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ABSTRACT 

This work used biotechnology to invent new caloxins - allosteric peptide 

inhibitors of plasma membrane Ca2+ pumps (PMCA) needed to understand the Ca2+ 

signalling in coronary artery. 

PMCA are encoded by genes PMCA1-4. Defects in PMCA expression have been 

associated with several pathologies. The major objectives of my thesis were to determine 

the expression of PMCA isoforms in the smooth muscle and the endothelium of coronary 

artery and to invent high affinity and specificity caloxins for the isoforms present in these 

tissues.   

In Aim 1 it was determined that the total PMCA protein and activity was much 

greater in smooth muscle than in endothelium.  Both tissues expressed only PMCA1 and 

PMCA4, with PMCA4 > PMCA1 in smooth muscle and PMCA1 > PMCA4 in 

endothelium. Therefore, the search for PMCA1 and 4 selective caloxins using phage 

display technique was conducted. 

Aim 2 was to invent PMCA1 selective inhibitors. Caloxin 1b3 was invented as the 

first known PMCA1 selective inhibitor. It inhibited PMCA1 Ca2+-Mg2+-ATPase with 

higher affinity than PMCA2, 3 or 4.  Aims 1 and 2 were consistent with the greater 

potency of caloxin 1b3 than a known PMCA4 selective caloxin 1b1 in increasing 

cytosolic Ca2+ concentration in endothelial cells. 
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Aim 3 was to obtain ultrahigh selectivity and affinity PMCA4 bidentate inhibitor 

using the previously invented PMCA4 selective caloxins 1c2 and 1b2.  In the first step the 

affinity of caloxin 1b2 was improved by limited mutagenesis to obtain caloxin 1c4. 

Caloxin 1c4 had 5-6 times higher affinity than caloxin 1b2 for inhibiting PMCA4 activity. 

Optimization of the bidentate caloxins from caloxin 1c2 and 1c4 was also attempted.  

 The novel caloxins may aid in elucidating the role of PMCA1 and PMCA4 in the 

physiology and pathophysiology of coronary artery and other tissues. 
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1.0.  Introduction 

 The regulation of intracellular calcium concentration ([Ca2+]i) is essential for cell 

homeostasis and cellular signal transduction. Plasma Membrane Ca2+ ATPases (PMCA), 

encoded by 4 genes, are the only high affinity calcium extrusion systems (Brini et al. 

2011; Carafoli 1991; Di Leva et al. 2008; Szewczyk et al. 2007). Different cells express 

different PMCA isoforms (Burette et al. 2003; Carafoli 1991; Strehler et al. 2001). There 

are a number of pathologies associated with failed PMCA function (Brini et al. 2009; 

Carafoli 2004; Ficarella et al. 2007; Heyliger et al. 1987; Kozel et al. 1998; Kurnellas et 

al. 2010; Kwan et al. 1979; Lehotsky et al. 2002; Missiaen et al. 2000; Monteith et al. 

2007; Oceandy et al. 2006; Schuh et al. 2004). However, the exact role of each isoform in 

physiology and pathology has been hindered due to lack of isoform selective inhibitors. 

The overall objective of this research was to determine the PMCA gene expression in pig 

coronary artery endothelium and smooth muscle and to invent high affinity allosteric 

inhibitors of PMCA, that are specific for the isoforms expressed in the coronary artery. 

Before proceeding onto the details of the research proposal, an overview of the following 

is provided: Ca2+ homeostasis, differences in Ca2+ handling in coronary artery endothelial 

cells (EC) and smooth muscle cells (SMC), structure, regulation and role of PMCA, 

limitations of the methods currently used to study PMCA and PMCA inhibitors. 

 

1.1. Major players of calcium dynamics     

 Homeostasis of [Ca2+]i is a prerequisite for healthy cell life. Since Ca2+ is a 

universal signal transduction molecule, its concentration must be kept at low levels in 

resting cells and increased only during brief periods of cell excitation (Carafoli 1987; 

 1
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Carafoli 2002). After signal transmission [Ca2+]i is lowered by extrusion by PMCA, 

Na+/Ca2+(/K+) exchangers (NC(K)X), sequestration into the sarco/endoplasmic reticulum 

(SER) by SER Ca2+ pump (SERCA) and a number of cytosolic Ca2+ buffering and 

binding proteins (Carafoli 1991; Carafoli et al. 2001; Carafoli 2002; Missiaen et al. 1991; 

Philipson et al. 2002; Schnetkamp 2004; Wuytack et al. 2002). The SER can store Ca2+  at 

concentrations up to 10-15 mM that can be released upon stimulation of inositol 1,4,5,-

trisphosphate (IP3) receptors (IP3R) and ryanodine receptors (RyR) (Dawson 1997; Fill et 

al. 2002; Meldolesi et al. 1998). Cell stimulation can also lead to Ca2+ entry into cells via 

voltage operated calcium channels (VOCC), receptor operated calcium channels 

(ROCC), storage operated calcium channels (SOCC) and the reverse mode of NC(K)X 

(Lacinova 2005; Philipson et al. 2002; Shuttleworth 2004; Wang et al. 2008). 

Mitochondria may also sequester or release Ca2+ via a mitochondrial uniporter or 

mitochondrial Na+/Ca2+ exchanger, respectively (Carafoli 2003; Kirichok et al. 2004). 

Fig. 1 shows the major players involved in [Ca2+]i dynamics. 

 

1.2. Coronary artery structure and function 

 Coronary arteries supply oxygenated blood to the heart. Vascular tone is an 

important factor in regulating coronary blood flow. Any obstruction in coronary blood 

flow e.g. by atherosclerotic plaque formation, may cause serious pathologies, such as 

heart failure, arrhythmia or heart attack (Duncker et al. 2004; Kralios et al. 1998).  The 

major vessels for coronary circulation are the left main coronary artery, which divides 

into left anterior descending and circumflex branches, and the right main coronary artery 

(Danias 2002).   
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Fig.1. Key players in Ca2+-dynamics. Receptor activation may produce membrane 
depolarization, opening of voltage operated Ca2+ channels (VOCC), receptor operated 
Ca2+ channels (ROCC) and/or phospholipase C activation to produce IP3, which in turn 
releases Ca2+ from sarco/endoplasmic reticulum (SER) via IP3 receptors (IP3R). Ca2+ can 
also induce Ca2+ release from SER via ryanodine receptors (RyR). Calcium depletion 
from SER activates storage activated Ca2+ channels (SOCC). Mitochondria may sequester 
or release Ca2+ via mitochondrial uniporter and mitochondrial Na+/Ca2+ exchanger 
(mNCX), respectively. Various Ca2+ binding proteins can buffer Ca2+ in the cytosol and 
in the SER lumen. Increase in intracellular Ca2+ concentration ([Ca2+]i) leads to tissue 
specific responses and is then decreased to its resting levels.  Ca2+  can be removed from 
the cell by plasma membrane Ca2+ pump (PMCA), Na+-Ca2+-exchanger (NCX), Na+-
Ca2+-K+ exchanger (NCKX) or sequestered into SER by SER Ca2+ pump (SERCA). The 
exchangers may also bring calcium inside the cell. 

[Ca2+]i ~ 0.1 µM 

PMCA Plasma 
membrane SOCC VOCC ROCC NCX/NCKX 

Cytosol 

Ca2+ -binding proteins 

SERCA  RyR     IP3R   mNCX uniporter 

Mitochondrion 
Sarco/endoplasmic reticulum 
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These arteries originate from the aorta just above the aortic valve and branch into smaller 

arteries over the surface of the heart. These superficial arteries branch further into 

epicardial arteries but also into arteries penetrating the ventricular wall and then connect 

to the capillary network of the heart. This capillary network is responsible for the 

exchange of oxygen and other substrates to the heart cells. The small arteries and 

arterioles in the microcirculation are the primary sites of vascular resistance, and 

therefore the primary site for regulation of blood flow (Coats 2003; Danias 2002).  

 A coronary artery is composed of three tissue layers: intima, media and 

adventitia. The innermost layer, the intima, consists of endothelium. EC functions as a 

selective barrier between blood and the underlying tissues, which regulate the passage of 

gases, fluid and various molecules across their cell membranes (Busse et al. 2006; Danias 

2002; Moncada et al. 2006) . The EC reacts with physical and chemical stimuli within the 

circulation and participates in vascular homeostasis, vasomotor tone, immune and 

inflammatory responses and angiogenesis (Basu et al. 2008; Busse et al. 2006; Danias 

2002; Rodriguez et al. 2009). EC injury, activation or dysfunction leads to pathological 

processes such as atherosclerosis, loss of semi-permeable membrane function, vessel 

remodeling and thrombosis (Chesterman 1988; Danias 2002; Sima et al. 2009). The next 

layer, the media, consists of elastic fibers and SMC, which compose the majority of the 

arterial wall. SMC control arterial diameter and thus blood pressure by their ability to 

contact and relax in response to various stimuli (Johns et al. 1987). Excessive constriction 

or relaxation of smooth muscle leads to hypertension and hypotention, respectively (Bohr 

et al. 1988). The outermost layer, the adventitia is composed mainly of collagen bundles 

 4
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which function as mechanical support (Gutterman 1999). It also contains fibroblasts and 

nerve fibers. Larger arteries are surrounded by perivascular fat, which may secrete 

various molecules, such as adiponectin, and play a role in local control of blood flow 

(Yiannikouris et al. 2010). 

 

1.2.1. The effect of [Ca2+]i increase in EC and SMC on vascular contractility   

 SMC and EC differ in their response to increases in [Ca2+]i: contracting and 

paracrine, respectively (Fig. 2). In this section the major routes of [Ca2+]i increase in 

SMC and EC will be described. 

 

1.2.1.1. Vascular smooth muscle 

In SMC, an increase in [Ca2+]i activates Ca2+-calmodulin dependent myosin light 

chain kinase, leading to increased phosphorylation of the 20-kDa myosin light chains, 

cross-bridge formation between the myosin heads and the actin filaments and eventually, 

SMC contraction (Consigny 1991). Phosphorylation of 20-kDa myosin light chains and 

the contractile state is balanced by the actions of myosin light chain phosphatase.  SMC 

can also be contracted via Ca2+-independent pathways triggered by production of 

diacylglycerol and protein kinase C (PKC) activation as well as by activation of Rho-

kinase, integrin-linked kinase or zipper-interacting protein kinase (Sward et al. 2003; 

Wilson et al. 2005; Zhang et al. 1994). 

[Ca2+]i can be increased by Ca2+ release from SER or Ca2+ entry from outside. 

Activation of various G-protein coupled receptors by neurotransmitters or hormones, e.g. 

noradrenaline (norephinephrine), adrenaline (epinephrine), angiotensin II, endothelin-1, 
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histamine, adenosine or vasopressin leads to conformational changes which promote 

binding of heterotrimeric G protein with Gα/q subunit (Bhalla et al. 1987; Bouallegue et 

al. 2007; Ishida et al. 1997; Miller et al. 2000; Waugh 1962; Yaar et al. 2002). The 

binding activates Gα/q so that it releases guanosine diphosphate and binds guanosine 

trisphosphate leading to the dissociation of Gα/q and complex of βγ subunits. Dissociated 

Gα/q activates its downstream target, phospholipase C, to hydrolyze the membrane lipid 

phosphatidylinositol 4,5-bisphosphate into IP3 and diacylglycerol. IP3 is water-soluble 

and diffuses through the cytoplasm to the SER, where it binds to the IP3R receptor 

causing Ca2+ release (Dawson 1997). 

Ca2+ can enter the cell through various calcium channels and also the reverse 

mode of NCX (Bolton et al. 1992; Hirota et al. 2007; Lamont et al. 2002; Navedo et al. 

2007; Saleh et al. 2008). Membrane depolarization leads to opening of L-type VOCC 

(Navedo et al. 2007). ATP released from perivascular nerves activates purinergic ligand 

gated calcium channels (P2X) (Lamont et al. 2002). Other possibilities are the various 

isoforms of the transient receptor potential cation channel family (TRPC). TRPC are non-

selectively permeable to cations, with variable selectivity of calcium over sodium among 

the different members (Owsianik et al. 2006). TRPC3, 6 and 7 are of interest because 

they are activated by diacylglycerol that is formed together with IP3 upon G-protein 

coupled receptor activation (Albert et al. 2005; Peppiatt-Wildman et al. 2007; Saleh et al. 

2006). Extracellular calcium entry may sensitize SER channels (IP3R and RyR) prior to 

their full activation and is important for calcium induced calcium release from SER 

(Wray et al. 2010). The initiation of calcium induced calcium release may depend either 
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on activation of IP3R by IP3 or RyR by Ca2+ and is then amplified by regenerative Ca2+ 

release by either the RyRs or IP3R, depending on the cell type (Dai et al. 2006; Wray et 

al. 2010). The process often appears as a wave traveling down the length of the cell (Iino 

et al. 1994; Iino et al. 1994). An increase in [Ca2+]i may, in turn, stimulate the Ca2+ 

activated chloride channel, which leads to membrane depolarization and opening of 

VOCC (Pacaud et al. 1989). The depolarization can spread to neighboring cells through 

gap junctions (Jacobsen et al. 2007). On the other hand, Ca2+ also stimulates large 

conductance Ca2+-activated potassium channels, which hyperpolarize the cell and 

negatively regulate VOCC, playing a role in vasodilation (Dick et al. 2010). 

 

1.2.1.2. Vascular endothelium 

In EC, an increase in [Ca2+]i leads to activation of nitric oxide synthase (eNOS) 

and production of nitric oxide (NO) from L-arginine (Moncada et al. 2006). NO diffuses 

to SMC and activates soluble guanyl cyclase to produce guanosine 3’,5’-cyclic 

monophosphate (cGMP). Increased cGMP levels inhibit VOCC and activate myosin light 

chain phosphatase through cGMP dependent protein kinase leading to dephosphorylation 

of myosin light chains and SMC relaxation (Consigny 1991). Recently the role of 

calcium activated potassium channels in endothelium-dependent vasodilation was 

proposed (Dick et al. 2010). Activation of these channels by Ca2+ leads to EC membrane 

hyperpolarization. The hyperpolarization may spread into SMC through gap junctions 

connecting EC to SMC, which can potentially enable direct electrical coupling (Dora 

2010). 
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 Similar to SMC, in EC [Ca2+]i can increase upon activation of the IP3 signaling 

pathway and release of calcium from SER. This can be accomplished by activation of G 

protein coupled receptors by thrombin, histamine, bradykinin and receptor protein 

kinases by growth factors (Dzau et al. 1991; Glusa et al. 1988; Hecker et al. 1992; 

Wennmalm et al. 1991). In contrast to SMC, EC are conventionally considered 

‘electrically non-excitable’ and devoid of voltage-operated Ca2+ channels. However, in 

pulmonary, adrenal and brain microvascular endothelium, the L-type and/or T-type 

VOCC current has been observed, but the role of influx via VOCC in EC still remains to 

be specified (Vinet et al. 1999; Yakubu et al. 2002; Zhou et al. 2006). Agonist induced 

store depletion leads to activation of store operated calcium entry which is an important 

Ca2+ entry route in EC (Cioffi et al. 2010). It contains three major components; stromal 

interaction molecule 1 (STIM1, calcium sensor in ER/SR), calcium release-activated 

calcium channel protein 1 (Orai1) and TRPC. STIM1 senses the depletion of Ca2+ from 

the ER, and then oligomerizes, translocates to junctions adjacent to plasma membrane 

and helps to organize Orai1 or TRPC channels in the membrane.  It has been reported 

that vascular endothelial cells express all seven members of TRPC (Yip et al. 2004). 

TRPC (isoforms 3, 6, 7) can also act independently, as receptor operated calcium 

channels since they are activated by the diacylglycerol produced in IP3 pathway. EC also 

express various types of P2X which expression may differ depending on vascular bed 

(Ray et al. 2002). It was suggested that in vascular EC, the rise in intracellular calcium 

resulting from shear stress is due to calcium entry through P2X type 4 (Yamamoto et al. 

2006). 
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Fig. 2. The effect of [Ca2+]i increase in endothelium and smooth muscle on vascular 
contractility. The increase of [Ca2+]i in endothelium leads to activation of endothelial 
NO synthase (eNOS) by calcium-calmodulin and NO production. NO diffuses to SMC, 
where it activates soluble guanyl cyclase (sGS) and cGMP production. cGMP activates 
myosin light chain phosphatase through cGMP dependent protein kinase (PKG) and 
inhibits voltage operated calcium channels (VOCC) leading to smooth muscle relaxation. 
When [Ca2+]i rises in endothelium, the cells hyperpolarize due to opening of calcium-
activated potassium channels (KCa). This hyperpolarization spreads to adjacent smooth 
muscle cells through gap junctions and inhibits VOCC function. In contrast an increase in 
[Ca2+]i in smooth muscle leads to activation of myosine light chain kinase (MLCK) and 
smooth muscle contraction. 
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1.3. Pathways which decrease [Ca2+]i    

 After short periods of increase of [Ca2+]i following cell stimulation, [Ca2+]i has 

to return to its resting levels. There are three major systems which can decrease [Ca2+]i: 

calcium pumps, ion exchangers and the mitochondrial electrophoretic uniporter (Carafoli 

1991; Kirichok et al. 2004; Philipson et al. 2002; Wuytack et al. 2002). Ca2+ can also be 

buffered by reversible complexation with Ca2+ binding proteins within the cell (Haeseleer 

et al.2002). Three classes of Ca2+  pumps have been described in mammals: PMCA which 

transports Ca2+ out of the cell, SERCA that sequester Ca2+ inside the SER, nuclear 

envelope and to some degree into Golgi apparatus and Ca2+ pump of the Golgi 

membranes. Interestingly, this pump can also transport Mn2+, which is a cofactor of many 

enzymes found in the Golgi compartment (Van Baelen et al. 2004). All Ca2+ pumps have 

a high affinity for Ca2+ (nanomolar range) which differs among isoforms and splice 

variants. The plasma membrane may also contain low affinity (micromolar range) 

calcium transporting ion exchangers: NCX and NCKX, which, depending on ions 

concentrations, may transport calcium out or bring calcium into the cell (Philipson et al. 

2002). NCX exchanges 3 Na+ for 1 Ca2+ and NCKX co-transports Ca2+ and K+ in 

exchange for 4 Na+ and thus both are electrogenic. Mitochondria also play a role in 

transporting cytosolic Ca2+. They possess a low affinity, high-speed electrophoretic 

uniporter that is located in the inner membrane (Kirichok et al. 2004). The uniporter is 

coupled to oxidative phosphorylation, and uses the electropotential gradient across the 

inner mitochondrial membrane to drive Ca2+ into the mitochondrion. Since the focus of 
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this thesis is on developing selective inhibitors of PMCA, this pump is described here in 

detail. 

 

1.4. Plasma Membrane Ca2+ ATPases 
     
 PMCA are the only high affinity calcium extrusion system in mammalian cells 

(Brini et al. 2009; Carafoli 1991; Di Leva et al. 2008). They convert the energy of ATP 

hydrolysis into transmembrane Ca2+ transport against its electrochemical gradient. 

PMCAs play an important role in calcium homeostasis by keeping low calcium 

concentration inside the cell, as well as in calcium signaling by affecting other protein 

functions through local [Ca2+]i regulation. They were first discovered in 1961 as an 

ATPase activity in red blood cell membranes (Dunham et al. 1972). Five years later, in 

1966, it was discovered that these ATPases pump Ca2+ out of the cytosol (Vincenzi et al. 

1967). Since then, tremendous progress has been made in elucidating PMCA expression, 

properties and their role in health and disease, which will be discussed in detail in 

following sections. 

 

1.4.1. General properties 

 PMCA belong to the P2 subfamily of P-type ion transport ATPases, which are 

characterized by the formation of a high energy acylphosphate during their reaction cycle 

(Apell 2004; Moller et al. 1996). Phosphorylation occurs between the γ phosphate of the 

hydrolyzed ATP and the conserved aspartate (D) residue of the P-type ATPase consensus 

sequence (SDKTGT). According to the E1E2 model of the P-type ATPase reaction cycle 

it is suggested that PMCA cycles between two main conformational states denoted as E1 
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and E2 (Carafoli et al. 2000). The E1 conformation has high affinity binding sites for 

Ca2+  facing the cell interior and the E2 form has low affinity Ca2+ binding sites facing 

the extracellular surface. Following Ca2+ binding, the E1 form is phosphorylated by ATP 

to form a high energy intermediate - (Ca2+)E1P. Next, the pump undergoes a 

conformational change into the E2 state while translocating Ca2+ to the extracellular 

surface where Ca2+ is released. The counter transport H+ ion binds to the E2P form, 

leading to its dephosphorylation. Finally, the E2 returns to the E1 state with the release of 

the counter transport ion. The pump is suggested to have 1:1 stoichiometry with one Ca2+ 

being translocated with the hydrolysis of each molecule of ATP. This is in contrast to the 

SERCA pump, which has a stoichiometry of 2 Ca2+ per one ATP hydrolyzed. 

Consistently, PMCA has a Hill coefficient of 1 for Ca2+, while SERCA has a Hill 

coefficient of 2 (Grover et al. 1986). 

PMCA operates as a Ca2+/H+ exchanger, however its stochiometry still remains 

controversial.  Work done on neuronal cells and on purified PMCA protein reconstituted 

in liposomes suggests that PMCA is electroneutral and exchanges 2 H+ for each Ca2+ 

extruded (Niggli et al. 1987; Thomas 2009). However, experiments done by Hao et. al. 

suggest partial PMCA electrogenicity with 1:1 Ca2+: H+ transport process (Hao et al. 

1994).  

 PMCA has high affinity for Ca2+ (Kd = 0.2-0.5 µM measured under optimal 

conditions) and it is active even during the resting Ca2+ concentration, indicating its 

important role in the fine tuning of [Ca2+]i (Di Leva et al. 2008; Missiaen et al. 1991). 
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1.4.2. PMCA structure      

Although first cloned in 1988, the 3D structure of PMCA has not been yet 

determined. Based on the structural template of SERCA pump, hydropathy plots, and 

proteolytic digestion, PMCA, like other P-type ATPases, is predicted to have 10 

transmembrane spanning helices (TM 1-10) (Fig.3.) (Carafoli et al. 1982; Carafoli 1997; 

Moller et al. 1996). Eighty percent of the pump mass together with its amino and carboxy 

termini is located on the cytosolic side of the membrane. The cytosolic domains of 

PMCA contain three major functional domains: actuator, catalytic and regulatory.  

The actuator domain consists of a short intracellular loop between TM2 and TM3. 

The domain contains a conserved TGES sequence where glutamate seems to play an 

important role in the dephosphorylation of the E2P conformation in the reaction cycle of 

both SERCA and the Na+ pump (Clausen et al. 2004; Toustrup-Jensen et al. 2003). The 

loop has been predicted to consist of antiparallel β strands in which several conserved 

glycines would form the hairpin turns. Mutations of these glycines result in loss of 

ATPase activity (Andersen et al. 1989; Ghislain et al. 1987). It also contains the stretch of 

basic amino acids involved in binding acidic phospholipids (see section 1.4.4.3), splice 

site A (see section 1.4.3) and the site for binding C-terminal tail involved in PMCA 

autoinhibition process (see section 1.4.4.1).  

The largest loop, connecting TM4 and TM5, contains the catalytic domain and the 

two sequences conserved among all P-type ATPaes. The KGA sequence found within the 

nucleotide binding domain which contains a lysine residue involved in ATP binding and 

the SDKTGLT sequence found within the phosphorylation domain containing a 
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conserved phosphorylated aspartate residue. The phosphorylation domain also contains a 

hinge region which brings the catalytic aspartic acid and the ATP-binding site located 

within the catalytic domain in close spatial contact during the reaction cycle allowing for 

aspartate phosphorylation and formation of the high energy intermediate during PMCA 

reaction cycle. The catalytic loop, in addition to actuator domain, is involved in PMCA 

autoinhibition since it also binds the C-terminal tail. 

The C-terminal tail protruding into the cytosol from TM10, called the regulatory 

domain, is much longer than in the other Ca2+ ATPases. It contains a calmodulin binding 

domain (CBD) which in the absence of Ca2+-calmodulin serves as an inhibitory domain 

by binding to two sites (one on actuator and one on catalytic domain) and preventing 

PMCA catalytic turnover. Recent data suggested that D1080, located 5 residues upstream 

from the CBD is an essential residue that may assist in orienting the regulatory carboxyl 

terminus to the catalytic sites of PMCA to form a stable inhibited conformation. The 

mutation of this residue into asparagine, alanine or lysine substantially increased basal 

PMCA activity in the absence of calmodulin (Paszty et al. 2002). The C-terminal tail also 

contains phosphorylation sites for protein kinases A (PKA) and C (PKC) and binding 

sites for many regulatory proteins and acidic phospholipids all of which affect PMCA 

functionality (see section 1.4.4).  Since the second splice site (splice site C) is located 

within the regulatory domain, PMCA splice variants differ in their regulation. 
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Fig. 3. PMCA structure and comparison of extracellular domains (Exdoms) 
sequences between human PMCA isoforms 1-4. Identical exdom amino acids are 
marked as “-”. Transmembrane regions are numbered 1-10. N – amino terminal end,  P – 
phosphorylation site, aspartate residue, C-carboxy terminal end, D- conserved aspartate 
residue phosphorylated during reaction cycle, K- conserved lysine residue involved in 
ATP binding, PL-phospholipids. 
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The TMs are connected on the outside with 5 short loops called putative 

extracellular domains (exdoms) (Fig.3). The sequences of these exdoms do not have any 

significant homology with other proteins. Exdom1, connecting TM 1 and 2, is the largest 

and the most divergent among all PMCA isoforms. Together with exdom5, exdom1 

contains cysteine in the middle indicating their possible role in tertiary structure. Exdoms 

2, 4 and 5 are shorter with only minor differences among PMCA isoforms. Exdom 3 is a 

very short loop and is conserved among all PMCA isoforms and among different species, 

with this sequence also being present in Drosophila (Szewczyk et al. 2008). It is not 

known what functions, if any, exdoms play in the reaction cycle of PMCA. However, 

based on information obtained for SERCA it can be suggested that they may undergo 

tremendous conformational changes during PMCA reaction cycle (Toyoshima et al. 

2002). 

1.4.3. PMCA isoforms      

 In mammalian cells PMCA are encoded by four separate genes (ATP2B1–4) 

located in humans on different chromosomal loci 12q21-q23, 3p25-p26, Xq28 and 1q25-

q32. However, alternative splicing gives many theoretically possible variants, out of 

which about 30 have been detected at cDNA levels (Brini & Carafoli 2009). PMCA 

contain two splice sites - one at the actuator domain (splice site A) and one on the C-

terminal tail (splice site C) (see Fig.3). In all PMCA isoforms the splicing at site A 

involves the insertion (variant x) or exclusion (variant z) of a small 36-42 nt long exon. 

All PMCA1 isoforms are x variants and for PMCA3 and 4 both variants x and z were 

detected. PMCA2 alternative splicing is more complex, because it involves the 
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combination of insertion or deletion either of three exons (36, 42 or 60 nt): variant z (all 

excluded), variant w (all included), variant x (exon 42 nt included) and variant y detected 

only in rat (exon 39 nt or 60 nt included). The differential splicing at site A seems not to 

affect PMCA function, however, recent studies indicate its role in PMCA membrane 

targeting.  In polarized cells such as auditory system stereocillia and mammary gland 

epithelium, PMCAw variant is exclusively targeted to apical membranes, regardless of 

the splicing pattern at site C (Chicka et al. 2003; Hill et al. 2006; Reinhardt et al. 2004). 

The splicing at site C is more complex due to the occurrence of splice sites 

internal to exons. The exclusion of exons results in PMCAb splice variants. The insertion 

of the alternatively spliced large exon (splice variants a) changes the reading frame 

leading to the occurrence of stop codons resulting in protein truncation, so that PMCAa 

variants are shorter than PMCAb variants. The multiple internal donor sites within the 

spliced exons and the insertions of other small exons (PMCA2 and 3) lead to the creation 

of five different PMCA1 variants (a-e), three PMCA2 variants (a- c), six PMCA3 

variants (a-f) and four PMCA4 variants (a-d).  Interestingly, the PMCA3e variant is 

generated when a “read through” of the 154-nt exon occurs, adding 88 nt of the following 

intron and a poly(A) tail. The splicing at site C affects the C-terminal half of the CBD 

and the region downstream to it. Therefore, splicing would affect PMCA regulation by 

calmodulin, protein kinases and the PDZ domain containing proteins (see section 1.4.4. 

and 1.4.6). 

 

 

 17



PhD Thesis – M. Szewczyk – McMaster - Biology 
 

1.4.4. PMCA regulation      

 The distinct feature of PMCA among other P-type ATPases is long C-terminal tail 

which contains various sites for PMCA regulation. In its unstimulated state PMCA has a 

low Ca2+ affinity (Kd ~10 µM). However, there are various mechanisms, which increase 

PMCA affinity for Ca2+ to 0.2-0.5 µM (Enyedi et al. 1987). In the following section 

PMCA regulation by calmodulin, protein kinases, acidic phospholipids and proteases will 

be described. 

 

1.4.4.1. Regulation by calmodulin 

 Calmodulin regulates PMCA in a calcium specific manner by direct interaction 

with the CBD located on C-terminal tail of PMCA (see Fig. 3). In the absence of 

calmodulin, CBD acts as an autoinhibitory sequence by binding to two sites, one within 

the actuator domain and another within the catalytic domain, compromising access to the 

active site (Falchetto et al. 1991; Falchetto et al. 1992). Calcium activated calmodulin 

binding to CBD releases the autoinhibition and increases the Ca2+ affinity of the pump 

and the rate of ion transport (Carafoli et al. 1994; Monteith et al. 1995). Experiments with 

fluorescently labelled calmodulin revealed that at low calcium concentrations a 

population of PMCA-calmodulin complexes exists in which the autoinhibitory domain is 

not dissociated (Osborn et al. 2004). It is suggested that the existence of this complex 

provides a mechanism for the rapid response of the pump to the subsequent Ca2+ 

signaling events in the cell.  Interestingly, calmodulin binds to PMCA through its C-

terminal lobe, which differs from binding to other calmodulin dependent enzymes 

(Elshorst et al. 1999). The CBD sequence analysis showed that the first 18 N-terminal 
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amino acids are identical and the next 10 differ significantly between PMCA isoforms 

suggesting that these C-terminal amino acids control the rates of interaction with 

calmodulin.  They also differ between splice variants due to the occurrence of splice site 

C within the CBD. The effect of alternative splicing on calmodulin binding has been 

extensively studied on PMCA4a and PMCA4b isoforms (Enyedi et al. 1994; Verma et al. 

1996). The CBD of PMCA4a (49 amino acids) is much longer than that of PMCA4b (28 

amino acids) and contains a region which is not involved in calmodulin binding. 

Moreover, the autoinhibitory region of PMCA4b is divided between the CBD and a 

downstream region, whereas in PMCA4a only the CBD contributes to autoinhibition. The 

C-terminal structure of isoforms may be the reason for observed higher affinity of 

PMCA4b for calmodulin and apparent higher affinity for Ca2+ and more effective PMCA 

autoinhibition. As compared to PMCA4b, the 4a isoform has higher basal activity at any 

given concentration of Ca2+ in the absence of calmodulin.  The similar pattern of 

difference between splice variants a and b has been observed in PMCA2 isoforms 

(Elwess et al. 1997). Such a difference may have the consequence of more restricted 

tissue distribution of splice variants a, which appear to be prevalent in excitable cells. A 

higher basal activity and in consequence lower dependence on calmodulin may be 

important in that environment, where elevated [Ca2+]i levels and frequent Ca2+  

fluctuations occur. The alternative splicing may also influence pH dependence of 

calmodulin binding (Enyedi et al. 1994). In the PMCA1 isoform, variants other than b 

contain a histidine rich region, which favours calmodulin binding at lower pH. This 
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feature may be the reason that PMCA1c and d are the most abundant in skeletal muscle, 

where acidic conditions may temporarily exist. 

 

1.4.4.2. Regulation by phosphorylation 

 The downstream portion of the C-terminal tail of all PMCA following splice site 

C is very rich in serine and threonine residues (17-31%), but their distribution and 

absolute position vary greatly between isoforms and splice variants. The effect of 

phosphorylation by PKA, protein PKC, src kinase and focal adhesion kinase has been 

observed in various PMCA isoforms (Monteith et al. 1995; Penniston et al. 1998). 

Generally, phosphorylation may influence PMCA activity leading directly to the removal 

of inhibition or indirectly by interference with calmodulin binding. 

 Among all isoforms only PMCA1b-d contain the PKA consensus sequence 

KRNSS downstream to the CBD. In vitro studies showed that phosphorylation of 

PMCA1b at Ser 1178 leads to an increase in Ca2+  affinity and maximal velocity and that 

phosphorylation is inhibited by calmodulin (James et al. 1989). The stimulation of the 

Ca2+ pump by calmodulin and PKA is non-additive suggesting that phosphorylation 

increases activity by relieving autoinhibition.  It should be noted that although most cells 

express PMCA1b, PKA stimulation is not observed in all of them indicating that other 

mechanisms are involved in this process. One of the reasons may include targeted  PKA 

translocation.   In parotid acinar cells, activated PKA translocated specifically into apical 

regions of the cell (Baggaley et al. 2007). As a result, only the apical portion of PMCA1 

has been phosphorylated by PKA followed by increased Ca2+ clearance in the apical 

region. 
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 PKC regulates PMCA activity in an isoform specific manner. In general, PKC 

stimulation increases Ca2+ extrusion by PMCA (Enyedi et al. 1996; Kuo et al. 1991; 

Werth et al. 1996). PKC has been shown to phosphorylate the conserved threonine within 

the CBD, however, the residues downstream from the CBD seem to be more readily 

phosphorylated.  In PMCA4b, threonine phosphorylation within the CBD led to pump 

activation and attenuation of calmodulin stimulation, possibly due to relieving 

autoinhibition (Wang et al. 1991). In contrast, the phosphorylation of the serine residue 

within the inhibitory domain downstream to the CBD in PMCA4b led to only partial 

stimulation of the pump, while the stimulatory effect of calmodulin was retained (Enyedi 

et al. 1996). Although PMCA2a and 3a are also readily phosphorylated by PKC, the 

phosphorylation does not change basal pump activity (Enyedi et al. 1997). However, it 

interferes with calmodulin binding which may lead to reduced calcium efflux in cells 

expressing those isoforms. PMCA2b and 3b are poor substrates for PKC and PMCA4a 

phosphorylation does not affect basal activity and calmodulin stimulation (Enyedi et al. 

1997). 

 Phosphorylation may also lead to PMCA deactivation. In thrombin-activated 

platelets, Tyr-1176 phosphorylation of PMCA4b, probably mediated by focal adhesion 

kinase, resulted in reduction of PMCA activity by approximately 40% (Dean et al. 1997; 

Wan et al. 2003). Moreover, PMCA activity in purified platelet plasma membranes was 

inhibited by 75% following tyrosine phosphorylation by src kinase (pp60src) (Dean et al. 

1997). 
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1.4.4.3. Regulation by acidic phospholipids 

 Acidic phospholipids, in particular phosphatidylserine, phosphatidylinositol, 

phosphatic acid and cardiolipin, are very potent PCMA activators (Carafoli et al. 1982; 

Carafoli 1991; Niggli et al. 1981). Of these, phosphatidylinositol bisphosphate is one of 

the most potent (Carafoli et al. 1982; Choquette et al. 1984). Stimulation of 

phospholipase C, by receptors linked to G-proteins, leads to the breakdown of 

phosphatidylinositol bisphosphate into IP3 and diacylglycerol, which have no effect on 

the activity of the pump (Carafoli 1991). The decreased levels of phosphatidylinositol 

bisphosphate may reduce PMCA activity and therefore enhance the rise in cytosolic 

calcium levels. Phospholipid activation makes PMCA insensitive to calmodulin 

activation, but PMCA activation by calmodulin may be enhanced upon phospholipid 

binding. Phospholipids stimulate the pump by increasing the Ca2+ affinity and the rate of 

transport (Enyedi et al. 1987; Niggli et al. 1981). They are more effective activators as 

compared to calmodulin as they do not require Ca2+ for their effect (Niggli et al. 1981). 

Reconstitution of PMCA in liposomes containing different proportions of acidic 

phospholipids revealed that the minimal content of acidic phospholipids in the 

environment of the PMCA necessary for full stimulation is about 40% (Niggli et al. 

1981). There are two separate phospholipid binding regions in the pump: one 

corresponding to the carboxyl-terminal calmodulin binding domain and the second 

situated in the immediately preceding third membrane-spanning domain (Fig. 3). The 

deletion of the second one results in a fully active PMCA with high affinity for Ca2+, a 

characteristic of the pump activated by acidic phospholipids (Pinto et al. 2002). 
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1.4.4.4 Regulation by proteases 

 PMCA is a substrate of intracellular proteases such as calpain and caspases (1 and 

3) (Paszty et al. 2002; Salamino et al. 1994). Calpain is Ca2+-dependent protease. In its 

first step it removes the CBD from PMCA which results in the formation of a 124 kDa 

constitutively active fragment, while further calpain-dependent cleavage causes the 

formation of 100 kDa and smaller fragments (James et al. 1989; Salamino et al. 1994). 

Different PMCA isoforms differ in their sensitivity to calpain cleavage. In vitro studies 

on purified PMCA1, 2 and 4 isoforms revealed that calpain slowly degrades PMCA2 and 

4 to a large, constitutively active fragment, while PMCA1 is rapidly and completely 

degraded (Guerini et al. 2003). Calpain has been shown to play a role in human 

erythrocyte function and platelet activation in vivo (Salamino et al. 1994). However, in 

both cases calpain degraded PMCA completely, leading to increased [Ca2+]i  levels, 

which was prevented by calpain inhibitors.     

PMCA is also a substrate for caspase-3 cleavage indicating the role of PMCA in 

apoptosis. Caspase-3 cleaved PMCA4b at Asp1080 to a 120 kDa constitutively active 

fragment during an early phase of apoptosis induced by either receptor mediated or 

mitochondrial pathways (Paszty et al. 2002; Paszty et al. 2007). It suggests that the 

cleavage may have a role in protecting apoptotic cells from excessive Ca2+ overload and 

in consequence secondary necrosis. In contrast, other studies suggested that cleavage by 

caspase-3 inhibited PMCA4 activity and promoted internalization of PMCA4 stably 

expressed in Chinese hamster ovary cells. It seems that other cell-specific processes may 

be involved in PMCA regulation by caspase-3 (Schwab et al. 2002). 
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1.4.5. PMCA distribution      

 All tissues and cell types express at least one PMCA isoform. Individual isoforms 

show developmental, cell and subcellular patterns of expression; suggesting that they 

participate in cell-specific and spatially segregated intracellular Ca2+ regulation. In situ 

hybridization experiments on mouse embryos revealed that PMCA1 is the first isoform 

expressed from the earliest time point analyzed (9.5 days post coitum) (Zacharias et al. 

1999). All other PMCA isoforms were detected around 12.5 day onwards. PMCA2 was 

confined to the developing nervous system and PMCA4 was widely expressed, but at the 

lowest levels compared to other isoforms. This is in contrast to expression levels in 

adults, where it is found in many tissues at high levels. Interestingly, PMCA3 which in 

adults has a restricted expression pattern, was expressed widely during early development 

and starting around 16.5 days it showed more restricted expression being high in nervous 

system, limb skeletal muscle and lung.  

 Various tissues express different PMCA isoforms. In general, PMCA1 and 

PMCA4 are the most ubiquitously expressed isoforms, while PMCA2 and 3 are 

expressed in a much more restricted manner (Stauffer et al. 1995; Strehler et al. 2001). 

The brain expresses the greatest abundance and diversity of PMCA isoforms and splice 

variants (Burette et al. 2003; Filoteo et al. 1997).  The hippocampus expresses PMCA 

genes 1, 3, and 4, and the cerebellum has higher levels of PMCA2 and 3. Within the brain 

PMCA2 is mostly expressed in specialized cell types such as cerebellar Purkinje cells and 

cochlear hair cells, but significant levels of this isoform can also be found in uterus, liver, 

kidney and in lactating mammary glands (Faddy et al. 2008; Silverstein et al. 2006; 
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Stauffer et al. 1995). PMCA3 expression is even more restricted with high levels in 

choroid plexus (Eakin et al. 1995). Various organs show a very restricted pattern of 

PMCA isoform expression. In retinal neurons PMCA2 is localized to rod bipolar cells, 

horizontal cells, amacrine cells, and ganglion cells, and PMCA3 is predominantly 

expressed in horizontal cells and spiking neurons, including both amacrine and ganglion 

cells (Krizaj et al. 2002). PMCA4 is selectively expressed in both synaptic layers.  

Certain unique splice variants of PMCA are expressed in specific cell types like 

PMCA2w/a, which is found only in the hair cells of the inner ear (Hill et al. 2006). Cell-

type specific expression of PMCA isoforms has also been observed in stratified corneal 

epithelium, where there are differences in the PMCA isoforms expressed in different cells 

layers (Marian et al. 2005; Talarico, Jr. et al. 2005).  

Within the cell PMCA may not be distributed uniformly in plasma membrane. 

The spatially distinct demands of Ca2+ influx and efflux observed especially in polarized 

cells, like epithelial and neuronal cells may determine the differential distribution of 

PMCA isoforms in the plasma membrane. This type of organization is important for the 

role which the cell plays in the organism and its role as a signaling molecule. Duodenal 

mucosa cells express PMCA1b localized in basolateral membrane (Howard et al. 1993). 

The localization allows the calcium absorbed from intestine by mucosa to be pumped out 

of the cell by PMCA1b into the interstitial space where it enters the blood (Hoenderop et 

al. 2005).  In many cell types, PMCA has been shown to localize in domains rich in 

cholesterol and sphingolipids named lipid rafts or in specialized flask-shaped invaginated 

lipid rafts containing caveolin called caveolae (Cho et al. 2005; Darby et al. 2000; 

 25



PhD Thesis – M. Szewczyk – McMaster - Biology 
 

Fujimoto 1993; Hammes et al. 1998; Sepulveda et al. 2006). These specialized domains 

are rich in receptors, channels, signal transducers, effectors and structural proteins which 

allow for signal integration and local Ca2+ signaling (Razani et al. 2002; Shaul et al. 

1998). Neuronal NO synthase (nNOS) was also found to localize in caveolae (Daniel et 

al. 2006; Venema et al. 1997). In cerebellum, synaptic plasma membranes express all 

PMCA isoforms, but only PMCA4 was exclusively localized in lipid rafts (Sepulveda et 

al. 2006). PMCA4b has also been shown to localize in caveolae where it can interact with 

nNOS and regulate its activity (Oceandy et al. 2007). Thus, the PMCA isoforms exhibit 

tissue, cell and subcellular-specific expression that may reflect differences in their [Ca2+]i 

handling requirements, indicating that Ca2+ extrusion is highly regulated and functionally 

integrated with Ca2+. 

 

1.4.6. Molecular partners for PMCA 

PMCA may interact with numerous proteins. The interaction may result in the 

recruitment and maintenance of particular PMCA splice variants in specific membrane 

domains. It may also be involved in the modulation of signal transduction pathways.  

Most partners of PMCA have been found to interact with the PDZ binding 

domain, which is present in the C-terminal end of PMCA isoforms 2b and 4b. Both 

isoforms interact with the PDZ containing membrane-associated guanylate kinase family 

of kinases (SAP), which are associated with the cortical actin cytoskeleton and are 

thought to act as scaffolding or clustering proteins for various membrane receptors and 

transporters (DeMarco et al. 2001). Confocal immunofluorescence microscopy revealed 

the exclusive presence and colocalization of PMCA4b and SAP97 in the basolateral 
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membrane of polarized Madin-Darby canine kidney epithelial cells. In hippocampal 

neurons, PMCA2b was abundant throughout the somatodendritic compartment where it 

colocalized with SAP90. PMCA2b was shown to interact with the PDZ protein Na+/H+ 

exchanger regulatory factor 2 (DeMarco et al. 2002). In polarized Madin-Darby canine 

kidney cells the interaction enhanced the apical concentration of PMCA2w/b by 

anchoring the pump to the apical membrane cytoskeleton. The PDZ-mediated PMCA4b-

nNOS interaction in an in vitro expressing system using human embryonic kidney cells 

(HEK293), as well as in a neuronal cell line, cardiomyocytes and SMC, was shown to 

down-regulate NO production (Gros et al. 2003; Mohamed et al. 2009; Oceandy et al. 

2007). The observed decrease of nNOS activity, which is Ca2+-calmodulin dependent, 

was caused by Ca2+ depletion in the immediate proximity of the enzyme. The Ca2+ 

depletion is also the cause of the downregulation of calcium/calmodulin-dependent serine 

protein kinase by PDZ mediated interaction with PMCA4b. This kinase is a co-activator 

of the transcription of T-element containing promoters and overexpression of PMCA4b 

was shown to down-regulate the T-element-dependent reporter activity (Schuh et al. 

2003). It is also proposed that during platelet activation PMCA4b interacts with F-actin 

via PDZ-containing protein CLP36 and translocates to filopodia (Bozulic et al. 2007).  

Other than the PDZ- binding domain, the main intracellular loop of PMCA 

(between TM4 and 5) and N-terminus may also interact with partner proteins.  Tumour 

suppressor Ras-Associated Factor 1 (Ras-1), alpha-1 syntrophin and calcineurin were 

shown to bind to the main intracellular loop. Co-expression of tumour suppressor Ras-1 

and PMCA4b inhibited the epidermal growth factor-dependent activation of Ras, 
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suggesting a role for PMCA4b in the modulation of Ras-mediated signaling (Armesilla et 

al. 2004). The overexpression of alpha-1 syntrophin increased the inhibitory effect of the 

PMCA on NOS-1 activity. This complex has been found in cardiac myocytes (Williams 

et al. 2006). Both PMCA4 and 2 interact with the catalytic subunit of calcineurin A, 

which displaces a nuclear factor of activated T-cell binding to calcineurin,  and 

subsequently inhibits signal transmission (Buch et al. 2005). The N-terminal part of 

PMCA1, 3 and 4 interacts with 14-3-3ε protein, which modulates cell signaling, 

intracellular trafficking, transcription and apoptosis (Di Leva et al. 2008; Rimessi et al. 

2005).  

 

1.4.7. PMCA and disease processes 

Changes in the levels of expression or activity of various PMCA isoforms have 

been associated with several pathologies including heart disease, hypertension, 

carcinogenesis, cataract formation, diabetes and neurodegenerative diseases (Brini et al. 

2009; Tempel et al. 2007).   

Gene knock-out studies have shown an essential housekeeping role for PMCA1, 

since PMCA1 null mice are embryolethal (Prasad et al. 2004). The presence of a null 

mutation in heterozygous PMCA1 mice did not cause major defects, however, increased 

apopotosis of vascular smooth muscle was observed (Okunade et al. 2004). Some cancer 

types are associated with altered expression of the PMCA1 gene. Studies on oral 

squamous cell carcinoma have suggested an epigenetic inactivation of PMCA1 gene as a 

frequent and early event during oral carcinogenesis (Saito et al. 2006). In contrast, 

increased PMCA1 expression has also been observed in breast cancer (Lee et al. 2002). 
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In vascular smooth muscle cells, the regulation of PMCA1 expression by the 

transcription factor c-Myb may control cell proliferation. In neuronal cells PMCA1 is 

suggested to be involved in neurite extension.  The blocking of PMCA1 production in the 

neuronal cell line (PC6) with antisense RNA impaired the cell’s ability to extend normal 

neurites in response to neuronal growth factor without interference with its signaling 

(Brandt et al. 1996). An increase in the level of PMCA1 expression is associated with the 

loss of Ca2+i homeostasis observed in human cataract lenses (Marian et al. 2008). Studies 

using a cultured human lens epithelial cell line have shown that oxidative stress, a major 

contributor to cataract development, also induces changes to the level of expression of 

PMCA1(Marian et al. 2008).  

Changes in the levels of PMCA2 have been reported in several diseases including 

hearing defects, decreased milk production, multiple sclerosis, spinal cord injury, cancer, 

cataract and Huntington disease. Both natural and generated mutants of PMCA2 are 

known (Prasad et al. 2004). PMCA2 null mice exhibit deafness and ataxia, whereas the 

heterozygous mice are predisposed to age or noise related hearing loss. Two human 

families have been described in which mutations in the PMCA2 gene are linked to the 

insurgence of deafness. In one, a homozygous mutation in the cadherin gene caused 

hearing loss in all five siblings, however three siblings with a mutation in the PMCA2 

gene (heterozygous) showed more profound hearing loss (Schultz et al. 2005). In the 

other family, profound deafness was present only when a mutation in the cadherin 23 

gene was present together with a mutation in the PMCA2 gene (Ficarella et al. 2007) . 

Besides being a regulator of Ca2+ homeostasis, PMCA2 has been shown to be essential 
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for Ca2+ secretion in milk by mammary epithelial cells (VanHouten et al. 2007). An 

increase in levels of PMCA2 is seen during lactation, which decreases again upon 

weaning. In PMCA2 knock-out mice the level of Ca2+ in the milk was found to be 

strongly reduced (Reinhardt et al. 2004). Although, an up-regulation of SERCA2b and 

the Golgi apparatus Ca2+ pump occurs under these conditions it was inadequate to 

compensate for the loss of PMCA2 (Reinhardt et al. 2000). After lactation PMCA2 levels 

are down-regulated. The loss of PMCA2 expression leads to [Ca2+]i elevation and 

sensitizes epithelial cells to apoptosis (VanHouten et al. 2007). An increase in levels of 

PMCA2 was observed in breast cancer cell lines where it can protected cells from 

apoptosis (Lee et al. 2005; VanHouten et al. 2010). It is suggested that high PMCA2 

expression in breast cancers is associated with poor outcome. PMCA2 expression is also 

altered in cataract lenses as compared to age-matched clear lenses (Marian et al. 2008). A 

transcriptional down-regulation of PMCA2 has recently been found in several mouse 

models of Huntington disease and in the brains of patients suffering from this disease, 

where it may contribute to the chronic cellular Ca2+ overload (Kuhn et al. 2007). In 

animal models of multiple sclerosis the decrease in PMCA2 transcript and protein levels 

and the correlation between expression and disease course was observed (Nicot et al. 

2005). In spinal cord neurons, decreased levels of PMCA2 not only led to increased 

calcium overload in spinal cord neurons, but also to decreased collapsin response 

mediator protein 1 levels, which was followed by cell death (Kurnellas et al. 2010). 

Lack of availability of PMCA3 knockout animals has limited studies on PMCA3 

physiology and pathology. PMCA3 is expressed at high levels in the choroid plexus and 
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may thus play a role in regulating ionic composition of the cerebrospinal fluid which is 

essential in brain function and development (Eakin et al. 1995). PMCA3 mRNA levels in 

the placenta correlate with neonatal bone mineral content, bone area, placental weight 

and birth weight suggesting that it may be crucial in calcium absorption by fetal bones 

(Martin et al. 2007).  

PMCA4 is ubiquitously expressed and could thus represent a housekeeping gene 

together with PMCA1. However in contrast to PMCA1, PMCA4 null mouse embryos 

survive and appear normal. The major phenotypic change observed in null mice is male 

infertility due to loss of sperm hypermotility (Withers et al. 2006). It is not surprising, 

since PMCA4 is the predominant isoform in testis (Wilhelm et al. 2008).  In addition to 

defects in sperm motility, a loss of PMCA4 impaired phasic contractions and caused 

apoptosis in the portal vein smooth muscle studied in vitro in some mice strains 

(Okunade et al. 2004).  Since PMCA4 also plays a role as a modulator of Ca2+ signaling 

pathways, the alterations in its expression levels may affect other protein functions. 

PMCA4b interacts with nNOS via the PDZ domain and downregulates its activity by 

decreasing [Ca2+]i and preventing Ca2+-calmodulin dependent nNOS activation (Gros et 

al. 2003; Mohamed et al. 2009; Oceandy et al. 2007).  Overexpression of PMCA4b in 

mice leads to an increase in arterial reactivity and increased blood pressure (Gros et al. 

2003).  In cardiomyocytes, the overexpression attenuated the β-adrenergic inotropic 

response (Mohamed et al. 2009). PMCA4b may also interact with calcineurin and inhibit 

calcineurin/nuclear factor of activated T cells pathway which is involved in hypertrophic 

growth induction in cardiac myocytes (Wu et al. 2009). In human failing hearts, PMCA4 
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protein expression decreased by 60% as compared to the normal hearts. In hypertrophic 

mouse hearts following transverse aortic constriction PMCA4 was also downregulated by 

25%.  Gene targeting of PMCA4 increased the susceptibility of hearts to hypertrophy, 

whereas its cardiac-specific inducible expression rendered it anti-hypertrophic in 

response to pressure overload.  Downregulation of PMCA4 leads to impaired platelet 

aggregation (Jones et al. 2010). Type one and two diabetes mellitus is associated with an 

increase in the level of PMCA4 expression in platelets and megacaryocytes which leads 

to abnormalities in platelet maturation and is suggested to play a role in the onset and/or 

progression of macrovascular complications (Chaabane et al. 2007). PMCA4 expression 

levels may change during cancerogenesis. Differentiation of HT-29 colon cancer cells 

was associated with an upregulation of PMCA4, whereas breast cancer cell lines show 

decreased PMCA4 levels. 

 

1.5. Approaches used today to study the role of PMCA 

 The major approaches used to study the role of PMCA are genetic techniques 

such as gene knock-out or altered gene overexpression and inhibition of PMCA by 

pharmacological agents.  However, all the methods have their drawbacks and in some 

cases the results obtained by different methods often give inconclusive results. 

 

1.5.1. Genetic techniques    

  Animal models with ablated PMCA genes were used to delineate the 

physiological roles of PMCA1, 2 and 4 (Liu et al. 2007; Prasad et al. 2004; Prasad et al. 

2007; Shull 2000). The PMCA3 null mice have not been yet developed. The major 
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drawback in the method is that mice seem to adapt to PMCA loss and sometimes the 

results are strain dependent. PMCA1 is essential for embryogenesis since PMCA1 knock-

out is embryolethal. Therefore, the model cannot be used for studying the role of PMCA1 

in adult mice physiology. Although PMCA4 is ubiquitously expressed, PMCA4 ablation 

affects mostly bladder function (bladders in the PMCA4 null mice are smaller than in the 

wild type, as is the response of the bladder smooth muscle to carbachol) and sperm 

motility. Certain phenotypes, such as impaired portal vein smooth muscle contractions, 

were observed in PMCA4-ablated mice in a strain dependent manner (Okunade et al. 

2004). PMCA2 has unique properties (fast kinetics) and is found ubiquitously in the 

central nervous system and heart, however PMCA2 null mice show only balance and 

hearing defects and decreased milk production.   

Intracellular calcium concentration has to be tightly regulated which is reflected 

in the plasticity and the adaptability of various Ca2+ transporters and sensors in the cell. 

Normally expressed at low levels in most cells, PMCA is often difficult to overexpress at 

high levels and also it may not be properly targeted to plasma membrane (Adamo et al. 

1992; Guerini et al. 2003). The overexpression of PMCA4b altered the gene expression 

of endogenous mouse PMCA1, PMCA4, SERCA2 and IP3R1 indicating that adaptation 

processes take place, when manipulating PMCA levels (Guerini et al. 2003; Liu et al. 

1996). Most of the cells express more than one PMCA isoform. This is one of the 

possible reasons that the effect of gene ablation is mostly observed in cells which express 

one PMCA isoform or when the proper cell function depends on high levels of PMCA, 

which cannot be compensated by other systems.  Because PMCA2w/a is the only PMCA 
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isoform present in outer hair cells and vestibular hair cells in the ear, the biochemical 

properties of this pump must account fully for the physiological features of 

transmembrane Ca2+ pumping in the bundles and therefore the loss of this isoform leads 

to hearing defects (Kozel et al. 1998). The expression of PMCA2 increases 100-fold 

during lactation and PMCA4 is the predominant isoform in testis therefore the gene loss 

cannot be fully compensated by other PMCA genes and it leads to decreased milk 

production and loss of sperm motility, respectively (Faddy et al. 2008; Wilhelm et al. 

2008).  

 

1.5.2. Inhibitors      

 Selective PMCA inhibitors seem to be the best tool for studying the role of 

PMCA in physiological and pathological conditions. There are known specific inhibitors 

for SERCA (thapsigargin and cyclopiazonic acid) and NCX (XIP, KB-R7943 and 

SEA0400).  PMCA and NCX can expel Ca2+ from the cell and without inhibitors specific 

for PMCA it is difficult to delineate the role of these proteins in cell function. Eosin and 

vanadate have been used extensively in studies on PMCA (Boyer et al. 2001; Bredeston 

et al. 2004; Gunaratne et al. 2006; Kennedy et al. 1996; Krstic et al. 2009; Tiffert et al. 

2001). Eosin modulates PMCA activity by interfering with its ATP binding, however, it 

also inhibits the Na+ pump and SERCA pump (Skou et al. 1981). Vanadate is a phosphate 

analog that inhibits various ATPases in its +5 oxidation state. It has been used as a 

PMCA inhibitor even though it has a higher affinity for the Na+ pump than for PMCA. 

Vanadate inhibits Na+-K+-ATPase with an affinity 2500x higher than that for PMCA 

(Cantley, Jr. et al. 1977). It also inhibits the SERCA pump. The inhibition of Na+-K+-
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ATPase results in changes to Na+ and K+ gradients. Any change in those gradients may 

influence NCX activity. The reduction of vanadate to + 4 valency state may affect its 

inhibitory potential and/or alter its specificity, adding another dimension of complexity in 

interpreting the results. Therefore, neither eosin nor vanadate would delineate the role of 

PMCA from that of NCX.  

 

1.6. Allosterism, as applied to P-type ATPase inhibitors   

 Allosteric sites have been exploited as novel pharmacological targets. Allosteric 

modulation results from the binding of molecules at a different site from that of the active 

site. There are a number of advantages in using allosteric modulators as preferred 

therapeutic agents over classic orthosteric ligands. In contrast to allosteric sites, 

orthosteric sites could not have been changed greatly during evolution in order to 

accommodate the function to be performed. Therefore allosteric sites are more diverse 

and have greater specificity than the active sites of enzymes and receptors.  P-type 

ATPases such as PMCA, SERCA and Na+-pump shuttle between different 

conformational states during reaction cycle. Several allosteric inhibitors of SERCA and 

Na+- pump have been discovered, which have proven useful as research and therapeutic 

tools. Thapsigargin has a high affinity (subnanomolar dissociation constant) for and is a 

very specific SERCA inhibitor. It binds tightly to the E2 form of the pump in the cavity 

surrounded by the TM3, TM5 and TM7 and prevents it from converting into its E1 form, 

which is required for catalytic function (Toyoshima et al. 2002). The use of thapsigargin, 

has led to an exploration of the roles of SERCA in signal transduction and calcium 

homeostasis, as well as in the analysis of its structure during reaction cycle. Ouabain, a 
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Na+ pump selective inhibitor, binds to the first extracellular loop and TM4. It exerts its 

inhibitory activity by interacting with the M5-M6 loop that is involved in cation binding 

by restricting its flexibility (Qiu et al. 2005). Digoxin, another Na+ pump selective 

inhibitor, was also shown to inhibit by binding to exdoms (Keenan et al. 2005).  Other 

than for research purposes, digoxin is used therapeutically for atrial fibrillation and 

congestive heart failure (Falk et al. 1991; Reddy et al. 1997). Since PMCA specific 

inhibitors are required to understand the role of PMCA in Ca2+ homeostasis and cell 

signaling and available active site inhibitors (vanadate, eosin) are highly nonspecific, the 

development of allosteric site based inhibitors is of great importance. 

 

1.7. Phage display - a tool for the development of allosteric inhibitors   

  Phage display is a technology, where exogenous (poly)peptides are expressed on 

the surface of a bacteriophage particle. The technology is extensively used in various 

applications such as screening for modulators of both the active and allosteric sites of the 

enzyme, receptor agonists and antagonists, analysis of protein–protein interactions, 

epitope mapping, vaccine design or generating target specific antibodies (Benhar 2001; 

Bottger et al. 2009; Bratkovic 2009; Carmen et al. 2002; Pande et al. 2010). The DNA 

fragment encoding a foreign (poly)peptide is inserted into the genome of the filamentous 

phage and the peptide is displayed as a fusion to one of the coat proteins on the surface of 

phage. The use of filamentous bacteriophage as a cloning vector or for the display of the 

foreign peptides has several advantages (Pande et al. 2010). The filamentous phage 

genome can tolerate insertions in the non essential regions without disrupting phage 

packaging and infectivity; however, the size of the insert is often restricted. It is stable 
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under a broad range of selection conditions such as pH and temperature. The infection 

with filamentous phages is not lethal so it can accumulate in high concentrations in the 

infected bacterial cells. A decrease in the rate of cell growth is seen in the infected cells 

causing turbid plaques in agarose-embedded bacteria allowing for easy isolation of 

distinct phage clones. 

The most common bacteriophage used in phage display is the M13 filamentous 

phage (Kehoe et al. 2005; Smith et al. 1997). It is composed of single stranded circular 

DNA encapsulated in approximately 2700 copies of the major coat protein pXIII.  One 

end of the phage particle is capped by the two minor proteins pIII and pVI, 5 copies each, 

while the other end displays 3-5 copies of pVII and pIX. The minor coat protein pIII in 

involved in infection process. It attaches to the receptor at the tip of the F pilus of the host 

Escherichia coli. In phage display, the foreign peptides can be displayed at the N-

terminus of coat proteins pIII, pVII, pVIII, pIX and C-terminus of pVI. 

 Phage display libraries expressing random peptides have been used extensively 

for the invention of enzyme inhibitors (Casares et al. 2010; Jani et al. 2005; Kadam et al. 

2010; Kristan et al. 2009; Szewczyk et al. 2008). It has its application for allosteric 

enzyme inhibitors, since any part of the enzyme can be used as a target. Usually the 

random oligonucleotides are inserted between the coat protein pIII and the coding 

sequence for the signal peptide. The random peptides varying in size from 6 to 42 amino 

acids have been successfully displayed as a fusion to N-terminus of the pIII (Burritt et al. 

1995; McConnell et al. 1996). The peptides can be displayed in linear, as well as cyclised 

form, where the randomized sequence is flanked by a pair of cysteine residues. Under 
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non-reducing conditions the cysteines will spontaneously form a disulfide cross-link, 

resulting in phage display of cyclized peptides. Such structurally constrained phage 

display random peptide libraries have been screened successfully for targets that did not 

bind a ligand from the linear random peptide libraries and are also advantageous in 

yielding high affinity ligands (Devlin et al. 1990; Heinis et al. 2009; Hoess et al. 1994; 

Luzzago et al. 1993; McLafferty et al. 1993). 

 A popular strategy of phage display is affinity selection or phage panning with the 

target immobilized on a plate or bead surface. After blocking of unspecific sites with 

unrelated proteins or nonionic detergents, the phage display random peptide library is 

added to the target in large amounts to maximize diversity. Next the unbound phage are 

removed and the selected phage are eluted either with a solution containing a free target 

or a competing ligand (specific elution) or using extremes such as low pH, denaturants, 

high ionic strength, limited proteolysis or sonication. The selected phage can be amplified 

and selection can be repeated depending on demand. The basic method can be adapted in 

many various ways to increase the chances of selection of high affinity ligands e.g. by 

increasing the strength of the washes or by introducing negative screening to eliminate 

the phage which do not bind to the target. An example of the modifications is described 

in section 1.8.3.1, which details the invention of the PMCA4 selective inhibitor, caloxin 

1c2. 
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1.8. Caloxins –concepts and classification   

 Caloxins are extracellular peptide inhibitors, which bind exdoms of PMCA and 

inhibit their activity. They are obtained by a screening method using phage display. The 

exdoms of PMCA were chosen as a target since they do not share any significant 

homology with the other members of P-type ATPases and are therefore unique targets to 

obtain PMCA specific inhibitors. Moreover, the alternative splicing does not affect the 

exdom sequences, therefore the obtained caloxin would be expected to inhibit all PMCA 

splicing variants.  The rationale for the development of selective PMCA inhibitors lies in 

their ability to bind on the extracellular surface to exdoms to alter the conformational 

changes occurring during the PMCA reaction cycle and thereby modulate the pump 

activity.  The model was predicted based on structural studies of SERCA inhibition by 

thapsigargin, which binds to helical loops located in the lumen of the SER inhibiting their 

movement (Toyoshima et al. 2002). In PMCA, such helices would correspond to exdoms.  

Moreover ouabain, a selective Na+ pump inhibitor, was also shown to inhibit the pump by 

binding to one of its extracellular loops (Qiu et al. 2005).  

  The name of a caloxin contains information about the target and screening 

method. The first number denotes the number of the exdom used as a screening target. 

The letter indicates the screening method: a - screening with synthetic peptide as a target, 

b – screening with synthetic peptide as a target followed by affinity chromatography with 

the native protein, c- screening by affinity chromatography with native protein using 

phage library displaying mutated peptide obtained with method b. The second number 

denotes a serial number obtained within the same category. 
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Table 1. Caloxins 
Caloxin Sequence Target Ki (µM) * 

2a1 VSNSNWPSFPSSGGG-amide PMCA1 
exdom2 

400 ± 100 

1a1 ACPWWSPHACGGG PMCA1 
exdom1Y 

86 ± 12 

3a1 SVWSATFLSSSPGGGSAK PMCA 
exdom3 

190 ± 20 

1b1 TAWSEVLHLLSRGGG-amide PMCA4 
exdom1X 

46 ± 5 (PMCA4) 
105 ± 11(PMCA1) 

1b2 HGWINYQSLYAWGGGSK-
amide 

PMCA4 
exdom1Y 

31 ± 2(PMCA4) 
100 ± 8 (PMCA1) 

1c2 TAWSEVLDLLRRGGGSK-
amide 

PMCA4 
exdom1X 

2.3 ± 0.3 (PMCA4) 
21 ± 6 (PMCA1) 

40 ± 10 (PMCA2) 
67 ± 8 (PMCA3) 

*Ki – inhibition constant 

 

1.8.1. Series A caloxins 

 The first PMCA selective inhibitor, caloxin 2a1 (Table 1) was obtained by 

screening a phage library displaying 12-amino acid random peptides for binding to the 

synthetic peptide corresponding to the exdom 2 sequence of PMCA1, conjugated to a 

carrier protein, keyhole limpet hemocyanin (KLH) (Chaudhary et al. 2001). It produced a 

50% inhibition of Ca2+-Mg2+-ATPase activity of PMCA in human erythrocyte ghosts at a 

concentration of 0.4 ± 0.1 mM.  Consistent with being an allosteric inhibitor, caloxin 2a1 

inhibited the PMCA non-competitively with respect to substrates: Ca2+, ATP and 

calmodulin and it did not inhibit any other tested ATPases. It also inhibited the formation 

of a Ca2+-dependent acylphosphate in a partial reaction of PMCA catalytic cycle.  A 

similar screening protocol with synthetic exdom1 and 3 resulted in affinity selection of 

caloxins 1a1 and 3a1, respectively (Table 1) (Pande et al. 2005; Pande et al. 2005).  
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1.8.2. Series B caloxins 

 Series B caloxins, caloxins 1b1 and 1b2 (see Table 1), were obtained by two-step 

screening using synthetic PMCA4 exdom1X (N-terminal half of exdom1) or exdom1Y 

(C terminal half of exdom1), respectively, which was followed by affinity 

chromatography  with PMCA protein purified from erythrocyte ghosts as a target (Pande 

et al. 2006), Jyoti Pande PhD. thesis). Both caloxins 1b1 and 1b2 had a 10-fold higher 

affinity than the prototype caloxin 2a1 and showed slight PMCA4 isoform preference. 

Caloxin 1b1 inhibited the Ca2+-Mg2+-ATPase activity of PMCA in leaky erythrocyte 

ghosts that express mainly PMCA4 isoform with a inhibition constant (Ki) value of 46 ± 

5 µM. It was selective for PMCA, since it did not inhibit SERCA, Na+-pump or Mg2+-

ATPase. Caloxin 1b1 was slightly selective for PMCA4 since it inhibited the other 

PMCA isoforms with lower affinity (Table 1). It did not inhibit any other ATPases tested. 

Caloxin 1b2 also showed slight selectivity toward PMCA4 (Table 1) (Jyoti Pande PhD. 

Thesis). 

 

1.8.3. PMCA isoform selective caloxins   

 The existence of more than one PMCA isoform in most cell types emphasizes the 

need for isoform selective caloxins to study the role of PMCA in physiology. Moreover, 

several disorders are linked with changes of specific PMCA isoform activity (see section 

1.4.7). Therefore, isoform-selective caloxins may help to understand the role of PMCA in 

various pathologies and may aid in treatment development. However, there are several 

issues which make this task a challenge. 
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 The first challenge in the invention of isoform-selective caloxins is the 

identification of the allosteric target, which should differ among PMCA isoforms and to 

which binding should produce the inhibitory effect. Out of all 5 exdoms, exdom1 is the 

most divergent among PMCA isoforms (Fig. 3). However, exdom1 is long and it contains 

a cysteine residue in the middle. It is not known if this cysteine takes part in disulfide 

bond formation that could alter the exdom conformation. Therefore, exdom1 has been 

arbitrarily divided into exdom1X (N-terminus part) and 1Y (C-terminus part) around the 

cysteine. Each half of exdom1 is used as a target to obtain isoform-selective caloxins. 

This option also opens the possibility to develop bidentate caloxins from caloxins 

selected for different halves of exdom1 to increase inhibitor affinity and selectivity. 

 The second challenge is to choose appropriate methods of screening to maximally 

increase the chances of obtaining isoform-selective caloxins. Series “a” caloxins were 

obtained by screening a phage library displaying random peptides (12 amino acids) for 

binding to synthetic exdoms (Pande et al. 2005; Pande et al. 2005). However, the series 

“a” caloxins have very low affinity for PMCA possibly due to differences between the 

conformation of the synthetic exdom and the exdom in native protein. The best solution 

would be to use the native protein as the screening target, however, the exdom specificity 

would then be lost. Therefore, a two step procedure was introduced in which a random 

peptide phage display library was first screened for binding to the synthetic peptide and 

then the selected phage pool was used in affinity chromatography with native PMCA. 

The new strategy improved the affinity of caloxins by tenfold (Pande et al. 2006).  The 
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future improvements of series B caloxins by mutagenesis yielded the development of the 

first PMCA4 isoform selective caloxin1c2 (Pande et al. 2008).  

8.1.3.1. The invention of first PMCA isoform selective allosteric inhibitor -caloxin 

1c2 

Caloxin 1c2 was obtained as a mutant of the previously described caloxin 1b1 

(see section 1.8.2) (Pande et al. 2008).  It was hypothesized that altering one, two, or 

three residues in caloxin 1b1 would maintain its ability to inhibit PMCA, but it may 

improve its affinity and isoform selectivity. For this purpose, a phage display library of 

caloxin 1b1-like peptides was created and screened by PMCA4-affinity chromatography 

on a calmodulin-agarose column, yielding caloxin 1c2. Several improvements were also 

introduced into the screening process including negative screening to eliminate phage 

bound to calmodulin-agarose and a competition experiment to overcome a bias in the 

library construction and amplification rate of individual clones. To eliminate a bias, an 

equal amount of each clone obtained after three rounds of affinity chromatography were 

made to compete against each other for binding to PMCA4. Caloxin 1c2 differed from 

the parental caloxin 1b1 in two amino acid residues (Table 1). The mutagenesis resulted 

in the improvement of inhibitor affinity and selectivity for PMCA4. Caloxin 1c2 

inhibited erythrocyte ghost Ca2+-Mg2+-ATPase (Ki = 2.3 μM) with a 20-fold higher 

affinity than that of caloxin1b1. It also inhibited PMCA1 (21 μM), 2 (40 μM), and 3 (67 

μM), but with much lower affinities than that for PMCA4. Thus, caloxin 1c2 had a 

tenfold or greater selectivity for PMCA4 over the other isoforms and it can be considered 

the first PMCA4 selective allosteric inhibitor. The analysis of the mutants of caloxin 1b1 
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used in the competition experiment showed that the residue W was crucial.  Substitution 

of W with benzoylphenylalanine decreased the affinity while substitution of K with the 

same residue had very little effect.  Based on mutagenesis and the modification studies, 

the moiety WSEV(L/V) seems to be key to this inhibition, however the exact binding 

point still has to be verified.   

 

1.8.4. Applications of caloxins 

 Three of the caloxins, caloxins 2a1, 1b1 and 1c2 have proved to be useful tools in 

understanding PMCA action in various tissues. 

 Caloxin 2a1 has been used to prove the hypothesis that PMCA countertransports 

Ca2+ for proton(s) during PMCA reaction cycle (Makani et al. 2010; Vale-Gonzalez et al. 

2007). It was observed that, during synchronous neural activity, the rapid removal of 

protons from the extracellular space occurs. Caloxin 2a1 inhibited the formation of the 

extracellular alkaline transient generated upon synchronous activation of hypocampus 

CA1 pyramidal neurons (Makani et al. 2010). This provided direct evidence that the 

countertransport of proton(s) by PMCA generates extracellular alkaline shifts observed 

upon synchronous activation of a neuronal population. Caloxin 2a1 also blocked the 

intracellular acidification accompanying an increase in [Ca2+]i in cultured mouse 

cerebellar granule cells induced by phycotoxin or glutamate receptor activation (Vale-

Gonzalez et al. 2007). This suggests that the acidification was related to the proton influx 

that accompanied Ca2+ removal by PMCA. Caloxin 2a1 also helped in determining the 

role of PMCA in [Ca2+]i oscillations which are important for signaling in both excitable 

and non-excitable cells. In HEK293 cells expressing the extracellular Ca2+ sensing 
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receptor, PMCA-mediated Ca2+ extrusion was an essential occurrence of [Ca2+]i 

oscillations induced by receptor stimulation. The oscillations were eliminated in the 

presence of caloxin 2a1 (De Luisi et al. 2003).  It also inhibited the spontaneous [Ca2+]i 

oscillations in human bone marrow-derived mesenchymal stem cells, as did the non-

selective inhibitor, carboxyeosin (Kawano et al. 2003).  Caloxin 2a1 induced a [Ca2+]i 

transient followed by the return of [Ca2+]i to basal levels but carboxyeosin markedly 

increased the basal [Ca2+]i before stopping the oscillations. It is consistent with caloxin 

2a1 being a selective PMCA inhibitor. An initial increase in [Ca2+]i caused by PMCA 

inhibition activates other Ca2+i removing systems such as SERCA and NCX. In contrast, 

caroboxyeosin also inhibits SERCA and the sodium pump.  The sodium pump may 

locally reverse the sodium gradient leading to Ca2+ influx by NCX in reverse mode.  

Similar differences in the effects of caloxin 2a1 and carboxyeosin have been observed in 

mouse embryonic stem cells. . Caloxin 2a1 has also been used to study the effect of 

PMCA inhibition in rat aorta (Chaudhary et al. 2001). Consistent with the inhibition of 

PMCA in vascular endothelium leading to eNOS activation, caloxin 2a1 produced an 

endothelium-dependent relaxation that was inhibited by eNOS inhibitor -N(G)-nitro-L-

arginine methyl ester.  

 Caloxin 1b1 was used to study the role of PMCA in coronary artery physiology 

(Pande et al. 2006). It increased the force of contraction produced by a submaximal 

concentration of phenylephrine in de-endothelialized rat aortic rings.  In cells cultured 

from pig coronary artery, it caused a greater increase in [Ca2+]i in the SMC than in EC, 

which is consistent with higher PMCA expression in smooth muscle and with slight 
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preference toward PMCA4, which is expressed in this tissue at much higher levels 

compared to endothelium. 

 Caloxin 1c2 has been used by us and others to study the role of PMCA. In pig 

coronary artery smooth muscle PMCA4 inhibition by caloxin 1c2 increased the basal 

tone of the de-endothelialized arteries and increased the Ca2+ sensitivity of the tissue to 

produce greater force of contraction at low extracellular Ca2+ when NCX and SERCA 

were inhibited (Pande et al. 2008). These results are consistent with the role of PMCA in 

Ca2+ extrusion and also with PMCA being a low capacity Ca2+ extrusion system in 

smooth muscle. Studies done with caloxin 1c2 in the intestine of caveolin-1 knockout 

mice revealed the importance of the presence of PMCA4 in intact caveolae in order for 

proper PMCA4 calcium removal function (El Yazbi et al. 2008). Caloxin 1c2 increased 

the carbachol-induced contractions in the intestinal longitudinal smooth muscle from the 

control mice but the effect of caloxin 1c2 was not observed in the tissues from caveolin-1 

knockout mice. Thus, caloxin 1c2, which is the first isoform selective PMCA inhibitor,  

has been proven to be a useful tool in studying PMCA4 physiology. 

 

1.9. Problem definition and objectives   

 Changes in [Ca2+]i  in SMC and EC are pivotal to regulation of coronary tone. 

However, the role of PMCA in these processes under physiological as well as 

pathophysiological conditions is not well understood due to lack of selective PMCA 

inhibitors. Therefore, the major objectives of my thesis were to determine the expression 

of PMCA isoforms in the smooth muscle and the endothelium of coronary artery and to 
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invent high affinity caloxins that are specific for the isoforms expressed in these tissues. 

Towards these objectives, the proposed study has three Aims. 

Aim1: Determine distribution of PMCA isoforms in pig coronary artery endothelium and 

smooth muscle. 

Hypothesis: Pig coronary artery endothelium and smooth muscle differ in their PMCA 

isoform expression. 

Rationale: Vascular SMC and EC belong to two different cell types which serves distinct 

functions in the organism. SMC are excitable cells which in response to increased [Ca2+]i 

contract and decrease vessel diameter. In response to increase in [Ca2+]i EC produce NO 

which cause vasorelaxation. I propose to compare the total amount of PMCA in the two 

tissues based on their Ca2+-Mg2+-ATPase activity levels and in Western blots using 

antibodies which react with all isoforms of PMCA. I also propose to determine the 

PMCA isoforms expressed in the two tissues using RT-PCR  for mRNA characterization 

and Western blots using PMCA isoform selective antibodies for protein detection.  In 

initial experiments in Aim 1, it was determined that EC express predominantly PMCA1 

and in SMC the major isoform is PMCA4 and that the tissues do not express PMCA2 and 

PMCA3. 

Aim2:  To invent PMCA 1 selective caloxins. 

Hypothesis: Exdom1 of PMCA1 can be used as a target to obtain PMCA 1 selective 

caloxins by screening phage display libraries.  

Rationale: The preliminary results from Aim 1 suggest a need for PMCA1 selective 

inhibitors to study PMCA physiology in EC. This Aim would require appropriate targets 

 47



PhD Thesis – M. Szewczyk – McMaster - Biology 
 

and protocols for screening and inhibition assays.  I will examine several tissues and 

select a source containing plasma membranes which are rich in PMCA1 and poor in other 

PMCA isoforms. This source will be used for further work in Aim 2.  The exdom1 of 

PMCA is the most divergent exdom among PMCA isoforms 1-4 (Fig. 3) and would 

provide a target to screen for PMCA1 selective caloxins. The exdom1 is long and 

contains a cysteine in the middle that can produce uncertainties in the conformation by 

forming disulfide bridge. For invention of PMCA4 selective caloxins, exdom1 was 

divided around the cysteine into the N-terminal half as exdom1X and the C-terminal half 

as exdom1Y (Fig. 3). The screening process will be sequential and strategies analogous 

to those developed for the PMCA4 selective caloxin 1c2. The invented peptides will be 

tested for PMCA isoform inhibition and for their effects on [Ca2+]i  in EC. 

Aim3: To obtain ultra high affinity PMCA4 selective bidentate caloxins. 

Hypothesis:  The caloxins obtained for PMCA4 exdom1X and 1Y can be linked to obtain 

high affinity PMCA4 selective bidentate caloxins. 

Rationale:  Caloxins have been used to examine PMCA physiology in SMC which are 

rich in PMCA4.  However, more selective and higher affinity caloxins would be more 

useful.  The existing PMCA4 caloxins were invented using either PMCA4 exdom1X 

(caloxin 1c2) or exdom1Y (caloxin 1b2) as targets. It was considered that the two 

molecules that bind to proximal sites on the same protein can be optimally linked to make 

bidentate ligands with a much higher affinity and selectivity (Bouboutou et al. 1984; 

Hajduk et al. 1997). 
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2. MATERIALS AND METHODS 

2.1. Materials 

 Bovine serum albumin (BSA), imidazole, ouabain, NADH, phospho(enol) 

pyruvate, pyruvate kinase-lactate dehydrogenase from rabbit muscle (~1000 units/ml 

lactate dehydrogenase; ~700 units/ml pyruvate kinase), ATP (microbial), calmodulin 

from bovine testes (>40,000 units/mg protein), keyhole limpet hemocyanin, donkey anti-

rabbit-HRP antibody, sheep anti-mouse-HRP antibody, mouse monoclonal anti-PMCA4 

(JA9) antibody,  ovalbumin, phenylmethylsulfonylfluoride, calmodulin-agarose (2.3 mg 

calmodulin from bovine testes/ml suspension), soyabean phosphatidyl serine, egg yolk 

phosphatidyl choline,   lectin from Griffonia Simpliciffolia, calpain inhibitor MDL 28170, 

pluronic acid, probenecid, Tween 20, polyethylene glycol–8000, thapsigargin, glutamine 

and tetracycline were obtained from Sigma Aldrich (St Louis, MO, USA).  New Zealand 

White rabbits were purchased from Charles River Labs (St. Constant, QC, Canada). 

Complete EDTA-free protease inhibitor cocktail tablets (broad spectrum of serine and 

cysteine proteases), dithiothreitol and DNase I were from Roche (Mississauga, ON, 

Canada).  Dulbecco’s modified Eagle’s medium, gentamicin, amphotericin B, TRIzol 

reagent, ThermoScript RT-PCR system, Fluo 4/AM, Ca2+- and Mg2+-free Hanks’ 

balanced salt solution, M-450 epoxy magnetic beads were from Invitrogen (Burlington, 

ON, Canada). Bradford reagent was obtained from Bio-Rad Laboratories (Hercules, CA). 

Polyvinylidene fluoride membrane was from Pall Corporation (Port Washington, NY).  

Cellulose acetate filters (0.45µm) were purchased from Whatman (La Jolla, CA, USA). 
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Super Signal West Femto Kit was from Pierce Chemical Company (Rockford, IL, USA). 

GeneRuler 100 bp and 1kb DNA Ladder and PageRuler Prestained Protein Ladder were 

obtained from Fermentas (Burlington, ON, Canada). Anti-PMCA (5F10) was from 

Affinity BioReagents (Rockford, IL, USA). Custom made rabbit-polyclonal anti-PMCA1 

antibody (raised in rabbit against a PMCA1 specific sequence 8–23 

VAYGGVKNSLKEANH, Protein bank P20020) was made by Pacific Immunology 

(Ramona, CA). AmpliTaq polymerase was purchased from Applied Biosystems 

(Carlsbad, CA, USA). Klenow fragment, Ph.D-12 library, Phusion High-Fidelity DNA 

Polymerase, Eag1 and Acc651restriction enzymes, calf intestine alkaline phosphatase, T4 

DNA ligase were from NEB (Pickering, ON, Canada). All exdoms synthetic peptides and 

their conjugates were synthesized commercially by Dalton Chemical Labs (Toronto, ON, 

Canada). 96 well microtiter plates and 15 ml Falcon tubes were purchased from BD 

Biosciences (Mississauga, ON, Canada). EZ-10 Spin Column Plasmid DNA kit was from 

Bio Basic Inc, (Markham, ON, Canada). 96-well UV-transparent microtiter plates and 

96-well polystyrene plates were obtained from Corning Inc. (Corning, NY, USA). 

Bidentate oligonucleotides were synthesized by IDT technologies (Coralville, IA, USA) 

and by W.M. Keck Facility (Yale University, USA). 1b3-like and 1b2-like 

oligonucleotides were synthesized by W.M. Keck Facility (Yale University, USA). 

RNeasy kit, RNase-Free DNase Set, QIAprep Spin Miniprep Kit QIAquick Gel 

Extraction Kit, MinElute PCR Purification Kit were purchased from QIAGEN Inc. 

Mississauga, ON, Canada. The non-competent XL1-Blue E. coli cells and XL2-Blue 

MRF’ Ultracompetent cells were from Stratagene (La Jolla, USA). The synthetic exdom 
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peptides were synthesized by Dalton Pharma Services (Toronto, ON, Canada). Dr E.E. 

Escher, Sherbrooke University, Canada, synthesized the two photoreactive derivatives of 

caloxin 1c2, 3Bpa1c2-biotin and 16Bpa1c2-biotin. All caloxins were synthesized by 

Anaspec (Fremont, CA, USA). All peptides were greater than 95 % pure by HPLC and 

verified by mass spectroscopy.  All primers were synthesized by MOBIX (McMaster 

University, Hamilton, Canada). All other chemicals were purchased from the standard 

commercial sources. 

2.2. Membrane isolation 

2.2.1. Rabbit duodenal mucosa (RDM)  

RDM plasma membrane enriched fraction was isolated, by a previously described 

method with some modifications (Grover et al. 1985). New Zealand White rabbits were 

euthanized with sodium pentobarbital (100 mg/kg) and duodenum was immediately 

dissected and placed in chilled physiological saline solution (in mM: 138 NaCl, 10 

Glucose, 10 N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), 1 MgCl2, 5 

KCl, 2 CaCl2, pH= 6.4). All steps were carried out at 4°C. The duodenum was dissected 

open, washed and duodenal mucosa was scraped from the smooth muscle layer. The 

tissue was homogenized in 7-10 volumes of homogenization buffer (8% sucrose and the 

following in mM: 100 KCl, 2 dithiothreitol, 1 phenylmethylsulfonylfluoride, 0.5 ethylene 

glycol-bis(-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 0.002 calpain inhibitor 

MDL 28170)  for 3×15 s using a Polytron PT20 at a setting of 4.5. The homogenate was 

centrifuged at 10,000 × g for 10 min (rotor JA-20) and the supernatant was filtered 
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through cheese cloth and centrifuged at 388,000 × g for 45 min (rotor 60.1 TI). The pellet 

was suspended in water containing 0.5 mM EGTA to burst the microsomes and ensure 

that calmodulin was removed and centrifuged again at 388,000×g for 30 min (rotor 60.1 

TI).  This pellet was suspended in 8% (w/w) sucrose, layered on top of 32% (w/w) 

sucrose and centrifuged at 278,000 × g in a swinging bucket rotor (SW 41 TI) for 2 h. 

The layer of turbid membranes at the interphase between 8% and 32% sucrose was 

collected and stored at −80°C until use.  

2.2.2. Leaky erythrocyte ghosts  

 The leaky human erythrocyte ghosts were prepared as described previously with 

some modifications (Jarrett et al. 1978). Human blood (200 ml) in acid citrate dextrose 

(2.5 % trisodium citrate, 1.4 % citric acid, 2 % dextrose, pH=4.5) was centrifuged at 

3,000 x g for 5 min (rotor JA-20). The top clear buffy layer containing platelets and 

plasma was collected by a person from another lab who routinely works with blood.  All 

following steps were carried out at 4°C. The lower layer of erythrocytes was mixed with 

10 volumes of TRIS-HCl (172 mM tris(hydroxymethyl)aminomethane (TRIS), pH=7.6 at 

4°C) and centrifuged at 4,000 x g for 5 min (rotor JA-14). The clear supernatant was 

discarded and the step was repeated 3 more times. The red blood cells were mixed with 

14 volumes of distilled water and lysed by vigorous shaking for 5 min. Following this 

step all centrifugation was done at 14,000 g for 10 min (rotor JA-14). The red supernatant 

was carefully removed and a tight and loose pellet was kept. The pellets were washed 

with 14 volumes of imidazole-EDTA (10 mM imidazole-HCl, 1 mM 

(ethylenedinitrilo)tetraacetic acid (EDTA), pH=7.0). This step was repeated about 7 times 
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until the pellet was almost white. Next, tight pellet was discarded and the pale loose 

pellet was washed two times in 14 volumes of imidazole-HCl (40 mM imidazole-HCl, 

pH=7) and two times in storage buffer (in mM: 130 KCl, 20 HEPES, 0.5 MgCl2, and 2 

dithiothreitol). The ghosts were then stored in small aliquots at –80°C. 

2.2.3. Pig coronary artery smooth muscle membranes  

Pig coronary artery smooth muscle was used for preparing microsomes, as 

described previously  with some modifications (Grover et al. 1985).  Pig hearts were 

obtained from Maple Leaf Pork, Burlington, ON, Canada and transported in chilled 

physiological saline solution (in mM: 138 NaCl, , 10 Glucose, 10 HEPES, 1 MgCl2, 5 

KCl, 2 CaCl2, pH = 6.4). The left descending coronary artery was dissected with 

surrounding myocardium, put on metal rod, cleaned from surrounding tissue and flipped 

inside out. The smooth muscle layer was scraped off, put in the homogenization buffer 

(see section 2.2.1) on ice, finely chopped and forced through a sieve. All following steps 

were carried out at 4°C. The tissue was further homogenized using motorized teflon-glass 

homogenizer (about 3 min, 2000 rpm).  The homogenate was centrifuged at 10,000 × g 

for 10 min (rotor JA-20) and the supernatant was filtered through cheese cloth, incubated 

with KCl (final concentration 0.7 M) for 15 min and centrifuged at 388,000 × g for 45 

min (rotor 60.1 TI) to obtain a microsomal pellet. The pellet was rinsed and suspended in 

8% sucrose and stored in small aliquots in -80C. To obtain the plasma membrane fraction 

the microsomal pellet was suspended in 8% sucrose containing KCl (0.7 M) and 

incubated on ice for 15 min. Next the microsomes were centrifuged on sucrose density 

gradient consisting of layers of 60, 40, 28 and 18 % sucrose for 2h at 250000 x g 
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(swinging bucket rotor TLS 55). The turbid layer between 18 and 28 % sucrose was 

collected as plasma membrane enriched fraction. 

2.2.4 Cultured pig coronary artery endothelium and HEK293 cells 

 Pig coronary artery endothelial cells and HEK293 cells were cultured as described 

in section 2.3. The microsomes were obtained as previously described (Grover et al. 

1997). Prior to isolation, cells were cultured on 10 cm Petri dish. The media was 

removed, the cells were scraped in homogenization buffer (see section 2.2.1) using 

plastic triangle and homogenized for 3 × 5 s using a Polytron PT20 at a setting of 4.5. 

The homogenate was centrifuged at 10,000 × g for 10 min (rotor JA-20). The pellet was 

discarded and the supernatant was centrifuged at 388,000 × g for 30 min (rotor TLA 

100.4) to obtain microsomal pellet. The pellet was suspended in 8% sucrose. The plasma 

membrane enriched fraction was obtained with the method described in section 2.2.3 for 

smooth muscle, however, the KCl incubation step was omitted. 

 

2.3. Pig coronary artery endothelium and HEK293 cell culture 

Pig coronary artery endothelial cells were cultured as described previously 

(Grover et al. 1997). The arteries were obtained as described in section 2.2.3 and placed 

in Krebs' solution at room temperature (in mM: NaCl 115.5, KCl 4.6, MgSO4 1.2, 

NaH2PO4 1.2, CaCl2 2.5, NaHCO3 22, D-glucose 11.1, bubbled with 95% oxygen and 5% 

carbon dioxide). The arteries were then dissected open and endothelium was gently 

removed using a cotton swab and plated in Dulbecco’s modified Eagle’s medium 

supplemented with 0.5 mM  HEPES  (pH =7.4), 2 mM glutamine, 50 mg/l gentamicin, 
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0.125 mg/l amphotericin B, and 10% fetal bovine serum. After growing to confluence the 

cells were removed from the plates by trypsinization in Ca2+- and Mg2+-free Hanks’ 

balanced salt solution containing 0.25% trypsin and 1mM EDTA for 4 min at 37°C and 

then replated. At the fourth passage, the cells were aliquoted (2 x106 per aliquot) and 

stored in liquid nitrogen. When needed, an aliquot of cells was thawed and grown to 

confluence. The medium was changed after 2 days and cells were used for experiments 

after 6-10 days. The cell phenotype was verified by Western blot. The cells were positive 

for endothelial cells markers e-NOS and von Willebrand factor and negative for smooth 

muscle alpha-actin as reported previously. 

The HEK293 cells (gift from Dr. Mike Zhu) were cultured to confluence in 

Dulbecco’s modified Eagle’s medium supplemented with 0.5 mM HEPES (pH =7.4), 2 

mM glutamine, 50 mg/l gentamicin, 0.125 mg/l amphotericin B, and 10% fetal bovine 

serum and used for experiments, as previously described (Grover et al. 1997). 

2.4. Protein estimation 

 Protein estimation was done using Bradford reagent, following manufacturer’s 

instructions. Bovine serum albumin was used to make the standard curve. Absorbance 

was measured at 595 nm. 

 

2.5. Western blotting 

 Specified amounts of membrane proteins were suspended in 6x Laemli SDS 

sample buffer and used for SDS-polyacrylamide (7.5 %) gel electrophoresis at 80 V. The 

proteins from the gel were transferred to the polyvinylidene fluoride membrane at 100 V 
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for 2.5 h using an ice-cold transfer buffer (25 mM TRIS base, 150 mM glycine, 10 % 

methanol, pH=8.3). All the following steps were performed at room temperature. The 

membrane was then washed in distilled water and incubated on a rocker in the blocking 

buffer (3 % skim milk powder in TBS-Tween 20: 10 mM TRIS/HCl, 140 mM NaCl, 0.1 

% (v/v) Tween 20, pH=7.5, filtered through 0.45µm cellulose acetate filters) for 1 h.  The 

blocking buffer was also used in steps involving antibody binding and TBS-Tween was 

used in washing steps. The blot was then incubated with primary antibody for 1h, washed 

every 15 min for 1h, incubated with horse radish peroxidase (HRP) conjugated secondary 

antibody for 1 h and washed every 10 min for 1.5 h (see Table 2). The peroxidase activity 

was visualized with Super Signal West Femto Kit and a LAS3000 mini Luminiscent 

Image Analyzer (Fujifilm Life Science, Stamford, CT). The molecular mass of the bands 

was determined using PageRuler Prestained Protein Ladder. The band intensity was 

quantified with Multi Gauge v 3.0 software (Fujifilm).  

 

Table 2. Antibodies/proteins and dilutions used for Western blot analysis 

Target Protein Primary Antibody/Protein Secondary Antibody 
(HRP conjugated) 

All PMCA 
isoforms 

5F10, mouse-monoclonal 1:1000 
 

Sheep anti-mouse 
1:20000 

PMCA1 rabbit-polyclonal 1:1000 Donkey anti-rabbit 
1: 20000 

PMCA4 JA9, mouse-monoclonal 1:1000 Sheep anti-mouse 
1:20000 
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2.6. Isolation of fresh EC  

Fresh EC were obtained from two pig aortas with Griffonia Simpliciffolia I lectin 

coated magnetic beads, as described previously (Davis et al. 2006). The M-450 epoxy 

magnetic beads were concentrated on a magnet Dynal MPC-S and a Dynal Biotech 

Sample Mixer was used for stirring (Dynal Biotech. Inc, Lake Success, USA). All steps 

of magnetic beads coating with Griffonia Simpliciffolia I lectin were done at 4°C. 1.2 x 

108 beads were washed two times in 3 ml of 0.1 M sodium borate buffer (pH=9.5) for 2 

min and then suspended in 480 µl of borate buffer and 120 µl of 1 mg/ml lectin in 

phosphate buffered saline solution (in mM: 10 Na-phosphate, 140 NaCl, pH=7.4). The 

beads were stirred for 24 h, washed for 10, 30 min and 20 h in the phosphate buffered 

saline solution containing 0.1% bovine serum albumin and then resuspended in 300 µl of 

the same solution but containing 0.02% sodium-azide. The lectin coated magnetic beads 

were stored for no more than two weeks at 4°C.  Two pig plucks were obtained from 

Maple Leaf Pork (Burlington, ON) and transported in chilled physiological saline 

solution (section 2.1.3). The aortas were dissected from plucks and placed immediately in 

Krebs’ solution (see section 2.3) at room temperature. The aortas were dissected open, 

endothelial cells dislodged using a cotton swab and placed in 8 ml chilled Na-HEPES 

buffer (in mM: 134 NaCl, 5.4 KCl, 10 glucose, 0.8 MgSO4, 20 HEPES, 1.8 CaCl2, 

pH=7.3). 100 µl of lectin coated magnetic beads were washed twice in 1 ml of Na-

HEPES buffer to remove sodium-azide. The beads were added to cell suspension, stirred 

at room temperature for 1 h and washed three times with 3 ml Na-HEPES. Cells isolated 

by this method were positive for von Willebrand factor and e-NOS. 
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2.7. RNA isolation 

 Total RNA from fresh EC and pig brain was isolated with TRIzol reagent, 

following the manufacturer’s instructions. The RNA from fresh EC was isolated while 

still attached to the beads. The cells were homogenized in TRIzol reagent using a needle 

(20-gauge) and brain tissue was homogenized using glass-teflon homogenizer. Briefly, 

the tissue was incubated with the reagent, mixed with chloroform and centrifuged to 

obtain separation into a lower red phenol-chloroform phase, an interphase, and a colorless 

upper aqueous phase containing RNA, which was saved for future processing. Next the 

isopropanol was added and sample was centrifuged to obtain RNA pellet. The pellet was 

washed in 75% EtOH, dried and resuspended in diethylpyrocarbonate treated water. To 

make sure that the RNA was properly resuspended the sample was incubated at 55-60°C 

for 10 min and then aliquoted and stored at -80°C. Total RNA from all other tissues was 

isolated with the RNeasy kit according to manufacturer’s instructions. Briefly, the 

cultured cells were lysed directly on tissue culture dish and homogenized by passing 

through the needle (20-gauge) and the tissues were homogenized in lysis buffer for 45 s 

using a Polytron PT20 at a setting of 4.5 and centrifuged to remove debris. Next, 70% 

EtOH was added and the solution was applied to a spin column containing silica-gel-

based membrane for RNA adsorption. The residual DNA adsorbed to the column was 

digested with RNase-Free DNase Set by addition of DNase I solution and incubation at 

room temperature for 15 min. The DNase I was removed from the column during 

subsequent washes. The RNA was eluted by applying RNase-free water onto the 

membrane, spun down, aliquoted and stored at -80°C.  
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2.8. RT-PCR 

 The isolated RNA was reverse transcribed using the ThermoScript RT-PCR 

system, following instructions of the manufacturer. The RNA isolated with TRIzol 

reagent was DNase I digested prior to use according to manufacturer’s protocol. The 

sample was incubated with the DNase I for 15 min at room temperature and inactivated 

by incubation with EDTA (final concentration 8 mM) for 10 min at 65°C. The RNA was 

reversibly transcribed in the presence of oligo(dT) primers (5 µM), dNTP (1 mM), DTT 

(5 mM), RNaseOUT (recombinant ribonuclease inhibitor, 2 U/µl), ThermoScript RT  

(reverse transcriptase, 1.5 U/µl)  to obtain cDNA.  First RNA was annealed with 

oligo(dT) primer for 5 min at 65°C and the reverse transcriptase reaction was carried out 

at 55°C for 1h. The enzyme was heat-inactivated for 10 min at 85°C.  To remove RNA, 

E. coli RNase H (0.1 U/µl) was added and sample was incubated at 37°C for 20 min. The 

sample including all components but reverse transcriptase was saved as a “NO RT” 

control. 

PCR was carried out with AmpliTaq. Primers sequences are given in Table 3. The 

reaction mixture contained the following in a total volume of 20 μl: 1 μM of each primer, 

2.5 mM MgCl2, 200 μM of each dNTP, 1 unit of AmpliTaq, 2 μl of 10x PCR buffer and 5 

μl of different cDNA dilutions.  The PCR conditions were as follows: denaturation at 

94˚C (40 sec), annealing at 58˚C (40 sec) and extension at 72˚C (50 sec) for 30 cycles. 

Water, NO RT and RNA were used as templates for negative controls. PCR products 

were analyzed by gel electrophoresis using 6.5% polyacrylamide gels and GeneRuler 100 
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bp DNA Ladder. Gels were stained with ethidium bromide, washed and visualized with 

KODAK 1D 3.6 camera system. 

RT-PCR with primers designed previously for human PMCA1, 2 and 3, gave 

appropriate products with pig and rabbit brain (Stauffer et al. 1995). Neither primers 

designed previously for human nor rat PMCA4 worked for pig and rabbit. The PMCA4 

sequence from pig was unknown, so the regions with the highest similarity between 

PMCA4 sequences in human (Genbank accession NM_001684), rat (NM_001005871), 

and mouse (NM_213616) were chosen to design the new primers. The heart and brain 

cDNA was used to optimize PCR conditions. Identities of pig PMCA1b and rabbit 

PMCA4b bands were confirmed by the sequencing of gel-purified PCR products. Pig 

PMCA4b sequence (deposited in GenBank as accession no. DQ145551) was not 

previously known, but it has 88% identity with the human PMCA4b (GenBank accession 

no. NM_001684). Specificity of the pig PMCA4a was confirmed by RT-PCR with 

PMCA4a specific primers 

2.9. Screening Ph.D-12 library for binding to a synthetic exdom (biopanning) 

 Biopanning was carried out with some modifications of a previously described 

procedure (Chaudhary et al. 2001). Ph.D-12 library was screened using the synthetic 

PMCA1 exdom1X as a target consisting of residues 119-137 

(IVSLGLSFYQPPEGDNALC, Protein bank P20020). The peptide was used by itself or 

as cysteine conjugates with ovalbumin or KLH. The screening was carried out for 3 

rounds. Each round of screening consisted of the following steps:   
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Table 3. PMCA isoform specific Primers for PCR analysis 

PMCA isoform 5’-3’ 
PMCA1 (human, bovine, pig, rat, 
rabbit) 

up TAGGCACTTTTGTGGTACAG 
 

dn GGCTCTGAATCTTCTATCCTA 

PMCA2 (human, bovine, pig) 
up AGATCCACGGCGAGCGCAAT 
 

dn CGAGTTCTGCTTGAGCGCGG 

PMCA3 (human, pig) 
up CGAGTTCTGCTTGAGCGCGG 
 

dn CTATCCACAGAACAGTGGCTC 

PMCA4 human 
up CCCAGCCAGCACTATACCATT 
 

dn TGTAGAGAG CTGTCCGACTGG 

PMCA4 rat 
up TGCAGGTGTCTACCGCAACAT 
 

dn GGCAGTCCACGGCATTGTTAT 

PMCA4 rabbit 
up AGTGCTGTGGTGTCTCTTC 
 

dn GTCGTCCTCCTGCTCATCTA 

PMCA4 pig, bovine 
up CCCAGCCAGCACTATACCATT 
 

dn TGTAGAGAGCTGTCCGACTGG 

PMCA4a, human, pig 
up CCCAGCCAGCACTATACCATT 
 

dn AAAGAGGCTCCCGTCTGGAAT 
 

 

Day 1: 20 wells of a 96 well polyvinyl U-bottom microtiter plate were each coated with 

200 μl of the target peptide solution (0.1 mg/ml each of the synthetic exdom1X and its 

KLH conjugate dissolved in sterile phosphate-buffered saline (PBS containing in mM: 

137 NaCl, 2.7 KCl, 8 Na2HPO4 and 1.5 KH2PO4, pH=7.4). Sodium-azide was also added 

to this solution to a concentration of 1 mM. After coating the wells, the plate was covered 

with plastic wrap and left overnight at 4°C.  

Day2:  The target peptide solution was poured off from the wells of the microtiter plate 

and the wells were blocked for 1h at 4°C with 250 μl of blocking buffer (5 mg/ml BSA in 

sterile PBS with 1 mM sodium azide). Next the blocking buffer was discarded and the 
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wells were washed 6x with chilled sterile PBS. All the remaining steps were carried out 

at room temperature. 1 x 1012 plaque forming units (pfu) of the original phage display 

peptide library (Ph.D-12) were diluted in 2 ml of a BOK solution (5 mg/ml BSA, 0.5 

mg/ml ovalbumin, 0.5 mg/ml  KLH, 0.1 mg/ml PMCA4 exdom1X-KLH conjugate, 0.1 

mg/ml PMCA4 exdom1X peptide in sterile PBS) and incubated on rotator for 15 min.  

The PMCA4 exdom1X consists of residues 116-131 (ISLVLSFYRPAGEENEL, 

GenBank accession no.NM_001684) and an additional N-terminal cysteine to link the 

peptide to different proteins. 100 μl of the phage solution was then added to each coated 

well and incubated with rocking for 2 h. After removing the unbound phage the wells 

were washed extensively with 200 μl of the following: quick wash with PBS, 10 min on 

rocker with BOK, quick wash with PBS, 10 min on rocker with 5% carnation milk in 

PBS, quick wash with PBS, 10 min with PBS, 10 quick washes with PBS. The phage was 

eluted for 24h with 100 μl of elution buffer (0.1 mg/ml PMCA1 exdom1X-ovalbumin 

conjugate, 10 µg/ml tetracycline in sterile PBS).  

Day3: The eluted phage was collected amplified, titered and subjected to the next cycle 

of screening at a constant input of 1010 pfu. 

 

2.10. Assay to determine phage selectivity for the PMCA1 exdom1X target.  

The phage pool selected after 3 rounds of biopanning was tested for binding to 

PMCA1 exdom1X over binding to PMCA4 exdom1X and KLH alone. The assay was 

performed in the same manner as biopanning (see section 2.9). The modifications 

included: BOK solution did not contain any peptides, the wells were coated in triplicates 

for each target, phage was eluted separately from each well, the preselected phage and the 
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same amount of Ph.D-12 library was tested for binding at the same time on two different 

plates. The adsorbents and eluants are given in Table 4. 

Table 4. Adsorbents and eluants used in selectivity test. 

Adsorbent Eluant 

PMCA1 exdom1X  and PMCA1 exdom1X-KLH  PMCA1 exdom1X-ovalbumin 

PMCA1 exdom1X  and PMCA4 exdom1X-KLH PMCA4 exdom1X-ovalbumin 

KLH Ovalbumin 

 

2.11. Phage amplification and precipitation 

 All culture media and pipette tips were sterilized by autoclaving before use. XL1-

Blue E. coli non-competent cells were streaked on Luria Broth (LB)-agar-tetracycline 

(1.5% agar, 10 μg/ml tetracycline in LB: 85.6 mM NaCl, 0.5 % yeast extract, 1 % 

trypticase peptone) plates and incubated for 16-20 h at 37°C. A single colony of XL1-

Blue E. coli was allowed to grow in LB-tetracycline (LB with 10 μg/ml tetracycline) for 

16-20 h in a shaker (225-250 rpm) at 37°C. The culture was diluted in fresh LB-

tetracycline and grown again for 1.5 h and then diluted in an equal volume of LB. The 

eluted phage suspension was added to the culture (100 µl of phage and 1 ml of bacterial 

culture per tube) and incubated at 37°C for 4.5 h with shaking. The resulting suspension 

was centrifuged at 16,000 g for 2 min and the supernatant containing the phage particles 

was transferred to fresh tube. 300 μl of PEG/NaCl (20 % (w/v) polyethylene glycol–

8000, 2.5 M NaCl) was added to precipitate the phage over 16-20 h at 4°C. The 
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precipitated phage was centrifuged at 16,000 g for 2 h at 4°C, resuspended in LB and the 

suspension was rotated for 3 h at 4°C. The titer of the phage was determined before use. 

2.12. Determining phage titers 

 Bacterial cells were cultured in 100 ml LB as above, centrifuged at 23,000 g at 

4°C for 5 min and then suspended in 6 ml of LB.  The LB-agar plates (1.5% agar in LB) 

were prewarmed to 37°C and the agarose (0.6 % agarose in LB) was melted and 

equilibrated in a water bath at 48°C.  The phage was serially diluted over a wide range in 

LB. 100 μl cells were placed into 15 ml plastic round bottom Falcon tubes and mixed 

with 100 μl of the diluted phage. One at a time, 5 ml of 0.6 % agarose at 48°C was added 

to the tubes with cells-phage mix and the contents were poured onto the prewarmed LB-

agar plates. After solidifying, the plates were incubated at 37°C over night. The plaques 

were counted and phage concentration in pfu/μl was calculated. 

 

2.13. Picking phage clones and plasmid isolation 

 The phage titers were done the day before. XL-1 blue cells were cultured as 

described above and then diluted with an equal volume of LB. Each phage clone (plaque) 

was picked with a new sterile plastic stick (inoculating needles, VWR) from the plate 

containing no more than 100 plaques per plate to avoid cross-contamination. Each plaque 

was transferred to a 15 ml sterile Falcon tube containing 500 μl of the cell culture. The 

individual phage clones were amplified at 37°C with shaking at 250 rpm for 4.5 h. The 

amplified phage for each clone was centrifuged at 16,000 g for 2 min and the supernatant 

containing phage particles was transferred to fresh tubes and stored at 4°C. Each phage 
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suspension obtained above (200 μl) was amplified in 1.5 ml of bacterial cells. The 

amplified phage of each clone was centrifuged at 16,000 g for 2 min and the supernatant 

was saved for future experiments and stored at 4°C. The bacterial pellet was used for 

plasmid DNA isolation using QIAprep® Spin Miniprep Kit or EZ-10 Spin Column 

Plasmid DNA kit, following manufacturer’s instructions. Briefly, the cells suspended in 

buffer containing RNase A were lysed under alkaline conditions, neutralized and 

centrifuged at high speed to remove the debris. Clear lysate was then placed in spin 

columns for adsorption of the plasmid DNA to the silica resin. After washing the resin 

with ethanol, the plasmid DNA was eluted with 10 mM TRIS-HCl, pH=8.5 buffer. The 

plasmid DNA was then sequenced by MOBIX (McMaster University, Hamilton, Canada) 

using the downstream –96gIII primer (5’-CCCTCATAGTTAGCGTAACG-3’). 

 

2.14. Screening the phage using PMCA affinity chromatography 

 The phage selected after 3 rounds of screening for binding to synthetic PMCA1 

exdom1X peptide (see section 2.9)  and the library displaying caloxin 1b3-like peptides 

were used for affinity chromatography with PMCA isolated from RDM (mostly 

PMCA1), as previously described (Szewczyk et al. 2010). The library displaying caloxin 

1b2-mutants or bidentate peptides was screened using affinity chromatography with 

erythrocyte ghosts PMCA (mostly PMCA4), as previously described (Pande et al. 2006).  

In this approach PMCA is immobilized on calmodulin-agarose beads. In the presence of 

Ca2+, PMCA binds calmodulin with high affinity through its C-terminal calmodulin 

binding domain. Ca2+ removal leads to PMCA dissociation from calmodulin and elution. 
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2.14.1 Affinity chromatography with RDM PMCA  

Membranes (4 mg protein, RDM plasma membranes or erythrocyte ghosts) were 

centrifuged at 500,000 g for 15 min (rotor TLA 100.4) and used for preparation of two 

separate columns. The pellets were resuspended to obtain a protein concentration of 16 

mg/ml in a HEPES buffer containing the following in mM: 130 NaCl, 20 HEPES, 0.5 

MgCl2, 2 dithiothreitol, 0.1 CaCl2 at a pH of 7.4 plus a cocktail of protease inhibitors 

(Complete Mini, EDTA-free). To these suspensions, an equal volume of a HEPES buffer 

containing 1.6% Triton X-100 was added slowly, mixed by inversion and incubated for 

10 min. The suspensions were centrifuged at 500,000 g for 15 min and the supernatants 

containing solubilized PMCA1 and PMCA4 were retained. A suspension of 

phosphatidylserine (2 % (w/v) in 1 % Triton X-100) was prepared by sonication on ice 

and stored under N2 at -80°C until use. The phospholipid suspension was added to the 

solubilized PMCA1 and 4 to a final concentration of 0.05 % and allowed to mix by slow 

rotation at 4°C for 10 min.  A bed volume of 800 µl agarose–calmodulin resin was 

packed into two columns and washed with 3 volumes of wash buffer (HEPES buffer 

containing 0.4% Triton X-100 and 0.05% phospholipids). The reconstituted membrane 

was applied separately onto two agarose–calmodulin columns and rotated for 2 h. The 

unbound flow-through material from the columns was discarded. The columns were 

washed with 10 ml of the wash buffer. The phage pool selected after 3 rounds of 

screening for binding to PMCA1 exdom1X synthetic peptide was diluted in 500 µl of 

wash buffer, applied to the erythrocyte ghost column for negative affinity 

chromatography to decrease the phage that would bind non-specifically or bind to 
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PMCA4. After 30 min incubation, the flow-through was collected. Column was washed 

with another 500 µl of wash buffer and the eluate was collected. The two eluates were 

mixed and applied on a column prepared using RDM and mixed by rotation for 16-20 h 

at 4°C. The unbound phage particles were removed as flow through and by washing the 

column with 10 × 2.5 ml of the wash buffer. PMCA with the bound phage was eluted by 

incubation for 20 min with 400 µl  of Ca2+-free elution buffer (0.4% Triton X-100 ,0.05% 

phosphatidylcholine and the following in mM: 130 NaCl, 20 HEPES, 1 MgCl2, 2 

dithiothreitol, 5 EGTA, pH=7.4) twice at 37°C. Next, the eluates were pooled and the 

phage were precipitated over 16-20 h with PEG/NaCl and amplified the next day. The 

affinity chromatography was repeated two times and the final phage pool was titered and 

plasmid DNA of individual clones was sequenced. For competition experiments, equal 

amounts of each unique clone were mixed together and used for affinity chromatography 

with the protocol described above. The only difference was the introduction of extensive 

washes. After phage binding to PMCA from the RDM, the phage-PMCA-calmodulin-

agarose complex was washed in 10 ml wash buffer for 3 days changing the buffer twice 

each day.  

 

2.14.2. Affinity chromatography with erythrocyte ghosts PMCA 

 The protocol is similar to that described for RDM PMCA (section 2.14.1). The 

modifications include: 8 mg protein of erythrocyte ghosts was solubilized and applied on 

a column, negative screening was done with PMCA1 and final screening with PMCA4, 

instead of phosphatidylcholine a mix of phosphatidylserine and phosphatidylcholine (2 % 

in 1 % (w/v) Triton X-100) was used throughout the screening process, PMCA was 
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eluted at room temperature with two times 500 µl elution buffer. The washing steps were 

also modified. After phage binding to the PMCA, the column was washed with 5 bed 

volumes of the wash buffer. The contents of the column were transferred to a 50 ml 

sterile Falcon tube containing 20 ml of wash buffer and rotated for 2 h. The process was 

repeated 5 times with rotation for 1 h. The phage clones were titered, amplified and 

sequenced after one round of screening (no amplification was introduced). For screening 

phage library displaying caloxins 1b2-like peptides, the unique clone sequences obtained 

from two separate experiments were titered and combined for a round of completion 

experiment of affinity chromatography with erythrocyte ghosts PMCA, as described 

above.  

 

2.15. Construction of Ph.D caloxin 1b3-like peptide library. 

 A Ph.D library displaying caloxin 1b3-like peptides was constructed with the 

method previously described (Pande et al. 2008). To construct the Ph.D caloxin 1b3-like 

peptide library, limited mutagenesis was carried out in the 36 bases that encode 12 amino 

acids starting from N-terminus. It was computed that retaining 91 % of the original base 

at each of the 36 base positions and replacing the remainder with equal percent of the 

other three bases would be optimum. Mutations were made in the minus strand 

(5’CCACGCATACAAAGACTGATAATTAATCCAACCATG3’) of the caloxin 1b3.  A 

mixture of oligonucleotides with partially randomized caloxin 1b3 encoding domain, 

flanked by conserved bases in the minus strand of the phage DNA 

(5’CATGTTTCGGCCGAACCTCCACC(N)36AGAGTGAGAATAGAAAGGTACCCG

GGCATG3’) were synthesized. The flanking conserved bases contained the restriction 
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sites Acc65I/EagI required for cloning. The steps involved in the library construction are 

briefly described below. 

 

2.15.1. Synthesis of a duplex from single stranded oligonucleotides 

  5 μg of each oligonucleotide was annealed with 4.2 μg of the universal extension 

primer (5’CATGCCCGGGTACCTTTCTATTCTC3’) in a total volume of 50 μl of TE 

buffer (10 mM TRIS, 1 mM EDTA, pH=8) containing 100 mM NaCl. The annealing 

reaction mixture was heated to 95°C for 10 min and the tube was then placed in a dish 

filled with boiled water that was allowed to cool down slowly to approximately 37°C. 

The annealed duplex was extended by Klenow fragment (5 U/μl) in NEB3 reaction buffer 

(100 mM NaCl, 50 mM TRIS-HCl, 10 mM MgCl2, 1 mM DTT, pH=7.9) containing 0.4 

mM each of dNTP in a final reaction volume of 200 μl. The extension reaction was 

carried out at 37°C for 10 min and then the enzyme was heat-inactivated at 65°C for 15 

min. The size of the duplex was determined by 12 % polyacrylamide gel electrophoresis. 

Molecular masses of the bands were estimated using a GeneRuler 100 bp DNA Ladder.  

 

2.15.2. Digestion of the oligonucleotide duplex 

The oligonucleotide duplex was digested with Eag1 and Acc651 (12.5 U) in the 

NEB3 reaction buffer in a final volume of 400 μl at 37°C for 3 h. The digested product 

was purified using MinElute PCR Purification Kit, according to manufacturer 

instructions.  Briefly, DNA was bound to a silica membrane in spin columns, washed and 

eluted in 10 mM TRIS/HCl buffer pH=8. The molecular mass and concentration was 

determined on 12 % polyacrylamide gel using the GeneRuler 100 bp DNA ladder.  
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2.15.3. Preparation of the M13KE vector 

 The M13KE vector (5 μg) was digested at 37°C for 3 h with 200 units each of 

Eag1  and Acc651(50 U) in a total volume of 200 μl of 1x NEB3 reaction buffer with 0.1 

mg/ml BSA.  The digested DNA was dephosphorylated at 37°C for 1 h by 2.5 units of 

calf intestine alkaline phosphatase in the same buffer.  The alkaline phosphatase was 

heat-inactivated for 5 min at 65°C. The digested M13KE vector was tested on 1 % 

agarose buffer. The digested M13KE vector was run on 1% agarose gel (75 V) in TRIS-

acetate-EDTA (40 mM TRIS acetate/1 mM EDTA) and gel purified using QIAquick Gel 

Extraction Kit. Briefly, bands were visualized with ethidium bromide staining on blue 

light transilluminator and excised from the gel. The agarose gel was dissolved and a 

solution containing DNA was placed in a spin column for adsorption to silica membrane. 

After washing, the DNA was eluted in 10 mM TRIS/HCl buffer pH=8. The molecular 

mass and concentration was determined on agarose gel using the GeneRuler 1 kb DNA 

ladder.  

 

2.15.4. Ligation of digested oligonucleotide duplex into digested M13KE vector 

 The ligation was carried out with 400 ng vector, 1.25 molar excess of the insert, 

1000 units of T4 DNA ligase in 200 μl volume of 1x ligase reaction buffer 

(50 mM TRIS-HCl, 10 mM MgCl2, 1 mM ATP, 10 mM DTT, 25 μg/ml BSA pH 7.5 at 

25°C) for 16 h at 16°C. Next, the ligase was heat-inactivated for 15 min at 65°C.  
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2.15.5. Transformation of XL2-Blue MRF’ ultracompetent cells 

The ligated product was used to transform XL2-BlueMRF’Ultracompetent cells, 

following the protocol provided by the manufacturer. 600 µl of cells were thawed on ice 

and incubated for 10 min with β-mercaptoethanol (final concentration 0.024 M). Cells 

were transferred to prechilled 15 ml Falcon polypropylene round bottom tubes (100 µl 

per tube), mixed with 20 µl of ligation mixture and incubated on ice for 40 min. Next, the 

tubes were heat-pulsed in a 42°C water bath for 30 s and incubated on ice for 2 min. The 

tubes containing the transformed cells were incubated with 0.9ml NZY+ broth (1 % NZ 

amine, 0.5 % yeast extract, 85.5 mM NaCl, pH 7.5 (NaOH) with 20 mM glucose and 

12.5 mM each of MgCl2 and MgSO4 added prior to use) at 37°C for 30 min with shaking 

at 225-250 rpm. The transformation mixture was centrifuged at 16,000 g for 2 min and 

the supernatant containing the phage was titered using the mid log phase culture of non-

competent XL1-Blue cells. Plaques were picked to determine the complexity of the 

library. The library was amplified once, using XL1-Blue cells. The amplified Ph.D 

caloxin 1b3-like peptide library was precipitated by addition of PEG/NaCl and 

resuspended in LB containing 50% glycerol and stored at –20°C. 

2.16. Construction of the Ph.D caloxin 1b2-like peptide library 

Ph.D caloxin 1b2-like peptide library was constructed by Jyoti Pande with the 

method described in section 2.15.  The limited mutagenesis was carried out in the 36 

bases that encode caloxin 1b2. Mutations were made in the minus strand 

(5’CCACGCATACAAAGACTGATAATTAATCCAACCATG3’) of caloxin 1b2.  A 

mixture of oligonucleotides with partially randomized caloxin 1b2 encoding domain, 
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flanked by conserved bases in the minus strand of the phage DNA 

(5’CATGTTTCGGCCGAACCTCCACC(N)36AGAGTGAGAATAGAAAGGTACCCG

GGCATG3’) were synthesized. The flanking conserved bases contained the restriction 

sites Acc65I/EagI required for cloning.  

 

2.17. Construction of the phage expressing bidentate peptides 

Different variants of phage displaying bidentate caloxin1c2-caloxin1c4 were 

constructed. We designed 20 different variants of oligonucleotides encoding for caloxins 

in different orientations and separated by 0, 1, 2, 3 or 4 GGS repeats to fine-tune the 

proper distance between them (see Fig. 4). The oligonucleotides flanked by conserved 

bases containing restriction sites for EagI and Acc65I in the minus strand of the phage 

DNA were synthesized. DNA duplexes were prepared from single stranded 

oligonucleotides.  Typically, 1 μg of an oligonucleotide was annealed with 1 μg of the 

universal extension primer (5’CATGCCCGGGTACCTTTCTATTCTC3’) in a total 

volume of 10 μl of TE buffer (10 mM TRIS, 1 mM EDTA, pH = 8) containing 100 mM 

NaCl. The annealing reaction was heated to 95°C for 10 min and the tube was then 

placed in a dish filled with boiled water that was allowed to cool down to approximately 

37°C. The annealed duplex was extended by Klenow fragment (5 U/μl) in NEB3 reaction 

buffer (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 1 mM DTT, pH=7.9) containing 

0.4 mM each of dNTP in a final reaction volume of 40 μl. The extension reaction was 

carried out at 37°C for 10 min and then the enzyme was heat-inactivated at 65°C for 15 

min. The duplex was checked on 12 % polyacrylamide gel. Molecular masses of the 
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bands were estimated using a GeneRuler 100 bp DNA Ladder. DNA from some of the 

samples were amplified by PCR using Phusion High-Fidelity DNA Polymerase (0.02 

U/µl), following manufacturer’s instruction. The PCR mixture contained: upstream and 

downstream primers (0.5 µM, universal extension primer complementary to 3’ of minus 

strand and primer complimentary to 3’ of plus strand 5’-

CATTTTCGGCCGAACCTCCA-3’), 200 µM of each of dNTP, 1 ng double stranded 

oligonucleotides, 1.5 mM MgCl2, Phusion™ HF Buffer. The reaction conditions were as 

follows: denaturation 98°C (5 s), annealing 56°C (20 s), extension 72°C (10 s) for 10 

cycles. PCR products were purified on 5% polyacrylamide gel with QIAquick Gel 

Extraction Kit, according to the instructions of the manufacturer. Briefly, bands were 

visualized with ethidium bromide staining on a blue light transilluminator and excised 

from the gel. The gel was finely cut and placed for 30 min at 50°C in diffusion buffer 

(0.5 M ammonium acetate, 10 mM magnesium acetate, 1mM EDTA, pH=8, 0.1% SDS). 

Next it was mixed by vortexing, frozen and put again at 50°C for 10 min. The process 

was repeated three times. The gel with the liquid was placed into a chromatography 

column (BioRad, USA) and quickly centrifuged to remove any gel pieces. The volume of 

the recovered supernatant was determined and three volumes of binding buffer were 

added. The solution was placed in a spin column for adsorption to silica membrane. After 

washing, the DNA was eluted in 10 mM TRIS-HCl buffer at pH 8.  The oligonucleotide 

duplex (about 0.8 µg) was digested with Eag1 and Acc651 (12.5 U) in the NEB3 reaction 

buffer in a final volume of 50 μl at 37°C for 3 h. The digested product was purified using 

MinElute PCR Purification Kit, according to manufacturer’s instructions.  The molecular 
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mass and concentration was determined on a 12 % polyacrylamide gel using the 

GeneRuler 100 bp DNA ladder.  

 

 

 

 

 

 

 

 

 

 

 

Fig 4. Bidentate peptides expressed on M13 phage.  Peptide sequences consist of a 
ariable sequence of caloxin 1c2 and 1c4 in two different orientations with variable 
umber of GGS repeats. At C-terminus peptide is linked with phage particle, leaving N-

terminus free. 

Caloxin 1c4 
Caloxin 1c2 

 

v
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 The ligation was carried out with 20 ng vector (for preparation see section 2.15.3), 

 units of T4 DNA ligase in 10 μl volume of 1x ligase reaction buffer (50 mM TRIS-

HCl, 10 mM MgCl2, 1 mM ATP, 10 mM DTT, 25 μg/ml BSA pH 7.5 at 25°C) for 16 h at 

16°C. Next, the ligase was heat-inactivated for 15 min at 65°C. The ligated product was 

sed to transform XL2-BlueMRF’Ultracompetent cells, following the protocol provided 

y the manufacturer.  The transformed cells were mixed with 100 µl XL-1 blue cells 

suspension and diluted further with bacterial cells and used for titer determination.  

Plaques were picked from these plates and the phage was amplified and titered before 

creening.  

upled enzyme ATPase assay, the ADP obtained upon the hydrolysis of 

dulin, 0.015% Triton X-100 and the following in mM: 0.2 ouabain, 1 sodium 

 6 MgCl2, 30 imidazole-HCl (pH 7.0), 0.5 

100

u

b

s

 

2.20. Coupled enzyme ATPase assay  

In a co

ATP is regenerated using the energy of oxidation of NADH. The disappearance of 

NADH absorbance was measured at 340 nm as previously described but in 96-well UV-

transparent microtiter plates using a TECAN Safire Infinite M1000 microplate reader 

(Chaudary et al. 2001). Ca2+-Mg2+-ATPase and Mg2+-ATPase activities were measured at 

37°C under conditions where SERCA, Na+-pump and mitochondrial ATPase were 

inhibited.  The membranes were incubated with or without caloxin for 30 min on ice. The 

basal Mg2+-ATPase activity was determined as slope for the disappearance of NADH in a 

140 μl assay solution (1 µg protein, excess pyruvate kinase-lactate dehydrogenase mix, 4 

ng/ml calmo

azide, 0.005 thapsigargin, 100 NaCl, 20 KCl,
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EDTA, 0.5 EGTA, 0.5 ATP, 0.2 NADH, 1 phosphoenol pyruvate). After 30 min, 10 μl 

CaCl2 was added to attain a final concentration of 0.55 mM and the disappearance of 

NADH due to Ca2+-Mg2+-ATPase activity was monitored for another 30 min. The 

difference in the ATPase activity in saturating (6 mM) Mg2+ with and without Ca2+ is 

defined as the Ca2+-Mg2+ATPase activity of PMCA. The effect of caloxins on PMCA1 

and 4 activities was assessed with RDM membranes and erythrocyte ghosts, respectively. 

PMCA1 isoform is also predominant in endothelial cell membranes; however, its activity 

was difficult to monitor, due to higher Mg2+-ATPase activity. For PMCA2 and 3, 

microsomes from SF9 insect cells infected with bacculoviral vectors expressing PMCA2 

and PMCA3 were used. The insect microsomes, prepared by a previously published 

method, were a gift from Dr. A. Filoteo (Caride et.al. 2001). Triton X-100 is required to 

suppress high Mg2+-ATPase activity or to permeabilize microsomes, however at higher 

concentrations it also inhibits Ca2+-Mg2+-ATPase activity. The assay for leaky 

erythrocyte ghosts can be done without Triton X-100 due to low basal Mg2+-ATPase 

activity. RDM membranes contain very high Mg2+-ATPase activity, therefore, the 

optimization of Triton X-100 concentration was done on RDM membranes for each 

membrane batch. In assays comparing the effect of caloxins on Ca2+-Mg2+ATPase 

activity of different PMCA isoforms, the concentration of Triton X-100 was kept the 

same, however the Triton X-100 to protein ratio had to be optimized independently for 

each membrane preparation.  Decreasing the Mg2+ concentration or changing pH of the 

buffer within the range of 6.5-7.8 did not increase the difference between basal Mg2+-

ATPase and Ca2+-Mg2+-ATPase.  Due to solubility problems caloxin 1c5 had to be 
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dissolved in DMSO. DMSO final concentration up to 1.8% did not affect Ca2+-Mg2+-

ATPase activity in erythrocyte ghost membranes. Final concentration used in assay did 

not exceed 0.5%. 

2.21. [Ca2+]i  determination in endothelial cells 

[Ca2+]i  in pig coronary artery endothelial cells was measured using the fluorescent 

Ca2+ indicator Fluo 4/AM, as previously described (Szewczyk et al. 2010). Endothelial 

cells were cultured from pig coronary artery, as described in section 2.2. After passage 4 

cells were seeded into 96-well polystyrene plates and cultured until subconfluent. After 

removing the growth medium, the cells were washed three times with a wash buffer (in 

mM: 115 NaCl, 25 HEPES, 12 glucose, 5.8 KCl, 2.2 KH2PO4, 1 CaCl2, 0.6 MgCl2, 2 

probenecid). Next, the cells were incubated in the wash buffer containing fluorescent 

Ca2+ indicator Fluo 4/AM (4 µM) and pluronic acid (0.02%) in the dark for 45 min at 

room temperature. After dye loading the cells were washed two times with the wash 

buffer to remove the dye and incubated in it for another 25 min to allow proper dye de-

nged and the plate was placed in the 

TECAN

esterification. The wash buffer was then excha

 Safire microplate reader at 37°C for 5min. Background fluorescence was 

recorded at an excitation of 485 nm and emission of 525 nm for 2 min and then caloxin 

(dissolved in ethanol) was added.  As a control, the same ethanol was added to some 

wells (final concentration 0.004%). The caloxin was also added to unloaded cells to 

determine the effect of caloxin itself on fluorescence intensity. After another 20 min, 

calibration was carried out. Maximal fluorescence intensity (Fmax) was determined in the 

presence of the Ca2+ ionophore 4-bromo A23187 (6 µM in wash buffer, TefLabs, Austin, 
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USA) and minimal fluorescence intensity (Fmin) was obtained by addition of 2 mM 

EGTA to the above. Fluorescence values were expressed as percent of maximum 

(100×(F−Fmin)/(Fmax −Fmin)). The background fluorescence was subtracted to 

determine the change in fluorescence with time. 

2.22. Data Analysis 

The values given are mean ± SEM. For non-competitive inhibition by caloxins in 

the presence of saturating substrates, the data was analyzed by non-linear regression 

using the equation: percent inhibition = 100 x [inhibitor]/(Ki + [inhibitor]). The curve 

fitting was done with FigP software (Biosoft Corporation, Ancaster, Ontario).  Statistical 

significance was determined with Student’s t-test, ANOVA or Chi-square test using the 

software GraphPad InStat (San Diego, CA) and values of p < 0.05 were considered to be 

significant. 
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3. RESULTS 

The present study aimed towards developing inhibitors as tools to understand the 

le of PMCA in coronary artery function.  It had three major Aims. Aim 1 was to 

ine PMCA isoform expression in pig coronary artery EC and SMC, Aim 2 was to 

ing the N-terminal half of exdom1 

1X) of PMCA1 as a target and  Aim 3 was to obtain ultra high affinity PMCA4 

 selective bidentate caloxins. 

 

.1. PMCA isoform expression in pig arterial SMC and EC 

The goals in this Aim were to determine the relative levels of PMCA activities in 

MC and EC and to delineate the PMCA isoforms expressed in the two tissues.  PMCA 

oform distribution in EC and SMC was analyzed at mRNA and protein levels, using 

RT-PCR and Western blot analysis, respectively. Moreover, PMCA Ca2+-Mg2+-ATPase 

activity was compared in those tissues using an enzyme coupled assay. Since EC form a 

monolayer inside the vessel and the am

NA isolated from freshly isolated and cultured EC 

ers specific for PMCA1, 2, 3 and 4 (Table 3).  In all instances, the 

gulatory domain. 

The PCR conditions were optimized with brain and heart cDNA. RT-PCR using SMC 

ro

determ

obtain a PMCA1 isoform selective caloxin us

(exdom

isoform

3

 

S

is

ount of material is very small, freshly isolated EC 

could be used only to determine PMCA expression at the mRNA level and cultured EC 

were used in all other experiments. 

 

3.1.1 PMCA mRNA expression 

 RT-PCR was conducted in R

and SMC using prim

primers flanked the cryptic splice site C that lies within the PMCA re
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and EC gave products only with primers for PMCA1 and PMCA4, no products were 

observed with PMCA2 and PMCA3 specific primers. Based on RT-PCR results, fresh 

aortic EC and cultured pig coronary artery EC express PMCA1b and 4b and fresh aortic 

smooth muscle tissue and cultured pig coronary artery SMC expresses PMCA 1b, 4b and 

4a (Fig 5). The exact nature of the observed bands was confirmed by sequencing the 

DNA extracted from these bands.  The following controls gave no PCR products: no 

reverse transcriptase and no cDNA template (data not shown). Since optimal conditions 

for PMCA1 and PMCA4 specific primers were identical, co-PCR with both primer sets 

ed to determine which PMCA isoform is 

expressed in higher amounts at mRNA level (Fig 5). With very dilute cDNA from 

cultured and fresh EC, only the band for PMCA1b was observed. Using very dilute 

cDNA from SMC and based on the relative intensities and molecular weights of bands, 

PMCA4 gene products (a+b) were 60-70% (fresh aortic SMC), 50% (cultured pig 

coronary artery SMC) and PMCA1 was 30-40% (fresh aortic SMC) and 50% (cultured 

pig coronary artery SMC). Thus, at mRNA level EC express predominantly PMCA1 and 

SMC express both PMCA1 and 4.  

 

  

 

 

 

and with different cDNA dilutions were us

 80



PhD Thesis – M. Szewczyk – McMaster - Biology 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. PMCA isoform expression in pig vascular tissues examined using RT-PCR. 
SM: fresh aortic smooth muscle, fEC: freshly isolated endothelial cells from aorta, EC: 
ultured endothelial cells from coronary artery, SMC: cultured smooth muscle cells from 
oronary artery. PMCA4 and PMCA1 specific primers were used separately in the first 

o lanes and co-PCR with the two primer sets with different cDNA dilutions were 
onducted for the others. Expected molecular weights for PMCA4a, PMCA4b, and 
MCA1b bands are 902, 727, and 429 bp, respectively. The identities of PMCA1b and 
MCA4b bands were confirmed by the sequencing of gel-purified PCR products. 
MCA1b sequence was identical to that previously published (Genbank accession # 
M_214352). Pig PMCA4b sequence (deposited in Genbank DQ145551) was not 
reviously known but it has 88% identity with the human PMCA4b (Genbank accession 
M_001684). The identity of PMCA4a was confirmed by RT-PCR with PMCA4a 

pecific primers. 
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3.1.2. PMCA protein expression 

The relative abundance of PMCA in pig coronary artery cultured EC and fresh 

MC was determined with three different antibodies: an antibody that recognizes all 

MCA isoforms, an anti-PMCA1 and an anti-PMCA4.  In initial experiments, it was 

nalysis of the PMCA1 and PMCA4 data showed that SMC contained 8.4 times more 

eas EC contain 4.2 times more PMCA1 (Fig. 7). Since RDM 

expressed mostly PMCA1 and erythrocyte ghosts contain mostly PMCA4, computations 

ion that relative band intensity of total PMCA equals 

relative

 

S

P

determined that RDM expressed predominantly PMCA1 and the erythrocyte ghosts 

contained mostly PMCA4.  Therefore, RDM and erythrocyte ghosts were used as 

controls. Fig 6 shows band intensities in Western blots for total PMCA, PMCA1 and 

PMCA4 expression in 0.5, 1 and 2 µg plasma membrane protein of RDM, erythrocyte 

ghosts, SMC and EC. Based on the relative intensities of the total PMCA bands, it was 

computed that SMC contain 2.9 times more total PMCA protein than EC (Fig. 7).  

A

PMCA4 than EC wher

were carried out with the assumpt

 band intensity of PMCA1 in RDM and PMCA4 in erythrocyte ghosts. Based on 

this assumption it was calculated that EC express 78 % PMCA1 and 22 % PMCA4 and 

SMC express 90 % PMCA4 and 10 % PMCA1 protein.  The analysis done on repeating 

the experiments using membrane preparations from different days were consistent with 

presented results in that pig coronary artery EC express mainly PMCA1 whereas SMC 

contain mostly PMCA4. 
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Fig. 6. PMCA isoform expression analyzed by Western blots. RDM: rabbit duodenal 
mucosa; HEG: human erythrocyte ghosts; EC:cultured pig coronary artery endothelial 
cells; SMC: cultured pig coronary artery smooth muscle cells. A: The amount of plasma 
membrane proteins loaded, primary antibodies used and the tissues are specified. All the 
lanes from different tissues for each antibody were compared together in one gel. 
relative intensities of bands per µg protein are presented as % maximal value w
group. The values are mean +/- SEM of 3 replicates (Szewczyk et.al. 2010). 
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Fig. 7. Comparison of PMCA isoform expression in pig coronary artery EC and 
SMC analyzed by Western blots. EC:cultured pig coronary artery endothelial cells; 
SMC: cultured pig coronary artery smooth muscle cells. The relative intensities of bands 
per µg protein are presented as % maximal value within a group. The values are mean +/- 
SEM of 3 replicates. 

PMCA PMCA4 PMCA1 

 

3.1.3. PMCA Ca2+-Mg2+-ATPase activity 

 PMCA Ca2+-Mg2+-ATPase activity was measured in plasma membrane enriched 

fractions isolated from pig coronary artery fresh SMC and cultured EC as Ca2+-stimulated 

hydrolysis of ATP  in a coupled enzyme assay containing calmodulin and the following 

inhibitors of other ATPases: sodium azide (mitochondrial Ca2+-ATPase) , ouabain (Na+-

K+-ATPase) and thapsigargin (SERCA). PMCA activity was 3.66 times lower in EC (0.3 

±0.1 nmol/min/mg protein) than in SMC (1.1 ±0.2 nmol/min/mg protein). PMCA activity 
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results are consistent with the values of abundance of total PMCA obtained in West

blots with antibody recognizing all PMCA isoforms (5F10) (Fig. 8). The comparison was 

done on the same membrane preparation. The activity results are also similar with the 

values of abundance of total PMCA obtained in Western blots with membrane fr  

different membrane preparations, where SMC contained 2.9 times more total PMCA 

compared to EC (Fig. 7). 

 

 

 

 

 

Fig.8. Relative values of PMCA activity and total PMCA protein abundance in 

parameter was computed taking the mean value in SMC as 100%. PMCA activity in EC  
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Western blots in pig coronary artery EC and SMC. The relative value for each 

was 0.3 ±  0.1 nmol/min/mg protein and  in SMC 1.1 ± 0.2 nmol/min/mg protein. 
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3.2. Aim 2: Invention of PMCA1 selective caloxins 

 Exdom1 of PMCA is the most divergent between all the PMCA isoforms 

uncertainties in the configuration of the exdom. Therefore, it was divided into exdom1X 

(N-terminal half) before this cysteine and exdom1Y (C-terminal half) after it.  The 

overall experimental strategy to be used is 

(see Fig. 3). However, exdom1 is long and contains a cysteine residue that can produce 

described in Fig 9. Similar strategies have 

ccessfully for PMCA4 specific inhibitors. 

A source rich in PMCA1 and mainly in PMCA1 was required to invent PMCA1 

y their inhibitory properties.  Such a tissue should also be 

poor in other PMCA isoforms and be easily ounts. A source had to 

e found. RT-PCR with the primers, flankin ptic splice site C in PMCA 

egulatory do as used to determine the PMCA genes in several cell lines and 

tissues. Primers for human PMCA isoform ere previously published (Stauffer et al. 

1995). Rabbit brain and heart was used to t d optimize conditions for rabbit PMCA 

oforms. Neither HEK293 cells nor RDM CA3 mRNA (data 

ot shown). Figure 10 shows the results for RT-PCR using PMCA1 and PMCA4 specific 

primers in HEK283 and RDM. C reverse transcriptase or those without 

NA did not show any bands (data not shown).  

been used su

3.2.1. Tissue selection for PMCA1  

 

selective caloxins and to assa

obtained in large am

g cry

s w

est an

expressed PMCA2 and PM

b  that lies with

r main w

is

n

ontrols without 

R
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Fig. 9. Overview of the screening procedure to obtain isoform selective caloxins. 
Details are described in Experimental methods (sections 2.9-2.14). 
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Thus, based on molecular weights, HEK29 DM 

express PMCA1b, 4b and 4a splice variants. Since the optimal conditions were identical 

for PCR using PMCA1 and PMCA4 selective primers, co-PCR with primers fo  

PMCA1 and PMCA4 was carried out for transcripts from HEK293 cells and RDM. Since 

in both tissues the band corresponding to PMCA1b was predominant it was concluded 

at RDM and HEK293 cells expressed predominantly mRNA for PMCA1 isoform. To 

compare PMCA1 isoform abundance at protein levels, Western blots with anti-PMCA1 

antibody were done with HEK293 and RDM plasma enriched fraction (Fig. 11). Based 

on relative band intensities it was computed that RDM expresses much more PMCA1 per 

µg protein than HEK293 cells (114 times difference in int

source for PMCA1. Affinity chromatography experiments re ts of 

embrane fraction (4 mg protein per experiment) and from one rabbit duodenum only 5-

 mg of RDM membrane fraction can be obtained; therefore pig duodenum mucosa was 

tested for PMCA1 and 4 isoform expression. Compared to rabbit RDM, pig duodenum 

mucosa contained much less of PMCA 1 and more PMCA4 (data not shown). Pig 

duodenal mucosa was much harder to dissect from smooth muscle layer, com ared to 

h would result in higher content of smooth muscle in the collected tissue. The 

mucosa from other parts of rabbit intestine (duodenum, jejunum, proximal colon, distal 

colon and caecum) was also analyzed for PMCA1 and 4 content (Fig. 12). RDM and 

rabbit jejunum contained the highest levels of PMCA1. Based on relative band intensities 

it was calculated that the PMCA1 to  in duodenum and jejunum were similar. 

3 cells express PMCA1b and 4b and R

r both

th

ensities). Thus, RDM is a rich 

quire large amoun

m

7

p

RDM, whic

 4 ratio

Since, RDM expressed the highest levels of PMCA1 compared to other tissues, it 
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contained low levels of PMCA4 and no detectable mRNA for PMCA2 or PMCA3, it was 

chosen as the source of PMCA1 for further work in this Aim.   

 
Fig. 10. PMCA isoform expression in HEK-293 cells and RDM examined using RT-
PCR. Expected sizes for human and rabbit PMCA1b, human PMCA4b, rabbit PMCA4a 
and rabbit PMCA 4b were 429 bp, 727 bp, 551bp and 376 bp, respectively. RT-PCR for 
each set of primers was done with the same amount cDNA. 
 

 

 

 

 
 
 
 
 
 
 
Fig.11. PMCA1 protein expression in HEK293 and RDM plasma membrane 
enriched fraction. The amount of plasma membrane proteins loaded and the tissues are 
labeled. All the lanes from different tissues were compared together in one gel.  
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on in mucosa from different parts of 
abbit intestine. 5 µg plasma membrane protein of each tissue was analysed with  anti-
MCA1 or anti-PMCA4 antibodies. All samples were compared together in one gel.  

Fig. 6).  Therefore, it was also chosen to test caloxins for PMCA1 Ca2+-Mg2+-ATPase 

ctivity inhibition in a coupled enzyme assay. However, the RDM membranes contained 

very high basal Mg2+-ATPase activity. Several experiments were done to determine how 

to suppress the basal activity while retaining the Ca2+-Mg2+-ATPase activity (not shown).  

It was determined that Triton X-100 suppressed the basal activity but at higher 

oncentration it also inhibits Ca2+-Mg2+-ATPase. Due to variability between membrane 

reparations the optimization of Triton X-100 concentration had to be done on RDM 

embranes for each membrane batch. Decreasing Mg2+ concentration or changing pH of 

e buffer within the range of 6.5-7.8 did not improve PMCA activity. Since EC have 

MCA1 as the dominant isoform, attempts were also made to monitor PMCA activity in 

Fig. 12. PMCA1 and PMCA4 isoform expressi
r
P
 

 PMCA1 is the predominant isoform present in the plasma membrane of RDM 

(

a

c

p

m

th

P
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the EC membranes. However, basal Mg2+-ATPase activity was too high compared to 

ere chosen as a best source for monitoring PMCA1 activity. 

3.2.2. Phase I: Biopanning 

 The synthetic peptide corresponding to PMCA1 residues 119-137 

(IVSLGLSFYQPPEGDNALC, Protein bank P20020) was used as a target for screening 

Ph.D-12 phage library displaying random 12 amino acid peptides. The peptide consists of 

exdom1X of PMCA1 (residues 121-137) with additional two aminoacids (119-120) of 

TM1 in the N-terminus.  The peptide was used as such or with its cysteine residue 

conjugated to KLH or ovalbumin. A mixture of peptide and peptide-KLH conjugate was 

sed as a target for trapping the phage while the peptide-ovalbumin conjugate was used 

12 

put of 1 x 1010 pfu. The phage pool selected after three rounds of screening was tested 

PMCA activity and all attempts to optimize conditions failed. Thus, RDM membranes 

w

u

for elution. The screening was started with 1 x 10 pfu of the Ph.D-12 library. The phage 

was eluted, amplified and the screening was repeated two more times with the constant 

in

for its selectivity for binding to exdom1X of PMCA1 over exdom1X of PMCA4. The 

phage population obtained after 3 rounds of panning contained a significantly larger 

number of phage particles that bound preferentially to the synthetic exdom1X of PMCA1 

as compared to synthetic exdom1X of PMCA4  (Fig. 13). Only the selected phage, and 

not the initial library, showed this preference for binding to exdom1X.  
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3.2.3.1. Optimization of affinity chromatography  

 In preliminary experiments PMCA was purified from RDM on a calmodulin-

agarose column with the methods previously described for erythrocyte ghosts PMCA 

(Pande et al. 2006). However, purification of RDM PMCA was not very efficient with 

this approach. First, the optimization focused on increasing PMCA binding to the 

column; however the attempts only marginally improved the efficiency in PMCA 

purification. The attempts included: prevent calpain cleavage (including calpain inhibitor 

 
 
 
 
 
 
Fig. 13. Selectivity of phage population obtained upon biopanning. The data are mean 
± SEM of a total of 6 replicates from two experiments. The pfu applied/well were 
9.6×10  in the first experiment and 2.6×10  in the second. Each experiment was 
conducted in triplicate. The counts for the eluted phage in each experiment were 
converted to percent applied and pooled. A multiway ANOVA test showed that the group 
PMCA1-selected phage differed significantly from all the other groups (p < 0.05). The 
three remaining groups did not differ significantly from each other (p > 0.05). (Szewczyk 
et al. 2010) 
 
3.2.3. Phase II:  Screening by affinity chromatography with RDM PMCA 
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in homogenization buffer), ensure that PMCA is free of calmodulin (introducing 

additional water/EGTA wash during RDM isolation to burst microsomes and chelate 

Ca2+), increase time for PMCA binding to agarose-calmodulin and removing acidic 

phospholipid-phosphatidylserine from the protocol. Next, the elution step was analyzed 

in more detail. The elution of erythrocyte ghost PMCA was carried out at 4°C by 

applying Ca2+-free, EGTA containing elution buffer (100 µl /100 µl resin) two times. 

Analysis of the eluates showed that with this approach most of RDM PMCA remained on 

the column.  As shown in Fig. 14, increasing the incubation time to 2 h (two times 1 h) at 

4°C and introducing sample rotation did not improve elution efficiency.  However, 

increasing the elution temperature to 37°C resulted in a significant increase in amounts of 

eluted PMCA. 

 

3.2.3.2. Screening results  

Experiment1:  The phage population selected after three rounds of screening for 

inding to synthetic PMCA1 exdom1X peptide was screened in three cycles of affinity 

hromatography with RDM PMCA (Fig. 9, Phase II).   The phage input in each cycle was 

 x 1010 pfu and the eluate was amplified after the first and the second cycles to attain the 

rge number of pfu needed for the next column. As shown in Table 5 the binding 

fficiency decreased unexpectedly after the third round of screening.   

b

c

1

la

e
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Fig. 14. Western blot analysis of RDM PMCA1 eluted from calmodulin-agarose 

rotated for 1h at 4°C. Column was washed with 10 ml of wash buffer. A. Resin with 

for 1h on rotator at 4°C and eluate was collected (E1). The process was repeated and all 

(100 µl/100 µl beads) to dried beads and incubated for 5 min at 95°C and eluate was 

37°C and eluate was collected (E1). The process was repeated twice (E2, E3). The resin 

collected. The total volumes of collected samples and volumes of samples applied on a 

 

 

 

B 

 

 

column. Solubilised protein (SOL) was applied on calmodulin-agarose column and 

PMCA was incubated with elution buffer containing 5 mM EGTA (100 µl/100 µl beads) 

liquid was removed by centrifugation (E2). Next 5 x Laemmli sample buffer was added 

collected (ESB). B. Resin with PMCA was incubated with elution buffer for 30 min at 

was incubated with 5 x Laemmli sample buffer as described above and ESB was 

gel are shown. The analysis was done with anti-PMCA1 antibody.  

 

37°C 
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Table 5. Binding efficiency in each round of phase II. 

Round # Input (pfu) Output (pfu) Binding efficiency % Comments 
I 1 x 1010 2.1  x 105 0.0021 

 

amplified 
II 1 x 1010 1.6  x 106 0.0160 amplified 
III 10 51 x 10  1.5  x 10  0.0015 titered and sequenced 

 

unds of screening 

as amplified four times and 12 clones were sequenced. Out of 12 clones 11 encoded for 

the variable peptide SVSVGMKPSPRP. This indicates that a high amplification 

f this phage clone in the three cycles led to its predominance.  This may also 

ave be ause for a reduction in the binding efficiency during consecutive steps. The 

 SAROTUP (Scanner And Reporter Of Target-

Unre des). The program has a database of target unrelated peptides (TUPs) 

hich are likely to bind to other than target components of the screening system (e.g. 

lastic plates) or have a higher amplification efficiency. The program classified 

SVSVGMKPSPRP as propagation-related TUP, which is repetitively selected from the 

commercially available Ph.D.-12 library in many labs using completely different targets. 

 2: Since the amplification resulted in the enrichment of 

VS  phage, 1 x 1010 pfu of the phage population selected after three 

rounds of panning was used in two rounds of affinity chromatography with RDM PMCA 

Phage eluted after the third round was titered and 190 clones were sequenced. Out of 190 

sequenced clones there were 46 unique clones and 109 clones encoded for the variable 

peptide SVSVGMKPSPRP (60% of total). To test the predominant clone for 

amplification efficiency, the phage population selected after three ro

w

efficiency o

h en a c

peptide was also analyzed by program

lated Pepti

w

p

Experiment

VGMKPSPRPS
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without the amplification step in between. DNA from 90 phage clones was sequenced.  

5 differed from the previous affinity 

brary construction, panning and phage amplification, a mixture of equal numbers of 101 

nique phage clones selected in phase II were allowed to compete for binding to RDM 

MCA during affinity chromatography in two separate experiments. Following the 

ompetition, the DNA from 95 clones from each eluate was sequenced. The clones 

est frequency, those encoding 

peptide sequ  the 

competition nt trate he observation that the previously 

predominant spla epti VGMKPSPRP w  

xperiment. The most frequently observed peptide sequences were not identified as TUP 

Out of these there were 66 unique clones (5

chromatography screening) and only 14 encoded the previously observed peptide 

SVSVGMKPSPRP (15%). Nevertheless the predominant clone was still the most 

abundant clone indicating that it was already enriched during amplifications done in the 

panning experiment (Fig. 9, phase I).  

3.2.4. Phase III: Competition experiment 

To rule out selection of phage due to copy-number bias that can arise during 

li

u

P

c

encoding the peptide TIPKWISIIQALR had the high

ence QDWMKLLEVMRK were next (Table 6).  The success of

experime is demons d by t

 clone di ying the p de SVS as eliminated in this

e

artifacts by the program SAROTUP. The variable sequence along with a spacer that 

connects it to the coat protein in phage was chemically synthesized and designated as 

caloxin 1b3 (TIPKWISIIQALRGGGSK-amide) and caloxin 1b4 

(QDWMKLLEVMRKGGGSK-amide). 
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Table 6. Phage clones obtained after competition experiment in affinity 

 

 

Variable peptide sequence 

Clone frequency 

chromatography with RDM PMCA.  Predominant clones are bolded 

Competition I Competition II % Total            
(Comp.I + Comp.II) 

DKNWDTLRLMTT 7 1 4.2 
DPFLLPAADIQK 1 0 0.5 
DPNIWPWNLDDN 1 0 0.5 
DQNTHQLYQTHS 1 1 1.1 
DYFSSPYYEQLF 1 0 0.5 
EMTERVAVAWQP 1 0 0.5 
FAIHTPNPIKTL 1 0 0.5 
FHDTFMMPSAPR 1 1 1.1 
FNPLITHTMLSQ 1 0 0.5 
FTPFKHWSLPSN 1 0 0.5 
GSMSPYVRWYTP 1 1 0.5 
LPWPLISHYLRT 2 5 3.7 
LSPRSSIHPPPR 1 0 0.5 
MSMPTHSHDHAR 2 0 1.1 
NNDYIPHQVLL 1 0 0.5 
PRPRPPTMLAPT 3 0 1.6 
QDWMKLLEVMRK 23 28 26.8 
QYVTVNLTSSER 1 0 0.5 
SNNHFSALMSAG 1 0 0.5 
SWPLYSRDSGLG 1 0 0.5 
TIPKWISIIQALR 39 59 51.6 
VSSYYVTKQVSP 1 0 0.5 
YPNSTWPTPLY 1 0 0.5 
YPPKTMMHPDLM 1 0 0.5 
YQDYFKMVPGNL 1 0 0.5 
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3.2.5. Inhibition of PMCA Ca2+-Mg2+-ATPase activity in coupled enzyme assay by 

caloxin 1b3 and 1b4 

Caloxin 1b3 and 1b4 were selected for binding to PMCA1 exdom1X followed by 

affinity chromatography using RDM PMCA which contain mainly PMCA1. RDM 

plasma membranes were used to test the effect of caloxins on PMCA1 inhibition in a 

coupled enzyme assay. Typically PMCA activity in the absence of caloxin was 0.05 to 

0.1 nmol/min. The difference between the slopes of the NADH absorbance disappearance 

in the presence and absence of Ca2+ is the Ca2+-Mg2+ATPase activity of PMCA. As 

shown in Fig.15 caloxin 1b3 produced 50 % inhibition of PMCA1 Ca2+-Mg2+-ATPase 

activity at a concentration of 17 ± 2 µM and caloxin 1b4 at a concentration  of 120 ± 35 

µM. Since the Ki value obtained with caloxin 1b3 was significantly smaller, only this 

eptide was used in further experiments. 

ontaining mostly PMCA1, 2, 3 or 4:  human erythrocyte ghosts (PMCA4), RDM plasma 

m mbrane fraction (PMCA1) and microsomes f lls overexpressing 

P w lo d PMCA  

over PMCA4 since the inhibiti of PMCA1 w greater than that of PMCA4 at 15, 25, 

50 or 100 µM of this peptide. Based on the data in Fig. 16 the computed Ki value of 

caloxin 1b3 for PMCA4 was 45±4 µM, which is 2.6 times higher than that for PMCA1.  

The effect of 15, 25 or 50 µM of caloxin 1b3 on PMCA1, 2, 3 and 4 is compared in Fig. 

17. At any concentration, the inhibition was significantly greater for PMCA1 than for 

o herefo  caloxin 1b3 i rst PMCA1 iso  selective caloxin. 

p

 Caloxin 1b3 was tested for PMCA isoform selectivity using membranes 

c

e rom SF9 insect ce

MCA2 and PMCA3. As sho n in Fig.16, ca xin 1b3 inhibite 1 preferentially

on as 

ther PMCA isoforms. T re, s fi form

 98



PhD Thesis – M. Szewczyk – McMaster - Biology 
 

Caloxin 1b3 was also PMCA selective in that it had no effect on 2+-ATPase activity 

when tested in erythrocyte ghosts and RDM me  

(

 

 

 

 

 

 

 

 

 

 

measured by coupled enzyme assay. For each experiment, the data were normalized 

 Mg

mbranes at concentrations up to 100 µM

Fig.18). 

 

 

 

 

 

Fig.15. Caloxin 1b3 and 1b4 inhibition of PMCA activity in rabbit duodenal mucosa 

with the mean value of the Ca2+-Mg2+ATPase activity in the absence of caloxin taken as 
100 %.  Each value is the mean ± SE of 2-4 experiments done on separate days (n = 6-
24). For each day, the data were normalized with the mean value of the activity in the 
absence of caloxin taken as 100 %. The inhibition constant (Ki) of caloxin 1b3 and 
caloxin 1b4 was calculated to be 17 ± 2 µM and 120 ± 35 µM, respectively. 

Caloxin  [µM] 

%
 in

hi
bi

tio
n 

caloxin  1b4 

caloxin  1b3 
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 100

  

 

 

 

 

 

ig.16. The effect of caloxin 1b3 on PMCA activity in rabbit duodenal mucosa 
MCA1) and human erythrocyte ghosts (PMCA4) measured by coupled enzyme 

assay. The difference between the slopes of the NADH absorbance disappearance in the 
presence and absence of Ca2+ is the Ca2+-Mg2+ATPase activity of PMCA. For each 
experiment, the activity was normalized with the mean value of the Ca2+-Mg2+ATPase in 
the absence of caloxin 1b3 taken as 100 %. Each value is the mean ± SE of 2-4 
experiments done on separate days (n=6-24). The data fit best with the Ki values of 17 ± 
2 µM (PMCA1) and 45 ± 4 μM (PMCA4). 
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ays. F r each day, the data were normalized with the mean value of the activity in the 
absence of caloxin 1b3 taken as 100 %. 

 

 

Fig.17. Caloxin 1b3 inhibition of Ca2+-Mg2+ATPase activity of PMCA1-4 measured 
in the coupled enzyme assay. The sources of PMCA isoforms are: PMCA1 (the plasma 
membrane enriched fraction of RDM), PMCA2 and 3 the plasma membrane enriched 
fraction of SF9 insect cells overexpressing PMCA isoforms 2 or 3), PMCA4 (leaky 
human erythrocyte ghosts).  Each value is the mean of 2 experiments done on different 
d o
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Fig.18. The effect of caloxin 1b3 on Mg2+ATPase activity in RDM membranes and 
uman erythrocyte ghosts measured by coupled enzyme assay. The activity in the 

the activity in its presence was used to 
compute the % activity remaining. Each value is the mean ± SE of 2-4 experiments done 
n separate days (n=6-24).  

 

3.2.6. Effects of caloxin 1b3 on [Ca2+]i  in endothelium  

 coronary artery endothelial cells express mostly PMCA1 (Fig. 6). Since 

alox  showed some PMCA1 isoform specificity, we determined its effects on 

a2+ ial cells. Both concentrations (20 and 50 

M)  increased [Ca2+]i in EC with the increase being much greater at 50 (about 20% 

ax) than at 20 µM (about 50% max ) (Fig.19). The experiments were also done with 0, 

, 10, 50 and 100 µM caloxin 1b3 (data not shown). Caloxin 1b3 at concentrations of 0, 3 

h
absence of caloxin 1b3 was taken as 100 % and 

o

Pig 

in 1b3

]i in cultured pig coronary artery endothel

c

[C

µ

m

3
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 103

and 10 µM had no effect on [Ca2+]i  and the effects of 50 and 100 µM were similar. For 

omparison, the effect of Caloxin 1b1 which has a preference for PMCA4 but also 

hibits PMCA1with a relatively lower affinity was also tested.  Caloxin 1b1 at 20 and 50 

µM had a much smaller effect on [Ca2+]i in EC as compared to caloxin 1b3.  This result 

 

 

 

 

 

 

 

 
 
Fig.19. The effect of caloxins 1b3 and 1b1 on [Ca2+]i in cultured pig coronary artery 
endothelial cells. ΔF = change in fluorescence. Arrow indicates the time of addition of 
caloxin. All the values obtained 20 s after adding the caloxins differed significantly from 
the baseline values (p < 0.05). The values obtained with 20 and 50 µM caloxin1b3 were 
significantly larger than the corresponding values obtained with caloxin 1b1 (p < 0.05). 
(Szewczyk et al. 2010). The maximal fluorescence was determined with calcium 
ionophore 4-Br A23187. 
 

c

in

is consistent with a larger expression of PMCA1 than PMCA4 in EC and the preference 

of caloxin 1b3 to inhibit PMCA1. 
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3.2.7. Mutagenesis of caloxin 1b3 

 The mixture of 1b3-like oligonucleotides, encoding mutants of the first 12 amino 

acids of caloxin 1b3 (TIPKWISIIQAL) was used to construct a caloxin 1b3-like peptide 

phage display library, as described previously (Pande et al. 2008). Limited mutagenesis 

was used to obtain a library that contained mostly phage displaying peptides with 1, 2 or 

3 amino acid changes. To characterize the library, 24 clones were sequenced. Out of the 

24 clones, only one sequence was repeated (Table 7). Based on this result and the total 

number of pfu obtained, the library diversity was calculated to be 9.6 x 104. The 

statistical analysis showed that there was no difference in the observed frequencies for 

phage encoding peptides with 0, 1, 2, 3 or >3 amino acid substitutions in the library. The 

frequencies expected were based on the limited mutagenesis strategy (Table 8). Since the 

library contained only 1 x 105 pfu, it was amplified once (total 2.2 x 1012 pfu obtained) 

and then 1 x 109 pfu were used for screening in one round of affinity chromatography 

with PMCA protein purified from RDM membranes with extensive washing over 3 days 

at 4⁰C (phase II). Out of the 185 sequenced clones, there were 120 unique ones (Table 9).  

ince amplification may introduce bias due to differential amplification efficiencies of 

dividual phage clones, equal amounts of unique clones were made to compete for 

binding to PMCA1 in affinity chromatography in three separate experiments (phase III). 

From each experiment 92-95 clones were sequenced (Table 10). Two clones with the 

ighest frequency were chosen for peptide synthesis (SISKWFSIIQALGGGSK, 

ISKWISIVQALGGGSK). Since the parental caloxin 1b3 contained an additional 13th 

amino acid, arginine, variants containing R were also synthesized 

S

in

h

T
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(SISKWFSIIQALRGGGSK, TISKWISIVQALRGGGSK). However, the parental 

2+-Mg2+-ATPase (PMCA1) with higher affinity than any 

of the mutants (data not shown).  Thus, caloxin 1b3 was the best PMCA1 selective 

aloxin obtained in this work. 

Table 7. Testing small-scale caloxin 1b3-like peptide library. The library was 
constructed by retaining 91 % of the original bases and replacing the remainder with 3 % 
of the other three bases in the caloxin 1b3 encoding oligonucleotide. A total of 24 phage 
clones were sequenced. The parent caloxin 1b3 (TIPKWISIIQAL) showed two times, 
whereas all other clones showed only once. The amino acids substituted in the calo in 
1b3-like peptides are bolded. 

 

Number of amino acid 
substitutions 

Expected 
frequency 

Observed 
frequency 

caloxin 1b3 inhibited RDM Ca

c

 

 

 

 

AIPKWISIGQAL TIPKWINIIHAS TIPKRVTIIPAL TIPKWSSIIQAL

SFPTSISITQAL TIPKWISFIQAS TIPKSISIIQAL TIPKWSSIIQPL 

SIPKWISIIPAF TIPKWISIIQAL TIPKWISSIQEL TIPKYISIIQAL 

TIPEGMSSIRAL TIPKWISIIQAL TIPKWLSIIQAL TIPRWFSTIEAM

TIPKCINIMQAL TIPKWISINQAI TNPKWSSITQGV TIQKWISIIQAL
 TIPKCISNTQAL TIPKWISMSQAL TTPKGISIIQAL TLPKWNSIIQAL
 

x

0 2 2 
1 5 6 
2 7 7 
3 5 4 
>3 5 5 

 

Table 8.  Characterization of the Ph.D caloxin 1b3-like peptide library. A total of 24 
phage clones from the Ph.D caloxin 1b3-like peptide library were sequenced. Shown is 

freedom, p > 0.1 

the expected and observed frequency of phage clones encoding peptides with a given 
number of amino acid substitutions. Chi square value test showed that the two 
distributions are not significantly different (Chi squared equal 0.417 with 4 degrees of 
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Sequence Freq. Sequence Freq. Sequence Freq. 

FMQV RWIIYNQAL 1 L 1 TIP25 TIPKWISTIPKWISIIQAL original
AIPKGISMFQAL 1 TIPKWISIIH RWINIINAL 2 AL 3 TIP
A RISIIQAD 1 TIPKWISIIK RIPK AL 1 TIP WISIIQAL 1 
AIPKWI IIQAL 1 TIPKWISIIQA 2 N M TIPSWV RSIIQ L 2 
AITKWNSIIQAL 1 TIPKWISIIQAS 2 TIPTGFSIIQAL 1 

4 TIPTWFSNNQAL 1 ASPNWTSLIQAL 1 TIPKWISIIQAV
IIPKWVSMVQAL 1 TIPKWISIIQSL 1 TIPTWIGIIQAL 1 
INPKWIRNIQAL 1 TIPKWISIMQAL 3 TIPTWISIIQAL 1 
NIPKWISIIQAL TIPKWISINQAL TIPTWISRPQGF 2 6 1
NIPKWISIIQAM 1 TIPKWISIRQAL 1 TIPTWTSIIQAL 1 
NSPEWFSIIQAL 1 TIPKWISIS SKWISIMQAL 1 QAL 2 TI
SIPKWISIIQAL 1 TIPKWISIT F S V1 TIQA KWISI QAL 1 
SIPKWISINQAL 2 TIPKWISITQAL 1 TLPKWTRITQAL 1 
SIPNWISIIR VAL 1 TIPKWISI QAL 2 TLPPWIGVIQTL 1 
SISKWFSIIQAL 1 TIPKWISKIESS 1 TMAKWISIIQAL 1 
SMPKWISIIHAL LM1 TIPKWIS QAL 1 TNAKWISIIQAL 3
SMPKWISIIQAL 1 TIPKWISMIQAL 1 TNGKWISIIQAL 1 
SNQKWISIIQAF 1 TIPKWISSIQAL 1 TNPKWISIIQAL 4 
TFPKWDSIIQAL 1 TIPKWISTIQAL 2 TNPKWNNIIQEL 1 
TFPRWISINQSL 1 TIPKWISTNQAL 1 TNPKWSSMIQAL 1 
TIHKWTNIR LSIIQAL 1 TNPTWISFNQAL 1 QAL 2 TIPKW
TIPEWISITQAL 3 TIPKWL VSIIQA 1 TSPKWINIIQAL 1 
TIPKCINVIQEL 1 TIPKWLSITQAW 2 TSPKWISIIQAL 2 
TIPKCISIDQAL 1 TIPKWLSLNQAL 1 TSPKWISIMQAL 1 
TIPKGISIIQAL 2 TIPKWLSNIQAF 2 TSPKWITIIQAL 1 
TIPKLISVIQAL 1 TIPKWMSITQAL 1 TSPKWNSIIQAV 1 
TIPKLMSNIQAL 1 TIPKWMSTTQAL 1 TSPKWSSIIQAV 1 
TIPKLTSIIQAM 1 TIPKWNSIIQAL 2 TSPQWMSIIQAL 1 
TIPKQISINQTL 1 TIPKWNSIIQAV 1 TTPKWISIIHGL 1 

RISIIQAF 2 TIPKWTR F 1 TTTIPK IIQA PKWISIIQAL 2 
R TRTIPK ISIIQAL 1 TIPKW IIQAL 1 TTPNWISIIKAL 1 

TIPKRMSINQAL 1 TIPKWTSIIQAL 3 TTPNWMSNIHAW 1 
TIPKSINIIQAL 1 TIPKWTSNIQAL 2 TTPQWNSIIQAL 1 
TIPKSISIIQAL 2 TIPMWTSTNQAL 1 TTPRSISIIPAL 1 
TIPKSISMIKAL 1 TIPNSISIIQAL 1 TVPKLNNIIQAI 1 
TIPKSNRLIQAL 1 TIPNWISIIQAL 2 TVPKWINIIRAL 1 
TIPKSTSIFQAL 1 TIPNWISVTHAL 1 TVPKWISIIQAL 1 
TIPKWIIISQAL 1 TIPQWISIIQAL 1 TVPKWISITQAL 1 
TIPKWINIIPAL Q1 TIP WL PSIIQA 1 TVPKWLSIIQAL 1
TIPKWIPMIQAW R1 TIP WHSIIQAL 1 TYPKWNSIIQAL 1

Table 9. Phage clones selected after 1 round of screening of the caloxin 1b3-like 
peptide library. Amino acids different from the original sequence are bolded.  
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Sequence Frequency (% total in a group) 

 Competition I Competition II Competition III (I+II+III) 
% total 

TIPKWISIIQAL  2.3 0.0 1.1 1.3 
AIPKWINIIQAL 1.2 0 1.1 0.9 
AITKWNSIIQAL 2.3 2.1 0 1.7 
NIPKWISIIQAL 1.2 3.2 1.1 2.1 
SIPKWISIIQAL 2.3 2.1 1.1 2.1 
SISKWFSIIQAL 5.8 33.0 53.2 36.1 
SMPKWIS 1.3 IIHAL 2.3 1.1 0 
SNQKWISIIQAF 2.3 1.1 0 1.3 
TIPKWI 1.8 SIMQAL 3.5 1.1 0 
TIPKWLSIIQAL 4.7 1.1 0 2.3 
TIPKWTRIIQAL 2.3 2.1 0 1.7 

RWHSIIQAL 1.2 5.3 0 2.5 TIP
TIPRWISI 1.7 IQAL 1.2 3.2 0 
TI KWISI QAL 3.5 4.3 5.3 5.1 S M
TISKWISIVQAL 3.5 6.4 23 12.9 
TMAKWISIIQAL 0.0 8.5 4.2 5 
TNAKWISIIQAL 4.7 5.3 2.1 4.7 
TNGKWISIIQAL 3.5 4.3 2.1 3.9 
TSPKWISIIQAL 3.5 3.2 0 2.6 
TSPKWITIIQAL 0 1.1 0 0.4 
TVPKWISIIQAL 2.3 1.1 0 1.3 
TVPKWINIIRAL 3.5 7.4 2.1 5.1 
TYPKWNSIIQAL 2.3 1.1 1.1 1.8 

 

Table. 10. Characterization of the phage clones selected after competition 
experiments. Equal number (1 x 105 competition I and 1 x 108 competition II and III) of 

binding to RDM PMCA in affinity chromatography. 92-96 clones from each separate 
experiment were sequenced. Amino acids different from the original sequence are 
bolded.The amount of the phage is specified in the column. Highlighted sequences were 
chosen for caloxin synthesis.  

 

 

each of the 120 phage clones selected in the first screening were allowed to compete for 
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3.3. Aim 3: The invention of ultra high affinity PMCA4 selective bidentate caloxins 

For the initial work, the PMCA4 exdom1 was divided into an N-terminal 

half exdom1X and a C-terminal half exdom1Y (Fig. 3).  Caloxin 1b1 and 1b2 were 

eveloped for binding PMCA4 exdom1X and 1Y, respectively.  The goal was to use 

ese caloxins to link them optimally to obtain a bidentate caloxin that would bind to both 

exdom1X and exdom1Y. Before this optimization, limited mutagenesis was carried out to 

improve caloxins 1b1 and 1b2.  Limited mutagenesis of caloxin 1b1 has already been 

carried out to obtain caloxin1c2, which also had higher selectivity for PMCA4 over other 

PMCA isoforms compared to caloxin 1b1.  The corresponding higher selectivity peptide 

by mutagenesis of caloxin 1b2 had not been invented. The overall strategy consisted of 

o steps.  Step 1 was to improve caloxin 1b2 affinity by limited mutagenesis.  Step 2 

genesis  

 A Ph.D caloxin 1b2-like peptide library was constructed to contain mainly 

phage displaying peptides with 1, 2 or 3 amino acid substitutions. To characterize the 

library, DNA from 24 clones was sequenced. Out of the 24 sequenced clones, 4 did not 

contain any inserts and there were 18 unique clones (Table 11). The constructed 1b2-

library contained 4.2 x 10 pfu.  Based on the results presented in Table 11 and the initial 

titer of the library, the library had a diversity of 3.1 x 10 pfu. Statistical analysis showed 

that there was no difference (p > 0.05)  in the observed and the expected frequencies of 

the peptides with 0, 1, 2, 3 or >3 amino acid substitutions in the library (Table 12).  

 

d

th

tw

was to link caloxin1c2 and the caloxin1b2 mutant to obtain ultrahigh affinity and 

PMCA4 selective bidentate caloxins. 

 

3.3.1.  Caloxin 1b2 muta

7 

7 
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TH T S T G H VHGW YQSLYAW HGW NYQSL AW HGWINYQ LYAW HG INY SLY W 
QGWNNYQSLYAW HGWNNNQSLYAW HGWINYQPLYAW HFWSNYQSFYAW 
QGWINYQPLYAW HGWIYYQSMYW  HGWINHQSLYA HFWSNYQSFYAW 
HGWVTYQSLYAW HGWITDPSLYAL HGSINYQSMYAW DVRINYQSLYAW 
HGWTSFQSLYAW HGWINYRSLHAW HGLNYQSLYAW  

 
 

Table 11. Testing Ph.D caloxin 1b2-like peptide library diversity. A total of 24 phage 

different from caloxin1b2 (HGWINYQSLYAW) are bolded. One sequence showed two 

 

No. of substitutions Observed Frequency Expected Frequency 

clones from the Ph.D caloxin 1b2-like peptide library were sequenced. Amino acids 

times and 4 clones had no insert. 

 

0 0 2 
1 4 5 
2 9 6 
3 5 4 

>3 1 2 
 

Table 12. Characterization of Ph.D caloxin 1b2-like peptide library. Shown is the 
expected and observed frequency of 19 phage clones encoding peptides with a given 
number of amino acid substitutions. Chi square value test showed that the two 
distributions are not significantly different (p > 0.1, Chi squared equals 4.450 with 4 
degrees of freedom).  

 

The Ph.D caloxin 1b2-like peptide library was amplified once and then used for 

screening in one round of affinity chromatography with PMCA protein purified from 

human erythrocyte membranes (Fig. 9) in two separate experiments using different input 

of different amounts of phage (Table 13). From each experiment 95 clones were 
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seque  ch 15 

lones

Table 13. Phage binding efficiency in each experiment of  phase II. 

Exp. Input (pfu) Output (pfu) Binding efficiency % 

nced. Out of 190 sequenced clones there were 105 unique clones of whi

c  encoded caloxin1b2 (Table 14). 

I 1.20 x 1011  4.9  x 104 0.00004 

II 1.50 x 109   5.2  x 103 0.00035 

 

 

3.3.1.3. Phase III: Competition of phage clones selected in phase II 

The degeneracy in the codons for individual amino acids and the differential 

amplificatio the phage ex ferent peptides can lead to bias in the 

copy numbe f a given phage clone. T s, to ensure the selection of phage based on its 

binding affinity to PMCA, equal pfu of each of the 105 p e clones were allowed to 

compete in  round of affinity chro tography using PMCA protein purified from 

uman erythrocyte membranes. The experiment was conducted two times and a total of 

com xperiment. Of the e g seque hest fr cy: 

HD YK W and 

QG  None of t sequ s d a rotein 

when analyzed with program SA TU

n efficiency of pressing dif

r o hu

hag

 one ma

h

84 clones (42 from each experiment) were sequenced. Out of the 105 different clones that 

were present in the original phage mix, 45 unique clones were identified at the end of 

both experiments (Table 15). The sequence encoding caloxin 1b2 did not show after the 

petition e se, th  followin nces had the hig equen

WIDYQSLYAW, HGWIT SLYAW, NG INYHAFYAW, 

GINYQFFYAW. he ences were cla sifie s target unrelated p

RO P. 
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Tab nes obtain  in n  of ptide 
libr

 HGRIN LYA S W 

le 14. Phage clo ed Phase II scree ing caloxin 1b2-like pe
ary.  

NQS W HGWTNNQ HVWSNYQTLYLYA PW HGWINYQSLYAW
HDWINYQSLYAW HGRINYQSLNA S W W HNWSNYQ NVWINSKSLYLYA AW 
HGGINYQSLYAW HGRIN LYA S W S HSW NY LYQ Q YAWIT QSLYYQS I Q AW 
H SGSINYQ LYAW HGRIN LYA S W YQT W HSW NYQN QGW SYFNYQSLYA AW 
HGWHNYQSLYAW HGSINYQSFYA S W W HSWVNYQ QGWISYQSLYAS LYA
HGWIEYQSLYAW HGSINYQSLNA S W W QGSINYQ HAGINYPSLDLYA AW 
HGWIKYQSLYAW HGSINYQ LYA S AR T W QGWINYQ HARINYQSFYTWLY  
HGWINSQSLYAW HGSLN LYA S W W QGWINYQ WYA HGGINYHPLNYQS AW 
HGWINYQSLDAW HGSTN LYA S W W DGRINKQ HGGLNYHSLHYQS LAA AW 
HGWINYQSLHAW HGWFN LYA S W YPS W DGWFNYQ SYA HGWFNSQSFHAW 
HGWINYQSLYAR HGWIH LYA S S R H WTNYQAYQS LYA H WI QSL G DY

S HGWIN LYT S W YHSHGWINYQSLYA W HG NYQAS WYA HGWIN LYNPP VS 
HGWINYQSLYEW HGWIN FYA L  S HGGIKQSYQS YAW HGWINYQ 
HGWINYQSLYTW HGWIN LSS S W  HGGINNQ SYA HGWNNYQPSYAG YQS
HGWINYQSVYAW HGWIN LYK SG HGSINYQ SHAW LGRTNYQSLYSW YQS
HGWINYQTLYAW HGWIN MYS S W W HGWFNYQ LHP NGWINYHAFYYQS AW 
HGWVNYQSLYAW HGWIN SYA S  L HGWINYH LYEL QGGINYQFFYYQS AW 
QGWINYQSLYAW HGWIN SYA SR HGWINYQ MY QGLINHQTLYYQS AW 
ESWINYQSLYAW HGWIN SYA S L W HGWINYR LHA QGWFNYHSMYYQS AW 
HAWINYQSLHAW HGWIN LYA S W YQT R HGWISYQ LSS QGWINYRSFYAL 
HDW DYQ LYAW HGWIT LYA SLYAW YKS W WKSYH Y S N SWYI S HG GW N Q AW 
HDWINYQSLNAW HGWMK LYA SLYAR W LNYK HDWMDYESLYGW YQS HGW
H WINYQSLY WD P  HGWMN LYA S R R D HGWNN Q HGRIY NSLD NYQS LYA A  R
HGGINYQALYAW HGWMNYQSLYT NW HGWYQSL AW HGSVNDHSLYSW 
HGGINYQSMYAW HGWSN LYA S W S HSWNKYQ NGWINYQS YQS LYA
HGLINYPSLYAW HGWSN LYA S W YRS W HVWINYR TYA GWINYHS 

DGGINYQSMYTR    

Note: The amino acids diff t fro x 1b2 

 

 

 

eren m the parent calo in sequence are bolded. 
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Sequence Frequency p 
QGGIN AW (muYQFFY t4) 9 0.0000001 
HDWID AW (muYQSLY t1) 8 0.000001 

T AW (muYKSLYHGWI t2) 4 0.007 
NGWIN AW (muY YHAF t3) 4 0.007 
HDWI PNYQSLY W 3 0.04 

S ASQGWI YQSLY  3 0.04 
HGWID 3 0.04 YQSL 
HDWMDYESLYGW 3 0.04 

 
Table 15. Frequencies of clones (mutants of caloxin 1b2) selected in competition 
e PMCA4. l of 84 clon e sequenced  115 
possibilities and 84 sequences, selecte probability mbinj*(r^,j) ((r-
1 to appear than two ti ill be < 0.05.  These 
sequences are shown.  The sequences that appeared only once or twice (p > 0.05) are not 
s . The highlighted clones selected for 
peptide synthesis differ in 2, 4 or 5 amino acids from caloxin 1b2.    
 

3   by muta aloxin 1b2. 

u in Table  peptides ca ut1, 2, 3 and 4 were 

nd mut4 barely inhibited PMCA activity. Thus, caloxin mut3 was the only mutant which 

ad higher affinity than parental caloxin 1b2. Consistent with the previous nomenclature, 

aloxin mut3 was renamed as a c series caloxin (caloxin 1c4). To determine Ki, the 

effects of di 2+ 2+ y 

human erythrocyte ghosts were tested (Fig. 21). Caloxin 1c4 had five times higher 

affinity for PMCA4 (Ki = 5.7 ± 1.1 μM) than caloxin 1b2 (Ki = 31 ± 2 μM). 

xperiment for binding to  A tota es wer
n o

. With
d, the (p= C *(1/r^j)*

)/r)^(n-j)) for a sequence  more mes w

hown.  Mutated amino acids are shown are bolded

.3.1.4. Inhibition of PMCA nts of c

Based on seq ences 15, the loxin m

synthesized.  First, the effects of 25 μM of each caloxin, including caloxin1b2 on PMCA 

Ca2+-Mg2+ATPase in leaky human erythrocyte ghosts were tested (Fig. 20). At 25 μM the 

inhibition Ca2+-Mg2+ATPase activity of PMCA was maximum with caloxin mut3. 

Caloxin mut2 showed similar inhibition to the parental caloxin 1b2 and caloxins mut1 

a

h

c

fferent concentrations of caloxin 1c4 on PMCA Ca -Mg ATPase in leak
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%
 in

hi
bi

tio
n 

 DMSO   mut1    mut2   mut3   mut4   1b2 

 

Fig. 20. PMCA4 inhibition by 25 μM the caloxin1b2 mutant peptides. The values are 
mean ± SEM of a total of 12 replicates from one experiment. All caloxins were tested at 
the same time. Caloxin mut3 had to be dissolved in DMSO and hence the same DMSO 
concentration was used for all caloxins and the control. Final DMSO concentration in the 
assay did not exceed 0.5%. This DMSO concentration had no effect on Ca2+-
Mg ATPase activity of PMCA in erythrocyte ghosts. 

 

 

2+
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100

Fig. 21. Caloxin 1c4 concentration dependence of inhibition of PMCA4. PMCA 
activity was measured in a coupled enzyme assay with human erythrocyte ghosts. The 
ctivity in the absence of any peptide was taken as 100 % and the decrease in the activity 
 its presence was used to compute the % inhibition. The values are mean ± SEM of a 

total of
Ki valu

 

 The exdom1X and 1Y were used as targets to screen the Ph.D libraries to 

obtain high affinity caloxins that bind to the N and C-terminal half of the exdom1 of 

PMCA4, caloxin 1c2 and caloxin 1c4. It was hypothesized that a bidentate caloxin that 

PMCA4 isoform 

a
in

 12-24 replicates from experiments on two separate days. The data fit best with the 
e of 5.7 ± 1.1 μM. 

 

3.3.1. The invention of bidentate caloxins. 

binds both exdom1X and 1Y would have much higher affinity and 

0 5 10 15 20 25
0

20

40

%
 in

hi
bi

t 60

80

io
n

[caloxin 1c4] (μM)

 114



PhD Thesis – M. Szewczyk – McMaster - Biology 
 

selectivity. Si e do xac es a oxin binding 

to its target the strategy e ph ying differe ts of peptides with 

caloxins in different orientat  (Fig. 4). 

.3.2.1. Preliminary results with bidentate caloxin 1c2-1b2. 

nd 1b2.  The first 

issue w

AYLSQYNIWGH-NH2)). The effects of 0.1, 

0.3, 1 and 3 μM of bidentate caloxin on PMCA Ca2+-Mg2+ATPase in leaky human 

e ghosts were tested (Fig. 22). Caloxin 1c2-1b2 inhibited human erythrocyte 

ghos  P  1 u xins 

obta  M ult with 

nce w  not know e t binding sit nd orientation of cal

was to creat age displa nt varian

ion and separated various distance between them

3

 Preliminary experiments were conducted using caloxins 1c2 a

as to choose appropriate linkers.  Polyethylene glycols (PEG) are commonly used 

as linkers between proteins and oligonucleotides due to their flexibility, water solubility 

and relatively low cost of synthesis. To determine the effect of polyglycosylation on 

inhibitory properties of the caloxins, two caloxins with six PEG repeats were synthesized, 

caloxin 1c2P6 (TAWSEVLGLLRRGGG(PEG)6 and caloxin 1b2P6 

(HGWINYQSLYAWGGG(PEG)6. The polyglycosylation abolished the inhibitory 

properties of the two caloxins (data not shown). The peptide linkers (GGS repeats) were 

tested next. GGS should not affect caloxin affinity since the caloxin variable sequence 

was originally the peptide displayed on phage particle, followed by a short spacer 

(GGGS), which continued into the wild type pIII coat.  Furthermore, most of the caloxins 

used in our work contain a GGGS in the N-terminal domain. 

 Caloxins 1c2 and 1b2 were linked together through ε-amino group of caloxin 1c2 

(H-TAWSEVLGLLRRGGGSK(KSGGGW

erythrocyt

ts PMCA (mainly MCA4) with Ki= .15 ± 0.27 μM. Th s, linking two calo

ined for binding to different parts of P CA4 exdom1 res ed in an inhibitor 
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two it n lm gher 

affin b ry ed

calo ti  o o high 

affin in

 

 

 

 

 

 

 

 

 

 

Fig. 22. Inhibition of PMCA activity in leaky human erythrocyte ghosts by the 
identate caloxin 1c2-1b2. The activity in the absence of any peptide was taken as 100 

% and the decrease in the activity in its presence was used to compute the % inhibition. 
he values are mean ± SEM of a total of 6-12 replicates from experiments on one day. 

All the concentrations were tested at the same time. The data fit best with the Ki value of 
1.15 ± 0.27 μM. 

 

 

times higher affin y for PMCA4 tha caloxin 1c2 and a ost thirty times hi

ity than caloxin 1 2. This prelimina  experiment show  that linking the two 

xins in this orienta on but with linkers f optimum length c uld yield in a very 

.  ity bidentate alox c

%
 in

hi
bi

tio
n 

 
Caloxin 1c2-1b2 [µM] 

 

b

T
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3.3.2.2. Bident 3 pha isplay l

Since we do not know the exact binding sites and orientation of caloxin binding to 

its target we d t variants of oligos, where caloxins are in different 

ts, only 11 clones 

displaying individual peptides could be constructed (Table 16), all other phage clones 

contained either truncated or mutated sequences.  The non-mutated clones were 

amplified, titered and their sequences were verified by sequencing. Out of 11 clones 5 

clones mutated during amplification (Table 16). 

Equal amounts of 6 clones expressing bidentate peptides together with 23 mutated 

ixed and used in a competition ex

 

ate caloxin 1c2-1c4 using M1 ge d ibrary. 

esigned 26 differen

orientations and are separated by 0,1,2,3 or 4 GGS repeats to fine-tune the proper 

distance between them (Fig. 4). The strategy was to produce different phage clones 

displaying each of 26 variants. Prior to insertion in theM13 vector the sequences of the 

synthetic oligonucleotides were confirmed. Despite many attemp

clones were m periment (Table 11). The phage mixture 

was applied on two columns, one containing erythrocyte ghosts PMCA bound to a 

calmodulin-agarose resin (Col.A) and another containing only calmodulin-agarose 

(Col.B) as a negative control. The experiment was repeated three times with different 

phage input. However, the phage binding to both columns was similar (Table 17).  
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Table 16. Sequences of bidentate peptides.  

Bidentate peptide Sequence Note 
1c2(0)1c4 TAWSEVLDLLRRGGGSKNGWINHAFYAW * 
1c2(1)1c4 TAWSEVLDLLRRGGGSKGGSNGWINHAFYAW ** 
1c2(2)1c4 TAWSEVLDLLRRGGGSKGGSGGSNGWINHAFYAW  
1c SEVLDLLRRGGGSKGGSGGSGGSNGWINHAFYAW  2(3)1c4 TAW
1c SEVLDLLRRGGGSKGGSGGSGGSGGSNGWINHAFYAW  2(4)1c4 TAW
1c (reversed) TAWSEVLDLLRRGGGSKWAYFAHNIWGN * 2(0)1c4
1c reversed) TAWSEVLDLLRRGGGSKGGSWAYFAHNIWGN ** 2(1)1c4(
1c reversed) TAWSEVLDLLRRGGGSKGGSGGSWAYFAHNIWGN  2(2)1c4(
1c reversed) TAWSEVLDLLRRGGGSKGGSGGSGGSWAYFAHNIWGN  2(3)1c4(
1c reversed) TAWSEVLDLLRRGGGSKGGSGGSGGSGGSWAYFAHNIWGN  2(4)1c4(
1c4(0)1c2 NGWINHAFYAWGGGSKTAWSEVLDLLRR ** 
1c4(1)1c2 NGWINHAFYAWGGGSKGGSTAWSEVLDLLRR ** 
1c4(2)1c2 NGWINHAFYAWGGGSKGGSGGSTAWSEVLDLLRR ** 
1c4(3)1c2 ** NGWINHAFYAWGGGSKGGSGGSGGSTAWSEVLDLLRR 
1c4(4)1c2 R * NGWINHAFYAWGGGSKGGSGGSGGSGGSTAWSEVLDLLR
1c4(0)1c2(reversed) NGWINHAFYAWGGGSKRRLLDLVESWAT  
1c4(1)1c2(reversed) NGWINHAFYAWGGGSKGGSRRLLDLVESWAT  
1c4(2)1c2(reversed) NGWINHAFYAWGGGSKGGSGGSRRLLDLVESWAT  
1c4(3)1c2(reversed) NGWINHAFYAWGGGSKGGSGGSGGSRRLLDLVESWAT  
1c4(4)1c2(reversed) NGWINHAFYAWGGGSKGGSGGSGGSGGSRRLLDLVESWAT  
1c2(0)K1c4(reversed) TAWSEVLDLLRRGGGSKKSGGGWAYFAHNIWGN  
1c2(1)K1c4(reversed) TAWSEVLDLLRRGGGSKGGSKSGGGWAYFAHNIWGN  
1c2(2)K1c4(reversed) TAWSEVLDLLRRGGGSKGGSGGSKSGGGWAYFAHNIWGN  
1c4(0)K1c2(reversed) NGWINHAFYAWGGGSKKSGGGRRLLDLVESWAT  
1c4(1)K1c2(reversed) NGWINHAFYAWGGGSKGGSKSGGGRRLLDLVESWAT  
1c4(2)K1c2(reversed) NGWINHAFYAWGGGSKGGSGGSKSGGGRRLLDLVESWAT  

* peptides which could be originally displayed on a phage particle                                                          
petition experiment 

 

 

 

** phage clones used in com
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Table 17. Binding efficiency in each of competition experiments of phage displaying 
bidentate peptides. 

Experiment Input pfu Output pfu 

Col. A with PMCA Col. B 

I 2.90 x 109 8.1 x 108 6.6 x 108 

II 2.9 x 108 1.30 x 106 2.1 x 106 

III* 2.9 x 106  1286 928 

*In the third experiment the columns were washed extensively for 2 days. 
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4.0. DISCUSSION 

The major findings of this work are the differences in the PMCA isoforms in 

smooth muscle and endothelium of pig coronary artery, invention of a PMCA1 selective 

nd the effect of PMCA 

Pig coronary artery smooth muscle and endothelium differ in PMCA expression. 

Immunoblotting analysis confirmed the predominance of the PMCA4 isoform in smooth 

pump activity can be decreased during Ca  transients. PMCA1b and PMCA4b have been 

caloxin, the role of exdom1 in the PMCA reaction cycle a

inhibition in endothelial cells.  This work also led to technological advances in phage 

display. The Discussion focuses on scientific importance of each of these aspects. 

4.1. Differences in the PMCA isoforms in smooth muscle and endothelium 

First, smooth muscle contains much higher levels of PMCA protein and activity. Second, 

both tissues expressed mRNA only for PMCA1 and 4. Endothelium expressed 

predominantly mRNA for PMCA1 (splice variant 1b) and low levels of PMCA4 (4b), 

whereas smooth muscle expressed PMCA4 (4a and 4b) and lower levels of PMCA1 (1b). 

muscle and PMCA1 isoform in endothelium. The PMCA variants expressed in these 

tissues differ in their affinity for calmodulin and regulation. PMCA4a which is expressed 

in smooth muscle, has lower affinity for calmodulin and can be activated and deactivated 

much faster than PMCA4b.  The calmodulin binding affinity may influence how fast the 

2+

suggested to have similar affinities for calmodulin. Calmodulin dependence of the 

ATPase activity of PMCA1b is similar to that of PMCA4b, or possibly marginally greater 

(Guerini et al. 2003). However, the observation on elution of PMCA in the present study 
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suggests a pronounced difference.  PMCA1b was much more difficult to elute from a 

calmodulin-agarose column upon Ca2+ depletion with EGTA than was PMCA4, which 

cannot be explain by only slight differences in calmodulin affinity. PMCA isoforms also 

differ in their regulation. PMCA1b can be activated by PKA phosphorylation (James et 

substrates for PKC phosphorylation, the 

p activation by relieving autoinhibition, 

a et al. 1996). All PMCA are also substrates for 

alpain degradation, however, calpain may activate PMCA4 by removing the calmodulin 

inding domain, leaving a constitutively active fragment, while PMCA1 is fully degraded 

y this pr  (Guerini et al. 2003).  Another difference in the regulation is based on the 

reports that PMCA4b contains a PDZ binding domain, which allows it to interact with 

various proteins such as nNOS (expressed in smooth muscle) or other clustering and 

scaffolding proteins which may influence its specific localization (Oceandy et al. 2007).  

The results on the level of PMCA expression in vascular smooth muscle and 

ndothelium together with the literature on NCX and SERCA expression provided an 

sight into the relationship betwee ring systems and cell 

nction (Szewczyk et al. 2007).  The two cell types differ in regulation of [Ca2+]i since 

ccurs in response to chemical stimuli or stretch. Increased resistance to fatigue and long 

periods of contraction are unique properties of smooth muscle. A state of continual 

al. 1989). Although both PMCA4b and 4a are 

phosphorylation of the 4b variant leads to pum

while it has no effect on 4a activity (Verm

c

b

b otease

 

e

n the expression of Ca2+ lowein

fu

smooth muscle expresses mostly high affinity, tightly regulated calcium extrusion 

systems (PMCA and SERCA2b), while endothelium expresses high levels of low affinity 

calcium extrusion pathways (NCX). SMC are contractile cells in which contraction 

o
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contraction supports vasomotor tone and prevents blood pressure from dropping 

dramatically

2+

2+

2+

2+

2+ 2+

2+

t to the superficially located SER, 

where a local in 2+

2+

2+

2+

as phospholamban and calmodulin dependent kinase (Brini et al. 2009; Wu et al. 2001). 

Smooth muscle also expresses NCX, but at lower levels than in endothelium, and its 

an (Philipson et al. 2002; Szewczyk et al. 2007; Wu et al. 2001). 

he specific localization and type of Ca2+ extrusion systems may be important for 

gulation of differential Ca2+ oscillations within a cell. Smooth muscle is rich in SER 

.  Therefore, the contractile process has to be tightly regulated. Different 

forms of Ca  signaling have been identified in smooth muscle. First, a global increase in 

cytosolic [Ca ]i which controls smooth muscle contractility through the activation of the 

myosin light-chain kinase. Another form of Ca  signaling reported in vascular SMC 

consists of propagating waves or local [Ca ]i oscillations (Lee et al. 2002; Wray et al. 

2010). These [Ca ]i waves or oscillations result from intracellular Ca  release through 

IP3R and/or RyR .  Vascular SMC have been shown to produce calcium oscillations that 

may initiate from different loci within the cell. Moreover, separate regions within a single 

cell can sustain independent [Ca ]i oscillations ((Mahoney et al. 1993; Wray et al. 2010). 

SMC contain few specialized regions, usually adjacen

crease in [Ca ]i (calcium sparks) occurs spontaneously or in response to 

stimuli. It was demonstrated that the sparks are most likely involved in relaxation of tone 

via activation of Ca -activated large-conductance potassium channels (Bolton 2006; 

Wray et al. 2010). In order to spatially and temporally regulate [Ca ]i, there have to be 

critical regulation Ca  transporting systems. In addition to PMCA, smooth muscle 

expresses high levels of SERCA2b, which can also be regulated by various proteins such 

inhibitor phospholemm

T

re
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which runs along the longitudinal axis of the cell (Wray et al. 2010). It is suggested that 

SE n the peripheral SER may interact with plasma membrane ion 

channels and modulat as in the central SER, 

S more inv  loca zed in 

d rts of SER s lose to 

c a e microdomains were 

sh er  buff r to the 

free diffusion of Ca2+ in this dom

P nd NCX m 2+ regions NCX may 

also contribute to Ca2  also ntain 

nNOS which m

in ct . 2008). How er, the 

e m  interesting to 

d  within the cell 

e e Theref re, the 

expression of a variety  systems in smooth 

m t in bition-

Endothelium expresses high levels of NCX and lower levels of the high affinity 

a2+ extrusion systems PMCA and SERCA2b (Szewczyk et al. 2007). In contrast to 

mooth muscle, endothelium does not express the NCX inhibitor phospholemman and 

contains low Ca2+ affinity SERCA3 which is not affected by phospholamban (Grover et 

RCA localized i

e near membrane calcium oscillations, where

ERCA is olved in contraction regulation. Therefore, SERCA li

ifferent pa  may be differentially regulated. The region where SER i  c

functional unit affecting Ca2+ signaling.  Thosaveolae may form 

[Ca2+]i than the bulk cytoplasm and act as a barrier orown to have high e

ain (McCarron et al. 2006). It has been suggested that 

MCA4b a ay localize in caveolae. In such elevated Ca

+ homeostasis despite its low Ca2+ affinity. Caveolae  co

ay interact with PMCA4b through the PDZ domain and therefore 

fluence NO produ ion (Bauser-Heaton et al. 2008; El Yazbi et al ev

xact PMCA isofor localization has not been well determined. It would be

etermine if the fast acting PMCA4a isoform has a specific localization

 fast response to increased [Ca2+]i is required. o.g. in places wher

 of high affinity, tightly regulated Ca2+ removal

uscle is consisten  with cyclical control of excitation-contraction and hi

relaxation coupling.  

C

s
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al. 1997; Szewczyk et al. 2007). EC are paracrine cells which, in response to an increase 

2+in [Ca ]i, release endothelium-derived relaxing factors  (NO, prostacyclin, 

hyperpolarisation factors) or constricting factors (e.g. endothelin-1) (Flammer et al. 

2010).  Howe r, even without lation, EC constantly produce low levels of NO. 

This is important, since NO has rogenic properties. It was observed that the basal 

NO product as significantl  atherosclerot an coronary a

normal arteries (Chester et al. 1990). Decreased basal NO production was correlated with 

increased circulating and tissue endothelin-1 observed in patients with coronary artery 

disease (Lerman et al. 1991) and acute coron ry syndromes (Wieczorek et al. 1994).   NO 

production depends on [Ca2+]i levels, since eNOS is activated upon Ca2+- calmodulin 

binding (Duran et al. 2010).   It is possible that low levels of high affinity calcium 

extrusion systems are important for maintenance of [Ca2+]i sufficient for basal eNOS 

activity in EC. Thus, low levels of high affinity Ca2+ extrusion systems and high levels of 

NCX in endothelium are consistent with a gradual Ca2+ dependent regulation of eNOS 

near the cell surface.   

4.2. Invention of a PMCA1 selective caloxin 

 The present study resulted in the development of the PMCA1 selective inhibitor 

caloxin 1b3. Caloxin 1b3 was selected for binding to exdom1X of PMCA1.  The exdom1 

was previously used to obtain PMCA4 selective caloxin 1c2, which confirms the utility 

of this allosteric site in the invention of inhibitors for different PMCA isoforms (Pande et 

al. 2008).  Caloxin 1b3 was invented by the method of screening using phage display 

system, similar to that developed for PMCA4-selective inhibitors (Pande et al. 2006). It 

ve  any stimu

 anti-athe

ion w y lower in ic hum rteries than in 

a
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mostly differed in the nature of th tic exdom1X of PMCA1 (instead 

of PMCA4) for panning and PMCA (

2+ 2+ s, 

showed that this inhibitor had a higher affinity for PMCA1 as compared to PMCA2, 3 or 

r PMCA1 

over al

e target used: synthe

mostly PMCA1) protein purified from RDM 

(instead of erythrocyte ghosts) for affinity chromatography. This indicates that the 

methods developed for inventing the PMCA4-selective caloxin can be similarly used to 

obtain caloxins selective for other PMCA isoforms. The comparison of the inhibitory 

effects of caloxin 1b3 on Ca –Mg -ATPase activity of various PMCA isoform

4. Thus, caloxin 1b3 is the first ever reported inhibitor which is selective fo

l the other PMCA isoforms. 

 

4.2.1. Physiological and pathophysiological implications 

 PMCA1 is a ubiquitously expressed isoform. However, the role of PMCA1 in 

physiology and pathophysiology is difficult to study since a) PMCA1 gene knock-out in 

the mice model is embryolethal, b) the presence of a heterozygous PMCA1mutation in 

mice did not cause major defects and c) there are problems with overexpression of this 

isoform (Guerini et al. 2003; Okunade et al. 2004; Prasad et al. 2007). Most tissues 

express PMCA1 together with other PMCA isoforms, therefore, PMCA1 selective 

inhibitors may be useful in studying the role of this isoform in cell calcium homeostasis 

and signaling. PMCA1 is the predominant PMCA isoform expressed in pig coronary EC. 

Preliminary experiments with caloxin 1b3 showed that PMCA1 inhibition in EC led to an 

increase in [Ca2+]i up to about 50-60 %. It is consistent with the endothelium expressing 

high levels of NCX which would prevent a further increase in [Ca2+]i. Thus, caloxin 1b3 
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may be used to study the role of PMCA1 on different aspects of endothelial physiology 

such as NO or endothelin-1 production. Since smooth muscle expresses predominantly 

PMCA4, the effect of PMCA1 inhibition in endothelium on coronary artery contractility 

may also be determined. Since an increase in [Ca2+]i in endothelium leads to NO 

production, one would expect that PMCA1 inhibition may result in vasodilation.  

 PMCA1 is also expressed in all parts of the intestine, where it is implicated to 

play a role in secretion of absorbed Ca2+. Based on the literature, rat and rabbit duodenum 

express the highest levels of PMCA1 mRNA and the present study confirmed this 

information at the protein level (Freeman et al. 1995; Howard et al. 1993). This was 

possible due to obtaining new anti-PMCA1 antibodies, since commercial antibodies did 

not work well in pig tissue. Therefore, a PMCA1 selective caloxin may help in 

understanding the role of PMCA in mucosal physiology and in states where Ca2+ 

absorption from intestine is affected. 

 There are several pathologies associated with altered PMCA1 activity and 

expression, such as cancerogenesis, improper neurite extension or cataract formation 

(Brandt et al. 1996; Eakin et al. 1995; Lee et al. 2002; Saito et al. 2006). Moreover, 

PMCA1 is very important for embryonic development since its gene knock-out leads to 

embryo death, possibly because it is the only PMCA isoform expressed at the early stages 

of embryogenesis (Zacharias et al. 1999). Interestingly, other Ca2+ extrusion systems 

could not compensate for the loss of this isofom, which often occurs when other PMCA 

isoforms are removed. Therefore, the use of a PMCA1 selective caloxin may help in 

understanding the basis of PMCA1 importance in embryolethality. It is possible that 
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inhibitors specific for PMCA1 will become useful tools to study the role of PMCA in 

physiology and pathophysiology and will become the basis for the invention of new 

therapeutical approaches. 

4.2.2. Role of exdom1 in PMCA reaction cycle 

The role of exdoms in the reaction cycle of PMCA pumps has been recognized 

only recently. In the past, exdoms were considered to be too short to play a role in the 

reaction cycle of the pump other than connecting the transmembrane helices.  Major 

evidence for a possible role of exdoms comes from crystallography of the skeletal muscle 

SERCA (Toyoshima et al. 2000; Toyoshima et al. 2002).  In this pump, several exdoms 

are in close proximity and form 2+ channel  needed for the 

pump action.  Dissociation (or binding) of Ca2+ accompanies dramatic rearrangements of 

six (TM1–TM6) out of ten transmembrane helices.  The SERCA pump inhibitor 

which result in SERCA inhibition.  Because luminal loops in SERCA correspond to 

exdoms in PMCA, it suggests that the exdoms also play a role in the function of PMCA. 

The rearrangements are not limited to the loops constituting the low affinity Ca2+ binding 

sites (TM4–TM6, TM8) and appear to be quite complicated: TM1 and TM2 move 

both up to about 5 A° units. TM1 is unique in that it also shows a large lateral movement 

within the membrane.  The large movements of TM1 and TM2 laterally and in the z 

direction would require conformational ch

importance of exdom1 move ents in the P-type ATPases comes from the mechanism of 

 the extracellular lip of a Ca

thapsigargin binds to the luminal loops and prevents the movements of the TM domains, 

upwards (+z direction, towards the cytoplasm) whereas TM3 and TM4 shift downwards, 

anges in exdom1. Further support for the 

m
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inhibition of the Na+ pump activity by ouabain, which also binds to the extracellular loop 

connecting the TM 1/2 (Keenan et al. 2005). 

Caloxins 1b3 and 1c4 along with the previously invented caloxins 1a1, 1b1, 1b2 

and 1c2 were all obtained for binding to exdom1 (Chaudhary et al. 2001; Pande et al. 

2005; Pande et al. 2006; Pande et al. 2008). The inhibitory effects of these caloxins on 

PMCA activity confirm the important role of exdom1 and TM1-TM2 movements in the 

PMCA reaction cycle.  As described above, the TM domain 1 undergoes movements, 

which are important for cation translocation in both SERCA and sodium pump (Einholm 

et al. 2007).  The key residues found in TM1of SERCA are also conserved in PMCA, 

indicating that similar changes in TM1 may occur during the PMCA reaction cycle.  The 

TM2 domain is connected on an intracellular site with the actuator domain, which plays 

an important role in pump dephosphorylation. Thus, caloxins may restrict the movement 

of TM1 and TM2 in PMCA resulting in either preventing Ca2+ translocation or PMCA 

dephosphorylation. Caloxin 1b1 and 1a1, obtained for binding to exdom1X caused an 

increase in the amount of acylphosphate formed during the reaction cycle of PMCA 

which may be the result of immobilization of the actuator domain, which in turn resulted 

in locking PMCA in the phosphorylated state (Pande et al. 2005; Pande et al. 2006). This 

is in contrast to the decrease in the acylphosphate formation by caloxin 2a1 (exdom 2 

based) and no effect on the level of acylphosphate by caloxin 3a1 (exdom 3 based) 

(Chaudhary et al. 2001; Pande et al. 2005). Thus, caloxins binding to the different 

exdoms of PMCA may affect different conformational states of the pump. 
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4.3. Advances in biotechnology  

 The present study took advantage of recent advances in biotechnology and also 

provided novel concepts in phage display.  Even though these concepts were used for 

PMCA, they would be useful to phage display of various targets. 

 

4.3.1. Phage contamination related propagation 

Selection of non-specifically binding phage (TUP) is a common problem in phage 

display.  This study used a recently a developed method to detect such sequences. To 

ensure that selected peptides do not display TUPs properties, each predominant clone was 

checked by the program SAROTUP, which contains a database of phage clones reported 

to have a higher ability to bind to background (e.g. plastic) or higher rate of 

amplification. 

To avoid the selection of non-specific binding phage, this study introduced the 

concept of negative affinity chromatography. The importance of negative affinity 

chromography was evident from the ability to select caloxins 1b3 and 1c4.  Perhaps, it 

was even more important when calmodulin-Sepharose without PMCA was used as a 

parallel control for the selection of the phage displaying bidentate caloxins. If it were not 

for the negative control affinity chromatography, several phage would have been 

selected, sequenced and used unnecessarily for peptide synthesis.  

Phage contamination may also result from higher amplification rates of some 

phage species.  To avoid this, the concept of phage competition had been introduced 

previously in our lab (Pande et al. 2008). This work demonstrated the importance of this 

competition step and established its usefulness in the phage display technology. 
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4.3.2. Differentiating between closely related targets 

A common problem in phage display is distinction between related targets.  Many 

protein families are encoded by different genes, and each gene product is distributed in a 

tissue dependent manner and may be regulated differently.  Most inhibitors used in 

literature cannot distinguish between different isoforms of the proteins. For example, the 

commonly used SERCA inhibitors like thapsigargin act on SERCA1, 2 and 3. This work 

advances the technology by using allosteric targets and developing screening methods to 

distinguish between them.  The contribution of this work to resolving this issue is evident 

from the ability to invent PMCA isoform selective caloxins.  Protein sequences in the 

ms are fairly conserved.  Even though the allosteric site 

exdom1 shows the maximum divergence between PMCA1, 2, 3, and 4, there is some 

catalytic sites of all PMCA isofor

identity in the exdom1 sequences between different isoforms.  Concepts to deal with this 

issue were developed for the panning and the PMCA-affinity chromatography steps.  

During panning, the wells were covered with the PMCA1 exdom1X peptide and then the 

phage to be applied was mixed with the corresponding PMCA4 peptide.  This allowed for 

a preferential selection of PMCA1 binding phage.  In the affinity chromatography step, 

negative affinity chromatography was carried out using PMCA4 protein and the 

chromatography with the PMCA1 rich preparation followed. The limited mutagenesis 

method developed previously in our lab can also be used to develop inhibitors with 

greater isoform specificity. 
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4.3.3. Bidentate inhibitors 

Compounds which act on more than one site can yield higher affinity inhibitors 

(Bouboutou et al. 1984; Hajduk et al. 1997). The concept introduced in this work was that 

peptides that bind to different allosteric sites on the same protein can be linked to form a 

bidentate inhibitor.  However, the proximity of the binding sites and orientation of the 

strategy included the creation of phage clones 

splay

inhibitor binding is often not known.  In this work, inhibitors based on exdom1X (caloxin 

1c2) and exdom1Y (caloxin 1b2 or 1c4) sites of PMCA4 were known.  Two strategies 

were developed. The strategy used for the initial experiments showed that linking the 

exdom1X and exdom1Y based inhibitors through their GGGSK terminal domains 

produced a bidentate caloxin with a marginally greater affinity.  However, the proximity 

of the binding sites and relative orientation of the inhibitors when bound was not known.  

It was considered that in the absence of such information phage display could be used to 

invent the bidentate caloxins. The 

di ing one of the variants of bidentate peptide and using them in a competition 

experiment to select the ligand which would bind with highest affinity to PMCA4. A 

series of oligonucleotides were synthesized to generate the needed M13 phage species.  

However, the phage clones obtained were truncated and unstable. This is possibly 

because the inserted sequences encoded 29-41 amino acid residues. Whereas some 

workers have used M13 containing up to 38 amino acid residue inserts, others suggest 

that only shorter peptides can be displayed (Cabilly 1999; Kay et al. 1993).  A typical 

M13 phage display library contains only 7-12 residues in this domain.  The present work 

proved that displaying longer peptides caused the phage to be unstable. Whether, the 
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instability is more with certain peptides than with others with similar length is not clear.  

However, M13 phage are used most commonly due to several advantages. They do not 

lyse bacteria during ph

 

age production, which simplifies the intermediate phage 

ple polyethylene glycol 

precipita st all contam

purification steps between rounds of panning, since a sim

tion step is sufficient to separate the phage from almo inating 

cellular proteins. An alternative is to include the inserts in the pVIII capsid protein of the 

M13 phage instead of pIII coat protein which is commonly used.  However, the use of the 

pVIII capsid protein leads to the display of a larger number of peptides per phage which 

in turn leads to the selection of very low affinity peptides.  Alternatively, one can use T7 

phage which is lytic (Molek et al. 2011).  Larger peptides at low valency can be displayed 

using this phage.   In short, the present work showed that the creation of bidentate 

caloxins is feasible and second that M13 phage are not appropriate for display of very 

long peptides. 

4.4. Conclusions and future directions  

Coronary artery smooth muscle and endothelium differ in their PMCA isoform 

expression: PMCA1 > PMCA4 in endothelium and PMCA4 > PMCA1 in smooth 

muscle.  Therefore, caloxins selective for PMCA1 and 4 can be used to understand the 

physiology and pathophysiology of the two cell types.  Caloxin 1b3 was invented here 

and shown to raise [Ca2+]i levels in endothelial cells to a greater extent than the PMCA4 

selective caloxin 1b1. A PMCA4 selective caloxin was previously developed.  In this 

work and previously, exdoms 1X and 1Y have been shown as appropriate targets to 
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develop isoform selective caloxins. Preliminary data also show that the selectivity and the 

affinity of such inhibitors can be improved further by developing bidentate caloxins. 

Future work on caloxins may lead to several different directions.  One is the 

development of bidentate caloxins which are more selective for PMCA1 and PMCA4.  

Another is the use of these caloxins in contractility studies to understand the role of 

PMCA in healthy arteries and those exposed to oxidative stress which results from 

ischemia-reperfusion.  PMCA1 selective caloxins may also lead to a new class of 

therapeutic drugs for hypertension. Therapeutic use of the PMCA selective inhibitors can 

be made either by tissue specific expression of the invented peptides or by high 

throughput screening to invent non-peptide drugs with appropriate delivery systems.  

Caloxins may also find wider applicability. For example, PMCA1 selective inhibitors 

may help in understanding the role of PMCA1 in processes underlying NO production by 

endothelium, Ca2+ absorption by mucosa, embryonal development, neurite extension, 

cancer and cataract formation. PMCA4 specific caloxins may be used to study the 

interaction of PMCA4 and nNOS in smooth muscle and in cardiac cells as well as the 

importance of PMCA4 in sperm motility, hypertension, platelet maturation and cancer. It 

is anticipated that PMCA isoform specific caloxins will become a useful research and 

therapeutic class of drugs. 
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6. APPENDIX 

 

Appendix 1.  To determine caloxin 1c2-binding to PMCA protein (continuation of 

by binding to its exdom1X   

inhibited the Ca2+-Mg2+-ATPase activity of  PMCA in human erythrocyte ghosts with 20 

aloxin 1c2 involves its binding to exdom1X of PMCA4. The initial steps to 

containing biotin (at the epsilon amino group of K) and the UV cross linking group 

the photolabel by horse radish peroxidase (HRP) conjugated streptavidin. Both probes 

Western blots 

stronger with 3Bpa-1c2-biotin indicating again that W is crucial for caloxin 1c2 binding. 

is about 135 kDA and the observed doublet was twice as big it was hypothesized that the 

Jyoti Pande PhD thesis) 

Hypothesis: Caloxin 1c2 inhibits PMCA4 

Rationale:  Caloxin 1c2, (TAWSEVLDLLRRGGGSK) the mutant of caloxin 1b1, 

x higher affinity than parent caloxin 1b1 (Pnade et al. 2006) Since caloxin 1b1 was 

obtained for binding to PMCA4 exdom1X, it was hypothesized that the mechanism of 

inhibition by c

test this hypothesis had already been conducted.  Two derivatives of caloxin 1c2 

benzoyl-phenylalanine (Bpa) were synthesized.  W at position 3 was substituted by Bpa 

in 3Bpa-1c2-biotin and S at 16 in 16Bpa-1c2-biotin. Biotin was added for the detection of 

inhibited PMCA in human erythrocyte ghosts, but as expected 3Bpa-1c2-biotin was a 

weaker inhibitor (Ki= 50 µM), indicating that W is important for caloxin binding.  Both 

probes UV cross-linked to a high molecular weight doublet in 

(approximately 240-270 kDa, detected with streptavidin-HRP) but the signal was much 

Since then studies with 3Bpa-1c2-biotin were conducted. Since PMCA molecular weight 
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doublet may be PMCA oligomer. The intensity of the detected high molecular weight 

doublet decreased only in the presence of high amounts of caloxin 1c2 or synthetic 

ensity of the doublet labeled with 50 µM 3Bpa-1c2-

of the 250-270 kDa biotinylated band by 76 %.  Immunoprecipitation of the ghosts UV 

(around 260 kDa) with HRP-streptavidin. 

vidin coated magnetic beads to capture biotinylated product was developed.  

high molecular weight doublet were also detected using the 5F10 and JA9 antibodies.  

hotoadducts:  Since the only lysine residue of caloxin 1c2 was 

ected size of the PMCA fragment including exdom1X would be 

solubilization and immunoprecipitation on streptavidin coated magnetic beads. We tried 

PMCA4 exdom1X peptide. The int

biotin decreased by 36 % and 63 % in the presence of 200 µM and 500 µM caloxin 1c2, 

respectively. The presence of 1 mM synthetic exdom1X peptide decreased the intensity 

cross-linked with 3Bpa-1c2-biotin with an anti-PMCA antibody (5F10, Affinity 

Bioreagents, recognizes all PMCA) resulted in detection of the doublet of the same size 

Purification of photoadducts: To further confirm that the high molecular weight 

doublet is a PMCA oligomer, the method of purification of photolabeled PMCA with 

strepta

Purification resulted in detection of a high molecular weight doublet with anti-PMCA 

(5F10), anti-PMCA4 (JA9) but not with anti-PMCA1 antibodies. Bands additional to the 

Enzymatic digestion of p

modified, digestion of the PMCA- 3Bpa-1c2-biotin complex with the protease lys C 

should give a PMCA fragment with biotin still intact.  Based on a protease lys C 

digestion pattern the exp

11 kDa.  Toward this approach I optimized large scale UV cross-linking, protein 
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to optimize conditions for lys C digestion, however the digested product did not give the 

expected 11 kDa product.  

Due to unexpected problems with enzymatic digestion, the 

d, purified on 

Keck Facility, Yale University) for analysis. Results from LC MS/MS analysis were 

eta spectrin, solute carrier family4, 

er consists of 

ctively) and is the major protein in the 

ber of hydrophobic sites 

with the method we use to solubilize PMCA for 

riton X-

yte ghosts protein is solubilised with 

garose column shows only one ~140 kDa 

LC MS/MS analysis:  

erythrocyte ghosts UV-crosslinked to 3Bpa-1c2-biotin were solubilise

streptavidin coated magnetic beads, run on a 7.5% polyacrylamide gel and the doublet 

was excised from the gel and sent for LC MS/MS analysis to Dr. Erol Gulcicek (W. M. 

unexpected. The sample contained mainly alpha and b

streptavidin, small amounts of keratin, but no PMCA4. An excess of spectrin compared 

to PMCA protein and its ability to interact with other proteins can possibly explain the 

nonspecific spectrin labeling with 3bpa1c2-biotin. The spectrin heterodim

two subunits α and β (280 and 246 kDa, respe

erythroid membrane. Moreover it is amphiphilic and is characterized by hydrophobic 

stretches in its polypeptide sequence containing a large num

which can bind hydrophobic molecules (Gallagher et al. 2004). One can assume that 

caloxin 1c2 could be selected for binding to spectrin during affinity chropathgraphy, 

however spectrin is barely solubilized 

affinity chromatography experiments. Photolabeled ghosts (2 mg protein)  are extracted 

twice with the buffer containing 1 % sodium deoxycholate, 0.1 % SDS and 1 % T

100, while for PMCA purification 2 mg of erythroc

0.2 % Triton X-100. Moreover, coomassie blue stained polyacrylamide SDS gel of 

erythrocyte PMCA purified on calmodulin-a
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rom erythrocyte 

The UV labeling of purified PMCA 

e optimized. The signal was increased 

anti-streptavidin-HRP (1:50000). Saturation was not observed up to 400 µM of 3Bpa-

0 min.  Next the time course was done with 100 µM 

band.  

Optimization of photolabeling of PMCA purified from erythrocyte ghosts with 

3Bpa-caloxin 1c2: To avoid spectrin contamination PMCA purified f

ghosts were used for UV-cross-linking experiments. 

with 100 μM 3Bpa-1c2-biotin for 30 min resulted in one band of expected 140 kDa size 

when detected with streptavidin-HRP in Western blots.  Since the product was weak the 

conditions for detection to enhance the signal wer

when the blots were first incubated with streptavidin (0.06 µg/ml) and next with rabbit 

caloxin 1c2 when labelled for 3

3Bpa-caloxin 1c2.  

 It was hypothesized that caloxin 1c2 and caloxin 1b1 would compete with its 

derivative 3Bpa1c2-biotin for binding to PMCA as they were expected to bind at the 

same site. The photolabeling of human erythrocyte ghosts was carried out with 50 µM 

3Bpa1c2-biotin with or without caloxin 1c2, caloxin 1b1 or caloxin 1b1 randomized 

peptide (30 and 100 µM). However the intensity of the labeling did not decrease in the 

presence of any of the peptides. This indicated that W substitution with 3Bpa, changed 

caloxin 1c2 selectivity for binding to its original site and that nonspecific binding occurs.  

 The project was discontinued. To overcome the problem of unspecific 

binding, caloxins with higher affinity for PMCA may be used when available. 
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