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ABSTRACT

Na+lH'" exchanger (NHE) is a major contribllior in controlling intracellular pH.

The activity of this protein is allosterically modified by intracellular H+. Histidine

residues of the NHE that face the cytoplasm may be involved in determining the

intracellular pH set point. with their state of prolonation inflllencing the rate of Na+IH+

exchange. To test this hypothesis. histidine residues in the l!biquitously expressed NHE

isoform (NHE 1) that are relatively conserved amongst members of the NHE gene family

were substituted by site-directed mutagcnesis and the mutants were stably transfected

into mammalian cells that are delicient in endogenous Na+m+ exchange activity. The

pH; sensitivity of each mutant was evaluated by measuring the rate of 21Na+ influx as a

function of the intracellular H'" concentration. Mutation of the histidines located at the

putative cytoplasmic face of the N-terminal transmembraneous domain of NHE 1 did not

show any significant effect on the pHi sensitivity of the protein. By contrast. substitution

of histidines located in the C-terminaJ cytoplasmic tail activated the exchanger by

increasing ils sensitivity to H.... These mutants were no longer activatcd in response to

protein kinase C. when compared to wild type. Taken together. these data support the

hypothesis that sorne of the relatively conserved histidine residues in the C-terminaJ

cytoplasmic tail of NHE 1 may he involved in determining the pH, "threshold" or "set

point" of the transporter.
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RÉSUMÉ

L'échangeur Na+/H+ (NHE) contribue de façon importante au contrôle du pH

intracellulaire (pH;). L'activité de cette protéine est modifiée de manière allostérique par

les protons intracellulaires. Les résidus histidines du NHE orientés vers le cytoplasme

pourraient être impliqués dans la détermination du réglage du pH;, leur état de

protonation influençant le taux d'échange Na+IH+. Afin de tester cette hypothèse. j'ai

travaillé avec l'isoforme NHE 1 qui est exprimée de manière ubiquitaire. J' y ai substitué

par mutagénèse dirigée les résidus histidines qui sont conservés parmi les membres de la

famille des gènes NHE. Les mutants ont été transfectés stablement dans des cellules de

mammitères dont l'activité endogène de l'échangeur Na+/H"'" est déficiente. La sensibilité

au pH, de chaque mutant a été évaluée en mesurant le taux d'influx de 22Na"," en fonction

de la concentration des protons intracellulaires. Les mutations des histidines localisées

dans la région supposée cytoplasmique du domaine transmembranaire amino-terminal de

l' NHE 1 n'ont pas eu d'effet significatif sur la sensibilité de la protéine au pH;. Au

contraire. la subsitution des hisitidines de la queue C-terminale cytoplàsmique a activé

l'échangeur en augmentant sa sensibilité aux protons. Par comparaison avec le type

sauvage, ces mutants n'étaient pas activés en réponse à la protéine kinase C. Dans

l'ensemble, ces résultats soutiennent l'hypothèse que certains des résidus histidines

conservés dans la queue C-terminale cytoplasmique sont impliqués dans la détermination

du seuil du pH; ou du réglage du transporteur.
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INTRODUCTION

General Description and Historical Background of the Na+/H+ Exchanger

Eukaryotic Na+/H+ exchangers are a family of integral membrane proteins that

catalyze the electroneutral exchange of extracellular sodium for intracellular proton. Ta

date. six different isoforms of the protein have been identified by molecular cloning and

functional expression studies (Orlowski. 1993; Yu et al., 1993; Levine et al.. 1993;

Bookstein et al.. 1994).

The NHE isoforms. depending on the cell type and their membrane localization.

participate in several diverse cellular functions. including regulation of intracellular pH

(pH,). control of ccII volume. and in some epithelia. transccllular transport of salt. water

and acid-base equivalents. The exchanger also plays a raie in facilitating mitogenesis in

response to growth factors [reviewed by (Grinstein et al.. 1989), (Sardet et al.. (990)]. In

addition. the mitochondrion-Iocalizcd NHEs are believed to intluence Ca2
+ and volume

homeostasis of this organelle (Numata et al., 1998; Garlid and Beavis, 1985).

The history of identification of NHE activity dates back to 1961 when Mitchell

proposed the necessity for cation/proton exchangers in cells (Mitchell, 1961) and. later

on. experimentally demonstrated their presence in ffiitochondria (Mitchell and Moyle.

1969). In 1972, Na+fI-ï exchange activity was first demonstrated in the bacterium

Streptococcusfaecalis (Harold and Papineau. 1972). Subsequently, in 1976, Mürer et al.

(Murer et al., 1976) revealed the presence of a mammalian NHE in brush border
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membrane vesicles of rabbit small intestine and kidney. It was not until 1989 that the

cDNA of the first isoform of mammalian Na+/H+ exchangers. namely NHE l, was cloned

by Sardet and colleagues (Sardet et al., 1989). Their strategy was based on first

developing an exchanger-deticient mouse fibroblast cell Hne. then transfecting these cells

with human genomic DNA. followed by selection of ceUs that overexpressed a functional

human exchanger by their ability to survive repeated "acid-loads" (refer to the

"Experimental Procedures").

The existence of additional isoforms of the protein was suggested by noted

variations in the hormonaJ regulation and pharmacological features of Na+fH+ exchange.

Using the NHE 1 cDNA as a hybridization probe. the epithclial isoforms NHE2 to NHE4

(Tse et al.. 1992; Tse et al,. 1993a; Wang et al.. 1993; Orlowski et al.. (992), and the

nonepithelial NHE5 isoform (Klanke et al.. 1995; Baird ct al.. 1999; Sun et al.. 1998)

were subsequently c1oned. NHE6 was recently identified and is believed to he involved

in cation translocation in mitochondria (Numata et al.• 1998).

Functional Characteristics

lntracellular pH regulation

As mentioned before, the rate of Na+ influx by NHE depends on the intracellular

pH; however, above neutral pHi, the Na+fH+ exchange process is aJmost inactive. Once

the cytoplasm is acidified. the exchanger becomes active in a positive cooperative

manner that is fine-tuned by a putative intrinsic W-sensor site. Different factors can aJter

this tuning by shifting the pHi set-point towards more aJkaline Ce.g., growth factors or
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osmotic cell shrinkage) or acidic values (e.g.• ATP depletion), which render the protein

more or less sensitive to the [H+]i, respectively.

Cell volume regu/ation

Cell volume is controlled by ion transport, followed by displacement of \Vater

across the ceU membrane. The major ions that contribute to the osmolar gradients in

tissues are Na+. K+, and CI-. [f these ions were allowed to equilibrate unchecked across

the plasma membrane. cells would tend to swell due to the Donnan osmotic component

of nondiffusible intracellular macromolecules. In steady state. most cells maintain their

volume primarily by controlling electrolyte levels via the Na+/K+-ATPase (Macknight

and Leaf, 1977; Grinstein et al., 1984). [n the event of acute alterations in cell volume.

other ion transporters play larger roles. [n this regard. osmotic swelling of cells is

prevented by loss of K+ and CI- through ion channels, and cell shrinkage is counteracted

by parallel operation of the Na+lH+ and the Na+-independent Cl-/HC03- exchangers

(Cala, 1983; Grinstein et al., (984). CI- influx also appears to be a secondary

consequence of pHi change induced by NHE (Cala, 1983; Grinstein et al., 1984).

However. it should be noted that these transport mechanisms are not the exclusive

regulators of cell volume (Hoffmann and Simonsen. (989).

It has been shown that cell shrinkage causes an alkaline shift in the pH, set point

of the Na+lH+ exchanger, thereby activating transport (Grinstein and Rothstein, 1986;

Grinstein et al.. (985). Little is known about the mechanism of perception of volume

change by ceUs and transmission of this information to the operator antiporters.

8



•

•

•

Transepithelial transport ofwater and electrolytes

The composition of fluids bathing the two sides of epithelial ceUs is different.

Na+/H+ exchanger is present in the apical and/or basolateral membranes of epithelial

ceUs, where it is involved in transepithelial transport of sodium, as well as translocation

of acid-base equivalents (Aronson, 1983; Nakhoul and Boron, 1988). The apical NHE

(NHE3) isoform has been found to play an indirect role in HCO:;- reabsorption by the

proximal tubules of the kidney. Secondary active excretion of H+ by the luminal NHE

le3ds to the accumulation of HC03- inside the ceU, a process that is a consequence of

hydration of CO:! and is catalyzed by carbonic anhydrase. This accumulation of HCO:;

creates an outward gradient for the HCO:;- across the basolateral membrane. Cotransport

of Na+ and HCO:;- across this membrane completes the process of HCO]- reabsorption

[reviewed by Grinstein et al. (Grinstein et al., 1989)J.

NHE plays additional indirect roles in the translocation of other ions across

different epithelia. In the epithelial cells that possess both Na+lH+ and Cl-/HCO:;

exchangers in their apical membranes, ~ excretion can C~lUse Cl- reabsorption. In this

case, the H+ extrusion by NHE and the consequent intracellular HC03- accumulation

cause reabsorption of CI- into the ceU. An increase in the intracellular CI- concentration

adds up to the conductive gradient towards extrusion of Cl- ions across the basolateral

membrane (Aronson, 1983; Nakhoul and Boron, 1988).

Na-t"1H+ exchanger can also play a role in the transepithelial transport of weak

organic acids. These acidic compounds are protonated by the lr ions that are excreted by
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NHE across the luminal membrane. The resultant compounds, which are lipid-soluble•

readily enter the cells by non-ionic diffusion mechanism (Aronson. 1983~ Nakhoul and

Boron. (988).

[n cells that possess a Na+/Ca2+exchange mechanism, the NHE can also indirectly

affect the intracellular Ca2+ homeostasis. By changing the intracellular Na i

concentration, the NHE is expected to change the rate and potentially even the direction

of Na+!Ca2+ exchange. thereby intluencing the intracellular Ca2
i- concentration

(Shigekawa et al., 1996).

As mentioned above. NHE aJso intluences the movement of watcr, which

passively follows solutes. across the epithelial barriers.

Facililation ofcell proliferatioll

The Na+/HT exchanger is involved in stimulation. or at least facilitation. of ccII

proliferation. This hypothesis was proposed following identitication of Nu"!HT

exchange-mediated alkalinization as one of the early events in the process of ccII growth

and development. The lines of evidence supporting the role of Na+/H+ exchange in cell

proliferation [reviewed extensively by Shrode el al. (Shrode et al., 1997a)] include the

following: 1) NaT/H+ exchange is activated by growth factors and mitogens; 2) cell

proliferation is dependent on extracellular sodium; 3) cell proliferation cao he induced by

cytoplasmic alkalinizaùon in the absence of mitogens; 4) amiloride and ilS analogues
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(inhibitors of NHE) can inhibit cell proliferation; and 5) proliferation is reduced in ceUs

that are devoid of Na+IH+ exchange function.

Nevertheless, there are sorne arguments against the "causative" role of NHE in

cell proliferation and mitogenesis. For example. in the early studies that demonstrated

the requirement of NHE for cell growth and proliferation, the experiments were often

performed under conditions precluding the operation of other pH regulatory mechanisms,

e.g., in the absence of bicarbonate. Il was therefore plausible that the inability of the ceUs

to proliferate retlected simply a sub-optimal intraceUular pH. which is essential for

appropriate function of most enzymatic operations. [n support of this conjecture,

anliporter-deticient mutants were found to grow at normal raies, provided that

bicarbonate is included to support normal pH maintenance by alternative pathways

(Kapusetal.,1994).

The information available at present suggests that although cytosolic pH may play

a permissive role in cellular growth and proliferation. but it is neither a trigger nor an

essential step in the mitogenic signal transduction cascade (Shrode el al., 1997a).

Tissue Distribution

Na"'"/H+ exchange activity exists in the surface of virtually all cell types, including

prokaryotes and eukaryotes. In the case of polarized epithelial ceUs.. the exchange

process has been found in both basolateral and apical membranes, although not

necessarily in the same ceUs (Mahnensmith and Aronson. 1985; Seifter and Aronson.
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(986). Despite this ubiquitous expression, the population of transporters. estimated

indirectly l'rom the rates of transport. varies greatly among different cell types. For

example. the level of Na+/H+ exchange per unit surface area in human blood lymphocytes

is several hundred limes more than in red blood cells (Grinstein et al., 1984; EscobaJes

and Canessa. 1985). In sorne polarized ccli types. even the distribution of the transporter

in different parts of the membrane of the same cclI is uncqual; e.g.• in hepatocytes.

Na+/H+ exchange is abundant in the basolateral, but barely detectable in the canalicular

membrane (Moseley et al., 1986). The presence of NHE has also been demonstrated in

intracellular organelles such as mitochondria (Numata et al.. 1998), renal endocytic

membranes (Gurich and Warnock, 1986) and the phagosomal membrane of intact

neutrophils (Grinstein et al., (988).

The NHE 1 isoform is ubiquitously expressed and fulfills a housekeeping role in

controlling pHi and cell volume. In polarized cells. NHE 1 resides aJong the basolateral

membrane. An exception is human placenta, where NHE 1 is localized at the apical

membrane (Kulanthaivel et aL, 1992).

NHE2 to NHE5 isoforms have more restricted patterns of distribution that vary

somewhat between species. For instance, in rabbit, NHE2 is present predominantly in the

epithelium of kidney, intestine and adrenal glands but has a low level of expression in

skeletal muscle (Tse et al., 1993a). In rat, the NHE2 mRNA is expressed mainly in small

intestine, colon, and stomach, but at a much lower level in skeletal muscle, kidney, brain,
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testis, uterus, heart, and lung (Wang et aL, 1993). In polarized eells, this isoform is

predominantly expressed at the apical membrane.

NHE3 has the most detïned pattern of expression. [n human (Brant et al., 1995),

rat (Orlowski et al., (992), and rabbit (Tse et aL, 1992), it has been shown to be localized

mainly to the apical membrane of renal and intestinal epithelium.

NHE4 transcript, in rat, is mostly abundant in slomaeh and at minor levels in

several other tissues (Orlowski et aL, 1992), including the collecting duets of renal

medulla (Bookstein et al.. 1994) where it has been shown to play a majar role in eell

volume homeostasis.

NHE5 is expressed mainly in the brain (Baird et aL, (999) and. ta sorne extent. in

spleen and lestes and skeletal muscles. NHE6 has a wide tissue distribution; howevcr, it

is more expressed in mitochondrion-rich tissues such as brain, skeletal muscles and heurt

(Numata et aL, 1998).

Structural Features

Generalcharacterisûcs

The mamrnalian Na?/H+ exchanger isoforms are polypeptides of -70-110 kDa

(depending on the isoform and ils state of glycosylation) that eonsist of (wo distinct

structural and functional domains: an amino-terminal hydrophobie transmembraneous

domain and a carboxy-terminal hydrophilie cytosolic tail. The specifie roles of these two
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domains have been studied extensively by creating a series of deletion and point

mutations. The N-terminal transmembraneous domain is considered to contain the

cation-binding site, since it seems to have ail the features required for catalyzing the

exchange of cations across the cell membrane. By contrast, the cytosolic tail appears to

function as the regulatory domain of the exchanger that is involved in determining the

pH, set point of the protein. Wakabayashi et al. demonstrated (Wakabayashi et al.,

1992a) that complete removal of the cytosolic domain preserved cation exchange activity

and that the N-terminal domain is suftïcient for both insertion of the antiporter into the

plasma membrane and exchange of cations. However. this deletion markedly reduced the

pHi sensitivity of the protein and abolished the growth factor-induced cytoplasmic

alkaJinization. Furthermore, Winkel et al. (Winkel et al.. 1993) showed that

microinjection of an antibody thar was raised against the 157 amino acid stretch of the C

terminal end of NHE 1 blocked activation of the protein by certain hormones. Studies of

chimeric molecules between human NHE 1 and the orthologous gene in trout, J3-NHE

(Boyarsky et al.. 1990), as weil as chimeric molecules created by swapping the N

terminal and C-terminal domains of mammalian NHE 1 and NHE3 (Wakabayashi et al..

1995; Cabado et al., 1996; Kandasamy et al.. 1995; Yun et al.. (995) have also increased

our understanding of the involvement of the C-terminai domain in regulating exchanger

activity. For example. Wakabayashi et al. demonstrated that swapping the cytoplasmic

tail of NHE 1 with that of NHE3 can confer Ca2
+ responsiveness to the latter isoform

(Wakabayashi et al .• (995). Similar results have been obtained by constructing chimeras

of other NHE isoforms (Donowitz and Welsh, 1987). Comparable studies have also been

performed with unrelated exchangers. For example, deletion of the N-terminal
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cytoplasmic domain of the erythrocyte anion (CI-IHC03-) exchanger, which is anaJogus

to the C-terminal cytoplasmic tail of NHE, can retain the anion exchangc activity (Kopito

et al., (989).

The size of NHE 1 ranges l'rom 815 to 820 amino acids amongst the species. The

overall degree of amino acid identity between the isoforms is about 20-60%. The N

terminal domain has the highest percentage of identity (-60%) amongst the isoforms.

consistent with this region playing a role in cation selectivity. [n contrast, the C-terminal

cytoplasmic tail exhibits the greatest divergence in amino acid sequence (-20% identity),

which likely accounts for their variable responsiveness following activation of different

signaling pathways. Sequence similarity suggests that NHE2 and NHE4 arc

phylogenetically more c10sely related to each other than to NHE 1. and that NHE3 is more

c10sely related to NHE5. NHE6, the mitochondrially-targeted isoform. is least

homologous to other isoforms.

Membrane top%gy

The topology of the transmembrane domain of NHE is poorly understood but.

based on hydropathy plot analysis and depending on which method is lIsed. the

polypeptide is predicted to span the membrane 12 times (Counillon et al., 1994; Dibrov

and Fliegel. 1998; Orlowski et al.• (992) (Sardet et al.. 1989). Wakabayashi et al.

recently proposed a new model for the membrane topology of NHE 1 that is based on the

position of individual cysteioe residues introduced ioto a functional cysteineless NHE 1

mutant (Wakabayashi et al., 2000).
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NHEl mutant. (Obtained trom Wakabayashi et al., J Biol Chem, 215(11),7942·1949, 2000}.
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This model is different l'rom the model derived l'rom hydropathy analysis in

severa! aspects. In this model, NHE 1 is composed of 12 transmembrane domains with

the N- and C- termini located in the cytosol. The large, last extracellular loop in the

membrane domain of the original model is suggested to comprise an intracellular loop, a

ncw transmembrane segment (transmembrane segment II), and an extracellular loop. in

the new model. They also demonstrated that cysteines at 183 and 184 and at 324 and 325

mapped to intracellular loops connecting transmembrane segments 4 and 5. and 8 and 9.

respectively. were accessible to reagents l'rom the outside. These results suggest that part

of intracellular loops connecting transmembrane segments 4. and 5. and 8 and 9 may be

located in a pore-lining region that is accessible l'rom either side of the membrane and.

therefore, involved in ion transport .

The most N-terminal sequence of NHE contains a putative signaJing peptide that

is presumed to be c1eaved during protein maturation (Wakabayashi et al.. 1992a). The

central part of the N-terminal domain (the putative transmembranous domains 6 and 7 in

NHE 1) is highly conserved in ail the NHE isoforms (95% similarity) and contains

negatively-charged amine acids. suggesting that this region may constitute sites involved

in cation translocation [for review see (Orlowski and Grinstein. (997)J. In facto it has

been demonstrated in our laboratory that replacement of these amino acids with neutral or

positively-charged residues renders NHEI nonfunctional (unpublished data). Similar

residues have been proven to play the same role in various ion transporters, including E.

cio; H+/lactose cotransporter (Kaback. (988), the sarcoplasmic reticulum Ca2
+ pump

(Clarke et al., 1989), and the anion (Cl-/HC03l exchanger (Jennings, 1989).
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The C·terminal tail of NHE is hydrophilic and displays a low degree of similarity

amongst isoforms. This region is inaccessible to extracellular antibodies (Sardet et al.,

(990) and proteases (Shrode et aI., 1998b) and is believed to be located in the cytosol.

However. Biemesderfer et al. (Biemesderfer et al., 1998) demonstrated. by using an

extracellular anlibody, that a small segment of lhe cylosolic tail of NHE3 is in fael

10cated outside the cell. More recenlly, Wakabayashi et al. (Wakabayashi et al., 2(00)

examined this possibility extensively and proposed a new model of NHE 1 with 12

transmembrane segments with both the N- and C-termini oriented intracellularly.

Tertiary and quaternary structures

Not much is known about tertiary and quatemary structures of NHEs. There is

sorne evidence suggesting that the NHE exists as a homodimer in the plasma membrane

(Fliegel et al.. 1993; Counillon et al.. 1994); however. the exact contact sites cernain to be

determined. Il has been proposed that the contact sites rnay reside in the N-terminal

transmembranous domain and may be linked by disulfide bonding (Fafoumoux et al..

1994).

Williams and co-workers (Williams et al., (999) recently demonstrated, by

electron crystaJlography, the two-dimensional structure of the bacterial Na+m+ antiporter

isoform A (NhaA) located in the inner membrane of E.co/i. This study, which provided

the tïrst direct glimpse into the structure of a secondary transporter, indicated that the

protein also spans the membrane 12 times. They also showed that NhaA exists in a

tightly packed dimer form. Thus, while the bacterial transporter shares minimal sequence
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identity to its mammalian homologues. they appear to share similar higher-ordered

structural characteristics.

Glycosylation

NHE molecules are also subject to post-translational modification in an isoform

specitïc manner. There are several potential glycosylation sites in the Na+IH+ exchanger

molecule. NHE 1 appears to contain both N- and O-linked glycosylation restricted to its

tïrst N-terminal extracellular domain (Counillon et al.. 1994). Rabbit NHE2 bears only

O-linked glycosylation (Tse et al.. 1994) and NHE3 does not seem to be glycosylated at

ail (Counillon et al.. 1994~ Biemesderfer et al., 1993). In NHE 1 and NHE2. the tïrst

extracellular loop is glycosylated, which suggests an extracellular orientation. The state

of glycosylation of NHE4. NHE5 and NHE6 remains to be revealed.

Drug Inhibition

The drug amiloride (a potassium-sparing diuretic) and its analogues are effective

inhibitors of Na"'/H'" exchangers. although their potency varies depending on the isoform.

The mechanism of action of these drugs is not completely understood. Amiloride is a

weak base with pKa of 8.7 and exists essentially as a monovalent cation within the

physiological pH range. Kinetic analyses indicate that the drugs compete with Na+ for

binding at the extracellular side of the protein (Grinstein et al .• (989). This (ed to the

suggestion that they may act at or near the Na+-binding sites. While mutagenesis studies

have identified certain residues that reduce sensitivity to amiloride. they do not affect Na'"
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aftïnity (Pouysségur et al.~ 1987). This suggests that the inhibitors likely bind to

additional sites that are involved in transport.

Counillon et al. demonstrated that Phel65 and Phe167. which are located in the

middle of the fourth putative transmembrane segment of NHE 1. are critically involved in

inhibition of NHE 1 by MPA, an amiloride derivative (Counillon et aL. 1993). They

showed that mutation of these residues to leucine and tyrosine. respectively. greatly

reduces the sensitivity of NHE 1 to MPA.

The ICso value of NHEI for MPA is 10- and 2oo-fold lower than those of NHE2

and NHE3. respectively (Counillon et al.. 1993). and the ICso value of NHEI for

amiloridc is 50-fold lower than that of NHE3. Interestingly. Counillon et al.

demonstrated that replacing the two amino acids in NHE 1 (Leu 167-Phe 168) with Leu

Tyr (NHE2 type) or Phe-Tyr (NHE3 type) conferred NHEI resistance to inhibition by

MPA and amiloride (Counillon et a1.~ 1993).

Accordingly, Yun and coworkers (Yun et al., 1993) found that Leu 143 in the 4th

transmembrane segment of NHE2 is also critical for amiloride sensitivity. Putting these

data together, it may be suggested that the middle region of the fourth transmembrane

segment forms at least part of the amiloride binding site. More recently, Wang et al.

(Wang et al., 1995) produced point mutations of His residues within the transmembrane

helices of NHE 1 and found that substitution of His349 with Gly or Leu causes a modest

reduction (2-fold) in sensitivity to amiloride, whereas replacement with Tyr or Phe
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increases drug sensitivity by a similar amount. Thus. this His residue within the

transmembrane segment 9 may also be involved in the interaction of amiloride with

NHE 1. Orlowski and Kandasamy. in an attempt to detine structural domains that confer

differential sensitivity of the isoforms to antagonists. exploited the striking

pharmacological differences and extensive sequence homology in the N-terminal

transmembranous regions between NHE 1 and NHE3 to create chimeric exchangers

(Orlowski and Kandasamy. (996). They demonstrated the transmembnmous domain 9

may be a major site of interaction with the antagonists. More recently. random

mutagenesis studies carried out in our laboratory. also demonstrated important residues in

the putative transmembrane segments 4 and 9 that are involved in amiloride sensitivity of

NHE 1 (unpublished data).

Kinetic Properties

The Na1-/H+ exchange process is driven by the relative concentration gradients of

Na1- and H1-. without the direct requirement for ATP as an energy source. Modeling

studies suggest that sodium/proton exchange occurs by a ping-pong mechanism; i.e..

translocation of ions is performed individually and consecutively at separate steps.

Therefore. existence of only one binding site for both ions would he sufficient for the

exchange [reviewed by (Wakabayashi et al.. )997) and (Wakabayashi et al .• 1992b».

This putative single cation-selective binding site is suggested to perform the exchange

function by making alternative changes in the conformation of the protein. As indicated

earlier (the reader is referred to "Structural Features"), a good candidate for this single

binding site is a highly conserved segment within the putative transmembrane segments 6
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and 7 of NHE 1 that contains severai negatively-charged amino acids (refer to "Membrane

Topology").

Kinetic and thermodynamic studies indicate that the stoichiometry of Na+lH+

exchange is one-ta-one, and therefore electroneutral (Aronson, 1985; Grinstein et al.,

1984; Paris and Pouysségur, 1983). As such. the activity of the protein is not associated

with any change in the membrane potentiaJ. In native systems. dependence of the rate of

NHE l, NHE2 and NHE3 on the extracellular Na+ concentration follows simple

Michaelis-Menten hyperbolic kinetics. suggesting the involvement of a single Na~

binding site. The kinetics of the inhibitory effect of extracellular H+ and Li"'" on Na"t"

uptake also suggests interaction at a single site (Aronson. 1985). The aftinity of the NHE

isoforms for extracellular Na~ ranges between 5 and 50 mM (Orlowski. 1993; Levine et

al., 1993; Bookstein et al.. 1996).

Because the stoichiometry is one-to-one. a single proton must therefore be

translocated out of the cell in each cycle. However, the effect of intracellular H+ on the

rate of Na+/H+ exchange is sigmoidaJ, suggesting the existence of additional cytoplasmic

H+-binding site(s) which sense the intracellular pH and aJlosterically modify the activity

of the exchanger (Aronson et al.. 1982). The concept of such a regulatory mechanism is

consistent with inactivation of the protein above neutral pH;, despite a large inward Na+

gradient. This mechanism suggests the involvement of a "threshold" or "set point" that is

a subject to change by the intracellular proton concentration. Below this pH; threshold,

protonation of the sensor/modifier site may alter the conformation of the protein and
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stimulate the activity of the exchanger (Grinstein et al .• (989). Although the concept of

this proton sensor site has been evoked as a major regulatory mechanism to explain the

proton sensitivity of the Na+lH+ exchanger. other hypotheses for characterization of this

cooperative pattern of regulation cannot be ruled out. For example. based on biochemical

evidence that NHE exists as a homodimer. the increased affinity of the protein for

intracellular proton can be attribuled to the cooperative behavior of ils monomer units

(Fafoumoux et al.. 1994).

Regulation of Na+/H+ Exchanger

Na+/H+ exchange function is regulated by a wide variety of molecular signais. Il

is gcnerally believed that most of the regulatory factors exert their effects through the

cytoplasmic tail of the NHE (Ikeda et al.. 1997; Wakabayashi et al.. 1992a). A list of the

main regulators of NHE and their postulated mechanism of action follows.

Calcillm

Villereal and co-workers demonstrated that the calcium ionophore A23187

stimulates sodium influx in human foreskin fibroblasts (Owen and Villereal. 1982;

Vicentini and Villereal. 1985; Villereal. (981). These studies provided the first evidence

that intracellular Ca!+ can stimu1ate the Na+/H-t- exchanger. This stimulation cao be either

direct or indirect as a consequence of cell acidification. Calcium induces cell

acidification by two mechanisms: 1) competition with protons for binding sites within the

cell interior (Meech and Thomas. 1977). and 2) activation of the Ca2+1H+ exchange

catalyzed by the plasma membrane Ca!+ pump (Niggli et al.. (982). The effect of
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calcium in activating the exchanger can also he attributed to its direct interactions with

calmodulin (Wakabayashi et al., 1994b).

Calmodulin

The cytoplasmic tail of NHE 1 contains two putative calmodulin-binding domains:

a high aftinity calmodulin-binding site (CaM-A) with a ~J of -20 nM and a low aftinity

calmodulin-binding site (CaM-B) with a ~ of -350 nM (Bertrand et aL, 1994;

Wakabayashi et aL. 1994b). These are amphiphilic regions rich in amino acids with basic

side chains that are Iikely to assume an Cl-helical structure. The high affinity CaM-A

domain (rcsidues 636-656) is thought to have a raIe in regulating the NHE 1 activity.

Dcletion of this segment renders the protein constitutively active. as if the intracellular

Ca:!+ concentration were constantly elevated. Therefore, it can be concluded that, at basal

[Ca:!+l levels. the unoccupied CaM-A binding domain exerts an autoinhibitory effect on

NHE 1 that is relieved upon ligand binding (Bertrand et aL, 1994). Only NHE 1 has been

convincingly shown to he regulated by calmodulin. As Wakabayashi et al. (Wakabayashi

et al.. 1995) demonstrated. insertion of the CaM-binding domain of NHE 1 into NHE3

conferred calcium sensitivity to the latter isoform.

Calcineurin B homology protein (CHP)

Another Ca2
+-binding protein that has been found to interact with and regulate

NHE 1 is calcineurin B homology protein (CHP) (Lin and Barber, 1996). The site of

interaction of CHP with NHE 1 is near the site of emergence of the cytoplasmic tail of the

exchanger from the plasma membrane (residues 567-635) (Lin and Barber. 1996). Il has
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been shown that CHP can bind and inhibit NHE 1 in its phosphorylated state, although the

role of calcium in this process is not c1ear. CHP appears to be constitutively

phosphorylated and stimulation of the exchange IS accompanied by its

dephosphorylation. This suggests that the phosphorylated foon of CHP is normally

associated with the exchanger and exerts an inhibitory effect, and that dissociation upon

dephosphorylation may lead to activation of the exchanger.

Phospl,orylation mechanisms

There is considerable evidence supporting the involvement of protein kinases in

rcgulating the NHE isoforms. These inc1ude kinases that are linked to the G protein

coupled and tyrosine kinase receptor signaling pathways .

Sardct et al. were thc tirst to demonstrate that NHE 1 is a phosphorylatcd

glycoprotein (Sardet et al., 1990). They showed that two distinct mitogens. epidermal

growth factor and thrombin, are able to increase the phosphorylated state of NHE 1 in

association with increased transport activity. Biochemical analysis revealed that this

phosphorylation occurs exc1usively on serine residues in NHE l, and that the

phosphopeptide maps are the same with both epidermal growth factor and thrombin.

suggesting that they both induce phosphorylation at the same sites.

A) protein kinase C (PKC) - Peptide hormone activation of G protein-coupled

receptors leads (0 stimulation of different protein kinases, inc1uding protein kinase C. A

large body of evidence suggests a role for PKC in activation of NHE 1. Diacylglycerol

(DAG) and phorbol esters, compounds that cause cell growth through PKC activation, are
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able to stimulate NHE 1 (Kandasamy et al., 1995; Moolenaar. 1986; Moolenaar et al.,

1983), an effect that is abolished in PKC-depleted cells (Huang et al., 1987). Also.

inhibitors of protein kinase C have been shown to prevent the activation of the exchanger

(Lowe et al.. 1990).

It has been proposed that protein kinase C directly phosphorylates and activates

NHE 1. The fact that phorbol esters increasc the phosphorylation state of NHE 1 in sorne

cell. such as tïbroblasts (Sardet et al.. 1990) supports this assumption. Aiso consistent

with this result. Wakabayashi et al. demonstrated that NHE 1 has consensus protein

kinase C phosphorylation sites that lie in the region of amine acids 636-815

(Wakabayashi et a1.. 1994a). In facto Ser648. which is located in a putative PKC motif.

had been suggested as the main candidate for direct phosphorylation of the protein by

PKC. However, replacement of this residue with alanine caused no signitïcant reduction

in cytoplasmic aJkalinization in response to thrombin and phorbol esters (Wakabayashi et

al.. 1994a). Recent studies have also provided evidence that the activitY of NHE 1 may

not be regulated exclusively by direct phosphorylation: 1) part of the regulation by

growth factors persists in truncated mutants lacking the major phosphorylation sites

(Wakabayashi et al .• 1992a; Wakabayashi et al., 1994a); 2) sorne stimuli activate the

exchanger without detectable changes in the phosphorylation (Grinstein et al .• 1992; Goss

et al., 1994). In fact, in sorne cell lines. such as granulocyte HL-60 cells. phorbol esters

cause a decrease. rather than increase, in the phosphory1ated state of NHE 1(Rao et al.,

1992). Therefore, growth factor-induced activation of NHE 1 occurs in part by a

mechanism that does not involve direct phosphorylation of the exchanger. Il is
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hypothesized that the phosphorylation-independent activation of NHE 1 is mediated

through an interaction of the region of amino acids 567-635 (known as the regulatory

domain) with an "accessory or regulatory" protein. which then interacts with a H+ sensor

located within the N-terminal membraneous domain (Wakabayashi et al., 1994a).

The mechanism by which protcin kinases regulate the exchange activity is not

completely understood. In most studies. NHE 1 has been shown to be activated by an

increase in its affinity for cytosolic H-t- (Paris and Pouysségur, 1984; Moolenaar. 1986;

Moolenaar et al.. 1984; Moolenaar et al.• 1983); however. Vigne et al. demonstrated a

change in the maximal activity (Vrna:,J in skeletal cells that expressed mainly NHE 1

(Vigne et al.. 1985). Vmax alteration can be explained by either a change in the density of

functional exchangers localized to the plasma membrane or an alteration in the turnover

rate of the rate-limiting step of the exchange.

ln contrast to NHE 1. NHE3 is inhibited by PKC (Tse et al.. 1993b). In facto the

PKC regulation of NHE3 is auributable to changes in the VmalL of the exchange. rather

than changes in the affinity for intracellular Ir (Tse et al.. 1993b; Levine et al.. (993).

B) cAMP-dependent protein kinase A (PKA) - Unlike PKC, adenosine 3'. 5'

cyclic monophosphate (cAMP) has been found to have either no effect (Grinstein et al..

1992;' Wakabayashi et al., 1994a) or to stimulate (Azarani et al.• 1995b) NHEI activity

depending on the cell type. For example. a rise of cAMP has been reported to activate

NHE 1 in Chinese hamster ovary eeUs (Kandasamy et al., (995) and rat osteoblastic cells
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UMR-I06 (Gupta et al., (994). A regulatory role for cAMP has also been demonstrated

in murine macrophages (Kong et al., 1989), parotid rat acinar ceUs (Manganel and

Turner, 1989), primary rat hepatocytes (Moule and McGivan. 1990), and rat brown

adipose tissue (Giovannini et aL, (988). The mechanism of NHE 1 activation by cAMP is

unknown. Interestingly, mammalian NHEI lacks obvious potential cAMP

phosphorylation sites, suggesting that the effects may be indirect.

On the other hand, inhibition of Na-t-!H-t- exchange by cAMP has been reported in

specifie cell types such as pig kidney LLC-PK 1 ceUs (Casavola et aL, (992) and opossum

kidney (OK) ceUs (Cano et al., 1993; Casavola et al.. 1992). with the latter known to

endogenously express NHE3 (Azarani et aL. 1995a). Cabado et al. demonstrated that

agents known to increase cAMP levels inhibit NHE3 funetion (Cabado et al., (996) in

transfccted Chinese hamster ovary cells. Subsequent studies showed that cAMP

dependent protein kinase down-regulates NHE3 in part by direct phosphorylation

(Kurashima et al., 1997). In addition. anciUary factors such as NHE Regulatory Factors 1

and 2 (NHERFI and 2) have also been implicated in cAMP-mediated inhibition of NHE3

(Weinman et al.. 2000).

There are also sorne data supporting the existence of species differences in cAMP

sensitivity of the Na-t-IH-;' exchange. For instance, trout erythrocyte exchanger (~-NHE).

which displays the strongest homology to NHE l, is known to he upregulated by cAMP

and other activators of PKA in PS 120 ceUs (Busch et al., 1995; Grinstein et al., 1985). In

fact, the amino acid sequence of the cloned p-NHE contains two potential protein kinase
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A phosphory1ation sites within ils cytop1asmic domain (Borgese et al., (992). Removal

of these phosphorylation sites by deletion or single or double mutation almost comp1etely

abolishes cAMP-mediated activation of the protein (Borgese et al., 1994) (Borgese et al.,

1992). Furthermore, a substitution of human NHE 1 C-termina! cytoplasmic region with

that of J3-NHE ereates a chimeric exchanger that is sensitive to increased cAMP levels,

indicating that the cytoplasmic region contains elements that confer hormonal regulation

on the exchanger (Borgese et al., 1994).

C) ATP depletion - Na+/H+ exchange activity does not seem to direetly require

energy in the form of ATP~ neverthe1ess. severa! studies have shown that cellular ATP

depletion caused by metabolic inhibitors reduces the activity of the transporter (Cassel et

al., 1986; Weissberg et aL. 1989; Tse et al., 1991; Little et al., 1988~ Brown et al.. 1991;

Burns et al., 1991; Goss et al.. 1994; Wakabayashi et al., 1992a). In addition. NaT/H+

exchange in OK ceUs has been reported to be inhibited by acute phosphate depletion,

which may lead to a reduction in cellular ATP pool (Green et al.. 1993). Inhibition of the

exchanger by ATP depletion may be the result of a reduction in the basal phosphorylation

of the protein, eonsidering that NHE 1 is constitutively phosphorylated in resting eeUs.

However, experiments have shown that acute ATP depletion does not decrease the level

of phosphorylation of NHE 1. The inhibition of NHE by ATP depletion is associated with

either a reduced sensitivity of the exehanger for internal H+ (Grinstein et al., 1989; Goss

et al., 1994; Cabado et al., 1996; Cassel et aL, 1986; Wakabayashi et al., 1992a) or a

deerease in the Vrnax (Goss et al., 1994; Weissberg et al., 1989) or both (Kapus et al ..

1994; Levine et aL, (993). In stahly transfected CHO cells that are devoid of endogenous
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Na+/H+ exchange activity (AP-l cells) (Kapus et al.• 1994) and PS-120 ceIls (Levine et

al., 1993) expressing NHEl, NHE2. or NHE3 ectopically. an acidic shift in pH,

dependence and/or a decreased Vmalt have been reported to contribute to the inhibition of

the exchanger activity following cellular depletion of ATP.
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RATIONALE AND OBJECTIVES

The presence of Na+lH+ exchangers in aIl eukaryotic and prokaryotic ceUs studied

thus far highlights the importance of this protein for proper cell function.

The Na+lH+ exchangers serve a diverse variety of functions, one of the most

important of which is intracellular pH regulation. At physiologie intracellular pH, the

antiport is largely quiescent, but becomes activated when the cytosol is acidified. This

behavior, consistent with NHE's role in pH; homeostasis, is primarily dictated by the pH,

set point (or threshold) of the proteine Since 1982 when Aronson and colleagues

(Aronson et al., (982) demonstrated the cooperative pattern of activation of NHE by

intracellular protons, researchers have becn trying to understand more about the processes

that underlie this regulatory mechanism and locale the amino acids involved in this task.

However, the advancements have not been overwhelming, in part because of the absence

of a detailed three dimensional structure of the proteine Nevertheless, the development of

heterologous ceU expression systems lacking endogenous NHEs has facilitated

investigations of the structure-function relationships of the NHEs without the

complicating presence of other endogenous isoforms. Although the regulatory

mechanisms expressed in this type of study may not be quite similar to what is seen in

native systems, findings can still he incorporated in more advanced model systenls.

As indicated, regulation of NHE often involves changes in its proton sensitivity

and we were interested in defining residues that are involved in this process. Amino acid
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histidine has been shawn ta play raIe in this task in different unrelated proteins that are

sensitive ta proton concentration (Gerchman et a1. 9 L993; Echtay et al.. 1998; Coulter et

al.. 1995; Morley et al .• 1996; Ek et al.. 1994).

The general objective of this thesis is to investigate the involvement of relatively

conserved histidines of the Na+/H+ exchanger isoform 1 in determining the pH; sensitivity

of the protein. Ta accomplish this. we mutated those histidines predicted ta reside on the

cytoplasmic side of the plasma membrane by site-directed mutagenesis and tested the

activity of the mutants at different intracellular proton concentrations. Then we

examined the response of our mutants ta protein kinase C, and comparcd it ta that of the

wild type NHE l.
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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 Scientitïc. Guelph,

Ontario). Amiloride, ouabain, and PMA (Phorbol 12-myristate 13-acetate) were

purchased From Sigma Chemical Co. (St. Louis, MO). Nigericin was purchased from

Molecular Probes fnc. (Eugene, OR). et-Minimal essential medium. t'etai bovine serum

and trypsin-EDTA were l'rom Lil'e Technologies, fnc (Burlington. ON). Polyclonal rabbit

et-NHE 1 antibody was a gcnerous gift From Dr. S Grinstein (Hospital for the sick

children. Toronto, Canada) and the horseradish conjugated goat et-rabbit antibody was

purchascd l'rom New England BioLabs (Beverly, MA). Cell culture dishes and tlasks

were purchased l'rom BectonDickinson and Coming (Montreal. Québec). Ali other

chemicals and reagents used in these experiments were l'rom British Deug House (BDH)

Inc. (St. Laurent. Québec) or Fisher Scientific, and were of the highest grade available.

Stock Solutions

Stock solutions of PMA (1 mM) and amiloride (0.5 M) were prepared in dimelhyl

sulfoxide (DMSO) and stored in -20°C. Nigericin (10 mM) was dissolved in ethanol and

stored at -20°C. Ouabain was dissolved in deionized distilled H20 in a concentration of

10 mM and stored at 4°C.
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Construction and Stable Expression of the Mutants

The mutations were made by the site-directed mutagenesis technique of Deng and

Nickoloff (Deng and Nickoloff, 1992). The oligomers were synthesized by Life

Technologies, Inc. Initially. the mutations were made on a full-Iength rat NHEI, while

later mutations were performed using a full-Iength rat NHE 1 containing an influenza

virus hemagglutinin (HA) epitope tag (Wilson et al.. (984) inserted at the extreme C

terminus. This epitope was introduced to facilitate detection of the protein in cellular

extracts. The function of the wild type NHE 1 was indistinguishable l'rom the HA-tagged

NHEI (data oot shown). The mutant NHEls were sequenced to ensure that no additiona!

mutations were introduced into the cDNA in the process of site-directcd mutagenesis.

Plasmid DNA used for ccII transfection was isolated l'rom bacteria (DH5a strain) using

the ""midiprep" kit (Promega) .

The wild type and mutant constructs were transfected into chemically

mutagenized Chinese hamster ovary cells (AP-I cells) devoid of endogenous Na+/H+

exchange activity (Rotin and Grinstein, (989) usiog the calcium phosphate-DNA

precipitation method (Chen and Okayama, 1987). Starting 48 hours after transfection,

the cells were selected for survival in response to repeated (5-6 times over a 2-week

period) acute NH4Cl-induced acid loads (Orlowski. 1993; Franchi et al., 1986) in order to

select for NHE-positive stable transfectants. Severa! clonai cell lines were screened for

their level of NHEI expression by measuring H+,-activated :!:!Na'" influx. The cell clones

that had the highest level of NHE 1 activity were then used between passages 2 and 8.

They were maintained in complete a-minimal essential medium supplemented with 10%
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fetal bovine serum and 25 mM NaHC03, pH 7.4, and incubated in a humidified

atmosphere of 95% air and 5% CO2 at 37°C.

Immunoblotting

Stably transfected cells were grown to confluence in 10 cm dishes and lysed with

1% Triton X-lOO. Protein extracts of 30 Jlg were subjected to SDS-PAGE in 6%

polyacrylamide gels and transferred onto PVDF membranes. Blots were blocked with

5% fat-l'cee milk in PBST (phosphate-buffered saline with 0.1 % Tween 20) and exposed

to the primary antibody (monoclonal mouse anti-HA, dilution 1: 5000). Horseradish

peroxide conjugated goat anti-mouse IgG (dilution 1: (OOסס.2 was applied as the

secondary antibody. The immunoreactive bands were visualized using

chemiluminescence (Amersham Corp.).

Measurement of 22Na+ Influx

For experimentation, the cel1s were subcultured at 5 x 10-l cells/wel1 in 24-well

plates and grown to confluence. Na+fH+ exchange activity was assayed by measuring

amiloride-inhibitable H1"-dependent 22NaT int1ux.

In experiments where the pHi profile of the wild type and mutant exchangers was

determined, pHi was clamped at different levels by incubating the cells in solutions of

various K+ concentrations. containing 10 J.l.M of the K+Œ exchange ionophore nigericin.

as weil as 2 mM NaCI, 1 mM MgCh, 1 mM CaCh, 1 mM Ouabain. 10 mM HEPES, and
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various concentrations of KCI, K-glutamate, and N-Methyl D-Glucamine. pH 7.4 (Table

1). Because at equilibrium. [K+]j / [K+lt, =[H+]j / [H+]o, the desired pHi can be calculated

l'rom the imposed [K+] gradient and the extracellular pH (pHo = 7.4), assuming an

intracellular [K+] of 140 mM. Briefly. contluent cell monolayers in 24-well plates were

washed twice with a Na+-free "choline chloride" solution, containing 125 mM CholineCI.

1 mM MgCh, 2 mM CaCb, 5 mM glucose, 20 mM HEPES-Tris (pH 7.4). Then the cells

were preincubated in the so-called "pHi-clamp" solutions for 4 min. This solution was

then replaced with fresh "pHi~clamp" solution supplemented with 1 fJ.Ci/ml 22NaCI, and

incubated for ID minutes in the presence or absence of 2 mM amiloride. 21NaT uptake

was then stopped by washing the cells three times with an ice~cold NaCI "stop" solution,

containing 130 mM NaCI. 1 mM MgCI1, 2 mM CaCh. 5 mM Glucose, and 20 m.M

Hepes, pH 7.4.

To extraet the radiolabel, 0.25 ml of 0.5 ~ NaDH was added to each weIl and the

cells were Iysed and eolleeted. Then the wells are washed with 0.25 ml of 0.5 N HCI and

the solution is collected again. Both the solubilized ceU extraet and wash solution were

suspended in 5 ml of scintillation fluid, and the radioaetivity was assayed by Iiquid

scintillation spectroscopy. Protein content was determined using the Bio-Rad DC Protein

Assay procedure.

Measurements of 12NaT influx specifie to the Na+fH+ exchanger were determined

a.~ the difference between the initial rates of H+-activated 12Na+ influx in the absence or
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presence of 2 mM amiloride, a concentration sufticient to inhibit NHE 1 under these

experimental conditions) and expressed as amiloride-inhibitable 22Na+ influx.

To determine the maximum rate of transport of the mutants, the intracellular pH

was clamped arbitrarily at 5.4 (as maximum) and the 22Na+ influx was measured over ID

min, as indicated above. The maximum specitic rate of transport of 22Na+(the amount of

22Na+ uptake per milligram of protein per minute) was me~lsured based on the amount of

protein in corresponding wells.

ln experiments where the response of the mutants to PMA was evaluated. the ceUs

were scrum-deprived overnight. Then they were washed t\Vice with "Na+·salinc"

solution. containing 120 mM NaCl, 5 mM KCI, 1 mM MgCh, 2 mM CaCl2, 5 m~1

Glucose, and 20 mM Hepes, pH 7.4, and preincubatcd in the same solution supplemented

with 1 fJM PMA for 15 min at 37°C. Then the cells were washed twice with the "choline

chloride" solution, and incubated in the same solution supplemented \Vith 1 JlCi/ml

22NaCI and 1 mM ouabain, in the presence or absence of 2 mM amiloride for 5 min, and

the 22Na+ uptake was stopped as indicated above.

Data Analysis

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

quadruplicate. The signiticance of the data was analyzed by measuring the ••p value",

using student t·test. The mean value of each data point in the mutant curves was
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calculated and compared with the corresponding point in the wild type curve. The

significance of diference of the two means was then calcutated at the Vmax/2 level.
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RESULTS

M"tational Analysis of the Conserved Histidine Residues of NHEJ • The C

terminal cytoplasmic tail of the Na+/H+ exchanger is known to play a crucial role in

regulating transporter activity (Ikeda et al.. 1997; Wakabayashi et al.. 1992a). Recent

deletion mutation analyses have suggested that the pHi sensor may reside in a small

region immediately adjacent to the transmembranous domain (Ikeda et al .• 1997).

The amino acid histidine. because of its chemical properties. is a likely candidate

residue that could serve as a H+ sensor within the physiological pH range. This amino

acid has a side chain that contains an imidazole ring with a pK of approximately 6.5 that

titrates in the physiological pH range.

ln order to detine potential histidines involved in pHi sensitivity of the NHE.

different NHE isoforms within and between species were aligned to highlight conserved

sites. Fig. 1 illustrates the alignment of rat NHE 1 to NHE5. as weIl as human and

xenopus NHE 1 sequences. This analysis revealed several histidines in intracellular loops

between the transmembranous helices (H254. H329. and H411) and in the cytoplasmic

tail (H527. H533. H544. and the triple His at positions 547 to 549) that are reJatively

conserved.

To assess the significance of these residues to pHi sensitivity. we initially

substituted them with AJa, a neutraI amino acid that is nonpolar and incapable of
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hydrogen-binding. The pH; sensitivity of the mutants and the wild type NHE 1 were

compared by plotting the transport aetivity of the proteins as a function of intraeellular

pH over the range of pH; 5.4-7.4. Nigericin. an ionophore that couples the K+ and H+

gradients across the plasma membrane. was used to clamp the intracellular pH at different

values in the stably transfected Ap·I eeUs. The Na+lH+ exehange aetivity was then

assessed by measuring amiloride-inhibitable 11Na+ influx.

Fig. 2A demonstrates the sehematic location of H254. H329. and H411 in the

intraeellular loops between the transmembranous domains 6 and 7. 7 and 8. and 9 and 10.

respectively.

The effect on pH;-dependenee of His to Ala substitution at positions 254. 329 and

41 lare represented in Figures 2B. 2C and 2D. respeetively. These mutants displayed a

pH;-dependence that resembled that of the wild type. with minimal activity at pH 7.4 and

a marked inerease in activity thereafter as the pH; was further deereased. These specifie

mutations did not signifieantly alter the H+-dependenee of the exehanger. as shown by the

lack of a signifieant shift in the pH; profile of mutants, compared to wild type. These

data indieate that the proton sensor is unlikely to involve histidines in the

transnlembranous region.

Mutation of the triple His at positions 547 to 549 of the cytoplasmic tail also had

no signifieant effeet on the pH; sensitivity of NHEI (Fig. 38). By contrast. replacing the

H544 with Aja eaused an aJkaJine shift in the pH; sensitivity of the transporter (Fig. 3C).
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In addition. replacement of the more N-terminal H533 with Ala caused an even greater

alkaline shift of the curve. compared to H544A (Fig. 3D).

Interestingly. replacement of the most N-terminal conserved His residue (H527)

with Ala rendered the protein nonfunctional. inasmuch as it did not survive the NH4CI

induced H+-suicide (described in "Experimental Procedures"). suggesting that the His at

this position might be critical for proton sensitivity.

Based on the above data. H527. H533. and H544 were substituted with other

amino acids in order to evaluate the importance of side-chain charge, size. and polarity.

ln comparison to H544A (Fig. 4B), substitution of H544 with Asp (Fig. 4C). Arg (Fig.

4D). or Tyr (Fig. 4E) did not significantly affect pH. sensitivity of NHE 1. Similarly,

replacing H533 with Tyr (Fig. SE) had no effect, while Asp (Fig. 5C) and Arg (Fig. 50)

substitutions caused minor shifts in the pH, protile of the protein. but these were not

statistically significant.

Unlike the H527A mutation. replacement of H527 with polar residues Asp. Arg.

and Tyr. resulted in a functional transporter. While the pHi protile of the H5270 (Fig.

6B) was similar to wild type. both Arg (Fig. 6C) and Tyr (Fig. 60) replacement of this

amino acid shifted the set point of the protein to the alkaline side by 0.25 and 0.3 pH

units. respectively. These results suggest that size and/or polarity. but not charge. at

positions 527. 533 and 544 are important structural determinants of the pHi sensor.
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The effect of mutations at positions H544. H533 and H527. respectively. suggests

that this region may play a critical role in determining the pH; set point of NHE 1. Further

examination of this region revealed a cluster of negatively charged amino acids (D532.

E539. and D540) that were highly conserved amongst the isoforms. To assess whether

these residues also contributed to the pHi sensitivity of NHE 1. the amino acids at these

positions were substituted with Ala. As shown in Fig. 7. while D532A (Fig. 78)

mutation had almost no effect on the pHi sensitivity of NHE 1. the ED539-40AA double

mutation (Fig. 7C) caused a major alkaline shift in the pHi profile. Hence. specilic

charged residues in this region appear to contribute to the pHi sensitivity of NHE 1.

Maxilml1n Rate of Transport Activity of the \Vild Type and Mutant NHEJ - The

above data for ail mutations was presented as a percentage of the maximal activity of the

transporter at pHi 5.4. While this type of analysis is required to compare the effect of the

mutations with that of the wild type with regard to pHi-dependence. it does not allow one

to evaluate the effect on other kinetic properties such as Vma.\. In order to determine the

maximum activity (Vll1a.'() of those mutants. their level of activity was assessed at an

intracellular pH of 5.4 (arbitrarily taken as the pHi corresponding to the Vmax). This Vmax

was then normalized with respect to protein expression levels.

Western blot analysis was employed to determine the level of expression of

NHE 1 by each stable cell line. In this experiment. 30 J..lg protein extract of each

transfectant was loaded on a 6% polyacrylamide gel and the proteins were probed by

anti-HA tag antibody (Fig. 8). NHEl appears as two distinct bands by SOS-PAGE, an
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-80 kDa core glycosylated band that is believed to he the partially processed fOfm of the

protein (possibly loeated in the endoplasmic reticulum) and a -110 kDa fully

glycosylated band that is located in the plasma membrane. A third band with a size of

-200 kDa is also detectable in sorne lanes that is modestly stable in SDS detergent and is

believed to represent the homodimer form of fully-processed NHE 1. Such a band has

been reported in other studies (Fliegel and Frohlich, 1993; Fafournoux et al.. 1994). An

additional band of unknown nature is detected in the lane corresponding to the mutant

H533D. The two bands in the lane that corresponds to the mutant H527D show an

anomalous migration that can not he explained at this point; however. the transport

function of the protein was not noticeably affected.

Densitometry analysis of the l'ully glycosylated band was conducted in order to

compare the relative activity of those mutants that caused the greatest shift in the pH;

profile with that of the wild type NHE 1 (Fig. 9). Normalization of the radioisotope flux

rates of the mutants to their respective plasm,l membrane protein levels showed that these

mutants had relatively higher specifie activities when compared to wild type.

The Activation Response of tlze wild type and Mutant NHEI to PllOrbol Ester - As

mentioned in the introduction. NHE 1 is activated by various extracellular stimuli.

ineluding phorbol esters (which activate PKC) and growth factors. which cause an

increase in the affinity of the transporter for intracellular protons (in other words, a shift

in the pH; set point towards more alkaline values) (Paris and Pouysségur, 1984; Grinstein

et al .• 1985). Therefore, assuming that the mutants that shifted the pHi set point of NHE 1
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are part of the pH; sensor unit, it was of interest to determine whether these mutants could

be further activated by these stimuli.

Ta this end, we tested the response of H527Y and ED539-40AA to PMA in

comparison wilh that of wild type NHE 1. As demonstrated in Fig. 10. the response of the

wild type NHE 1 to a 15-minute stimulation with 1 JlM PMA was a -50% increasc in

basal activity. as previously reported (Kandasamy et al., 1995; Moolenaar. 1986:

Moolenaar et al.. 1983), whereas the mutants showed no stimulation of activity in

response to PMA. These results suggest that these residues may contribute to the

changes in pH; sensitivity induced by phorbol esters and possibly other stimulatory

agents.
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DISCUSSION

The data in this study indicate that conserved residues. both positively and

negatively charged. in the juxtamembranous region of the cytoplasmic tail of NHE 1. play

an important role in the pHi sensitivity of the transporter.

One of the proposed mechanisms for the regulation of NHE by intracellular H+ is

based on the existence of a putative H+ sensor. possibly a His residue. located in the

cytoplasmic tail region of the transporter. Changes in the state of protonation of this

sensor presumably cause a conformational change in the molecule that stimulates ion

translocation. Phosphorylation of the very C-terminal end of NHE 1 by growth factors

and other mitogens such as PMA are also believed to alter the pH sensitivity of the H+

sensor.

Another model proposes that the H+ sensor is located in the N-terminal

transmembrane domain of the protein. According to this model. the cytoplasmic tail of

NHE plays the role of an integrator that detects and processes the stimulatory (or

inhibitory) signal and transnlÎts it to the pHi sensor in the transmembrane domain

(Wakabayashi et al., 1992a).

Since the imidazole ring of His (pKa in solution - 6.0 - 6.5) (Gerchman et al .•

(993) is the principle ionizable group amongst the side chains of amino acids that is
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• titratable at near-neutral pH (Grillo and Aronson, 1986), His residues predicted to reside

on the cytoplasmic side of the membrane were examined in search for the H+ sensor.

Imidazole ring
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Histidine Structure

Similar pH regulatory mechanisms have been reported in other ion transport

systems. Bacterial Na+/H+ antiporter isoform A (NhaA) is a pH-sensitive protein that is

critically involved in adaptation of E.coLi to higher extracellular pH's. Il has been

suggested that when the extracellular pH increases, the antiporter is activated so that it

can acidify the cytoplasm back to the ··resting pH". Interestingly, H226 has been

suggested to be part of the pH sensor of NhaA (Gerchman et al., 1993). It was also

demonstrated that replacing this His with Cys (H226C) or Ser (H2265) retained both

normal activity and pH sensitivity of the protein, Asp (H226D) shifted the pH protïle

towards basic pH, and Ala (H226A) inactivated the carrier at ail pH values (Rimon et al..

1995). Based on this mutational analysis, this residue may he postulated to play the same

role as the H527 in the mammalian NHE 1; however. more detailed analysis is required to

reach a solid conclusion.
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The nucleotide binding to uncoupling protein (UCP-l) (l'rom brown adipose

tissue) is another example of regulation that is highly sensitive to pH. Echtay and co

workers showed that H214 in this protein functions as a pH sensor (Echtay et al., 1998).

Also, it has been demonstrated that the inward rectifier potassium channel (HIR), present

in heart and central nervous system, is modulated by extracellular pH in the physiologie

range. Coulter et al., showed that H117 confers pH sensitivity to this molecule (Coulter

et al., 1995).

Cardiac gap junction protein connexin43 (Cx43), a gap junction channel that

allows for the passage of ions and small nlolecules between adjacent eells, is also

regulated by pH. Acidification-indueed closure of eardiae gap junction ehannels has

becn extensivcly documented (Spray and Bennett, 1985; Bennett and Verselis, 1992).

Although the molecular meehanisms mediating this proeess are not l'ully understood,

Morley et al. demonstrated that a region including H95 plays a major role in pH gating of

Cx43 (Morley et al., 1996; Ek et aL. 1994).

Based on the above examples. we postulated that the mammaJian NHE has a

built-in sensor whieh contains His as its main operator. In search for such an clement, we

looked at the His residues that presumably face the intracellular side of the membrane,

starting by those residing in the N-terminal transmembranous domain, i.e., H254, H329.

and H411. Our results indicate that these residues are not signifieantly involved in

determining the pHi set point of the protein, since substitution of these residues with a

neutraI amine acid (Ala) did not influence the pHi profile of the protein. This suggested
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that the sensor is likely to be residing in the cytoplasmic tail of NHE 1. In fact, the

regulatory factors of the NHE are known to exert their function through the C-terminal

domain (Ikeda et al .. 1997; Wakabayashi et al., 1997; Wakabayashi et al.. 1994a). In

agreement with this hypothesis, the cytoplasmic domain of NHE shows the greatest

structural divergence among NHE isoforms (Sardet et aL, 1989; Tse et al.. 1992;

Orlowski et aL. 1992; Tse et aL. 1993a; Wang et al.. (993) and complete deletion of this

domain in NHE 1 isoform causes a constitutive acidic shift of pHi-dependence of NaT/H+

exchange (Wakabayashi et aL. 1992a; Wakabayashi et al.. 1994a).

Analysis of His residues residing in the C-terminal cytoplasmic tait of NHE 1

showed different results. While mutation of the triple His cluster at positions 547 ta 549

did not have any effect on the pHi sensitivity of the protein, substitution of H544 to Ala

activated NHE 1 by shifting the pHi sensitivity of the protein towards more alkaline

values, suggesting that this residue might be part of the proton sensor. However. the

involvement is probably minor, judging from the minor extent of the shift. Interestingly.

neighboring N-terminal histidines showed gradually increasing involvement in the pHi

sensitivity of NHE 1. Replacement of H533 with Aja not only shifted the pHi protile of

NHE 1 towards more alkaline values, but also the extent of the shi ft \Vas greater than that

of H544A. In the case of H527, which is the most proximal His residue in that specifie

stretch of amino aeids. its replacement with Ala resulted in a nonfunctional protein. This

may suggest that this mutant is no longer sensitive to intracellular acidification inasmueh

as il does not survive the "acid-selection" procedure. This suggests that il may play a

critical role in determining the pHi sensitivity of the protein. Ahematively, mutation at
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this site may have caused improper processing and degradation of the protein. However•

this is less likely since other mutations at this site result in a functionaJ protein and

complete removal of the tail region also preserves the transport capabilities of NHE 1

(Ikeda et al.. 1997; Wakabayashi et al.. 1994a).

To test whether the charge. polarity. or hydrogen-binding capability of residues at

poisitions 527. 533 and 544 of NHE 1 are involved in its role in pH; determination. the

histidines at these positions were substituted with other amino acids. Substitution of

H544 and H533 with Asp (negatively-charged). Arg (positively-charged) and Tyr

(capable of hydrogen-binding) did not have much of an effect on the pH; protile of the

protein. However. in case of H527. which seems to be the most important position in

determining the pH; set point of NHE 1. size and perhaps polarity and/or hydrogen

binding capability. but not the charge. of the amino acid is critical.

As mentioned before. Ala replacement of the H226 in bacteriaJ NhaA also

completely inactivates the carrier (Rimon et aL. 1995). This suggests that the H527 in

mammalian NHE 1 and the H226 in bacterial NhaA may fulfill similar structural roles in

determining the pH sensilivity of their corresponding proteins. Replacing the H527 in

NHE 1 with Arg (H527R) shifted the pH profile towards the alka/ine side by more than

half a pH unit. rendering the protein more active. In contrast. NhaA bearing the same

mutation at position 226 (H226R) had a pH profile shifted to the acidic pH range by half

a pH unit. This difference may be explained by the fact that the bacterial antiporter is
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more active in higher extracellular pH values. while its mammalian counterpart is

activated in lower Ï1ttracellu/ar pH range.

Taken together. the above data suggest that the model proposing the involvement

of protonation of histidines as a means of determining the pHi set point may be simplistic

and there are probably a number of amino acids that constitute the H+-sensor of NHE.

However. the underlying H+-relay mechanism remains obscure. These amino acids are

most Iikely located in the juxtamembrane segment of the C-terminal tail. Other relatively

conserved amino acids that are capable of hydrogen-binding or are ioniz~lble wilhin the

physiological range as a consequence of their close interaction with other residues. might

be part of this built-in H+-sensor. The asparatic acid at position 532 and a pair of

negatively-charged residues. a glutamic acid and an aspararic acid. residing al positions

539 and 540 arc signitïcantly conserved amongst species and have the above-mentioned

characteristics.

One of the prominent features of NHE 1 is that il is rapidly activated in response

to various extracellular stimuli. including growth factors. Ca2
+-releasing agonists. and

hypcrosmotic stress (Paris and Pouysségur. 1984~ Grinstein et al.. 1985). This activation

is believed to occur through alterations in the pHi-sensitivily of NHE 1. By contrasl.

growth factor activation of the epithelial isoforms NHE2 and NHE3 was reported to he

due to an increase in the maximal activity (Vmax) (Levine et al.. 1993; Tse et al., 1993b).

Our results suggest that while the mutants are more sensitive to the intracellular pH and
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therefore more active (compared to the wild type) 3t the sume pH values, their maximal

activity or turnover rate is also increased (Fig. 9).

Wakabayashi et al. demonstrated that complete removal of the cytoplasmic tail

greatly reduces the H+ sensitivity of NHE 1 and abolishes growth factor-induced

cytoplasmic alkalinization (Wakabayashi et al., 1992a; Wakabayashi et al., 1994a). They

proposed that mitogen activation of NHE 1 occurs through the reversible phosphorylation

dependent coupling of the C-terminal cytoplasmic domain with the H+ sensor site. This

proposai is mainly based on the fact that growth factor activation of NHE 1 coincides with

increased phosphorylation of the antiporter at a common critical site (Sardet et al., 1990;

Sardet et al., 1991) and that deletion of the cytoplasnlic domain reduces the affinity of the

HT sensor site. Their interpretation was that the deletion has uncoupled the cytoplasmic

effector domain from the H+ sensor site. Alternatively, one might argue that complete

removal of the cytoplasmic domain has resulted in a large structural alteration of the N

terminus of the protein, which irreversibly altered H+ sensitivity. However, this is

unlikely, because the affinity of the antiporter for the extracellular Na+, amiloride. and

MPA were minimaJly affected by the deletion of the C-terminaJ domain (Wakabayashi et

a1., 1992a).

Phorbol ester was used to test the activation response of those mutants that caused

signiticant shifts on the pHi dependence. Interestingly, the mutants were unresponsive to

phorbol ester. perhaps because they are already activated. This result further supports the

contribution of these residues in proton sensitivity of NHE 1. Alternatively,
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unresponsiveness of the mutants to PKC may have resulted from altered phosphorylation.

To test this possibility, in vivo phosphorylation was performed by incubating the stably

transfected ceUs expressing the wild type and mutant exchanger in a solution containing

["'2 p] onhophosphate with or without PMA. The ceUs were then Iysed and the protein

extract was subjected to SDS-PAGE and transferred onto a PVDF .membrane. The

quantity of phosphorylated protein was assessed using a phosphorimager (data not

shown). Interestingly, neither the wild type nor the mutant Na+/H+ exchangers showed an

appreciable difference in the phosphorylation level of the PMA treated and untreated

samples. Il is not clear whether the effect of phorbol ester on NHE 1 is through

phosphorylation or other mechanisms; however, the present literature suggcsts the

process to be dependent on the ceU expression system. For example, it has been shown

that phorbol ester increases phosphorylation of NHE 1 in fibroblastic ceUs (Sardet et aL.

1990) but in granulocytes it actuaJly causes a decrease. rather than increase. in

phosphorylation (Rao et aL, (992). Wakabayashi et al. (Wakabayashi et aL. 1994a)

demonstratcd that deletion of ail major phosphorylation sites preserved 50% of the

exchanger activation in response to several growth promoting agents. including phorbol

ester, and thereby concluded that growth factor activation of NHE 1 occurs at least panly

by a mechanism not involving direct phosphorylation of NHE 1 molecule.
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CONCLUDING REMARKS

Regulation of intracellular pH is absolutely necessary for proper functioning of

cells. The Na+fH+ exchanger plays an imponant role in this process. The results of this

study provide new insights into the location of this sensor and cast doubt on the earlier

hypothesis that simple ionizalion of histidine residues is sufficient to explain the pH

sensitivity of the exchanger. Rather. the data suggest that white histidines in the C

terminal tail are important. additional residues or regions of the protein are likely to be

interacting with these histidines to form the pH-sensor.

53



•

•

•

pI\

7.4 7:1. 7.0 6.8 6.6 6.4 6.2 6.1 6.0 5.9 5.8 5.6 5.4

Ka 14 14 14 14 14 14 8.83 7.02 5.57 4.43 3.52 222 1.4

K-gtutanllte 126 75 42 21 8 0 0 0 0 0 0 0 0

NK; 24 75 1Œ 129 142 150 155 157 158 159 100 162 163

l'IaCJ 2 2 2 2 2 2 2 2 2 2 2 2 .,

l\WJl 1 1 1 1 1 1 1 1 1 1 1 1 1.. 10 10 10 10 10 10 10 10 10 10 10 10 lO

CaOz 1 1 1 1 1 1 1 1 1 1 1 1 1
1

Ollbain 1 1 1 1 1 1 1 1 1 1 1 1 1

·Ngeridn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 1 0.01 0.01 0.01 0.01

Table 1: The composition of pH/-elamp solutions. Depending on the
desired intracellular pH, the ceUs were incubated in solutions of various
K+ concentrations. Because at equilibrium. [K+11 [K+]o =[H·],! [H+]o' the
desired pH, can be calculated from the imposed [K+] gradient and the
extracellular pH (pHo =7.4), assuming an intracellular [K·] of 140 mM.
The numbers in the boxes represent mM concentrations. After mixing the
above components, the pH of solutions was adjusted on 7.4, using
methane sulfonic acid.
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Fig. 1: The alignment of amine acid sequences of domains that contain

the relatively conserved histidines in rat NHE1 to NHE5, as weil as human

and xenopus NHE1. A. Aesidues lecated in the N-terminal

transmembranous demain. B. Aesidues located in the C-terminal

cyteplasmic tail.



Fig. 2: Transport activity of the wild type and mutant rat NHE1 as a function

of the intracellular H+ concentration. AP-1 ceUs expressing wild type and

mutant rat NHE1 were grown to confluence in 24-well plates. Initial rates of H+,

activated 22Na+ influx were measured at various intracellular H+ concentrations

over the range of pHi 5.4 to 7.4. The intracellular H+ concentrations were

adjusted by K+-nigericin method as described in "Experimental Procedures". The

schematic location of histidines 254, 329 and 411 is presented in (A). pH; profiles

for H254A, H329A, and H411A mutants are presented in (B), (C), and (0)

respectively. Data were normalized as a percentage of the maximal rate of H+,

activated 22Na+ influx at pH; 5.4. Values represent the average of three

experiments each performed in quadruplicates. (Solid line: wild type; dashed line:

mutant). In B, C and D, P>O.05.
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Fig. 3: Transport activity of the wild type and mutant rat NHE1 as a function

of the intracellular H+ concentration. AP-1 cells expressing wild type and

mutant rat NHE1 were grown to confluence in 24-well plates. Initial rates of H+r

activated 22Na+ influx were measured at various intracellular H+ concentrations

over the range of pHi 5.4 to 7.4. The intracellular H+ concentrations were

adjusted by K+-nigericin method as described in "Experimental Procedures". The

schematic location of His547-9, His544 and His533 is presented in (A). pHi

profiles for HHH547-9AAA, H544A, and H533A mutants are presented in (B),

(C), and (D) respectively. Data were normalized as a percentage of the maximal

rate of H+,-activated 22Na+ influx at pHi 5.8. Values represent the average of three

experiments each performed in quadruplicates. (Solid line: wild type; dashed line:

mutant). In B and C, P >0.05; in D, P <0.05.
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Fig. 4: Transport activity of the wild type and mutant rat NHE1 as a function

of the intracellular H+ concentration. AP-1 ceUs expressing wild type and

mutant rat NHE1 were grown to confluence in 24-well plates. Initial rates of H+,

activated 22Na+ influx were measured at various intracellular H+ concentrations

over the range of pH; 5.4 to 7.4. The intracellular H+ concentrations were

adjusted by K+-nigericin method as described in "Experimental Procedures". The

schematic location of histidine 544 is presented in (A). pH; profiles for H544A,

H544D, H544R and H544Y mutants are presented in (B), (C), (0) and (E)

respectively. Data were normalized as a percentage of the maximal rate of H+,

activated 22Na+ influx at pH; 5.4. Values represent the average of three

experiments each performed in quadruplicates. (Solid line: wild type; dashed line:

mutant). In B, C, 0 and E, P >0.05.
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Fig. 5: Transport activity of the wild type and mutant rat NHE1 as a function

of the intracellular H+ concentration. AP-1 ceUs expressing wild type and

mutant rat NHE1 were grown to confluence in 24-well plates. Initial rates of H+r

activated 22Na+ influx were measured at various intracellular H+ concentrations

over the range of pHi 5.4 to 7.4. The intracellular H+ concentrations were

adjusted by K+-nigericin method as described in IIExperimental Procedures". The

schematic location of histidine 533 is presented in (A). pHi profiles for H533A,

H533D, H533R and H533Y mutants are presented in (B), (C), (0) and (E)

respectively. Data were normalized as a percentage of the maximal rate of H+r

activated 22Na+ influx at pHi 5.4. Values represent the average of three

experiments each performed in quadruplicates. (Solid line: wild type; dashed line:

mutant). In B, P <0.05; in C, 0 and E, P >0.05.
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Fig. 6: Transport activity of the wild type and mutant rat NHE1 as a function

of the intracellular H+ concentration. AP-1 ceUs expressing wild type and

mutant rat NHE1 were grown to confluence in 24-well plates. Initial rates of H+,

activated 22Na+ influx were measured at various intracellular H+ concentrations

over the range of pHi 5.4 ta 7.4. The intracellular H+ concentrations were

adjusted by K+-nigericin method as described in IlExperimental Procedures". The

schematic location of histidine 527 is presented in (A). pHi profiles for H5270,

H527A and H527Y mutants are presented in (B), (C) and (0) respectively. Data

were normalized as a percentage of the maximal rate of H+,-activated 22Na+ influx

at pH; 5.4. Values represent the average of three experiments each performed in

quadruplicates. (Solid line: wild type; dashed line: mutant). In B, P <0.05; in C

and D, P >0.05.
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Fig. 7: Transport activity of the wild type and mutant rat NHE1 as a
function of the intracellular H· concentration. AP·1 caUs expressing
wild type and mutant rat NHE1 were grown to confluence in 24-well plates.
Initial rates of H·,-activated 22Na· influx were measured at various
intracellular H· concentrations over the range of pH, 5.4 to 7.4. The
intracellular H· concentrations were adjusted by K·-nigericin method as
described in "Experimental Procedures". The schematic location of
Asp532 and Glu539Asp540 is presented in (A). pH, profiles for D532A and
ED539-40AAmutants are presented in (B)and (C), respectively. Data were
normalized as a percentage of the maximal rate of H·,-activated 22Na· influx
at pH, 5.4. Values represent the average of three experiments each
performed in quadrupiicates. (Solid line: wild type; dashed line: mutant).
ln Bt p>O.05: ln C: P<O.OS.
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Fig. 8: Protein expression of the wild type and mutant rat
NHE1. Stably transfected, fully confluent AP-1 ceUs were Iysed
and the protein extracts were subjected to SOS-polyacrylamide
gel electrophoresis. The proteins were then transferred onto
PVOF membranes and probed with the primary and secondary
antibodies and detected using chemiluminescence, as explained
in the "Experimental Procedures". The monoclonal mouse anti
HA and the horseraddish peroxide conjugated goat anti-mouse
IgG were used as the primary and the secondary antibodies,
respectively.
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Fig. 9: Relative activity of the wild type and mutant rat NHE1 as a
factor of protein level. The transport activity of the NHE1 wild type and
two mutants that caused the greatest shift in the pH; profile of the
exchanger was measured as the rate of amiloride-inhibitable H·,-activated
22Na· influx at the intracellular pH 5.4 and normalized ta theïr respective
plasma membrane protein levels. The data was further normalized ta that
afthewild type NHE1 .
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