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ABSTRACT 

The Na/Ca-K exchanger in vertebrate photoreceptors plays an essential role in regulating 

the calcium concentration in photoreceptor outer segments. The structural and functional 

properties of the bovine rod photoreceptor Na/Ca-K exchanger were examined in this study 

using eight, anti-exchanger monoclonal antibodies. 

Experimental evidence for the topological organization of the exchanger was provided by 

mapping the epitopes of the antibodies using glutathione S-transferase fusion proteins containing 

specific regions of the exchanger. Five antibodies were mapped to the large N-terminal 

hydrophilic domain and shown to label the extracellular surface of the rod outer segment (ROS) 

plasma membrane by immunogold labeling for electron microscopy. Three antibodies were 

mapped to the hydrophilic domain connecting the two putative transmembrane domains and 

shown to label the cytoplasmic surface. 

The antibodies were also used to determine subcellular localization of the exchanger and 

to purify the exchanger by immunoaffinity chromatography. The exchanger was localized to the 

plasma membrane of rod photoreceptor outer segments. When the ROS membrane proteins were 

solubilized in CHAPS detergent, the exchanger did not appear to co-purify with other ROS 

membrane proteins. Treatment of the immunoaffinity-purified exchanger with deglycosylating 

enzymes indicated that the exchanger possesses a large amount of O-linked oligosaccharides in 

the large N-terminal hydrophilic domain. 

Limited proteolysis was used to determine the importance of the large extracellular and 

intracellular domains for ion transport. Trypsin degraded the extracellular domain, and kallikrein 

degraded a large part of the cytoplasmic domain. Following the removal of either of these 

hydrophilic domains, the exchanger exhibited Na+ and K+-dependent Ca 2 + efflux activity similar 
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to that of the untreated exchanger. The Vmax for the protease treated exchangers, however, 

increased ~2 fold. These results indicate that the ion binding and transport sites are located 

within or near the transmembrane domains and the removal of the bulky hydrophilic domain 

enables the exchanger to undergo a faster conformational change during ion transport. 

The oligomeric nature of the exchanger was determined using velocity sedimentation and 

size exclusion chromatography. Hydrodynamic properties of the detergent solubilized exchanger 

suggested that the exchanger is a monomer. Chemical crosslinking and velocity sedimentation 

studies, however, indicated that the exchanger exists as a dimer within the plasma membrane. 

These studies provide insight into the structural and functional properties of the 

exchanger. The O-glycosylated exchanger is exclusively localized in the ROS plasma membrane 

as a dimer, and the large hydrophilic domains of the exchanger do not appear to play a role in ion 

transport. 
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INTRODUCTION 

1.1 The Retina: 

Vision is one of the five senses that permit us to obtain information about our immediate 

surroundings. Images of the outside world are interpreted by the brain when light reflects off 

objects and enters the vertebrate eye through the pupil (Fig. 1). Depending on the intensity of 

the surrounding illumination, the iris dilates or contracts to regulate the amount of light entering 

the eye. The light is then focused by the lens onto the retina, located at the posterior end of the 

eye. The retina is composed of several different neuronal cells (Fig. 2). Interestingly, light 

passes through the ganglion cell layer and inner nuclear layer and interacts with rod and cone 

photoreceptor cells. Specifically, the outer segments of the photoreceptors absorb and convert 

light energy into an electrical potential. This signal is transmitted to the other neuronal cells of 

the retina and then, through the optic nerve to the visual cortex, where the information is 

processed into an image. 

1.2 Photoreceptor Cells: 

1.2.1 Structure: 

Vertebrate retinas have two types of sensory cells called rod and cone photoreceptors 

(Fig. 3). Cone photoreceptors can be further classified as short, medium or long wavelength 

absorbing cells and function in color vision. Rod photoreceptors, on the other hand, are 

responsible for mediating vision under conditions of dim illumination. In the human retina, cone 

photoreceptors are mostly concentrated in the macular (central) region of the retina while rod 

photoreceptors are distributed throughout the peripheral region. 
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sclera 
I choroid 

Fig. 1: Diagram of a sagittal section of a vertebrate eye. 
Light passes through the transparent cornea and enters the eye through the pupil. The lens 
focuses the light onto to the retina where the photoreceptors absorb the light and transmit the 
signal via the optic nerve to the brain. The eye is protected by the hard outer sclera, which is 
continuous with the cornea. The vascular layer at the back of the eye called the choroid provides 
the nutrients for the retina via the pigment epithelium. (Figure modified from Dose, 1995.) 

2 



light 

Fig. 2: Different cell layers of the retina and their neurocircuitry. 
The rod (R) and cone (C) photoreceptors are the closest to the sclera and make up the first layer 
of cells. The photoreceptor outer segments (OS) and inner segments (IS) are followed by the 
photoreceptor nuclei, the outer nuclear layer (ONL). The bipolar (B), amacrine (A) and 
horizontal (H) cells make up the inner nuclear layer (INL), the second layer of cells. The outer 
plexiform layer (OPL) is the site of synapse between the photoreceptors and the bipolar and 
horizontal cells. The inner plexiform layer (IPL) contains the synapse between the bipolar and 
amacrine cells and ganglion cell layer (GCL). The ganglion (G) cells make up the third layer of 
cells and its axons form the optic nerve. (Shichi, 1983.) 
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Both polarized neuronal cells, which have been named after their morphological shape, 

can be structurally divided into four sections: the synaptic terminal, cell body, the inner segment 

and outer segment (Fig. 3). The outer segment is the site of visual transduction and is connected 

to the inner segment by a non-motile cilium. The structural property of the cilium allows for the 

easy detachment and isolation of the rod outer segments for the study of visual transduction. The 

inner segment contains the protein synthesis and metabolic organelles such as the endoplasmic 

reticulum, golgi and mitochondria. The cell body contains the nucleus, and the synaptic 

terminus is the site of neurotransmitter release. Under non-stimulatory conditions, the 

neurotransmitter, glutamate (Copenhagen and Jahr, 1989), is continuously released from the 

synaptic terminal and upon excitation the release of this neurotransmitter is inhibited. 

The outer segment of a rod cell contains a stack of hundreds of membranous disks 

enveloped by a plasma membrane. In contrast, the cone outer segment lacks separate disks, but 

the continuous folding of the cone outer segment plasma membrane forms the equivalent disk

like structures. In many species the disks become shorter towards the apical end giving the outer 

segment a tapered appearance. Thus, the surface area of the cone plasma membrane is several 

times larger than rods, even though anatomically, the cone outer segment is smaller than the rod 

outer segment. The rod outer segment disks are formed by the evagination of the ciliary plasma 

membrane (Steinberg et al, 1980). Filamentous structures connect the disks to adjacent disks 

and to the plasma membrane (Roof and Heuser, 1982; Sjostrand and Kreman, 1978). The disks 

are highly organized and oriented perpendicular to the incident light. This orientation enables 

rhodopsin in rods and cone opsins in short, medium and long wavelength cones to efficiently 

absorb light. 
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ROD CONE 

Fig. 3: Vertebrate photoreceptors. 
Rods and cones are the two types of vertebrate photoreceptor cells (not drawn to scale). 
Morphologically both photoreceptors can be divided into four compartments: the outer segment, 
inner segment, cell body and synaptic terminus. The disks in the rod outer segment are 
surrounded by a separate plasma membrane whereas the disks in the cone outer segment are 
continuous with the plasma membrane. The outer segment is connected to the inner segment by 
a cilium. (Figure modified from Dose, 1995.) 
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The protein composition between the ROS plasma membrane and disk membrane was 

suggested to be different, since the plasma membrane displayed Ca 2 + efflux activity whereas disk 

membranes did not (Bauer, 1988). With the advent of a technique to separate the disks from the 

plasma membrane (Molday and Molday, 1987), the protein and lipid composition between the 

ROS disks and plasma membrane have been shown to be different. Immunoelectron microscopy 

studies have localized the Na/Ca-K exchanger (Reid et al, 1990), cGMP-gated channel complex 

(Cook et al., 1989) and glucose transporter (Hsu and Molday, 1991) to the plasma membrane, 

whereas peripherin (Molday et al., 1987), rom-1 (Moritz and Molday, 1996; Bascom et. al., 

1992) and the frog 290 kDa or bovine 220 kDa glycoproteins (Papermaster et al, 1978; Illing et 

al., 1997) have been localized to the rim regions of the disks. Rhodopsin, however, is present in 

both membrane fractions (Hsu et al., 1993; Nir et al, 1984). In terms of lipids, the disks have a 

higher content of unsaturated fatty acids and more cholesterol than the plasma membrane 

(Boesze-Battaglia and Albert, 1989). The unsaturated fatty acids are thought to facilitate the 

high curvature of the disk rim regions. 

•1.2.2 Phagocytosis of the Outer Segments: 

A process unique to the photoreceptors is the continuous replacement of the outer 

segment. Packets of rod and cone outer segments are phagocytosed by the retinal pigment 

epithelium cells at the apical end and new outer segment membrane is assembled at the base 

(reviewed by Spalton et al., 1994). Elegant metabolic radioactive-labeling experiments have 

shown that the entire rod outer segment is renewed every 10-14 days (Fig. 4). Although the 

mechanism of phagocytosis by RPE cells has yet to be determined, a defective phagocytic 

process has been shown to result in photoreceptor degeneration (reviewed by Bok, 1989). 
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Fig. 4: A diagram illustrating the rod photoreceptor outer segment renewal. 
The radioactive amino acids are incorporated into proteins destined for the rod outer segment in 
the inner segment (a). The proteins are then transported to the base of the ROS plasma 
membrane, which evaginates to form the disks (b). The continuous formation of new disks 
displaces the radioactive disks along the length of the ROS (c). Once the disks reach the apical 
end of the rod (d), the disks are phagocytized by the retinal pigment epithelium (RPE) (e). Over 
a period of a week or two the outer segment is completely renewed (Young, 1976). 
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1.3 Visual Transduction: 

Most of the work on visual transduction has been studied on rod photoreceptors for a 

couple of reasons. First, the rod cells are more abundant than cone cells in most mammalian 

retinas: a ratio of 20 rod cells to 1 cone cell in human retinas (Osterber, 1935). Second, a 

straightforward isolation procedure for ROS has allowed for the preparation of large amounts of 

ROS for biochemical studies (Papermaster and Dreyer, 1974). The complex photo-excitation 

cascade and the subsequent light adaptation or recovery process in rod photoreceptors have been 

studied extensively (reviewed by Yau 1994, Palczewski, 1994, Koch 1995, Polans et al., 1996). 

1.3.1 Dark Current: 

In the dark-adapted state, rod photoreceptors have a circulating dark current which has a 

value of 20-50 pA per vertebrate rod cell (Baylor et al., 1979a, b). The inward current is due to 

the cations that enter through the cGMP-gated channel in the outer segment and the outward 

current is composed of K + ions that exit through the voltage-gated K + channel in the inner 

segment (Fig. 5) (Beech and Barnes, 1989). The inward dark current, contributed by Na+ but 

also to a lesser extent Ca 2 + and Mg 2 + ions (Nakatani and Yau, 1988), keeps the photoreceptors 

depolarized near - 40 mV. Most other neuronal cells have a resting potential of - 60 mV to - 70 

mV, determined by the K + ion distribution. The Na+/ K + ATPase in the inner segment and 

Na/Ca-K exchanger in the outer segment maintain the dark current by preserving the Na+, K + and 

Ca 2 + ion concentration gradients across the photoreceptor cell membrane. The efflux of Mg 2 + is 

currently unknown. 

The depolarized state of the photoreceptor causes the voltage-sensitive Ca 2 + channels in 

the synaptic region to remain open. The resulting high local Ca 2 + concentration causes the 
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Fig. 5: Dark current in the photoreceptors. 
The dark current consists of the influx of cations through the cGMP-gated channel in the outer 
segment and the efflux of K + through the voltaged-gated K + channel in the inner segment. This 
dark current maintains the photoreceptor resting membrane potential at -40 mV. Activation of 
rhodopsin (Rh) with light (hu) results in the disruption of the dark current, due to the closure of 
the cGMP-gated channel, and the subsequent hyperpolarization of the cell to -70 mV. The Na+/ 
K + ATPase in the inner segment maintains the transmembrane Na+ and K + gradients, thereby 
preserving the dark current. (Figure modified from Dose, 1995.) 
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continuous release of neurotransmitters (Fig. 6) (Morgan et al, 1998). The absorption of a 

photon(s) initiates a cascade of reactions leading to the closure of the cGMP-gated channels in a 

restricted area of the plasma membrane. Due to the compartmentalization of photoreceptors, 

photoexcitation has a graded response rather than an all or none response. The inhibition or 

decrease of the inward dark current and the continued efflux of K + ions via the K + channel in the 

inner segment result in the hyperpolarization of the photoreceptor cell (Fig. 5). Upon 

hyperpolarization, the voltage-gated Ca 2 + channels in the synaptic region close, but the Ca 2 + 

ATPase continues to pump Ca 2 + out. The subsequent decrease in the Ca 2 + concentration 

suppresses neurotransmitter release at the synaptic region (Fig. 6) (Morgans et al., 1998). 

1.3.2 Visual Transduction Cascade: 

The visual transduction cascade for vertebrate rod outer segments is shown in Fig. 7. The 

cascade of events is initiated when a photon of light isomerizes the 11 -cw-retinal chromophore of 

rhodopsin to its all-?raras-retinal isomer. This causes rhodopsin to undergo a series of 

conformational changes leading to its active state, metarhodopsin II (R*) (Lamola et al., 1974). 

R* amplifies the signal by activating several hundred molecules of the heterotrimeric G-protein, 

transducin, composed of a Tot, T(3 and Ty subunit (Gray-Keller et al., 1990). R* catalyzes the 

GTP for GDP exchange on the Ta subunit. In turn, Ta dissociates from T|3y and binds to the 

phosphodiesterase (PDE) complex (Hurley and Stryer, 1982), composed of two catalytic 

subunits, a and (3, and two inhibitory y subunits. As a result, PDE is activated and further 

amplifies the signal by hydrolyzing ~4 x 105 cGMP molecules per second (Yee and Liebman, 

1978). Depletion of the local intracellular free cGMP concentration causes the cGMP-gated 

channel to close (Fesenko et al., 1985) and the conductance across the plasma membrane to 
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Fig. 6: Regulation of neurotransmitter release by the intracellular calcium levels in the 
photoreceptor. 
The Ca concentration in the outer segment is regulated by the influx of Ca through the cyclic 
GMP-gated channel and the efflux via the Na/Ca-K exchanger whereas in the synaptic region the 
Ca 2 + enters via the voltage-gated Ca 2 + channel and the exits via the Ca 2 + ATPase. In the dark, 
the depolarized state of the photoreceptor permits the influx of Ca 2 + in the synaptic region 
through the voltage sensitive Ca 2 + channel. The resulting increase in local Ca 2 + concentration 
causes the continuous release of neurotransmitters. Upon illumination, the cGMP-gated channel 
in the outer segment and the voltage-gated Ca+ channel in the synaptic region close, but the 
exchanger and the Ca 2 + ATPase continue to transport Ca 2 + out of the cell, thereby lowering the 
intracellular Ca 2 + concentration and inhibiting neurotransmitter release. Rh represents rhodopsin 
and hi) represents a photon of light. (Morgans et al., 1998.) 
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Step 1 

Step 2 

Step 3 

Channel 

I I 

Fig. 7: Schematic diagram of the phototransduction cascade. 
Excitation of photoreceptors begins when light initiates rhodopsin (Rho) to undergo several 
conformational changes starting with metarhodopsin I (Mi) (Step 1). Metarhodopsin II (Mn), 
which is in equilibrium with Mi, then catalyzes the exchange of GDP for GTP in transducin (T) 
and the dissociation of Ta from Tpy (Step 2). The a-subunit of transducin then activates 
phosphodiesterase (PDE) (Step 3). The resulting decrease in cGMP causes the calmodulin 
(CaM) modulated cGMP-gated channel (CNG) to close, preventing the influx of cations (Step 4). 
(Figure modified from Dose, 1995.) 
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decrease. The absorption of one photon translates into a decrease of 1 pA of the inward dark 

current (Baylor et al., 1979b). 

1.3.3 Recovery: 

For recovery to the dark state, the inactivation of rhodopsin, transducin and 

phosphodiesterase must coincide with the activation of guanylyl cyclase (GC) (Fig. 8). The 

intracellular free calcium concentration facilitates the inactivation of the visual transduction 

cascade through calcium binding proteins. 

First, the calcium binding protein, recoverin, has been shown to indirectly modulate the 

activity of rhodopsin (Gray-Keller et al., 1993; Kawamura, 1993). Low Ca 2 + levels disrupt the 

Ca2+-dependent association and inhibition of rhodopsin kinase (RK) by recoverin (Klenchin et 

al, 1995; Chen et al, 1995). The subsequent phosphorylation of rhodopsin by RK followed by 

the binding of arrestin results in the inactivation of rhodopsin (Palczewski et al., 1991;Gurevich 

and Benovic, 1992). In the end, the chromophore is removed from the phosphorylated 

rhodopsin. This form of rhodopsin is not capable of binding Ta, RK or arrestin. 

The quenching of activated rhodopsin prevents further activation of downstream 

biochemical reactions. Ta-GTP activity is slowly inactivated by the intrinsic GTPase activity, 

which converts GTP to GDP. The Ta GTPase activity is stimulated by its interaction with PDE 

and by a membrane bound GTPase activating protein (Antonny et al, 1993; Angleson and 

Wensel, 1993). Recently, two G protein signaling regulators have been cloned (Chen et al, 

1996; Faurobert and Hurley, 1997), and one or both of these proteins are likely candidates for 

stimulating GTPase activity. After hydrolysis of GTP, Ta dissociates from the PDEy inhibitory 

subunit and reassociates with the Tap complex. Phosphorylation of PDEy subunit by 
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Step iii 
PDE PDE* 2 T / - G D P 2 T . V G D P 

ATP ADP 2 Pi 

Step iv 

Fig. 8: Schematic diagram of the recovery process. 
Recovery of photoreceptors following excitation begins when the intracellular calcium levels 
decrease due to the closed cGMP-gated channel and the continued efflux of Ca 2 + by the Na/Ca-K 

2+ 2+ 

exchanger (Step i). At low intracellular Ca levels, the Ca dependent inhibition of rhodopsin 
kinase (RK) by recoverin (R) is relieved; rhodopsin is then inhibited by rhodopsin kinase and 
arrestin (Ar) (Step ii). Phosphodiesterase (PDE) is inactivated by the dissociation of the a-
subunit of transducin (T) due to the hydrolysis of GTP and the phosphorylation of the y-subunit 
of PDE by protein kinase C (PKC) (Step iii). At low Ca 2 + levels, the guanylyl cyclase activating 
protein (GCAP) activates guanylyl cyclase (GC) (Step iv) and the resulting increase in cGMP 
opens the channel, re-establishing the calmodulin dependent modulation (Step v). (Figure 
modified from Dose, 1995.) 
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protein kinase C has been shown to increase the ability of this subunit to inhibit the catalytic 

PDEcxp subunits (Udovichenko etal, 1994). 

Second, lowering the level of Ca 2 + stimulates guanylyl cyclase (GC) to synthesize cGMP. 

Increased cGMP levels in turn re-open the cGMP-gated channel and re-establishes the inward 

current. Two soluble Ca 2 + binding proteins called guanylyl cyclase activating protein or GCAP1 

(Palczewski et al, 1994) and GCAP2, (Dizhoor et al, 1995) have been shown to regulate the 

activity of ROS GC. In the retina, two GC enzymes, retGCl (Shyjan et al, 1992) and retGC2 

(Lowe et al, 1995), have been cloned and localized to the photoreceptor outer segments (Yang 

and Garbers, 1997). The functional significance of having two retGCs and two GCAPs in the 

outer segments of photoreceptors requires further investigation. 

Third, the Ca 2 + binding protein, calmodulin, regulates the cGMP-gated channel (Hsu and 

Molday, 1993). At high Ca 2 + concentrations, calmodulin binds to the cGMP-gated channel and 

decreases the apparent affinity of the channel for cGMP. At low Ca levels, however, 

calmodulin dissociates from the cGMP-gated channel complex, and the channel has a higher 

apparent affinity for cGMP. The increased sensitivity of the channel at low cGMP 

concentrations allows for an expeditious return of the cell to its depolarized resting state. 

1.3.4 Visual Transduction in Cone Photoreceptors: 

Phototransduction in cone cells follow a similar cascade of reactions. However, cone 

photoreceptors are less sensitive to light, about 1/50 to l/100th of rods, (Schnapf and McBurney, 

1980). Cones also exhibit a faster photoresponse (Hestrin and Korenbrot, 1990) and faster 

recovery or adaptation following excitation (reviewed by Yau, 1994). 
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Light adaptation has been suggested to be mediated by the light-induced decrease in 

intracellular calcium (Matthews et al. 1988; Nakatani and Yau, 1988b). The faster decrease of 

intracellular Ca in the cone outer segment, mediated by the Na/Ca exchanger, is consistent with 

the faster adaptation of cones (Yau and Nakatani, 1985; Cobbs and Pugh, 1986). 

The lower sensitivity of cones, however, is not due to the faster Ca 2 + feedback 

mechanism in cones (Nakatani and Yau, 1989). The faster regeneration of the cone opsins from 

11-cis retinal and opsin and the faster formation and shorter lifetime of active cone opsins 

(Shichida et al., 1994; Yoshizawa, 1994) may, in part, be responsible for the difference in light 

sensitivity and photoresponse. 

Rods are more sensitive to light for three additional possibilities (Tovee, 1996). First, the 

persistence of the photoresponse in rod photoreceptors compared to cones is longer. This may 

increase the probability that a second photon will be absorbed while the rod is still excited, 

resulting in the excitation of a bipolar cell. Second, the larger anatomical size of rod 

photoreceptors compared to cones may increase the probability of rods to adsorb photons. 

Finally, a greater number of rod cells innervates a single ganglion cell compared to cone cells. 

The larger receptive field covered by rod cells may increase the probability of rod cells to absorb 

light and stimulate the ganglion cell. 

The identification and biochemical characterization of other cone specific isoforms such 

as transducin (Lerea et al., 1986), PDE (Piriev et al., 1995; Shimizu-Matsumoto et al., 1996), 

and cGMP-gated channel (Bbnigk et al., 1993) may provide some insight into the differences 

between cone and rod photoresponses. 
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1.4 Calcium Homeostasis: 

Integral membrane proteins that transport Ca 2 + regulate the intracellular Ca 2 + levels. To 

date, only two proteins have been shown to transport Ca 2 + out of the cell: the Ca 2 + ATPase and 

the Na/Ca exchanger (reviewed by Carafoli, 1987). On the other hand, voltage-gated or ligand-

gated Ca 2 + ion channels facilitate the entry of Ca 2 + into the cell or its release from internal stores. 

In the rod outer segment, the influx of Ca 2 + through the cGMP-gated channel and the efflux via 

the Na/Ca-K exchanger dictates the intracellular Ca 2 + levels. 

1.5 Properties of Na/Ca Exchangers: 

Two classes of protein are responsible for the Na/Ca exchange activity in cells. One class 

includes the Na/Ca exchanger isoforms (NCX1, NCX2, NCX3)(Nicoll et al. 1996a), and the 

other class is the Na/Ca-K exchanger in the rod photoreceptor outer segment (Reilander et al. 

1992). NCX1 is expressed in most tissues, whereas NCX2 and NCX3 are selectively expressed 

in the skeletal muscle and brain (Nicoll et al. 1996a, Li et al. 1994). Sequence alignment of the 

Na/Ca exchanger isoforms shows a significant degree of similarity (Fig. 9). When the putative 

leader peptide and the alternatively spliced regions (N-terminal region of the cytoplasmic 

domain) are discounted, NCX1 and NCX2 share 68%, NCX1 and NCX3 share 73% and NCX2 

and NCX3 share 75% identity. However, the rod exchanger and Na/Ca exchanger isoforms 

share very little sequence similarity. 

The two classes of Na/Ca exchangers do share some similar structural and functional 

features but also exhibit some notable differences. Of the three Na/Ca exchangers, the cardiac 

exchanger, NCX1, has been the best characterized, so a comparison of the properties between the 

cardiac and rod exchanger will be summarized in the introduction. 
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NCX1 MLRLSLPPNVS--MGFRLVTLVALLFTHVDHITADTEAETGGNETT--ECTGSYYCKKGVILPIWEPQDPSFGDKIARATVYFVAMVYMPLGVSIIADRF 96 
NCX2 MAPLAL VGVALLLGAPHCLGEATPTPSLPPPPANDSDASPGGCQGSYRCQPGVLLPVWEPDDPSLGDKAARAWYFVAMVYMFLGLSIIADRF 93 
NCX3 MAWLRLQPLTSAFLHFGLVTFVLFLNGLRAEAGDLRDVPSAGQNNE--SCSGSSDCKEGVILPIWYPENPSLGDKIARVIVYFVALIYMFLGVSIIADRF 98 

NCX1 MSSIEVITSQEKEITIKKPNGETTKTTVRIWNETVSNLTLMALGSSAPEILLSVIEVCGHNFTAGDLGPSTIVGSAAFNMFIIIALCVYVVPDGETRKIK 196 
NCX2 MASIEVITSPCEKEITITKANGETSVGTVRIWNETVSNLTLMALGSSAPEILLSVIEVCGHNFQAGELGPGTIVGSAAFNMFWIAVCVYVIPAGESRKIK 193 
NCX3 MASIEVITSQEREVTIKKPNGETSTTTIRVWNETVSNLTLMALGSSAPEILLSLIEVCGHGFIAGDLGPSTIVGSAAFNMFIIIGICVYVIPDGETRKIK 198 

NCX1 HLRVFFVTAAWSIFAYTWLYIILSVSSPGVVEVWEGLLTFFFFPICVVFAWVADRRLLFYKYVYKRYRAGKQRGMIIEHEGDRPASKTEIEMDGKVVNSH 296 
NCX2 HLRVFFVTASWSIFAYVWLYLILAVFSPGWQVWEALLTLVFFPVCWFAWMADKRLLFYKYVYKRYRTDPRSGIIIGAEGDPP KSIELDGTFVGTE 2 90 
NCX3 HLRVFFVTAAWSVFAYIWLYMILAVFSPGWQVWEGLLTLFFFPVCVLLAWVADKRLLFYKYMHKRYRTDKHRGIIIETEGEHP KGIEMDGKMMNSH 2 95 

NCX1 VDNFLDGALV-LEVD-ERDQDDEEARREMARILKELKQKHPDKEIEQLIELANYQVLSQQQKSRAFYRIQATRLMTGAGNILKRHAADQARKAVSMHEVN 3 94 
NCX2 VP GELGALGTGPAEARELDASRREVIQILKDLKQKHPDKDLEQLVGIAKYYALLHQQKSRAFYRIQATRLMTGAGNVLRRHAADAARRPGANDGAP 3 86 
NCX3 FLDGNLIPLE GKEVDESRREMIRILKDLKQKHPEKDLDQLVEMANYYALSHQQKSRAFYRIQATRMMTGAGNILKKHAAEQAKKTASMSEVH 387 

* * * _ ***_ ********* *^** _ * * * ************** ****** * *** * 

NCX1 MDWENDPVSKVFFEQGTYQCLENCGTVALTIIRRGGDLTNTVFVDFRTEDGTANAGSDYEFTEGTVIFKPGETQKEIRVGIIDDDIFEEDENFLVHLSN 494 
NCX2 DD--EDDGASRIFFEPSLYHCLENCGSVLLSVACQGGEGNSTFYVDYRTEDGSAKAGSDYEYEEGTLVFKPGETQKELRIGIIDDDIFEEDEHFFVRLLN 484 
NCX3 TDEPE-DFASKVFFDPCSYQCLENCGAVLLTWRKGGDISKTMYVDYKTEDGSANAGADYEFTEGTWLKPGETQKEFSVGIIDDDIFEEDEHFFVRLSN 486 

NCX1 VRVSSEVSEDG ILDSNHVSAIACLGSPNTATITIFDDDHAGIFTFEEPVTHVSESIGIMEVKVLRTSGARGNVIIPYKTIEGTARGGGEDFEDTCG 590 
NCX2 LRVGDA QGMFEPDGGGRPKGR LVAPLLATVTILDDDHAGIFSFQDRLLHVSECMGTVDVRWRSSGARGTVRLPYRTVDGTARGGGVHYEDACG 578 
NCX3 VRVEEEQLEEGMTPAILNSLPLPR-AVLASPCVATVTILDDDHAGIFTFECDTIHVSESIGVMEVKVLRTSGARGTVIVPFRTVEGTAKGGGEDFEDTYG 585 

NCX1 ELEFQNDEIVKTISVKVIDDEEYEKNKTFFIEIGEPRLVEMSEKKALLLNELGGFTLTEGKKMYGQPVFRKVHARDHPIPSTVISISEEYDDKQPLTSKE 690 
NCX2 ELEFGDDETMKTLQVKIVDDEEYEKKDNFFIELGQPQWLKRGISALLLNQG DGD RKLTAEE 63 9 
NCX3 ELEFKNDETVKTIRVKIVDEEEYERQENFFIALGEPKWMERGISALLLSPEVTD RK LTMEE 646 

**** ** ** ** * **** ***_ * * ** ** * 

NCX1 EEERRIAEMGRPILGEHTKLEVIIEESYEFKSTVDKLIKKTNLALWGTNSWREQF1EAITVSAGEDDDDDECG-EEKLPSCFDYVMHFLTVFWKVLFAF 7 89 
NCX2 EEAQRIAEMGKPVLGENCRLEVIIEESYDFKNTVDKLIKKTNLALVIGTHSWREQFLEAVTVSAGDEEEDEDGSREERLPSCFDYVMHFLTVFWKVLFAC 73 9 
NCX3 EEAKRIAEMGKPVLGEHPKLEVIIEESYEFKSTVDKLIKKTNLALWGTHSWRDQFMEAITVSAAGDEEEDESG-EERLPSCFDYVMHFLTVFWKVLFAC 745 

NCX1 VPPTEYWNGWACFIVSILMIGLLTAFIGDLASHFGCTIGLKDSVTAVVFVALGTSVPDTFASKVAATQDQYADASIGNVTGSNAVNVFLGIGVAWSIAAI 889 
NCX2 LPPTEYCHGWACFGVCILVIGLLTALIGDLASHFGCTVGLKDSVNAWFVALGTSIPDTFASKVAALQDQCADASIGNVTGSNAVNVFLGLGVAWSVAAV 83 9 
NCX3 VPPTEYCHGWACFWSILIIGMLTAIIGDLASHFGCTIGLKDSVTAVVFVAFGTSVPDTFASKAAALQDVYADASIGNVTGSNAVNVFLGIGLAWSVAAI 845 

NCX1 YHAANGEQFKVSPGTLAFSVTLFTIFAFINVGVLLYRRRPEIGGELGGPRTAKLLTSSLFVLLWLLYIFFSSLEAYCHIKGF 971 
NCX2 YWAVQGRPFEVRTGTLAFSVTLFTVFAFVGIAVLLYRRRPHIGGELGGPRGPKLATTALFLGLWFLYILFASLEAYCHIRGF 921 
NCX3 YWAMQGQEFHVSAGTLAFSVTLFTIFAFVCLSVLLYRRRPHLGGELGGPRGCKLATTWLFVSLWLLYVLFATLEAYCYIKGF 927 

The protein sequences of NCX1 (Low et al, 1993), NCX2 (Li et al, 1994) and NCX3 (Nicoll et 
al, 1996a) were aligned with the Clustal program (PC Gene, Intelligenetics). When the putative 
leader sequence is not included in the alignment, NCX1 and NCX2 have 68% identity, NCX1 
and NCX3 have 73% identity, and NCX2 and NCX3 have 75% identity. Identical residues are 
indicated by an asterisk whereas similar residues are indicated by a dot. The alignment gaps are 

Fig. 9: Comparison of the rat Na/Ca exchangers, NCX1, NCX2 and NCX3, protein 
sequence. 
The protein sequences of NCX1 (Low et al, 1993), NCX2 (Li et al, 1994) and NCX3 ( 
al, 1996a) were aligned with the Clustal program (PC Gene, Intelligenetics). When the 
leader sequence is not included in the alignment, NCX1 and NCX2 have 68% identity 
and NCX3 have 73% identity, and NCX2 and NCX3 have 75% identity. Identical resi 
indicated by an asterisk whereas similar residues are indicated by a dot. The alignment 
indicated by dashes and the putative membrane spanning segments are underlined. 
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1.5.1 Thermodynamics: 

Functionally, both the rod and cardiac exchangers utilize the Na+ electrochemical 

gradient for the efflux of Ca 2 + against its electrochemical gradient. The rod exchanger, however, 

also couples the free energy of the K + transmembrane gradient to transport Ca 2 + with an 

exchange stoichiometry of 4Na+ for lCa 2 + and 1K+ (Cervetto et ah, 1989; Schnetkamp et al., 

1989). The cardiac exchanger transports 3Na+ for lCa 2 + (Reeves and Hale, 1984; Kimura et al. 

1987; Bridge et al. 1990; Crespo et al. 1990). Coupling an extra Na+ and K + for the efflux of 

Ca 2 + enables the rod exchanger to attain lower intracellular Ca 2 + concentrations than would be 

possible with a 3Na+ for lCa 2 + exchange stoichiometry according to the following equations: 

(1) [Ca 2 +M Ca 2 +] 0 = ([Na+]i/[Na+]0)4([K+]0/[K+]i) exp(VmzF/RT) 

(2) [Ca2+]i/[ Ca 2 +] 0 = ([Na+MNa+]0)3 exp(VmzF/RT) 

where subscripts i and o refer to intracellular and extracellular concentrations, respectively, V m is 

the membrane potential, z is the net charge transported after each transport cycle, F is the 

Faraday's constant, R is the Gas constant, and T is the temperature. 

Although earlier studies have suggested that the Na for Ca exchange mechanism is 

electrogenic (reviewed by Eisner and Lederer, 1985), the first clear experimental evidence for a 

membrane current associated with the Na+-dependent transport of Ca 2 + was shown in the rod 

outer segment by Yau and Nakatani (1984). The cloned cardiac exchanger also displays charge 

movement during Na/Ca exchange activity (Hilgemann et al. 1991). Thus, for every Ca 2 + 

transported out of the cell a net positive charge enters. 

The membrane potential of the cell also influences the exchange activity. Depolarization 

decreases the activity of the Na+-dependent Ca 2 + efflux of both the cardiac (Kimura et al., 1987; 

Matsuoka and Hilgemann, 1992; Khananshvili, 1991) and rod exchanger (Lagnado et al, 1988; 

19 



Schnetkamp and Szerencsei 1991; Perry and McNaughton, 1993). Conversely, 

hyperpolarization increases the efflux of Ca 2 + from the cell. Since photoexcitation causes 

photoreceptors to hyperpolarize, stimulation of the Na/Ca-K exchanger upon hyperpolarization 

would facilitate light adaptation in photoreceptors by rapidly lowering the intracellular Ca 2 + . 

Voltage sensitivity of the rod exchanger is not observed when the exchange is initiated 

with saturating Na+ concentrations (Lagnado et al., 1988). This result suggests that the 

membrane potential affects the binding of Na+ and that the translocation of ions across the 

membrane is not voltage-dependent. Neither the Km for K + nor Ca 2 + is affected by the 

membrane potential (Perry and McNaughton, 1993). The voltage-dependent binding of Na+ but 

not K + or Ca 2 + suggests that the binding site for Na+ is most likely within the membrane domain 

that senses the transmembrane potential (Lagnado and McNaughton, 1990). 

Recently, site-directed mutagenesis studies of the cardiac exchanger have shown that 

mutations of Gly-138 or Gly-837, located within the transmembrane segment 3 and 9, 

respectively, altered the current-voltage relationship (Nicoll et al. 1996b). The authors suggest 

that these residues may play a role in the binding of Na+. Mutations of other nearby residues in 

transmembrane segments 2, 3, 8 and 9 rendered the exchanger inactive. This suggests that these 

transmembrane segments play an important role in ion transport function. Further studies are 

required to determine whether the inactivity of the mutant exchangers is due to the importance of 

the residue in transport function or to the proper folding of the exchanger. 

1.5.2 Kinetics: 

Kinetic analysis of the exchange mechanism has provided a range of Km values for each 

ion transported due to differences in experimental conditions and sample preparations. The 
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Na/Ca exchange activity of the cardiac exchanger has a cooperative dependence for Na+ with a 

Hill coefficient of 2-3 and Km N a of 13-30 mM (reviewed by Reeves, 1990; Philipson, 1990). 

The cardiac exchanger has a higher affinity for Ca 2 + on the cytoplasmic surface (Kmcai = 0.6-10 

pJVI) than on the extracellular surface (Kmcao = 0.15-0.4 mM) (reviewed by Philipson and Nicoll, 

1993). 

The exchange activity of the rod exchanger, like the cardiac exchanger, has a cooperative 

dependence for Na+ with a Km of 35-93 mM (Table 1). The rod exchanger shows Michealis-

Menten kinetics for Ca 2 + and K + dependent exchange activity with Kmca of 1-34 p:M and KIBK of 

0.1-3 mM, respectively (Table 1). Unlike the cardiac exchanger, the rod exchanger has the same 

affinity for Ca 2 + on both sides of the membrane (Schnetkamp, 1989). 

Table 1. Transport properties of the ROS Na/Ca-K Exchanger 

Species Km,Na and n Km, C a Km,K Reference 

Bovine 36 mM & 2.0 1.1 |!M N Schnetkamp, 1989,1991 

Bovine 35 mM N N Cook&Kaupp, 1988 

Bovine 70 mM & 2.0 N 3 mM Huppertz & Bauer, 1994 

Salamander 93 mM & 2.3 2.3 \iM N Lagnado etal., 1988 

Salamander N 1.6 MJVI N Lagnado etal., 1992 

Bovine N 5ujyl 1 mM Nicoll etal, 1991 

Bovine N N 1.2 mM Schnetkamp et al, 1989 

Bovine 26 mM & 3.0 N 1 mM Friedel etal, 1991 

Salamander N 34p:M 151 p:M Perry & McNaughton 1993 
K m is the ion concentration for Vi maximal activation of the exchange current 
n is the H i l l coefficient 
N not available 

The turnover rates for the rod and cardiac exchangers are different. The rod exchanger 

transports 60-120 Ca 2 + ions per second after correcting for the molecular mass of the exchanger 

to 130 kDa (Cook and Kaupp, 1988; Nicoll and Applebury, 1989). A number of turnover rates 
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have been estimated for the cardiac exchanger: 350 (Powell et al, 1993), 1000 (Cheon and 

Reeves, 1988 ) and 2500 (Niggli and Lederer, 1991) ions per second. 

1.5.3 Effect of Cations on Exchange Activity: 

The distribution of the cations can affect the exchange activity. Na + and C a 2 + have been 

shown to compete for the same ion-binding site on the cardiac exchanger (Philipson and 

Nishmoto, 1981; Miura and Kimura, 1989; Matsuoka and Hilgemann, 1992). Likewise, K + and 

Ca have both stimulatory and inhibitory effects on the activity of the rod exchanger 

(Schnetkamp and Szerencsei, 1991; Schnetkamp et al, 1991b). When either K + or C a 2 + is 

present on the external side of the membrane, the Na + dependent C a 2 + efflux activity of the 

exchanger decreases. Both C a 2 + and K + compete for the same cation-binding site as Na + . Under 

physiological conditions, the distribution of cations across the cell membrane - the high internal 

K + and external Na + concentrations - favours the forward exchange mode for both the cardiac 

and rod exchangers. 

1.5.4 Modes of Exchange: 

The cardiac and rod exchangers have several modes of exchange activity as illustrated in 

Fig. 10. The forward and reverse modes of exchange are dictated by the distribution of the 

cations across the membrane (Kimura et al. 1986; Kimura et al. 1987; Schnetkamp et al. 1989; 

Cervetto et al. 1989) Both exchangers display Ca-Ca (Reeves, 1990; Schnetkamp, 1980) and 
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Fig. 10: Modes of cation exchange by the rod photoreceptor Na/Ca-K exchanger and the 
cardiac Na/Ca exchanger. 
Both the rod and cardiac exchangers have four different exchange modes: 

1. The forward mode is the efflux of Ca 2 + coupled to the influx of Na+. 
2. The reverse mode is the influx of Ca 2 + coupled to the efflux of Na+. 
3. The Ca 2 +-Ca 2 + self exchange mode is the equal exchange of Ca 2 + . 
4. The Na+-Na+ self exchange mode is the equal exchange of Na+. 

The rod exchanger has an additional mode of exchange, Ca 2 + ,K + -Ca 2 + ,K + , which requires the 
presence of K + on both sides of the membrane. 
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Na-Na (Reeves and Sutko, 1979; Schnetkamp, 1989) self-exchange modes, but the rod 

exchanger also exhibits Ca, K-Ca, K self exchange mode (Schnetkamp et al. 1991c). The Ca-Ca 

self-exchange mode of the rod exchanger can occur in the absence of K + whereas the K-K self-

exchange mode is absolutely dependent on the presence of Ca 2 + (Schnetkamp et al., 1991c). 

Although initial studies have shown that the rod exchanger displays K+-independent exchange 

activity (Cervetto et al., 1989; Schnetkamp etal., 1989; Friedel et al., 1991), recent studies show 

that the rod exchanger is inactive in the absence of K + (Perry and McNaughton, 1993). 

1.5.5 Regulation: 

The cardiac exchanger is subject to regulation by a number of cytosolic factors. Na+-

dependent inactivation (Matsuoka et al, 1997) and Ca2+-dependent stimulation (Matsuoka et al., 

1995) of the exchanger have been localized to the N-terminal region of the cytoplasmic domain. 

Cytoplasmic H + (Doering and Lederer, 1994) and the exchange inhibitory peptide (XIP), a 20 

amino acid sequence within the cytoplasmic loop (Li et al., 1991), has been shown to inhibit 

exchange activity. In contrast, ATP has been shown to stimulate exchange activity by generating 

phosphatidylinositol -4,5- bisphosphate (PIP2) (Hilgemann and Ball, 1996) or by protein kinase 

C phosphorylation (Iwamoto etal., 1996). 

Although increasing the pH has been shown to stimulate the activity of the rod exchanger 

(Schnetkamp, 1995), regulation of the rod exchanger by the other factors has yet to be shown. 

1.5.6 Purification and Cloning: 

Both proteins have been purified using ion exchange and lectin affinity chromatography. 

The purified bovine rod exchanger has a molecular mass of 230 kDa by SDS-PAGE (Cook and 
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Kaupp, 1988; Nicoll and Applebury, 1989) while the purified canine cardiac exchanger migrates 

at 120 kDa (Philipson et al, 1988). The purified 230 kDa rod exchanger has been shown to 

exhibit K+-dependent Na/Ca exchange activity (Friedel et al., 1991). For the cardiac exchanger, 

it has been uncertain whether the Na/Ca exchange activity was associated with the 120 kDa 

protein or some other minor protein co-purifying with the exchanger. Cloning and functional 

expression of the cardiac exchanger has confirmed that the exchange activity is indeed due to the 

120 kDa protein. 

The cDNA of the canine cardiac exchanger encodes a protein of 970 amino acids having 

a calculated molecular mass of 110 kDa (Nicoll et al., 1990). The cDNA of the bovine rod 

exchanger encodes a protein of 1199 amino acids having a calculated molecular mass of 130 kDa 

(Reilander et al., 1992). The difference between the calculated and the relative molecular mass 

by SDS-PAGE is due, in part, to the glycosylation of the cardiac and rod exchangers. The 

cardiac exchanger has a single glycosylation site at Asn 41 (Hryshko et al., 1993). The 

glycosylation site(s) for the rod exchanger has yet to be determined, but removal of terminal 

sialic acid residues causes a shift in the mobility of the rod exchanger by SDS-PAGE (Reid et 

al., 1990). The first transmembrane segment of both exchangers serves as the cleaved signal 

sequence (Hryshko et al, 1993; Durkin et al. 1991; Reilander et al, 1992). 

The cardiac and rod exchangers have little similarity in their primary sequence. Yet, 

hydropathy plots of both exchangers predict that a large negatively charged hydrophilic region 

connects the first transmembrane domain to the second transmembrane domain (Fig. 11). The 

rod exchanger, however, has a large hydrophilic N-terminal domain that is lacking in the cardiac 

exchanger. 
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Fig. 11: Linear representation of the cardiac Na/Ca exchanger and the bovine rod 
photoreceptor Na/Ca-K exchanger. 
The hydropathy plots for both exchangers predict a large hydrophilic region connecting two 
hydrophobic domains: one consisting of five transmembrane segments and the other consisting 
of 6 transmembrane segments. Both exchangers also have a predicted transmembrane segment 
at the N-terminus. However, the rod exchanger has a large N-terminal hydrophilic region, which 
is absent in the cardiac exchanger. 
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1.5.7 Protein Sequence Similarity of the Bovine Rod Photoreceptor Exchanger to other 

Na/Ca Exchangers: 

Although K+-dependent Na/Ca exchange activity has been observed in the rat brain 

(Dahan et al, 1991) and in human platelets (Kimura et al, 1993), the bovine rod exchanger had 

been the only the Na/Ca-K exchanger cloned. Recently, however, the human retina Na/Ca-K 

exchanger (Tucker et al., 1998) and a novel rat brain Na/Ca-K exchanger (NCK2) (Tsoi et al., 

1998) have been cloned. 

Sequence similarity searches of the rod exchanger using BLASTP (Altschul et al, 1994) 

revealed a number of sequences. Sequences with the highest degree of similarity includes the 

human retina exchanger (NCK1), rat brain exchanger (NCK2), and a sequence from C. elegans 

(Kraev et al, 1998). The similarity for these proteins is restricted to the two transmembrane 

spanning domains. The rod exchanger also shares limited but significant sequence similarity in 

the two a repeat regions of the Na/Ca exchanger isoforms. The a repeat regions were first 

identified by Schwarz and Benzer (1997); they suggested that this region might form the ion 

binding sites. The protein sequence similarity of the Na/Ca-K exchangers to the other Na/Ca 

exchangers is shown in the dendrogram (Fig. 12) and in the alignment of the a repeat regions 

(Fig. 13). 

Sequences from bacteria, yeast, C. elegans and plant also have some sequence similarity 

in the a repeat regions but their function has yet to be determined. 
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Fig. 12: Dendrogram of the Na+-dependent Ca 2 + exchangers. 
Sequence similarity between the Na+-dependent Ca 2 + exchangers was determined using the 
Clustal program (PC gene, IntelliGenetics). The distance along the horizontal axis represents the 
similarity between the sequences (ie. a shorter distance indicates a higher degree of similarity). 
The sequences are as follows: NCK1 bovine (Reilander et al, 1992), NCK1 human (Tucker et 
al, 1998), NCK2 (Tsoi et al, 1998), NCK C elegans (Kraev et al. 1998), NCX1 (Low et al, 
1993), NCX2 (Li et al, 1994), NCX3 (Nicoll et al, 1996a), NCX squid (He et al, 1996), NCX 
drosophila (Schwarz and Benzer, 1997; Ruknudin et al. 1997), and NCX C. elegans 
(Caenorhabditis elegans) (Kraev and Carafoli, 1998). 
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TMS al repeat TMS 

NCXl NETVSNLTLMALGSSAPEILLSVIEVCGHNFTAGDLGPSTIVGSAAFNMFIIIAL 182 
NCX2 NETVANLTLMALGSSAPEILLSVIEVCGHNFQAGELGPGTIVGSAAFNMFWIAV 17 9 
NCX3 NETVANLTLMALGSSAPEILLSLIEVCGHGFIAGDLGPSTIVGSAAFNMFIIIGI 184 
SQUID NETVSNLTLMALGSSAPEILLSVIEWGQKFEAGQLGPSTIVGSAAFNLFIITAI 172 
Ca lX NETVANLTLMALGSSAPEILLSVIEIYAKDFESGDLGPSTIVGSAAYNLFMIIAV 231 
CENCX1 NETVSNLTLMALGSSAPEILLSVIEICGNNFEAGELGPSTIVGSAAFNLFIIIAV 59 

NCKX1 SEDVAGATFMAAGGSAPELFTSLIGV FISHSNVGIGTIVGSAVFNILFVIGT 53 6 
NCKX2 SDDVAGATFMAAGGSAPELFTSLIGV FIAHSNVGIGTIVGSAVFNILFVIGM 223 
CENCKX SDDVAGATFMAAGGSAPEFFTSVIGV FIAQNNVGIGTIVGSATFNILCVLAF 189 

a l CONSERVED 

V T MA G SAPE S I TIVGSA FN 

TMS 
a2 repeat 

TMS 
NCXl KDSVTAWFVALGTSVPDTFASKVAA-
NCX2 KDSVNAWFVALGTSIPDTFASKVAA-
NCX3 KDSVTAWFVAFGTSVPDTFASKAAA-
SQUID KDAVTAVSFVALGTSVPDTFASKVAA-
Ca lX KDSVTAILFVALGTSIPDTFASMIAA-
CENCX1 KDSVTALTLVAMGTSLPDTFASRTAA-

-TQDQYADASIGNVTGSNAVNVFLGIGV 882 
-LQDQCADASIGNVTGSNAVNVFLGLGV 832 
-LQDQYADASIGNVTGSNAVNVFLGIGL 83 8 
-INDKYADSSIGNVTGSNAVNVFLGIGI 803 
-KHDEGADNCIGNVTGSNAVNVFLGIGL 861 
-VGDQWADG SIGNVTGSNAVNVFLGIGI 790 

NCKX1 SEEIMGLTILAAGTSIPDLITSVIVAR-
NCKX2 SEEIMGLTILAAGTSIPDLITSVIVAR-
CENCKX PTEIIGLTILAAGTSIPDLITSVIVAR-

-KGLGDMAVSSSVGSNIFDITVGLPL 112 0 
-KGLGDMAVSSSVGSNIFDITVGLPL 882 
-KGLGDMAVSSSVGSNIFDVCVGLPI 506 

a2 CONSERVED 
A GTS PD D GSN 

CONSERVED BETWEEN a l AND a2 

G S P GS 

Fig. 13: Amino acid alignment of a repeat regions. 
The alignment includes the sequences of the rat NCXl (Low et al., 1993), NCX2 (Li et al., 1994) 
and NCX3 (Nicoll et al., 1996a), squid NCX (He et al, 1996), Drosophilia CalX (Schwarz and 
Benzer, 1997), C. elegans CENCX (Kraev and Carafoli, 1998) and CENCKX (Kraev et al, 
1998), bovine retina NCKX1 (Reilander et al, 1992) and rat brain NCKX2 (Tsoi et al, 1997). 
The putative transmembrane segments are overlined. Dashes indicate gaps introduced to 
maximize the alignment. 
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1.6 Thesis Investigation: 

The Na/Ca-K exchanger plays an important role in regulating the photoreceptor calcium 

concentration. The objective of the thesis was to characterize the bovine rod photoreceptor 

Na/Ca-K exchanger in order to gain insight into how the exchanger maintains calcium 

homeostasis in the ROS. 

In the first part of the thesis, previously generated anti-Na/Ca, K exchanger monoclonal 

antibodies were used to study the structural and functional properties of the exchanger using 

biochemical and immunochemical methods. The antibodies were used to provide experimental 

evidence for the topological model of the Na/Ca-K exchanger. Localization of the large 

hydrophilic domains led to the structure-function relationship studies. Proteolysis and functional 

reconstitution were used to determine the regions of the exchanger that were essential for 

exchange activity. The antibodies were used to monitor the effect of limited proteolysis on the 

2+ 

structure of Na/Ca-K exchanger. Ca efflux assays were used to determine the effect of 

proteolysis to the Na/Ca exchange activity. The antibodies were also used to characterize the 

exchanger in terms of the cellular and subcellular localization within the bovine ROS and the 

type of glycosylation. 

In the second part of the thesis, the hydrodynamic properties of the exchanger were used 

to examine the oligomeric nature of the Na/Ca-K exchanger. The oligomeric state of the 

detergent solubilized exchanger was examined by velocity sedimentation analysis and size 

exclusion chromatography, whereas the oligomeric state of the exchanger within the plasma 

membrane was determined by chemical cross-linking and velocity sedimentation studies. 
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METHODS AND MATERIAL 

2.1 Preparation of ROS: 

Bovine ROS were prepared by isopycnic density centrifugation on continuous sucrose 

gradients (Molday and Molday, 1987). Under dim red light, 100 freshly dissected retinas or 

previously frozen retinas were gently shaken in homogenization solution (20 mM Tris-HCl 

buffer, pH 7.4, containing 20% (w/v) sucrose, 10 mM (3-D-glucose, 10 mM taurine and 0.25 mM 

MgCl2). The homogenate was filtered through a fine Teflon screen, and the filtrate was layered 

on top of a 30%-50% (w/v) continuous sucrose gradient in homogenization solution with the 

indicated sucrose concentrations. The ROS were separated by centrifugation at 4°C for 1 h at 

24,000 RPM in a Beckman SW 28 rotor. The ROS band was collected and washed in 

homogenization buffer. After centrifugation for 8 min at 8000 RPM in a SS 34 rotor, the ROS 

were suspended at ~8 mg/ml in homogenization buffer and used immediately or stored at -70°C. 

2.2 Purification of the Exchanger: 

ROS were hypotonically lysed by washing twice with 10 volumes of 10 mM Hepes-KOH 

buffer, pH 7.4, containing 1 mM DTT and 1 mM EDTA and twice in the same buffer without 

EDTA. Following each wash the membranes were collected by centrifugation at 4°C for 10 min 

at 40,000 RPM in a Beckman TLA 100.4 rotor. The membranes were suspended in 1/10 the 

solubilization volume with 10 mM Hepes-KOH buffer, pH 7.4, and solubilized at 1.0 mg/ml in 

10 mM Hepes-KOH buffer, pH 7.4, containing 18 mM CHAPS, 150 mM KC1, 2 mM CaCl 2 and 

2 mg/ml soybean L-a-phosphatidylcholine (Sigma type IV). The exchanger was purified from 

the CHAPS solubilized ROS membrane extract by DEAE-650S (Supelco) chromatography 

followed by AF Red Fractogel-TSK (Merck) chromatography (Cook and Kaupp, 1988). Briefly, 
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10 ml of solubilized ROS was applied to a DEAE column (3 ml) pre-equilibrated in 

solubilization buffer. After washing the column with 10 bed volumes of wash buffer (10 mM 

Hepes-KOH buffer, pH 7.4, containing 150 mM KC1, 2 mM CaCl2 and 1 mM DTT), the bound 

proteins were eluted with wash buffer containing 0.7 M KC1, and 1 ml fractions were collected. 

The DEAE fractions containing the exchanger were pooled and applied to the AF Red Fractogel 

column (3 ml) pre-equilibrated in the 0.7 M KC1 wash buffer. The unbound fraction of the AF 

Red Fractogel column was separated by SDS-PAGE for Coomassie Blue staining or for Western 

blotting. 

2.3 Monoclonal Antibodies: 

2.3.1 Generation of Monoclonal Antibodies: 

Monoclonal antibodies were generated from Balb/c mice immunized with either ROS 

plasma membranes or the purified exchanger as described (Mackenzie and Molday, 1982). The 

monoclonal antibodies, PMe 4G1, PMe 2D9, PMe 7A5, PMe 3D12, PMe 6E2, PMe 4G7, PMe 

1B3 and PMe 2A11, were generated by D.M. Reid, L.L. Molday and S.C. Hsu. 

2.3.2 Purification of Monoclonal Antibodies: 

The monoclonal antibodies were purified from ascites fluid by ammonium sulphate 

precipitation followed by DEAE anion exchange chromatography as previously described 

(Goding, 1986). Balb/C mice were pristane primed and then injected peritoneally with the 

desired hybridoma cells. The ascites fluid (2 ml) was mixed with an equal volume of saturated 

ammonium sulphate at 4°C for 1 h. The precipitated proteins were centrifuged at 12,000g for 20 

min. The pellet, which contains the antibody, was resuspended in 2 ml of 20 mM Tris-HCl 

buffer, pH 7.4. The solution was then dialyzed overnight in 20 mM Tris-HCl buffer, pH 7.4, 

32 



containing 40 mM NaCl with 3 changes of 1 1 each. The dialyzed solution was centrifuged at 

12,000g for 10 min and filtered before applying the solution to a DEAE Sephacel column. The 

antibody was eluted using a continuous salt gradient from 20-300 mM NaCl and collected in one 

ml fractions. Purification of the antibody was monitored by SDS-PAGE followed by Coomassie 

Blue staining. The fractions containing the antibody were pooled and dialyzed in 10 mM borate -

HC1 buffer, pH 8.4, at 4°C overnight with 3 changes of 1 1 each. 

2.3.3 Preparation of Immunoaffinity Matrices: 

The monoclonal antibodies were coupled to cyanogen bromide (CNBr) activated 

Sepharose 2B beads (Pharmacia) as previously described (Cuatrecasas, 1970). Typically, 8 ml of 

Sepharose beads in an equal volume of distilled water was adjusted to pH 10-11 with 0.2 M 

NaOH. CNBr (0.15 g Aldrich Chemical Company) was added to the beads, and the pH of the 

solution was maintained between 10-11 by the continuous addition of 0.2 M NaOH. After 30 

min the excess CNBr was removed by washing the beads with 10 mM borate-HCl buffer, pH 

8.4. The beads were centrifuged in a clinical table-top centrifuge following each wash. One ml 

of activated beads was incubated with one mg of purified antibody overnight at 4°C on a rocker. 

2.4 Protein Assay: 

For ROS, the protein concentration was determined using the BCA assay (Pierce). The 

assays were performed using a 96 well plate. Ten pd of sample was mixed with 200 pi of 

detection reagent and allowed to develop for 30 min at 37°C. The absorbance of the samples 

was taken at 540 nm in an ELISA plate reader (Bio-Tek instruments). For solubilized ROS 

membranes the protein concentration was determined using the modified Bradford assay (Read 

and Northcote, 1981). Samples (50 (il) were mixed with 950 |il of dye reagent (0.01% Serva 
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blue G (Interscience), 1.6 M phosphoric acid and 0.8 M ethanol). After 20 min, the colorimetric 

development of the samples was monitored at 595 nm using a LKB spectrophotometer with 

plastic cuvettes. For both protein assays bovine serum albumin was used as the standard. 

2.5 SDS-PAGE and Western Blot Analysis: 

SDS PAGE was performed using the discontinuous buffer system described by Laemmli 

(1970). The stacking gel contained 3.9% and 3.5% acrylamide for continuous and gradient 

polyacrylamide gels, respectively, and the separating gel contained the indicated amounts of 

acrylamide. Samples were prepared with an equal volume of SDS PAGE loading buffer (10 mM 

Tris buffer, pH 6.8, 40% sucrose, 4% SDS and 5% (3-mercaptoethanol). After SDS PAGE, the 

gels were either stained with Coomassie Blue or electrophoretically transferred onto 0.45 p:m 

Immobilon-P (Millipore) or 0.45 |tm nitrocellulose filters in 25 mM Tris-HCl buffer, pH 8.4, 

containing 190 mM glycine (transfer buffer) (Towbin et al., 1979) using a semi-dry transfer 

apparatus (Biorad). ROS were transferred for 45 min in transfer buffer containing 5% methanol 

whereas fusion proteins were transferred for 20 min in transfer buffer containing 15% methanol. 

For Western blot analysis, the membranes were first blocked in phosphate buffered saline 

(PBS: 0.01 M phosphate buffer, pH 7.5, 136 mM NaCl and 2 mM KC1) containing 0.5% milk 

and then incubated for 1 h with the MAb hybridoma culture fluid diluted 1:20 in PBS containing 

0.05% milk. After washing the membranes in PBS, the blots were incubated for 30 min with 

sheep anti-mouse immunoglobulin (Ig) Fab' fragments conjugated to horseradish peroxidase 

diluted 1:5000 in PBS containing 0.05 % milk. Antibody labeling was detected by enhanced 

chemiluminescence (Amersham). 
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2.6 COS-1 Cell Expression: 

The bovine rod photoreceptor Na/Ca-K exchanger cDNA in pBluescript KS (kindly 

provided by Dr. Helmut Reilander) was digested with Bam HI and subcloned into the Bam HI 

site of the pAX 111 mammalian expression vector (kindly provided by Dr. Rob Kay at Terry Fox 

Laboratories, Vancouver). The transient transfection procedure used was a modified method of 

Chen and Okayama (1987). The solutions for the calcium phosphate precipitation method were 

stored at -20° C: CA (1.0 M CaCl2) and BBS (50 mM BES-NaOH buffer, pH 6.95, containing 

280 mM NaCl and 1.5 mM Na2HP04). On day one, 2 x 105 COS-1 cells were plated onto a 60 x 

15 mm petri dish and grown at 37°C in DMEM media containing 10% FBS and 10 U/ml 

penicillin/streptomycin. On the second day, 10 ug of plasmid DNA was mixed with 41 pi of 

CA, and the mixture was made up to a final volume of 165 |il. The DNA-calcium mixture was 

slowly added to BBS (165 pd) with a pipette, avoiding oxidation, and left at room temperature 

for 20 min. The DNA-calcium-phosphate mixture was then added to the COS-1 cells and placed 

in a 3% C 0 2 incubator at 35°C overnight. On the third day, the media was changed and the cells 

were transferred to a 5% C 0 2 incubator at 37°C. On the fourth day, cells were harvested by 

solubilizing the COS-1 cells in 200 |il PBS containing 18 mM CHAPS and 100 ug/ml 

phenylmethylsulfonylfluoride (PMSF). The cell extract was scrapped off the plate and 

centrifuged for 5 min at maximum speed in a microcentrifuge. The supernatant was mixed with 

an equal volume of the SDS loading buffer (5% SDS, 5% (3-mercaptoethanol; 40% sucrose, 

0.01M Tris-HCl, pH 6.8) and analyzed by SDS-PAGE followed by Western blot analysis. 
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2.7 Generation of Fusion Proteins: 

2.7.1 Construction of Expression Plasmid: 

The bovine rod photoreceptor Na/Ca-K exchanger cDNA was digested with the indicated 

restriction enzymes and subcloned into the appropriate pGEX expression vector (Pharmacia). 

The fusion proteins were constructed as follows: pbEXl - a Sau 3AI to Sea I fragment (bp 95-

449) was subcloned into the Bam Hl/Sma I sites of pGEX 3X; pbEX2 - an Alu I fragment (bp 

248- 524) was subcloned into the Sma I site of pGEX 2T; pbEX3 - an Alu I fragment (bp 524-

872) was subcloned into the Sma I site of pGEX 2T; pbEX4 - a Hind III to Sea I fragment (bp 

1010-1408) was blunted ended with Klenow and subcloned into the Sma I site of pGEX 2T; 

pbEX5 - a Sau 3AI fragment (bp 1628 - 2184) subcloned into the Bam HI site of pGEX 2T was 

double digested with Xho I (bp 1798) (blunt ended with Klenow) and Eco RI (restriction site in 

the vector) and the resulting restriction fragment was inserted into the Sma 1/EcoRI site of 

pGEX I; pbEX6 - an Alu I (bp 2266 - 2569) fragment was subcloned into the Sma I site of 

pGEX I; and pbEX7 - an Alu I (bp 2569 - 2620) fragment was subcloned into the Sma I site of 

pGEX I. 

The constructs for fusion proteins, p630 (bp 1798-2427) and p430 (bp 1798-2997), were 

generated by nested deletion according to the manufacturer's protocol (Promega). After 

digesting the exchanger cDNA in pBluescript KS with Kpn I and Sal I, the linearized plasmid 

was sequentially treated with Exonuclease III, S1 nuclease, Klenow and calf intestinal alkaline 

phosphatase. The nested deleted plasmid was religated with a linker (5'-

TGAGTGAGTGAGCGGCCGCTCACTCACTCA-3'), which contains a Not I site and 

introduces a stop codon in all three reading frames. The Xho I (bp 1798) to Not I (linker) 

fragment of the nested deleted plasmid was subcloned into the Xho V Not I site of pGEX 4T3 n2 
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vector. The reading frame of the inserts was confirmed by DNA sequencing using Sequenase 

version 2.0 (US Biochemical Corp.). 

2.7.2 Expression and Purification of the Fusion Proteins: 

GST exchanger fusion proteins were over expressed in Escherichia coli (XL-1 Blue) cells 

as described by Smith and Johnson (1988). Briefly, LB/Amp was inoculated with 1/10 the 

volume of the overnight culture. After the cells were incubated for 1.5 h on a shaker at 37°C, the 

expression of the fusion protein was induced by the addition of 0.1 mM IPTG and allowed to 

grow for an additional 3 h. The cells were centrifuged for 10 min at 5000 g in a SS-34 rotor and 

resuspended in PBS containing 1% Triton X-100 and 2 mM EDTA. The cells were lysed with a 

SLM Aminco French Press at 15,000 psi. After centrifugation of the cell lysate for 15 min at 

27,000 g in a SS-34 rotor, the supernatant was incubated with glutathione-CL4 agarose at 25°C 

for 3 min. The immobilized fusion protein was eluted with 5 mM reduced-glutathione in 50 mM 

Tris-HCl buffer, pH 8.0. Alternatively, the cells were harvested by adding an equal volume of 

SDS loading buffer (5% SDS, 5% p-mercaptoethanol; 40% sucrose, 0.01M Tris-HCl, pH 6.8) 

and separated by SDS-PAGE for either Coomassie Blue staining or Western blot analysis. 

2.8 Peptide Synthesis: 

The epitopes for some of the mAbs were more precisely mapped using the Epitope 

Scanning kit (Cambridge Research Biochemicals, Northwich, UK). For these studies, nine 

amino acid peptides with seven amino acid overlap were synthesized by Fmoc chemistry for 

analysis by enzyme-linked immunosorbent assays. A large scale preparation of the peptide 

DEDEGEIQA, which corresponds to the PMe 2A11 epitope, was synthesized using the LKB 

Biolynx 4175 Peptide Synthesiser (LKB Biochom Ltd., Cambridge, UK). 
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2.9 Immunofluorescence Microscopy: 

The cornea, lens and the majority of the vitreous humor were removed from fresh bovine 

eyes obtained ~3 h post mortem. The eye cups were fixed in 0.1 M sodium phosphate buffer, pH 

7.4, containing 4% paraformaldehyde and 2 % sucrose for 2 h. The eye was then cut into 1 cm2 

sections and fixed for an additional 2 h. After washing the sections 4 times for 30 min each in 

sodium phosphate buffer, pH 7.4, containing 10% sucrose, the retina was detached and sliced 

into -2x8 mm2 sections. The tissue was embedded in O.C.T.™ compound (Tissue-Tek) by 

quick-freezing in liquid N 2 and sectioned at 10 (im thickness using a cryostat. The retina was 

blocked and made permeable by incubating in 0.1 M sodium phosphate buffer, pH 7.4, 

containing 0.2% TX-100 and 10% goat serum for 30 min. The tissue was then labeled overnight 

at 4°C with anti-exchanger MAb hybridoma culture fluid diluted 1:20 in the presence or absence 

of 0.5mg/ml competing peptide, DEDEGEIQA, followed by four 10 min washes with blocking 

buffer containing 3% goat serum. After incubation with 1:1000 diluted goat anti-mouse Ig 

conjugated to CY3 (Jackson) for 30 min, the tissue was washed as before. Both primary and 

secondary antibodies were diluted in blocking buffer containing 3% goat serum. The 

fluorescence was preserved with a drop of 10% Mowiol (Calbiochem), 25% glycerol in 0.1 M 

Tris-HCl buffer, pH 8.5 (Heimer and Taylor, 1974) and observed using a Zeiss Axiophot 

microscope. 

2.10 Immunoelectron Microscopy: 

A pre-embedding labeling protocol was used for electron microscopy studies. Intact 

ROS or hypotonically lysed ROS at 1.0 mg/ml protein concentration were prepared from fresh 

bovine eyes (section 2.1) and absorbed onto 13 mm Thermanox coverslips (Nunc, Inc., 
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Naperville, IL) in homogenization buffer containing 5% sucrose. The coverslips were washed in 

20 mM Tris-HCl buffer, pH 7.5, containing 5% sucrose and then blocked in 40 mM Tris-HCl 

buffer, pH 7.5, containing 4% BSA and 5% sucrose for intact ROS and 0.5% sucrose for lysed 

ROS for 30 min at 25°C. The samples were labeled overnight with anti-exchanger MAb 

hybridoma culture fluid diluted 2 fold followed by 3 washes for 10 min each in blocking buffer 

containing 0.1% BSA. The samples were then incubated for 30 min with 1:5 diluted goat anti-

mouse Ig conjugated to 10 nm gold particles (British BioCell, Cardiff, UK) and washed 3 times 

for 10 min each in 0.1 M cocadylate-HCl buffer, pH 7.4, containing 0.2% sucrose (CW). Both 

the primary and secondary antibodies were diluted with blocking buffer containing 0.1% BSA. 

The samples were fixed in 100 mM cocadylate-HCl buffer, pH 7.4, containing 2% 

gluteraldehyde and 0.2% sucrose for 1 h and washed as before in CW. The samples were then 

post-fixed in 0.1 M cocadylate-HCl buffer, pH 7.4, containing 1% osmium tetroxide and 0.2% 

sucrose for 1 h and dehydrated by successive 5 min incubations in 50%, 70%, 80% and 90% 

ethanol followed by 1 h in 100% ethanol. The samples were placed in rubber wells filled with 

Epon-Araldite resin (Polysciences, Inc., Warrington, PA) and allowed to solidify at 52°-55°C for 

24-48 h. Ultrathin sections were cut from the resin block using a MT5000 Sorvall ultra 

microtome (Dupont) equipped with a diamond knife and collected on nickel grids. 

The staining of the membranes was enhanced by sequentially treating the grids on small 

drops of the following solutions: 

1. saturated uranyl acetate (8% w/v) in dH20, 15 min 

2. dH 20, 6 X 1 min 

3. 40 mM lead nitrate and 60 mM sodium citrate in dH20, 3 min 

4. dH 20, 6 X 1 min 
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5. air dry for 1 h 

The labeling of the samples were viewed under a JEOL 1200EX electron microscope. 

In other pre-embedding labeling studies, freshly dissected bovine retina tissue was fixed 

in 100 mM cocadylate-HCl buffer, pH 7.2, containing 1% glutaraldehyde and 0.2% sucrose for 1 

h at4°C. After rinsing the tissue in the same buffer in the absence of glutaraldehyde, the sample 

was blocked with 1% glycine and 2% bovine serum albumin in PBS and then labeled with the 

MAb PMe 2D9 conjugated to gold-dextran particles 10 nm for 4 h. The samples were then 

prepared and viewed as described for the ROS. 

2.11 Enzymatic Deglycosylation: 

For O-linked carbohydrate studies, 2.1 mg of ROS in 50 mM sodium acetate buffer, pH 

5.3, containing 20% sucrose were first treated with 10 mU of Arthrobacter Ureafaciens 

(Boehringer Mannheim) for 1 h on ice. The ROS membranes were obtained by hypotonic lysis 

in 10 mM Hepes buffer, pH 7.4, as described before (section 2.2) and solubilized in 1.0 ml of 10 

mM Hepes-KOH buffer, pH 7.4, containing 18 mM CHAPS, 150 mM KC1 and 2 mM CaCl2. 

After incubating the solubilized ROS membranes with 50 pd of PMe 2A11-Sepharose 2B beads 

(section 2.4.1) for 1 h, the matrix was washed 6 times with 1.0 ml of the same solubilization 

buffer indicated above. The bound exchanger was treated with 0.5 mU of Diplococcus 

Pneumoniae O-glycosidase (Boehringer Mannheim) in 20 mM sodium cocadylate-maleate 

buffer, pH 6.0, for 1 h at 28°C and eluted with 50 |tl of 3% SDS in dH20. 

For N-linked carbohydrate studies, untreated ROS, neuraminidase treated ROS or the 

neuraminidase followed by O-glycosidase treated exchanger were solubilized in 50 mM sodium 

phosphate buffer, pH 7.5, containing 1% SDS, 1% NP-40 and 0.5% pME and incubated with 
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1000 units of Flavobacterium Meningosepticum PNGase F (New England Biolabs) for 1 h at 

28°C. 

2.12 Limited Proteolysis: 

Intact ROS (2 mg protein) were digested with 2 ug/ml tosyl-phenylalanine chloromethyl 

ketone treated trypsin (Sigma) in 2 ml of 10 mM Hepes-KOH buffer, pH 7.4, containing 20% 

sucrose, 2 mM KC1 and 2 mM CaCl2 at 25°C. The ROS were washed with 10 ml of the same 

buffer containing 10 U-g/ml soybean trypsin inhibitor (SBTI) three times and collected by 

centrifugation at 4000g for 5 min after each wash. In other studies, ROS membranes (1 mg/ml 

protein) in 3 ml of 10 mM Hepes-KOH buffer, pH 7.4, containing 2 mM CaCl 2 and 1 mM DTT 

were digested with 2 ml of 5 units/ml of porcine pancreatic kallikrein (Sigma) for 20 min at 

25°C. After digestion, the membranes were washed three times with 3.5 ml of ice cold 10 mM 

Hepes-KOH buffer, pH 7.4, containing 1 mM DTT, 100 plg/ml phenylmethylsulfonyl fluoride 

and 0.1 mg/ml Pefabloc® (Boehringer Mannheim). The ROS membranes were solubilized in 

CHAPS for either Western blot analysis or functional reconstitution. 

In other studies, one ml of ROS membrane proteins reconstituted into lipid vesicles 

(section 2.12) were treated with 5 ftg/ml of trypsin in 5 mM Hepes-KOH buffer, pH 7.4, 

containing 100 mM KC1 and 2 mM CaCl2 for 30 min at room temperature. After stopping the 

digestion with 15 ul of SBTI (1 mg/ml), the trypsin treated vesicles were dialyzed in 5 mM 

Hepes-KOH buffer, pH 7.4, containing 100 mM KC1 for 1 h and then passed through a Chelex-

100 column (Biorad) equilibrated with the same buffer. The trypsin treated vesicles were 

analyzed by Western blotting or by Ca 2 + efflux assays. In all the proteolytic studies, the 

untreated control samples were handled identical to the protease treated samples. 
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2.13 Functional Reconstitution of the Exchanger: 

2.13.1 Ca 2 +Efflux Assays: 

The CHAPS solubilized exchanger was reconstituted into Ca 2 + loaded lipid vesicles by 

dialysis (Cook and Kaupp, 1988). The solubilized ROS membranes (1 mg/ml) were combined 

with an equal volume of a soybean L-oc-phosphotidylcholine (Sigma type IV) solution to give a 

final mixture of 10 mg/ml of lipid, 10 mM CHAPS, 100 mM KC1, 2 mM CaCl 2 and 1 mM DTT 

in 10 mM Hepes-KOH buffer, pH 7.4. The mixture was dialyzed for 18 h in reconstitution 

buffer (5 mM Hepes-KOH buffer, pH 7.4, 100 mM KC1 and 2 mM CaCl2) with 3 changes of 11 

each. The transmembrane Ca 2 + gradient was established by first dialyzing the liposomes for 2 h 

against 1 1 of reconstitution buffer without CaCl2 and then passing the vesicles through a Chelex-

100 (Biorad) ion exchange column equilibrated in the same buffer. 

Calcium efflux assays were carried out by adding 0.3 ml of liposomes to 1.7 ml Ca 2 + free 

reconstitution buffer containing 75 \iM Arsenazo UI. Calcium release from the vesicles was 

initiated by adding the indicated concentrations of NaCl at 25°C in the presence of 2 \iM FCCP, 

2 pJVI valinomycin and 100 mM symmetrical KC1. The activity of the exchanger was monitored 

spectrophotometrically using a SLM Aminco DW2000 spectrophotometer in the dual 

wavelength mode (650-730nm). 

The initial rates were obtained by taking the tangent of the absorbance curve, which 

represents the release of calcium from the vesicles, immediately following the addition of NaCl. 

The absorbance values were converted to nmol Ca 2 + by calibration with 1 nmol CaCl 2 (A650-730 = 

0.0085). Plots of the calcium efflux assays were obtained by transferring the data from the 

DW2000 files to Sigma Plot (Jandel Scientific). 
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2.13.2 Potassium Dependent Efflux Assays: 

For K dependent Ca efflux assays, Tris-HCl was used to titrate the Hepes buffer to pH 

7.4 and the KC1 was replaced with 100 mM choline chloride in the solubilization and 

reconstitution buffers. Calcium efflux assays were performed essentially as described in section 

2.12.1, but KC1 was added to the assay for a final concentration of 2.5 mM in the presence of 2 

MJVI valinomycin and allowed to equilibrate for 2 min before the addition of 50 mM NaCl. 

Alternatively, the solubilized exchanger was incorporated into lipid vesicles by dialyzing 

in reconstitution buffer containing 50 mM KC1 instead of 100 mM KC1. The vesicles (0.3 ml) 

were diluted with 1.7 ml of reconstitution buffer containing 75 uM Arsenazo III to give the 

indicated extravesicular potassium concentrations (Friedel et al. 1991). 

2.13.3 C a 2 + Efflux Assays from ROS: 

Trypsin treated or untreated, intact Ca 2 + loaded ROS (section 2.10) were washed 3 times 

with 10 ml of 10 mM Hepes buffer, pH 7.4, containing 20% sucrose and 2.5 mM KC1. The ROS 

were resuspended with the wash buffer containing 110 p\M Arsenazo III at a protein 

concentration of 0.25 mg/ml. For Ca 2 + efflux assays, 2.0 ml of the resuspended ROS were used. 

2.14 4 5 C a 2 + Binding to the Cytoplasmic' Loop: 

Ca 2 + binding studies were carried out using the method described by Maruyama et al. 

(1984). The cardiac cytoplasmic domain p-galactosidase fusion protein, p240-679, (kindly 

provided by Dr. Kenneth Philipson, UCLA) and the rod exchanger GST fusion proteins were 

expressed in Escherichia coli (XL-1 Blue) as described in section 2.7.2. After transferring the 

fusion proteins onto nitrocellulose, the membranes were washed four times for 15 min each in 10 

mM imidazole-HCl buffer, pH 7.2, containing 60 mM KC1 and 5 mM MgC^. The membranes 

43 



were incubated in the same buffer containing 2 pCi/ml of Ca + for 10 min and washed twice for 

5 min each in deionized water containing 40% methanol. All the incubations and washes were 

carried out at 25°C. The membranes were air dried for 1 h and exposed to X-ray film overnight. 

2.15 Cross-linking: 

Typically, 45 ug of ROS membranes (section 2.2) were resuspended with 995 |i.l of 10 

mM Hepes-KOH buffer, pH 6.5, containing 1 mM EDTA and 150 mM KC1 and chemically 

cross-linked by adding 5 pd of 1.8 mM N,N-para-phenylene-dimaleimide prepared fresh in DMF. 

After 30 min at 25°C, the reaction was stopped by the addition of 90 pd of 1 M DTT. The 

membranes were washed 4 times with 3.5 ml each of 10 mM Hepes-KOH buffer, pH 7.4, 

containing 1 mM DTT. The membranes were collected by centrifugation at 4°C for 10 min at 

40,000 RPM in a Beckman TLA 100.4 rotor following each wash. The chemically modified 

membranes were solubilized as described before (section 2.2) for Western blot analysis or 

velocity sedimentation. 

2.16 Hydrodynamic Studies: 

The hydrodynamic properties of the detergent solubilized exchanger from ROS 

membranes was obtained by velocity sedimentation and size exclusion chromatography using the 

modified protocol of Clarke (1975) and described by Goldberg et al. (1995). Untreated, 

neuraminidase treated (section 2.10) and pPDM cross-linked (section 2.13) ROS membranes 

were solubilized at a final protein concentration of 1.0 mg/ml in Buffer A (10 mM Hepes buffer, 

pH 7.4, 150 mM KC1, 2 mM CaCl2,1 mM DTT) containing either 1.0% TX-100 or 16 mM 

CHAPS. 
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2.16.1 Size Exclusion Chromatography: 

The Stoke's radius of the detergent solubilized exchanger was determined by the method 

of Laurent and Killander (1964). Samples of 150 jxl containing 3% glycerol were 

chromatographed at 4°C on a 33 X 0.7 cm Sepharose CL-4B (Sigma) or Sepharose CL- 6B 

(Sigma) column equilibrated in Buffer A containing 0.2% TX-100 or 12 mM CHAPS. Fractions 

of -125 (0.1 were collected at a flow rate of -60 pl/min. The elution of the exchanger was 

monitored by Western blot analysis and quantitated by laser densitometry. The column was 

calibrated with marker proteins (aldolase, catalase, ferritin and thyroglobulin) with known 

Stake's radius and assayed as described below. Blue dextran and vitamin B12 were used to 

determine the void (V0) and total (Vt) volumes of the column, respectively. The protein elution 

volumes were standardized to the distribution coefficient (Kav) of the column 

(1) K a v = ( V e - V 0 ) / ( V t - V 0 ) 

where V e is the elution volume at the peak concentration of the protein. A calibration curve was 

constructed by plotting (-log K a v) versus Stake's radius. 

2.16.2 Velocity Sedimentation: 

Linear gradients of 5%-20% sucrose (w/v) in H2O or 98.5% D2O (Sigma) were prepared 

by sequentially adding 1.2 ml of 20%, 15%, 10% and 5% sucrose in Buffer A containing either 

0.2% TX-100 or 12 mM CHAPS to Ultraclear centrifuge tubes (Beckman). The step gradients 

were allowed to diffuse at 25°C for 3.5 h and then chilled on ice for 30 min. A sample volume 

of 100 pi containing the marker enzymes (catalase, aldolase and malate dehydrogenase) were 

layered on top of the gradients and centrifuged at 49 000 rpm in a Beckman SW 50.1 rotor at 

4°C for 6.5 h (H20) and 16 h (D20). After centrifugation, the bottom of the centrifuge tubes was 

punctured, and the gradients were collected in 8 drop fractions. Sedimentation profiles of the 
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exchanger were determined by Western blot analysis followed by laser densitometry. The 

sedimentation of the marker proteins was monitored as described below. 

The density of the 5% and 20% stock sucrose solutions were measured gravitometrically 

by weighing a fixed volume of the solution. Since density has a linear relationship with the 

concentration of sucrose, the intermediate fractions were assumed to be linear with its radial 

position. The refractive index of each fraction was measured to ensure the linearity of the 

gradients. 

2.16.3 Detection of Marker Proteins: 

The marker proteins, aldolase, catalase and malate dehydrogenase, were detected by 

using the assays described in the Worthington Enzyme Manual. Thyroglobulin and ferritin were 

monitored by SDS-PAGE followed by Coomassie Blue staining and then quantitated by laser 

densitometry. The physical properties of the marker enzymes are listed in Table 2 (Sober, 1968; 

De Haen, 1987). 

Table 2: Hydrodynamic properties of the marker enzymes 

Sedimentation 
Marker Enzyme Stoke's Radius Coefficient S2o,\ 

Partial Specific 
Volume 

aldolase 4.6 nm 7.70 S 0.742 ml/g 

0.730 ml/g catalase 5.2 nm 11.3 S 
malate 
dehydrogenase 
thyroglobulin 8.5 nm 

4.32 S 0.734 ml/g 

ferritin 6.7 nm 
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2.17 Calculation of the Hydrodynamic Parameters of the Exchanger: 

The molecular mass of the exchanger was calculated using a program created in 

Microsoft Excel. The program calculates the molecular mass by using a number of formulas 

described by Clarke (1975). 

The sedimentation coefficient (Si.m) at a given temperature T in solvent m is given by the 

equation 

(2) 5T,m= [(rf-ro)/fl/co2ravg 

where rf is the distance of the protein at time t from the center of the axis of rotation, r„ is the 

initial radial position, co is the angular velocity of the rotor and r a v g is the average radial position 

defined by r a v g = (r0+r{)/2. The sedimentation coefficient is corrected to the standard state 

condition at 20°C in water (S2o,w) by using the following equation 

(3) 520,w = ST,m(riT>m/r|20,w)[(l-Vcp20,w)/(l-VcpT,m)] 

where rj is the viscosity, p is the density and v c is the partial specific volume of the protein-

detergent complex. Since density has a linear relationship with sucrose concentration, the 

density (pT, m ) at r a v g is calculated by linear regression. The viscosity of the solvent (r|T,m) at r a v g 

is determined by calculating the viscosity experienced by the marker proteins using the equation 

(4) T|T,m/r|20,w = ( S W 5T.m)[(1 -VpT,m)/( 1 "p20,w)] 

where 5 2 o , w and v are the sedimentation coefficient and partial specific volume, respectively, of 

the marker proteins from the literature. The viscosity at r a v g for the unknown protein is 

extrapolated from a plot of T|avg versus r a v g for the marker proteins. 

The partial specific volume of the protein-detergent complex (vc) is determined by velocity 

sedimentation analysis in H 2 0 (Havg) and D 2 O foavg) based sucrose gradients and then calculated 

using the equation 
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(5) V c - [(^DaYgTlDavg/^HTlHavg) ~ lMpHavg^nTlDavg/SHTlHavg) " pDavg] 

After experimentally determining the S^o.w, v, and a for the protein-detergent complex, 

the molecular mass of the complex is calculated using the Svedberg equation as described by 

Siegel and Monty (1966): 

(6) M M c o m p i e x = (671NTI20 a)/[(l-vp20,w)] 

where N is Avogadro's number, n2o)W is the viscosity of water at 20°C, p2o,w is the density of 

water at 20°C, v is the partial specific volume of the complex and a is the Stoke's radius. 

The molecular mass of the protein portion of the complex is calculated by taking into 

consideration the amount of detergent bound to the protein using the equation: 

(7) MMp r o tein = (MM c o m p i e x)/[ 1 + ( V C - V p ) / ( V d - VCY] 

where vc, vp, and V d are the partial specific volumes of the protein-detergent complex, protein 

and detergent, respectively. The partial specific volumes used in the calculation are 0.908 ml/g 

for TX-100 (Tanford et al., 1974), 0.81 ml/g for CHAPS (Hjelmeland et al., 1983) and 0.714 

ml/g for exchanger [calculated from the amino acid composition (Zamyatnin, 1984)]. 

A number of assumptions are made with this study: 

• The amount of detergent bound in D 2 0 and H 2 O is the same. 

• The temperature of the entire sucrose gradient remains at 4°C for the duration of the 

centrifugation. 

• The contribution of the carbohydrates to the partial specific of the exchanger is negligible. 

• The additivity principle for calculating the partial specific volume is valid. 

48 



RESULTS 

3.0 Specificity of the Monoclonal Antibodies: 

3.0.1 Western blot Analysis of the Purified Exchanger: 

Eight MAbs were generated against the bovine rod photoreceptor Na/Ca-K exchanger to 

characterize the molecular properties of this ion transporter. The specificity of these MAbs was 

determined by Western blot analysis of ROS and the exchanger purified by the method of Cook 

and Kaupp (1988). As shown in Fig. 14 for antibodies PMe 2D9 and PMe 2A11, all eight 

antibodies specifically labeled the 230 kDa exchanger in both the ROS and purified exchanger. 

In addition, the antibodies also labeled several lower molecular weight proteins. Antibodies 

PMe 4G1, PMe 3D 12, PMe 7A5 and PMe 6E2 had a similar immunoreactivity as PMe 2D9 and 

weakly labeled a 190 kDa protein. On the other hand, antibodies PMe 1B3 and PMe 4G7 had a 

similar immunoreactivity as PMe 2A11 and labeled 150 kDa and 75 kDa proteins. The lower 

molecular weight proteins are generally believed to be degradation products, since they were 

present in variable amounts in different ROS preparations. 

3.0.2 Heterologous Expression of the Exchanger in COS-1 Cells: 

The specificity of the antibodies was also demonstrated by Western blot analysis of the 

heterologously expressed bovine rod Na/Ca-K exchanger in COS-1 cells (Fig. 15). Both MAbs 

PMe 2A11 and PMe 2D9 weakly labeled a 225 kDa protein in extracts of COS-1 cells 

transfected with the exchanger cDNA. MAb PMe 2A11 also strongly labeled a 180 kDa protein 

and weakly labeled a 100 kDa protein. These polypeptides most likely represent degradation 

products of the exchanger that do not contain the epitope for the PMe 2D9 antibody. No labeling 

was observed in extracts of COS-1 cells transfected with the vector alone. The faster mobility of 

49 



CB PMe 2D9 PMe 2A11 

kDa 

a b a b a b 

Fig. 14: Westerns blots of ROS and the purified Na/Ca-K exchanger labeled with 
monoclonal antibodies. 
Bovine ROS (lane a) and the Na/Ca-K exchanger purified by DEAE followed by red dye 
chromatography (lane b) were subjected to SDS-PAGE (8% gels) and either stained with 
Coomassie Blue (CB) or transferred to Immobilon membranes for labeling with the PMe 2D9 
and PMe 2A11 monoclonal antibodies. Approximately, 40 pig of ROS and 0.7 pig of the 
exchanger were applied to the gel for Coomassie Blue staining and 28 pig of ROS and 0.14 pig of 
exchanger were applied to the gel for Western blotting. 
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Fig. 15: Western blots of heterologously expressed exchanger in COS-1 cells. 
Bovine ROS membranes (lane a) and CHAPS extracts of COS-1 cells transfected with either the 
bovine Na/Ca-K exchanger cDNA (lane b) or vector alone (lane c) were separated by SDS-
PAGE (8% gels) and transferred onto Immobilon membranes for labeling with MAbs PMe 2A11 
and PMe 2D9. 
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the 225 kDa expressed exchanger relative to the 230 kDa ROS exchanger is most likely due to 

the differences in glycosylation between COS-1 cells and rod photoreceptor cells. 

Western blot analysis of ROS and extracts of COS-1 cells transfected with the exchanger 

cDNA indicates that the MAbs are specific to the exchanger and proteolytic fragments present in 

these preparations. 

3.1 Epitope Mapping: 

Epitopes of the anti-exchanger MAbs were mapped by expressing glutathione S-

transferase (GST) fusion proteins containing selected regions of the exchanger in E. coli (Fig. 

16A). The MAb PMe 2D9 labeled both fusion proteins EX1 and EX2 as shown in Fig. 16B. 

Since EX1 and EX2 have an overlapping sequence, PMe 2D9 must bind to an epitope between 

residues 83 and 148. The MAb PMe 2A11 labeled fusion proteins EX6 and EX7, but did not 

label the other fusion proteins (Fig. 16B). The sequences of fusion proteins EX6 and EX7 do not 

overlap; however, both fusion proteins contain a repeat sequence which is present in the large 

hydrophilic region between the putative transmembrane segments H5 and H6 (Reilander et al, 

1992)(see Fig. 19). The PMe 2A11 epitope was further defined to the nine amino acid sequence 

DEDEGEIQA by analyzing MAb PMe 2A11 immunoreactivity to a number of overlapping 

synthetic peptides spanning the EX7 fusion protein sequence (Fig. 17). Similar studies were 

carried out with the other MAbs to map their epitopes. The results are shown in Table 3. 

3.2 Identification of the Intracellular and Extracellular Regions of the Exchanger: 

The intracellular and extracellular regions of the exchanger were identified using anti-

exchanger MAbs in conjunction with pre-embedding immunogold labeling methods. 
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Fig. 16. Mapping the epitopes of the anti-exchanger MAbs using GST-fusion proteins. 
A) The GST-fusion protein constructs (EX1-EX7) containing various segments of the exchanger 
are shown in relation to the linear primary sequence. The shaded boxes indicate the putative 
transmembrane segments (H0-H11) and the numbers refer to the amino acid sequence of the 
bovine Na/Ca-K exchanger (Reilander et al, 1992). B) After expressing GST or GST-fusion 
proteins in E. coli, the cell extracts were separated by SDS-PAGE (8% gels) and either stained 
with Coomassie blue (CB) or electrophoretically transferred onto Immobilon-P membranes. 
Western blots were labeled with PMe 2D9 and PMe 2A11 antibodies. 
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Fig. 17: Localization of the PMe 2A11 epitope using synthetic peptides. 
Nine amino acid peptides (represented by lines) overlapping by seven residues were synthesized 
spanning the entire sequence of fusion protein EX7. Enzyme-linked immunosorbent assays were 
used to localize the PMe 2A11 epitope to the nine amino acid sequence DEDEGEIQA (box). 
The numbers represent the primary sequence of the bovine Na/Ca-K exchanger (Reilander et al, 
1992). 

Immunocytochemical studies were carried out on either intact or hypotonically lysed ROS. 

When ROS are lysed, the plasma membrane forms inside-out vesicles with the disks attached to 

the cytoplasmic surface as shown in Fig. 18A. When lysed ROS were labeled with PMe 2A11, 

the majority of the immunogold particles were distributed on the cytoplasmic side of the inverted 

plasma membrane (Fig. 18A). This labeling pattern is similar to that previously reported for the 

PMe 1B3 antibody (Reid et al, 1990). In contrast, the MAbs PMe 2D9 (Fig. 18B), PMe 3D12 
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(Fig. 18C) and PMe 6E2 (Fig. 18D) labeled the extracellular side of the plasma membrane, ie. 

the side of the membrane which does not have attached disks. No labeling was observed with 

the MAb PMe 4G7, most likely because of the inaccessibility of the epitope. Labeling was not 

observed to any significant degree on disk membranes by any of the anti-exchanger antibodies. 

Results of the electron microscopy studies performed with the other MAbs are shown in 

Table 3. Together with the epitope mapping studies, these results indicate that the N-terminal 

domain containing the epitopes of the MAbs PMe 4G1, PMe 2D9, PMe 7A5, PMe 3D12, and 

PMe 6E2 is located on the extracellular surface of the ROS plasma membrane, whereas the 

hydrophilic region containing the PMe 2A11, PMe 1B3 and PMe 4G7 epitopes is found on the 

cytoplasmic side (Fig. 19). 

Table 3: Epitopes of various anti-exchanger MAbs and their localization 
Fusion Protein(s) Deduced Epitope Electron Microscopy 

labeled residues/sequence localization 

PMe 4G1 EX1 66-74 
DLSNKEMMM extracellular 

PMe 2D9 EX1 &EX2 83-148 extracellular 

PMe 7A5 EX1 &EX2 83-148 extracellular 

PMe 3D 12 EX3 175-289 extracellular 

PMe 6E2 EX4 342-350 
AWKVRNPLP extracellular 

PMe 4G7 EX5 600-728 — 

PMe 1B3 EX6 756-856 cytoplasmic 

PMe 2A11 EX6 & EX7 repeat 
DEDEGEIQA cytoplasmic 
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Fig. 18: Immunogold localization of the anti-exchanger MAb binding sites to the 
intracellular or extracellular surface of the ROS plasma membrane. 
Electron micrographs of hypotonically lysed ROS membranes (A and D) or intact ROS (B and 
C) labeled with the PMe 2A11 (A), PMe 2D9 (B), PMe 3D 12 (C) or PMe 6E2 (D) antibodies 
followed by goat anti-mouse-gold particles (10 nm diameter) prior to processing for electron 
microscopy. Bar = 100 nm. 
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Fig. 19: Topological model for the rod Na/Ca-K exchanger. 
The model of the exchanger is based on both the hydrophobicity profiles and the localization of 
the monoclonal antibody epitopes. The antibodies PMe 4G1, PMe 2D9, PMe 3D 12 and PMe 
6E2 bound to the extracellular side while the antibodies PMe 4G7, PMe 1B3 and PMe 2A11 
bound to the intracellular side of the ROS plasma membrane. Shaded boxes indicate the repeat 
regions containing the PMe 2A11 epitope. The six, putative N-linked glycosylation sites for the 
exchanger in the extracellular domain are indicated by the branched structures. N-terminal 
sequencing indicated that the first residue was Asp 66 and the numbers represent the amino acid 
sequence reported by Reilander et al. (1992). 
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3.3 Localization of the Na/Ca-K exchanger in the retina: 

The distribution of the exchanger within the bovine retina tissue was examined using 

immunofluorescence microscopy. Retinal cryosections were first labeled with the MAb PMe 

2A11 and followed by goat anti-mouse conjugated to the fluorescent dye Cy3. As shown in Fig. 

20A, the rod photoreceptor outer segment layer was intensely labeled. Weak labeling of the 

inner segment layer was observed after prolonged exposure, but no labeling was seen in other 

neuronal cells of the retina nor in the cone outer segments, which are sparsely distributed just 

below the rod outer segment layer. Antibody labeling was specific since no fluorescence was 

observed when labeling was carried out in the presence of the 2A11 peptide (Fig. 20C). A 

similar pattern of labeling was observed with the other anti-exchanger MAbs (Table 3). 

The distribution of the exchanger within the photoreceptor cells was determined by 

immunogold labeling methods for electron microscopy (performed by Delyth M. Reid). When 

retinal tissue was labeled with the MAb PMe 2D9 conjugated to gold-dextran, gold particles 

were distributed on the extracellular surface of the ROS plasma membrane (Fig. 21). The base 

of the ROS, where the plasma membrane evaginates to form the disk, was also labeled, although 

at a lower density. No significant labeling was observed on the connecting cilium, calycal 

process, rod inner segment or cone outer segment (Fig. 21 B & C). 

3.4 Immunoaffinity purification of the exchanger: 

Purification of the exchanger using a PMe 2A11-Sepharose 2B matrix was compared to 

purification by DEAE followed by Red dye chromatography. As shown in Fig. 22A, the fraction 

obtained after DEAE followed by Red dye chromatography (lane c) had a number of Coomassie 
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Fig. 20: Immunofluorescence localization of the Na/Ca-K exchanger in retina tissue. 
Cryosections of bovine retina were labeled with the PMe 2A11 antibody in the absence (A) or 
presence (C) of competing peptide. The rod outer segment (ROS), rod inner segment (RIS) and 
nuclear layers are shown in the differential interference contrast micrograph (B). The MAb PMe 
2A11 specifically labels the ROS but not other neuronal cells of the retina. 
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Fig. 21: Immunoelectron microscopic localization of the Na/Ca-K exchanger in 
photoreceptors of retina. 
Bovine retina tissue was labeled with the PMe 2D9 antibody conjugated to 10 nm gold-dextran 
particles, and subsequently fixed and embedded in resin. Electron micrographs of rod 
photoreceptor cells (A and B) and a cone photoreceptor cell (C). The ROS plasma membrane 
including the basal region are labeled with gold particles (arrow), whereas the calycal process 
(c), cilium (cc), the cone outer segment (COS) and cone inner segment (CIS) are not labeled. An 
occasional gold particle is seen along the plasma membrane of the rod inner segment (RIS). 
Mitochondria (m) within the inner segment of rods and cones are indicated. Bar = 500 nm. 
(Performed by Delyth M. Reid.) 
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Blue stained bands that were not present in the immunoaffinity-purified fraction (lane b). 

Besides the 230 kDa exchanger, no other significant bands were observed in the immunoaffinity-

purified fraction by SDS-PAGE followed by Coomassie Blue staining. 

Functional assays have suggested that the exchanger and the cGMP-gated channel are 

associated (Bauer and Dreschler, 1992). The channel, however, was not observed in the 

immunoaffinity purified preparation by Western blot analysis using the anti-channel MAb PMe 

1D1 (Fig. 22A). Similarly, no cGMP-dependent Ca 2 + efflux activity was observed after 

reconstituting the immunoaffinity-purified fraction into lipid vesicles (data not shown). 

The immunoaffinity-purified exchanger was further characterized by Western blot 

analysis and functional reconstitution. Both MAbs PMe 2D9 and PMe 2A11 labeled the 230 

kDa exchanger and their respective proteolytic fragments (Fig. 22A). The activity of the 

immunoafffinity-purified exchanger was determined by measuring Na+-dependent Ca 2 + efflux 

activity after reconstituting the exchanger into lipid vesicles. As shown in Fig. 22B, ion 

transport activity was measured in the immunoaffinity purified fraction. Low activity was 

observed in the unbound fraction of the PMe 2A11-Sepharose column, indicating that the affinity 

matrix absorbed most of the exchanger. These results show that the exchanger can be purified in 

a functionally active state on the MAb PMe 2A11-Sepharose column. A 68 fold purification was 

obtained with an 18% recovery (Table 4). 

Table 4: Immunoaffinity Purification of the Na/Ca-K Exchanger 
Volume 

(ml) 

Protein 

(mg/ml) 
Uni ts a /ml Total 

Units 

Yield Units/mg Purification 

fold 

ROS 12.5 0.98 43.1 539 100% 44.0 1 

purif ied 
exchanger 

2.4 0.014 

i 2+ 
40.8 97.9 18% 2978 68 
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Fig. 22: Immunoaffinity purification of the Na/Ca-K exchanger. 
The exchanger was purified from the CHAPS solubilized ROS membranes on an antibody 
column (PMe 2A11 conjugated to Sepharose 2B beads) and eluted with the 2A11 peptide. (A) 
Bovine ROS membranes (a), immunoaffinity purified exchanger (b) and DEAE followed by red 
dye chromatography purified exchanger (c) were separated by 8% SDS PAGE for either 
Coomassie Blue staining (CB) or Western blotting with PMe 2D9, PMe 2A11 and PMe 1D1. 
(B) The PMe 2A11 bound and unbound fractions were reconstituted into Ca 2 + loaded vesicles 
for Na+ dependent Ca 2 + efflux assays. At time zero 50 mM NaCl was added to the assay. 
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3.5 Deglycosylation: 

Previous biochemical studies have indicated that the exchanger is a heavily glycosylated 

membrane protein (Cook and Kaupp, 1988; Reid et al, 1990). In this study, the type of 

glycosylation, N-linked or O-linked, was investigated by sequential enzymatic deglycosylation 

with neuraminidase and O-glycosidase or PNGase F. Removal of sialic acid residues with 

neuraminidase decreased the molecular mass of the exchanger from 230 kDa to 205 kDa by 

SDS-PAGE (Fig. 23, lane b). Treatment of the neuraminidase treated exchanger with O-

glycosidase further decreased the molecular mass to 180 kDa (Fig. 23, lane c). When the 

untreated, neuraminidase treated or O-glycosidase treated exchanger was subjected to PNGase F, 

no significant shift in mobility of the exchanger was observed (data not shown). These results 

suggest that the exchanger contains extensive O-linked and little or no N-linked carbohydrates. 

CB PMe2D9 

kDa 

a b c a b c 

Fig. 23: Deglycosylation of the Na/Ca-K exchanger. 
ROS membranes were treated with neuraminidase and solubilized in CHAPS detergent. The 
exchanger was then immobilized on PMe 2A11 -Sepharose, treated with endo-O-glycosidase and 
eluted with 3% SDS for analysis by Coomassie Blue staining (CB) and Western blotting with 
PMe 2D9. Lane a: ROS; lane b: exchanger treated with neuraminidase; lane c: exchanger treated 
with neuraminidase and endo-O-glycosidase. 
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3.6 Structure-Function Studies: 

Structure-function relationships of the exchanger were examined using the anti-

exchanger MAbs as probes to monitor the sensitivity of the exchanger to proteolysis. The effect 

of proteolysis on exchange activity was studied by reconstituting the exchanger into lipid 

vesicles for functional assays. 

3.6.1 Effect of Proteolysis on the Structure of the Exchanger: 

The panel of MAbs was used to identify regions of the exchanger that are sensitive to 

degradation by specific proteases. Intact ROS were incubated with trypsin, and membrane 

bound fragments were analyzed for immunoreactivity by Western blot analysis. As shown in Fig 

24A, MAb PMe 2D9 labeling was removed following trypsin digestion. A similar result was 

observed for the other MAbs that bound to the extracellular surface (see Fig. 19). In contrast, 

MAb PMe 2A11 labeled proteolytic fragments of 150 kDa, 135 kDa and 75 kDa. Extended 

proteolysis decreased the amount of the 150 kDa fragment but increased the amount of the 75 

kDa fragment. MAbs PMe 4G7 and PMe 1B3 produced the same labeling pattern as that of PMe 

2A11. These results indicate that a considerable part of the N-terminal domain of the exchanger 

extending up to and perhaps beyond the PMe 6E2 epitope (residue 350) is preferentially removed 

when intact ROS are digested with trypsin (Fig. 24B). 

Proteolysis of the exchanger with porcine pancreatic kallikrein was carried out using 

hypotonically lysed ROS. As shown in Fig. 25A, the MAb PMe 2D9 labeled a 180 kDa 

membrane bound proteolytic fragment, whereas the MAb PMe 2A11 epitope was degraded. The 

other MAbs localized to the extracellular side labeled the 180 kDa proteolytic fragment, while no 

labeling was observed with the MAbs localized to the cytoplasmic side in the kallikrein treated 
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Fig. 24: Proteolysis of the extracellular hydrophilic domain of the Na/Ca-K exchanger. 
(A) Intact ROS were treated with trypsin and then washed in the presence of SBTI before 
solubilizing in CHAPS. The untreated (a) and trypsin treated (b) ROS were separated on SDS 
polyaerylamide gels for either staining with Coomassie Blue (CB) or Western blotting with PMe 
2D9 or PMe 2A11 antibody. (B) Diagram illustrating the preferential removal of a large part of 
the extracellular loop based on the immunoreactivity of the anti-exchanger antibodies against the 
trypsin treated exchanger. 
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Fig. 25: Proteolysis of the intracellular hydrophilic domain of the Na/Ca-K exchanger. 
(A) Hypotonically lysed ROS membranes were treated with kallikrein and then washed in the 
presence of Pefabloc before solubilizing in CHAPS. The untreated (a) and kallikrein treated (b) 
ROS membranes were separated on SDS polyacrylamide gels for either staining with Coomassie 
Blue (CB) or Western blotting with PMe 2D9 or PMe 2A11 antibody. (B) Diagram illustrating 
the preferential removal of a large part of the cytoplasmic loop based on the immunoreactivity of 
the antibodies against the kallikrein treated exchanger. 

66 



samples. In summary, a large part of the cytoplasmic loop connecting transmembrane segments 

5 and 6 is selectively removed when lysed ROS are treated with kallikrein (Fig. 25B). 

3.6.2 Effect of Proteolysis on Na+-Dependent Ca 2 + Efflux Activity: 

The effect of limited protease treatment on exchange activity was determined by 

reconstituting the protease treated exchangers into lipid vesicles for Ca 2 + efflux assays. Both the 

kallikrein (data not shown) and trypsin treated exchangers displayed Na+-dependent Ca 2 + efflux 

activities similar to that of the untreated exchanger (Fig. 26 A & B). The trypsin treated and 

kallikrein treated exchanger had Km values for Na+ of 54±4 mM and 41 ±7 mM, respectively, 

while the untreated exchanger had a Km for Na+ of 46±4 mM (Fig. 27). Both protease treated 

exchangers maintained cooperativity for Na+ as indicated by the sigmoidal curve. The trypsin 

and kallikrein treated exchangers had a Hill coefficient of 2.9±0.2 and 2.7±0.2 (three 

experiments), respectively, while the untreated exchanger had a Hill coefficient of 2.9±0.6 (six 

experiments). These results suggest that most of the large extracellular and cytoplasmic domains 

are unlikely to play a significant role in Na+ or Ca 2 + transport. 

The Vmax for both protease treated exchangers, however, increased ~2 fold (Fig. 26). A 

similar increase in Na+-dependent Ca 2 + exchange activity was observed when intact ROS were 

treated with trypsin and then assayed for Ca 2 + efflux activity from the ROS (data not shown). 

Furthermore, a 2 fold faster ion transport rate was observed when the exchanger was first 

reconstituted into lipid vesicles and then treated with trypsin (Fig. 28 A & B ). The increase in 

activity was not due to the leakiness of the trypsin treated vesicles because an equivalent amount 

of calcium was released from the untreated and trypsin treated vesicles by A23187 (Fig. 28A). 

The increase in activity following proteolysis was therefore due to the removal of a specific 
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Fig. 26: Effect of trypsin on the Na+-dependent Ca + efflux activity of the Na/Ca-K 
exchanger. 
Untreated (A) and trypsin (B) digested ROS membranes were solubilized in CHAPS and 
reconstituted into Ca 2 + containing vesicles for Na+-dependent Ca 2 + efflux assays. The arrow 
indicates the addition of the indicated concentrations of NaCl. The release of Ca 2 + was 
monitored on a dual wavelength spectrophotometer at 650 and 730 nm using the Ca 2 + indicating 
dye Arsenazo III. 
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Fig. 27: Characterization of the Na+-dependent transport properties of the protease 
treated Na/Ca-K exchangers. 
Untreated and trypsin digested ROS (A) and untreated and kallikrein digested ROS membranes 
(B) were solubilized in CHAPS and reconstituted into Ca 2 + containing lipid vesicles for Na+-
dependent Ca 2 + efflux assays. The initial velocities (Vi) were normalized to the velocity (Vmax) 
at 100 mM NaCl and the data representing the mean from three experiments was fitted to the Hill 
equation V/Vmax=[Na+]7([Na+]n +Kmn) where Km and n are the Michaelis constant and Hill 
coefficient, respectively. (A) The untreated exchanger (O) had a Km=46 mM and n=3.1 and the 
trypsin treated exchanger (•) had a Km=54 mM and n=3.1. (B) The untreated exchanger (A) 
had a Km=46 mM and n=2.9 and the kallikrein treated exchanger (•) had a Km=40 mM and 
n=2.5. 
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Fig. 28: Increased activity of the exchanger reconstituted into vesicles and then treated 
with trypsin. 
After the ROS membranes were solubilized in CHAPS and reconstituted into lipid vesicles, one 
ml of the vesicle solution was treated with 5 fig/ml of trypsin. The digestion was stopped with 
15 ug/ml SBTI and then dialyzed for 1 h before passing through a Chelex-100 column. The 
untreated and trypsin treated vesicles were assayed for Na-dependent Ca 2 + efflux activity. In 
panel A, the first arrow indicates the addition of 50 mM NaCl and the second arrow indicates the 
addition of A23187 (calcium ionphore). Panel B shows the same assay as in panel A but with a 
shorter time-scale. 
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region of the exchanger and not to any enhanced detergent extraction or a more efficient 

reconstitution of the protease treated exchanger. 

On the other hand, more extensive proteolysis using a higher enzyme concentration or 

prolonging the digestion time decreased the exchange activity and eventually inactivated the 

exchanger. 

The reconstituted exchanger was treated with trypsin and analyzed by Western blot 

analysis to determine if the exchanger has a preferred orientation within the lipid vesicles. As 

shown in Fig. 29, both MAbs PMe 2D9 and PMe 2A11 labeled the proteolytically degraded 

exchanger suggesting that the exchanger is randomly oriented in the vesicles, in agreement with 

Ca 2 + efflux studies by Huppertz and Bauer (1994). 

3.6.3 Effect of Kallikrein Treatment on K+-Dependent Ca 2 + Efflux Activity: 

The kallikrein treated exchanger was reconstituted into lipid vesicles for Ca 2 + efflux 

assays in the presence or absence of K + in order to determine whether the cytoplasmic domain 

plays a role in K+-dependent Na+/Ca 2 + exchange activity of the rod exchanger. As shown in Fig. 

30, the activity of both the untreated and kallikein treated exchangers was faster in the presence 

of K + than in its absence, suggesting that the kallikrein treated exchanger maintained both K + -

dependent and independent Ca 2 + efflux activity similar to that of the untreated exchanger. 

Consistent with the previous studies, the activity of the kallikrein treated exchanger was found to 

be ~2 fold faster than that of the untreated exchanger. 
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Fig. 29: Western blots of the exchanger reconstituted into vesicles and then treated with 
trypsin. Vesicles were prepared and treated as described in the legend of Fig. 15. The untreated 
(lane a) and trypsin treated (lane b) vesicles were subjected to SDS-PAGE (8% gels) and 
electrophoretically transferred onto Immobilon membranes for labeling with MAbs PMe 2A11 
and PMe 2D9. 

Fig. 30: Effect of proteolysis on the K+-dependent Na/Ca exchange activity. 
Untreated (A) and kallikrein digested (B) ROS were solubilized in CHAPS and reconstituted into 
C a 2 + containing lipid vesicles in 100 mM choline chloride for activity assays in the absence or 
presence of 2.5 mM symmetrical KC1. C a 2 + release was initiated with 50 mM NaCl. 
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3.7 Ca + Binding to the Intracellular Domain: 

4 5 C a 2 + binding studies were performed to determine if the large intracellular domain has a 

Ca 2 + binding site, which is independent of the Ca 2 + transport site. Expression of the fusion 

proteins containing various regions of the cytoplasmic domain of the rod and cardiac exchanger 

was detected by Coomassie Blue staining and Western blot analysis. As shown in Fig. 31, PMe 

4G7 antibody labeled the rod exchanger-GST fusion proteins (lanes b, c and d), while C2C12 

antibody specifically labeled the cardiac exchanger-P galactosidase fusion protein and most 

likely its proteolytic fragments (lane a). The cardiac exchanger fusion protein bound 4 5 Ca 2 + , as 

previously shown by Levitsky et al., (1994); however, no 4 5 C a 2 + binding was observed for the 

rod exchanger fusion proteins (Fig. 31). These results indicate that the rod exchanger either does 

not have a Ca 2 + binding site in the large cytoplasmic domain or the Ca 2 + binding site could not be 

detected with the current experimental procedure. 

3.8 Hydrodynamic Properties of the Exchanger: 

Determining the molecular mass of a membrane protein in a non-denatured state is not a 

straightforward procedure because of the uncertainty in measuring the amount of detergent 

bound to the protein upon solubilization. Thus, the hydrodynamic properties of the detergent 

solubilized exchanger were determined by size exclusion chromatography and velocity 

sedimentation according to Clarke (1975). In this study, the molecular mass for the exchanger 

was estimated and its oligomeric nature was determined. 

The Stoke's radius of the Triton X-100 (TX-100) solubilized exchanger was determined 

by size exclusion chromatography on a Sepharose CL-4B column calibrated with well 

characterized marker proteins (Fig. 32 inset). The exchanger-detergent complex eluted from the 

column as a single broad peak with a Stoke's radius of 10 ± 0.2 nm (Fig. 32). 
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Fig. 31: 4 5 C a 2 + Binding to the intracellular domain. 
A) Fusion protein constructs (EX5, p630 and p430) of the rod exchanger containing the 
indicated regions of the cytoplasmic domain are shown in relation to the proposed topological 
model. B) After the cardiac (p240-679, lane a) and rod (EX5, lane b; p630, lane c; and p430, 
lane d) fusion proteins were expressed in E. coli, the cell extracts were separated by SDS-PAGE 
(8% gels) and either stained with Coomassie Blue or transferred onto nitrocellulose. Western 
blots were labeled with 4 5 C a 2 + or MAbs C2C12 and PMe 4G7. 
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The sedimentation coefficient and partial specific volume of the TX-100 solubilized 

exchanger were determined by velocity sedimentation through a 5%-20% sucrose gradient. The 

exchanger-detergent complex sedimented as a single species with a sedimentation coefficient of 

SH = 3.27 ± 0.21 S (n = 7) and SD = 1.65 ± 0.10 S (n = 4) in H 2 0 and D 2 0 based sucrose 

gradients, respectively (Fig. 33). The lack of a shift in the sedimentation of the exchanger 

relative to the marker enzymes in H 2 0 versus D 2 0 suggested that the exchanger bound only a 

small amount of detergent. From the sedimentation analysis, the exchanger-detergent complex 

had a calculated partial specific volume (v) of 0.739 ml/g. A value of 0.148 g of TX-100 bound 

per g of protein (Table 5) was calculated from the partial specific volume of the exchanger-

detergent complex. 

A molecular mass of 236 kDa was obtained for the exchanger-TX-100 complex from the 

sedimentation coefficient at standard state conditions (52o,w = 5.42 S), partial specific volume (v 

= 0.739 ml/g) and Stoke's radius (a = 10 nm). After correcting for the amount of bound 

detergent, a molecular mass of 205 kDa was obtained for the exchanger. 

Hydrodynamic properties of the CHAPS solubilized exchanger were obtained using the 

same methods. The CHAPS solubilized exchanger had a molecular mass of 214 kDa (Table 5). 

The large carbohydrate moiety on the exchanger was not taken into account in the above 

molecular mass calculations. When the sialic acid sugars were removed with neuraminidase, the 

partial specific volume of the exchanger-detergent complex increased to 0.754 ml/g, resulting in 

an increase in TX-100 bound to the protein (0.265 g of TX-100 per g of protein, Table 5). The 

neuraminidase treated exchanger had a calculated molecular mass of 174 kDa (Table 5), 

indicating that the exchanger contains a significant amount of carbohydrate. 
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Fig. 32: Gel filtration chromatography of the Triton X-100 solubilized Na/Ca-K exchanger. 
ROS membranes (150 |ig) solubilized in 1% Triton X-100 were applied to a Sepharose CL-4B 
column and fractions were assayed for the presence of the exchanger on Western blots labeled 
with the PMe 2D9 antibody and quantified by laser densitometry. Positions of the void volume 
(Vo), total volume (Vt) and marker proteins, thyroglobulin (T), ferritin (F), catalase (C), and 
aldolase (A) are indicated. The inset illustrates the calibration plot for marker proteins of known 
Stokes radii. 
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Fig. 33: Velocity sedimentation of the Triton X-100 solubilized Na/Ca-K exchanger. 
ROS membranes, solubilized in 1% Triton X-100, were sedimented through a 5-20% sucrose 
gradient prepared in H2O (upper panel) or D2O (lower panel) together with marker enzymes. 
Fractions were assayed for exchanger on Western blots labeled with the PMe 2D9 antibody and 
quantified by laser densitometry. Marker enzymes, malate dehydrogenase (M), aldolase (A) and 
catalase (C) sedimented at the indicated positions. 
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Table 5: Hydrodynamic Properties of the Bovine Rod Photoreceptor Na/Ca-K 
Exchanger and the Neuraminidase-Treated Exchanger0 

Parameter Triton X-100b CHAPS 0 

sedimentation coefficient (S^o.w) 5.42 ± 0.32 S 5.87 S 
(4.95 S) 

partial specific volume (v) 0.739 ± 0.025 ml/g 0.720 ml/g 
(0.754 ml/g) 

Stoke's radius (a) 10.0 ± 0.2 nm 9.4 ±0 .2 nm 
(9.6 ± 0.2 nm) 

molecular mass of exchanger- 236 ± 27 229 
detergent complex (kDa) (219) 

detergent binding 0.148 ±0.008 0.067 
(g/g of protein)0 (0.264) 

molecular mass of exchanger 205 ± 33 214 
(kDa) [free of detergent] (174) 

° The numbers represent the mean value and when indicated ± standard deviation 
calculated at the 90 % probability level. b Calculated from velocity sedimentation 
experiments in H2O (rc = 5) and D2O (rc = 4) sucrose gradients and three trials of 
Sepharose CL-4B chromatography. c Calculated from velocity sedimentation 
experiments in H 2 0 (rc = 2) and D2O (rc = 2) sucrose gradients and three trials of CL-4B 
chromatography. ° Calculated using v = 0.714 ml/g for the exchanger protein, v = 
0.908 ml/g for Triton X-100 and v = 0.81 ml/g for CHAPS. The values in parentheses 
represent the hydrodynamic properties of the neuraminidase treated exchanger from 
velocity sedimentation experiments in H 2 0 (rc = 2) and D2O (rc = 2) sucrose gradients 
and three trials of CL-4B chromatography. 

Assuming that 1) the amount of detergent bound to the exchanger in D 2 0 and H 2 0 are 

the same, 2) changes in viscosity due to fluctuations in temperature during centrifugation are 

negligible, and 3) the partial specific volume for the exchanger and the exchanger-detergent 

complex is additive (section 2.15 equation 7), the above results suggest that the Triton X-100 or 

CHAPS solubilized exchanger exists primarily as a monomer. 
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3.0 Oligomeric Nature of the Exchanger: 

3.9.0 Chemical Cross-linking: 

The oligomeric nature of the exchanger in the ROS membrane was examined by 

chemical cross-linking. ROS membranes were treated with the thiol-specific cross-linking 

reagent phenylene dimaleimide (pPDM), and the effect of the chemical modification on the 

exchanger was examined by Western blot analysis. As shown in Fig. 34, MAb PMe 2D9 labeled 

a high molecular mass cross-linked exchanger in pPDM treated membranes in addition to the 

230 kDa uncross-linked exchanger. Quantitation by laser densitometry indicated that -50% of 

the exchanger forms a cross-linked product. 

P M e 2 D 9 

230 k D a -

Fig. 34: Chemical cross-linking of the exchanger using a thiol specific reagent. 
ROS membranes were treated with the non-reducible thiol specific reagent pPDM. Untreated 
and pPDM treated ROS membranes were solubilized in Triton X-100 and separated by SDS-
PAGE (3.5% to 7.0% linear gradient) and then transferred onto an Immobilon membrane for 
labeling with the PMe 2D9 antibody. 
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The inefficient cross-linking observed with the homo-bifunctional reagent may be due to 

one or two reasons. First, the cysteine residues that form covalent bonds with the cross-linker 

may have been oxidized. Second, the two adjacent cysteines may have reacted with two separate 

cross-linkers and prevented the formation of cross-linked products. 

The possibility that the exchanger forms cross-links with another high molecular mass 

protein and not to itself has been extensively investigated. Evidence suggesting that the 

exchanger cross-links into a homodimer, and not a heterodimer, has been provided by Schwarzer 

etal. (1997). 

3.9.1 Sedimentation Analysis of the Cross-linked Exchanger: 

The sedimentation behavior of the cross-linked exchanger relative to the uncross-linked 

exchanger was analyzed by centrifugation through a H2O based sucrose gradient. MAb 2D9 

labeled two distinct immunoreactive species with different sedimentation rates (Fig. 35A). The 

slower of the two species, with a molecular mass of 230 kDa by SDS-PAGE, sedimented at the 

same rate as the uncross-linked exchanger in TX-100 extracts of untreated ROS membranes (Fig. 

35B & Fig. 33). The cross-linked exchanger migrated further into the gradient relative to the 

uncross-linked exchanger, in agreement with its increased mass. 

In some experiments, larger oligomeric species were found to sediment further into the 

gradient for both the cross-linked and the uncross-linked exchanger. Since no labeling was 

observed with PMe 2D9 higher than the 490 kDa cross-linked exchanger, the larger oligomeric 

species may be caused by the aggregation of the pPDM treated exchanger that can be disrupted 

by SDS but not DTT. 
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Fig. 35: Velocity sedimentation of the pPDM crosslinked Na/Ca-K exchanger. 
ROS membranes were cross-linked with pPDM, solubilized in Triton X-100 and sedimented 
through a 5-20% sucrose gradient prepared in H 2 O . Fractions were assayed for the 
noncrosslinked (-0-) exchanger (apparent Mr ~ 250 K by SDS-PAGE) and the crosslinked (-•-) 
exchanger (Mr - 490 K by SDS-PAGE) on Western blots labeled with the PMe 2D9 antibody 
(panel A) and quantified by laser densitometry (panel B). Positions of the marker enzymes, 
malate dehydrogenase (M), aldolase (A) and catalase (C) are indicated. 
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DISCUSSION 

The bovine rod photoreceptor Na/Ca-K exchanger has been cloned (Reilander et al, 

1992), but structure-function analysis of this protein has been limited due to the inability to 

express a functional exchanger in heterologous expression systems. In this study eight 

monoclonal antibodies have been generated against two immunodominant regions of the 

exchanger and used as probes to examine the structural and functional properties of exchanger 

and its distribution in the retina. 

4.1 Topological Organization: 

Recently, cysteine or N-glycosylation scanning mutagenesis studies have shown that the 

topology of some transporters deviate from its model based on hydropathy plots. These include 

the glucose (Turk et ah, 1996), GAB A (Bennett and Kanner, 1996) and glycine transporters 

(Olivares etal, 1997). 

In this study, the topological model of the rod exchanger based on hydropathy plots 

(Reilander et al, 1992) has been examined using anti-exchanger antibodies as probes. 

Immunoelectron microscopy studies show that the large, hydrophilic N-terminal domain is on 

the extracellular surface of the plasma membrane, while the hydrophilic segment connecting the 

two putative transmembrane domains is on the cytoplasmic side. These studies provide 

experimental evidence confirming the membrane topology of the exchanger purposed by 

Reilander et al, (1992). In this model a large extracellular N-terminal hydrophilic domain 

precedes a membrane domain consisting of 5 transmembrane segments. A large intracellular 

hydrophilic domain connects the first membrane domain to a second hydrophobic domain 

consisting of 6 transmembrane segments (Fig. 36). The binding sites of the antibodies in context 
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Fig. 36: Topological model for the rod Na/Ca-K exchanger. 
The model is based on hydrophobicity profiles and localization of the epitopes for antibodies 
PMe 4G1, PMe 2D9, PMe 3D12 and PMe 6E2 to the extracellular side and the epitopes for 
antibodies PMe 4G7, PMe 1B3 and PMe 2A11 to the intracellular side of the ROS plasma 
membrane. Several possible sites for O-linked glycosylation and conserved consensus sites for 
N-linked glycosylation are shown. The repeat regions that contain the epitope for PMe 2A11 are 
shown with shaded bars. The model also indicates the two a repeat regions. The numbers 
indicate the amino acid positions in the primary structure of the bovine exchanger as reported by 
Reilander et a/.(1992). 
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to the topological model of the rod exchanger are shown in Fig. 36. Further studies are required 

to elucidate the detailed organization of the transmembrane segments of the rod exchanger and 

its proximal regions. 

Hydropathy analysis of the Na/Ca-K exchanger (NCK2) from the rat brain (Tsoi et al., 

1998) and the cardiac-type Na/Ca exchanger (NCX) isoforms (Nicoll et al., 1996a) also predict a 

similar membrane topology as the rod exchanger. NCK2 and NCX isoforms, however, lack the 

large N-terminal hydrophilic domain. 

4.2 Glycosylation: 

Previous biochemical studies have shown that the exchanger is heavily glycosylated 

(Cook and Kaupp, 1988; Reid et al., 1990), but the type of glycosylation is unknown. Studies 

with neuraminidase and O-glycosidase indicate that the exchanger contains extensive O-linked 

oligosaccarides. Removal of the O-linked carbohydrates decreases the apparent molecular mass 

of the exchanger by SDS-PAGE from 230 kDa to 180 kDa. 

The sites of O-linked glycosylation are unknown. The inability to detect Ser 84, Thr 234, 

Thr 244 and Thr 245 during peptide sequencing (Reilander et ah, 1992), however, suggests that 

these residues are covalently modified. Furthermore, these four residues are within a cluster of 

other serines and threonines juxtaposed to a proline. This distribution of amino acids has been 

proposed to be a characteristic consensus sequence of O-linked glycosylation (Jentoft 1990) and 

has been found in other O-linked glycoproteins such as glycophorin (Pisano et al, 1993). 

Sequence alignment of the bovine exchanger with the recently cloned human orthologue 

indicates that these four residues are conserved even though the surrounding sequences lack 

identity (Fig. 37). 
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LIISVMLEDRIISCPVSV 1199 
LIISVMLEDRIISCPVSV 1099 
LWSVLLEDKVLEC PVSI 67 0 

Fig. 37: Protein sequence alignment of the Na/Ca-K exchangers. The bovine (NCK1BOV) 
(Reilander et al., 1992) and human (NCK1HUM) (Tucker et al., 1998) rod photoreceptor 
exchangers and the rat (NCK2RAT) brain exchanger (Tsoi et al., 1998) amino acid sequences 
were aligned with the Clustal program (PC gene, Intelligenetics), and the first transmembrane 
segment (HO) for the rat sequence was further optimized manually. Identical residues are 
indicated by an asterisk and similar residues are indicated by a dot. The putative membrane 
spanning helices (H0-H11) are underlined and the alignment gaps are indicated by dashes. 
Potential O-linked (S84, T234, T244 and T245) and N-linked (N129 and N290) glycosylation 
sites on the rod photoreceptor exchangers are indicated by diamonds and stars, respectively. 
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Studies with PNGase F suggest that the exchanger is not extensively N-glycosylated. 

Sequence alignment of the bovine and human exchangers indicate two conserved consensus N-

linked sequences (Fig. 37). If the exchanger has a small amount of N-linked oligosaccharides, 

the putative glycosylation site(s) may be Asn 129 and 290 (Fig. 36). 

4.3 Distribution of the Exchanger: 

Immunofluorescent and immunogold labeling studies have provided evidence for the 

cellular and subcellular distribution of the exchanger in the retina. The Na/Ca-K exchanger is 

expressed in the outer segments of rod photoreceptor cells but not in the other neuronal cells of 

the retina. Within the ROS, the exchanger is exclusively localized in the ROS plasma 

membrane. Similar results have been reported by Haase et ah, (1990) and Reid et al. (1990). 

The anti-exchanger MAbs do not label cone photoreceptors. Electrophysiological 

studies, however, have shown that cone photoreceptors contain a Na+-dependent Ca 2 + exchanger 

(Nakatani and Yau, 1989). Therefore, the lack of cone labeling with the rod exchanger MAbs 

suggests that two distinct genes encode for the rod and cone exchangers. Other proteins with 

similar functions in rod and cone photoreceptors have been shown to be encoded by separate 

genes. These proteins include the opsins (Chiu et al., 1994), transducin (Lerea et al., 1986), 

phosphodiesterase (Hurwitz et al., 1985), and the cGMP-gated channel (Bonigk et al., 1993; 

Pittler et al, 1992). 

4.4 Immunoaffinity Purification: 

Purification methods by Cook and Kaupp (1988) or Nicoll and Applebury (1989) require 

several different affinity matrices, whereas the immunoaffinity purification described here 
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utilizes a single step isolation procedure. The exchanger can be efficiently purified on a PMe 

2A11-Sepharose column, and subsequently eluted with the corresponding peptide in a 

functionally active state. No other proteins are observed in the immunoaffinity-purified fraction 

by SDS-PAGE followed by Coomassie Blue staining. These results suggest that the detergent 

solubilized exchanger does not appear to interact with other ROS membrane proteins. Due to the 

limitations of immunoaffinity purification and CB stained gels, in vivo interactions of the 

exchanger with other proteins may be disrupted or may not be detected. 

Ca 2 + efflux assays have suggested that the exchanger and the cGMP-gated channel are 

associated in the ROS membranes (Bauer and Drechsler, 1992). However, the channel was not 

detected in the purified fraction of the exchanger by either western blotting or Ca 2 + efflux assays. 

Similarly, immunoaffinity purification of the channel complex by Hsu and Molday (1993) has 

also indicated a lack of association between the exchanger and the channel. In contrast, 

immunoaffinity purification studies by Molday and Molday (1998) have shown that 

manipulating the solubilization conditions can result in the co-purification of the channel and 

exchanger. Taken together the above results suggest that the channel and exchanger may be 

associated in ROS membranes and that this interaction can be disrupted or maintained depending 

on the detergent solubilization conditions. Further studies are required to ascertain whether the 

exchanger and the channel are indeed associated. 

4.5 Effect of Proteolysis on Exchange Activity: 

The difference in stoichiometry for Na+ and K + dependence between the rod exchanger 

and the NCX isoforms may reside in the extracellular and/or the intracellular domains. The 

functional role of the large extracellular and intracellular domains in exchange activity of the rod 
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exchanger has been examined by limited proteolysis followed by functional reconstitution. 

When a large part of the N-terminal domain, at least the first 350 residues, is removed with 

trypsin, the Na+-dependerit Ca 2 + exchange activity remains essentially unaffected with respect to 

the cooperativity and affinity for Na+. Likewise, when a significant part of the large cytoplasmic 

loop is degraded with kallikrein, the exchanger exhibits not only Na+-dependent Ca 2 + transport 

with a similar Km and Hill coefficient as the native exchanger but also K+-dependent Ga 2 + 

transport. These results indicate that the large hydrophilic domains do not play a significant role 

in ion transport. 

Studies of other ion transporters have also shown that the cytoplasmic domain is not 

required for transport activity. The Na-H exchanger (Wakabayashi et al., 1992), cardiac NCX 

(Matsuoka et al., 1993) and erythrocyte anion transporter (Grinstein et al., 1978; Linsey et al., 

1990) retain ion transport activity following the removal of the cytoplasmic domain. 

Instead, the transmembrane domains and possibly the proximal hydrophilic regions 

mediate ion binding and transport. The high sequence identity within the membrane spanning 

regions between the bovine rod photoreceptor exchanger (Reilander et al., 1992) and the recently 

cloned human rod photoreceptor (Tucker et al., 1998) and rat brain (Tsoi et al., 1998) Na/Ca-K 

exchangers support the importance of these domains in the ion transport function of these 

proteins (Fig. 37). 

Interestingly, removal of either the extracellular or intracellular domain increased the 

Vmax of the rod exchanger transport activity by ~2 fold relative to the untreated exchanger. A 

similar increase in activity of the rod exchanger has been observed following chymotrypsin 

treatment (Nicoll et ah, 1991). The bulky hydrophilic domains may sterically hinder the 

conformational change that facilitative ion transporters undergo as part of the transport 
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mechanism (Niggli and Lederer, 1991; Stein 1990). Thus, removing these bulky hydrophilic 

domains may permit the exchanger to undergo more rapidly a conformational change required 

for the translocation of ions across the membrane bilayer. 

A similar increase in activity of other exchangers has also been observed following mild 

protease treatment. Limited proteolysis of the cardiac NCX (Nicoll et al, 1991; Philipson and 

Nishimoto, 1982) and Na-H exchanger (Weinman et ah, 1992) stimulated their exchange 

activity. In these studies, however, degradation of the protein was not monitored and the ion 

transport properties were not characterized thoroughly. The increase in transport activity was 

suggested to be due to the removal of an inhibitory domain. 

Other modifications have also been shown to stimulate the transport activity of the 

cardiac NCX in vesicles. The activity of the cardiac NCX is potentiated when vesicles are 

treated with phospholipase (Philipson and Nishimoto, 1984) or if the exchanger is reconstituted 

into vesicles with a higher cholesterol (Vermuri and Philipson, 1988) or unsaturated fatty acid 

content (Philipson and Ward, 1985). All of these procedures increase the fluidity of the 

membrane. This may facilitate a conformational change of the cardiac NCX required for ion 

transport. 

4.6 Functional Significance of the Large Hydrophilic Domains: 

4.6.1 Extracellular Domain: 

The functional role of the extracellular domain of the rod exchanger is unknown. The 

carbohydrates on the N-terminal domain do not appear to be necessary for function, since no 

significant effect is observed on the transport activity of the exchanger after the removal of the 

extracellular domain. Likewise, the cardiac NCX (Hrysko et al, 1993), Na-H exchanger 
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(Counillon etal., 1994), anion (Groves and Tanner, 1994), glucose (Wheeler and Hinkel, 1981), 

glutamate (Conradt et al., 1995), norepinephrine (Melikian etal., 1994) and glycine (Nunez and 

Aragon, 1994) transporters are also glycosylated; the oligosaccharide chains on these proteins 

are not required for functional activity. On the other hand, removal of sialic acid residues from 

the rat brain dopamine transporter has been shown to decrease its transport activity (Zaleska and 

Erecinska, 1987). 

Perhaps glycosylation plays a role in the proper folding and targeting of the rod 

exchanger. Heterologous expression studies have shown that the deglycosylated glucose (Asano 

et al., 1993), erythrocyte anion (Groves and Tanner, 1994), glycine (Olivares et al., 1995), 

norepinephrine (Melikian et ah, 1994) and serotonin (Tate and Blakely, 1994) transporters are 

not properly folded and targeted to the plasma membrane. 

Another possible function for the carbohydrates on the extracellular surface of the rod 

exchanger may be to anchor the interphotoreceptor matrix to the ROS or to mediate cell-cell 

interactions between the ROS and the adjacent retinal pigment epithelium (RPE). The rod and 

cone outer segments are continually phagocytosed by the retinal pigment epithelium. The 

protein(s) involved in this process has yet to be determined. Since the rod exchanger is the only 

plasma membrane protein found to date that has a large, glycosylated extracellular domain, it 

may serve as the candidate cell surface protein that binds to receptors on the RPE cells. Recently 

a mannose receptor has been shown to be present in RPE cells (Lutz et al, 1995). Since the rod 

exchanger binds to Concanavalin A (Cook and Kaupp, 1988), a lectin that has an affinity for oc-

mannose and a-glucose, the exchanger may be the ligand for the mannose receptor. 

The carbohydrates on the exchanger may also interact with a member of the selectin or 

sialoadhesion family of receptors. The role of the selectin family of receptors is to initiate the 
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interaction of leukocytes with the endothelial cells required for the movement of the leukocytes 

from the bloodstream into tissue (Lasky 1992). The biological role of the sialoadhesion 

receptors is broad yet these receptors share a common function in cell-cell interaction. The 

defining characteristic of the selectin ligands is the local high density of O-linked sialo-

oligosaccharides (Lasky et al.,1992; Baumhueter et al., 1993; Berg et al., 1993; Sako et al, 

1993); the sialoadhesion receptors have a high specificity for sialic acid residues (Kelm et al, 

1996). Although neither family of lectin-like receptors have been shown to be present in RPE 

cells, the extensive O-linked sialoglycosylation of the exchanger suggests that it may be a ligand 

for an existing or a novel member of the lectin-type of receptors yet to be found in RPE cells. 

The dense array of sialic acid residues on the exchanger may have two opposing 

functional implications. The extended configuration of the oligosaccharides from the protein 

backbone may allow the exchanger to present itself to a receptor, and yet the negative charge 

imparted by the sialic acid residues may provide the rod outer segment with a negative charge 

that prevents non-specific cell-cell interactions. A bifunctional role for the cell surface 

carbohydrates has also been suggested for the selectin ligands (Shimizu and Shaw, 1993) and 

leukosialin (Fukuda, 1991). Glycophorin, another highly O-glycosylated plasma membrane 

protein, has been suggested to prevent the aggregation of erythrocytes (Fukuda, 1993). 

Another possible role for the carbohydrates may be to protect the exchanger from 

proteolytic attack. The variable amount of proteolytic fragments present in the different ROS 

preparations suggests that the exchanger is highly sensitive to degradation. 
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4.6.2 Cytoplasmic Domain: 

The functional role of the intracellular domain also remains to be determined. The bovine 

rod exchanger and its human orthologue share limited sequence similarity within the cytoplasmic 

domain except in the N-terminal region of the cytoplasmic loop (Fig. 37). This region of the 

exchanger may contain a regulatory Ca 2 + binding site similar to the one present in the cardiac 

exchanger (Matsuoka et al., 1995). The cytoplasmic domain of the rod exchanger, however, did 

not bind 4 5 C a 2 + under the same conditions that the cardiac exchanger bound 4 5 Ca 2 + . These results 

suggest that either the rod exchanger has a unique Ca 2 + binding motif or does not have a 

regulatory Ca 2 + site in the cytoplasmic domain. 

Studies on salamander and bovine ROS have shown that the intracellular Ca 2 + level 

reaches a minimum of 50-100 nM (Gray-Keller and Detwiller, 1994; Schnetkamp et al., 1991a).-

In the absence of Ca 2 + influx, however, an exchange stoichiometry of 4 Na+/ ICa 2 + , 1 K + 

indicates that thermodynamically, the exchanger should be able to lower the intracellular Ca 2 + 

concentration even further based on the equation: 

(1) [Ca 2 + M Ca 2 +] 0 = ([Na+]i/[Na+]0)4([K+]0/[K+]i) exp(VmzF/RT) 

where subscripts i and o refer to intracellular and extracellular concentrations, respectively, V m is 

the membrane potential, z is the net charge transported after each transport cycle, F is the 

Faraday's constant, R is the Gas constant, and T is the temperature. The inactivation of the Na+-

9-4-

dependent Ca efflux mode of the rod exchanger has been suggested to prevent the intracellular 

Ca 2 + concentration from reaching detrimentally low levels (Schnetkamp et al., 1991a; 

Schnetkamp 1995). The conserved N-terminal region of the cytoplasmic loop may somehow 

serve as a Ca 2 + sensor and regulate the inactivation of the exchanger. 
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Another possible role for the intracellular domain may be to interact with other proteins. 

As previously mentioned (section 4.3), the channel and the exchanger are suggested to be 

associated. The juxaposition of the channel and the exchanger may play a significant role in 

regulating the intracellular calcium levels, perhaps by a positive or negative feedback 

mechanism. Alternatively, the cytoplasmic loop may be involved in the interaction with 

cytoskeletal elements. The cardiac exchanger (Li et al., 1993) and band 3 (Low, 1986) have 

been shown to interact with ankyrin. Perhaps, the cytoplasmic loop interacts with the 

filamentous-like structures that connect the disks to the plasma membrane (Usukura and 

Yamada, 1981). 

4.7 Oligomeric Nature of the Exchanger: 

The oligomeric state of the bovine rod Na/Ca, K exchanger has been deduced from the 

hydrodynamic properties of the detergent solubilized exchanger. Solubilizing the exchanger in 

CHAPS appears to maintain the native conformation, since the exchanger can be reconstituted 

into lipid vesicles for functional assays. Thus, the hydrodynamic measurements reflect that of 

the native conformation. From these measurements, a molecular mass of 205 kDa for the Triton 

X-100 or 214 kDa for the CHAPS solubilized exchanger is determined. These values are 

considerably higher than 130 kDa for a monomer and lower than 260 kDa for a dimer, calculated 

from its amino acid sequence. 

Since the large carbohydrate moiety on the exchanger has not been taken into 

consideration in these molecular mass calculations, the measured value most likely represents the 

mass of a monomer. The difference between the estimated and the predicted molecular mass of 

the monomer would be smaller, if the carbohydrates were accounted for in the calculation of the 
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predicted molecular mass of 130 kDa and the partial specific volume of 0.714 ml/g for the 

exchanger (see section 2.15). The low partial specific volume of carbohydrates would decrease 

the overall partial specific volume of the exchanger (vp), thereby increasing the amount of 

detergent bound and decreasing the molecular mass of the exchanger (MM p r o t e in ) according to the 

equation 

(7) M M p r o t e i n = (MM c o m p i e x ) / [ l+(v c -Vp ) / (v d -v c ) ] (section 2.16) 

Furthermore, the low partial specific volume of the carbohydrates may have 

counterbalanced the effect of the high partial specific volume of the detergent bound to the 

exchanger during velocity sedimentation. Thus the carbohydrates may have caused the lack of a 

shift in the sedimentation rate between the D 2 0 versus H 2 0 based sucrose gradient, leading to an 

underestimate of the partial specific volume of detergent-exchanger complex (0.714 ml/g) and an 

overestimate of the M M p r o t e i n (205 kDa). Indeed, removal of the sialic acid residues increased 

the partial specific volume to 0.754 ml/g for the exchanger-detergent complex and decreased the 

molecular mass to 175 kDa, a value closer to the predicted value of 130 kDa. Taken together, 

the above results support the view that the exchanger solubilized in Triton X-100 or CHAPS 

exists as a monomer. 

4.8 Cross-linking: 

The oligomeric state of the rod exchanger has also been studied by chemical cross-

linking and velocity sedimentation analysis. Chemical cross-linking studies of the exchanger 

within the plasma membrane have shown that the exchanger forms homodimers (Schwarzer et 

al., 1997). Due to the inefficient cross-linking of sulfydryl specific cross-linker, only 50% of the 

exchanger formed cross-linked products. When the cross-linked exchanger was analyzed by 
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velocity sedimentation, the cross-linked exchanger migrated farther into the gradient than the 

uncross-linked exchanger, which sedimented at the same rate as the monomeric exchanger (Fig. 

35). The difference in sedimentation rate between cross-linked and uncross-linked exchanger 

suggests that the exchanger is associated as a dimer within the plasma membrane but dissociates 

into a monomer in the absence of cross-linking upon detergent solubilization. 

The oligomeric state of other members of the 12 transmembrane family of transporters 

has also been studied. The Na-H exchanger (Fafournoux et al., 1994), Na-glucose transporter 

(Pessino et al., 1991) and band 3, the erythrocyte anion transporter, (Casey and Reithmeier, 

1991, 1993; Steck, 1972) have been shown to be homodimers. On the other hand, hydrodynamic 

measurements have indicated that the Na+ and Cl" coupled glycine transporter exists as a 

monomer in CHAPS (Lopez-Corcuera et al., 1993). Whether the glycine transporter is a dimer 

in the plasma membrane requires further investigation. 

4.9 Function: 

What is the functional subunit stoichiometry of the exchanger? The near complete 

oxidation of the exchanger in the membrane into a homodimer along with the activity 

measurements of the exchanger in intact ROS by electrophysiological or biochemical methods 

indicate that the exchanger functions as a dimer. On the other hand, the reconstituted exchanger 

was inefficiently cross-linked but still displayed exchange activity. Whether the transport 

activity of the reconstituted exchanger is due to the monomeric or dimeric species remains to be 

investigated in detail. 

Although other transport proteins form dinners and sometimes higher oligomers, the 

functional significance of oligomerization remains uncertain. Both the monomeric and dimeric 
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forms of the Na-glucose transporter (Burant and Bell, 1992; Pessino et al., 1991) and the anion 

exchanger (Lindenthal and Schubert, 1991) have been shown to be functional. 

4.10 Conclusion: 

The experiments described in this thesis provide insight into the structure-function 

relationships and the topological organization of the bovine rod photoreceptor Na/Ca-K 

exchanger. The heavily O-linked sialoglycosylated rod exchanger is exclusively localized in the 

plasma membrane of the ROS. The rod exchanger has a large N-terminal extracellular domain 

followed by a membrane domain consisting of 5 membrane spanning segments. The first 

membrane domain is connected to a second membrane domain consisting of 6 membrane 

spanning segments by a large intracellular domain. Removal of the large hydrophilic domains 

has been shown to have no significant affect on the Na+ or K+-dependent Ca 2 + transport activity 

of the rod exchanger. Thus, the transmembrane domains or regions proximal to the hydrophobic 

domains of the exchanger appear to mediate ion binding and translocation across the bilayer. 

The transport of ions, however, are stimulated by the removal of the large hydrophilic domains, 

perhaps by permitting a faster conformational change. Finally, the rod exchanger appears to be a 

homodimer in the membrane but dissociates into a monomer upon solubilization in detergent. 

4.11 Future Directions: 

Although the three dimensional structure of a few membrane proteins has been 

successfully determined by X-ray crystallography, in general determining the structure of 

membrane spanning proteins by either X-ray crystallography or NMR has been futile. Until the 

technical problems in determining the structure of membrane proteins by crystallography and 
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NMR are overcome, the topological model of the rod exchanger can be refined by alternative 

approaches. Structures of the large hydrophilic extracellular and intracellular domains of the rod 

exchanger could be determined by separately expressing these domains in bacterial or insect 

cells for crystallography and/or NMR studies. The organization of the membrane spanning 

segments and the regions proximal to the hydrophobic regions of the rod exchanger can be 

determined by cysteine or N-glycosylation mutagenesis studies. 

While the present study indicates that the rod exchanger exists as a dimer in the plasma 

membrane, the cysteine residues involved in the cross-linking have not been defined. Site-

directed mutagenesis studies may identify the residues responsible for the cross-linking and 

thereby indicate the regions of the exchanger that are proximal to each other. The functional unit 

of the exchanger appears to be uncertain. Functional reconstitution of the cross-linked and 

uncross-linked exchanger following velocity sedimentation would indicate whether the ion 

transport properties of the monomer and dimer are different. 

An intriguing question raised in this study concerns the molecular mechanism of ion 

transport. Structural information of the rod exchanger may help to determine the different 

conformational states of the exchanger during ion transport and the enhanced turnover rate 

following the removal of the large hydrophilic domains. Does the protease treated exchanger 

undergo the same conformational change as the untreated exchanger? 

The cardiac NCX and the rod photoreceptor exchanger share little sequence similarity but 

both proteins exhibit Na+-dependent Ca 2 + exchange activity. Site-directed mutagenesis studies 

of the rod exchanger, rat brain NCK2 and the cardiac NCX1 may identify the residues 

responsible for the binding and transport of Na+, Ca 2 + and K + . The results from these studies 

may also clarify whether the rod exchanger exhibits K + independent exchange activity. 
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Studying protein-protein interactions with the yeast two-hybrid system could provide 

some insight into the function of the large extracellular and intracellular domains. The large 

hydrophilic domains could be used as bait to screen the yeast two-hybrid bovine retinal library to 

identify potential proteins that interact with the exchanger. The extracellular domain may 

interact with a receptor in the retinal pigment epithelial cells or a protein in the inter-

photoreceptor matrix. The intracellular domain may interact with a modulator of the exchanger 

or a cytoskeletal element. 

Phosphorylation studies could determine whether the rod exchanger is regulated by a 

kinase/phosphatase mechanism. 

Several ROS proteins have been identified as the cause for retinal degeneration, a 

hereditary group of diseases that is characterized by the degeneration of the rod and/or cone 

photoreceptors and the eventual loss of peripheral or central vision. The recent cloning of the 

human orthologue has indicated that it is most likely not linked to a disease causing retinal 

degeneration. To determine whether mutations resulting in a non-functional exchanger are 

lethal, cause blindness or have no affect on vision, a transgenic mouse with the corresponding 

mutation(s) in the rod exchanger would provide insight into the functional importance of the 

exchanger. 
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APPENDIX 

Partial Specific Volume of the Rod Exchanger 

sDecific volumes of amino acid residues 

mw cm3/mol # of aa grams cm3 

giy 57.05 35.8 116 6617.8 4152.8 

ala 71.07 52 88 6254.2 4576 

val 99.13 82.4 80 7930.4 6592 

leu 113.16 99.1 101 11429 10009 

ile 113.16 99.1 67 7581.7 6639.7 

phe 147.18 112.8 35 5151.3 3948 

ser 87.08 51.9 94 8185.5 4878.6 

thr 101.11 68.4 83 8392.1 5677.2 

met 131.2 96.9 33 4329.6 3197.7 

cys 103.14 65 6 618.84 390 

tyr 163.18 114.7 18 2937.2 2064.6 

trp 186.22 135.5 20 3724.4 2710 

asp 114.08 65.4 57 6502.6 3727.8 

glu 128.11 77.5 142 18192 11005 

asn 114.1 69.6 33 3765.3 2296.8 

gin 128.13 85.5 36 4612.7 3078 

lys 129.18 100.1 51 6588.2 5105.1 

arg 157.2 118.9 50 7860 5945 

his 137.14 90.4 12 1645.7 1084.8 

pro 97.12 72.6 77 7478.2 5590.2 

H20 18 6.6 

total 1199 129815 92675 

Vexchanger (cm3/g) 0.7139 
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Sedimentation Calculations continued 

Veomplex (ml/g) 0.738 ((SD)(n oavg)/(SH)(ti Havg))-1 /((pHavg)(So)(Ti davg)/(SH)(T| havg))-pHav( 

\ I 
S20.W (sec) 5.34 ((SD(nOavg/1.004))((1-((Vcompl«x)(0.9988)))/((1-((Vcomplex)(pDavg))) 

I 
MMcomplex (g/moO 213364 ((67t)(NA)(o)(SM.w)(Tl20.w))/((1-((Vco<nple»)(p20.w))) 

I 
g detergent/g protein 0.0141 (Veomplex - Vprotein)/(VTX-1O0 - Veomplex) 

1 
MMprotein + carbohydrate 186986 (MMcompiex)/(1 + (g detergent/g protein)) 

Abbreviations: 
vol 
dis 

tot 

volume 

distance 

total 

S u n sedimentation coefficient at x°C in medium y 

S o sedimentation coefficient i n 0 2 O 

S H sedimentation coefficient in H 2 0 

S20.W sedimentation coefficient in H 2 0 at 2 0 ° C 

T) Davg viscosity in D 2 0 

T|Havg viscosity in H 2 0 

poavg density in D 2 0 

pHavg density in H 2 0 

Veomplex partial specific volume of complex 

N A Avagadro's number ( 6 . 0 2 E + 2 3 ) 

" Stoke's radius 

M M molecular m a s s 
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CALCULATION OF THE TCali 

Derivation of the equation 

G = G° + RT InC + zFY partial molar free energy or chemical potential (some text use the 
symbol pi) 

AG = (G of ion inside) - (G of ion outside) 
AG_= G° + RTlnG + zF*F - (G° + RTlnCo + zFY) 
AG_= RT (lnG - lnCo)+ zFA*¥ 
AG = RT (lnCi/Co)+ zFAY 

To reach equilibrium: Gca + GK = GNQ I I 
ML 

RT ln[Ca]i/[Ca]o + 2FAlF + RT ln [K]i/[K]o + 1FAY = 4 (RT ln[Na],/[Na]o -r-lFAY) 
RT ln[Ca]i/[Ca]o = RT ln [K]o/[K]i + 4RT ln[Na]i/[Na]0 + 4FAVF - 2FAY - 1FAT 
RT ln[Ca]i/[Ca]o = RT ln [K]0/[K]i + 4RT ln[Na]i/[Na]o + FAY 
ln[Ca]i/[Ca]o = ln [K]o/[K]i + 4 ln[Na]i/[Na]o + (FA»F)/(RT) 

note ln e = 1 
ex = 1/lruc 

ie. [Ca]i = [Ca]o([Na]i/[Na]o)4([K]o/[K]i) exp(AW/RT) 

If the ionic concentrations were as follows: 
[Na+]i = 10 mM R (gas constant) 8.314 J K" mol" 
[Na+]o = 110 mM F (Faraday's constant) 96,480 J V" mol" 
[K+]i = 110 mM T (temperature at 25°C) 298 K 
[K+]o = 2.5 mM z charge of ion 
[Ca]o = 1 mM 
AY = -55 mV 

[Ca]i = (1)((10)4(2.5))/((110)4(110))exp[((-0.055)(9.648xl04))/((8.314)(298))] 
[Ca]i= 1.8xl0"10M 

0.18 nM 

If an exchange stoichiometry of 3Na+ for lCa 2 + were used, the [Ca]i would be calculated as 
follows: 

[Ca], = [Ca]0 ([Na]i/[Na]0)3 exp(VmZF/RT) 

[Ca]; = (1)((10)3(2.5))/((110)3(110))exp[((-0.055)(9.648xl04))/((8.314)(298))] 

[Ca]j= 8.8xl0"8M 
88 nM 
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