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Abstract

The Na*/H* exchanger is an integral membrane protein found in the plasma membrane of eukaryotic and prokaryotic cells. In
eukaryotes it functions to exchange one proton for a sodium ion. In mammals it removes intracellular protons while in plants
and fungal cells the plasma membrane form removes intracellular sodium in exchange for extracellular protons. In this study
we used the Na*/H* exchanger of Schizosaccharomyces pombe (Sod2) as a model system to study amino acids critical for activity
of the protein. Twelve mutant forms of the Na*/H* exchanger were examined for their ability to translocate protons as assessed
by a Cytosensor microphysiometer. Mutation of the amino acid Histidine 367 resulted in defective proton translocation. The
acidic residues Asp145, Aspl78, Asp266 and Asp267 were important in the proton translocation activity of the Na*/H* ex-
changer. Mutation of amino acids His98, His233 and Asp241 did not significantly impair proton translocation by the Na*/H*
exchanger. These results confirm that polar amino acids are important in proton flux activity of Na*/H* exchangers. (Mol Cell

Biochem 254: 117-124, 2003)
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Introduction

The Na*/H* exchanger is an integral membrane protein that
is responsible for the exchange of protons for Na* ions. It is
found in almost all organisms occurring in mammals, bacte-
ria, plants and fungal cells [1, 2]. In mammals there are nu-
merous isoforms of the Na*/H* exchanger at least eight of
which have been identified and characterized to varying de-
grees. The NHE1 isoform is ubiquitous, plasma membrane
bound, and catalyzes the removal of an intracellular proton
in exchange for an extracellular sodium ion [1, 2]. Other
mammalian Na*/H* exchangers exist with different tissue
locations and with varying intracellular localizations [1].
Fungal and plant Na*/H* exchangers serve as model sys-
tems for the mammalian Na*/H* exchangers. In plants, vari-

ous plasma membrane Na*/H* exchangers remove sodium in
exchange for protons. The energy of sodium transport comes
from the proton gradient generated by the plasma membrane
H*-ATPase. Sodium in the cytosol is also removed by vacu-
olar Na*/H* exchangers that use the energy of the proton
gradient generated by vacuolar H*-ATPase and H*-PPiase
(reviewed in [3]). Salt tolerance in plants has very signifi-
cant agricultural implications and improving salt tolerance
in plants is one proposed method of increasing agricultural
production [4].

In yeast, salt tolerance is mediated in a similar fashion to
that of plants. In Saccharomyces cerevisiae the Na*/H* ex-
changer Nhx1 [5] localizes to a late endosomal/prevacuolar
compartment where it mediates sequestration of sodium cou-
pled to the proton gradient established by the vacuolar H*-
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ATPase. A Na*-ATPase exists in the plasma membrane that
removes Na* ions. In addition Nhal in S. cerevisiae is a plasma
membrane protein highly similar to Na*/H* exchangers from
Schizosaccharomyces pombe (Sod2). This Nhal-like protein
mediates pH-dependent tolerance to sodium and lithium [6]
and sodium efflux at the plasma membrane [7, 8]. Its disrup-
tion leads to an increased sensitivity towards sodium ions.

In the fission yeast Schizosaccharomyces pombe the Na*/
H* exchanger (Sod2) plays a major role in salt tolerance [9]
and is an attractive model for the study of Na*/H* exchang-
ers. Unlike S. cerevisiae, fission yeast do not posses a Na*-
ATPase in the plasma membrane making the study of Na*/
H* exchange activity less complicated. The Na*/H* exchanger
Sod?2 catalyzes the electroneutral removal of sodium in ex-
change for a proton. Ion exchange is electroneutral and bidi-
rectional depending upon the ion concentration gradients [9,
10]. Sod2 has polar amino acids within membrane spanning
regions that are conserved between other yeast Na*/H* ex-
changers and mammalian Na*/H* exchangers. This makes it
an attractive model to study the mechanisms of ion transport
by eukaryotic Na*/H* exchangers. We have previously shown
[10] that of the 8 histidines present in Sod2, only His367 was
essential for Sod2 activity as measured by the ability to re-
store growth in the presence of salt to Sod2 deficient yeast.
Similarly, S. pombe containing Sod2 with Asp241 — Asn and
Asp266,267 — Asn mutations had impaired growth in LiCl
containing medium. In our previous study we did not deter-
mine which of the Asp266 and Asp267 pair of amino acids
was significant for activity nor did we examine other mem-
brane associated amino acids that could be significant in ion
transport.

In the present study we further characterize amino acids of
the Na*/H* exchanger of S. pombe and examine novel amino
acids that are important in activity of the protein. We more
directly measure the activity of the protein by measuring
proton fluxes, as opposed to indirectly measuring activity by
examining growth of yeast. We further demonstrate the effi-
cacy of measuring proton fluxes by use of the Cytosensor
microphysiometer [11]. Our results demonstrate that several
polar, membrane-associated amino acids are important in the
proton flux activity of the Na*/H* exchanger. This finding
further supports the hypothesis that the negatively charged
side chains of membrane-associated amino acids are impor-
tant in the binding and coordination of cations by Na*/H*
exchangers.

Materials and methods
Strains, media and growth conditions

S. pombe sod2::ura4 [9] that is deficient in endogenous
Na*/H* exchanger (Sod2), was used in this study for com-

plementation and phenotype characterization. S. pombe were
maintained on yeast extract adenine (YEA) or low sodium
Edinburg Minimal medium adenine (EMMA), with appro-
priate supplements when necessary, using standard methods
[12]. Low sodium minimal medium was made by replacing
Na,HPO, with K HPO, at the same concentration, and omit-
ting the Na,SO, from the 50X salts stock. The pH was ad-
justed to 5.5 with KOH. Cells were incubated at 30°C, and
at 200 rpm for liquid cultures. Transformation of S. pombe
sod2::ura4 was performed using the lithium acetate method
[12] or by electroporation [13].

Bacterial manipulation

E. coli DH5a were used for routine transformation and propa-
gation of plasmid DNA. E. coli cells were cultured in LB
media with appropriate antibiotic selection, at 37°C.

Recombinant DNA techniques

DNA manipulation was by standard protocols or, where ap-
propriate according to manufacturer’s instructions. DNA
sequencing was performed by University of Alberta Depart-
ment of Biochemistry Core Facility using a Beckman Coul-
ter CEQ™ 2000XL DNA Analysis System.

Site-specific mutagenesis

Mutagenesis of amino acid residues His98, His233, His367,
Aspl45, Glul73, Asp178, Asp266, and Asp267 of Sod2 was
performed using the Transformer Site-Directed Mutagenesis
Kit (ClonTech, Version 2) as recommended by the manufac-
turer. The mutagenic primers that were used to create the
desired gene product are summarized in Table 1. All muta-
tions were designed to create a new restriction enzyme site
that could easily be detected in subsequent analysis. For all
mutagenesis reactions, the trans oligonucleotide Scal/Stul
(Clonetech) was used as the selection primer. The mutagen-
esis template was pSK-sod2, a pBluescript vector contain-
ing the Sod2 coding sequence along with the 187 nt upstream
and 692 nt downstream flanking regions of the gene, as a 2.3
kb HindIII insert [9]. Following the polymerase and ligation
reactions and subsequent selective digestion of the original
template DNA by Scal, the mutated DNA was transformed
into a mutS E. coli, BMH 71-18. Plasmid DNA was isolated
and subjected to a second selective digestion with Scal, and
transformed into E. coli DH5a. Restriction mapping using
enzymes whose sites had been introduced by the mutagenic
primers was performed to screen transformants for positive
clones. Positive clones from the site-specific mutagenesis
were confirmed by DNA sequencing.
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Mutation Oligonucleotide sequence Restriction site
HI98R 5'-GCATATTTTCAgCgcAATTTTCGAAGCATCATTG-3’ Hhal

H233Rr 5'-TTTCTGAGCGcGCTTTAAAATGAACG-3’ Hhal

H367Ar 5'-CCTATTGGTCCGAAAgcTCCAACGAAAAGGGC-3' Alul

H367Rr 5'-TATTGGTCCGAAAcGgCCAACGAAAAGGGC-3' Haelll
H367Dr 5'-CCCTATTGGgCCGAAATCTCCAACGAAAAGGGC-3’ Haelll
D145Nr 5'-TGATCGCAGGATGTATAACETCgACTaATCCTGTTCTATCAGCATTG-3’ Sall

E173Qr 5'-CGGTCTTTATTGATCGCTcAGTCcGGATGTAATGATGGAATGGC-3' BspEI

DI178Nr 5'-TGATCGCTGAGTCcGGATGTAATaATGGAATGGCGGTTCCTTTT-3' BspEI

D241Nr 5'-GCGGAAGGGAATAATAgCTAATAGCATtAATTAAACGGTAT-3’ Alul
D266,267Nr 5'-GGAACTATTATTGGAGTTaAcaACCTGTTGATGTCCTTTTTTGC-3’ Hincll
D266Nr 5'-GGAACTATTATTGGAGTTaAcGACCTGTTGATGTCCTTTTTTGC-3' Hinc II
D267Nr 5'-GGAACTATTATTGGAGTcGAcaACCTGTTGATGTCCTTTTTTGC-3' Sall/HinclIl/Accl

Oligonucleotides that are suffixed with ‘r’ encode for the complementary DNA strand. Mutated amino acid residues are indicated using single letter notation.
Mutated nucleotides are in lower case letters and boldfaced. New restriction sites are underlined.

Subcloning and plasmid construction

To avoid the possibility of introducing unwanted mutations
produced by the mutagenesis procedure we excised a mini-
mal fragment of Sod2 containing the sequenced and desired
mutation and replaced it into a plasmid that had not undergone
mutagenesis. Plasmid DNA from the mutagenized plasmid
containing each mutation was digested with the following
enzymes. Ncol/Nhel were used to excise a 549 bp fragment
containing the H98R, H233R, D145N, E173Q, and D178N
mutations. Nhel/BspEI were used to excise a 312 bp fragment
containing the D241N, D266N, D266E, D267N, D267E,
D266,267N, and D266,267E mutations. Bsgl/BspEI diges-
tion excised a 430 bp fragment containing the H367R and
H367D mutations. These fragments were then used to replace
the corresponding sequences in pSK-sod?2 that had not been
subjected to site-specific mutagenesis reactions. In parallel,
the small internal fragments containing the specific mutations
have been subcloned into pNICOL, replacing the corre-
sponding wild type, non-mutated sequence. pNICOL is a
pBluescript vector containing an HA tagged Sod2 sequence
as a 2.4 kb HindIII insert. The construction of pNICOL is
described previously [10]. Lastly, the various Sod2 mutants
(£ HA tag) were subcloned as 2.3/2.4 kb HindIII fragments
into the S. pombe expression vector, pWHS [9].

Measurement of proton uptake

For some experiments Na* dependent H* uptake of various
S. pombe strains was measured using a pH meter as previ-
ously described [10] with minor modifications. Briefly, 250 ml
cell cultures were grown overnight to mid-log phase (approxi-
mately 1 x 107 cells/ml). Cells were harvested and washed
twice with Milli-Q H,O, and twice with 50 mM MOPS pH
7.0. Cells were resuspended in 50 mM MOPS pH 7.0 to an

OD,,, = 14. Five hundred pl of cells were aliquoted to a new
Eppendorf tube. Cells were incubated at room temperature
for 2 h + 200 mM NacCl on a rotary lab shaker. After sodium
loading, cells were washed once with 1 mM citrate pH 6.6
and resuspended in 500 pl of 1 mM citrate pH 6.6 and added
to 4.5 ml cuvette containing 1.5 ml, 1 mM citrate pH 6.6. The
cell suspension was continually stirred and the pH was meas-
ured using a Fisher Scientific Accumet 925 pH meter inter-
faced with a Macintosh computer for data collection at 15 sec
intervals.

Microphysiometry analysis of Sod2 activity

Sod?2 activity was measured by assaying proton fluxes on a
Cytosensor microphysiometer (Molecular Devices) using a
method adapted from that described earlier [11]. For each
sample, 4 x 10° cells were obtained from an exponentially
growing culture in EMMA media. The cells were washed
twice with water and once with 10 mM HEPES buffer (pH
6.3) to remove all media, and then resuspended in 5 pl, 10 mM
HEPES buffer (pH 6.3). To immobilize the cells, 5 ul of warm
1.4% low melting point agarose was added to the cell sus-
pension. The mixture was placed in the sensor chamber cap-
sules and allowed to set before the capsules were loaded into
the microphysiometer. The sensor chambers were maintained
at 30°C throughout the experiment.

Cells were initially perfused at a rate of 100 ul/min with a
300 mM tetramethylammonium (TMA) chloride solution (pH
6.3) supplemented with 10 mM HEPES, 0.1% BSA and
500 mM diethylstilbestrol, a H*-ATPase inhibitor [14]. To
measure extracellular acidification rates (EARSs), fluid flow
to cells was stopped for the last 40 sec of a 2 min pump cycle
and the rates were quantified between 88—118 sec of the 2 min
pump cycle. After 10' in the TMA-containing solution, a
constant baseline extracellular acidification rate was estab-
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lished and the 300 mM TMA in the perfusing solution was
replaced with 300 mM NaCl to stimulate Sod2 activity. There
was no extracellular acidification in the absence of immobi-
lized cells. In the presence of immobilized yeast containing
Sod2, the wild type Sod2 protein exhibited a maximum ex-
tracellular acidification rate after exposing cells to NaCl for
240 sec (EAR240). Consequently, the extracellular acidifi-
cation rate of each mutant Sod2 protein was compared to the
wild type protein at this time point. Some mutants (E173Q)
were prepared with a hemagglutinin tag on the C-terminus
and these were compared to the wild type Na*/H* exchanger
with the same tag. The EARs were normalized by subtract-
ing the average baseline acidification rate in TMA (BEAR),
and the EAR for each mutant Sod2 protein was expressed as
a percentage of wild type Sod2. These calculations are de-
scribed by the following equation:

Relative extracellular acidification rate (%) = (EAR240mutant — BEARmutant) x 100

(EAR240wildtype — BEARwild type)

Values indicated are mean relative acidification rates + S.E.M.
of at least 15 experiments. Data was statistically evaluated
using the Mann Whitney U test and results with p < 0.05 were
considered significant.

Results

To study the amino acids important in Sod2 function we
mutated amino acid residues of putative transmembrane seg-
ments of the protein. The topology of Sod?2 is not known with
certainty but has been suggested from hydrophobicity analy-
sis. Figure 1 illustrates a putative model of the protein. It is
proposed to have 12 transmembrane segments with 5 intra-
cellular loops connecting the integral membrane segments.
We mutated several amino acids within two putative intrac-
ellular transmembrane loops. In addition, we examined the
effect of mutation of some novel, conserved amino acids of
putative integral membrane segments. Sod2 normally func-
tions to remove internal sodium ions in exchange for extra-
cellular protons. In so doing it can alkalinize the external
medium while in reverse mode it can acidify the external
medium. Initially we used a crude procedure to examine the
ability of yeast to alkalinize the external medium while re-
moving an internal load of sodium. Yeast were Na*-loaded
by incubation with high concentrations of sodium for two
hours. Then they were washed and suspended in weakly
buffered Na*-free solution and their ability to alkalinize the
external medium was recorded. The results are shown in Fig.
2. Control yeast were transformed with wild type Na*/H*
exchanger. Sodium loaded cells were removed to Na*-free
medium, the yeast then removed protons from the extracel-
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Fig. 1. Schematic model of Sod2 based on hydrophobicity analysis [23]
as described earlier [1]. The approximate position of amino acid residues
that were mutated and measured in this study is indicated.

lular medium causing a rise in external pH. When the yeast
were not Na*-loaded, the extracellular solution was not sig-
nificantly alkalinized. As expected, the sod2::ura4 disruption
strain did not alkalinize the extracellular medium subsequent
to Na*-loading.

While it was possible to obtain a rough idea of activity of
the Na*/H* exchanger using this procedure, the results were
somewhat variable and not very quantitative. It was not pos-
sible to measure rates of activity and the technique required
quantification of changes in pH of as little as 0.02 pH units
with a pH meter and electrode. To characterize Na*/H* ex-
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Fig. 2. Na*dependent H* fluxes mediated by S. pombe containing the Na*/
H* exchanger. Cells carried either the wild-type Na*/H* exchanger (circles)
or were the sod2::ura4 strain (squares) and were either loaded with 200 mM
NaCl (filled symbols) or not (open symbols). Cells were then washed and
added to the experimental buffer; H* influx was then monitored as described
in ‘Materials and Methods’. Results are mean + S.E. of at least 3 separate
experiments.



changer mutants in more detail we used a Cytosensor micro-
physiometer, which is capable of detecting small changes in
pH in small volumes of liquid and can rapidly record rates
of change in pH. Figure 3 illustrates the procedures used
to measure proton extrusion using the Cytosensor micro-
physiometer. For these experiments cells were initially main-
tained in sodium free medium and then changed to medium
with a high concentration of Na*. This results in proton ex-
trusion by the Na*/H* exchanger and acidification of the ex-
ternal medium. This gave a more reliable measurement of
Na*/H* exchange than the measurement of proton uptake and
was not dependent on prior loading of the cells with sodium.
Loading of cells with high levels of sodium could affect their
physiological function. In addition though sodium loading
can occur through non-selective channels [15], an impairment
of Sod2 function could also affect loading of the cells through
this transporter.

The results of the proton extrusion measurements are shown
in Fig. 4. Figure 4A illustrates extracellular acidification rate
data from a typical experiment. Upon switching to sodium
containing medium, there is an immediate extracellular acid-
ification. There was no such response in the absence of immo-
bilized cells (not shown). The response from cells containing
a wild type Na*/H* exchanger was much greater than that of
cells with the mutation of Asp 267 to Asn. Figure 4B summa-
rizes the results of these experiments with 12 different mutant
forms of the Sod2 protein. Proton extrusion rates in mutants
of amino acids His98, Glu173, His233, and Asp241 were not
significantly reduced compared to the wild type protein. There
was a background rate of extracellular acidification that was
approximately 50% of the rate of Sod2 activity. The mutants
Aspl45Asn, Aspl78Asn, Asp266Asn, Asp267Asn, Asp-
266,267Asn, His367Ala, His367Asp, His367Arg and the

NaCl solution

Na*-free solution

S. pombe

Fig. 3. Schematic diagram of measurement of proton fluxes measured us-
ing the Cytosensor microphysiometer. Left panel illustrates yeast and the
Na*/H* exchanger prior to sodium loading. The right panel illustrates the
effect of adding external sodium and the resultant activity that was meas-
ured.
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Fig. 4. Microphysiometry of Schizosaccharomyces pombe sod2::ura4
transformed with pWHS5-sod2 (WT), various mutants of Sod2 as indicated
or completely lacking functional Sod2 protein (KO). (A) Extracellular acidi-
fication rate data from a typical microphysiometry experiment. Cells were
perfused with 300 mM TMA chloride, 10 mM HEPES, 0.1% BSA, 500 uM
DES at pH 6.3 for 600 sec, followed by a switch to a buffer containing
300 mM NaCl, 10 mM HEPES, 0.1% BSA and 500 uM DES at pH 6.3, as
indicated by bars below the graph. Normalized extracellular acidification
rates (mV/s) are plotted vs. time (s). Filled circles, D267N Sod2 mutant;
filled squares, wild type Sod2. (B) Average Na*-stimulated extracellular
acidification rates for all Sod2 mutations examined by microphysiometry.
Rates for each mutation were calculated as described in ‘Materials and
methods’ and are expressed as a percentage of the wild type Sod2 rate. The
number of experiments represented by each bar is indicated in parenthesis
below respective mutation names. Asterisks indicate that the relative ex-
tracellular acidification rate is significantly less than wild type Sod2 (*p <
0.01; **p < 0.05).

sod2::ura4 strain had significantly reduced extracellular acid-
ification rates compared to the wild type Sod2 protein. Surpris-
ingly, the Asp145Asn and the double mutant Asp266,267 Asn
have relative acidification rates that were substantially lower
than that of the Sod2 disruption strain.

Discussion

The yeast Na*/H* exchanger Sod?2 catalyzes the electroneutral
exchange of sodium ions for protons, similar to the mamma-
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lian Na*/H* exchangers [16]. The molecular mechanisms of
Na*/H* exchange remain obscure; how the cations are coor-
dinated and transported through the membrane still remains
to be deduced. We have previously [17] hypothesized that
polar amino acids distributed within or adjacent to membrane
spanning regions could be important in transport. Some key
amino acids are conserved between eukaryotic species sug-
gesting that they may be involved in protein function. Ear-
lier [10] we examined the functional importance of some
polar conserved amino acids and these observations were ex-
tended in the present study. We had earlier shown that His367,
Asp241 and the acid pair D266,267 were important for growth
in media that contained external sodium. The D24 1N mutant
was unusual in that when mutated, it was defective in sup-
porting growth of the yeast in salt containing medium, but
was normal in sodium transport. Point mutations in Sod2 did
not affect the expression level of the protein [10].

In this study we examined several new mutants of the yeast
Na*/H* exchanger Sod2. In addition, we characterized some
of the previous mutants in more detail and more directly ex-
amined Na*/H* exchanger activity by examining proton fluxes.
We initially showed that we could measure proton uptake by
the wild type Na*/H* exchanger when cells had been previ-
ously loaded with Na*. While this method was feasible it has
several disadvantages. Firstly, it was not very quantitative and
the results were somewhat variable. It was not possible to
rapidly change the media of the yeast. This required centrifu-
gation steps that delayed the time of measurement greatly
from when the medium was changed. Secondly the method
was dependent on prior loading of yeast with sodium. Some
of this is likely through the Sod2 protein so that it is prob-
able that mutants defective in Sod2 activity are defective in
sodium loading.

To characterize mutants of the Sod2 protein in more de-
tail we examined proton extrusion using the cytosensor
microphysiometer. This had several advantages over the pre-
vious method. Firstly, the yeast were immobilized. This al-
lows the medium to be changed rapidly and without the delays
involved in centrifugation. In addition, we could change the
external medium to high salt medium rapidly, allowing us to
measure activity of the Sod2 protein in reverse mode. This
eliminated the necessity for prior sodium loading of the yeast
that might vary between mutant and wild type strains. Fur-
ther, sodium loaded yeast might also be abnormal in their
activity due to either osmotic effects or activation of stress
induced protein kinases that respond to sodium. We therefore
examined the reverse mode of Na*/H* exchanger activity in
the cytosensor microphysiometer with the yeast immobilized
as described earlier [ 11]. We found that several specific amino
acids were important in proton efflux activity of Sod2. Amino
acids 145 and 178 were important in transport. It had previ-
ously been shown that the acidic pair of residues Asp266 and
Asp267 were important in activity of the protein. In this study

we examined which of the pair of amino acids was impor-
tant by mutating them individually. Our results show that both
of these amino acids are important in Sod2 proton efflux ac-
tivity. Mutation of either amino acid significantly inhibited
Sod2 activity.

We further characterized mutant Sod2 proteins that had
changes in the histidine residues either within or adjacent to
the lipid bilayer. Histidine 98 and Histidine 233 were not
significantly different from the control Na*/H* exchanger in
their proton efflux activity. In contrast all three mutants of
Histidine 367 had impaired proton flux ability. This agrees
with earlier findings [10] that showed that His 98 and 233
support growth in Sod2 deficient yeast. All three His367
mutants were previously shown to be unable to support
growth of S. pombe in salt containing media.

There was significant proton efflux activity above back-
ground in the sod2::ura4 disruption strain. This occurred
even in the absence of external glucose that normally activates
the H*-ATPase and even in the presence of diethylstilbestrol
a H*-ATPase inhibitor [14]. The cause of the background ac-
tivity is not known at this time however there are several
possibilities. There may be other related Na*/H* exchanger
— like proteins that have some proton efflux activity that is
activated by sodium. Searches of the S. pombe database (not
shown) have indicated that there are some Sod2 homologs
present though they may be more homologous to vacuolar
forms of the Na*/H* exchanger [18] than to Sod2. Another
possibility is that the endogenous plasma membrane Na*/H*
exchanger Sod2 has some residual activity. The initial dis-
ruption made in the sod2::ura4 strain was an insertion in the
distal third of the gene [9] that removes the last 4 transmem-
brane domains but leaves the first 8. Though the sod2::ura4
disrupted strain has been shown to be defective in Na* trans-
location [9] the initial part of the protein would still likely
be synthesized and could have some residual proton translo-
cation activity. In this regard it was interesting that when in
S. pombe some of the mutant forms of Sod2 seemed to have
lower activity than the knockout (i.e. D266,267N). Both the
mammalian [19] and the E. coli [20] Na*/H* exchanger have
been shown to exist as dimers. Coupling a partially active
truncated Na*/H* exchanger with a totally defective mutant
could cause a dominant negative effect with a resultant low-
ering of the activity. Further experiments are necessary to
discern if this is the present scenario.

In this study, we examined the effect of mutating of Asp241
to Asn. Previously [10], we had shown that this mutant was
impaired in supporting growth in salt containing media, plus
it had impaired proton uptake. However it did demonstrate
sodium transport in a medium of external pH 4.0 and the im-
pairment of growth was not as severe as with some other
mutants. We therefore re-examined this mutant for its abil-
ity to acidify the external medium upon addition of sodium.
Using the cytosensor microphysiometer we were able to



clarify the physiological effect of this mutant. We found that
this mutant possessed significant activity above background.
It is thus clear that mutation of this amino acid has an inter-
mediate effect on activity of the yeast Na*/H* exchanger. It
is partially supportive of growth, supports sodium flux and
as shown in this work, supports proton efflux.

Our results have several implications for the structure and
function of Na*/H* exchangers. Transmembrane segment IV
of the mammalian Na*/H* exchanger (NHE1 isoform) has
been shown to be important in the function of that protein
[21]. Similarly, transmembrane segment IV of the E. coli
Na*/H* exchanger NhaA [22] is important in activity of this
isoform of the exchanger. In this study, we also demonstrated
that transmembrane segment I'V of Sod2 is also important in
the function of this protein. Further, mutation of amino acid
178 eliminated H* translocation activity of the Sod2 protein.
This amino acid is located on the second intracellular loop
that immediately follows transmembrane segment I'V. In the
mammalian NHE1 isoform of the protein, this loop is be-
lieved to form a segment that partially reenters the membrane.
Our results suggest that in Sod2, this segment is also impor-
tant for activity. It is interesting to note that amino acid E173
was not critical for H* translocation activity of the protein.
Clearly only some amino acids of this putative intracellular
loop are important in function of the protein. It is interesting
to note that residues D145, H367 and D178 were important
for activity and are hypothesized to be immediately adjacent
to the membrane aqueous interface. The membrane helices
of this Na*/H* exchanger are very likely to be folded adja-
cent to one another as is typical for a membrane protein and
has been demonstrated for the NhaA isoform [20]. Therefore
it is quite possible that within the membrane these residues
and transmembrane segments IV, V and XI are close to each
other. They could form part of either a cation binding pocket,
or selectivity filter. In this regard, it is interesting to note that
we previously demonstrated [10] that the His367 mutant re-
tained some partial proton uptake activity when it was mu-
tated to an acidic residue, though the mutant could not support
growth in salt containing medium. This might suggest that
this amino acid has proton sensing or binding activity. A his-
tidine residue of NhaA determines the pH profile of activity
of the protein. We suggest that His367 of Sod2 might have a
similar function. It was surprising however that we obtained
extracellular acidification above background with this mu-
tant. Possibly it may have partial activity that is more de-
tectable or active with proton uptake as opposed to proton
extrusion.

Overall it clearly appears that polar residues located either
within transmembrane segments or adjacent to transmem-
brane segments are important in Na*/H* exchanger function.
Future studies will further examine these residues in more
detail and examine other residues of other transmembrane
segments of the protein.
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