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ABSTRACT

Na+IH+ exchangers (NHE) are transmembrane proteins that mediate the

electroneutral exchange of Na+and proton across the plasma membrane. There are seven

mammalian isoforms of the gene family identified to date. The recently cloned isoform

NHE5 seems to be the most highly cell type-specific being probably expressed only in

neurons. The objective of my research was to describe the basic biochemical and sorne

of the regulatory characteristics of NHE5 in an effort to understand its in vivo function.

To this end, the full-iength cDNA of NHE5 was reconstructed and transfected into the

NHE-deficient Chinese hamster ovary ceIlline API.

Pharmacological analyses demonstrated that H+;-activated 22Na+influx mediated

by NHE5 was inhibited by several classes of drugs at half-maximal concentrations that

were intermediate to those determined for the high-affinity NHEI and the low-affinity

NHE3 isoforms. Kinetic analyses showed that the extracellular Na+-dependence of

NHE5 activity followed a simple hyperbolic relationship and, unlike other NHE

isoforms, the intracellular H+-dependence also exhibited first-order kinetics.

Extracellular monovalent cations, such as H+ and Li+, but not K+, acted as effective

competitive inhibitors of 22Na+influx by NHE5.

To find novel interacting proteins that are involved in NHE5 regulation, a yeast

two-hybrid screen of human brain cDNA library was conducted using NHE5 as bait. A

clone encoding the AMP-activated protein kinase (AMPK) a2 subunit was further

analyzed. AMPK is a serine/threonine kinase that is activated by elevated ratios of

[AMP]/[ATP], regulating various biological processes in response to hypoxia or exercise.

AMPK a2 binds NHE5 in vitro and in vivo, and directly phosphorylates it in vitro.

Activation of endogenous AMPK by AICAR, a membrane permeable AMP analogue, as

weIl as heterologous expression of the full-iength and constitutive active forms of a2

subunit increased the transporter activity measured by 22Na+influx.



The regulatory protein arrestin3 was also found to interact with NHE5 in the yeast

two-hybrid screen. Arrestins were previously shown to associate with and regulate

transmembrane proteins of the G protein-coupled receptor family. We demonstrate that

NHE5 binds arrestin3 both in vitro and in vivo; and the binding is phosphorylation­

dependent. When co-expressed in CHû cells, arrestin3 and NHE5 co-Iocalize, and

arrestin3 expression seems to attenuate the basal activity of the transporter. The data

presented in this thesis reveals new aspects of both NHE regulation, and AMPK and

arrestin function.
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RÉSUMÉ

Les échangeurs d'ions Na+lH+ (NHE) sont des proteins transmembranaires qui

médient l'échange électroneutral de Na+ et des protons à travers la membrane plasmique.

Sept isoformes de mammifère de cette famille génique ont été identifiées à ce jour.

L'isoforme récemment clonée NHE5 semble avoir l'expression la plus spécifique à un

type cellulaire, étant probablement exprimée seulement au niveau des neurories.

L'objectif de ma recherche consistait à décrire la base biochimique de NHE5 et certaines

caractéristiques concernant sa régulation en vue de comprendre sa fonction in vivo. À

cette fin, l'ADNc pleine longueur de NHE5 a été reconstruit et transfecté dans des

cellules API, qui représente une lignée de cellules ovariennes de hamster chinois

déficiente en NHE.

Des analyses pharmacologiques ont démontré que l'influx de 22Na+activé par H+j

qui est médié par NHE5 était inhibé par plusieurs classes de composés à des

concentrations semi-maximales qui sont intermédiaires à celles déterminées pour les

isoformes de haute affinité NHEI et de faible affinité NHE3. Des analyses cinétiques ont

montré que la dépendance de l'activité NHE5 aux niveaux de Na+ extracellulaires suivait

une relation hyperbolique simple et, au contraire des autres isoformes NHE, la

dépendance aux H+ intracellulaires a aussi présenté une cinétique de premier ordre. Les

cations monovalents extracellulaires, tels que H+ et Li+, mais pas K+, ont agi efficacement

en tant qu'inhibiteurs compétitifs de l'influx de 22Na+produit par NHE5.

Afin de trouver des nouvelles proteins interagissant avec NHE5 et qui seraient

impliquées dans sa regulation, un criblage par un système de "yeast two-hybrid" à partir

d'une banque d'ADNc de cerveau humain a été mené en utilisant NHE5 comme cible.

Un clone encodant la sous-unité a2 de la protéine kinase activée par l'AMP (AMPK) a

ensuite été analysé. AMPK est une kinase sérine/thréonine qui est activée par des ratios

élevés de [AMP]/[ATP], régulant des processus biologiques variés en réponse à l'hypoxie

ou à l'exercice. AMPK a2 lie NHE5 in vitro et in vivo, et mène à sa phosphorylation in

vitro. L'activation de AMPK endogène par AICAR, un analogue de l'AMP perméable à

la membrane, ainsi que l'expression hétérologue de la forme pleine longueur et
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constitutivement active de la sous-unité a2, ont provoqué une augmentation de l'activité

de transport mesurée par l'influx de 22Na+.

La protéine de regulation arrestin3 a aussi été déterminée pour son interaction

avec NHE5 dans le criblage par "yeast two-hybrid". Il a été montré précédemment que

les arrestines peuvent s'associer avec, et réguler, les proteins transmembranaires faisant

partie de la famille des récepteurs couplés à des proteines G. Nous avons démontré que

NHE5 lie arrestin3 à la fois in vitro et in vivo, et que la liaison était dépendante de l'état

de phosphorylation. Losque co-exprimée dans les cellules CHO, arrestin3 et NHE5

colocalisent, et l'expression de arrestin3 semble réduire l'activité basale du transporteur.

Les données présentées dans cette these révèlent des nouveaux aspects de la regulation

des NHE, ainsi que dans les fonctions de l'AMPK et des arrestines.
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PREFACE 1

As an alternative to the traditional thesis format, the dissertation can consist of a
collection of papers of which the student is an author or co-author. These papers must
have a cohesive, unitary character making them a report of a single program of research.
The structure for the manuscript-based thesis must conform to the following:

1. Candidates have the option of including, as part of the thesis, the text of one or more
papers submitted, or to be submitted, for publication, or the clearly-duplicated text (not
the reprints) of one or more published papers. These texts must conform to the
"Guidelines for Thesis Preparation" with respect to font size, line spacing and margin
sizes and must be bound together as an integral part of the thesis. (Reprints of published
papers can be included in the appendices at the end of the thesis.)

2. The thesis must be more than a collection of manuscripts. AlI components must be
integrated into a cohesive unit with a 10gical progression from one chapter to the next. In
order to ensure that the thesis has continuity, connecting texts that provide logical bridges
between the·different papers are mandatory.

3. The thesis must conform to aIl other requirements of the "Guidelines for Thesis
Preparation". In addition to the manuscripts the thesis must include a table of contents;
an abstract in English and French; an introduction which clearly states the rational and
objectives of the research; a comprehensive review of the literature (in addition to that
covered in the introduction to each paper); and a final conclusion and summary.

4. As manuscripts for publication are frequently very concise documents, where
appropriate, additional material must be provided (e.g., in appendices) in sufficient detai!
to allow a clear and precise judgement to be made of the importance and originality of the
research reported in the thesis.

5. In general, when co-authored papers are included in a thesis the candidate must have
made a substantial contribution to aIl papers included in the thesis. In addition, the
candidate is required to make an explicit statement in the thesis as to who contributed to
such workand to what extent. This statement should appear in a single section entitled
"Contributions of Authors" as a preface to the thesis. The supervisor must attest to the
accuracy of this statement at the doctoral oral defence. Since the task of the examiners is
made more difficult in these cases, it is in the candidate's interest to clearly specify the
responsibilities of aIl the authors of the co-authored papers.

1 quoted from the "Guidelines for Thesis Preparation", Faculty of Graduate Studies and Research
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STATEMENT OF CONTRIBUTION TO ORIGINAL KNOWLEDGE

1. Human NHE5 cDNA encodes a functional Na+/H+ exchanger when expressed in
NHE-deficient Chinese hamster ovary API cells.

2. NHE5 displays distinct pharmacological properties, half-maximal inhibitory values
for several classes of drugs that are intermediate to those determined for the high­
affinity NHE1 and the low-affinity NHE3 isoforms.

3. Like other isoforms, NHE5 exhibits first order dependence on the extracellular Na+
concentration. Its intracellular H+-dependence, contrary to the other isoforms,
conforms to simple Michaelis-Menten kinetics.

4. NHE5 is competitively inhibited by extracellular H+ and Li+, and only slightly
affected by K+.

5. NHE5, like NHEl-3, is inhibited by cellular ATP-depletion.

6. The AMP-activated protein kinase (AMPK) a2 subunit binds NHE5 cytoplasmic tail
in the yeast two-hybrid system. The interaction was confirmed by both GST pull­
down and co-immunoprecipitation experiments.

7. The predominant binding domain in AMPK a2 resides between amino acid residues
386 and 421. AMPK a2 binds to two independent regions in NHE5 cytoplasmic tail,
G543-1654 and G789-L896. AMPK directly phosphorylates these regions in vitro.

8. Co-transfection of AMPK a2 with NHE5 in CHü cells caused pronounced
redistribution of AMPK a2 to the plasma membrane with patchy appearances co­
localizing with the NHE5 signal.

9. The transport activity of NHE5 is enhanced by the activation of AMPK by the AMP
analogue AICAR and by overexpression of constitutive active mutants of the kinase.

10. Arrestin3 binds NHE5 cytoplasmic tail in the yeast two-hybrid system. The
interaction was confirmed by both GST pull-down and co-immunoprecipitation
experiments. The binding region in arrestin3 resides between the residues L291 and
E339.

Il. NHE5 is a phosphoprotein in vivo. The association of arrestin3 and NHE5 is
phosphorylation dependent and is confined to region G689-G789 in NHE5.

12. When co-expressed, NHE5 and arrestin3 display nearly perfect co-localization in
CHü cells.

13. Co-expression of arrestin3 and NHE5 in NHE-deficient API cells seems to attenuate
the basal activity of the transporter.
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INTRODUCTION



1.1.1 Intracellular pH

Most participants of the multitude of aqueous chemical reactions that characterize

life are ionizable. Ionization is pH dependent and can greatly vary at physiological pH

levels (pH 6.5 - 7.5). Proteins, by virtue of their composition, contain a large number of

ionizable groups both on their surface as weIl as within their folded structure. The

ionization status of a protein can influence its tertiary and quaternary structure, which in

turn may perturb the function of the protein. (1 ;2)

Consequently, it is not surprising that cells try to tightly control their intracellular

pH by several mechanisms (see Introduction 1.2). This is not to say that pHi is

stationary; rather, it should be viewed as a regulated parameter, which can also serve as a

medium of signal transduction (3-5). The control of extracellular pH in multicellular

organisms is mediated by neurohormonal mechanisms not discussed further in the current

thesis.

1.1.2 Distribution ofF across the plasma membrane, quantity ofpHi

The Nernst equation predicts the steady state distribution of H+ ions across the cell

membrane at a given membrane potential

where Em is the membrane potential, EH+ is the equilibrium potential for H+, R is the gas

constant, T is the absolute temperature, and Fis the Faraday constant. Assuming a

membrane potential of - 60mV, and a pHo of 7.3, the equation yields a pHi of about 6.35

2



at 37°C. However, the intracellular pH of virtually aIl cell types is ordinarily 7.1-7.2,

necessitating the existence of active acid extruding mechanisms within the cell. (6;7)
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1.2 Mechanisms ofpHi regulation

The thermodynamic process of passive H+ accumulation within the cell has

several sources. The major component is passive ion flux, influx of H+, egress of OH-,

and HC03- driven by the substantial electrochemical gradient; and cellular metabolism

(8;9). Transmembrane fluxes of non-ionized weak bases and acids can also contribute to

intracellular acidification.

The mechanisms by which the cell counteracts acidification and achieves pH

homeostasis include the following:

1) the fundamental physicochemical buffering,

2) transfer of H+ or OK equivalents between the cytosol and organelles, and

3) active extrusion of acid-equivalents by transmembrane proteins. (7;10)

1.2.1 Physicochemical buffering, buffer systems

Physicochemical buffering is the inherent property of the aqueous solution of a

weak acid and its salt form (or a weak base and its salt equivalent) to dampen pH changes

of the solution induced by the admixture of strong acid or base. The major buffer

systems of the bodyfluids are. the bicarbonate, phosphate, and protein buffer systems

(l0).

The bicarbonate buffer system operates according to the chemical reaction

C02 + H20 =H2C03 =H+ + HC03- .
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Although this buffer system is not very strong (the pKa of the reaction is 6.1, far from the

extracellular pH of 7,4 at [HC03-] =28 mM, Pc02=46 mmHg), it is especially important

as both constituents can be regulated at t~e systemic level. PC02 is regulated by the

respiratory system on a timescale of minutes to hours, while [HC03-] is regulated by the

kidneys on a timescale of hours to days.

The reaction HZP04- =H+ + HPol comprises the phosphate buffer system

(pKa =6.8). This system has a better efficiency at pHo 7,4 than the bicarbonate buffer.

The total concentration of phosphate intracellularly (75 mM) is considerably greater than

extracellularly (4 mM), rendering the buffer substantially effective only within the cell,

where the pH (7.1) is actually doser to its pKa•

The protein buffer system is responsible for about three quarters of aIl chemical

buffering, due to the high concentration of intracellular proteins (16 g/dl) and the great

number of ionizable groups on them.

Physicochemical buffering is instantaneous, and for the most part (protein buffer)

not regulated at the cellular level. With continuous intracellular loading of acid­

equivalents saturating the buffer systems, the cell must possess means that will mediate

removal of excess intracellular protons. This crucial step in long-term pH homeostasis is

achieved by pHi regulatory ion transporters.

1.2.2 Ion transporters in pHi regulation
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Eukaryotic cells express transmembrane proteins that actively regulate

intracellular pH. These ion transporters are the Na+-independent CrIHC03- exchanger,

the Na+-dependent CrIHC03- exchanger, the Na+IH+ exchanger (discussed in more detail

in 1.4), the Na+-HC03- cotransporter, and the CrlOH- exchanger (Fig. In.1). Recently,

the distinction between the different bicarbonate-transporting proteins is becoming

blurred with the characterization of atypical transporters (see below), and a new,

bicarbonate transporter superfamily with members resembling each other about 30-50%

is emerging (11).

The Na+-independent CrlHC03- exchangers, better known as anion exchangers

(AE) execute the electroneutral exchange of cr and HC03- across the plasma membrane.

Given the physiological gradients of the respective anions, these transporters serve as an

acidifying mechanism. Their activity is characteristically inhibited by stilbene drugs,

such as DIDS (4,4' -diisothiocyanatodihydrostilbene-2,2' -disulphonate) or SITS (4­

acetamido-4' -isothiocyano-2,2' -stilbenedisulfonate) (12;13).

Classically, there are three genes in the anion exchanger family: AE1 is the

erythrocyte Band3 protein, AE2 is expressed in most tissues, while AE3 is expressed in

brain and heart. Alternative splicing of each gene product gives rise to more isoforms,

and may provide a molecular basis for the diversity of functions exhibited by AEs. These

functions include the CrIHC03- exchange in erythrocytes (Band3), pHi regulation (13),

cr and HC03- homeostasis in kidney (12;14), 'cell volume regulation (15), flexibility of

the erythrocyte cytoskeleton (16-18), regulation of glycolysis in erythrocytes (19), and

generation of senescent cell antigen (20;21). A newly cloned atypical transporter, termed
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AE4, possessing greater identity to NBCs than to AEs is closing the functional gap

between these ion transporter families. It is expressed in B-intercalated cells of the

cortical collecting duct of kidney, and exhibits a sodium-independent and DIDS-

insensitive CrIHC03- exchange (22). There are two more ion transporters that are

structurally unrelated to AEs (homology <15%), but can function in ClïHC03- exchange

mode. Pendrin (23), deficient in Pendred's syndrome, is highly expressed in thyroid,

inner ear, and kidney proximal tubule and cortical collecting duct. While DRA (down

regulated in adenoma), deficient in congenital chloride diarrhea, is highly expressed in

colon and cecum, and probably performs the majority of ClïHC03- exchange in intestinal

epithelium (24).

Carbonic anhydrase (CA) accelerates the chemical process of COz + HzO =

HZC03 =H+ + HC03- over 5000-fold (CAll has a turnover rate of 106/s) providing

substantial amount of substrate for bicarbonate transporters (25). Recently, the

importance of this enzyme in bicarbonate transport has been further emphasised by the

description of a transport metabolon (26). Metabolons are functional units of physically

associated complex of proteins in a sequential metabolic pathway; known examples

include enzymes of glycolysis, citric acid and urea cycles (27-29). The transport

metabolon is formed by the C-terminal cytoplasmic tail of AE1 binding carbonic

anhydrase isoform II (CAll). The association potentiates bicarbonate transport by

coupling CAll enzymatic activity and AE1 anion exchange activity. The existence of

bicarbonate transport metabolons might be a more general phenomenon, as sequence
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alignment identifies putative CAU binding motifs in the extreme C-terminus of other

bicarbonate transporters (26).

Na+·driven Cr/HC03- exchanger (NDCBE) was the first pH regulatory ion

transporter described (30;31). This mechanism is nearly as widespread as Na+/H+

exchange (7), and in many cell types more important in pHj homeostasis (32-39).

NDCBEs mediate the electroneutral exchange of intracellular cr and H+ to extracellular

HC03- and Na+, thereby increasing pHj. The transport activity is reversible and inhibited

by the stilbene drugs DIDS and srrs.

According to the classical description, Na+·HC03- cotransporters (NBC) are ion

transporters that are i) electrogenic, ii) Na+ dependent, iii) HC03- dependent, iv) cr­

independent, and v) inhibited by stilbene drugs. Depending on the Na+:HC03- coupling

ratio and the membrane potential, they are either moving Na+ and HC03- out of the cell at

1:3 stoichiometry, or they work in the other direction as an alkalizing mechanism at a

stoichiometry of 1:2 or 1: 1. Their functions include bulk reabsorption of filtered HC03­

in kidney proximal tubules, HC03- secretion in pancreas and salivary ducts, and pH

homeostasis in non-epithelial cells (reviewed in (11;40». The functional versatility of

NBCs is enhanced by several mechanisms. First, there are multiple isoforms with several

spliced variants of the transporter (11). Second, the transporter is driven by three

gradients, the concentration gradients for Na+ and HC03 -, as weIl as the membrane

potential, each of which can be controlled separately by other tissue specifie mechanisms.

Third, the direction of transport at a given membrane potential depends on the

8



stoichiometric ratio (q) of the transported ions. q is not a fixed attribute of an NBC

isoform or variant. The stoichiometric ratio of the same isoform can be switched by

phosphorylating the protein (41), changing [Ca2+]j (42), or switching the cellular

background (43).

Recent identification of several atypical bicarbonate transporters challenges the

previous classification of bicarbonate transporters. The "prototype" Na+-driven cr

IHC03- exchanger, NDCBE1, cloned from human brain (44), is actually a variant of the

earlier cloned electroneutral human NBC3 (45), which does not seem to transport cr.

The reason for their conflicting transport properties is not clear. Another Na+-driven cr

/HC03- exchanger, NCBE, cloned from a mouse insulinoma cellline, bears the highest

amino acid identity to NBC2 and NBC3. NCBE has peculiar functional properties; it

depends on extracellular cr even in the forward mode exchanging extracellular HC03­

for intracellular cr (46). AE4, as mentioned earlier, is structurally closer to NBCs than

to anion exchangers. It is possible, that sorne of the functional differences between the

members of this emerging bicarbonate transporter superfamily reflect differences in the

actual experimental cell system.

The Cl"/OH- exchanger (CHE) is a. recently described ion transporter that

mediates the intracellular pH recovery of guinea-pig ventricular myocytes from an alkali

load. It operates by electroneutrally exchanging intracellular OH- to extracellular cr ions.

The exchanger is not sensitive to DIDS, but is inhibited by another stilbene derivative

DBDS (dibenzamidostilbene-disulphonic acid) (47).

9



Fig. In.l. pHj regulatory ion transporters.
Empty symbols represent acid recovery mechanisms, grey symbols indicate
acid-loading transporters.



1.2.3 Other transmembrane proteins

Under certain conditions, the vacuolar H+·ATPases, a family of ATP-dependent

proton pumps that are responsible for the acidification ofintracellular compartments in

eukaryotic cells (48) may play a role in pH homeostasis. In mitochondrion~rich ceIls,

such as the intercalated cells of kidney cortical collecting duct, or the urinary epithelial

cells in turtles, COz induced intracellular acidification results in a transient [Caz+]j

increase, which then causes exocytosis of V-ATPases containing vesicles into the plasma

membrane, where they help to restore pHi (49). V-ATPases, being constitutively present

in the plasma membrane, mediate a portion of pHi regulation of certain tumor cell lines

(50), sorne glial cells (51;52), macrophages (53), and osteoclasts (54). In hepatocytes, the

organellar V-ATPases are partly responsible for alkalinization of the cytosol upon

intracellular acid loading (55).

Voltage·gated H+ channels represent a special type of facilitated diffusion.

These channels are highly selective for W, are activated by membrane depolarization,

and their threshold voltage is strongly dependent on the pH gradient across the cell

membrane. The combined result is that they only open when there is an outward gradient

for H+ ions. In human neutrophils, mononuclear phagocytes (56), and microglia (57),

they are activated during respiratory burst. In snail neurons, they open during action

potentials, probably to compensate for the metabolic cost of excitation (58;59). They are

also abundant in alveolar epithelial ceIls, where they probably expedite COz elimination
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by working in parallel with carbonic anhydrase and either a CrlHC03- exchanger or a

presumed anion channel (56).
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1.3 pH regulation in the Central Nervous System

Because of the many cellular processes sensitive to pH, aIl mammalian cel1s

closely regulate their intracellular pH (7). Sorne of the general cellular and biochemical

processes that are influenced by pH are cell metabolism, contractile function of muscle

cells, Ca2
+ homeostasis, cytoskeletal organization, membrane permeability, cell cycle,

and cell proliferation (reviewed in (8;60-62)). A frequently cited example in cell

metabolism is the extremely pH-sensitive enzyme phosphofructokinase 1, a major

controller of glycolysis, which can be fully activated or arrested by 0.1 unit changes in

pH within the physiological range (63).

Although it is obviously very important to control pHi in every tissue, it is

inevitably even more so in the central nervous system (CNS), where special

considerations add another dimension to pHi regulation. First, the blood-brain barrier

(BBB) sealing off acid-base equivalents, with the exception of CO2, and the choroid

plexus actively producing cerebrospinal fluid with reasonably constant constituents

provide a stable overall extracellular pH only changed under pathological conditions (e.g.

ischemia, status epilepticus). Second, the extracellular space (ECS) in CNS has a special

structure comprising only 20% of the total volume of the brain and being often as narrow

as 20 nm between a neuron and a glial cell (64). This distance defines such a small

volume, that neuronal electrical activity, ordinarily unable to significantly alter

extracellular fluid, can change its ionic composition tremendously. Extracellular K+

concentration during repetitive action potentials can reach otherwise lethal values had it

not been for the glial syncytium to control this key determinant of membrane potential.
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Similar reasoning is applicable to the transport of polarized acid-base equivalents, such as

H+, across plasma membranes of these closely adjacent cells.

Considering the tight control of extracellular pH (BBB, choroid plexus) in the

central nervous system, and the fact that neuronal activity causes well-defined pH

transients (reviewed in (4;65)) it is straightforward to postulate a signaling role for H+ in

between CNS cells (5;66;67).

1.3.1 Processes influenced by pH in CNS

In general, neural excitability of the CNS is suppressed by acidosis, and enhanced

by alkalosis. This dependence is generated as a sum of a large number of pH-sensitive

processes. Intrinsic neuronal excitability is altered by pH-sensitive voltage-gated ion

channels, while both excitatory and inhibitory synaptic transmission is influenced by pH­

sensitive ligand-gated ion channels (reviewed in (68-70)).

Voltage-gated Na+ channel conductance is blunted by extracellular H+ in all cells

examined (reviewed in (69)). By contrast, K+ currents are only slightly affected by pH

change (71) with the notable exception of the inward rectifier K+ channel HIRJIRK3,

which is depressed by external H+ with a pK around 7.4 (72). High-voltage activated

(HVA) Ca2+currents are enhanced by external alkaline shifts. They are particularly

sensitive to pH; only 0.1 unit pH shifts near presynaptic HVA Ca2+channels can, in

principal, lead to functional changes in synaptic transmission (71 ;73).

Not all ion channels are sensitive to changes in pH. Interestingly, even within one

ligand-gated ion channel family, there are pH-sensitive and non-sensitive channels. For

example, in the case of GABAA receptors, pH sensitivity is controlled by the subunit
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composition. Receptors comprised of (Xl~1 subunits are enhanced by low pH, while the

(Xl~Iy2S receptor is pH insensitive (74). Another example is the glutamate-gated

excitatory cation channel, the NMDA receptor. The NMDA receptor is tonically

inhibited at physiological pH. The presence or absence of the 21 amino acid residues

encoded by exon 5 in the NRI subunit determines the proton inhibition of the receptor

(75).

In addition to the above-mentioned pH-sensitive ion channels, there are also H+­

gated channels in both central and peripheral neurons. At the molecular level, these

channels are formed as heteromultimeric complexes of three different subunits (ASIC1-3,

for acid-sensing ion channel), and belong to the amiloride-sensitive Na+ channel family.

They have kinetic and ion selectivity properties similar to other ligand-gated cation

channels (e.g. NMDA receptor), and require acidic pH fluctuations for activation (76).

Finally, gap junctions of the glial syncytium are also particularly pH-sensitive.

Cytoplasmic acidification decreases the open probability of junctional channels formed

by Cx43 and Cx32 subunits, and thereby reduces inter-glial communication (77).

The fact that members within a gene family, such as GABA receptors, display

considerable variation in their pH sensitivity suggests that proteins influenced by changes

in ambient pH indeed have evolved to sense these changes and respond in a functionally

significant way. Certainly, having domains that are allosterically regulatable by pH in a

protein without a practical purpose would only confer instability onto a highly-organized

system such as the brain.

1.3.2 Mechanisms ofactivity-induced changes in pH
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The relationship between neural activity and pH is reciprocal. pH transients

influence neural activity, and conversely, transmembrane fluxes of acid-base equivalents

can be elicited by neural activity.

. For instance, postsynaptic neuronal depolarizations large enough to activate

voltage-gated Ca2+channels lead to a rise in [Ca2+]j. This increase, in tum, will activate

the plasmalemmal Ca2+/H+-ATPase generating a large sustained decrease in pHi and a

simultaneous increase in pHo (65).

Another type of acid load is caused by inhibitory synaptic transmission. The

activation of GABA- and glycine-gated anion channels leads to an efflux of HC03­

through the anion conductance, thereby acidifying the interior of the neuron (78).

The widespread mechanism of glutamate uptake into neurons and glial cells is

essential for terminating the excitatory synaptic transmission of this neurotransmitter.

Glutamate uptake carriers mediate a Na+-dependent electrogenic transport, which also

generates pH changes across cell membranes. The carrier transports 2 Na+ ions along

with glutamate into, and a K+ ion out of, the cell. AdditionaIly, there is movement of an

acid-base equivalent that acidifies the interior in the form of either a W moving in or a

OH- moving out of the cell (79;80).

It seems likely that the main role of acid extruding pHi regulatory transporters in

both neurons and glia is to reestablish intracellular pH after activity-evoked changes.

1.3.3 pHi control mechanisms in mammalian CNS

Studies on CNS primary cell cultures, neural and glial ceIllines, as weIl as in situ

experiments demonstrated that neurons and glia possess a variety of pH regulatory
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transporters with cell-specific patterns of expression (reviewed in (81 ;82)). Na+/H+

exchangers and Na+-driven CrlHC03- exchangers are the most abundant acid-extruders

in both neurons and glia, while sorne cells (e.g. hippocampal astrocytes (51)) harness the

vacuolar-type H+-ATPase in intracellular pH regulation, though at limited capacity.

Acid-Ioaders are the plasma membrane Ca2+Œ pump and the anion exchanger. The

anion exchanger is an acid-Ioader present in both neurons (AE3) and glia, while the

plasma membrane Ca2+/H+ pump is found in neurons. The Ca2+/H+ pump removes

moderate loads of Ca2+entered during neuronal excitation and simultaneously decreases

neuronal pHi (83).

Interestingly, electrogenic Na+/HC03- cotransporter has been functionally

demonstrated only in glia, where it is an abundant pH regulatory protein (81). Its

presence in glia provides a mechanistic basis for the interesting phenomenon of

depolarization-induced alkalinization (DIA, see below). However, recent evidence

demonstrates that not only the eletroneutral NBC3 (44;45), but also the electrogenic

NBCI protein is, in fact, expressed in neurons. Its localization is apparently restricted to

neuronal processes explaining the lack of physiological confirmation by common

techniques such as the pH-sensitive dye (BCECF) loading of the cell soma (84).

1.3.4 Depolarization-induced alkalinization (DIA)

The remarkable paradigm of DIA illustrates the tight functional coupling of glia

and neurons in pH regulation. During neuronal activity, extracellular K+ levels are

sufficiently elevated to depolarize the adjacent glial cells. The increase in [K+]o, as

discussed above, is further enhanced by the proximity of glial and neuronal cell
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membranes. Depolarization drives HC03- into the glial cell through the electrogenic

NBC producing an alkaline pH shift. Inevitably, the intracellular alkaline shift is

accompanied by an acidic shift in the extracellular space of at least the same magnitude

owing to spatial constraints and limited buffering capacity. During intense neuronal

activity, such as epileptic seizures, the magnitude of the acidic pH transients can

theoretically reach values that would dampen the electrical activity by suppressing

neuronal excitability, and thereby limit the expansion of epileptic focus. In essence, DIA

constitutes an intrinsic safety mechanism in the brain demonstrating the functional co­

dependence of glia and neurons. (5;67;82;85-87)
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1.4 Na+jW Exchangers

Na+lH+ exchangers (NHE) are a functionally diverse group ofubiquitous

transmembrane proteins that mediate the electroneutral exchange ofNa+ and H+ across

the membrane. With seven mammalian isoforms (NHE1 - NHE7) identified to date, they

form the largest gene family of the pR regulatory ion transporters. Their function

encompasses not only the maintenance of pHi homeostasis, but also cell volume

regulation, (re)absorption of Na+, and indirectly HC03-, across epithelia, promotion of

cell proliferation, regulation of actin cytoskeleton dynamics (cell adhesion and motility),

and organellar ion and volume homeostasis. (88-93)

1.4.1 Structural features

Based on their amino acid sequence, hydropathy analysis of aIl isoforms predicts

a similar structure with two distinct domains; a hydrophobie N-terminal transmembrane

region containing 12 putative membrane-spanning segments (TM), and a large

hydrophilic C-terminal cytoplasmic region that contains numerous recognition motifs for

various protein kinases and other regulatory molecules.

The amino acid identity amongst the isoforms in the transmembrane domain is 45

to 65%, while in the cytoplasmic domain it is only 25 - 35%. The organellar isoforms

(NHE6 and NHE7) constitute a disparate group, sharing an overall amine acid identity of

-70%, while resembling the other isoforms to a much smaller extent (20 - 25%) (89-91).

Most of the shared identity of the isoforms resides in TM3 - TM12. TM6 and TM7,

being 95% identical between the plasma membrane isoforms, likely participate in cation
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translocation, whereas TM4 and TM9 are responsible for pharmacological antagonist

binding (94;95).

Several recent topological studies have refined our understanding of the

secondary and tertiary structure of NHEs. Wakabayashi et al. (96) used substituted

cysteine accessibility analysis to provide a more precise model of the secondary structure

of NHE1. Their results largely support the previously predicted structure with sorne

notable differences. Namely, parts of the second and fourth intracellular loop are

accessible to external SH-directed reagents, suggesting that they may form part of the ion

translocation pore. The originally predicted TM10 seems to be entirely embedded in the

lipid bilayer, while the last extracellular loop forms an intracellular loop, a new TM

(TMll), and an extracellular loop. Recently, Biemersderfer et al. (97) found the extreme

C-terminus of NHE3 extracellularly accessible in brush border membrane vesicles and

apical region of proximal tubule to monoclonal antibodies directed to the last 131 amino

acids ofNHE3. However, the analyses ofWakabayashi indicated that the entire C­

terminal tail of NHE1 is cytoplasmic (96). The basis for these differences is unclear.

Our own data using C-terminal epitope-tagged isoforms (NHEl HA and NHE3HA) in API

cells affirms the generally accepted view of the C-terminal tail being cytoplasmic.

Recently, Williams (98) defined the three-dimensional structure of the Na+lH+ antiporter

of the inner membrane of E. coli (NhaA) by electron cryo-microscopy, giving the first

accounts on the architecture of an ion-coupled transport protein. In this study, NhaA is

depicted as a protein with 12 tilted transmembrane spanning helices.

The quaternery structure of NHEs is not weIl defined. Homodimerization is

suggested by immunological data (99) in case of NHEI and NHE3, and NhaA has been
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shown to fOfm homodimers by electron cryo-microscopy (98). Dimerization is possibly

mediated through formation of disulfide bonds in the N-terminal transmembrane domain

(99; 100). Nevertheless, the monomer seem to represent the minimal functional unit for

Na+lH+ exchange, demonstrated by the failure of a nulI-mutant (NHEI-E262I) to exert

dominant negative effect on transporter function when co-expressed with the wild-type in

NHE-deficient PS 120 cells (99).

NHEI contains both N- and O-linked oligosaccharides (101), while NHE2

exhibits only O-linked glycosylation (102). In contrast, NHE3 seems not to be

glycosylated (101). The glycosylation status of the other isoforms is not yet determined.

1.4.2 Biochemical features

Kinetics - Under physiological conditions NHEs mediate the exchange of extracellular

Na+for intracellular H+ at 1: 1 stoichiometry. The extracellular Na+dependence of the

transport activity exhibits a simple Michaelis-Menten kinetics. The apparent affinity

constant (Ko.s) for external Na+ of the different isoforms is 3 - 50 mM, well below

physiological values of [Na+]Q, excluding external Na+ as a regulatory substrate.

(88;91;103;104)

The external cation-binding site is not selective for Na+, Other monovalent

cations, such as H+, Li+, NH/ can compete with Na+ for binding, sometimes with

substantially higher affinity for the exchanger (105;106). For instance, the half-maximal

inhibitory value (K;) of NHE2 for Li+ is 2.2 mM, whereas K O.5 of Na+ for this isoform is

50 mM. However, the actual turnover rate for these other transported cations is much

slower, than it is for Na+ (103; 104;107), indicating that Na+lH+ exchange is the favoured

mode of transport. K+, another physiologically relevant cation, does not seem to be
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translocated in isoforms NHEI - NHE3, but competes with Na+ for the external binding

site ofNHEI (103;104).

Na+/H+ exchange is normally quiescent at physiological pH, and becomes

aIlostericaIly activated by intracellular H+ when pHi drops be10w a threshold level

(103;106;108).

Pharmacology - InitiaIly, inhibitors of Na+/H+ exchange fell into three categories. The

diuretic compound amiloride, and its 5-N alkyl substituted derivatives formed the

primary set, and were used to divide the isoforms into amiloride-sensitive and amiloride­

resistant classes. While amiloride is not a very specifie antagonist, inhibiting other Na+

transport proteins (e.g. the epithelial Na+ channel ENaC) as weIl, its derivatives such as

ethylisopropyl- (EIPA), dimethyl- (DMA), or methylpropyl-amiloride (MPA) are both

more potent and more selective (95;103;109-112).

The acylguanidine compounds HüE694 and HüE642 (cariporide) bind NHEs

more selectively, particularly NHE1, and in fact are proposed as NHEI specifie

therapeutic agents in ischaemia/reperfusion injury of the heart (113;114).

The third group was formed by other unrelated pharmacological agents, such as

cimetidine, clonidine, and harmaline. These drugs block NHE activity at generally lower

efficiency (103;104). While being structurally distinct, they aIl have either a pyrazine, an

imidazoline, or a guanidine moiety, therefore bearing sorne similarity to each other (Fig.

In.2). The general order NHE1 > NHE2» NHE3 characterizes most drugs listed above

in their isoform specificity.

Recently, propelled by clinical interest (113; 115), a new generation of NHE

antagonists is emerging. EMD 84021, EMD 94309, EMD 96785 (eniporide) are further
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Pharmacological Structural Formula
Inhibition Constants (ICSO, M)

Agent NHE1 NHE3

N« "* NHZ

Amiloride c'J:: ):C-H-C"'m., 1.6 x 10 ·6 1.0 x 10 -4
HlN N NH2

N« ..... NH2

Ethylisopropylamiloride
cX XC-H_C,m.,

1.5 x 10 ·8 2.4 x 10 ·6CH)CH2 "
N NH2

H'CACH'
R HH, -0aX:)C-H:C(

Benzamil
NHCHZ

1.2 x 10 -4 1.0 x 10 -4
HZN N NH2

o 0

H'C':OU ",HH'/.,. c-N-C .....

HOE694 6 HH, 1.6x 10.7 6.5 x 10 -4

H
H'C()

Cimetidine
HCH 1 1

2.6 x 10 ·5 6.2x10·3Il H
CH)NHCNCH2CH2SCH2

Clonidine [:>-~-b 2.1 x 10 -4 6.2 x 10 -4H a

Harmaline CH,oùi)
1.4 x 10 -4 1.0x10 ·3

Fig. In.2. Chemical structures and relative affinities of NHE antagonists. The half­
maximal inhibitory values for NHEI and NHE3 were obtained from Orlowski, JBC
(1993) 268:16369-77.



derivatives of the HOE family (116), while SL 59.1227 is a novel imidazolylpiperidine

NHE inhibitor (117), zoniporide is a carbonylguanidine based compound (118), and T­

162559 is an aminoguanidine derivative (119). These drugs are at least as potent as

HOE642 in inhibiting NHEI. Another drug, S3226, a bismethacryloyl guanidine

derivative, was identified as a novel potent NHE3 inhibitor (120).

According to several studies, the mechanism of inhibition by amiloride

compounds is competitive, suggesting a common binding site for both Na+ and the drug

(107;110). However, recent site-directed mutagenesis (121; 122) and chimera analyses

(112) have demonstrated that residues in TM4 and TM9 contribute to drug sensitivity

without affecting Na+ affinity. Another recent study illustrates the complex involvement

of TM4 in both Na+ and drug binding. Touret et al. (123) describe that a single mutation

in TM4 (FI62S) results in both low Na+ and drug (cariporide) affinity; and this low Na+

affinity can be reverted without changing the drug affinity by mutations at distant

locations (I169S or I170T) within the same transmembrane segment.

1.4.3 Tissue distribution and physiology

NHEI is expressed at the plasma membrane of virtually aIl cells and tissues, and

is directed to the basolateral membrane of polarized epithelial cells. It most likely fulfills

the general function of intracellular pH and cell volume homeostasis (91;92). Recently, a

novel role in the maintenance of cell shape has been proposed for NHEI. Independent of

cation translocation, NHEI has been found to regulate the cortical cytoskeleton

organization through its direct binding to ezrin/radixin/moesin (ERM) proteins. The
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ERM family of proteins can directly bind both actin and certain plasmalemmal proteins,

thereby linking the actin cytoskeleton to the plasma membrane (124).

A spontaneous mutation, as weIl as targeted disruption of the Nhellocus has

provided surprising results on its importance in mammalian physiology (125; 126).

Although the null mutation of Nhel caused significant mortality before weaning,

surviving mice had no gross developmental defects and disp1ayed a CNS restricted

phenotype. The novel seizure phenotype, slow-wave epilepsy, and the ataxia exhibited

by NHE1-knockout mice demonstrate the vulnerability of certain CNS cell-types and the

delicate balance of pH-dependent neuroexcitability and neuron survival.

NHE2 is expressed predominantly in the gastrointestinal tract and, to lesser

extent, in kidney, brain, testis, uterus and lung (127-129). Although the expression in

kidney and the targeting of the exchanger is somewhat controversial (88;91), it seems

likely that NHE2 is localized to the apical membrane of epithelial cells. Recently, two

unique proline-rich motifs resembling SH3 binding domains in the cytoplasmic tail of

NHE2 have been implicated in apical sorting of the transporter (130).

The tissue and subcellular distribution of NHE2 implies a major physiologic role

in Na+ absorption of colon. However, the Nhe2 null mutant mice do not exhibit any

obvious defects in intestinal function. Instead, they show a deficiency in gastric acid

secretion and a loss of parietal cells after weaning, proving an essential role of NHE2 in

the long-tenu viability of these cells (131).
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NHE3 is predominantly expressed in the epithelial cells of the gastrointestinal

tract and kidney. It is directed exclusively to the apical membrane of these cells, where it

has been shown to mediate the (re)absorption of Na+ and, indirectly, HC03-; conclusions

derived largely from the use of pharmacological antagonists (91 ;92;132). The physiology

of NHE3 has recently been confirmed by the targeted disruption of the gene. NHE3­

knockout mice show severe absorptive defects in both intestine and proximal convoluted

tubules, are mildly acidotic, have reduced blood pressure, and have slight diarrhea (133).

NHE4 mRNA is expressed abundantly in stomach epithelium and kidney inner

medullary collecting duct, with lower levels in uterus, skeletal muscle, and pancreas

(127; 132). The protein was detected at the basolateral membrane of different epithelial

cells of pancreas, kidney, and stomach (134;135), and NHE4 activity was demonstrated

in the basolateral membrane of macula densa and thick ascending limb cells (136; 137).

The physiological role of NHE4 remains unclear, but it may mediate NH4+transport

across the basolateral membrane of distal nephron segments (136).

•1.4.5 Regulation ofNHEs

The activity of NHEs is regulated by a variety of signaling pathways and other

stimuli including the PKA and PKC pathways, Ca2+/calmodulin, certain accessory

proteins (CHP, NHERF), and cell volume (reviewed in (88;91 ;93». A brief summary of

the regulation of NHEI and NHE3 is presented below.

In general, the regulation of a transmembrane transporter involves changes in its

kinetic properties, either the maximal velocity (vrnax) of the reaction or the substrate
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affinity (KM or pK) of the enzyme. The first usually represents a change in the number of

active transporters in the membrane, while the second represents a functional change at

the level of individual transporters (i.e. being more or less active under a given

condition).

The regulation of NHEI activity by various cell-surface receptors converge on a

limited number ofNHEI-interacting proteins that mediate conformational changes in the

C-terminal cytoplasmic. tail of the transporter altering the affinity of the internaI H+

transport site (93).

Three serine/threonine kinases directly phosphorylate and activate NHEI. p90RSK

phosphorylates Ser703 in the cytoplasmic tail ofNHE1, and plays a key role in growth

factor mediated activation of the transporter through the MEKI-ERK1I2-p90RSK pathway

(138-140). Activation ofNHEI by lysophosphatidic acid and the G protein Ga13 is

mediated through the low molecular weight GTPase RhoA. The downstream effector,

the RhoA target kinase pI60-ROCK, directly phosphorylates NHEI in the cytoplasmic

tail (62). Integrin receptor signaling also couples to the activation of NHEI through the

RhoA-ROCK cascade (141). The adaptor protein Nck through its downstream effector,

the Nck-interacting kinase (NIK), mediates platelet-derived growth factor activation of

NHEI. NIK directly binds to NHEI and phosphorylates it at a distinct site in the

cytoplasmic tail (142).

There are two binding sites, a low-affinity and a high-affinity, for calmodulin in

the cytosolic tail of NHE1. The regulation of NHE1 activity in response to Ca2+­

mediated signaling mechanisms is realized through Ca2+/calmodulin binding to the high-
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affinity domain (residues 636-656). Deletion of this region results in constitutive

activation of NHE1, suggesting that in the absence of Ca2+signaling it may function as an

autoinhibitory domain (143-145).

The ubiquitous calcineurin B homologous protein (CHP), a Ca2+-binding

phosphoprotein, binds to NHEI-3 at the juxtamembrane region of their C-terminal

cytoplasmic tail (residues 515-530 in NHE1), and serves as an essential cofactor in

Na+/H+ exchange activity. The CHP-binding domain is conserved among NHEI-5,

suggesting that CHP-binding is a common requirement for exchange activity of all

plasma membrane-type NHEs (146).

In the regulation of NHE3, both changes in Vrnax as weIl as KM occur depending on

the stimulus. The transport activity of NHE3 is potently inhibited by the elevation of

cAMP concentration. This inhibition is only partially explained by direct

phosphorylation of the exchanger, since abolition of serine 605, the only serine exhibiting

PKA-dependent phosphorylation, does not completely abrogate cAMP-mediated

inhibition (147). This finding predicts the presence of accessory proteins in cAMP­

mediated regulation of NHE3. Indeed, several proteins have been found to associate with

NHE3 (146;148). Most notably, Na+/H+ exchanger regulatory factors, NHERFI and

NHERF2, have been implicated in the PKA regulation of the exchanger. NHERF1 is

reported to be necessary for conferring cAMP-mediated inhibition of NHE3 when co­

expressed in the NHE-deficient PS 120 cells (148-150). However, this latter finding is

controversial, since in independent studies NHE3 expressing PS 120 cells seem to exhibit

forskolin-induced inhibition of transport activity without exogenous NHERF «151),
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Orlowski and Wakabayashi unpublished). Nevertheless, NHERFs, containing two PDZ

domains, and being able to bind not only NHE3 and other membrane transporters, but

ezrin as wel1, might serve as multifunctional adaptor proteins involved in diverse aspects

of cellular signaling (149;152;153).

Studies by the Grinstein and Orlowski laboratories revealed, that a substantial

portion of NHE3 in CHO cells is intracellularly located (154). The exchanger is

endocytosed via clathrin-coated vesicles (155), and continuously cycles between the

plasma membrane and the endosomal vesicles in a phosphatidylinositol 3' kinase (PI3K)

-dependent manner (156). The inhibition of NHE3 transport activity by drugs, such as

cytochalasinB, latrunculinB, and jasplakinolide, proves the importance of actin

cytoskeleton in the optimal activity of the transporter (157). CytochalasinB and

latrunculinB disrupts the actin filaments by independent mode of actions, while

jasplakinolide actually stabilizes filamentous actin (158-160), implying that a dynamic

actin cytoskeleton is a prerequisite of NHE3 function. Considering that the cytoskeleton

is known to be involved in endo- and exocytosis (161), and the acute regulation of sorne

membrane transporters (e.g. aquaporin2) (162;163) involve recruitment of the proteins to

and from the plasma membrane, it is straightforward to hypothesize that NHE3 transport

activity is regulated by altering the dynamics of its trafficking process. In accordance,

Donowitz et al. (164) demonstrated that in intact ileum and Caco-2 cells, acute regulation

of NHE3 by PKC and epidermal growth factor involves vesicular trafficking, changing

the amount of transporter on the plasma membrane. Surprisingly, in CHO-derived API

cells, while NHE3 activity is inhibited by drugs interfering with the normal organization

of the actin cytoskeleton, there is no simultaneous change in the number of transporters
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present in the plasma membrane demonstrated by surface-Iabelling of extracellularly

tagged NHE3 (157). Therefore, the cytoskeleton in API cells must influence the intrinsic

activity of the transporter, changing its half-maximal [H+]j activation value.

Na+lH+ exchange is a major cell volume regulatory mechanism (165). Osmotic

cell shrinkage leads to NHE activation in a variety of cell types, leading to increased Na+

uptake followed by osmotically driven water influx. Interestingly, NHEI and NHE3 are

differentially responsive to hyperosmolar stress. In a heterologous expression system,

NHEI was activated, while NHE3 was inhibited in shrunken cells (166). It is likely that

in native cells the regulatory volume increase attributed to Na+/H+ exchange is mediated

by NHEI. The mechanism of the osmotic activation ofNHEl is poorly understood, but

it appears to be phosphorylation-independent (167), and probably involves the interaction

of cytoskeletal elements (168).

1.4.6 Organellar NHEs

Recently further members of the Na+/H+ exchanger family, NHE6 and NHE7,

sharing a 70% overall amino acid identity, have been identified (89;90).

By tissue Northern blot analyses, NHE6 appears to be ubiquitously expressed.

Within the ceIl, it is localized to mitochondria, and it mediates the benzamil-sensitive

exchange of matrix Na+ for intermembrane H+. It is primarily responsible for

establishing the Na+ gradient utilized by the mitochondrial Na+/Ca2+exchanger in

mitochondrial Ca2+homeostasis. Furthermore, it might have a role in mitochondrial

volume regulation. ((89), Numata and Orlowski unpublished)
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NHE7 mRNA is ubiquitously expressed in aIl tissues examined, with the highest

expression levels observed in secretory organs. Its predominant intracellular localization

was reported to be the late Golgi/trans-Golgi network. It functions as a non-selective

cationlH+ exchanger, and likely plays a role in the cation/volume homeostasis of this

organelle. (90)

1.4.7 NHEs in brain

According to the earliest Northern blots of the NHE isoforms, NHEI is the most

abundantly expressed isoform in brain. NHE2 and NHE4 mRNA is also present, though

at much lower levels. NHE3 message in brain is barely detectable after long exposure of

the Northern autoradiogram (129;132) suggesting a very low expression level.

Using in situ hybridization, Ma et al. (169) detected aIl four isoforms in rat brain

in an age- and region-specifie manner. They concluded that NHEI is ubiquitous, and the

most abundant in hippocampus and cerebellum. The expression pattern of NHE2 and

NHE4, both found in cerebral cortex and brainstem-diencephalon, is similar, while NHE3

is only found in cerebellar Purkinje ceIls. Another in situ hybridization analysis found

high expression of NHE4 in the cavi amnoni fields of rat hippocampus. (109)

The scope of Northern analysis and in situ hybridization is limited in terms of

actual physiology of a protein. AIso, as reported earlier in the case of NHE2 and NHE4,

the use of long cDNA probes can lead to cross reactivity even under high stringency

hybridization (127). In order to identify the specifie isoforms responsible for the

described NHE activities in CNS (see 1.3), isoform specifie polyclonal and monoclonal

antibodies were used in both western blot analyses and immunohystochemistry. Haddad
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et al. identified NHE1, NHE2, NHE4, but not NHE3 in western blots of segregated rat

brain (170). In contrast, Wiemann et al. described NHE3 immunoreactivity in

ventrolateral neurones of the medulla oblongata (171). Yet another study using a

monoclonal antibody could not detect NHE4 protein in rat brain (134).

Clearly, there is more work needed in precisely describing distribution of NHEs in brain,

and in analyzing the subcellular localization of the respective isoforms.

1.4.8 Initial identification ofNHE5

In a quest for other NHE isoforms, Klanke et al. (172) used a 32P-Iabelled rat

NHE2cDNA probe to screen a human genomic library at low stringency. The nucleotide

sequence of the identified positive clone contained two putative exons separated by a 2.2­

kb intron, yielding 154 codons in open reading frame. Comparison of the deduced amine

acid sequence to the corresponding sequences of the four, at that time known NHE

isoforms (NHE1-4) made it apparent, that the gene was a new member of the NHE

family, termed NHE5, exhibiting 59-73% identity to NHE1 and NHE3 respectively.

Subsequent physical and genetic mapping studies localized the gene to chromosomal

subbands 16q22.1, and Northern blot analysis demonstrated that NHE5 transcripts were

expressed in brain, spleen, and testis and at trace levels in skeletal muscle (172).
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1.5 Rationale and Objectives

NHEs are transmembrane proteins that mediate the electroneutral exchange of

Na+ and H+ across the plasma membrane and thereby regulate intracellular pH and

volume homeostasis. Despite the essential nature of the above functions, it is possible to

select for cells that are devoid of NHE activity. NHE-deficient cells are viable provided

that the culture medium contains HC03- and its pH is adequately buffered at the neutral

range (173). To avoid the problem of the coexistence of multiple isoforms in individual

cell types in the functional analyses of NHEs, the transporters can be expressed and

analyzed in such an NHE-deficient cellline.

The focus of my thesis was to determine the basic functional and sorne of the

regulatory properties of the human brain Na+lH+ exchanger isoform 5 (NHE5). In order

to describe its pharmacological and biochemical characteristics in respect of the other

isoforms, NHE5 was stably transfected into the NHE-deficient Chinese hamster ovary

cell API (Chapter 1). API cells proved to be a particularly useful tool in the analyses of

both basic functional and regulatory features of various NHE isoforms

(103;104;112;166;174). The common cellular background ofthis heterologous

expression system allows a more direct comparison of the particular attributes of

individual NHEs. However, in case of NHE5, the most cell type-specifie isoform

presumably expressed solely in neurons (175;176), CHO may not serve as a perfect

model system for identifying regulatory pathways. Consequently, in describing the

regulation of NHE5 activity, another approach was taken. We tried to identify native
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interacting proteins of the transporter using the yeast two-hybrid assay (177) screening a

human brain cDNA library. For the assay, the cytoplasmic tail of NHE5 was used as

bait, since this is the part of the exchangers on which diverse intracellular signaling

pathways converge (178-180). Chapter 2 and 3 presents two of the candidate interactants

recognized by the yeast two-hybrid assay and the functional consequence of their

association with NHE5 in the heterologous API expression system.
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Preamble to Chapter] l

To begin a systematic analysis of the functional characteristics and physiological

roles of NHE5, we have cloned and functionally expressed a cDNA encoding the

complete amino acid sequence of human NHE5. The full-Iength cDNA sequence was

eventually cloned from a human brain cDNA library, as earlier attempts at isolating the

cDNA from spleen or testis libraries yielded incorrectly spliced transcripts. In parallel

experiments by Attaphitaya et al. (175), high levels of rat NHE5 mRNA in Northern blot

analysis was only detected in brain tissue, strengthening the conclusion that functional

expression of NHE5 mRNA may be restricted to brain.

The composite nucleotide sequence of human NHE5 (Fig. p.1) contains a 2688-

nucleotide open reading frame, which encodes a protein of 896 amino acids with a

molecular mass of -99 kilodaltons. Hydropathy analysis (181) showed that NHE5 has

the same membrane topology as the other plasma membrane Na+ /H+ exchangers, with

multiple membrane spanning domains in the N-terminal half of the protein and an

extensive cytoplasmic domain in the C-terminal half (Fig. p.2). Pairwise comparisons of

the conserved transmembrane domain (amino acids 41-543 of NHE5) with the

corresponding regions of NHE1-4 (TABLE P.l) demonstrated that it is most closely related

to NHE3. The overall amino acid similarity between NHE5 and NHE3 (Fig. p.2), with

all gaps in the alignment considered a mismatch, is 48% (64% in the N-terminal

1 This section is an abridged summary of the papers by Baird et al. (176) and Attaphitaya et al. (175), that
were the first reports on the attributes of the Na+/H+ exchanger isoform NHE5. The reconstruction, stable
transfection and functional assay of human NHE5 was carried out by E.Z. Szab6.
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membrane spanning region and 31 % in the C-terminal cytoplasmic region). Human

NHE5 is 95% identical to the 898-amino acid rat NHE5 (175).

To reconstruct the complete human NHE5 cDNA lacking intron sequences, six

contiguous overlapping regions that spanned the coding region were amplified by PCR

using the isolated cDNAs and RACE products as templates. Adjacent fragments were

joined by PCR until the coding region was reassembled into a single cDNA fragment

containing unique KpnI and XbaI restriction endonuc1ease sites at the 5' and 3' ends,

respectively. By using PCR mutagenesis, an influenza virus hemagglutinin epitope

YPYDVPDYAS was inserted at the C-terminal end to allow for immunological detection

of the protein, and a more optimal translation initiation sequence (182) was engineered at

the 5' end of the cDNA (CCCCGCCACCATGC, with ATG as the initiation methionine

codon; C in the +4 position was retained because using the more optimal G would have

altered an amino acid). The entire PCR product was sequenced to confirm the fidelity of

the coding region. The modified human pNHE5HA cDNA was inserted into a mammalian

expression vector (pCMV) under the control of the enhancer/promoter region of the

immediate early gene of human cytomegalovirus (103).

To determine whether NHE5 is a functional Na+lH+ exchanger, NHE-deficient

Chinese hamster ovary cells (API) were transfected with pNHE5HA by the calcium

phosphate-DNA co-precipitation method (183), and stable transfectants were selected for

by repeated NH4CI-induced acid loads (103).
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NHE5 activity in clonaI celllines was assayed by measuring the initial rates of

22Na+ influx upon acute intracellular acidification by the NH/ prepulse technique (103).

Intracellular H+-dependent Na+ influx activity in the parental API cells was very low and

could not be inhibited by the addition of 1 mM amiloride, a concentration that inhibits

even the relatively amiloride-resistant NHE3. In contrast, 22Na+influx activity in cells

expressing NHE5 was very high relative to background levels (-25-fold) and was fully

inhibited by adding 1 mM amiloride (Fig. P.3).

To examine the distribution of NHE5 in human brain, a multiple tissue Northern

blot containing RNA from a number of anatomical structures was hybridized with an

NHE5 probe (176). A 4.2-kb NHE5 mRNA was identified in several parts of the brain,

including the caudate nucleus, hippocampus, hypothalamus, thalamus, subthalamic

nucleus and amygdala, but was notably absent in the corpus callosum, whieh consists

primarily of axons and glial cells (Fig. pA). Taken together with the data of Attaphitaya

et al. (175) demonstrating specifie in situ hybridization signal of NHE5 in dentate gyrus

localized to a region containing neuronal cell bodies, these results suggest that NHE5 is a

neuron-specific isoform, i.e. the most highly cell-type specifie isoform of the NHE

family.

The following chapter describes the pharmacological and biochemical properties

of human NHE5 in the heterologous expression system, the NHE-deficient CHü ceIlline

API.
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Fig. P.2. Amino acid similarity comparison. The amino acid sequences of human
NHE5 is compared with rat NHE3. Asterisks indicate sequence identity. Potential
transmembrane domains are underlined. The positions of exon boundaries in the human
NHE5 and rat nhe3 genes are indicated by arrowheads. (Baird, JBC (1999) 274:4377­
4382)
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TABLE P.l.

Percentage amino acid identity in pairwise comparisons ofNHE isofonns 1-5.

NHE2 NHE3 NHE4 NHE5

NHE1 62 49 52 50

NHE2 52 71 52

NHE3 46 67

NHE4 46

Amino acids 47-543 of human NHE5 were compared with the corresponding regions of

NHE1-4. The extreme N-terminal and the more C-terminal regions, which do not align

well and exhibit only limited similarity among the five isoforms, were not included in

this comparison. (Baird, JBC (1999) 274:4377-4382)



CHAPTERI

Kinetic and Pharmacological Properties ofHuman Brain
Na+/H+ Exchanger Isoform 5 Stahly Expressed in Chinese

Hamster Ovary Cells 1

ElOd z. Szab6, Masayuki Numata, Gary E. Shull, and John Orlowski

1 The text and figures of this chapter were published in the Journal ofBiological Chemistry (2000) 275:
6302-6307.
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The recently cloned Na+/H+ exchanger Isoform 5 (NHE5) is predominantly

expressed in brain, yet little is known about its functional properties. To facilitate

its characterization, a full-length cDNA encoding human NHE5 was stably

transfected into NHE-deficient Chinese hamster ovary API cells. Pharmacological

analyses revealed that H+ractivated 22Na+ influx mediated by NHE5 was inhibited

by several classes of drugs (amiloride compounds, (3-methylsulfonyl-4­

piperidinobenzoyl) guanidine methane-sulfonate, cimetidine and harmaline) at half­

maximal concentrations that were intermediate to those determined for the high­

affinity NHEI and the low-affinity NHE3 isoforms, but closer to the latter. Kinetic

analyses showed that the extracellular Na+dependence of NHE5 activity followed a

simple hyperbolic relationship with an apparent affinity constant (KNa) of 18.6 ±1.6

mM. By contrast to other NHE isoforms, NHE5 also exhibited a first-order

dependence on the intracellular H+ concentration, achieving half-maximal

activation at pH 6.43 ±0.08. Extracellular monovalent cations, such as H+ and Li+,

but not K+, acted as effective competitive inhibitors of 22Na+ influx by NHE5. In

addition, the transport activity of NHE5 was highly dependent on cellular ATP

levels. Overall, these functional features distinguish NHE5 from other family

members and closely resemble those of an amiloride-resistant NHE isoform

identified in hippocampal neurons.
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INTRODUCTION

Transient oscillations in the extra- and intracellular pH (pHo and pHi,

respectively) environments of neurons and other cell types of the nervous system can

profoundly modulate neuronal membrane excitability by inhibiting various ligand

receptor-mediated currents (184;185), voltage-gated cation channels (186-189) and gap

junction coupling (190), as weIl as by activating a depolarizing inward Na+ current

(ASIC3) (191). Thus, precise control of the neuronal pH milieu is an important

biological process and may fulfill a regulatory role in brain function (see reviews

(192;193».

The ion transporters responsible for pHi regulation in the nervous system are not

as weIl characterized as in peripheral cell types, and this is particularly true for neurons

which are often difficult to isolate and/or maintain in culture in a differentiated state.

Despite this limitation, accumulating evidence indicates that the acid-base transport

systems in brainare heterogeneous, but comparable to other organ systems. In cultured

fetal or freshly-isolated neonatal pyramidal CAl neurons from rat hippocampus,

restoration of steady-state pHi following intracellular acidification involves two principal

ion carriers: a Na+-dependent HC03-/Cr exchanger and a novel amiloride-resistant

Na+/H+ exchanger (NHE) (38;194;195). Later in development, acutely-dissociated

hippocampal CAl neurons from adults rats exhibit an acidifying mechanism mediated by

a Na+-independent CrlHC03- exchanger, most likely the AE3 isoform (196). Na+lH+ and

Na+-independent CrIHC03- exchangers also make distinct contributions to pHi regulation

in neurons of the medulla oblongata (197), superior cervical ganglion sympathetic

neurons (198), cerebellar Purkinje cells (199), as weIl as brain synaptosomes (200). By
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contrast, pH; regulation in primary cultures of rat astrocytes is more intricate and involves

the three major acid-base transport systems mentioned above (39;201), as weIl as a fourth

pH-regulating mechanism, Na+/HC03- cotransport (39;202). Moreover, rat astrocytes

express multiple NHE isoforms (203), which further adds to their pH-regulatory

complexity.

More detailed examination of NHE mRNA expression in rat brain revealed that

NHE1 is the most abundant and widely dispersed isoform, whereas other family members

(i.e., NHE2-4) show a more restricted distribution (169). The importance ofNHEl in

neuronal function is convincingly demonstrated by spontaneous (126) or targeted (125)

null mutations in mice, which develop ataxia and epileptic-like seizures by two weeks of

age and show significant mortality (67%) prior to weaning. These changes are associated

withselective 10ss of neurons in the cerebellum and brainstem (126). By contrast, mice

with targeted disruptions of the Nhe2 and Nhe3 loci do not display obvious neurological

symptoms (131;133); hence their particular roles in nervous system function are less

apparent.

In addition to NHEI-4, recent molecular cloning and tissue distribution studies in

human (176) and rat (175) have identified a fifth NHE isoform that is distinguished by its

predominant expression in discrete regions of the brain, including dentate gyrus, cerebral

cortex and hippocampus. Moreover, it shares high sequence similarity to the amiloride­

resistant NHE3 isoform which, in brain, is detected only in cerebellar Purkinje cells

(169). Based on these observations, it is reasonable to postulate that NHE5, rather than

NHE3, is a likely candidate for the amiloride-resistant form of the Na+fH+ exchanger

reported in hippocampal neurons (195) and possibly other cell types of the nervous
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system (201). However, its intrinsic biochemical and pharmacological properties have

yet to be defined in detail. To facilitate its characterization without the complicating

presence of other NHE isoforms, we stably expressed the human NHE5 cDNA in

mutagenized Chinese hamster ovary cells (API) devoid of endogenous NHE activity.

The results reveal that the functional properties of NHE5 closely resemble those of an

amiloride-resistant NHE isoform identified in hippocampal neurons.
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EXPERIMENTAL PROCEDURES

Materials

Carrier-free 22NaCI (range of specifie activity, 900-950 mCi/mg; concentration, -10

mCi/ml) was obtained from NEN Life Science Products (Mandel Scientifie, Guelph,

Ontario). Amiloride, 5-(N-ethyl-N-isopropyl)amiloride (EIPA), 5-(N,N-hexamethylene)­

amiloride (HMA), cimetidine, clonidine, harmaline, ouabain, bumetanide, antimycin A,

2-deoxy-D-glucose, 2-(N-morpholino)ethanesulfonic acid (MES), and 3-(N­

morpholino)propanesulfonic acid (MOPS) were purchased from Sigma. (3­

methanesulfonyl-4-piperidinobenzoyl) guanidine methanesulfonate (HOE694) was

kindly provided by Dr. Hans-J. Lang (Hoechst Marion Roussel, AG). Nigericin was

purchased from Molecular Probes Inc. (Eugene, OR). a-Minimal essential medium, fetal

bovine serum, penicillin/streptomycin, and trypsin-EDTA were from Life Technologies

(Burlington, ON). AlI other chemicals and reagents used in these experiments were from

British Drug House !Oc. (St. Laurent, Québec) or Fisher Scientific, and were of the

highest grade available.

Construction and Stable Expression ofHuman NHE5

A fulI-length cDNA encoding human NHE5 was used in this study as previously

described (176), except that it did not contain a C-terminal influenza virus hemagglutinin

epitope tag in order to preserve the native structure of the protein. The human NHE5

cDNA was inserted into a mammalian expression vector under the control of the

enhancer/promoter region from the immediate early gene of human cytomegalovirus

(CMV) as previously described (176) and calIed pNHE5. The pNHE5 plasmid was
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stably transfected into NHE-deficient Chinese hamster ovary API cells (204) using the

calcium phosphate-DNA co-precipitation method (183) and acid-selection (103;205).

Several clonaI celllines were screened for their level of NHE5 expression by measuring

H+j-activated 22Na+influx. For these studies, the cell clone AP1INHE5c6
, which had the

highest level of NHE5 activity, was used between passages 2 and 10. The cells were

maintained in complete a-minimal essential medium supplemented with 10% fetal

bovine serum, 100 units/ml penicillin, 100 J.lg/ml streptomycin and 25 mM NaHCOJ, pH

7.4, and incubated in an humidified atmosphere of 95% air, 5% CO2at 37 oc.

22Na+ Influx Measurements

The cells were grown to confluence in 24-well plates. Prior to 22Na+ influx

measurements, the cells were acidified intracellularly using the NH4CI prepulse technique

as previously described (103). The assays were initiated by incubating the cell

monolayers in isotonie choline chloride solution (125 mM choline chloride, 1 mM MgCh,

2 mM CaCh, 5 mM glucose, 20 mM HEPES-Tris, pH 7.4) containing 1 mM ouabain and

carrier-free 22Na+ (1 JlCi/ml) in the absence or presence of the NHE-specific inhibitor

EIPA (0.1 mM). The lack of K+ and the presence of ouabain minimized transport of Na+

catalyzed by the Na+-K+-2Cr cotransporter and the Na+,K+-ATPase. In experiments

where the assay buffer contained extracellular K+, the medium was further supplemented

with 0.1 mM bumetanide to block the Na+-K+-2Cr cotransporter. The influx of 22Na+was

terminated by rapidly washing the cells 3 times with four volumes of ice-cold NaCI stop

solution (130 mM NaCI, 1 mM MgCh, 2 mM CaCh, 20 mM HEPES-NaOH, pH 7.4). To

extract the radiolabel, the monolayers were solubilized with 0.25 ml of 0.5 N NaOH, the
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wells were washed with 0.25 ml of 0.5 N HCL Both the NaOH cell extract and the HCI

wash solution were combined in 5 ml scintillation fluid, and transferred to scintillation

vials. The radioactivity was assayed by liquid scintillation spectroscopy. Protein content

was determined using the Bio-Rad De protein assay kit according to the manufacturer's

protocol. Under the conditions of NH4Cl acid load, the uptake of 22Na+at low Na+

concentrations was linear over a 10 min period at 22 oc. Therefore, a time course of 5

min was chosen for most experiments with the following exceptions.

In experiments examining the kinetics of NHE activity as a function of the

extracellular Na+ concentration, the influx of 22Na+was linear for only 2 min at 100 mM

NaCl. Consequently, an uptake time of 1 min was chosen for these studies. For studies

designed to examine the activity of Na+/H+ exchanger as a function of the intracellular H+

(H+D concentration, the intracellular pH (pHD was set over the range of 5.8 to 7.4 by

using the K+-nigericin method (206).

Measurements of 22Na+ influx specifie to the NHE were determined as the

difference between the initial rates of H\-activated 22Na+influx in the absence and

presence of 0.1 mM EIPA, and expressed as EIPA-inhibitable 22Na+influx.

ATP Depletion

Depletion of cellular ATP was carried out as previously described (166). Briefly, cells

were incubated for 10 min in ATP-depleting medium containing 100 mM potassium

glutamate, 30 mM KCI, 10 mM NaCI, 1 mM MgCh, 10 mM HEPES (pH 7.4),5 mM

deoxyglucose and 1 Ilg/ml antimycin A. This high K+, low Na+ and nominally Ca2+-free

medium was used to prevent Na+ and/or Ca2+loading of the cells upon inhibition of the
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Na+/K+ or Ca2+pumps. Substitution of most of the cr by glutamate- was intended to

minimize cell swelling. Control cens were incubated in this same solution devoid of

deoxyglucose and antimycin A and instead contained 5 mM glucose.

Data Analysis

An experiments represent the average of two to four experiments, each performed in

quadruplicate. The data are presented as the mean ± S.D.
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RESULTS

Pharmacological Properties ofHuman NHE5

The Na+lH+ exchanger isoforms characterized to date (i.e., NHEI-4) display a

wide range of sensitivities to different classes of pharmacological inhibitors, including

amiloride and its analogues (e.g., EIPA and HMA), benzoyl guanidinium compounds

(e.g., HüE694 and HüE642 (cariporide)), cimetidine, clonidine, and harmaline

(103;104;109;110;112;114). Many of these compounds have been shown to mediate

their effects by competing with extracellular Na+ at the same, or a closely associated,

binding site(s) (reviewed in Ref. (107)). To define the sensitivity of human NHE5 to

these antagonists, the rate of H+;-activated 22Na+influx was measured as a function of the

drug concentration in a clonaI isolate of NHES-transfected API cells (i.e., APIINHESc6
).

As illustrated in Fig. 1.1 and summarized in TABLE 1.1, the order of potency of these

compounds was HMA "" EIPA > HüE694 > amiloride > cimetidine > harmaline with

apparent half-maximal inhibition (Ko.s) values of (in JlM) 0.37, 0.42, 9.1, 21, 230, and

900, respectively. These values are intermediate between those of NHEI and NHE3, but

closer to the latter. By contrast, clonidine had little, if any, effect on NHES activity even

though it is an effective inhibitor of other NHE isoforms (103; 104).

Kinetic Properties ofHuman NHE5

To determine the extracellular Na+ (Na+(}) affinity of NHE5, initial rates of W i­

activated 22Na+influx were measured as a function of the Na+() concentration. The rate of

22Na+ influx was saturable and conformed to simple Michaelis-Menten kinetics (Fig.

1.2A). Transformation of the data according to the Eadie-Hofstee algorithm (V versus
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V/[SD yielded a linear relationship (Fig. 1.2B), consistent with the presence of a single

Na+ binding site at the extracellular surface. Calculation of the value of the negative

slope gave an apparent affinity constant for Na+o (KNa) of 18.6 ± 1.6 mM.

Transport activity was also measured as a function of the H+; concentration. This

was determined by measuring the rate of 22Na+ influx in cells where the pH; was clamped

over the range of pH 6.0 to 7.4 using the K+-nigericin method. The pH; sensitivity of

NHE5 is presented in Fig. 1.3A as a percentage of EIPA-inhibitable 22Na+ influx

determined at pH; 6.0. Transformation of the data according to the Eadie-Hofstee

algorithm also revealed a straight line (Fig. I.3B), suggestive of a single internai H+

binding site. Calculation of the negative slope gave a half-maximal H+; activation value

of pK = 6.43 ± 0.08. This activity profile is in contrast to that observed for other NHE

isoforms in several cell types which show a greater than first-order dependence on

intracellular protons (107; 108;207).

Influence ofOther Extracellular Cations on Transport Activity ofHuman NHE5

Extracellular monovalent cations, including H+0' Lt0 and NH/o, have generally

been shown to decrease H+;-activated 22Na+ influx by endogenous (107) and transfected

exchangers (i.e., NHE1, NHE2 and NHE3) (103;104) in a competitive manner, although

in sorne cases mixed-type inhibition is observed (208). Moreover, these exchangers are

capable of transporting both Li+ and NH/, but the rates of translocation are usually

slower than that for Na+ and H+. By contrast, external K+ selectively inhibits NHE1, but

only at high, non-physiological concentrations, and does not appear to be translocated

(103). Thus, it was of interest to determine whether the rate of Na+ transport by NHE5 is
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also differentially sensitive to the presence of other extracellular monovalent cations (i.e.,

H+0, Li+ 0' and K+ 0)'

External protons decreased H+j-activated 22Na+ influx into NHE5-transfected cells

in a concentration-dependent manner (Fig. l.4A), with apparent half-maximal activity

reached at pHo 8.13 ± 0.15. This reduction is associated with the graduaI decrease in the

transmembrane H+ gradient (LlpH), but could also partly reflect H+o competition for the

Na+o binding site. To test this latter possibility, the Na+o concentration was adjusted to 1

and 10 mM and the initial rates of influx of 22Na+ were measured as a function of the H+o

concentration. Transformation of the data using the Dixon algorithm (lN versus [H+]o)

resulted in straight lines (Fig. l.4B), with the slope of the line decreasing in the presence

of higher Na+o levels. Determination of the intercept of the lines yielded an inhibitory

constant (Ki) for H+o of approximately 17 nM. These data indicate that the effectiveness

of H+o to reduce the influx of 22Na+ by NHE5 is influenced by the Na+o concentration,

which is consistent with the notion that H+oeffectively compete with Na+0 at a single site.

Similarly, Li+0 was also a potent and competitive inhibitor of H+j-activated 22Na+

influx by NHE5 (Fig. 1.5). The apparent half-maxima1 inhibition was achieved at a

concentration of 318 ± 47 ~M (Fig. 1.5A), which is an order of magnitude lower than that

reported for other isoforms (l03; 104). To characterize the nature of this inhibition in

greater detail, the initial rates of 1 mM and 10 mM 22Na+ influx were measured as a

function of the Li+o concentration. Analysis of the data by Dixon plot (Fig. 1.5B) yielded

straight lines, with the slope of the line decreasing in the presence of higher Na+o levels.

This suggested that Li+o a1so interacted in a competitive manner with an apparent Ki ""

0.63 mM. In contrast to H+0 and Lt0' increasing concentrations of K+0 (l to 100 mM) had
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only a minor inhibitory effect on the initial 22Na+ transport rates of NHE5 (Fig. 1.6). A

summary of these data are presented in TABLE 1.2.

ATP Dependence

The transport activity of plasma membrane Na+lH+ exchangers is driven by the

relative concentration gradients of the respective cations and is not dependent on direct

hydrolysis of ATP per se. Nevertheless, cellular depletion of this nucleotide has been

found to dramatically reduce the activities of known NHEs (166;209) by a mechanism

that is not weIl understood. Thus, it was of interest to determine whether NHE5 was

similarly sensitive to ATP. Under the conditions used (10 min incubation with

deoxyglucose and antimycin A to block glycolysis and oxidative phosphorylation,

respectively), ATP is rapidly depleted by >90% without compromising the integrity of

the plasma membrane or adherence of the cells to the culture dishes (166). As shown in

Fig. 1.7, NHE5 activity was completely abolished over the pHi range studied (pH 5.8 and

7.4).
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DISCUSSION

Recent studies by us (176) and Melvin and colleagues (175) demonstrated that

heterologous expression of the cloned brain cDNAs for human and rat NHE5,

respectively, were capable of mediating the exchange of extracellular Na+ for

intracellular H+; activity that could be blocked by high concentrations of amiloride or its

analogue EIPA. These data established that NHE5 functions as a plasma membrane

Na+/H+ exchanger. The present study extends these initial observations by defining the

principal biochemical and pharmacological properties of NHE5 in greater detail; thereby

providing a functional basis for its identification in native tissues and cell types.

The pharmacological data show that NHE5 has an intermediate affinity for most

classes of NHE-inhibitory drugs (amiloride-based compounds, HOE694, cimetidine and

harmaline) when compared to other NHE isoforms under comparable experimental

conditions, i.e., NHEI > NHE2 > NHE5 > NHE3. By contrast, NHE5 activity is

completely insensitive to clonidine within the concentration range tested, whereas other

isoforms including NHE3 are effectively inhibited in the sub-millimolar range (103;104).

NHE4 also has an apparent low affinity for many of these antagonists, but its activity in

transfected fibroblasts can only be detected under specialized conditions (i.e., prolonged

intracellular acidification and exposure to hyperosmolar medium (109) or treatment with

4,4' -diisothiocyanostilbene-2,2'disulfonic acid (DIDS) (210)). Hence, it is unclear

whether these characteristics reflect the actual properties of NHE4 in native tissues,

although recent indirect evidence indicates that this may be the case in rat renal cortical

tubules (211). Overall, the drug profiles of NHE5 most closely resemble those of NHE3.

This result agrees with earlier predictions based on their high amine acid similarity (-
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67% identity) in the N-terminal membrane-spanning domain; a region previously found

to confer drug sensitivity (112;121).

The low sensitivity of NHE5 to inhibition by several drugs and its prominent

expression in discrete regions of the brain, including hippocampus, is consistent with our

initial postulate that NHE5 is a likely candidate for the amiloride-resistant form of the

Na+/H+ exchanger reported in hippocampal neurons by Raley-Susman et al. (195).

However, in the latter study, NHE activity was unaffected by 1 mM amiloride and 50 /..lM

HMA, but inhibited by 100 /..lM harmaline. Conversely, NHE5 expressed in AP-1 cells is

fully inhibited by amiloride and HMA, but relatively unaffected by harmaline, at the

same concentrations. These apparent discrepancies in drug sensitivities are most likely

due to the different conditions used to measure transport activity in the two studies. In

hippocampal neurons, NHE activity was measured as the rate of pHj recovery (using the

pH-sensitive fluorescent dye BCECF) following intracellular acidification in the presence

of a saturating concentration (135 mM) of Na+0' which competes with amiloride and its

analogues for binding. By contrast, in our study, NHE5 activity was measured as acid­

activated 22Na+influx using trace levels of Na+0' thereby allowing the drugs to bind with

higher affinity and closer to their true Kj. With respect to harmaline, this compound has

been found by others to greatly interfere with the fluorescence signal of BCECF (38; 194),

thereby complicating interpretation of rates of pH change in its presence, whereas this is

not a factor in radioisotope flux measurements.

In addition to pharmacological agents, a number of monovalent cations such as

H+, Li+, NH/ (reviewed in Ref. (107)), and in sorne cases K+ (103), have been shown to

compete with Na+ for binding to the extracellular site of the NHEs. Similarly, the present
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study demonstrates that H+o and Li+o can competitively block the H\-activated influx of

22Na+ by NHE5. By comparison to other exchangers, the affinity of H+o for NHE5 (Ki ""

17 nM) is an order of a magnitude higher than that for NHEI and NHE3, but similar to

that for NHE2 (Ki"" 10 nM). Likewise, extracellular Li+ is also a severalfold more potent

competitor (Ki"" 0.63 mM) of Na+ influx by NHE5 when compared to other isoforms

(104). Although speculative, this raises the possibility that Li+ modulation of brain

NHE5 activity, possibly by influencing pHi, may be a contributing factor in the complex

pharmacodynamies of LiCI treatment (therapeutic concentration .,. 1 mM) of bipolar

affective disorder (212). Unlike Li+o and H+o, K+o had a minimal effect on 22Na+ influx

by NHE5 and is similar to that found for NHE2 and NHE3. Conversely, K+o at high

concentrations (i.e., 100 mM) acted as a modest competitive inhibitor of Na+ transport by

NHEI (103). Though not demonstrated in this study, Lt and NH/ can also be

translocated across the membrane in exchange for Na+ or H+, but usually at a slower rate

(107). On the other hand, external K+ does not appear to be transported by most NHEs

(103;107). However, Chambrey and colleagues (210) have recently reported that mouse

LAPI fibroblast cells stably expressing rat NHE4 are capable of mediating K+-dependent

pHi recovery upon treatment with nIDS; an effect that was not observed in untransfected

cells. Again, whether this is an intrinsic property of NHE4 in vivo is uncertain.

The cation dependence of NHE5 activity was also assessed. The steady state

velocities of most NHE isoforms (i.e., NHEl, NHE2 and NHE3) show a saturating, first­

order dependence on the Na+oconcentration, indicative of a single binding site (103;104).

Similarly, the Na+o-dependent velocity of NHE5 follows a rectangular hyperbola,

consistent with simple, saturating Michaelis-Menten kinetics. The value for half-
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maximal velocity (KNa = 18.6 mM) was within the range of KNa values (3 to 50 mM)

reported for other NHEs in different cell types and vesicle preparations

(103;104;107;209). It is noteworthy that this value is close to that reported for the

amiloride-resistant NHE present in rat hippocampal neurons (i.e., - 23 mM) (195). An

exception to this pattern is NHE4 which manifests either a sigmoidal (109) or hyperbolic

(210) dependence on the Na+() concentration depending on whether it is expressed in

hypertonically-exposed PS120 fibroblasts or DIDS-treated LAPI cells, respectively. The

underlying basis for this kinetic difference is unknown.

The steady state velocity of NHE5 also shows an apparent first-order dependence

on the intracellular proton concentration, as was reported for the amiloride-resistant NHE

in hippocampal neurons (195). However, this characteristic is in marked contrast to that

described for the majority of other plasma membrane NHEs which exhibit a greater than

first-order dependence on the H+j concentration (107;108;200;213). This is suggestive of

a second class of H+ binding site, in addition to the transport site, with positive

cooperative binding characteristics. This property was first described for the renal apical

membrane NHE (i.e., NHE3) by Aronson and colleagues (107;108) who proposed that

this apparent allosteric H+j activation could be explained most simply by assuming the

presence of one or more ionizable groups that, upon protonation, alter the conformation

of the protein and enhance the rate of cation transport. However, in renal mesangial cells,

the biphasic H+j-dependence of NHE activity was not strictly a function of pHj, as it

could be linearized within the physiological pH range upon hormonal stimulation (214).

These observations suggest that the allosteric regulation by H+j may not necessarily

reflect protonation of certain ionizable residues of the transporter, but instead may result
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from effects on cell-specific regulatory factors that modulate NHE activity in a pH­

and/or hormone-sensitive manner. Nevertheless, the roles of direct protonation of NHE

and of an ancillary regulator are not mutually exclusive and may in fact be

complementary.

In intact ceIls, plasma membrane NHEs require physiological levels (i.e.,

millimolar) of ATP for optimal function. Acute cellular depletion of this nucleotide

drastically inhibits NHE activity in native (215-217) and NHE-transfected (166;209;218)

cells. Most notably, the activity of NHE3 is almost completely suppressed upon ATP

depletion, even in the presence of a large transmembrane H+ gradient, whereas the

activities of NHEI and NHE2 are only partially reduced (166). With respect to the latter

isoforms, kinetic analyses indicate that this inhibition is mainly accounted for by

reductions in their affinities for H+i (166;218). However, the more drastic reduction of

NHE3 activity, as weIl as that of NHE5, suggests a more complex mechanism; possibly

refIecting alterations in both pH sensitivity and maximum velocity.

The molecular mechanisms underlying ATP regulation of the NHE isoforms

remain obscure. Earlier studies of NHEI showed that its state of phosphorylation is

unaltered during acute ATP depletion (219). Hence, changes in direct phosphorylation of

the exchanger are unlikely to account for the effects of ATP. Functional analyses of C­

terminal truncation mutants of NHEI indicated that the region encompassing amine acids

516-595 was sufficient to confer sensitivity to ATP (220). More recent investigations

have suggested that the ATP dependence of NHEI involves two distinct mechanisms:

one that requires hydrolysis of ATP and likely involves an energy-dependent event, and a

second process that does not require the hydrolysis of the y-phosphate of ATP but may
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involve its binding to an as yet unidentified ancillary factor that activates the exchanger

(221 ;222). Whether these mechanisms also apply to other isoforms, including NHE5, is

unknown.

In summary, we have demonstrated that NHE5 has pharmacological and

biochemical properties that readily distinguish it from other NHE isoforms characterized

to date. Moreover, its features resemble those of an amiloride-resistant NHE isoform

identified in cultured hippocampal neurons. The regulatory properties of NHE5 and its

physiological role(s) in neuronal cell function remain to be elucidated.
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Preamble to Chapter2 and Chapter3

Following the initial characterisation of NHE5, we wanted to clarify the

exchanger's basic regulatory properties.

Previous studies using the NHE-deficient cellular background, API cells,

demonstrated that NHE isoforms are differentially regulated by serine/threonine kinases.

In this heterologous system, NHEI is activated, whereas NHE3 is inhibited by both the

PKA and PKC signalling pathways, and hyperosmolarity as weIl (166;223).

Even though Attaphitaya et al. (151) could demonstrate that NHE5 has very

similar regulatory properties to NHE3 in the related system PS 120 cells, we were unable

to reproduce this regulatory data in API cells. Unlike NHE3, NHE5 is not

downregulated by the PKA and PKC pathways, and hyperosmolarity does not seem to

inhibit its activity in API cells.

To delineate the in vivo regulation of NHE5, we adopted a different approach.

Using the yeast two-hybrid system and a human brain cDNA library we tried to identify

interacting proteins of NHE5. This approach has the additional advantage of identifying

native interactant proteins that might not be present or might not be able to operate in a

heterologous expression system. Chapter 2 and 3 presents our studies on two of the

candidate interactants recognized by the yeast two-hybrid assay.
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Fig. 1.1. Concentration-response profiles for inhibition of hnman NHE5 activity by
varions pharmacological agents. AP-l cells expressing human NHE5 (APlINHE5c6

)

were grown to confluence in 24-well plates. Prior to 22Na+ influx measurements, the cells
were loaded with H+ using the NH4Cl prepulse technique. Initial rates of H+j-activated
22Na+influx were measured.in the (A) presence of increasing concentrations (10-9 to 10-3

M) of amiloride (dosed drde), EIPA (open drde), HMA (dosed triangle), and HüE694
(open triangle) and in the (R) presence of increasing concentrations (10-9 to 10-3 M) of
cimetidine (dosed drde), clonidine (dosed triangle), and harmaline (open drde) as
detailed under Experimental Procedures. Data were normalized as a percentage of the
maximal rate ofH+j-activated 22Na+influx in the absence of inhibitor. Values represent
the average of two to four experiments, each performed in quadruplicate.
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Fig. 1.2. Transport activity of human NHE5 as a function of the extracellular Na+

concentration. AP1INHESc6 cells were acid loaded using the NH4CI prepulse
technique. A, initial rates ofH\-activated 22Na+influx were measured at increasing
concentrations of extracellular Na+. Isoosmolarity was maintained by adjusting the
choline chloride concentration. Background 22Na+uptake that was not inhibitable by 0.1
mM EIPA was subtracted from the total influx, Na+/H+ exchanger activity is expressed
as EIPA-inhibitable 22Na+influx (nmol/min/mg protein). B, the apparent affinity
constant (KNa) for Na+o was calculated from the linear transformation of the data
according to the algorithm of Eadie-Hofstee. Values represent the average of three
experiments, each performed in quadruplicate.
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Fig. 1.3. Transport activity of human NHE5 as a function of the intracellular H+
concentration. A, the initial rates ofEIPA-inhibitable 22Na+influx by AP1INHESc6 cells
were determined at increasing concentrations of intracellular H+ (pHi 7.4 to 6.0). The pHi
was clamped at different concentrations using the K+-nigericin method as described
under Experimental Procedures. Data were normalized as a percentage of the maximal
rate ofEIPA-inhibitable 22Na+influx at pHi 6.0. B, the apparent affinity constant (pK) for
H+i was calculated from the linear transformation of the data according to the algorithm
of Eadie-Hofstee. Values represent the average of three experiments, each performed in
quadruplicate.
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Fig. 1.4. Influence of extracellular H+ on EIPA-inhibitable 22Na+influx in AP·l cells
expressing human NHE5. AP1INHE5C6 cells were r,reloaded with H+ using the NH4CI
prepulse technique. Initial rates ofEIPA-inhibitable 2 Na+ influx were measured as a
function of increasing extracellular H+ (pHo 6.0-9.5). A, the 22Na+influx medium
containing carrier-free 22NaCI (lIlCifml) was buffered with 30 mM MES-Tris (pH 6.0­
6.5),30 mM MOPS-Tris (pH 7.0),30 mM HEPES-Tris (pH 7.5-9.5). Data were
normalized as a percentage of the maximal rate of EIPA-inhibitable 22Na+influx at pHo

9.5. B, the initial rates of transport as a function of pHo were measured in the presence of
different extracellular Na+ concentrations (l and 10 mM), and the data were plotted
according to the Dixon algorithm (lN versus [H+]o). Values represent the average of at
least two experiments, each performed in quadruplicate.
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Fig. 1.5. Influence of extracellular Lt on EIPA-inhibitable 22Na+ influx in AP-l cells
expressing human NHE5. AP1INHE5c6 cells were preloaded with H+ using the NH4Cl
prepulse technique. A, initial rates of amiloride-inhibitable 22Na+influx were measured
in the presence of increasing concentrations of Li+o (l0-8 to 10-1 M). Isoosmolarity was
maintained by adjusting the choline chloride concentration. Data were normalized as a
percentage of the maximal rate ofEIPA-inhibitable 22Na+influx in the absence of Li+o•

B, the initial rates of transport as a function of Li+0 were measured in the presence of
different extracellular Na+ concentrations (l and 10 mM), and the data were plotted
according to the Dixon algorithm (lN versus [H+]o). Values represent the average of at
least two experiments, each performed in quadruplicate.
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percentage of the maximal rate of EIPA-inhibitable 22Na+influx in the absence of K+o.

Values represent the average of two experiments, each performed in quadruplicate.
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Fig. 1.7. ATP dependence of the activity of human NHE5. AP1INHE5c6 cells were
grown to confluence in 24-well plates. Prior to 22Na+ influx measurements, the cells were
incubated for 10 min in ATP-depleting or control solutions. Following repeated washing,
the pHi was adjusted to different concentrations using the K+-nigericin technique. The
cells were washed with isotonie choline chloride solution, and then incubated for 4 min at
22 oC in N-methyl-D-glucammonium+-balanced salt solutions specifie for each pHi (pH­
clamp solutions). All solutions contained 2 mM NaCI, 1 mM MgClz, 1 mM CaCh, 10 mM

HEPES, pH 7.4, varying concentrations ofK+, and the K+IH+ exchange ionophore
nigericin (10 IlM). The osmolarity of the individual solutions was adjusted by N-methyl­
D-glucammonium chloride. Since at equilibrium [K+iJ/[K+o] =[H+i]/[H+0], under these
conditions the pHi is determined by the imposed [K+] gradient, and the extracellular pH
(pHo =7.4), and can be calculated assuming K+i =140 mM. 22Na+ influx measurements
were initiated in the same K+-nigericin solutions supplemented with 22Na+ (lIlCi/ml) and
1 mM ouabain in the absence or presence of 0.1 mM EIPA. 22Na+influx was linear with
time for at least 10 min under these experimental conditions. Data were normalized as a
percentage ofEIPA-inhibitable 22Na+influx at pHi 5.8. Values represent the average of
two experiments, each performed in quadruplicate.



TABLE LI

Comparison of the inhibition constants of rat NHEI, rat NHE3 and human NHE5

isoforms for various pharmacological agents

Inhibition Constants (Ko.s)
Inhibitor

NHEla NHE3a NHE5

M

Amiloride compounds
Amiloride 1.6 ± 0.1 x 10-6 1.0 ± 0.1 x 10-4 2.1 ± 0.2 x 10-5

EIPA 1.5 ± 0.2 x 10-8 2.4 ± 0.2 x 10-6 4.2 ± 0.5 x 10-7

HMA 1.3±0.1 x 10-8 2.4 ± 0.4 x 10-6 3.7 ± 0.3 x 10-7

Nonamiloride compounds

HOE694 8.5 ± 0.2 x 10-8 6.4 ± 0.3 x 10-4 9.1 ± 0.6 x 10-6

Cimetidine 2.6 ±0.2 x 10-5 6.2±0.4x 10-3 2.3 ± 0.4 x 10-4

Harmaline 1.4 ± 0.2 x 10-4 1.0 ± 0.1 x 10-3 9.4 ± 0.8 x 10-4

Clonidine 2.1 ± 0.2 x 10-4 6.2 ± 0.5 x 10-4 None

a KO.5 values for NHEI and NHE3 were obtained from Refs. 103 and 112, except

those for HMA which were determined in this study. Values are presented as the mean ±

S.D.



TABLE 1.2

Comparison of the apparent affinity constants of rat NHEI, NHE3, and

human NHE5 isoforms for various intra- and extracellular monovalent

cations

Apparent Affinity Constants (Ko.s)

Cation
NHEI NHE3 NHE5

Na+o (mM) 10.0 ± 1.4 4.7±0.6 18.6 ± 1.6

H+; (pK) 6.75 ± 0.05 6.45 ± 0.08 6.43 ± 0.08

H+o (pK) 7.0 ± 0.1 7.0 ± 0.1 8.13 ±0.15

Li+o(mM) 3.4 ± 0.3 2.6±0.6 0.32 ±0.04

K+o (mM) 19.5 ± 1.3 none slight inhibition

a KO.5 values for NHEI and NHE3 were obtained from Ref. 103.

Values are presented as the mean ± S.D.



CHAPTER2

AMP-aetivated Protein Kinase Regulates Brain-specifie
Na+/F Exehanger Isoform 5 1

Masayuki Numata*, ElOd Z. Szab6*, Pietro Iannuzzi, and
John Orlowski

1 This manuscript is in preparation for submission to the Journal ofBiological Chemistry.
• These authors contributed equally.

56



Na+/H+ exehanger isoform 5 (NHE5) is a brain specifie isoform involved in

intracellular pH homeostasis and volume regulation. To find novel interacting

proteins that are involved in NHE5 regulation, we carried out a yeast two-hybrid

screening. A clone encoding the AMP-activated protein kinase (AMPK) a2 subunit

was further analyzed in this study. AMPK is a serinelthreonine kinase that is

activated by elevated ratios of [AMP]/[ATP], regulating various biological processes

in response to hypoxia or exercise. By both GST pull-down and co­

immunoprecipitation experiments, the interaction with NHE5 was confirmed. Upon

co-transfection of myc-tagged AMPK a2 subunit with HA;.tagged NHE5, AMPK a2

exhibited co-localization with NHE5 showing patchy pattern on the plasma

membrane by double-labeling immunofluorescence microscopy. In vitro

phosphorylation demonstrated two independent domains in the NHE5 C-terminus,

G543-I654 and G789-L896, that are capable of being phosphorylated by purified

AMPK. The presence of AMP further enhanced the level of phosphorylation by

two-fold. Interestingly, these phosphorylation sites coincided with the AMPK a2

subunit interacting domains. Activation of endogenous AMPK by 5­

aminoimidazole-4-carboxamide riboside (AICAR), a membrane permeable AMP

analogue, as weil as heterologous expression of the full-length and constitutive active

form of a2 subunit increased the transporter activity measured by 22Na+influx over

1.5-fold. Conversely, overexpression of a dominant negative a2 eonstruct

suppressed the transporter activity up to 50%. We propose a model wherein

elevated AMPK activity in response to the increase in cellular [AMP]I[ATP] caused
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by stress such as hypoxia, regulates intracellular pH and volume through direct

phosphorylation of NHE5.
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INTRODUCTION

Na+lH+ exchangers (NHEs) are electroneutral transporters that exchange Na+ for

H+ across the plasma membrane and play an important role in intracellular pH

homeostasis and volume regulation. To date, seven isoforms have been cloned from

mammals. NHEI-5 are functional in the plasma membrane and classified as plasma

membrane type (91), while NHE6 and 7 predominantly reside in organellar membranes

(89;90). NHEs share similar structural properties with a relatively conserved N-terminal

transmembrane domain responsible for Na+ and H+ translocation, and a more diverse C­

terminal cytosolic tail that is crucial for isoform specific regulation by phosphorylation­

dependent and independent mechanisms (reviewed in (91».

Intracellular pH (pHj ) changes can influence a number of processes within the

nervous system such as neuronal excitability and synaptic transmission. Multiple Na+lH+

exchanger (NHE) isoforms are known to contribute to central nervous system pH

regulation. The importance ofNHE1, the most abundant and widely expressedisoform,

in neuronal function was demonstrated by spontaneous null mutations in mice, which

develop ataxia and epileptic-like seizures by 2 weeks of age and show significant

mortality (67%) prior to weaning (126). Meanwhile, the fact that both nhel spontaneous

mutant and knockout mice (125) survived until2 weeks of postnatal age with normal

brain development suggests that a different isoform has complementary or even more

important roles in maintaining brain function during this critical developmental stage. In

favour of this hypothesis, a brain specific isoform, NHE5, was isolated from human (176)

and rat (175) recently. The amino acid sequences from these two species share as much

as 95% identity, suggesting sorne evolutionarily conserved biological function of this
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molecule. This isoform is unique in being relatively insensitive to amiloride and its

derivatives, and having a first-order dependence on the intracellular H+ concentration

(224).

Compared to other isoforms, only limited amount of knowledge is available on

the regulation mechanism ofNHE5 (151). To better understand the regulation ofNHE5

by protein-protein interactions, we screened a human brain yeast two-hybrid cDNA

library. One clone turned out to be AMPK a2, the catalytic subunit of the heterotrimeric

AMP-activated protein kinase (AMPK) complex. In this paper, we show that AMPK

interacts with the C-terminal tail of NHE5 both in vitro and in vivo and overexpression of

NHE5 causes redistribution of AMPK a2 from the nUcleus/cytosol to the plasma

membrane showing patchy appearance co-localizing with NHE5 by dual-labeling

confocal immunofiuorescence microscopy. In vitro phosphorylation experiments

demonstrated that the NHE5 C-terminus is phosphorylated by AMPK. Activation of

AMPK by AICAR, a membrane-permeable' AMP analogue, or overexpression of a

constitutive active form of AMPK a2 increased transporter activity. Conversely,

overexpression of dominant negative constructs decreased the transporter activity. Taken

together, these results suggest that AMPK regulate NHE5 by direct association and

phosphorylation. This may account for a novel mechanism of NHE regulation in

response to metabolic stress.
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EXPERIMENTAL PROCEDURES

Materials

a-Minimal essential medium, fetal bovine serum, penicillinlstreptomycin, and trypsin­

EDTA were from Life' Technologies (Burlington, ON). Amiloride and AICAR were

from Sigma. Radioactive materials were purchased through PerkinElmer Canada. AU

other chemicals and reagents, unless otherwise indicated, were from Fisher Scientific or

Sigma, and were of the highest grade available.

Yeast Two Hybrid Screening

The humanNHE5 cDNA corresponding to G543-L896 (C-terminus) was amplified by

PCR using two oligos (Forward: 5'-ATG GCC ATG GCC ATT GGC CAC GTC TTG

TCT TCC-3', Reverse: 5' -TAG CCC GGG CTA CAG CCG GCT GCC TCT GTT G-3 ')

and subcloned into the NcoI and XmaI sites of the pAS2-1 vector (NHE5B/pAS2-1

(Clontech, Palo Alto, CA) in-frame with the GAL4 1-147 DNA binding domain. S.

cerevisiae strain AH109 (MATa, trpl-90l, leu2-3, 112, ura3-52, his3-200, ga14-1,

ga180-1, LYS2::GALIvAs-GALlTATA-HIS3, GAL2vAS-GAL2TATA-ADE2, ura3::MELIVAS­

MELlTATA-lacZ) was co-transformed with NHE5B/pAS2-1 carrying the Trp gene and the

GAL4 DNA binding domain, and a human brain cDNA library cloned into the pACT2

vector (Clontech), carrying the LEU2 gene and the GAL4-(768-881) activation domain

using a modified lithium acetate method (225). Over 2xlü6 clones were screened in four

separate experiments on the synthetic complete (SC) media containing 0.67% bacto-yeast

nitrogen base without amino acids (DIFCO laboratories, Detroit, MI), 2% glucose, 1.5%

bacto-agar and 0.2% -Leu-Trp-His-Ade drop-out mix and subjected to ~-galactosidase
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filter assay. For the p-galactosidase filter assay, a replica was taken from each plate onto

filter paper (VWR Scientific Products, West Chester, PA), frozen rapidly in liquid

nitrogen and incubated with 0.35 mg/ml 5-bromo-4-chloro-3-indolyl-P-D­

galactopyranoside (X-gal) in the buffer containing 60 mM Na2HP04, 40 mM NaH2P04,

10 mM KCI, 1 mM MgS04 (pH 7.0) at room temperature for up to 4 h. The resulting

Leu+, Trp+, His+, Ade+, LacZ+ colonies were streaked on SC-Leu-Trp-His-Ade plates two

additional times and single colonies were inoculated into liquid SC-Leu media

supplemented with Trp, His, and Ade for 3-4 days culture to release the NHE5B/pAS2-1

plasmid. Library-derived cDNA clones in pACT2 coding for putative NHE5 interacting

proteins were rescued from yeast cens and directly transformed into DH5a. cens. The

identities of the clones were determined by DNA sequencing by Sanger method and

compared against the National Cancer Center for Biotechnology Information database

using the BLAST search program.

The four rounds of screening yielded about 300 clones satisfying both nutritional

and color selection schemes (His+, Ade+, LacZ+). An clones were sequenced, and clones

that were in-frame with the GAL4 activation domain were further analyzed after

excluding well-known false positive clones, such as transferrin, ribosomal proteins and

mitochondrial proteins. Nine of the remaining clones, including AMPKa.2 and arrestin3,

were confirmed by mating assay using the MATa. strain Y187 (Clontech) and the MATa

strain AH109.

Cloning ofAMPK dl. and Construction ofPlasmids encoding Epitope-tagged Proteins

62



One cDNA clone identified by the yeast two-hybrid screen encoded AMPK 0.2 lacking

the first 6 amino acids. To isolate the full-Iength cDNA, PCR was carried out with the

following set of oligos. Forward: 5'-CCC AAG CTT GCC ACC ATG GCT GAG AAG

CAG AAG CAC GAC GGG CGG GTG AAG ATC GGA C- 3' , and reverse: 5'-CGG

AATTCTTAACGGGCT AAAGTAGTACTAATCAGACTGG- 3'. The

amplified fragment was subcloned into the mammalian expression vector pCMV under

the control of the enhancer/promoter region of the immediate early gene of human

cytomegalovirus at the Hindill and EcoRI sites, and the sequence was verified

subsequently.

To allow for immunological detection of the proteins, we created epitope-tagged

versions of NHE5 and AMPK 0.2. AMPK o.2-myc was constructed by PCR using the

sense oligo from the above reaction and an antisense oligo containing the coding

sequence for the myc epitope in frame and an XbaI site (5' -GCT CTA GAC TAG TTC

AGG TCC TCC TCG CTA ATT AGC TTC TGT TCA ACG GGC TAA AGT AGT

AAT CAG ACT GG- 3'). The amplified fragment was subcloned into pCMV at the

Hindill and XbaI sites, and the sequence was verified. For NHE5, first, a unique NotI

restriction endonuclease site was introduced in the coding region within the first

predicted extracellular loop of the protein altering two amino acid residues at positions 36

and 37 from Leu-Phe to Arg-Gly e4LELFR to 34LERGR). A NotI-NotI DNA fragment

encoding a triple HA epitope (NotI sites underlined; rgrifYPYDVPDYAg

YPYDVPDYAgsYPYDVPDYAaqçg) was then inserted into the NotI site (tag inserted

between amino acids Glu35 and Arg38) and the modified cDNAIprotein was called NHE5­

36HA3. The construct was subcloned into the mammalian expression vector pCMV, and
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the cDNA was sequenced to confirm the presence of the mutation and to ensure that other

random mutations were not introduced. A stable transfectant of NHE5-36HA3 based on

the API cellline (AP1/NHE5-36HA3) was created by acid selection (103). In control

experiments, the mutation had no obvious effect on the functional properties of NHE5.

Glutathione S-transferase (GST) Pull-down

For producing GST fusion proteins, different regions of the AMPK a2 and NHE5

cDNAs were amplified by PCR, excised with BamHI and EcoRI and inserted into the

same restriction sites of the pGEX-2T bacterial expression vector (Amersham Pharmacia

Biotech) in frame with the amino-terminal GST tag. Transformed BL21 E. coli cells

derived from single colonies were inoculated in 5 ml2YT + Amp (100 J..lg/ml) media

overnight and protein expression was induced by further incubation in 50 ml of the same

media containing 0.4 mM isopropyl-1-thio-~-D-galactopyranoside(IPTG) at 30°C for 3h.

E. coli cells were collected by centrifugation, resuspended in 1 mllysis buffer containing

0.5% NP40, 1mM EDTA, 0.1 mg/ml lysozyme and proteinase inhibitor cocktails (Roche

Diagnostics, Laval, Quebec Canada) in PBS, incubated on ice for 15 min and sonicated 4

times for 30 sec on ice. Cell debris were removed by centrifugation at 16,000 g for 20

min and the GST fusion proteins were purified by incubation with reduced form

glutathione (GSH) sepharose beads (Amersham Pharmacia Biotech) at 4°C for 2 h. For

producing an in vitro translated protein of the C-terminus of NHE5, cDNA corresponding

to this region (G491-L896) was amplified by PCR using the following primer set

(Forward: 5' -ccc AAG CTT GCC ACC ATG GGC TAC CAC TAC TGG AGG GAC­

3', Reverse: 5'-CCC TCT AGA CTA CAG CCG GCT GCC TCT GTT G-3') and the
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HindIll-XbaI excised fragment was ligated into the pCMV vector. For mapping the

binding domains of NHE5, full-Iength AMPK a2 cDNA in the same vector was used for

in vitro translation. The T7 promoter in the vector enabled in vitro transcription­

translation coupling reaction using rabbit reticulocyte lysates (Promega, Madison, WI).

Following four washes in the lysis buffer without lysozyme, the beads were incubated

with 35S-labeled in vitro translated protein generated by the TnT reticulocyte lysate

system (Promega, Madison, WI). After overnight incubation at 4 oC the beads were

washed six times in the same buffer. 35S-labeled in vitro translated protein bound to the

GST fusion protein was detected by SDS-PAGE followed by autoradiography.

Co-immunoprecipitation

Celllysates of the stable cellline AP1INHE5-36HA3 were prepared in PBS containing

0.5% NP40, 1mM EDTA and proteinase inhibitor cocktail. Five hundred III of cell

lysates containing approximately 250 Ilg of protein were precleaned by incubation with

protein G-conjugated sepharose beads (Amersham Pharmacia Biotech) and incubated

with 1.5 III anti-HA monoclonal antibody (HA.11 clone 16B12 (5-7 mg/ml) (Covance,

Richmond, CA» at 4°C for 2 h, followed by overnight incubation with 20 III protein G

sepharose beads. The beads were washed with lysis buffer for 5 times and the NHE5 ­

AMPK interaction was detected by Western blot with a monoclonal antibody to the ~1

subunit of AMPK (Transduction Laboratories, Lexington, KY). Celllysates from

untransfected API cells were used as control.

Immunofluorescence Microscopy
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0.5 Ilg of each NHE5-36HA3 and AMPK a2-myc were simultaneously transfected into

CHO cells grown on glass cover slips by Lipofectamine reagent (Gibco BRL, Burlington,

Ontario, Canada) and intracellular localization ofthese proteins were analyzed 16-24 h

after transfection. Cells were fixed with 2% paraformaldehyde in PBS for 20 min and

blocked in 5% non-fat skim milk and 0.1 % Triton X100 in PBS (PBS-TX) for 15 min.

Following incubation with 5-7 J,lg/ml anti-HA mouse monoclonal antibody and rabbit

polyclonal anti-myc antibody for 1 h, cells were incubated with 1.75 Ilg/ml Cy3­

conjugated anti mouse IgG (Jackson Laboratories) and 1.5 Ilg/ml Oregon-green

conjugated anti rabbit IgG (Molecular Probes, Eugene, OR) for 1 h. All antibodies were

diluted in PBS-TX. After extensive washes with PBS-TX, cover slips were mounted on

glass slides and the fluorescence signals were analyzed by confocal microscopy.

In Vitro Phosphorylation Assay

GST-NHE5 fusion proteins were purified by GSH sepharose beads and phosphorylation

assay was performed by incubation with AMP-activated protein kinase purified from rat

liver (Upstate Biotechnology, Lake Placid, NY) as described previously with sorne

modifications (226). In short, about 20 Ilg GST fusion proteins on the GSH sepharose

solid support was incubated with 10 mU AMPK in a final volume of 25 III containing 40

mM HEPES (pH 7.0),300 IlM AMP, 80 mM NaCI, 5 mM MgClz, 0.8 mM EDTA, 0.4

mM dithiothreitol and 10 J..lCi [y_32p]_ATP (NEN Life Science Products, Boston, MA).

After incubation at 30°C for 7 min, beads were sedimented by quick centrifugation and

washed six times with PBS containing 0.5% NP40 and 1 mM EDTA. GST fusion

proteins were eluted in SDS sample buffer containing 50 mM Tris-Cl (pH 6.8), 2% SDS,

66



0.1 % bromopheno1 b1ue and 10% glycero1 and resolved by SDS-PAGE. The gel was

stained with Coomassie blue, dried and exposed to X-ray film (Kodak, Rochester, NY).

22Na+ Influx Assay

Either API, the NHE-deficient CHO celIline, or AP1INHE5, the parental celIline stably

expressing human NHE5 cDNA (224), was used for this study. Cells were plated in 24­

well polystyrene tissue culture dishes (Corning Incorporated, Corning, NY) and, for the

API celIs, were transiently co-transfected with NHE5 and different AMPK a2 constructs

by the Lipofectamine reagent. The 22Na+ influx assay was conducted as described

previously (103) except that acid challenging prior to influx assay was omitted. In short,

confluent monolayers of cells were washed with isotonie choline chloride solution (125

mM choline chrolide, 1 mM MgCh, 2 mM CaCh, 20 mM HEPES-Tris, pH 7.4) and

incubated with 1 J-lCi/ml 22Na+ (PerkinElmer Canada) in the same solution containing l

mM ouabain at room temperature for 5 min. The assay was terminated by rapidly

washing the cells three times with 4 volumes of ice-cold NaCI stop solution (130 mM

NaCI, l mM MgCh, 2 mM CaCh, 20 mM HEPES-NaOH, pH 7.4). Cell monolayers

were subsequently solubilized by 0.25 ml of 0.5 M NaOH followed by neutralization

with the same volume of 0.5 M HCL Radioactivity was assayed by liquid scintillation

spectroscopy. AlI experiments represent the average of two to five experiments, each

performed in quadruplicate. The data are presented as the mean ± S.D.
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RESULTS AND DISCUSSION

Identification of the d2 Subunit ofAMPK as an NHE5 Interacting Protein

To gain insight into the function and regulation of the brain specifie Na+/H+

exchanger isoform NHE5, the C-terminal cytosolic tail of NHE5 was used as bait to

screen a human brain cDNA library using the yeast two-hybrid system. The positive

clone encoding 02 subunit of AMPK was further analyzed in this study. AMPK is a

serine/threonine kinase that is activated by elevated [AMP]/[ATP] ratio and the upstream

kinase AMPKK. It is composed of a catalytic subunit (a) and two regulatory subunits (~

and y). To date, two a (al and (2) and ~ (~l and ~2) and three y (yl-3) isoforms have

been identified with different tissue expressions and intracellular localizations (227-233).

The N-terminus half of the a2 subunit (amino acid residues 1-312) is a catalytic domain

and the latter half (residues 313-552) is a regulatory domain that serves as the binding

site for the ~ and y subunits.

To further substantiate the association of NHE5 and AMPK a2, we assessed the

interaction by GST pull-down assay. Since the original clone was missing the first six

amino acid residues at the N-terminus, the full-Iength cDNA was obtained by peR. For

GST pull-down, different parts of AMPK a2 cDNA were isolated and inserted into

pGEX-2T to make in-frame GST-AMPK bacterial expression constructs. 35S-labeled in

vitro translated protein representing the C-terminus of NHE5 was incubated with GST

fusion proteins derived from differentparts of AMPK a2 in order to determine the

responsible binding domains. As shown in Fig. 2.1A, in vitro translated NHE5 protein

bound to S313-R421 with the highest affinity, followed by MI-G98 and A422-R552. To
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define more precise binding sites in the segment encompassing S313-R421, smaller GST­

AMPK (X,2 fusion proteins were ana1yzed. The predominant binding domain was mapped

to reside between 386 and 421 (Fig. 2.1B). The weak binding at the N-terminal catalytic

domain (residues 1-98) may reflect interaction associated with phosphorylation ofNHE5.

To determine the binding domain within NHE5, we generated GST fusion

proteins corresponding to three different sections of the NHE5 cytosolic tail, G543-1654,

G689-G789 and G789-L896. The in vitro translated full-Iength AMPK (X,2 labelled with

35S-methionine exhibited significant binding to two independent regions, G543-1654 and

G789-L896 (Fig. 2.2). We were unable to analyze the binding capability of the section

between 1654 and G689 because GST fusion proteins containing this area were unable to

be expressed even under milder induction conditions, most likely due to the toxicity of

the proteins. Our attempt to map between G543 and 1654, and G789 and L896 by GST

pull-down and yeast two-hybrid gave unsatisfactory results showing similar signaIs in aIl

the small sections within these areas (data not shown). Since two independent assays

showed similar results, we postulate that relatively widely distributed binding sites within

the NHE5 C-terminus and/or multiple binding sites are required for the interaction.

In Vivo Interaction between NHE5 and AMPK

To examine the relevance of the association between NHE5 and AMPK in vivo,

we transfected NHE5-36HA3 into API cells, the CHO mutants devoid of endogenous

NHE activity, and a stable cellline (AP1INHE5-36HA3) was established by acid

selection as described previously (103). Celllysates isolated from these cells as well as

control API cells were immunoprecipitated with an anti-HA antibody and the presence of
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endogenous AMPK complex was probed with an anti AMPK BI antibody by Western

blot analysis. AMPK was detected only in the immunecomplex isolated from

APIINHE5-36HA3 cells, but not in the untransfected API cells (Fig. 2.3). When CHû

cells were transiently transfected with myc-tagged a2 subunit and HA-tagged NHE5,

immunoprecipitated with an anti-HA antibody and probed with anti-myc antibody for

Western blot, we were able to detect the specifically associated myc-tagged AMPK a2

subunit (data not shown). Thus, NHE5 showed in vivo association with both BI and a2

subunit, suggesting that NHE5 forms a protein complex comprised of the a and B

subunits and presumably 'Y subunit, making the AMPK enzyme complex in close

proximity to the site of action on NHE5.

To further evaluate the physiological relevance of the interaction, we next

investigated the intracellular localization of NHE5 and AMPK. CHû cells grown on

glass coyer slips were transiently transfected with AMPK a2-myc and NHE5-36HA3 and

their localization in situ was analyzed by confocal immunofluorescence microscopy after

double staining with an anti-myc polyclonal and an anti-HA monoclonal antibody. As

reported previously (234), the majority of AMPK a2-myc signal was observed in the

nucleus and cytosol in cells transfected with AMPK a2 alone (Fig. 2AD). In sharp

contrast, co-transfection of AMPK a2 with NHE5 caused pronounced redistribution of

AMPK a2 to the plasma membrane with patchy appearances, which co-Iocalized with the

NHE5 signal (Figs. 2.4A-C). These results, taken together, suggest that the interaction

between AMPK a2 and NHE5 is taking place in vivo and may have an important

biological roIe.

70



NHE5 Can Be Phosphorylated by AMPK

To understand the physiological consequences of the binding of AMPK to NHE5,

we examined whether NHE5 can be a substrate for AMPK. GST-NHE5 fusion proteins

used for the GST pull-down experiments were incubated with purified AMPK enzyme

(Upstate Biotechnology) in the presence of [y_32p]_ATP, resolved in SDS-PAGE and

analyzed by autoradiography. GST fusion proteins corresponding to G543-I654 and

G789-L896 (C-terminus) ofNHE5, the same domains binding to AMPK a2 (Fig. 2.2),

were strongly phosphorylated by AMPK (Fig. 2.5). The intensity of the phosphorylation

signaIs, measured by a FluorChem digital imaging system (Alpha Innotech Corporation,

San Leandro, CA), were enhanced over two-fold by inclusion of 0.3 mM AMP,

demonstrating the unique aspect of the phosphorylation reaction by AMPK. No

detectable phosphorylation was observed in the GST fusion protein comprising G689­

G789 or GST alone, further supporting the specificity of the reaction. It is of note that

these sections in NHE5 have several consensus recognition sequences for AMPK

established from synthetic peptide studies (<j>(XP)XX srr XXX<j>, where <j> is a

hydrophobic and Pis a basic residue ) (235) such as 571LLRESGâGACL581 and

830LPSDPRâSFAF84o. As revealed by more recent studies, the substrate specificity of

AMPK is considerably variable (236), and it is possible that there are more recognition

sites in NHE5 in addition to these "conventional" ones.

AMPK Augments Transporter Activity by NHE5

To examine the physiological relevance of phosphorylation by AMPK, we treated

APIINHE5 cells, the NHE-deficient CHû cellline API stably transfected with NHE5

71



(224), with AICAR, a membrane permeable AMP analogue, and measured the NHE

activity by 22Na+influx assay. AICAR treatment increased the amiloride-inhibitable

22Na+influx of APIINHE5 cells up to 2.5-fold in a dose- (Fig. 2.6A) and time-dependent

(Fig. 2.6B) manner. The treatment had no effect on the 22Na+uptake of API cells, which

lack endogenous plasma membrane-type NHE activity (data not shown).

To further establish the importance of AMPK on NHE5 regulation, we next

heterologously co-expressed NHE5 and constitutive-active or dominant negative AMPK

a2 in API cells and studied their effects on NHE5 activity. While heterologous

expression of the constitutive active mutant (amino acid residues 1-312) AMPK a2

exhibited around 50% increase in the NHE5 activity, expression of dominant negative

constructs (residues 313-552 and 395-552) showed 30-50% decrease (Fig. 2.7).

Unexpectedly, heterologous expression of full-Iength a2 subunit also showed 30-50%

elevation of NHE5 activity, which is almost as significant an effect as observed in the

constitutive active mutant (residues 1-312) expressing cells. To achieve maximum

enzymatic activity as well as protein expression level, concomitant expression of all the

three subunits (a, Band y) are needed (237). Although the precise reason why

transfection of full-Iength a2 subunit alone elevated Na+ influx by NHE5 is not known, it

is possible that the binding of NHE5 to a2 subunit mimicked the effect of assembling

into the complete triplet complex. Alternatively, limited amount of Band y subunits may

have been enough for the upregulation.

Possible Role ofAMPK in pH Regulation in Brain
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AMPK was originally identified as a metabolic sensor that phosphorylates and

attenuates metabolic enzymes such as acetyl-CoA carboxylase and HMG-CoA reductase

by direct phosphorylation in response to elevated [AMP]/[ATP] ratio to preserve

intracellular ATP (238). AMPK is known to inhibit the cr conductance of cystic fibrosis

transmembrane conductance regulator (CFTR) by direct binding and phosphorylation

(239). Our study is the second report showing AMPK is directly involved in the

regulation of a membrane protein by direct phosphorylation.

Brain has a high metabolic rate and glucose consumption, where sensing and

responding to metabolic change is particularly important. Recent studies implicated that

neurons and activated astrocytes have high levels of AMPK expression (240). Our

finding that NHE5 is activated by phosphorylation by AMPK suggests a role of AMPK in

pH and volume regulation in the brain under metabolic stress and hypoxia.

A major source of intracellular protons, in addition to metabolic COz production,

is the reaction ATP f-t ADP + Pi + H+ ((8) and analyzed in detail in by Hochachka and

Mommsen in (9». The H+ production by this reaction becomes especially relevant

during anoxia, when H+ is not consumed by oxidative phosphorylation. The ATP

hydrolysis reaction establishes a direct connection between the energy status of the cell

(the [ADP]/[ATP] ratio) and the intracellular pH. AMPK detects changes in the

[AMP]/[ATP] ratio, which varies according to the square of the [ADP]/[ATP] ratio (241),

consequently AMPK is a sensitive indirect pHi detector. During prolonged anoxia, the

only way to maintain ATP production is by glycolysis. Phosphofructokinase 1 (PFK-1)

is a major control point of glycolysis catalyzing the irreversible phosphorylation of

fructose 6-P to fructose 1,6-bis-P. PFK-1 is regulated by not only substrates of the
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reaction and allosteric modifiers (ATP, AMP, fructose 6-P, fructose 2,6-bis-P), but also

by pH;. Remarkably, only 0.1 pH unit change can completely shut PFK-1 down or

maximally activate it (63). Prolonged anaerobic conditions will inevitably lead to pH;

decrease, which, unless corrected, will inhibit PFK-1 and thereby haIt glycolysis. The

activation ofNHE5 by AMPK at critically ATP-dependent and pH-sensitive cellular

locations might be such a correcting mechanism.

It has recently been reported by Salt et al. that in pancreatic ~ cells such as INS-1

and HIT-T15 cells, AMPK activity is elevated over 5-fold upon glucose depletion (242),

supporting the idea that mammalian AMPK can be activated in response to glucose

deprivation, similar to the yeast homologue SNFl. Remarkably, our preliminary

experiments showed that glucose removal from the media increased NHE5 activity to

1.5-fold in NHE deficient CHû cells (data not shown). We are currently working to

determine the direct relationship between glucose deprivation, increased AMPK activity

and NHE5 activity in our experimental system.
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Fig. 2.1. The C-terminal taU of NHE5 binds to AMPK a2. 35S-labeled in vitro
translated NHE5 C-tenninus protein (G491-L896) was subjected to GST pull-down assay
using the indicated GST-AMPK 0.2 constructs. Samples were separated by SnS-PAGE,
and analyzed by autoradiography. NHE5 was pulled down by GST-(MI-G98)AMPK 0.2,
and GST-(A3l3-R421)AMPK 0.2 (A). Further mapping (B) with smaller fragments
encompassing region S313-R421. Coomassie stained gels are shown to demonstrate
equalloading of GST fusion proteins. Gels are representative of three replicate
experiments.
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Fig. 2.2. Two independent parts of the C-terminus of NHE5 bind to AMPK a2. 35S_

labeled in vitro translated full-Iength AMPK a2 protein was subjected to GST pull-down
assay using the indicated GST-NHE5 constructs. Samples were separated by SDS­
PAGE, and analyzed by autoradiography. AMPK a2 was pulled down by GST-(G543­
1654)NHE5 and GST-(G789-L896)NHE5. The Coomassie stain is shown to demonstrate
equalloading of GST fusion proteins. Results are representative of three replicate
experiments.
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Fig. 2.3. In vivo interaction between NHE5 and AMPK. Cenlysates isolated from
APIINHE5-36HA3 cens or untransfected API cens were immunoprecipitated with an
anti-HA antibody and immunoprecipitates were analyzed by western blot probed with an
anti AMPK ~l antibody. 38 kD band was detected only from the APIINHE5-36HA3
cens. Results shown are representative of three replicate experiments.



Fig. 2.4. Immunofluorescent confocal microscopy showing NHE5 co-Iocalizing with
AMPK a2 on the plasma membrane. HA-tagged NHE5 and myc-tagged AMPK a2
were transiently transfected into CHü cells and visualized by cy3 (red) (A) and Oregon
Green (green) (B) conjugated secondary antibodies respectively. Note that AMPK a2­
myc alone shows predominantly nuclear and cytosolic localization (D). The scale bar
corresponds to 10 /lm.
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Fig. 2.5. NHE5 can be phosphorylated by AMPK. GST-NHE5 fusion proteins were
incubated with AMPK in the presence or absence of 0.3 mM AMP, subjected to 12.5%
SnS-PAGE and analyzed by autoradiography. G543-I654 and G789-L896 were
specifical1y phosphorylated by AMPK, and the signal was enhanced in the presence of
AMP. The Coomassie stain is shown to demonstrate equalloading of proteins. Results
are representative of three replicate experiments.
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Fig. 2.6. Activation of endogenous AMPK by AICAR. AICAR treatment increases
transporter activity in dose- and time-dependent manners. APIINHE5 cells were
~retreatedwith AICAR (0-2.0 mM) for 60 min (A) or 1.0 mM for 0-120 min (B) and

2Na+ influx was measured as described in Experimental Procedures. All the
experiments were conducted in quadruplicate and repeated at least three times.
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Fig. 2.7. Effects of constitutive active and dominant negative AMPK a2 on NHE5
activity. NHE5 and either AMPK a2 or pCMV (contro~ were transiently transfected
into NHE-deficient API cells. 36 hrs after transfection, 2Na+ influx was measured as
described in Experimental Procedures. In each experiment, 22Na+influx experiment was
duplicated and half ofthem were conducted in the presence of 1.0 mM amiloride to
obtain the background. After the backgrounds were subtracted, the relative values to the
control (transfected with NHE5 and pCMV) were calculated. All the experiments were
conducted in quadruplicate and repeated at least three times.
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NHE5 is a brain specifie Na+lH+ exehanger isoform, the function of whieh is

yet unclear. Using the yeast two-hybrid system, we have identified arrestin3 as a

putative NHE5 interacting protein. Arrestins were previously shown to associate

with and regulate transmembrane proteins of only the G protein-coupled receptor

family. We demonstrate that NHE5 binds arrestin3 both in vitro, in GST puU-down

assays, and in vivo, as confirmed by co-immunoprecipitation. Furthermore, the

binding is phosphorylation-dependent, and the kinase most likely responsible for the

phosphorylation is casein kinase II. When eo-expressed with NHE5 in CHO eeUs,

the intraeellular distribution of arrestin3 changes, showing co-Iocalization with the

exehanger under confocal immunofluoreseence microscopy. Functionally, co­

expression of arrestin3 with NHE5 seems to attenuate the basal aetivity of the

transporter. Our data reveals new aspects of both arrestin function and NHE5

regulation.
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INTRODUCTION

Na+/H+ exchangers (NHEs) are transmembrane proteins that mediate the

electroneutral exchange ofNa+ and H+ across membranes. There are seven mammalian

isoforms identified to date, of which NHE1-5 are plasma membrane type (reviewed in

(88;91)), while NHE6 and NHE7 are organellar exchangers (89;90). They aIl share a

similar structure of a relatively conserved N-terminal transmembrane domain with 12

membrane-spanning regions, and a more disparate C-terminal cytoplasmic tail. NHE1,

NHE6 and NHE7 are ubiquitous, probably performing 'housekeeping' functions of pH

and volume homeostasis of cells and intracellular organelles. In contrast, NHE2-5 are

more restricted in their pattern of expression, and play a role in specialized functions such

as Na+ and HC03- absorption and reabsorption in the gastrointestinal tract and the

kidney.

NHE5 is the most cell type-specifie isoform, believed to be functionally expressed

in brain only (175;176;224). Apart from the recent work by Attaphitaya et al. (151)

showing that NHE5 is attenuated by both PKA and PKC little is known about the

regulation and function of this isoform. In the current study, we applied the yeast two­

hybrid system to screen for novel interacting proteins of NHE5 yielding an insight to the

cellular physiology of the transporter. One of the interactants identified was arrestin3.

Arrestins form a family of regulatory proteins with four identified members in

mammals: the two visual arrestins (rod and cone) and two non-visual arrestins (~­

arrestins). Visual arrestins are expressed in the retina, whereas ~-arrestin1 (arrestin2) and

~-arrestin2 (arrestin3) are ubiquitously expressed outside the retina, although in various

proportions in different tissues (243). ~-arrestins play a dual role in the signal
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transduction of nurnerous O-protein coupIed receptors (OPCRs). First, they are

responsible for the agonist-induced desensitization of OPCRs, by rapidly binding to

OPCR Kinase (ORK) phosphorylated receptors and sterically interdicting activation of

the O-protein. Second, they target the receptors to clathrin-coated pits for intemalization

by directly binding to both clathrin and the adaptor protein AP-2 (for recent reviews see

(243-245)). Either lysosornal degradation or dephosphorylation and subsequent

resensitization of the receptor follow intemalization of a OPCR. ~-arrestins bind a

nurnber of other proteins too, narnely, rnernbers of the rnitogen-activated protein kinase

(MAPK) cascades such as ERK, JNK3 and Src (246-248). These interactions define a

new role for ~-arrestins as scaffolds linking activated OPCRs to MAPK cascades

(reviewed in (245;249)).

In this paper we present the novel finding that a transrnernbrane protein other than

the heptahelical OPCRs can directly interact with arrestin3. NHE5 binds to arrestin 3

both in vitro and in vivo, as dernonstrated by OST pull-down assays, co­

irnrnunoprecipitation and confocal irnrnunofluorescence rnicroscopy. Furtherrnore, this

binding is phosphorylation-dependent, and influences the activity of the transporter.
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EXPERIMENTAL PROCEDURES

Materials

a-Minimal essential medium, fetal bovine serum, penicillin/streptomycin, and trypsin­

EDTA were from Life Technologies (Burlington, ON). Radioactive materials were

purchased through PerkinElmer Canada. AlI other drugs and reagents, unless otherwise

indicated, were from Fisher Scientific or Sigma, and were of the highest grade available.

Yeast Two-Hybrid Screening

The screening described in Chapter 2 presented the clone B1-7 forming the basis of this

study. Clone B1-7 comprises the C-terminal half of arrestin3, amine acid residues H211­

C409. The fulI-length cDNA of arrestin3 was cloned from a human bone marrow mRNA

library as described below.

Construction ofPlasmids

Plasmids were constructed according to the QuikChange™ site-directed mutagenesis

protocol (Stratagene) using specifie pairs of oligos with the desired mutations.

pCMVINHE5-~AC, is the wild-type NHE5 cDNA missing amino acids 700-720, a

highly negatively charged region (acidic cluster). Oligos used were 5'-GCT GCT GTG

ATA TTA ACC GTG GGG ATC ATC TTT GTG GCT CGT GCC-3' (sense) and 5'­

GGC ACG AGC CAC AAA GAT GAT CCC CAC GGT TAA TAT CAC AGC AGC-3'

(antisense). In pCMVINHE5-ST~AA and pCMVINHE5-ST~DD aIl serines and

threonines within the acidic cluster region, five in total, were replaced by either alanines

or aspartates. Oligos used were 5'-GCT GAG GAG GAG GAG GAG GAG GCC GAC
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GCT GCA GAG GCA GAG AAG GAG GAC GAT GAG GGG-3' (sense), 5'-TGC CTC

TGC AGC GTC GGC CTC CTC CTC CTC CTC CTC AGC CTC CAC GGT TAA TAT

CAC AGC-3' (antisense), and 5'-GAT GAG GAG GAG GAG GAG GAG GAC GAC

GAT GAT GAG GAT GAG AAG GAG GAC GAT GAG GGG-3' (sense), 5'-ATC CTC

CAT CAT CGT CGT CCT CCT CCT CTC CTC CTC ATC CTC CAC GGT TAA TAT

CAC AGC-3' (antisense) for ST-7AA and ST-7DD respectively. AlI constructs were

verified by sequencing.

Cloning ofFull-length cDNAs

Full-iength arrestin3 and arrestin2 cDNAs were cloned from a human bone marrow

mRNA library by RT PCR using random hexamer primers followed by combined PCR

using two sets of specifie oligos corresponding to the 5' and 3' ends, as well as the

middle region of the published sequences (GeneBank accession numbers NM_004041

and NM_004313 for arrestin2 and arrestin3 respectively). For proof reading

amplification, Pfu-turbo (Stratagene) or Vent polymerase (NEB) was used in all PCR

reactions.

To isolate the full-Iength cDNA encoding arrestin3, 0.5 Jlg of human bone

marrow mRNA (Clontech) was heat denatured at 65°C for 10 min in the presence of

random hexamer primers (Promega) and incubated with reverse transcriptase (Gibco) at

42°C for lh. The reaction mix was diluted 1/200 with distilled water and 2.5 JlI was

subjected to PCR with the following set of oligos. Sense: 5'-CCC AAG CTT GCC ACC

ATG GGG GAG AAA CCC GGG ACC AGG GTC-3' (-ATG/HindIll, oligo A) and

reverse: 5'-GAC GTG GAC ATT TAC ATT GAG GGG CTC CC-3' (ending at codon

80



corresponding to H211). The C-terminus of the clone in pACT21B 1-7 was amplified by a

separate PCR reaction using the following oligos, forward: S'-TAC CAT GGG GAG

CCC CTC AAT GTA AAT GTC-3' (starting at codon corresponding to Y21O) and

antisense: 5'-GCT CTA GAG GTT CAG ATC CTC CTC GGA GAT GAG CTT CTG

CTG GAA TTC GCA GAG TTG ATC-3' (3' -myc/XbaI, oligo B). The antisense oligo

contains the coding sequence for the myc epitope in frame and an XbaI site, while the

sense oligo contains a HindID site for subcloning purpose. The gel-purified N-terminal

677 bp fragment and the C-terminal 648 bp fragment, overlapping 24 bp, were combined

and subjected to a second round of PCR in the absence of primers for the first cycle,

followed by another 24 cycles in the presence of oligos A and B. The obtained 1290 bp

PCR fragment was subcloned into the HindID and XbaI sites of the pCMV vector and the

sequence of the clone was verified. For arrestin2, essentially the same procedure was

followed.

Stable Transfection and CeU Culture

The NHE-deficient CHO cellline, API, was transfected by the calcium phosphate-DNA

co-precipitation method (183), and stable NHE5 transfectants, both wild-type and

mutants, were selected for by the NH4CI-induced acid challenge technique as described

previously (103;205). Single clones were subsequently isolated and the expression levels

were monitored by Western blot and 22Na+ influx assay. The clone with the highest

expression level was used for further analysis. Cells were maintained in complete a­

minimal essential medium (a-MEM) supplemented with 10% fetal bovine serum, and

81



25mM NaHC03, pH 7.4, and incubated in an humidified atmosphere of 95% air and 5%

COz at 37°C.

Glutathione S-transferase (GST) Pull-down

For producing GST fusion proteins, different parts of arrestin3 and NHE5 cDNAs were

amplified by PCR, excised with BamHI and EcoRI and inserted into the same restriction

sites of pGEX-2T bacterial expression vector (Amersham Pharmacia Biotech) in frame

with the amino-terminal GST coding sequence. After sequence confirmation, plasmids

were transformed into BL21 E.coli cells for protein expression. Overnight culture of

clonaI BL21 cells grown in 5ml2YT + Amp (100 Ilg/ml) was diluted in 1:10 and protein

expression was induced by further incubation in the 50 ml media containing OAmM

isopropyl-1-thio-p-D-galactopyranoside (IPTG) at 30°C for 3h. Cells were collected by

centrifugation, resuspended in 1ml PBS buffer containing 0.5% NP40, 1mM EDTA, 0.1

mg/ml lysozyme and proteinase inhibitor cocktail (Roche Diagnostics, Laval, QC,

Canada), incubated on ice for 15 min, and sonicated 4 times for 20 sec on ice. Cell debris

were removed by centrifugation at 16,000g for 20 min at 4°C, and the GST fusion

proteins were purified by incubation with GSH sepharose beads (Amersham Pharmacia

Biotech) for 2-3 h at 4°C. The expression constructs, pCMVINHE5-G491ATG,

described earlier (Chapter 2), and pCMV/arrestin3, were in vitro translated and 35S_

labelled by the TnT reticulocyte lysate system (Promega, Madison, WI) according to the

manufacturer' s protocol.

Following three washes in 0.5% NP40 buffer (0.5% NP40, 1 mM EDTA, and

proteinase inhibitor cocktail in PBS), the purified GST fusion proteins, in 200 III buffer,
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were incubated with the in vitro translated proteins, 2-3 III of TnT reaction mixture,

overnight at 4°C. In sorne cases, the GST fusion proteins were incubated with purified

CK1 or CK2 (NEB) in the presence of non-radioactive 0.2 mM ATP prior to the

inclusion of the 35S-labeled TnT product to evaluate the effect of the CK1 and CK2

phosphorylation on the interaction between NHE5 and arrestins. After six extensive

washes with 0.5% NP40 buffer, proteins were eluted in SDS sample buffer containing 50

mM Tris-Cl (pH 6.8), 2% SDS, 0.1 % bromophenol blue and 10% glycerol, and separated

in an 10 or 12% SDS-PAGE. The gels were dried and the signal was detected by

autoradiography.

Co-immunoprecipitation

CHO cel1s were transiently co-transfected with NHE5-36HA3 and either arrestin3-myc or

arrestin2-myc using the Lipofectamine reagent and protocol supplied by the manufacturer

(Gibco BRL, Burlington, Ontario, Canada). Cel1lysates were prepared 24 hrs after

transfection by incubation in 0.5% NP40 buffer on ice. Five hundred III of cel1lysates

containing approximately 250 Ilg of protein were precleaned by incubation with protein­

A conjugated agarose beads (Amersham Pharmacia Biotech) and incubated with 3 III

rabbit polyclonal anti-myc antibody, A-14 (Santa Cruz Biotechnology, Santa Cruz, CA),

at 4°C for 2 h, fol1owed by incubation with 20 III protein A-conjugated agarose beads

overnight. After washing the beads in the buffer four times, immunecomplexes were

eluted in SDS sample buffer, separated in 8 or 10% SDS-PAGE, and transferred onto

PVDF membranes. Blots were blocked with 5% nonfat skim-milk in PBS containing

0.1 % Tween-20 (PBS-T), and exposed to the primary antibody, mouse monoclonal anti-
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HA, HA.11 (Covance, Richmond, CA) at 1:5000 dilution. After treatment with an HRP­

conjugated anti-mouse IgG (Jackson Laboratory, 1110,000 dilution), the immunoreactive

bands were visualized by the enhanced chemiluminescence kit (Amersham Pharmacia

Biotech).

To further verify the in vivo interaction, celllysates prepared from the stable cell

line AP1INHE5-36HA3 transiently transfected with arrestin3-myc, were

immunoprecipitated with the monoclonal anti-HA antibody at 1:5000 dilution, and co­

precipitated arrestin3-myc was detected by Western blot probed with HRP-conjugated

anti-myc monoclonal antibody, 9ElO-HRP (Roche Diagnostics, Laval, QC, Canada) at

1:20000 dilution.

Immunofluorescence Microscopy

CHO cells grown on glass coverslips were transiently transfected with 0.5 J.lg of

arrestin3-myc and either NHE5-36HA3 or NHE1HA cDNA by Lipofectamine. At 24 hrs

posttransfection, the cells were fixed in 2% paraformaldehyde/PBS for 20 min and

blocked in 5% non-fat skim milk in 0.1 % Triton XlOOIPBS (PBS-TX) for 15 min. Cell

monolayers were incubated with 6 J.lg/ml anti-HA mouse monoclonal antibody, HA.11

(Covance, Ricmond, CA), and 1.0 J.lg/ml anti-myc rabbit polyclonal antibody, A-14

(Santa Cruz Biotechnology, Santa Cruz, CA), for 1 h. Following washes in PBS-TX,

cells were incubated with 1.75 J.lg/ml Cy3-conjugated anti mouse IgG (Jackson

Laboratories) and 1.5 J.lg/ml Oregon-green conjugated anti rabbit IgG (Molecular Probes,

Eugene, OR) for 1 h. AlI antibodies were diluted in PBS-TX. After extensive washes

84



with PBS-TX, cover slips were mounted on slide glasses and fluorescence signal was

analyzed using a confocal microscope.

In Vitro Phosphorylation Assay

GST-NHE5 fusion proteins were purified by GSH sepharose beads and phosphorylation

assay was performed by incubation with casein kinase 1or II (CK1, CK2) (NEB).

Briefly, about 20 Ilg GST fusion protein on the GSH sepharose solid support was

incubated with WOU ofCK2 or400U ofCK1, 0.2mM ATP and 11lCi [y_32p]_ATP

(PerkinElmer Canada) in the supplied buffer in a final volume of 25 Ill. After incubation

at 30°C for 15 min, the reactions were stopped on ice, the beads were quickly washed

with ice-cold 0.5% NP40 washing buffer for six times, and the phosphorylated GST

fusion proteins were separated in 12% SDS-PAGE. The gel was stained with Coomassie

blue, de-stained in 25% methanol, 10% acetic acid, fixed in 7% methanol, 7% acetic acid,

1% glycerol, and dried. The phosphorylation signal was detected by autoradiography.

Equalloading of samples was determined by Coomassie staining.

In Vivo Phosphorylation

Stably transfected cells, AP1INHE5-36HA3 and AP1INHE5-36HA3ilAC, were grown to

near confluence in W-cm dishes. After 30 min phosphate-free chasing, cells were

labelled in vivo for 2 h at 37°C in phosphate-free a-MEM containing 0.25 mCi/ml

e2p]orthophosphate. Following extensive washes, cells were processed for

immunoprecipitation by monoclonal anti-HA antibody as above. Briefly, celllysates

were prepared in 0.5% NP40 buffer, immunoprecipitated by monoclonal anti-HA
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antibody, separated by 10% SDS-PAGE, transferred onto PVDF membranes, and

analyzed by autoradiography. The membrane was subsequently probed with the anti-HA

antibody for equalloading.

22Na+ Influx Assay

Either API, the NHE-deficient Chinese hamster ovary fibroblast cellline, or APlINHE5,

the parental cellline stably expressing human NHE5 cDNA, was used for this study.

Cells were plated in l2-well (co-transfection, NHE5:arrestin3-myc, ratio of DNA 1:2) or

24-well (single transfection, arrestin3-myc) polystyrene tissue culture dishes (Corning

Incorporated, Corning, NY), and were transiently co-transfected with either

pCMV/arrestin3-myc or pCMV, and NHE5 cDNA when the API cellline was used, by

the Lipofectamine reagent. In particular, transfection was performed at 50% confluence,

using 9 J.1g of DNA, and 15 J.11 Lipofectamine per plate (12- or 24-well). Transfection

efficiency reached 40-60 % of total number of cells, and was monitored by western blots

and immunofluorescence microscopy performed on glass coverslips plated and treated in

parallel. The protein content in each transfected sample set was measured to ensure that

equal numbers of cells were analyzed. The 22Na+ uptake assay was performed at 24 hrs

after transfection. Briefly, wells were quickly washed with isotonie choline chloride

solution (125 mM choline chrolide, 1 mM MgCh, 2 mM CaCh, 20 mM HEPES-Tris, pH

7.4) and incubated with lllCi/ml 22Na+ (PerkinElmer Canada) in the same solution

containing lmM ouabain at room temperature for 5 min. The 22Na+ influx was

terminated by rapidly washing the cells three times with 4 volumes of ice-cold NaCI stop

solution (130 mM NaCI, 1 mM MgCh, 2 mM CaCh, 20 mM HEPES-NaOH, pH 7.4).
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Cell monolayers were subsequently solubilized by 0.25 ml (in 24-well plates) or 0.5 ml

(in 12-well plates) of 0.5 M NaOH followed by neutralization with the same volume of

0.5 M HCL Radioactivity was assayed by liquid scintillation spectroscopy. Each

experiment was performed in quadruplicate (24-well) or hexuplicate (12-weIl). The data

are presented as the mean ± S.D.
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RESULTS AND DISCUSSION

The yeast two-hybrid system identifies arrestin3 as an interacting protein ofNHE5

Although the biochemieal and pharmacologieal properties of NHE5 have been

described (224), not much is known about the cellular distribution and function of this

brain specifie NHE isoform. In the current study, we employed the yeast two-hybrid

assay to identify interacting proteins of NHE5 in order to further define its role in cellular

physiology. We screened over 2x106 clones in a human brain cDNA library using the C­

terminal cytoplasmie tail of NHE5 as bait. One of the candidate interactants (clone B 1-7)

was the regulatory protein arrestin3 (Fig. 3.1).

~-arrestins (arrestin2 and arrestin3), are non-visual arrestins that play an essential

role in the signal transduction of G-protein coupIed receptors (GPCRs). Upon activation,

GPCRs are phosphorylated by members of the G-protein coupled receptor kinase (GRK)

family, providing the phosphoserine/threonine residues required for arrestin binding. The

interaction is not only regulated by GRK phosphorylation, but also by agonist-induced

conformational change, so that arrestins bind with the highest affinity to the agonist­

activated and phosphorylated GPCRs «250) and reviewed in (244;245». The binding

will sterieally inhibit further G protein activation leading to activity-induced

desensitization of the receptors. Arrestins are also capable of binding to the heavy chain

of clathrin and the ~2-adaptin unit of the AP-2 heterotetrameric complex initiating

internalization by targeting GPCRs to clathrin-coated pits (251 ;252). Depending on the

specifie GPCR, internalization is either followed by degradation of the receptor in

lysosomes or resensitization by recycling to the cell surface (253-258).
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In vivo interaction between NHE5 and arrestin3

The yeast two-hybrid system, due to its extreme sensitivity, is well known for

producing false positive results. Therefore, we sought to confirm our previous binding

data by further experiments.

First, we wanted to see, whether NHE5 and arrestin3 co-Iocalize in mammalian

cells too. To this end, the intracellular localization of arrestin3 in respect to NHE5 was

analyzed in CHa cells by confocal immunofluorescence microscopy. Cells were

transiently transfected with arrestin3-myc and NHE5-36HA3, fixed at 24 hrs

posttransfection, and stained with anti-myc polyclonal and anti-HA monoclonal antibody.

As shown in Fig. 3.2ABC, when arrestin3 is co-expressed with NHE5, they co-Iocalize at

patchy appearances on the plasma membrane and within the cell. Arrestin3 in the

absence of GPCR stimulation is a ubiquitous cytoplasmic protein (258;259). In

accordance, arrestin3 single transfection showed ubiquitous cytosolic expression in CHa

cells (Fig. 3.2G). To exclude the possibility that overexpression of a membrane protein

caused artificial mislocalization or aggregation of arrestin3 we investigated the effect of

NHEI expression on the intracellular localization of arrestin3. As presented in Fig. 3E,

arrestin3 showed cytosolic localization, similar to the pattern of single arrestin3

transfection, when co-expressed with NHEI. Together, these results suggest that

overexpression of NHE5 specifically caused redistribution of arrestin3.

Second, to confirm the morphological data, immunoprecipitation was performed

from CHa cells transiently transfected with both NHE5-36HA3 and arrestin3-myc using

a rabbit polyclonal anti-myc antibody. The presence of NHE5 in the immunoprecipitate

was analysed by Western blot probed with monoclonal anti-HA antibody. As shown in
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Fig. 3.3A, NHE5 was precipitated by the anti-myc antibody along with arrestin3 only in

transfected CHO cells, and not in the untransfected control. We were also able to

precipitate arrestin3 by the anti-HA antibody along with NHE5 from the stable cellline

AP1INHE5-36HA3 transfected with arrestin3-myc (Fig. 3.3B). Since arrestin3 migrates

close to the IgG heavy chain in an SDS-PAGE, the presence of the band representing

arrestin3 could only be shown unambiguously by using an HRP-conjugated monoclonal

anti-myc antibody (9E10-HRP).

Recently, Szâszi et al. conducting similar experiments to our own suggested that

NHE5 may reside in recycling endosomes. The epitope-tagged NHE5 (NHE5-36HA3)

upon heterologous expression in CHO cells co-Iocalized with the recycling endosome

marker transferrin receptor (K. Szâszi and J. Orlowski personal communication). Thus,

the patchy intracellular appearance in our experiments (Fig. 3.2ABC) may reflect NHE5

and arrestin3 in recycling endosomes.

As discussed above, a principal function of ~-arrestins is to target agonist­

activated GPCRs to clathrin-coated pits for subsequent internalization. It is conceivable,

that the association of arrestin3 with NHE5 might lead to internalization of the protein

complex. In agreement, our preliminary co-immunoprecipitation experiments suggest

that NHE5 is interacting with clathrin/adaptin complexes (data not shown). We are

currently characterising the involvement of arrestin3 in NHE5 internalization process

using different arrestin3 mutants lacking either the binding site to clathrin/adaptin

(260;261) or to NHE5 (see below).

NHE5 binds to arrestin3 in vitro
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Arrestins share a similar molecular architecture determined by mutagenesis

studies (250) and further substantiated by the solution of the visual arrestin crystal

structure (262). They are comprised of three functional and two regulatory domains. The

functional domains include: a receptor activation recognition domain (A: amine acid

residues 24-180), a secondary receptor binding domain (S: amine acids 180-330), and a

phosphate sensor domain (P: amino acid residues 160-182). The regulatory domains are

the N-terminal RI (amino acid residues 1-24) and the C-terminal R2 domain (amino acid

residues 330-409) (Fig. 3.1A).

To confirm the in vivo binding results, as well as to map the binding domain with

respect to the molecular architecture of arrestin3, we employed a GST pull-down assay.

To this end, a number of bacterial expression constructs corresponding to different parts

of arrestin3 fused to the GST protein were produced. BL-21 E. coli cells were

transformed with the pGEX-2T vector based plasmids, and the protein expression was

induced by IPTG. To assess the binding capabilities, the harvested GSH sepharose

beads-bound GST fusion proteins were incubated with the 35S-labelled in vitro translated

NHE5 protein. Bound proteins were eluted in SDS sample buffer, subjected to SDS-

PAGE, and analyzed by autoradiography .

In the first round of GST pull-down experiments (Fig. 3.4A) the three GST-

arrestin3 fusion proteins used were H211-C409 (C-terminus), the portion identified by

the yeast two-hybrid, and two smaller progressively N-terminally truncated segments

L291-C409 and D377-C409. Two ofthese fragments, H211-C409 and L291-C409,

specifically bound the in vitro translated NHE5 cytoplasmic tail. These results confirm

the yeast two-hybrid data (H211-C409) and tentatively narrow the binding domain to
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L291-F376. In the following experiments (Fig. 3.4BC) the binding region was further

defined and the smallest region binding NHE5 was shown to be L291-E339. A smaller

region, L291-R332, covering the C-terminal 30 amino acids of the secondary receptor

binding domain (S) did not exhibit significant binding to NHE5. Thus the NHE5 binding

site lies partly in the C-terminal regulatory domain (R2) of arrestin3, but is distinct from

both the clathrin binding sequence, 373LIEF376
, and the AP-2 binding region (residues

391-400) (244).

Phosphorylation-dependent binding ofarrestin3 to NHE5

NHE5 has a highly negative1y charged region (residues 700-720) in its

cytoplasmic tail unique among the NHE isoforms (Fig. 3.1B). This region, tentatively

termed acidic cluster (AC), contains four serines and a threonine that are potential targets

of acidophilic Serrrhr protein kinases. Acidophilic Serrrhr protein kinases prefer

carboxylic residues in the proximity of the phosphorylated serine/threonine residues and

are few in number compared to the more numerous group of basophilie and/or proline­

directed protein kinases (263). Major members of the acidophilic kinase group are the

casein kinases, casein kinase 1and II (CK1, CK2) (263;264) their consensus sequences

being (DIE);::4-XX-Srr and Srr-XX-EID respectively (263;265;266). Interestingly,

although no distinct GRK phosphorylation consensus motifs have been identified,

mutagenesis and phosphory1ation studies using synthetic peptides have demonstrated that

GRKs prefer pairs of acidic amine acids in proximity to phosphorylatab1e

serine/threonine residues (267;268). While the role of GRKs in GPCR desensitization is

well-established (reviewed in (243;268)), only recently have casein kinase la (269) and
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casein kinase TI (270) been implicated in agonist-dependent GPCR phosphorylation and

arrestin-dependent internalization of a GPCR.

In order to examine the possibility that the binding of arrestin3 to NHE5 might

depend on the phosphorylation status of the exchanger we did the following experiments.

First, we checked whether NHE5 is phosphorylated in vivo. To this end, we performed

metabolic labelling of cells stably expressing the wild-type (APIINHE5-36HA3) or the

acidic cluster deletion mutant (APIINHE5-36HA3~AC) exchanger with

C2p]orthophosphate, followed by immunoprecipitation with a monoclonal anti-HA

antibody. As revealed in Fig. 3.5, there is a clear difference, in the amount of

incorporated 32p between wild-type and ~AC NHE5. According to the densitometric

analysis by a FluorChem digital imaging system (Alpha Innotech Corporation, San

Leandro, CA) the mutant band is about 25% less phosphorylated than the wild-type

protein suggesting the contribution of the AC region to the phosphorylation status of

NHE5 in vivo. The imaging software interprets the somewhat smearier band reflecting

NHE5 as higher background. The thicker band, on the other hand, might reflect degraded

protein, and therefore the 25% value may be an underestimation.

Next, we tested whether NHE5 can be phosphorylated in vitro. For this

experiment, we used GST fusion proteins of NHE5 encompassing the full cytoplasmic

tail but residues 655-686. AlI GST fusion proteins containing this latter portion of the

exchanger were unable to be expressed in BL21 cells as discussed earlier (Chapter 2). As

shown in Fig. 3.6, only the middle portion of the cytoplasmic tail, G689-G789,

embracing the acidic cluster, was phosphorylated by CKI or CK2. CK2 seems to
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phosphorylate NHE5 more efficiently than CKI at least in vitro, which is in agreement

with their respective consensus motifs and the sequence of NHE5.

FinaUy, we analyzed the ability of the in vitro phosphorylated region, G689­

G789, to bind full-length arrestin3. As the SfT residues in the acidic cluster region are

certainly phosphorylated in vivo (Fig. 3.5), we decided to analyze their potential role in

facilitating the interaction between NHE5 and arrestin3. To do this, we created mutant

NHE5 GST fusion constructs that are either unphosphorylatable (ST~AA) or mimic

phosphorylation (ST~DD). In these mutants, either alanines or aspartic acids replaced

aU five of the serines and threonines within the AC region (Fig. 3.IB). For the

experiment, wild-type and mutant GST fusion proteins were subjected to in vitro

phosphorylation by CK2, followed by a GST pull-down assay using the in vitro translated

and 35S-labelled full-length arrestin3. As demonstrated in Fig. 3.7, the NHE5 region

G689-G789 binds arrestin3 in a phosphorylation-dependent manner. The shorter

fragments, G689-G720, essentially the acidic cluster, and the fragment G720-G789 are

not sufficient for binding regardless of phosphorylation status. The inability of the

ST~DD mutant to promote constitutive binding of arrestin3 brings up the possibility that

it is not the phosphorylation-created negative charges, but rather a specific conformation

of the protein during the CK2 activity that is important for arrestin3 binding.

The transporter activity ofNHE5 is influenced by the expression ofarrestin3

In order to investigate the functional relevance of the binding of arrestin3 to

NHE5, Na+fH+ exchanger activity was assessed by 22Na+influx assay. For this

experiment, API cells were transiently co-transfected with arrestin3 and NHE5. The
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transfection efficiency was monitored by western blot and immunofluorescence

microscopy, and equal numbers of cells were subjected to the assay. Transient co­

expression of arrestin3 and NHE5 inhibited the basal activity of the transporter by an

average of 35 ± 9% (mean ± S.D) (Fig. 3.8). In one out of five experiments there was a

significant increase in activity (15%). To examine this effect more thoroughly, we

performed the same experiment in the stable cellline AP1INHE5 transfected with either

arrestin3 or pCMV as a negative control. The expression of arrestin3 consistently

inhibited the transporter activity under these conditions by an average of 40 ± 18% (data

not shown).

Regardless of the carefully controlled influx experiments we were not able to

unequivocally demonstrate a uniform effect of arrestin3 on NHE5 function. It is possible

that endogenous members of the GPCR family or the involvement of other signaling

pathways might interfere with the interaction of NHE5 and arrestin3. In this context, it is

worthwhile to remark the new emerging role of arrestins as adaptors facilitating Src

kinase signaling and the activation of mitogen-activated protein kinase (MAPK) cascades

such as the ERK (247) and JNK3 (248) cascades. These signaling cascades are involved

in cellular proliferation, differentiation, development, and apoptosis (245). By binding to

several members of the MAPK cascades, arrestins connect GPCRs to these signaling

pathways and may direct the activated kinases to specific intracellular locations. In our

system, it is possible that, depending on the expression level, arrestin3 may perturb the

function of these MAPK cascades leading to altered cell-cycle, intracellular organellar

structures, and trafficking, influencing the function of membrane proteins.
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In the current study, we report the novel finding that arrestin3 binds to a non­

GPCR membrane protein, the brain specifie Na+lH+ exchanger isoform NHE5. The

interaction is phosphorylation-dependent, and was confirmed both in vitro and in vivo.

Functionally, the association of the transporter and arrestin3 attenuates the basal activity

ofNHE5.
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Fig. 3.1. Diagram of arrestin3 and NHE5 cytoplasmic tait A: Domains of arrestin3
include a receptor activation recognition domain (A: amino acid residues 24-180), a
secondary receptor binding domain (S: amino acids 180-330), a phosphate sensor domain
(P: amino acid residues 160-182), and the two regulatory domains RI (amino acid
residues 1-24) and R2 (amino acid residues 330-409). The clathrin (Clathr) and the AP-2
binding region (Adpt) in R2 are indicated. B: Cytoplasmic tail ofNHE5 (for details see
Results and Discussion), the acidic cluster regionis underlined.
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Fig. 3.2. Confocal immunofluorescent microscopy of CHO cells transfected
with NHE5 and arrestin3. Arrestin3-myc alone (G) or arrestin3-myc and either
NHE5-36HA3 (ABC) or NHEIHA (DEF) were transiently transfected into CHO
cells and were visualized by Oregon Green (green, BEG) and cy3 (red, AD) con­
jugated secondary antibodies respectively. The scale bar corresponds to 50 !J.m.
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Fig. 3.3. In vivo interaction between NHE5 and arrestin3.
A: Celllysates isolated from untransfected and NHE5-36HA3 and
arrestin3-myc co-transfected CHü cells were immunoprecipitated with a
polyclonal anti-myc antibody and immunoprecipitates were analyzed by
western blot probed with a monoclonal anti-HA antibody.
B: Celllysates from APIINHE5-36HA3 transfected with arrestin3-myc
were immunoprecipitated by an anti-HA antibody, immunoprecipitates
were analyzed by western blot probed with an HRP-conjugated
monoclonal anti-myc antibody. Results shown are representative of three
replicate experiments.
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Fig. 3.4. The cytoplasmic tail ofNHE5 binds arrestin3 in vitro. 35S-labeled in vitro
translated NHE5 C-terminus protein (G491-L896) was subjected to GST pull-down assay
using the indicated GST-arrestin3 constructs. Samples were separated by SDS-PAGE,
and analyzed by autoradiography. NHE5 was pulled down by the minimal domain GST­
(L291-E339) ofarrestin3. A schematic representation of GST-arrestin3 constructs is
shown. AU results shown are representative of at least three replicate experiments.
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Fig. 3.5. NHE5 is a phosphoprotein in vivo.
Stably transfected cells, AP1INHE5-36HA3 and AP1INHE5-36HA3i\AC, were
metabolically labelled with e2p]orthophosphate. Immunoprecipitation was performed by
monoclonal anti-HA antibody, the precipitate was separated by SDS-PAGE, transferred
onto PVDF membranes, and analyzed by autoradiography. The membrane was
subsequently probed with the anti-HA antibody for equalloading.
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Fig. 3.6. NHE5 can be phosphorylated by Casein Kinase 1 and II in vitro.
GST-NHE5 fusion proteins were in vitro phosphorylated by CKI or CK2 in the presence
of [y)2p]_ATP, subjected to 12% SDS-PAGE and analyzed by autoradiography. Equal
loading of samples is demonstrated by Coomassie staining. Results shown are
representative of three replicate experiments.
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Fig. 3.7. Full-length arrestin3 binds to phosphorylated NHE5.
A and B: OST-NHE5 fusion proteins were in vitro phosphorylated by CK2 prior to
OST pull-down assay. In vitro translated, 35S-labelled full-Iength arrestin3 was pulled
down by the wild-type phosphorylated 0689-0789 fragment only.
C: autoradiograph of control phosphorylation experiment conducted in the presence
of [y)2p]_ATP. Results shown are representative ofthree replicate experiments.
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Fig. 3.8. Expression of arrestin3 effects the basal transport activity of NHE5.
API cells were co-transfected with pCMV/NHES and either pCMV/arrestin3-myc or
fCMV as control. 24 hrs after transfection the basal activity ofNHES was assessed by

2Na+ influx assay. Data were normalized as a percentage of the basal transport activity
rate of the exchanger in the absence of ImM amiloride. Values represent the average of
over five independent experiments, each performed in hexuplicate.



GENERAL DISCUSSION AND CONCLUSION

The results of this thesis extend our general knowledge of the Na+lH+ exchanger

gene family and clarify the biochemical, pharmacological and sorne of the regulatory

properties of NHE5.

NHE5 was cloned from a human brain cDNA library and was reconstructed by

standard PCR techniques (176). It proved to be a functional exchanger in the

heterologous expression system API ceIlline. API ceIls are Chinese hamster ovary ceIls

devoid of Na+/H+ exchange activity (103), and therefore, are suitable means for the basic

description of NHE characteristics. Data provided in Chapter 1 establish the biochemical

and pharmacologica1 characteristics of NHE5.

NHE5 has an intermediate affinity for most classes of NHE-inhibitory drugs

compared to other NHE isoforms under similar experimental conditions (TABLE 1.1 in

Chapter 1). The only exception is clonidine, an a2-adrenergic agonist, to which NHE5,

in contrast to NHEl-3, is completely insensitive. This observation may prove very useful

in functionally isolating NHE5 activity in further studies in native tissues or primary ceIl

lines. The intermediate drug profiles of NHE5 are somewhat closer to those of NHE3, a

fact that cou1d be predicted from their high amino acid similarity, -67% identity, in the

N-termina1 transmembrane region previously demonstrated to carry the drug sensitivity of

the exchangers (112;121).
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Although, in terms of its biochemieal properties, NHE5 shares many similarities

with the other isoforms, it has several distinct characteristics as well. For instance,

NHE5, like the other isoforms, is inhibited by the monovalent cations H+, Li+, but its

affinity for both H+() and Li+() is an order of a magnitude higher than the respective

affinities of NHE1 or NHE3 (TABLE 1.2 in Chapter 1). The physiologieal significance of

this observation is unclear, but it is inviting to speculate that NHE5 may play a role in the

complex pharmacodynamies of LiCI treatment of bipolar affective disorder. The

therapeutic concentration ofLt in serum is - 1 mM (212). At this level, in a solution

containing trace amounts of Na+, Li+ inhibits transport activity more than 50% (KO.5 =

0.32 mM). However, under physiologieal conditions, Na+():::::: 145 mM, the inhibition

might not be that significant. In a 22Na+ influx assay at this [Na+]Q, the radioactive

substrate would be diluted to the extent that 22Na+uptake measurements were

impractical. Experiments using the pH-sensitive dye BCECF and ratiometric fluorescent

microscopy conducted in physiological extracellular solution supplemented with LiCI

could test the validity of this hypothesis.

The apparent affinity constant of NHE5 for both Na+() and H+j are similar in value

to the other isoforms (TABLE 1.2 in Chapter 1). NHE5 has a first-order dependence on the

extracellular Na+ concentration indicating a single extracellular Na+ binding site.

However, unlike the majority of NHEs characterized to date, human NHE5 has a first­

order dependence on intracellular H+. This first-order dependence seemingly precludes

the existence of allosterie modification of NHE5 activity by intracellular pH. However,

cooperative activation of NHE5 can still be conferred by auxiliary regulatory factors.
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One such factor might be the AMP activated protein kinase (AMPK). AMPK is a

ubiquitous heterotrimeric serine/threonine kinase, composed of the catalytic a subunit,

and the regulatory subunits ~ and y. AMPK is activated during metabolic stress in

response to elevated AMP/ATP ratios, and was originally found to phosphorylate a

number of key metabolic enzymes (e.g. acetyl-CoA carboxylase, HMG-CoA reductase)

thereby inhibiting ATP-consuming anabolic pathways and preserving cellular energy

stores (reviewed in (238;241». Recently, however, it has also been implicated in the

regulation of a membrane protein; AMPK directly phosphorylates and inhibits the cystic

fibrosis transmembrane conductance regulator (CFTR) (239).

In Chapter 2, we provide evidence that the a2 catalytic subunit of AMPK binds

NHE5 cytoplasmic tail both in vitro and in vivo. Moreover, AMPK phosphorylates

NHE5 at distinct sites in vitro. Functional studies conducted on the APIINHE5 stable

cellline revealed that overexpression of a constitutive active mutant AMPK a2 (amino

acid residues 1-312) exhibited around 50% increase in the NHE5 activity, while

expression of dominant negative constructs (residues 313-552 and 395-552) showed 30­

50% decrease in transporter activity. Additionally, the membrane permeable AMP

analogue AICAR activates NHE5 in a dose- and time-dependent manner in the

APIINHE5 cellline. Taken together, these data suggest that AMPK is an in vivo

regulator of NHE5 function.
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Although the relevance of this regulation is not yet clear, it is possible that AMPK

serves the function of an allosteric activator. Anoxia for instance, will not only lead to

AMP/ATP ratio increase and consequent AMPK activation, but also to pHi decrease.

This inevitably happens because the major determinant of intracellular pH during

anaerobic metabolism is the ADP concentration (for detailed analysis see (9)). In fact,

the AMPIATP ratio is a very subtle indicator of pHi change, since it varies according to

the square of ADP/ATP ratio (241). Therefore, even though [H+]i does not allostericallY

activate NHE5, this still might happen during anoxia through AMPK activity.

In Chapter 3, we demonstrate that arrestin3, a member of the arrestin gene family,

is an additional protein that can associate with NHE5. Arrestins play a crucial role in G­

protein coupled receptor (GPCR) signal transduction being responsible for agonist­

induced desensitization. They bind to agonist-activated and phosphorylated GPCRs and

sterically hinder further G-protein association with the receptor. Furthermore, they also

initiate internalization by virtue of their clathrin- and adaptin-binding abilities directing

GPCRs to clathrin-coated pits (for reviews see (243-245)).

The study presented in Chapter 3 establishes NHE5 as the first non-GPCR

membrane protein that arrestin is capable of binding. Arrestin3 binds to the cytoplasmic

tail of NHE5 both in vitro and in vivo. The binding region, L290-E339, is distinct from

the clathrin-binding as weIl as the ~2-adaptin binding region of arrestin3. Therefore,

structurally, it is plausible that arrestin3 directs NHE5 to clathrin-coated pits for

internalization. In their most recent work, Szaszi et al. (Szaszi and Orlowski, paper in
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submission) demonstrate that NHE5 is found intracellularly in a distinct set of recycling

endosomes. Thus, the patchy intracellular signaIs, where NHE5 and arrestin3 co-localize

in our study, likely correspond to recycling endosomes (Fig. 3.2).

We have shown that, at least in vitro, the binding of arrestin3 to NHE5 is

phosphorylation-dependent (Fig. 3.7). This is reminiscent of the classical arrestin ­

GPCR association, whereby arrestin binds to the phosphorylated and agonist-activated

GPCR. Whether the binding between arrestin3 and NHE5 is constitutive or regulated by

specifie signalling, such as the extent of phosphorylation of the exchanger, is yet to be

tested. Our confocal microscopy data showing nearly perfect co-localization in aIl cells

expressing both proteins suggests constitutive association. To clarify this issue and to

avoid potential problems associated with overexpression of heterologous gene products,

the Ecdysone-Inducible Mammalian Expression System (Invitrogen) allowing tightly

controlled expression can be used in future studies.

It is important to note that, although the NHE5 binding region (L290-E339) lies

partly within the secondary receptor-binding domain (residues 180-330) of arrestin3, this

association might not hinder binding of GPCRs,as the large activation-recognition

domain (residues 24-180) too supports the GPCR-binding (250). Consequently, it is

possible that arrestin might assist the endocytosis of certain GPCRs and NHE5

simultaneously in one protein complex. To test this hypothesis, we established, and are

in the process of analyzing a ceIlline that overexpresses both NHE5 and the prototype
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GPCR ~2-adrenergic receptor (~2AR was generously provided by Dr. Ferguson,

University of Western Ontario, London, Ontario, Canada).

Experiments conducted on the above ceHline (AP1INHE5/~2AR) should also

shed sorne light on the controversial results of our functional assay. Overexpression of

arrestin3 attenuates the basal transport activity of NHE5, but in one out of five

experiments, the activity is significantly upregulated. As discussed in Chapter 3, this

may be because endogenous GPCRs may interfere in the interaction of NHE5 and

arrestin3. Overexpressing ~2AR will presumably rectify this problem by becoming the

dominant GPCR in the system. The regulation of the prototype GPCR ~2AR by arrestins

has been thoroughly described (243;244), and can help in sorting out the functional

relevance of NHE5 - arrestin3 interaction.

Arrestins not only assist desensitization, but they are also involved in the

resensitization of certain GPCRs (256;271). The prerequisite of resensitization is

dephosphorylation of the GRK phosphorylated GPCRs that occurs in endosomes after

arrestin dissociation (253;271;272). It seems that the conformational change that triggers

arrestin dissociation off and subsequent phosphorylase binding to the GPCR is dependent

on the presence of acidic intraendosomal pH (273;274). It is possible that NHE5 plays a

role in the regulation of the intravesicular pH along with the resident V-type ATPase. If

there is such a role of NHE5, it could be analyzed by comparing its putative effect on

GPCR resensitization to the effect of the non-functional mutant NHE5D185A. The

mutation at D185, an amino acid residue in TM5 conserved throughout aH NHE species,
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leads to complete loss of transport activity while preserving the structural integrity of the

protein (Orlowski unpublished).

Although Szaszi et al. (Szaszi and Orlowski, paper in submission) has provided

information on the intracellular localization of NHE5 in a heterologous expression

system, its native distribution remains indefinite. In the Chinese hamster ovary ceIlline

APIINHE5-36HA3, NHE5 is found in the plasma membrane, as weIl as in a distinct set

of recycling endosomes. These endosomes do not completely overlap with the

intracellular residence of the closely related exchanger NHE3 (154). Heterologous

expression in the rat pheochromocytoma derived neuronal model cell PC12 is probably

more conducive to understanding the in situ localization of NHE5. Preliminary

experiments reveal an intriguing presence of NHE5 at the tip of and along the dendrites

of these neuronal cells (Fig. D.l).

Though there are indirect morphological (175) and biochemical (176) data on the

neuron-specificity of NHE5 (Chapter 1), there is no direct evidence as yet to support this

claim. In order to prove the neuron-specificity and to gain an insight into the expression

level and CNS tissue distribution of NHE5, we are in the process of producing anti NHE5

polyclonal antibodies. These antibodies will also be useful in further biochemical

experiments in heterologous expression systems.

Conceivably, the targeted disruption of the Nhe5 locus could provide tremendous

insight into the physiology ofNHE5. Given the abundance of pH regulatory mechanisms
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and transporters in general (see Introduction) and Na+/H+ exchangers in particular, it

would be difficult to predict the phenotype of such knockout mice. For instance,

regardless of the ubiquitous expression ofNHEl, the spontaneous null mutation (126), as

weIl as the targeted disruption of the Nhel allele (125) demonstrates CNS-restricted

features. The phenotype include, apart from significant mortality before weaning, ataxia

and a novel seizure pattern termed slow-wave epilepsy. These findings imply selective

vulnerability of certain CNS areas to defects in pH homeostasis. It is possible that in

other CNS locations NHE5 or sorne other pH regulatory mechanism complements NHEI

function. By the same line of thought, an NHE5 knockout phenotype might present with

selective neuronalloss in regions where the exchanger is not functionally redundant.

In agreement with this hypothesis is a recent analysis of a large kindred of

autosomal dominant spinocerebellar ataxia type 4 (275). Dominantly inherited

spinocerebellar ataxias (SCAs) are a heterogeneous group of neurologie disorders

characterized by variable degrees of degeneration of the cerebeIlum, spinal tracts, and

brain stem (276). Patients with SCA4 have an invariant sensory axonal neuropathy in

addition to their spinocerebellar ataxia and no defects in eye movements. Linkage

analysis in the five-generation pedigree placed SCA4 to chromosome band 16q22.1 the

same band where Nhe5 is mapped (172).

In conclusion, the present thesis expands the general knowledge of the Na+lH+

exchanger gene family by describing the basic characteristics of NHE5, and emphasises

novel regulatory paradigms in the NHE field by revealing the regulation of NHE5 by
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AMPK and arrestin3. As alluded to in the current section, there is plenty to be done in

the emerging areas for completely clarifying the physiology of the Na+lH+ exchanger

isoform NHE5.
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Fig. D.l. Expression ofNHE5 in peu cells. PCI2 cells were transfected with
pCMVINHE5-36HA3 using the Lipofectamine reagent. 48 hrs after transfection cells
were fixed and the signal was analyzed by immunocytochemistry using a monoclonal
anti-HA antibody (see Experimental Procedures in Chapter 3 for details).
The scale bar corresponds to 50 /-lm.
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