavy metals
and also give more insight into the flexibility of the calcium-binding loop of
EhCaBP1.

Also, the structure determination of EhCaBP1 with help of barium derived
phases revealed that Bartum could produce significant phases using in house X-ray
source. This could effectively reduce the structure determination time for calcium

binding proteins and other proteins, which can bind barium without changing the
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protein structure and can offer significant anomalous signal at a Cu Ko X-ray

radiation.

The heavy metal complex structures are very similar to native structure with
minor differences in EF- hand motifs. The difference lies in the coordination
distances between the metals and the ligands, which is maximum in case of barium
containing crystals. Ba**~EhCaBP1 complex data collected at Cu Ka X-ray source
showed very good anomalous signal which could be used for SAD phasing and with
the help of direct methods, 70% of the model was traced. This clearly indicates that
the barium incorporation or co-crystallization of proteins with barium and data
collection using home source is an easy approach towards the structure solution of

Calcium Binding Proteins.

These results also have relevance to heavy metal toxicity and giving a
structural and biochemical insights into how these metal ions can effectively

substitute Ca®" in a molecule that is central to several regulatory processes.
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Chapter-I

Crystal structure of Calcium Binding Protein-1 from Entamoeba histolytica.

The crystal structure of EnCaBP1 has been determined at 2.4 A resolution. It belongs
to space group P63 with two molecules in an asymmetric unit. The crystal structure

displays an unusual molecular organization and EF-hand domain organization.

EhCaBP1 exists as trimer both in solution and in the crystal, where three molecules

interact with each other in head-to-tail manner and forms a domain-swapped trimer.

The trimeric state observed in the crystal structure, is the most probable functional
and natural state of the protein which forms a hydrophobic pockets, very similar to the
ones seen in CaM that may be involved in target binding are formed at the interface of

two molecules.

The functional difference between EhCaBP1 and CaM can be explained by the
difference in the flexibility of the helix that connects the EF-hand domains.

In CaM, the two EF-hand domains are connected by a flexible linker helix that
permits greater conformational flexibility and is largely responsible for CaM’s ability

to bind to a large array of targets.

The crystallographic and biochemical results expand the range of structural diversity
observed for the EF-hand family and suggest that oligomerization of EhCaBP1 is both
essential for target binding and may restrict the structural diversity of the target
proteins. These results represent fundamental advances in our understanding of EF-

hand comprising proteins, their structure-function relationship.
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Chapter-11
Crystal structure of EhCaBP1 in complex with phenylalanine: Visualization of

mode of target binding.

Domain-swapping and trimerization of EhCaBP1 allows the EF1-hand motif of one
molecule to interact with EF2 of an adjacent molecule to form a two EF-hand domain

(assembled-domain) similar to that of calmodulin and troponin C.

The hydrophobic pocket formed at the interface between EF1 and EF2 in the

assembled-domain is bound to phenylalanine.

The phenylalanine forms several hydrophobic interactions with Ile 9, Phe 25, Val 22
and Val26 residues of EF-hand motif 1 of one molecule and Tyr 62, Phe 61, Phe 58,

Ile 41 residues of EF-hand motif 2 of another molecule.

The assembled-domain bound to Phe was superimposed with the N-terminal domain
Calmodulin bound to hydrophobic cardiac IQ motif of calcium channel (Cardiac
calcium channel). Both structures superimposed very well with an rms deviation of
1.23 A and the hydrophobic residue Phe of the peptide bound to CaM N-terminal
domain and Phe bound to EhCaBP1 assembled-domain are located at similar location.
Both the ligands bind their targets in similar manner at the hydrophobic pockets of

respective domains.

The distance between two assembled-domains is approximately same as the distance
between calmodulin N and C-terminal domains. But the assembled-domain can’t
change its structure after binding to target as calmodulin wraps around its target. This
rigidity in the trimeric structure may be responsible for differential recognition of the

targets.

It is evident from the biochemical data and the structure that only N-terminal domain
is involved in target binding and activating kinase and the calcium binding affinity of
the EF3 and EF4 are much higher than the EF1 and EF2 which makes clear that only
EF1 and EF2 are affected by the calcium concentration fluctuations around it and

helps it in target recognition and binding, whereas the C-terminal domain, which
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consists of EF3 and EF4 motifs, should be rigid and may not be effected by calcium

concentration changes.

Chapter-111
Crystal structure of N-terminal domain of EhCaBP1.

The crystal structure of N-terminal domain has been solved at 2.5 A resolution. It

belongs to space group P3 with four molecules in the asymmetric unit.

The overall structure of the N-terminal domain is more refined as compared to the
full-length structure. (The crystallographic R factor and R _free of N-terminal domain
is 23.3%, R_Free = 27.1%, respectively which is comparatively lower than that of the
full-length crystal structure ( R_factor =25.6%, R_Free = 28.2%).

The crystal structure of N-terminal domain of EhCaBP1 is similar to that of the full-

length protein in which only the N-terminal region has been traced.

The biochemical observations indicate that the N-terminal half of the protein is
capable of carrying out most of the functions of the full molecule, but it could not
bind to G-actin. The differential behaviour suggests that the two halves of the

molecule have different functions.

The behaviour of C-terminal cells can also be due to alteration in the property of C-

terminal due to its fusion with GFP, the latter being much larger than the former.

This is also evident from the results obtained from crystallization studies that N-
terminal is the functional domain and plays an important role in target recognition.
Therefore, the evolution of the CaBPs, such as EhCaBP1 may have been designed to
offer both functional and structural diversity suitable for a pathogen to modulate host-

pathogen relationship.
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Chapter-1V
Flexibility and plasticity of calcium binding loops of EhCaBP1: Crystal structure

of EnCaBP1 in complex with Pb**, Ba®* and Sr**.

The calcium ions of EnCaBP1 have been successfully replaced with other heavy
atoms like lead, barium and strontium, crystallized and the structure has been

determined.

The overall conformation and metal-coordination geometry of Pb>*, Sr*" and Ba®" in
EhCaBP1 are similar to that of Ca**-EhCaBP1, thus providing a structural rationale
for the ability of Pb**, S©** and Ba”" to bind and to activate some of the same targets
as Ca®"- EnCaBP1.

No significant structural rearrangements occur upon replacement of calcium with lead
and the coordination geometry is similar except Pb*" makes six coordination
interactions as it has lone pair of electrons in its outermost shell. It seems that lead has

similar effect on EhCaBP1.

The structural analysis of EhCaBP1 in complex with strontium shows that the Sr**
coordination is almost similar to that of native Ca’* bound structure. The difference
lies in the co-ordinating ligands. There is no water molecule in the coordination and
the 3™ Aspartate residue is donating both of its oxygen ligands for the coordination in
a non-canonical fashion. Structure of any calcium-binding protein in complex with

strontium is being reported for the first time.

There were several attempts to replace Ca>* in EF hand containing proteins, including
CaM with Ba*", without much success, except Ca** replacement with Ba** only in
EF2 motif of calmodulin (Kursula ef al., 2007). In Ba®*- EhCaBP1 structure both the
EF hand motifs are replaced with Ba** and average coordination distance is about 0.1

A more than the Ca** bound structure.

These results clearly indicate, EhCaBP1 is also capable of binding and being activated

by other metal ions and help in understanding the activation mechanisms of EnCaBP1
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by different heavy metals and also give more insight into the flexibility of the

calcium-binding loop of EnCaBP1.

Ba>*-EhCaBP1 complex data collected at Cu Ka X-ray source showed Véry good
anomalous signal which could be used for SAD phasing and with the help of direct
methods, 70% of the model was traced. This clearly indicates that the barium
incorporation or co-crystallization of proteins with barium and data collection using
home source is an easy approach towards the structure solution of Calcium Binding
Proteins. This could effectively reduce the structure determination time for calcium
binding proteins and other proteins, which can bind barium without changing the

protein structure and can offer significant anomalous signal at home source.

The heavy metal complex structures are very similar to native structure with minor
differences in EF- hand motifs. The difference lies in the coordination distances
between the metals and the ligands, which is maximum in case of barium containing

crystals.
These results also have relevance to heavy metal toxicity and giving a structural and

biochemical insights into how these metal ions can effectively substitute Ca® in a

molecule that is central to several regulatory processes.
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