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Abstract
The mammalian Na+/H+ exchanger isoform 1 (NHE1) is a ubiquitous
membrane protein that exchanges one intracellular H+ for an extracellular Na+,
thereby regulating cell pH and volume. NHE1 catalytic activity is mediated by a
transmembrane (TM) domain with 12 transmembrane segments. We performed
cysteine scanning mutagenesis on TMVI (Asn227–Ile249) of NHE1.

Each

residue of TMVI was mutated into a cysteine in the background of a cysteineless
NHE1 protein.

MTSET and MTSES are sulfhydryl reactive membrane

impermeable compounds able to react with accessible cysteines. Asp238Cys,
Pro239Cys, and Glu247Cys expressed inactive NHE1. Asn227Cys, Ile233Cys,
and Leu243Cys were strongly inhibited by MTSET, suggesting their pore lining
properties. More mutations were introduced to characterize critical residues in
TMVI. The Glu248Gln and Leu243Ala mutants were more susceptible to limited
proteolytic attack by trypsin suggesting an altered conformation. The results
suggest that Glu248 and Leu243 are important in protein structure, stability, and
folding.
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Chapter I
Introduction
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1.1 Introduction, intracellular pH
Regulation of intracellular pH is tightly monitored by mechanisms that
involve membrane compartmentalization and pH sensing proteins to prevent
variations from the optimal pH ~7.2 (15). Minor alterations in intracellular pH
can initiate allosteric reactions that affect the fate and function of cells in many
ways. Proteins require specific pH ranges to fold correctly and their activity may
be maximal within a narrow pH range (48). Additionally, proton gradients are
essential for the generation of ATP in cellular respiration and to drive other
passive ion transport proteins (22, 78).
Membranes and their associated ion transporters segregate and create the
unique environments necessary for cellular functions (92). One of the main
family of proteins that is responsible in maintaining intracellular pH is the Na+/H+
exchanger (NHE). Na+/H+ exchangers are membrane proteins that exchange H+
for Na+ across the lipid bilayer, thereby regulating pH, volume, and cation
gradients in the cell (33). Na+/H+ exchangers are present in all kingdoms, and
there are currently more than 200 NHE candidate genes (14).

1.2 Mammalian Na+/H+ exchangers
The mammalian Na+/H+ exchangers are ubiquitously expressed (33).
Their activity and expression are vital to pH regulation, migration, growth, and
development of cells (78). Nine human sodium proton exchanger isoforms have
been characterized and a tenth isoform is still under investigation (70, 92). NHE
isoforms perform electroneutral exchange of one intracellular H+ for an
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extracellular Na+ (1:1 ratio), however each isoform has their own specific mode of
regulation and cellular distributions (118).

The isoforms share a similar

membrane topology with 12 transmembrane helices and a C-terminal regulatory
tail (41).

1.2.1 NHE1
The first isoform of mammalian NHE was identified in 1982 by
Pouyssegur et al. (101). Pouyssegur’s findings are still valid today, he established
that i) NHE1 proton transport relies on Na+ or Li+, ii) the cation gradients provide
the driving force and direction of exchange, iii) NHE1 is inhibited by amiloride
and its analogues, and NHE1 is activated by growth factors (101). Since the first
clone of NHE1 was isolated in 1989 by Sardet et al., numerous studies on the
function, kinetics, regulation, expression, structure and localization of NHE1 have
been carried out in attempt to understand this important pH regulatory protein
(113). NHE1 is composed of 815 amino acids which organize into two domains.
The N-terminal transmembrane domain is responsible for cation translocation and
the C-terminal regulatory domain in the cytoplasm regulates NHE1 activity (33).
NHE1 is expressed in all tissues, including in the myocardium, and is localized to
the plasma membrane and basolateral membrane of polar cells (32, 33). NHE1 is
involved in several disease states such as hypertension, cardiac hypertrophy,
myocardial ischemia and reperfusion injury, and cancer metastasis (78). NHE1
deficiency is tolerable in mice but NHE1-knockout mice developed ataxia,
seizure, and growth retardation (10).
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1.2.2 NHE2 - 10
Upon cloning and sequencing of the mammalian NHE1, additional
isoforms have been identified by screening tissue libraries of different species
using human NHE1 cDNA probes (92). NHE1 – NHE8 are highly homologous
with the percentage identity ranging from 24 – 68% (33). hNHE2 has the highest
sequence identity to hNHE1 at approximately 46% (92). NHE2 is expressed
predominantly on the apical membrane of epithelial cells in colon and kidney,
skeletal cells and to a lower level in testis, ovary, and small intestine (77, 79).
Similar to NHE1, amiloride and 5’-amino alkyl substituted derivatives inhibit
NHE2 cation translocation activity (77, 79). The function of NHE2 in rat cortical
collecting duct cell line is to regulate steady-state intracellular pH and cell
volume, whereas NHE1 activity is more responsive to intracellular acidosis (34).
NHE2-null mice do not exhibit obvious disease phenotypes, however the parietal
cells (stomach epithelial cells) show a net decrease in acid secretion compared to
wild type during the infant stage, and various signs of degeneration in the adult
phase (114). Therefore, the presence of NHE2 in parietal cells is essential for
development and viability.
The amiloride insensitive hNHE3 contains 39% sequence identity to
hNHE1 (13, 92). It is predominantly expressed on the apical membrane of the
small intestine, colon, and kidney (41, 116). The primary role of NHE3 in the
intestine and colon is to (re)absorb Na+ and water into epithelial cells (3). In the
kidney, NHE3 couples with Cl-/base, formate or oxalate exchangers for the
reabosorption of Na+ and NaHCO3 (5). The H+ gradient created by NHE3 also
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drives the uptake of other nutrients such as peptides and amino acids by other
transporters (21, 126). Diarrhea, decreases in blood pressure, and acidic plasma
pH were observed in NHE3-knockout mice (114).
NHE4 is highly expressed on the basolateral membrane of gastrointestinal
tract cells and lower amounts are expressed in the kidney, brain, skeletal muscle,
heart, uterus, and liver (12, 92, 100). NHE4 has properties distinct from NHE1,
NHE2 and NHE3 isoforms. Expression of NHE4 in stably transfected fibroblast
is activated by 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) (16).
Interestingly, DIDS is an anion exchanger inhibitor (51). The activity of NHE4 is
highly resistant to treatment with amiloride and derivatives (13, 16). These results
suggest that NHE4 is a highly specialized isoform of NHE. Knocking out NHE4
in mice gave effects similar to NHE2-null mice, with reductions in acid secretion,
loss of parietal and mature chief cells and elevated amounts of undifferentiated,
necrotic and apoptotic cells (35). Therefore, the function of NHE4 is for normal
gastric secretion, cell growth and development (35).
NHE5’s localization is predominantly in the plasma membrane and
recycling endosomes of brain cells (8, 26). The shuttling of NHE5 between
plasma membrane and recycling endosomes is mediated by secretory carrier
membrane proteins (SCAMPs), which bind to NHE5 directly (26). NHE5 cation
exchange activity is relatively insensitive to amiloride compounds and 5-(ethyl-Nisopropyl) amiloride inhibition similar to NHE3 (6, 124). NHE5 has been studied
in end-stage renal disease and Familial Paroxysmal Kinesigenic Dyskinesia (121,
140).
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NHE6 – 9 are found mostly or exclusively on the membranes of
intracellular organelles (92).

NHE6 and NHE9 are found in early and late

endosomes respectively; NHE7 and NHE8 are distributed in trans-golgi network
and mid-golgi network respectively (87). The function of NHE6 – 9 isoforms is
to regulate the unique pHs of golgi bodies and endosomes (87).

A loss of

function mutation in NHE6 was found to be associated with the neurological
disease angelman syndrome (110). The functional and physiological roles of
NHE6 – 9 still remain to be further investigated.
NHE10 is expressed in osteoclasts in studies that attempted to identify
proteins that contribute to osteoclastogenesis (70). Lee et al. isolated a putative
sodium proton exchanger protein that had a transmembrane domain with 12
helices (70). However the sequence similarities of NHE10 to the known NHE1 –
9 are very low, approximately 12 – 14% (70). In addition, NHE10 does not seem
to regulate pHi; therefore more studies are required to determine if NHE10 is a
true Na+/H+ exchanger (70).

1.3 Physiological roles of NHE1
NHE1 is an ubiquitous integral membrane protein composed of two
distinct structural and functional domains. The N-terminal domain is responsible
for Na+/H+ exchange and the C-terminal domain regulates the activity of NHE1
(118). NHE1 has several important physiological roles such as controlling cell
pH as well as cell volume, cell proliferation and serving as a docking site and
phosphorylation site for lipids and proteins (78). The latter functions of NHE1 are

6

implicated for cell migration and regulation of cation exchange activity.
Dysfunctional NHE1 lead to pathologies such as hypertension, cardiac
hypertrophy, ischaemia and reperfusion injury, and cancer metastasis (32).

1.3.1 NHE1 regulates intracellular pH and cell volume
In response to intracellular acidosis, NHE1 restores pHi by exchanging one
intracellular H+ for one extracellular Na+. The activity of NHE1 is stimulated by
acidic pH, where at pH 6.5 NHE1 catalyzes at maximum activity (130). The
activity of NHE1 is also dependent on cell volume. Cell shrinkage, induced under
hypertonic or isotonic conditions, activates NHE1; This suggests that NHE1
responds to the change in cell volume instead of osmolarity (61). The increase in
the intracellular Na+ gradient, facilitated by the activity of NHE1, is coupled to
the osmotic movement of water into the cell. This is also known as a regulatory
volume increase which counteracts cell shrinkage (RVI) (23, 123).
It was observed that NHE1 hyperactivity and overexpression play
contributing roles in hypertension, hypertrophy and ischaemia/reperfusion injury
(32, 47). During cardiac ischemia-reperfusion, insufficient oxygen supply to cells
induces anaerobic respiration; thus the production of lactic acid and protons from
metabolism increase and this leads to intracellular acidification and activation of
NHE1 (4, 99).

As H+’s get extruded, the intracellular concentration of Na+

increases and this gradient provides the driving force for Na+/Ca2+ exchanger.
Elevated levels of intracellular Ca2+ initiate a cascade of cell events that cause cell
injury, apoptosis, and necrosis (4, 7, 84). In many studies, hyperactivity and
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overexpression of NHE1 have been suggested to contribute to cardiac hypertrophy
and hypertension mediated through different pathways (29, 49, 52, 91, 93, 141).
Studies inhibiting NHE1 activity or knocking out NHE1 have shown that the
hypertrophic and hypertensive effects of NHE1 were attenuated (17, 29, 141).

1.3.2 NHE1 in cell differentiation and cell proliferation (cancer)
The expression level of NHE1 varies during cell differentiation and
developments (65, 74, 108, 138). NHE1 activity is essential for mouse stem cell
differentiation of cardiomyocytes. Inhibiting the activity of NHE1 rendered the
development of normal cardiomyocyte.

The amount of cell beating and the

expression of cardiomyocyte specific protein -MHC were depressed

in

EMD87580 (specific inhibitor of NHE1) treated embryoid bodies (74). In a
mouse P19 embryonal carcinoma cell line, NHE-knockout reduced the rate of
growth and propensity to differentiate into neuronal-like cells (134).
To study the role of NHE1 in cell growth, Pouyssegur and colleagues
made an NHE deficient Chinese hamster lung fibroblast cell line (CCL39) by
using a H+-suicide technique (102). They found that the growth of NHE-deficient
cells was highly reduced at neutral and acidic external pHs (pH<7.2). Whereas
normal cells that expressed NHE were able to grow under a wide range of pH
between 6.6 and 8.2 (102). These studies suggest that NHE is involved in
regulating optimal pHi for cell growth and differentiation.
One of the hallmark traits of cancer cells is an alkaline pHi, which is
suggested to be caused by the activity of NHE1 (38). Stimulated NHE1 activity is
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observed widely in different types of transformed cells, and the inhibition of
NHE1 ameliorates the development of cancer in some experimental studies (105107). Interestingly, the NHE-deficient CCL39 cell line evolved into tumours at a
slower rate compared to normal CCL39 after transformation and transplantation in
mice (66).

1.3.3 NHE1 in cell migration and shape modeling (metastasis)
NHE1 is an integral protein that localizes to the front of migrating cells
(37, 57). The C-terminal regulatory tail NHE1 contains a binding site for ERM
(Ezrin/Radixin/Moesin), which links cytoskeletal protein actin filaments to NHE1
(25). The suggested roles of NHE1 are to anchor and organize the distribution of
actin filaments to the plasma membrane (25). In addition, the activity of NHE1 is
also essential for migration; an alkaline pHi is necessary for actin polymerization
at the leading edge of migrating cells (122).
The activity of NHE1 generates an acidified extracellular micro
environment to activate nearby matrix metalloproteases (MMPs) for the digestion
of extracellular matrix. This facilitates the spread and migration of (cancerous)
cells (53, 58). It is also proposed that the intracellular alkalinization contributed
by NHE1 is able to elevate the expression of matrix metalloproteases (MMPs) and
vascular endothelial growth factor (VEGF), which induce tumour growth and
metastasis (40, 139).
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Overall it is clear that the Na+/H+ exchanger isoform 1 is implicated in
many pathologies. Elucidation of the mechanisms of transport and regulation will
shed light on development of drugs for treating associated diseases.

1.4 NHE1 topology models
NHE1 is composed of 815 amino acids with an apparent molecular weight
of 110kDa in the mature glycosylated protein (113, 115). There are two domains,
the N-terminal domain consists of approximately 500 residues, which form the 12
transmembrane helices that span the plasma membrane and arrange into a porous
structure for cation translocation; the C-terminal 315 residues of NHE1 form the
cytoplasmic regulatory tail that contains binding sites for lipid, proteins, and sites
of phosphorylation by kinases (113, 132).

1.4.1 Wakabayashi et al. model of NHE1
Two topologies are currently proposed for NHE1.

In the year 2000,

Wakabayashi et al. determined a detailed NHE1 membrane topology by
substituted cysteine accessibility analysis (132).

Cysteine mutations were

introduced in selected residues that were thought to be located on either the
extracellular or intracellular loops, based on the predicted Kyte-Doolittle
algorithm hydropathy analysis model (62).

Then the cysteine mutants were

treated with MTSET and biotin-maleimide under normal and membrane
permeabilized conditions.

Cysteine residues that were labelled with biotin-

maleimide under normal conditions were considered as extracellular, however
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when they were treated with MTSET prior to biotin-maleimide labelling, MTSET
was able to modify the accessible cysteines and block any further labelling.
Intracellular residues were only exposed to MTSET and biotin-maleimide under
permeablized conditions (132). By locating the MTSET accessible residues on
the membrane surface and then by locating the restricted residues intracellularly,
the orientation and configuration of NHE1 transmembrane segments were
resolved. Wakabayashi et al.’s NHE1 topology (Figure 1) presents a model with
12 transmembrane helices (average of 21 – 22 amino acids per segment), short
intracellular N-term head and a long C-term tail, large extracellular loop 1, and
three re-entrant loops.

1.4.2 Topology model of NHE1 with EcNhaA
A new topology of NHE1 was suggested by Landau et al. in year 2007,
shortly after publication of the E. coli Na+/H+ antiporter (EcNhaA) crystal
structure (45, 67) (Figure 1). Landau et al. constructed a 3D-model of NHE1
using sequence alignment and the EcNhaA crystal structure as a template.
Although the sequence similarity of NHE1 and EcNhaA is approximately 10%,
Landau et al. affirmed that the predicted structure of NHE1 is validated
empirically and backed up by evolutionary conservation analysis (67).

The

topology of the 3D-model of NHE1 also contained 12 transmembrane helices with
a large C-terminal tail starting past amino acid number 505. Yet, this topology
does not have any re-entrant loops that are found in the Wakabayashi’s model.
(Figure 1) TM1 in Landau’s topology model begins at Val129, whereas TMI in
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Wakabayashi’s model starts at His13.

Landau suggested that the first two

transmembrane helices of NHE1 are cleaved as signal peptides. Topogenesis
studies on NHE1, NHE3, and NHE6 indicated that these isoforms contain a signal
peptide in their first hydrophobic segments (80, 142). Moreover, NHE2, NHE4,
and NHE5 are predicted to contain signal peptides by the program SignalP tools
(89, 90). In addition, it has been demonstrated that removal of the first two
transmembrane helices (the first 150 N-term amino acids) of NHE1 does not
render cation exchange activity (115). Contrary to the suggestions that TMI and
TMII are redundant, the existence of N-linked glycosylation on extracellular loop
1 is highly recognized and detected in the mature form of NHE1 (20, 39).
Another feature of the new model is that TM7 (331 – 344) and TM8 (349 – 362)
are only 14 residues long, which is much shorter than the average length of TM
segments with 21 – 22 residues.

1.5 Structure of NHE1
Even though obtaining the high resolution crystal structure of NHE1 is
still an ongoing project, several attempts using homology model analysis,
biochemical techniques, NMR spectroscopy, electron microscopy, and circular
dichroism spectroscopy have been able to reveal significant insights on the
secondary and tertiary structure of NHE1 (67, 82, 104).
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Figure 1. NHE1 membrane topology models. The two models of NHE1
topology are illustrated. The Wakabayashi et al. model is indicated by the roman
numerals (I-XII), and TM segments are colored in blue and gray. While the
Landau et al. model is numbered 1-12 and is in gray only (67, 132). TMI and II
are cleaved as signal peptide in Landau’s model. Three re-entrant loops in
Wakbayashi’s model are labelled. The two short TM7 and TM8 segments in
Landau’s model are part of the TMIX in Wakabayashi’s topology. TM9 from
Landau’s model spans the re-entrant loop position of Wakayashi’s model.
ex:extracelluar, in:intracellular.

13

1.5.1 Dimeric structure of NHE1
NHE1 forms a homodimer in the plasma membrane with a few direct
intermolecular contacts on the cytoplasmic tail.
crosslinkers such

as

Using sulfhydryl reactive

Cu2+/o-phenanthroline, disuccinimidyl

suberate, or

bifunctional methane thiosulfonate, stable dimers and monomers of NHE1 were
resolved on SDS-PAGE with a molecular weight of approximately 210 kDa and
110 kDa respectively (30, 43, 44). Evidence suggested that the 562 – 579 amino
acids region of the NHE1 is responsible for dimerization, deletion of this region
abolishes intermolecular interaction (30). Further investigation demonstrated that
the intrinsic cysteines Cys794 and Cys561 on the cytoplasmic regulatory tail
contribute to dimer formation (44).

1.5.2 Structural analysis of purified full length NHE1
For electron microscopy imaging of NHE1, the purified protein was
mounted onto a carbon-coated grid and a series of images were examined under a
microscope to produce a structure of NHE1 at 22 Å resolution (82). The full
length (1 – 815aa) NHE1 was a homodimer in proteoliposomes with a dimension
of 100 Å x 100 Å x 90 Å (82). In this study, the molecular weight was verified by
size-exclusion chromatography and it corresponded to ~220 kDa, the weight of an
NHE1 homodimer. Extensive contacts in the cytoplasmic domains were found in
NHE1 homodimer suggest that this region contributes to intermolecular contact
and stabilization (82). The secondary structure profile of NHE1 was determined
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by circular dichroism spectroscopy. This indicated that the overall framework of
NHE1 is composed of 41% -helix, 23% -sheet, and 36% random coil (82).

1.5.3 Structural determination of transmembrane segments of NHE1 by
NMR spectroscopy
In addition to X-ray crystallography, NMR spectroscopy is another useful
method for determining the atomic level structure of small proteins or peptides
that have molecular weights below 20 kDa (136). Four isolated transmembrane
segments according to the Wakabayashi topology, TMIV, TMVII, TMIX, and
TMXI of NHE1 have had their structure determined using NMR spectroscopy
(28, 69, 104, 120, 132). A peptide of TMIV produced in E. coli (155 – 180aa) was
examined in CD3OH:CDCl3:H20 and did not exhibit a uniform -helical structure
found in some canonical transmembrane helices (118). TMIV was comprised of
coil (159 – 163 aa), an extended segment (165 – 168 aa), -turn (174 – 175 aa) ,
and a very short -helical region (169-176 aa). A synthetic peptide of TMVII
(251 – 273 aa) was examined in dodecylphosphocholine (DPC) micelles (28).
The structure of TMVII is primarily -helical, with a break in the centre of this
peptide between Gly261 and Glu262. The N- and C-terminal regions were also
slightly extended (28). Glycine is known to disrupt continuous helices due to its
flexible backbone rotation and Gly261 was found in the extended region of the
segment (50). The NMR structure of a synthetic peptide of TMIX (339 – 363 aa)
in DPC micelles had a L-shaped conformation, with N- and C- terminal helix
regions (340 – 344 aa and 353 – 359 aa) connected by a large kink at Ser351,
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which bent the peptide to approximately 90o angle (103).

NMR structural

analysis on a synthetic peptide of TMXI (449 – 470 aa) in DPC micelles indicated
that this segment represents a discontinuous helix (69). N- and C-terminal regions
(447 – 454 aa and 460 – 471 aa) were helical, in between there was an
unstructured loop that spanned from 455 – 459 aa, which contained two glycine
residues (69).

1.5.4 Crystal structure of the Escherichia coli sodium proton antiporter
The crystal structure of the E. Coli Na+/H+ antiporter (EcNhaA) was
solved at a resolution of 3.45 Å (45). EcNhaA and NHE1 are distantly related
with a sequence identity of only ~10%. They belong to the same cation/proton
antiporter superfamily and exchange H+ for Na+ across the membrane bilayer
(14). However the stoichiometry of EcNhaA Na+/H+ exchange is 1Na+:2H+. In
addition, EcNhaA is activated by alkaline instead of acidic pH and it translocates
cations in the opposite direction compared with NHE1 (45, 135).

EcNhaA

activity allows prokaryotes to survive in an environment containing external
sodium (60, 92). The 388 amino acid residues of NhaA is roughly half of that of
NHE1 (45).

The crystal structure of EcNhaA showed 12 transmembrane

segments that arrange into a conformation with two funnels that have wide
openings facing the cytoplasmic and periplasmic sides (45).

The centre of

EcNhaA narrowed, preventing the formation of a continuous pore; this was likely
because the protein was crystallized in an inactive conformation. The funnels are
constructed primarily by two discontinuous helices TM4 and TM11; they cross
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over each other at their extended regions in anti-parallel orientation (45).
Between the positive helix dipoles of TM4 and TM11 lies a negatively charged
Asp133 that compensates for the like-charge repulsion, and a positively charged
Lys300 is positioned halfway between the negative helix dipoles (45).

The

proposed residues coordinating cations are Asp163 and Asp164 on TM5, which is
in close proximity to the TM4/11 assembly (45).

1.5.5 Constructing NHE1 structure by homology modeling with EcNhaA
A 3D-model structure of NHE1 based on the crystal structure of EcNhaA
was constructed by Landau et al. (67).

The methods for NHE1 structure

development included evolutionary conservation analysis along with the
application of the homology modeling program NEST (67, 98). The N-terminal
transmembrane domain of the NHE1 homology model is composed of 12
transmembrane helices (129 – 507 aa) with an orientation and overall structure
similar to EcNhaA (67). Evolutionary conserved residues are mostly found in the
core of NHE1, whereas the variable residues are located on the protein surface
(67). The disrupted helices of TM4/11 assembly are also presented in this NHE1
model, their helix dipoles are compensated for by a negatively charged Asp238 in
TM4, and a positive Arg425 in TM10 (67). Asp267 in TM5 corresponds to the
titrating residues of Asp163 – Asp164 of EcNhaA.

The pore is formed by

transmembrane helices 2, 4, 5, 8, and 11; they are proposed to be either pH
sensing or controlling cation translocation across the membrane by opening and
closing of the funnels (67).
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1.6 NHE1 Na+/H+ exchange mechanism
NHE1 is classified as a secondary active transporter, the driving force for
its activity is prompt by the Na+ and H+ concentration gradients, ATP is not
directly required although it may modify NHE1 activity through an ancillary
factor (1). The activity of NHE1 strictly requires Na+ and H+, however NHE1 is
also capable of translocating extracellular Li+ for intracellular H+ (55, 92).
Interestingly, the direction of cation exchange is reversible, and dependent on the
cation gradients imposed upon the membrane (101).

1.6.1 NHE1 kinetics
NHE1 is quiescent at physiological pHi of ~7.2, and activates during
acidosis (33).

Kinetics of NHE1 cation transport are suggested to obey the

Monod-Wyman-Changeux model, such that the presence of protons and
intracellular activating signals induce molecular transitions in NHE1 (15, 63, 83).
NHE1 exists as a homodimer on the plasma membrane, and their affinities to
intracellular protons shift in equilibrium between high and low states (63, 82).
The inactive low affinity state is favoured by an equilibrium during physiological
pH; however at acidic pH, the equilibrium shifts towards the active protonstabilized high affinity state (63, 64). The results of analysis of NHE1 kinetics
proposed the presence of two protonation sites, and cooperative regulation of a
dimeric NHE1 protein (63).

Dimerization of NHE1 is essential for cation

transport. Truncations of C-terminal regions diminished dimerization and cation
exchange by approximately 10-fold (44).
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1.6.2 Cation exchange mechanism of EcNhaA and NHE1
According to the crystal structure of EcNhaA, the mechanism of cation
exchange activity relies mainly on the TM4/11 assembly, the Asp163-Asp164
cation binding residues, and the pH sensor TM9 (45).

Upon intracellular

alkalinization, TM9 responds to pH change by a conformational shift, which then
induces the opening of the intracellular facing funnel formed by TM4/11 (45).
The Na+ binding site is now accessible at Asp163-Asp164 on TMV. Binding of
positively charged Na+ to the cytoplasmic funnel causes a charge imbalance and
initiates a movement in the flexible loops of the TM4/11 assembly (45). A series
of conformational changes closes the cytoplasmic funnel and opens up the
periplasmic funnel thereby releasing Na+. Two protons then immediately bind to
Asp163 and Asp164 from the periplasm, and trigger another conformational shift
of the TM4/11 assembly which opens up the cytoplasmic funnel (45).
Deprotonation of Asp163-Asp164 releases two protons into the cytoplasm and
reverts the antiporter back to its resting state, ready for next round of transport
(45). A similar mechanism of cation translocation is proposed by Landau et al.
based on the homology model structure of NHE1 (Figure 2) (67). The TM4/11
assembly is essentially directing the movement of cations by exercising the
opening and closing of funnels. Intracellular acidosis introduces conformational
change in NHE1, which opens up the cytoplasmic funnel and allows Asp267
protonation (67). The binding of a proton to Asp267 triggers the opening of
extracellular funnel.

Once the proton dislocates from Asp267 a sodium ion

19

interacts electrostatically with Asp267, and again causes a conformational change
in the TM4/11 assembly which transfers the sodium to the intracellular side (67).

1.6.3 Functionally important residues of NHE1
In order to characterize the function of NHE1, many amino acids and
segments were investigated by mutation and truncation analysis. These studies
examined cation translocation, pH sensing, dimerization, and surface localization.
Residues that make up the cation translocation pore of NHE1 were identified by
cysteine scanning mutagenesis and reaction with sulfhydryl reactive compounds:
Phe161 in TMIV; Leu255 and Leu258 in TMVII; Glu346 and Ser351 in TMIX;
Leu457, Ile461, and Leu465 in TMXI are pore lining residues (transmembrane
segments are assigned according to Wakabayashi topology model) (28, 69, 103,
120).
Several residues (Phe161 – Leu163, Ile169, Ile170, and Gly174) in TMIV
are suggested important for the binding of inhibitor amiloride and cariporide;
mutational analysis on these amino acids have greatly reduced NHE1 sensitivity
to inhibitors (18, 19, 56, 127). Asp267 is thought to be the putative protonation
site in the cation translocation pore of NHE1, substituting Asp267 to Ala and Cys
exhibited profound decreases in transport activity (27, 28). pH sensing regions on
NHE1 are proposed to be in the 516 – 590 amino acids region, deleting this
segment removed the pHi sensitivity in the absence of ATP (46). Other putative
pH sensing amino acids are Arg440, Gly455, and Gly456 in intracellular loop V;
substituting Arg440 to Cys, His, Asp, Leu, and Glu shifted the NHE1 pHi
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dependence to the acidic side, whereas mutation of Gly455 to bulky amino acids
caused an alkaline shift (131).
Internalization of NHE1 mutants is commonly observed. Leu156Cys,
Asp159Cys, Pro167Cys, Pro168Cys, Asp172Cys, Gly309Val, Ile451Cys,
Tyr454Cys, Gly455Cys, Gly456Cys, Arg458Cys, and Gly459Cys mutations were
retained intracellularly as the immature form of NHE1. In addition, internalized
NHE1 mutants were incapable of rectifying acidified pHi (43, 69, 119).
Interestingly, looking at the localization of Tyr454Cys and Arg458Cys mutants
under immunofluoresence microscopy revealed their retention in the endoplasmic
reticulum (133).

1.7 NHE1 regulatory mechanisms
The study on NHE1 regulation pathways is very complicated due to a
large number of associated factors, but it is crucial to understand the mechanisms
underlying the regulation of NHE1 in order to develop drugs that are beneficial
for treating cancer and cardiac diseases. Amiloride is a low potency inhibitor of
NHE1 and its modification to EIPA improves its potency and specificity. The
inhibitors cariporide HOE642 and HOE694 are benzoylguanidines and are more
selective and potent inhibitors (97). Cariporide had been administered to patients
in clinical trials for the treatment of cardiac ischemia and reperfusion injury,
however the outcomes in separate studies were contradictory and no significant
improvement was observed except in some subgroups (111, 125). The N-terminal
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Figure 2. Landau et al. proposed Na+/H+ exchange mechanism for NHE1
(67). This model represents the activity mechanism of NHE1 with its putative
cation binding residue Asp267. 1) NHE1 resting state contains a closed
intracellular funnel with an inaccessible deprotonated Asp267. 2) Increases in
intracellular H+ activates NHE1 by inducing conformational changes that opens
up intracellular funnel, thereby allowing H+ association with Asp267. 3) Binding
of H+ to Asp267 causes a charge imbalance that reorients Asp267 to the
extracellular funnel. Deprotonation of Asp267 is followed by the uptake of
extracellular Na+. 4) Association of Na+ in translocation pore induces another
conformal change that opens up the intracellular funnel and releases Na+. NHE1
goes back to the resting state and prepares for another round of Na+/H+ exchange
(67).
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transmembrane domain of NHE1 contains inhibitor binding regions for amiloride
derivatives and cariporide. TMIV and TMIX may contain part of the inhibitor
binding site (97). Mutations in Phe165 and Leu167 of TMIV, Glu350 and Gly356
of TMIX have abolished inhibitor sensitivity (18, 56). Epidermal growth factor
(EGF), thrombin, serum, insulin, and lysophosphatidic acid (LPA) and
angiotensin-II are stimulatory regulators of NHE1 (68, 92, 101, 112, 129).
The activity of NHE1 is tightly regulated by signalling molecules,
hormones, secondary messengers, kinases, lipids and adaptor proteins, (78). The
315 amino acid C-terminal regulatory tail of NHE1 contains numerous binding
sites for molecular interaction and modification.

The association of

phosphatidylinositol 4,5-bisphosphate (PIP2) to NHE1 is essential for optimal
activity and is related to intracellular ATP concentrations. Depletion of ATP
decreased the cation exchange activity and the binding of PIP2 to NHE1 (2).
Removal of PIP2 putative binding sites on C-terminal tail of NHE1 also decreased
ion transport (2). Calcinuerin homologous protein 1 (CHP1) binds to amino acids
510-530 of the NHE1 tail in a Ca2+ dependent manner, and the association is
necessary for normal cation exchange activity (94-96). ERM proteins are bound
to amino acids 533-564 of NHE1 and they link actin filaments near the plasma
membrane and aid in cell migration and maintenance of cell structure (24, 25).
Calmodulin (CaM) is another Ca2+ sensitive secondary messenger that binds to
two sites on NHE1: it binds to a high affinity site at amino acids 636 – 656 and to
a low affinity site at amino acids 657 – 700 (11). The contribution of CaM in
NHE1 function is to remove the effects of an autoinhibitory domain when Ca2+
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levels are high. It does this by binding to the high affinity CaM site (11). The
binding of 14-3-3 to phosphorylated Ser703 is stimulated by serum, and may
represent a downstream candidate pathway for serum activation of NHE1 cation
translocation (71). Tescalcin was shown to bind to the C-terminal tail of NHE1 in
a Ca2+ -dependent manner. Its association has inhibitory effects on NHE1 activity
(73, 76). An enzyme that catalyzes the formation of HCO3- and H+ from CO2 is
carbonic anhydrase II (CAII). It interacts directly with NHE1 C-terminal tail
around amino acids 790 – 802 (75). The H+ produced by CAII can be quickly
exported by its nearby binding partner NHE1.

Therefore the direct binding

interaction between CAII and NHE1 enhances the extrusion of H+ (72).

1.8 Thesis objective
Our laboratory has previously investigated the functional and structural
properties of the important NHE1 transmembrane segments IV, VII, IX, and XI,
as assigned in the Wakabayashi’s topology model (28, 69, 103, 120, 132). These
studies yielded significant insights into the understanding of the mechanism of
NHE1 transport. TMVI in Wakabayshi’s model is equivalent to TM4 in Landau’s
homology model of NHE1 (67). The EcNhaA crystal structure and the NHE1
homology model suggest that a TM4/11 assembly forms a key part of two flexible
funnels that are involved in cation translocation.

The TMVI segment of

Wakabayashi model (227 – 249 aa) has never been thoroughly studied and its
functional contribution to NHE1 activity is not well characterized. According to
the homology structure, amino acids 226 – 248 are important in the formation of a
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cation translocation pore and facilitation of cation exchange.

In this work,

cysteine scanning mutagenesis was applied to investigate TMVI amino acid
residues 227 – 249. By treating each TMVI cysteine mutant with sulfhydryl
reactive reagents and monitoring for inhibition of NHE1 activity, we were able to
identify residues lining the cation translocation pore and involve in cation
exchange. Further studies examined the specific requirements for amino acids at
critical locations and the nature of the defects present at amino acids important in
transport.
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Chapter II
Materials and methods

A version of this chapter on NHE1 TMVI cysteine mutations also appears in the
Journal of Biological Chemistry (2010) 285:36656-65. Jennifer Tzeng, Brian Lee,
Brian Sykes and Larry Fliegel.
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2.1 Oligonucleotides for TMVI mutagenesis
The program DNA strider 1.4 was used to design the oligonudcleotides used
for mutation of NHE1. For cysteine scanning mutagenesis, each residue of TMVI
from Asn227 to Ile249 was mutated into a cysteine and a new silent restriction
enzyme site was introduced for screeening purposes.

We used the plasmid

pYN4+c as template (Figure 3), which encoded for the entire cysteineless NHE1
(cNHE1) with a hemmaglutinnin (HA) tag at the C-terminal end. The original 10
native cysteines in NHE1 were mutated into serines in this plasmid. Previous
studies on the expressed cNHE1 showed that the activity and surface localization
were not significantly different from the wild type NHE1 (119).
Residues in TMVI that were critical to activity or that were inhibited by
MTSET were mutated into other amino acids (i.e. Asn227Ala, Asn227Asp,
Asn227Arg, Ile233Ala, Leu243Ala, Glu247Asp, Glu247Gln, Glu248Asp, and
Glu248Gln) in the pYN4+ wild type NHE1 plasmid template. Again, new silent
restriction enzyme sites were introduced (Table 1).
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Mutation

Oligonucleotide Sequence

Restriction
Site

N227C
L228C
L229C

pYN4+ Cysteineless Plasmid
5’-CAACAACATCGGCCTtCTaGACtgCCTGCTCTTCGGCAGC-3’
5’-CGGCCTCCTGGACAAttgcCTCTTCGGCAGCATC-3’
5’-CTCCTGGACAACCTGtgCTTCGGatcgATCATCTCGGCCGTG-3’

F230C

5’- CTGGACAACCTGCTCTgCGGatcCATCATCTCGGCCGTG -3’

5’G231C GACAACCTGCTCTTCtGCAGCATCATCTCcGCgGTGGACCCCGTG
GCG-3’
S232C
5’-CAACCTGCTCTTCGGatGCATCATCTCGGCCGTG-3’
I233C
5’-CTGCTCTTCGGCAGCtgCATCTCGGCCGTGGAC-3’
I234C
5’-GCTCTTCGGCAGCATatgCTCGGCCGTGGACCC-3’
S235C
5’-CTTCGGCAGCATCATaTgcGCCGTGGACCCCGTG-3’
A236C
5’-GGCAGCATCATCTCGtgCGTcGACCCCGTGGCGG-3’
V237C
5’-CAGCATCATCTCGGCatgcGACCCCGTGGCGG-3’
D238C
5’-CGGCAGCATCATCTCcGCgGTGtgCCCCGTGGCGGTTC-3’
P239C
5’-CATCATCTCGGCCGTcGACtgCGTGGCGGTTCTGG-3’
V240C
5’-TCGGCCGTGGACCCCtgcGCaGTTCTGGCTGTCTTTG-3’
A241C
5’-GCCGTGGACCCCGTGtgcGTgCTaGCTGTCTTTGAGG-3’
V242C
5’-CGTGGACCCCGTGGCatgcCTGGCTGTCTTTGAG-3’
L243C
5’-GACCCCGTGGCGGTTtgcGCaGTCTTTGAGGAAATTC-3’
A244C 5’-CGTGGACCCCGTGGCaGTaCTGtgTGTCTTTGAGGAAATTC-3’
V245C
5’-CGTGGCGGTTCTGGCatgCTTTGAGGAAATTC-3’
F246C
5’-GCGGTTCTGGCTGTCTgTGAGGAgATTCACATCAATGAG-3’
E247C
5’-GTTCTGGCTGTCTTTtgcGAgATTCACATCAATGAG-3’
E248C
5’-TCTGGCTGTCTTTGAatgcATTCACATCAATGAG-3’
I249C
5’-GCTGTCTTTGAGGAAtgcCACATCAATGAGCTG-3’
pYN4+ WT NHE1 Plasmid
N227A
5’-CAACAACATCGGCCTtCTaGACgcCCTGCTCTTCGGCAGC-3’
N227D
5’-CAACAACATCGGCCTtCTaGACgACCTGCTCTTCGGCAGC-3’
N227R
5’-CAACAACATCGGCCTtCTaGACcgCCTGCTCTTCGGCAGC-3’
I233A
5’-CTGCTCTTCGGatcCgcCATCTCGGCCGTGGAC-3’
L243A
5’-GACCCCGTGGCGGTTgccGCgGTCTTTGAGGAAATT-3’
E247D
5’-GTTCTGGCTGTCTTTGAcGAgATTCACATCAATGAG-3’
E247Q
5’-GTTCTGGCTGTCTTTcAGGAgATTCACATCAATGAG-3’
E248D
5’-TCTGGCTGTCTTcGAaGAcATTCACATCAATGAG-3’
E248Q
5’-TCTGGCTGTCTTcGAacAAATTCACATCAATGAG-3’

Xba I
Mfe I
Cla I
Bam
HI
Sac II
Nsi I
Pvu II
Nde I
Nde I
Sal I
Sph I
Sac II
Sal I
Fsp I
Nhe I
Sph I
Fsp I
Sca I
Sph I
Bsa BI
Bsa BI
Nsi I
Bsm I
Xba I
Xba I
Xba I
Bam HI
Sac II
Bsa BI
Bsa BI
Bst BI
Bst BI

Table 1. Synthetic oligonucleotide primers for site directed mutagenesis of
NHE1 TMVI. All primers contain a point mutation (lower case) and a new
restriction site (bold). TMVI cysteine mutant primers were designed using a
pYN4+ cysteineless plasmid as template. Other TMVI mutations were introduced
into the wild type pYN4+ plasmid (containing the normal cysteines of NHE1).
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Figure 3. Circular map of pYN4+ plasmid. Primer design and site-directed
mutagenesis were carried out using pYN4+ plasmid. NHE1 with a C-terminal
HA-tagged gene was inserted from bp 3066 to 5666. The 8071bp plasmid is
composed of a Rous Sarcoma Virus long terminal repeat promoter (RSVLTR(P)), Amp resistance gene, f1(+) ori (phage replication origin), ColE1
(bacterial replication origin), Neo (neomycin resistance cassette), PolyA
(polyadenylation tail), and intron (upstream promoter and enhancer region of
NHE1). The Neo gene is required for stable cell line selection by G418 antibiotic
during transfection.
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2.2 Polymerase Chain Reaction (PCR) for site directed mutagenesis
Site directed mutagenesis for NHE1 TMVI was performed using polymerase
chain reaction (PCR). The pYN4+ cNHE1 plasmid was denatured at 60oC for 15
minutes prior to addition of PCR reaction solutions. All preparatory steps were
carried out on ice. Two sample mixtures were prepared in eppendorf tubes
labelled as A and B. PCR sample mixture A contained 5 l of 2.5 mM dNTP mix
(dATP, dTTP, dCTP, dGTP), 9 l of ddH2O, 1 l of plasmid template at 0.75
g/l, 5 l of 10 M forward primer and 5 l of 10 M reverse primers. Sample
mixture B contained 19.5 l ddH2O, 5l PWO buffer + MgSO4, and 0.5 l PWO
polymerase. Samples A and B were mixed immediately prior to incubation in the
Techne Thermal Cycler TC-312. The PCR consisted of 18 cycles. Each cycle
included a denaturing step at 95oC for 30 sec, annealing step at 55oC for 1 min,
and an elongation step at 68oC for 20 min. PWO DNA polymerase was obtained
from Roche Applied Science (Roche Molecular Biochemicals, Mannhein,
Germany).

2.3 E. Coli transformation
The products from PCR were digested with the enzyme DpnI for 4 - 5 hours at
37 oC. DpnI was purchased from Invitrogen (Carlsbad, CA, USA). 1 – 3 l of the
digested plasmid was transformed via electroporation into electrocompetent E.
Coli DH5. Cells were left to recover in 500l lysogeny broth (LB) medium at
37oC for 1 hour. E. coli were then plated on 0.15g/L ampicillin (Amp) LB agar
plates, and allowed to grow overnight in 37oC incubator.
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2.4 Plasmid isolation from E. coli
Single E. coli colonies were picked from LB ampicillin plates the day after
transformation and were cultured overnight in 1.5 ml LB at 37oC with agitation.
Plasmids were isolated by following established laboratory DNA extraction
protocols. Cells were collected by centrifugation at 10000 rpm for 3 min. Cell
pellets were re-suspended in 150 l P1 buffer (50 mM Tris pH8.0, 10 mM EDTA,
100 g/ml RNase) and left at room temperature for 10 min. 150 l of P2 lysis
buffer (200 nM NaOH, 1% SDS) was added into the mixture and mixed
thoroughly until the lysate turned viscous. 150 l of cold P3 neutralization buffer
(3MKCH3COO-, 1.5% glacial acetic acid) was then added, mixed briefly and left
on ice for 10 min. The white fluffy precipitates formed contained genomic DNA,
proteins, and cell debris; they were removed by centrifugation at 14000 rpm for 5
min. The supernatant was transferred to a new eppendorf tube, and 150 l of
phenol-chloroform (25 phenol: 24 chloroform: 1 isoamyl alcohol) was added to
extract plasmid DNA. The mixture was vortexed briefly and centrifuged at 14000
rpm for 5 min. The top aqueous layer of the two layered heterogeneous liquid
was transferred into a new eppendorf tube.

The plasmid DNA was then

precipitated in 1ml cold 100% EtOH at -20oC for at least 20 min, and
centrifugation at 14000rpm for 5 min. The DNA pellet was washed with 70%
EtOH and dissolved in 60 l of ddH20.
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2.5 Restriction digestion and agarose gel electrophoresis
Mutant plasmids containing putative new restriction sites were digested with
appropriate enzymes to check for the introduced mutations. The reaction mixture
was composed of 5 l plasmid, 1 l of restriction enzyme, 0.5l of 1mg/ml
RNase, 0.2 l BSA (if required), 2 l of 10X reaction buffer and ddH20 was
added to a total of 20 l. Most of the digestion reactions were carried out at 37oC
incubator for 2 hours. In some cases, the restriction enzymes required 25oC, 60oC
or 65oC for optimal activity and were therefore carried out at these temperatures.
Restriction enzymes were purchased from New England Biolabs (Ontario,
Canada) and Invitrogen.

Plasmids digested with restriction enzymes were

separated on 1% agarose gels containing 0.5 mg/ml ethidium bromide. 6X DNA
loading buffer was added in order to track the migration progress. A 1kb plus
DNA ladder was used to estimate plasmid fragment size. The agarose gel was
visualized under UV light and gel pictures were taken with a video copy
processor. DNA fragment band patterns were used to select for positive mutants.

2.6 Large scale DNA preparation
Large scale plasmid purification from E. coli was achieved by using QIAGEN
plasmid maxi kits and following their protocol. Colonies that expressed plasmids
with positive mutations were cultured overnight in 150 ml LB containing 150 l
of 100 mg/ml ampicillin. The cells were then harvested by centrifugation at 6000
g for 15 min at 4oC. Pellets were re-suspended in cold 10 ml P1 buffer (50mM
TrisCl pH8.0, 10mM EDTA, 100g/ml RNase A, 1l LyseBlue/P1 ml). 10 ml P2
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(200mM NaOH, 1% SDS (w/v)) was added immediately and then mixed gently
until the lysates turned blue (an indication of well-mixed solution). The mixture
was then allowed to sit no more than 5 min at room temperature. 10 ml ice cold
P3 (3 M potassium acetate pH5.0) was added and the mixture was incubated on
ice for 20 min. Centrifugation was at 20000 g for 30 min at 4oC and removed
most of the precipitates (containing genome DNA, proteins, and cell debris) that
formed in the mixture. A second centrifugation at 20000 g for 15 min at 4oC
removed remaining precipitates. The supernatant was loaded in an equilibrated
QIAGEN-tip 500 to allow binding of plasmid DNA to the column. The column
was washed twice with 30 ml QC buffer (1.0 NaCl, 50 mM MOPS pH7.0, 15%
isopropanol (v/v)) and eluted with 15 ml QF buffer (1.25 NaCl, 50 mM TrisCl
pH8.5, 15% isopropanol (v/v)). Plasmid DNA was precipitated with 10.5 ml
isopropanol and centrifuged at 15000 g for 30 min at 4oC. DNA pellets were
washed with 70% EtOH and allowed to air dry. 400 l of TE buffer (10 mM Tris,
1 mM EDTA) was added to re-dissolve plasmid.

2.7 DNA Sequencing
Plasmids acquired from QIAGEN Maxi-kit were sequenced to confirm
mutation sites. 260 nM concentration of plasmid DNA and a 2 pmol/l of primer
approximately 100 bp upstream of mutation site were used for sequencing. All
DNA sequences were performed at the University of Alberta, Department of
Biochemistry, DNA Core Services Laboratory.
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2.8 Transfection of AP-1 cells and stable cell line generation
WT, cNHE1, and mutant plasmids were stably transfected into AP1 cells.
AP1 is a mutant cell line which does not express functional sodium proton
exchangers. It was derived from Chinese hamster ovarian cells (CHO) (102, 109).
Stably transfected cell lines were established using LIPOFECTAMINE™ 2000
Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). Approximately 24
hours prior to transfection, AP1 cells were cultured in 60mm dishes with -MEM
medium (Hyclone, Logan, UT, USA) containing 10% BGS, and 25 mM HEPES
without any antibiotics. 10 g of plasmid was used for each dish of AP1 cells.
The plasmids and 20 l of LF2000 were diluted in 500 l of Opti-MEM medium
separately and incubated for 5 min at room temperature. The solutions were then
combined and left to sit at room temperature for 20 min to allow formation of
DNA-LF2000 complexes. AP1 cells were washed with phosphate buffered saline
(PBS) and changed to -MEM medium that contained neither antibiotics nor
bovine growth serum (BGS). 1 ml of DNA-LF2000 complex solution was added
to AP1 cells slowly drop by drop. 10% BGS was added after 4-6 hours and cells
were allowed to incubate until the next day. AP1 cells were split into 3 plates at
varying dilutions of 1:1000, 1:2000 and 1:2500 in growth medium (10% BGS, 2%
penicillin/streptomycin, 0.4 mg/ml gentimicin, 25 mM HEPES). 800 g/ml of
geneticin (G418) was added to the cultures to select for positively transfected
cells. Medium containing 800 g/ml of G418 was changed daily for 3 days, then
every other day until colonies began to form. G418 was decreased to 600 g/ml
when AP-1 colonies were visible to naked eyes, and to 400 g/ml 2 to 3 days
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before picking single colonies. Cell colonies were picked using sterile pipettes
and transferred to a 12-well plate containing 1.5 ml growth medium with
additional 5% BGS and without G418. Medium was changed the next day to
growth medium containing 400 g/ml G418 and fresh medium was provided
every 2 to 3 days. When the cells became confluent, they were split into 35 mm
dishes and 6-well plates. Cells from 35 mm dishes were harvested to check for
NHE1 expression, and cells from 6-well plate were kept as stable cell lines stored
in liquid nitrogen tank in CryoTube™ vials (NUNC™ Denmark) for future
experiments.

2.9 Preparation of cell lysates from AP1 cells
Cells were harvested from 60 or 35 mm dishes when 80 – 90% confluent.
Growth medium was removed by aspiration and cell monolayers were washed
with 4oC phosphate-buffered saline. Plates were kept on ice to reduce protein
degradation. RIPA Lysis buffer (1% NP-40, 0.25% sodium deoxycholate, 0.1%
Triton X-100, 5 mM EGTA, 0.1 mM PMSF, 0.1 mM benzamidine, lab-made
protease inhibitor cocktail) was added to AP1 cells for 1 - 3 min. Cells immersed
in lysis buffer were scraped with a sterile disposable cell scraper, and the lysates
were transferred into clean eppendorf tubes.

Cell debris was removed by

centrifugation at 14000 rpm for 5 min at 4oC.

Supernatants were kept in

eppendorf tubes and they were either frozen quickly in liquid nitrogen and stored
at -80oC, or prepared for subsequent trypsin treatment and SDS-PAGE.
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2.10 SDS-PAGE and Western Blot analysis
10% acrylamide gels were prepared for SDS-PAGE. The loading samples
contained cell lysates and 4X SDS-loading buffer (30% glycerol, 3% 2mercaptoethanol, 6% SDS, 0.13 M Tris pH6.8, 0.133 g/ml bromophenol blue).
For expression and surface localization experiments, loading samples were
incubated at 37oC for 10 min before loading, and the maximum loading quantity
was 60 l. Samples were allowed to run into the stacking gel for about 40 min at
70 V until the dye front reached beyond the separating gel layer. The voltage was
then increased to 120 V and the gel was run for approximately 1 hour until the dye
ran out of the gel.
When SDS-PAGE was complete, the stacking gel was cut off and the
separating gel containing resolved NHE1 was blotted onto nitrocellulose
membrane (Bio-Rad Laboratories, Ontario, Canada) for 2 hours at 450 mA. The
membrane was blocked in 10% milk solution (1g/ml milk, tris-buffered solution
(TBS)) with agitation for 2 hours at room temperature. Primary antibody, 12CA5
(1:2000 dilution monoclonal mouse anti-HA antibody), was added to probe
hemmaglutinnin tagged C-term tail for 2 hours at room temperature or overnight
at 4oC with agitation in the presence of 1% milk. After primary incubation, the
membrane was washed with TBS 4 times X 15 min . Secondary antibody, GAM
(1:10000 dilution Goat-Anti-Mouse), was added and incubated for 1.5 hour at
room temperature with 1% milk. NHE1 protein was visualized using the ECL
(enhanced chemiluminescence) technique.

Nitrocellulose membrane was

immersed in 10 ml of ECL reagent (Tris-HCl pH8, 22.5 mM luminol, 6 mM
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commaric acid, 0.04% hydrogen peroxide) for 1 min. X-ray films (Fuji medical
X-ray film) were processed using a Kodak X-OMAT 2000 M35 processor.
ImageJ 1.35 software (National Institutes of Health, Bethesda, MD, USA) was
used to quantify band intensities.

2.11 Activity assays
All activity assays were performed on at least two independently made clones
of each TMVI cysteine mutant stable cell lines using a PTI Deltascan
spectrofluorometer. Experiments were done at 37oC and all solutions and relevant
equipment was pre-warmed to 37oC. WT, cNHE1, and TMVI mutants were
cultivated on coverslips (THOMAS® Red Label® MICRO COVER GLASSES)
in 35 mm dishes until more than 80% confluent.

The coverslip was then

incubated in 400 l serum free -MEM medium containing 1.875 g/ml 2’ - 7’bis(2-carboxyethyl)-5(6) carboxyfluorescein-acetoxymethyl ester (BCECF-AM;
Molecular Probes Inc., Eugene, OR, USA) for 20 min to allow BCECF-AM to
permeate through cell membrane. BCECF is a fluorescent dye such that its
intensity of fluorescence varies with pH.

Extracellular BCECF-AM is non-

fluorescent and permeable to the cell membranes. Once it gets inside the cell, it
becomes de-esterified to BCECF, fluoresces with varying pH and is impermeable
to the membrane. Dual excitation of BCECF was used. BCECF treated cells were
excited at 425 nm and 503 nm, and emission was measured at 524 nm. The
reason for using a double excitation method was to correct the absolute level of
fluorescence which varies with the amount of BCECF absorbed. In order to
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measure the activity of NHE1, the cells were transiently acidified using 50mM
ammonium chloride (NH4Cl). Ammonium(NH4+) enters the cell and decomposes
into ammonia (NH3) and a H+. As the small uncharged ammonia can readily
diffuse out of the cell more rapidly than ammonium, this shifts the equilibrium to
the right and produces even more H+, thereby inducing intracellular acidosis.

2.11.1 One-pulse assays
In the one-pulse assay for Na+/H+ exchanger activity, the cells were plated
on coverslips and acidified only once using ammonium chloride. They then
recovered in normal sodium containing buffer and NHE1 activity was measured
during pHi recovery. The coverslip was attached to a coverslip holder, placed in a
cuvette filled with 2.5 ml normal buffer pH7.3 (135 mM NaCl, 5 mM KCl, 1.8
mM CaCl2, 1 mM MgSO4, 5.5 mM glucose, 10 mM hepes) and left in the
fluorometer for 3 min. 50 l of 2.5 M ammonium chloride was added by pipette
to the normal buffer in cuvette and the cells were incubated for another 3 min.
The coverslip holder was then immersed in a cuvette containing fresh 2.5 ml
sodium free buffer pH7.3 (135mM N-methyl glucamine, 5 mM KCl, 1.8 mM
CaCl2, 1 mM MgSO4, 5.5 mM glucose, 10 mM hepes) for 30 seconds. This step
allowed the removal of the external ammonium chloride and induced transient
intracellular acidification. In the absence of sodium, NHE1 was unable to recover
the pHi of cells. The coverslip was returned to normal sodium containing buffer,
thus allowing the acidified cells to recover pH via the activity of NHE1. Each
measurement of activity was followed by a 3 point pH calibration to calibrate the
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amount of fluorescence to pHi. pH calibration buffers at a pH of 6, 7, and 8 were
used (5 mM N-Methyl Glucamine, 135 mM KCl, 1.8 mM CaCl2, 1 mM MgSO4,
5.5 mM glucose, 10 mM HEPES, pH adjusted with KOH and HCl). pH
calibration buffer contained 10 mM nigericin, which acts as an ionophore to
equilibrate K+ and H+ across the cell membrane. Activity traces were calibrated
using the pH calibration curves. The initial rate of recovery during the first 20
seconds was used to calculate the activity of NHE1 (Figure 4).

2.11.2 Two-pulse assays: EMD 87580 and MTSET/MTSES treatments
Two-pulse Na+/H+ exchanger assays consisted of two ammonium chloride
acidification pulses with a chemical treatment in the second pulse. EMD87580
(N-(4,5-Bis-methansulfony-2-methyl-benzoyl) guanidine) is a specific inhibitor of
NHE1 activity. MTSET ([2-(Trimethylammonium) Ethyl] Methanethiosulfonate)
and MTSES ([2-(Sulfonylethyl)]Methanethiosulfonate) are sulfhydryl reactive
compounds that are able to form covalent bonds with water soluble cysteine side
chain.

MTSET is positively charged and MTSES is negatively charged.

Formation of covalent interactions with a protein translocation pore cysteine side
chain with MTSET or MTSES may inhibit the activity of cation transport in
NHE1. The chemical structure of MTSET and MTSES are similar to a hydrated
Na+.
In order to test how the treatments (EMD87580, MTSET and MTSES)
affected NHE1 activity the two pulse assay was used (Figure 5). This allowed
comparison of the first untreated pH recovery to the second pH recovery of
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treated cells. The first recovery in the two pulse assay is done identically to a one
pulse assay, where the cells were acidified in ammonium chloride and recovered
in normal buffer. The second recovery in the two pulse assay, is normally almost
identical to the first when done in the absence of other reagents. To test the
inhibitory effects of EMD87580 on cNHE1, in the second pulse EMD87580 was
added to a final concentration of 10 M in the normal buffer after pH recovery.
The cells were incubated with EMD87580 for 3 minutes in the fluorometer, and
ammonium chloride was then added. After another 3 minutes, the cells were
incubated in sodium free buffer containing 10 M EMD87580 for 30 seconds.
The cells were then allowed to recover in the normal sodium containing buffer in
the presence of 10 M EMD87580. A three point pH calibration was conducted
at the end of the activity assay (Figure 17).
Treatment of cells with MTSET and MTSES was also carried out in a two
pulse assay. The first half was identical to the one pulse assay. Either MTSET or
MTSES was then added to normal buffer to 10 mM final concentration after the
first acidification was recovered. The cells were incubated in MTSET or MTSES
for 10 minutes, and then incubated in normal buffer solution containing 50 mM
ammonium chloride for 3 minutes. The incubation buffer was then changed to
sodium free solution for 30 seconds to induce intracellular acidification. Finally,
the cells were incubated in normal buffer for a second pH recovery, followed by a
three point pH calibration.
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Figure 4. Sample of activity trace of an one-pulse Na+/H+ exchanger assay.
The trace represents changes in pHi occurring over time in AP1 cells during onepulse Na+/H+ exchanger assay. The x-axis illustrates the time course of
experiment, and the y-axis corresponds to pHi. Initially, cells are immersed in
normal buffer. Adding NH4Cl to the buffer increases pHi. Removing Na+ and
NH4Cl from incubation buffer induces a transient intracellular acidification. In
the presence of Na+, NHE1 returns pHi back to normal. At the end of an activity
trace, a three-point calibration is done using buffers containing nigericin at pHs 8,
7 and 6.
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Figure 5. Sample of activity trace of a two-pulse Na+/H+ exchanger assay.
The trace represents changes in pHi occurring over time in AP1 cells during a
two-pulse assay. The x-axis illustrates the time course of experiment, and the yaxis corresponds to pHi.
Two-pulse assay consists of two consecutive
intracellular acidification for the comparison of the first and second pH recovery
curves. Initially, cells are immersed in normal buffer. Adding NH4Cl to the
buffer increases pHi. Removing Na+ and NH4Cl from incubation buffer induces a
transient intracellular acidification. In the presence of Na+, NHE1 returns pHi
back to normal. A second acidification is initiated by another NH4Cl incubation.
Removal of Na+ rapidly induces a decrease in pHi. Recovery of the pH occurs in
the presence of Na+. At the end of an activity trace, a three-point calibration is
done using buffers containing nigericin at pHs 8, 7 and 6.
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2.12 Analysis of surface localization
To examine the targeting of NHE1 to the cell surface, cells were grown to
50 – 70% confluence in 60mm dishes. The plates were placed on ice, washed
once with 4oC PBS followed by a second wash with 4oC borate buffer pH9
(154mM NaCl, 7.2 mM KCl, 1.8 mM CaCl2, 10 mM boric acid). 3 ml of freshly
made sulpho-NHS-SS-Biotin (Pierce Chemical Company, Rockford, IL, USA) at
a concentration of 0.5 mg/ml in borate buffer was added to each plate and cells
were incubated for 30 min at 4oC. Cells were then washed 3 times with cold
quenching buffer pH8.3 (192 mM glycine, 25 mM Tris) on ice. Solubilization of
cells was achieved by addition of 500l IP lysis buffer pH7.5 (1% (w/v)
deoxycholic acid, 1% (w/v) Triton X-100, 0.1% (w/v) SDS, 150 mM NaCl, 1 mM
EDTA, 10 mM Tris/Cl, 0.1 mM PMSF, 0.1 mM Benzamidine, and lab-made
protease inhibitor cocktail). Cell debris was removed by centrifugation at 16000g
at 4oC for 20 min. Supernatants were transferred into two equal 200 l fractions
in eppendorf tubes, to a “Total” fraction and an “Unbound” fraction. In the
unbound fraction, 50 l of immobilized strepavidin resin was added to bind the
biotin labelled proteins. Unbound fractions were then incubated at 4oC overnight
with gentle rocking.

Supernatants were collected the following day by

centrifugation at 16000 g for 2 min. 25 l of the total fraction and 28 l of
unbound fraction were loaded on 10% acrylamide gels for SDS-PAGE. NHE1
was detected by western blotting, and quantified using Image J software.
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2.13 Analysis of protein expression levels
Equal amounts of protein (75 g) were loaded in SDS-PAGE to measure
NHE1 expression. Cell lysates were prepared for SDS-PAGE on the same day.
Protein concentrations were measured at least 3 times using BioRad DC TM protein
assay kit. The NHE1 bands were detected by western blotting, as described
above. Three to four repeats were done for each gel. Quantification was done
using Image J software.

2.14 Limited trypsin digestion of NHE1
Cell lysates were prepared as described above using RIPA lysis buffer, with
the exception that proteinase inhibitors PMSF, benzamidine and protease cocktail
were not added. Trypsin (phenylalanyl chloromethyl ketone-trypasin, Sigma, St.,
Louis, MO) was prepared and dissolved in TE buffer. Equal amounts of proteins
(100 g) from cell lysates were treated with trypsin at different trypsin:protein
ratios (1:1500, 1:2000, 1:2500, 1:3000) and incubated at 37oC for 5 min. The
reaction was terminated by addition of SDS-PAGE loading buffer followed by
boiling at 100oC for 5 min. Samples were resolved by SDS-PAGE and NHE1
detected by western blot analysis.

2.15 Statistics
All activity assays and surface localization results were produced from at
least 6 repeats.

Protein expression levels were determined at least 3 times.

Statistical significance was calculated using Mann-Whitney-Wilcoxon test.
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Chapter III
Results

A version of this chapter on NHE1 TMVI cysteine mutations also appears in the
Journal of Biological Chemistry (2010) 285:36656-65. Jennifer Tzeng, Brian Lee,
Brian Sykes and Larry Fliegel. All data in this chapter is performed by Jennifer
Tzeng.
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3.1 Characterization of expression: TMVI cysteine mutants
NHE1 transmembrane segment VI (Asn227 – Ile249) was proposed to be
involved in the cation transport activity based on the homology model structure
with E. coli NhaA (45, 67). Cysteine scanning mutagenesis was used to study
TMVI to specifically investigate the contribution and function of each residue.
All TMVI cysteine mutant plasmids were successfully transfected in AP1 cells
and the expressed NHE1 protein was detected by SDS-PAGE and western
blotting.

At least two clones of each mutant cell lines were characterized.

Expression levels of each TMVI cysteine mutants were determined by
densitometric analysis (Figure 6). NHE1 was detected by blotting against the
HA-tag on the C-terminus. NHE1 appears as two forms on western blots: the
mature NHE1 is glycosylated on its first extracellular loop and has a higher
molecular weight at around 105 – 110 kDa, whereas the immature form of NHE1
is partially or non-glycosylated with a molecular weight of approximately 85 -95
kDa (20, 39). AP1 cells did not contain any detectable HA-tagged NHE1 protein
(Figure 6). Of the mutant proteins, Asn227Cys and Ala236Cys displayed the
greatest decrease in expression to less than 30% of cNHE1 levels. Ile233Cys and
Pro239Cys also had severe reductions in expression to 60% and 40% of cNHE1
levels respectively.

Interestingly, there were several residues that exhibited

significantly higher expression than cNHE1 (Gly231Cys, Ser232Cys, Ile234Cys,
Ser235Cys, Val237Cys, Asp238Cys, Leu243Cys, Ala244Cys, Val245Cys, and
Phe246Cys).

One of the most intriguing findings from the expression
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experiments was that only the immature form of NHE1 was observed in
Pro239Cys and Glu247Cys mutations.

3.2 Surface localization of TMVI cysteine mutants
Membrane proteins are usually synthesized in the endoplasmic reticulum,
processed further in the golgi bodies, and sent to membrane locations via vesicles.
Previous studies have found that mutations in NHE1 may disrupt this synthesis
and transport network, which caused intracellular retention of the mutant protein
(120, 133). The surface localization of TMVI cysteine mutants was therefore
measured.

Cell lysates, total and unbound protein, representing total and

intracellular proteins, were loaded in equal amounts for SDS-PAGE and western
blotting. NHE1 bands were blotted by anti-HA tag antibodies and visualized by
ECL. The amount of fully glycosylated and partially glycosylated NHE1 were
calculated and compared using ImageJ 1.35 software (Table 2). A background
control of nonspecific protein binding to strepavidin-agarose beads was examined.
Results (Figure 7) indicated that there was no significant nonspecific binding of
unlabelled proteins. In general, the mature form of wild type, cysteineless, and
mutant NHE1 proteins at 110 kDa were mostly targeted to the plasma membrane
(70% to 80%). The immature NHE1 remained mainly intracellular, only around
15% to 25% was surface localized. For Pro239Cys and Glu247Cys mutations,
surface localization of mature NHE1 was not measureable, however they had a
similar percentage of partially glycosylated NHE1 expressed on the surface. A
few mutants had less than 30% of mature NHE1 surface localization, they are
Leu229Cys, Ile234Cys, Ser235Cys, Ala241Cys, Val242Cys, and Val245Cys.
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Figure 6. NHE1 expression of TMVI cysteine mutants in AP1 cells. Western
blot of whole cell extracts of WT NHE1, cNHE1 control, and TMVI cysteine
mutants. NHE1 was probed using anti-HA antibodies. Each lane contained 75g
of total protein. Two bands of NHE1 were detected: a mature form at 110kDa and
an immature form at 95kDa. The amount of expression was evaluated from
densitometric analysis of both forms of NHE1. AP1 cells did not express
endogenous NHE1. The results are a mean of 3 – 4 experiments. * indicates
mutants with significantly lower expression than cNHE1 at P<0.05.
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Substitution of Ile233 and Leu243 to cysteines, displayed increases of 10% to
15% in surface localization of the mature NHE1 form.

3.3 Activity assays of TMVI cysteine mutant containing cells
3.3.1 One-pulse assay
The cation transport activity of NHE1 TMVI mutant stable cell lines was
determined using the fluorescent dye, BCECF-AM as described above. A onepulse assay was carried out to determine whether the TMVI cysteine mutants had
enough activity for further analysis using MTSET and MTSES. At least two
independent clones of each type of TMVI mutation were used. Figure 8 depicts
the raw Na+/H+ exchanger activity in black bars and normalized activity with
expression levels and mature NHE1 surface localization levels is shown by gray
bars. Untransfected AP1 cells had no Na+/H+ exchanger activity; therefore they
could not recover from intracellular acidification.

A few residues that were

mutated to cysteine exhibited very low NHE1 activity, less than 15% of cNHE1
control (Pro239Cys, Asp238Cys, and Glu247Cys).

Asn227Cys, Ile233Cys,

Ala236Cys, Leu243Cys, and Glu248Cys also had low activity, from 15% to 40%
of cNHE1. After correcting the activities for expression and surface localization,
Asn227Cys, Ala236Cys, Ala241Cys, and Val242Cys exhibited activity close to
cNHE1 activity. The low activities of Asn227Cys and Ala236Cys were mostly
contributed by their low expressions, whereas Ala241Cys and Val242Cys had
reductions in expression and surface localization.

There were two mutants,

Ser235Cys and Ile249Cys, with significantly higher activities than cNHE1. When
normalized, Ser235Cys had elevated activity due to its lower surface localization.
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Figure 7. Surface localization of NHE1 TMVI cysteine mutants. Equal
amounts of total protein fraction and unbound fraction of WT NHE1, cNHE1
control, and TMVI cysteine mutants were assessed by western blotting with antiHA antibody. The amount of surface localized NHE1 was calculated from
densitometric analysis by taking the (total protein) – (unbound protein) =
(membrane surface localized protein). AP1 cells did not express HA-tagged
NHE1. + indicates mutants with significantly different surface localization than
cNHE1 at P<0.05. Results are mean ± S.E. n = at least 6 experiments.
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However Ile249Cys activity was reduced, since it exhibited increases in both
expression and surface localization.

3.3.2 Two-pulse assay with MTSET and MTSES treatments
TMVI cysteine mutants with uncorrected activity that was higher than
15% of wild type, were considered for MTSET and MTSES treatments.
Asp238Cys, Pro239Cys, and Glu247Cys were essentially inactive, therefore any
slight inhibition caused by the treatments would not be detectable. MTSET and
MTSES are sulfhydryl reactive chemicals commonly used to examine externally
accessible amino acid residues (31, 42, 137). The binding of MTSET or MTSES
to accessible cysteines in the transmembrane segment that lies along the
translocation pore, may block cation passage. A two-pulse assay was carried out
to characterize the effects of MTSET and MTSES on TMVI cysteine mutations
(Figure 9). Phe161Cys mutant in TMIV of NHE1 was found to be sensitive to
both MTSET and MTSES in our lab previously; therefore it was used as a
positive control for treatments (117). Asn227Cys, Ile233Cys, and Leu243Cys
exhibited the greatest inhibition when treated with MTSET (Figure 9, 10). pH
recovery was almost completely abolished by MTSET treatment and resembled
the effects of EMD87580 treatment (Figure 17). Several TMVI cysteine mutants
Phe230Cys, Gly231Cys, Ala236Cys, Val237Cys, Ala244Cys, Val245Cys, and
Glu248Cys were sensitive to MTSET treatment to a lesser degree. Interestingly,
only the positively charged MTSET affected the TMVI cysteine mutants. There
was a noticeable pattern of residues that were sensitive to MTSET. Starting from
Asn227Cys, MTSET inhibited amino acids that were three to four residues apart.
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The neighboring residues of Leu243Cys were slightly affected by MTSET as
well. Similar occurrences were observed in functional investigation on other
transmembrane segments of NHE1 (28, 69, 103, 120). MTSES had no significant
inhibition on any residues, yet there was a slight increase in activity when treated
to Val242Cys.

3.4 Characterization of expression: critical residues of TMVI mutants
Residues mutated to cysteines that were either inactive or sensitive to MTSET
treatment were further investigated.

The activity of mutants Asn227Cys,

Ile233Cys, and Leu243Cys were almost abolished completely by MTSET. The
Glu247Cys mutant was essentially inactive.

Glu248Cys exhibited ~55%

uncorrected activity and was partially inhibited by MTSET. Therefore nine more
mutations were created to replace these residues in the background of wild type
NHE1 protein. Hydrophilic Asn227 was mutated to an Ala which has a small side
chain, a Gln with longer hydrophilic side chain, and a positively charged Arg.
Ile233 and Leu243 were mutated to alanine to remove the contribution of long
hydrophobic side chains of Ile and Leu. Glu247 and Glu248 were mutated into
similarly charged but smaller Asp and a polar Gln side chain removing the free
negatively charged carboxyl of the amino acid.

Expression levels of NHE1

mutants were examined by SDS-PAGE and Western blotting. In general, the
mutants expression varied compared to wild type NHE1 (Figure 11). Asn227Ala,
Glu247Asp, Glu247Gln, and Glu248Asp exhibited slightly elevated NHE1
expression by 10%. Mutation of Asn227 to Arg reduced expression of the mature
NHE1 drastically. Of all the mutants, Ile233Ala displayed the lowest expression
52

Figure 8. NHE1 activity of TMVI cysteine mutants determine by one-pulse
assay. The activities of cNHE1 control, AP1, and TMVI cysteine mutants were
determined using a one-pulse assay. The rate of recovery of cNHE1 was set at
100% and TMVI cysteine mutants’ recovery rates were compared to that of
cNHE1. Results are mean +/- SE (n = at least 6 determinations). Uncorrected
NHE1 activities are represented as black bars and corrected activities are
represented as gray bars. * uncorrected mutant activities that is significantly
lower than that of cNHE1 at P < 0.05.
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Figure 9. Residual NHE1 activity of TMVI cysteine mutants from
MTSET/MTSES treatment. Summary of effects of 10 mM MTSET/MTSES
treatment on activities of cNHE1 control, AP1, and TMVI cysteine mutants.
Black bars represent MTSET treatments and gray bars are MTSES treatments.
Results are mean activities (n = at least 6 determinations) of the % second
recovery relative to the first. * and † indicate TMVI cysteine mutant residual
activities significantly lower than the first at P < 0.05 and P < 0.001 respectively.
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Figure 10. Effect of MTSET and MTSES on activity of cNHE1 and I233C.
The activities of cNHE1 and I233C were determined in two-pulse assays. The
recoveries from second acidification were shown in the absence of sulfhydryl
reactive reagents, and treatments with MTSES and MTSET. NH4Cl, treatment
with ammonium chloride; Na Free, treatment with Na+ free buffer to induce
acidosis; NaCl, recovery from acidosis in NaCl containing buffer.
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levels at 44% of wild type. Whereas Leu243Ala and Glu248Gln had expression
levels reduced to ~90% and ~75% of control NHE1 respectively.

3.5 Surface localization of critical TMVI mutants
The surface localization of the nine TMVI mutants was investigated as
previously described in the methods section. The surface processing of fully
glycosylated and immature forms of NHE1 were quantified (Table 3). Surface
localization of the upper band from NHE mutants showed less variation compared
to the control (Figure 12). Asn227Arg only exhibited ~29% of mature NHE1
targeted to the membrane surface, whereas the immature bands remained constant
as intracellular. Ile233Ala and Glu248Gln displayed ~20% higher localization of
mature NHE1 to the surface.

There was a ~10% significant reduction of

Glu248Asp mutant on the plasma membrane.

3.6 Activity of critical TMVI mutants
The Na+/H+ exchanger activities of nine TMVI mutants were determined
by one-pulse assays. Control wild type NHE1 activity was set to 100% and all the
mutant activities were expressed as a percent of control. Figure 13 illustrates the
uncorrected NHE1 activities in black bars and the corrected activity in gray bars,
which represent activity normalized by expression and surface localization levels
of the mature NHE1. Several mutants, (Asn227Arg, Ile233Ala, and Leu243Ala)
were almost inactive and had almost no pH recovery after intracellular
acidification. Asn227Ala exhibited ~75% of control activity. Asn227Asp and
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Glu248Gln were less than 40% active. Correcting the raw activities for protein
expression and targeting, did not revert activity back to wild type NHE1 level.

3.7 Limited trypsin digestion on NHE1 with mutated residues
Of the nine new TMVI mutations, Ile233Ala, Leu243Ala, Glu247Asp, and
Glu248Gln were chosen for further investigation to determine the nature of the
defect in NHE1 activity. Limited trypsin digestions were carried out to reveal
changes in protein conformation (85, 88). Cell lysates were treated with trypsin
for a limited amount of time (5 min) and at different ratios of trypin:protein
(1:1500 to 1:3000) to produce fragments of NHE1 protein to enable evaluation of
digestion patterns. Control digestions were done simultaneously with the mutants
to make experimental results more uniform. The results (Figure 14) showed that
there was no significant difference between the digestion pattern of NHE1 control,
Glu247Asp and Ile233Ala mutant proteins (Figure 14). Glu248Gln displayed a
high sensitivity to trypsin, and most of the immunoreactive NHE1 bands
disappeared even at the lowest trypsin:protein ratio of 1:3000. Leu243Ala was
also more susceptible to trypsin hydrolysis compare to WT NHE1. Most of the
bands were digested in Leu243Ala mutant at 1:2000 trypsin:protein ratio
treatment. There was no appearance of additional bands due to trypsin digestion.
NHE1 was probed using anti-HA antibodies which detected the HA-tag on the Cterminal tail, therefore we were not able to detect any changes in N-terminal
digested fragments.
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Figure 11. NHE1 expression levels of mutants of critical residues in TMVI.
Western blot analysis of whole cell extracts of WT NHE1, and TMVI mutants.
NHE1 levels were examined using anti-HA antibodies. Each lane contained 75g
of total protein. Two bands of NHE1 were detected: Mature form at 110kDa and
immature form at 95kDa. The amount of expression was evaluated from
densitometric analysis of both forms of NHE1. AP1 cells did not express HAtagged NHE1. The results are a mean +/- SE of 3 experiments. ς indicates
mutants with significantly different expression than WT NHE1 at P<0.05.
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Figure 12. Surface localization of NHE1 proteins with mutations in critical
residues of TMVI. Equal amounts of total protein fraction and unbound fraction
of WT NHE1, control, and TMVI mutants were assessed by western blotting with
anti-HA antibody to probe NHE1. The amount of surface localized NHE1 was
calculated from densitometric analysis by taking the (total protein) – (unbound
protein) = (membrane surface localized protein). Control AP1 cells did not
express HA-tagged NHE1.  indicates mutants with significantly different surface
localization than cNHE1 at P<0.05. Results are mean +/- S.E. n = at least 6
experiments.
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Figure 13. NHE1 activity of TMVI critical residue mutant proteins. The
activities of NHE1 WT control, and TMVI mutants were determined by one-pulse
assays. The rate of recovery in NHE1 WT was set at 100% and TMVI mutants’
recovery rates were normalized to NHE1 WT. Results are mean +/- S.E. (n = at
least 6 determinations) of uncorrected NHE1 activities or NHE1 activity corrected
for expression levels and targeting represented as gray bars.  indicates raw
TMVI mutant activities that are significantly lower than that of WT NHE1 at P <
0.05.

60

Figure 14. Limited trypsin digestion of selected TMVI mutants. Western
blots of WT NHE1, Glu247Asp, Glu248Gln, Leu243Ala, and Ile233Ala whole
cell lysates treated with trypsin:protein ratios of 0:1, 1:1500, 1:2000, 1:2500, and
1:3000 as indicated.. The pattern of NHE1 digestion was detected using anti-HA
antibodies. Similar results were reproduced for at least two times.
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Chapter IV
Discussion

A version of this chapter on NHE1 TMVI cysteine mutations also appears in the
Journal of Biological Chemistry (2010) 285:36656-65. Jennifer Tzeng, Brian Lee,
Brian Sykes and Larry Fliegel.
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4.1 Analysis of TMVI cysteine mutant activity
In this work I characterized the functional characteristics of amino acids
227-249 of the NHE1 isoform of the Na+/H+ exchanger. These residues are
purported to be either TMVI (132) or TM4 (67) of the protein. This TM segment
has not been well studied earlier, but molecular modeling by Landau et al. (67)
suggested that it may be an important pore lining segment, critical in activity of
the protein. Cysteine scanning mutagenesis was performed to examine the pore
lining properties of TMVI. All of the amino acids of TMVI from Asn227 to
Ile249 were mutated to Cys in the background of the cysteineless protein that we
have earlier shown is fully functional (120). Mutations to cysteine reduced the
activity of many residues. For the cysteine mutations at residues Asp238, Pro239
and Glu247, their activities were reduced so greatly (less than 15%) that it was not
possible to assay these mutants further in MTSET/MTSES treatments. For 12
other cysteine mutants, the activity was reduced but was measurable reliably. We
have found that some TM segments, TMIV (36) and TMIX (103) are more
tolerant of mutations to cysteine. Whereas TMXI (69) appear to be intolerant of
changes.
One-pulse activity assays of cNHE1 and TM VI cysteine mutants were
corrected with their relative protein expression and surface localization.
Asn227Cys, Ala236Cys, Ala241Cys, and Val242Cys activities have returned to
the cNHE1 control level after normalization. This indicated that these mutant
proteins were functional, but were not expressed or processed properly. The
Asn227Cys and Ala236Cys lower protein expression levels mainly contributed to
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the decrease in the cation transport activities.

Whereas Ala241Cys and

Val242Cys reduced activities were reflected by decreases in protein expression
and surface localization. Ile233Cys, Leu243Cys, and Glu248Cys mutants did not
exhibit wild type activity after normalization, indicating that the lost of activity
was due to hindered cation transport.
Mutation of Pro239 and Glu247 to cysteine residues caused expression of
the mature form of NHE1 to decline and expression was predominantly of the
immature form of NHE1 that remained intracellular (Figure 6 and 7). The results
indicate that the immature and intracellular form of NHE1 is unable to correct
intracellular acidosis in AP1 cells.

Many mutations in the transmembrane

segments of NHE1 also cause immature protein expression. Similar findings are
noted in other studies of NHE1 TM segments (TMIV, TMVII, TMIX, and
TMXI). Six of the twenty-three residues from TMIV, and seven of the twentytwo from TMXI cysteine mutants express the immature form of NHE1, which is
intracellular and essentially inactive (28, 69, 103, 120). The TMXI Tyr454Cys
mutant was shown to be retained in the endoplasmic reticulum by
immunofluorescence microscopy. Interestingly, the intracellular Tyr454Cys can
be rescued to the plasma membrane by having a second point mutation at
Cys8Ala in the N-terminal (133).
The Asp238Cys mutant had little activity but showed similar expression
and surface localization to the cNHE1 control. This suggests that Asp238 is
essential for the cation exchange activity of NHE1, and that the decreased activity
we observed is not due to less protein or inappropriate protein targeting to the cell
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surface. In the homology model structure of NHE1 (67), Asp238 is positioned at
the centre of the cation translocation pore.

It corresponds to the Asp133 in

EcNhaA (45, 67). The crystal structure of E. coli NHaA was determined at 3.45Å
and revealed a cation translocation pore constrained by transmembrane helices
(45). Two transmembrane helices of NhaA are discontinuous, TM4 and TM11
have a helix – loop – helix structure, which cross over at the loop region with each
other. Between the helix dipoles of TM4 and11 is a negatively charged Asp133.
This residue compensates for the positively charged discontinuous N-terminal
helix dipoles. Therefore, the corresponding Asp238 residue in NHE1 may be
crucial in compensating for the charge of similar repulsive helix dipoles (67).
Another possibility is that Asp238 may serve as a titratable residue in the centre of
the translocation pore (67).

4.2 Critical residues of TMVI that line the cation transport pore
When mutated to cysteine, several amino acids of TMVI (amino acids
227-249) were exquisitely sensitive to reaction with MTSET, as determined in
two-pulse assays. Of the 20 cysteine mutants that were active, treatment with
MTSET resulted in inhibition in 10 amino acids positions. This made TMVI
more susceptible than any of TMIV, IX or XI (69, 103, 120). Three of the
mutants (at amino acids Asn227, Ile233, Leu243) were greatly inhibited by
MTSET, while 7 others were inhibited to a lesser degree. A positive control,
Phe161 of TMIV, was inhibited by both MTSES and MTSET. In no cases did
reactivity with MTSES cause any inhibition with the amino acids of TMVI. The

65

cysteine mutants of TMVI treated with MTSES either yielded 100% control
activity or minor increases in pH recovery. There are two possible explanations
for this: first, MTSES is repelled by the negatively charged residues located at the
pore and near the pore openings, such that MTSES cannot access and modify
TMVI cysteine mutants; second, modification of cysteine mutants by MTSES has
no effect on cation translocation. Overall, TMVI cysteine mutants were much
more susceptible to MTSET compared to MTSES. We suggest that the bulky
trimethyl-ammonium and positive charge on MTSET have more impact on NHE1
cation translocation. Na+ and H+ ions may be electrostatically repelled or blocked
by the MTSET modified cysteine side chain.

On the other hand, there is

insufficient evidence to imply that MTSET and MTSES do not modify cysteine
mutants that exhibit normal activities. These results suggest that many residues of
TMVI are pore lining and that this segment plays an important role in forming the
pore of the NHE1 protein. While the residues strongly inhibited by MTSET
(Asn227, Ile233 and Leu243) are compelling candidates for pore lining residues,
those partially inhibited (Phe230, Gly231, Ala236, Val237, Ala244, Val 245 and
Glu248) are less defined. Residues Ala244 and Val245 are next to Leu243 and
may have partial access to the pore.

We have previously found a similar

phenomenon in TMIX, residues adjacent to strongly inhibited residues were also
tended to be partially inhibited (103).
The structure of TMVI was determined earlier by our laboratory in
collaboration with Dr. Sykes laboratory (128). Figure 15 illustrates the structure
of TMVI segment in DPC micelles and highlighting the MTSET reactive residues
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in N- and C-terminals. TMVI is a discontinuous helix segment with a flexible
loop in the center linking two short alpha helices (Leu229 – Ala236 and Pro239 –
Ile249).

The flexible region contains a Pro239; proline residues are often

observed in kinks and are regarded as helix breakers (9). Such distortion in TM
segment is commonly observed in transporters and channels, and it is often
functionally critical (54). The cation transport activity, protein expression, and
surface localization of Pro239Cys mutant were significantly reduced. In addition,
the cysteine mutation of Pro239 resulted in expression of premature NHE1. This
indicates that Pro239 of TMVI is especially important in NHE1 processing. The
Asp238-Pro239-Val240 (DPV) sequence of TMVI is highly conserved among the
NHE isoforms and yeast Na+/H+ exchanger SOD2 (85).

All three residues

upstream of Pro239 (Ala236, Val237 and Asp238) were important in activity or
expression and when substituted to cysteine, the mutations resulted in decreases in
NHE1 activity. Moreover the A236C and V237C mutants were partially inhibited
by reactivity with MTSET, suggesting they are accessible from the cell exterior
and pore lining or at least partially accessible to the pore. This extended region
(Val237 – Asp238) of the TMVI segment appears to be critical to NHE1 function.
The loop allows flexible movements in the segment and contributes to the
dynamic structure of NHE1 pore. MTSET reactive residues in the N-terminal,
Asn227, Phe230, Ile233, Ala236 and Val237 align along a similar face, that is
perhaps pore lining. While the residues Ala244, Val245 and Glu248 line up on
the same face of the C-terminal helix, they do not align with the N-terminal
MTSET reactive residues, though it must be remembered they are separated by an
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extended flexible region. The side chain Leu243 does not seem to align well with
the rest of MTSET sensitive residues, however we need to keep in mind that the
TM segment is likely to take altered positions in different states of the transport
cycle. It is unknown how the pore lining segments change their conformations.
Paramagnetic relaxation experiments acquired information on the interaction
between TMVI peptide and DPC micelle, and determined the solvent accessible
face of TMVI (128). Interestingly, Mn2+ accessible residues such as Gly231,
Ala236, Asp238, Ala244, and Glu247 were also either partially inhibited by
MTSET or expressed inactive NHE1 when substituted to cysteine.
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Figure 15. NMR structures of NHE1 TMVI. The NMR structure of TMVI
peptide (D226 – H250) was determined by Brian Lee. The peptide is a
discontinuous helix with a flexible loop in the segment center. Viewing the Nterminal segment of TMVI peptide revealed the alignment of side chains from
critical residues. TMVI C-terminal segment also displayed the side chains of
critical residues facing in a similar direction (128).
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4.3 Functions of critical residues of TMVI
Further investigation of TMVI critical residues revealed their possible
roles in NHE1. Asn227 was substituted to Ala, Asp, and Arg. Ile233 and Leu243
were mutated to Ala and Glu247 and Glu248 were mutated to Asp and Gln. The
activities of Asn227Ala, Asn227Asp, and Asn227Arg were significantly reduced
to 74%, 40% and 7% of wild type activity respectively.

Asn contains an

uncharged polar side chain, and substitution to alanine had the least effect on
NHE1 activity. When Asn227 was mutated into Asp, which is a negatively
charged residue, the activity of NHE1 dropped to 40% of control. Substituting
Arg, a positively charged amino acid, for Asn227 seemed to be the most
unfavorable. This mutation lead to expression of only the immature form of
NHE1 with an activity of 7% on wild type NHE1 control. These results indicate
that Asn227 is required for normal NHE1 expression and activity. None of the
mutations in Asn227 was well tolerated; Asn227Cys and Asn227Arg expressed
reduced amounts of NHE1 and only the immature form of NHE1 respectively.
Asn227Ala and Asn227Asp exhibited diminished NHE1 activity but expressed
and targeted normal amounts of protein. Asn227 is clearly a critical amino acid.
Results with cysteine scanning mutagenesis show that it is pore lining. Mutation
to other residues show that change to other amino acids can affect expression
levels and targeting, and also affect NHE1 activity independent of these effects.
Mutation of Asn227 to Arg is most unfavorable because of the positive charge.
This positive charge could affect both cation coordination, or perhaps cause
destabalization of other balancing electrostatic forces within the membrane. This
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could lead to conformational changes in the protein which led to loss of
production of the fully glycosylated protein.
Substitution of Ile233 and Leu243 to alanine led to reduced NHE1
expression at 45% and 86% control levels respectively. Ile233Cys and Ile233Ala
mutations both expressed NHE1 at very low levels indicating their importance in
regulating NHE1 expression. Both mutants Ile233Ala and Leu243Ala exhibited a
significant reduction of activity at ~6% of control. These results demonstrate that
these amino acids are not only pore lining, but there side chain is critical to the
maintenance of NHE1 activity. Overall, the three most sensitive MTSET pore
lining residues, Asn227, Ile233, and Leu243 are highly sensitive to mutation to
other amino acids.
Glu247Gln and Glu248Asp mutants exhibited no reduction in their cation
exchange activity and they had wild type protein expression and surface
localization. In contrast, Glu247Asp and Glu248Gln mutants were reduced to
42% and 35% of control activities, without appreciable changes in expression
levels and targeting. In the case of Glu247, the mutation to Gln demonstrates that
the carboxyl is not required at this position of NHE1 activity. However the size of
the side chain appears more critical as mutation to Asp greatly reduced activity.
On the other hand, the negative charge on Glu248 is important for normal NHE1
activity. When Glu248 was substituted to Gln, the activity reduced to 35% even
though it had normal protein expression and surface localization levels. These
results suggest that Glu247 might play more of a role in maintaining structural
requirements while Glu248 could be more critical in cation transport or in the
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formation of intermolecular bonds with other transmembrane segments, through
its charged carboxyl side chain.
To further understand the nature of the defects in the NHE1 protein, we
examined the effects of the mutations Ile233Ala, Leu243Ala, Glu247Asp, and
Glu248Gln on the conformation of NHE1. Limited digestion with trypsin was
used to determine if a conformational change had occurred (86). The results are
shown in Figure 14 where the digestion patterns of WT NHE1 and mutant
proteins are compared with varying amounts of trypsin:protein.

As the

trypsin:protein ratio decreases, the degree of digestion declines. At a dilution of
1:3000, most of the WT NHE1 protein remained intact.

Glu247Asp and

Ile233Ala exhibited no significant difference in degradation patterns.

In the

Glu248Gln mutant, NHE1 was much more susceptible to trypsin in comparison to
WT NHE1. At even the lowest trypsin to protein ratio, most of the NHE1 protein
was degraded. At higher trypsin concentrations, virtually all of the Glu248Gln
protein was degraded while much of the wild type protein remained. In the case
of the Leu243Ala mutant protein, there appeared to be a slight increase in
susceptibility to trypsin compared with WT NHE1. Overall, the degradation
patterns of Glu248Gln and Leu243Ala suggest that these residues may be
important in protein conformation.

Our results cannot exclude that a

conformational change occurs in the Glu247Asp mutant.

Our assay was

dependent on detection of changes in conformation of NHE1 using an antibody
against the HA-tag on the protein. A change that affected conformation but not
susceptibility to proteolysis, would not be detected. Nevertheless, we were able to
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demonstrate that conformation changes occurred in the Glu248Gln and the
Leu243Ala mutant proteins that made them more susceptible to proteolysis. In
the case of the Glu248Gln mutant, there appears to be a large change in
conformation.
Figure 16 depicts a model of the TMVI/XI assembly which is derived
from homology structural model of EcNhaA (67). Amino acids of TMVI and
TMXI that are pore lining and critical for cation transport are indicated. Asp238
is situated between the assembly of discontinuous helices TMVI/XI, and it
compensates for the positive polarity contributed by the N-terminal ends.
Supporting this concept are our results that showed that mutation of this amino
acid to cysteine eliminated activity. In addition, the Pro239Cys mutant was also
inactive. Neighboring residues of Asp238 and Pro239, were also pore lining
(Ala236 and Val237). In between the C-terminal negative polarities of TMVI/XI
assembly lies an Arg425 compensating for the negative charge. The putative
protonation site Asp267 is also shown in the diagram, where it is located in close
proximity to the pore lining residues of Ile233 and Ala236 in TMVI, and Ile461
and Leu465 in TMXI (69, 128). Ile233, Ala236, Ile461, and Leu465 cysteine
mutants were shown to be susceptible to MTSET treatment, which led to
decreased activity (69). This supports the idea that MTSET modification on these
pore lining residues with side chains facing the closely situated putative
protonation site Asp267 affect cation transport.
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Figure 16. TMVI/TMXI assembly based on Landau’s homology model
structure of NHE1. The amino acid side chains of pore lining residues of TMVI
(yellow) and TMXI (light blue) are shown. R425 (cyan) from TMX and D267
(pink) from TMVII are important cation translocation residues that are also
illustrated (67, 69).
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4.4 Summary
Overall, our results have shown that TMVI (amino acids 227-249) is a
pore lining TM segment that is critical to NHE1 function. Application of cysteine
scanning mutagenesis determined which residues are pore lining residues.
Asn227, Ile233, and Leu243 mutations to cysteine exhibited the greatest
inhibition by MTSET treatment.

Several residues, Phe230, Gly231, Ala236,

Val237, Ala244, Val245, and Glu248, were slightly inhibited by MTSET
treatment. The positive charge and bulky trimethyl-ammonium group of MTSET
contributed to activity inhibition. None of the TM VI cysteine mutants were
affected by MTSES suggesting that introduction of a positive charge might be
inhibitory to cation translocation.
The pore lining residues in TMVI were highly susceptible to single amino
acid substitution mutagenesis. Substituting Asn227 to Cys and Arg decreased the
amount of mature NHE1 protein expression; Asn227 mutation to Asp and Ala
reduced the activity of NHE1. Mutations in Ile233 diminished NHE1 protein
expression and activity drastically.

Leu243Cys and Leu243Ala mutants also

exhibited low cation exchange activity.
Limited trypsin digestion of TM VI mutants suggests that Leu243 and
Glu248 residues are important in NHE1 protein folding and stability. Mutations
of Leu243Ala and Glu248Gln produced notable degradation pattern differences
from controls, revealing changes in protein conformation that caused
susceptibility to trypsin proteolytic attack.
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4.4 Future studies
A variety of approaches can be used to shed more information on the
mammalian NHE1 protein and the mechanism of transport of cations by this
membrane protein.
I. Resolving the whole length high resolution crystal structure of NHE1 is critical
for the understanding of NHE1 mechanism. Not only the cation translocation
steps can be revealed, but the binding sites for regulatory proteins could also be
examined.
II. Given that achieving a crystal structure of mammalian NHE1 may be difficult,
an alternative procedure is the determination of the structure of NHE1
transmembrane segments and loops by NMR spectroscopy. By assembling NMR
segments structures, one can produce a full length structure of NHE1. The NMR
structures of proteins are comparable to their crystal structures (59, 81, 104).
III. Determine the topology that best represents the real form of NHE1 in plasma
membrane.

Two topologies of NHE1 have been suggested, and they have

different transmembrane segment assignments (67, 132). One major difference
between the two topologies is the assignment of the first two transmembrane
segments. Landau suggested that a part of the N-terminal segment in NHE1 is
cleaved as signal peptide. Therefore the first TM in Landau’s model begins at
Val129, whereas in Wakabayashi’s model TMI begins at His13. Applying mass
spectrometry to a trypsinized sample of NHE1 excised from SDS-PAGE gel, one
can perhaps detect the presence of the first two TM segment peptide fragments.
Another method to investigate the topology of NHE1, is to introduce cysteine
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mutations in TM9 (374 – 398 aa) of Landau’s model and look at the accessibility
of sulfhydryl reactive compounds. This segment is assigned as a re-entrant loop
in Wakabayashi’s model, where it was investigated previously to contain two
residues that were inaccessible to biotin-maleimide from both extracellular and
intracellular sides (132).
IV. Investigate the function of Asp238 in NHE1 to unravel its helix dipole
compensation properties.

Substitute Asp238 to a similarly charged Glu, an

uncharged polar Asn, and a positively charged Arg and assess their activities. I
postulate that substituting Asp238 to Arg will have the most detrimental effects on
stabilizing the positively charged helix dipoles.
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Cell Line
cNHE1 Ct
WT NHE1
cNHE1
N227C
L228C
L229C
F230C
G231C
S232C
I233C
I234C
S235C
A236C
V237C
D238C
P239C
V240C
A241C
V242C
L243C
A244C
V245C
F246C
E247C
E248C
I249C

% NHE1 on plasma membrane
total
glycosylated unglycosylated
1.66 ± 3.7
0 ± 3.6
5.5 ± 3.0
51.0 ± 1.8
67.3 ± 2.4
21.1 ± 3.1
53.6 ± 3.1
72.8 ± 3.3
17.9 ± 2.9
52.1 ± 3.4
67.4 ± 4.2
17.8 ± 4.6
41.8 ± 5.5
70.8 ± 4.1
9.2 ± 8.3
39.1 ± 1.6
58.3 ± 1.9+
5.0 ± 1.2
22.5 ± 1.8
62.4 ± 1.4
0 ± 2.3
34.9 ± 2.9
58.2 ± 2.9
8.3 ± 2.8
53.2 ± 1.5
78.0 ± 0.9
10.2 ± 1.9
48.8 ± 1.9
87.3 ± 1.9+
3.4 ± 4.1
+
35.5 ± 1.7
58.8 ± 1.7
4.8 ± 1.0
27.0 ± 2.1
44.0 ± 2.1+
3.8 ± 3.1
52.4 ± 2.3
77.4 ± 2.1
13.1 ± 3.0
46.5 ± 1.0
74.3 ± 3.3
9.1 ± 1.1
42.3 ± 2.7
74.5 ± 2.0
2.9 ± 3.6
+
13.1 ± 4.3
0
13.1 ± 4.3
50.3 ± 1.7
78.0 ± 2.2
10.5 ± 2.3
+
32.8 ± 2.8
45.6 ± 4.0
15.4 ± 2.8
42.9 ± 1.2
57.9 ± 0.9+
18.0 ± 1.2
+
48.3 ± 2.7
84.9 ± 2.1
9.2 ± 3.4
41.1 ± 3.7
62.8 ± 5.7
6.7 ± 1.7
+
38.5 ± 3.4
57.2 ± 3.8
8.2 ± 4.3
48.3 ± 6.7
66.4 ± 6.7
15.7 ± 6.6
10.6 ± 3.5
0+
10.6 ± 3.5
42.8 ± 3.1
79.7 ± 2.2
13.7 ± 3.9
56.5 ± 3.3
78.6 ± 2.3
16.9 ± 2.8

Table 2.
Summary of surface localization in total (glycosylated +
unglycosylated), glycosylated (mature), and unglycosylated (immature)
NHE1 TMVI cysteine mutants. + indicates significantly different surface
localization of glycosylated NHE1 mutants than cNHE1 at P<0.05. Results are
mean ± S.E. n = at least 6 experiments.
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Cell Line
WT NHE1
N227A
N227D
N227R
I233A
L243A
E247D
E247Q
E248D
E248Q

% NHE1 on plasma membrane
total
glycosylated unglycosylated
50.9 ± 2.4
60.0 ± 2.0
24.7 ± 4.5
41.4 ± 1.5
56.4 ± 2.0
3.9 ± 1.2
40.3 ± 4.6
66.9 ± 7.0
10.4 ± 3.8

5.3 ± 2.9
1.0 ± 2.8
28.7 ± 5.4
62.2 ± 5.2
85.1 ± 4.3
21.6 ± 5.1
45.3 ± 1.3
65.3 ± 1.0
8.9 ± 2.4
58.6 ± 3.1
64.7 ± 3.2
38.2 ± 4.1
50.6 ± 2.1
61.5 ± 1.9
25.6 ± 2.7
36.4 ± 3.5
11.0 ± 2.9
47.3 ± 3.9

61.0 ± 1.9
82.1 ± 1.6
17.4 ± 2.9

Table 3.
Summary of surface localization in total (glycosylated +
unglycosylated), glycosylated (mature), and unglycosylated (immature)
NHE1 TMVI mutants.  indicates mutants with significantly different surface
localization than cNHE1 at P<0.05. Results are mean +/- S.E. n = at least 6
experiments.
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Figure 17. Two-pulse activity trace of cNHE1 with inhibitor EMD87580.
Treatment of EMD87580 to cNHE1 abolished pHi recovery after intracellular
acidification by NH4Cl. 10M final concentration of EM87580 was added in
assay buffers during the first recovery in normal buffer and through out the
second acidification and recovery.
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