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Chapter 1 

Introduction
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2

1.1 Overview

The pH of intra- and extracellular fluids is necessarily a tightly controlled 

variable in physiology. Changes in pH  alter fundamental biological properties in 

the cell including protein-protein interactions, enzyme kinetics, and fluid 

osmolarity [1-4]. Intracellular pH (pHj) regulation is critical for most cellular 

processes, including cell volum e regulation, vesicle trafficking, cellular 

metabolism, cell m em brane polarity, muscular contraction, and cytoskeletal 

interactions [1, 3-7]. The pH of a fluid com partm ent can be increased or 

decreased in one of two ways: metabolic generation or consumption of H+ or 

transport of H+ into or out of the cell.

Carbonic anhydrase, CA, is a ubiquitous enzym e found in both  

intracellular and extracellular compartments. CA catalyzes the reaction: C 0 2 + 

HzO <-» H+ + H C 03'. Thus, changes in the H C 03' concentration of a compartment 

bring about an indirect change in H+ concentration through the mass action 

effect. In this way, m oving a H C 03‘ ion from one compartm ent to another 

produces a "H + equivalent" in the original com partm ent. Cellular fuel 

metabolism converts nutrient molecules like glucose into C 0 2, H20 , and energy 

through a series of oxidative reactions. The newly generated C 0 2 reacts w ith 

water to give H C 0 3' and H+, resulting in cellular acidosis. Cellular transport 

processes then remove H+ or H + equivalents to restore homeostatic pH.

There are four major mechanisms of pH ; recovery: monocarboxylate 

proton co-transport (MCT), sodium  proton  exchange (NHE), chloride 

bicarbonate anion exchange (AE), and sodium bicarbonate co-transport (NBC) [8- 

10]. After removal from the cell, protons or proton equivalents are temporarily
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buffered in the blood, predom inantly by C 0 2/H C 0 3' and hemoglobin, then 

excreted from the body either through the action of the respiratory or urinary  

systems for C 02-dependent or C 0 2-independent acid respectively [11].

This thesis describes the intra- and extracellular m etabolism  of 

bicarbonate w ith an emphasis on the role of sodium  bicarbonate transport 

proteins in that process. We will begin by detailing the movement of bicarbonate 

into and out of representative cell types for each process. We will then discuss 

the sodium bicarbonate and carbonic anhydrase families, emphasizing w hat is 

known about the cytoplasmic domains of the former. The main body of the 

thesis describes my work to determine the structure and function of the sodium 

bicarbonate transporter 3 C-terminal tail. The final chapter summarizes my work 

in the broader context of cellular physiology and suggest future avenues for 

exploration.

1.1.1 Pancreatic duct cell bicarbonate secretion

In addition to pH ; regulation, proton and proton equivalent transport 

processes are also required for several physiological processes involving the 

extracellular fluid. For example, in the gastrointestinal tract gastric HC1 secretion 

acidifies the chyme to assist protein degradation. As the chyme passes through 

the pyloric sphincter, pancreatic duct cells secrete a H C 03‘ rich fluid that carries 

enzyme-rich fluid from the acini to the duodenum  where the acidic chyme is 

neutralized [12]. This process is important to protect the small intestine mucosa 

and to optimize pancreatic enzyme kinetics [12]. In humans, pancreatic fluid
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tight junction
BLMapical

Na
AE

C l - Na
NBC

(CFTR)
- CO.

Na
NHE

junction

Figure 1.1 Model depicting H C03‘ secretion by proximal pancreatic duct cells.
Pancreatic duct cells possess BLM Na+/K + ATPase, K+ channel, NHE and NBC 
transport activity. The action of the Na+/K + ATPase and K+ channels produces 
an inward Na+ gradient and polarizes the membrane. This provides the driving 
force for H C 0 3' entry and H+ exit across the BLM via the NBC and NHE, 
respectively. Intracellular CA activity hydrates C 0 2 to give H C 0 3‘ and H +; the 
latter is removed from the cell by BLM NHE, thus provides a second route for 
H C 03' entry into the cell. The apical efflux of H C 03‘ has both C1‘ dependent and 
independent components, which utilize an AE and CFTR respectively [13]
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secretions contain an average of 140 mM H C 03', which is remarkable considering 

pancreatic duct cells have an intracellular H C 03' concentration of 10-15 mM [13], 

Pancreatic H C 03' secretion requires transepithelial transport from the interstitial 

fluid to the lumen of the gland. At the basolateral membrane (BLM), H C 0 3" 

enters the cell directly via NBC activity with a stoichiometry of 1:2 or 1:3 (figure 

1.1) [13]. An indirect pathway that involves C 0 2 permeation followed by CA 

catalyzed hydration of H+ and H C 03' also plays a role (figure 1.1). The resulting 

H + is extruded across the BLM via NHE activity a n d /o r  H +-pum p (figure 1.1) 

[13]. Transport across the luminal membrane involves a C1‘ channel, the cystic 

fibrosis transmembrane conductance regulator, CFTR, in most species, and an 

AE protein (figure 1.1). Upon stimulation by the gastric horm one secretin, a 

cyclic-adenosine monophosphate (cAMP) -dependent activation of CFTR occurs 

resulting in Cl' flux into the luminal space. Cl' is then taken back into the cell via 

AE activity in exchange for H C 03' resulting in a net H C 0 3' efflux [13]. This 

model accounts for secretion of 60 to 80 mM H C 03' observed in rat and mouse; 

however, in hum an and guinea pig total H C 03' secretion is 140 mM and an 

additional m echanism is required to achieve the extra H C 0 3' secretion [14]. 

Recently, a cAMP stim ulated H C 03' flux has been dem onstrated to occur 

through CFTR and it is believed that this pathway may account for the high 

pancreatic duct H C 03' concentration observed in some species (figure 1.1) [13].

1.1.2 Bicarbonate transport in the kidney

In contrast to the gastrointestinal tract, the kidneys perform  net acid 

excretion. Transepithelial transport across the tubular cells, moves protons or
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proton equivalents from the interstitial fluid into the lumen of the tubule, while 

in an obligatory fashion, bicarbonate is reabsorbed from  the lum en and 

transferred to the interstitial fluid [15]. The proximal tubule reabsorbs 

approximately 80% of the filtered load of H C 03' by active H + secretion [16]. The 

majority of constitutive H C 03‘ reabsorption is carried out by a luminal sodium  

proton exchanger, NHE3, and a BLM sodium bicarbonate co-transporter, NBCla

[17]. The m echanism  involves hydration of intracellular COz by carbonic 

anhydrase to yield H + and H C 03' (figurel.2). The luminal NHE3 then transports 

H + into the tubular fluid in exchange for a Na+ ion [17]. The resultant Na+ ion is 

subsequently co-transported with H C 03' across the BLM by NBCla. Thus in 

effect, a proton is secreted and a bicarbonate ion is reabsorbed by the same 

mechanism (figure 1.2). If the luminal proton is buffered by any system other 

than C 0 2/H C 0 3' then instead of reabsorbing a H C 03‘ from the tubule, a new 

H C 03' ion is effectively produced. The new bicarbonate increases the buffering 

power of the blood. During metabolic acidosis the kidney actively secretes NH3/ 

which can buffer tubular protons, thereby increasing the tubular acid carrying 

capacity and blood buffer capacity.

The remaining 20% of bicarbonate reabsorption occurs in the distal tubule 

and collecting duct, and is less well understood. Type A intercalated cells in the 

outer medulla collecting duct inner stripe, OMCDis/ have been shown to have the 

highest rates of bicarbonate reabsorption and acid secretion [18]. Several 

transporters have been identified in this cell type and it is likely that multiple 

mechanisms of trans-epithelial transport contribute to proton and bicarbonate 

flux (figure 1.3). At the luminal membrane, the vacuolar H+-ATPase, a P-type
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( T )  1Na+ 1H+ \ ( E )
C0 2 Tubule lumen

NHE3

HCO,' + H C0 2 + H20

—  \

V v

1Na+
/

>

/
i

t/

"  / .

N/
//

co2 BLM

Figure 1.2. Model of H C 03‘ reabsorption/H+ secretion in kidney proximal 
tubule cells.
C 0 2 passively diffuses across the apical membrane and is hydrated to H C 03' and 
H + by intracellular CAII. Apical NHE3 then removes a H + from the cell in 
exchange for Na+. If the efluxed H + is buffered by H C 03' then the resultant 
intracellular H C 03' generated was effectively reabsorbed from the tubule lumen 
(circled 2). However, if the efluxed H+ is buffered by some other buffer (P04" or 
NH3) then the intracellular H C 03‘ generated by hydration of C 0 2 is effectively a 
"new" molecule will ultim ately increase the buffering strength of the blood. 
H C 03' exits the cell at the BLM via NBCla operating with a 1:3, Na+:HC03' 
stoichiometry [19].
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gastric-like H +-K+-ATPase, and the Na+ H C 03‘ co-transporter, NBC3 are present

[18]. At the BLM, an anion exchanger, kidney AE1, and a sodium  proton 

exchanger are present and together with the apical transporters mediate proton 

secretion and bicarbonate reabsorption [20]. Naturally occurring m utations in 

some of these transporters have been identified in patients that present w ith 

distal renal tubular acidosis, dRTA [21]. For example, loss-of-function mutations 

in 116 kDa, or 58 kDa subunits of the vacuolar H +-ATPase are associated with 

dRTA [21]. M utations in kAEl are also associated w ith both recessive and 

dominant forms of dRTA [21].

Until recently, proton secretion and bicarbonate reabsorption were 

believed to be N a+-independent in OMCDis and mediated only by the apical H +- 

ATPases and basolateral kAEl [22]. The discovery of NBC3 in the apical 

membrane has prom pted a re-evaluation of this belief. Using very sensitive 

techniques, a recent study has shown that approximately 15% of trans-epithelial 

H + flux results from  apical m em brane Na+-dependent transporters [18]. 

Segments treated apically with EIPA, an inhibitor of NBC3 activity, also showed 

a 15% decrease in trans-epithelial H + flux [18]. There is some disagreement in the 

literature about the inhibitory effects of EIPA on NBC3. A review of all reports 

suggest that in the 0-10 pM range EIPA has little or no effect on NBC3 activity, 

yet at higher concentrations (50 pM and more) EIPA blocks NBC3 transport by 

75% or more. The inhibitor and Na+-dependent H+ flux decrease were non

additive, which strongly suggests that this fraction of H + flux is due to apical 

NBC3 [18].
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CO

Lumen
r K+/H+ 
ATPase NBC3ATPase

NHE AE
BLM

Cl

Figure 1.3 Model of H C 03‘ reabsorption/H+ secretion from the distal tubule.
Type A intercalated cells produce the highest rate of H C 03' reabsorption/H + 
secretion in the distal tubule. Several transporters are present in these cells; 
however, the percent contribution of each transporter to total flux is not known. 
Transporters that potentially play a role in flux include: the vacuolar H +-ATPase, 
a P-type gastric-like H+-K+-ATPase, and the Na+ H C 03' co-transporter, NBC3 at 
the apical m em brane and, an anion exchanger (kidney AE1) and a sodium 
proton exchanger at the BLM [18]
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1.1.3 Bicarbonate transporter super fam ily

Alignment of the amino acid sequence of bicarbonate transporters (BT) 

from the solute carrier family 4, SLC4, and the more recently identified SLC26 

families shows a significant degree of identity, which suggests the existence of a 

superfamily of BT. Table 1.1 summarizes the best-characterized BT superfamily 

members and their properties. The SLC26 family consists of anion exchangers 

that in general m ediate halide/organic ion exchange including C 1 '/H C 03' 

exchange. One or more of these proteins may be the unidentified AE transporter 

present in the apical membrane of pancreatic duct cells (figure 1.1). Interestingly, 

a recent report has shown that CFTR interacts w ith the SLC26 family members 

DRA and Pendrin and suggests that one or more of these interactions may be 

physiologically significant [23].

The SLC4 family has two major branches, AE and NBC, as seen in figure 

1.4. These transport families share substantial identity, especially w ithin their 

membrane spanning domains. AE4 shares the greatest identity of all AEs w ith 

NBCs [24]. AE transporters exchange Cl' for H C 03‘ across the membrane in a 

one-for-one electroneutral fashion. NBC proteins co-transport Na+ and H C 0 3' 

across the membrane with a 1:1, 1:2, or 1:3 stoichiometry, depending on local 

regulatory factors and the specific isoforms. The following sections will discuss 

the cloning and characterization of the NBC and CA family members, w ith 

emphasis on cytoplasmic domain characterization.
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Table 1.1. Bicarbonate transport proteins and their properties.

Protein Other names Tissue distribution Mechanism N et
charge

flux

Citation

AEl SLC4A1, Band 3 Erythrocyte, kidney, heart C1"/HC03" exchange 0 125|

AE2 SLC4A2 W idespread C T /H C 0 3" exchange 0 126]

AE3 SLC4A3 Brain, heart, retina, 
gastrointestinal tract, 
kidney

C T /H C 03' exchange 0 127]

NBCla SLC4A4, kNBC Kidney, cornea N a 7 H C 0 3-

co-transport

-2 or -1 (28, 29]

NBClb SLC4A4, hhNBC, 
pNBC, rblNBC, 
splicing variant of 
NBC1

Heart, pancreas, kidney, 
cornea, prostate, colon, 
stomach, glia, thyroid, 
brain

NaVHCCV

co-transport

-2 or -1 (30-32]

NBC3 SLC4A7, NBC2, 
NBCnla,b,c,d

Heart, kidney, skeletal 
muscle, pulmonary, 
artery, aorta, 
subm andibular gland

N a+/HCCV

co-transport

0 [33-35]

NBC4 SLC4A5,
NBC4a,b,c

Liver, spleen, epididymis, 
heart, brain kidney

N a+/H C 0 3-

co-transport

-1 orO 136-39]

AE4 SLC4A9 Kidney, testis C1VHCCV exchange?

N a 7 H C 0 3-

co-transport?

? 140,41]

NDCBE1 SLC4A8, NDAE1, 
NCBE, (NBC3)

Neurons, kidney, 
fibroblasts

N a+-dependent Cl" 
/  H C 0 3" exchange

0 or +1 142-44]

Btrl SLC4A11 Kidney, salivary gland, 
testis, thyroid, trachea

140]

DRA SLC26A3, CLD Colon, ileum, ecrine sweat 
gland

C1"/HC03" exchange 0 [45, 46]

Pendrin SLC26A4, PDS Inner ear, thyroid, kidney C1"/HC03" exchange; 
also I"

0 147, 48]

PAT-1 SLC26A6, CFEX Kidney, heart, pancreas, 
liver skeletal muscle, 
intestine, placenta

C 1 '/H C 03" exchange 
oxalate and form ate

0 149-51]

SLC26A7 SLC26A7 Kidney Cl", S 0 42", h c o 3 ? 152, 53]

Tati SLC26A8 Spermatocytes Cl", S 0 42", H C 0 3"? 152, 54)

SLC26A9 SLC26A9 Lung Cl", s o 42-, H C 0 3"? [52]
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Figure 1.4. Rooted dendrogram of SLCA4 family.
The cartoon depicts the phylogenetic relationship betw een members of the 
hum an SLCA4 family of proteins. Dendrogram  was produced using Phylip 
software.
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1.2 The NBC family of transporters

1.2.1 NBC1 cloning

To date, four variant transcripts from the NBC1 gene have been identified. 

NBC1 was first cloned from amphibian and hum an kidney, and later from rat 

kidney. This variant will subsequently be referred to as NBCla [24, 28, 29, 55]. A 

variant in which the first 41 amino acids of NBCla N-terminal domain have been 

replaced by 85 unique amino acids has been cloned from hum an and rat 

pancreas, NBClb [30, 56]. Another splice variant was identified from a hum an 

heart cDNA library, hNBCl that is identical in amino acid sequence to NBClb 

but differs in the mRNA 5' un-translated region [32]. The preceding three 

variants have been shown to arise from differential splicing of the SLC4A4 gene, 

interestingly although NBClb and hNBCl share identical amino acid sequence, 

they differ in promoter usage, suggesting tissue-specific regulation of expression 

at the transcriptional level [57]. Finally, a variant that is identical to NBClb 

except for 61 unique amino acids that replace 46 amino acids at the extreme C- 

term inus has been identified from rat brain (bNBCl) [31]. The amino acid 

sequence difference is due to a 97 base pair deletion that results in a frame shift 

and extension of the open reading frame [31], suggesting that the transcript may 

represent a cloning artefact.

1.2.2 NBC1 localization

Several groups have reported on the tissue distribution and membrane 

targeting of NBC1, each suggesting a different localization profile [12, 30, 58-69].
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Some of this work was completed before the genetic organization of the SLC4A4 

gene was characterized and thus does not account for variant specific profiling. 

There is still substantial disagreement on exact tissue distribution of each variant. 

Several factors contribute to this situation. First, many groups have perform ed 

multiple tissue Northern blots on various clones, but the completeness of each 

screen varies with each group. Second, some localization experiments have been 

carried out using antibodies on tissues known to transport H C 0 3' and  not 

Northern blots. Finally, there are species-specific differences that complicate the 

matter further.

The emerging consensus is that NBCla is found predom inantly in the 

early proxim al tubu le  w ith  the SI segm ent show ing the strongest 

immunohistochemical staining [59, 64, 70]. Only a single study has identified the 

NBCla variant in extra-renal tissue, specifically, the conjunctiva of rat eye [66]. 

By contrast, in the same study NBClb was identified in cornea, conjunctiva, lens, 

ciliary body, and retina [66]. As this data suggests, NBClb has a much broader 

distribution, and is likely involved with most F1C03' secreting systems of the 

body. In a comparative study, using hum an NBClb and NBCla variant specific 

mRNA probes, multiple tissue Northern blots identified a ~7.6-kb transcript for 

NBCla only in kidney [30], while, the NBClb probe identified ~7.7-kb transcripts 

in several tissues, including brain, pancreas, prostate, colon, stomach, thyroid, 

and spinal cord, w ith the strongest staining coming from pancreas [30]. In rat, an 

NBC1 variant has been identified in the initial segment and intermediate zone of 

the epididymis [58]. Strong staining was observed, in BLM of principle and 

apical/narrow  cells in this region, using an antibody generated against the C- 

terminus of NBC1 [58]. In Situ hybridisation has also identified one or multiple
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NBC1 variants in several brain structures in both glia and neurons [60]. In both 

studies the probes or antibodies used were directed against regions common to 

the variants, which makes it impossible to determine the variant that accounts 

for the observed staining. However, a multiple tissue Northern blot using  a 

probe specifically against rat NBCla did not identify a transcript in testis or brain 

[30]. In hum an pancreas, NBClb localizes to the BLM of duct cells and is absent 

from acinar cells [61]. This finding is in contrast to a similar study of m ouse 

pancreas that found NBClb staining in the BLM of both duct and acinar cells 

[30]. Interestingly, in almost every epithelial tissue studied, NBClb localizes 

exclusively to the BLM of H C 03' secreting cells suggesting that this variant is 

involved with HCOa' influx. One notable exception is the apical localization of 

NBC1 in rat parotid glands [62], In these glands the primary fluid secreted by 

acini is higher in H C 03' than the final fluid, suggesting early secretion and later 

reabsorption of H C 03\

1.2.3 Stoichiometry o fN B C l in kidney and non-renal tissues

In the kidney proximal tubule approximately 80% of the filtered H C 0 3' 

load is reabsorbed by the combined action of apical NHE3 and basolateral 

NBCla (figure 1.2) [71]. Proximal tubule cells are hyperpolarized relative to the 

interstitial fluid, w ith a membrane potential around -60 mV [71]. Both the N a+ 

and H C 03‘ gradients across this membrane are directed inward. Thus, it is a 

functional requirement that NBCla transport stoichiometry have a net negative 

charge to facilitate H C 03' reabsorption from the tubule. In fact, a stoichiometry 

of 3:1, H C 03': N a+ is thermodynamically required for cellular efflux based on
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what is known about the ionic gradients and membrane potential in the proximal 

tubule [72]. Several reports on isolated proximal tubule segments and vesicular 

preparations indicate that NBCla functions w ith a 3:1 stoichiometry in the 

proximal tubule [73-75]. Three different transport models can account for a 3:1 

H C 03':Na+ stoichiometry: lN a+ : 1C032' : 1H C03\  lN a C 0 3‘ : 1C032', or lN a + : 

3HC03\

Electrophysiological studies of apical membrane permeablized proximal 

tubule segments have shown that NBCla operates w ith a 3:1 stoichiometry in 

these cells [75]. Yet in transfected Xenopus oocytes or pancreatic duct cells 

NBCla has a 2:1 H C 03 :Na+ stoichiometry [2, 76]. In light of the fact that several 

physiological lines of evidence indicate that in the proximal tubule NBCla 

operates with a 3:1 stoichiometry, it seems likely that an environmental factor 

influences the stoichiometry in vivo. In support of this idea a recent study found 

that when NBClb and NBCla were transfected into mouse proximal tubule and 

a collecting duct cell lines both exhibited 3:1 stoichiometry in the proximal tubule 

line and 2:1 stoichiometry in the collecting duct line [77]. This finding indicates 

that the stoichiometric difference in proximal tubule and pancreatic duct is not a 

property of the different NBC1 N-terminal domains, and that cellular factors are 

responsible for the difference.

Investigations into a possible role of second messengers in mediating this 

stoichiometric shift have shown that protein kinase A (PKA) -dependent 

phosphorylation of Ser982 of NBCla causes this variant to switch from a 3:1 to a 

2:1 stoichiometry [77]. This is consistent with the down-regulating effect of PKA 

stim ulation on H C 0 3‘ reabsorption from the proximal tubule [78]. In the 

pancreas PKA stimulation activates the apical Cl' channel function of CFTR [79].
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This in turn will depolarise duct cells and facilitate H C 03' influx through NBClb 

at the BLM. One suggested explanation for the inhibitory  effect of 

phosphorylation at Ser982 involves an interaction w ith the cytosolic enzym e 

carbonic anhydrase II, CAII [15]. CAII has been shown to bind an acidic motif, 

LDADD, in AE1 and this interaction is required for the full H C 03' transport 

activity of this protein [80][81]. A similar acidic cluster, D986NDD, in NBCla may 

interact with CAII. The addition of another negative charge by phosphorylation 

at S982 may disrupt this interaction and form the basis of the stoichiometric shift. 

How phosphorylation affects the stoichiometric shift remains to be determined. 

An understanding of the exact ions transported to give a 3:1 or 2:1 stoichiometry 

would be useful in characterizing this effect.

1.2.4 Regulation o fN B C l A c tiv ity

The prim ary determinants of NBC activity are transmembrane Na+ and 

H C 03' gradients and, for the electrogenic NBC1, m em brane potential. In 

addition to these modulators, several lines of evidence suggest that NBCs are 

also regulated by other environmental factors, much like allosteric enzymes are. 

Specifically, NBC1 transport activity is subject to control by intracellular pH  and 

Pco2 possibly through intrinsic sensor regions [82, 83]. Phosphorylation also 

modulates transport activity, either directly or through an accessory factor [17]. 

In addition, certain chronic conditions cause up-regulation of NBC1 expression 

both at the transcriptional and post-translational levels [71].

The effect of altered pH on NBC1 transport activity has been studied 

using in vitro models of metabolic acidosis and alkalosis. Isolated basolateral
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vesicles from renal proximal tubule show NBC1 activity is up-regulated in  acute 

metabolic acidosis but is insensitive to acute metabolic alkalosis, suggesting that 

the adaptive response of the kidney to metabolic alkalosis does not involve 

NBC1 [71]. The increased activity was caused by an increase in transporter 

maximum transport rate, Vmax, consistent with an increase in either the num ber 

of transporters or the turnover rate of transporters already present in the 

membrane. In an independent study, acute metabolic acidosis activated NBC1 

through a protein kinase C, PKC, -dependent pathway that involves an increase 

in Vmax [71, 83-88]. Pre-treatm ent w ith the protein  synthesis inhibitor, 

cycloheximide, did not inhibit the up regulation, which further indicates an 

increase in the num ber of transporters in the plasma membrane or activation of 

an inactive pool [89]. These effects could be mediated by recruitm ent of NBC- 

containing intracellular vesicles to the plasma membrane or activation of the 

existing plasma membrane pool of transporters. Proximal tubule cells grown to 

confluence on a permeable support, m ounted in an Ussing-type chamber and 

apically perm eablized w ith am photericin B were used to study the pH- 

dependence of NBC1 transport activity. Using this m ethod NBC1 transport 

activity was found to be sensitive to changes in intracellular but not extracellular 

pH, suggesting the existence of a pH sensor region on the intracellular surface of 

the transporter [90], Recently, site-directed mutagenesis of NHE3 has identified 

two histidine residues in the cytoplasmic domain that are important to determine 

the pH  responsiveness of this transporter [91]. Interestingly, the N-terminal 

cytoplasmic domain of NBC1 is rich in histidine residues, which suggests that 

this region may similarly act as a pH sensor.
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Respiratory acidosis increases NBC1 activity both acutely and chronically 

[71].Kinetic analysis has demonstrated that up-regulation is m ediated through 

changes in Vmax and not substrate concentration at one-half Vmax/ Km [92]. Acute 

acidosis up-regulates NBC1 transport activity after only 5 minutes of exposure of 

transfected cells to high C 02 and is reversible after 48 hours [92]. This m ode of 

regulation is m ediated through PKC and tyrosine kinase (TK) signalling 

pathways. Specifically, signalling through the TK pathw ay involves non

receptor protein tyrosine kinase family of kinases, SFKs, and the "classic" 

m itogen activated protein kinase, MAPK, pathw ay [83]. After 4 hours of 

exposure, protein synthesis inhibitors were able to block the stimulatory effect of 

high COz [92]. These findings suggest that an extrinsic C 0 2 sensor exists in the 

cell that signals through second messenger pathways and that acute regulation is 

mediated through phosphorylation while chronic (>4 hours) regulation involves 

and up-regulation of NBC1 expression.

Angiotensin II (ANG II) has direct effects on renal tubular functions. In 

the renal proximal tubule, its principle target is NBCla [93]. Interestingly, the 

effects of ANG II are biphasic with respect to H C 03' reabsorption, in that at low 

concentrations (picom olar/nanom olar) ANG II is stimulatory, while at high 

concentrations (nanomolar/micromolar) it is inhibitory [94], In the kidney, ANG 

II effects are mediated by angiotensin 1, AT, receptors, predominantly AT1a [93]. 

Regulation of NBC1 in heart is more controversial; one report indicates that 

regulation is m ediated through ATj receptors while another suggests AT2 

receptors are involved [86, 95]. This discrepancy may be due to methodological 

differences between the two studies. The group suggesting regulation through 

AT2 receptors m easured increases in expression at the mRNA, while the other
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group looked at transport activity. It is possible that both pathw ays are 

im portant, w ith ATj being involved in acute regulation and AT2 chronic 

regulation. Pharmacological dissection of the signalling pathway downstream of 

ATj receptor activation in proximal tubule cells has indicated that activation of 

SFKs and the classical MAPK pathway is involved [93]. Recently, a link between 

the acute activation of NBC1 by COz and ANG II has been established. The non

receptor tyrosine kinase proline-rich tyrosine kinase II, Pyk2, is essential for the 

activation of NBC1 by both C 0 2 and ANG II [96]. However, the mechanism that 

couples Pyk2 to NBC1 activation has not been elucidated.

Cholinergic agents have been shown to activate NBC1 through G protein- 

coupled muscarinic receptor activation in kidney proximal tubule cells [85]. 

Regulation involves the sequential activation of SFKs, Ras, and the classical 

MAPK pathways [85]. Cholinergic agents, insulin and epidermal growth factor 

activate NBC1 through receptor protein tyrosine kinases [83]. Glucose and Na+ 

are im portant serum  osmolytes. Thus, it is likely that regulation of NBCla 

activity is linked to serum  glucose levels. Increasing insulin concentration 100- 

fold did not further potentiate the stimulatory effect, which suggests that insulin 

has a permissive effect on TK activation [97].

H igh levels of glucocorticoids induce metabolic alkalosis, as seen in 

Cushing syndrome [98]. Consistent with this observation, NBCla expression 

levels increase in the proximal tubule following four days of treatment with the 

dexamethasone, which suggests that NBCla is at least partially responsible for 

the effect of glucocorticoids/metabolic alkalosis [98]. Conversely, treatment with 

mineralocorticoids (which have no receptors in the proximal tubule) had no 

effect on NBCla levels in the proximal tubule, which suggests that proximal
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tubule H C 03' reabsorption is up-regulated in response to stress b u t not 

hypertension [98]. A recent report has shown that dexamethasone treatm ent 

increases bicarbonate secretion in intrahepatic biliary epithelium. Therefore, it is 

likely that expression of the major extra-renal NBC protein, NBClb, is 

up regulated under these conditions [99].

Potassium  depletion has also been show n to up-regulate  NBC1 

expression. The regulation of plasma pH and potassium concentration is linked 

so that hypokalemia induces metabolic acidosis, which leads to up-regulated H + 

secretion and H C 03" reabsorption. Interestingly, increased expression could be 

detected as early as two days after the onset of potassium depletion in rats, and 

thus precedes hypokalemia, which suggests that NBC1 regulation is either 

extremely sensitive or mediated by an indirect mechanism [100]. This indicates 

that the signalling pathway initiating NBC1 expression up-regulation is sensitive 

to decreased intracellular potassium. Increased NBC1 expression is not limited 

to the proximal tubule but was also observed in the thick ascending limb and 

inner medullary collecting duct, which is consistent with the idea that K+-sensing 

and secretion occurs in these regions of the tubule [100].

Activators of the cAMP second messenger pathw ay are inhibitory to 

NBC1 activity in the proximal tubule [101, 102]. Both norepinephrine and 

dopamine, which signal through activation of adenylate cyclase, inhibit NBC1 

activity in proximal tubule cells [15]. The mechanism of transport inhibition by 

cAM P-dependent PKA activation is not well understood. However, in the 

proximal tubule the Na+/H + exchange regulatory factor, NHERF, is required for 

PKA dependent inhibition of NBC [78].
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1.2.5 NBC4 Cloning and characterization

NBC4 is the most recently identified member of the Na+/H C 0 3' family of 

co-transporters [36,103]. To date, 5 splice variants of this transporter have been 

identified, named NBC4a-e [36-38, 103]. NBC4a codes for a 1137 amino acid 

polypeptide with 12 to 14 putative membrane spanning domains [103]. NBC4b 

codes for 1074 amino acids and has a 16 base pair (bp) insertion in the third to 

last exon, which introduces a frame-shift m utation, resulting in prem ature 

truncation [103]. NBC4c codes for a 1121 amino acid polypeptide and is missing 

16 amino acids, found in NBC4a and b, betw een putative transm em brane 

segments, TMs, 11 and 12 [37, 38]. NBC4d codes for a 1039 amino acid 

polypeptide and is missing two exons that code for the sequence betw een 

putative TMs 10 to 14 [38]. NBC4e truncates after only 18 bp of the second to last 

TM of NBC4a and codes for a 1051 amino acid polypeptide [39], Using the 

technique of cysteine scanning mutagenesis our laboratory has generated several 

topology models for AE1, the first identified member of the BT super family [104- 

106]. Recently a topology model for NBClb was also published [107]. Since all 

members of the BT super family share a high degree of identity w ithin the 

membrane dom ain it is widely believed that the TM segment structure of the 

region is conserved. Therefore, it is difficult to believe that NBC4d, missing 

several functionally im portant TM segments, is capable of transporting ions. In 

addition, one group has questioned the authenticity of some of these variants on 

statistical grounds. Upon screening a mixed hum an cDNA library generated 

from several distinct tissues using polymerase chain reaction, PCR, probes, 9 

consecutive clones of NBC4c were identified w ith no hits for any of the other
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variants. Assuming even distribution of mRNA of each variant and equal PCR 

efficiencies the likelihood of this event is very low [38]. That is, it seems very 

unlikely that any real transcript expressed in hum an w ould be missed w ith the 

screening m ethod used and that NBC4c is therefore the only real isoform of 

NBC4.

Determination of the tissue distribution of NBC4 is still in the early stages. 

On the basis of multiple tissue Northern blots variants NBC4a and or NBC4b 

show strong signals in liver, testes, and spleen and give m oderate signals for 

heart [103]. Using cDNA libraries from heart and testis and PCR primers that 

amplify shared and unique regions of these variants it has been shown that both 

NBC4a and NBC4b are expressed in heart at approximately equal levels [103]. 

Only NBC4a was identified in the testis [103]. NBC4c shows wide distribution 

and is found, at the mRNA level, in tissues including brain heart, kidney, testis, 

pancreas muscle and white blood cells [37]. The tissue distribution of NBC4d 

has not been characterized. NBC4e was originally cloned from kidney and 

localizes to thick ascending limbs of the loop of Henle in both cortical and outer 

medullary segments [39].

The transport stoichiometry characteristics for NBC4c and e have been 

determined. Interestingly, NBC4c is electrogenic, when expressed in Xenopus 

laevis oocytes, w ith a stoichiometry of 2:1 H C 03':Na+ assessed by plotting Erev 

versus log[Na+]0 [38]. However, NBC4e has an electroneutral stoichiometry 

when expressed in the same system [39]. This finding is quite remarkable as it is 

the first example of a stoichiometric shift due to a structural difference between 

variants of the same gene in the BT superfamily. NBC4e contains a 16 amino 

acid insert between TM segments 11 and 12 (not present in variants a and b) and
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is missing the C-terminal cytoplasmic domain. Functional characterization of the 

NBC4a and b variants will likely prove to be very instructive w ith respect to the 

nature of the stoichiometry shift of NBC4e. One possible explanation involves 

the binding of CAII to the C-terminal cytoplasmic domain. CAII binds the C- 

terminal domains of several members of the BT super family and is required for 

the full transport function of these proteins. In one study phosphorylation of the 

C-terminal domain of NBC1 decreased the transport stoichiometry from 3:1 

H C 03':Na+ to 2:1 possibly by disrupting the interaction w ith CAII [19]. The 

absence of the C-terminal domain of NBC4e may also disrupt CAII binding and 

be responsible for the different transport stoichiometry from NBC4c.

1.2.6 NBC3/NBCnl cloning

The contractile activity of muscle tissue is highly sensitive to changes in 

pH,. During periods of high activity and ischemia large quantities of lactic acid 

are produced that need to be handled so as to prevent deleterious consequences. 

Several pH; regulatory processes are believed to be involved in preventing 

intracellular acidosis in these cells, during times of increased metabolic acid 

production or increased ambient C 02. Except for guinea pig femoral artery 

preparations, N a+-dependent H C 03" transport has been dem onstrated in all 

muscle preparations studied [108]. However, transport stoichiom etry and 

pharmacological inhibition profiles differ betw een tissues, suggesting that 

m ultiple Na+/H C 0 3' co-transporters are present in muscle. For example, 

Na+/H C 0 3' co-transport in ventricular myocytes and sm ooth muscle cells is 

electroneutral [109, 110], while NBC1 mediates only electrogenic co-transport
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with either a 2:1 or 3:1 H C 03':Na+ stoichiometry [16]. Also, NBC1 transport 

activity is stilbene-sensitive and amiloride-insensitive, yet in smooth muscle cell 

preparations stilbene-insensitive and am iloride-sensitive N a+/H C 0 3‘ co

transport has been reported [108]. These findings set the stage for the 

identification of NBC3.

NBC3 was cloned from a hum an skeletal muscle cDNA library using 

probes generated from partial sequence information obtained from hum an 

expressed sequence tag, EST, clones and 5' and 3' rapid amplification of cDNA 

end, RACE, products [35]. Multiple tissue Northern blots originally indicated 

that NBC3 is expressed most strongly in skeletal muscle with approximately half 

as much expression in heart [35]. Subsequently, NBC3 was identified by reverse 

transcriptase, RT, -PCR in distal kidney tubule segments [111]. The NBC3 

mRNA encodes a 1214 amino acid polypeptide with 12 putative transmembrane 

segments [35]. Its transport activity is electroneutral, stilbene-insensitive, and 5- 

(N-ethyl-N-isopropyl) amiloride, EIPA, -sensitive (50 jiM) [35]. A rat orthologue 

to NBC3, called NBCnl (n for electroneutral), has been cloned from smooth 

muscle [33]. Three C-terminal variants of this transporter (-B, -C, and -D) were 

identified and share 89-92 % identity at the amino acid level with hum an NBC3 

[33]. Interestingly, NBCnl-B is -25% sensitive to stilbene derivatives and 

essentially insensitive to EIPA (200 fxM) [33]. The EIPA sensitivity of NBC3 

requires some additional attention. Recently a report dem onstrating an 

interaction between NBC3 and CFTR indicated that NBC3 is insensitive to low 

concentrations of EIPA [112], which has since been independently verified [113]. 

In this study, transport assays were carried out in hum an embryonic kidney,
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HEK, 293 cells treated with 2.5-10 pM EIPA [112]. This concentration range was 

sufficient to block background NHE1 activity but did not adversely affect NBC3 

mediated Na+/H C 0 3' transport [112].

1.2.7 NBC3/NBCnl localization

NBC3 localizes to the apical membrane of type A intercalated cells of 

collecting ducts in both the cortex and medulla, and co-localized with the 31 kDa 

subunit of the vacuolar H +-ATPase [114]. A direct physical interaction was 

dem onstra ted  by the b i-directional co-im m unoprecip ita tion  of these 

polypeptides [114]. The interaction was m ediated by the PDZ binding site 

present at the NBC3 C-terminus, indicating a role of this region in formation of 

protein/protein complexes. In several reports the vacuolar H+-ATPase has been 

identified in association w ith subcellular structures, where it plays a role in 

acidification, including clathrin-coated vesicles, endosomes, and lysosomes [115, 

116]. This suggests tha t NBC3 may also localize to these structures. 

Alternatively, intracellular H+-ATPase-containing vesicles are known to fuse to 

the plasma membrane in response to metabolic conditions. Type A intercalated 

cells are involved w ith acid secretion in the collecting duct, mediated by the 

apical vacuolar H+-ATPase and H +-K+-ATPase and basolateral AE1 [117], Type A 

intercalated cells also contain a BLM NHE and Na+-K+-ATPase, which opens the 

door for a N a+-dependent mechanism of H C 03' reabsorption across these cells. 

A recent report evaluated the contribution of N a+-dependent trans epithelial 

H C 03‘ flux in OMCD preparations and found that this mechanism provided only 

a minor contribution to the total trans-epithelial H C 03' flux [18]. This report also
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found that pH; recovery in type A intercalated cells was inhibited by greater than 

50% in the absence of luminal Na+, which suggests that the major function of 

NBC3 in these cells is associated w ith pH ; regulation [18]. Another report 

characterizing the distribution of NBC3 and NBCnl in salivary glands also 

indicates a role for NBC3 in pHj regulation. NBC3 localizes to the apical 

membranes of duct and acinar cells from both hum an and rat parotid and 

submandibular glands [118]. H C 03‘ secretion from salivary glands is generally 

believed to be mediated by duct cells and not acinar cells. Thus, the ubiquitous 

distribution of NBC3 suggests that its function is more likely to be pH ; 

regulation.

N B C nl d is tr ib u tio n  in  k id n ey  h as b een  d e te rm in e d  by  

immunocytochemical and im m unogold labelling techniques [119]. Strong 

labelling was detected in the inner strip of the renal outer medulla, with weak 

labelling in the outer strip of the outer m edulla and inner medulla, and no 

labelling in the cortex [119]. Consistent with this finding, NBCnl localized to the 

BLM of thick ascending limb cells in the outer m edulla and the BLM of 

intercalated cells in the ISOM and inner medulla [119]. NBCnl has also been 

localized to hum an striated duct cells in salivary glands [118].

1.2.8 Sodium bicarbonate co-transporters in fam ilia l disease

Mutation of the hum an NBC1 gene causes proximal renal tubular acidosis 

(PRTA) and blindness [120,121], which underscores the functional importance of 

NBC1 in the kidney and eye. PRTA is caused by two different mutations of the 

NBC1 gene, R298S, which is in a region of the N-terminal cytoplasmic domain
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that is conserved across NBCs, and R510H, which is predicted to be just before 

the insertion point of TM4 into the membrane. Although the mechanisms by 

which these mutations cause PRTA are not known it is seems likely disruption of 

NBC1 transport function is involved, possibly by interference with membrane 

targeting or transporter topology for R298S and R510H respectively. NBC4 has 

been proposed as a candidate gene for Alstrom syndrome, which is m arked by 

retinitis pigmentosa, deafness, obesity, and diabetes mellitus [103]. Finally, two 

different cardiomyopathies map to the same chromosome interval as NBC3, 

making NBC3 a candidate gene in some heart disease [70, 122, 123]. A knock-out 

model of NBC exists only for the recently-described NBC3 null mouse line [124]. 

These mice manifest w ith retinal and auditory defects, which arise because other 

pathw ays in these tissues do not compensate for loss of the pH -regulatory 

activity of NBC3. Failure to accommodate the retinal H + load compromises 

Ca++ / H+ exchange, which is required for Ca++ homeostasis, leading to blindness. 

The link between NBC3 deletion and auditory defect is not as easily explained. 

The retinal and auditory defects of the NBC3-deficient mouse led to the proposal 

that NBC3 is a candidate for Usher syndrome, which has symptoms similar to 

those of the NBC3 null mice [124].

1.3 The carbonic anhydrase enzyme family

The CA family of enzymes catalyses the reaction, COz + H zO «-» H2C 0 3 ** 

H + + H C 0 3' [125]. The first step is actively catalysed and the second occurs 

spontaneously in aqueous solution. To date, 10 enzymatically active isoforms of
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Table 1.2 Carbonic anhydrase isozyme catalytic activities and localizations 
[126].

Isozyme Catalytic Activity Subcellular Localization

CAI Low Cytosol

CAII High Cytosol

CAIII Very Low Cytosol

CAVII High Cytosol

CAIV High Extracellular GPI-linked

CAIX High Extracellular TM-linked

CAXII Extracellular TM-linked

CAXIV Low Extracellular TM-linked

CAV Moderate High Mitochondria

CAVI Moderate Secreted into saliva
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CA have been identified (Table 1.2) [126]. CA isoforms have been implicated in 

several physiological processes including H+ and H C 0 3' secretion, signal 

transduction , bone resorption, gluconeogenesis, cell p ro liferation  and 

oncogenesis [127-130]. Recently, the role of CAII in bicarbonate metabolism and 

intracellular pH regulation has been identified in skeletal muscle, kidney type A 

intercalated cells, red  blood cells (RBCs), and salivary glands b u t no t 

cardiomyocytes [131][132][125][133]. Despite the fact that CAI is much more 

abundant in  RBCs, CAII is believed to m ediate the m ajority of C 0 2 

hydration /dehydration  because of the low catalytic activity of CAI [128]. 

Furthermore CAII but not CAI binds the red cell anion exchanger, AE1 [134]. 

AE1 facilitates bicarbonate transport across the membrane, which is im portant 

for COz transport in the blood as H C 03' accounts for ~60% of total blood C 0 2 

load [80]. The CAII/AE1 interaction increases the transport activity of AE1 in 

transiently transfected HEK293 cells as demonstrated by competitive inhibition 

of transport by a dominant-negative mutant of CAII [80].

The mechanism by which CAII increases bicarbonate transport activity is 

believed to be similar to the substrate shuttling system used in glycolysis, in this 

system the enzymes that carry out sequential catalytic reactions are physically 

linked so that substrate and product concentrations are kept high and low 

respectively near the active site of each enzyme, thereby maximizing the catalytic 

efficiency. Positioning CAII at the m em brane surface linked to an AE1 

transporter w ould effectively maximize the concentration of newly formed 

intracellular H C 03' at the transporter and thereby assist to drive H C 03' out of the 

cell. At the lungs the process could be reversed to assist in COz off-loading. The 

preceding m echanism  has recently been called the "bicarbonate transport
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metabolon" [80]. CAII has been shown to interact with all three members of the 

anion exchange, AE, family of bicarbonate transporters as well as NBC1, and the 

cardiac sodium proton exchanger, NHE1, via an acidic cluster in the C-terminal 

region of these transporters. The consensus interaction motif consists of a leucine 

residue followed by at least two acidic residues within the next four amino acids 

in the chain. The reciprocal bicarbonate transporter binding motif on CAII has 

been localized to a basic patch of amino acids within the first 18 residues of the 

N-terminus of the enzyme [80].

CAIV is a catalytically active glycosylphosphatidylinositol linked carbonic 

anhydrase isoform located on the extracellular surface of the cell [135]. Recently 

this protein has been shown to interact with the fourth extracellular loop of AE1 

and NBC1 [81, 136]. Transport experiments conducted in the presence of a 

dom inant negative CAII m utant dem onstrated that transfected CAIV could 

rescue the transport activity of NBC1 in HEK293 cells, suggesting a functional 

CAIV/NBC1 interaction. In this exam ple of the bicarbonate transport 

metabolon, two CA isoforms and NBC1 are working together in a "push /pu ll"  

manner to move bicarbonate across the membrane (figure 1.5).
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H C 03- + H+

CO2 + H2O
CAIV

EXTRACELLULAR

CYTOSOL

[HCO3I

t “PULL”

tco2 + h 2 o  I “PUSH”
HCO3- + H+ [HCO3I

Figure 1.5 Establishment of concentration gradient by CA.
The carbonic anhydrases (CA) that interact w ith the bicarbonate transporters 
(BT) are responsible for the generation of a concentration gradient of H C 03' via a 
push-pull mechanism. At the cytosolic face, CAII rapidly converts C 0 2 to H C 03‘ 
providing a high concentration to push transport of bicarbonate out of the cell. 
At the extracellular face, CAIV rapidly converts H C 03‘ + to C 0 2, which depletes 
the extracellular H C 03' concentration, thereby pulling bicarbonate transport 
towards the extracellular space. These effects combined drive bicarbonate 
transport out of the cell. The reverse of this process can occur as well, to drive 
bicarbonate transport in to the cell.
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1.4 Cytoplasmic domains of bicarbonate and proton transporters

1.4.1 Characterization o f  the cytoplasm ic domains o f  bicarbonate  

and proton transporters

The transmembrane domains of transport proteins facilitate the flux of 

ions from one side of a membrane to the other, down an electrochemical gradient 

(or a net gradient in the case of co-transporters and exchangers). Generally 

speaking, these domains are predom inantly hydrophobic especially w ithin  

transmembrane spanning regions, with only a few polar or charged residues that 

likely face the translocation pore. In the case of proton or proton-equivalent 

transporters, the aqueous phase loops are usually too short to accommodate any 

substantial secondary structure and thus are limited in their role in transport 

function regulation. Many of these transporters have relatively large cytoplasmic 

domains, some of which have been well characterized. It is an emerging theme 

that cytoplasm ic regions compose the major regulatory  dom ains of pH  

regulating transporters. Possible regulatory functions of cytoplasmic domains 

include membrane targeting, cytoskeletal interaction, regulated recruitm ent to 

the plasma membrane, substrate concentration sensor, and response to second 

messengers (usually through phosphorylation). To date, specific information on 

regulation of transporter function by cytoplasmic domains has been sparse. The 

following section will discuss what is known about the cytoplasmic domains of 

the anion exchangers AE1 and 2 and the cardiac sodium proton exchanger.
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1 .4.2 The cytoplasm ic domain o f th e A E l Cl~/HC03' exchanger

The anion exchanger, AE1, cytoplasmic domain, A ElN t, has been 

extensively characterized by biochemical, and crystallographic techniques

[137][138, 139]. In the red cell, AE1 is believed to be an organizational hub; 

specifically, A ElN t interacts w ith and anchors several membrane-associated 

proteins, including, ankyrin, protein 4.2, protein 4.1, glyceradehyde-3-phosphate 

dehydrogenase, GAPDH, phosphofructokinase, aldolase, hem oglobin , 

hemichromes, and protein tyrosine kinase [140-150]. These interactions have 

significant consequences for the structure and function of the cell. Interactions 

w ith cytoskeletal elements influence cell shape, flexibility, and lifespan while 

interaction w ith glycolytic enzymes influence glucose metabolism. More 

recently, interactions with signalling proteins and carbonic anhydrase have been 

shown to influence the transport activity of the membrane domain [80].

A crystal structure of AElNt has recently been reported at 2.6 A resolution

[138]. Analysis of the structure has provided insight into the architecture of 

A ElN t interactions w ith peripheral membrane proteins. Several lines of 

evidence suggest that ankyrin interacts only with the tetrameric form of AE1 and 

has little or no affinity for the dimeric form [138]. It is thus likely that sequences 

from two dimers contribute to ankyrin binding thereby tethering the subunits 

together and forming a dim er of dimers [138]. Two regions of A E lN t are 

involved w ith the interaction, the unresolved N-terminal region and residues 

177-190 [138]. The latter region lies in the middle of a relatively exposed and 

convoluted segment between strands |35 and (38 on the main sheet [138]. Strands 

|36 and |37 consist of residues 177-185 and form a well-characterized (3-hairpin

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



35

structure; such structures are commonly involved w ith  pro tein -pro tein  

interactions [151]. Replacement of the wild-type residues 177-185 with a Gly-Gly 

dipeptide abolished binding to ankyrin, yet had no effect on the binding of other 

proteins [138]. In addition, the crystal-structure of another ankyrin binding 

protein, N a+/K + ATPase, indicates a putative binding motif that is very similar in 

structure, consisting of a stalk-and-loop [138].

Although the structure of the N-terminal segment has not been resolved, 

the position of the last resolved residue, His 55, of dimer 1 lies within 31 to 41 A 

of the (3-hairpin structure of dimer 2 and on the same face of the putative 

tetramer [138]. Arranging the two sites on the same face and in close proximity 

is consistent w ith the requirem ent for two binding sites from two different 

dimers for interaction.

Support for the interaction of A ElN t with other proteins including band 

4.1, band 4.2, glycolytic enzymes and tyrosine kinases was not as clearly 

demonstrated by the crystal structure [138]. For example, biochemical studies 

have suggested that the motif, LRRRY, of A ElN t is im portant for binding to 

band 4.1 [138]. However, the crystal structure indicates that residues L343, R346, 

and Y347 are on a buried face of a helix [138]. Thus interaction with band 4.1 

would require partial unravelling of the structure. On the other hand, steric 

constraints and the N-termini of the tetramer require band 4.1 to overlap with the 

predicted position of ankyrin, such competition for binding has been observed 

by several groups [138].

Interestingly, the kidney variant of AE1 is identical to the RBC form 

except for a deletion of the extreme N-terminal 65 residues [152]. Some of these 

residues make up a central strand in crystal structure of RBC AElNt, and thus
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removal of this strand would be expected to have severe consequences for the 

structure of this dom ain [138]. Consistent w ith this suggestion, the kidney 

variant no longer binds several peripheral membrane proteins including ankyrin, 

band 4.1 or glycolytic enzymes [137,153].

2.4.3 Role o fA E l cytoplasm ic domain in regulation o f  transport

The N-terminal cytoplasmic domain of AE2, AE2Nt, is larger than that of 

AE1, 705 residues versus 379, yet it still shares several similar core regions based 

on alignment. Interestingly, the regions of highest identity m ap onto the well- 

defined secondary structure elements of A ElN t that constitute the m ain sheet 

[154]. The non-aligned residues of AE2Nt likely form additional sub-domain 

structures involved w ith the unique functionality of AE2. Thus, it is believed 

that the core structure of the N-terminal cytoplasmic domains of each protein is 

common. Consistent w ith this hypothesis, chimeric studies w here the 

cytoplasmic domains of these proteins were swapped indicated isoform-specific 

regulation mediated by the N-terminal domains [154].

AE1 is relatively insensitive to regulation by protons, hypertonicity, and 

NH4+ [155,156]. Conversely, AE2 is strongly inhibited by protons and activated 

by hypertonicity and low concentrations of NH4+ [155-158]. Initial experiments 

that investigated the pH-sensitivity profile of AE2 in transfected Xenopus oocytes 

varied pH 0 over a 5 to 9 range, which in turn resulted in a pHj range of 7.13 to 

7.61 [154]. Under these conditions, chimeric analysis indicated that the 

transmembrane domain of AE2 was responsible for the majority of regulation by 

changes in pH 0. The A E l ^ /  AE2memb m utant showed an AE2-like profile that
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differed only in an acid shifted pH0 (50) value [154], In this way, the  AE2 

transmembrane domain was termed the pH sensor and AE2Nt the pH m odifier 

[154]. Sequential truncation of AE2Nt has shown that removal of the N-terminal 

510 residues produces a pH-sensitivity profile identical to the A Elcyt0/AE2memb 

chimera, thereby localizing pH modifier function to the initial segment [154]. 

Furthermore, additional experiments have identified two sub-regions that are 

important for pH  modifier function, residues 328-347 and residues 391-510 [154]. 

In more recent experiments pH; was varied at constant pH 0, which allowed for 

dissection of pH r dependent versus pH0-dependent m odifier function [154]. 

Removal of the N-terminal 328 residues abolished pHj-sensitivity while near 

normal pH 0-sensitivity was retained [154]. Hexa-alanine block substitutions 

between residues 310-347 indicated that the residues required for pH-sensitivity 

lie between residues 336-341 and 342-347, which is in contrast to earlier N- 

terminal truncations experiments [154]. This region is highly conserved w ithin 

the AE family and alignment w ith the AE1 sequence and m apping onto the 

AElNt crystal structure places these residues at the endofacial surface of the 

transmembrane dom ain at the cytoplasmic surface of the plasma membrane 

[154]. Such an arrangement would allow the modifier site to interact w ith the 

sensor region(s) of the transm em brane dom ain. Future studies aim to 

characterize site-specific m utation of residues in the pH-sensitivity m odifier 

region.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



38

1.4.4 The cytoplasm ic domain o f  the NHE1 Na*/H+ exchanger

The cardiac sodium proton exchanger, NHE1, exchanges extracellular N a+ 

for intracellular H + in a one-to-one electroneutral m anner [159]. NHE1 plays an 

im portant role in pH; recovery following an ischemic episode and  m ay 

contribute to the accompanying Ca2+ loading and hypertrophy [160]. NHE1 is 

subject to regulation by the growth factors Angiotensin, endothelin, and  oq- 

adrenergic stimulation [159]. Interestingly, all of these factors are know n to be 

involved w ith  cardiac hypertrophy  [161]. The 315 residue C -term inal 

cytoplasmic domain, NHElCt, has been shown to increase its phosphorylation 

state following stimulation by these factors [162]. In addition, NHE1 transport 

activity is m odulated by interaction of N H ElC t w ith cytoplasmic proteins 

including protein kinases and carbonic anhydrase II [162,163].

Four functionally distinct sub-domains have been identified w ithin  the 

sequence of N H ElCt [162]. NHE1 Transport activity is sensitive to changes in 

intracellular ATP concentration, although N H ElCt does not bind ATP [162]. 

Residues 513-564 are responsible for at least some of this regulation, and the 

effect is likely m ediated by phosphatidylinositol 4.5-bisphosphate [164]. Second, 

residues 567-637 contain a binding site for calcineurin homologous protein, 

which is believed to rem ain bound to N H ElC t and dow n-regulate NHE1 

transport activity until stimulated to leave by cellular exposure to growth factors

[165]. Third, a calmodulin-binding domain containing high- and low-affinity 

sites, residues 636-656 and 657-700, respectively has been identified [166]. 

Calmodulin binding down regulates NHE1 activity [166]. Moreover, deletion of 

the high-affinity binding site results in a constitutively activated transporter
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[166]. Finally, residues 700-815 compose the phosphorylation sub-dom ain. 

Several kinases are known to bind to and phosphorylate NH ElCt w ithin this 

region following cellular stimulation by growth factors [167].

NHE1 exhibits pHj-dependent transport activity such that it is maximally 

active at low pH; [163]. Phosphorylation of N HElCt as a result of stimulation by 

growth factors shifts the pH r dependence curve toward the alkaline, which 

results in an increased NHE1 transport rate for any given pH ; value [162]. 

Furthermore, growth factor stimulation results in intracellular alkalinization and 

an increased ability of the myocardium to recover from acid loads [162]. The 

intracellular signalling pathways responsible for these effects on NHE1 have yet 

to be elucidated. However, growth factor receptors are known to signal through 

G proteins [168]. Several kinases phosphorylate NHElCt, including m itogen 

activated protein kinases ERK1 and 2, p90rsk, and pl60ROCK [167, 169, 170]. 

However, the effect of phosphorylation by these kinases on transport activity has 

not been characterized.

1.4.5 The NBC3 C-terminal domain

Characterization of the C-terminal cytoplasmic domain of NBC3 is still in 

early stages. One of the most identifiable characteristics of this domain is the 

presence of a PSD-95/Dlg/ZO-l, PDZ, binding motif (human NBC3 C-terminal 

amino acid sequence is ETSL) at its extreme C-terminus. PDZ binding motifs are 

a common characteristic of most apically located proteins in epithelial tissues. 

One of the best characterized interactions of this type is between the proximal 

tubule apical NHE3 and NHE regulatory factor, NHERF, also called ezrin
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binding protein 50 [171]. In this system NHERF acts as an adaptor linking the 

plasma membrane NHE3 to the cytoskeletal protein ezrin [172]. Ezrin in turn, 

binds the regulatory subunit of protein kinase A [172]. A substantial body of 

evidence indicates that this protein complex is responsible for m ediating the 

inhibition of NHE3 by cAMP [173, 174]. For example, reconstitution of NHE3 

into PS120 cells (a NHE3 and NHERF deficient cell line) alone is not sufficient for 

inhibition by PKA [175]. Co-transfection with both NHE3 and NHERF restores 

PKA-sensitive inhibition to the transporter [175]. Renal proximal tubule cells 

possess several receptors that signal through the cAMP second m essenger 

pathway including, dopamine, parathyroid, and |32-adrenergic receptors, each of 

which produces a unique profile of cellular effects.

Recently, the C-terminal PDZ binding motif of NBC3 was found to 

interact w ith NHERF and co-im m unoprecipitate w ith CFTR both from  

transfected HEK293 cells and from pancreas and subm andibular glands [112]. 

M utation of the PDZ binding motifs in either NBC3 and CFTR blocked co- 

immunoprecipitation and prevented PKA dependent inhibition of NBC3 [112]. 

The authors conclude that this last effect involves an inhibitory role of CFTR on 

NBC3 function. In light of the work done on the NHE3 / NHERF / ezrin / PKA 

signalling complex this conclusion needs to be re-examined. A study needs to be 

perform ed that determ ines which interacting proteins are required for the 

regulation of NBC3 by PKA in vivo. Furthermore, NHERF contains two distinct 

PDZ domains (PDZ I and PDZ II) and it remains to be determined which domain 

interacts with which transporter.

NHERF is involved w ith sorting of CFTR to the apical membrane of 

epithelial cells [176]. The existence of a NBC3/CFTR/NHERF complex suggests
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that NHERF may also play a role in sorting NBC3 to apical membranes. In an 

independent report, the C-terminal 18 amino acids of NBC3 was bound to a 

Sepharose resin and incubated with kidney lysates. The peptide bound the 56 

kDa and 70 kDa subunits of the vacuolar H+-ATPase and NHERF [177]. Deletion 

of the final 5 amino acids of the peptide blocked the association. Performing the 

same assay with the last 18 amino acids of the 56 kDa vacuolar H+-ATPase pulled 

down NHERF and NBC3. Once again deletion of the final 5 amino acids of this 

peptide prevented the pull down. These experim ents provide convincing 

evidence of a direct interaction of both NBC3 and the vacuolar H+-ATPase with 

NHERF. M utation of the C-terminal PDZ consensus site (C-terminal leucine of 

NBC3) to glycine blocked the interaction of the 56 kDa subunit of the vacuolar 

H+-ATPase w ith NHERF, which suggests that the H +-ATPase binds NHERF by 

either PDZ domain I or II. The direct interaction of NBC3 with a PDZ domain on 

NHERF has yet to be determined. However, the ability of a point mutation of 

NBC3 C-terminus to block the interaction of another protein to one of the PDZ 

domains on NHERF suggests that wild-type NBC3 C-terminus has strong PDZ 

binding m otif characteristics and is likely to bind the other PDZ dom ain on 

NHERF.

1.5 Rationale and summary of project

An emerging theme in transport physiology is that cytoplasmic domains 

are keystones linking the activities of the cytoplasm to the membrane and 

beyond. C-term inal dom ains form organizing centres for regulation of 

membrane transport through physical interactions and chemical modifications.
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These domains also play a role in defining cellular architecture and directing 

membrane proteins to their final destinations on the plasm a m em brane or 

vesicular structures. The focus of this thesis is to characterize the C-terminal 

cytoplasmic dom ain of NBC3, NBC3Ct. We first established the functional 

necessity of the domain for NBC3 transport activity. Next, we characterized the 

structure of the domain using biochemical techniques that provided information 

on the shape, secondary structure and accessibility of particular residues. 

Finally, we identified binding partners for the dom ain by yeast-two-hybrid 

screen, and a microtitre dish assay. We characterized one of the resulting 

interactions, CAII and NBC3Ct. Specifically we looked at the effects of pH  and 

phosphorylation by PKA and PKC on the physical and functional aspects of the 

interaction.
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Chapter 2

Structural and Functional Characterization of 

the Human NBC3 Sodium/Bicarbonate Co

transporter Carboxyl-Terminal Cytoplasmic

Domain1

P o r t io n s  o f  th is  chapter h a v e  b een  p rev io u sly  p u b lish ed  and are reprodu ced  h ere w ith  
perm ission:
L o ise lle , F.B., P. Jaschke*, and J.R. C asey, Structural and functional characterization of the h um an  
NBC3 sod iu m /b icarb on ate  co-transporter carboxyl-term inal cytop lasm ic dom ain . M ol M em br 
Biol, 2003. 20(4): p. 307-17.
‘Paul Jaschke assisted  w ith  NBC3 transport assays
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2.1 Introduction

Regulation of intracellular pH (pH,) is critically im portant in all cells as 

intracellular pH  influences membrane transport, cell volume, metabolism, and 

intracellular messengers [178-180]. Physiological changes in metabolic proton 

production and ambient COz make it necessary for cells to have a robust system 

to maintain pH, homeostasis. Most cells experience transient alkalosis and 

acidosis, so that mechanisms for acid influx and efflux are required. Transport 

processes that regulate pH, include: Na+/H +-exchange, N a+-dependent and 

-independent Cl/HCCV exchange, AE, and m onocarboxylate/H + and N a+/ 

H C 03‘ co-transport, NBC [84, 181-187]. AE, Na+-dependent AE, and NBC are 

part of a super-family of H C 03' transporters, BT [8, 154]. NBC participates in 

both alkalinization and acidification pathways [2]. For example, in kidney tubule 

epithelium, NBC activity is involved in H C 03‘ reabsorption (acid secretion), 

while in pancreatic duct cells, NBC activity facilitates H C 03‘ secretion into the 

lumen of the pancreatic duct.

NBC activity has been characterized in several tissues including kidney, 

pancreas, conjunctiva, heart, skeletal muscle, and respiratory epithelia [30, 35, 

188]. The recent cloning of three isoforms, of NBC: NBC1, NBC3 and NBC4, each 

with several splicing variants, has enabled study of NBC activity at the molecular 

level [24, 29-33, 35, 36, 55, 56, 103, 189]. NBC1 exhibits electrogenic, 3:1 or 2:1 

H C 03' : N a+ co-transport in the kidney and pancreas respectively [2]. NBC3 

functions with an electroneutral mechanism with a 1:1 stoichiometry [35]. NBC4 

transport is either electroneutral or electrogenic depending on the spicing variant 

[37]. All three isoforms share a 3 dom ain structure w ith a large N-terminal
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cytoplasmic domain, a highly conserved membrane domain of -57 kDa, w ith 12 

putative membrane spanning segments, and a small C-terminal dom ain of 

approxim ately 10 kDa. The N-term inal cytoplasmic dom ain of NBC3 is 

considerably larger than the other family members with a predicted molecular 

weight of 133 kDa, due in large part to an -120 amino acid insert of unknow n 

function that is absent from the other family members.

In the kidney NBC3 is expressed in the connecting tubule and the cortical 

and medullary collecting duct in both type A and B intercalated cells [111, 114]. 

Interestingly membrane targeting is cell type specific w ith apical or basolateral 

localization in type A or B cells respectively [111]. At the subcellular level, NBC3 

co-localizes w ith  the vacuolar H+-ATPase to peri-m em branous vesicular 

structures inside the plasma membrane [114]. This arrangement suggests that 

NBC3 undergoes regulated recruitm ent to the plasm a membrane. These 

characteristics of NBC3 are likely mediated by interactions of its cytoplasmic 

domains w ith cytoskeletal scaffolding and targeting factors. The C-terminal 

domain of NBC1, NBClCt, has recently been implicated in the regulation of 

NBC1 transport function. NBClCt binds carbonic anhydrase II, CAII, and this 

binding is essential for full transport activity (Alvarez, Loiselle and Casey, 

subm itted for publication). In addition, CAII binding shifts the transport 

stoichiometry from 1:2 to 1:3, Na+:HC03‘, and likely accounts for the tissue-type 

specific stoichiometry of this transporter [19]. The NBC3 C-terminal domain also 

contains the consensus binding-motif for CAII and the possibility of a functional 

interaction is currently under investigation.

The objectives of this study were to determine the functional importance 

of the C-term inal cytoplasmic dom ain of hum an NBC3, NBC3Ct, and to
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characterize its structure using biochemical techniques. Specifically, the 

functional role of NBC3Ct was characterized by m easuring the rate of pH 

recovery from acid loads in cells expressing NBC3 variants. The effect of 

deletion of NBC3Ct on surface processing of NBC3 was examined by confocal 

microscopy and immunoblotting. The structure of recombinant over-expressed 

NBC3Ct was assessed by gel permeation chromatography (GPC) sedimentation 

velocity ultracentrifugation, circular dichroism spectroscopy, CD, and limited 

proteolysis. The data presented here provide a picture of NBC3Ct shape, 

secondary structure, and identify surface-exposed regions. This work also sets 

the stage for obtaining a crystal structure and allows for an independent 

verification of that structure.
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2.2 Methods and Materials

2.2.1 M aterials

Hum an NBC3 cDNA was a generous gift from Ira Kurtz (U.C.L.A.). PCR 

primers were from Life Technologies Inc. Recombinant expression vector, 

pGEX-6p-l, was from Pharmacia Biotech. Pwo DNA polymerase w as from 

Roche and all other cloning enzymes were from  New England Biolabs. 

Escherichia coli recom binant expression strain, BL21-CodonPlus was from 

Stratagene. Protein concentrators were from Millipore. GST fusion purification 

reagents, FPLC apparatus and HiLoad 26/60 Superdex 75 gel perm eation 

columns were from Pharmacia Biotech. Protein quantification reagents were 

from Bio-Rad. Amino-acid analysis was provided by Alberta Peptide Institute. 

Transfection and cell culture reagents were from Invitrogen. Enhanced 

chemiluminescence, ECL, reagent was from Pharmacia Biotech.

2.2.2 DNA constructs

The NBC3 C-terminal domain (NBC3Ct) corresponding to codons 1127 to 

1214 of the NBC3 cDNA was amplified by PCR using the forward and reverse 

prim ers 5'-GGAATTGAATTCATGACGAAGAGAGAACTTAGTTGGCTTGA 

and 3'-CCTTAAGGGCGGCCGCTACTATAATGAAGTTTCAGCATCCACGTA, 

respectively. pGEX-6p-l and the PCR product were digested w ith BamH I and 

Not I and ligated together, yielding pNBC3Ct.

The carboxyl terminal deletion construct (NBC3ACt) was prepared by 

amplifying a region of the cDNA from a site on the 5' side of an internal EcoR I
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site to the end of the cDNA sequence corresponding to the membrane dom ain 

(nucleotides 2865 to 3378). A stop codon and a Not I site were introduced at the 

3' end of the product. The forward and reverse prim ers used w ere 5'- 

G C T C A T G G T T G G C G T T A T G T T G G  a n d  3 ' -

CCTTAACCGAATTCCTACTAGAAACACAGGTCCATGAGTTTGCGC, 

respectively. The PCR product and the NBC3 expression construct were 

digested with Eco R I and Not I, the fragments were ligated together, yielding 

pNBC3ACt.

An HA epitope tag was added to the end of the N-terminus of both NBC3 

and NBC3ACt. An Nhe I restriction site, new start codon, and the HA epitope 

w e re  b u i l t  in to  th e  f o r w a r d  PCR p r im e r ,  5 '-

GG A ACG AGCT AGC ATGT ACCCCT ACG ACGTGCCCG ACT ACGCC 

ATGGAAAGA TTTCGTCTGG AGAAG. The rev e rse  p r im e r , 

CCACATAAGGTTTACTCC, was selected to be just downstream from a BstE II 

site. The PCR product was amplified using hum an NBC3 cDNA as a template. 

Both NBC3 and NBC3AQ were digested with Nhe I and BstE II and were ligated 

together, yielding pHANBC3 and pHANBC3ACt, respectively. All constructs 

were sequenced after completion.

2.2.3 Protein expression in mammalian cells

NBC3 protein was expressed by transient transfection of HEK293 cells [32, 

80], using the calcium phosphate method [190]. All experiments with transfected 

cells were carried out 48-hours post-transfection. Cells were grown at 37 °C in an 

a ir /C 0 2 (19:1) environm ent in Dulbecco's m odified Eagle media, DMEM, 

supplemented w ith 5% (v/ v) fetal bovine serum and 5% (v / v) calf serum.
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2.2.4 NBC3 transport assay

The transport activity of NBC3 was monitored using a fluorescence assay, 

as previously described [191]. Briefly, HEK293 cells grown on poly-L-lysine 

coated coverslips were transiently transfected as described in the previous 

section. Forty-eight hours post-transfection, coverslips were rinsed in serum free 

DMEM and incubated in 4 ml serum-free media, containing 2 pM 2',7'-bis-(2- 

carboxyethyl)-5-(and-6)-carboxyfluorescein-acetoxymethyl ester(37 °C, 20 min). 

Coverslips were then m ounted in a fluorescence cuvette and perfused w ith 

Ringers buffer (5 mM glucose, 5 mM K gluconate, 1 mM Ca gluconate, 1 mM 

M gS04, 10 mM Hepes, 140 mM NaCl, 2.5 mM NaH2P 0 4, 25 mM N aH C 03, pH

7.4), equilibrated with 5% COz / air. The pH, recovery activity of HANBC3 or 

HANBC3ACt was measured during the recovery from transient intracellular 

acidification. Acid loading was accomplished by transient perfusion w ith 

Ringers buffer, containing 40 mM NH4C1 for 5 minutes, followed by the wash

out of NH4C1 w ith Ringers buffer. All experiments were perform ed in the 

presence of 10 jxM 5-(N-ethyl-N-isopropyl) amiloride, (Sigma), to block 

endogenous NHE activity. Fluorescence was m onitored using a Photon 

Technologies International RCR fluorimeter, at excitation wavelengths 440 and 

500 nm and emission wavelength 530 nm. Following calibration using the 

nigericin/high potassium technique [192] at three pH  values between 6.5 and 7.5, 

fluorescence ratios were converted to pHj. The initial rate of pHt recovery from 

an acid load was calculated by linear regression of the first 1 min or the first 3 

min of the pH; recovery after maximum acidosis. The rates of H C 03' influx (JHCO .
3

in m M /m in) were estimated according to the equation JHco3- = Ptotai x ApH, [193],
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where [3total = (3; + |3C02, (3, = 10 mM [194], and (3C02 = 2.3 x [H C03 ]. In all cases the 

transport activity of cells transfected with empty vector was subtracted from the 

total rate, to ensure that these rates consisted only of HANBC3 or HANBC3ACt 

transport activity.

2.2.5 Immunodetection

Transfected cells were washed in PBS buffer (140 mM NaCl, 3 mM KC1,

6.5 mM Na2H P 04, 1.5 mM KH2P 0 4, pH  7.5) and lysates of the whole tissue 

culture cells were prepared by addition of 150 pi SDS-PAGE sample buffer (20% 

(v /v ) glycerol, 2% (v /v ) 2-m ercaptoethanol, 4% (w /v ) SDS, 1% (w /v ) 

Bromophenol Blue, 150 mM Tris, pH  6.8) containing complete mini protease 

inhibitor cocktail (Roche). Prior to analysis, samples were heated to 65 °C for 5 

m in and sheared through a 26-gauge needle (Becton Dickinson). Insoluble 

material was then sedimented by centrifugation at 16 000 x g for 10 min. Total 

protein content was measured using the Bradford protein assay [195]. Samples 

(5 pg) were resolved by SDS-PAGE on 8% acrylamide gels [196]. Proteins were 

transferred to PVDF membranes by electrophoresis for 2 h at 100 V at room 

temperature, in buffer composed of 20% (v /v) methanol, 25 mM Tris and 192 

mM glycine [197]. PVDF membranes were blocked by incubation for 1 h  in 

TBST-M buffer (TBST buffer (0.1% (v/v) Tween-20, 137 mM NaCl, 20 mM Tris, 

pH  7.5), containing 5% (w / v) nonfat dry milk) and then incubated overnight in 

10 ml TBST-M, containing 20 pi rabbit anti-HA antibody. The next day, blots 

were washed 3 times w ith TBST, and then incubated w ith TBSTM containing 

1:3000 diluted donkey anti-rabbit IgG conjugated to horseradish peroxidase.
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After a final wash w ith TBST buffer (3 times), blots were visualized using ECL 

reagent and a Kodak Image Station 440CF.

2.2.6 Confocal microscopy

Cells grown on poly-L-Lysine-coated, 18 mm diam eter coverslips were 

transiently transfected as described. The coverslips were transferred to 35 mm 

petri dishes. Cells were fixed for 30 min in 2% (w / v) paraformaldehyde in  PBSC 

(1 mM CaCl2 140 mM NaCl, 3 mM KC1, 6.5 mM Na2H P 04, 1.5 mM KH2P 0 4, pH

7.5). After two washes w ith PBSC the cells were incubated for 25 m in in 

permeabilisation buffer (300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, 0.5% (v/v) 

Triton X-100, 20 mM Hepes, pH 7.4). The coverslips were washed three times 

with PBSC and blocked for 25 min in 10% serum in PBSC. Coverslips were 

incubated w ith 1/50 dilution of rabbit anti-HA antibody SC805 in PBSC, 4% 

serum. Coverslips were washed three times w ith PBSC, 4% serum, and 

incubated for 45 min in a dark chamber with 1/100 dilution of biotinylated anti

rabbit IgG antibody in PBSC, 4% serum. After three washes with PBSC, 4% 

serum, the coverslips were incubated for 45 min in a dark chamber with 1 /100 

dilution of streptavidin fluorescein conjugate. Images were collected using a 

Zeiss LSM 510 laser scanning confocal microscope m ounted on an Axiovert 

100M, with a 63X (NA1.4) lens.

2.2.7 GST-fusion protein purification

pGST.NBC3Ct in E. coli BL21 codon plus was inoculated into 50 ml of 

Luria broth, LB, medium. Following overnight growth at 37 °C with shaking, 1.2 

liters of LB media was inoculated with the culture (5 m l/200 ml). Cultures were
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grown at 37 °C with shaking until A600 was 0.6-1.0. Isopropylthiogalactoside, 

IPTG, (1 mM final) was added and growth allowed to continue for 3 hours. The 

culture was then centrifuged at 10 000 x g, 10 min and bacterial pellets were 

resuspended in 4 °C PBS buffer, pH 7.40), containing complete mini protease 

inhibitor cocktail. Suspended cells were disrupted by sonication ((4 times 1 min, 

power level 9.5 with model W185 probe sonifier (Heat systems-Ultrasonics Inc., 

Plainview, N.Y.)) and Triton X-100 was added to a final concentration of 1% 

(v/v), w ith slow stirring for 30 min. Following centrifugation (15 000 x g, 10 

min) the supernatant was added to 1.3 ml glutathione Sepharose 4B (50% slurry 

equilibrated with PBS) and incubated at room temperature w ith gentle agitation 

for 1-2 hours. The sample was centrifuged (500 x g, 5 min) and the pellet washed 

three times w ith PBS. The fusion protein was then w ashed 3 times w ith 

PreScission cleavage buffer (150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 50 

mM Tris-HCl, pH  7.0), and reduced to a 50% slurry. PreScission Protease (60 

un its/m l resin) was then added and the sample incubated at 4 °C for forty-eight 

hours w ith rotation. Following cleavage the resin was centrifuged at 500 x g for 

5 minutes and the supernatant collected. The resin was washed once with an 

equal volum e of cleavage buffer and the supernatants pooled. The cleaved 

fusion p ro te in  w as then  fu rther pu rified  by FPLC gel perm eation  

chromatography using a HiLoad 26/60 Superdex 75 column, eluted with GPC 

buffer (150 mM NaCl, 1 mM DTT, 50 mM Tris-HCl, pH  7.5). Fractions (5 ml) 

were collected. Peak fractions were pooled and designated Peak A and Peak B.
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2.2.8 A nalytica l ultracentrifugation

Sedimentation velocity experiments were conducted at 5 °C in a Beckman 

XL-I analytical ultracentrifuge using absorbance optics following the procedures 

described by Laue and Stafford [198]. Aliquots (400 /il) of sample were loaded 

into 2-sector CFE sam ple cells and runs were perform ed at 60 000 rpm  for 

approximately 3 hours, during which a m inimum of 50 scans were taken to 

monitor the sedimentation rate of the protein. The sedimentation velocity data 

was analyzed to determ ine sedim entation coefficients, using the program  

SVEDBERG [199], which incorporates a modified Fujita-MacCosham function 

into a non-linear least squares fitting routine to fit the sedimentation boundaries 

to either single species or multiple species models. The program  SEDNTERP 

was employed to calculate the protein's partial specific volume, S20w, axial ratio 

and the solvent density and viscosity [198].

2.2.9 Circular dichroism spectroscopy

pH  titra tion  experim ents were perform ed using a JASCO J-720 

Spectropolarimeter. NBC3Ct at 7.1 mM in CD buffer (100 mM KC1, 15 mM 

Hepes) was scanned at pH  values 6.2, 6.8, 7.0, 7.2, and 7.8, at 25 °C. Experiments 

were perform ed w ith the following conditions: cell length 0.2 mm, scan range 

196 nm to 250 nm, resolution 1 nm, sensitivity 50 mdeg, response 0.25 sec, speed, 

50 nm /m inute, and 8 accumulations per sample.

In thermal denaturation experiments 2.2 mM NBC3Ct in TDCD buffer (50 

mM NaCl, 25 mM N aP 04, pH 7.5) were scanned at 5 °C, 15 °C, 25 °C, 35 °C, 45 °C, 

55 °C, 65 °C, and 75 °C. Experiments were performed under the following
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conditions: cell length 1 mm, scan range 203 nm to 250 nm, resolution 1 nm, 

sensitivity 20 mdeg, response 0.25 sec, speed 100 n m /m in u te , and  8 

accumulations per sample. All data were analyzed using JASCO J700 analysis 

software.

2.2.10 Proteolysis

Trypsin and chymotrypsin concentrations were optim ized by digesting 

200 p g /m l samples of NBC3Ct in GPC buffer w ith a range of trypsin and 

chymotrypsin concentrations spanning 50 to 400 pg / ml and 0.63 to 40 p g /m l, 

respectively, at 25 °C for 20 minutes. In this way 1 pg /m l chymotrypsin and 40 

pg /m l trypsin was chosen to perform the digestion time courses. Each time 

course was run  until NBC3Ct had been completely digested to sm aller 

fragments. Reactions were quenched by the addition of 2 times SDS-PAGE 

sample buffer and immediately boiling samples for 5 minutes. Alternatively, 

samples for mass spectroscopy analysis were quenched by transferring aliquots 

to glacial acetic acid (25% final concentration). Mass spectroscopy samples were 

analyzed by matrix-assisted laser desorption/ionisation-time of flight (Voyager 

De-Pro from ABI) and dom inant fragment weights were screened against a 

library of predicted fragm ent weights, and fragment designations assigned. 

Samples (20 pg) were also loaded onto 15% SDS-PAGE gels, electrophoresed and 

stained with Coomassie Blue.
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2.3 Results

2.3.1 Effect ofNBC3 C-terminal deletion o n H C 0 3' transport

C1VHCCV exchangers of the AE family share up to 40% amino acid 

identity with NBC isoforms [24]. Alignment of the NBC3 amino acid sequence 

with AE1, whose C-terminal domain has been structurally characterized [106, 

200], indicates that the C-terminal tail of NBC3 spans T1127 to L1214. To 

examine the functional role of the NBC3 C-terminal tail, the hemagglutinin (HA) 

tagged m utan t HANBC3ACt w ith T1127-L1214 deleted was prepared . 

Transfected HEK293 cells were loaded with the pH  sensitive dye, 2',7'-bis-(2- 

carboxyethyl)-5-(and-6)-carboxyfluorescein-acetoxymethyl ester, subjected to 

acid loading and their rate of pH; recovery was assessed (figure 2.1a). All 

experim ents w ere perform ed in the presence of 10 p.M 5-(N-Ethyl-N- 

isopropyl)amiloride (EIPA) to inhibit endogenous Na+/H +-exchange activity of 

the HEK293 cells. HANBC3 transport activity was 2.2 mM ± 0.3 mM H C 0 3‘ 

/ minute, which is about 2-fold over background (figure 2.1a). The transport rate 

of HANBC3ACt was determined by normalizing HANBC3 transport to 100% for 

each day of experiments. HANBC3ACt transport rate was 12 % ± 5 % of 

HANBC3 (n=9, p < 0.05 (unpaired, 2 tailed t-test)) (figure 2.1b) indicating that 

loss of NBC3Ct greatly reduced transport activity. Comparison of the rate of pH; 

recovery is shown in figure 2.1c. The minimum pH of cells transfected with 

HANBC3 and HANBC3ACt cDNAs was the same (pH 6.5). However, the empty 

vector control acidified to pH 6.7 and thus recovery was less affected by
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Figure 2.1. Functional role of NBC3Ct.
A, HEK293 cells grown on coverslips were transiently transfected with empty 
vector, HANBC3, or HANBC3ACt cDNAs. Transfected cells were loaded with 
2/,7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein-acetoxymethyl ester, and 
placed into a cuvette to monitor pH;. Cells were perfused alternately with 
Ringers buffer (open box), or Ringers buffer, containing 40 mM NH4C1 (shaded 
box). Representative plot of pH  versus time for cells transfected with HANBC3, 
where pH; recovery rate was 0.045 ApH /m inute or 3.0 mM H C 037m inute. B, 
The average pHj recovery rate of HANBC3ACt is expressed as a percent of the 
wild-type rate. Error bars represent standard error of the mean (n=9). Asterisk 
represents statistical difference p<0.05 (unpaired, 2 tailed  t - t e s t ) .  C, 
representative pH ; recovery of empty vector (light grey), HANBC3 (black), and 
HANBC3ACt (dark grey) transfected cells.
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intracellular buffer capacity, (3ir which accounts for the sub-background recovery 

of the deletion construct in this example.

2.3.2 NBC3 expression and localization in HEK293 cells

The dim inished H C 03- transport activity of HANBC3ACt could result 

from reduced expression or processing of the protein to the cell surface, or an 

effect on transport catalysis. The expression and localization of wild type NBC3 

and NBC3ACt were assessed by im m unoblotting and confocal microscopy. 

Immunoblots were also prepared in parallel with transport assays for each day of 

experiments to ensure consistent expression levels. Figure 2.2a, shows an 

immunoblot of lysates prepared from the same transfection used to generate the 

transport data shown in figure 2.1c. HANBC3 migrated as two bands: a strong 

band at 168 kDa, and a weaker band at 156 kDa. HANBC3ACt expression level 

was much lower than HANBC3 and migrated as a single weaker band at 146 

kDa. The two band pattern of HANBC3 suggests that some of the protein is 

retained intracellularly, either unglycosylated or only core glycosylated. Since 

deletion of the C-term inal dom ain of NBC3 removes -10 kDa, the single 

HANBC3ACt band migrating at 10 kDa less than the lower NBC3 band suggests 

that the deletion is not glycosylated and may be completely retained within the 

cell. The dram atically  lower expression level of HANBC3ACt may be 

attributable to degradation of destabilized, intracellular-retained protein, which 

suggests that NBC3Ct plays a role in targeting a nd /o r folding of the transporter.

Confocal imm unofluorescence microscopy of transiently transfected 

HEK293 cells showed that HANBC3AQ is completely contained within the cell
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Figure 2.2. Expression and localization of HANBC3 and HANBC3ACt.
A, HEK 293 cells transfected with empty vector (lane 1), HANBC3 (lane 2), or 
HANBC3ACt (lane 3) were solubilized and samples (5 pg protein) were resolved by 
SDS-PAGE and transferred to PVDF membrane. Immunoblot as probed with rabbit 
polyclonal anti-HA antibody. Localization of HANBC3 (B) and HANBC3ACt (C) was 
assessed by confocal microscopy of transiently transfected HEK293. Coverslips were 
fixed, permeablized, and stained with the same anti-HA antibody as above, a biotinylated 
goat anti-rabbit secondary antibody, and finally streptavidin-FITC dye.
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(figure 2.2c). HANBC3 also appears to be slightly intracellular-retained; 

however, the majority of the protein localizes to the plasma membrane (figure 

2.2b), consistent with a previous report that showed NBC3 localization both to 

the plasma membrane and to a peri-plasma membrane subcellular pool in type A 

intercalated cells [114]. Taken together the expression data and confocal 

microscopy suggest that deletion of the NBC3 C-terminal dom ain blocks the 

ability of the protein to reach the plasm a mem brane, leading to protein  

degradation and reduced steady-state accumulation.

2.3.3 Over-expression and purification ofNBC3Ct

Since NBC3Ct is required for NBC3 plasma membrane localization and 

transport activity, we chose to characterize the dom ain's properties. Codons 

1127 to 1214 of hum an NBC3 cDNA, encoding NBC3Ct, were sub-cloned in 

frame, with an N-terminal, glutathione-S-transferase, GST, fusion partner into 

the pGEX-6p-l prokaryotic expression vector. In this construct a PreScission 

protease consensus cleavage linker-sequence separates GST from NBC3Ct. 

GST.NBC3Ct was expressed to about 20% of total protein in £. coli (Table 2.1 and 

figure 2.3a). GST.NBC3Q was almost completely soluble as seen by the small 

difference in purity between the re-suspended culture and the cleared lysates 

(Table 2.1 and figure 2.3a). During purification the GST-Sepharose was 

completely saturated w ith GST-NBC3Q (~8 mg GST / ml resin), so that most of 

the fusion protein was lost during the wash steps, which accounts for the large 

decrease in yield. Following cleavage with PreScission protease the apparent 

purity of the preparation dropped somewhat, which was expected as about 2 /3
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Figure 2.3. Analysis of NBC3Ct purification.
A, samples from stages of the purification procedure were subjected to SDS-PAGE on 15 
% acrylamide gels and Coomassie blue staining. An equal fraction of total protein was 
loaded in each lane. Sample analyses were: resuspended culture following 3 hours of 
induction with 1 mM IPTG (lane 1), Triton X-100 treated lysate (lane 2), Glutathione 
Sepharose® 4B resin incubated with the lysate and washed extensively (lane 3), 
supernatant from PreScission™ protease treated resin (lane 4), and GPC chromatography 
purified sample (lane 5). B, the purified sample was analyzed by matrix-assisted laser 
desorption/ionisation-time of flight mass spectrometry, which indicated a nearly pure 
protein at the predicted molecular weight of 11,165 Da. C, reverse phase high 
performance liquid chromatography analysis of the purified sample. Fractions were 
analyzed my mass spectroscopy, the NBC3Ct peak was found to elute at -23 minutes and 
showed 97% purity.
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of the molecular weight of the fusion protein was lost following removal of the 

GST moiety; in addition, the presence of a band at ~ 46 kDa suggests that some 

of the PreScission protease (which contain a GST domain) did not remain bound 

to the resin (Table 2.1, figure 2.3a). A final step of GPC effectively purified 

NBC3Ct (figure 2.3a). Two major peaks (pools A and B) were observed during 

GPC (figure 2.4a). SDS-PAGE revealed three major bands in Pool A, likely 

corresponding to GST, a bacterial protein product of the E. coli gene dnaK known 

to bind GST [201], and PreScission protease. SDS-PAGE of Pool B indicated a 

strong band with a molecular weight of 14 kDa, and a much weaker slightly 

lower band, likely a truncated version of NBC3Ct (figure 2.3a). Immunoblotting 

of the pools with an anti-NBC3 antibody indicated that the band from pool B 

corresponds to NBC3Ct. Scanning and densitometry of Coomassie blue-stained 

SDS-PAGE gels showed that pool A protein was 94% pure NBC3Ct (Table 2.1, 

figure 2.3a). Purity was also assessed by mass spectrometry and reverse phase 

high performance liquid chromatography (figure 2.3b and c). Mass spectrometry 

showed that the major peak had mass 11165.6 Da, consistent w ith NBC3Ct. The 

small peak w ith m /z  22329.0 is consistent w ith dimeric NBC3Ct and likely 

represents a mass spectrometry artefact caused by the high concentration of the 

sample. Fractions from reverse phase, high performance liquid chromatography, 

HPLC, peaks were analyzed by mass spectrometry and the NBC3Ct peak was 

found to elute at -23 minutes. Integration of this peak indicated a sample purity 

of -97%, which is slightly greater than densitometry showed.
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Table 2.1. Summary of NBC3Ct purification data.
Purification units were based on the densitometric analysis of the appropriate 
bands in figure 3. * Units were assigned based on the num ber of pixels counted 
during densitom etry of the scanned gel. Each count was normalized for the 
fraction of total protein used and divided by 10,000,000 pixels. Percent yield was 
calculated from the units rem aining compared to the resuspended culture. 
Percent purity was determined by comparing the pixels representing the band of 
interest to the total pixels for a given lane.

step culture cleared
lysate

affinity resin cleaved
fusion

post GPC

units* 206 188 7.27 7.66 6.20
% yield / 91.3 3.5 3.7 3.0
% purity 20 18 67 48 94

yield (mg) / 151 / / 4.30
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2.3.4 Hydrodynamic shape analysis ofNBC3CT

The Stokes radius, which is a mathematical value indicating the apparent 

radius of a hard  sphere (determined by its rate of movement though aqueous 

solution) of NBC3Ct was 26 A on the basis of elution from GPC columns. This 

was surprising since this is greater than the Stokes radius of the carbonic 

anhydrase standard, which has more than twice the m olecular w eight of 

NBC3Ct. The observation was verified independently by sedimentation velocity 

analysis, which indicated a Stokes radius of 30 A and an axial ratio of 12:1. 

Shape modelling using the Teller method indicated a prolate molecule with long 

and short axial diameters of 19 and 2 nm respectively (figure 2.4b).

2.3.5 NBC3Ct conformation is insensitive to changes in pH  and 

temperature

Purified NBC3Ct was analyzed by CD spectroscopy over the pH range 6.2 

to 7.8 (figure 2.5a). The conformation of NBC3Ct was insensitive to changes in 

pH over the patho /  physiological range, as indicated by the nearly super- 

imposable CD spectra from 5 pH values assessed. Best fit de-convolution 

modelling, as analyzed using the Contin program of Provencher and Glockner 

[202], indicated 60% p-sheet, 33% P-turn, and 7% random  coil at pH 7.0. The 

range of Ae seen was not very large, —2500 JvHcm'1 at 215 nm  compared to a fully 

p-structured protein (—30,000 M^cm'1 at 215 nm), which suggests that although 

the total structure is predom inantly p, NBC3Ct likely does not form a single 

continuous p-sheet. Interestingly, thermal denaturation CD scans indicated a
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subtle loss of |3-structure in the 5 to 25 °C range but the majority of structure was 

retained up to 85 °C, which suggests that NBC3Ct is very stable.
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Figure 2.4. Shape analysis of NBC3Ct.
A, PreScission™ protease treated GST.NBC3Ct was applied to a Superdex® 75 
column via a Pharmacia Biotech FPLC apparatus, and 5 ml fractions were 
collected. The fractions corresponding to peaks A and B were pooled separately 
and analyzed by SDS-PAGE w ith Coomassie blue stain ing (inset) and 
immunoblotting. Arrows indicate the elution position of bovine serum albumin 
(B, 36 A, 66 kDa), carbonic anhydrase (CA, 20 A, 29 kDa), cytochrome C (CC, 16 
A, 12.4 kDa). The Stokes radius for peak B was found to be 26 A. B, Shape 
m odeling by Sedim entation Velocity. Purified NBC3Ct was subjected to 
analytical ultracentrifugation in a Beckman XL-I ultracentrifuge. Data was 
analyzed using the program, SEDNTERP. Analysis indicated a Stokes radius of 
29.6 A and an axial ratio of 12.2. The model was generated by SEDNTERP on the 
basis of these param eters, and the amino acid sequence of the domain; it 
indicates a prolate shape with a long axis of 19 nm and a short axis of 1.6 nm.
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Figure 2.5. Circular dichroism spectroscopy of NBC3Ct at a range of pH  
values.
Circular dichroism spectra were collected in Phosphate buffers at pH 6.2, 7.0, and 
7.8. Each curve was generated from the average of 8 scans of the same sample.
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2.3.6 Identification o f  surface exposed regions ofN B C 3C t

Limited proteolysis was used to identify regions of the domain that are 

sensitive to proteolysis, suggesting an extended or open structure. The amino 

acid sequence of NBC3Ct contains 19 and 17 potential trypsin and chymotrypsin 

cleavage sites respectively, distributed throughout the length of the dom ain 

(figure 2.6d). Thus, digestion w ith these enzymes should identify open- 

structured parts of the whole domain. Tryptic digests were optimized to identify 

the concentration of trypsin producing a ladder of fragm ents following 20 

m inutes of digestion. Using this method 40 jug/ml trypsin was selected for 

longer time courses. Figure 2.6a shows the results of a 64 m inute digestion, 

which resulted in nearly complete cleavage of the starting material. W hen the 

same optim ization protocol was used to identify an appropriate chymotrypsin 

concentration, even at low concentrations of enzyme, all starting material had 

been digested by 20 minutes. A stable fragment appeared within the first 30 

seconds of digestion (figure 2.6b).

Samples of both reactions from each time point were analyzed by matrix- 

assisted laser desorption  / ionization-tim e of flight mass spectroscopy for 

fragments between 5 and 25 kDa (m /z). Resolution of the technique was ± 4 Da, 

which was sufficient to determine the sites of cleavage of NBC3Ct (figure 2.6c). 

Also, the relative intensity of each fragment at each time point indicated the 

order of degradation and relative site sensitivity (figure 2.6c). That is, more 

sensitive sites rise in intensity earlier than less sensitive sites. In order of 

cleavage, trypsin cleaved at sites R1129, K1186, and K1183. After 8 minutes the 

fragment cleaved at R1129 and K1183 (6341 Da) was stable and persisted through
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until the end of the experiment (64 minutes). Chymotrypsin cleaved only at one 

site (yielding a fragment greater than 5 kDa), at LI 185.
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Figure 2.6. Limited proteolysis of NBC3Ct using trypsin and chymotrypsin.
Coomassie Blue stained SDS-PAGE gels of the progression of trypsinolysis (A) 
and chymotrypinolysis (B), respectively, of NBC3Ct. Three and one distinct 
proteolytic fragments are observed during trypsinolysis and chymotrypsinolysis, 
respectively. C, the molecular weight of each fragment was determined by 
matrix-assisted laser desorption/ionisation-time of flight mass spectrometry; a 
sample output for the 4 minute time point (trypsinolysis) is shown . D, model of 
the sequence of NBC3Ct with the observed cleavage sites denoted by * above the 
bar. Potential cleavage sites are indicated under the bar by - and = for trypsin 
and chymotrypsin, respectively.
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2.4 Discussion

The C-terminal domains of bicarbonate transporter super-family members 

play an im portant role in the regulation of transport function [103, 125, 203]. 

AE1, AE2, AE3 [19, 125], and NBC1 [81] bind the cytosolic enzyme, carbonic 

anhydrase II. M utation of the CAII binding site or competitive displacement of 

CAII from its binding site diminished H C 03' transport activity by ~40 % for these 

transporters. Recently it has been suggested that phosphorylation of the C- 

term inal dom ain of NBC1 may modulate the H C 03'/N a + coupling ratio by 

displacement of CAII from its binding site [19]. This finding suggests that the 

bicarbonate transporter/CAII interaction may be regulated in a phosphorylation- 

state dependant m anner. The C-terminal dom ain of NBC3 likely plays a 

similarly im portant role. In the present report we found that deletion of the C- 

term inal dom ain of NBC3 reduced transport by alm ost 90% (figure 2.1), 

consistent w ith an im portant role for the domain. NBC3Ct has an open 

structure, well suited to act as a binding site for peripheral proteins, but the 

dom ain does not undergo conformational alterations with changes of cytosolic 

pH. If NBC3Ct m ediates regulation of transport in response to changes of 

cytosolic pH, it does not do so by changes of its secondary structure.

Im m unoblotting of transiently transfected HEK293 cells identified two 

specific bands for NBC3, migrating at -168 and -156 kDa. The higher molecular 

weight band is not as large as previously reported, but this likely reflects a 

tissue-type specific glycosylation pattern  and not a difference in prim ary 

sequence. The deletion m utant migrated at -10 kDa less than the lower NBC3 

band, as expected based on the predicted molecular weight of the C-terminal
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domain. The lack of a corresponding higher molecular weight band for the C- 

terminal deletion m utant suggests that the deletion is either un- or incompletely 

glycosylated. This suggests that the lower NBC3 band and the deletion m utant 

band are equally glycosylated or unglycosylated. Thus, it is likely that the poor 

transport activity of the C-terminal deletion m utant is secondary to poor 

processing to the plasm a membrane. Consistent w ith this idea, confocal 

microscopy of HEK293 cells transiently transfected w ith either NBC3 or the 

deletion m utant showed greater subcellular retention of the deletion m utant 

(figure 2.2b and c).

The fusion protein, GST.NBC3Ct, which was over-expressed to 20 % of 

total protein (figure 2.3a) was almost completely soluble as assessed by 

densitometry. The very high purity of NBC3Ct gave us confidence that our 

biochemical characterizations were accurate and not influenced to any significant 

extent by impurities. During purification we found that NBC3Ct eluted from the 

GPC column much earlier than was expected based on its molecular weight. The 

Stokes radius of 26 A was independently verified by velocity ultracentrifugation, 

which indicated a Stokes radius of 30 A. Using modelling software a rod-like 

shape -19 nm  long by -2  nm wide was predicted. NBC3Ct possesses a PDZ 

consensus binding m otif that shares strong homology to the PDZ motif of 

N a+/H +-exchanger 3, w hich has been shown to interact w ith cytoskeletal 

scaffolding elements and A kinase anchor proteins [204]. An extended structure 

would be ideal to bind such regulatory proteins and to form sites for anchorage 

to the cytoskeleton.

NBC1 activity was sensitive to changes in intracellular pH but not 

extracellular pH  [90]. It thus seems likely that pH sensitivity is conferred by one
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or more of the cytoplasmic domains or and intracellular loop of the membrane 

domain. We hypothesized that the C-terminal dom ain could undergo a pH- 

d e p en d e n t c o n fo rm a tio n a l change w ith in  the  p h y sio lo g ica l or 

pathophysiological range. Measuring secondary structure as an indication of 

conformation, we could not detect any change within the pH range examined. 

This finding suggests either a) that the C-terminal domain does not contain a pH  

sensor or b) a C-terminal pH  sensor does not function via large conformational 

changes.

NBC3Ct has a large number of trypsin and chymotrypsin sites distributed 

throughout the length of the polypeptide, which makes it particularly amenable 

to study by limited proteolysis. Digestion experiments were designed to identify 

the first few cleavage sites utilized because these are most likely to be surface 

exposed residues. Since trypsin and chym otrypsin cleave at basic and 

hydrophobic residues, respectively, we expected that trypsin would generate 

more fragments than chymotrypsin. Hydrophilic residues are more prevalent at 

the surface of proteins, while hydrophobic residues generally make up the core 

of proteins. Indeed, trypsin and chymotrypsin cleavage generated one and three 

fragments respectively, under similar conditions. Given that NBC3Ct has such a 

long shape it was surprising that proteolysis generated so few cleavages under 

the experimental conditions, especially for trypsin. NBC3Ct also contains several 

acidic residues, leading to an isoelectric pH of 6.20 with 22% basic residues and 

25% acidic residues. One explanation for the low number of sites used may be 

that the majority of basic residues are ion paired w ith acidic residues and 

therefore less susceptible to cleavage.
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Identified proteolytic cleavage sites clustered around two regions. One 

was at the N-terminal end of NBC3Ct just after the membrane domain (figure 

6d). The accessibility the N-terminal region suggests that the purified dom ain 

has assum ed a native conformation since this region is required to be at the 

surface of the C-terminal domain because of its attachm ent to the membrane 

domain. Interestingly, sequence analysis indicates that a consensus PKA 

phosphorylation site, SI 132, is 3 residues C-terminal to the cleavage site and a 

consensus CAII binding site lies 5 residues C-terminal to the cleavage site. Taken 

together this data suggests a model in which a CAII binding site and a PKA 

phosphorylation site localize to an open region on the extended rod structure of 

the NBC3 C-terminal tail. A similar region was recently identified in NBC1. 

M utation of D986 or D988 blocked the S982 phosphorylation-state dependent 

shift from 2:1 to 3:1, H C 03':Na+ transport stoichiometry for NBC1 [19]. It seems 

possible that the NBC3 C-terminal tail also undergoes a phosphorylation-state- 

dependent interaction with CAII. We are currently investigating this possibility.

The second exposed region spans K1183 to K1186. Chymotrypsin also 

cleaved at LI 185, betw een the two lysine residues. Chym otrypsin cleaves 

aromatic residues at a higher rate than leucine, which suggests that the exposed 

motif is limited at its C-terminal end by K1186 since no detectable cleavage 

occurred at Y1187. NBC3 shows cell type specific membrane targeting, apical or 

basolateral in type A and B intercalated cells respectively [111, 114]. Assuming 

that the N-terminal exposed binding region is involved in regulation of transport 

activity through binding to CAII, region 2 may be involved in cell surface 

targeting.
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In conclusion, deletion of NBC3Ct prevents membrane. Consistent with 

observations of NBC3 localization in the kidney, we also found that NBC3 

localizes both to the plasma membrane and to an intracellular pool. Structural 

analysis revealed NBC3Ct as a stable elongated rod-like shape w ith two 

proteolytically sensitive regions. This structure is well-suited to a role in binding 

of regulatory proteins. NBC3Ct did not change structure over the pH  range 

tested, suggesting that conformational changes do not serve to signal changes of 

NBC3 activity. NBC3Ct proximal to the membrane domain contains consensus 

CAII binding and PKA phosphorylation motifs and had an open, accessible 

structure. Thus the region could be involved in mediation of a phosphorylation 

state dependent interaction with CAII. The membrane-distal region of NBC3Ct 

may be involved in membrane targeting.
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Chapter 3

Regulation of the human NBC3 Na+/H C 03' Co

transporter by Carbonic Anhydrase II and

Protein Kinase A

2P ortions o f  th is  ch apter h ave b een  p rev io u sly  p u b lish ed  and are reprodu ced  w ith  p erm ission:  
Loiselle, F.B., P.E. Morgan*, B.V. Alvarez', and J.R. Casey, Regulation o f  the human NBC3 N a7H C 03' 
Co-transporter by Carbonic Anhydrase II and Protein Kinase A. Am J Physiol Cell Physiol, 2004. 286: 
C1423-33.
'Patricio Morgan and Bernardo Alvarez assisted with NBC transport assays.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



75

3.1 Introduction

Regulation of intracellular pH, pH;, is critically im portant in all cells as 

pH, influences membrane transport, cell volume, metabolism, and intracellular 

messengers [178-180]. Physiological changes in metabolic proton production and 

ambient C 0 2 make it necessary for cells to have a robust system to maintain pH, 

homeostasis. Most cells experience transient alkalosis and acidosis, so that 

mechanisms for acid influx and efflux are required. NBC3 contributes to pH; 

regulation in striated myocytes and H C 03' secreting epithelial cells [18, 35].

NBC3, originally cloned from hum an skeletal muscle, was also localized by 

multiple tissue northern-blot to heart [35]. Subsequently, NBC3 has been 

identified at the apical surface of several epithelial cell types including renal 

outer medullary collecting duct type A intercalated cells, and duct and acinar 

cells of parotid and subm andibular glands [111, 114, 118]. A recent report 

evaluated the contribution of Na+-dependent trans-epithelial H C 03' flux in outer 

medullary collecting duct preparations and found that this transport mechanism 

provided only a minor contribution to the total trans-epithelial H C 03' flux [18]. 

However, pH, recovery in acid-secreting type A intercalated cells was inhibited 

by greater than 50% in the absence of lumenal Na+, which suggests that the major 

function of NBC3 in these cells is associated w ith pH, regulation [18]. In 

addition, NBC3 has a w idespread distribution in salivary glands, yet H C 03' 

secretion from these glands is believed to be m ediated by duct cells and not 

acinar cells, which further supports the role of pH, regulation. By comparison, 

the rat orthologue of NBC3, NBCnl, localizes specifically to the basolateral
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membrane of duct cells, which leaves open the possibility that this protein may 

participate in trans-epithelial H C 03‘ flux [118,119].

The carbonic anhydrase, CA, family of enzymes catalyse the reversible 

hydration of C 02 to yield H C 03' and a H + by the following mechanism, COz + 

HzO ** H2C 0 3 ** H+ + H C 0 3‘ [132]. The first reaction step is actively catalysed 

and the second occurs spontaneously in aqueous solution. To date, 10 

enzymatically active isoforms of CA have been identified [132]. CA isoforms are 

involved in many physiological processes including H+/H C 0 3' secretion, signal 

transduction , bone resorption, gluconeogenesis, cell p ro liferation  and 

oncogenesis. CAII is a cytosolic isoform and has been identified in skeletal 

muscle, kidney type A intercalated cells and salivary glands, but not adult 

car diomy ocy tes.

CAII interacts functionally with all three members of the anion exchange, 

AE, family of bicarbonate transporters and interacts physically via an acidic 

motif in the C-terminal region of these transporters [134, 205]. The consensus 

interaction motif consists of a hydrophobic residue followed by at least two 

acidic residues w ithin  the next four amino acids [205]. The reciprocal 

bicarbonate transporter-binding motif on CAII has been localized to a basic patch 

of amino acids within the first 18 residues of N-terminus of the enzyme [206]. 

This interaction is essential for the full H C 03‘ transport activity of anion 

exchangers in transiently transfected HEK293 cells as demonstrated by inhibition 

of transport by a dom inant-negative m utant of CAII, presum ably by 

displacement of wild-type CAII from binding sites on the intracellular surface of 

the anion exchangers [80].
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Recently, members of two other families of pH  regulating transporters have been 

shown to interact w ith CAII. Na+/H + exchanger 1, NHE1 is a ubiquitously 

expressed electroneutral transporter, with a two-domain structure consisting of 

an N-terminal ion translocation domain of -500 amino acids, and a C-terminal 

regu la to ry  dom ain  of -300 am ino acids. NHE1 rec ip rocally  co- 

immunoprecipitates with CAII from Chinese hamster ovary, CHO, cells [163]. 

The last 178 amino acids of NHE1 C-terminal domain are sufficient for the CAII 

interaction, as show n by a micro-titre binding assay [163]. Interestingly, 

phosphorylation of NHE1 C-terminal domain enhanced CAII binding [163]. In 

the presence of a dom inant negative CAII mutant, NHE1 transport rate was 

reduced by -50%. The kidney electrogenic Na+/H C 0 3' co-transporter, NBCla, 

binds to CAII via its C-terminal domain [19, 81] and also interacts w ith the 

extracellular anchored CAIV isoform [81]. The transport stoichiometry of NBCla 

or pancreatic spliceform NBClb is shifted from 3:1 H C 03’:Na+ to 2:1 by cAMP- 

dependen t p ro tein  kinase A, PKA, phosphorylation at Ser982 or Ser1026, 

respectively [207]. PKA-dependent phosphorylation of Thr49 of NBClb increased 

transport activity w ithout altering transport stoichiometry [207]. Interestingly, 

the CAII inhibitor, acetazolamide, reduces short-circuit current through NBCla 

by 65% when operating in the 3:1 (unphosphorylated) mode but has no effect on 

the 2:1 transport mode [19], suggesting a link between the effects of PKA and 

CAII on NBC1 transport. However, the effect of phosphorylation on CAII 

binding has not been investigated.

Recently we characterized the structure of the C-terminal dom ain of 

NBC3, NBC3Ct, and discovered that the region close to the membrane domain is 

proteolytically sensitive. Interestingly, the consensus PKA phosphorylation
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motif and CAII binding consensus motifs are present in this same region. Taken 

together with previous work on CA/AE interactions, we decided to explore the 

possibility that NBC3 interacts w ith CAII and tha t the in teraction is 

phosphorylation state dependent, so that phosphorylation reduces the binding 

affinity. To examine the regulation of NBC3 activity by CAII and PKA, we first 

addressed the question of physical and functional interaction of CAII and NBC3, 

by performing micro-titre binding assays and dom inant negative competition 

assays in transiently transfected HEK293 cells, respectively. Next we addressed 

the physical and functional effects of PKA phosphorylation, using the micro-titre 

binding assay and two pulse pH recovery experiments in transiently transfected 

HEK293 cells. Finally PKA and CAII binding, CAB, m otif m utants were 

constructed and their effects on transport activity analysed.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



79

3.2 Materials and Methods

3.2.1 M aterials

H um an NBC3 cDNA was a generous gift from Dr. Ira Kurtz (U.C.L.A.). 

PCR primers were from Invitrogen Inc (Burlington, ON, Canada). Recombinant 

expression vector, pGEX-6p-l, ECL reagent, and GST fusion purification reagents 

were from Amersham Biosciences (Piscataway, NJ). Pwo DNA polymerase was 

from Roche (Laval, QC, Canada) and all other cloning enzymes, as well as the 

PKA catalytic subunit, were from New England Biolabs (Mississauga, ON, 

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

Stratagene (La Jolla, CA). Protein concentrators were from Millipore (Billerica, 

MA). Protein quantification reagent was from Bio-Rad (Hercules, CA). 

Transfection and cell culture reagents were from Invitrogen (Burlington, ON, 

Canada). Forskolin, 5-(N-ethyl-N-isopropyl) amiloride and protein kinase A 

inhibitor, H89, were from Sigma-Aldrich Canada (Oakville, Canada). The 

antibodies against NBC3, CAII, and GST, were from SynPrep (Dublin, CA), 

Serotec (Raleigh, NC), and Santa Cruz (Santa Cruz, CA), respectively.

3.2.2 DNA constructs

Expression constructs for NBC3, NBC3Ct, CAII, and CAII V143Y, have 

been described previously [80, 113]. PKA phosphorylation site mutants, NBC3- 

S1132A and CAB site mutants, NBC3-CAB1 (D1135N and D1136N) and NBC3- 

CAB2 (D1163N and D1165N) were constructed using  the m ega-prim er 

mutagenesis strategy [208]. First round PCR forward primer for all mutants was
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S'-GCTCATGGTTGGCGTTATGTTGG-S'. First round PCR mutagenic reverse 

prim ers were 5'-CTGGCATAAGATTATTAAGCCAACTAAGTTC-3', and  5'- 

GCACAGTATCATTATTGTTTTGAAGCATCCG-3' for NBC3-CAB1 and NBC3- 

CAB2, respectively. Amino acid sequences of consensus CAII binding motifs 

were therefore m utated to Ln34NNLM1138 and Ln62QNNN1166, for CAB1 and 

CAB2, respectively. The products from the first round of PCR were used as 

fo rw ard  m ega-p rim ers  for the second ro u n d  of PCR an d  5 '- 

TAGAAGGCACAGTCGAGG-3' was used for the reverse primer. Second round 

products were sub-cloned back into the NBC3 cDNA (pNBC3) using Eco RI and 

Not I at 5' and 3' ends, respectively. GST fusion m utan t constructs, 

GST.NBC3CtCABl, GST.NBC3CtCAB2, and GST.NBC3CtS1132A, w ere 

engineered using the respective expression constructs as PCR templates. The 

sub-cloning strategy had previously been described [113]. All constructs were 

sequenced prior to initiation of experiments.

3.2.3 Protein expression in mammalian cells

NBC3, NBC3-CAB1, NBC3-CAB2, CAII and CAII V143Y proteins were 

expressed by transient transfection of HEK293 cells [32, 80], using the calcium 

phosphate method [190]. All experiments with transfected cells were carried out 

48-hours post-transfection. Cells were grown at 37 °C in an a ir /C 0 2 (19:1) 

environment in Dulbecco's modified Eagle media (DMEM), supplemented with 

5% (v /v ) fetal bovine serum, (v /v) calf serum  and penicillin-streptomycin- 

glutamine.
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3.2.4 NBC3 transport assay

The transport activity of NBC3 was monitored using a fluorescence assay, 

as previously described [209]. Briefly, HEK293 cells grown on poly-L-lysine 

coated coverslips were transiently transfected as described in the previous 

section. Forty-eight hours post-transfection, coverslips were rinsed in serum free 

DMEM and incubated in 4 ml serum-free media, containing 2 pM 2',7'-bis-(2- 

carboxyethyl)-5-(and-6)-carboxyfluorescein-acetoxymethyl ester (BCECF-AM) 

(37 °C, 20 min). Coverslips were then m ounted in a fluorescence cuvette and 

perfused w ith Ringers buffer (5 mM glucose, 5 mM K gluconate, 1 mM Ca 

gluconate, 1 mM M gS04, 140 mM NaCl, 2.5 mM NaH2P 0 4, 25 mM N aH C 03, and, 

10 mM Hepes, pH  7.4), equilibrated with 5% COz / air. The pH* recovery activity 

of HEK293 cells transfected with NBC3, NBC3-CAB1, NBC3-CAB2 or NBC3 plus 

CAII V143Y was m easured during the recovery from transient intracellular 

acidification. Acid loading was accomplished using the NH4C1 pulse technique 

[210]. Cells were transiently perfused with Ringer's buffer, containing 40 mM 

NH4C1 for 5 m inutes, followed by the wash-out of NH4C1 with Ringers buffer. 

All perfusion was perform ed with flow rate 3.5 m l/m in. All experiments were 

performed in the presence of 5 |iM 5-(N-ethyl-N-isopropyl) amiloride, (Sigma), to 

block endogenous NHE activity. Fluorescence was m onitored using a Photon 

Technologies International RCR fluorimeter, at excitation wavelengths 440 and 

500 nm and em ission wavelength 530 nm. Following calibration using the 

nigericin/high potassium technique [192] at three pH values between 6.5 and 7.5, 

fluorescence ratios were converted to pH,. The initial rate of pH, recovery from 

an acid load was calculated by linear regression of the first 1-3 min of the initial
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linear phase of pH, recovery after maximum acidosis. In all cases the pH, 

recovery of cells transfected with empty vector was subtracted from the total 

recovery, to ensure that these recoveries were only due to the transiently 

expressed proteins.

3.2.5 M easurement o f  intrinsic buffer capacity and proton flux

In tracellu lar buffering capacity m easurem ents were m ade by the 

ammonium pulse method [210]. HEK293 cells grown on coverslips were sham 

transfected as described previously. Two days post-transfection, cells were 

loaded with BCECF-AM as described above. Coverslips were m ounted in a 

fluorescence cuvette and allowed to equilibrate in Ringer's buffer containing 1 

mM amiloride, bubbled with oxygen to ensure bicarbonate-free conditions. Cells 

were then perfused consecutively for 200 s with Ringer's buffer, without sodium 

bicarbonate, containing varying concentrations of NH4C1. [NH4+]j was calculated 

from the Henderson-Hasselbalch equation, and the intrinsic buffering capacity 

(Pi) was then calculated as A[NH4+]j /ApH; [211]. The total buffering capacity of 

the system (ptotal) was then determined as Ptotal= P; + PC02 / where pCQ2 = 2.3 [H C03‘ 

] [193]. Total proton flux was calculated as:

Jh+ = Ptotai x ApHi [193],

3.2.6 A n tibody Preparation

A  synthetic peptide comprised of the C-terminal 18 amino acids of hum an 

NBC3 was synthesized, yielding peptide: NH2-ISFEDEPRKKYVDAETSL-COOH. 

The peptide was coupled to keyhole lim pet hemocyanin and subsequently
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injected into two rabbits numbered SN 338-1 and 2. Serum from each rabbit was 

monitored, on immunoblots containing NBC3 protein, until a maximal imm une 

response was observed. Rabbits were sacrificed, exsanguinated and  sera 

designated SN 338-1 and 2 were isolated. Only the SN 338-1 has a high anti- 

NBC3 titre. Peptide synthesis and antiserum production were completed by 

SynPep (Dublin, CA).

3.2.7 Imm unodetection

Transfected cells were washed in PBS buffer (140 mM NaCl, 3 mM KC1, 

6.5 mM Na2H P 04, 1.5 mM KH2P 0 4, pH 7.5) and lysates of the whole tissue 

culture cells from one 60 mm Petri dish were prepared by addition of 150 pi SDS- 

PAGE sample buffer, containing, complete m ini protease inhibitor cocktail 

(Roche). Total protein content was measured using the Bradford protein assay 

[195]. Samples (5 pg) were resolved by SDS-PAGE on 8% acrylamide gels [196]. 

Proteins were transferred to PVDF membranes [197]. Membranes were blocked 

by incubation for 1 h in TBST-M buffer (TBST buffer (0.1% (v /v) Tween-20, 137 

mM NaCl, 20 mM Tris, pH 7.5), containing 5% (w / v) non-fat dry milk) and then 

incubated overnight in 10 ml TBST-M, containing 1:5000 diluted affinity purified 

rabbit anti-NBC3 antibody or 1:3000 diluted sheep anti-CAII antibody, then 

incubated w ith TBSTM containing 1:3000 diluted donkey anti-rabbit IgG (Santa 

Cruz) or donkey anti-sheep IgG (Santa Cruz) conjugated to horseradish 

peroxidase. After a final wash with TBST buffer (3 times), blots were visualized 

using ECL reagent, and a Kodak Image Station 440CF.
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3.2.8 Cell Surface processing assay

The fraction of protein processed to the cell surface was quantified as 

described [212], using the membrane-impermeant biotinylating reagent, Sulfo 

NHS-SS Biotin.

3.2.9 Confocal m icroscopy

Cells grown on poly-L-Lysine-coated, 18 mm diam eter coverslips were 

transiently transfected, as described above. The coverslips were transferred to 35 

mm Petri dishes. Cells were fixed for 30 min in 2% (w /v) paraformaldehyde in 

PBSC (1 mM CaCl2 140 mM NaCl, 3 mM KC1, 6.5 mM Na2H P 0 4, 1.5 mM KH2P 0 4, 

pH  7.5). After two washes with PBSC the cells were incubated for 25 m in in 

permeabilisation buffer (300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, 0.5% (v/ v) 

Triton X-100, 20 mM Hepes, pH 7.4). The coverslips were washed three times 

with PBSC and blocked for 25 min in 10% serum  in PBSC. Coverslips were 

incubated with 1/50 dilution of sheep anti-CAII antibody (Serotec) in PBSC, 4% 

calf serum. Coverslips were washed three times with PBSC, 4% calf serum, and 

incubated for 45 min in a dark chamber with 1 /100 dilution of biotinylated anti

rabbit IgG antibody (Santa Cruz) in PBSC, 4% serum. After three washes with 

PBSC, 4% serum, the coverslips were incubated for 45 min in a dark chamber 

with 1/100 dilution of streptavidin fluorescein conjugate (Amersham). Images 

were collected using a Zeiss LSM 510 laser scanning confocal microscope 

mounted on an Axiovert 100M controller, with a 63X (NA1.4) lens.
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3.2.10 GST-fusion protein  purification

GST constructs (NBC3Ct, CAB1, CAB2, or S1132A) were expressed in E. 

coli BL21 Codon Plus and purified, as previously described [80]. Note that 

NBC3Ct corresponds to amino acids 1127-1214 of hum an NBC3.

3.2.11 In v itro  phosphorylation  hy PKA

GST or GST.NBC3Ct were treated with PKA in either of two ways: 1. with 

y-labelled 32P-ATP to m easure incorporation of phosphate by scintillation 

counting and 2. w ith non-radioactive ATP, for analysis by mass spectrometry 

and microtitre plate binding assays. GST or GST.NBC3Ct (0.1 nmol) was mixed 

with 2500 units of PKA catalytic subunit (or equivalent volume of water), in PKA 

reaction buffer (200 pM ATP, 10 mM MgCl2, 50 mM Tris-HCl, pH 7.5) or PKA 

reaction buffer supplem ented with 500 |xCi/ nmol -/-labeled 32P-ATP. Samples 

were then incubated at 30 °C for 10 minutes. Non-radioactive samples were 

characterized by matrix-assisted laser desorption/ionisation-time of flight, using 

a Voyager De-Pro mass spectrometer from Applied Biosystems (Foster City, CA). 

Radioactive samples were precipitated with TCA/DOC (5% trichloroacetic acid 

containing 0.03% deoxycholate), centrifuged at 14,000 rpm  for 5 minutes, and 

w ashed tw ice w ith  saturated  TCA/DOC solution. Samples were then 

resuspended in 0.5 M NaOH and radioactivity counted by a Beckman LS 6500 

scintillation system (Fullerton, CA).
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3.2.12 M icro-titre p la te  binding assay

The micro-titre plate CAII binding assay is m odified from an assay 

previously reported [134]. Purified CAII (200 n g / well) was immobilized onto 

96-well micro-titre plates by 30 minutes of incubation at room tem perature in 

ELISA buffer (150 mM NaCl, 100 mM Na2H P 04/ pH 6.0) containing 1.25 m g /m l 

l-cyclohexyl-3-(2-morpholinoethyl) carbodiimide m etho-p-toluene sulphate. 

Plates were then washed (3 times 5 minutes) with PBS and blocked at room 

temperature for 1.5 hours with PBS containing 2% BSA. Plates were then washed 

twice with Antibody buffer (100 mM NaCl, 5 mM EDTA, 0.25% (w /v) gelatin, 

0.05% (v/v) Triton X-100, 50 mM Tris-HCl, pH 7.5) then once with Antibody 

buffer, containing 1 mM DTT. Plates were then incubated w ith varied 

concentrations of GST or GST.NBC3Q with or without PKA phosphorylation, 

overnight at room temperature. For pH titration experiments Antibody buffer 

was prepared containing 25 mM MES and 25 mM MOPS, in place of 50 mM Tris- 

HCl, and the buffer pH  was adjusted appropriately. The following day plates 

were washed with Antibody buffer ( 3 x 5  minutes), then incubated with rabbit 

polyclonal anti-GST (1:5000 dilution) in Antibody buffer at room temperature for 

two hours. Plates were washed, then incubated with donkey anti-rabbit IgG 

(1:5000 dilution) in Antibody buffer at room tem perature for 2 hours. Plates 

were w ashed, then incubated w ith streptavidin-biotinylated horseradish 

peroxidase complex (1:5000 dilution) in Antibody buffer at room temperature for 

2 hours. P lates w ere w ashed a final tim e then  developed  w ith  

orthophenylenediamine dihydrochloride substrate with absorbance at A450, read 

using a Labsystem Multiskan MCC ELISA micro-plate reader (MTX lab system
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Inc., McLean, VA), when sufficient colour had developed. To estim ate the 

affinity of the association between CAII and NBC3Ct, double reciprocal plots of 

[NBC3Ct] versus % binding were prepared. The Kd for the interaction was 

estimated from the negative inverse of the x-intercept.

3.2.13 Sequence and s ta tis tica l analysis

The amino acid sequence of the NBC3 C-terminal tail was analyzed for the 

presence of consensus protein kinase A phosphorylation sites, using Peptools 

software. Statistical analysis was performed using Excel Software (Microsoft). 

Groups were compared with one-way ANOVA, followed by Tukey test, with p< 

0.05 considered significant. For other experiments paired T-test was used with 

p< 0.05 considered significant.
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3.3 Results

3.3.1 NBC3 transport a c tiv ity  and interaction w ith  CAII

To measure NBC3 H C 03' transport activity HEK293 cells were transiently 

transfected w ith NBC3 and the recovery rate from an acid load induced by 40 

mM N H 4C1 p re-pu lse  assessed (figure 3.1A). A lthough  the in itial 

characterization of hum an NBC3 [35] suggested that the protein is amiloride 

sensitive, a subsequent report (confirmed here) show ed that NBC3 is not 

amiloride sensitive [112]. Thus, all NBC3 transport assays were performed in the 

presence of 5 pM EIPA to block activity of the endogenous Na+/H + exchanger. 

The average rate of recovery from acid load was 0.080 ± 0.007 p H /m in  (2.1 

m M /m in) for NBC3 transfected cells and 0.037 ± 0.004 p H /m in  (0.97 m M /m in) 

for vector-alone transfected cells. The background recovery rate of the sham cells 

may be attributable to the endogenous NBC3 expression that has been reported 

in HEK293 cells [112]. Background activity w as subtracted from  all 

measurements of NBC3 pH; recovery activity.

In other experiments NBC3 activity was measured using the same assay as 

above, except using Na+-free Ringer's buffer (Na+ replaced by choline), 

containing 1 mM amiloride. After maximum acidification was achieved, the rate 

of pH, recovery was measured for one minute, as 0.021 ± 0.003 pH /m in  (n=3). 

Three minutes after maximum acidification, perfusion solution was switched to 

N a+-containing Ringer's buffer, containing 1 mM amiloride. The recovery rate 

then accelerated to 0.113 ± 0.008 pH /m in. Peak acidification was pH 6.64 ±0.04. 

We conclude that NBC3-transfected cells express a pH recovery activity that is
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Figure 3.1- CAII functionally interacts with NBC3 in transiently transfected 
cells.
HEK293 cells grown on coverslips were transiently transfected with A, C NBC3 
alone and B, NBC3 and CAII V143Y. Forty-eight hours post-transfection cells 
were loaded w ith the pH-sensitive dye BCECF-AM, and placed into a cuvette to 
monitor pHj. Cells were perfused with the following solutions Ringers Buffer 
plus 5 juM EIPA (white bar), or Ringers Buffer plus EIPA containing 40 mM 
NH4C1 (black bar). NBC3 activity was measured from the initial rate of pH; 
recovery from the acid load. The effect of 100 juM 8-Br-cAMP (grey bar) on pH 
recovery was assessed by perform ing a second acid loading pulse and 
monitoring the rate of pH ; recovery. Note that the data in panels A and B were 
collected on the same day, with similar levels of transfection efficiency. Data in 
C were collected on a different day.
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Na+-dependent and amiloride insensitive, consistent w ith NBC3 [112]. The low 

level of pH recovery in the absence of Na+, underscores the absence of N a+- 

independent pH  recovery activity. NBC3 contains two CAII binding motifs in its 

cytoplasmic C-terminus [8]. Functional assays were perform ed to assess the 

effects of CAII binding on NBC3 transport activity (figures 3.1, 3.2). To examine 

whether CAII binding affects NBC3 H C 03‘ transport activity we assayed NBC3 

activity in the absence and presence of the functionally inactive CAII V143Y 

m utant. CAII is endogenously expressed in HEK293 cells (figure 3.2A) at 

sufficient levels that over-expression has previously been shown to have no 

effect on H C 03' transport activity [80]. However, over-expression of the V143Y 

m utant will displace wild-type CAII from its cytoplasmic binding sites. The 

V143Y point-m utation reduces CAII catalytic activity to 1/3000th of wild-type 

activity yet preserves wild-type structure [213], so that the m utant is able to 

compete w ith w ild-type protein for interactions w ith physiological binding 

partners [80]. Transfection of HEK293 cells w ith the V143Y CAII m utant, 

increased total CAII expression ~20-fold, as assessed by densitometry, compared 

to untransfected cells, which indicates that the amount of m utant CAII greatly 

exceeds wild-type in transfected cells (figure 3.2A). Anti-NBC3 antibody, SN 

338-1, recognized a band with molecular weight consistent with NBC3 in NBC3- 

transfected HEK293 cells, but not in untransfected cells (figure 3.2B). This 

indicates the specificity of antibody SN 338-1 to recognize NBC3. The doublet 

band likely arises from differential glycosylation of NBC3, but was not further 

characterized.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



91

A

v u a y ■ 4 4

NBCQ • ■ 4

B
■*m am am mm

NBCa - - -

CAB1 . . . .

CAB2 . .

VUOV - . . -

C

100 — 

80 -

I 60'
CO

1  4 0 -  
*

2 0 -  

0 -
lll.ll

NBC 3

Y143Y - *#• - + -

8-Br-cAMP - - + + - -

Forskolin - - - - + +

H89 * - - - - +

Figure 3.2- Expression of NBC3 and CAII constructs in HEK293 cells and 
summary of NBC3 activity.
A, expression of CAII V143Y relative to endogenous wild-type CAII expression 
was m easured in lysates from  HEK293 cells either sham -transfected or 
expressing NBC3 or NBC3 and CAII V143Y used for transport experiments, and 
probed on immunoblots for CAII as indicated at the bottom. B, expression of 
NBC3 and NBC3 CAB1 and CAB2 m utants m easured in lysates used for 
transport experiments, and probed on immunoblots using the SN 338-2 antibody. 
The major immunoreactive band shown migrated between the 233 kDa myosin 
marker and the 135 kDa (3-galactosidase marker and had Mr of approximately 
150 kDa. C, average pH, recovery rate is expressed as a percent of wild-type 
NBC3 recovery. Forskolin, 8-Br-cAMP and H89 were used at 5 jitM, 100 fiM and 
10 ^M, respectively. Error bars represent standard error (n=3-4). Asterisk 
represents statistical difference p<0.05 relative to wild-type NBC3 (unpaired, 2 
tailed t-test).
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Co-transfection of CAII V143Y and NBC3 had no effect on the level of 

NBC3 expression (figure 3.2B). However, co-transfection with the V143Y m utant 

reduced NBC3 transport activity by 31% ± 3% (Figs 1, 2C). The reduction of 

NBC3 activity in the presence of V143Y CAII suggests that displacem ent of 

wildtype CAII from a binding site on NBC3 reduces NBC3 transport activity. 

Localization of wildtype CAII to a binding site on NBC3 is thus required for full 

transport. Rates of change of pH, are highly dependent on buffer capacity of the 

cell. Intrinsic buffer capacity (ft) was m easured for HEK293 cells transfected 

w ith NBC3, or co-transfected with NBC3 and CAII. In the pH  region where 

m easurements of NBC3 transport rate were made & was 11.2 ± 4.5 m M / pH  at 

pH  6.82 ± 0.08 and 13.3 ±1.3 m M /pH  at pH 6.84 ± 0.06 for cells transfected with 

NBC3 alone and NBC3/ CAII co-transfected cells, respectively. [3; measurements 

for NBC3 and NBC3/CAII are representative of all experiments performed here, 

since NBC3 transfected cells are likely to have the same ft as cells transfected 

w ith NBC3 m utants. Similarly, cells are likely to have the same whether 

transfected w ith wild-type or point m utant CAII. We conclude that there is no 

significant difference in ft for the HEK293 cells under the various transfections 

states studied in these experiments. At pH  6.83 the buffer capacity resulting 

from bicarbonate (|3C02) is 14.1 m M /pH ; ftotal is thus estimated as 26.3 m M /pH . 

In order to compare rates of pH ; recovery mediated by NBC3 it is essential that 

the pH  recovery be m easured from the same pH  value. In the experiments 

described above the minimum pH, in experiments to measure NBC3 activity was 

6.67 ± 0.09 and 6.59 ± 0.06 for NBC3 and NBC3/V143Y CAII co-transfections,
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respectively. There was no statistically significant difference betw een these 

values.

3.3.2 Effect o fP K A  on NBC3 transport a c tiv ity

In the proximal tubule, PKA-dependent phosphorylation of NBC1 reduces 

transport activity and H C 03' reabsorption [71]. Recently, an im portan t 

phosphorylation site S982 has been identified that shifts the NBCla transport 

stoichiom etry from  3:1 to 2:1 (H C 03':Na+) in proximal tubule cells [214]. 

Interestingly, analysis of the NBC3Ct sequence with Peptools software revealed 

the presence of a consensus PKA phosphorylation site (SI 132) in NBC3Ct. 

Notably this site was identified as a low stringency site and does not form a 

strong consensus site. The presence of a potential PKA phosphorylation site, 

however weak, suggested the possibility that PKA could phosphorylate NBC3Ct, 

reducing activity through displacement of CAII or by other means. We therefore 

characterized the effect of PKA on NBC3 transport activity. HEK293 cells, 

transiently transfected with NBC3, were incubated with the membrane-permeant 

PKA agonist, 8-Br-cAMP (100 pM). The compound reduced pH, recovery rate by 

38% ± 7%, com pared to the rate of pH, recovery following an initial acid load 

without treatm ent (figure 3.1C, 3.2C). As a control the rate of pH, recovery was 

measured following two successive acid loads, without 8-Br-cAMP treatment. 

The rates of pH ; recovery were indistinguishable (ApHi/m in= 0.072 ± 0.001 

(acidotic p H — 6.70 ± 0.05) and 0.071 ± 0.003 (acidotic pH,= 6.71 ± 0.03) for 

recovery from the first and second pulse, respectively). Treatment with 8-Br- 

cAMP in the presence of CAII V143Y reduced pH; recovery by 69% ± 12%
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compared to untreated NBC3 transfected cells (figure 3.2C). The additive nature 

of the CAII V143Y and 8-Br-cAMP effects suggests that cAMP does not mediate 

its effects on NBC3 transport activity through m odulation of CAII/NBC3 

interaction.

To verify the results with 8-Br-cAMP, experiments were also performed 

with the adrenergic agonist, forskolin (5 juM). Cells treated w ith forskolin for 10 

min prior to recovery from acid load had pH, recovery rate 44% ± 3% lower than 

the rate before forskolin treatment (figure 3.2C). This indicates that mobilization 

of cAMP at physiological levels inhibits NBC3 to an extent similar to 100 8-

Br-cAMP. To examine whether the inhibitory effects of cAMP on NBC3 are 

mediated through protein kinase A, NBC3-transfected cells were pre-incubated 

with the PKA inhibitor, H89 (10 ftM), for 5 min then for a further 10 min with 

H89 together w ith forskolin (5 /iM). Treatment with H89 reduced the inhibitory 

effect of forskolin on NBC3 activity to 10% ± 3% (figure 3.2C) which was not 

significantly different from untreated NBC3. There was no difference in the level 

of acidification between the groups of transfected cells in these experiments. 

Average minimum pH, was 6.67 ± 0.09, 6.69 ± 0.11, 6.61 ± 0.04, 6.69 ± 0.01 and 

6.74 ± 0.02 for NBC3 alone, NBC3/ 8-Br-cAMP, NBC3 / 8-Br-cAMP/ V143Y CAII, 

NBC3/forskolin and NBC3/H89/forskolin, respectively. We conclude that 

physiological levels of cAMP inhibit NBC3 activity and that PKA is responsible 

for the inhibition.
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3.3.3 CAII ph ysica lly  interacts w ith  NBC3Ct in a pH-dependent 

manner

We next examined the possibility that the functional interaction between 

CAII and NBC3 may be mediated by a direct physical interaction between these 

two proteins. A micro-titre-binding assay was perform ed in which CAII was 

immobilized to the bottom of a micro-titre dish well. Plates were then washed, 

overlaid with GST fusion proteins, and the amount of bound protein quantified 

using an anti-GST antibody and a tertiary developm ent system [134]. We 

performed the assay using GST alone and GST.NBC3Q (NBC3Ct corresponds to 

amino acids 1127-1214 of hum an NBC3) at concentrations from 0- 200 nM. Four 

wells were prepared for each experiment without bound CAII to control for test 

protein binding to the wells, no appreciable binding was observed. We observed 

saturation binding kinetics for GST.NBC3Ct with a Kd value of 101 nM (figure 

3.3A). The V143Y m utant also bound GST.NBC3Ct, but with a Kd value of 227 

nM, which is still well within the range of normal protein-protein interaction 

affinities. The CAII/NBC3Q interaction was verified by dot-blot assay with 

purified NBC3Ct bound to a nylon membrane, overlaid w ith a cellular extract 

from HEK293 cells, and developed with an anti-CAII antibody. As shown in 

figure 3.3B, the NBC3Ct/ CAII interaction is pH-dependent, with greater binding 

at acid pH, which is consistent with a role in pH-dependent regulation of NBC3 

activity. Pre-treatm ent of the GST.NBC3Ct fusion protein with PKA had no 

significant effect on NBC3Ct/CAII binding over the pH  5-8 range (figure 3.3B). 

For example, at pH  7.25 binding of CAII was 17.2 ± 3.6% and 13.6 ± 2.5% of
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Figure 3.3- CAII b inds GST.NBC3Ct in  a pH-dependent m anner
Purified CAII (50 ng/w ell) was bound to the bottom of micro-titre dish wells 
using a carbodiimide compound, and non-specific binding sites blocked by pre
treatm ent w ith 2% BSA in PBS. Wells were overlaid w ith GST test proteins in 
Antibody buffer and color developed by sequential treatm ent with rabbit anti- 
GST antibody, donkey anti-rabbit biotinylated antibody, finally HRP-conjugated 
streptavidin, and finally OPD substrate. For each data point (n=4) background 
binding of GST alone was subtracted from GST.NBC3Ct for each concentration 
or pH value tested and the respective data set normalized to the maximum A450 
observed. A, binding of CAII and GST.NBC3Ct at a range of GST.NBC3Ct 
concentrations. B, GST.NBC3Ct binding over a range of pH  values and fixed 100 
nM GST.NBC3Ct, w ith and w ithout pre-phosphorylation, and 
respectively. Curves were manually fitted through the data points.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



97

Figure 3.4. NBC3 recruits over-expressed CAII to the plasma membrane in 
transiently transfected cells.
The localization of CAII within HEK293 cells was assessed by immunofluorescence 
confocal microscopy. Cells were transiently transfected or co-transfected with A, CAII, 
B, CAII and NBC3, or C, CAII and NBC3ACt. Transfected cells were fixed and 
permeabilized 48 hours post transfection. Coverslips were incubated with anti-CAII 
antibody, a biotinylated goat anti-rabbit secondary antibody, and finally streptavidin- 
FITC dye. All images were collected at 630 times magnification. Data are representative 
of results found in 6-9 coverslips at each condition.
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m axim um  b ind ing  for GST.NBC3Ct w ithout and w ith PKA treatm ent, 

respectively, which was statistically indistinguishable. We conclude that PKA 

does not alter CAII/NBC3 binding kinetics by phosphorylation of NBC3Ct.

3.3.4 NBC3 recruits CAII to  the plasm a membrane

We further investigated the CAII/NBC3 physical interaction in transiently 

transfected HEK293 cells. CAII was over-expressed by transient transfection and 

cells w ere  th en  trea ted  w ith  an anti-C A II an tibody . C onfocal 

immunofluorescence indicated a predominant cytoplasmic localization for CAII 

figure 3.4A. In contrast, co-transfection of CAII with NBC3 recruited CAII to the 

plasma membrane, consistent with association with NBC3 (figure 3.4B). Co

transfection of CAII w ith a deletion m utant of NBC3, lacking the C-terminal 

domain, restored the diffuse cytoplasmic localization of CAII (figure 3.4C). At 

the exposure levels used in these experiments endogenous CAII (expressed at 

levels 20-fold lower than the level induced by transfection w ith CAII cDNA) was 

not visible. These experiments demonstrate that NBC3 expression recruits CAII 

to the plasma membrane and that the NBC3 C-terminal domain is required to 

mediate this interaction.

In figure 3.4B it is surprising that while there is intense membrane 

staining, cytosolic CAII staining is weak, in spite of the fact that the cells are 

transfected w ith CAII. We suspect that the fixation m ethods used in the 

immunocytochemistry experiments result in some loss of cytosolic contents. It 

stands to reason that free cytosolic components will be more labile than 

membrane proteins, fixed in a bilayer, or proteins bound to membrane proteins. 

Thus, the lower than expected cytosolic staining may reflect loss of free cytosolic
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CAII during slide processing. It may also reflect the result that localized CAII, at 

the membrane, will stain much more intently than diffuse cytosolic CAII.

3.3.5 PKA does n o t phosphorylate NBC3Ct in v itro

NBC3 interacts w ith the membrane scaffolding protein, NHE regulatory 

factor, NHERF, via a PDZ binding motif at the extreme C-terminus of NBC3 

[112]. NHERF in turn interacts with the PKA associated protein, AKAP, ezrin, 

which binds the regulatory dom ain of PKA [175]. The NBC3Ct/NHERF 

interaction suggests that NBC3Ct may be a substrate for PKA, especially in light 

of our finding that 8-Br-cAMP treatment reduces NBC3 transport activity. We 

therefore investigated the possibility that PKA phosphorylates NBC3Ct. 

GST.NBC3Ct was treated in vitro with the catalytic subunit of PKA. PKA- 

mediated phosphorylation of NBC3Ct was first assessed by mass spectrometry. 

Addition of phosphate adds 80 Da to a protein's mass, yet no 80 Da-shifted peak 

could be detected w hen PKA-treated NBC3Ct was analysed. To verify this 

finding NBC3Ct was PKA-treated in the presence of y 32P-ATP. Again, no 

phosphorylation of NBC3Ct was detected. We conclude that the effect of PKA 

on NBC3 activity in transiently transfected HEK293 cells does not involve 

phosphorylation of the NBC3 C-terminal domain.

3.3.5 Identification o f  the site  o f  CAII interaction on NBC3Ct

Site-directed mutagenesis of the putative CAII binding motif of AE1 has 

shown that the m inim um  binding requirements for CAII are a hydrophobic 

residue (usually leucine) followed by at least two acidic residues within the next 

four amino acids [205]. The C-terminus of AE1 contains 4 putative motifs yet
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Figure 3.5- Identification of the CAII binding site within NBC3Ct.
A, The amino acid sequence of NBC3Ct (residues 1127 to 1214) with potential 
and utilized cleavage sites for trypsin indicated by single and double lines under 
the bar, respectively [113]. Putative carbonic anhydrase binding (CAB) motifs, 
CAB1 and CAB2 are indicated above the bar. Vertical arrow represents potential 
PKA phosphorylation site identified by Peptools software. B, rate of pH, 
recovery from acid loads was measured for HEK293 cells transfected with wild
type NBC3 (WT) or NBC3-CAB1 (CAB1 was m utated to LNNLM) and NBC3- 
CAB2 m utants (CAB2 was mutated to LQNNN). C, binding of wild-type NBC3 
and NBC3-CAB1 and CAB2 mutants to CAII, measured using micro-titre plate 
assay. Error bars represent standard error (n=3). Asterisk represents statistical 
difference p<0.05 relative to wild-type NBC3 (unpaired, 2 tailed t-test).
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only the most m em brane proximal motif binds CAII [205]. The C-terminal 

domain of NBC3 contains two consensus CAII binding motifs, CAB1 and CAB 2 

(figure 3.5A). In a previous report, lim ited proteolysis revealed two 

proteolytically sensitive regions in NBC3Ct (figure 3.5A), which were interpreted 

to be conformationally-open, potential protein binding sites [113]. The most 

membrane-proximal protease-sensitive region is very close to CAB1. To examine 

the role of CAB1 and CAB2 we replaced the acidic residues within the putative 

CAB motifs w ith the corresponding amide residue (m utation to LNNLM and 

LQNNN for CAB1 and CAB2) (Fig. 5A), to neutralize charge in the CAB site with 

the simplest change possible. The pH, recovery rates of the NBC3-CAB1 and 

CAB2 m utants were measured in transiently transfected HEK293 cells using the 

NH4C1 pre-pulse m ethod of acid loading. The NBC3-CAB1 m utant had a 

transport rate that was 29% ± 22% of wild-type, while the CAB2 m utant recovery 

rate was not statistically different from wild-type (Fig. 5B). The dramatic effect 

of the CAB1 mutations is not explained by a failure of the protein to be processed 

appropriately to the cell surface, since assays of cell surface processing revealed 

that the fraction of total cellular NBC3 expressed at the plasma membrane was 

48%, 67% and 53% (n=2) for wild-type NBC3, NBC3-CAB1 and NBC3-CAB2, 

respectively. The difference in rate of change of pH, m ediated by the CAB1 

m utants also did  not result from differences in the starting pH; in transport 

assays; m inim um  pH, values were 6.62 ± 0.03 and 6.55 ± 0.06 for the CAB1 and 

CAB2 m utants, respectively, which represents no statistically significant 

difference.
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CAB m utations were recapitulated into NBC3 C-terminal dom ain GST 

fusion proteins, GST.NBC3CtCABl and GST.NBC3CtCAB2, and the effect of 

CAII/NBC3 physical interaction assessed. Micro-titre dish CAll-binding assays 

revealed that GST.NBC3CtCABl mutant bound 7% ± 2% of the amount of CAII 

bound by w ild-type NBC3, while GST.NBC3CtCAB2 b inding  w as not 

statistically different from wild-type binding (Fig. 5C). We conclude that the 

CAB1 motif meditates the CAII/NBC3 interaction.

3.4 Discussion

Mechanisms to regulate the activity of membrane transport proteins are 

limited because much of the protein is buried in the lipid bilayer, inaccessible to 

direct interaction w ith modulators. Compounding the problem, only one surface 

of plasma m em brane transporters is accessible to the cytosol. M embrane 

transport can be chronically regulated by changes of expression level or acutely 

regulated by insertion of previously-translated vesicle-localized transporters into 

the membrane, as occurs for Glut4 [215] and renal H+-ATPase. How else can 

membrane transport be regulated acutely? Renal H C 03' transport is acutely 

inhibited by cAMP-coupled agonists [78, 216]. In this report we examined the 

acute regulation of the NBC3 Na+/H C 0 3' co-transporter by cAMP and by the 

cytosolic enzyme, CAII, which catalyzes the reaction, H C 03‘ + H + U  COz + HzO, 

to produce the substrate for transport by NBC3, or in reverse mode to consume 

H C 03'. CAII binding has large effects on the C1'/HC03' exchange activity of AE 

family members [80, 136]. [80]. The presence of a consensus protein kinase A 

(PKA) site beside a consensus CAII binding site in NBC3 (Fig. 5), led to the 

following potential regulatory model for NBC3: cAMP-coupled agonists activate 

PKA, which in turn phosphorylates the NBC3 C-terminus, displacing CAII from
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its binding site and thereby decreasing transport activity. Here we explored this 

regulatory mechanism and found that while parts were accurate, the model on 

the whole did not hold together.

We explored the interaction between CAII and NBC3. Consistent with 

what was found for 0 '/ H C 0 3' exchangers, a single CAII binding site in the 

cytosolic C-terminus was sufficient to stabilize the NBC3/CAII interaction. 

Micro-titre plate binding assays revealed that the CAII/NBC3 binding had 

sufficient affinity (101 nM) to be physiologically relevant. M utation of two 

aspartic acid residues (D1135 and D1136) in the CAB1 consensus CAII binding 

site of the NBC3 C-terminus was sufficient to reduce CAII interaction with the C- 

terminal domain to only 7% of wild-type levels. The presence of only this single 

CAII binding site on NBC3 is supported by immunofluorescence data, which 

showed that while wild-type NBC3 induced CAII to localize to the plasma 

membrane, cells transfected w ith an NBC3 deletion m utant lacking its C- 

terminus, previously shown to localize to intracellular membranes [113], showed 

a broad cytosolic CAII distribution, as found for cells not transfected with NBC3. 

Since the CAII/NBC3 interaction occurred in vitro, we conclude that the 

interaction is direct and does not require accessory factors.

Interaction between CAII and NBC3 is highly significant to NBC3 activity. 

Displacement of wild-type CAII from its binding site on the NBC3 C-terminus 

was accomplished by expression of functionally inactive V143Y m utant CAII at 

levels 20-fold higher than wild-type CAII. V143Y CAII expression reduced 

NBC3 H C 03' transport activity by 31% ± 3%, in the absence of effects on NBC3 

expression level or cell surface processing. More profound was the effect of 

m utation of the CAII binding site (CAB1) on NBC3 activity; NBC3 activity was
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inhibited by 71%. The significance of the result was underscored by the lack of 

effect on transport activity of m utation of the second consensus CAII binding 

site, CAB2, which did not bind CAII. The larger effect of CA binding site 

m utation than V143Y CAII on NBC3 activity was also found for AE1 [80]. This 

likely reflects the fact that V143Y CAII was expressed at only 20-fold higher 

levels than w ild-type CAII, so that about 5% of NBC3 molecules w ould be 

occupied by wild-type CAII. Also, V143Y CAII retains 1/3000* of its catalytic 

activity. CAII, w ith turnover of 106 s"1, still retains a turnover rate that is 

significant relative to the turnover rate for NBC3, which is likely to be lOMO4 s'1.

Interaction between CAII and NBC3 increases the rate of pH; recovery 

mediated by NBC3 in transfected cells. NBC3 is an electroneutral co-transporter 

that does not transport ions that can be detected with fluorescent dyes, which 

elim inates electrophysiological and fluorescent techniques for d irect 

measurement of ion flux, respectively. Instead, we used the pH  sensitive dye, 

BCECF, to determine changes in pH,, which in turn was an indirect measurement 

of H C 03' flux because of the equilibrium reaction H C 03' + H + ±5 C 0 2 + H20 . 

Concentration gradients are often thought not to exist w ithin the cytosol because 

the rate of diffusion w ithin free solution is much greater than across the plasma 

membrane. However, Vaughan-Jones has established that H+ movement in 

biological systems is much slower than in non-physiological solvents, because of 

fixed buffer molecules, viscosity and other factors [217, 218]. How does 

CAII/NBC3 interaction facilitate NBC3 H C 03' transport? The acceleration of 

transport rate we observed with CAII requires direct binding by NBC3 since the 

expression of dom inant negative V143Y CAII and m utation of the NBC3 CAB1 

site both reduced transport rate, in the presence of endogenous wild-type CAII
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expression. Since NBC3 transport is driven by the N a+ and H C 03' gradients 

present at the surfaces of NBC3, localization of CAII to the C-terminus of NBC3 

will maximize the rate of H C 03' conversion to C 02 at the site where NBC3 brings 

H C 03‘ into the cell. This minimises the local [H C 03] and maximizes the 

transm em brane [H C 03] gradient across each indiv idual NBC3 molecule, 

maximizing the transport rate.

In this report we did not examine the effect of V143Y CAII on the 

efficiency of processing of NBC3 to the cell surface. If V143Y CAII inhibited 

NBC3 cell surface processing, we would observe a decrease in transport activity, 

as we found. Although we did not measure the level of cell surface expression of 

NBC3 in the presence and absence of V143Y CAII, we believe that this is 

unnecessary for the following reasons: 1. We have measured the effect of V143Y 

CAII on the level of cell surface expression for AE1 [80] and NBC1 [81]. In 

neither case, w ith transporters related to NBC3, did we see an effect of V143Y 

CAII on surface processing efficiency. 2. We determ ined the cell surface 

processing of NBC3 versus the NBC3 CAB1 and CAB2 m utants. Since the 

m utants were as well processed as wildtype NBC3, we were able to conclude 

that the im pairm ent of NBC3 CAB1 function resulted from impaired transport 

rate, not inefficient cell surface processing. The NBC3 CAB1 data support the 

role of CAII interaction in activation of NBC3, consistent with the V143Y/ NBC3 

data. Taken together we cannot absolutely rule out the possibility the V143Y 

CAII acts through effects on NBC3 cell surface processing. However, the balance 

of data is consistent w ith a model in which interaction of CAII with the NBC3 C- 

terminal region activates NBC3 transport function.
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We found that treatm ent of NBC3-expressing HEK293 cells w ith the 

membrane-permeant cAMP derivative, 8-Br-cAMP, and the adrenergic agonist, 

forskolin, inhibited NBC3-mediated pH, recovery rate by 38% ± 7% and 44% ± 

3%, respectively, representing a strong, acute regulation of transport activity. 

Transport inhibition resulted from cAMP stimulation of protein kinase A, since 

the PKA inhibitor, H89, blocked the cAMP effect. The presence of a consensus 

PKA phosphorylation site adjacent to CAB1 suggested that PKA might mediate 

NBC3 inhibition by displacement of CAII binding. However, three lines of 

evidence showed that this was not the case. In vitro treatm ent of a GST fusion 

protein of the NBC3 C-terminus with PKA did not result in any phosphorylation 

of the protein, as m easured by mass spectrometry and radioactive phosphate 

incorporation. Second, treatment with PKA did not affect the in vitro interaction 

between CAII and NBC3Ct. Finally, the effects of V143Y CAII and 8-Br-cAMP 

were additive, suggesting that they act through independent pathways. These 

data need to be interpreted carefully. Since the phosphorylation experiment was 

perform ed in vitro, it is possible that some cytosolic factor, like the PKA 

scaffolding pro tein  ezrin [175] and NHERF [112], may be required  for 

phosphorylation of NBC3. Indeed, NHERF has already been shown to interact 

with NBC3 [112]. Second, the definitive experiment would be to assay the effect 

of 8-Br-cAMP on the NBC3-CAB1 mutant, which cannot bind CAII. If cAMP acts 

by PKA-mediated displacement of CAII, then 8-Br-cAMP would have no effect 

on the CAB1 mutant. Conversely, if cAMP acts independently of CAII, it would 

still inhibit transport activity. Unfortunately this experiment could not be 

reliably performed because the activity of the CAB1 m utant is already too low to 

be able to observe further reductions of activity. If the NBC3 C-terminal domain
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is not required for regulation by PKA, then it suggests that the N-term inal 

cytoplasmic domain is the site of action of PKA. Consistent with this possibility, 

analysis of the hum an NBC3 sequence reveals that while the C-terminal domain 

has a single consensus PKA phosphorylation site (SI 132, Fig. 5A), the N-terminal 

cytoplasmic domain has six, at amino acids 182, 225, 242, 260, 276 and 301. It is 

also possible that PKA does not act directly on NBC3; PKA may phosphorylate 

some protein, which is able to regulate NBC3 transport activity.

One other report has examined the effect of cAMP on NBC3 transport 

activity [112]. In that study cAMP was mobilized by forskolin treatm ent of 

NBC3-transfected HEK293 cells, the same used in the present report. The results 

of that paper are difficult to compare directly to the present study. In the 

previous report it was found that expression of the CFTR Cl' channel did not 

affect NBC3 activity. However, treatment of NBC3/CFTR co-transfected cells 

with forskolin inhibited the rate of NBC3-mediated H C 03' transport by 67 ± 11%, 

in comparison to forskolin treated cells that expressed NBC3 alone. The paper 

did not report on the effect of forskolin on NBC3 in the absence of CFTR. The 

report also differed in methodology. In the present report cells were incubated 

with forskolin or 8-Br-cAMP for 10-15 minutes prior to measuring the effect of 

the agent on NBC3 activity; in the previous paper, forskolin was added just 

before (estimated as 2 min) measurement of pH, recovery rate. We found a lower 

degree of NBC3 inhibition by 8-Br-cAMP (38% ± 7%) and forskolin (44% ± 3%), 

which was independent of CFTR expression, since HEK293 cells do not 

endogenously express CFTR [219]. Combining the two data sets, it appears that 

cAMP mobilization inhibits NBC3 transport activity and that this inhibition is
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potentiated in the presence of CFTR. Prolonged adrenergic stimulation results in 

NBC3 inhibition, even in the absence of CFTR.

The present report does conflict with the earlier report in the effect of the 

PKA inhibitor, H89. Here H89 fully blocked the inhibitory effect of forskolin on 

NBC3. In contrast, the earlier report found that H89 had a slight additional 

inhibitory effect on forskolin-treated NBC3, but blocked the inhibitory effect of 

CFTR on NBC3 activity. The basis for the difference in results is not clear. 

However, it may be related to methodology. In the present report, effects of 

com pounds were internally controlled. That is, NBC3 transport rate was 

measured for NBC3 alone and again following treatment of the same set of cells. 

Sum m arized results presented in Fig. 2 are the average of these internally 

controlled data. The difference may also relate to the length of time of incubation 

with H89. We incubated with H89 for 5 min prior to treatment with forskolin, 

for a total of 15-20 minutes of H89 treatment. In the previous report H89 and 

forskolin were co-administered, which may have reduced the efficacy of H89.

Although our data do not support m odulation of CAII binding as the 

mechanism by which cAMP regulates transport, our data do suggest that during 

extreme acidosis pH, may regulate transport activity in part through increasing 

CAII binding to NBC3. Binding between CAII and NBC3 was pH-dependent, 

with an acidic maximum and reduced binding at alkaline pH, similar to what 

was previously found for the interaction of the AE1 C1'/HC03' exchanger with 

CAII [134]. The increased interaction of CAII at acid pH  would help to activate 

NBC3 during  recovery from acid loads, a physiological function of the 

transporter.
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We exam ined the regulation of the hum an NBC3 N a+/H C 0 3' co

transporter by CAII, cAMP and pH,. CAII binds amino acids D1135-D1136 in the 

C-terminal cytoplasmic tail of NBC3. Inhibition of the NBC3 / CAII interaction, 

either by expression of functionally inactive CAII, or m utation of the CAII 

binding site on NBC3, reduced NBC3 activity, consistent with a model in which 

CAII interaction activates NBC3 transport activity. Since the CAII/NBC3 

interaction increases at acid pH;, the interaction contributes to pH -dependent 

regulation of NBC3 activity. Activation of the cAM P-coupled signalling 

pathway with 8-Br-cAMP or forskolin reduced NBC3 transport rate. However, 

we could find no evidence for phosphorylation of the NBC3 C-terminal tail by 

PKA. Similarly, the additivity of the 8-Br-cAMP and V143Y CAII effects led us to 

conclude that cAMP inhibits NBC3 activity through a mechanism independent of 

CAII.
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4.1 Summary

In 1999 when I began my training, NBC3 had just been discovered and 

very little was known about its physiology and even less about structure. It was 

clear at that point that cytoplasmic domains conveyed unique functionality to 

transport proteins and accounted for processes such as cell surface processing 

and m em brane localization. However, very little direct w ork had  been 

com pleted on these dom ains aside from  the biochem ical s tru c tu ra l 

characterization of the AE1 N-term inal dom ain. I therefore sought to 

characterize the structure and function of one of the NBC3 cytoplasmic domains. 

Given that attem pts at recombinant expression of N-terminal AE2 and AE3 

cytoplasmic domains had thus far proved unsuccessful I chose to characterize 

the C-terminus of NBC3 (NBC3Ct). As this work was underway, the AE1 / CAII 

interaction was first characterized and the consensus-binding motif identified. A 

screen of the NBC3Ct sequence identified two potential binding motifs and 

spurred the characterization of the NBC3 / CAII interaction and extension of the 

membrane metabolon theory to include NBC family members.

4.1.1 Characterization ofNBC3 Structure and Function

The sodium bicarbonate co-transporter (NBC3) is expressed in a range of 

tissues including heart, skeletal muscle, and kidney where it plays an important 

role in pH ; regulation and H C 03" metabolism. H ydropathy plot analysis and 

sequence alignm ent w ith AE1 suggest NBC3 has a three-dom ain structure 

consisting of a 67-kDa N-terminal cytoplasmic domain, a 57-kDa membrane 

domain, and an 11-kDa C-terminal cytoplasmic domain (NBC3Ct). The role of
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C-terminal domains as important regulatory regions is an emerging them e in 

bicarbonate transporter physiology. In this study we determined the functional 

role of hum an NBC3Ct and characterized its structure using biochemical 

techniques. We first ascertained whether or not NBC3Ct is required for NBC3 

transport activity. Deletion of the C-terminal dom ain diminished transport 

activity to 12 ± 5% of wild-type activity. Given the importance of cytoplasmic 

domains for cell surface processing, we next investigated the expression and 

intracellular distribution of the deletion mutant. The m utant accumulated to low 

levels and was alm ost completely retained inside the cell as assessed by 

immunoblots and confocal microscopy, suggesting a role for NBC3Ct in cell 

surface processing.

To characterize the structure of NBC3Ct, amino acids 1127 to 1214 of 

NBC3 were expressed as a GST fusion protein (GST.NBC3Q). GST.NBC3Ct was 

cleaved with PreScission Protease™ and native NBC3Ct could be purified to 94% 

homogeneity. Gel perm eation chrom atography and sedim entation velocity 

u ltracentrifugation  of NBC3Ct indicated Stokes radii of 26 and 30 A, 

respectively. By comparison with the CA control protein used to calibrate the 

GPC column (molecular weight 29 kDa, and Stokes radius 20 A), NBC3Ct has a 

very extended structure. We thus sought to determine the approximate size of 

the domain using velocity ultracentrifugation and some computer modelling. In 

this way, we ascertained that NBC3Ct has a prolate shape w ith long and short 

axes of 19 and 2 nm, respectively. The related isoform NBC1 is sensitive to 

changes in pH, but not extracellular pH, suggesting its cytoplasmic domains play 

a role in the pH  sensitive regulation of this transporter. To investigate whether 

NBC3 undergoes a similar type of regulation via NBC3Ct, we looked for changes
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in the circular dichroism  spectra of NBC3Ct over the pH  6.2-7.8 range. No 

change in the spectra was observed, ruling out a large conformational change as 

a component of pH  sensor function. Proteolysis with trypsin and chymotrypsin 

identified two proteolytically sensitive regions, R1129 and K1183-K1186, which 

may form protein interaction sites.

4.1.2 Regulation ofNBC3 transport ac tiv i ty  by CAII interaction and 

PKA-dependent phosphorylation

We investigated whether NBC3, like some C r/H C 0 3‘ exchange proteins, 

could bind CAII and w hether protein kinase A (PKA) could regulate NBC3 

activity through m odulation of CAII binding. CAII bound the C-terminal 

domain of NBC3, NBC3Ct, with the Kd=101 nM; the interaction was stronger at 

acid pH, which is consistent with a role for NBC3 in regulation of pH ; during . 

acidosis. Co-transfection of HEK293 cells with NBC3 and CAII recruited CAII to 

the plasma membrane. Mutagenesis of consensus CAII binding sites revealed 

that the D1135-D1136 region of NBC3 is essential for CAII/NBC3 interaction and 

for optimal function since the NBC3 D1135N/D1136N retained only 29% ± 22% 

of wild-type activity. Co-expression of the functionally dominant negative CAII 

mutant V143Y w ith NBC3 or addition of 100 8-Br-cAMP to NBC3 transfected 

cells reduced pH, recovery rate by 31% ± 3%, or 38% ± 7%, respectively, relative 

to untreated  NBC3 transfected cells. The effects were additive, together 

decreasing pH, recovery rate by 69% ± 12%, which suggests that PKA reduces 

transport activity by a mechanism independent of CAII. Measurements of PKA- 

dependent phosphorylation by mass spectroscopy and labelling with y-32P-ATP
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showed that NBC3Ct was not a PKA substrate. These results demonstrate that 

NBC3 and CAII interact to maximize the H C 03‘ transport rate. W hile PKA 

decreased NBC3 transport activity, it did so independent of the NBC3/CAII 

interaction and did not involve phosphorylation of NBC3Ct.

4.2 Future directions

O ur finding that stim ulation by PKA reduces NBC3 transport in 

transiently transfected HEK293 cells and that this process does not involve 

phosphorylation of NBC3Ct begs the question; how does PKA stimulate NBC3 

transport activity? Preliminary studies failed to show a decrease in CAII binding 

to GST.NBC3Ct following pre-incubation of CAII with the catalytic dom ain of 

PKA and ATP, suggesting that PKA must phosphorylate some other structure 

that influences NBC3 transport activity. The next most obvious candidate is the 

N -term inal dom ain of NBC3, which possesses several consensus PKA 

phosphorylation sites. Fertile ground for an aspiring transport physiologist 

would be to construct a series of point mutants that knock out each consensus 

PKA phosphorylation site in the N-terminal domain and characterize the effect 

on NBC3 transport activity in the presence of PKA agonists. NBC3 interacts with 

the scaffolding protein NHERF, a known PKA binding protein; thus, NHERF 

also may be a potential target for PKA phosphorylation. My attempts to over

express NBC3Nt in E. coli and to purify it were unsuccessful. However, my 

attem pts were not exhaustive and several combinations of vector and host 

remain to be tested. If the N-terminal domain can be purified, then a study 

parallel to the one presented in this thesis could be completed.
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Preliminary studies have suggested that NBC3 activity is not regulated by 

PKC. Some reports on the regulation of NBC1 have suggested that acute changes 

in transport activity involve changes in Vmax, which is consistent with an increase 

in transporter turnover rate or an increase in transporter num ber in the plasma 

membrane. Unfortunately, the NBC3 activity assay used in prelim inary 

experiments was not robust enough to allow detailed kinetic characterization of 

NBC3 transport. Should an assay system with a better signal to noise ratio be 

developed, it would become possible to determine the transport kinetics of NBC3 

in the presence of PKC agonists and calculate any change in Vmax. This could 

potentially be a very exciting avenue of exploration. Recently, we modified our 

NBC3 transport assay to m easure Na+-stimulated intracellular pH  recovery. 

These assays, in which buffer switches from zero Na+ to Na+ medium, yielded 

the most robust transport we have seen and hold promise for more detailed 

studies of NBC3 kinetics.

Attempts to obtain a crystallographic structure of NBC3Ct have thus far 

been unsuccessful. Approximately 70 crystallization conditions for purified 

NBC3Ct alone were assessed and a further 1500 conditions for an equal molar 

mixture of NBC3Ct and CAII assessed. In light of the proteolytic sensitivity of 

NBC3Ct, a protein product consisting of the proteolytically insensitive portion of 

NBC3Ct may yield a successful crystallization. In addition, if the N-terminal 

domain of NBC3 is ever successfully purified in milligram quantities, it also 

would be an interesting subject for crystallization trials.

On a more clinical level, the guard during ischemia against necrosis 

(GUARDIAN) clinical trial of cariporide, a specific NHE1 inhibitor, showed a 

10% (p=0.12) risk reduction for cardiovascular events after 36 days of cariporide
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(120 mg tid) treatm ent in high risk patients undergoing coronary artery bypass 

graft[220]. Benefits were maintained for 6 months (25% p=0.03). It is believed 

that although modest, this risk reduction may be improved with increased doses 

of cariporide, as neither risk reduction saturation nor an increase in the rate of 

adverse effects was observed at the concentrations studied. The rationale for the 

GUARDIAN trial is based on decreasing intracellular Na+ loading during the 

reperfusion phase, following an acute ischemic episode. Since NBC3 is also 

present in cardiomyocytes and operates with a parallel mechanism to NHE1 it 

also is a potential target to reduce intracellular N a+ accumulation. To date, no 

specific inhibitors of this transporter have been identified. However, the results 

dem onstrated by this thesis lay the groundwork for identification of inhibitors 

that take advantage of CAII interaction blockade or mimicking the effects of PKA 

phosphorylation on NBC3.
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