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ABSTRACT 

The Na'M exchangers (NHE) are a ubiquitous family of membrane proteins which catalyze the 

counter-transport of extracellular Na' for intracellular H+ and are important for intracellular pH 

and ceIl volume regulation. The epithelial isoforms, NHE2 and NHE3, thought to have more 

specialized roles in regulating Na+ and HzO absorption, are differentially regulated and exhibit 

differential intracelluiar localization. NHE2 is prirnarily localized to the plasma membrane 

whereas MIE3 is primarily intracellular. located in recycling endosomes. N E 3  is apically 

targeted whereas the polar localization of NHE2 remains controversial. 

We have localized NHE2 to the apical membrane of LLC-pKi cells and have identified residues 

732-777 to be critical for apical targeting. These residues encompass a proline-rich region which 

was found to interact with the SH3 domain of a-spectrin in vitro, an interaction which may play a 

role in NHE2 targeting. Although SH3 domains of other proteins were found to bind to this and 

a more carboxy-tenninal proline-rich region in vitro, the fùnctional significance of these 

interactions remains unclear. Deletion of ail residues carboxy-terminal to 731 did not affect 

Na'/H+ exchange nor its response to hypertonicity and metabolic depletion. 



a . .  

111 

We have identified the pathway that mediates intemalization of NHE3. Tac of this isoform 

from the plasma membrane to the endosornes requins clathrin. Furthemore. we have shown 

that the normal distribution of NHE3 requires the activity of &OP, a component of the COPI 

coatomer. 

hiring the coune of studies of pH regdation, a serendipitous observation led to the identification 

of a novel marnmalian N03--H+ CO-transporter. This system was characterized in detail and 

found to be electroneutral and voltage-insensitive. The ion selectivity and pharmacologie profile 

indicates that NO3--induced flux occurs through a pathway different from other well 

characterized transporters including NHE and the anion exchanger. 
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Chapter 1 : ABSTRACT 

The Na'm exchangen (NHE) are a ubiquitous family of membrane proteins which catalyze the 

counter-transport of extracellular Na+ for intracellular EI+ and are important for intracellular pH 

and ce11 volume regulation. The epithelial isofomis, NHE2 and NHE3. thought to have more 

specialized roles in regulating Na+ and H20 absorption, are differentially regulated and exhibit 

differential intracellular localization. NHE2 is primarily locaiized to the plasma membrane 

whereas NHE3 is primarily intracellular, located in recycling endosomes. NHE3 is apically 

targeted whereas the polar localization of NHE2 remains controversial. 

We have localized NHE2 to the apical membrane of LLC-pKi cells and have identified residues 

732-777 to be critical for apical targeting. These residues encompass a proline-rich region which 

was found to interact with the SH3 domain of a-spectrin in vitro, an interaction which may play a 

role in NHE2 targeting. Although SH3 domains of other proteins were found to bind to this and 

a more carboxy-terminal proline-rich region in vitro. the functional significance of these 

interactions remains unclear. Deletion of al1 residues carboxy-terminal to 731 did not affect 

Na'W exchange nor its response to hypertonicity and metabolic depletion. 

We have identified the pathway that mediates internaiization of NHE3. Traffic of this isofom 

from the plasma membrane to the endosomes requires clathrin. Furthermore. we have shown 

that the normal distribution of MIE3 requires the activity of &-COP. a component of the COPI 

coatomer. 

During the course of studies of pH regulation, a serendipitous observation led to the identification 

of a novel mammalian NO3'-ff co-transporter. This system was characterized in detail and 

found to be electmneutral and voltage-insensitive. The ion selectivity and pharmacologie profile 

indicates that NO,'-induced H+ flux occurs through a pathway different from other well 

characterized transporters including NHE and the anion exchanger. 
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Chapter 2 : CYTOSOLlC pH 

Regulation of cytosolic pH (pHi) is paramount to ce11 survival. Aimost al1 intracellular processes 

have a narrow pH range for optimal function and thus require tight regulation of the pHi of the . . 

surrounding environment. Maintenance of ce11 integrity requires the normal activity of the cell 

membrane and the proteins which regulate membrane conductance and permeability. Many 

membrane proteins which fom the ion channeis and transporters are in turn regulated by changes 

in the [ p l .  Ce11 metabolism is also dependent on pHi homeostasis, since most enzymatic 

activity can only function within a narrow pH range. During ce11 activation. differentiation and 

proliferation, significant changes in pHi occur at different stages and these changes in pHi are 

regulated by the cell. 

Variations in resting pHi of mammalian cells have been observed between different tissues and 

ce11 types (1). However within specific ce11 types, the pHi is regulated tightly despiie constant 

challenge with acid loads. Accumulation of cytosolic acid is a result of several factors. Dunng 

the normal metabolic cycle of a cell. significant amounts of acid are generated. Metabolisrn of 

specific amino acids such as methionine and cysteine will generate sulfuric acid while 

metabolism of nucleoproteins produces uric acid. Incomplete combustion of carbohydrates and 

fats produces organic acids [reviewed in (2)]. In addition to generation of acid in the cytosol, the 

electrochemical gradient favours release of H* to cytosol from the more acidic intracellular 

organelles. Furthemore, the normally negative intracellular membrane potential creates an 

inwardly directed H+ gradient across the plasma membrane. Under specific circumstances, such 

as a skeletd myocyte undergoing anaerobic rnetabolism or a neutrophil activated by bacteria 

toxin [reviewed in (3)], substantial quantities of acid are generated and must be removed for ce11 

survival. 
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Chapter 2 : 1. Measumment of Cytosolic pH 

The identification and characterization of mechanisms that regulate pHi have been greatly 

facilitated by the recent development of pH-sensitive probes and techniques that ailow for real- 

time monitoring of pHi in living cells. A comprehensive review of methods used to measure pHi. 

supplemented with a histoncal perspective has been published (1). This section will focus on 

methods cumntly used for measurement of pHi in mamrnalian cells and recent advances in the 

developmen t of pH-sensitive fluorophores. 

Chapter 2 : 1. A. Partitionina of Weak BasedAcids 

Partition of small organic weak acidshases across the plasma membrane has been used for 

measurement of pHi. This method relies on several assumptions: 1. In the uncharged form. 

weak acidslbases are permeable and when added to the extracellular milieu will readily 

equilibrate across the ce11 membrane; 2. When the uncharged species enters the cytosol, it 

becomes protonated or deprotonated depending on the cytosolic pH, and becomes relatively 

impermeant and thus trapped intracellularly; and 3. the pK, of the weak acidhase is known. By 

using the Hendenon-Hasselbach equation (1) and knowing the concentration of the weak 

acicübase added to the extracellular milieu, the [m of the cytosol can be calculated. Use of 

fluorescent dyes such as acridine orange, which is a weak acid, to measure pHi is also based on 

this principle (3). 

Cha~ter 2 : 1. B. Nuclear Maanetic Resonance (NMR) 

NMR is a cumbersome and expensive technique infrequently employed for measurement of pHi- 

The underlying pnnciple is that each atom has a signature NMR resonance fiequency. The 

resonance frequency of individuai atoms is influenced by the surrounding molecule and its ionic 

state. Thus changes in the protonation state of a molecule will alter its resonance frequency. 

Phosphate is a molecule that undergoes changes in the protonation state at physiologie pH and 
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has been used as a pH-probe using this method [reviewed in (4)]. Changes is the NMR 

resonance frequency of 3'~-phosphate have been used as an indicator of cytosolic and/or 

organellar pH (4). 

Chapter 2 : 1. C. Microelectrodes 

Measurement of pHi using H+-sensitive microelectrodes employs the same basic principles as 

that of conventional macroelectrodes. The body of the electrode is filled with a heavily-buffered 

electrolyte solution to maintain it at a desired pH [reviewed in (1, 4)) This cornpartment is 

separated from the medium to be measured by an interphase that is selectively sensitive to W. 

The most common interphases used include a special fine glas membrane that is W-selective or 

w-selective ligands such as tri-n-dodecylamine or Cnonadecylpyridine, which is dissolved in an 

organic soivent and introduced within the tip of the microelectrode. When the electrode is 

immersed into the medium to be measured, pH is measured as H+ activity across the interphase 

[reviewed in (3)]. Although the rnicroelectrode tip cm be as small as 5 Pm, measurement of pH, 

in mammalian cells is invasive since it requires impalement of the electrode into the cell. 

pH-sensitive dyes such as phenol red have been used for many years to evaluate pH [reviewed in 

( 1 ) 1. However, use of non-fluorescent pH-sensitive dyes has been limited by problematic 

delivery into cells and the inability to monitor rapid changes in pH in living cells. Over the past 

decade, development of fluorescent pH-sensitive dyes that can be readily loaded into mammalian 

cells and the development of fluorescence microscopes which cm measure fluorescence emitted 

by individual cells or ce11 populations loaded with the fluorophore have led to great advances in 

our undentanding of pHi regulatory mechanisrns in mamal ia .  cells. 

For optimal pHi measurements, the ideal pH-sensitive fluorophore should have the following 

characteristics: 
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1. The PI?, of the fluorophore is in physiologic range of mammalian cells. 

2. It is highly selective for and responds rapidly to changes in m. 
3. It has a high quantum yield. 

4. It has a large dynamic range to allow for measurements of small changes in pH,. 

5. It is resistant to degradation by intracellular enzymes and to exposure to irradiation. That 

is, once delivered to the cytosol, the fluorophore should have a long half-life. 

6. The fluorophore and its metabolites are non-toxic and do not alter pHi. 

7. It cm be easily delivered into cells. 

8. Once in cell, it is avidly retained and exclusively disaibuted in the cytosol with littlelno 

sequestration in intracellular compartments. 

For al1 Ruorophores, the intensity of fluorescence emission is affected by several factors such as 

the concentration of the dye, variations in the optical path and photobleaching. pH-sensitive 

fluorophores are similarly affected and fluctuations in the fluorescence intensity can be 

erroneously attributed to changes in pH, unless these factors are taken into account. 

Measurement of fluorescence at two wavelengths will eliminate many of these confounding 

factors and allow more accurate representation of changes in pH. One of the two wavelengths 

may be at the isosbestic point, the wavelength at which the absorbance is independent of pH. 

The most common configuration used for ratio fluonmetry is dual-wavelength excitation and 

single-wavelength emission. 

Chamer 2 .- 1. D. 1. The Fluorescein Derivative, BCECF 

Fluorescein is a pH-sensitive dye with lirnited application for measurement of mammalian pHi 

due to its low pK, (-6.5) and the inability to selectively target it to the cytosol. However, 

modifications to the molecule which render it more cell-impenneant also increase its pK. to a 

more physiologic range, malcing it the most cornmonly used probe of pHi (5). The prototypic 

fluorescein derivative, BCECF-AM (2'7'bis-(2-carboxyethyl)-5,6-c~x~uorescein acetoxy 
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methylester), can be made cell permeant by esterification (6). Once in the cell. de-estenfication 

of BCECF-AM by intracellular esterases releases a charged and significantly less permeam 

molecule which is then trapped in the cytosol (6). The pK. of BCECF-AM is - 6.98 (7). 

BCECF-AM has an excitation maximum at -500 nm between pH 5.5 to 8.0 and its isosbestic 

point is -445 nm (8). BCECF-AM is comrnercially available and its use as a pHi indicator has 

gained wide acceptance. It is most commonly used for ratio fluorimetry using excitation 

wavelengths of -500 nm/440 nm and emission at - 530 nm. 

BCECF, however, does have sorne limitations. Its isosbestic point occurs at the wavelength 

where the quantum yield is low, so that the signal-to-noise ratio and thus dynarnic range of 

fluorescence of the dye are not optimal. Over time, de-esterified BCECF-AM produces acetate, 

fomaldehyde and H* which can lead to a drop in pHi [(S) and references within]. BCECF is 

relatively susceptible to photobleaching leading to loss of fluorescence signal and ce11 damage. 

Blebbing of cells loaded with BCECF has k e n  observed with repeated illumination (8). 

Pyranine (8-hydroxypyrene- 1 3.6-trisulfonic acid) is a srnall molecular weight fluorophore that is 

highly water-soluble, with a p& of 7.82 and possesses many characteristics of an excellent pHi 

probe (8). It has a well defined isosbestic point (-415 nm) and displays a large spectral shift 

when the molecule becomes protonated. Ratio fluonmetry a 440 nm/380 nm reveais a 50-fold 

increase between pH 6.0 and 9.0 (8). It is virtually non-susceptible to photodynamic damage nor 

has it been show to cause significant changes in pHi or ceIl damage (8). However, pyranine has 

a major drawback. Because it is highly water soluble, it is not readily delivered to the cytosol. 

Use of this fluorophore had been restricted to intracellular delivery using liposome fusion or 

more invasive methods such as delivery by micropipettes or scrape loading. 

Two less invasive methods of pyranine delivery have recently been described and may broaden 
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the use of this fluorophore in biological studies. One method takes advantage of the non- 

selective permeation of small molecuiar weight molecules induced by purinergic receptor 

activation. Pyranine was efficiently delivered to the cytosol upon activation of the purinergic 

recepton and was found to be a highly sensitive pHi probe (8). In cells which do not express 

purinergic receptors, transient exposure to hypotonicity was found to induce an effective 

pyranine perrneability and allowed fluorophore loading without significant alteration of cell 

activity (8). 

Chapter 2 : 1. D. 3. Green Fluorescent Proteins 

Although recent development of fluorophores such as BCECF-AM and pyranine has allowed 

real-time measurements of pHi in mamrnalian cells, assessrnent of specific cells within a 

population is not possible because these dyes cannot be delivered non-invasively to individual 

cells. Development of pH-sensitive green fluorescent proteins (GFP) has provided an additional 

advance to the utility of pHi fluorophores currently available. 

GFP, originally isolaied from the jellyfish Aequorea victoria, absorbs blue light (peak at 395 nm) 

and emits green fluorescence (peak at 509 nm). GFP fluorescence is not species specific and is 

pH-independent (9). It is highly resistant to photobleaching and widely used as a marker of gene 

expression and intracellular protein localization (10, 11). In an effort to enhance and alter some 

of the physicochemical propenies of the naturally occumng protein, many mutations of GFP 

have been manufactured. Some of these, including some commercially available mutants such as 

pEGFP (Clontech). tumed out to be pH-sensitive (9, 12, 13). 

The pH-sensitive GFP mutants tested have indeed been found to be good indicators of pHi, 

although the low pK. (- 5.90) of some of the mutants limits their usefulness to study of pH in the 

acid range (12). Other pH-sensitive GFP mutants are more useful for measurernents of pHi 

having pKp at 7.1 (13). Nonetheiess, these mutants are limited as pH fluorophores because they 
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do not possess an isosbestic point (12, 13) and their fluorescence emission is susceptible to 

fluctuations in protein concentration and changes in the optical pathway. 

The most recently described GFP mutant, however, appears to have solved this probiem (9). 
. .  

This 'ratiometric pHluorin' exhibited an isosbestic point at -430 nm. In the pH range of - 6.0 to 

7.8, the fluorescence ratio of dual wavelength excitation at 410 nm/470 nm displayed a linear 

relationship with pH (9). Al1 of the pH-sensitive GFP mutants tested exhibited stable 

fluorescence over time and appeared to be non-toxic to the cells. Thus, it appears that the 

'ratiometric pHluorin' possesses almost al1 of the qudities of the ideal pH-sensitive fluorophore. 

Use of GFP mutants as a pH indicator has some advantages over the smaller molecular weight 

fluorophores previously descnbed. First, GFP mutants cm be constructed. by addition of 

retentiodtarget sequences, to specifically target intracellular locations. be it the cytosol. 

mitochondna or the Golgi (9, 13). This eliminates reliance on intracellular esterase action for 

cytosolic retention, as in the case of BCECF-AM, and the need to increase ceil pemeability to 

allow pyranine entry. Second. specific targeting of GFP mutants also minimizes leakage from 

the cornpartment of interest. Third, mutant GFPs targeted to specific intracellular organelles can 

be selected according to their pK, to allow optimal pH measurement of the organelle in question. 

Lastly. GFP can be CO-transfected with another protein suspected of altering a biologic function 

and can therefore be used both as a pHi-probe and a rnarker of expression of the second protein. 

Chapter 2 : II. Btdkring Capacity 

Marnmalian cells possess several mechanisms to buffer against wide fluctuations in pHi. Short- 

term homeostatic pHi is maintained by buffering systems intrinsic to the cell. This buffering 

capacity is based on the ability of weak acids and bases to associate and dissociate with H+ to 

rninirnize shifts in pH of the sunounding environment. In mammalian cells, physicochemical 

buffering is provided mostly by the C02/HC03- pair dong with the inorganic phosphates, and the 

sulphate and amino groups of proteins [reviewed in (l)]. At physiologie pHi, buffering capacity 
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of marnmalian cells varies from 25 to 100 mM/pH unit (3). The role of these buffers. however, 

is limited and temporary due to their finite capacity for ions. 

Another method employed by cells to maintain pHi homeostasis is by alteration of metabolic 

pathways. In response to acidosis, the= is increased conversion of acids, such as lactic acid, into 

neutral compounds such as glucose and CO- that can readily diffuse out of the ceIl. Other 

changes in the metabolic pathways that decrease production of acidic intermediates such as 

pyruvate, lactate, citrate and increase production of glucose and glucose 6-phosphate have also 

been observed during acidic stress (1). 

The most efficient method of regulating pHi is the rapid transport of acids or bases out of the 

cytosol in response to changes in their intracellular concentration. This is a function of plasma 

membrane transporters. In mammalian cells, several plasma membrane ion transporten are 

responsible for maintaining pHi. The Na'm exchanger (NHE), the major plasmalemmal 

transporter responsible for pHi homeostasis in response to intracellular acidity and the major 

focus of this dissertation, shall be discussed in detail in Chapter 3. The other major membrane 

transporters involved in pHi regulation are reviewed below. 

Chapter 2 : 111. Regulation by CTMCO j exchanger 

Na'-independent Cl/NC03- catalyzes the one for one exchange of extemal Cl' for intracellular 

HCOi and is important for restoration of normal pHi in response to cytosolic alkalinization. Cl- 

/HC03- exchange is mediated by a farnily of integral membrane glycoproteins. Three isoforms, 

designated AEI (for g ion  exchanger), AU and AE3 have k e n  identified [reviewed in (14)J. 

A H ,  the initial isoform identified, is primarily expressed in erythrocytes, where it facilitates 

CO2 transport by COt/HCOi exchange. AE2 has a broader tissue distribution, with expression 

in kidney, gastrointestinal tract, choroid plexus, hematopoietic cells and osteoclasts. AE2 plays 

an important role in pHi regulation. AE3 expression is limited to the cardiac and centrai nervous 

systems where its main role is maintenance of the Cl- gradient across the ce11 membrane 
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[reviewed in (3, 14)J. In epithelial cells, expression of A .  appears to predominate at the 

basolateral membrane (1 5- 18). The AE isoforms share a cornmon protein structure, composed of 

a variable amino-terminal -700-residue cytosolic regulatory domain followed by a -530-residue 

membrane-spanning functional domain composed of 10- 14 trammembrane segments ( 14). 

C1'/HCo3' exchange is independent of ATP hydrolysis and driven by the transmembrane ion 

concentration gradient. The non-erythroid Cl-HCO,' exchange is minimally active at 

physiologic pHi and becomes activated in response to cytosolic alkalinization (1 9. 20). Analysis 

with AE2 has reveaied a FI+-sensing site within the carboxy-terminal transmembrane domain, the 

most highly conserved region amongst the isoforms (20). The H+-affinity of this site is 

apparently modulated by the cytosolic domain (20). Cl/HCOa- exchange is inhibited by 

disulfonate stilbene derivatives such as DIDS and SES (1  9). 

Chapter 2 : IV. Regulation by K pump 

In some mamrnalian cells, rernoval of cytosolic is mediated by transmembrane 

transport of H+ by the ff pump, a process which requires ATP hydrolysis [reviewed in (3. 21 )]. 

Three types of pumps exist: 1. the F,-Fi ATPase which is locdized to the inner 

mitochondrial membrane; 2. the P-type ATPase, found in the apical membrane of gastric gland 

cells where its role is secretion of acid into the stomach lumen by electroneutral exchange of 

intracellular for extracellular k and; 3. the vacuolar (V-type) ATPase which is found 

primarily in the endomembranes of intracellular compartments where it plays an important role 

in establishing and maintaining intravesicular acidity of endosomes, lysosomes and other 

intracellular compartments. 

V-type ATPases are found on the plasma membrane of selected cells, including macrophages, 

neutrophils, osteoclasts, and the epithelial cells of the rend cortex, where they play a role in acid 

secretion and pHi regulation [reviewed in (22)]. V-type ATPase is a multimeric proiein complex 

composed of two distinct domains. The transmembrane domain forms the proton channel and 
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the membrane associated domain, composed entirely of soluble proteins, contains the catalytic 

region where ATP hydrolysis occurs (22). H* transport by the V-type ATPases is electrogenic 

and is inhibited by the macrolide antibiotic, bafilomycin, by N-ethylmaleimide (NEM) as well as 

by DCCD (N, N'-dicyclohexylcarbodiimide) (3). 

Chapter 2 : V. ReguIation by other membrane transporters 

C h a ~ t e r  2 : V. A. Na+-de~endent anion exchanper 

Na*-dependent CI-/HC03' exchange was originaily identified in invertebrate nerve and muscle 

cells and has since been identified in many marnmalian cells (3, 23). The transporter has not 

been cloned but kinetic studies have revealed that it mediates the electroneutral exchange of 

extracellular HC03' and Na+ for intracellular CI-. The exchange is driven by the inwardly 

directed N a  gradient (and thus indirectly hieled by the Na%C+ ATPase) and results in 

intracellular alkalinization. Dunng a transport cycle, two acid equivalents are removed while 1 

N a  enters and 1 Cl- exits (3). Ion exchange catalyzed by this transporter is increased at more 

acidic pHi (4). Like Na+-independent Cl'/HC03' exchange, Na+-dependent anion exchange is 

sensitive to inhibition by stilbene derivatives (4). 

Na'-HC03- CO-transport was originally described in the basolateral membrane of rend proximal 

tubule cells and has since k e n  reported in diverse mammalian tissues [(24) and reviewed in (3)]. 

Na'-HC03' CO-transport has been primarily identified in epithelial cells where it is believed to 

play a role in transepithelid absorption of HCOi and in pHi regulation in response to 

acidification. Kinetic studies have identified several Na+-HCO,' CO-transporters which differ in 

transport stoichiometry, varying from 1: 1 to 3:l for HC03':Na' and in sensitivity to stilbene 

denvatives such as DIDS. An electrogenic Na+-HC03- CO-transporter has been cloned fiom the 

salamander kidney (25) and named NBC for Ha+-bicarbonate GO-transporter. Subsequently, 
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mamrnalian homologs of NBC have ken  cloned from rat (26,27) and human (28-30). The two 

mammalian NBC isoforms cloned, NBCl and NBC2 are large proteins (-1020 amino acids) and, 

based on the hydropathy profiles, consist of ten putative transmembrane regions with both 

amino- and carboxy-termini residing in the cytosol (27, 30). NBCl and M C 2  share > 50% 

sequence identity with each other (30) and -30% sequence identity with the AE family of 

proteins (27, 28, 30). Mamrnalian NBCl is expressed predominantly in kidney and pancreas 

(27, 28) and has been found to mediate DIDS-sensitive (27-29), electrogenic Na4-HC03- CO- 

transport (27). The more recently cloned human NBC2 is primarily expressed in retina (30). 

The CO-transport of H' with lactate in a one-to-one stoichiometry across the plasma membrane 

was originaily described in cells such as erythrocytes, white muscle cells and tumour cells where 

significant quantities of lactate are produced dunng glycolysis [reviewed in (3 1 ) J .  Such a 

transport mechanism ailows for efficient removal of acid from the cytosol dong with lactate. 

FI+-lactate CO-transport has since been identified in many mammalian cells and was found to be 

catalyzed by a family of membrane proteins called monocarboxylate transporters (32, 33). The 

two isoforms cloned, MCTl and MCM, share significant sequence identity although they differ 

in tissue distribution and are predicted to have a membrane topology consisting of a large 

membrane Aspanning domain composed of 10- 12 transmembrane segments and short hydrophilic 

regions at both amino- and carboxy-termini (32, 33). 

The specificity for lactate is low and other monocarboxylates such as pyruvate can be CO- 

transported as efficiently with H+ (31, 34). Specific inhibitors of the MCTs have not been 

identified although H'-lactate CO-transport is inhibited by stilbene derivatives, phloretin, 

cyanocinnamate derivatives and organomercurial thiol reagents such as pthloromercuribenzene 

sulfonate @CMBS) (34). 
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Chapter 3 : NaiM+ EXCHANGER 

The electroneutral exchange of extracellular Na+ for intracellular H+ is a very important 

mechanism used by mamrnalian cells to maintain pHi homeostasis and is mediated by a family of 

integral membrane proteins known as NHE @a+- -changer). Comprised of 6 isoforms, the 

NHE family of proteins catalyzes Na+/H+ exchange with a stoichiometry of 1 to 1. The six NHE 

isoforms share a common protein structure comprised of a functional membrane-spanning 

domain containing 10-12 trammembrane regions (Tm) and a regulatory carboxy-terminal 

cytosolic domain of variable length. 

Severai features are comrnon to the NHE isoforms identified: 

1. NHE activity is ATP-dependent, although ATP hydrolysis is not required for Na'/H' 

exchange. 

2. The energy driving Na'/H+ exchange is provided by the Na* gradient across the 

membrane. 

3. NHE is minimally active at neutral pHi but becomes incrementally more active with 

decreasing pHi due to the exchanger's exquisite sensitivity to intracellular [w]. 
4. Sensitivity of NHE to changes in pHi is due to the presence of an allosteric H+ site located 

in the cytosolic face of the membrane-spanning domain. 

5. Na'W exchange is revenible. 

6. Na'w exchange is inhibited. albeit to variable degrees, by the diuretic compound 

amiloride and its derivatives. 

In addition to its main role in the maintenance of pHi homeostasis, NHE is also important for 

regulation of ce11 volume and in epithelial tissue, for regulation of tram-epithelial Na* and HzO 

absorption. 
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Figure 1 : Schematic Representation 
of the Na+RI' exchanger. 

rite of Na'M* exchange /-- 

The amino (N')-tenninai region is composed 
of 10- 12 transmembrane segments. 
Transmembrane segments 6, 7 and the 
intcrvening hydrophilic loop is the putative 
NHE transport site. Transmembrane 
segments 4 and 9 are sites of modification by 
phannacologic agents such as amiloride and 
HOE (see text). The long carboxy (C')- 
terminus is oriented toward the cytosal and is 
the site of regulation by growth factors and 
ATP (see text). 

Chapter 3 : 1. Funetional Properties of #HE 

Cha~ter 3 : 1. A. Kinetics of Transoort 

The primary driving force for Na'w exchange is the transmembrane [Na+] gradient. Studies of 

NHEl to 3 have revealed that the rate of Na'm exchange has a hyperbolic dependence on 

extemal [Na+], exhibiting simple Michaelis-Menten kinetics with a Hill CO-efficient of 1, 

suggesting that there is a single binding site for Na' and that 1 molecule of Na4 is bound and 

translocated per transport cycle [reviewed in (35-39)]. However, as shown in Table 1, the Na' 

affinity of the different isoforms cm Vary 10-fold, with the cdcuiated Km for Na4 varying from 

4.7 mM to 50 mM (38, 39). Other cations can act as substrates of NHE. The apparent order of 

affinity of MIE1 to 3 for extemal cations are as follows: H+ » Li+> ~ a +  » K+ (40). 

An identimng feature of NHE is its exquisite sensitivity to changes in intracellular [m (mi). 
Unlike the simple kinetics of Na' transport, the Hill CO-efficient of NHE for H* equal or p a t e r  

than 2 (4 l ) ,  a result that is inconsistent with a saturable one-for-one exchange mode1 of transport 

predicted from the well accepted 1: 1 stoichiomeûy. This apparent inconsistency is attributed to 

the presence of a second, allosteric, binding site for H+ located at the cytoplasmic face of the 

membrane spanning region of the protein. Presence of an dlosteric H+ binding site, in fact, 
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explains the relative quiescence of the NHE at physiologic pHi despite the presence of a large 

inwardly directed Na' gradient. At physiologic pHi, the ailosteric site is unoccupied and NHE is 

inactive, preventing deleterious aikaiinization of the cells. However, increases in [BIi result in 

H+ binding to the allosteric site, activation of MIE and subsequent rapid removal of acid 

equivalents from the cytosol. 

Kinetic assessrnent of an NHEl deletion mutant missing the entire cytosolic tail (42) and of 

chimenc proteins of NHE1, MIE2 and NHE3 (43) have identified the amino-terminal 

membrane-spanning domain as the site of allosteric modification by intracellular H+. However. 

the cytosolic domain appears to play a role in regulating the sensitivity of the antiporter to pH,. 

When the cytosolic tail of MIE1 was deleted, its sensitivity to [mi was shifted to a higher [WIi 

(or lower pHi) value (42). Further analysis of the cytosolic domain of NHEl identified amino 

acids 636-656, a region encompassing the high affinity calmodulin-binding domain which 

purportedly acts as an auto-inhibitory region (discussed below), to be important for regulating the 

'set-point' of antiport activation. Mutations within this region rendered NHEl active at high pHi 

(44). The specific arnino acids which form the allosteric binding, and similarly those which form 

the Na* and H+ binding and transport sites, are not known. 

The H+ allosteric properties are conserved in NHEl to 3 although the [mi sensitivity varies (39. 

45). For the rat isofonns, NHE2 appears most sensitive to increases in mi and NHE3, the lest 

(38,39). 

Kinetic characterization of NatM exchange mediated by MIE4 to 6 has not been fully realized. 

NHE4. inactive under basal conditions or when exposed to acute i n ~ e l l u l a r  acidity alone, 

becomes active upon stimulation with acute acidity in the presence of hyperosmolar stress (46, 

47) or upon pretreatment with DIDS, a stilbene derivative commonly used as an inhibitor of 

anion exchange (48). NHE4 has a sigmoidal response to [NaT, (47). The significance of this 

relationship is not clear. 
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Nai/H+ exchange is electroneutrai, a fact that is supported by both kinetic and thermodynamic 

evidence (36, 49). First, the transmembtane fiuxes of Na' and H+ are nearly identical and 

consistent with a stoichiometry of one to one. Second, net ion transport is negligible when the 

Na' gradient is counterbalanced by an identical gradient (i. e. when [Na']J[Na'li= 

[IT]JIH+li). Third, changes in the membrane potential with ionophores do not affect the rate of 

Na'm exchange (36). Lastl y, in experiments using the whole-ce11 patch clamp technique. 

Na'm exchange mediated by NHEl to 3 was found to be electroneutral and voltage- 

independent (50) 

Cha~ter 3 : 1. C. Site of trans~ort 

The transmembrane domain is highly conserved between isoforms (37) and is the likely site of 

Na'iH* exchange. Indeed, this has been proven in experiments where Naf/H+ exchange was 

found to penist despite deletion of substantial portions of the cytosolic tail of NHE 1 (42. 5 1, 52) 

or NHE3 (53,54). 

Within the transmembrane domain, transmembrane segments 6 and 7 (Tm6 and Tm7; 

altematively labeled as M5a and M5b (40)) are the most highly conserved regions in al1 MIE 

isoforms (95%). Tm6. Tm7 and the intervening hydrophilic loop are rich in negatively-charged 

amino acids and are excellent candidates for N a  andor H+ binding (55). In NHE1, 

replacement of the conserved amino acid E262 in Tm6 (termed M5b by the authon), resulted in a 

non-functional Na+/H+ exchanger. without affecting expression of the protein at the plasma 

membrane (5 1 ). 

Cha~ter 3 : 1. D. ATP de~endence 

Depletion of cytosolic ATP drastically reduces N a + m  exchange in al1 isoforms studied although 

the NHEs are not known to hydrolyze ATP (45, 56). ATP depletion appears to have different 
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effects on different isoforms. Inhibition of NHEl and NHE2 by ATP depletion appears to be 

predorninantly due to decreased affinity of the antiporter for intracellular H+ whereas ATP 

depletion appears to markedly reduce the maximal rate of transport mediated by N E 3  (56). 

The mechanisms by which ATP regulates NHE activity are not well understood and will be 

discussed in Chapter 3. IV. C. 1. 

Chapter 3 : II. Molecular characteristics of the NUE family of proteins 

Cha~ter 3 : II. A. Clonina of NHE lsofonns 

The first mammalian NHE was cloned in 1989 (57). Since then. five additional isoforms have 

been cloned and partially characterized. The genes encoding the isoforms are denved from 

distinct sites within the genome (36. 58). Table 1 summarizes the chromosomal location of the 

NHE isoforms. No clear cut evidence of splice variants of any of the NHE isoforms exists. The 

only possible exception is the rat NHE2 variant cloned by Collins et al. (59). Missing the amino- 

terminal 116 amino acids, this clone had very Iow NHE activity when compared with full length 

NHE2 and was originally thought to be a splice variant of NHE2. However. it is more likely to 

be an NHE2 RNA transcript that is incompletely processed at the 5' end (36). 

Chapter 3 : II. B. Seauence Homoloay 

The farnily of NHE proteins share an overall arnino acid sequence identity of 3440% (36). 

Sequence analysis has revealed that MIE2 and NHE4 are more closely related to one another 

than to the other isoforms, as are NHE3 and NHES (60). MIE6 appears to be the most 

dissimilar, sharing only 20-24 96 sequence homology with the other isoforms and has a unique. 

putative mitochondnal inner membrane targeting signal at its arnino-tenninus (6 1). Homology of 

specific isoforms amongst different species is high. Amino acid sequence identity between 

NHEl from rat, rabbit, human, pig and hamster is high, at > 90% (40). 
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Chapter 3 : II. C. Protein Sire and Glvcosvlation State 

Based on the primary sequence, the predicted size of the NHE isoforms ranges €rom 75 to 85 kD 

(NHE 1, 8 15-820 amino acids; NHE2, 8 fi-820 amino acids; NHE3, 8 15-820 amino acids; and 

NHE4. 717 arnino acids). However, mobility on SDS-PAGE suggests a higher apparent 

rnolecular weight for NHEI, MIE2 and NHFA at 90 to 110 kD (62), 75 to 85 kD and 8 1 to 100 

icD (46). respectively. The most plausible explanation for the increased size of these isoforms is 

glycosylation of the protein. In fact, both NHEl and NHE2 have been shown to be 

glycoproteins. MIE1 is N-glycosylated (63) whereas NHE2 is O-glycosylated (64). NHE4 is 

probably glycosylated, although there is no conclusive data to support this claim. NHE3 is not 

glycosylated (63), whereas the glycosylation state of the other isofonns is not known. 

For many proteins, appropnate glycosylation dunng biosynthesis has been found to be important 

for proper processing and maturation of the final protein (65). The role of glycosylation of NHE 

is not clear. Studies of the maturation of endogenous NHEl in the A6 Xenopus luevis renal 

epithelial ce11 line have found that the glycosylation was important for polar targeting (66). The 

immature con glycosylated fonn of NHEl was present on both apical and basoiateral 

membranes whereas the mature NHEl was targeted correctly to the basolateral surface only. 

However, no functional role has been ascribed to the carbohydrate moieties since their removal 

from NHEl and NHE2 had no apparent effect on the rate of ion exchange in either membrane 

vesicles (67) or transfected cells (64). Site-directed mutagenesis of the 3 potential glycosylation 

sites of NHEl has also revealed that glycosylation is not necessary for protein expression nor 

activity when heterologously expressed in PS 1 20 fibroblasts (63). 

Chapter 3 : II. D. Membrane To~oloay 

Based on the prîmary structure of the NHE, al1 isofonns are predicted to have a - 500 amino-acid 

amino-terminal membrane-spanning domain containing 10- 12 trammembrane regions, followed 

by a long -300 residue carboxy-terminal domain. The extra-membranous loops linking the 
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trammembrane regions are small, with the exception of the first extracellular loop of NHEl 

which is glycosylated. 

Chapter 3 : II. D. 1. The Trartsmembrane Domain 

As discussed in Chapter 3.1. C., the trammembrane domain of the antiporter is the site of Na'W 

exchange as well as the site of the allostenc H+-binding. Of panicular importance are Tm 6 and 

Trn7, the most highly conserved regions amongst al1 isofoms which contain the putative Na' and 

H+ transport sites (55). The transrnembrane domain is also the site of modulation by arnilonde 

and arnilonde denvatives. Tm4 and Tm9 are specially important for phannacologic responses 

of the NHE isoforms (described in Chapter 3. IV. A.). 

Chapter 3 : II. D. 2. The Hvdrophilic Domain 

The carboxyl-terminal region of the antiporter is hydrophilic and generally accepted to be located 

in the cytosol, based on several lines of evidence. The tail of NHEl, expressed endogenously in 

human platelets and heterologously expnssed in CHO cells, is inaccessible to extracellularly 

added proteases (52). Furthexmore, immunolabeling of NHE-expressing cells reveals that 

NHEI, NHE2 and MIE3 cannot be labeled by antibodies to the carboxy-terminus unless the ce11 

membrane has k e n  permeabilized (52,68,69). 

The carboxy-terminal domain is most divergent amongst the MIE isoforms, sharing only 24- 

56% hornology and is the regulatory domain of the protein. Experiments with mutant NHE 

constnicts containing deletions of the cytosolic domain or chimenc proteins of NHEI and NHE3 

have revealed the cytosolic domain to be important for regulation by ATP (70), growth factors 

(37, 42. 53, 71), CAMP (54) and by calmodulin (72). A schematic representation of known 

regulatory domains within the cytosolic regions of NHEl to 3 are illustrated in Figure 2. 
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Figure 2: Schematic diagram of the regulatory domains of the hydrophilic domain of the 
NHE isoforrns. 

The arnino acid residues are numbered according to the rat NHE sequences (36). Putative location of emergence 
of the protein at the C-terminus from the plasma membrane is indicated. H. CaM = high affînity calmodulin 
binding site; L. CaM = tow affinity calmodulin binding site; NHERF = NHE3 regulatory factor. For details of 
the regulatory domains, please see text. 

Cha~ter  3 : II. D. 3. Oliaomeric Structure 

The quatemary structure of the NHEs has not been well described although there is evidence to 

suggest that NHEl (73) and NHE3 (74) exist as homodimers linked by disulfide bonding (73). 

Individual monomers appear to interact with one another at the trammembrane domain, since 

deletion of the carboxy-terminai 300 arnino acids of NHEl did not affect its dimerization in vivo 

(5 1). The functional significance of homodimerization is not clear since functional studies have 

reveaied that even when dimerized, each subunit of the antiporter functions independently (5 1). 

Chapter 3 : 111. Tissue Distribution of NHE and SubceIIuIar LocaIization 

Cha~ter 3 : III. A. Tissue Distribution 

NHE 1, cornmonly referred to as the 'housekeeping' NHE because it is primady responsible for 
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maintaining pHi and ce11 volume, is expressed in virtually ail marnrndian cells studied to date 

(37). The other isoforms have a more restricted tissue distribution. NHE2, NHE3 and NHE4, 

isoforms implicated in regulation of transepithelid Na+ and H20 absorption and ce11 volume 

homeostasis, are pnmarily expresscd in epithelial cells. 

NHE2 is expressed at highest levels in the small intestine. large intestine and stomach with 

considerably lower expression in skeletal muscle. brain. kidney, testis. uterus. heart and iung 

(75). NHE3 expression is highest in the large intestine followed by the small intestine. the 

kidney then the stomach (76). NHE4 is pndominantly expressed in the stomach with lower 

expression in the intestines, kidney. brain, uterus and skeletal muscle (47,76). 

Within the kidney, the three epithelial NHE isoforms have differential expression in different 

regions of the nephron. NHE2 expression is higher in the medulla compared with the renal 

cortex (77). NHE3, on the other hand, is expressed at a higher level in the rend cortex (78). 

NHE4 is confined to the collecting tubule of the renal inner medulla, a region with exceedingly 

high osmolarity (46). 

NHE5 is expressed in nonepithelial tissues. predominantly in brain and spleen with some 

expression in testis and skeletal muscle (60). At present its fùnctional properties and role are 

unknown. NHE6 has recently been cloned from human tissue where it is widely expressed (61). 

The highest expression was found in rnitochondria-rich tissues such as brain, skeletal muscle and 

heart. 

Cha~ter 3 : 111. B. Subcellular Localization 

NHE are intrinsic proteins that are pnmarily expressed ai the plasma membrane. However, in 

epithelial cells. membrane localization varies amongst the isoforms. MIE1 is expressed at the 
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basolateral membrane (78.79) whereas NHE3 is apically targeted (74.80,8 1 ). 

The localization of NHE2 in epithelial cells is controvenial. Expression to both apical and 

basolateral domains, as determined by functional assays, has been reported. NHE2 activity was 

reported at the basolateral membrane of inner rnedullary collecting duct celis denved from 

sirnian virus transgenic rnice (82). Othen have reported a predominantiy apical location. Rabbit 

NHE2, whether endogenously expressed in the ileum (83) and in the RC.SV3 cortical collecting 

duct ce11 line (84), or when transiently expressed in the Caco-2 colonic carcinoma ce11 line (77). 

was functionally localized to the apical membrane. Irnmunolocalization using cryosections of rat 

kidney have localized MIE2 to the lumenal border of the rnedullary thick ascending limb (85). 

again suggesting an apical localization. One report has localized NHE2 in both basolateral and 

apical membranes of LLC-pKI cells (86). 

The subceilular localization of NHE4 and 5 in epithelium has not been studied. 

Chaprer 3 : III. B. 2. Non-Epithelial - Cells 

In cultured fibroblasts, plasmalemmal distribution of NHEl is not uniform. irnmunolocalization 

studies in adherent fibroblasts revealed accumulation of MIE1 dong the borders of the 

lamellipodia and the finer processes, CO-localizing with vinculin, talin and F-actin (87). Focal 

accumulation of NHEl was not observed in suspended fibroblasts, implying that clustering of the 

antiporter results frorn interaction of the cells with the maaix. 

Interaction of the antiporter with the cytoskeleton may have functional impiications. In NHE 

deficient-Chinese hamster ovary (AP 1 -CHO) cells expressing NHE 1. the focal CO-localization of 

NHEl and F-actin was abolished upon ATP depletion, a condition which also inhibited NHE 

activity (70). However, treatrnent with cytochalasin D which disrupts F-actin did not mimic the 

effects of ATP depletion on NHEl activity. 
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Endosomal localization of NHE has been implied for many years, based on functional assays of 

Na+N exchange in endosomal vesicles derived from rend brush borders (88. 89) and hepatic 

endosomes (90). Na+/H+ exchange in these endosomes lacked amiloride sensitivity and is likely 

representative ion exchange mediated by NHE3, a relatively amiionde-insensitive isoform. 

Subsequent development of specific monoclonal antibodies to NHE3 has allowed visualization 

and localization of NHE3 to endosomes. In rat proximal tubules, NHE3 was found in 

abundance at the microvilli and particularly in subapicd endosomal-like structures (9 1 ). in AP 1 

cells expressing rat NHE3, - 90% of the protein accumulated in juxtanuclear compartments (68) 

which CO-localized with the trarisfemn (Th) receptor and cellubrevin, both markers of recycling 

endosomes (69). 

A recently cloned yeast homologue of NHE, called NHx  1, which shares 34-36s homology with 

mammalian MIES, was found to be exclusively localized to the prevacuolar cornpartment. the 

yeast equivalent of late endosomes (92). The recently cloned human N E 6  has been localized to 

the rnitochondna of Hela cells (61) and is believed to play a role in regulation of mitochondrial 

volume. 

Chapter 3 : IV. Regulation of NHE 

Cha~ter 3 : IV. A. Phamacoloaic Acrents 

In addition to their kinetic differences and tissue specificity, NHE isoforms dso exhibit marked 

differences in their pharmacologie properties. AIthough a hallmark of Na+M exchange is its 

susceptibility to inhibition by amiloride, not al1 isoforms exhibit comparable sensitivities. 

Indeed, MIE3 and NHE4 are quite insensitive to amiloride, whereas NHEl and MIE2 are 

equdly sensitive. However, al1 isoforms snidied to date are inhibited by amiloride denvatives, 
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albeit to varying degrees (see Table 1). The apparent affinities of the plasmalemmal antiporten 

for a given pharmacologie agent cm Vary by more than 100-fold. A general order of drug 

sensitivity of the NHE i so fom is as follows: NHEl > NHE2 >> NHW > NHE4 (36, 39. 47, 

55). Other inhibitors of N~*/H+ exchange include benzoyl guanidinium compounds such as 

HOE694 ( 5 3 ,  cimetidine, clonidine and harmaline (39). Cimetidine, clonidine and harrnaline 

are chemically unrelated to amiloride and HOE694 but they possess either an imidazoline or 

guanidinium moiety and hence bear some structural similarity. 

Studies of chimeric proteins composed of the cytosolic tail of NHEl and transmembrane domain 

of NHE3, and vice versa, have reveaied that al1 the molecular determinants of isoform 

specificity for drug sensitivities lie within the transmembrane domain (54). Inhibition of 

Na'm exchange by arniloride derivatives, cimetidine, and HOE694 is reduced by high [Na*]., 

suggesting that these drugs may act as competitive inhibitors of N a  at or near the Na+ binding 

and transport site (41). However, there is data to suggest that the Na' and arniloride binding 

sites are separate (36). 

The amiloride-binding site of NHEl has been locaiized to a highly conserved region of Tm4 (62, 

93). In mutagenesis experiments within Tm4, point substitution of leucine for phenylalanine at 

residue 167 or phenylalanine for tyrosine at residue 169 (hamster arnino acid sequence) 

significantly decreased the exchanger's sensitivity to amiloride derivatives (93). In both 

mutations, basal transport activity is unaltered, suggesting no change in the Na* affinity. The 

amiloride sensitivity of MIE2 is also mediated by Tm4. Like NHE 1, point mutation of Tm4 

which abrogated the exchanger's sensitivity to amiloride compounds had no effect on Na' 

affinity (94) and thus suggests that the arniloride and Na' binding sites are distinct. 

In addition to the Tm4, Tm9 has also been impiicated in drug sensitivity. Chimeric proteins of 

NHEl and NHE3, made by switching specific Tm segments, have reveaied Tm9 and its adjacent 

loops to be responsible for differences in isoform-specific sensitivity to amiloride compounds 
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and HOE (55). Despite a reversai of their sensitivity to the pharmacologie compounds. these 

NHE 1 -NHE3 chimeras did not exhibit a reciprocal revend of Na+ affinities when compared with 

the parental exchanger, providing further evidence that the drug binding and Na* binding sites 

are separate (55). 

Site-directed mutagenesis experiments with human NHEl have identified histidine 349. located 

in Tm9, to be cntical for amiloride, EIPA and cimetidine sensitivity (95). Again, mutations of 

H349 which abrogated drug sensitivity had no effect on Na' affinity (95). in the amilonde- 

insensitive isoforms NHE3 and NHE4, residue 349 is a serine and tyrosine, respectively. 

Interestingly mutations of NHEl that rnimic NHE3 (H349S) or NHEI) (H349Y) did not 

appreciably alter its amiloride sensitivity when compared with the wild-type NHEl (95), 

suggesting possible CO-operative regulation of drug sensitivities by both Tm9 and Tm4. 

Chapter 3 : IV. B. Reseonse to Hv~erosmolaritv 

When coupled with Cl-/HC03- exchange. ~ a + / H ç  exchange results in net influx of NaCl and 

&O, and is important for reylation of ce11 volume in response to ce11 shrinkage (96-98). Celi- 

volume regulation is one of the functions of NHElto 4 (48,56). 

NHE 1 is activated by hyperosmolarity whereas NHE3 is inhibited (56, 99, 100). Conflicting 

hyperosmotic response has been reported in NHEZ. Rat NHE2 expressed in APl-CHO cells was 

stimulated by hyperosmolarity (56) whereas rabbit MIE2 in PSI20 hamster fibroblasts was 

inhibited ( 100). The reason for the observed differences is not known. 

N H . 4  on the other hand is basically inactive, even in the presence of acute intracellular acidity 

until extemal osmolarity reaches 350 mosM and peaks at 490 mosM (47). A constitutive 

plasmalemmal Na+/H+ exchanger has been described in redent alveolar macrophages which 

appears to be inactive under isotonic milieu but becomes activated upon osmotic ce11 shrinkage at 

620 mosM (98). 
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The mechanisms that underlie osrnotic regulation of NHE are not known although ATP depletion 

will abolish the osmotic response (97). However, studies with NHEl have found no increased 

phosphorylation of the protein in response to hyperosmotic activation (96). Recent work has 

found that mitogen-activated protein kinases (MAPK), p42/p44, p38 MAPK and Jun kinase are 

not involved in hyperosmotic activation of NHEl (101), providing further evidence that 

phosphorylation does not appear to have a major role in osmotic regulation of NHE. 

Changes in the cytoskeleton have been suggested as a possible mechanism of osmotic regulation. 

However, experiments with cytochalasin D, a fungal metabolite that disrupts F-actin, have yet to 

show conclusively that changes in the cytoskeleton affect Na+/H' exchange. NHEl CO-localizes 

with F-actin in API cells but treatment with cytochalasin D did not affect NHEl activity (70). 

N E 3  is inhibited and NHE3 is activated by hyperosmolarity, yet both are reported to be 

inhibited by treatment with cytochalasin D (47). 

Chapter 3 : IV. C. Reaulation bv ATP, Growth Factors, Protein Kinases and the 

Role of Phosphorvlation 

Chapter 3 : IV. C. 1. ATP Dependence and Protein Phosvhoivlation 

Ion exchange through the NHE is driven by the combined electrochemical gradient of Na' and 

. Although ~ a ' m  exchange does not require energy consumption, it is indirectly fueled by 

the Naf-K' ATPase that maintains the inwardly directed Na' gradient. However. ATP is 

necessary for NHE activity. Na+W exchange is abolished after intracellular depletion of ATP 

(40, 56). ATP depletion does not alter the number of plasmalemmal transporters but appears to 

be due to a decreased Na+/w exchange rate. This is in part due to decreased affhity of NHE for 

[mi in ATP deplete cells (40,56,70). 

The most facile explanation of the ATP dependence of the NHE is that the antiporter is 

constitutively phosphorylated and that ATP depletion results in protein dephosphorylation and 
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antiport inactivation. Indeed, NHEl (70) and NHE3 (102) have been found to be basally 

phosphorylated. However, the inhibition of NHE in metabolically depleted cells was not 

associated with alteration in the phosphorylation state of the antiporter (70). Furthemore, 

detailed mutagenesis experiments with NHEl have found that ATP response persists despite 

removal of al1 the putative phosphorylation sites (40.70). 

Phosphorylation of the antiporter is not even necessary for basal ion exchange activity since a 

tnincation mutant of NHEI (M35) which lacks virtually dl major phosphorylation sites retained 

the normal pHi dependence of NHE activity and responded to stimulation by growth factors. 

Further truncations of NHEl arnino-terminal to residue 635 have, however, identified the 

cytosolic region to be important for mediating ATP dependence (70). Tmncation of NHEl at 

residue 5 15 resulted in a loss of ATP regulation for this isofom, suggesting that residues 5 15- 

635, located close to the transmembrane domain, are important for ATP regulation. 

Deletion of a substantial portion of the cytosolic tail of NHE3 (at residue 579) had no apparent 

effect on NHE3 sensitivity to ATP (54). Further truncations of NHE3 have not been studied. 

NHE3A579 may be comparable to NHElA635 since the cytosolic region of the antiporters are 

predicted to emerge from the plasma membrane at - residue 500 for NHE 1 and - residue 454 for 

NHE3 (36). Information about specific sites of ATP regulation for the other isoforms is not 

available. 

Mechanisms other than protein phosphorylation have k e n  explored to explain the ATP 

dependence of NHE. There is evidence to suggest that hydrolysis of ATP may not be essential to 

permit Na+/H* exchange (103). Other mechanisms that have been investigated include the role 

of the cytoskeleton (70) and ancillary proteins, which will be discussed in the sections that 

follow . 
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Chapter 3 : W. C. 2. Growth Factors, Protein Kinuses and Phosphorvtation 

The NHE farnily of proteins nsponds to remarkably diverse stimuli, including growth factors, 

hormones, protein kinases A (PKA) and C (PKC), second messengers such as CAMP. cytosolic 

free [ca27 and sheer stress. Many of the cornmon regulatory agents of NHE have been recently 

reviewed at length (36,40, 104) and are presented in Table 2. 

Genetic manipulation of NHE isoforms have identified the cytosolic domain as the site for 

regulation by these diverse factors (see Chapter 3.II.D.). Putative phosphorylation sites for 

PKA. PKC. calmodulin-dependent kinase and for proline-directed Serlllir kinases are located 

within the cytosolic domain and some are conserved arnong the isoforms (105). This led to 

postulation of a simple model of regulation whereby stimulus-mediated phosphorylation of the 

cytosolic domain regulates Na+/H+ exchange. Indeed, both NHEl (70) and NHE3 (106) are 

constitutively phosphorylated and have been shown to undergo additional phosphorylation in 

response to growth factors, phorbol esters or treatment with phosphatase inhibitors (62. 101, 106. 

1 07). 

Although attractive, this simplistic model of regulation by direct phosphorylation of the 

antiporter is not supported by the data recently accumulated. The evidence will be described in 

detail in the sections that follow. Basically the evidence that contradicts this model is three-fold. 

One, growth factor regulation of antiport activity persists despite deletion of dl known 

phosphorylation sites. Two, some agents known to activate NHE do not alter the 

phosphorylation pattern or state of the protein. Three, different responses have been observed for 

an individual isofom depending on the ce11 expression system employed (see Table 2). 

Chapter 3 : W. C. 2. i )  NHEl 

Deletion of sizable portions of the cytosolic region of MIE1 abolished growth factor regulation 

(42, 71). More specific deletional mutants have identified two regions, one encompassing 
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residues 567-635 and a more distal region (residues 636-815). that are important for growth 

factor regulation of NHEl. Deletion of residues 567-635 abrogated NHEl activation by serum, 

thrombin, platelet-derived growth factor, okadaic acid and PMA and completely obliterated 

N~'/HC exchange at high pHi (42). However, regulation of NHE by this region is 

phosphorylation-independent. Phosphopeptide mapping revealed that the phosphorylation 

pattern of the NHElA567-635 deletion mutant was the sarne as wild-type NHEl after exposure 

to growth factor (7 1). 

The second regulatory region, residues 636-8 15, was phosphorylated in response to growth factor 

(42). Indeed, phospho-peptide mapping of NHE 1 has revealed al1 major in vivo phosphorylation 

sites to reside within this region (71). However, deletion of the entire 636-8 15 region only 

abrogated (by 50%) but did not abolish the growth factor response of NHE 1 (42, 101). Taken 

together, these results suggest that at least two separate mechanisms are capable of regulating 

NHEl activity. One is phosphorylation-dependent and mediated by direct phosphorylation of 

serine residues within residues 636-8 15. The other is phosphorylation-independent and mediated 

by the more amino-terminal regulatory site@) encompassing residues 567-635, site(s) that is(are) 

also important for sensing changes in [ai (see Chapter 3.I.A.). 

A third mechanism goveming rnitogenic regulation is unique to the NHEl isoform and occurs 

via elevation of cytosolic [ca2+] ([ca2Ti). This results in interaction of the calmodulin-binding 

domain of NHEl with ~a~+/caimodulin complexes and activation of Na%? exchange in a 

phosphorylation-independent manner and will be discussed in Chapter 3. N. D. 1. 

Chapter 3 : N. C. 2. ii) NHE3 

NHU is inhibited by the CAMP-dependent protein kinase A, PKA, in response to increases in 

cytosolic CAMP (54, 102, 108). PKA inhibition of NHE3 is associated with increased 

phosphorylation of the antiporter (106) which has been mapped to a specific region of the 

cytoplasmic domain, encompassing residues 579 to 684 [rat NHE3 amino acid sequence; (54)l. 
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Two serine residues (Se605 and Ser634) , in particular, are critical for CAMP-inhibition of 

NHE3. Mutation of these two serines completely eliminated CAMP-inhibition of NHE3 activity 

although increased phosphorylation only partially explains the cAMP/PKA effect ( 102). 

The PKA agonist, forskolin, induced a three-fold incnase in phosphorylation of Se605 but no 

change in the phosphorylation state of Ser634 (102). However, mutation of either one of these 

two senne residues was sufficient to reduce. although not completely abolish. the CAMP- 

mediated inhibition of NHE3. Furthemore, substitution of Serf505 with residues that were not 

phosphorylated by forskolin did not completely abolish the forskolin-induced inhibition of NHE3 

activity ( 102). Thus, PKA regulation of NHU is mediated by both phosphorylation-dependent 

and -independent mechanisms. 

Chapter 3 : IV. C. 2. iii) Other NHE Isofonns 

Of the other isoforms, only NHE2 has been studied with respect to its functional response to 

growth factors. PKA, PKC and calmodulin (summarized in Table 2). However. the molecular 

mechanisms by which NHE2 is regulated by these facton have not been studied. 

Chapter 3 : IV. D. Reaulation bv NHE Associated Proteins 

As clearly demonstrated in the previously sections, there is abundant evidence to support a 

phosphorylation-independent mechanism of NHE regulation. First, the hyperosmotic regulation 

of NHEl was found to be phosphorylation-independent (96). Second. ATP dependence of the 

antiporter is clearly not associated with the phosphorylation state of the protein. Third, growth 

factor activation and response to protein kinases have been demonsvated to be. at least in part, 

independent of antiport phosphorylation. 

One must therefore invoke other facton that could potentiaily mediate NHE regulation. Over the 

last several yean, a number of proteins capable of associating with specific NHE isoforms have 

been identified and are potential regulators of NHE activity. 
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Chapter 3 : IV. D. I . NHE l Associated Proteins 

Chapter 3 : W. D. 1. i )  CaZmoduZin 

increases in [ca2Çli have been reported to incnase NHEl activity in some ce11 types (44. 109). 

Elevation of [ca2qi can induce activation of protein kinases such as PKC or the 

~a"1calmodulin-dependent protein kinase. However, increased phosphorylation of MEEl has 

not been observed with rapid increases of [Ch2Yi (44), making it unlikely that ca2' activation of 

NHEl is regulated by an intermediary kinase. 

An alternative hypothesis suggests that increases in [ca2+Ji can induce binding of calmodulin to 

NHEl and through this interaction effect changes in antiport activity. Indeed. the cytosolic 

region of NHEI contains two ~a~+/calmodulin-binding sites. The high *nity site (dissociation 

constant. Kd - 20 nM) resides within residues 636-656 and the low affinity site (Kd - 350 nM) 

encompasses residues 664-684 (44). These regions lie within the more distally located domain 

(residues 636-8 15) that has previously been shown to mediate growth factor regulation of NHEl 

(discussed in Chapter 3 . W  C. 1 .i.). Residues 636656 are thought to comprise an 

autoinhibitory domain since deletiodmutation within this region renders NHEl constitutively 

active. rnimicking a high [ca2+li state (44.72). 

Only NHE l has been convincingly shown to be regulated by ~a~+/calrnodulin (1 10). However, 

many of the residues in the high affinity caimodulin binding site of NHEl are conserved in 

NHE2 and MIE4 and the transmembrane regions of other isofoms can respond to 

conformational changes of the tail induced by CaM. Insertion of the calmodulin-binding domain 

of NHE 1 was able to confer [ca27 induced regulation to NHE3 (1 10). 

Chapter 3 : W. D. 1. ii) CHP 

A second ca2+-binding protein was recently found to interact with NHEI. It is a 195 amino acid, 
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constitutively phosphorylated protein which shares significant homology with calcineurin B and 

therefore termed CHP [calcineufin B ~mologous  grotein; (1 1 l)]. CHP binds to residues 567- 

635 of NHEl (1 1 l), a region previously shown to mediate the phosphorylation-independent 

activation of NHE in response to growth factors (7 1). CHP becomes dephosphorylated upon 

stimulation with growth factors. Overexpression of CHP inhibits NHEl, an effect that was not 

observed in serum deprived cells (1 1 1). It is thus possible that differential association of CHP in 

the phosphorylated and dephosphorylated States may indirectly regulate growth factor-induced 

activation of N~*/H* exchange. 

Chapter 3 : IV. D. 1. iii) p24 

A second protein, of similar size to CHP ( - 24 kD) has been found to constitutively associate 

with NHEl in several ce11 types (1 12). Unlike CHP, this protein, called p24, is not a 

phosphoprotein and does not undergo phosphorylation in response to stimulation. Mapping of 

the p24 binding site on NHEl identified two potential regions that encompass residues 505-566 

or residues 695-815 (1 12). The molecular identity of p24 has yet to be elucidated although 

assessrnent by immuno-probes ruled unlikely several accessory proteins of similar size. These 

include the heat shock proteins, HSP25 and HSP27, the adaptor proteins, Grb2 and p2 lras, and 

CRP, a cysteine rich protein which binds to a-actinin via zyxin (1 12). The effect of p24 

association on NHE 1 activity is not known. 

Chapter 3 : W. D. I .  iv )  HP70 

A fourth protein, HSWO. has been found to associate with NHE1 (1 13). The role of HSWO 

interaction with NHEl is not known. HSP7O-NHEl association was reversed by MgATP ( 1 13), 

raising the possibility that HSWO may play a role in regulating ATP dependence of the 

exchanger. HSWO is a chaperone protein and thus may be important for appropriate maturation 

and processing of NHE 1 during biosynthesis. 



Chung-Wai Chow 
33 

Many hormones and polypeptides such as somatostatin, parathyroid hormone, catecholamines 

and adrenergic agonists [(49) and references within] that regulate MIE activity also activate G- 

coupled receptor proteins. Activated G-coupled receptor proteins mediate their effect via second 

messengers such as adenylate cyclase or phospholipase A? and C (35. 114). There is. however. 

evidence that G-coupled protein regulation of NHE occurs independently of the second 

messengers. Several studies have descnbed activation of NHEl by adrenergic agonists. 

prostaglandin El and parathyroid hormone to be independent of cytosolic CAMP and independent 

of the cholera toxin-sensitive Gas subunit (1 15, 1 16). In addition to that, isoproterenol. sodium 

fluoride and GTPys were still capable of stimulating NHEl in cells expressing a P-adrenergic 

receptor mutant that was functionally uncoupled to Gas and adenylate cyclase ( 1 17). 

Transfection studies with several Ga subclasses have shown that activated foms of Ga 12, G a  13 

( 1 i 8, 1 19) and Gaq (120) activate NHE 1 in several ce11 types. Ga1 3 activation of NHE 1 appears 

independent of CAMP and phospholipase C since the activated Ga13 mutant had no effect on 

adenylate cyclase activity nor on phosphoinositide hydrolysis ( 1 18). On the other hand. 

depletion of endogenous phospholipase C abrogated NHEl activation by the constitutively active 

Ga  12 mutant (1 19) suggesting that the G a  12 effect was mediated by this phospholipase. 

Members of the farnily of srnall GTP-binding proteins also activate Na+M exchange. Activated 

foms of the GTPase have been shown to activate NHE. In particular, oncogenic foms of Ras 

greatly enhance the [ai sensitivity of the antiporter (12 1 ). NHEl stimulation by Ga13 and Ha- 

ras occur through distinct pathways. In the case of Gais the effect is mediated by RhoA and/or 

Cdc42, which in turn activate MEKK-1 (122) Thus, transfection of activated (GTPase-deficient) 

foms of these Rho proteins, or of Racl, rnimicked the activation of NHEl observed in cells 

stimulated by honnones or growth factors (122). On the other hand. Ha-Ras exerts its effect 

through Raf 1 which activated the MEK (mitogen activated kinase kinase) pathway ( 1 22). 
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It is. however, unclear whether G-protein regulation of the antiporter occurs through direct 

phosphorylation of the antiporter or indirectly through an activsting intermediate. Growth factor 

activation of NHE1 mediated by the p4Up44 MAPK cascade does not affect the phosphorylation 

state of the antiporter (101). However, inhibition of the p4Up44 MAPK cascade through 

rnolecular genetic manipulation or pharmacologically with specific inhibitors of MAP kinase, 

significantly reduced growth factor activation of NHEl activity (101). The same effect was 

obsewed in NHEl tmncation mutants lacking al1 major phosphorylation sites. Furthemore. 

oncogenic Raf which activates the p4Up44 MAPK cascade via MKK resulted in activation of 

MIE 1 to the sarne degree as the growth factor thrombin (10 1). 

Chapter 3 : TV. LI. 2. NHE3 Reaulatorv Proteins 

Chapter 3 : IV. D. 2. il NHE3 Regulatory Factor (NHERF) 

Phosphorylation-independent regulation of NHU activity was initially proposed by Weinman et 

al who identified an ancillary phosphoprotein that was required by CAMP-induced inhibition of 

NHE3. First isolated from rabbit rend brush border membranes, NHERF (NHE ~gulatory 

factor) is a 4 2  kD protein that contains two 90 residue regions, homologous to PDZ domains - 

(see Chapter 4. II. 3. B.2.), in the amino-terminal two thirds of the protein and two potential PKA 

phosphorylation sites in the carboxy-terminal third of the protein (123). NHERF is highly 

expressed in epithelia such as the kidney and gastrointestinal tracts (78) where NHU is also 

expressed in abundance. NHERF is present in both membrane-associated and cytosolic fractions 

(124). 

A second isofonn has recently k e n  identified (known as NHERF-2, E3KARP m 3  kinase A 

regulatory r rote in] or TKA-1 &rosine kinase gctivator protein '1) which shares significant - 
homoiogy with NHERF (Genbank accession number 250150)(125). Tissue expression of 

NHERF-2 was similar to NHERF with two notable exceptions. It was not detected in PSI20 
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fibroblasts and human colonic carcinoma Caco-2 cells (125), where heterologously expressed 

NHE3 is reporwl to be insensitive to PKA inhibition (45). Subsequent transfection of either 

NHERF or TKA-1 in these two ceil lines restored CAMP inhibition of NHE3 (125). Thus, 

experiments both in viîro with bmsh border vesicles and in vivo with cultured cells support a role 

of NHERF in CAMP regulation of NHE3. 

NHEW binds to NHE3 via the second, more carboxy-terminal PDZ domain (126). PDZ 

domains bind specifically to a tripeptide carboxy-terminal consensus sequence Thr/Ser-X-Val- 

COO-. Although the carboxy-terminal residues of NHE3, THM, resemble the PDZ-binding 

motif, these residues do not appear to interact with NHERF. The NHERF2 binding site has been 

mapped to an intemal region encompassing residues 475-7 1 1 [rabbit NHE3 sequence; ( 127)]. 

Several senne residues. located at positions 287,289 and 290 of NHERF, are important for PKA 

inhibition of NHE3 (124). Although NHERF was initially thought to undergo phosphorylation in 

response to P U  (128), the most recent evidence suggests that the phosphorylation state of 

NHERF is unaltered by CAMP (127. 129). 

NHERF has also been implicated to regulate NHE3 via a CAMP-independent pathway (126). 

NHERF binds to the Pz-adrenergic receptor in a agonist-dependent manner via the more amino- 

terminal PDZ domain and through this interaction, appears to responsible for the CAMP- 

independent adrenergic regulation of NHE3 (126). NHE3-expressing AP 1 cells were transfected 

with wild-type and a mutant b-adrenergic receptor that was incapable of binding NHERF. In 

response to isoprenaline, CAMP production was similar in both ce11 lines but there was a -501 

reduction in NHE3 activity in the cells expressing the mutant pradrenergic receptor when 

compared with the wild-type. Furthemore, inhibition of NHW activity by the PKA agonist, 

forskolin was the same in the wild type and mutant PTadrenergic receptor cells. This data 

suggests that differences in the MIE3 response to adrenergic stimulation was due to differences 

in NHERF association with the p2-adrenergic receptor (126). 
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Chapter 3 : W. D. 2. ii) Endothelin Receptor Reguiation of N H . 3  

Endothelin 1, a potent vasoconstrictor which acts through the endothelin B receptor, has also 

been shown to regulate NHE3 independently of cAMP/PKA (130). Endothelin-l activation of 

MIE3 is a result of two independent factors; 1) increased [ca2+Ii and the ~a"-calmodulin kinase 

and 2) tyrosine phosphorylation of several proteins (1 3 1 ). 

Endothelin-1 has been shown to induce release of ca2+ from intracellular stores and ca2+ entry by 

both pertussis-toxin sensitive and insensitive G-protein pathways. hcreased [ca2'li appean to 

be partially responsible for endothelin-1 activation of NHE3 since treatment with dimethyl 

BAPTA, a ca2+ chelator, only partially abrogated the endothelin effect (1 30). A similar response 

was observed in the presence of the ca2+-calrnodulin kinase inhibitor, KN62, suggesting a role 

for calmodulin in the endothelin-mediated activation of NWE3 (130). However, the 

~a"/calmodulin-rnediated activation of NHE3 does not satisfactorily explain the endothelin 

effects. 

Endothelin-1 receptor activation results in tyrosine phosphorylation of five proteins, the focal 

adhesion proteins, paxillin, Cas (Crk associated substrate), and FAK (focal adhesion kinase), a 

cytosolic pl30 protein and an integral membrane protein of 210 kD (13 1). These 

phosphoproteins, and in particular the p210 integral membrane protein, may play a role in 

regulating the endothelin receptor-mediated activation of NHE3. Although treatment with 

herbimycin A, a tyrosine kinase inhibitor, partially abrogated NHE3 activation by endothelin-1, 

cytochalasin D, which prevented tyrosine phosphorylation of paxillin, Cas, FAK, and p 130, had 

no effect on MIE3 activation (131). Cytochalasin D, however, did not affect tyrosine 

phosphorylation of p2 10. 

No information is cumntly available for associated proteins or regulator factors of the NHE2,4, 

5 or 6 isoforms. 
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Chapter 3 : IV. E. Role of Li~ids 

There is increasing acceptame that the lipid composition of the membrane bilayer plays 

important roles in determining the identity of the resident membrane proteins and in regulating 

the functional characteristics of these proteins. Lipid modulation of NHE activity. however, is 

controveaial. In antiport-deficient fibroblasts expressing NHE 1 and NHE3, increased membrane 

fiuidity was shown to deçrease the Na'm exchange of both isoforms without affecting the Na' 

affmity ( 132). However, in a breast cancer ce11 line, an amiloride-sensitive NHE was found to be 

unaffected by changes in the membrane lipid composition (133). 

The role of arninophospholipids in ant ipo~ function was also explored recently. The ATP 

dependence of Na+/H' exchange nsembles chat of the cardiac ~ a ' / ~ a ~ '  exchanger where optimal 

exchange activity depends on the asymmetrical distribution of lipids across the membrane bilayer 

[( 103) and references within] . The lipid asyrnmetry is actively maintained by the ATP-dependent 

enzyme, flippase. However, a similar process was found to be unimportant in the regulation of 

NHE activity. since specific inhibition of the flippase did not alter NHE activity (103). 

There is, however, evidence that products of phosphoinositide metabolism play an important role 

in NHE regulation. Many of the growth factors and hormones that regulate NHE activity bind to 

specific G-coupled protein receptors which in tum activate phospholipase C and secondarily 

protein kinase C (PKC). There is abundant data to support a role of PKC in regulating NHE 

[(40) and references within]. Products of phospholipase C metabolism such as diacylglycerol 

and phorbol esters have been shown to activate MIE1 and NHE2 but inhibit MIE3 ( 108, 134). 

Inhibition of protein kinase C by sphingosine prevented NHE activation (134). More recently, 

phosphatidylinositol 3'-kinase (PI3K) was found to be necessary for growth factor stimulation of 

an amiloride-sensitive NHE (135) and of NHE3 (136). Activation of the amiloride-sensitive 

NHE in CHO cells by platelet derived growth factor was dependent on activation of 

phospholipase Cy (135). Growth factor stimulation of NHE was reduced or eliminated not only 
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by pharmacological inhibition of PUK with wornnannin (136), but also by point mutations 

specifically abolishing its interaction with gmwth factor receptors (135). It remains unclear 

whether the antiporter is afTected directly by the lipid products of PUK or by another member of 

the signaling cascade triggered by this enzyme. As described in Chapter 3. IV. C., direct 

phosphorylation of the antiporter is unlikely to be the mechanism of regulation. A third 

poss ibility , the regulation of NHE3 intracellular trafic by PUK. is discussed below . 

Cha~ter 3 : IV. F. lntracellular traffic and mobilization from endosomes 

Mobilization of membrane transporters from intracellular stores in response to regulated signals 

has been described for some membrane proteins such as the glucose transporter, Glut4 (137). 

There is a suggestion that regulation of membrane expression of antiporters may play a role in 

the regulation of NHE activity. Up-regulation of NHE3 in response to chronic acidosis, 

hyperosmolality and angiotensin was associated with increased membrane expression of the 

antiporter without a significant increase in mRNA expression (138-140). De novo protein 

synthesis, as a mechanism of regulating MIE3 response under these conditions is thus unlikely. 

Mobilization of NHE3 to the plasma membrane from intracelluiar stores is a more likely 

explanation. Recent observations have lent significant credence to the mobiiization hypothesis. 

As discussed in Chapter 3. III. B. 3., NHE3 is predominantly located in recycling endosomes (69) 

or subapicai vesicles (91) which have the potentid to be rapidly mobilized to the plasma 

membrane. PI3K plays an important role in regulation of vesicular traffic and in particular, has 

been shown to regulate endocytosis and recycling of the Th receptor (141) and has been shown 

to regulate growth factor activation of NHE3 (136). Analysis of PUK-mediated regulation of 

NHE3 has found a positive comlation between the rate of NHE3 activity and the level of 

antiport expression at the plasma membrane (68). Inhibition of PUK with two different 

components, wortmannîn and LY294002, resulted in a time- and concentration-dependent 

inhibition of NHW activity. In parallel with its functional effeci, both wortmannin and 
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LY294002 caused a significant drop in plasmalemmal expression of the antiport, with 

concomitant accumulation within inmicellular compartrnents (68). Further anaiysis of the effects 

of wortmannin and LY294002 on NHE3 revealed that inhibition of PUK markedly reduced 

recycling of the MIE3 to the ce11 surface with minimal effect on NHE3 intemdization. 

The role of intracellular trafTic of other NHE isoforms and its potential role in regulating NHE 

activity has not been studied. 
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Table 2: Acute Regdation of Mammalian N~+/H' exchangers 

b 

hm31 NMe2 blkli33 N W k  . . . Stimulus 

Serum + + + N.D. 

Growth Factors + + + N.D. 

Thrombin + N.D. N.D. N.D. 

ca2+ Kalmodulin + N.D. +/-/@ N.D. 

Phorbot Esters 

( P W  
CAMP analogs 

( P K N  
cGMP analogs 

N.D. 

N.D. 

N.D. 

Ga12 - + + N.D. 

Ga1 3 + + + N.D. 

ATP deplet ion - - - N.D. 

Cell shrinkage + + - + 
(hyperosmolarity ) 

Cell swelling - - @ @ 
(hypoosmolarit y) 

Abbreviaiions: += stimulates; - = inhibits;@ = no effect; PKC = protein kinase C; PKA = protein kinase A, N.D. = not 
determined 



Chung-Wai Chow 
42 

Chapter 4 : PROTEIN TRAFFIC IN EPITHELIAL CELLS 

Most mammalian cells need to maintain asymmeaical distribution of cell-surface components 

and invacellular organelles to maintain optimal function [reviewed in ( 142. 143)]. The most 

highly polarized cells are epithelial cells which line the lumen of hollow organs such as the 

gastrointestinal and rend tracts. The epithelium is separated into two distinct but contiguous 

domains. an apical and a basolateral domain. The apical surface tends to face the lumen in most 

epithelia and is often covered by rnicrovilli. The apical membrane is rich in sphingomyelin- 

containing lipids and in proteins required for the specialized absoxptive ancilor digestive 

functions of the specific organ. The basolateral membrane, rich in glycerolipids including 

phosphatidylcholine, is the site of residence of proteins required for some fundamental functions 

of the cell, such as the Tfn receptor. Na%+ ATPase and the low density lipoprotein receptor. 

The apical and basolateral membranes are separated from one another by the junctional 

complexes which allow adjacent cells to adhere tightly to one another in a circumferential 

manner. In this way, tight epithelial barriers are foxtned which prevent leakage of 

macromolecules between cells and also prevent mixing of the apical and basolaterai membrane 

lipids and proteins. 

Much work has recently been done to elucidate the rnechanisms that regulate and maintain 

appropriate targeting of membrane proteins in epithelial cells. 

C h a m  4 : 1. Pathways for Polar Sorting 

Cha~ter 4 : 1. A. The Biosvnthetic Pathwav 

The serninal work which identified the polarized delivery of newly synthesized proteins to the 

distinct regions of epithelial cells was done in 1978 by Rodriguez-Boulan and Sabatini [reviewed 

in (144)l. After infecting MDCK cells with enveioped viruses, they found that secretion of 

vinons occurred in a polarized fashion and that polarized secretion was due to differential 
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insertion of viral spike glycoproteins at the basolateral or apical domains. Furthemore, these 

investigators found that the newly synthesized virai proteins shared a common biosynthetic 

pathway from the ER to the Golgi complex. It was only at the stage of the tram-Golgi network 

(TGN) were the differentially targeted proteins then packaged into distinct vesicles for further 

vectoral transport to the apical or basolateral membranes ( 144, 145). 

Many membrane proteins have since been described to use the direct targeting pathway. 

However, direct delivery of newly synthesized proteins from TGN to basolateral or apical 

membrane is not the only method used by epithelial cells to sort membrane proteins. 

Chapter 4 : 1. B. The Retrieval Pathwav - Basolateral to Apical Transcvtosis 

Other epithelial cells use an indirect route to target membrane proteins to the appropriate 

membrane domains. In hepatocytes, the majonty of membrane proteins are initially targeted to 

the basolateral membrane where further sorting occurs. Basolateral membrane proteins are 

retained and those destined for the apical surface are intemalized and delivered then by 

transcytosis (146). The sorting pathway used to direct appropriate targeting appean to be a 

function of both the protein and of the ce11 type. For exarnple, the colonic carcinoma CaCo-2 cell 

line uses both direct biosynthetic and indirect targeting pathways (145). Similarly, MDCK cells 

can utilize the retrieval pathway, although the biosynthetic route is the predominant polar sorting 

pathway ( 145). 

A membrane protein that has been well charactenzed to use the transcytotic pathway is the 

polymeric immunoglobulin receptor, plg-R. Initially inserted into the basolateral membrane, plg- 

R is subsequently intemalized and redirected to the apical surface by transcytosis. Once 

intemalized at the basolateral surface, pIg-R-containing endosomes colocaiize with other 

endocytic recepton, including those, such as the Tfn receptor, which are destined to be recycled 

back to the basolateral membrane. Therefore, mechanisms rnust exist to distinguish from one 

another proteins destined for recycling and those destined for transcytosis as well as mechanisms 
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to distinguish these two populations from proteins intemaiized for subsequent degradation in 

lysosomes. 

Work with MDCK cells suggests that endosomai sorting of proteins destined for recycling from 

those destined for transcytosis occurs at an apically located endosomai compartment (147) that is 

accessible to the distinct polarized apical ncycling endosome and the basolateral recycling 

endosome populations (148). The apical and basolateral endosornes do not interact directly but 

tracen intemalized from the apical and basolateral surfaces converge in a pleiomorphic 

endosome compartment consisting of irregularly shaped - 0.3-0.5 pm diameter vacuoles and 

-60 nm tubules with clathrin-coated buds at its free ends (147, 149). Both Th receptor and pIg- 

R are located within this compartment. It appears that differential sorting of the Tfn receptor and 

pIg-R occurs here (149). The basolaterally targeted Th receptor is segregated to clathrin-coated 

buds at the ends of the 60 nm tubules which give rise to basolateral transport vesicles. plg-R is 

excluded from the clathrin-coated buds and is transcytosed to the apical surface. The specific 

requirements of apically destined transport vesicles, however, are not known. 

In addition to the clathrin coat, sorting of the Th receptor to the basolateral vesicles also requires 

another coat protein. y-adaptin. Treatment with brefeldin A. which disperses y-adaptin from the 

endosome compartment, was shown to abrogate basolateral delivery of Tfn receptors (149). 

Clathrin and other coat proteins important for the formation and function of transport vesicles 

will be discussed at length in Chapter 5. 

Chapter 4 : II. The Polarized Sorting Machinery 

Signais located within the cytoplasmic domain of membrane proteins have been characterized to 

direct polar targeting of many membrane proteins. Distinct basolateral and apical targeting 

signals have been well characterized and will be discussed in detail below. 
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Cha~ter 4 : II. A. Basolateral Sortinq 

Chapter 4 : II. A. 1. Tyrosine-Bused sort in^ Si'anals 

Tyrosine-based sorting motifs in the cytosolic regions of many proteins have been shown to be 

important for targeting to the basolateral membrane. Although there is significant degeneracy in 

their primary and predicted secondary structures (150). two general types of tyrosine-based 

basolateral sorting signais have been identified. One overlaps with the intemalization signal 

(151-153) and the other does not (153, 154). The most common tyrosine-based 

intemalizationhasolateral signals conform to the consensus sequence, NPXY and YXX@ (single 

amino acid code; X = any amino acid and = a bulky hydrophobic one; (1 55)). 

Although tyrosine is a critical residue common to the tyrosine-based sorting motifs, mutational 

studies of the sorting motifs of several proteins have revealed that the adjacent amino acid 

sequences are also important for targeting. For example, analysis of the cytosolic region of the 

LDL receptor that encompass the residues, GD-GJSRQMVSLEDDVA. revealed that the 

glycine residue (underlined) immediately upstream of tyrosine-based sorting motif (highlighted) 

is important for basolaterai targeting as are the acidic residues downstrearn (also underlincd). 

However, these glycine and acidic residues are absent in the basolateral targeting motif of other 

membrane proteins, undersconng the degeneracy of the tyrosine-targeting signais in different 

proteins ( 1 50). 

Despire the fact that basolateral and internalization motifs cm overlap within the same tyrosine- 

containing region of many proteins, the shucniral requirements for basolateral targeting and for 

intemalization differ. Analysis of several proteins, including the Th receptor (156), the LDL 

receptor (1 53, 157), pIg-R (154, 158) and lysosomal acid phosphatase (152) have revealed that 

mutations of amino acid residues within the sorting signals have differential effects on 

basolateral targeting and on internalization. 
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For example, the 14-amino acid tyrosine-based basolateral target signal of pIg-R (159, 160) 

overlaps with the intemalization signal of the receptor (158). hdeed, phosphorylation of a serine 

residue (Ser664) within this 14 arnino-acid region is sufficient to trigger intemalization of pIg-R 

in the absence of ligand (158). However, mutation of Serti64 which rnarkedly diminished 

intemalization, had no effect on delivery of the newly synthesized pIg-R to the basolateral 

surface ( 1%). 

Chaptet 4 : II. A. 2. Dileucine Based Sortina Siamls 

Non-tyrosine-based basolateral target sequences have also been described in the cytoplasmic 

domain of membrane proteins (161). These include the dileucine motif which has been found to 

be important for basolateral targeting of several membrane proteins, including the Fc receptor 

(153). Like the tyrosine-based sorting signals, dileucine motifs can act as intemalization motifs 

as well as basolateral targeting signals (153). A list of the proteins where putative targeting 

sequences have b e n  identified is presented in Table 3. 

Table 3: Classes of Basolateral Sortinn Simals 

Tvrosine-Based Motif Dileucine Motif 

Related to Coated Pit S&al Not Related to Coated Pit Signal ......................*...... l.f-*.C-.....-~.-...-... .-.~."-..-.-UlUI-..--.**~*-.......".".*.............".." .--.-..-. ~.............-.L.............**...*....................~***.. 
LDL receptor proximal signal LDL receptor distai signal IgG Fc receptor 

Influenza virus hemagglutinin T h  receptor MNC Class II invariant 

lysosomal acid phosphatase polymenc Ig receptor (Ig-R ) chah Ii 

Lysosomal membrane proteins P-amyloid precursor protein 
(Ipg-Aflamp- 1) 

vesicular stomatis virus G 
protein 

nerve growth factor receptor 

asialoglycoprotein receptor 

TGN38 
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Chanter 4 : II. A. 3. Common Si~nals Thar Control sort in^^ in the TGN and in Endosornes 

Al though experiments with mutation of specific residues within the tyrosine- based sorting 

signais have revealed that the basolateral and intemalization signals can be distinct. studies of 

sorting motifs in several proteins have found that the dileucine and tyrosine-based sorting signals 

recognized for polar sorting in the TGN can also be recognized by the endosomal pathway for 

protein traffic. 

The LDL receptor has two tyrosine-based sorting signais in its cytoplasmic domain. The 

proximal signal overlaps with an internalization signal and the distal signai does not (153). 

Deletion of the distal targeting sequence decreased the overall basolateral targeting of the 

receptor. However, enhanced transcytosis of the basolaterally inserted receptor to the apical 

surface was observed (162). This suggests that the distal signal is important not only for 

basolateral targeting from the TON, but basolateral targeting from the endosomes as well. The 

deletion mutant receptor still retains the more proximal tyrosine-based intemalization signal 

( 157) which is clearly insufficient to maintain basolateral localization of the protein. However. 

when the mutant receptor is intemaiized from the apical surface. the proximal sorting motif is 

able to direct transcytosis of the protein to the basolateral membrane rather than recycling back to 

the apical membrane ( 162). Thus the internalization motif is capable of directing basolateral 

targeting from endosomes, although it appears incapable of directing basolateral trafic from the 

TON. 

Sirnilar findings were observed in experiments with pIg-R (160). Mutations within the 

cytoplasmic tyrosine-based basolateral targei sequence that decreased basolateral delivery from 

the TGN were found to enhance basolaterai to apical transcytosis. This implies that mutations of 

the sorting motif which impaired basolateral targeting from the TGN also impaired basolateral 

targeting of the intemalized pIg-R from endosomes ( 160). 
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The dileucine motifs, like the tyrosine-based sorting motifs, also function in the biosynthetic and 

endosomal traficking pathways. Basolateral targeting of the mouse macrophage Fc receptor, 

Fc-RU-B2, in MDCK cells is dependent on a dileucine motif located within the cytosolic region 

of the protein. Point mutations of the leucine residues resulted not only in mis-targeting of the 

receptor to the apical membrane but also abolished intemaiization of the protein from the plasma 

membrane ( 1 5 3). 

Cha~ter 4 : II. B. A~ical  Sortinq 

Although loss of the cytosolic basolateral signals can result in apical localization of some 

proteins, suggesting default delivery, specific apical sorting signals have been identified. 

Chapter 4 : II. B. 1. GPI Anchor 

The best characterized apical sorting signal is the glycosylphosphatidylinositol (GPD anchor. 

There is abundant evidence to support the role of the GPI anchor as an apical signal. First, 

almost al1 GPI proteins, whether endogenously or heterologously expressed, are apically located 

( 16 1 ). Second, experiments with chimeric proteins made by substituting the cytoplasmic 

domain of basolaterally targeted viral glycoproteins with a GPI anchor revealed that gain of the 

GPI anchor resulted in apical localization of the chimeric proteins [reviewed in (145)]. Third, in 

vivo experiments with transgenic mice have confirmed that acquisition of the GPI anchor by a 

basolaterally secreted protein was sufficient to redirect targeting to the apical surface (163). in 

these experiments, two transgenes of a bacterial secretory protein that is not normally expressed 

by mice, endoglucanase, were used to create transgenic mice. In one strain, the endoglucanase 

gene alone was introduced, whereas in the other a GPI anchor sequence was fused to the 3' end 

of the endoglucanase gene. Cornparison of the intestinal expression of the endoglucanase 

constructs in the transgenic mice revealed basolateral expression of the endoglucanase lacking 

the GPI anchor but apical expression of the protein with the GPI anchor (163). 
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The initial clues to the mechanisms by which the GPI anchor targets the apical membrane came 

from ce11 fractionation analysis. GPI-anchored proteins were found to consistently segregate 

with detergent-insoluble complexes rich in glycosphingolipids and cholesterol, which are 

refemd to as DIG Letergent-insoluble glycolipids; ( 1 64, I6S)]. At the plasma membrane, GPI- 

anchored proteins tend to concentrate in flask-shaped invaginations of the plasma membrane. 

termed caveolae. Caveolae, like DIG, are ennched in glycosphingolipids and cholesterol ( 166. 

167). A well accepted mode1 of apical targeting of GPI-anchor proteins proposes that GPI- 

anchored proteins cluster into DIGs at the TGN and the DIGs, loaded with cargo (i.e. the 

associated proteins), travel as 'rafts' to the plasma membrane ( 165). 

Glycosphingolipids tend to self associate due to their ability to form hydrogen bonds between the 

glycosyl head groups, the amide and hydroxyl groups of the sphingosine base and the hydroxy 

fatty acid (168). Thus when glycosphingolipids are newly synthesized in the TGN. they self- 

associate and segregate laterally into detergent-insoluble microdomains enriched in cholesterol 

( 169). These newly formed DIGs then cluster GPI-anchored proteins. caveolin. an integral 

membrane protein found in abundance in caveolae, and other proteins. The entire 'raft' is then 

transponed en masse to the apical membrane. 

It has been shown that transport within DIG 'rafts' is necessary though not sufficien for apical 

membrane -targeting. In Fisher rat thyroid epithelial cells, the polarity of non-GPI anchored 

membrane proteins such as the Tfn receptor and the Na%+ ATPase are normal but GPI-anchor 

proteins are ectopically targeted to the basolateral membrane (170). Subsequent analysis 

revealed that GPI-anchored proteins expressed in these cells are detergent-soluble indicating that 

they cannot segregate within DIGs (1 7 1). This may explain ectopic localization of GPI-anchor 

proteins. 

However, simple association within DIGs is insuficient for apical targeting of GPI-anchored 

proteins. Experiments with a mutant MDCK ce11 line have revealed that, in addition to 
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segregation into DIGs, lateral immobilization of GPI-anchored proteins is necessary for efficient 

apical localization (172). GPI-anchored proteins in the mutant MDCK ce11 line segregated with 

D E S  but were randornly targeted to the apical and basolateral membranes. The defect in the 

mutant MDCK cells was the mobility of GPI-anchored proteins at the plasma membrane. In wild 

type MDCK cells which sorted GPI-anchored proteins properly, lateral mobility of the proteins 

on the apical membrane was not observed (172). 

Association of proteins to DIG can occur through mechanisrns other than the GPI-anchor. In 

particular, several proteins which target to the apical membrane have k e n  found to segregate 

into DIG through their membrane spanning domains (165, 166). Like the GPI-anchored 

proteins, segregation of the transmembrane proteins to the DIG is necessary but not sufficient for 

apical sorting ( 1 73. 1 74). 

Disruption of DIG formation by cholesterol depletion was found to induce mis-targeting of the 

hemagglutinin (HA) protein to the basolateral sudace (174). Similarly, mutation of residues 

within that transmembrane region of the protein that renders the HA protein detergent-soluble 

invariably produced rnistargeting to the basolateral membrane (173). However. some mutations 

which did not alter the detergent-insolubility of hemagglutinin resulted in mis-targeting of the 

mutant protein to the basoiaterd membrane ( 173). 

Chaprer 4 : II. B. 2. Protein Glycosvlution 

There is much evidence to support the role of glycosylation as an apical sortîng signal in 

secretory proteins. First, al1 proteins secreted fiom the apical surface are glycosylated, whereas 

non-glycosylated secretory proteins are randornly secreted from the basolateral and apical 

surfaces ( 1 45, 1 75). Second, introduction of an N-glycosylation site to a non-glycosylated 

protein, which is usually secreted randomly, results in preferential apical secretion (176). Third, 

inhibition of glycosylation of this mutant protein, containing the N-glycosylation site, reverted it 
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to the wild-type secretory pattern, Le. to both basolateral and apical surfaces (1 76). Similar 

evidence to support a role for glycosylation in targeting of membrane proteins has yet to be 

published. 

In a manner similar to the vectoral sorting of membrane proteins dong the biospthetic pathway, 

polar soning of secretory proteins appears to occur in the TGN where the N-glycan of the newly 

synthesized glycoproteins interacts with an integral membrane protein which regulates iis 

transport to the apical surface. Recently, a lectin-like protein has k e n  identified in Golgi- 

derived transport vesicles of MDCK cells (177, 178). Called VIP36, the protein binds galactose- 

containing glycoproteins in ca2+-dependent fashion (175, 179) and is an integral membrane 

component of DIGs (177). It is thought that binding to VIP36 allows the nascent glycoprotein to 

gain access to the DIG 'rafts' which transport it to the apical surface. 

Cha~ter 4 : II. C. Other Taraetina Motifs 

Of the many protein-binding domains that have been identified in the last several years, two 

consensus protein-binding sequences have potential roles in regulation of polar targeting in 

epithelial cells. 

Cha~ter  4 : II. C. I .  SH3 Domains 

SH3 (src ~omology 3) domains are 50-75 amino acid-long protein-binding modules found in 

diverse proteins [reviewed in (1 80- l83)]. These proteins include cytoskeletal proteins such as 

specuin, signaling/adaptor proteins like Src, PBK, amphiphysin and the GTPase activating 

protein GAP. SH3 domains bind specifically to proline-nch sequences with a minimal 

consensus sequence, PXXP (184) and through this interaction, SH3 domains have been 

implicated in many cellular processes, including regulation of enzyme activity (185)' ce11 growth 

and proliferation (186-188) and are cntical in the early stages of clathrin-mediated endocytosis 

(189-191). 
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SH3-mediated interactions have been shown to direct intracellular localization of signaling 

molecules and more recently have been shown to direct apical targeting of a plasmalemmal 

protein, the rat epithelial Na* channel rENaC (1 92). The proline-rich region in the a-subunit of 

rENaC binds to the SH3 domains of a-spectrin and in vivo experimentsrevealed that this 

interaction was suff~cient to direct apical membrane localization of rENaC in dveolar epithelial 

cells (192). SH3 domains may also play a role in maintaining the polarity of epithelial cells by 

regulating formation of tight junctions, a process which involves the marnmalian homologue of 

the Drosophila dlg gene product, an SH3 domain-containing protein ( 193). 

PDZ domains, also known as DHR domains and GLGF repeats, are 90 arnino acid protein- 

binding domains named after the three proteins where they were first characterized, S D - 9 5 ,  olg 

and 20- 1 ( 194). These proteins are memben of the MAGUK membrane gssociated =an ylate 

kinase) family of proteins found in different ce11 junction structures [reviewed in ( 195) 1. Other - 
PDZ-containing proteins have since k e n  identified, including neuronal nitric oxide synthetase 

(196), the protein tyrosine phosphatases, FAP-1 and PTP-BAS (197. 198) and the NHE 

regulatory factors. NHERF-1 and NHERF-2 (discussed in Chapter 3.IV.D.2.). 

PDZ domains recognize carboxy-terminal aipeptides with a consensus sequence S l T X V  (see 

Chapter 3: TV. D. 2. i) and through this interaction, PD2 domains have been implicated in signal 

transduction (199, 200) as well as localization of membrane proteins to the appropriate 

subcellular location [reviewed in (201,202)]. Several groups have shown that PDZ domains are 

important not only for targeting of the Shaker K+ channel to the synapse (203) but also for 

clustering of the channel at the synaptic membrane (204,205). 

In epithelial cells, PDZ domains play an important role in establishg and maintaining ce11 

polarity. In Drosophila, mutations of dlg, a protein nomally localued to the septate junctions 
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between epithelial cells, resulted in loss of apical-basal 

homologue of dlg targe ts to the basolateral membrane of 

domains (207). Disruption of the human dlg-PD2 domain 

in familial adenornatous polyposis, a disorder associateci 

proliferation and colonic ce11 carcinomas (208). 

polarity (206). The mammalian 

colonic epithelial cells via the PDZ 

interaction with its ligand was found 

with disorganized ce11 growth and 

Although there is no data available in mammalian cells, experiments in Caenorrhabditis elegans 

have found that PDZ domains are important for polar targeting of LET-23 receptor, a homologue 

of the mammalian epidermal growth factor receptor that is basolaterally expressed (209). 

Basolateral targeting of LET-23 was found to be mediated by three genes, lin-2. lin-7 and lin-10. 

which encode a MAGUK protein. Loss of function mutation of the lin genes resulted in 

abnomai targeting of LET-23 to the apical membrane and abnormal ce11 differentiation (209, 

2 10). 

Chanter 4 : II. O. Role of Cvtoskeleton 

The cytoskeleton plays an important role in establishing and maintaining the polarity of epithelial 

cells. Integrin and cadherin-mediated adhesion of the ce11 with the extracellular matrix initiates 

development of ce11 polarity which results in assembly of specialized cytoskeletal structures at 

the apical membrane, at the site of cell-cell contact and at the basolaterai membrane [reviewed in 

(21 111. 

Development of polarity initiated by cadherin has been dernonstrated to be important for 

localization of the Na+-K+ ATPase (212, 2 13). The Na'-K+ ATPase is targeted almost 

exclusively to the apical membrane of pigrnented retinai epithelial cells in situ. However, this 

localization is lost in vitro. In cultured retinal epithelial cells, Na%+ ATPase is expressed at 

both membranes and lacked E-cadherin expression. Polar targeting of the Na'-K+ ATPase was 

restored by transfecting the cultured retinal epithelial cells with Ecadhenn which also effected 

changes in expression and organization of several cytoskeletal proteins (2 12). 
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Assembly of the distinct membrane cytoskeleton at the apical and basolateral membranes also 

plays a direct role in the polar targeting of membrane proteins. In polarized cells. the apical and 

basolateral membrane cytoskeleton have different protein compositions. The apical cytoskeleton 

is dominated by the long membrane protrusions which fom the microvilli. These protmsions are 

composed of a long core of actin filaments cross-linked by villin and fimbrin and linked laterally 

to the membrane by myosin 1. The entire actin bundle is then linked together by the fodnn lattice 

in the cytoplasm (21 1). 

Microvilli formation has been shown to be important for apical targeting of bnish border 

membrane protein, sucrase-isomaltase (214). Microvilli formation in CaCo-2 cells was 

inhibited by suppressing villin expression with stable transfection of anti-sense villin RNA. 

Although some features of polar differentiation such as formation of junctional complexes were 

maintained, loss of microvilli was sufficient to mis-sort sucrase-isomaltase from the apical 

membrane to the cytoplasrnic vesicles. Furthemore, rescue of microvilli formation by 

transfecting the mutant CaCo-2 cells with a cDNA encoding a partial sense villin RNA restored 

proper apical targeting of sucrase-isomaltase (2 14). 

The spectrin-based cytoskeleton displays differential expression at the two polar domains of 

epithelial cells and has been shown to be important for polar locdization of the Na%' ATPase. 

In MDCK cells where the spectrin-based cytoskeleton is restricted to the basolateral domain. the 

Na%+ ATPase is basolaterally located (2 15). In pigrnented retinal epithelial cells, polarity of 

the Na+-K+ ATPase is reversed and the spectrin cytoskeleton follows suit, maintaining its CO- 

localization with the Na*-k ATPase (21 1). Other evidence to support the importance of 

spectrin in polar targeting came from expenmenu with CaCo-2 cells where the spectrin 

cytoskeletd organization was disrupted by inhibiting the interaction of spectrin with other 

cytoskeletal components, such as actin or ankyrin. This resulted in mis-sorting of N a % +  

ATPase from the basolateral membrane to the endomembranes (216). Interestingly, the role of 

the spectrin cytoskeleton in regulating the polar distribution of the Na%' ATPase is not in 
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vectoral sorting of the protein dong the biosynthetic pathway but rather in preferential retention 

of the protein at the basolateral membrane. Studies in MDCK, CaCo-2 and pigmented retinal 

epithelial cells have ail demonstrated that newly synthesized Na%+ ATPase is delivered to both 

apical and basolateral membranes (21 3, 2 16, 2 17). However, residence of the N a % +  ATPase at 

the basolaterai membrane is markedly more stable than at the apical membrane where the half- 

life of the protein is only - 1/40 that at the basolateral surface. The fate of the apical Na%' 

ATPase is not clear, although metabolic labeling experiments suggest that this pool of Na+-K' 

ATPase is degraded and not intemalized and transcytosed to the basolateral surface (2 13). 

Microtubules facilitate vesicular transport between sorting compartments and the plasma 

membrane domains [reviewed in (218)J. Like the actin-based and spectrin-based cytoskeleton. 

the microtubular network at the apical and basolateral domains of epithelial cells are different. 

At the apical domain, microtubules are randomly organized into small, short mats whereas at the 

basolateral domain, the microtubules are organized into long bundles, parallel to the lateral 

membrane. with their plus ends in the basal cytoplasm (2 1 1,2 19). However. there are no data to 

suggest that microtubules regulate polar targeting of membrane proteins. Dismption of 

microtubules has been shown to impair transport to the apical and basolateral membranes from 

the TGN, but mis-sorting of membrane proteins has not been observed (2 19). 

Chapter 4 : Il. E. Role of Membrane l i ~ i d s  

Distribution of lipid species on the exoplasmic and cytoplasmic leaflets of the membrane biiayer 

is asymmetrical, as is the distribution of lipid species on the apical and basolateral membranes of 

epitheliai cells [reviewed in (165)]. The apical membrane is enriched in sphingolipids such as 

glycosphingolipids and sphingomyelin, whereas the basolateral membrane is e ~ c h e d  in the 

glycerolipid phosphatidylcholine (165, 220). There is evidence to suggest that the asyrnmetrical 

polar distribution of lipids in epithelial cells is maintained by polar sorting of newly synthesized 

lipids to the apical or basolateral domains (168, 221) although the mechanisms that underlie this 
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polar targeting are not known. 

Lipid composition of membranes is important for apical targeting of GPI-anchored and other 

proteins which segregate with DIG. Cholesterol depletion of two rend epithelial ce11 lines was 

found to mis-target the viral HA protein to the basolateral surface (174). Inhibition of 

sphingolipid synthesis was shown similarly to mistarget an endogenously expressed GPI- 

anchored protein, Thy-1, in hippocampal neurons (222). Normally, GPI-anchored proteins are 

targeted to the axonal membranes, a domain analogous to apical membranes of epithelial cells. 

However. after inhibition of sphingolipid synthesis. Thy-1, was found on both axonal and 

dendritic surfaces (222). 

Chapter 4 : 111. Proteins fhat Provide Specificify to Polwized Tafgeting 

Despite the continuous turnover and intermingling of membranes and proteins dunng the normal 

ce11 cycle, the integrity of individual intracellular organelles is maintained. This is due to tight 

regulaiion of transport and delivery of membranes and proteins between organelles andlor plasma 

membrane. Formation of tmsport vesicles, targeting of transport vesicles to, and fusion of 

transport vesicles with appropriate acceptor membranes are regulated events under the control of 

two classes of proteins [reviewed in (223-225)]. The first is the Rab family of small GTPases 

which act as regulators of vesicle docking and mediate the assembly of SNARE (soluble - 
ethylmaieimide-sensitive fusion protein [NSFJ-gtachment protein [SNAP] septors)  complexes. 

The second is represented by the integral membrane proteins, SNAREs, which are receptors for 

soluble factors such as SNAP and NSF. 

Chapter 4 : III. A. Rabs 

A cornmonly accepted mode1 of Rab function in vesicle transport suggests that Rab proteins, in a 

GTP-bound fom, associate with the transport vesicle budding from the donor membrane and 

move to the acceptor membrane where docking and fusion take place. The Rab proteins are then 
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recycled back to the donor membrane via a cytosolic GDP-bound intenediate (223). Over 40 

mammalian Rab proteins have been identified and have been implicated in diverse transport 

pathways dong the endocytic and exocytic routes [reviewed in (223)]. Several Rab proteins, 

including Rab 17 and Rab& have been specifically implicated in polar m s p o n  in epithelial cells. 

Selectively induced in the developing kidney dunng differentiation of mesenchyrnal precunors 

into polarized epithelial cells. Rab17 expression is restricted to epithelial cells (226) where it is 

localized to the apical recycling cornpartment and basolaierai membrane (227. 228). Rab 17 has 

recently k e n  found to be important for regulation of basolateral to apical transcytosis. 

Overexpression of wild-type Rab 17 in MDCK cells impaired basolateral-to-apical transcytosis of 

pIg-R with retention of the protein at the basolateral membrane (228), while expression of mutant 

foms of Rab17 defective in GTP binding or hydrolysis in the Eph4 marnmary gland epithelial 

ce11 line increased basolateral-to-apical transcytosis (227). 

Rab8, a protein closely related to the Saccharomyces cerevisiae sec4 protein (sec4p) that 

regulates Golgi to plasma membrane transport (150), has been implicated in protein targeting to 

the basolateral membrane. Rab8 is localized to the Golgi apparatus. intracellular vesicles, and 

basolateral membrane of MDCK cells (229) and dendritic membrane of cultured neurons (230). 

Introduction of inhibitory peptides to the carboxy-terminus of Rab8 inhibited transport from 

Golgi to basolateral membrane but did not affect Golgi-to-apical membrane transport nor ER-to- 

Golgi transport (229). 

Cha~ter 4 : III. B. SNAREs 

Docking specificity of donor vesicle with acceptor membrane is maintaineci by the farnily of 

SNARE proteins, the V-SNAREs which are locaiized to the transport vesicles and the t-SNAREs 

which are located in the target membrane [reviewed in (224, 23 l)]. Specific t- and V-SNAREs 

interact with one another through their cytosolic domain. Through its interaction with other 

proteins, including SNAP and NSF, an ATPase, the SNARE complex regulates fusion of the 



Chung-Wai Chow 
58 

vesicle with its acceptor membrane. 

Difierent SNARE complexes appear to mediate basolateral and apical transport in epithelial 

cells. Studies with MDCK cells have revealed that transport h m  the TGN to the apical 

membrane is independent of NSF whenas transport to the basolateral membrane requires NSF 

(232, 233). Differences in the SNARE complex-mediated vectoral transport is further mediated 

by differential expression of t-SNAREs at the basolateral and apical membranes [reviewed in 

(234) and (235)J. Syntaxin 3, a t-SNARE localized to the apical membrane of MDCK. appears 

CO play an important role in apical targeting from the biosynthesis and recycling pathways. 

Overexpression of syntaxin 3 in MDCK cells inhibited apical transport from the TGN and 

markedly reduced the apical recycling rate, with accumulation of apical markers in subapical 

vesicles (233). Transport to the basolateral membrane and basolateral-to-apical transcytosis was 

unaffected. 
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Chapter 5 : ENDOCYTOSIS 

Marnmalian cells intemalize proteins and macromolecuIes from the extemai environment using 

several different pathways. They differ with respect to regulation. type of cargo king 

intemalized and site of the transport vesicles. 

Chapter 5 : I. Clathrin-Mediated Endocytosis 

The most well characterized intemalization pathway involves clathrin. Clathrin-mediated 

endocytosis is an orderly process which begins with formation of a clathnn-coated pit at the 

plasma membrane. The initial step of coated pit formation is recruitment of cytosolic adaptor 

proteins (AP) to the plasma membrane. The APs then recruit clathrin which leads to local 

deformation and invagination of the membrane. Stability of the clathrin-coated pit is enhanced 

by recruitment of other proteins, including dynarnin and amphiphysin, to the coat. Proteins and 

macrornolecules to be endocytosed are then clustered to the clathnn-coated pit. Finally. the 

coated pit is pinched from the plasma membrane in a dynarnin GTPase-dependent manner. 

Cha~ter5:  1. A. Ciathrin 

Clathrin is a trimenc scaffolding protein composed of thne identical subunits. each containing a 

Iight and heavy chah. Clathrin arranges itself into a triskelion. a shape which is predisposed to 

formation of hexagonal and pentagonal cage-like lattices. This pattern of clathrin assembly is 

thought to be the underlying mechanism that causes local membrane deformation leading to 

formation of the clathrin-coated pit. Formation of the clathrin coat is necessary for clathrin- 

mediated endocytosis and has also k e n  found to be necessary for formation of transport vesicles 

arising from the Golgi membrane [reviewed in (236)]. 

Cha~ter 5 : 1. B. Adaator Proteins 

The a&ptor proteins play an important roie in clathrin-mediated endocytosis not only by 
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facilitating recruitment of clathrin to the nascent coated pit but by association with other proteins 

such as dynamin and arnphiphysin which provide stability to the coat. Furthemore. the adaptor 

proteins are also important for recmitment of membrane proteins, destined to be intemaiized, to 

the clathrin-coated pit (237). 

Chapter 5 : I. B. 2. The Adaptor Proteins 

The role of the adaptor protein complexes API and AP2 in formation of the clathrin coat has 

been well characterized [reviewed in (237, 238)]. The AP complexes are heterotetrameric 

proteins composed of 4 adaptin subunits: 2 large chahs of - 100 kD (AP 1 = y and P 1 : AP2 = a 

and P2) and 2 smaller adaptin subunits of - 47-50 and 17- 19 kD respectively (AP 1 = 1 1  and al ; 

AP2 = p2 and a2). They are assembled into a Mickey Mouse shape, as shown in Figure 3. 

n 
Appendage Region 

Hinge Region 

Head Region 

Figure 3: Schematic representation of the AP2 complex with its associated proteins. 

A generic integral membrane and its association with the p-adaptin is shown. Arnp = amphiphysin. 

APL and AP2 are associated with formation of the clathrin coat at the TGN and plasma 

membrane, respectively. A third class of adaptor complexes, AP3, has recently been described 

(239, 240). AP3 shares a similar heterotetrameric protein structure, composed of two large 

adaptin subunits, 6 and f33A and two smder subunits, p3A (also referred as p47A) and 03A or 
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c3B, and has been associated with the TGN and melanosomesAysosomes. However. -3 

complexes have yet to be shown to interact with clathrin ( 155). 

AP complexes are targeted to the membrane through the amino head regions of the &y- and B- 

adaptin subunits (241, 242). Recniitment of AP to the membrane is regulated by GTP-binding 

proteins. Recruitment of API to Golgi membranes is dependent on ARF-1, a member of the 

ADP+bosylation factor farnily of srnall GTPases which will be discussed in Chapter S. II. A - 
(155, 236). The specific ARFIguanine nucleotide requirements of AP2 binding to the plasma 

membrane are not known. However. GTP binding proteins appear to be important since G W S .  

the non-hydrolyzable analog of GTP, has k e n  shown to impair AP2 association with the plasma 

membrane (243). 

Clathrin is recruited to the AP complex by binding to the hinge region of P-adaptin. The amino- 

terminal head region of a-adaptin has also been reported to be a binding site for clathrin (244) 

although the physiologie significance of this interaction is not known. 

The AP complex recruits membrane proteins destined for clathrin-mediated endocytosis (237). 

The p adaptin subunit binds the Y X X m  internalization motif [see Chapter 5. 1. F.; (245)l. The 

affinity of p2 for tyrosine-based intemalization signals is enhanced when AP2 is complexed with 

clathrin (246). Other regions of the AP complex cm also interact with different intemalization 

signals of membrane proteins. The dileucine intemalization motif does not appear to bind 

directly to p adaptin but has been shown to interact with both APl and AP2 (245). The site of 

dileucine-AP complex interaction has not be delineated. For one protein, the epidemal growth 

factor receptor, recruitment to the clathrin-coated pit occua by association of its cytosolic tail 

with the amino-terminal head of a-adaptin (247). 

Chapter 5 : 1. B. 2. Other Ada~tor-Like Proteins: EPSI5 and BArrestUz 

In addition to the AP complexes, other proteins have been described to have adaptor-like 
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properties by facilitating recruitment of clathrin and specific proteins destined for endocytosis to 

the coated pit. 

EPSIS, a 142 kD protein constitutively associated with the hinge region a-adaptin (248). has 

been implicated in efficient clustering and clathrin-mediated endocytosis of the epidermal growth 

factor receptor (249). EPS 15 is a cytosolic protein which becomes phosphorylated in response 

to epidermal growth factor receptor activation. The phosphorylated EPS 15 is translocated to the 

membrane where it binds to the epidermal growth factor receptor, clustenng the activated 

receptor in coated pits (249). Inhibition of EPS 15 recruitment to the plasma membrane has been 

shown to impair recruitment of the growth factor receptor to the clathrin-coated pit (250). The 

role of EPS 15- in clathrin-mediated endocytosis may not been limited to the epidermal growth 

factor receptor since inhibition of EPS15 recruitment to the plasma membrane impaired 

endocytosis of the Tfn receptor as well (250). This suggests that EPSIS has a broad role in 

recruitment of proteins to the clathrin-coated pit for subsequent endocytosis, a hypothesis that has 

been accorded more credence following the identification of EPS 15 homologues in yeast, End3p 

and Panlp, (251) and in Drosophila, Dapl60, (252) which have been shown to act as adaptor 

proteins in the endocytic pathway. 

Chapter 5 : I. B. 2. ii) PArrestin 

p-arrestin is another phospho-protein which acts as a functional adaptor in the sequestration and 

clathnn-mediated endocytosis of G-protein-coupled receptors (253). p-arrestin is a clathrin- 

binding protein that is constitutively phosphorylated in the cytosol. In response to agonist 

stimulation of pz acirenergic receptors, p-arrestin becomes rapidly dephosphorylated and is 

recruited to the plasma membrane where it binds the activated p2 adrenergic receptor, clustering 

it in the clathrin coated pits (254, 255). Dephosphorylation of p-arrestin is required for 

internalization of pz adrenergic recepton (256). The role of p-arrestin in regulating clathrin- 
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mediated endocytosis in generd has yet to be studied. 

Amphiphysin, an SH3 domain-containing protein, plays an important role in clathrin-mediated 

endocytosis by recmiting dynamin to the coated pit [reviewed in (25711. Two amphiphysin 

isofoms have been cloned, amphiphysin 1 which is restricted to neuronal tissue and amphiphysin 

II which has a wider tissue distribution (258-260). The amphiphysin isoforms have highest 

sequence identity at the arnino-terminal region which contains a potentiai coiled-coi1 structure 

and at the carboxy-terminus where the SH3 domain resides (259-262). 

Amphiphysin binds clathrin, a-adaptin and dynamin (190, 259). The SH3 domain of 

amphiphysin is the binding site of dynamin and other proline-rich proteins (263). The clathrin- 

binding region of amphiphysin is located in the middle region of the protein. Two conserved 

sequences located within a - 50 residue region [residues 347-405 of arnphiphysin I (264) and 

residues 378-422 of amphiphysin II (265)] have been identified as the clathrin-binding sites. The 

two regions appear to complement one another since loss of one only partially decrease clathnn 

association. However, deletion of both will abolish binding to clathrin. 

The AP2 binding site of amphiphysin is distinct from the SH3 and the clathnn-binding domains 

(264.266). The AP2 binding site of human arnphiphysin 1 has been localized to a distinct region 

adjacent to the clathrin-binding site encompassing residues 322-375 (264). Amphiphysin (1 and 

II) interacts with the AP2 complex via the appendage domain of a-adaptin (264). Association of 

a-adaptin has been demonstrated to occur with the SH3 domains of amphiphysin II but not with 1 

(258). The functional consequences of this are not clear. 

The association of arnphiphysin with dynarnin plays an important role in endocytosis. Disruption 

of the amphiphysin-dynamin interaction in vivo was found to be sufficient to inhibit clathnn- 

mediated endocytosis in the lampry synapse as well as in COS cells (1 37, 19 1,26 1,267). 
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Chapter 5 : 1. D. Dvnamin 

Dynarnin is a 100 kD GTPase that plays a key role in clathrin-rnediated endocytosis by releasing 

the clathrin-coated pit from the plasma membrane. Three isoforms of dynarnin have been 

identified: dynamin 1 is expressed in neuronal tissue; dynamin II is ubiquitous and: dynamin III is 

limited to expression in the testis, lung and brain. They share a common secondary structure. 

The amino-terminai 300 residues are composed of a tripartite GTP-binding motif. The middle 

third of the protein contains a PH (plecksain homology) domain. The carboxy-terminal third of 

the protein contains a coiled-coi1 domain followed by a 100-residue proline-rich region [reviewed 

in (268-270)]. 

Although pull-down assays have suggested interaction of dparnin with multiple components of 

the clathrin-coat such as amphiphysin, a-adaptin, j3-adaptin and clathrin, direct binding of 

dynarnin has only been demonstrated to occur with the appendage domain of a-adaptin (27 1 ) and 

amphiphysin (264). Amphiphysin-dynamin interaction results from binding of the amphiphysin 

SH3 domain to a nine-residue region within the proline-rich carboxy-terminai domain of 

dynamin (272). Association with arnphiphysin-SH3 appears to be the predominant signal for 

recruitment of dynarnin to the coated pit since disruption of the SH3 mediated amphiphysin- 

dynarnin binding has been shown to impair dynamin recruitment and endocytosis (267). 

Once recruited to the coated pit, dynamin assembles itself into a helicai collar at the neck of the 

pit. Recruinnent of dynarnin to the clathrin-coated pit is independent of GTP (270, 271) although 

fission of the coated pit from the plasma membrane requires GTPase activity (273-275). 

More recently. dynamin has been localized to the neck of caveolae (276), a non-clathrin-coated 

membrane pit which intemalizes GPI-anchored proteins and some membrane receptors (see 

Chapter 5. m. B.). In a manner analogous to clathrin-mediated endocytosis, assembly of 

dynamin at the neck of caveolae and GTPase-dependent fission of the pit from the membrane 

were found to be necessary for intemalization of caveolae (276,277). 
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Chapter 5 : 1. E. Phosphorvlation of the Proteins of the Clathrin Coat 

The proteins associated with the initial membrane associated complex of the clathrin coated pit. 

clathrin, AP2. dynarnin and amphiphysin are al1 phosphoproteins (264, 278). The 

phosphorylation state of the specific proteins have differential effects on their ability to bind with 

different components of the coat complex (264). 

The phosphorylation state of AP2 has been shown to affect its association with several proteins 

of the clathrin coat. For example, recniitment of clathrin to the hinge region of P-adaptin is 

inhibited when the hinge region is phosphorylated (279). Sirnilarly, phosphorylation of the 

appendage region of AP2, the amphiphysin binding site, was also found to reduce its binding 

affinity for both amphiphysin 1 and II (264). Phosphorylation of other components of the clathrin- 

coat also appears to impair the integrity of protein-protein interactions. Phosphorylation of 

dynarnin 1 abolished its binding with arnphiphysin 1 while phosphorylation of arnphiphysin 

inhibited its interaction with AP2 and clathrin (264). Therefore. it would appear that 

phosphorylation in general results in reduction of the protein complex that forms the clathrin- 

coated pit. 

Cha~ter 5 : 1. F. internalization Sianals 

Clustering .of proteins and their association with AP2 in clathrin-coated pits have been shown to 

increase the efficiency and rate of intemalization (280). For many membrane proteins the signal 

that targets them to clathrin-coated pits resides within their cytosolic domain. Many of these 

intemalization signals overlap with the basolateral targeting motifs discussed in the previous 

chapter. 

A major class of intemalization signas is tyrosine-based. Although degenerate. the most 
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cornmon tyrosine intemalization motifs conform to the tetrapeptide consensus sequence NPXY 

or YXX@ (155). Tyrosine-based signals target clahin-coated pits by interacting with p2 

adaptin (155.245,246,28 1,282). 

Several factors appear to regulate the tyrosine sorting signal-p adaptin interaction. The tyrosine 

residue is critical and mutation or phosphoryiation abolishes binding to p2 (281). The residues 

adjacent to tyrosine also play important roles in regulating the specificity of binding. Ln 

particular, presence of polar residues in the X positions, especially at the Y+2 position. of the 

YXX@ motif enhances the affinity of binding to pî-adaptin (28 1). Changes in the AP2 complex 

aiso affect i ts interaction with tyrosine-intemalization motifs. Binding of clathrin to AP2 has 

been shown to enhance p2 affinity for tyrosine signals (246). 

Chauter 5 : 2. F. 2. Dileucine Sianal 

The dileucine motif is another common signal recognized as an intemalization motif [reviewed 

in (282. 283)]. In some proteins, presence of the dileucine residues is sufficient to confer its 

function as an internalization signal (284). In other proteins. additional constraints are imposed 

on the dileucine motif to render it an effective intemalization signal (285. 286). For exarnple, 

studies of the T ceIl receptor have revealed that intemalizaiion of the receptor is dependent not 

only on the presence of a dileucine motif in the cytosolic domain of the CD3y subunit but its 

position relative to the plasma membrane (285). To hinction as an effective intemalization 

signal. the dileucine motif had to be at least six residues away from the plasma membrane (285). 

Other dileucine motifs are constitutively inactive as intemalization signals and require activation 

by phosphorylation of other regions of the protein (285). Phosphorylation-dependent dileucine 

motifs are pnmarily found in proteins which are intemalized in response to activation by protein 

kinases (285). 

Recruitment of proteins containing dileucine motifs to clathrin-coated pits is mediated by 
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association with AP2 (287, 288). Uniike the tyrosine signals which bind to p adaptin. no 

interaction of dileucine signals with pl or p2 subunits has been observed (245), suggesting a 

separate binding site for the dileucine signal. 

Chapter 5 : II. Intracellu/ar traffic of endosomes 

Once released from the plasma membrane by the GTPase activity of dynamin, the internalized 

clathrintoated vesicle rapidly loses its coat and the contents enter the early endosomal 

cornpartment where they are subsequently sorted to different routes: 1. to the recycling 

endosomes to be recycled to the plasma membrane; 2. for transcytosis to a different ce11 surface; 

3. to the late endosorne and lysosome cornpartment and 4. to the laie endosorne and TGN 

[reviewed in (224, 289, 290)J. Appropriate protein trafic dong the endosomal pathway is 

determined by many different factors. These include the properties intrinsic to the 'cargo' 

proteins as well as the properties of the transport vesicles which translocate the proteins from one 

organelle to another. There is abundant data to suggest that the formation and trafficking of 

transport vesicles are regulated by recruitment of specific coat proteins, the activity of the small 

GTPases ARF and Rabs and their regulatory proteins as well as the phospholipid composition of 

the membranes. 

Chapter 5 : II. A. Coat Proteins 

Coat proteins are cytosolic proteins which are recruited to the membrane in a regulated manner 

and play an important role in vesicular trafic (29 1,292). Recruitment of specific protein coats is 

often the initiai step in the formation of transport vesicles from the membrane of a specific 

organelle. For example, assembly of the clathrin coat at the plasma membrane is crucial for 

initiating clathrin-mediated endocytosis (discussed above) and has also been well described for 

transport from the TGN (237, 238). The clathrin coat has dso been implicated in intracellular 

endosornal trafic as well. As discussed in Chapter 4, assembly of the clathrin coat on the apical 

recycling cornpartment has been implicated in sorting recycled proteins from transcytotic 
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proteins in epithelial cells (149). 

Other membrane coats of different protein composition, in particular the COP coatomer 

complexes, have been implicated in endosomal tfic. The COP complexes are multimeric 

cposolic proteins which are recruited to the membrane in a GTP-dependent manner. Two 

different COP complexes, COPI and COPII, have been identified and play important roles in 

vesicular transport dong the retrograde and antemgrade ER-to-TGN path ways. respect i vel y 

(reviewed in (293-295)]. Five of the seven subunits of the COPI coat, the a, P, P I ,  E and & but 

not 6 or y subunits, have been found to associate with endosomal membrane in a GTP-dependent 

rnanner (296) and appear to play a role in transport from the early endosomes (297.298). 

When the association of P-COP (299) or &OP (297, 300, 301) with the endosomal membrane 

was disrupted, impaired delivery of proteins from the early endosome to the recycling endosome 

and from the early endosome to sortingnate endosomes was observed. Disruption of P-COP 

recruitment impaired formation of transport vesicles frorn early endosomes (298). Furthemore, 

defects in sorting at the early endosome stage induced by mutant E-COP expression were 

accompanied by morphologie changes in the early endosomal structure (297, 301). Taken 

together, the data suggests that COPI coatomers are important for endosomal traffic from the 

early endosomes. 

Cha~ter 5 : II. B. ARF 

The ARF wP fibosylation factor) proteins, small GTPases of the ras superfamily of GTP- 

binding proteins, play an important role in vesicular traffk by regulating recruitment of coat 

proteins to membranes (302). Five members of the family have been identified to date. ARFI, 

the most well characterized, is associated with Golgi membrane (155,236). ARF3 and ARFS are 

found on both Golgi and endosomal membranes whereas ARF4 is associated mainly with 

endosomes (302). ARF6, the only member that is constitutively membrane-associated and 

insensitive to the fungal metabolite, brefeldin A, is localized predominantly to the plasma 
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membrane (303). 

ARF regulates assembly of the clathrin coat by controlling the membrane recruitment of adaptor 

pmteins. Recmitment of API to the Golgi membrane is ARFI-dependent. Although specific 

ARF proteins which regulate AP2 binding to the plasma membrane have yet to be identified. 

GTP-binding proteins have been shown to have a role in AP2 recruitment and clathrin-mediated 

endocytosis. GTPyS, the non-hydrolyzable analog of GTP, apparently diverted AP2 binding to 

endosomes (243) and has also k e n  shown to effectively block sequestration of the Tfn receptor 

on the plasma membrane (304). Although AP2 recruitment to the plasma membrane has 

previously been shown to be brefeldin A-insensitive, expression of a constitutively active mutant 

of ARFl mimicked the effect of GTPyS by inducing association of AP2 with the endosomal 

membrane (243). The physiologic implication of this observation is not immediately clear since 

ARFl is not normally associated with the plasma membrane nor endosomes and may be related 

to ARFl activation of phospholipase D. This will be discussed in Chapter 5. II. D. 

ARF also regulates recruitment of coat proteins ont0 endosome compmments. Recruitment of 

COPI proteins to endosomes is ARF-dependent (296). Treatment with brefeldin A inhibited 

whereas GTPys enhanced recruitment of the COPI subunits to the endosomal membrane. 

Conversely, addition of ARFl to purified COP proteins in vitro was found to be sufficient for 

coat protein recruitmen t to endosomal membranes (296). 

AW6. the brefeldin A-insensitive member of the ARF family, has been implicated in endosome 

recycling (305). Analysis using constitutively active (ARF6[GTP]) and inactive (ARFo[GDP]) 

mutants of ARF6 have revealed distinct distribution of the protein according to its yanine- 

nucieotide binding state. ARFoIGDP] was localized to perîcentriolar vesicles which CO-localized 

with cellubrevin and the Tfn receptor whereas ARFo[GTP] was found in the plasma membrane. 

Expression of the constitutively inactive ARFo[GDP] markedly impaired T h  receptor recycling 

resulting in accumulation of the receptor in the pericentriolar vesicles. On the other hand. 
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expression of the constitutively active ARF6[GTP] induced tortuous invaginations of the plasma 

membrane which are not clathrin-coated and likely represent increased recycling to the 

membrane surface (305-307). 

ARFI (237) and ARF6 (305) have k e n  shown to activate phospholipase D and through the 

activities of this enzyme, have indirect roles in regulation of vesicular traKic ((243. 308); see 

Chapter 5. Il. D. Role of Lipids). 

Chaders: II. C. Rabs 

The Rab and SNARE proteins, important for vesicular docking and fusion as discussed in 

Chapter 4. KU, play important roles in endosomal traffic [reviewed in (290)J. Like the ARF 

proteins, cycling of Rab proteins between the cytosolic and membrane associated pools is 

coupled to nucleotide exchange. The Rabs appear to function downstream of ARF proteins and 

facilitate docking of transport vesicles with target membranes. Rab4. 5 and 1 I are associated 

with early endosomes and are involved in transport from the plasma membrane to early 

endosomes whereas Rab7 and 9 are associated witb late endosomes and are required for transport 

to/from late endosomes (290,309). Cellubrevin is a V-SNARE specificaily involved in transport 

from recycling endosomes to plasma membrane (3 10). 

Chapter 5 : II. D. Role of Lipids 

In addition to the proteins which provide specificity of vesicular traficking by regulating 

formation of protein coats and the sorting and fusion of target vesicles with acceptor membranes. 

there is increasing evidence that the phospholipid composition of the membranes plays an 

important role in intracellular trafic. 
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Chapter 5 : II. D. 1. The Role of  Phos~hoinositide 3-Kinases. Phos~htidvlinositols and 

Phosphoinositides 

Phosphoinositide 3-kinase (PUK), the phosphatidylinositols (PtIns) and phosphoinositides (PI) 

have been implicated in diverse cellular processes including chemotaxis. membrane ruffling and 

protein trafic [reviewed in ( 141, 3 1 1-3 13)]. PUK phosphorylates the hydroxyl group at 

position 3 of the inositol ring of the phosphatidylinositols (Ptlns) to give rise to the production of 

PiIns-3-phosphate (PtIns-JP), PtIns(3A)P and PtIns(3,4,5)P (314). P13K and the role of PIS 

dong the secretory pathway of yeast have been well characterized (315, 316) and are also 

important for vesicular trafic in marnmalian cells. 

Within the endosomal pathway, PUK appean important for sorting of proteins from the early 

endosomes to downstream compartments. Studies with two different PI3K inhibiton. 

wortmannin and LY294002, have demonstrated impaired delivery of internalized markers to the 

recycling endosomes (3 17, 3 1 8) and late endosome/prelysosoma1 compartments (3 18. 3 1 9). 

When PUK activity was abolished by mutation of its binding site in the platelet-derived growth 

factor receptor, impaired delivery of the mutant receptor to the degradative pathway was 

similarly observed (318). Indeed, following agonist-induced intemalization, transport of the 

mutant receptor was arrested in peripheral punctate vesicles resembling early endosomes (3 17). 

Further analysis revealed that inhibition of PUK with wortmannin not only halted trafic from the 

early endosome but altered the endosome structure as well. becorning grossly enlarged 

endosomes with elongated tubules (3 17). These altered endosomal compartments were labeled 

with internalized markers destined for recycling (Th receptor) and lysosomal (Lucifer yellow) 

pathways (3 17), suggesting that they anse from early endosomes. 

The effect of wortmannin on endosome structure resembles that of brefeldin A, an inhibitor of 

the ARF proteins, and may provide some insight to the mechanisms by which PUK regulates 

vesicular naffiic. PUK reguiation of endosome trafic may occur through modulation of the small 
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GTPases involved in vesicular traffic. Indeed. there is evidence to suggest a role of PUK in 

regulating Rab5, a srnall GTPase which in its GTP-bound form stimulates endocytosis and early 

endosome fusion (320). Worûnannin impaired constitutive endocytosis and inhi bited earl y 

endosome fusion (320). However, the wortmannin effect was abolished in. cells expressing a 

constitutively active RabS[GTP] mutant. Furthemore, in vitro assays found that a constinitively 

activated form of PUK stimulated whereas a constitutively inactive form of PDK inhibited early 

endosome fusion (320). Taken together, the data suggests that PUK acts upstrearn of Rab5 and 

may ngulate its guanine nucleotide binding state. 

Studies with pharmacologic inhibition of PI3K (317) and with the PUK-binding defective 

platelet-derived growth factor receptor mutant (3 18) have revealed that PUK is not necessary for 

initial stages of intemalization to the eariy endosome. However, there is evidence to suggest that 

PUK and its metabolites can facilitate clathrin-mediated endocytosis at the stage of the coated 

pit. PtIns3P, PtIns(3A)P and Ptuis(3,4,5)P have been shown to enhance AP2 association with 

the YXX@ intemalization motif of membrane proteins in the clathrin-coated pit (246). The p85 

regulatory subunit of PUK interacts with dynamin and although the specific downstrearn effects 

of this interaction are not known, dynamin GTPase activity, which is responsible for release of 

the coated pit from the plasma membrane at the initial stage of endocytosis, is enhanced by acidic 

phospholipids (270). 

In addition to AP2, the phosphorylated lipid derivatives of phosphatidylinositols have been 

shown to interact with other coat proteins including a nerve-terminal specific clathrin adaptor 

AP180 and the COPI coat proteins and may thus affect coat assembly during vesicle formation 

[reviewed in ( 14 1 )] . 

Cha~ter  5 : II. D. 2. The Role of Phos~holi~ase D and Phosphatidic Acid 

Phospholipase D, an enzyme w hich hydrolyw phospholipids into phosphatidic acid and their 
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respective head groups, is another lipid enzyme implicated in endosomal M t c .  Phospholipase 

D is activated by ARF. Phospholipase D and in particular its product, phosphatidic acid, have 

been shown to be important for recruitment of COPI proteins to Golgi membrane (308). A role 

for phospholipase D in association of COPI subunits to endosomes, however, has not been 

described. 

Phospholipase D also plays a role in membrane recruitment of AP2 (243). AP2, nomally 

associated with the plasma membrane, can be induced to associate with endosomes in the 

presence of GTPyS or a constitutively active mutant of ARFl (discussed in Chapter 5. II. B.). 

The effect of ARFl on APZ was unexpected because ARFI is normally not present on the 

plasma membrane nor on endosomes. implicating a possible role for phospholipase D in AP2 

recruitment. Indeed, exogenous phospholipase D mirnicked the effect of GTPyS and the 

consti tutivel y activated ARFl mutant. Phospholipase D redirected AP2 recruitment from the 

plasma membrane ont0 endosomes (243). Neomycin, an inhibitor of phospholipase D. impaired 

recruitment of AP2 to the plasma membrane as well as the GTPyS-induced recruitment to 

endosomes (243). Taken together, the data suggests a role of phospholipase D in association of 

AP2 to both plasma membrane and endosomes. 

Chapter 5 : 111. 0 t h  Infernalkafion Pathways 

Pathways other than clathrin-mediated endocytosis are used by marnrnalian cells to intemalize 

extracellular materid [reviewed in (289,290)J. 

Cha~ter 5 : III. A. Pinocvtosis 

Pinocytosis is a clathrin-independent mechanism for intemalization of fluid and membrane 

proteins. The mechanisms that regulate pinocytosis are not known although there is evidence 

that pinocytosis cm be upregulated when clathrin-mediated endocytosis is inhibited (274,32 1). 
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Chaoter 5 : III. B. Caveolae 

Intemalization of GPI-anchored proteins such as the folate receptor and some bacterial and viral 

toxins occur through caveolae, smail (40-80 nm diameter) flask shaped, non-clathrin coated 

invaginations of the plasma membrane. Caveolae are found predominantly in smooth muscle 

cells, fibroblasts. endothelial cells. adipocytes and epithelial cells (289). In addition to GPI- 

anchored proteins, caveolae are ennched in glycosphingolipids, cholesterol and the integral 

membrane protein, caveolin [reviewed in (322, 323)]. Internalization of caveolae has recently 

been shown to require recruitment and assembly of dynarnin (276) and in a manner similar to the 

release of the clathrin-coated pit from the plasma membrane in clathrin-mediated endocytosis, 

fission of caveolae is also dependent on GTP hydrolysis (276,324). 

Chapter 5 : III. C. Phaaocvtosis 

Phagocytosis, the internakation of large macromolecules and microorganisms which can 

involve over 50% of the cell surface, is a clathrin-independent but receptor- and actin-dependent 

process. Phagocytosis is limited to cells primarily of the myelogenous lineage such as 

neutrophil, monocytes and macrophages. In marnmalian cells, phagocytosis serves primarily as a 

host defense mechanism by ingestion and degradation of microorganisms. Some of the 

phagocytic materials such as bacterial-derived peptides, however, are diverted from the 

phagosome-lysosome pathway and are processed and sorted to the recycling pathway where they 

are used as antigens in the humoral immune response [reviewed in (290)]. 
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Chapter 6 : MATERIALS and METHODS 

Measurement of pHi was performed by microfluorimetric quantitation of pH-sensitive 

fluorophores. Al1 measurements of pHi were perforrned at 37OC. 

Cha~ter6:  1. A. BCECF 

For ratiomeuic measurements of pHi, cells were incubated with 2 pg/ml of the precursor 

acetoxymethyl ester fom of BCECF for IO min at 37OC. BCECF, a polar fluorescein denvative, 

is a pH-sensitive dye with a pK. of 6.98 (discussed in Chapter 2. 1. D. 1 .) and was purchased 

from Molecular Probes (Eugene, OR). 

Cha~ter 6 : 1. B. DH-sensitive GFP 

pEGFP, a red-shifted variant of wild-type GFP optimized for brighter fluorescence (excitation 

maximum = 488 nm: emission maximum = 507 nm) and higher expression in marnmalian cells, 

is also pH-sensitive (12) and was used for measurement of pH,. It was purchased from 

Clontech. For these experirnents, pEGFP was transfected into the cells of interest using the 

calcium phosphate method (see below), and the cells were used for pH measurements within 48- 

72 hours post transfection. 

Cha~ter 6 : 1. C. Acid loading with NH&I - 

Acid loading of cells was done by incubation of cells with 25-50 mM N&Cl for 10 min at 37OC. 

The pnnciple of imposing an acute intracellular acid load using NH&l is based on the 

physiochemical properties of weak bases/acids (discussed in Chapter 2. 1. A.). NE' is a weak 

base which dissociates into NHs and H+ in solution. MIs is permeant and enters the ce11 by 

difision down the concentration gradient. Once in the cytosol, it re-protonates causing 
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intracellular alkalinization. Removal of extemal W' reverses the pmess and pHi will drop. 

The magnitude of fa11 in pHi is dependent on the concentration of ml used and the duration of 

the incubation. Note that if only the unprotonated NH3 species enters the ce11 in the first place. 

the rise in pHi should equd the subsequent faIl in pHi when m C 1  is remwed. However. an 

undershoot of pHi occurs due to a slow leakage of extemal W' into the cell (1). 

Chaoter 6 : 1. D. Calibration with niaericin 

Nigericin. a fungal metabolite, is a K'M ionophore. Incubation with nigencin will result in 

equilibration of the K' and H+ concentrations across the ce11 membrane such that [K+),/[K'],, = 

[H+li/[H'lo. By dissipating the [KT gradient across the plasma membrane by incubation with a 

high k solution (1 15-150 mM), nigericin will force the pHi to become equd to pH,. In other 

words, in the presence of nigencin and R-rich medium, [ICIi= [K'], and [H']i =[H'].. 

Equilibration of pHi with pH, occurs rapidly (- 1-2 min) at 37OC with 5 @ml nigericin (5). 

Calibration with nigericin was perfonned at the end of each expenment using at least 3 different 

pH values from 6.0 to 7.5 in high potassium medium containing (mM) 140 KCl. 20 HEPES, 1 

MgCI2 and 5 glucose. 

Chaoter 6 : 1. E. pHi measurement usina microfluorimetw 

pHi of small groups of cells was determined by microphotometry of the fluorescence ernission of 

BCECF using dual wavelength excitation. Cells grown to confluence on 25 mm glas covenlips 

(Thomas Scientific, Swedesboro, NJ) were loaded with BCECF as described. The coverslips 

were then mounted in a Leiden Covenlip Dish (Medical System Corp., Greenvale. NY) and 

piaced into a therrnostatted holding chamber heated to 37OC (Open Perfusion Microincubator. 

Medical Systems Corp., Greenvale. NY) attached to the stage of a Nikon Diaphot TMD inverted 

microscope (Nikon Canada, Toronto, ON). Cells were visualized using a Nikon Fluor 4W1.3 

N.A. oil-immersion objective and a H o h a n  modulation conhast video system with an angled 

condenser (Modulation Optics) through a CCD-72 video camera and control unit (Dage-MTI, 
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Michigan City, IN) connected to a Panasonic monitor. Clusten of 6-12 cells from the confluent 

culture were selected for analysis with an adjustable diaphragm. The chamber was continuously 

pefised at = 0.5 &min to allow for complete exchange of the bath solution once every minute 

using a gavity-driven system and a Leiden aspirator. Solutions could be switched by opening 

solenoid valves (General Valve, Fairfield, NJ). When rapid solution changes were required. 3 

aliquots of 1 ml of the new medium were quickly pipetteci (e 15 sec) into the chamber and 

perfusion was continued using the new medium (325). 

Fluorescence measurements were made using a M Series Dual Wavelength Illumination System 

from Photon Technologies, Inc. (South Brunswick, NJ) in a dual excitation single emission 

configuration. Excitation light provided by a Xenon lamp was altemately selected using 495 i 

10 nm and 445 t 10 nm filters (Omega Optical, Brattieboro, VT) at a rate of 50 Hz and then 

reflected to the cells by a 510 nm dichroic mirror. Emitted light was first selected by a 520 nm 

long-pas filter and then separated from the red light used for H o h a n  imaging by a 550 nm 

dichroic mirror and directed to the photometer through a 530 f 30 nm band-pass filter. This 

optical system allowed for continuous visualization of cells without interfering with fluorescence 

measurements. Photometnc data were acquired at 10 Hz using a 12 bit AID board (Labmaster, 

National Instruments, Austin, TX) interfaced to a Del1 486 cornputer and analyzed with the Felix 

software (Photon Technologies Inc., South Brunswick, NJ). 

DHH~ measurement usina sinale cell ima~inq Chapter 6 : 1. F. 

For imaging of single ce11 pHi, cells were grown on round glas covealips to 60-708 confluence. 

For cells Ioaded with BCECF, ratio fluorescence imaging was performed at excitation 

wavelengths -490 and 440 nm and measured at emission wavelength -520 nm. For cells 

transfected with pEGFP, single wavelength excitation at 4 9 0  nrn was used. Fluorescence 

imaging was performed on a Zeiss Axioven 100 TV inverted microscope (Zeiss, Oberkochen, 

Germany) equipped with a 75 W Xenon lamp (XBO 75, Zeiss), a shutter/fiilter wheel assernbly 
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(Lambda 10, Sutter Instrument Co., Novato, CA), a NeoFluar 63x/1.25 N. A. objective and a 

high-resolution (1 3 17x 1025 pixels, KAF 1400, Kodak) cwled. digital CCD carnera (TENCCD 

1317, Princeton Instruments, Trenton. NJ) interfaced to a Pentium 90 computer (Del1 Inc.. 

Toronto, ON, Canada) via a 12 bit, 1 MHz carneracontroller (Princeton~controller: ST-38. 

Princeton Instruments, Trenton, NJ). lmage acquisition and excitation filter selection were 

controIled by the Metafluor software (Universal Imaging Corp., West Chester, PA). 

Chapter 6 : 1. G. Media used durina measurement of pHi 

Phosphate buffered saline (PBS) contained (in mM): 140 NaCl, 10 KCl, 8 sodium phosphate, 7 

potassium phosphate, pH 7.4. The sodium chloride solution contained (in mM): 1 17 NaCl, 1.66 

MgSQ, 1.36 CaCl?, 5.36 KCl, 25 HEPES. 5.55 glucose. Sodium nitrate solution contained (in 

a): 117 NaNo,, 6.2 MgSO,, 1.36 calcium gluconate. 5.36 potassium gluconate, 25 HEPES. 

5.55 glucose. Sodium gluconate solution contained (in mM): 117 sodium gluconate. 6.2 

MgSQ, 1.36 calcium gluconate, 5.36 potassium gluconate, 25 HEPES, 5.55 glucose. Potassium 

and N-methyl-D-glucamrnonium (NMG) solutions were made with equimolar substitution of the 

appropriate salts. To study the nitrate concentration dependence we used media with NaN03 

concentrations varying from 3.65 to 117 rnM that were osmotically balanced with sodium 

gluconate. Sodium nivite solutions containing 10-1 17 rnM NaNo. were prepared similady. 

Unless otherwise indicated, al1 solutions were nominally bicarbonate-free, titrated to pH 7.5 and 

were adjusted to 290 t 10 mosM with the major salt. 

Chapter 6 : 1. H. Data analvsis and statistics 

Quantification of cell-associated fluorescence was performed using the Felix software package 

(Photon Technologies, Inc., South Brunswick, NI) or the MetamorphMetafluor package 

(Universal Imaging, Inc., West Chester, PA). Mean H+(widatl flux was calculated by 

multiplying the rate of pH, change (ApHJAtime) by the buffering capacity of CHO cells, 

measured to be 25 mmoYpWliter of cells in the pH range of our measurements (56). The rate of 
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pHi change was denved by linear regression of the pHi vs. time curve over 4 s intervals using the 

Ongin software (Microcal Software Inc., Northampton, MA). Data were graphed using the 

Origin software and are s h o w  as mean I one standard error (SE) of the number of experiments 

indicated. Significance was calculated using Snident's t-test. 

Chapter 6 : II. Cell Unes 

Al1 ce11 lines were grown in the appropnate growth media supplemented with 10% fetal calf 

serum, 100 ulml penicillin and 100 pg/ml streptomycin (Life Technologies, Inc.. Grand Island. 

NY). Cells were incubated in a humidified environment containing 95% air and 5% CO2 at 37°C 

(NuAir 3700, Fisher Instruments, Canada). Cultures were reestablished from frozen stocks 

regularly and cells from passages 3 to 20 were used for the experiments. 

Chapter 6 : II. A. Chinese hamster ovarv cells 

The wild-type Chinese hamster ovary (CHO) ce11 line was purchased from American Tissue 

Culture Collection (ATCC; Manassas, VA). Ali CHO-derived ce11 lines were grown in a- 

minimal essential medium (Life Technologies, Inc.. Grand Island, NY). 

Cha~ter 6 : II. B. AP1 cells 

API cells are mutagenized wild-type CHO cells which are deficient in Na'w exchange. A 

detailed description of the mutagenesis procedure used to select NHE-deficient CHO ce11 is 

described in (326) and represented in Figure 4. 

In brief, CHO cells are fint subjected to a mutagenic agent. ethylmethanesulfonate (step 1.). 

Subsequently. cells that are NHE-deficient are selected by using the proton suicide method. This 

method is based on several factors: 1. Li+ is as efficient as Na' in driving the transmembrane 

movement of H+ and; 2. Na*/H+ exchange is reversible. When the cells are incubated in a Na'- 

free, Li'-nch medium, the cells become Na'-depleted and Li'-loaded. When incubated in an 
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acidic, Nai-- medium, cells which still retain NHE will undergo Li%+ exchange in the 

reverse direction, resulting in intracellular acidification (step 3a). These cells will die due to 

exposure to prolonged acidity (step 4a). Cells which have been mutagenized and no longer 

possess NHE will not acidiQ (step 3b) and will survive the acid challenge (step 4b). 

Ethylmethane 
Sul fonate 

Figure 4: Selection of NHE-deficient 

Cha~ter 6 : II. C. ldlF cells 

ldlF cells are derived from CHO 

Chinese hamster ovary cells (API cells) using the proton 
suicide method. 

cells and were a gift from Dr. M. Kneger (Massachusetts 

Institute of Technology, Cambridge, MA, USA). They have a temperature-sensitive mutation in 

E-COP that is expressed only at the non-permissive temperature of 3g°C. At 34°C. &OP is 

normal and these cells behave like wild-type CHO (198, 300, 327). These cells were grown at 

34OC. To induce expression of the mutant E-COP, the cells were shifted io 39 OC 8-12 h prior to 

use. 

Cha~ter 6 : II. D. HEK cells 

HEK is an epithelial ce11 line derived from immortalized human embryonic kidney and was 
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purchased frorn ATCC. HEK-T is a sub-clone of the HEK ce11 line containing the large T 

antigen and was a gift of Dr. David McLennan (University of Toronto, Toronto. ON). They are 

grown in Dulbecco minimal essential medium (Life Technologies, Inc., Grand Island, NY). 

cells 

LLC-pKi cells are derived from porcine kidney proximal tubule with biochemical and functional 

characteristics of proximal tubule cells and were purchased from ATCC (#CL- 1 O1 : Manassas. 

VA). LLC-pKi cells were grown in Dulbecco's minimal essential medium. 

Chspter 6 : 111. FVasmids and Expression Vectonr 

Chapter 6 : III. A. GST-Fusion Proteins Containina the Cvtosoiic Reaions of Rat 

NHE - 

Glutathione S-transferase (GST)-fusion proteins of the containing proline-rich regions of MIE-2 

were prepared by polymerase chah reaction (PCR) amplification of the appropnate regions of rat 

NHE2 cDNA (38). The PCR product encompassing the more amino-terminal proline-nch region 

which contains amino acids 7 4 3 ~ ~ ~ ~ ~ ~ ~ ~  '" (Prol) plus 19 and 16 flanking residues at the 5' 

and 3' ends, respectively, was amplificd using the primen 5'-ccggatcctcaccagcctac-3' and 5' -  

ggaattcgggctgcctcag-3'. Those used to amplify the more carboxy-terminal proline-rich region 

containing arnino acids 7 8 6 ~ ~ ~ ~ ~ ~ ~ R L  794 (Pro2) plus 12 and 21 flanking residues at the 5' and 

3' ends, respectively, were 5 '-ccggatccggccggggcagg-3 ' and 5 '-ggaattcaccacaagtctgc-3 '. The 

appropriate PCR products were selected based on mobility in 1.8% agarose gel (Nu-Sieve 

Agarose, Biocan) and purified using the Qiaex DNA extraction kit according to the 

manufacturer's directions (Qiagen). The Prol and Pro2 sequences were subsequently subcloned 

into the B a d 1  and EcoRl sites of pGEX-2T (Pharmacia) to allow expression for expression as 

proteins hised to the carboxy-terminus of GST. GST fusion protein encompassing amino acids 

560-690 of MIE3 and 667-717 of NHE4 were prepared simiiarly. A GST-fusion protein 
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containing the last 178 residues of the cytosolic tail of rat MIE-1 was the kind gift of Dr. L. 

Fliegel (University of Alberta, Edmonton, Canada). 

Chamer 6 : III. B. Other Plasmids 

Chaoter 6 : III. B. 1. NHE2 and NHE3 

Ail the original NHE plasrnids were made and given to us by the laboratory of Dr. J. Orlowski 

(McGiIl University, Montreal, PQ). These were denved from rat NHE cDNAs and subcloned 

into the pCMV vector as described below. 

The rat NHEZ cDNA was engineered to contain a senes of unique restriction endonuclease sites 

that did not alter the primary structure, but created convenient DNA cassettes for mutagenesis. 

The modified NHEZ cDNA was inserted into the pCMV mammalian expression vector (plasmid 

renamed pNHE2) as previously described (39,75). To allow for imrnunologicai detection of the 

protein, the influenza virus hernagglutinin (HA) epitope YPYDVPDYAS, preceded by a single G 

amino acid linker (inserted to create peptide flexibility), was inserted at the very C-terminus of 

NHE2 using PCR amplification of a C-terminal cDNA fragment (renarned NE218 13-HA). 

Similarly, the NHE2A777-HA and NHE2A731-HA deletion mutants were engineered by 

insening the HA epitope plus a stop codon immediately following positions 777 and 73 1 of the 

wild type transporter. The PCR fragments were sequenced prior to substitution into NHE2 to 

confimi the presence of the mutations and to ensure that other random mutations were not 

introduced. 

For stable transfection of LLC-PICI cells which express endogenous NHE, we subcloned 

NHE2813-HA, NHE2A777-HA and NHE26731-HA into the pBK vector (Stratagene) which 

contains the G4 18 resistance gene. 

The MIE3 constmcts were similarly prepared and have previously been described (68). MIE3- 
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HA and 38HA-NHE3 are full-length rat NHW 

carboxy-terminus and at residue 38, respectively. 

the first predicted extracellular loop of NHE3 (68). 

constructs with the HA-tag located at the 

38HA-MIE3 contains a triple HA-tag within 

Chapter 6 : III. B. 2. Dvnamin 

Wild-type dynarnin I and the S45N mutant (DynS45N) is a gift of Dr. S. Schmid (Scripps 

Institute, La Jolla, CA, USA). DynS45N has a point mutation at residue 45 from senne to 

asparagine and has k e n  found to have a dominant negative effect on clathnn-coated endocytosis 

(H. Darnke and S. Schrnid, The Scnpps Institute, La Jolla, CA, personal communication). Both 

dynamin constructs are HA-tagged at the amino-terminus and have been subcloned into the 

pcDNA3 vector (Invitrogen). 

Chapter 6 : 111. B. 3. Amphiphvsin 

Human full-length amphiphysin IIA and the splice variant arnphiphysin IIB with a 44 amino acid 

deletion that renders it incapable of binding to clathrin were a gift from Dr. P. McPhenon 

(McGill University) and were subcloned into the @NA 3.1 vector (Invitrogen). 

Cha~ter 6 : III. C. Arn~fification and Purification of Pfasrnids 

Cha~ter 6 : III. CC. 1. Bacterial fipression Vectors 

The constructs containing the proline-rich regions of NHE2 (Pro1 and Ro2) were subcloned into 

the pGEX-2T vector from Pharmacia. This vector is designed to express foreign polypeptides in 

Escherichia coli (E.coli) in a fom that allows rapid purification under non-denaturing 

conditions. It contains that tac promoter which is normally repressed by the lac repressor, a 

product of the l a d  gene. De-repression of the tac promoter occurs in the presence of 

isopropylthio-P-~galactoside (IPïG) and permits GST-fusion protein expression. 
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Al1 the other constnicts were subcloned into mammalian expression vecton from different 

commercial sources. They al1 include the human cytomegalovirus immediatecarly 

promoter/enhancer for high-level expression in a variety of mamrnalian ceil lines and the bovine 

growth hormone (BGH) polyadenylation signal for efficient transcript stabilization and 

termination. They differ with respect to their antibiotic resistance and utility in transient and 

stable transfection of mamrnalian cells. 

The mammaiian expression vectors were transfonned into DHSa E. coli to allow for plasmid 

amplification. The transfomed bacteria were grown in Luna broth medium with the appropnate 

selection antibiotics for the vector and purified using commercially available kits (Qiagen 

Maxiprep, Qiagen). 

Chapter 6 : IV. Transfecthn of mammalian cells 

AI1 transfection experiments were performed using the standard calcium phosphate method using 

the HEPES-buffered system (328). The precise mechanisms by which plasmid DNA enter 

mammalian cells during transfection procedures have not been well characterized. Calcium 

phosphate method induces CO-precipitation of plasmid DNA. The calcium phosphate-DNA binds 

to the ce11 membrane and is subsequentiy intemalized by the cell. Efficiency of transfection 

using this method is ce11 type and plasmid dependent. For the work described within, the rate of 

transfection was - 20-30%. 

Cha~ter 6 : IV. A. Transient Ex~ression in Mammalian Cells 

For transient expression of proteins, cells were grown to 3040% confluence on 25 mm giass 

coverslips (for immunofluorescence and pHi measunment) or 10 cm2 plastic dishes (for Western 

analysis). For transient expression assays, cells were CO-transfected with pEGFP in a 10: 1 ratio 
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of cDNA of interest: pEGFP as a marker of gene expression or in some case. to  ailow for pH, 

measurement using pEGFP as a pH-sensitive fluorophote. Al1 transfections were perfonned at 

37OC with the exception of the ldlF cells where the procedure was carried out at the permissive 

temperature of 34°C. ~unofluorescence, rnicrofluorimetry and protein analysis by Western 

blot were performed 24-48 houa pst-transfection. 

Cetls with NHE-2 and NHE-2 

Truncation Mutants. 

LLC-pKi cells, grown to subconfluence on 10 cm' plastic dishes, were transfected with 

pBWNHE2 vectors using the standard calcium phosphate method. Forty-eight hours post 

transfection, the cells were replated in DMEM supplemented with 500 pdml G4 1 8 (Calbiochem) 

to initiate clonal selection. Surviving clones were expanded in DMEM in the presence of 500 

pg/ml G4 18 and used for immunofluorescence and immunobloning after 3-5 rounds of selection. 

Chapter 6 : V. Protein Biochemistry 

Cha~ter 6 : V. A. GST-fusion  rotei in ~roduction and purification 

The pGEX-2T vector containing GST-Pro 1 and GST-Pro2 were transfomed into HB 10 1 E. coli 

to allow bacteriai expression of the GST-fusion proteins. HI3 101 E. coli were incubated in an 

air shaking incubator at 37OC in Luria Broth medium supplemented with 50 pg/ml ampicillin. At 

the stage of log-phase growth, fusion protein expression was induced with 1 mM IPI% for 5 

hours at 37OC. Bacteria were lysed by repeated freeze-thawing and sonication at 4°C fo 10 sec in 

the presence of protease inhibitors (10 wml PMSF, 1 pi /ml leupeptin, lpl/ml pepstatin, 1 @/ml 

aprotinin and 5 rnM EDTA). The bacterial lysate was adsorbed ont0 glutathione-agarose beads 

and GST-hision proteins were then eluted with free reduced glutathione. 
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Chapter 6 : V. B. Biotinvlation of fusion proteins 

Biotin is a 244 Dalton vitamin that binds with high affinity in a noncovalent manner to avidin 

and streptavidin. Avidin is tetrameric protein with identical subunits, each of which is capable 

of binding 1 biotin molecule. Streptavidin is a similar pmtein with higher affinity for biotin. 

Due to its small size. biotin c m  be conjugated to most proteins without affecting biological 

activity. Biotinylation reagents are available that will target various functional groups including 

primary amines, sulfhydryls and carboxyls. The most cornrnonly used biotinylation reagent, and 

the one used for the purposes detailed in this work is the N-hydroxysuccinimide (NHS) ester of 

biotin which reacts with pnmary amine groups. The amine reacts with the ester by nucIeophilic 

attack to form an amide bond with release of NHS. Multiple molecules of biotin can thus be 

conjugated to the protein depending on the number of primary amine groups available for 

interaction. 

GST-fusion proteins containing SH3 domains from a variety of proteins. including c-abl, p85 

subunit of PUK, ras-GAP, neuronal (N)-src, src and a-spectrin were gifts of Dr. D. Rotin 

(Hospital for Sick Children, University of Toronto) and were generated as described previously 

(329). These were purified as described above and biotinylated according to the manufacturer's 

directions, using IrnrnunoPure@ NHS-LC-biotin Kit (Pierce), which contains a water soluble 

NHS estercontaining a long spacer arm of 22.4 A that increases efficiency of avidinktreptavidin 

binding. In brief, 2 mg of the purified GST-fusion protein was reconstinited in 1 ml PBS and 

incubated with 20-fold rnolar excess of NHS-LC biotin in an end-on-end rotor x 2 h at 4OC. The 

solution is applied to desalting column (molecular weight cut-off 5 000 D) previously 

equilibrated with PBS and the sarnples collected as 1 ml fractions. Rotein concentration of each 

fraction was measured spectrometrically at 280 nm absorbante in a Hitachi U-2000 

spectrophotometer. 
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Cha~ter 6 : V. C. Electro~horesis and Western blottinq 

Protein electrophoresis in SDS (sodium dodecyl sulfate) polyacrylamide gel allows separation 

and analysis of proteins based on their size. SDS is a detergent that denanires and solubilizes 

proteins. It binds to proteins to impart a strong negative charge. Because most proteins bind a 

uniform arnount of SDS per pg of protein, proteins acquire a uniform chargelmass which allows 

hem to migrate through pores of the gel when an electrical field is applied across the gel matrix. 

Migration of a specific protein is determined by the protein charge, size and gel pore size (which 

is inversely proportional to the acrylamide concentration). Following protein separation by 

electrophoresis, transfer of the proteins to an inert support, such as nitrocellulose or 

polyvinylidene difluoride (PVDF), allows for further protein analysis such as protein binding, in 

situ digestion or chernical modification. 

For Western analysis, cells were grown to confluence on 10 cm2 plastic dishes. The cells were 

washed three times in PBS, then lysed in a hypotonie buffer ( 1  0 rnM Hepes. 18 rnM potassium 

acetate, 1 m M  EDTA, pH = 7.2, 50 mosM) and solubilized in RIPA buffer (150 rnM NaCl, 20 

rnM Tris HC1.0. 1 8  SDS, 0.5% deoxycholate, 1% Triton X 100. pH = 8.0). The entire extraction 

procedure was performed at 4OC and in the presence of protease inhibitors (1 mM iodoacetarnide. 

1 pM pepstatin and 1 mM PMSF). The final soluble fraction was incubated with Liimmli sample 

buffer at 37OC for 10 min pnor to separation by SDS-PAGE and transfer to nitrocellulose. The 

blot was blocked overnight with blocking buffer (0.25% gelatin, 10% ethanolamine. 0.1 M Tris, 

pH 9.0) and was then incubated with 1 :5,000 anti-HA antibody for 1 hour, washed and blocked 

with antibody buffer (0.25% gelatin, 0.05% NP40, 0.15 M NaCl, 5 m M  EDTA, 50 rnM Tris, pH 

7.5) supplemented with 5% skim milk powder prior to labeling with 1 : 5 0  streptavidin- 

peroxidase-coupled anti-mouse secondary IgG antibody. 

Enhanced cherniluminescence (ECL) was then detected using the Arnersharn ECL Detection Kit. 

The prînciple underlying ECL detection is the peroxidase-catalyzed oxidation of luminol which 
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results in enhanced cherniluminescence. 

Chapter 6 : V. D. Bindina assavs usinci the far Western techniaue 

The far Westem technique is a modification of the traditional Western technique. Fusion 

proteins (8 pg) of the NHEl, NHE3, NHE4. MIEUPro-1 and NHEUPro-2 were separated on a 

12% SDS-PAGE gel, transferred to nitrocellulose, blocked ovemight with blocking buffer 

(described above) supplemented with 5% skim milk powder and incubated with 0.2 pg of 

biotinylated SH3-fusion proteins for 2 hours. The blots were then washed and blotted with 

antibody buffer (described above) and incubated with stnptavidin-biotinylated peroxidase 

complex foilowed by ECL detection. 

Chapterô: V. E. Antibodies 

Monoclonal HA antibodies were purchased from Babco. Goat anti-mouse Cy3-labelled IgG, 

goat streptavidin-peroxidase-coupled anti-mouse secondary antibody and hone-radish 

peroxidase labeled avidin were purchased from Jackson Immunoresearch Laboratories. FITC- 

labeled lectins from potato, asparagus, pea and orange were from Sigma (Toronto, ON, Canada). 

Chapter 6 : Vl. /mmunohistology 

For immunofluorescence. the cells were grown to sub-confluence on sterile 18 mm glass 

coverslips (Thomas Scientific, Swedesboro, NJ) and fixed for 20 min with 4% parafomaldehyde 

after washing with PBS, blocked with LOO rnM glycine for 15 min. then permeabilized with 0.1% 

Triton X supplemented with 5% BSA. The cells were labeled with primary antibody (111000 

anti-HA Ab or 1: 100 anti-arnphiphysin Ab) at room temperature for 45 min. The cells were 

washed well with PBS and incubated with the appropriate Cy3-labelled secondary antibody for 

45 min. For the double labeling experiments. the cells were labeled with 2 pg/ml FKC-latin 

for 45 min at 4OC immediately post fixation. The cells were then permeabilized with Triton, 

labeled with anti-HA and Cy3-labeled secondary antibody as describeci above. The coverslips 
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were mounted using Dako mounting reagent and visualized using a Leica fluorescence 

microscope. Images wen obtaimd using the WinviewB program and processed using Adobe 

Cha~ter 6 : VII. A. Assessrnent of intemalization bv irnmunofluorescence 

Chapter 6 : VU. A. 1. Recvclina o f  transferrin (Th) receptors 

To assess recycling of transfertin receptors, 38HAaNHE3/APl cells and ldlF cells were grown 

on 25 mm ground glass coverslips and incubated in serum-free HPMI for 30 min to rernove 

endogenous Tfn, followed by incubation with 20 pg/ml rhodarnine-conjugated human Tfn 

(Molecular Probes) in HPMI for 45-60 min at 37°C. Unbound Tfn was washed extensively with 

PBS. Cells were fixed for 45 min using 4% paraformaldehyde and the coverslips were mounted 

as described above. 

Chapter 6 : VII. A. 2. Intemalization of  38HA-NHE3 

To assess intemalization of the antiporter in the 38H.A-NHE3/AP1 cells transiently transfected 

with amphiphysin or dynamin or in ldlF cells tmnsiently transfected with 38HA-NHE3, the cells 

were incubated for 45-60 min at 37°C with MO00 monoclonal anti-HA Ab in HPMI 

supplemented with 10% goat serum. Unbound Ab was removed by extensive washes with cold 

PBS. The cells were then fixed and permeabilized as described above and blocked for 1 h with 

10% goat serum, then labeled for 1 h with 1: 1000 Cy3-labelled anti-mouse IgG. The coverslips 

were mounted as described. 

For the time course experiments, the protocol was altered slightly. The cells were cooled to 4°C 

and then incubated with 1: 1000 HA Ab for 1 h at 4°C and unbound Ab was nmoved by washing 

with ice cold PBS. The ceils were then shifted to 37°C and intemalization was allowed to occur 
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for the desired times in HPMI medium (Life Technologies) supplemented with 5% goat serum. 

Fixation, pemeabilization and incubation with the secondary Ab were as described. 

Cha~ter 6 : Vil. B. Quantitation of internalization of 38-HNNHE3 usina lt2' 

Quantitation of recycling of 38HA-NHU was performed by labeling with anti-mouse I'"-I~G. 

AP1/38HA-NHE3 cells were grown to 80-906 confluence on 6-well plastic dishes (Costas). The 

cells were then incubated at 4OC for 60 min or at 37°C for the time periods indicated with 1 : 1000 

monoclonal anti-HA Ab in HPMI supplemented with 10% goat serum. hternalization was 

terminated by extensive washes with ice cold PBS wash buffer (PBS supplemented with I mM 

CaC12 and 1 mM MgCl*), followed by blocking for 1 h at 4°C with wash buffer supplemented 

with 10% goat serum. The cells were then labeled with 0.8 pCi/mi with mouse I'~~-I~G for 1 h at 

4°C. Unbound I*"-I~G was removed by extensive washing with ice-cold wash buffer. The cells 

were then eluted from the plastic culture dish with 1 ml of 2 M formic acid. Cells labeled only 

with llZS-Ig~ without pre-incubation with anti-HA Ab were used as controls. Radioactivity was 

counted using a 1282 Cornpugamma Gamma Counter. Data was analyzed using Microcal 

OriginM and presented as means I one standard error. Statistics were calculated using the 

student's t-test. 

Cha~ter 6 : VII. C. Inhibition of Clathrin-Mediated Endocvtosis 

Chapter 6 : VIL C. I .  Hvrrertonic Treaiment 

Inhibition of clathrin-mediated endocytosis using hypertonic matment w as accomplished 

according to a protocol previously described (330). Bnefly, AP1/38-HA NHE3 cells were grown 

on 25 mm glas coverslips (for immunofluorescence) or in 6-well plastic culture plates (for 

quantitation experiments) to 8040% confluence. The normal growth medium was replaced with 

HPMI (Hepes modification RPMI-1640, Sigma) supplemented with 0.45 M sucrose for 15 min at 

37°C. 10% goat serum and 1:1000 monoclonal anti-HA Ab were then added and ailowed to 
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incubate for the time periods indicated. Intemalization was terminated by washing with icetold 

PBS wash buffer (PBS supplemented with 1 mM MgCI2 and 1 mM CaC12) then fixed as 

described above for immunofluorescence or blocked with 10% semm as described for the 1lS 

quantitation experiments. 

The method used to deplete AP1/38HA-NHE3 cells of cytosolic k was modified from Hansen 

et al. (330, 331). Cells grown to confluence on 25 mm glas coverslips or 6-well plastic dishes 

were washed 3 times with K+-free medium (in mM: 140 NaCI, 20 HEPES, 1 CaC12, 1 MgCl?, 1 

g/L D-glucose) then shocked for 5 min with hypotonic K'-free solution (1: 1 solution of K'-free 

medium:H?O) at room temperature. Cells were washed x 3 with k-free medium and allowed to 

incubate in the same medium for 15 min at 37°C. Intemalization in K+-free medium with 1: IO00 

monoclonal anti-HA Ab + 101 goat serum was allowed to proceed at 37OC for the time periods 

indicated. Unbound Ab was removed by extensive washes with ice-cold K'-free medium. Cells 

were then fixed for immunofluorescence or blocked and incubated with secondary Ab for I ' ~  

experirnents. 

Chapter 6 : VIZ. C. 3. Acid Treatment 

Inhibition of clathnn-mediated endocytosis by acid treatment has previously been described 

(330). Cells grown to subconfluence were treated with HPMI supplemented with 5 mM acetic 

acid, pH 5.0 for 10 min at room temperature prior to labeling with 1:1000 monoclonal anti-HA 

Ab in the acidic medium supplemented with 10% goat serum at 37°C for various time penods. 

Internalization was stopped with ice cold PBS wash buffer and the cells were either fixed in 

paraformaldehyde for immunofluorescence or blocked with goat semm for subsequent I ' ~ ~  

experiments. 



Chung-Wai Chow 
92 

Chapter 6 : VllL E~ecfrophyssidogy and pH, measuremenfs in voltage-cIamped 

cells 

Cells. grown to subconfluence of 25 mm glas coverslips, were patch-clamped in the whole-ceIl 

configuration of the patch clamp technique using an Axopatch- 1D amplifier (Axon Instruments 

Inc., Foster City, CA), as described (332). Electrodes were made from filament-filled 

borosilicate glass capillaries (World Recision Instruments Inc., Sarasota, FL) using a horizontal 

puller (P-87, Sutter Instrument Co., Novato. CA) and a microforge (MF-9. Narishige USA, 

Greenvale, NY). Pipette resistance ranged from 2 to 10 MR, seal resistance from 10 to 50 GR. 

Series resistance varied between 5 and 30 MR and ce11 capacitance between 12 and 34 pF. 

Cytosolic pH in voltage-clamped cells was measured microfluonmetrically on the Photon 

Technologies Inc. photomenic system described above, using pipette solutions with a low 

buffenng power (1 mM MES) to maximize the NO3'-induced intracellular pH changes. The 

composition of the low-buffer solution was (in mM): t MES, 120 KCl, 1 MgCl?, 12 potassium 

gluconate. 50 glucose, 1 Mg-ATP, pH to 7.5 with NMG-OH. The high-buffer pipette solution 

contained (in mM): 50 HEPES, 50 Tris, 20 KCl, 1 MgC12, 12 potassium gluconate. 50 glucose, 1 

Mg-ATP, pH to 7.3 with HC1. Al1 pipette solutions also contained 300 pM BCECF-free acid. 

Extemal solutions used in patch clamp experiments were composed of (in mM): 120 KCl. 1 

MgCI2, 12 KOH, 50 HEPES, pH 7.0. The potassium nitrate solution was made with equimolar 

substitution of KNOs for KCl. Al1 solutions were nominally bicarbonate-free and were adjusted 

to 290 I 10 mosM with the major salt. 

Cells were patch-clamped in the whole-ce11 configuration and loaded with BCECF-free acid by 

diffusion of the dye from the pipette solution into the cytosol. Measurements were initiated 5 

min after attaining the wholesell configuration to allow for equilibration of the cytosolic pH 

with the pipette pH and for adequate BCECF loading. Cells were supefised at 0.5 d m i n  with 

the indicated solutions. Calibration of fluorescence ratio vs. pH was performed on single non- 
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patched cells, using the nigericin technique described above. One calibration curve was obtained 

every day by averaging data from 3-6 cells sequentially perfbsed with KCI media buffered at 3 

different pH values ranging from 6.0 to 7.5. All patch clamp experiments were carried out at 

room temperature. Single-ce11 pHi measurements were also perforrned microfluonmetncaily in 

non-patched cells at room temperature to ensure bat the NO3'-induced cytosolic acidification 

was present under these conditions as well (data not shown). 

Chapter 6 : lx. Measumments of intrawUular nitnate content 

AP 1 cells were grown to confluence on 6-well plastic tissue culture dishes (Costar. Cambridge. 

MA). Culture medium was aspirated and cells were incubated with isotonic NaNo, solution at 

0°C or 37OC for the indicated times. Where indicated, the solution contained 100 pM DIDS. At 

the end of the incubation period, each well was rapidly washed 3 times with 10 ml of PBS at 4OC 

and subsequently the cells were lysed using 1 ml distilled water and repeated freeze-thawing. 

Whole ce11 lysates were centrifuged for 10 min in a microcentrifuge (Beckman Microfuge; 

13,500 rpm, Beckman Instruments, Fullenon, CA) to remove cellular debris. The NO3' content 

of the resultant supematant was measured using the Greiss reaction after reduction of NO3' to 

NO2-, as previousiy descnbed (333-335). Reduction of NO3' to N O i  was perforrned by 

incubating the supematant with 1 p M  NADPH, 0.16 unit/ml glucose-6-phosphate 

dehydrogenase, 500 p M  glucose-6-phosphate and 0.80 unit/ml nitrate reductase at room 

temperature for 45 min. A 500 pl diquot of the sample was then incubated with 250 pl of 0.1% 

(N- 1 -naphthyl)-naphthylethylene diamine dihydrochloride and 250 pl of 1 % sulfanilarnide in 5% 

phosphonc acid at 37 OC for 10 min. Absorbance was measured spectrophotometrically at 540 

nm in a Hitachi U-2000 spectrophotometer. A caiibration curve was constructed by adding 

increasing concentrations of NaN03 to lysates of cells not exposed to exogenous NO3-. A second 

aliquot of the ceIl lysate was used for protein determination using the BioRad Rotein Assay Kit 

(BioRad Laboratones, Richmond, CA). Total ce11 number was estimated by normaiizing the 

protein content in the whole ce11 lysate to that of a ce11 suspension containing a known number of 
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cells, determined electronically using the Coulter counter. The ce11 suspension was prepared by 

addition of 1 ml of tqpsin-EDTA (GXBCO-BRL, Life Technologies Inc., Grand Island. NY) to 

AP1 cells grown to confluence in a 75 ml tissue culture flask. The volume of the suspended cells 

was deterrnined with the Coulter-Channelyzer combination. The intracellular NO3' concentration 

was then calculated by dividing the NO3' content of the ce11 lysate by the corresponding cellular 

volume. 
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Chapter 7 : Project 1. The proline-rich regions of NHE2 bind to SH3 

domains and are important for apical tsrgeting of the exchanger in 

epithelial cells 

Chepter 7 : 1. Background and Hypothesis 

The pattern of expression of individual NHE isoforms varies among tissues. NHEl and NHE6 

are expressed in virtually al1 cells, whereas other isoforms have a more restncted tissue 

distribution (see Chapter 3. II and lïï.). NHE2 is preferentially expressed in the gastrointestinal 

tract and to a lesser extent, in the kidney, uterus and brin (59, 75). This selective expression 

pattern suggests a role of this isoform in fluid and electrolyte balance. However, comparatively 

little is known about the physiology of NHEZ. In fact, even its subcellutar distribution remains 

controversial. Expression at both apical and basolateral surfaces of rend and gastrointestinal 

epithelia has been observed (77,8245). 

The functional properties of NHEZ differ from those of other isoforms: its responsiveness to 

agonists and to osmotic perturbation as well as its sensitivity to inhibitors are distinct from those 

of NHEl and NHE3, the other isoforms studied in significant detail to date (see Table 2). The 

stxuctural determinants of this unique behavior have not been identified. Perusal of the primary 

structure of NHE2 revealed that the C-terminal region, which is most divergent between 

isoforms. contains two proline-rich motifs: residues 743 to 750 (PPSVTPAP), which will be 

called hereafter Pro-1, and residues 786 to 794 (VPPKPPPRL), designated Pro-2. The latter 

confoms to the consensus sequence of proteins capable of binding src-homology 3 (SH3) 

domains, 4PpxP, where 4 is a hydrophobic residue, x is any amino acid, P is Pro and p tends to 

be (but is not always) Pro (184, 336, 337). Pro4 approximates but does not match perfectly the 

SH3 consensus structure. These proiine-rich regions are unique to MIE2 and may be important 

in defining the distinctive behavior of this isofom. 



Chung-Wai Chow 
96 

Coupling of proteins via their SH3 domains has been implicated in a variety of fùnctions 

including regulation of ceIl growth and proliferation, endocytosis, the respiratory burst and 

protein localization (see Chapter 4. 11 C. 2.). The importance of SH3 domains in other systems 

prompted us to analyze whether the Pro-rich motifs of NHE2 are capable of interacting with 

SH3-containing proteins and to assess the functional role of this interaction. To this end. we 

studied the ability of fusion proteins encoding the Pro-1 and Pro-2 regions of MIE2 to bind SH3 

domains in vitro. In addition, we used transfection of epitope-tagged constnicts to compare the 

functional properties and subcellular distribution of the full-length NHE2 with those of mutants 

lacking either Pro1 or Pro2. 

Chapter 7 : II. RESULTS 

Cha~ter 7 : I l .  A. Interaction of Proline-Rich Reaions with SH3 Domains in vitro 

To assess whether SH3 domains are capable of binding specifically to the Pro-rich motifs of the 

cytosolic domain of NHE2 we used an in vitro overlay assay. A GST-fusion protein including 

residues 724-767 of NHEZ, which contains the Pro4 region, was subjected to SDS-PAGE, 

transferred to nitrocellulose and overlaid with the SH3 domain of src, which had been previously 

biotinylated to facilitate detection (see 'Material and Methods'). In order to assess the specificity 

of the interaction, GST alone as well as GST-fusion proteins prepared from the cytosolic domain 

of other NHE isoforms, which have no Pro-rich domains, were analyzed simultaneously. As 

illustrated in Figure 5, the src SH3 domain bound to the NHE2 fusion protein but failed to 

interact with either GST or with the cytosolic regions of NHEl (last 178 residues). MIE3 

(residues 560-690) or ME4 (residues 667-7 17). This observation suggests that SH3 domains 

bind to the cytosolic segment of the antiporters only when Pro-rich sequences are present. 
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Ponceau 

src-SH3 overlay 

Figure 5: Interaction between 
N I E  fusion proteins and the SH3 
domain of src. 

GST fusion protcins of regions of the C- 
terminai domain of NHEl ( las 178 
residues), NHE2 (residues 724-767). 
NHE3 (residues 560-690) and NHE4 
(residues 667-717). as well as 
unconjugated GST (8 pg each) were 
separated by SDS-PAGE (12% 
acrylamide) and blotted onto 
nitrocellulose. The blot was initially 
stained with Ponceau S to reveal the 
proteins (top panel) and then overiaid with 
biotinylated GST-src-SH3. After 
extensive washing, bound GST-src-SH3 
was detected using sueptavidin- 
peroxidase and ECL. Double bands in 
some of the Ponceau-stained lanes reflect 
proteolysis of the fusion proteins. 
Representative of 3 similar experiments. 

We next compared the ability of the Pro-1 and Pro-2 regions of NHE2 to associate with a variety 

of SH3 domains. As before, GST was included as a measure of the specificity of the interaction. 

Neither the SH3 domain of Abl, nor those denved from ras-GAP. the p85 subunit of PI-3' 

kinase, spectrin, src, or the neuronal src (N-src) interacted measurably with GST (Figure 6). By 

contrast. al1 of these bound to varying extents with the Pro-l fusion protein. with ras-GAP 

interacting most strongly, while N-src bound only marginally. The Pro-? domain was less 

promiscuous, interacting strongly with the SH3 domains of p85 and src, only moderately with 

N-src and Abl, but not measurably with either GAP or spectrin. It therefore appears that both 

Pro-rich motifs of MIE2 can bind SH3 domains in vitro, albeit with different specificity . 
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Figure 6: Binding of various SH3 
dornains to the Pro-rich regions of NHEZ. 
GST fusion proteins of the Pro-1 and Pro-2 
regions of NHE2 (rcsidues 743 to 750 and 786 to 
794, respectively), as well as unconj ugated GST 
(8 pg each) were separated by SDS-PAGE (12% 
acrylamide) and blotted onto nitrocellulose. The 
blot was initially stained with Ponceau S to reveal 
the proteins (top panel) and then overlaid with 
biotinylated GST fusion proteins obtained from 
Abl, GAP, the p85 subunit of PI 3' kinase. a- 
spectrin, src or neuronal src (N-m).  After 
extensive washing, bound GST-SH3 domains 
were detected using streptavidin-peroxidase and 
ECL, as in Figure 5. Representative of 3 sirnilar 
experimen ts. 

Chapter 7 : II. B. Functional Role of Pro-Rich Reaions of NHE2 

To assess the functional role of the Pro-rich regions of NHE2. we compared the behavior of the 

full-length protein with that of truncated mutants lacking one or both Pro-rich regions. To this 

end, vectors encoding epitope-tagged intact or truncated constmcts were transfected into 

marnmalian cells and their expression and transport properties were evaluated (see Figure 7). 

Figure 7: Schematic representution of NHEZ and NHEZ îruncahn mutants. 
Pro 1 encompases residues 7 4 3 ~ ~ ~ ~ ~ ~ ~ R L 7 m .  Ro 2 encompasses residues ''?PSVTPAP~~~. 
The HA tag is composeci of YPYDVPDYA 
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As illustrated in Figure 8, transfection of the full-length NHE2 constnict resulted in expression of 

a 95- 105 kDa polypeptide that was recognized by an antibody directed to the HA epitope. which 

was attached at the carboxy terminus of the protein. Transfection of constructs truncated at 

position 777 (NHE2A777-HA), lacking the carboxy-terminal Pro-2. or- at position 731 

(NHE2A73 I -HA), lacking both Pro- 1 and Pro-2, induced the expression of polypeptides of -90- 

95 kDa and -85-92 kDa The levels of expression of the full-length and tnincated molecules 

were comparable and the observed differences in rnolecular mass are consistent with the deletion 

of 36 and 82 residues, respectively. 

Figure 8: Erpression of full-length a12d 
truncated foms of NHEZ. 
HEK-T cells were transfected with either NHE2-HA. 
NHE2A777-HA, NHE2A731-HA or with the empty 
pCMV vector alone (sharn). After 48 h. the cells were 
lysed hypotonically and dissoived in LLimmli sample 
buf5er for SDS-PAGE analysis. Following 
electrophoresis, the sarnples were uansferred to 
nitrocellulose and blotted with monoclonal anri-HA 
antibody (I:5,000), followed by goat peroxidase- 
coupled anti-rnouse (I:S,ûûû) and detection by ECL. 
Identical amounts of protein were loaded on each lane. 
Representative of at least 4 experiments. 

The functional properties of the truncated foms of NHE2 were studied next. To quantify the ion 

exchange mediated by the intact and truncated forms of NHE2 it was imperative to dissociate 

their activity from that of endogenous Na+W antiporters present in the cells used for 

transfection. This was accomplished by using AP-1 cells, a mutant line of CHO cells devoid of 

NHE activity (326). Antiport activity was estimated as the Na+-dependent changes in cytosolic 

pH (pHi ). measured fluorimetrically using BCECF. In ail experiments, pHi was measured after 

ovemight serum depletion to minirnize confounding effects of growth factors in the regulation of 

NHE2 activity. Al1 pHi measurements were performed in nominally HC03'-free solutions to 

minimize the contribution of HCOi-mediated pHi regulation. 
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The activity of the full-length and truncated foms of NHE2 was initidly compared in cells that 

were acutely acid-loaded by preincubation with 25 mM N&Cl for 10 min, followed by rapid 

removal of the weak base. When bathed in Na+-free, N'MG+-rich medium the cells remained 

acidic, indicating that Na+-independent systems contribute negligibly to pHi. restoration in the 

time frarne studied. As reported earlier, reddition of Na+ elicited a rapid cytosolic 

alkaiinization in cells expressing the full-length NHE2, and a comparable pH change was 

obtained when NHEZ was epitope tagged, indicating that the C-tetminal HA nonapeptide did not 

interfere with basic fûnction of the antiporter (Figure 9). Similar recovenes from the acid load 

were obtained in cells transfected with NHE2A777-HA or with NHE2A73 1-HA. 

I 
I 1 I 

O 1 2 3 (min) 

Figure 9 : Na *-induced acid extrusion from cells transfected wirh full-length and truncated 
NHE2 
Antiport-deficient Chinese hamster ovary cells (AP-1) were stably transfected with full-Ienpth NHE2, with or 
without a C-terminal HA tag (NHE2-HA and NHE2, respectively), or with epitope-tagged truncated forms 
lacking either Pro-2 only (777-HA) or both Pro-I and Pro-2 (731-HA). Celis were grown to sub-confluence on 
glass cover-slips and loaded wîth BCECF as descnbed in 'Material and Methods'. The cells were acid-loaded by 
prepulsing with 25 mM W C 1  and pHi determination was initiated upon perfusion with NMDG'-rich (Na'-free) 
solution. Where indicated, the solution was replaced by Na'-rich medium. pH, was detcrmined by ratio 
microfluorimetry and calibrated using nigericinK. Sarnples that were acid-loaded to slightly differeni levels 
are illustratecl, to offset the traces and avoid overlap. Representative of at l e s t  4 determinations of each type. 

Cornparison of the absolute rates of transport is not informative, since the levels of surface 

expression of the different exchangers were not quantified. However, cornparison of the relative 

rates of recovery fiom the acid load indicates that the pHi dependence of the exchange process 



Chung-Wai Chow 
101 

was not markedly affected by tmncation of either one or both Pro-rich domains. The full-length 

NHE2, as well as the truncated versions becarne minimaily active between pHi 7.0 and 7.5 and 

their activity increased steeply at more acidic pHi (Figure 9 and 8). NHE2A777-HA appeared to 

becorne quiescent at a somewhat more acidic pH than the other constructs., 

A. 

NHE2-HA 

6.5 7.0 pH, 6.5 7.0 pH, 

O 1 (min) 6.5 7.0 pH, 
C. D. 

Figure 10: ATP dependence of the activip of full-length and truncated N E 2  . 
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pH, was measured fluorimetrically in AP-1 cells transfected with either full-length or tmncated foms of epitope- 
tagged NHE2, as in Figure 9. Where indicated, the cells were depleted of ATP by incubation for 10 min in glucose- 
free medium with 5 mM Zdeoxy-D-giucose and 1 @ml antimycin A. Fluorescence measurernents in depleted cells 
were performed in glucose-free medium with 5.5 rnM 2-deoxy-D-glucose. A) Representative recovery from an acid 
load in control and ATP-depleted full-length MIE2 transfectants. B-D) Plots of cytosoiic pH (pHi) vs. activity of 
control (solid squares) and ATP-depleted cells (open squares). B: full-length epitope tagged NHE2; C: cells 
transfected with NHE2A777-HA; D: cells transfected with NHE2673 1 -HA. For cornparison, the activity was 
normalized to the rate measured at pH 65.  Data from 6 experiments of each type. 

i I 100- a,, 

' m  A73 1 -HA 
I 

I 

While the basal operation of NHE2 is not grossly afTected by deletion of the Pro-rich regions, it 

is possible that its regulation may be altered. Intracellular ATP is an important regulator of 

~ 

MIE2 activity (338). Though the precise mechanism of action of ATP is not well defined, 

i r 

depletion of the nucleotide is known to depress the activity of NHE2, shifting its activation 

O 1 I "-#a O+,. I 

threshold to more acidic pH values. We analyzed whether the Pro-rich motifs were required for 

such regulation. As illustrated in Figure 9A, insertion of the HA epitope at the C-temiinus of the 
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full-length NHE2 did not modify the responsiveness of the exchanger to metabolic depletion: the 

rate of recovery from an acid load was greatiy reduced by pre-incubation for 10 min in glucose- 

free medium with 5 rnM 2-deoxy-D-glucose and 1 pg/ml antimycin A, conditions shown earlier 

to deplete ATP in CHO cells by >90% within 10 min (70). A comparable inhibition of 

exchange was noted in NHE2A777-HA and in NHE2A73 1-HA transfected cells (Figure IOC and 

D). Therefore, the presence of the Pro-rich sequences is not essential for regulation of NHE? by 

ATP. 

Chapter 7 : I 1. C. Osmotic Activation of NHE2. 

in addition to its important role in maintaining pHi homeostasis, the NHE family of proteins 

plays an important role in volume regulation and H20 transport. In response to hypertonic stress. 

NHE2 is activated [(56) but see (100) for alternative view]. The mechanism by which 

hypertonicity modulates antiport activity is not known, but cytoskeletal involvement is widely 

suspected. Because several cytoskeletal components contain SH3 domains. we considered the 

possibility that the cognate Pro-rich domains may play a part in volume regulation. For these 

experirnents, cells incubated in isotonic medium were challenged with a hypertonic (600 f 20 

mosM) ~a+-nch  solution. As illustrated in the representative traces shown in Figure 1 1, the 

hypertonic response described earlier for the full length NHE2 persists in the epitope tagged 

construct. A clear osmotic stimulation was also noted in cells transfected with NHE2A73 1 -HA. 

By cornparison, the response recorded in cells expressing NHE2A777-HA was considerably 

smaller. This reduced response is not likely due to a reduced number of copies of the exchanger, 

since the rate of recovery from an acid load was comparable to that of the other forrns. Instead, it 

may be a consequence of the acidic shift in the pHi dependence of this truncated form. In any 

event, because the hypertonic response persists in NHE2A73 1 -HA cells, which lack both Pro- l 

and Pro-2, it is clear that the SH3-binding domains are not essential for the osmotic activation of 

NHE2. 
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Figure I I :  Osmotic responsiveness of full 
length and tmcated NHE2. 

pHi was measured fluorirnemcally in AP-1 cells 
transfected with either Ml-length or uuncated forrns of 
epitope-tagged NHE2, as in Figure 9. The cells were 
initiaily suspended in isotonie, Na+-rich medium (Iso). 
Where specified, the osmolarity ?of the medium was 
increased to 600 * 10 mosM (Hyper). Traces are 
representative of at least 4 experiments. 

Chapter 7 : II. O. Localization of full-lenath NHE2 and its Truncation Mutants in 

LLC-pKI Cells. 

Because the Pro-rich regions of NHE2 were seemingly not required for either basal Na'/H+ 

exchange activity or for its replation by ATP or ce11 volume, we considered the possibility that 

they may be involved in subcellular targeting. As mentioned in the introduction, NHE7 is 

abundant in epithelial cells of the kidney and gastrointestinal tract. In epithelial cells, where 

proper targeting of transporters is needed for vectorial movement of electrolytes and fluid (339, 

340), the distribution of individual NHE isoforms is polarized. NHE3 is exclusively apical, 

while NHEl is almost entirely basolateral (74, 78-80). More uncertainty exists conceming 

NHE2, which has been reported by some to concentrate apically (77, 83, 84), while others find it 

to function at the basolateral membrane (82). 

To re-assess the localization of full-length NHE2 and to define the role of the Pro-rich motifs in 

the establishment of polarity, we transfected epitope-tagged constructs into LLC-pKI cells, a line 

denved from the porcine proximal tubule. Stably transfected cells were obtained by subcloning 

the constructs into the pBK plasmid that encodes for neomycin resistance, and selected using 

G4 18. Stable transfectants were grown to confluence and analyzed by immunofluorescence 

microscopy using anti-HA antibodies followed by Cy3-conjugated secondary antibodies. Prior to 

fixation, the apical membrane was counter-stained by overlaying the cells with a mixture of 

fluoresceinated lectins (see 'Material and Methods'). As illustrated in Figure 12, both the full- 
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length and the NHE2A777-HA, which lacks the C-terminal Pro-rich domain (Pro-2). displayed a 

punctate appearance that followed the contour of the apical membrane. Accordingly, the 

distribution of these proteins matched closely the distribution of apically bound lectins (cf. Figure 

12B and C). There was little evidence of intracellular retention of either the full-length NHE3 

(NHE2-HA) or NHE2A777-HA, despite wide variation in the level of expression among 

individual clones. 

A. NHE2 (a-HA) B. A777 (a-HA) C. A777 (Lectin) 

De A73 1 (a-HA) E. A73 1 (a-HA) F. A73 1 (Lectin) 

Figure 12: Localization of full-length and truncated NHE2 in LLC-PK, cells 

LLC-PKI ceils were stably transfected with NZIEî-HA, NHE2A777-HA or NWE2A73 1-HA using the calcium 
phosphate method and selected with G418 as described under 'Material and Methods'. The cells were grown to 
confluence on coverslips, washed with PBS prier to fixation with 4% parafonnaldehyde and subsequtntly labeled 
with FITC-labeled lectins. After extensive washing, the cells were permeabilized with 0.1% Triton X in 5% BSA 
and labeled with 1: 1000 anti-HA antibody, followed by stcondary labeling was with 1 : lûûû Cy3 labeled anti-mouse 
IgG. Fluorescence microscopy was used to detect the distribution of the lectin (panels C and F) or of the HA 
epitope (panels A,B,D,E), indicative of NHE2. Insets in panels B and C are Sx magnification of the originaI panels. 
Images are representative of at least 5 expenments. 

By contrast, a large Fraction of the cells expressing NHE2A731-HA appeared to retain the 

consmct in the endoplasrnic reticulum andor Golgi complex (Figure 12D). This was not due to 

clonal variation or ciifferences in the level of expression, since similar results were obtained in 
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multiple clones with varying degrees of expression. The fraction of cells that successfully 

exported NHE2A73 1-HA to the plasma membrane displayed a distinct distribution pattern. 

When viewed en face, the tmncated exchangers appeared to delineate the ce11 borders. a pattern 

characteristic of basolateral proteins. Accordingly, rhis distribution differed €rom that of the 

apical lectins (cf. Figure 12E and F) and was instead similar to that of ZO- 1, a tight-junctional 

protein (not illustrated). Only a small fraction of NHE2A73 1-HA appeared to be present at the 

apical membrane. 

A quantitative summary of these results, obtained from ten separate observations made in 

polyclonal populations is presented in Figure 13. The data confirm that while NHE? (NHEZ- 

HA) and NHE26777-HA are predominantly apical, a large fraction of NHE2A73 1-HA is retained 

intracellularly and those truncated exchangen that reach the membrane localize predominantly to 

the basolateral side of the cell. We conclude that the Pro4 motif is important for effective 

targeting of NHE2 to the apical membrane of epithelial cells. 

Figure 13: Quantitative estimation of the 
subcellular distribution of full-iength and 
truncated NHE2. 

LLC-pKI cells transfected with full length 
or truncated forms of NHE2 were stained 
and analyzed by epifluorescence 
microscopy using a 1OOx objective as in 
Figure 12. The subcellular distribution of 
each one of the tagged exchangers was 
assessed in 10 random sarnples. Data 

the aggreg ate observations. 
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Chapter 8 : Project 2. Internalization of the epithelial NHE3 through a 

clathrin-mediated pathway 

Chapter 8 : 1. Background and Hypothesis 

The NHE isoforms display different subcellular locaiization in epithelial celis (see Chapter 3. 

m.). While NHEl is located predominantly io the basolateral side of the cell (78. 791, NHE7 

(see Chapter 7) and MIE3 are apically targeted (80, 8 1, 341 ). Unlike NHE 1 and NHE2, which 

are expressed pnmarily at the plasma membrane. irnmunolocalization experiments have revealed 

a significant intracellular pool of NHE3 (69, 9 1 ). Indeed, endosomal localization of NHE has 

been implied for many yean, based on functional assays of Na'RI* exchange in endosomal 

vesicles derived from renal (88. 89) and hepatic cells (90). NaC/H+ exchange in the endosornes 

was reported to be amiloride-resistant, a characteristic of the MIE3 isoform. 

More recently, direct morphological techniques were applied to localize NHE3 in subapical 

endosornal like structures of rat proximal tubules (91) and in juxtanuclear compartment of CHO 

cells. Co-localization of the Tfn receptor and cellubrevin within the latter compartment 

identified it as the recycling endosornal complex (69). Quantitation of the plasmalemmal and 

intracellular pools of NHE3 revealed that under basal conditions, most of the NHE3 (-80%) in 

the transfected CHO cells is found in the intracellular compartment (68). A large intracellular 

pool of antiporters may provide a source for the rapid mobiiization of transporters to the plasma 

membrane in response to stimulation, thereby affording the ce11 a powerful and versatile 

mechanism for regulating NHE3 activity. Indeed, chronic acidosis ( 138, 139) and 

hyperosmolarity (342) and response to angiotensin (140) have been shown to increase 

plasmalemmal NHE3 activity with minimal increase in rnRNA expression. Shuttling of NIE3 

between the plasmalemmal and endosomal pools may well be responsible for this effect. 

The route whereby MIE3 is internalized and recycled to the plasma membrane is not known. 
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The objectives of the cumnt study are to identiw the mechanism(s) that mediate NHE3 

intemalization and to analyze the factors required for recycling of the intemalized exchangen to 

the plasma membrane. 

Chapter 8 : 11. RESULTS 

Cha~ter 8 : II. A. Use of anti-HA antibodies to  robe NHE3 distribution and 

function. 

To facilitate the assessrnent of NHE3 traffic between the plasmalemmal and intracellular pools. 

we constructed an NHE3 molecule with an epitope tag on a putative extracellular domain (see 

Figure 14). An extracellular epitope was essential to quantify the rate and extent of NHE3 

intemalization in intact (non-permeabilized) cells. To this end we attached a triple HA tag at 

residue 38 of NHE3, located in what is thought to be the first extracellular loop of the protein. 

yielding 38HA-NHE3. Using heterologous expression in antiport-deficient API cells, we have 

shown that the insertion of the HA-tag in this position does not measurably alter the expression. 

targeting or ion exchange activity of NHE3 (68,69). 

O = HA tag A Figure 14: Schematic represen tation of 38HA- 
~ k E 3  and NHE3-HA. - 
The HA-tagged NHE3 were constructed as described in 
'Material and Methods'. NHE3-HA is wild-type rat NHE3 
with the HA tag is the extrerne C-terminus. 38HA-NHE3 
contains a triple HA tag insened at residue 38 in the first 
putative extracellular loop of the exchanger. 

NHE3-HA 38HA-NHE3 

Like the carboxy-terminal HA-tagged construct of NHE3. which accumulates in recycling 

endosomes (69), 38HA-MIE3 was also found to be localized predorninantly to a pencentriolar 

compartment in API cells (Figure 15A, top panel). Because the subsequent experiments make 

use of the HA epitope-antibody combination to study NHE3 distribution and function, it was 

important to ensure that binding of the antibodies did not affect the native properties of the 
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antiporter. To mess  the effect of anti-HA on intemalization on NHE3, we incubated 

APlB8H.A-NHE3 cells with the antibody at 4OC to engage the plasmalemmal NHE3 pool only. 

Unbound antibody was removed by extensive washing and the cells were then incubated at 37°C 

for 45 min to dlow internalization to proceed. The cells werr then fixed. permeabilized and 

labeled with secondaiy antibodies. As illustrated in Figure 15A, bottom panel, following binding 

of the anti-HA antibody 38HA-NHE3 targets to and accumulates in perinuclear structures similar 

to those observed in untreated APl138HA-NHE3 cells (Figure 15A, top panel). Thus binding of 

monoclonal antibodies to the extracellular epitopes did not aiter the subcellular distribution of 

38HA-NHE3, imply ing normal traffic within the cell. 

We also determined whether binding of the antibody to the HA epitope of NHE3 alters the 

kinetics of Na+M exchange across the plasma membrane. Cells were initially incubated in the 

cold in the absence or presence of a concentration of antibody determined earlier to saturate al1 

the available epitope sites outside the cells. Na+M exchange activity was estimated by 

microfluorimetric measurement of pHi using the pH-sensitive dye BCECF (see 'Materials and 

Methods'). Following an acute acid load imposed by an NH4Cl prepulse, pHi recovery in the 

presence of Na' was then measured. Comparison of traces 1 and 2 in Figure 15B illustrates that 

engagement of the extemal epitope by the antibody had no discemible effect on the rate of ion 

exchange mediated by 38HA-NHE3. 

While binding of the antibody to the exchangers exposed at the surface had little effect on their 

transport activity, it was conceivable that prolonged exposure at physiological temperature would 

induce a redistribution of the exchangers, altering their number at the plasmalemma. To rule out 

this possibility, AP1/38HA-NHE3 cells were incubated with antibody for 30 min at 37"C, 

thereby ailowing endocytosis to proceed. The activity of NHE3 was measured subsequently, as 

described above. Prematment with antibody had no significant effect on the rate of exchange, 

implying that the overall distribution of NHE3 was unaltered. This conclusion is consistent with 

the morphological determinations reported in Figure 15A and B. In surnmary, Our data suggest 
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that neither presence of the external HA tag (68) nor binding of antibodies to the extemal epitope 

had any effect on the subceilular distribution or activity of NHE3. 

5 m i n  

Figure 15: Effect of HA Antibody Binding on the NHE3 Targeting and Activity 

A. Top panel: APlJ38HA-NHE3 cells, grown to subconfluence on 25 rnM glass coverslips, were fixed and 
permeabilized as described in 'Material and Methods'. CeIls were then labeled with 1:1000 anti-HA Ab x 45 min, 
blocked with PBS + 10% donkey serum x lh. Labeling with secondary Ab was performed by incubation with 
1: 1000 Cy-3 labeled IgG x 45 min. Boaom panel: APlf38HA-NHE3 cells were incubated with 1 : 1000 ami-HA 
Ab x 45 min at 4OC to label the plasmalemmal antiporter only. Excess Ab was removed by extensive washes in 
cold PBS pnor to ailowing internalization to proceed at 37 OC x 45 min. The cells were fixed, permeabilized and 
labeled with secondary Ab as described. 

B.- Microfluorimetric measurement of pHi using BCECF after an acutely irnposed acid (325). APll38HA-NHE3 
cells were given an acid prepulse with 25 rnM W C 1  x 20 min followed by perfusion with a Na'-free solution. pH, 
recovery was then permitted in ttie presence of Na"-rich medium (1 17 mM NaCl; arrow). The connol trace 1, 
where no HA Ab is present, illustrates the typical Na"-dependence of pHi recovery of the NHE. To assess the 
effect of binding of the HA Ab to the 38HA-NHE3 on the antiport activity (-ce 2), the cells were preloaded with 
2 p@mI BCECF at 37'C for 10 min, washed with ice cold PBS and then labeled at 4OC with 1:50 monoclonal HA 
Ab in a-MEM supplemented with 25 mM W C 1  to allow for concomitant ammonium loading. The cells were 
shifted to a 37*C, pHi was clamped by perfusion with Na'-free medium and pHi recovery was perrnitted by addition 
of a Na'-rich solution (arrow). To assess the effect of binding of the HA Ab on the steady state expression of 
3 8 H A - W 3  at the plasma membrane (trace 3), the activity of the transporter was assessed after incubation with 
the with 1:500 anti-HA Ab in HPMI supplemented with IO% goat serurn for 30 min at 37OC antibody, thus 
allowing endocytosis for occur. In the last 10 min for the incubation, 1 pg/d BCECF-AM and 25 m .  N&Ct was 
added to allow for concomitant flurophore and acid loading. Subsequent washes with Na'-free solution and pH, 
recovery in Na'-rich solution (arrow) is as described for traces 1 and 2. Each trace is representative of at least 3 
separateci experiments. 
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Chapter 8 : II. B. Tirne Course of Intemalkation of 38HA-NHE3. 

To study the route taken by NHE3 during the process of endocytosis, it was essential to define 

the normal time course of internalization. Initial determinations were made by 

immunofiuorescence, labeling the surface-exposed exchangers in the cold using ami-HA 

antibodies. After watming up to induce intemalization for varying times, the cells were fixed. 

permeabilized, and stained with labeled secondary antibodies. Typical results are shown in 

Figure 16. Whereas, as expected, only superficial NHE3 molecules were labeled in the cold. a 

progressive internalization and juxtanuclear accumulation occurs upon warming. The process is 

clearly detectable by 20 min and reaches completion by 40 min. 

4 

(min) 

Figure 16: Time Course of Intemalization of 38HA-NHE3 
Panels A-C: Immunofluorescence of 38HA-NHE3. To synchronize the time course experiments, AP ll38HA-NHE3 
ceHs were cooled to 4°C by washing in ice-cold PBS and then incubated with 1:1000 HA Ab in HPMI for 1 h at 4°C. 
Unbound Ab was removed by washing with ice cold PBS. The cells were then incubated with HPMI + 10% serum, 
prewarmed to 37*C for the time indicated. The cells wcre then fixed, permeabilized and blocked and Iabel with Cy3- 
labeied secondary Ab. 

Panel D: Quonr*rrion of 1-n Ushg I? APlL38HA-NHE3 ceils were gmwn to subconfluence on 6-well 
plastic dishes and labeled with l0  Ab as in parts A-C. Intemalization was terminateci by extensive washes with ice cold 
PBS wash bufir  (PBS supplemented with 1 mM CaClz and 1 mM MgCI3, blocked for 1 h at 4°C with wash buffer 
supplemented with 10% goat s c m .  The cells were then labeled with 0.8 pcJd with mouse I ' ~ - I ~ G  for 1 h at 4OC. 
Unbound I ' ~ - I ~ G  was nmoved by extensive washing with ice cold wash buffer. The cells were then elutcd from the 
plastic culture dish with 1ûûû pl 2 M fonnic acid. Radioactivity was counted using 1282 Cornpugamma (Universai 
Gamma Counter). Cells labtled only with I ' ~ - I ~ G  without pre-incubation with anti-HA Ab were used as controls. The 
data is representative of 3 separate expcrimenrs and 9 separated wcfls and is prcsented as mean I s.e. 
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To more quantitatively evaluate the process of intemalization, cells were labeled in the cold. as 

above and, after wanning up for the indicated periods, they were cooled and incubated with 1Iz -  

labeled secondary antibody. After repeated washing, the cells were counted and the results of 9 

expenments are summarized in panel D of Figure 16. Briefly, over 50% of the HA antibody 

bound in the cold had disappeared following a 20 min incubation at 37OC and over 80% was 

missing after 40 min. Disappearance of the antibody was due to internalization. rather than 

dissociation or degradation. This was demonstrated by fixing and permeabilizing the cells prior 

to addition of the secondary antibody (not shown). Jointly, these experiments show that NHE3 

becomes internalized with a half-Iife of under 20 min. 

Chapter 8 : II. C. Effects of Hv~ertonicitv, intracellular acidification and K* depletion 

on internalization of 38HA-NHE3. 

Having defined the time course of internalization of NHE3, we proceeded to assess the possible 

role of clathrin-mediated endocytosis in this process. As an initial approach. we used several 

procedures reported earlier to effectively impair clathrin-mediated endocytosis. These included 

elevation of the medium osmolarity (330), acute acidification of the cytosol (330) and depletion 

of intracellular K+ (33 1 ). 

Figure 17 shows expenments comparing the extent of NHE3 intemalization in isotonic and 

hypertonic media. In accordance with the results above, under isotonic (physioiogical) 

conditions the surface antiporters are largely intemalized after a penod of 45 min at 37OC (see 

panels A and B in Figure 15). By contrast, most of the exchangers remained at the ce11 surface 

when the medium was hypertonic (Figure 17C). As before, we could quantify these effects using 

radiolabeled secondary antibodies. The results of 9 experiments are summarized in panel D of 

Figure 17. Only 35 + 5.2 t of the antibody initially bound to NHE3 was found at the surface 

after 40 min under isotonic conditions (Cntl), whereas virtuaily al1 of the antibody, and hence al1 

the original MIE3, remained at the plasma membrane in the hypertonically-treated cells (Hyper; 
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Figure 17D). Similar results were found in cells subjected to two other treamients that block 

clathrin-mediated endocytosis, namely cytosolic acidification by incubation in acetate-rich 

medium of low pH and K' depletion, accomplished by a combination of hypotonie stress and 

incubation in K'free medium (data not shown). The cumulative evidence indicates that 

inhibition of clathrin-mediated endocytosis by physicochemical means precludes intemalization 

of NHE3. 

D O min 45 min -- 

Ctl Hyper 

Figure 17: Effect of Hypertonicity on Interndization of 38HA-NHE3 
API/38-HA NHE3 cells were grown on 25 mM giass coverslips (Panels A-C: for immunofluorescence) or in 
6-well plastic culture plates (Panel D: I ' ~  quantitation experiments) to BO-90% confluence. For the hypertonie 
conditions (panel C), the normal growth medium was replaced with HPMi supplemented with 0.45 M sucrose 
x 15 min at 37OC. 10% goat semm and 1:lûûO anti-HA Ab was then added x 45 min. Internaiization was 
tenninated by washing with ice-cold PBS wash buffer. Cells were then fixed for immunofluorescence or 
blocked at 4OC with 10% serwn as described for the I ' ~  quantitation experiments as descnbed in Figure 16. 
For control (panel B), endocytosis was permitted to occur for 45 min as described in Figure 16. At tirne O 
(panel A), cells were incubated with 1:Iûûû HA Ab at 4OC for 45 min prior to fixation and incubation with Cy- 
3 labeled 2' Ab. The data in part D is presented as mean f s.e. and is representative of 3 separated experiments 
and 9 separate wetls. 
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Cha~ter 8 : I 1. D. Effect of Am~hi~hvsin llB on Endocvtosis of 38HA-NHE3 

The precise mechanisms whereby the treatments used above disrupt clathnn-mediated 

endocytosis is not known. Because these treatments are comparatively harsh. they are likely to 

have additional effects. unrelated to inhibition of clathrin coat formation. In order to study the 

involvement of clathrin in NHE3 intemalization more precisely, we used more selective 

manipulations to inhibit clathrin-mediated endocytosis. Two approaches were used: 1 ) 

disruption of the assembly of the clathrin coat at the plasma membrane, using a dominant- 

negative mutant of amphiphysin and 2) prevention of the fission of the clathrin-coated pit from 

the plasma membrane. using a dominant-negative fonn of dynamin. 

Formation of the clathrin lattice at the plasma membrane requires not oniy recruitment of 

clathrin, but also of other cytosolic proteins including the adaptor protein AP2 and amphiphysin 

[see review by (290)J. Originally identified in nerve terminais, amphiphysin 1 (AmpI) is an SH3 

domain-containing protein which binds to dynamin, AP2 and clathrin (190), and plays an 

important role in the formation of the clathrin-coat. A ubiquitously expressed isofonn of 

amphiphysin, Amp II, was recently cloned and shares significant homology with Amp I (190. 

258-262,265). 

Arnp IIB, a splice variant of Amp II. lacks a conserved 44 arnino acid region which encodes two 

clathrin-binding domains. Accordingly, this variant was found to be incapable of binding io 

clathrin (265). though it retains its ability to interact with dynamin. By binding to dynamin, but 

not to clathrin, AmpIIB would be anticipated to exert an inhibitory effect on clathrin-mediated 

endocytosis. Accordingly, expression of AmpIB in COS cells was demonstrated to impair 

clathrin-mediated endocytosis of the transfemn (Th) receptor (P. McPherson, McGilI 

University, personal communication). We took advantage of this dominant-negative effect of 

AmpIIB to assess the role of clathrin-mediated endocytosis in the intemaiization of NHE3. Cells 

stably transfected with 38HA-MIE3 were transiently transfected with AmpIIB. To facilitate 



Chung-Wai Chow 
114 

identification of positive transfectants, the cells were CO-transfected with GFP. As il lustrated in 

the representative images in Figure 18A+ cells that expressed GFP were immunoreactive with an 

anti-arnphiphysin antibody. The staining intensity of non-transfected cells was marginal. 

implying that the endogenous levels of arnphiphysin expression are marlcedly lower than those 

attained by transfection. 

To verify its effectiveness as a dominant-negative analog of amphiphysin, we tested whether 

AmpIIB was able to inhibit the internalization of the Tfn receptor, which is exclusively 

intemalized via clathrin-mediated endocytosis. Cells transfected with AmpIIB were identified by 

CO-transfection with GFP and the intemalization of the receptor was assessed using rhodamine- 

conjugated human Tfn. As illustrated in Figure 18E and G, whereas Tfn was readily 

accumulated in pericentriolar recycling endosomes in untreated cells, little Tfn was intemalized 

by ceils expressing ArnpIIB. 

The distribution of the Tfn receptor is markedly altered by expression of Arnp T[B (Figure 18E 

and G). In the non-transfected cells, Tfn was located in punctate structures and in the 

juxtanuclear location typical of recycling endosomes in CHO cells whereas in cells that have 

been transfected with Arnp IIB (arrow), little Tfn labeling is seen. Arnp IIB expression therefore 

has a dominant negative effect on clathrin-mediated endocytosis. 

The effect of Arnp IIB on intemalization of NHE3 was then examined in paralle1 experiments by 

labeling the plasmalemmal pool of 38HA-MIE3 with the HA Ab and permitting endocytosis to 

proceed at 37°C in the presence of 10% serum (see 'Material and Methods'). As shown in 

Figure 18Dand F, the pattern of NHE3 is very sirnilar to that for Tfn receptor. In the non- 

transfected cells, NHE3 distribution after a 45 min 37°C incubation was similar to control 

conditions after 40 min (Figure 16C). In contrat, cells expressing Arnp IIB (arrow) exhibited 

decreased staining for MIE3 which was predominantly on the cell surface. Thus Ioss of clathrin 

binding by transient expression of Arnp IIB results in inhibition of the Tfn receptor and NHE3 
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internalization. 

Figure 18: Efiect of Amphiphysin IIB on Endocytosis of NHE3 
AP1/38HA-NHE3 cells, grown on 23 mm glas  coverslips, were transfected with 10: 1 Amp UB:pEGFP using 
the calcium phosphate method and used within 24-36 h post transfection. Part A-C: Expresswn of 
amphiphysin IIB. The cells were washed, fixed and permeabilized with Triton X prior to incubation with 
1 : 100 polyclonai anti-arnphiphysin Ab (a-amp) for 1 h. After blocking with PBS + 10% goat serum, they 
were labeled with 1: 1 0 0  Cy-3 anti-rabbit Ab x Ih. Al1 3 three panels are fkom the same field. 
Parts D and F: Recycling of NHE3. For these experiments, the cells were incubated for 45 min at 37°C 
with 1:1000 monocional anti-HA Ab (a-HA) in HPMI supplemented with 10% serum to permit endocytosis 
of the extemally labeled NHE3. Unbound Ab was removed by extensive washes with colci PBS. The cells 
were then fixed, permeabilized and biocked for 1 h with 10% goat-serum. then tabeled for 1 h with 1:1000 
Cy-3 anti-mouse IgG. Part E and G: Trensferrin (Tb) Receptor Recycling. The cells were pre-incubated 
in sem-fiee HPMI for 30 min to remove endogenous Th, followed by incubation with 20 pg/ml rhodamine 
conjugated human Tfn in HPMI at 37°C x 45 min to permit endocytosis. Unbound Tfn was washed 
extensively with PBS and the cells were fixed and mounted. The mows indicate cells expressing 
amphiphysin. Panels D and F are h m  the same field as are panels E and G. 
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Chapter 8 : II. E. Effect of Dvnamin Mutant S45N on Endocvtosis of 38HA-NHE3 

To further assess the role of clathrin-mediated endocytosis in the intemalization of NHE3. we 

investigated the role of dynamin on NHE3 trfl~cking. Dynamin is a l a0  kD guanine 

tnphosphatase that has been found to be essential for clathrin-mediated endocytosis [see Chapter 

5 and (269, 270) for review]. Recruited to the clathnn-coated pit via its C-terminal proline-rich 

region, dynamin is organized into a helical structure at the neck of the coated pit and upon 

guanine triphosphate (GTP) hydrolysis, cleaves the pit from the plasma membrane to form the 

clathrin-coated vesicles. Dominant negative mutant foms of dynarnin 1 have been shown to 

block clathrin-mediated endocytosis at the stage of coated vesicle budding from the clathrin 

coated pit (274, 32 1 ). 

Using a dominant negative fom of dynarnin 1, DynS45N which contains substitution of 45s for 

45N, (H. Darnke and S. Schmid, Scripps Institute, La Jolla, CA, persona1 communication), we 

assessed the effect of dynamin-induced inhibition of clathrin-mediated endoc ytosis in 

AP1/38HA-NHE3 cells. In expenments similar to those with the dominant-negative 

amphiphysin, the cells were transiently transfected with DynSUN and intemalization of the Tfn 

receptor and MIE3 was evaluated 24-36 h post transfection. As shown in Figure 19. 

intemalization of the Tfn receptor (panels A and B) and of kHE3 (panels C and D) as detected 

by rhodamine-labeled Th and primary labeling with anti-HA Ab followed by Cy-3 labeled 

secondary Ab respectively (see 'Material and Methods'), proceed normally in the non- 

transfected cells. However, cells that have been transfected with GFP and DynS45N (arrow) 

show little staining for the Tfn receptor and for 38HA-NHE3. Furthemore, the distribution of 

the Tfn receptor and NHE3 in the transfected cells is difierent and appears more plasmalemmal. 

Similar expenments in cells transiently transfected with wild type dynamin 1 show that over- 

expression of the wild type dynarnin did not alter the nomal M ~ c k i n g  pattern of the Tfn 

receptor nor NHE3 (data not shown). 
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Taken together. the experiments using manipulation of the extraceliular milieu by hypertonicity. 

acidity or cytosolic k depletion and those using molecular manipulation by transient expression 

of dominant negative Amp IIB or dominant negative DynS45N suggest that endocytosis of 

NHE3 occurs predorninantly through a clathrin-mediated pathway. 

Figure 19: Effect of Dynamin Mutant S45N on Endocytosis of NHE3 
The effect of DynS4SN expression in AP1/38HA-NHE3 cells were studied in a similar manner to that described in 
Figure 18 by transient expression of Dyn S45N and pEGFP in a 10:l ratio. Parts A and B: 24-36 h post 
transfection. the effect of DynS4SN on Tfn receptor recycling was assessed according to the protocol described in 
Figure 18. Part C and D: The effect of DynS4SN on NHE3 internalization after incubation at 37OC for 35 min 
was assessed according to the protocol described in Figure 18. The arrow indicates cells expressing GFP and Dyn 
S45N. 

Chapter 8 : II. F. Effect of &OP Mutant on Traffickincr of NHE3 

Once intemalized, contents of the early endosornes are further sorted to different pathways 

depending on the ultimate fate of the cargo. Although the precise mechanisms which govem 

these intracellulu Mcking events have not been well characterized, it is clear that these 

determinants include not only the intrinsic properties of the cargo but the protein and lipid 

composition of the endosomal cornpartment itself and their respective interactions with one 

another and with other cytosolic factors [see Chapter 5 and (289,290) for review]. 
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Members of the COP coatomer proteins have been implicated in endosomal t M t c  (296,298). A 

distinct subset of COPI proteins which includes the a, P. PI .  E and 5 subunits has been found to 

associate with early endosomes (296). Micro-injection of blocking antibodies to P-COP 

interfered with Mcking from the early to late endosome (296, 298). By analogy with the 

results of the P-COP experiments, disruption of the association of other components of the COP 

proteins with early endosomes should also disturb normal endosomal traffic. Supportive 

evidence for this hypothesis has been found in ldiF cells, a CHO ce11 line which has a 

temperature-sensitive mutant &OP (198, 297, 300, 301, 327). At permissive temperatures 

(34"C), these mutant CHO cells behave normally but at the non-permissive temperature of 39°C. 

the &OP becomes unstable and is rapidiy degraded (300). Following an 8-12 h incubation ai 

39"C, there is marked dismption of the endoplasmic reticulum-through-Golgi transport and rapid 

degradation of the plasmalemmal low density lipoprotein receptor which was attributed to 

endocytic mis-sorting (1 98). Inhibition of trafficking at the early endosomal stage was confirmed 

in subsequent experiments (297, 301) where induction of mutant &OP expression resulted in a 

morphologic change in the early endosomes of ldlF cells dong with defects in soning at the early 

endosome stage. 

Capitalizing on the inducible traffkking defect of the ldlF cells, we examined the intracellular 

trafficking pathway of NHE3 by transiently expressing the antiporter in ldlF cells. 24-36 h post- 

transfection, expression of the mutant E-COP was induced by shifting the incubation temperature 

from 34°C to 39°C (see 'Materials and Methods'). After incubation at 39°C for 8-12 hr, 

trafficking of the Th receptor and NHE3 was studied. As illustrated in Figure 20A, Tfn 

receptor trmcking in the control (34°C) cells proceeds nomally to a juxtanuclear location 

typicai of recycling endosomes. In contrast, Tfn labeling, though punctate, was more peripheral 

in cells that had been pre-incubated at 3g°C (Figure 20B). The distribution of NHE3, after a 45 

min internalization penod in ldlF cells grown under permissive and non-permissive conditions 

was sirnilar to that observed for the Th receptor (Figure 20E-F). For both the Th receptor and 
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MIE3, expression of the E-COP mutant. resulted in distribution to penpheral punctate 

compartrnents (Figure 20B and F) resembling early endosomes. This distribution is in agreement 

with previous data which had shown that the COP proteins are not necessary for intemalization 

but are required for the maturation of early endosornes to later compartmeots (296-298, 301 ). 

Thus, the evidence presented here reveals that MIE3 is intemalized predominantly through a 

clathrin-mediated pathway and the COP proteins are important for the appropriate intracellular 

targeting. 

MoC 39°C 

Figure 20: Effect of E-COP Mutants on Trmcking of 38HA-NHW 

38HA-NHE3 was transiently expressed in ldlF cells at 34'C using the calcium phosphate method and assayed 
within 36-48 h post transfection. To induce mutant mutant &OP expression, ldlF cells were shifted to at 39OC 
incubator for 8-12 h (Pan& B,D,F). Control celis were maintained at 34OC (Panels A,C,E). Tfn receptor and 
38HA-NKE3 recycling was studied as described in Figure 18. Panels A and B, C and E, and D and F are fiom 
the same region mpxtively. The cells were CO-rrarisfected with GFP to as a marker of gene expression. 
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Chapter 9 : Project 3. #O+coupled H4 transport in mammalian cells: 

evidence for a N0i-  H* CO-transporter at the plasma membrane 

Chapter 9 : I.  Background and Hypotbsis . .  

Nitric oxide (NO) has been recently recognized as an important second messenger in a variety of 

ce11 types. The generation of NO from L-arginine is catalyzed by NO-synthase in response to a 

number of stimuli including bacterial lipopolysaccharide, tumor necrosis factor-a and y- 

interferon [see (343-345) for review]. NO is an unstable intermediate compound which, in 

aerobic aqueous solutions such as the cytosol, is rapidly metabolized primarily to nitrite (NO;) 

and to a lesser extent to nitrate (NO,'). In the presence of oxidizing species such as 

oxyhemoproteins, NOi  is rapidly converted to the more stable NOz' (346. 347). 

Lipopolysaccharide and cytokine-induced formation of NO, NO; and NO3- in vitro has ken 

extensively reported in neutrophils, primary macrophages and monocyte/mifcrophage ce11 lines 

(348-351). In animal models, increased production of NO, has ken  reported in sepsis (352- 

354), glomenilonephntis (355) and graft rejection (356-358). In humans, acute graft vs. host 

disease. bacterial and virai meningitis, acute gas~nter i t i s  and sepsis have been associated with 

increased NO3' production (359-362). 

The arnounts of N O i  and NOi generated from NO are substantial. The cytosolic concentrations 

of NO2' and NO3' in stimulated macrophages were found to be 119.3 nmol/ml and 281.2 

nmol/ml, respectively (363). These figures greatly underestimate the amount produced. since 

NO2' and NO3- are not retained within the ce11 and can be readily recovered in the extracellular 

milieu. In in vitro experiments, 100-200 nmol of NO; and NO,' were recovered frorn the 

medium bathing 106 stimulated macrophages (364-367). Plasma nitrate levels as high as 200 

pM have ken  reponed in disease States such as aa t e  gasiroenteritis (359). These findings imply 

that NO; and NO3' mut be transported effectively across the plasma membrane for subsequent 

disposal. However, the pathway(s) for transport of NO; and NOi in mammalian cells are poorly 
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understood. 

This report describes a NOi transport system present in a variety of mammalian cells. in the 

course of measurements of the anion dependence of the intracellular pH of Chinese hamster 

ovary (CHO) cells, we made the serendipitous observations that addition of extracellular NO3- 

induced a reproducible cytosolic acidification. The purpose of this study was to characterize this 

NO3'-induced cytosolic acidification, to compare the underlying mechanism with known pHi 

regdatory systems and to describe its pharmacological profile. 

Chapter 9 : II. RESULTS 

Cha~ter 9 : II. A. Effect of nitrate on intracellular RH. 

The effect of extemal NO3' on pHi was evaluated microfluorimetncally in CHO cells loaded with 

BCECF. To facilitate the detection of NO3'-induced changes in pHi, the contribution of other 

acidhase transporters, which might have a compensatory effect, was minimized. For this 

purpose, the initial experiments were performed in nominaliy HCOY-free and Na'-free solutions, 

to minimize Cl'/HC03- exchange and Na'-dependent acidlbase transport. As shown in Figure 

2 1 A, superfusion of the cells with a NOa'-nch solution induced a sizable cytosolic acidification. 

The change in pHi cannot be attributed to removal of extemal Cl', since substitution of CI' with 

equimolar gluconate' did not significantly alter pHi. This finding also implies that C17HC03' 

exchange activity is negligible. since the alkalinization predicted to result from uptake of HC03', 

in exchange for exiting Cf, was not detectable. It is therefore unlikely that the NO3'-induced 

acidification results from exchange with intracellular HCO,' via the anion exchanger. 

It was important to ascertain that the NO3-4nduced acidification of the cells is neither d f a ~ h l d  

nor the result of a toxic effect. Ce11 morphology, which was monitored continuously using 

Homan optics, was not altered by addition of NO,. Moreover, BCECF was retained by the 

cells throughout the observation period, attesting to the viability of the cells. Finally, the effect 
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of extemal NO3- was reversible since re-perfusion with the CI'-rich medium induced recovery of 

pHi (Figure 2 1A). These observations argue against a deleterious effect of NO3-. 
Figure 21: NO3'-induced cytosolic 
acidification in CHO cells. 

O 5 10 O 5 10 
Tim (mn) 

A: pHi of CHO (API) cells, Ioaded with BCECF 
were rnicrofluorirnetrically determincd while 
perfused in K'-rich solutions. Solution changes are 
as indicated by the bar at the bottom of the graph: 
CI-, gluconate'(Glcn') and NO3'. Trace is 
representative cf 4 similar experiments. 

B (Left Panel): A single CHO celf was patched in 
the whole-ceIl configuration with a pipette filled 
with high buffer solution (50 rnM HEPES, 50 mM 
Tris) containing BCECF. After equilibration of the 
cytosol with the pipette buffer (- 5 min), pH, was 
rnicrofluorimetricaily measured in Kt-rich solution. 
Solution change frorn KCI to KNOJ are as indicated. 
The trace is representative of 2 experiments. (Right 
Panel): The pHi of CHO ceils was determined in the 
presence of nigericin. The cells were pre-incubated 
with 5 mM nigericin in a K'-rich solution for 5 min 
to clamp pH,. Where indicated. the main anion of 
the perfusing solution was switched from CI' to 
NO3', whiie keeping the K' concentration constant 
at 140 rnM. The trace is representative of 5 sirnilar 
experiments. 

C: CHO cells were loaded with BCECF and 
aiiowed to equilibrate with the isotonic Cl'-rich 
solution and one set of images was acquired (solid 
bars). The solution was then substituted for a NO3-- 
rich medium and after 5 additional min. another set 
of images was acquired (open bars). Images were 
collected from multiple areas of the coverslip while 
continuously perfusing the coverslip with the 
indicated solution. The histogram was built using 
153 and 174 cells perfused with isotonic Cl'rich and 
NO3'-rich media, respectively. 

In our experiments, pHi is estimated from the ratio of BCECF fluorescence recorded at two 

excitation wavelengths. Differential quenching of fluorescence at one of these wavelengths by 

NO3' could mirnic the appearance of acidification. Several experimental approaches were used 

to rule out this potential artifact. We first compared the spectral properties of the free acid of 

BCECF in vitro in isotonic KCI or KN03 solutions, titrateci to pH levels ranging from 5.84 to 
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7.56 

were 

with HCI or HNQ. Excitation and emission spectra acquired in Cf and NO3- solutions 

identical (data not shown). That NO3' does not alter the behavior of the dye inside cells was 

shown by clarnping pHi with 5 @il nigencin, a K+/H+ ionophore, in cells bathed in media 

containing 140 mM K+. Under these conditions the fluorescence ratio was unaffected by 

substitution of exa;icellular Cl- for NO,' (Figure 2 1B. right panel). 

The effects of extracellular NO3- on pHi were also eliminated when the buffering capacity of the 

cytosol was greatly increased. This was accomplished by patch-clamping CHO cells in the 

whole-ce11 configuration with pipettes filled with a high buffer (50 mM HEPES, 50 rnM Tris) 

solution. Microfluonmetric measurements of the individuai patched cells revealed no change in 

pHi when extracellular Cl- was replaced by NO,' and vice versa (Figure 218. left panel). 

Together, these findings indicate that NO3' does not artifactually alter the fluorescence of BCECF 

and indicate that this anion induces a bonafide change in pHi. 

Microfluorimetric measurements like that of Figure 21A represent the average pHi of clusten of 

6-12 cells. In order to mess whether the NO3'-induced cytosolic acidification occurs in al1 or 

most of the cells in the population and to further validate the microfluorimetric observations, the 

pHi of individual cells was measured by ratio fluorescence imaging, as described under 'Material 

and Methods'. For these experiments, CHO cells were grown to sub-maximal confluence on 

glass coverslips, to facilitate the demarcation of individual cells, and were loaded with BCECF as 

described. Cells were pemised for 5 min in isotonic Cl' or NO3' solution prior to image 

acquisition, to allow adequate time for equilibration. As shown in Figure 21C, NO3'-induced 

cytosolic acidification occumd in virtually al1 the cells studied (n=153 cells in Cl--nch solution 

and n=174 in NO+nch solution). The mean pHi in Cl- solution was 7.55 & 0.02, while 5 min 

after switching to NO3', pHi had decreased to 7.19 t 0.02. These values were statistically 

different with p = 2.84 x 1 0 - ~  (Student's t-test). It is noteworthy that the recording systems used 

for the imaging and photometry experiments are entireiy different, indicating that the pH changes 

recorded are independent of the optical path, detector and analysis software used. 
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We also tested whether other ce11 types also display the NO3--induced changes in pHi. The 

munne monocyte-macrophage ce11 line J774 was tested since, as detailed in the 'Background and 

Hypothesis', NO3' production is greatly enhanced in stimulated phagocytes (348-351 ). When 

bathed in NO3--nch media, J774 cells undenvent a cytosolic acidification at a rate sirnilar to that 

observed in CHO ceIls (Table 1). 

Table 4: NO?' -INDUCED ACIDIFICATION IN DIFFERENT CELL TYPES. 

Ce11 Type N KPFmt Flux (mmoVL ceil 
watedmin) 

CHO - W T S  (K' Solution) 4 2.42 f 0.80 

CHO - W T S  (NMG+ Solution) 6 2.39 f 0.39 

CHO - API 

5774 

HEK 

Cells were grown on round coverslips and pHi was mcasured by microfluorimetry of BCECF. Cells were initially 
perfused with isotonic NMG-CI solution and subsequent change to isotonic NMG-NO3 solution was initiated by 
rapid pipetting of three 1 ml aliquots of the new solutions into the Leiden charnber. In 4 experiments, WT5 cells 
were perfused with isotonic KCI and KNO, solutions. W flux is derived by multiplying the rate of pHi change with 
the buffering capacity of the cells as previously described (sce 'Matcrial and Methods'). Results shown are mean 2 
SE. 

Chapter 9 : II. B. NOL-induced cvtosolic acidification is accompanied bv NO3: 

NO3- could induce the observed pHi changes by acting on an extracellular receptor, by altering 

the transmembrane potential or by âriving the transport or generation of acid equivalents as it 

enten the cell. To test whether the NOs--induced intracellular acidification is accompanied by 

entry of the anion into the cells, the intracellular NO< content was measured using the Grriss 

method, after reduction of NO3- to NO; (see 'Material and Methods'). For these experiments, 

CHO cells were incubated with isotonic NaN03 for 2 to 10 min at 37OC. Extracellular trapping 

was estimated by exposing cells momentarïly to icetold NaN03 solution at O°C (time = O in 
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Figure 22). Subtraction of this value fiom the individual determinations also accounted for any 

endogenous NO3' or NO;. Uptake of N O j  by the cells was linear for at les t  10 min. In cells 

incubated with 1 17 rnM NO3' the initial rate of entry of the anion, derived from linear  gre es si on, 

averaged 6.75 f 0.15 mmoVL cells/rnin (n = 3 at 2 min; n = 6 for all other tirne-points; Ra.995). 

Exchange of NO3' for Cl- (368-371) has been documented to occur via the stilbene-sensitive 

anion exchanger (AE). To determine whether this process contributes to NO3' uptake in CHO 

cells, rneasurements were also performed in the presence of 1 00 pM 4,4'-diisothiocyanos til bene- 

2,2'-disulfonate (DIDS), a concentration of the inhibitor that is expected to completely block the 

AEl (372, 373) and AE3 (374) isoforms and largely block the AE2 isoform of the exchanger 

(370. 374). NO3' flux in DIDS-treated cells was 2.66 f 0.07 rnmoVL cellslmin (n=3 at 2 min; 

n=6 for dl other time points; R=0.994). Thus 3996 of the total NO3' flux was insensitive to 

stilbenes and may be, at least in part. coupled to the translocation of H' equivalents (see below). 

Since the NO3'-induced pHi changes were reversible, we tested the reversibility of the NO3' 

fluxes. In 3 experiments, NO3- content was measured in cells incubated with the anion for 15 

min, followed by incubation in a NO3'-free (Cl--rich) medium for 10 min at 37°C. Upwards of 

8 5 8  of the NO3- taken up by the cells was lost dunng the washout period, implying that transport 

of the anion is bi-directional (data not shown). 

Jointly, these expenments indicate that NO3- is transported across the membrane dunng the 

course of the NO3'-induced pHi changes. The flux of NO3- may alter pHi dinctly, by dnving the 

transport of H* equivalents across the membrane through a formerly unidentified pathway. 

Alternatively, the anion could conceivably modulate the activity of known acid/base transporters, 

such as Na+/H+ exchangers (NHE), anion exchangers or vacuolar-type H+ pumps (V-ATPases). 

These possibilities were considered experimentally below. 
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Tirne (min) 

Control Figure 22: Time course of NO3' uptake by 
80- - - A DIDS adherent CHO cells. 

8 
iC CHO cells were grown to near confluence on 6-well 
O plastic tissue culture dishes. The cells were 
2 60- exposed to NaN03 solution for the times indicated, 
E then washed extensively .in the cold. Following 
E w iysis using 1 ml distilled H20 and repeated freeze- 

b y Iinear regression. 

O* 40- 
Z 
s - 
3 - - 
8 20- 
2 
C, 

C - 

Chapter 9 : II. C. NO3'-induced cvtosolic acidification is not rnediated by the Na+/H+ 

,;T' 
thawing, the intracellular NO3' content was 
measured after reduction to NO2' as described in 

-...fg 
'Material and Methods ' . 

& .* 
..sa- ,..' Solid squares .: control cells. Open triangles A: 

a'' ,..,.-z#* the uptake medium contained 100 pM DIDS. Cell 

' .. number and cell volume were measured usinp the , .'. - 

antiporter. 

' *g  "; Coulter-Channelyzer in parallel samples of cells that 
were susptnded by ûypsinization. Data are means 

0%- I I I SE of 3 determinations at 2 min and 6 
0 2 4 6 8 1 0  experiments at other tirne points. Lines wcre fitted 

In erythrocytes, NHE has been reported to be inhibited by NO3- (375-377). Because NHE is 

thought to contribute to the maintenance of the steady state pHi, inhibition of this transporter by 

NO,' could conceivably result in a cytosolic acidification like that illustrated in Figure 2 1 A. To 

test this hypothesis. we compared the effect of NO,' on pHi changes in two clones of CHO cells, 

the wild type CHO ce11 (WT5) which expresses the NHE-1 isofonn of the exchanger and the 

CHO mutant (MI) which is devoid of W. As illustrated in Figure 23A, WT5 cells recover 

readily from an acid load upon addition of extraceliular Na+. Such recovery, which is inhibited 

by amiloride and its analogs (not shown), is the hallmark of MIE activity. By contrast. API cells 

failed to recover when ~ a +  was reintroduced to the perfusate, implying that they are devoid of 

NHE. 

Despite the absence of NHE, APl cells exhibited a cytosolic acidification upon addition of 

externai NO). The rate and entent of acidification were similar in the presence and absence of 

extracellular Na' (Figure 23B). The mean NO3-- induced H+ flux was 2.54 f 0.40 rnmoVUmin 



Chung-Wai Chow 
127 

(n = 6) in ~a+-rich solution and 2.22 * 0.45 rnmoYUmin in NMG+-rich solution (n = 6). These 

observations imply that NHE is not essential for NO,' to induce cytosolic pH changes. 

1 N M G ~  Na* 1 
1 1 I I 

AP1 - Na* 
AP1 - NMG* 

NO,' 

- - 

z 
7.00 

AP1 - NMG' 
CI- NO.' 

Figure 23: NO3'- induced cytosolic 
acidification is independent of Na'm 
exchange. 

A: WT5 and API cclls were concurrently 
loaded with BCECF and 25 mM W C 1  x 10 
min to induce an acid intracellular acid load. 
pHi was clamped by incubation with a Na'- 
free, NMG-CI solution (N'MG'). Where 
indicated, the bathing medium was switched to 
a Na'-rich solution (Na') to allow Na'W 
exchange. Represen tative of 5 experiments . 
B : pHi of AP1 cells in Na*-rich medium. 
Where noted, the media were changed fiom CI' 
to NO3', respectively . 
C: WT5 (top trace) or AP1 cells (lower trace) 
were perfused initially with NMG-CI medium, 
Where noted, the perfusing medium was 
switched to NMG-NO3 solution. 

Traces in (B) and (C) are representative of 6 
experiments, respectively . 

Time (min) 

Furthemore, NO3'-induced cytosolic acidification was observed in wild type CHO cells bathed 

in the absence of extemal Na+ (mean NO3'- induced H+ flux in NM~+-rich solution was 2.39 + 
0.39 mmoVUmin; n = 6). Under these conditions, forward NHE activity is abrogated and only 

backward exchange can occur, which can lead to cytosolic acidification. Inhibition of this 

process by NOi would be expected to have the converse effect. namely, cytosolic alkalinization. 

However, as shown in Figure 23C, NO3- produced an acidification in WT5 cells that was 

indistinguishable from that noted in APl cells. Together, the data using ion substitution and 

genetic deletion of the antiporter indicated that the NO3-Oinduced cellular acidification is not 

mediated by inhibition of MIE. 
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Chapter 9 : II. D. NO.?'-induced cvtosolic acidification is not mediated bv the anion 

exchanaer. 

The Cf/HCO,- exchanger has affinity for other anions, including NO3' [see (23. 378) for 

review], and N03'/HC03' exchange has been reported (379-381). Though Our expenments were 

conducted in the nominal absence of HC03', we cannot a priori exclude the possibility that 

exchange of cellular HCO,' for extemal NO,' accounts for the acidification. particularly 

considenng the finding that DIDS inhibited a sizable fraction of NO3- uptake. To address this 

possibility directly, the effect of NO; on pHi was measured in the presence of DIDS. As shown 

in Figure 24A. the NO3'-induced acidification persisted when WT5 cells were treated with 100 

ph4 DIDS. The H;qiVkt, flux in control cells was 2.5 f 0.5 m m o l ~ m i n  and 2.7 f 0.5 

mmoVVmin for DIDS treated cells (n = 4). No effect on the rate of cytosolic acidification was 

found using up to 1 mM of DIDS for 15 min (results not shown). 

To further assess the role of the anion exchanger in the NO3--induced pH changes, we tested a 

human embryonic kidney (HEK) ce11 line which has been reported to lack endogenous Cl'/HC03' 

exchange activity (374). As shown in Figure 24B, perfûsion of HEK cells with extemal NO3' 

promoted a robust acidification, at a rate that was in fact greater than that observed in CHO cells 

(Table 21). Jointly, these data suggest that the anion exchanger is not responsible for the NO3-- 

induced cytosolic acidification. 
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Cha~ter 9 : II. E. NO<-induced cvtosolic acidification is not mediated bv the V- 

A 
Figure 24: NO3*-induced cytosolic 
acidification is independent of the anion 

7.00 - exchanger. 
.- 
Q A: pHi of WT5 cells in NMG'-rich medium. The cello 

6.75 - were pcrfused initiatly with NMG-CI medium and. 
IDs wherc nolcd, the perfusing medium was switched to 

NMG-NO3 solution. For the lower trace the cells were 
pre-treatcd with 100 pM DfDS for 2 min prior to the 

O 1 2 3 4 initiation of the trace. The same conccnuation of the 
7.50 - stilbene was present throughout the measurement 

ATPase. 

B. 

7.25 - .- 
% 

7.00 - 

The V-ATPase, a H+-pump whose primary function is acidification of intracellular organelles 

HEU Cells period ilhstrattd. 

8: Microfluorimenic measurement of pHi in HEK 
cells. The cells were initially bathed in N'MG-Cl 
solution and, where indicated, the medium was 
switched to NMG-NO3 solution. Traces in (A) and 
(B) are represcntative of 6 experiments. respective1 y. 

I 
I I 1 I 1 I 

[see (22) for review], also plays a role in the homeostasis of pHi in some ce11 types (382). In 

O 1 2 3 4 5 

Time (min) 

osteociasts as well as in organelles studied in vitro. NO,' has been reported to inhibit the V- 

ATPase (383, 384). Because the V-ATPase continuously removes H' from the cytosol. 

inhibition of this enzyme by NO3' could result in acidification. Two approaches were used to 

evaluate this possibility. In the fint. the pump was inhibited by depleting cells of ATP by 

inhibiting glycolysis and oxidative phosphorylation using 2-deoxy-D-glucose and antimycin A. 

In CHO cells this results in depletion of > 90% of the cellular ATP within 10 min [determined 

using luciferin-luciferase (70)]. As illustrated in Figure 25A and B, such ATP-depleted cells 

exhibited cytosolic acidification when exposed to extracellular NOj. The mean H+ flux of ATP- 

depleted cells was comparable to that of control cells (2.38 k 0.3 1 mmoVUmin and 2.03 f 0.42 

mmoYYmin, respectively; n = 4). 
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Figure 25: NO3--induced cytosolic acidification is 
independent of the V-ATPase. 

A: pHi of APicells was measured in the presence (Control) and 
absence of ATP. The cells were pcrfused initially with NMG-CI 

ATP deplet& medium and. where noted. the perhising medium was switched ro 
NMG-NO3 solution. For the lower trace the cells had k e n  ATP 
depleted by pre-incubation for 10 min in glucose-free solution 
with 5 mM 2deoxy-D-glucose and 1 mghl  antimycin A and 

8 I I 4 

0 1 2 subscquent pHi mcaswtments were pcrformed in glucose-frcc 
Time (min) solutions. Traces are representative of 4 determinations. 

A second approach to evaluate the possible role of the V-ATPase used bafilomycin Al, a 

B: Quantitation of the NO<-induced cytosolic acidification in 

macrolide antibiotic which is a potent and specific inhibitor of the pump (385, 386). in these 

A = 2-  
E 

. 
2 zi 
L O ' -  

E 
E 
Y 

O 

experiments, WT5 cells were pre-incubated for 2 min in a Cl--rich, NO3--poor solution, with 50 

nM bafilomycin, a concentration shown previously to fully inhibit V-ATPases in a variety of ce11 

Control Bat Conmi No A7P range of our rneaswements (56). Data are means +. SE of 4 

WTS Ceik AP1 CeUs determinations. 

T 
CHO cells. Lefi: Wherc specificd. WTScells were treated with 50 
nM bafilornycin (stippled bar) for 2 min prior to, and durinp the 

t pHi rneasurements in KCl or KN03 solutions. Righr: Where 

types (385, 386). Subsequently, pHi was microfluorimetric measured upon exposure of cells to 

T 

. . - .. 

isotonic NO3--rich solution. Cornparison of 4 experiments in bafilomycin-treated cells with their 

specified, AP1 cells were ATP depleted as in (A; stippled bar). 
The pHi mcasurements were performed in NMG-Cl and NMG- 
NO3 solutions. H;quj-,, flux was calculared by multipiying the 
rate of pHi change (ApHi/Atime) by the buffering capacity of 
CHO cells, measured to be 25 mmol/pH/liter of cclls in the pH 

respective controls revealed no differences in H'(qUiwlcntl flux (1.46 + 0.41 mmolNmin and 1.42 

r I 1 

t 0.32 mmoVUmin in control and bafîlomycin-treated cells, respectively; Figure 25B). Jointly, 

the results of the ATP depletion and bafïlomycin studies suggest that the NO3-4nduced cytosolic 

acidification in not mediated by the inhibition of the V-ATPase. Furthemore, the NO3--induced 

cytosolic acidification appears to be an ATP-independent process. 
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cvtosolic acidification 

Solutions of NO3' can contain small amounts of NO2' and/or other nitrogen oxides. Of 

relevance, addition of NO2' to pancreatic acinar cells was recently shown to induce a sizable 

cytosolic acidification (380). This pH change was amibuted. to a small extent, to the generation 

and perrneation of HN02, a weak acid with pK. of 3.2. The majority of the acidification, 

however, was seemingly due to the reaction between poorly defined nitrogen oxides (possibly 

NO, N203 and/or N204, intermediates in the oxidation of NO; to NO3-) and intracelluiar H20 or 

OH-. In acinar cells, the latter reaction was found to be catalyzed by carbonic anhydrase (380). 

These observations raised the possibility that a similar mechanism rnight underlie the NOz'- 

induced acidification in CHO cells. Expenments designed to explore this possibility are 

illustrated in Figure 26. The effect of NO; on pHi was compared to that of acetate. another 

weak acid with somewhat higher pK (pK, = 4.7). Acetate produced a rapid rate of acidification. 

as expected from the permeation of the uncharged protonated species, acetic acid. An equimolar 

concentration of NO; induced a somewhat smaller and slower acidification (-0.27 t 0.05 pH 

unitdmin: n = 3). consistent with the >IO-fold lower concentration of the protonated species. in 

both cases, the pH* changes were rapidly reversed upon removal of the weak acids. 

To determine whether nitrogen oxides contributed to the acidification by a carbonic anhydrase- 

mediated process, the cells were treated with methazolarnide. an inhibitor of the anhydrase. A 

representative experiment is shown in Figure 26B. Neither the rate nor the extent of the N O i  - 

induced acidification were noticeably altered by methazolamide (ApHi = -0.27 I 0.05 in control 

cells and -0.29 k 0.07 in cells treated with methazolamide; n = 3). Similarly, the more gradual 

acidification induced by NO3' was unaffected by inhibition of carbonic anhydrase (ApHi = -0.1 1 

t 0.03 in control cells and -0.10 + 0.04 in cells treated with methazolamide; n = 3). Thus, it 

appears that release by reaction of nitrogen oxides with H20 or OH- is not an important 

component of the NO; or NO, response in CHO cells. 
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To ensure that the NO3--induced acidification observeci in CHO cells was not due to reduction of 

extracellular NO; to NOi, the N 0 i  content of solutions containing 29 to 117 mM NO3' was 

measured using the Greiss method (as described in 'Material and Methods'). NO; content in the 

solutions was found to be negligible (mean WOJ = 0.44 f 0.05 phi, n q  = 8). Similarly, 

intracellular N O i  levels were found to be negligible up to 10 min after exposure to extracellular 

NO3- (results not shown). Jointly, these results suggest that neither permeation of HNOz nor 

metabolism of contarninating nitrogen oxides are responsible for the acidification induced by 

PH, 
Figure 26: Cornparison of the effects of NO2--and 

7.2 - NOi on pHi and assessrnent of the role of carbonic 
anhy drase. 

7.0 - A: pHi was measured fluonmetrically in CHO cells (APl) 
loaded with BCECF. The cells were perfused initidly with 
117 mM NaCl medium and, whcre noted, with solutions ~ . ~ . Z P I A C ~ ~  ci- 1 NO2- 1 CI- INOi containing 10 mM sodium acetate (Act-), 10 mM NaN02 or 

1 I I I 

O 2 4 6 8 117 rnM NaN03. The sodium acetate and NaNo2 solutions 

B. were osmotically balanced with 107 mM Na-gluconate. 
I 

B: APl cells were preincubated for 5 min with 0.1 rnM 
methazolamide in NaCl solution prior to fluorimeuic 
measurement of pHi. Where noted, cells were perfused with 
solutions containing 10 rnM NaN02 or 117 mM NaNO3, as 
described in part A, supplemented with 0.1 mM 
methazolamide. Traces in (A) and (B) are representative of 4 
ex~eriments each. 

Time (min) 

Chapter 9 : II. G. Pro~erties of the NO.?'-induced - H' flux. 

The results summarized above confirmed that the pH changes promoted by NO3- are not due to 

modulation of the predominant homeostatic pathways and are accompanied by transport of NO3' 

across the membrane. The simplest mode1 to explain the effects of the anion is therefore the co- 

transport of NO3' with r, or its equivalent. NO3-IOK counter-transport. For simplicity, and by 

analogy with the system described in plants and fun@ (387, 388)' we will tentatively assume 
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hereafter that  NO^--* CO-transport is responsible for the observed pHi changes. 

The kinetic properties of the putative NO~--H* co-transport were investigated next. The 

extracellular [H+l dependence was deterxnined in APl cells suspended in NaNo, solutions 

titrated between pH 6.0 to 7.5. Because reducing the extnicellular pH (pH,) is expected to reduce 

pHi by pathways other than the NO3--H' CO-transporter, the NO3'-independent component of the 

pH change was also measured by perfbsing the cells in NaCl solution titrated to the appropriate 

pH. The NO3'-independent H+ flux at pH 6.0, 6.5 and 7.0 was 4.1 1 t 0.88, 1.7 1 f 0.93 and 1.36 

+ 0.77 mmoVUmin, respectively. The NO3'-independent cornponent was then subtracted from 

the total change recorded in the presence of NO3' at an identical pHo. The results of these 

determinations are illustrated in Figure 27. Increasing extemal [H'] in the pH 7.5-6.0 range 

increased the rate of NO3-4nduced cytosolic acidification, consistent with NO3'-H' CO-transport. 

More extreme levels of pH, were not studied for fear of inducing ce11 damage. In the range 

studied, the half maximal rate of acidification was attained at [H+] = 0.09 f 0.01 W. 

IO 4 Figure 27: Extemal pH dependence of the 

To assess the extemal NO3' concentration ([N03-j0) dependence of the putative CO-transporter, 

8- 
A 

C - 
E 
2 - - 

6 *  

d : E 
E - 4- x 
a " 
t *- 

NO3'-induced cytosolic acidification. 

t pHi was measured fluorimetrically in API cells loaded 
witb BCECF. The pHi change was measured upon 
introduction of a NO3--rich solution of the indicated 
external [H+J (comsponding to a pH, range of 6.0 to 
7.5). The rate of pHi change was estimated over a 60 

i sec p e n d  and the H+fq,d,,, flux was calculattd. The 
NO3'-independent acidification, due solely to the 
reducuon in extracellular pH was estimated using Cl'- 

T 
rich solutions of identicai pH, and was subtracted from 
the equivalent measurements perfomed in NO;- rich 

I 
media (see 'Material and Methods'). NO3*- 
independent H+ flux at pH, of 6.0.6.5, 7.0 was 4.1 1 2 

0.88, 1.71 2 0.93 and 1.36 2 0.77 mmoWmin. 

O , . , . , . , , , . ,  respectively. Data are means 2 SE of 5 experiments. 
0.0 0.2 0.4 0.6 0.8 1.0 
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pH, was measured in APl cells perfused with isotonic solutions containing 3.65 to 117 rnM NO3- 

. These experiments were performed at both pH, 6.5 and 7.5, and the solutions were osmotically 

balanced with gluconate- since this anion was shown earlier to have no discemible effect on pH, 

(Figure 2 1 A). The rate of H;quivhtl flux increased with increasing extemal NO3' concentration 

at both pK. The apparent NO3' affinity and maximal velocity of the putative CO-transporter can 

be inferred by fitting the data with an Eadie-Hofstee plot (Figure 28). At pH, 7.5, V, and Km 

were 5.81 f 0.58 mmoWmin and 86.2 f 12.6 mM. respectively (R= -0.98). At pH,, 6.5, V, 

and Km were 10.7 f 1.3 mmol/Umin and 40.1 I 10.6 rnM, respectively (R= -0.97). Because the 

apparent affinity of the transporter for NO3' is modified by [r],, we conclude that binding of the 

ions to the transporter cannot occur independently in random order. The altered affinity is 

consistent with an allosteric effect of protons on the conformation of the NO3' binding site(s). 

Figure 28: NO3- concentration 
dependence: Eadie-Hofstee plot. 

pHi was measured fluorimetrically in API 
cells loaded with BCECF. The cells were 
equilibrated in Cl'-rich medium and pHi 
changes were measured upon introduction of 
solutions of varying NO3- concentration (from 
6.65 to 1 17 rnM), osmotically balanced with 
gluconate. No significant pHi change was 
induced by gluconate itseif (e.g. Figure 22). 
The rate of pHi  change was estimated over a 
60 sec pcriod and the c,,,dat, flux was 
caiculated. These experiments were 
perfomcd at pH, = 7.5 (ciosed squares i) 
and pH, = 6.5 (open triangles A). Data are 
means SE of 4 determinations. 

Cha~ter9  : II. H. Effect of monovalent cations on NO<-induced cvtosolic - 
acidification 

Some anion transporters are cation dependent (389-391). To assess whether cationic species 

affect the rate of NO+induced cytosolic acidification, pHi was measured in isotonic NO3'-nch 

solutions containing Na', K' or NMG' as the principal cation. The cells were initially 
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equilibrated with Cl'-rich solutions of the sarne cationic composition and then switched to NO3' 

media. API cells were used for these measunment to eliminate possible confounding effects due 

to NHE. As summarized in Table 5, no statistically significant differences in rate of H' flux 

were observed in K+ or NMG+ solutions when compared with ~ a +  solutions. 

Table 5: CATIONIC DEPENDENCE OF NO?' -INDUCED ACIDIFKATION. 

r a m t  Flux (mrnols/L ce11 N P (compared with Na+) 
water/min) 

Na" 2.54& 0.40 6 N/A 

NMG" 2.22 I 0.45 6 0.58 

K" 1.88 * 0.37 6 0.18 

API cells were grown to confluence on round coverslips and Ioaded with 2 pg/d BCECF-AM for rnicrofluorimetric 
measurement of pHi. For these experiments, the initial rate of nitrate-induced pHi changes was rneasured in the same 
coverslip for each of the cationic solutions. Composition of the isotonic, pH 7.5 NaCl, NaN03, NMG-CI, NMG- 
NO3, KCl and KNO3 solutions are described in 'Material and Methods'. Data shown is mean standard error. P- 
value was denved from the paired Student's t-test. 

Chapter 9 : II. 1. Voltaae sensitivity of the NOn'4nduced cvtosolic acidification 

The DIDS-insensitive rate of NOs* influx into API cells was 2.66 f 0.07 mmolR(min (Figure 

22). Under comparable experimentd conditions, the rate of H+(quivdmt) flux was calculated to be 

2.63 t 0.99 rnrnoWmin (Table 6). The apparent stoichiometry of the putative NO~--H+ CO- 

transporter derived from these flux rates is therefore one-to-one. This calculation assumes that 

al1 the stilbene-insensitive NO3- flux is coupled to H+ transport, a premise that has not k e n  

validated expenmentall y. An alternative approach to estimate the stoichiometry of the CO- 

transport process is to analyze its voltage sensitivity. An electroneutral one-to-one exchanger is 

likely to be voltage insensitive, while changes in voltage are mon likely to affect a transporter 

with unequal stoichiometry. 

To gain further insight into the mechanism of No3--H' CO-transport, we evaluated its electrical 
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properties in cells patch-clamped in the whole ce11 configuration. We estimated that it would be 

difficult to measure a current mediated by the transporter, since this was calcuiated to be as low 

as 4.2 pA or 8.4 pA if assuming a stoichiometry of 2: 1 or 3: 1, respectively . Instead. we assessed 

whether the NO3'-induced pHi changes would be affected by drastic changes in the membrane 

potential. A pipette solution with low buffering capacity (1 rnM MES) was used to maximize the 

NO3'-induced pHi changes. A representative pHi measurement in a voltage-clarnped ce11 is 

shown in Figure 29. The ce11 was initially ciamped at -60 mV and supemised with a Cl'-rich 

solution. Under these conditions, pHi was unaffected by a sudden depolarization to O mV. 

confirrning that CHO cells have a comparatively low ~,,vda,, conductance at physiological 

pH, and at normal resting membrane potential (50). Cytosolic acidification was observed when 

NO3- replaced CI' in the bathing solution. The occunence of an acidification in voltage clarnped 

cells implies that the effect of NO3- on pHi is not mediated by, and does not require changes in 

membrane potential. Moreover, the rate of pHi change was not affected by sequentially stepping 

the membrane potentiai up from -60 mV to +40 mV; only the normal exponential decay was 

noted. A comparable decay was observed when the order of the voltage changes was reversed. 

from depolarized to repolarized (not illustrated). The data in patch clamped cells indicate that 

the NO3--induced cytosolic acidification is voltage-insensitive, consistent with an electrically 

neutral process. This conclusion is compatible with the tentative estimates of stoichiornetry of 

one-to-one. 
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Figure 29: Effect of membrane potential on 

ïïme (min) 

NO3'-induced cytosolic acidification. 

An APl ceIl was voltage clamped in the whole-ce11 
configuration of the patch-clamp technique, using a 
pipette filied with low buffer. KCI-rich solution 
containing BCECF. pHi was measured 
microfluorimemcally on. the photometric systcm 
described in 'Materid and Methods'. Over 5 min 

6.8 - were allowed at a holding potential of -60 mV for 

stepped to values ranging from -60 mV to +40 rnV. 
as indicated. Representative of 4 simifar 

6.7- 

experiments. 

Chapter 9 : II. J. Effect of inhibitors on the NOn'-induced cvtosoiic acidification 

l ' l - l ~ ~ - l - I ~ ~  

O 2 4 6 8 10 12 KN03 solution, as noted. The holding voltage was 

adquate fluorophore loading and for equilibration of 

To establish possible analogies with other mammalian transporters, we tested a variety of 

compounds known to inhibit other plasmalemmal ion transport systems. Ethacrynic acid (3 1, 

392, 393). a dichlorophenoxyacetic acid derivative, is a potent alkylating reagent that has loop 

diuretic action. It is known to inhibit severai ion carriers, including the Na'l~'/Cl' CO-transporter 

(393). NO+induced cytosolic acidification was 67 1 inhibited by 100 @4 ethacrynic acid 

(Table 6). The mean ~ q u i v d e n r l  flux in ethacrynic acid treated-cells was 1 .O 1 t 0.48 mmol/L 

cells/min (n = 4) compared to 3.06 f 0.43 mmoVL celldmin in paired controls (n = 19). 

Inhibition by ethacrynic acid was almost complete at 200 pM (not shown). 

a-Cyano-4hydroxycinnamate (CHC) inhibits both the anion exchanger (369) and the 

monocarboxylate transporter (3 1) in other cells. CHC (1 mM) inhibited NO&nduced cytosolic 

acidification to 20% of the control rate (Table 6). H',,,,dmo flux in CHC-treated cells was 0.62 

+ 0.49 m o V L  cellshnin (n = 4). 

m~ the cytosol with the pipette solution prior to initiation 
of the pH measuremcnts. The ce11 was initially 

-60 

Phloretin, the aglycone of phlorizin, is a revenible, relatively non-specific inhibitor of several 

superfused with KCl solution and subsequently with 

O -60 1 ,, 1 1 40 
KU Ma 
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membrane transport processes, including urea transport. rnonocarboxylate transport and Cl' 

RICO3- exchange (394-396). In our experiments, 1 O0 pM phioretin was found to have no effect 

on the rate of NO3'-induced cytosolic acidification (Table 6). 

. 

pCMBS , an organomercurial su1 fhydryl nagent (molecular formula C&C1Hg03SNa), 

irreversibly inhibits the monocarboxylate transporter (397) but does not &ect the Cl-HC03' 

exchanger (3 1, 37 1 ). NO3--induced cytosolic acidification was unaffecied by 250 pM pCMBS 

(Table 6). Sirnilarly, NO3'-induced cytosolic acidification was not affected by furosemide (data 

not shown), a loop diuretic that inhibits several anion transport systems, including the CI-/HCO3' 

exchanger (398), the monocarboxylate transporter (3 1) and the ~ 0 ~ ~ 7 0 ~  exchanger (390) which 

is reportedly distinct from the S O ~ ~ I C I '  exchanger (399). 

in summary, though the NO3'-induced H+ transporter shares some properties with the 

monocarboxylate transporter and anion exchange systems, it appears to be a pharmacologically 

distinct entity. 
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Table 6: EFFECTS OF PHARMACOLOGIC AGENTS ON RATE OF NOt' -INDUCED 

CYTOSOLIC ACIDIFICATION. 

H+appmt Flux (mmoVL ce11 N P (compared with 
w atedmin) control) 

Con trol 3.39 I 0.92 4 N/A 

Ethacrynic Acid 1 .O 1 1  0.48 4 0.02" 

CHC 0.62I 0.49 4 0.02* 

Phloretin 3.79 I 1.56 4 0.34 ( N I S )  

DIDS 2.63 + 0.99 6 0.97 (NIS)  

ATP Depletion 2.38 + 0.3 1 5 0.44 (NI9 

BCECF loading and perfusion of APl cells with isotonic chlofide and nitrate solutions are as described in 'Material 
and Methods'. For the DIDS and CHC experiments, cells were preincubated with 100 pM DIDS for 2 rnin or with 1 
mM CHC for 5 min and then perfused with isotonic NaCl and NaN03 solution supplementcd with 100 pM DIDS or 
1 m .  CHC. For the other pharmacologie conditions, cclls were preincubated with the compound for a specified 
period of time: ethacrynic acid - 100 ph4 for 10 min, pCMBS - 250 pM for 10 rnin and phlorctin 100 pibl for 10 
rnin. For ATP depletion, cclls were incubatcd for 10 minutes in glucose-free media with 5 mM deoxyglucose and 1 
p@ml antimycin A to inhibit both glycoIysis and oxidative phosphorylation and subsequent fluorescent 
measurements were performed in glucose-fiee media (containing 5.55 mM dcoxyglucose). Al1 procedures were 
performed at 37 O C .  Isotonic NaCl and NaNo, solutions were used for al1 experiments except the ATP depletion 
experiments where NMG-CI and NMG-NO3 solutions were used. The same controls were used for the ethitcrynic 
acid, CHC and pCMBS experiments and arc shown. For the other experimental conditions, each coverslip served as 
an individual control for that experimental condition. These rcsults are not shown for simplicity but were used for 
statistical analysis. Data shown is the mean f standard emr.  P-value is calculated using the paired Studcnt's t-test 
using the appropriate controls for each experimental condition. 
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CHC (a-cyano-4-hydroxycinnamate) 

DIDS (4,4'-diisothiocyanostilbene- 
2,2'disulfonate) 

Ethacrynic Acid 

Methazolamide 

Phlore tin 

Table 7: Chernical Structure of Pharmacologie Agents 

1 

~ 
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Chapter 10 : DISCUSSION and FUTURE DIRECTIONS 

The observations presented in Chapters 7 and 8 have identified a differentiai intracellular 

localization of the two epithelial isoforms of the Na*M exchmgers, NHE2 and NHE3, and have 

identified some of the mechanisms responsible for the subcellular Mit and targeting of the two 

isoforms. We have identified SH3 domains to be capable of binding to the cytosolic proline-nch 

regions of M i E 2  (Figure 6) and have found that the Prol region plays an imponant role in apical 

localization of this isoform (Figure 12). Although MIE3 is similarly localized to the apical 

membrane (91), its intracellular localization is different from NHE2, being pnmarily in an 

intracellular cornpartment rather than at the plasma membrane (Figure 15, Panel B). We have 

identified clathrin to be important for internalization of NHE3 (Figure 17-17) and found that the 

COPI proteins are important for endosomal traffic of the antiporter from the early endosome to 

later compartments (Figure 20). 

Cha~ter 10 : 1. A. Role of proline-rich reaions in reaulation of NHE2 activitv 

The in vitro assays presented in Figure 5-6 provide evidence that the cytosolic Pro-rich regions of 

NHEZ cm bind to SH3 domains. Pro2 bound preferentially to SH3 domains derived from 

tyrosine kinases and from the regdatory domain of PU kinase, whereas Pro1 was more 

prorniscuous, interacting with a wider variety of SH3 domains. Though promiscuous, this 

interaction was nevertheless specific. inasmuch as it was not observed for GST alone, nor for 

fusion proteins denved from the cytosolic domains of other NHE isoforms, which lack Pro-rich 

sequences. 

The functional significance of these interactions was evaluated by comparing the behavior of 

intact and truncated forms of NHE2, using heierologous transfection. Although deletion of the 

carboxy-terminal region containhg both Prol and Pro 2 did not abolish Na+m exchange nor its 
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ATP dependence (Figure IO), truncation of the C-terminal M c h  region (Pro-2) had subtle. yet 

reproducible hinctional consequences. The pHi dependence of the rate of exchange was 

modestly shifted to more acidic values and the osmotic activation was depressed. However. an 

even more profound truncation that elirninated both Pro-1 and Ro-2 restored bdth the normal pHi 

dependence and osmotic responsiveness (Figure 9 and 9). These results suggest that residues 

732-813 and the binding of Pro1 and Pro2 to SH3 domains are not important for ATP 

dependence of the antiporter. Furthemore. residues 732-813 do not contain the major H+ and 

hyperosmolality sensing site(s) although residues 778-813 are important for modulation of the 

osmotic response and EI+ sensing. 

This biphasic behavior is not unprecedented. Moderate mincation of the C-terminal domain of 

NHEl can produce an alkaline shift in its pHi dependence, with loss of responsiveness to a 

variety of stimuli (44). The shift and loss of responsiveness are reveaed by more profound 

tmncations, which can in fact induce an acidic shift in the pHi vs. activity relationship (42, 71). 

Thus, the exchangers can seemingly exist in several conformations that are exquisitely dependent 

on sub-domains of the cytosolic tail. 

The mechanisms responsible for these conformational shifts are not well characterized. For 

NHE2, the changes observed in NHE2A777 may simply be a result of loss of the proline-rich 

residues. Due to the unusuai arnino acid structure of proline, proteins rich in proline are known 

to form flexible extended structures that are important for protein conformation and binding [see 

(400) for review]. In particular, the Ro2 sequence of NHE2 is predicted to fom a stable 

polyproline II helix structure due to presence of the (Pxx), motif (400) and loss of this region 

would be expected to result in change in the overall conformation of the protein structure, which 

could effect the changes in MIE2 regdation observed in NHE2A777-HA. 

Altematively, the subtle functional changes observed in NHE2A777 may be a result of Pro2 

interactions with SN3 domains, which have been show, in vitro, to include those derived fiom 
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protein kinases and the ngulatory subunit of PI 3-kinase. To validate the importance of these 

interactions, we will need to show that NHE2 can interact with SH3 domains in vivo. Studies of 

NHE2 have k e n  hampered by the lack of specific antibodies to this isoform. However. the 

development of the HA-tagged NHE2 described in this dissertation wiH facilitate future 

experiments to identify proteins which can interact with and modulate NHE2 activity in vivo. 

Future experiments that cm provide answers to the questions raised by the observations 

described above should include pull-down assays, in an attempt to identify proteins which 

interact with NHE2, Pro1 and Pro2 in vivo. The importance of SH3 interactions can be answered 

in two ways: 1. by inhibiting the interaction of NHE2 with SH3 domains of endogenous proteins 

by microinjecting cells with peptides derived from different SH3 domains and 2. by mutation of 

the proline residues within Pro1 and Pro2 to abolish its ability to bind to SH3 domains. 

The functional characteristics of -A73 1 revealed that the more carboxy-terminal regions of 

the cytosolic domain play no detectable role in regulating ATP dependence (Figure 10). This is 

not surprising in light of the observations made with truncation mutants of NHEl and 3. 

Deletion of sizable regions of the cytosolic tail of both proteins W l A 6 3 5  (70) and NHE3A579 

(54)] has previously been shown to have no effect on the ATP dependence of Na+/H+ exchange. 

However, the more amino-terminal region of the cytosolic domain of NHEI, specifically residues 

5 15-635 (70), has k e n  identified as necessary for ATP dependence. Perusal of the amino acid 

sequences of the rat NHE isoforms 1-4 (75) reveals that the 120-residue juxtarnembrane region 

of the cytosolic domain is quite conserved and may be a common sire of ATP regulation. Current 

work in Our laboratory with truncation mutants of NHEl and NHE3 amino-terminal to residues 

579 and 635, respectively , may identify more specificall y the ATP-sensitive site. 

Chaoter 10 : 1. B. Role of oroline-rich reaions in NHE2 taraetinq 

Despite the subtle effects noted upon deletion of Ro2, it is clear that neither Pro1 nor ho2 are 

absolutely essential for the ability of NHE2 to exchange Na' for H+, nor for its dependence on 
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ATP or sensitivity to osmotic activation. We therefore considered the possible role of the 

proline-nch regions in protein processing and subcellular targeting. This required initially 

confirmation of the subcellular distribution of NHE2 in epithelial cells. which has been the 

source of controversy. By transfecting the Ml-length, epitope tagged MIE2 into LLC-PICI cells 

we found that, as reported by the majority of authors (77,83,84), this isofom accumulates in the 

apical membrane. The source of the discrepancies with the results of Soleimani et al. (82) and 

Singh et al. (86). who detected basolateral NHE2 remains unclear. Neither tissue nor species 

differences appear to account for the inconsistency, since both apical and basolateral locations 

have ken  reported for NHE2 in rend medullary cells of rodents (82.85). 

Despite these uncertainties, cornparison of the full-length and truncated constmcts in a single 

expression system provided useful information conceming the role of the Pro-rich regions in 

targeting. Briefly, we found that while deletion of Pro2 was ineffectual. the additional removal 

of Pro1 greatly irnpaired the ability of MIE2 to reach the apical membrane. A sizable fraction of 

the truncated exchanger was retained in the secretory pathway, and the exchanger that was 

exported to the plasmaiemma was primarily found in the basolzteral membrane. It is tempting to 

speculate that the existence of splice variants or post-translational truncaiion of NKE2 may 

account for the reports where this isoform was detected basolaterally. 

These observations suggest that the cytosolic region between residues 732 and 777. 

encompassing Pro 1, is necessary for appropnate targeting of NHE2 to the apical surface. In this 

context, Pro 1 was found to bind to the SH3 domain of a-spectrin, a protein which has previously 

been reported to participate in the apical targeting of epithelial Na* channels (rENaC) (192). 

Like NHE2, rENaC interacts with the SH3 domain of a-spectrin in vitro. Moreover, 

microinjection of a fusion protein containing the Pro-rich ngion of rENaC reveaied targeting to 

the apical membrane of epithelial cells (192). Based on these observations, it was suggested that 

a-spectrin may function to retain rENaC apically, a mechanism that may also apply in the case of 

MIEZ. Altematively, interaction with spectrin pnsent in the Golgi (401) may be essential for 
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export of the exchangers and channels to the plasmalemma. 

To answer more precisely the role of Pro2-SI33 interactions in the targeting of NHU. future 

experiments should include assessment of MIE2 iargeting following disruption of these 

interactions. Localization of NHE2 in epitheliai cells following microinjection of SH3 peptides 

or of NHE2 mutants of the Pro1 region, described in the above section will provide much insight 

on the role of SH3 domains. 

The in vitro association of Pro2 with SH3-spectrin also suggests a potentiai role of the 

cytoskeleton in apical targeting of NHE2. It will be interesting to assess the localization of 

NHE2/8 13-HA in epithelial ce11 cultures at difierent stages of confluence to see if a change in the 

polar localization occurs dunng polar differentiation. Having created a stable epithelial ce11 line 

expressing an epitope-tagged NHE2. we can use these in future experiments to 

pharmacologicaily or genetically disrupt the cytoskeleton and assess the effect on NHE2 

targeting. It is tempting to speculate that the obsewed discrepancies in NHE2 localization may 

be the resuit of maturation of the epithelial cells at the time of assessment. 

1s basolateral targeting of MIE26731 due to loss of apical signal (pnsent between residues 732 

to 8 13) or due to unmasking of a basolateral signai that is more amino-terminal? Aside from the 

putative interaction of Pro2 and SH3-spectrin, the other apical-targeting signai present in NHE2 

is the presence of glycosylation. However, the glycosylation site is located in the transmembrane 

domain and is not affected by truncation of the protein at the carboxy-terminus. Furthemore, the 

expression of the other MIE isofoms in epithelial cells reveals no correlation between 

glycosylation and polar targeting. NHEl is also giycosylated but is expressed in basolateral 

surface, whereas NHE3 is not glycosylated but is expressed in the apical membrane. 

It is possible that NHE2 is initiaily targeted to the basolateral membrane and is subsequently 

delivered to the apical membrane, where it is prefenntially retained, by transcytosis. In addition 

to its potential for binding to SH3 domains, residues 732 to 777 dso contain a dileucine motif. 
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Dileucine motifs have ken  described as a basolateral targeting motif (see Chapter 4. II. A. 2.) as 

well as a signal important for intemalization and endosomal t-c (see Chapter 5. 1. F. 2.). 

Loss of the dileucine motif in NHE2A73 1 may result in impaired intemalization of the antiporter 

from the basolateral membrane and decreased delivery to the apical membrane. A similar 

mechanism may explain the impaired processing of NHE2A731 through the endoplasmic 

reticulum (Figure 12). Future studies should identify the biosynthetic pathway of NHE2 and 

address the role of residues 732 to 777 in directing NHE2 traffic to the plasma membrane. The 

differential expression of NHE2 and its tnincation mutants at the basolateral and apical surfaces 

of LLC-pKi cells can be assessed by metabolically labeling the cells or by extemal labeling of 

the apical and basolateral surfaces with HA antibody. 

The significance of the in vitro Pro1 and Pro2 interactions with SH3 domains of the protein 

kinases, GAP and the p85 subunit of PI 3-kinase is not clear and needs to be evaluated in vivo. Ii 

is possible that they may play a role in regulating endosomal traffic by regulating the activity of 

the ARF, COP and Rab proteins. Clearly, a complete understanding of the role of proline-rich 

regions of NHE2 awaits identification of al1 the proteins that interact with the exchanger in vivo. 

Chapter 10 : 1. C. Differences in the two acicallv located NHE isofons. NHE2 and 

It is interesting to note that, although both NHE2 and MIE3 are apically located, they differ 

markedly in their response to various physiologic and pharmacologie factors [see Table 2; (36)j. 

There are also differences in the tissue distribution of MIE2 and NHE3 (see Table 1 : Chapter 3. 

III.). This is particularly pronounced in the kidney where NHE2 expression is higher in the 

medulla compared with the rend cortex (77), whereas the reverse is the case with NHE3 which is 

expressed at a higher level in the cortex (78). Third, Our immunolocalization experiments have 

localized NHE2 primarily to the plasma membrane, whereas in cells containing NHE3, the 

exchanger is mostly sequestered in recycling endosomes (69,91). 
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Differences between the two epithelial isoforms may afford means to fine tune fluid, electrolyte 

and pHi homeostasis by 1. differential regulation of the antiporter response to physiologie signals 

such as hypertonicity or growth factors, 2. by differential expression in various tissue beds and 3. 

by regulation of traffi~c between intracellular stores and the apical membrane. . 

Cha~ter 10 : 1. D. lntemaiization of NHE3 

The large intracellular pool of NHW suggests that shuttling between this pool and the plasma 

membrane may be a means of regulating NHE3 activity, a mechanism that has been implied for 

years. In response to various stimuli, increased plasma membrane activity of NHE3 has been 

observed (138-140, 402). The increased plasmalemmal expression of the antiporter was not 

associated with increased rnRNA expression (138, 139, 342, 402) making it unlikely to be a 

result of de novo protein synthesis. Mobilization of NHE3 from intracellular stores to the 

membrane is a more likely cause of the increased protein expression observed. The mechanisms 

ihai regulate NHE3 trafîic between the plasma membrane and the intracellular stores have not 

been charactenzed. 

In order to study the internalization and endocytic trmc of NHE3, we developed an extemally 

epitope-tagged version of NHE3, 38HA-NHE3 and stably expressed it in antiport deficient-CHO 

cells, to allow differentiation of the plasmalemmal from the intracellular pools of the antiporter. 

This non-epithelial ce11 model has been shown to be a vaiid model for studying intracellular 

traffic of NHE3. It has been shown that non-epithelial cells such as CHO cells are capable of 

segregating apical and basolateral proteins to discreet microdomains on the plasma membrane 

(403). Furthermore, our group has previously shown that the inaacellular localization of N E 3  

in API cells is analogous to that of epithelial cells (69). More recentiy the juxtanuclear recycling 

endosorne compartment of non-epithelial cells where NHE3 accumulates. has been shown to be 

analogous to the apical recycling compartment of epithelial cells (227) where a fraction of 

endogenous NHE3 is localized (9 1). AU experiments were thus performed in AP 1/38HA-NHE3 
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cells. 

The first series of experiments were performed to ensun that the presence of an extracellular 

HA-tag did not affect protein expression, targeting, turnover at the plasma membrane, nor 

Na'/H* exchange. Our group has previously reported that presence of an intemal HA tag did not 

interfere with NHE3 expression, targeting or N a + / '  exchange (68). As described in Chapter 8 

and as illustrated in Figure 15, binding to the HA-antibody was similarly shown to have no effect 

on intracellular targeting, protein turnover nor ion exchange activity of the antiporter. Under 

basal conditions. we found that over 8046 of the plasmalemmal antiporter becomes intemalized 

and sequestered in a pericentriolar cornpartment (Figure 16), previously characterized as the 

recycling endosorne (69). 

The CO-localization of MIE3 with the Tfn receptor (69) suggested that clathrin may be involved 

in internalization of the antiporter. To resolve this possibility, we inhibited clathrin-mediated 

endocytosis by hypertonic treatment, k depletion and acid treatment (330, 33 1, 404) and found 

that intemalization of NHE3 was impaired (Figure 17). This is highly suggestive of a role for 

clathrin in internalization of the antiporter. It is possible that the upregulation of NHE3 

membrane expression and activity previousiy observed in response to acidity and 

hyperosmolality (1 38, 13% 342, 402) may be due to inhibition of clathrin-mediated endocytosis. 

assuming chat secretion is unaltered by these conditions. 

K+ depletion, hypertonic and acid treatrnents, however, are harsh and c m  possibly disnipt other 

cellular processes to effect the observed changes in NHE3 localization. Thus we sought finer 

tools to disnipt clathrin-rnediated endocytosis. Assembly of the clathrin coat and its fission from 

the plasma membrane are necessary for clathrin-mediated endocytosis to proceed. This process 

can be dismpted by expression of the dominant-negative mutants of amphiphysin such as Amp 

IIB (265) and dominant-negative dynarnin mutants such as DynS45N (S. Schmid, The Scripps 

Research Institute, La Jolla, CA). Transient expression of Amp IIB, which is deficient in clathrin 
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binding, impaired intemalization of the T h  receptor, a protein that has been well characterized to 

a&ic by clathrin-mediated endocytosis [see (290) for review] as  well as of NIE3 (Figure 18). 

A similar observation was made when the GTPase-deficient DynS45N was transientiy expressed 

in AP 1 /38HA-NHE3 cells (Figure 19). In both cases, in the pnsence of Amp IIB and DynS45N. 

intemalization of NHE3 was inhibited and resembled the traffi~cking pattern of the Tfn receptor. 

These results confirm those using phmacologic manipulations and show that endocytosis of 

NHE3 is mediated by clathrin. 

Although the clathrin-mediated pathway is the best characterized, alternative internalization 

routes, including macro-pinocytosis and entry via caveolae, have been descnbed [see (290) for 

review]. After prolonged exposure to the dominant-negative dynamin mutants. Hela cells 

displayed a compensatory increased pinocytosis (274,32 1). A sirnilar process is likely occumng 

in AP1/38HA-NHE3 cells transfected with DynS45N or Amp ID3 since the cells remained viable 

up to 48 h post transfection. Furthemore the gross morphology of transfected cells remained 

similar to that of non-transfected cells suggesting that the total plasma membrane surface area of 

the ce11 has not increased markedly despite inhibition of clathrin-mediated endocytosis. 

However, intemalization of NHEJ, like that of the Tfn receptor, is inhibited and therefore rules 

out clathrin-independent pinocytosis as an important intemalization pathway. 

Intemakation of caveolae has recently been shown to depend on the recruitment and GTPase 

activity of dynamin (276, 277). Although expression of dominant-negative dynarnin inhibits 

intemalization of caveolae (276, 277), intemaiization of MIE3 by caveolae is likely to be 

unimportant. In addition to the effects of the dominant-negative dynarnin we have also shown 

that amphiphysin, an important component of the clathrin coat which has not been implicated in 

intemalization of caveolae, was necessary for endocytosis NHE3. Taken together, the data has 

identified clathrin-mediated endocytosis as the pnmarily route of intemalization of NHE3. 

Regdation of ac tivity by intemalization has been reported for other membrane transporters. The 
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epithelial sodium channel (ENaC) is constitutively intemaiized through a clathnn-mediated 

pathway (405). In Liddle's syndrome, a familial form of hypertension where increased ENaC 

activity is observed, the associated genetic defect is the deletion or mutation of a tyrosine-based 

intemalization signal located within the cytosolic domain of ENaC (405): It has been suspected 

that this mutation/deletion results in impaired intemaiization of the Liddle's syndrome ENaC and 

that its subsequent accumulation at the plasma membrane is responsible for the upregulated 

channel activity observed. Assessment of ENaC activity in ce11 culture has provided supportive 

evidence for this hypothesis (405). In cells expressing normal ENaC, expression of dominant- 

negative dynarnin increased channel activity, mimicking the functional phenotype of Liddle's 

syndrome. However, when the dominant-negative dynamin was CO-transfected with the Liddle's 

syndrome ENaC, no further up-regdation of channel activity was observed (405). 

Cha~ter 10 : 1. E. Endosomal traffic of NHE3 

We have shown that intemalization of NHE3 from the plasma membrane requires the assembly 

and activity of the clathrin coat proteins. Once internalized, trafficking of proteins dong the 

endocytic pathway requires the recruitment of other coat proteins (see Chapter 5. II.). 

Components of the COPI coatomer, including E-COP, though not necessary for intemalization. 

are required for sorting from the early endosome to later compartments (198. 297. 298). The 

endosomal-trflicking pathway of NHE3 is not known. To assess this, we transiently expressed 

38HA-NHE3 into ldlF cells. This temperature-sensitive CHO mutant ce11 Iine expresses a form 

of &OP that is rapidly degraded at non-permissive temperatures and impairs protein trafic at 

the early endosomes (298). When incubated at non-permissive temperatures, the extracellularly 

labeled 38HA-NHE3 displays a markedly different staining pattern when compared with 38HA- 

NHE3ndlF cells incubated at permissive temperanires. Expression of the mutant E-COP at non- 

permissive temperatures dispersed NHE3 to peripheral punctate structures compatible with early 

endosomes (Figure 20). As in the case of APlI38HA-NHE3 cells, the intracellular traficking 

pattem of NHE3 in ldlF cells was found to be similar to that of the Th receptor. These 
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observations have thus far revealed that intemdization and intracellular traflïc of N E 3  are 

similar to that of the T h  receptor, a membrane protein that has been well characterized to recycle 

along the clathrin-mediated pathway . 

Although we and others (297) have found altered Tfn receptor recycling in ldlF cells. with arrest 

at the early endosome stage, others (301) have suggested that Tfh receptor recycling can proceed 

despite expression of mutant &-COP. Divergence of the Th receptor and other membrane 

proteins destined for recycling has been postulated by Mellman and colleagues (The Gordon 

Conference on Lysosomes, 1998) and may account for the observed discrepancies in Tfn receptor 

traffic in ldlF cells. Regardless of the effect of mutant &OP on the Tfn receptor, the 

distribution of NHE3 in ldlF cells indicates that endosomal trafic of NHE3 requires COPI 

proteins. 

NHE3 activity has been shown to be regulated by intracellular traffîc of the antiporter. Growth 

factor activation of NHE3 has k e n  shown to be mediated by PI3K (1 36). Subsequently PUK 

was shown to regulate recycling of NHE3 to the plasma membrane (68). When P13K was 

inhibited, decrease in NHE3 activity was shown to correlate with decreased protein expression at 

the membrane, an effect due to impaired NHE3 recycling while internaiization proceeded 

norrnally (68). These results would aiso suggest that biosynthetic delivery of NHE3 is minimal 

under theseconditions or that biosynthetic delivery of NHE3 is also impaired by PI3K inhibition. 

Whether other factors known to regulate NHE3 activity realize their effect by alteration in the 

intemalization and intracellular trafic of the antiporter is not known and requires funher study. 

The role of protein trafic in mediating the osmotic response of NHE3 should specifically be 

assessed in future experiments. Although hyperosmolarity is known to inhibit clathrin-mediated 

endoc ytosis, exposure to hyperosmolarity acutel y inhibits NHE3 ( 100) whereas chronic exposure 

activates the antiporter (342). This suggests that the acute response is regulated by a different 

mechanism than the chronic response and that the acute response is less likely to be due to 
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alterations in protein traffic. 

Cha~ter 10 : 1. F. Potential sianals that reaulate NHE traffic 

The intemalization and the apical targeting signal(s) of NHE3 have yet to be identified although 

preliminary work in Our laboratory with chimeric proteins of different NHE isofoms has 

localized the apical signal(s) to the cytosolic domain. A number of tmncation mutants and 

specific point mutations at putative phosphorylation sites exist for NHE3 (54, 102) and future 

experiments should utilize these constructs to identify the specific residues w hich comprise the 

intemalization and apical signal(s). 

As work with the epidermal growth factor has shown (see Chapter 4. II.), the intemalization and 

polar targeting signais can overlap. Both epithelial isoforms, MIE2 and NHE3, possess putative 

intemalization signals although to date, endocytosis has been shown to be important only for the 

NHE3 isofom. The importance of the tyrosine-based motif of NH.3 .  YKHL, located in the 

mid-region of the cytosolic domain (75) in intemalization and endosomal traffic will require 

further study using NHE3 mutants with deletion or specific mutations of the tetrapeptide. The 

tyrosine-based motif is clearly inactive as a basolateral targeting signal in NHE3. 

Curiously. the dileucine motif in the cytosolic tail of the apically targeted NHE2 is also a putative 

basolateral targeting signal. And as in the case of NHE3, this putative basolateral signal is also 

non-functional as a polar targeting signal. Indeed, despite the apical localization of NHE2 and 

NHE3. well defined apical signals have not been described for either isoform. The possibility 

that NHE possesses unique features common to both isoforms which are responsible for apical 

targeting bean hirther investigation. One possibility is that both isoforms are targeted and 

retained at the apical membrane by interaction(s) with the membrane cytoskeleton. In vitro 

assays have found an interaction of NHEZ with spectrin, a component of the cytoskeleton which 

has been shown to be differentially expressed at the polar domains of epithelial cells (see Chapter 

4. II. D.). Furthemore spectrin-SH3 interactions have been implicated in apical localization of 
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another membrane protein important for transepithelial Na+ resorption (192). 

NHE3 has been shown to interact with NHERF by binding to a region of the protein 

encompassing the carboxy-terminal PDZ domain (126), a binding motif which has been 

implicated in localization of membrane proteins and in maintenance of epithelial ceIl polarity 

[see Chapter 4. II. C. 2.; (20 1, 202)J. The amino-terminal PDZ domain of N E R F  has a 

different binding specificity than the more carboxy-terminal NHE3-binding domain ( 126). This 

amino-terminal PDZ domain has been found to bind to several membrane proteins including the 

Pz-adrenergic receptor, the cystic fibrosis transmembrane conductance regulator ( C m )  and 

P2Y 1 purinergic receptor (406). The interaction of NHERF with the Pz-adrenergic receptor has 

been shown to modulate NHE3 activity [(126); discussed in Chapter 3. IV. D. 2.1. indirect 

regulation of NHE3 via the arnino-terminal PDZ domain of NHERF has not been studied for 

other proteins. However, it is tempting to speculate that coupling of CFTR and NHE3 at the 

apical membrane of epithelial cells may confer enhanced regulation of transepithelial salt and 

Hz0 transport mediated by these two proteins (see Figure 30). 

Linkage of other membrane proteins to the cytoskeleton by direct and indirect PDZ interactions 

have been shown to occur for some membrane proteins (407). Interaction of glycophonn C, a 

transmembrane protein of red blood cells, with the cytoskeleton has been shown to be a result of 

its association with p55, a PDZ-containing penpheral membrane protein (407.408). The link to 

the cytoskeleton is provided by p55 which also binds to protein 4.1, a member of the ezrin- 

radixin-moesin farnil y of proteins associated with the actin cytoskeleton (407). 

Through a non-PD2 interaction, NHEW has recently ken  shown to interact with the ezrin and 

moesin (see Figure 30). Ezrin was found to bind directly to the carboxy-terminal region of 

NHERF (129,409), the human NHERF homolog, EBPSO (410,4 1 l) ,  and NHERF;! (127, 129) 

and through this interaction, may provide MIW with an indirect link to the actin cytoskeleton. 

The interaction with ezrin may also have a secondary role in facilitating NHERF-mediated PKA 
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regulation of the NHE3 activity (see Chapter 3. IV. D. 2.). In addition to its interaction with 

actin and NHERF, ezrin also binds to PKA (41 1, 412). Thus, NERF may be a 

scaffolding/adaptor protein that is responsible for recniitment and retention of NHE3 and its 

regulatoiy proteins to at specific domains of the plasma membrane. 

Figure 30: Schematic mode1 of =RF-mediated regulation of NHE3 activity and localization. 

Through its interaction wîih NHERF, other membrane proteins (X) such as the CFI'R are recniited to the vicinity 
of NHE3. Similarly by binding NHW and ezrin at the same time. NHEW acts as a scaffolding/adaptor protein 
chat retains M I E 3  at specific regions of the plasma membrane. Furthemore. by binding PKA. ezrin remit the 
kinase to the vicinity of NHE3 to facilitate regulation of the antiponer. 

The apical domain of epithelial cells differs from the basolateral domain with respect to the lipid, 

cytoskeletal and protein compositions (see Chapter 4). The GPI-anchored proteins and some 

membrane proteins are targeted to the apical membrane by segregation to detergent-insoluble 

glycolipid (DIG) rafts. There is no indication the DIGs play a role in apical targeting of NHE2 

and MIE3 since biochemical studies of both proteins have reveaied that they are soluble in 

Triton X. 
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In epithelial cells, endocytosis at the apical and basolaterai membranes are differentially 

regulated. Endocytosis at the basolateral domain is more rapid. insensitive to cytochalasin D 

and second messengers whereas apical endocytosis is slower, sensitive to cytochalasin D and is 

regulated by cyclic AMP and protein kinase C (161, 223). The mechanisms nsponsible for 

these differences are not known. The difierential effect of cytochalasin D suggests that 

differences in the apical and basolateral membrane cytoskeleton may be responsible. It is 

tempting to speculate that factors like the cytoskeleton, which target proteins to specific polar 

domains of epithelial cells, are also responsible for regulatlng the endosomal traffi~c at each pole. 

Cha~ter 1 O : 1. G. Identification of a novel transport ~ a t h w w  which CO-transports H' 

and- 

During the course of pHi measurements in cultured mammalian cells, a serendipitous observation 

lead to the identification of a novel transport pathway which has k e n  characterized as the co- 

transport of H;viyaiait> with NO{. We observed a rapid, revenible cytosolic acidification upon 

exposure of the cells to solutions that were rich in NO3'. The acidification was deiected by both 

photometry and ratio imaging, and was elirninated when ionophores were used to clamp pHi or 

when the buffenng power of the cytosol was increased greatly by intracellular perfusion with 

heavily buffered solutions. Together, these observations imply that NO,' produces a veritable 

change in cytosolic pH. It is noteworthy that, in isolated perfùsed rat heart, NO3- was similarly 

found to reduce intracellular pH. an effect which was exacerbated by ischernia (41 3). 

The pHi changes elicited by NO,' were seemingly not due to modulation of the activity of other, 

known acidibase transport systems. Bnefiy, the NO3'-induced acidification persisted in Na'-free 

solutions and was also observed in cells devoid of N~'/H' antiporter, d i n g  out a requirement for 

this transporter. Similarly, the effects of N O i  were still observable in the nominal absence of 

HCO; and in the presence of stilbene disulfonates, and were also displayed by HEK 293 cells, 

which are reportedly devoid of anion exchangers (374). Thus, both cation-independent and Na'- 
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dependent anion exchange are unlikely to mediate the effects of NOi. Finally, though sensitive 

to NO,, vacuolar-type H+ pumps are not involved in the observed effects of the anion on pH,. 

This was concluded because the Na--induced acidification persisted in cells treated with 

bafilomycin at concentrations that iùlly inhibit the vacuolar pumps (383,384). 

Studies in pancreatic acinar cells have indicated that NO; and/or other nitrogen oxide species 

mediate intracellular acidification by reacting with H20 or OH- in a carbonic anhydrase catalyzed 

process (414). This mechanism is unlikely to account for the NO3'-induced pH changes observed 

in CHO cells since: i) the acidification was insensitive to carbonic anhydrase inhibitors (Figure 

26 and Table 6). In fact, the NO2-4nduced acidification in CHO cells was also insensitive to 

methazolamide, suggesting that the metabolism of nitrogen oxides observed in pancreatic acinar 

cells is not a universal process; ii) only traces of NO< were found in Our NO3- solutions. In our 

hands, the acidification induced by N 0 i  can be largely explained by permeation of HN02. The 

pH change recorded is close to that predicted on the bais of the pK of the acid and the buffering 

power of the cells. Thus, we found no evidence for significant conversion of NO3' to more 

reduced nitrogen oxides or for a role of the latter in the acidification. Nevertheless, we cannot 

nile out the possibility that such contaminants are present or generated dunng the course of the 

experiment and that they may contribute to the pH changes. 

Finally, the acidification induced by NO3' may have resulted from increased metabolic acid 

generation. We consider this unlikely for two reasons. First, the effect of NO3' was largely 

unaffected by metabolic depletion of the cells using deoxyglucose and antimycin. Secondly. the 

magnitude of the acidification was proportional to the extracellular concentration of (Figure 

27). Jointly, these observations suggest that NO< àrives the transmembrane flux of H' 

equivalents through a non-conventional system. 

NO3' was taken up by the cells dunng the course of the pHi changes, supporting the notion that 

carrier-mediated CO-transport occurred. Accordingly, the uptake of NO3' was saturable and the 
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accompanying pHi changes displayed anion selectivity and susceptibility to inhibition by agents 

that block other transporten. Though the fraction of the uptake of nitrate mediated by the 

putative CO-transporter could not be defined precisely, a coarse stoichiometry could be 

approximated, assuming that the stilbene-insensitive component is fûlly engaged in ~ ( q u i v d c n i l  

transport. The calculated stoichiometry of approximately 1 to 1 is consistent with the finding 

that the acidification induced by NOs- was unaffected by changes in the membrane potential 

(Figure 29). The cumulative evidence can therefore be most simply explained by proposing the 

existence of an electroneutral CO-transport of NO3' and (or the equivalent exchange of NO3- 

for OH-). 

Counter-transport of inorganic anions for O H  or HC03' (23, 374,415-4 17) and organic anion for 

HC03- (418) have, of course, been extensively studied. However, the present system appears to 

differ from other transporters described earlier (369, 416, 418) in that it appean to be rather 

insensitive to stilbene disulfonates and transports NO3' more avidly than CI'. Divalent inorganic 

anions such as ~ 0 ~ ~ -  CM be CO-transported with H+ in exchange for a monovalent anion through 

the anion exchanger (399), yet this process is also unlikely to mediate the observed effects of 

NO3-, given its insensitivity to stilbenes. Moreover. CO-transpon of NO3- and H+ in exchange for 

a monovalent anion would be rheogenic and most Iikeiy potential sensitive, unlike the 

electroneutral process described here. 

Both functionally and pharmacologically, the putative NO,'-H' transporter resembles most 

closely the propenies of the organic acid-fl CO-transport system (31, 34, 394). Both are 

sensitive to CHC and to ethacrynic acid. Yet, unlike the NO3--induced acidification, the 

monocarboxylate-ti' CO-transporter is inhibited by DIDS, phloretin and pCMBS (3 1). Thus, these 

systems appear to be distinct, though possibly related. 

Though, to our knowledge, NO;-H' co-cransport had not k e n  reported in mammalian cells, 

comparable systems have in fact been described and well characterized in Arabidopsis thalia and 
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in Aspergillus nidulans (387, 388). In fact, the gene encoding the transporter of Arabidopsis 

(termed CHU) has bem cloned (419) and found to have sequence homology to the amino acid 

transporter, NTRI, of the sarne organism (420). Nevertheless. the stoichiometry and voltage- 

sensitivity profile of the plant (388, 419) and fungal (387) NO~:H+ CO-transporter differ from 

those described here for mammalian cells. The CO-transporters of lower organisms are rheogenic 

and voltage-sensitive (387, 388, 419) and when measured, the transport stoichiometry of the 

plant NO~--H+ co-transporter was found to be 1 NO3-:2 H+ (388). Though not identical, the plant 

and fungal transporters may be nlated to their mammalian counterpart. and may provide useful 

tools for the identification of the CO-transporter described here. Low stringency hybndization or 

PCR using conserved coding sequences of the CHLl gene may serve to identify the equivalent 

marnmalian gene. 

Regardless of the precise molecular identity of the putative CO-transporter, it is evident that 

mammalian cells have efficient NO3' transport mechanisms and these may be important in 

eliminating the products of NO metabolism, particularly in cells that generate vast amounts of 

this mediator. That the transporter operates in both a forward and reverse direction is likely of 

importance for the transport of NO3' across different tissue beds prior to disposal in the 

genitourinary andor gastrointestinal tracts. Furthermore, the occurrence of NO3--H' CO- 

transport would offer the added advantage of elirninating acid equivalents from cells that are 

metabolizing actively, without added energetic investment and without disruption of the 

transmembrane potential, inasmuch as the CO-transporter is likely electroneutral. 

Given the importance of NO is modulating ce11 activity [see (421) for review], further studies of 

the putative NO+H* CO-transporter will depend on identification and cloning of the mamrnalian 

gene. Although one would anticipate increased expression of the putative transporter in 

phagocytes and endothelial cells, it will be important to characterize its tissue distribution. 

Other studies should address the subcellular distribution of the transporter and its regulation by 

physiologie and other pharmacologie agents. 
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