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Abstract

We exam ined the role of glutam ate in regulating CAII/bicarbonate 

transporter (BT) interaction, a complex that has been called the bicarbonate 

transport metabolon. Binding of CAII, the enzyme that catalyzes the conversion 

of C 0 2 into H C 03', to the C-terminus of a BT enhances bicarbonate transport. We 

expressed the C-terminal cytoplasmic tails of the BTs AE1 and SLC26A6 as GST 

fusion proteins. Using a microtitre dish binding assay we measured CAII 

binding to AElCt and SLC26A6Ct. Glutamate disrupted the interaction between 

CAII and BTs. The affinity of CAII for AE1 and SLC26A6 was decreased by 

110 ± 17% and 85 + 2%, respectively. The glutam ate effect was specific as 

gluconate, leucine and aspartate did not affect CAII/BT binding affinity. 

Glutamate did not affect CAII catalytic activity. This thesis describes a novel 

mechanism for regulation of the bicarbonate transport metabolon and an 

approach for identifying more sites of regulation.
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Chapter 1 

Introduction
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1.1 Maintenance of pH homeostasis

1.1.1 Balance of acids and bases to maintain intracellular pH

The maintenance of physiological intracellular pH  (pH^) is critical for 

sustaining cellular life. Cellular proteins are pH dependent for maintenance of 

structure and activity [1-3]. Not only will large changes in pH  alter the structure 

of a protein due to a shift in amino acid interactions, but also smaller shifts in pH; 

can regulate cellular functions [1]. Most mammalian cells maintain a steady-state 

pHi of 7.1 - 7.2 despite the negative resting m em brane potential and the 

generation of H+ through metabolic activity [1].

pH  can be regulated by the removal of H + from the cell or alternatively, 

the influx of a natural buffer into the cell to neutralize the pH. There are 

transporters and channels located in the plasma membrane involved in both 

processes. The removal of H+ from the cytosol is m ediated by the Na+/H + 

exchanger proteins (NHE) [4, 5], and the addition of the intracellular buffer, the 

alkaline molecule H C 03', is mediated by the family of bicarbonate transporters. 

When H C 03' is moved into the cytosol it interacts with free H+ and through the 

activity of the enzyme carbonic anhydrase will reversibly convert to C 0 2 and 

H20  thereby effectively removing free H+ and increasing cytosolic pH.

The NHEs and the bicarbonate transporters work together in multiple 

tissues throughout the body, in particular in cardiomyocytes [6], the pancreas [7], 

and the kidney [8, 9]. H ow ever, it is the process by which the bicarbonate 

transporters neutralize cytosolic pH that is important to this study.

Although there is evidence to suggest that bicarbonate transporters are 

sensitive to pH  changes [10], there is speculation that another membrane protein,
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3

the cystic fibrosis transmembrane conductance transport regulator (CFTR), aids 

in the regulation of bicarbonate transporter activity. As inhibition of CFTR is 

often linked to a dysfunction in pH regulation, CFTR may regulate the other pH 

equilibrating proteins.

1.1.2 Bicarbonate transport and CFTR

CFTR and bicarbonate transporters are located in m any of the same 

tissues, and there is overlap between their substrates. CFTR is predominantly a 

Cl' channel, bu t m any of the mutations in CFTR affect H C 03' conductance with 

no effect on Cl' conductance [11]. CFTR does play a role in pH  homeostasis, 

although typically in the extracellular environment [12]. H C 03' secretion from 

epithelial cells can reach a concentration as high as 140 mM in the lumen [13]. 

This extracellular secretion of H C 03' is critical for protecting the epithelial cells 

that constitute the alveoli, where gas exchange occurs. For protection, a moist 

mucosal layer covers the airway tissue and filters the air before reaching the 

epithelial cells [14].

Since CFTR is not conventionally known as a H C 03' channel, it is logical 

that another bicarbonate transporter could associate w ith CFTR and work in 

concert to m aintain proper H C 03' secretion. Preliminary studies of the sweat 

gland and small airways suggest that CFTR is the only protein conducting H C 03' 

because H C 03' conductance is cAMP and ATP dependent [11, 14], w hich are 

characteristics of CFTR and not bicarbonate transporters. However, the flux ratio 

of HCCV/Cl' through CFTR is not high enough to account for the total H C 03' 

flux [15] since Cl' permeability is between four to eight times higher than H C 03' 

[16]. Furthermore, H C 03" transport is disulfonic stilbene (DIDS) sensitive [11],
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4

which is a known inhibitor of SLC26A6 [15] and not CFTR. It is more likely that 

the bicarbonate transporter in sweat gland has yet to be identified since many 

other CFTR expressing cells often express bicarbonate transporters. Although 

the sweat gland is a good model experimental system for studying cystic fibrosis 

(CF), it is the pancreas that has shed the most insight into the regulation of H C 03' 

transport in CF patients.

It is the role that bicarbonate transporters and CFTR play in maintaining 

the pH  of pancreatic juice by H C 03' secretion that is most im portant for CF 

research [7, 17]. pH  regulation in the lum en of the pancreas is extremely 

im portant for regulating the digestive enzymes secreted from the pancreas. 

These enzymes are activated in alkaline pH. At time of digestion there is an 

increase in H C 03' secretion, while at rest there is reabsorption of HCO / to acidify 

the pancreatic juice thereby deactivating the digestive enzymes [7]. There are a 

number of transporters and channels that work together to regulate the pH in the 

pancreas. The bicarbonate transporter, pNBCl, located in the basolateral 

membrane of secretory duct cells assures an influx of H C 03' into the pancreatic 

duct cells to m aintain a constant store of H CO / available for secretion into the 

lumen [7]. Secretion of H C 03' into the pancreatic lumen occurs via CFTR and /o r 

the bicarbonate transporters SLC26A6 and SLC26A3 [7,15] (Fig 1.1).
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nHCO
Na*

K+

nHCO

mai:

Blood
H20 .

Lumen

F ig u re  l . l :  M o d el o f H C 0 3' secre tion  b y  th e  p an crea tic  d u c t cell.
H C 03' is recruited from the blood into the pancreatic duct cell by pNBCl, which 
is located in the basolateral membrane [7]. It is then secreted into the lumen of 
the pancreatic duct via SLCA26A6 (or SLC26A3) [7, 15, 16]. The Cl' channel 
CFTR aids in H C 03' secretion by providing the Cl' used for H C 03' exchange 
through SLC26A6. Many other transporters and channels work to maintain 
ionic concentrations within the cell [16]. Figure is a modified version of that 
prepared by Hug and Bridges [16].
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1.1.3 Role of bicarbonate transporters

Bicarbonate transporters are essential for maintaining whole body and 

cellular pH  homeostasis [18]. Bicarbonate is a natural pH  buffer and it is the 

responsibility of the bicarbonate transporters to regulate the amount of buffer 

available to the cell [18]. Bicarbonate transporters are ubiquitously expressed 

throughout the body. Their function can be categorized into two essential 

functions, H C 03' reabsorption and maintenance of pH; homeostasis. Our body 

needs to reabsorb H C 03' to maintain the body's pH  balance and most H C 03* 

reabsorption occurs in the kidney. The overall pH  balance of the body is 

maintained by balancing the pH levels in cells and body fluid. This leads to the 

second function of bicarbonate transporters, m aintaining pH; homeostasis. 

Tissues such as heart, lung, eye, intestine, pancreas, and stomach are of interest 

to bicarbonate transport research since there are detrimental effects associated 

with bicarbonate transport dysfunction in these tissues.

1.2 Bicarbonate transporter family

1.2.1 Anion exchangers; role and regulation

Bicarbonate transporters are divided into three separate families: the 

classical Cl/HCCV exchangers (AE), Na+-coupled transporters (NBC), and the 

novel SLC26A family [19] (Fig. 1.2). AEs exchange bicarbonate for chloride with 

a 1:1 stoichiometry, resulting in an electroneutral transfer of anions across the 

plasma membrane [19]. The well-known C1'/HC03' exchanger, anion exchanger 

1 (AE1, SLC4A1 or band 3) serves as a model bicarbonate transporter to study
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NDCBE1 NBC3

NBC1
AE3

NBC4
AE2

- A E 1  

CIVHCO3- exchangers
AE4

SLC26A7 SLC26A9

SLC26A6SLC26A3 /(_ A _  ..
(DRA) SLC26A4 (PAT' 1) 

(Pendrin)

Novel SLC26A family

Figure 1.2: Phylogenetic relationships of hum an bicarbonate transport proteins.
Amino acid sequences for hum an bicarbonate transporters were analysed 

with the program Phylip on the ClustalW website [201. Plotted are evolutionary 
relationships for the transporters, where the length of the line is proportional to 
the degree of sequence similarity between the proteins. Separate lines represent 
divergence from common ancestors. The names of the three individual families 
of the hum an bicarbonate transporter superfamily are underlined (Cl'/HCOg' 
exchangers: AE1 [211; AE2 [22]; AE3 [23], Na+-coupled bicarbonate transporters: 
NBC1 [24, 25]; NBC3 [26]; NBC4 [26]; AE4 [27]; and NDCBE1 [28], and Novel 
SLC26A transporters: SLC26A3 [29]; SLC26A4 [30]; SLC26A6 [31]; SLC26A7 [32, 
33]; and SLC26A9 [32]).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8

general trends across the larger family of bicarbonate transporters.

The AE family (Fig. 1.2) has three isoforms that share 65% amino acid 

sequence identity [19, 34]. AEs exchange bicarbonate for chloride w ith a 1:1 

stoichiometry, resulting in an electroneutral transfer of anions across the cell 

membrane. AE1 is found in plasma membrane of erythrocytes and a truncated 

version of AE1 is found on the basolateral surface of renal a-intercalated cells 

[35]. Intercalated cells are located in the distal convoluted tubule, connecting 

tubule, cortical collecting duct and the m edullary collecting duct [36]. 

Intercalated cells are loosely subclassified based on their acid secretion (ex- 

intercalated) or acid absorption (^-intercalated) properties. More specifically, 

localization of the H +-ATPase at the apical surface promotes acid secretion [36]. 

Bicarbonate transporters aid the intercalated H +-ATPase in m aintaining 

acid/base levels by controlling the H C 03' concentration in the hum an body.

AE2 is the most widely expressed AE isoform, present in nearly all human 

tissues [18]. AE3 is found in the brain [37], heart [38], retina [39] and other 

excitable tissues [18]. Although located in different tissues, all of the AE proteins 

share a similar structure consisting of three major domains [19] (Fig. 1.3). A 

topology model of AE1 has been proposed and has served as a reference for the 

predicted topology models of other members of the bicarbonate transporter 

superfamily [40] (Fig. 1.3). The amino-terminal cytosolic domain is important for 

protein-protein interactions with cytosolic proteins, metabolic enzymes, and 

cytoskeletal elements [41]. The carboxyl-terminal membrane domain consists of 

12 transmembrane segments [42] and is responsible for anion transport [43]. The 

C-terminal cytosolic tail can be considered a third domain as it folds
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Figure 1.3: Topology model of AE1, an example of a bicarbonate transporter.
The AE1 topology model previously reported [40] shows three domains. The N-terminus and C-terminus are cytosolic 
and the transmembrane domain contains 12 -  14 TMs, with possible re-entrant loops between TMs 9 and 10 and TMs 
11 and 12. The topology model was created from cysteine-scanning mutagenesis [40, 44, 45] and sulfhydryl-specific 
chemistry analysis data [40] combined with proteolytic mapping [46] and glycosylation-scanning mutagenesis [42, 47]. 
Surface accessible residues were detected by labelling of cysteine mutants with biotin maleimide. Biotin maleimide 
labelling revealed two large aqueous-accessible regions separated by two transmembrane segments and an intervening 
extracellular loop [40]. The identified carbonic anhydrase II binding motif [48] is highlighted in red.
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independently and has a separable function. The C-terminal tail contains the 

binding site for CAII [48, 49], forming the basis for the intracellular bicarbonate 

transport metabolon.

1.2.2 Na+/HC03' co-transporters; role and regulation

The second family of the bicarbonate transporter superfamily contains the 

sodium -coupled bicarbonate transporters (Fig. 1.2) [19]. Na+/H C 0 3‘ co

transporters (NBC) co-transport sodium and bicarbonate across the plasma 

membrane w ith either an electroneutral (NBC3) or electrogenic (NBC1, NBC4) 

mechanism (2/3 H C 03:1 Na+). All NBC isoforms are expressed in the kidney 

indicating they play a key role in whole body pH  homeostasis [18]. NBCs are 

also located in heart, skeletal muscle, and parts of the intestinal tract. 

Phylogenetic analysis groups AE4, which is less genetically similar to the AE 

family than to the NBC family, with the NBCs [27], and suggests that it acts 

through a Na+-dependent mechanism.

The NBC1 (SLC4A4, NBCel) has wide tissue distribution. Splicing 

variants are located in the basolateral membranes of proximal tubules, pancreas, 

heart, eye, lung, testis, and the digestive system [50]. Splicing variant NBCla 

m ediates H C 03' efflux into the blood resulting in 80% of renal H C 03' 

reabsorption [51]. Defects in hum an NBCla are associated with proximal renal 

tubular acidosis [52], a deficiency in H C 03' re-uptake in the proximal tubule 

leading to deficient urinary acidosis. The mRNA of splicing variant NBClb, 

which varies from NBCla only in the sequence of 61 amino acids in the C- 

terminus, was first identified in the pancreas [53, 54]. NBClb has greater tissue
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distribution and is likely the NBC variant that affects vision and cardiac 

hypertrophy [18].

The e lectroneutra l NBC3 (SLC4A7, N BCnl) has tissue specific 

distribution. It is most commonly located in apical membrane of cx-intercalated 

cells [55, 56] how ever it is also located in the basolateral m em brane of 

^-intercalated cells [56-58] of the thick ascending limb of the loop of Henle in the 

kidney. The location of NBC3 shows its importance in H C 03' reabsorption in the 

kidney. Its location in the distal part of the nephron indicates that the H C 03' 

reabsorption by NBC3 is likely very precise. As the bulk of H C 03" absorption 

occurs in the proximal tubule, NBC3 is present in the distal tubule to tweak the 

final body pH, alkalinizing the body by reabsorbing H C 03' in the cx-intercalating 

cells and acidifying w hen necessary by secreting H C 0 3" through the (3- 

intercalating cells. The fine-tuning of body pH  would require specific regulation 

of NBC3. NBC3 is upregulated by chronic metabolic acidosis [59], the depletion 

of K+ [60] and the presence of NH4+ [61]. Multiple modes of NBC3 regulation 

likely exist because of the role that NBC3 plays in fine-tuning H C 03‘ levels.

NBC3 is also located in the heart [62], eye [63], and skeletal muscle [64]. 

The main role of NBC3 in tissues other than the kidney is pH; regulation. For 

instance, half of the pH  recovery in sarcolemmal vesicles produced from rat 

muscle is m ediated by a H C 03' -dependent pathway (NBC3) [64]. Cells in the 

body use H C 03' transport as a means of ensuring intracellular pH hom eostasis 

[51], emphasizing the importance for studying bicarbonate transporters.
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1.2.3 Novel bicarbonate transporters (SLC26A family); role and 

regulation

The third branch of the bicarbonate transporter phylogenetic tree shows 

members of the SLC26A family that are known to transport bicarbonate (Fig. 1.2) 

[19]. The SLC26A anion transport gene family [65], also m ediates anion 

exchange at the plasma membrane of mammalian cells. The family is comprised 

of eleven genes, SLC26A1-A11, which transport Cl', S042', OH', H C 03', I', oxalate 

and formate anions w ith different preferences [66-71]. Thus far SLC26A3 [69], 

SLC26A4 [66], SLC26A6 [31], SLC26A7 [32, 33] and SLC26A9 [32] have been 

reported as C l'/base (H C03‘ and O H ) exchangers (Fig. 1.2). Due to sequence 

similarity, SLC26A8 could also be a Cl'/base exchanger in the testis [32, 72].

The novel SLC26A6 (PAT-1), however, is most physiologically relevant to 

the present study. SLC26A6 is a C l'/base (HC03' or OH') exchanger [73, 74], The 

stoichiometry by which the exchange occurs is still under debate, however initial 

reports indicate an electrogenic exchange of 2 H C 03' to 1 Cl' [15, 71]. SLC26A6 is 

expressed in the heart [74], lung [31], duodenum  [73], pancreas [75], stomach 

[76], kidney [77-79], brain and liver [79]. CFTR is located in many of the same 

tissues and physically interacts with the STAS domain of SLC26A6 through the 

CFTR R domain[80]. The STAS domain is a conserved region in the C-terminal 

tail of SLC26A bicarbonate transporters [81]. Interestingly the STAS domain is 

also found in bacterial anti-sigm a factor antagonists and w as thus named for 

sulfate transporters and bacterial anti-sigma factor antagonists [81, 82]. CFTR 

and SLCA26A6 also interact functionally [75, 80, 83-85] w ith speculation that
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CFTR activates C l'/O H ' exchange in SLC26A6 [80] and activation of CFTR by the 

SLC26A6 STAS domain [80, 81].

Research has already begun into the regulation of SLC26A6. PKC 

stimulation decreases anion secretion in pancreatic cells [86], which corresponds 

to a decrease in SLC26A6-mediated H C 03' secretion upon PKC stimulation in 

HEK293 cells [81]. Given that CFTR and SLC26A6 co-localize in many tissues 

and functionally interact, it is likely that there is some feedback mechanism by 

which CFTR regulates SLC26A6 or vice-versa. However, the exact mechanism 

for this regulation remains unclear. The activity of SLC26A6 is also regulated by 

the H C 03' catalyzing enzyme CAII [81].

1.3 Carbonic anhydrase family

1.3.1 Role of carbonic anhydrase

Carbonic anhydrases (CA) are zinc metalloenzymes that catalyze the 

reversible reaction of: COz + H20  U H C 03' + H + [87]. There are currently 14 CA 

isoforms identified [88-90]. CAII, one of the most efficient biological catalysts 

(turnover rate of 106 s'1 at 37°C [91]), uses a zinc-activated hydroxide ion in the 

active site. The metal ion stabilizes the highly reactive hydroxide ion, thereby 

ensuring that the nucleophile (the zinc-hydroxide complex) is available for rapid 

catalysis.

CA isoform s differ in their cellular localization. For example, CAI and II 

are cytosolic while CAV localizes to mitochondria [18, 92, 93]. Uniquely, CAIV is 

anchored to the extracellular surface via a glycosyl phophatidyl inositol (GPI) 

anchor. Similarly, CAIX, XII, and CAXIV are anchored to the extracellular
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surface, but via a transmembrane protein anchor. CA isoforms are broadly 

expressed throughout the body, with similarity to the broad BT expression [94]. 

As for bicarbonate transporters, tissues tend to have m ultiple isoforms of CA 

[94]. For example, in erythrocytes CAI and CAII are both present in the cytosol 

and CAIV is bound to the extracellular membrane [49, 95]. Interestingly, in the 

heart only extracellular CA isoforms CAIV [96, 97], CAIX and CAXIV [98] have 

been identified.

A lthough CAI is the dom inant isoform in the erythrocyte, the more 

catalytically active isoform, CAII, accounts for the majority of activity in 

erythrocytes. CAII and CAIV also work in concert in the kidney to regulate acid- 

base balance [88]. CAII catalyzes the hydration of carbon dioxide in the 

cytoplasm and CAIV catalyzes the reverse reaction on the extracellular surface of 

the plasm a mem brane. Cytosolic CAII comprises about 95% of carbonic 

anhydrase activity in kidney cells. The rem aining 5% is largely due to the 

activity of the membrane bound CAIV [99]. CAII and CAIV are the focus for this 

discussion since they have been identified to be a part of one or more 

metabolons. The remaining CA isoforms are still under investigation for their 

role in bicarbonate transport metabolons.

1.3.2 Regulation o f carbonic anhydrase

The Zn(II) ion located at the base of the carbonic anhydrase active site is 

essential for catalytic activity [100-104] (Fig. 1.4 A). This creates a target for 

inhibition of the enzyme. Currently there are two types of CA inhibitors, the 

metallo-complexing anions and the unsubstituted sulfonamides, which both bind 

to the Zn(II) ion [105]. Sulfonamide inhibitors are more potent than the
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A

B

NBC3: 1 1 2 6TKRELSWLDDLMPESKKKKEDDKKKKEKEEAERMLQ

AE1: 878RNVELQCJJDADDAKATFDEEEGR.................DEYDEVA

SLC26A6: sseALKQRCGVDVDFLISQKKKLLKKQEQLKLKQLQKEEK

Figure 1.4: X-ray crystal structure of CAII and the CAII binding motif in the 
bicarbonate transporters C-terminal tail.
A, An X-ray crystal structure that was previously published [106] was rendered 
by CND3 version 4.1 program  produced by the N ational Centre for 
B iotechnology Inform ation. The N-terminal sequence (highlighted in yellow) is 
exposed to the surface and contains five essential histidine molecules for 
bicarbonate transporter binding [107]. B, The C-terminal sequences of hum an 
NBC3, AE1 and SLC26A6 contain the CAII binding (CAB) motif (underlined). 
The CAB motif is one hydrophobic amino acid followed by four amino acids, 
two of which are acidic [108], and is conserved in most bicarbonate transporters.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16

metallocomplexing anions as there are several points of contact within the active 

site [105]. The relationship between the Zn(II) atom in the active site of CAs and 

sulfonamide-containing compounds can prove useful in designing drugs, and 

also for purification of CAs by immobilizing the enzyme on the resin.

Much inform ation is available regarding CA inhibition, while little is 

known about CA activation. Initially there does not appear to be a need for CA 

activators since CAII is one of the most active enzymes known [100,102,103,109] 

and several other isoforms (CAIV, CAV, CAVII and CAIX) dem onstrate 

extremely high activity [105]. However, among the 14 known isoforms two 

display moderate catalytic activity, three isoforms display low catalytic activity 

and three isoform s are acatalytic [105]. In addition, there are severe 

physiological and  pathophysio log ical d iso rders associated w ith  the 

underactiviation of CAs [105, 110-114]. X-ray crystallographic data aided in 

identifying CA activators and solved the issue of how they interact with the 

enzyme. CA activators are molecules that bind to the entrance of the enzyme 

active site and aid in the rate limiting step of electron transfer from the H+ to the 

OH' in a w ater molecule sitting at the active site [105]. Understanding the 

process by which these small molecules can enhance CA activity may provide 

evidence for natural activators existing in mammalian cells.

Interestingly, evidence suggests that CAII is also activated in vivo by 

association w ith AE1. This was demonstrated when di- /  tri- and tetrapeptides 

expressing the C-terminal AE1 amino acid sequence improved CAII activity 

[115]. However, binding of the peptides did not affect CAI or CAIV activity. 

This would be expected since CAI does not bind to AE1 [48] and CAIV is 

extracellular and would not have access to the C-terminus of AE1. These results
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indicated that AE1 was both a bicarbonate transporter and a CAII activator [115] 

and perhaps could activate other CAs. It would be interesting to study the effect 

of the extracellular loop of AE1 on CAIV because they also physically interact 

[94]. This evidence is im portant for validating the functional relationship 

between CAII and bicarbonate transporters in w hat is referred to as the 

bicarbonate transport metabolon.

1.4 The bicarbonate transport metabolon

1.4.1 A metabolon

Bicarbonate transporters are limited by how quickly they are able to 

transport substrate and also by the amount of available substrate. The enzyme 

family of carbonic anhydrases (CA) catalyzes the hydration of C 0 2 to yield 

H C 03‘ and one pro ton  and thus provides the substrate for bicarbonate 

transporters. To channel H C 03‘ more efficiently from the transporter to the 

enzyme, or vice-versa, the bicarbonate transporter and CA are located in close 

proximity to one another by a physical interaction [108,116,117]. This complex 

of transporter and enzyme has been termed a transport metabolon. The classic 

example of the bicarbonate transport metabolon is the interaction between the C- 

terminus of AE1 and the N-terminus of CAII [48, 49,107]. Upon disruption of 

this interaction there is a 60% reduction in transporter activity [108]. An 

interaction between SLC26A6 and CAII has also been  reported [81].

1.4.2 Discovery of the bicarbonate transport metabolon
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The first H C 03' transport metabolon reported was between CAII and AE1 

[49, 117]. Several lines of evidence demonstrated an association of the two 

proteins. Firstly, tomato lectin will bind the carbohydrate on AE1 and cause 

clustering of the protein in the plane of the erythrocyte membrane. Interestingly, 

in tomato lectin treated erythrocyte membranes, immunofluorescence showed 

that CAII clustered on the cytosolic surface in a pattern very similar to AE1, 

indicating co-localization [49]. More direct evidence for an AE1/CAII 

association was the coimmunoprecipitation of CAII with AE1, when solubilized 

from erythrocyte membranes [49]. Finally, a glutathione-S-transf erase (GST) 

fusion protein of the terminal 33 amino acids of the C-terminus of AE1, but not 

GST alone, interacted with CAII with high affinity in both GST pull-down assays 

and in a solid phase microtitre dish binding assay [49]. Taken together this data 

showed that CAII and AE1 interact w ith high affinity in the erythrocyte 

membrane.

Further studies revealed the nature of the CAII/AE1 interaction. The pH 

dependence of CAII/AE1 interaction suggested a requirement for electrostatic 

interactions [49]. Acidic regions of the AE1 C-terminal region were the likely 

candidates for the CAII binding site (Fig. 1.4 B). This hypothesis was borne out 

by peptide com petition assays, a sensitive m icrotitre binding assay, and 

functional assays that tested the activity of AE1 m utated by truncation or point 

mutations at the Carboxyl-terminal binding sequence [48]. When the acidic 

region D887ADD was removed from the C-terminal region, binding of CAII was 

lost [48]. When m utating the motif to DANE, the analogous motif from AE2, 

binding of CAII was retained indicating that AE2 was also capable of CAII 

binding [48]. Further analysis demonstrated that AE3 also bound CAII [118].
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The motif for CAII binding was thus identified as a hydrophobic residue 

followed by four residues, at least two of which are acidic (Fig. 1.4 B). This motif 

has been found in the C-terminus of all examined bicarbonate transporter 

sequences, except SLC26A3 (DRA) [108].

Since AE1, AE2 and AE3 have an acidic CAII binding site it was reasoned 

that CAII would contain a corresponding basic region that binds AE. Truncation 

mutations of the amino-terminal region of CAII localized the binding region to a 

basic patch in the first 17 amino acids [107]. Point mutation analysis confirmed 

that CAI, which lacks five histidine (His) residues in the first 17 amino acids of 

the N-terminus, did not bind AE1 [107]. These five His residues are the major 

differences between CAI and CAII. X-ray crystallography revealed that the N- 

terminus of CAII is found on the surface of the protein [119] (Fig. 1.4 A). Thus, 

CAII mutations outside the N-terminus can impair catalytic activity, without 

effect on AE1 binding capacity. For example, V143Y CAII m utant can still bind 

to AE1 but is catalytically inactive [108]. The suggestion of a metabolon came 

w ith the structural basis for CAII/AE1 binding [116], but a functional 

significance for this interaction was also required to support this theory.

Evidence for the functional significance of the CAII/AE1 interaction did 

emerge, supporting the theory of a metabolon. When AEl-transfected HEK293 

cells were treated  w ith  acetazolamide, a carbonic anhydrase inhibitor, 

bicarbonate transport was nearly completely inhibited [117]. This indicated that 

endogenous CAII was essential for efficient AE1 activity [117], identifying an 

intracellular component of the bicarbonate transport metabolon (Fig. 1.5 A & B) 

[19]. To assess the functional importance of the CAII/AE1 interaction, a 

dominant negative approach was used. HEK293 cells, which endogenously
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Figure 1.5: Model of the bicarbonate transport metabolon.
Bicarbonate transporters (BT) transport bicarbonate across cell membranes. 
Carbonic anhydrases (CA) catalyze the reversible hydration of C 0 2 to H C 03' and 
H +. The CAIV isoform associates with the extracellular leaflet of the plasma 
membrane via a glycosyl phosphatidyl inositol (GPI) linkage. Although CAIV 
binds both AE proteins and NBC1, the reversibility of the process in the 
membrane has not been studied. BTs bind CAII at their cytosolic carboxyl 
terminus; CAII can also exist free in the cytosol. When CAII and CAIV are 
bound to BT the transport rate is maximized (A). When CAII is not bound to BT 
and CAIV is not expressed the transport rate is reduced, but not abolished (B). 
The physical complex between the BT and the CAs facilitates efficient transport 
by minimizing the distances the substrates m ust diffuse, thereby maximizing the 
local concentration of substrate both for the transporter and the enzyme.
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express CAII, were co-transfected w ith cDNA encoding AE1 and CAII or the 

functionally inactive hum an CAII mutant, V143Y. V143Y CAII was expressed at 

levels 20-fold higher than the endogenous wild type CAII in the cells and could 

thus compete w ith endogenous CAII for the CAII binding site on the AE1 C- 

terminus. Since the V143Y CAII-expressing cells still expressed wild type CAII, 

the expression of V143Y CAII would not affect total CA activity in the cells; 

V143Y CAII would affect only the location of functional CAII. AE1 activity was 

inhibited by 39% w hen HEK293 cells were co-transfected w ith functionally 

inactive V143Y CAII [108]. This indicates that displacement of endogenous CAII 

from the AE1 C-terminus into the cytosol greatly reduced AE1 H C 03' transport 

activity. In another set of experiments, the CAII binding site of AE1 was mutated 

so that it could not bind CAII. H C 03' transport activity was reduced by 90% 

relative to wild type AE1 activity [108]. This indicated that binding of CAII was 

necessary for full H C 03' transport activity.

CAII /  AE1 interaction was also demonstrated when the proteins were 

expressed in Xenopus oocytes. The bicarbonate transport activities of supposedly 

inactive AE1 m utants were monitored with the expression of CAII [120]. As 

expected, inhibition of CAII inhibited AE1 transport activity in Xenopus oocytes, 

similar to overexpression of V143Y CAII in HEK293 cells [120]. CAII affected Cl' 

/H C 0 3' exchange activity but had no effect on Cl'/C l' exchange activity of AE1, 

consistent w ith the bicarbonate transport metabolon model [120]. Although 

there are differences between transport assays in Xenopus oocyte and HEK293 

cells, these findings support the role of CAII as a bicarbonate channelling 

activator.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

Since the discovery of the H C 03' transport metabolon in the AEs, physical 

and functional relationships between CAII and NBC1 [121,122], NBC3 [123], and 

hum an putative anion transporter 1 (SLC26A6/PAT-1) [74, 81] have been 

identified. Considering this is a conserved relationship across most, but not all 

transporters, it is im portant to gain a better understanding of the interaction 

itself. Extracellular CA isoforms also associate with the extracellular surface of 

bicarbonate transporters, creating two classes of H C 03' transport metabolon, the 

intracellular and the extracellular metabolon.

1.4.3 Intracellular metabolon

The intracellular m etabolon is the interaction of CAII w ith a bicarbonate 

transporter. To date CAII is the only intracellular CA isoform that has been 

identified in an intracellular metabolon. There are more cytosolic CA isoforms, 

two of which have moderate or high activity, the rest have either low or nil 

catalytic activity. CAVII and CAXIII display high and m oderate catalytic 

activity, respectively, [105] how ever their in teraction w ith  bicarbonate 

transporters has yet to be explored. The remaining cytosolic isoforms likely do 

not interact w ith bicarbonate transporters since they would not increase the 

concentration of H C 03' at the opening of the transporter quickly enough to 

facilitate increased flux across the membrane. For instance, CAI, which shares 

60% sequence identity to CAII, but has low catalytic activity does not have the 

bicarbonate transporter binding site and therefore does not physically interact 

with AE1 [107].

CAII is tethered to the C-terminus of a bicarbonate transporter via an 

electrostatic interaction. This brings CAII into close proximity of the bicarbonate
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transporter (Fig. 1.5 A). The acidic CAII binding motif (CAB) on the C-terminus 

of the bicarbonate transporter, is composed of a hydrophobic amino acid 

followed by 4 amino acids, 2 of which are acidic [19]. For example the CAB on 

AE1 is LDADD [48], for NBC3 it is LDDLM [123, 124] and for SLC26A6 it is 

VDVDF [81] (Fig. 1.4 A). CAII binds bicarbonate transporters through a basic 

region located in the N-terminal 17 amino acids of CAII, containing five essential 

His residues [107].

This electrostatic interaction is of great interest to us since it is a relatively 

weak type of interaction although there is a strong association of CAII and 

bicarbonate transporters. The Kd for the interaction is around 100 nM [49, 81, 

123], which is well in the range for protein-protein interactions [123]. This type 

of interaction is easily regulated. It is pH dependent and salt dependent [49, 

123], both factors that can be altered in the vicinity of the interaction.

1.4.4 Extracellular metabolon

The extracellular m etabolon has similar criteria as the intracellular 

component. A membrane linked CA interacts both physically and functionally 

with the extracellular surface of bicarbonate transporters.

Since the first report of an extracellular component of the metabolon, there 

have been multiple examples of this phenomenon. The extracellular metabolon 

was first dem onstrated w ith CAIV, which is the extracellular isoform  that is 

bound through a GPI linkage to the extracellular surface, interacting with the 

extracellular loop 4 of AE1 (Fig. 1.5 A & B) [19, 94]. This interaction was 

suspected when CAIV was recruited to the fraction containing AE1 in Triton X- 

100 HEK293 extracts resolved by sucrose gradient ultracentrifugation [94]. Gel
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overlay assays demonstrated a specific physical interaction between CAIV and 

AE1, AE2, and AE3 [94]. This interaction is functionally significant since the 

inhibition of AE H C 03* transport activity by CAII V143Y is counteracted by CAIV 

[94]. G lutathione-S-transferase pull-dow n assays localized the physical 

interaction of CAIV to extracellular loop 4 of AE1, in a region conserved between 

bicarbonate transporters [94].

The extracellular metabolon also exists between NBC1 and CAIV resulting 

in a physical and functional relationship [121]. Like AE1, CAIV binds the fourth 

extracellular loop of NBC1 [121].

These experim ents identified the extracellular com ponent of the 

bicarbonate transport metabolon (Fig. 1.5 A & B) [19]. The intracellular and the 

extracellular components can work together to generate a H C 03' gradient across 

the plasma membrane. In the case of H C 03' efflux, CAII catalyzes the hydration 

of C 02 generating a region of high H C 03' concentration at the intracellular 

surface. At the extracellular surface, CAIV will rapidly convert H C 03' to C 02, 

thereby decreasing the local concentration. The action of the two CAs generates 

a H C 03‘ gradient across the plasma membrane where CAII pushes H C 03* across 

the membrane and CAIV effectively pulls H C 03‘ across the membrane (Fig. 1.6) 

[19].
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Figure 1.6: The metabolon maximizes the size of the transmembrane bicarbonate 
gradient.
The carbonic anhydrases that interact w ith the bicarbonate transporter are 
responsible for the generation of a concentration gradient of H C 03" via a "push- 
pull" mechanism. In H C 03' efflux mode, CAII rapidly converts C 02 to H C 03' 
esta b lish in g  a local high concentration of H C 0 3‘ to "push" transport of 
bicarbonate out of the cell. At the extracellular face, CAIV rapidly converts 
H C 03‘ to COz, which depletes the local extracellular H C 03' concentration, 
thereby "pulling" bicarbonate into the extracellular space. Combined, these 
effects drive bicarbonate transport out of the cell. The reverse of this process also 
occurs to drive bicarbonate transport into the cell.
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1.5 Disease and dysfunction related to the impairment of 

bicarbonate transport

1.5.1 Renal Tubular Acidosis

There are m ultiple pathophysiologies related to the impairment of AE1, 

although no other AE isoform has yet been linked to a hum an disease. Such 

pathophysiologies include hereditary spherocytosis, hereditary stomatocytosis, 

haemolytic anemia, southern asian ovalocytosis, and distal renal tubular acidosis 

(dRTA) [125]. dRTA is most related to the subject of pH ; homeostasis as it is 

characterized by impaired urinary acid secretion due to the loss of C17HC03' 

exchange activity in a-intercalated cells of the renal distal tubule [125].

Mutations in the kidney isoform of AE1 (kAEl) resulting in dRTA affect 

the targeting of kAEl to the basolateral membrane of a-intercalated cells [126]. 

Autosomal dom inant dRTA has a dominant-negative effect on wild type AE1 

because of the oligomerization of AE1 by mistargeting wild type AE1 to the 

basolateral membrane [126]. Autosomal recessive dRTA patients tend to have 

more severe sym ptoms that have longer lasting effects [126-129]. Recessive 

dRTA arises from  m ultiple different m issense m utations; heterozygous 

combinations often consist of different mutations on both alleles [126]. These 

mutations often result in the targeting of AE1 to the proteosome for degradation 

and as a result there is a loss of functional AE1 in a-intercalated cells [130]. 

Interestingly, neither dom inant nor recessive dRTA result in a red blood cell 

phenotype [126]. This is likely because glycophorin A will aid in the targeting of 

AE1 to the plasma membrane in red blood cells, while glycophorin A is not 

present in a-intercalated cells [131]. However, the severity of the condition in
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patients w ith the recessive disorder is illustrated by the occurrence of severe 

anemia in hum an neonates [132].

The loss of functional AE1 or the mistargeting of AE1 results in a decrease 

of H C 03‘ reuptake in the kidney. A decrease in blood H C 03" levels impairs the 

ability of bicarbonate transporters throughout the body to regulate pH ;, resulting 

in whole body acidosis. Acidic conditions in the body result in the leaching of 

Ca2+ from bones into the blood stream [133]. Increases in Ca2+ levels results in 

skeletal deformities, impaired growth of children, muscle weakness, and an 

increased incidence of kidney stones and nephrocalcinosis [133]. Fortunately, 

ingestion of sodium  bicarbonate can reverse the symptoms by alkalinizing the 

blood to reach normal pH  levels [133].

Proximal renal tubular acidosis (pRTA) is similar to dRTA in that an 

im pairm ent of a bicarbonate transporter results in acidosis. The affected 

bicarbonate transporter is NBC1, which is located in the basolateral membrane of 

the proximal tubule. Recessive pRTA is often associated with ocular disease due 

to mutations in NBC1, while heterozygous recessive pRTA is associated with 

osteopetrosis and m ental retardation is due to mutations in CAII [110]. Both 

types of pRTA are a result of deficient NBC activity. Beyond pRTA, deficient 

NBC activity dramatically alters eye and ear function.

1.5.2 Auditory and visual impairment

NBCs located in the kidney carry out a different function than NBCs in 

other epithelial cells. In the kidney, NBC acts as an acid loader by moving H C 03' 

out of the cell and into the blood while in other epithelial tissues, such as the eye,
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it acts to alkalinize the cell by moving H C 03' from the blood into the cell [134]. 

In this manner, NBCs are responsible for maintaining pHj in extrarenal cells.

NBCs are abundant in the hum an eye and the auditory system and not 

surprisingly are associated with many acid-base diseases in these systems. NBC1 

is expressed in m ultiple cell types w ithin the eye and thus there is still 

speculation about which mutations in NBC1 are associated or attributed to each 

specific ocular disease since there appears to be overlap between symptoms 

[126]. These diseases are the result of either m istargeting of NBC1 or of 

decreased NBC1 activity [135]. In both cases, the cellular tissue cannot 

adequately regulate pHj resulting in tissue degeneration.

NBC3 plays an im portant role in the eye and in the ear that cannot be 

compensated for by other mechanisms [136]. NBC3 knock-out mice display 

hearing loss and blindness due to degeneration of sensory receptors [137]. The 

loss of both hearing and vision is characteristic of the hum an disease Usher 

syndrome, the most frequent cause for the dual sensory impairment [138]. In 

Usher syndrome, blindness due to retinitis pigmentosa (a degeneration of the rod 

and cones) is a late onset symptom, while bilateral deafness is congenital [138]. 

NBC3 is located at the synapse in both the cochlear hair cells of the inner ear 

[139] and the retinal neurons [137, 139]. The function of NBC3 is to transport 

H C 03' into the cell to buffer the large H+ load generated by the highly metabolic 

tissue. NBC3 is expressed in multiple inner ear cells in addition to the cochlear 

hair cells [138], which could possibly explain why there is congenital hearing loss 

when there is late onset blindness.

Mutations in CAs can also result in visual impairment. Rods and cones 

regulate pH  changes both extracellularly and intracellularly. A change in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

extracellular pH  stim ulates retinal phototransduction, the loss of this pH 

sensitivity results in the loss of retinal stimulation [140]. Intracellular pH is 

highly regulated because the tissue has high metabolic activity and thus has a 

high rate of acid production [141]. NBC1 located in the choriocapillaries will 

ultimately aid in maintaining pHt in the retina. NBC1 is associated with the 

extracellular, GPI anchored CA isoform, CAIV to form  the extracellular 

bicarbonate transport metabolon [121, 141]. Two separate point mutations in 

CAIV have been associated with retinitis pigmentosa. The first CAIV mutation, 

R14W, disrupts the extracellular bicarbonate transport metabolon by preventing 

the association of the catalytically active CAIV w ith NBC1 [141]. The second 

mutation, R219S, disrupts the catalytic activity of CAIV while maintaining its 

association w ith NBC1 [141]. Although the m utation does not occur in the 

bicarbonate transporter, it is evident that a decrease in H C 0 3' flux has 

detrimental effects.

1.5.3 Cardiac diseases

Cardiac ischemia resulting from myocardial infarction, is an important 

area of research for bicarbonate transporters. Ischemia is the reduction of blood 

flow to a tissue, depriving the tissue of the essential necessities for life. This 

disruption in blood flow results in a decrease in pH due to the inability of the cell 

to remove metabolic waste. The process of re-establishing norm al cellular pH 

upon reperfusion often leads to a more severe outcome due to hyperactivation of 

pH regulating proteins.

In addition to cardiac reperfusion, bicarbonate transporters have also been 

associated w ith cardiac hypertrophy. Cardiac hypertrophy, an enlargement of
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the heart, results from prolonged pressure overload (stress) to the heart [142]. 

Hypertrophic hearts are therefore more susceptible to ischemic events, such as 

angina or myocardial infarction [142].

Post cardiac ischemia, there is an acid load and the pH  regulating 

proteins, NHE and NBC1 are activated to both rem ove and buffer H+, 

respectively [143], The hyperactivity of NHE and NBC1 will in turn overload the 

cell with Na+, which reverses the Na+/C a2+ exchanger. This in turn overloads the 

cell w ith Ca2+, prolonging cellular contraction and Ca2+ overload signals cell 

death. Inhibition of NBC1 will protect the heart from the damaging effects due 

to Na+ overload during reperfusion [144,145].

During cardiac hypertrophy, AEs are activated to remove excess H C 03' 

that has been built up [146]. Removal of H C 03' via AE results in an increase in 

the concentration of cytosolic Cl'. The increase in the ion results in a change of 

osmotic pressure and could trigger the swelling of the cardiomyocyte. Also, a 

decrease in cytosolic H C 03' is equivalent to an acid load and results in an 

outcome similar to ischemia [147]. The isoform that is primarily responsible for 

cardiac hypertrophy has not yet been identified. AE3 is a likely candidate as it is 

highly expressed in cardiac cells [148, 149] and displays increased activity upon 

Angiotensin II (a vasoconstrictor) stimulation [150]. Inhibition of AE3 transport 

prevented H C 03' removal from the cardiomyocyte and prevented negative 

effects from an acid load [151].

More recently, another anion exchanger has been identified in mouse 

hearts. SLC26A6 mRNA levels are seven fold higher than AE3 in adult mice 

hearts [74]. In addition to increased mRNA expression, SLC26A6 has a wider 

distribution in cardiac cells. Immunhistochemical analysis localized AE3 to the
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ventricle while SLC26A6 was localized to the atrium as well as the ventricle [74]. 

Although SLC26A6 has not yet been identified in hum an heart, if it is expressed 

in hum an hearts it could follow the same expression pattern as in the mouse. 

Although SLC26A6 has not been directly linked to the cause of any hum an 

diseases, it has been implicated in many degenerative disorders. SLC26A6 has a 

similar tissue distribution to CFTR and has been identified as a key protein for 

cystic fibrosis research [15,152].

1.5.4 Cystic fibrosis

Considerable evidence suggests that HCQ plays an important role in 

CF. Cystic fibrosis, caused by m utations in a chloride channel CFTR, is 

characterized by epithelial high chloride and low bicarbonate secretion, 

particularly in the pancreatic juice [153-155]. The most prevalent mutation is 

AF508, which impairs proper processing of CFTR to the plasma membrane. The 

result of the poor processing of CFTR due to AF508 and other mutations that 

result in CF were originally believed to affect only Cl' movement. Recent 

evidence, however, shows that the majority of CF-causing mutations impair 

epithelial H C 03‘ secretion in addition to causing Cl' movement aberrations [156].

A lthough CFTR can transport H C 03‘ [157, 158], perhaps it is the 

regulatory effect that it has on other bicarbonate transporter that is affecting 

HCOs' transport. CFTR associates with bicarbonate transporters both in vitro and 

in vivo [80, 159]. Both CFTR and SLC26A6 are expressed in the pancreas [75] and 

transport the same substrates in an opposing manner [16] therefore supporting 

the possibility that the two proteins may functionally interact. As previously 

mentioned, the regulatory (R) dom ain of CFTR and the STAS dom ain of
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SLC26A6 also physically interact [80]. Since SLC26A6 interacts with CAII it is 

quite possible that CAII is brought into the CFTR/SLC26A6 complex and could 

have an important regulatory role.

Glutamate receptors are also widely distributed in epithelial cells and for 

this reason the effect of glutamate on CFTR was studied [160]. Also, glutamate is 

a well-known ligand for ion channel regulation in neurons, particularly for Cl' 

channels [161, 162]. It was discovered that the rate of Cl' conductance through 

CFTR was stimulated not only by ATP and phosphorylation of the R domain but 

also by glutamate [160]. However, upon stimulation by glutamate there was an 

arrest of H C 0 3" conductance via CFTR. In hom ozygous AF508 duct cells 

harvested from CF patients there is no increase in Cl' secretion upon glutamate 

stimulation [160]. This loss may be explained by a loss of H C 03' regulation [160]. 

It is this inform ation in combination w ith the knowledge that CFTR and 

SLC26A6 interact in epithelial cells that led us to investigate the following 

question: is glutam ate regulating the bicarbonate transport m etabolon by 

disrupting the interaction between CAII and the bicarbonate transporter?

1.6 Glutamate; a regulatory biomolecule

Glutamate transporters are expressed in the apical membrane of the 

proximal tubule [163], similar to the expression of the SLC26A6 in the proximal 

tubule [51, 70, 78]. Glutamate transporters have also been located  in the auditory  

system [164], eye [165], intestinal tract [166], stomach , kidney, liver [167], and 

pancreatic [168] tissues in which multiple bicarbonate transporters have been 

identified [22, 23, 65, 69]. There is likely more overlapping tissue distribution 

between the glutamate transporters and bicarbonate transporters that have yet to
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be identified. G lutam ate is largely regarded  as a neurotransm itter. 

Consequently, the research emphasis has been on glutam ate transport in 

neuronal cells and less in epithelial cells. As evidence to suggest that glutamate 

has a larger regulatory role than first thought grows, more effort can be placed 

on identifying all of the tissues that contain glutamate transporters.

1.7 Thesis objectives

The goal of this project is to better understand the interaction between 

bicarbonate transporters and CAII as an im portant area of regulation for 

bicarbonate transporter activity. It is our hope to also provide an explanation for 

why there is a loss of H C 03' conductance through CFTR in the presence of 

glutamate.

Two different projects were designed to study the interaction between 

CAII and the C-terminus of bicarbonate transporters. The first project had the 

overall goal of obtaining an X-ray crystal structure of the C-terminus of NBC3 

(NBC3Ct) bound to the full length CAII enzyme. My role in this goal was to 

overproduce and purify NBC3Ct in preparation for crystallization by our 

collaborator, Dr. Claudiu Supuran (University of Florence, Italy). The goal of the 

second project was to identify the effects of glutam ate on the bicarbonate 

transport metabolon. Our theory is that the decrease in H C 03' conductance via 

CFTR may be linked to a decrease in H C 03' conductance through adjacent 

bicarbonate transporters. The approach that we took looked at the effect that 

glutamate exhibited on the interaction between CAII and the C-terminus of both 

AE1 and SLC26A6. These two projects will identify more modes of regulation 

for bicarbonate transport activity.
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Chapter 2 

Materials and Methods
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2.1 Materials

2.1.1 Materials for NBC3Ct project

E. coli, recombinant expression strain, BL21-CodonPlus (BL21+) was from 

Stratagene. Glutathione sepharose 4B resin and PreScission Protease from 

Amersham Pharmacia Biotech Inc was used for GST purification. Protein 

concentrators were from Millipore. The Institute for Biomolecular Design (IBD) 

purified NBC3Ct by reverse-phase high performance liquid chromatography 

(HPLC) and perform ed mass spectroscopy (MS) analysis on the sample. Ion 

exchange chromatography using a Pharmacia Mono-Q sepharose column was 

also used to purify NBC3Ct. Protein quantification reagents were from Bio-Rad. 

Amino-acid analysis was provided by the Alberta Peptide Institute (API).

2.1.2 Materials for glutamate regulation project

P-aminomethylbenzene sulfonamide resin (p-AMBS) used to purify CAII, 

is from Sigma. 96 well EIA/RIA polystyrene plates, w ith high binding surface 

chemistry, are from VWR. l-cyclohexy-3-(2-morpholino-ethyl) carbodiimide 

m etho-p-toluenesulfonate (referred to in this text as carbodiimide) and o- 

phenylenediamine dihydrochloride (OPD) are from Sigma. Primary antibodies, 

rabbit polyclonal anti-GST and rabbit polyclonal anti-CAII, are from Santa Cruz. 

The secondary antibody, donkey anti-rabbit IgG biotinylated, and the peroxidase 

labelled streptavidin  are from Amersham.

2.2 Plasmid DNA

2.2.1 DNA constructs
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Members of the Casey lab constructed DNA constructs containing the GST 

fusion protein cassette. The GST fusion construct GST.NBC3Ct was constructed 

and described by Dr. Fred Loiselle [124], GST.SLC26A6Ct was constructed and 

described by Dr. Bernardo Alvarez [81]. The C-terminal tail of AE1 GST fusion 

construct, GST.AElCt, was constructed by Haley Shandro and has been 

described [169], The CAII construct, pACA, is a generous gift from Dr. Carol 

Fierke [170]. H um an NBC3 cDNA was a generous gift from Dr. Ira Kurtz 

(U.C.L.A.).

2.2.2 Plasmid DNA isolation

Plasmid DNA was transform ed into DH5a cells via electroporation. 

Electroporated cells were grown in 600 jul of SOC media (20 g Bacto tryptone, 5 g 

Bacto yeast extract, 0.58 g NaCl, 0.186 g KC1 in 1 1 HzO) for 1 h at 37 °C with 

shaking. Liquid culture (150 jul) was then plated on LB plates supplemented 

with ampicillin (100 jug/ml) and incubated overnight at 37 °C. A single colony 

was selected to inoculate 100 ml of LB m edia supplem ented with ampicillin 

(100jUg/ml). Culture was grown overnight at 37 °C with shaking. Cells were 

harvested by centrifugation at 7 500 x g and plasmid DNA was prepared with 

Qiagen Hi-Speed columns (Qiagen Inc., Mississauga, Canada). Plasmid DNA 

was verified by restriction digestion.

2.2.3 Restriction Digests

Diagnostic restriction digests were performed on isolated plasmid DNA. 

DNA (1 jug) was cut w ith 10 units of restriction enzyme in a 10 jul reaction
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mixture containing restriction digestion buffer and BSA (if required). Digestion 

was allowed to proceed for 1 h at the required tem perature (dependent on 

restriction enzyme being used) before stopping the reaction by addition of DNA 

loading dye. DNA was resolved on 1% agarose gel to confirm proper DNA 

pattern.

2.3 Protein purification

2.3.1 GST-fusiott protein purification

Purification commenced with the transform ation of GST.NBC3Q into 

E. coli BL21+. A single colony was used to inoculate a 50 ml starter culture of 

Luria-Bertani, LB, medium. Following overnight growth at 37 °C with shaking, 

1.2 litres of LB media was inoculated with 30 ml of the starter culture. Cultures 

w ere g row n  at 37 °C w ith  shak ing  u n til A600 w as 0.6 - 0.8. 

Isopropylthiogalactoside, IPTG, (1 mM final) was added and growth was 

allowed to continue for 3 hours at 37 °C with shaking. The culture was then 

centrifuged at 7 500 x g, 4 °C, for 10 min and bacterial pellets were resuspended 

in cold PBS buffer, pH  7.50, containing complete mini protease inhibitor cocktail. 

Suspended cells were sonicated (4 times 60 sec, power level 9.5 with model W185 

probe sonifier (Heat systems-Ultrasonics Inc., Plain view, N.Y.)) and treated with 

1% (v/v) Triton X-100, with slow stirring for 30 min. Following centrifugation 

(12 000 x g, 10 min at 4 °C) the supernatant was added to 1.2 ml GSH-sepharose 

(50% slurry washed with 5 ml PBS) and incubated at room temperature with 

gentle agitation for 1-2 hours. The sample was centrifuged (2 000 x g, 5 min) and 

the pellet washed three times with PBS.
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Fusion proteins were eluted from the GSH-sepharose resin for use in the 

microtitre plate binding assay. Fusion proteins from a 200 ml bacterial cell 

culture were eluted w ith 3 times 100 jul glutathione elution buffer (10 mM 

reduced glutathione, 50 mM Tris-HCl, pH  8). Eluted proteins were quantified 

using the microtitre Bradford protein assay [171].

Purification of NBC3Ct did not require the fusion construct to be eluted 

from the glutathione sepharose resin. Instead, the fusion protein was then 

washed 3 times w ith cold PreScission cleavage buffer (150 mM NaCl, 1 mM 

EDTA, 1 mM dithiothreitol, 50 mM Tris-HCl, pH  7.0), and reduced to 50% slurry. 

PreScission Protease (80 u n its /m l resin) was then added and the sample 

incubated for forty-eight hours at 4 °C with rotation. Following cleavage, the 

resin was centrifuged at 2 000 x g for 5 minutes and the supernatant collected. 

The resin was washed once with an equal volume of cold cleavage buffer and the 

supernatants pooled. The cleaved fusion protein was then further purified by 

reverse-phase HPLC with an Agilent Zorbax 300 SB-C8 column (2.1 x 150 mm) 

on an Agilent 1100 HPLC system using a 1% H20/A cetonitrile  gradient with 

0.1% trifluoroacetic acid (TFA) and characterized by MS using a Voyageur-DE 

Pro mass spectrometer from Applied Biosystems at the Institute for Biomolecular 

Design.

A second approach for purification after the glutathione sepharose resin 

was explored. Ion exchange chromatography using a 10 ml Mono Q Sepharose 

column from Pharmacia was employed instead of HPLC. The sample was then 

concentrated w ith an Amicon Ultra centrifugal filter (threshold of 5 kDa) from 

Millipore to obtain a concentration of 200 juM.
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2.3.2 Purification ofCAII

The pACA vector, which contains hum an CAII cDNA, was transformed 

into BL21+ E. coli cells [170]. A colony was used to inoculate a 25 ml starter 

culture of LB medium. Following overnight growth at 37 °C with shaking, 200 

ml of LB m edium  was inoculated with 5 ml of the starter culture. LB growth 

medium was supplemented with 0.1 mM ZnS04 and 2 mM K2H P 04 and 1 mM of 

IPTG for induction of protein expression at an A600 of 0.5 - 0.6; growth was 

allowed to continue for 3 h. Subsequent lysis of bacterial cultures and collection 

of cell lysate was previously described in section 2.2.7. Before cell lysate was 

added to 500 jul of p-AMBS resin, the resin was washed three times 3 000 rpm for 

30 seconds with 5 ml 4 °C wash buffer 0 (0.2 M K2S 04, 0.5 mM EDTA, 0.1 M Tris- 

S04, pH 7.5). Cell lysate was incubated with resin for 2 h  with gentle agitation at 

room temperature. Resin was collected by centrifugation at 3 000 rpm  for 5 min 

and the supernatant was removed. Resin was washed three times with 5 ml 4 °C 

wash buffer 1 (0.2 M K2S 04, 0.5 mM EDTA, 0.1 M Tris-S04, pH 9) in the same 

manner. Resin was loaded into a column and washed with 4 °C wash buffer 2 

(0.2 M K2S 04, 0.1 M Tris-S04, pH 7) by gravity flow. CAII was eluted with 1.5 ml 

of 4 °C elution buffer (0.4 M KSCN, 0.5 mM EDTA, 0.1 M Tris-S04, pH  6.8). CAII 

was dialyzed twice against 2 1 of 1 M NaCl, 100 mM Tris-HCl, pH 7.5 for 6 - 1 8  

hours at 4 °C. Dialyzed samples were collected, checked for purity by Coomassie 

stained sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

and quantified w ith the microtitre Bradford protein assay [171]. Samples were 

then dispensed into aliquots and lyophilized for storage at -20 °C.

2.4 Qualification and quantification of purified protein
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2.4.1 SDS-PAGE

Samples were prepared in 1 x sample buffer (10% (v/v) glycerol, 1% (v/v) 

2-mercaptoethanol, 2% (w /v) SDS, 0.5% (w /v) bromophenol blue, 75 mM Tris, 

pH 6.8). Samples were heated for 5 min at 65 °C prior to centrifugation at 

13 500 x g for 3.5 min. Samples were loaded on 1.5 m m  12.5% (w /v) 

polyacrylamide-gels [172] using Bio-Rad mini-protean II apparatus. Samples 

were resolved in the PAGE gel by running at 40 m A /gel until the dye front 

reaches the bottom of the gel.

2.4.2 Coomassie staining of SDS-PAGE gel

SDS-PAGE gels were stained with Coomassie Blue dye (0.05% Coomassie 

Blue R-250, 25% isopropanol, 10% acetic acid) for 1 h  with gentle rocking at room 

temperature. Gel was destained with destaining buffer (5% methanol, 10% acetic 

acid) until gel was colourless. Gel image was collected on a Kodak Image Station 

440CF and band quantification perform ed by Kodak ID software available 

through Eastman Kodak Company.

2.4.3 Microtitre-dish protein quantification assay

Protein samples were quantified using a modified version of the Bradford 

protein quantification assay [171], as suggested by the Bio-Rad instruction 

m anual. BSA standards were made up in 10 jul and samples (2 fd) were diluted 

in HzO (8 jul) to the same volume and loaded into a well of a 96 well plate. 

Diluted Bio-Rad dye (1:4) (200 jul) was added directly to the sample and 

standards. Absorbance readings at wavelength 595 nm were taken following 30
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s of shaking at 890 rpm  with a Multiskan Ascent 100-120 V plate reader from 

Thermo Electron Corporation. Data was collected with Ascent Software version 

2.6 from Thermo Electron and processed in MS Excel.

2.4.4 Circular dichroism spectroscopy

The structural integrity of NBC3Ct after being subjected to reverse-phase HPLC 

and lyophilization was assessed by CD. Lyophillized NBC3Ct was dissolved in 

cold CD buffer (100 mM KC1, 15 mM HEPES, pH 7.2) to a concentration of 0.2 

m g/m l and stored at 4 °C; the concentration was verified by amino acid analysis. 

Experiments were performed with the following conditions: scan temperature of 

25 °C, cell length 0.05 cm, scan range 194 nm to 255 nm, resolution 0.1 nm, 

sensitivity 20 m deg, response 0.25 sec, speed, 10 n m /m in u te , and 8 

accumulations per sample.

Data was collected on a JASCO J-720 spectropolarimeter using a JASCO 

spectropolarim eter pow er supply and analyzed w ith JASCO J700 analysis 

software. Data was formatted in Microsoft Excel and plotted in GraphPad Prism 

4.0b.

2.5 Regulation of metabolon

2.5.1 Microtitre plate binding assay

The m icrotitre plate CAII-binding assay is m odified from an assay 

previously reported [48, 49,107]. 96 well microtitre dishes were coated with 200 

ng of purified CAII by quickly adding CAII in ELISA Buffer (100 mM Na2H P 04, 

150 Mm NaCl, pH  6.0) containing 1.25 m g /m l of carbodiimide to dishes and
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incubating for 30 m in at room temperature. CAII-coated wells were blocked 

w ith 2% BSA in PBS (140 mM NaCl, 3 mM KC1, 6.5 mM Na2H P 04, 1.5 mM 

KH2P 0 4/ pH  7.5). After blocking, the dishes were incubated w ith varied 

concentrations (0 -  800 nM) of purified GST, GST.AElCt or GST.SLC26A6Ct 

(Fig. 2.1) in antibody buffer (100 mM NaCl, 5 mM EDTA, 0.25% gelatin, 0.05% 

Triton X-100, 50 mM Tris, pH 7.5) overnight at room temperature. The NaCl 

concentration in the antibody buffer was adjusted to accommodate the additions 

of ions (glutamate, gluconate, aspartate and leucine) with varying concentrations 

(0 -  40 mM). This allowed for the creation of binding curves in the presence of 

various ion compositions, w ith constant ionic strength. The plates were then 

washed, and bound fusion proteins were detected by sequential incubation with 

rabbit polyclonal anti-GST (1:5000 dilution) in antibody buffer at 4 °C overnight, 

biotinylated donkey anti-rabbit IgG (1:5000 dilution) in antibody buffer at room 

tem perature for 2 h, and streptavidin-biotinylated horseradish peroxidase 

complex (1:5000 dilution) in antibody buffer at room temperature for 2 h. Plates 

were developed in the dark with OPD substrate in H20  until sufficient colour 

had developed. The plates were shaken for 1 min in the dark at 840 rpm prior to 

reading the absorbance at 450 nm  using a Multiskan Ascent 100-120 V plate 

reader from Thermo Electron Corporation. Data was collected w ith Ascent 

Software version 2.6 from Thermo Electron and processed in MS Excel and Prism 

Graphpad.

To estimate the affinity of the association between CAII and GST.AElCt or 

GST.SLC26A6Ct, the absorbance value, corrected for GST alone, was plotted 

versus the concentration of GST.AElCt or GST.SLC26A6Ct. The dissociation 

constant (Kd) for the interaction was determined using the Prism program from
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GraphPad. The Kd was then plotted in relation to the concentration of ion 

present. From this curve a relationship could be formed between the ion present 

and the relative affinity of CAII for the bicarbonate transporters.

2.5.2 CAII activity assay

The CAII catalytic activity assay was m odified from a previously 

described technique [141, 173-176]. Purified CAII was rehydrated to a 

concentration of 1 pg/100 jul in 5 mM Tris, pH 7.5. CAII was diluted in TI buffer 

(20 mM imidazole, 5 mM Tris, pH 7.5) for a final concentration of 1 jug CAII/3 ml 

of buffer. All assay reagents were chilled on ice for 30 m in prior to 

commencement of the assay, and for the duration of the experiment. The pH 

electrode was calibrated with standards that had also been incubated on ice for 

30 min. Assays were performed in glass test tubes in an ice-water bath on a 

magnetic stir plate w ith continuous stirring and C 02-gassing throughout the 

experiment. In each assay 3 ml of HzO was bubbled with C 0 2 at a flow rate of 

600 m l/m in  for 60 s. Recording of pH as a function of time was initiated upon 

addition of 3 ml of TI buffer, containing CAII; recording of pH  continued for 90 s.

CAII activity is determined by the amount of H+ production over a period 

of time (equation 3.1).

„ .  TT . . amount H+ produced „CAII activity = --------------   Equation 3.1
time

The time over which H+ are produced is determined by a linear regression of the 

rate of change of pH  over the pH 7.0 - 6.5 range (equation 3.2), where the slope of 

the curve represents the rate of H+ production over time (pH units/s).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45

0.5 pH units _ .time = ------- £------------ Equation 3.2
slope • (60 s/min)

The amount of protons produced between pH  7.0 and 6.5 is equivalent to the 

am ount of base (B) in the sample (volume, v) consum ed throughout the 

experiment (equation 3.3). To determ ine the am ount of base consumed, 

determine the change in concentration of base at each pH  (equation 3.4). The 

total base in the sample is derived from the amount of tris and imidazole present 

at the desired pH  (equation 3.5).

amount H+ produced = v • |A[B]| Equation 3.3

A[B] = [B]pH70 -  [B]pH65 Equation 3.4

[B] = [Tris base] + [Imidazole base] * Equation 3.5

* Determined from the Henderson-Hasselbach equation

The rate of change of pH  in blank samples (activity buffer w ithout CAII) was 

subtracted from each of the rates. The activity for the different concentrations of 

ion (An) was then expressed as the percent of the activity with no ion present (A0) 

(equation 3.5).

A
% of the control = x 100 Equation 3.6

Anions (glutam ate, gluconate, aspartate, leucine) or the CAII inhibitor 

acetazolamide (ACTZ) were added to TI buffer to monitor their effect on the 

activity of CAII.

2.6 Statistics
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All errors and error bars represent the standard error of the mean (SEM). 

Statistical significance was determined by paired t-test, and significant difference 

was defined as p  ^ 0.05. Assays varied in n  values, but they were all performed a 

minimum of three times.
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Chapter 3

Large-Scale Purification and A nalysis of the 

H um an NBC3, Sodium /Bicarbonate Co

transporter, Carboxyl-Terminal Cytoplasm ic

D om ain
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3.1 Introduction

The N a+/H C 0 3‘ cotransporter, NBC3, is im portant for maintaining pHj. 

There are two ways that NBC3 accomplishes this goal, one is by aiding in the 

reabsorption of H C 03' in the kidney so that there is an adequate supply of the 

buffer for maintaining whole body pH  and also by intricately regulating the flux 

of H C 03' into cells to maintain a neutral pH. NBC3 has a more critical role of 

regulating pH ; rather than whole body pH. When NBC3 activity is disrupted 

there are detrimental effects to the tissue in which it is expressed. Often the acid 

overload leads to degeneration of the tissue, as seen in the degeneration of 

auditory and eye tissue in Usher syndrome [137,139].

The association of CAII, the enzyme that generates H C 03', enhances NBC3 

activity. Upon m utation of the CAII binding site on NBC3, activity was reduced 

to 29 ± 22% of w ild type activity [123]. The CAII/NBC3 interaction is 

electrostatic and has a Kd of 101 nM [123]. The CAII/NCB3 interaction is 

conserved in other bicarbonate transporters. Only one m em ber of the 

bicarbonate transporter family, SLC26A3, fails to associate w ith CAII [118]. 

SLC26A3 lacks the CAII binding motif in the C-terminus that is present on all 

other bicarbonate transporters [118]. This is not surprising since SLC26A3 shows 

more sequence similarity to sulfate transporters than bicarbonate transporters 

[67, 85, 118].

The conservation of the CAB m otif throughout the bicarbonate transporter 

family is indicative of the importance of this interaction. An X-ray crystal 

structure of CAII interacting with the C-terminus of a bicarbonate transporter 

would aid in identifying other modes of regulation. The interaction between 

CAII and NBC3 has been well studied and therefore acts as a good model system
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for obtaining a 3D image of the complex. The quality of the crystals formed is 

dependent on the purity  of the proteins to be crystallized. Our goal was to 

obtain a sufficient am ount of purified NBC3Ct for co-crystallization w ith 

purified CAII. The challenge was to purify NBC3Ct without denaturing it.

3.2 Results

3.2.1 Purification ofNBC3Ct

Maximal purification of NBC3Ct was necessary for co-crystallization of 

NBC3Ct and CAII. However, the ability of the purified NBC3Ct to maintain or 

return to native folding is also essential for an accurate crystal structure. This left 

us with the challenge of determining the best m ethod for transport to Italy 

(liquid sample versus lyophilized sample) while m aintaining the structural 

integrity. Several attempts were made at optimizing the system for purification 

and in the end the main difference was in the final purification step.

E. coli transform ed w ith the GST.NBC3Ct plasm id underw ent two 

solubilization steps. Sonication of the cells was the first step used to disrupt the 

cell wall, and the second step was digestion of the plasma membrane with Triton 

X-100, a non-ionic detergent. Once solubilized, the cell lysate was collected and 

incubated on glutathione sepharose resin. A clear increase in purity of the 

sample is noted throughout this process (Fig. 3.1 A). NBC3Ct was eluted from 

the resin by cleavage of the GST tag by protease. The yield of purified NBC3Ct 

was quantified by Bradford assay and calculated to be 1 mg of NBC3Ct/l of 

bacteria.
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Figure 3.1: NBC3Ct purification.
Multiple steps of purification were necessary to achieve maximal purity. A, 
shows the increase in purity from cell lysate to purification with glutathione 
sepharose resin. Lane 1, cell lysate after sonication, lane 2, cell lysate after Triton 
X-100 treatment, lane 3, glutathione sepharose resin, lane 4, glutathione elution 
of GST.NBC3Ct. B, after PreScission protease cleavage of GST.NBC3Ct further 
resolution of contam inating products was achieved via ion exchange 
chromatography. Lane 1, NBC3Ct after treatm ent w ith PreScission protease, 
lane 2, NBC3Ct containing fraction off the ion exchange column. C, NBC3Ct 
fractions from  the ion exchange column were pooled (lane 1) and then 
concentrated (lane 2).
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The initial step of growing and isolating GST.NBC3Q was efficient and 

therefore did not require further optimization. However, there were two 

contaminating proteins that remained in the sample after cleavage of the GST tag 

(Fig. 3.1 B). One protein resolved to the size of GST alone (26 kDa) and another 

that could be a protein from the commonly expressed Heat Shock Protein family, 

HSP70 (70 kDa). Some GST contamination could be due to two GST proteins 

self-associating and thereby preventing the glutathione sepharose resin from 

interacting w ith the dimeric GST. Incubating the cleavage product with more 

GSH-sepharose to remove the GST contaminant did not increase the purity of the 

product. HSPs are molecular chaperones that aid in folding immature proteins 

and protect cellular proteins under times of stress [177]. E. coli is subjected to 

cellular stress upon sonication of the cell wall and could thus trigger a stress 

response, which may result in HSP binding to GST or NBC3Ct at the time of 

solubilization.

To increase the purity of the yield, the cleavage products resolved on an 

Agilent Zorbax 300 SB-C8 reverse-phase HPLC column with an Agilent 1100 

HPLC system (Fig. 3.2 A). This completely resolved the contaminating proteins 

from NBC3Ct and effectively purified the sample. The identity of the purified 

protein, NBC3Ct, was confirmed via mass spectrometry, using a Voyageur-DE 

Pro system from Applied Biosystems, as the determined molecular weight of the 

protein corresponds to the reported molecular weight (Fig. 3.2 B). Mass 

spectrometry also confirmed the second peak in the HPLC chromatogram was 

likely GST as the reported molecular weight was 25.7 kDa, which corresponds to 

the published molecular weight [178]. Since reverse-phase HPLC uses the 

organic solvents acetonitrile and TFA to resolve the proteins, which was
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Figure 3.2: Identification and HPLC purification of NBC3Ct.
A, after cleavage of GST.NBC3Q on the glutathione sepharose resin an Agilent 
Zorbax 300 SB-C8 HPLC column with an Agilent 1100 HPLC was used to further 
purify the NBC3Ct sample. The proteins were eluted in a 1% H20/acetonitrile 
gradient with 0.1%TFA. The peak at approximately 22 minutes was identified as 
NBC3Ct via mass spectrometry (panel B). B, mass spectrometry was performed 
on the purified sample from the HPLC with a Voyageur-DE Pro system from 
Applied Biosystems. The purified protein corresponds to the expected molecular 
weight of NBC3Ct (11.2 kDa).
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an inappropriate environment for the biological sample, and NBC3Ct was going 

to be shipped to Italy, the protein was lyophilized. Because of the harsh 

conditions that the protein endured, CD was perform ed on the protein to 

confirm that the rehydrated structure maintained the native conformation (Fig. 

3.3). The CD spectra revealed no discernable differences from that of a 

previously published NBC3Ct spectra [124]. The sample was thus sent to our 

collaborators for co-crystallization trials with CAII.

Attempts at co-crystallization were unsuccessful and so a second attempt 

at NBC3Ct purification was made. Because of the harsh conditions that NBC3Ct 

encountered during reverse-phase HPLC and lyophilization, it was theorized 

that perhaps this im paired the ability of NBC3Ct and CAII to bind during 

crystallization. Therefore, anion-exchange chromatography, using a 10 ml mono- 

Q column from Pharmacia, was used to resolve NBC3Ct from the contaminants 

in a non-denaturing buffer. Proteins are resolved on anion-exchange columns 

based on their isoelectric points (pi). If the contaminants in the sample were in 

fact GST and HSP70, they would have sufficiently different pFs from that of 

NBC3Ct and w ould be eluted from the colum n w ith  a different NaCl 

concentration. The anion-exchange column was used because the amino acid 

sequence of NBC3Ct suggests it is slightly electronegative and should be retained 

on the column longer than the contaminants. Surprisingly, NBC3Ct was not 

retained on the colum n and was found in the loading fractions (peak 1). 

Fortunately, the contaminating proteins were retained on the column (peak 2), so 

there was sufficient resolution between NBC3Ct and the contaminants in the 

collected fractions (Fig. 3.4) as no contaminating bands were detected on a 

Coomassie-stained SDS-PAGE gel (Fig. 3.1 C). Both contaminants were eluted at

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55

-4000-
T"

'§ -8000- 
I «

- 12000-co<

-16000-

-20000
190 200

Wavelength (nm)

Figure 3.3: Circular dichroism spectra of NBC3Ct.
CD was performed on rehydrated NBC3Ct (40 fig) in order to assess structural 
integrity after reverse-phase HPLC. NBC3Ct was diluted in 100 mM KC1,15 mM 
HEPES, pH  7.2 to a concentration of 0.2 m g/m l and stored at 4 °C. Experiments 
were perform ed with the following conditions: scan tem perature of 25 °C, cell 
length 0.05 cm, scan range 194 nm to 255 nm, resolution 0.1 nm, sensitivity 
20m deg, response 0.25 sec, speed, 10 nm /m inute, and 8 accumulations per 
sample.
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Figure 3.4: Anion exchange purification of NBC3Ct.
The sample collected from the glutathione sepharose resin after proteolysis with 
PreScission protease was loaded on a Mono-Q sepharose colum n from 
Pharmacia. GST and NBC3Ct were separated by their electrostatic interactions, 
using a NaCl gradient to elute GST from the column. NBC3Ct was not retained 
on the column and eluted as peak 1. GST/HSP70 was moderately retained on 
the resin and was eluted as the ionic concentration in the solution increased 
(peak 2).
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the same time, lending more support to the prediction that these contaminants 

were GST and HSP70. Because HSP70 is a chaperone protein, during 

solubilization it may have been associated with an immature GST or have bound 

GST in response to cellular stress. The benefit of the ion exchange column is that 

the protein rem ained in the same buffer (the cleavage buffer) and the only 

subsequent step needed was a concentrating column to obtain a concentration 

(200 |uM) that was practical for crystallization trials.

3.3 Discussion

The interaction between CAII and bicarbonate transporters is important 

for achieving maximal flux of H C 03' through the transporter. Thus far the site of 

interaction for both CAII and NBC3Ct have been identified [123], and the crystal 

structure for CAII has been solved [179], but there is currently no crystal 

structure of the interaction between a bicarbonate transporter and CAII. In 

order to pursue this structure, using NBC3 as the bicarbonate transporter of 

interest, there needs to be an overproduction and purification of the C-terminus 

of NBC3. This was accomplished by obtaining a yield of 1 mg /I  of culture and a 

two-step purification process that purified NBC3Ct completely. In the process, 

NBC3Ct was characterized by MS to identify the purified sample by molecular 

weight, by CD to ensure that structural integrity was maintained and by anion 

exchange chromatography that revealed there was no net negative charge on the 

protein.

O ur collaborator, Dr. C. Supuran, requested a m inim um  protein 

concentration of 0.1 mM for crystallization trials. Obtaining approximately 1 mg 

after reverse-phase HPLC and then 199 juM in 2 ml cleavage buffer after the
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anion exchange colum n accomplished this. The reason for two different 

approaches to the final step of NBC3Ct purification was because Dr. Supuran 

was unable to obtain co-crystals of NBC3Ct and CAII. Although we found that 

CD spectra of the NBC3Ct prep was comparable to the CD spectra published by 

another member of the Casey lab, Dr. Fred Loiselle [124], we suspected that there 

was some protein denaturation resulting from the use of acetonitrile and 

trifluoroacetic acid used in reverse-phase HPLC or lyophilization that was 

inhibiting the interaction between NBC3Ct and CAII.

Due to this concern we attempted another approach, which maintained 

physiological buffering conditions and avoided denaturing processes. The anion 

exchange column was selected because the protein is retained on the resin by an 

electrostatic interaction and is eluted by an increase in the ionic strength of the 

buffer. Fortunately, there was no need for a change in any of the buffering 

conditions since NBC3Ct was not retained on the colum n while the 

contaminating proteins were. This resulted in NBC3Ct flowing through column 

in the same buffer in which it was loaded.

A lthough NBC3Ct and CAII associate through a weak electrostatic 

interaction the affinity that NBC3Ct has for CAII should be sufficient for 

crystallization. For example, the Fab fragment of the ferrochelatase antibody 

associates with its substrate mesoporphyrin IX (MP) with a Kd of 2.0 fiM [180]. 

This interaction is far less favourable than the interaction between NBC3Ct and 

CAII (Kd of 101 nM [123]), but still obtained co-crystals that X-ray diffracted to a 

resolution of 1.8 A [180]. High affinity associations are considered to be in the 

low nM range [181]; therefore the association of NBC3Ct is within the limits of 

attainable co-crystals due to binding affinity.
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A co-crystal structure of NBC3Ct and CAII would be an important asset to 

understanding their interaction. This interaction is highly conserved throughout 

members of the bicarbonate transport family [19] and is important for another 

family of pH  regulating transporters, the Na+/H + exchanger (NHE) family [123]. 

CAII also produces H+ upon hydration of C 0 2/ which is the substrate for the 

NHEs. The interaction between CAII and bicarbonate transporters is important 

for maintaining the metabolon, thereby maintaining a pool of available substrate 

in close proximity to the transporter. Having a pool of substrate available for 

transport ensures that the transporter is working at a maximal rate. When a 

catalytically inactive CAII (V143Y) is co-expressed with NBC3 in HEK 293 cells 

the rate of NBC3 activity is decreased by 31 ± 3%, as compared to cells 

transfected with NBC3 alone [123]. This data is consistent with the observation 

that AE1 is impaired by 61 ± 4% in the presence of the inactive CAII m utant [108, 

117]. This is a significant reduction in activity and thus demonstrates the 

importance of a functional transport metabolon.

Obtaining a co-crystal structure of CAII and NBC3Ct will allow for a 

better understanding of how the two proteins interact. Disruption of the activity 

of NBC3 can lead to problems with hearing [137, 182], vision [137] and likely 

affects kidney function in the renal outer medullary collecting duct as it plays in 

im portant role for maintaining pH homeostasis [55, 56]. Loss of internal pH 

homeostasis in sensory receptors leads to a degeneration of the receptors in the 

eye and inner ear leading to Usher syndrome [137]. Although Usher syndrome 

is linked to a genetic disorder affecting the scaffolding proteins that bind NBC3 

[139], it is likely that decreased NBC3 activity via disruption of the metabolon 

could have similar results. In fact, a genetic m utation found in CAIV prevents
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the enzyme from interacting with NBC1, which disrupts the external metabolon 

and leads to a decrease in H C 03‘ transport via NBC1. This disruption in the 

metabolon leads to blindness. When CAIV does not associate with NBC1 the 

transport of H C 03' decreases. Cytosolic H C 03' concentration is now no longer 

sufficient to quench the acid load produced by active tissue [141]. Therefore, it is 

important to further understand the mechanism by which bicarbonate transport 

metabolons are regulated in order to prevent or treat diseases.

The co-crystal structure of NBC3Ct and CAII will be able to provide clues 

into the regulation of that metabolon and could also provide a model for other 

bicarbonate transport metabolons that are formed in a similar manner. Now that 

overproduction and purification of NBC3Ct has been achieved it is the co

crystallization that poses the next hurdle in our search for a structure.
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Chapter 4 

R egulation of the CAII/BT interaction1

Portions of this chapter are in the process of preparation for publication:
McMurtrie, H.L., and Casey, J.R. Glutamate Regulates Bicarbonate Transport Metabolon 
Function
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4.1 Introduction

A recent study demonstrated glutamate regulation of H C 03' transport in 

sweat gland epithelial cells [160]. This effect was noticed upon a decrease in 

H C 03' conductance across CFTR while there was an increase in C1‘ conductance 

[160]. Since glutamate is affecting H C 03' transport and glutamate is a negatively 

charged amino acid that is highly regulated throughout the body, we wanted to 

investigate the role of glutamate on the bicarbonate transport metabolon.

The bicarbonate transport metabolon is m ediated by an electrostatic 

interaction between CAII and bicarbonate transporters. The interaction occurs 

between an acidic motif on the C-terminus of the bicarbonate transporter and a 

basic region on the N-term inus of CAII. This metabolon is im portant for 

m aintaining maxim al transport across the bicarbonate transporter as the 

substrate for transport, H C 03', is channelled from CAII, which catalyzes the 

reversible hydration of COz into H C 03', to the opening of the bicarbonate 

transporter. Disruption of the metabolon leads to a decrease in transport.

Due to the negative charge on glutamate, we hypothesized that glutamate 

could interrupt the electrostatic interaction between CAII and a bicarbonate 

transporter. AE1 was used as a model bicarbonate transporter because there is a 

robust and well-documented interaction between CAII and AE1. While the 

AE1/CAII interaction is important, it is the C1'/HC03' exchanger, SLC26A6, 

however, that is of most interest because of its relationship with CFTR. SLC26A6 

associates w ith CFTR through its STAS domain [80]. SLC26A6 and CFTR are 

located in many of the same tissues, tissues that are affected in CF.
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4.2 Results

4.2.1 CAII/AE1 binding in the presence of glutamate

Glutamate has important signalling properties in the hum an body and is 

thus in constant flux throughout the body. This important biomolecule may now 

also be linked to the regulation of H C 03‘ flux across a cell membrane as 

demonstrated in the sweat gland [160]. To further understand the regulation of 

H C 03' via glutamate flux the affinity of CAII for AE1 or SLC26A6 was measured 

in the presence of glutamate. A microtitre dish binding assay (Fig. 4.1) was used 

to determine the binding affinity of the bicarbonate transporters for CAII. The 

assay involved the incubation of purified GST-fusion proteins of the C-terminus 

of AE1 and SLC26A6 (Fig. 4.2, lanes 1 & 2, respectively) with purified CAII (Fig. 

4.2, lane 4) that had been coupled to the bottom of a microtitre dish. The average 

affinity of CAII for AE1 is 120 ±11 nM (n = 17) as determined by the microtitre 

CAII-binding assay (Fig. 4.3). This affinity was dramatically decreased with the 

increase in glutamate concentration resulting in an increase in Kd (Fig. 4.4A). In 

the presence of gluconate, however, there was no significant change in binding 

affinity (Fig. 4.4B). Increasing the concentration of glutamate created a saturable 

curve of the binding affinity of CAII for AE1, represented by the Kd (Fig. 4.5A). 

Glutamate has a half-maximal effect on the binding of CAII and AE1 at 7 ± 3 mM 

glutamate, which is within the physiological range of cytosolic glutamate levels 

[160]. Saturation occurs at around 10 mM glutamate and thus the difference 

between the binding affinity at 0 mM glutamate versus that at 10 mM glutamate 

provides a way to compare the effect of anions on binding affinity. Glutamate 

decreased CAII/AE1 binding affinity by 110 ± 17% comparing 0 and 10 mM
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glutam ate, w hereas gluconate, aspartate and leucine have statistically 

insignificant (p > 0.05 from paired t-test, n  = 17) differences of 8 ± 10%, 17 ± 5% 

and 19 ± 5%, respectively (Fig. 4.5B).
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Figure 4.1: Microtitre dish binding assay.
The microtitre dish binding assay utilizes the principles of an enzyme linked 
immunosorbent assay (ELISA) [49]. The first protein is coupled to the bottom of 
the well by incubating CAII with carbodiimide for 30 min at room temperature 
(step 1). The GST fusion protein of either AElCt or SLC26A6Ct is added to the 
well and incubated w ith CAII overnight at room temperature (step 2). The GST 
fusion constructs were incubated with varying amounts of glutamate to detect 
the effect of glutam ate on the interaction betw een CAII and bicarbonate 
transporters. A fter washing the plates, a GST antibody was used to probe for the 
presence of the fusion protein (step 3). A biotinylated secondary antibody 
detects the GST antibody (step 4) and a horseradish peroxidase (HRP) substrate 
conjugated to streptavidin  was used to detect the biotinylated secondary 
antibody (step 5). The final step involved the cleavage of OPD substrate by HRP, 
which results in a change in absorbance that can be detected by a microtitre dish 
reader at a wavelength of 450 nm  (step 6).
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Figure 4.2: Purified GST fusion proteins and purified CAII for binding assay. 
Proteins were purified on glutathione sepharose resin (1-3) or on pAMBS resin 
(4) and then 5 jug were loaded on a 12.5 % SDS-PAGE gel and stained with 
Coomassie dye. Lanes 1 - 3  are GST-fusion proteins: 1) GST.AElCt, 2) 
GST.SLC26A6Q, 3) GST alone. Lane 4 is purified CAII.
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Figure 4.3: Binding curve of GST.AElCt binding to CAII.
Purified CAII (200 ng) was coupled to the bottom of each well. Varying amounts 
of purified GST.AElCt were added to the wells and incubated for 20 h at room 
temperature. The Kd determined from the binding curve is 120 ± 11 nM. Error 
bars represent the standard error of the mean, n  = 17.
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Figure 4.4: Representative binding curves demonstrating the affinity of CAII for 
AE1 in the presence of ions.
Buffers containing 0.5 mM, 1 mM, 5 mM, and 10 mM of glutamate (A) or 
gluconate (B) were used during the incubation of GST.AElCt with CAII coupled 
to the plate. A constant concentration of salt was m aintained by varying the 
concentration of NaCl. The Kd of the curve is reported for each ionic 
concentration. Error bars represent the standard error of the trial, n  = 3.
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Figure 4.5: Effect of anions on CAII affinity for AE1.
A, The A E1/CA II Kd, obtained from  the b inding curves at each ion 
concentration, is plotted versus the concentration of glutamate present. B, The 
percent change in affinity is the difference of Kd at 0 mM and 10 mM divided by 
the Kd at 0 mM. Statistical significance for an n value of 17 was determined by a 
paired t-test in which p < 0.05 is significant. The error bars represent the 
standard error.
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4.2.2 CAII/SLC26A6 binding in the presence of glutamate

Reddy and Quinton showed that the H C 03' flux through CFTR was 

affected by glutamate [160]. Given that CFTR associates with the STAS domain 

of SLC26A6 [80], we reasoned that glutamate could have an indirect effect on 

CFTR by disrupting the SLC26A6/CAII interaction, leading to the decrease in 

total H C 03' movement. The CFTR H C 03' conductance (CFTR-gHC03.) may in turn 

be representative of the state of H C 03' movement across the plasma membrane 

because SLC26A6 and CFTR are linked. We thus examined the effect of 

glutamate on the SLC26A6/ CAII interaction.

A microtitre dish binding assay was used to determine the affinity of CAII 

for SLC26A6 (Fig. 4.1). Purified CAII was coupled to the bottom of each well to 

which purified GST.SLC26A6Ct was added (Fig. 4.2). The affinity of CAII for 

SLC26A6 in this assay was slightly stronger then that for AE1 with a determined 

Kd of 53 ± 7 nM, n  = of 11 (Fig. 4.6). Similarly to AE1, glutamate had a negative 

affect on the affinity of CAII for SLC26A6. As the concentration of glutamate 

increased in the experimental system the Kd of CAII for SLC26A6 increased (Fig. 

4.7A). The increase in Kd occurred to a saturable level at approximately 10 mM 

glutamate. This hyperbolic curve allowed for the determ ination of the half- 

maximal effect of glutam ate on the binding. The half-maximal binding of 

glutamate is 4 ± 2 mM, lower than that for AE1 and CAII, but still in the 

physiological range of glutamate concentrations. W hen comparing the affinity of 

CAII for SLC26A6Ct at 10 mM glutamate to the affinity at 0 mM glutamate there 

is an 85 ± 2% decrease in affinity, n  value of 11 (Fig. 4.7B). The corresponding 

change in the presence of gluconate was not statistically different (p > 0.05, 

paired t-test).
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Figure 4.6: Binding curve of GST.SLC26A6Ct binding to CAII.
Purified CAII (200 ng) was coupled to the bottom of each well. Varying amounts 
of purified GST.SLC26A6Ct were added to the wells and incubated for 20 hours 
at room temperature. The Kd determined from the binding curve is 53 ± 7 nM. 
Error bars represent the standard error of the mean, n  = 11.
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Figure 4.7: Effect of anions on SLC26A6 / CAII affinity.
A, The SLC26A6/CAII Kd, obtained from the binding curves at each ion 
concentration, is plotted versus the concentration of glutamate present. B, The 
percent change in affinity is the difference of Kd at 0 mM and 10 mM divided by 
the Kd at 0 mM. Statistical significance for an n = 11 was determined by a paired 
t-test in which p < 0.05 is significant. The error bars represent the standard error. 
Gluconate was the only control used because the regulation by glutamate on the 
SLC26A6/ CAII interaction followed the same trend as the AE1 / CAII interaction.
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4.2.3 CAII activity

There are two criteria that CAII must meet for maximal transport of H C 03‘ 

through the metabolon to occur. First, CAII is required to be in close proximity 

to the transporter, and thus physically interact. Secondly, CAII needs to be 

functional. The evidence presented suggests that glutam ate can disrupt the 

physical interaction betw een the bicarbonate transporter and CAII, but 

glutamate could also affect the activity of CAII. To address the second issue, 

CAII activity assays were performed in the presence of the anions previously 

mentioned (glutamate, gluconate, aspartate, and leucine). The activity of 1 jug of 

CAII was monitored over a pH range of 7 to 6.5 in the presence of 0 mM, 0.5 mM, 

1 mM, 5 mM, 10 mM, and 40 mM glutamate (Fig. 4.8 A). Even at 40 mM, 

glutamate did not significantly affect the activity of CAII, n  = 8 (paired t-test). 

Similarly, aspartate did not have a significant effect on the activity of CAII up to 

and including a concentration of 40 mM, n = 8 (Fig. 4.8 B). Leucine also did not 

affect the activity of CAII. The effect, however, was only tested until 10 mM 

leucine as it is insoluble at 40 mM, n = 8 (Fig. 4.9 A). Interestingly, gluconate did 

significantly affect CAII catalytic activity at 1 mM with the activity dropping to 

72 ± 6% of the control (Fig. 4.9 B). Maximal inhibition of CAII by gluconate was 

reached at 5 mM gluconate when CAII activity was reduced by 34 ± 12%. Oddly, 

the activity of CAII recovered and reached 89 ± 16% of normal activity at 40 mM 

gluconate. N o  further tests w ere perform ed to address this anom aly because  

gluconate is not membrane permeable and likely does not have a real effect in 

vivo.

To validate the activity assay, CAII catalysis was tested in the presence of 

a known inhibitor, acetazolamide (ACTZ) (Fig. 4.10). Following the same

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



protocol, the activity of 1 ng of CAII was significantly (p < 0.05) inhibited, as 

expected, w ith as little as 5 nM ACTZ, reducing the activity by 43 ± 5%. 

Saturation of the inhibitory affect was reached near 25 nM when CAII activity 

was reduced to 30 ± 7% of the control, which is consistent with the potency of 

ACTZ (IC50 = 25 nM) determined by a 96 well plate hCAII activity assay [183]. 

Therefore glutamate can only be attributed to the disruption of the metabolon, 

the physical interaction between CAII and AE1 or SLC26A6, and not to any 

direct inhibition of CAII.
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Figure 4.8: Catalytic activity of CAII in the presence of glutamate and aspartate. 
A, the activity of CAII was tested at different concentrations of glutamate (0, 0.5, 
1, 5,10, 40 mM). With an n of 8 for each trial there was no statistical difference (p 
> 0.05) betw een the activity of CAII at 0 mM and any of the glutamate 
concentrations as determined by a paired t-test. B, the activity of CAII was tested 
in different concentrations of aspartate (0, 0.5,1,5,10,40 mM). With an n of 8 for 
each trial there was no statistical difference (p > 0.05) between the activity of 
CAII at 0 mM and any of the aspartate concentrations as determined by a paired 
t-test.
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Figure 4.9: Catalytic activity of CAII in the presence of leucine and gluconate.
A, the activity of CAII was tested in different concentrations of leucine (0, 0.5,1, 
5, 10 mM). W ith an n of 8 for each concentration there was no statistical 
difference (p > 0.05) between the activity of CAII at 0 mM and any of the leucine 
concentrations as determined by a paired t-test. B, the activity of CAII was tested 
in different concentrations of gluconate (0, 0.5,1, 5,10, and 40 mM). With an n of 
8 for each concentration there was a significant reduction of CAII activity (p < 
0.05) as determ ined by a paired t-test, as indicated by *. CAII activity was 
reduced to 72 ± 6% of normal CAII activity. Maximal inhibition was reached at 5 
mM gluconate when activity was reduced to 66 ± 12% of the norm. CAII activity 
recovered with 40 mM gluconate, reaching 89 ± 16% of baseline activity.
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Figure 4.10: Activity of CAII in the presence of acetazolamide.
ACTZ was added to the sample buffer containing 1 jug of CAII at increasing 
concentrations (0,1, 5, 10, 25, and 250 nM) with an n of 3 for each concentration. 
CAII activity was significantly (p < 0.05) inhibited w ith 5 nM ACTZ as
determined by a paired t-test, as indicated by *, inhibiting CAII to 57 ± 5% of 
normal activity. Inhibition of catalytic activity reached saturation at about 25 
nM, when CAII when CAII catalytic activity reached 30 ± 7% of the control.
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4.3 Discussion

4.3.1 Effect of glutamate on CAII and BT binding

Glutamate, a small signalling molecule, has a profound effect on the 

interaction betw een CAII and bicarbonate transporters. It regulates the 

bicarbonate transport metabolon by disrupting the physical interaction between 

CAII and bicarbonate transporters, but does not regulate CAII catalytic activity. 

Glutamate, but no other ion tested, disrupted the interaction between CAII and 

AE1 or CAII and SLC26A6. Glutamate regulation is so specific that although 

aspartate and glutam ate differ only in one additional hydrocarbon in the 

sidechain there is no discernible effect of aspartate on the binding of CAII and 

bicarbonate transporters. This may have to do with evolutionary regulation. 

Glutamate is in constant flux around the body, and acts as a signalling molecule 

in other processes, such as neuronal stimulation. Perhaps this molecule was also 

harnessed as a way of regulating the movement of H C 0 3‘ across the cellular 

plasma membrane.

Glutamate significantly reduced the affinity of CAII for AE1 by 110 + 17%, 

which corresponded to a 132 ± 31 nM change in affinity. Similarly, the 

CAII/SLC26A6 interaction was reduced by 85 + 2%. This shows conservation in 

glutamate regulation within two bicarbonate transport metabolons, suggesting 

this is a relevant finding. Additionally, the half-maximal effect of glutamate on 

the m etabolon is approximately 5 mM, which is both in the physiological range 

and is consistent with the results by Reddy and Quinton who found that the half- 

maximal effect of glutam ate on CFTR occurred at 3 mM [160]. Although 

glutamate significantly disrupted the CAII/bicarbonate transporter interaction, it
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did not interfere with the activity of CAII. The lack of inhibition was verified by 

the ability to detect inhibition of CAII in the presence of ACTZ, a CAII inhibitor.

The im portant interaction between CAII and bicarbonate transporters is 

an electrostatic interaction since it is sensitive to pH, ionic concentration and 

temperature [116]. The presence of CAII at the C-terminus of a bicarbonate 

transporter increases the local concentration of H C 03' close to the pore of the 

transporter, providing the substrate for transport. If this interaction is disrupted 

there is a significant decrease in activity of the bicarbonate transporter [81, 94, 

108, 118, 123]. The electrostatic interaction occurs betw een an acidic motif 

located on the C-terminus of the bicarbonate transporter and a basic region on 

the N-terminus of CAII [48, 107]. The electrostatic interaction is susceptible to 

high ionic strength and alkaline pH  [49]. Therefore, it is not surprising that 

another factor, such as an acidic molecule like glutamate, would disrupt the 

interaction. G lutam ate likely competes w ith the acidic CAB site on the 

bicarbonate transporters for association w ith the basic bicarbonate transporter 

binding site on CAII. Essentially, glutamate knocks CAII off the C-terminal tail 

of the bicarbonate transporter or prevents CAII from associating with it. It is not 

unreasonable that glutamate may be a regulator in epithelial cells since many 

glutamate receptors localize to the epithelial plasma membrane [160,161],

4.3.2 P hysiological relevance fo r  regulation by glu tam ate

Glutamate m ust be able to enter, or exit, all types of cells because it is an 

im portant molecule for energy m etabolism [168] in addition to being an 

important signalling molecule. Considering the important role that glutamate 

transporters play, there is relatively little known about their molecular structure
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and kinetic properties [184]. Four glutamate transporters have been identified in 

tissue outside of the central nervous system [168]. These transporters, GLAST1 

(EAAT1), GLT-1 (EAAT2), EAAC1 (excitatory amino acid carrier, EAAT3) and 

EAAT4 all belong to the excitatory amino acid transporter family (EAAT) [166]. 

EAATs are concentrative Na+-dependent glutamate transporters and are located 

in the basolateral membrane of many polarized cells, including pancreatic cells 

[168]. Of those four, EAAC1 has been located in tissue where bicarbonate 

transporters are also present such as heart [185], intestine [168, 186, 187], lung 

[166], pancreas, kidney and liver [168], lending support to glutamate acting as a 

bicarbonate transport regulator.

Glutamate transport utilizes the Na+ gradient to maximize the speed of 

glutamate transport. Three Na+ and one H + are coupled to one glutamate 

molecule w ith counter transport of one K+ molecule [188, 189]. Glutamate 

transporters are predicted to have three or five independently working subunits 

each with 8 transmembrane spanning domains [184]. Fluorescence resonance 

energy transfer (FRET) analysis demonstrated small conformational changes 

around the glutamate-binding site, which could contribute to the fast kinetics of 

the glutam ate transporters [184]. The mechanism for glutam ate transport 

regulation within epithelial cells is still under investigation.

Because of the Na+-dependence of glutamate transporters, glutamate 

transport is affected during ischemia. During an ischemic attack there is a lack of 

glucose and oxygen delivered to the cell. The loss of essential nutrients leads to a 

collapse of the Na+ gradient across the plasma membrane [190]. Glutamate can 

no longer be cleared from the synaptic cleft because of its dependence on the Na+ 

gradient [190]. The presence of glutam ate in the synapse overstim ulates
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glutamate receptors, which causes an influx and an accumulation of Ca2+ and 

Na+. The presence of excess N a+ will reverse the Na+/C a2+ exchanger, 

accumulating even more Ca2+ leading to rapid swelling and subsequent neuronal 

death within a few hours [191]. A similar response is possible in epithelial cells. 

Glutamate may be prevented from entering the cell and could thus no longer 

interfere with the CAII/bicarbonate transport interaction. This would allow the 

NBCs to continue working at optimal levels, pum ping in more H C 03' and Na+, 

contributing to the lethal accumulation of Na+. Had glutamate been able to enter 

the cell, then it may have been able to disrupt the interaction between CAII and 

NBC1.

We have d em o n stra ted  th a t g lu tam ate  in te rfe res w ith  the 

CAII/bicarbonate transporter interaction, however the CAB motifs on the C- 

term inus of AE1 and SLC26A6 contain aspartic acid residues rather than 

glutamate residues. This implies that the competition for the basic region on 

CAII is between two different amino acids. Does glutamate interact with basic 

regions more tightly than aspartate? Perhaps if the CAB site were mutated to 

contain glutamate residues the disruption of the interaction would be less severe. 

More likely the strength of the effect by glutamate has to do w ith evolutionary 

regulation. Glutam ate is in constant flux around the body, and acts as a 

signalling molecule to other membrane bound proteins, such as glutamate 

receptors in neuronal cells. Perhaps this molecule was also harnessed as a way 

of regulating H C 03' transport across the cellular plasma membrane.

4.3.3 Relationship between CFTR and bicarbonate transporters
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The attention for this research first started from the discovery that 

glutamate affected CFTR. In sweat gland epithelial cells the activity of CFTR-gcl_ 

was activated, but the CFTR-gHC03. was not [160]. This may indicate an intricate 

relationship betw een CFTR and bicarbonate transporters. W hen CFTR is 

activated by glutam ate, there is only Cl' available for transport because the 

supply of available H C 03' is diminished. Perhaps glutam ate regulates Cl' 

movement in CFTR, by decreasing H C 03' flux. As previously mentioned, it is 

interesting that both the Km of CFTR activation and the half-maximal effect of 

glutam ate on the CA II/bicarbonate transporter interaction is in the same 

approximate range. The Km for CFTR is approximately 3 mM [160] while the 

half-maximal effect on the CAII/AE1 interaction is 7 mM and 4 mM for the 

CAII/SLC26A6 interaction, both of which are in the physiological range of 

~10mM cytosolic glutamate [192, 193]. Furthermore, as in the sweat glands, 

gluconate, aspartate, and leucine did not have an effect on the interaction 

between CAII and the bicarbonate transporters. This leads to the theory that 

CFTR and bicarbonate transporters work together to regulate H C 03', perhaps in 

a feedback mechanism. There is evidence that CFTR physically interacts with 

two bicarbonate transporters, SLC26A6 and NBC3 [80, 159]. The bicarbonate 

transporters interact with CFTR at a site that is separate from the CAII binding 

site, which in theory leaves room for CAII to also be brought into the complex. 

This theory is supported by the co-localization of CAII and CFTR in the 

microvilli of rat bile duct brush cells when AE2 is also present [194].

If this theory is valid and CFTR, SLC26A6 and CAII form a complex, the 

next step is to look for the complex in vivo. It will also be interesting to see if 

CFTR in fact regulates SLC26A6 activity or if it is actually the activity of
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SLC26A6 that regulates CFTR-gHC03. (Fig. 4.11). Given w hat we have learned 

from these experiments, it is likely the association of CAII to the complex that 

regulates H C 03' activity.

4.3.4 Conclusion

Use of the microtitre dish binding assay identified another mechanism for 

H C 03' transport regulation. Glutamate significantly disrupted the interaction 

between CAII and two separate bicarbonate transporters, AE1 and SLC26A6. 

Since a disruption in the metabolon is known to decrease H C 03‘ transport, this 

evidence implies an important role of glutamate in the regulation of the H C 03‘ 

transport metabolon.
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Figure 4.11: Model for glutamate regulation of bicarbonate transport.
A, Full transport activity of SLC26A6 occurs when CAII and SLC26A6 interact 
(left panel). In the presence of glutamate CAII is displaced from the C-terminus 
of SLC26A6, thereby decreasing H C 03' transport (right panel). B, In epithelial 
cells co-expressing CFTR and SLC26A6, interaction between these ion moving 
pathw ays m ay occur. Glutamate displaces CAII from the C-terminus of 
SLCA26A6. If CAII also provides the H C 03' that flows through CFTR, then the 
displacement of CAII will diminish the pool of available H C 03' for CFTR. 
Therefore a decrease in H C 03" flux through CFTR could allow more space for Cl' 
to move through CFTR. The CFTR/SLC26A6 occurs through the CFTR R 
domain and the SLC26A6 STAS domain [80].
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Chapter 5 

Sum m ary and Future D irections
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5.1 Summary

The bicarbonate transport metabolon is a physical interaction between a 

bicarbonate transporter and a CA enzyme. This interaction can occur on the 

intracellular or extracellular surface of the plasma m em brane generating a 

microenvironment of high substrate concentration on one side and an area of low 

substrate concentration on the other. Manipulation of the microenvironmental 

substrate concentrations aids in maximizing the activity of the transporter by 

creating a concentration gradient across the cell membrane. The importance of 

this interaction is highlighted by the dramatic decrease in activity when the CA 

enzyme is inhibited [18, 94,108,121,123]. There are times when optimal activity 

of the bicarbonate transporter is undesirable. For instance, during a myocardial 

infarction the overcom pensation by pH  regulating  proteins, including 

bicarbonate transporters, during the initial acidification of the cell is more 

detrimental to the myocardiocytes than the acidification itself [144,145,195,196]. 

It would therefore be beneficial to determine ways to regulate the association of 

CA and bicarbonate transporter.

A structure of CAII in contact w ith the binding site of a bicarbonate 

transporter would provide a good reference for identifying sites of regulation 

and interaction. We have moved one step closer to obtaining the structure of 

CAII in contact w ith the C-terminus of NBC3. I was able to purify large 

quantities of NBC3Ct and determined that it m aintained structural integrity 

throughout the process.

A lthough my purified CAII was not used for co-crystallization with 

NBC3Ct, I was successful in this attempt and have subsequently used it to study 

the interaction of two other bicarbonate transporters, AE1 and SLC26A6, with
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CAII. I successfully optimized a protocol to look at the affinity of CAII for these 

bicarbonate transporters in the presence of a highly regulated biomolecule. The 

biomolecule glutamate plays an important role in regulating ion channels in 

neurons and other epithelial cells [160] and was therefore hypothesized to have 

an affect on the bicarbonate transporters. Glutamate does interfere with the 

binding of CAII and bicarbonate transporters. A notable decrease in affinity of 

between 85% and 120% was measured for both CAII/AE1 and CAII/SLC26A6. 

Most im portantly glutam ate had a half-maximal affect on the binding at 

physiological levels of glutamate. These levels of glutamate also agree with the 

levels of glutamate that affected the conductance of H C 03' through CFTR [160].

A model for how glutamate may regulate H C 03' flux across epithelial 

plasma membrane can thus be drawn from findings in the literature and what is 

reported in this thesis (Fig. 4.11). CFTR associates with at least two bicarbonate 

transporters, SLC26A6 [80] and NBC3 [159], both of which associate with CAII 

[81, 123]. The bicarbonate transporter can thus bring CAII into complex with 

CFTR. Since CFTR also conducts H C 03', CAII can provide the substrate to the 

opening of the channel, changing the concentration of H C 0 3' in the 

microenvironment surrounding the channel (Fig. 4.11). Alternatively, it may not 

be CAII that provides the H C 03' for conductance through CFTR but rather the 

bicarbonate transporter. As SLC26A6 or NBC3 transports H C 03" across the 

plasma membrane it changes the H C 03‘ concentration surrounding the opening 

of CFTR. This change in substrate concentration can then increase the 

conductance of H C 03' resulting in a decrease in Cl' conductance due to 

competition for the opening of the channel (left panel Fig. 4.11). This would 

explain why there is a decrease in CFTR-gHCo3- upon addition of glutamate to the
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system (right panel Fig 4.11). This is physiologically plausible since glutamate 

transporters are expressed in the same tissues as bicarbonate transporters and 

CFTR and the transporters could control the local concentration of glutamate 

thereby regulating H C 03‘ and subsequently Cl' conductance.

5.2 Future Directions

The bicarbonate transport metabolon is an im portant interaction for 

maintaining maximal flux of H C 03' across the membrane. The effect is found 

across most bicarbonate transporter proteins identified to contain a CAII binding 

site, indicating that it is a highly specific and well-conserved interaction. Because 

of this specificity it is likely there are multiple ways to regulate the interaction. 

Some types of regulation have already been identified, and this work has 

identified another biomolecule involved in the regulation. The search for new 

regulating factors, however, is not over. An X-ray crystal structure of the 

NBC3Ct and CAII will be extremely important for identifying other potential 

sites of regulation. The largest roadblock to obtaining the structure appears to be 

obtaining a form of the purified NBC3Ct that is conducive to binding with CAII. 

This may require further exploration into the buffers used throughout the 

purification process.

Glutamate interrupts the binding of CAII with bicarbonate transporters. 

This is a significant effect in vitro; however it is still necessary to demonstrate this 

effect in vivo. Multiple steps need to be taken to support the predicted model of 

regulation. It is necessary to first identify the association of CAII with the 

CFTR/SLC26A6 or CFTR/NBC3 complex. Association of the three proteins 

would support a reciprocal affect of glutamate on CFTR by disruption of the
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CAII/bicarbonate transporter metabolon. This would suggest that they are in 

the same environm ent and a decrease in available H C 03' for the bicarbonate 

transporters could result in a decrease in the available pool of substrate for CFTR 

to transport. W ork on demonstrating this large complex has begun. I have 

attempted to co-immunoprecipitate CFTR in complex with SLC26A6 and CAII. 

Unfortunately, time constraints and difficulties with expressing CFTR in HEK293 

cells have prevented me from obtaining these results prior to submission of my 

thesis.

We have also considered other approaches to determining the formation 

of the complex. Complexes can be identified through blue-native gels. Blue- 

native (BN) gels are non-denaturing poly-acrylamide gels. Solubilized cell 

lysates in non-denaturing sample buffer are run  on the BN-gel and the intact 

protein complexes can be resolved based on their charge to mass ratio. Once the 

complexes are resolved on the gel, two different methods can be used to identify 

the members of the complex. Firstly, the BN-gel can be transferred to PVDF 

membrane and antibodies can detect members of the complex in the same 

manner as SDS-PAGE immunoblots. Proteins are determined to be in a complex 

if there are overlapping bands for CAII, CFTR and SLC26A6 or NBC3 on the 

immunoblot. The problem with this approach is that interacting proteins may 

hide the antibody epitopes or the epitopes are not exposed at the surface when 

the proteins are in their native conformations. The second approach avoids this 

problem by further resolving the protein complexes in a second denaturing gel. 

The lanes in the BN-gel are excised and placed horizontally on the top of a 

second denaturing gel and run in a denaturing anode buffer. The members of 

the complex are resolved according to their m olecular w eight and then
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transferred to an immunoblot for antibody detection. Members of a complex will 

be located in the same lane on the second gel. The problem with this approach is 

that the excised lane from one gel does not fully adhere to the second gel and can 

therefore cause smearing of proteins in the second gel. This makes it difficult to 

identify when members of the complex are in the same lane as there is not a 

straight lane to follow.

Once a physical interaction betw een CAII, CFTR and bicarbonate 

transporters has been identified it is necessary to demonstrate that glutamate has 

an effect on the transport of H C 03' via SLC26A6 or NBC3. Transport activity 

assays can be used to show if there is a change in bicarbonate transport activity 

in the presence of glutamate. From this the Km of bicarbonate transporters in the 

presence of glutamate can be determined and possibly linked to physiological 

levels of glutamate.

To apply this research clinically it w ould be interesting to determine 

which bicarbonate transporters are located in and interact w ith CFTR in CF 

tissue. CF largely affects the lung, pancreas and sweat gland tissue. Several 

bicarbonate transporters have been detected in these tissues [22, 29, 31, 32, 69, 73, 

197-199] but only one transporter, DRA, has been linked directly to CFTR in vivo 

[199]. Furthermore, the main bicarbonate transporter in the sweat gland has not 

yet been identified. There is speculative evidence to link SLC26A6 to the sweat 

gland [73, 197] but this has not yet been confirmed. If bicarbonate transporters 

and CFTR are determined to interact in tissue then the regulation by glutamate 

can be studied in mammalian tissue and perhaps a better understanding of 

bicarbonate transport regulation in vivo can be reached.
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