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Background: Sod2 is the salt tolerance protein of Schizosaccharomyces pombe.

Results: Alanine scanning mutagenesis and structural analysis demonstrated that amino acids 144–147 are in an extended

region of transmembrane segment IV and are critical for function.

Conclusion:Mutations in transmembrane segment IV affect Sod2 cation transport.

Significance: TM IV of Sod2 has conserved structures with other Na�/H� exchangers important in salt tolerance.

Sod2 is the plasma membrane Na�/H� exchanger of the fis-

sion yeast Schizosaccharomyces pombe. It provides salt toler-

ance by removing excess intracellular sodium (or lithium) in

exchange for protons. We examined the role of amino acid res-

idues of transmembrane segment IV (TM IV) (126FPQINFLG-

SLLIAGCITSTDPVLSALI152) in activity by using alanine scan-

ningmutagenesis and examining salt tolerance in sod2-deficient
S. pombe. Two amino acids were critical for function.Mutations

T144A and V147A resulted in defective proteins that did not

confer salt tolerance when reintroduced into S. pombe. Sod2
protein with other alanine mutations in TM IV had little or no

effect. T144D and T144K mutant proteins were inactive; how-

ever, a T144S protein was functional and provided lithium, but

not sodium, tolerance and transport. Analysis of sensitivity to

trypsin indicated that the mutations caused a conformational

change in the Sod2 protein. We expressed and purified TM IV

(amino acids 125–154). NMR analysis yielded a model with two

helical regions (amino acids 128–142 and 147–154) separated

by an unwound region (amino acids 143–146). Molecular mod-

eling of the entire Sod2 protein suggested that TM IV has a

structure similar to that deduced by NMR analysis and an over-

all structure similar to that of Escherichia coli NhaA. TM IV of

Sod2 has similarities to TM V of the Zygosaccharomyces rouxii
Na�/H� exchanger and TM VI of isoform 1 of mammalian

Na�/H� exchanger. TM IV of Sod2 is critical to transport and

may be involved in cation binding or conformational changes of

the protein.

Under normal physiological conditions, plant, yeast, and

mammalian cells have relatively low Na� concentrations in

their cytosol. Because the external Na� is much higher than

internal Na�, this leads to an accumulation of intracellular

Na�. Organisms respond to this salt stress in several ways.

Plants and yeast deal with these excess “toxic” levels of intracel-

lular Na� primarily by either extruding it or sequestering it into

vacuoles, thereby reducing the cytosolic concentration. This

process is mediated by transporters and other regulatory pro-

teins. In the fission yeast Schizosaccharomyces pombe, the

Na�/H� antiporter (Sod2) is responsible for most of the salt

removal from the cytosol (1). This protein functions by using

the external proton gradient to pump out internal Na� ions.

Disruption of this gene results in a reduced extrusion of cyto-

plasmic Na� and a decreased tolerance of external Na� (1).

Sod2 removes both Na� and Li� from the cytosol using the

proton gradient created by the plasma membrane ATPase (1,

2). We have previously (3, 4) used S. pombewith a knock-out of

the sod2 gene to study the effects of mutation of amino acids in

this protein. Because of the limited number of other salt toler-

ancemechanisms in this species, removal of this gene results in

a severe salt tolerance phenotype (1, 3, 4). This makes S. pombe

a very useful organism for the study of salt tolerance proteins.

Sod2 belongs to the class of Na�/H� exchanger membrane

proteins that exchange Na� for H� ions across lipid bilayers.

The eukaryotic and prokaryotic genes that encode the mem-

bers of this monovalent cation/proton antiporter superfamily

have been reviewed (5). Briefly, the superfamily includes three

families, the cation/proton antiporter 1 family, cation/proton

antiporter 2 family, and the sodium-transporting carboxylic

acid decarboxylase family, each of which has unique bacterial

ancestors. The cation/proton antiporter 1 family includesmany

well studied Na�/H� exchangers including from fungi, plants,

and mammals and includes the human NHE1–NHE10 iso-

forms. The cation/proton antiporter 2 family includes S. pombe

sod2 and shares its origins with prokaryotic NhaA, the Esche-

richia coli antiporter, for which a crystal structure has been

deduced (6). This family also includes two relatively recently

characterized forms of human Na�/H� exchangers, HsNHA1

and HsNHA2, that may be involved in hypertension (5, 7, 8).

The sodium-transporting carboxylic acid decarboxylase family
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is a smaller family that mediates transmembrane export of one

to two Na� ions in exchange for an extracellular H� (5).

The mechanism of transport of Na�/H� exchangers is of

great interest because of both the potential to improve salt tol-

erance in plants and make salt-resistant phenotypes and as a

fundamental scientific problem. Significant progress has been

made in the understanding of bacterial transport by NhaA (6).

However, eukaryotic transporters are not as well understood,

have a different exchange stoichiometry, and are activated by

different physiological conditions. NHE1 is the most well char-

acterized mammalian Na�/H� exchanger, and we have deter-

mined the structure and critical residues of several membrane-

associated fragments of NHE1 (9–15). One of the critical TM5

segments is TM IV, which has been compared with the impor-

tant TM IV of E. coliNhaA (14, 16). We have previously exam-

ined several key residues of Sod2 in different transmembrane

segments of the protein (3, 4, 17, 18). In this study, we examined

the structure and function of a transmembrane segment of this

yeast salt tolerance protein. Our results demonstrate that TM

IV of Sod2 is critical to Sod2 function with amino acids 144–

147 comprising part of a region critical for transport. This study

is the first structural and functional characterization of an

entire transmembrane segment of a yeast salt tolerance mem-

brane protein and demonstrates that this region is critical for

cation selectivity and salt tolerance.

EXPERIMENTAL PROCEDURES

Materials—Restriction enzymes were obtained from New

England Biolabs (Mississauga, Ontario, Canada). Pwo DNA

polymerase was obtained from Roche Applied Science.

Strains and Medium—S. pombe bearing the sod2 gene dis-

ruption (sod2::ura4) was used for all transformations and as a

control where indicated (3). It was maintained on low sodium

minimal KMAmedium or yeast extract adenine usingmethods

described earlier (1, 3). KMA medium was used where indi-

cated and contains 3 g/liter potassium hydrogen phthalate, 3

g/liter K2HPO4, 7 g/liter yeast nitrogen base without amino

acids, 20 g/liter glucose, and 200 mg/liter adenine. Leucine at

200 mg/liter was added to maintain the sod2::ura4 leu1-32

strain where indicated, and all media were buffered using 50

mM MES, citrate and adjusted to pH 5.0 with KOH. Wherever

indicted NaCl or LiCl was added to the medium. For growth

curves in liquid medium, 5 � 106 cells from an overnight expo-

nentially growing culture were inoculated into 2.5 ml of fresh

liquid medium. S. pombe containing the pREP-41Sod2GFP

plasmid (and mutant derivatives) were routinely grown in

medium in the absence of thiamine. Cultures were grown at

30 °C with constant agitation using a rotary shaker. The A600

was determined at the various times indicated. Growth curves

were determined a minimum of three times, and results are

mean � S.E. The plasmid pREP-41Sod2GFP was used for Sod2

expression and has been described earlier (19). pREP-

41Sod2GFP contains the entire sod2 gene plus a C-terminal

GFP tag separated by a nine-amino acid Gly-Ala spacer. The

GFP has the S65T mutation, and an NdeI site was removed by

silent mutation to assist in cloning. In one set of experiments,

we compared growth of GFP-fused Sod2with that of non-GFP-

fused Sod2 described earlier (3).

Growth on plates was supplemented withNaCl or LiCl at the

indicated concentrations in KMA medium with leucine agar.

The plasmid pREP-41Sod2GFPwithout anymutations (19)was

used as a control.

Sod2 TM IV (see below) was expressed in XL1-Blue cells as a

maltose-binding protein fusion using a modified pMal-c2X

containing a tobacco etch virus (TEV) protease cleavage site

between maltose-binding protein and the peptide of interest.

Expression was induced with isopropyl 1-thio-�-D-galactopy-
ranoside in either LB (for unlabeled peptide) orM9 (for labeled

samples) medium. Expression was initially optimized as fol-

lows: for LB medium, 0.6 mM isopropyl 1-thio-�-D-galactopy-
ranoside, 37 °C, 24 h; for M9 medium, 1 mM isopropyl 1-thio-

�-D-galactopyranoside, 22 °C, 48 h. LB medium contains 1%

(w/v) tryptone, 0.5% (w/v) yeast extract, and 1% (w/v) NaCl.M9

medium contains 7.5 mM (15NH4)2SO4, 28 mM glucose, 30 �M

thiamine, [47mMNa2HPO4, 22mMKH2PO4, 8.5mMNaCl], [30

�MMnSO4�1H2O, 3.3 �M FeSO4�7H2O, 203 �MMgSO4�7H2O,

3.4�MCaCl2�2H2O], and [60mMK2HPO4, 36mMKH2PO4, pH

adjusted to 7.5 with KOH] where the individual components or

mixtures containedwithin the square brackets were autoclaved

separately and combined afterward.

Site-directedMutagenesis—Mutations to Sod2 were made to

the pREP-41Sod2GFP plasmid directly. The mutations created

or removed a restriction enzyme site as described earlier (20).

Supplemental Table 1 summarizes the mutations made to the

sod2 gene. DNA sequencing was used to confirm the accuracy

of the mutations and fidelity of DNA amplification.

Western Blotting of Sod2—Western blot analysis was used to

compare levels of Sod2 expression (20). Cell lysates were made

from 50-ml cultures of yeast transformed with wild type and

mutant pREP-41Sod2GFP. Yeast cells grown in KMAmedium

to an A600 of 2 at 30 °C. Cells were pelleted (3500 � g, 10 min),

washed with double distilled water, and resuspended in lysis

buffer (50mMTris-HCl, pH8.0, 5mMEDTA, protease inhibitor

mixture (21), and 1 mM dithiothreitol). Cells were then lysed

using a Bullet Blender� using 0.5-mm zirconium oxide beads at

a speed of 10 for 40 min. In some cases, they were passed

through an EmulsiFlex homogenizer at a pressure of 25,000

p.s.i. Unbroken cells were pelleted by centrifugation at 3500 �
g for 5 min, and the supernatant was centrifuged at 14,000 � g

for 10 min. Enriched membranes of the supernatant were then

pelleted at 100,000 � g for 1 h and resuspended in a small

volumeof the samebuffer. Equal amounts of up to 25�g of each
sample were resolved on a 10% SDS-polyacrylamide gel. Nitro-

cellulose transfers were immunostained using the primary anti-

body anti-GFP polyclonal antibody (a generous gift from Dr.

Luc Berthiaume, Department of Cell Biology, University of

Alberta). The secondary antibody was IRDye 680-conjugated

goat anti-rabbit polyclonal antibody (Bio/Can, Mississauga,

Ontario, Canada). The Odyssey scanning system was used for

Western detection (LI-COR Biosciences). Immediately after

transfer and prior to immunostaining, nitrocellulose transfers

5 The abbreviations used are: TM, transmembrane; TM IV, transmembrane
segment IV; TEV, tobacco etch virus; MBP, maltose-binding protein; HSQC,
heteronuclear single quantum correlation.
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were stained with Ponceau S to ensure equivalent loading and

transfer of samples (22).

Trypsin Treatment of Microsomal Membranes—Yeast cell

membranes were prepared as described above and were made

to a concentration of 2mg/ml in 1mMEDTAadjusted to pH7.4

with Tris-HCl. Trypsin (tosylphenylalanyl chloromethyl

ketone-treated trypsin; Sigma) was added to give a trypsin:pro-

tein ratio of 1:200 and incubated at 30 °C for the times

indicated. The reaction was terminated by the addition of SDS-

PAGE sample buffer, and samples were resolved on 12% SDS-

polyacrylamide gels. Western blotting against the GFP tag was

performed to examine protein fragmentation (4). Western blot

bands were quantified using ImageQuant TL software (GE

Healthcare).

Microscopy and Indirect Immunofluorescence—Confocal

imaging of S. pombe containing GFP-tagged Sod2 was per-

formed on an Olympus IX81 microscope equipped with a Nip-

kow spinning disk optimized by Quorum Technologies

(Guelph,Ontario, Canada). Imageswere acquiredwith the 60�
objective on a Hamamatsu EM-CCD camera (Hamamatsu,

Japan) using the software Volocity (Improvision Inc., Lexing-

ton,MA). Either yeast cells were fixed in 4% formaldehyde prior

to imaging, or for live cell imaging, confocal microscopy was

used to examine the GFP tag on Sod2 essentially as described

earlier (19).

Indirect immunofluorescence was performed using an anti-

body cross-reactive to the plasma membrane H�-ATPase of S.

pombe and originally made against Neurospora H�-ATPase (a

generous gift from Dr. C. Slayman, Yale School of Medicine).

Cells were prepared for immunofluorescence by treatment

with Zymolyase essentially as described earlier (23). Cells were

labeled with rabbit anti-H�-ATPase antibody at a dilution of

1:1000. Visualization was with Cy3-conjugated donkey anti-

rabbit antibody (Jackson ImmunoResearch Laboratories, West

Grove PA) at a dilution of 1:250.

Atomic Absorption Spectrophotometry—To determine the

ability of wild type and mutant Sod2 proteins to remove intra-

cellular Na� or Li�, various strains were grown in KMA

medium to anA600 of�0.4. Cells were harvested by centrifuga-

tion, washed, and then incubated in KMA medium supple-

mented with either 100 mM NaCl or 10 mM LiCl for 1 h to load

the cells with the appropriate cation. Cells were then harvested;

washed two timeswith 20mMMES, pH 7.0; and resuspended in

10 ml of buffer containing 20 mM MES, pH 5.5, 0.1 mM MgCl2,

and 2% glucose at 30 °C. Sampleswere taken at various intervals

up to 2 h, and Na� or Li� content was determined by atomic

absorption spectrophotometry as described earlier (4). Results

from at least three independent experiments are shown.

Sod2 TM IV Peptide Purification—Amino acids 125–154

(LFPQINFLGSLLIAGCITSTDPVLSALIVG) of Sod2 were

expressed as a fusion protein with maltose-binding protein.

The design was such that we also introduced three additional

N- and C-terminal lysines to the peptide. This was done to aid

solubilization of the peptide as described earlier (13, 15). The

primers SodMBPf (5�-CATGGGATCCAAAAAAAAATTGT-
TTCCACAAATTAACTTTTTAGG-3�) and SodMBPr (5�-
CCGGGAATTCTCATTTCTTTTTTCCTACAATCAATG-

CTGATAG-3�) were used to amplify the DNA of sod2 and add

the terminal lysines. The primers were designed to allow for

in-frame expressionwithMBP in amodified pMal-c2Xplasmid

(24), which also has a TEV protease site upstream of the insert

to allow for cleavage from the MBP. PCR was performed using

the pREP-41Sod2GFP plasmid as a template. The PCR product

contained the TM IV sequence with the modified termini

flanked by a 5� BamHI restriction endonuclease site and a 3�
EcoRI site. After cloning into the modified pMal-c2X vector

mentioned above, the plasmid construction was confirmed by

DNA sequencing.

The E. coli strain XL1-Blue was used for expression. Expres-

sion and purification were similar to the procedures used by

Douglas et al. (24). After induction, cells were pelleted by cen-

trifugation at 4000 � g and stored at �20 °C. For purification,

cell pellets were suspended at �0.3 g/ml of purification buffer

containing 10mM sodiumphosphate buffer, pH 7, 60mMNaCl,

0.5 mM EDTA, 20% (v/v) glycerol, 0.02% NaN3 plus added

HALTprotease inhibitormixture (EDTA-free) (ThermoScien-

tific, Rockford, IL)/liter. The cells were lysed using either ultra-

sonication (Branson sonifier, Emerson Industrial Automation,

Danbury, CT) or high pressure homogenization (EmulsiFlex-C3,

Avestin Inc., Ottawa, Canada). Samples were then clarified by

centrifugation at 50,000� g for 30min at 4 °C. The supernatant

containing MBP-Sod2 fusion protein was loaded onto an amy-

lose affinity column (New England Biolabs, Mississauga,

Ontario, Canada) and allowed to incubate with agitation for

1–2 h at 4 °C. The resin was washed with 3 column volumes of

cold purification buffer, and the fusion protein was eluted in

cold elution buffer (purification buffer � 60 mM maltose). For

efficient cleavage of themaltose-binding protein tag, the eluent

was concentrated to�5mg/ml, and 1mMDTTwas added. The

Sod2 fragment was cleaved free of theMBP using TEV protease

at 10 units/mg of fusion protein for 48–72 h at 16 °C. The pro-

tein was then precipitated by the addition of trichloroacetic

acid (1.5 g/100 mg of fusion protein) and pelleted by centrifu-

gation. After brief washes with water to remove residual TCA,

the pellet was subjected to liquid-liquid extraction with CHCl3:

2-propanol:water (5:5:1 ratio). First the organic solvents were

mixed and added to the pellet. Gentle scraping was used to

break the pellet up into small pieces before homogenization

with a glass Dounce homogenizer. After most of the pellet was

pulverized, the appropriate amount of water was added to

the homogenizer, and homogenization continued. When the

remaining insolublematerial appeared quite “fibrous,” themix-

ture was added into a separatory funnel, shaken intermittently

throughout the day, and then left to separate overnight. In the

morning, the organic (bottom) layer was removed and put in a

clean separatory funnel. One volume of fresh water was added,

and the extraction was repeated. The resulting organic layer

was then used directly for NMR studies. Most complete extrac-

tion of the hydrophobic peptide was achieved at 1 ml 	 1 vol-

ume/30 mg of fusion protein (i.e. 5 ml of CHCl3, 5 ml of 2-pro-

panol, and 1 ml of water/30 mg of fusion protein. For studies of

unlabeled peptide, deuterated solvents (Cambridge Isotope

Laboratories, Andover, MA) were used, and the extraction was

carried out at higher protein concentrations (i.e. 1 volume/100

mg of fusion protein). For 15N-labeled samples, CDCl3 and

undeuterated 2-propanol were used. The identity of the puri-
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fied peptide was confirmed by MALDI-TOF mass spectrome-

try. The purity of the Sod2TM IVpeptidewas estimated at over

95%.

NMR Spectroscopy—Peptide samples obtained from liquid-

liquid extraction were used for high resolution NMR spectros-

copy. After testing with variousmembranemimetics, examina-

tion of one-dimensional 1H NMR and two-dimensional 15N

HSQC NMR spectra indicated that the best solvent system for

Sod2 TM IV was CDCl3/isopropanol-d8. By drying the organic

extract under a gentle stream of nitrogen gas, a sample

adequately concentrated for structure determination was

obtained. CDCl3 in the extract was used as a lock solvent, and

spectra were referenced to tetramethylsilane added to the

solvent.

All NMR spectra were acquired at 500 MHz and 30 °C. Two-

dimensional 15N HSQC (25), three-dimensional 15N NOESY-

HSQC (150-ms mixing time) (26), total correlation spectros-

copy-HSQC (50-ms mixing time) (26), and HNHA (27, 28)

spectra were collected with VnmrJ (Varian Inc.) and pro-

cessed in NMRPipe (29). Resonance assignment and analysis

were performed in NMRViewJ (30). Xplor-NIH (31) was

used to model the secondary structure of the peptide.

Homology Modeling—A homology model of Sod2 was cre-

ated with the programModeller (32) using the crystal structure

of E. coli NhaA (Protein Data Base code 1ZCD). Arabidopsis

thaliana SOS1 was used as a mediator to align Sod2 and NhaA

using Clustal Omega (33) on the European Molecular Biology

Laboratory-European Bioinformatics Institute server (34). The

alignment was refined by using the TMHMM2 secondary

structure prediction algorithm (35) to predict the location of

�-helical transmembrane segments, and the JPred3 algorithm

(36) was used to further support the regions of predicted �-hel-
ical secondary structure in Sod2. These data, along with the

known position of transmembrane helices in NhaA, were used

to adjust the alignment to best reflect themost likely position of

transmembrane segments in Sod2. Short helical restraints (�10

residues) in regions where longer helices were predicted were

given toModeller. The validity of themodel was analyzed using

a protein validation software suite (37) and theConSurfmethod

(38, 39) on the online server (40).

RESULTS

We examined amino acids thought to be important in activ-

ity of a transmembrane segment of the yeast S. pombe salt tol-

erance protein Sod2. Although the transmembrane segment

assignments are not certain, amino acids 126–151 were

assigned as TM IV based on a previously published (41) model

of the protein (supplemental Fig. 1A) based on hydrophobicity

analysis. This segment (FPQINFLGSLLIAGCITSTDPVLSAL)

mainly comprises very hydrophobic residues with a few polar

residues interspersed (supplemental Fig. 1B). The borders of

the membrane lipid interface are not known, although for pur-

poses ofmutational analysis, 26 amino acidswere chosen; this is

larger than required for a typical �-helical transmembrane seg-

ment to cross a lipid bilayer.

We compared the amino acid sequence of Sod2 with several

other related Na�/H� exchanger proteins using the program

Clustal Omega (33) (multiple sequence alignment tool from the

European Molecular Biology Laboratory-European Bioinfor-

matics Institute (34)). Sod2 did not align well directly with the

sequences of human NHE1 or E. coli NhaA, although isolated

regions did show some similarity (not shown). When Sod2 was

compared with amore closely associated salt tolerance protein,

SOS1 (42) (Fig. 1A), there were significant areas of identity and

similarity especially in the sequence proposed to be TM IV. In

turn, the TM IV region of SOS1 aligned well with TM VI of

NHE1, permitting a three-way alignment of these TM regions

of Sod2, SOS1, and NHE1 (Fig. 1B). We have recently (15)

shown that TM VI of NHE1, rather than TM IV, is structurally

related to TM IV of NhaA, which may account for this finding

(see “Discussion”).

Because Sod2 is the major salt exporter of S. pombe (19),

initial experiments measured the ability of Sod2 TM IV

mutants to rescue salt tolerance in the salt-sensitive sod2::ura4

deletion strain. As both LiCl and NaCl are transported by Sod2

(3), we examined the ability of mutant proteins to rescue

growth in LiCl- or NaCl-containing medium. Aside from NaCl

challenge, LiCl was used for assays in liquid and solid media.

LiCl is toxic at lower concentrations than NaCl, avoiding

osmotic challenge that might occur with the use of high con-

centrations of NaCl. Figs. 2 and 3 and supplemental Figs. 2 and 3

illustrate the effect of mutations of TM IV on the ability to

restore salt tolerance in liquid medium (summarized in Table

1). Fig. 2 and supplemental Fig. 2 demonstrate that the

sod2::ura4 strain is intolerant to LiCl concentrations of 5 and 10

mM. In contrast, S. pombe with wild type Sod2 protein grows

well in LiCl concentrations up to 10 mM with only a slight

reduction in growth compared with growth in 0 mM LiCl. The

presence or absence of the GFP tag did not affect resistance to

growth in LiCl or NaCl (supplemental Figs. 2E and 3E). Supple-

mental Figs. 4 and 5 illustrate complementary experiments in

solid medium. S. pombe containing wild type Sod2 was able

to grow on solid medium containing up to 10 mM LiCl,

whereas the sod2::ura4 knock-out showed reduced growth in

5 mM LiCl and almost no growth in 10 mM LiCl.

A variety of categories of effects was obtained with mutation

of TM IV, and the mutants were divided into groups according

to their characteristics (Table 1). Results are shown in Figs. 2

and 3 and supplemental Figs. 2–5. Group I mutants showed no

effect of the mutation in either liquid or solid medium. This

group included F126A, P127A, Q128A, I129A, F131A, I137A,

C140A, I141A, T142A, S143A, L148A, and L151A. Group II

mutants had very mild effects on growth in either liquid

medium, solid medium, or both. For example, in some cases,

they showed good salt tolerance in liquid in the presence of 5

mM LiCl but slightly reduced growth with 10 mM LiCl. This

group included N130A, L132A, G133A, S134A, L135A, L136A,

G139A, S149A, L151S, and I152A.Group IIImutants had a very

marked effect on bothNaCl andLiCl tolerance in both solid and

liquid media. This group included T144A, T144D, T144K,

V147A, and V147L. Groups IV and V were unique categories

consisting of one mutant. Group IV contained T144S, which

was inactive or nearly so in NaCl-containingmedium but func-

tional in LiCl-containing medium. This was notable because

other mutations of the same amino acid to either Ala, Asp, or Lys

created a nearly non-functional protein. Group V contained
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I152A, which had an intermediate phenotype affected partially in

both liquid and solidmedium andmore so in liquidmediumwith

LiCl.

Western blot analysis was used to determine whether all the

mutant proteins were expressed. Supplemental Fig. 6 demon-

strates that the Sod2-GFP fusion protein was present as a band

of �60 kDa. All mutant proteins were expressed. Ponceau S

staining was used to confirm sample transfer after immuno-

blotting. In some cases, there was evidence of lower molecular

weight immunoreactive species. The occurrence of these lower

molecular weight species was variable from cell lysate to lysate

(not shown), possibly indicating that these were degradation

products produced during sample preparation.

To determine whether the mutant Sod2 protein was properly

folded, we carried out limited digestionwith trypsin. Thismethod

examines the proteolytic attack on accessible Arg and Lys and has

been used earlier to examine changes in the structure of Sod2 (4)

and the mammalian Na�/H� exchanger (43). We compared the

digestion of wild type Sod2 with that of the V147A, T144A, and

T144S mutants (Fig. 4). We found that the T144A mutant Sod2

protein was digested more rapidly than the wild type with the

T144S and theV147Ashowing intermediate patterns of digestion.

FIGURE 1. A, alignment of Sod2 with NhaA using SOS1 as an intermediate as described under “Experimental Procedures.” Sod2 TM IV and aligned residues in
NhaA are colored (red, hydrophobic; blue, acidic; green, polar; magenta, basic) and labeled with Gonnet percent accepted mutation 250 amino acid conserva-
tion scores between Sod2 and NhaA TM IV (*, identical; :, strongly similar; .,weakly similar). The transmembrane segments from the crystal structure or the
homology model of NhaA and Sod2, respectively, are shaded in gray. B, sequence alignments of Sod2 TM IV with putative analogous transmembrane segment
from human NHE1 (TM VI) and ZrSod2-22p (TM V) colored and labeled as in C. The critical threonine residues of Sod2, ZrSod2-22p, and NhaA are denoted by #.
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Because we found that mutation of Thr144 and Val147 was

detrimental to the ability of Sod2 to restore growth in salt-

containing medium, we further examined the subcellular loca-

tion of themutant proteins in S. pombe by confocal microscopy

(Fig. 5). The H�-ATPase was used as a plasma membrane

marker (Fig. 5A). Wild type Sod2-GFP had an irregular distri-

bution, partially on the plasma membrane and partially intra-

cellular, similar to what we have noted earlier (4, 19). The

H�-ATPase was primarily located on the plasma membrane

with occasional indications of intracellular labeling possibly

due to biosynthesis of the protein. Both T144A and V147A

Sod2 mutants were distributed in a manner similar to that of

the wild type Sod2. There was evidence of some co-localization

on the plasma membrane, and although this was not complete,

there were no differences apparent between the wild type Sod2

protein and the mutant proteins. We confirmed the observa-

tions on the localization ofwild type andmutant Sod2 using live

cell imaging (Fig. 5B). All mutants and wild type Sod2 had a

predominantly plasma membrane localization. Similar to our

earlier observations (4), the distribution throughout the mem-

brane was not even with occasional concentration at the apical

tips of the membrane.

To gain further insight into the effects of the critical muta-

tions on ion flux in S. pombe, we examined the expulsion of

intracellular Na� and Li� as an indication of Sod2 activity. It

was demonstrated previously (1, 44) that Sod2 accounts for

most of the Na� and Li� expulsion in S. pombe, and its deletion

or inactivity results in greatly reduced expulsion of these ions

from the cytosol. We examined the decreasing content of these

cations after a period of cation loading (4). The results are

shown in Fig. 6, A and B. After incubation in NaCl-containing

medium, NaCl content of S. pombe expressing wild type Sod2

declined relatively rapidly. In contrast, the sod2 knock-out and

the mutants T144A, T144S, and V147A were all greatly

impaired in their ability to reduce cellular Na� content (Fig.

6A). The mutants were also all impaired in their ability to

extrude Li� (Fig. 6B) with the exception of the T144S mutant,

which reduced cellular Li� content approximately aswell as the

wild type Sod2 protein. The V147A mutant also had a slight

tendency toward decreasing cellular Li� content.

To gain molecular insights into how these functionally

important residues may be arranged in the structure of Sod2,

we expressed and purified a peptide representing TM IV

(GSKKK125LFPQINFLGSLLIAGCITSTDPVLSALIVG154KKK)

for NMR experiments. Following purification of amaltose-bin-

ding protein fusion protein and cleavage with TEV, an organic

liquid extraction techniquewas used to isolate the hydrophobic

TM IVpeptide from any remaining aqueous contaminants (Fig.

7). After two rounds of extraction, the organic layer contained

relatively pure peptide with only trace amounts of contamina-

nts remaining, and we proceeded directly with NMR

experiments using the sample in organic solvent.

Initially, one-dimensional 1H and then two-dimensional 15N

HSQCspectrawere used to judge the quality of peptide samples

for structure determination while varying the solvent/deter-

gent, pH, and temperature. The peptide was poorly soluble in a

CHCl3/MeOH/H2Omixture, which has been used successfully

in previous work for a transmembrane segment of themamma-

lian Na�/H� exchanger (16). It was also poorly soluble in trif-

luoroethanol/H2O, and although the peptide could be solubi-

lized in dodecylphosphocholine, SDS, or DMSO, these samples

only gave moderate quality two-dimensional 15N HSQC spec-

tra (Fig. 8A). The peakswere broader and lesswell resolved than

a sample inCHCl3/isopropanol. The best spectrawere obtained

in the solvent mixture used for the organic extraction, CHCl3/

isopropanol, and this solvent mixture was used for further

NMR analysis. The one-dimensional spectrum showed good

dispersion of the backbone amide peaks; however, there was an

additional broad intensity underneath the amide region that

may have been peptide aggregates or impurities. Peaks were

well resolved in a two-dimensional 15N HSQC spectrum, sug-

gesting that the solvent mixture would be suitable for further

experiments (Fig. 8B). With the exception of proline residues

and theN-terminal glycine, complete backbone resonances and

partial side chain resonance assignments were obtained from

the three-dimensional NMR spectra. A labeled two-dimen-

sional HSQC spectrum is shown in Fig. 8B. A few additional

peaks were present in the HSQC spectrum that could not be

assigned that could result from impurities in the sample or

minor conformations from cis-trans isomerization from one or

both prolines in the TM IV peptide.

A comparison of the H� chemical shifts with random coil

chemical shifts (supplemental Fig. 7) (45) suggests that there

are two �-helical regions: residues 128–142 form a longer helix

on the N-terminal half of the peptide, and residues 147–153

form a shorter helix on the C-terminal half. The residues

between the helices, 143–146, have shifts close to random coil

values and are likely dynamic or extended in structure. The

termini are also likely unstructured with H� shifts close to ran-

dom coil. The chemical shift data are supported by the 3JHNH�

coupling constants as the helical regions have coupling con-

stants around 4–6 Hz, consistent with helical structure, and

termini with coupling constants at around 7 Hz, indicating

dynamic or unstructured residues. Critical residue Thr144 has a

coupling constant of about 8 Hz, suggesting that this region

between the two helices is adopting an extended conformation.

Values for some residues were not determined because of over-

lap of peaks in the HN region of the spectrum. Proton-proton

distances from NOESY data also support the secondary struc-

ture prediction (supplemental Fig. 8). H�-HN (i, i � 3) and

FIGURE 2. Growth of S. pombe containing either wild type or TM IV mutant Sod2 proteins in liquid medium with various concentrations of LiCl.
Examples of growth of S. pombe containing no Sod2 (sod2::ura4), wild type Sod2, a mutated Sod2 with an intermediate phenotype, and a series of Thr144

mutants are shown. (All mutants grown in LiCl are shown in supplemental Fig. 2 and summarized in supplemental Table 1.) LiCl tolerance of strains was
assessed by inoculating 2 � 106 cells into 2.5 ml of medium at 30 °C for up to 72 h. Growth was assessed by measuring the absorbance of the cell suspensions
at 600 nm at the indicated times. Results are the mean � S.E. (error bars) of at least three determinations. S. pombe was grown in the presence of 0, 2, 5, or 10
mM LiCl. S2:U4 refers to sod2::ura4 (S. pombe with the Sod2 knock-out described earlier (3)). Sod2 refers to sod2::ura4 containing the wild type Sod2 protein (19).
In other cases, the indicated Sod2 TM IV mutant was introduced into the sod2::ura4 strain in the presence of 0, 2, 5, or 10 mM LiCl as indicated.
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(i, i � 4) contacts can be observed within the two helical

regions. Further evidence of the extended region between the

two helices is shown by the presence of exchange NOE peaks at

4.8 ppm to the residual water in the sample (supplemental Fig.

9), indicating interactions with water with this region.

A model representing the likely structure that Sod2 TM IV

could adopt was constructed with Xplor-NIH (31) using the
3JHNH� and the H� chemical shift data (Fig. 9). The model

structure calculation begins with a simple extended polypep-

tide upon which the measured NMR restraints are added and

energy minimization calculations are performed. This process

was followed several times, analyzing violations resulting from

conflicts between the data and the model. Residues that had

large errors in the calculations or where the 3JHNH� and chem-

ical shift data conflicted or were ambiguous were not included

in the modeling. The model displays disordered termini, a lon-

ger helical stretch of residues 129–142, an extended region

from residues 143 to 147, and a shorter helix from residues 148

to 153. The NMR data and model have been deposited in the

Protein Data Bank and Biological Magnetic Resonance Data

Bank (Protein Data Bank code 2M7X).

To gain insight into the potential role of TM IV in the folded

structure of Sod2 and to provide evidence that the deduced

structure of TM IV was correct, we constructed a homology-

based model of the entire Sod2 protein. The model was based

on the crystal structure of E. coli NhaA, the only Na�/H�

exchanger with a high resolution crystal structure available. As

noted above, Sod2 did not align directly with NhaA using the

Clustal Omega alignment program (33). To overcome this

problem, we used SOS1 as an alignment template as it aligned

with both NhaA and Sod2 (Fig. 1A). These alignments were

then used to construct a sequence comparison between NhaA

and Sod2. The initial model largely resembled the architecture

ofNhaAexcept for one large structural anomalywherein amino

acids 237–255 formed a long loop that traversed parallel

through the membrane domain, looping around two trans-

membrane segments. Closer analysis of this feature indicated

that several of the residues were in steric conflict and that this

structure was invalid. To resolve this, we sought to improve our

FIGURE 3. Growth of S. pombe containing either wild type or TM IV mutant Sod2 proteins in liquid medium with various concentrations of NaCl as
described for Fig. 2. Examples of growth of S. pombe containing no Sod2 (sod2::ura4), wild type Sod2, a mutated Sod2 with an intermediate phenotype, and
a series of Thr144 mutants are shown. (All mutants grown in NaCl are shown in supplemental Fig. 3 and summarized in supplemental Table 1.) NaCl was added
at concentrations of 0, 0.2, or 0.5 M as indicated. Results are the mean � S.E. (error bars) of at least three determinations.

TABLE 1
Summary of characteristics of Sod2 TM IV
Effects of mutation of the amino acids and structural characteristics (Str) of the
indicated amino acid in deduced NMR structure and structural model are
shown. Growth characteristics are indicated as follows: ���, growth essen-
tially equivalent to that supported by wild type Sod2; ��, growth slightly
reduced compared with wild type Sod2; �, growth greatly reduced compared
with wild type Sod2 but still greater than that of Sod2 knock-out; �, growth
essentially equivalent to Sod2 knock-out yeast. Group refers to the following
groupings: I, no effect of mutation on salt tolerance; II, very mild effect; III,
marked effect on NaCl and LiCl tolerance; IV, marked effect on NaCl tolerance
only; and V, intermediate effect on NaCl and LiCl tolerance. D, disordered; E,
extended; H, helix; L, loop; N/A, not applicable.

Mutation
Liquid
LiCl

Liquid
NaCl

Solid
LiCl

Solid
NaCl Group

Str
NMR

Str
model

sod2WT ��� ��� ��� ��� N/A
F126A ��� ��� ��� ��� I D L
P127A ��� ��� ��� ��� I D L
Q128A ��� �� ��� ��� I D L
I129A ��� ��� �� ��� I H L
N130A ��� ��� �� ��� II H L
F131A ��� ��� ��� ��� I H H
L132A �� �� �� ��� II H H
G133A �� �� �� �� II H H
S134A �� �� �� �� II H H
L135A �� �� �� �� II H H
L136A ��� ��� �� �� II H H
I137A ��� ��� ��� ��� I H H
G139A ��� ��� �� �� II H H
C140A ��� ��� ��� ��� I H H
I141A ��� ��� ��� ��� I H H
T142A ��� ��� ��� ��� I H H
S143A ��� ��� ��� ��� I E E
T144A � � � � III E E
T144D � � � � III E E
T144K � � � � III E E
T144S ��� - ��� � IV E E
Asp145 N/A N/A N/A N/A N/A E E
Pro146 N/A N/A N/A N/A N/A E H
V147A � � � � III E H
V147L � � � � III E H
L148A ��� ��� ��� ��� I H H
S149A �� ��� ��� ��� II H H
L151A ��� ��� ��� ��� I H H
L151S �� ��� ��� ��� II H H
I152A � �� �� �� V H H

FIGURE 4. Analysis of susceptibility of mutant and wild type Sod2 protein
to trypsinolysis. Yeast cell membrane fractions were incubated with a 1:200
trypsin:protein ratio for 0 –30 min at 30 °C as described under “Experimental
Procedures.” Samples were then analyzed by SDS-PAGE and Western blotting
using anti-GFP antibody. A, Western blot of wild type (WT) and Sod2 mutant
proteins. B, summary of effects of trypsin on percentage of Sod2 protein
remaining over time. Results are mean � S.E. (error bars) of at least four exper-
iments. *, significantly different from WT at p 
 0.05; �, significantly different
from T144A at p 
 0.05. CT, control.
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sequence alignment using the TMHMM2 secondary structure

prediction algorithm (35) to predict the location of �-helical
transmembrane segments in Sod2. Significantly, the predicted

helical regions aligned approximately with the actual locations

of transmembrane segments in NhaA, giving an unbiased indi-

cation that our initial alignment was reasonable. The predic-

tions were further corroborated using the JPred3 secondary

structure prediction algorithm (36), which indicated very sim-

ilar helical regions to TMHMM2. Using these secondary struc-

ture predictions, the alignment was adjusted so that predicted

helices of Sod2 lined up with the known helices of NhaA. This

alignment replaced the aberrant intramembrane loop at resi-

dues 237–255 with a transmembrane �-helix that satisfied the

steric conflicts. However, closer inspection revealed that up to

seven amino acids at the ends of several transmembrane helices

dipped back into the membrane. To address this, we looked at

the predicted length of transmembrane helices in Sod2 versus

NhaA and noted that many were longer in Sod2 than NhaA.

Because Modeller does not account for significant differences

FIGURE 5. Confocal microscopy of S. pombe expressing wild type Sod2-GFP
and Sod2-GFP with mutations in TM IV. A, exponentially growing cells were
harvested, treated with Zymolyase, washed, and mounted on coverslips before
imaging. Rows indicate the yeast strain. sod2::ura4 indicates the S. pombe knock-
out strain without the Sod2 protein. Sod2 refers to the wild type Sod2 protein
expressed in S. pombe. Rows T144A and T147A indicate Sod2 protein with these
point mutations. The left column illustrates GFP fluorescence. The center column
illustrates Cy3 (red) fluorescence (H�-ATPase). The right column illustrates both
Cy3 and GFP fluorescence. B, exponentially grown cells were harvested and used
directly for live cell imaging of GFP fluorescence.

FIGURE 6. Loss of Na� or Li� content from S. pombe containing wild type
or mutant Sod2 proteins. Cells expressing various indicated Sod2 proteins
or the sod2::ura4 knock-out strain were incubated in high NaCl- (A) or LiCl
(B)-containing medium for 1 h and resuspended in Na�- or Li�-free medium.
The Na� or Li� content was determined by atomic absorption spectropho-
tometry as described under “Experimental Procedures.” Results are the
mean � S.E. (error bars) of at least three experiments. Where not shown, S.E.
was too small to be displayed.
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in transmembrane segment length, short helical restraints were

added to the ends of the Sod2 transmembrane segments pre-

dicted to be longer than the aligned sequence in NhaA. To

ensure no undo bias was added by secondary structure predic-

tion, the same TMHMM2 and JPred3 algorithms (35, 36) were

used to predict helical regions of NhaA. The algorithm pre-

dicted helices that aligned nearly perfectly (fewer than two res-

idues were different) with the actual location of transmem-

brane helices in the crystal structure (with the exception of the

two short helices, 7 and 8, which were predicted to be one long

helix). The resulting model (Fig. 10A) no longer appeared to

have any structural anomalies and was in good agreement with

the NhaA structure (Fig. 10B). The validity of the model was

confirmed using the protein structure validation software suite

(37). This evaluation revealed only seven residues with back-

bone angles outside of the allowable region of the Ramachan-

dran plot. Six of these residues are located in extramembrane

loops where the backbone bonds would be flexible enough to

adopt a more preferable angle. The seventh residue, Val373, is

located in the unwound region of transmembrane segment XI.

To resolve the significance of this disallowed dihedral angle,

sculpting was performed using PyMOL (Schrödinger, LLC).

Upon relaxation of the region containing Val373, admissible

dihedral angles were obtained.

The model was further validated from a bioinformatics

standpoint using the ConSurf method (38, 39). Using the Con-

Surf server (40), 91 protein sequences (of �35% identity and a

BLAST score of�300) were selected and aligned with the Sod2

sequence. The server then calculated a Bayesian conservation

score (0–9), gave it a corresponding color, and mapped it onto

the model of Sod2 (supplemental Fig. 10). Regions of high

sequence conservation (pink to purple) are (as expected) found

in the core of the transporter, whereas regions of less conserva-

FIGURE 7. SDS-PAGE (12%) analysis of purification of MBP-Sod2 fusion
protein. A, Sod2 TM IV fusion protein was produced and purified as described
under “Experimental Procedures,” and samples from the purification proce-
dure are illustrated. CL, crude bacterial lysate; AS, clarified lysate supernatant
after ultracentrifugation; FT, flow-through, maltose affinity column unbound
fraction; W, maltose affinity column wash fraction; E, maltose affinity column
eluted fraction (�2 mg of protein/ml; MW, molecular mass ladder (kDa). The
arrow denotes the position of the fusion protein. B, Tris-Tricine (16%) analysis
of TEV cleavage of Sod2 fusion protein followed by organic extraction. cE,
10� concentrated elution fraction; dig, concentrated elution fraction follow-
ing 3-day cleavage with TEV; Organic, samples of the organic layer following
extraction; 1d10, 10 �l of organic layer following one round of extraction;
2d25, 25-�l sample of organic layer following two rounds of extraction; MW,
molecular mass ladder (kDa). * denotes the position of the maltose-binding
protein after cleavage and removal of Sod2 protein. The arrow denotes the
position of the Sod2 protein in the organic fraction.

FIGURE 8. Two-dimensional 15N HSQC spectra of Sod2 TM IV peptide. A, two-dimensional 15N HSQC spectra of Sod2 TM IV peptide in detergent micelles.
Samples in detergent micelles were prepared from peptide in organic solvent that was dried under Ar2(g) and reconstituted in 1% dodecylphosphocholine or
SDS, 10 mM imidazole, 0.25 mM DSS, 95% H2O, and 5% D2O, pH 6.0. Spectra were acquired at 500 MHz and 30 °C. B, two-dimensional 15N HSQC of Sod2 TM IV
in 50% CDCl3 and 50% isopropanol with assignments indicated. The sample was taken directly from the organic extraction procedure and partially concen-
trated by slow evaporation under N2(g).

FIGURE 9. Ensemble of 25 models of Sod2 TM IV created with Xplor-NIH.
Side view of the ensemble with the structures superimposed along the N-ter-
minal helix (Protein Data Bank code 2M7X). Only residues Ile129–Val153 are
shown for clarity as the amino and carboxyl ends of the structures were
disordered.
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tion (white to blue) are found on the outer surface. Significantly

the critical amino acids 144TDP146 all have the highest conser-

vation score of 9, and Val147 has a score of 8.

Fig. 10C shows a comparison of the deduced and modeled

TM segments of Sod2, TM IV and TM IV of NhaA, and TMVI

of NHE1. All display a characteristic helix-extended region-

helix configuration. The NMR structure of TM IV of Sod2 is

very similar, although not identical, to the structure of Sod2

deduced by modeling.

Fig. 10D illustrates the homology model of Sod2 viewed per-

pendicular to the membrane plane from the extracellular side.

The key residues of TM IV (Thr144–Val147) are shown as orange

spheres and have a central, potentially pore-lining location. Fig.

10E illustrates the position of all known functionalmutations in

the model.

DISCUSSION

Removal of excess salt in plants and yeast is crucial in dealing

with excess toxic levels of intracellularNa�. In plants, improve-

ments in salt tolerance have significant agricultural implica-

tions for crops. The yeast S. pombe is a useful model organism

for the study of salt tolerance as the Na�/H� antiporter (Sod2)

plays the major role in salt tolerance, and its deletion results in

a Na�- and Li�-sensitive phenotype (1). Although significant

advances have been made in the study of mammalian (46) and

E. coli (47)Na�/H� exchangers, there has beenmuch less study

on plant and yeast Na�/H� exchangers. Here we present the

first systematic examination of a transmembrane segment of

this type of transporter by alanine scanning mutagenesis and

NMR spectroscopy. Alanine scanning mutagenesis was used as

described earlier (9, 48). The premise is that the small side chain

of alanine can substitute for amino acids without disrupting the

protein structure while at the same time altering the nature of

the side chain. All the amino acids of TM IV were mutated to

alanine except Ala138 and Ala150 and the earlier characterized

Asp145 and Pro146 (4, 17).

Most of the mutations had either no effect or mild to inter-

mediate effects on the ability of Sod2 to restore salt tolerance in

sod2::ura4 S. pombe (Table 1, Group I and II mutants). How-

ever, the effects of mutation of amino acids Thr144 and Val147

were notable and were explored in more detail. Several experi-

ments suggested that the effects we found on these two amino

acids were on cation coordination either directly or indirectly

through a change in conformation of the protein. The expres-

sion level and localization of these mutant forms of Sod2 were

normal. However, limited tryptic digestion suggested that there

was a change in conformation of the mutant proteins. This was

especially noticeable in the non-functional T144A protein,

whereas the conservative substitution T144S was able to trans-

port Li� and was not as sensitive to proteolytic digestion. This

suggests that the hydroxyl side chain restored not only activity

but also a conformational change.

ForThr144,mutation to eitherAla, Asp, or Lys did not restore

the ability to confer salt tolerance.However, changingThr144 to

a serine residue restored the ability to confer resistance to LiCl

and to transport LiCl but did not restore NaCl tolerance and

transport (Fig. 6). The hydroxyl might be directly participating

in the binding of cations. The ionic radii ofNa� andLi� are 0.95

and 0.65 Å, respectively (43). A simple explanation may be that

presentation of the hydroxyl by Ser is such that it can coordi-

nate the smaller Li� ion but not the larger sodium. Alterna-

tively, it is known that hydrogen bond formation between the

side chain oxygen atom of a Ser and Thr and the i � 3 or i � 4

peptide carbonyl oxygenmay induce or stabilize a 3–4° bend in

a helix relative to Ala (49). Thismight cause significant changes

in the TM segment that affect cation coordination. Interest-

ingly, Thr132 of the E. coli Na�/H� antiporter NhaA has been

shown to participate in cation coordination (50), and other Ser

or Thr residues have also been shown to be important in cation

binding and transport in other membrane transporters (51–

53). However, experiments on the mammalian NHE1 isoform

of the Na�/H� exchanger show that not all Ser and Thr resi-

dues are important in this regard (9, 15).

The ability of a Ser to substitute for Thr144 is not unprece-

dented. Amino acids 124–156 of the related Zygosaccharomy-

ces rouxii Na�/H� exchanger are strikingly similar to amino

acids 125–158 of S. pombe Sod2. Amino acids Thr141 and

FIGURE 10. Homology model and TM segment structure comparison. A,
homology model of Sod2 membrane domain (residues 12– 429) based on the
crystal structure of E. coli NhaA (Protein Data Bank code 1ZCD) using Modeller
software (32). B, homology model (red) aligned with NhaA (blue). C, structures
of analogous TM segments of NhaA TM IV (blue) and NHE1 TM VI (green) are
shown next to the structural model of Sod2 (NMR) made with Xplor-NIH (rain-
bow) and Sod2 (Modeller) homology model TM IV (red). Key residues have
been labeled for each peptide (see “Discussion”). D, homology model of Sod2
viewed perpendicular to the membrane plane from the extracellular side. The
key residues of TM IV (Thr144–Val147) are shown as orange spheres. E, reproduction
of D with all known functional mutations indicated in magenta spheres. Asp266

and Asp267 are labeled, indicating their distance from the transport pore.
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Thr143 ofZrSod2-22p alignwith amino acids Thr142 andThr144

of Sod2, respectively (Fig. 1B). Previous studies have demon-

strated that T141S and S150Tmutations ofZrSod2-22p altered

and broadened the cation selectivity of this antiporter and dem-

onstrated that the presence of hydroxyl groups was critical for

cation transport (54). Pro145, which aligns with Sod2 Pro146,

was also shown to be important in substrate specificity. We

found that the downstream Thr144 of Sod2 rather than Thr142

of Sod2 had a role similar to that of Thr141 of ZrSod2-22p.

These results suggest that Thr144 plays a functional role similar

to that of Thr141 of ZrSod2-22p despite the fact that it does not

align precisely with amino acid Thr141 of ZrSod2-22p.

In contrast to Thr144, mutation of the amino acids Leu132,

Gly133, Ser134, Leu135, Leu136, and Gly139 (Group II; Table 1)

exhibited phenotypes with slightly depressed growth in both

NaCl- and LiCl-containing media. Although the effect is small,

this region is conserved in both human NHE1 and ZrSod2-22p

(54) (Fig. 1). These residues are located in helical regions in the

NMR structure, and it may be that changes in amino acid pack-

ing or helix structure lead to less efficient transport and there-

fore reduced resistance.

To help explain the functional results, we expressed and

purified Sod2 TM IV and analyzed the structure of the protein

using NMR. Earlier studies have demonstrated that the amino

acid sequences of TM segments of membrane proteins contain

most of the required structural information needed to form

their native structures (55–58). This approach has been used

successfully previously for mammalian NHE1 (15, 16) and for

the membrane domain of CorA (59).

NMR experiments revealed significant secondary structure

information.H� chemical shifts and 3JHNH� coupling constants

(supplemental Fig. 7) suggested thatTMIVcontains twohelical

regions separated by an extended segment. Although theN-ter-

minal portion of theTMIVpeptide showed largely helical char-

acter, H� chemical shift deviations of residues 133 and 139

were closer to random coil values (Table 1), which could sug-

gest that this N-terminal helix is broken, distorted, or dynamic

at these positions. The low number of helical distances

observed in the NOESY spectrum (supplemental Fig. 8) could

be a further indication of dynamic behavior or distortion of the

helices. This could simply be a result of the peptide being in

organic solvent rather than in amembrane or perhaps indicates

the importance of other transmembrane segments that might

stabilize partially unwound helices in the tertiary structure.

Additionally, although data for Pro146 could not be observed,

it is predicted to be a helix breaker (60). This is not unprece-

dented as the structure of hNHE1 TM IV shows two proline

residues that disrupt the helix and form an extended section

(20). Most interestingly, the functionally critical Sod2 residues

Thr144, Val147, and Asp145 and residue Pro146 (shown earlier)

are found in or very close to the extended region (Table 1). This

is consistent with the results of other structural studies that

have shown that discontinuous membrane helices are often

involved in substrate coordination, for example E. coli NhaA

(50, 61).

Although the data were not sufficient to calculate a precise

structure, amodel of Sod2TM IVwas created usingXplor-NIH

(31) to better visualize the secondary structure and to provide a

basis for comparison with other published structures. We sug-

gest that TM IV of Sod2 may be structurally and functionally

more similar to TMVI of NHE1 than to TM IV of NHE1 based

on analysis of amino acid alignments, data examining critical

amino acids in these helices, and the overall structure of the

regions. Both contain two helices with an intervening unwound

region that is critical in function (15). TM IV of human NHE1

has an unwound region, but this is flanked by only one helix

(16).

Assessment of functional properties of aligned residues also

supports the hypothesis that TM IV of Sod2 is similar to TMVI

of NHE1. Mutation of residues Asp238 and Pro239 of human

NHE1 results in a non-functional protein. These residues cor-

respond to Asp145 and Pro146 in Sod2 that are also critical to

function (4, 17). Similarly, the mutation of Val237 of NHE1 to

Cys had reduced function in the presence of cysteine-modifying

compounds, and this amino acid corresponds to Thr144 of Sod2

that is also critical to function.

We have also noted earlier that TM VI of NHE1 is similar to

TM IV of NhaA (15). Comparison of Sod2 TM IV with E. coli

NhaA TM IV also suggests that although they have different

primary structures their secondary structures are similar, both

having a helix-unwound region-helix configuration (Fig. 10C).

Interestingly, TM IV of E. coli NhaA also contains important

residues in this segment as mutation of either Thr132 or Asp133

has large effects on the apparent Km, indicating a role in the

integrity of the transportmechanism (6, 62). The extended pep-

tide region may help accommodate the charged ion substrate

(50).

To assess the effect thesemutationsmight have on the folded

structure and to provide evidence that the deduced structure of

Sod2 TM IV is valid, we constructed a homology model of the

membrane domain of Sod2. Mounting evidence suggests that a

finite number of folds exist formembrane transporters (63) and

that proteinswith quite different primary amino acid sequences

can have surprisingly similar structures. For example, the bile

acid sodium symporter ofNeisseria meningitides has a low pri-

mary sequence identity to E. coli NhaA, but the structure is

surprisingly similar to that of NhaA (59).

With this justification, we decided to use the functionally

relatedNhaA structure as a template for homologymodeling of

Sod2. After several iterative rounds of modeling, we obtained a

model that satisfies our NMR data and the collected biochem-

ical data (Fig. 10A). The model is largely free of steric conflicts

as demonstrated by 98% of residues falling within the accept-

able regions of the Ramachandran plot and the remaining resi-

dues falling in flexible regions of the structure (Fig. 10). Addi-

tionally, analysis using the ConSurf method (38, 39) indicates

that functionally important regions on the interior of the trans-

porter show the highest levels of conservation (supplemental

Fig. 10) including the unwound section of TM IV. This method

was also used to validate a model structure of NHE1 (40, 64).

The overall architecture of the model of Sod2 indicates the

same fold as NhaA (6) with helices IV and XI having an

unwound, crossed configuration in the membrane (Fig. 10B).

Functionally critical residues His367, Asp241, (3), Pro146 (4),

Asp145, and Glu173 (18) are all situated in or near the putative

transport pore (Fig. 10E). The exceptions are residues Asp266
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and Asp267. These residues were found to be critically impor-

tant for transport activity (3) but are not located near the

transport site. They are located on a short �-helix within a

long extracellular loop. A possible explanation is that this

long loop may form a “caplike” structure on the cytoplasmic

side of the pore opening. The negative charges could help

attract sodium ions for transport. Because this is not a fea-

ture found in NhaA, it would be unlikely to be predicted by

molecular modeling.

Significantly, the critical residues in the model of TM IV,

Thr144–Pro146, are in an extended conformation and face the

hypothetical transport pore in agreement with our deduced

NMR structure. This offers further evidence that these residues

are involved in ion translocation and supports the NMR struc-

ture we obtained (Fig. 10C). Val147, however, is in a helical con-

formation and faces toward the outer helices in the homology

model. From the homology model, one possible explanation

of the functional defect of V147A is that mutation at this site

affects helical packing, likely destabilizing the structure,

leading to a functional defect. This is supported by our con-

focal data that suggest that V147A is targeted the same as the

wild type protein and by our trypsinolysis data that show that

V147A is more susceptible to digestion, suggesting increased

flexibility. Alternatively, Val has a lower propensity to form

helices than either Ala or Leu; therefore, these mutations

may lead to increased helical character, perturbing the

placement of TM IV in the membrane or decreasing the

flexibility of the segment, preventing proper function (65).

This is still consistent with the trypsin digestion data as the

change in secondary structure could again alter helix pack-

ing and flexibility. In contrast, the NMR data and structure

suggest that Val147 is extended or only weakly helical in con-

formation. This suggests that Val147 may be more conforma-

tionally dynamic than the Ala and Leu mutants and that this

flexibility is required for proper function. The fact that

Val147 is extended in the NMR structure and helical in the

homology model (Table 1) further suggests that this position

is likely locally flexible and requires the full membrane

domain to form proper folded helical contacts.

In summary, the deduced secondary structure of the peptide

based on NMR data consists of a slightly kinked N-terminal

helix at residues 128–142 followed by a very flexible extended

segment at residues 143–146 and a short C-terminal helix at

residues 147–154. This secondary structure is supported by a

homology model of TM IV of Sod2 derived from E. coli NhaA.

The functional data suggest that residues 144–146 appear to

have analogous partners in E. coli NhaA, human NHE1, and

ZrSod2-22p, indicating the importance of this region in trans-

port. The salt tolerance protein Sod2 has a partially unwound

helix containing functionally important residues for ion trans-

port, consistent with results obtained with human NHE1 and

E. coliNhaA. This study extends our current molecular under-

standing of salt tolerance and salt tolerance proteins. Previously

we demonstrated that mutation of Asp145 (17) and Pro146 (4) of

Sod2 resulted in a transport defect that was unable to confer

salt tolerance. Our present results demonstrate that the

flanking amino acids Thr144 and Val147 are also critical for

Sod2 structure and function and that TM IV is likely to be

directly involved in ion translocation. We have also demon-

strated that the hydroxyl of Thr144 is required for activity

and that the conservative Thr to Ser mutation results in the

inability to transport Na� while maintaining Li� transport.

We suggest that TM IV of Sod2 serves a role similar to that of

TM IV of E. coli NhaA and TM VI of human NHE1.
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Table I (Supplement) Oligonucleotides used for site-directed mutagenesis of sod2.  Mutated nucleotides are 
indicated in lowercase letters.  Mutations resulting in changed amino acids have codons indicated in boldface type.  
Restriction sites that were introduced are underlined, and where indicated a site was removed (-).  The forward 
oligonucleotide of the pair used for mutagenesis is shown. 

 
 

	  
	   	  

Mutation  Oligos Site 
F126A GCATATGCATTGgcgCCACAAATTAACTTTTTAG NarI 
P127A GCATATGCATTGTTTgCgCAAATTAACTTTTTAG FspI 
Q128A GCATATGCATTGTTcCCAgcAATTAACTTTTTAGG BseYII 
I129A CATATGCATTGTTTCCtCAggcTAACTTTTTAGGATC Bsu36I 
N130A GTTTCCACAAATTgcCTTTTTAGGATCcTTGCTGATCGCAGG BamHI 
F131A CCACAAATTAACgcgTTAGGATCTTTGC MluI 
L132A CCACAAATTAACTTTgccGGcTCTTTGCTGATCGC NaeI 
G133A CAAATTAACTTTTTAGctagcTTGCTGATCGCAGG NheI 
S134A CAAATTAACTTTTTAGGAgCTcTGCTGATCGCAGG SacI 
L135A CTTTTTAGGATCagcGCTGATCGCAGGATG AfeI 
L136A CTTTTTAGGATCTTTGgcGATCGCAGGATGTATAAC PvuI 
I137A GGATCTTTGCTGgctGCAGGATGTATAAC PstI 
G139A CTTTGCTGATCGCAGcATGcATAACTTCTACTGATC SphI 
C140A GCTGATCGCAGGcgccATAACTTCTACTGATC NarI 
I141A GCTGATCGCAGGATGcgcAACTTCTACTGATCC FspI 
T142A CGCAGGATGTATAgCgTCgACTGATCCTGTTC SalI 
S143A GCAGGATGTATAACagCTACTGATCCTGTTC AlwNI 
T144A GGATGTATAACTTCTgCaGATCCTGTTCTATC PstI 
T144D GGATGTATAACTTCTgacGATCCTGTcCTATCAGCATTG Drd1 
T144K GGATGTATAACTTCTAagGATCCTGTTCTATC BamH1 
T144S GGATGTATAACTTCTtCaGATCCTGTTCTATC3 AlwN1 
V147A GTATAACTTCTACgGATCCTGcTCTATCAGCATTGATTG BamHI 
V147L GTATAACTTCTACgGATCCTcTTCTATCAGCATTG BamHI 
L148A CTTCTACTGATCCTGTTgctagcGCATTGATTGTAGG NheI 
S149A CTTCTACTGATCCTGTgCTAgCAGCATTGATTGTAG NheI 
L151A CCTGTTCTATCAGCAgcgATcGTAGGAGAAGGAGG PvuI 
L151S CCTGTTCTATCAGCATcgATcGTAGGAGAAGGAGG PvuI 
I152A CCTGTTCTATCAGCgcTGgcgGTAGGAGAAGGAGGTC AfeI 
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Fig. 1 Supplementary. Model of sod2.  A. Topological model of sod2 based 
on hydrophobicity analysis (41).  EL, extracellular loop; IL, intracellular 
loop.   
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Fig. 1B Supplementary. B. Schematic diagram of amino acids present in 
TM IV of sod2.  



 
 
 
 
 
 
 
 
 
 
 
Fig. 2 A-D supplementary.  Growth of S. pombe containing either wild type or TM IV mutant 
sod2 proteins in liquid media with various concentrations of LiCl. All mutants, sod2 knock out 
(Sod2::ura4), wild type sod2, growth in LiCl are shown.  LiCl tolerance of strains was assessed 
by inoculating 2 X 106 cells into 2.5 ml of medium at 30 oC for up to 72 hours.  Growth was 
assessed by measuring the absorbance of the cell suspensions at 600 nm at the indicated times.  
Results are the mean +/- SE of at least three determinations.  S. pombe were grown in the 
presence of 0, 2, 5 or 10 mM LiCl. S2:U4 refers to Sod2::ura4 (S. pombe with the sod2 knockout).  
Sod2 refers to sod2::ura4 containing the wild type sod2 protein.  In other cases the indicated sod2 
TM IV mutant was introduced into S2:U4 and grown in the presence of 0, 2, 5 or 10 mM LiCl as 
indicated.  E, Growth of S. pombe assessed as in A-D.  All mutants were grown simultaneously in 
the same preparation of media.  WTGFP, refers to the GFP fused sod2, equivalent to Sod2 
measured in 2A.  Sod2::Ura4 is S. pombe with the sod2 knockout.  WTnoGFP, refers to the sod2 
protein without the GFP tag, expressed as described earlier (3).  
 
  













 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3A-D supplementary.  Growth of S. pombe containing either wild type or TM IV mutant 
sod2 proteins in liquid media with various concentrations of NaCl as described for supplementary 
Fig. 2.  All mutants, sod2 knock out, (Sod2::ura4, S2:U4), wild type sod2, growth in NaCl are 
shown. NaCl was added at concentrations of 0, 0.2 or 0.5 M as indicated.  Results are the mean 
+/- SE of at least three determinations.  E, Growth of S. pombe assessed as in A-D.  All mutants 
were grown simultaneously in the same preparation of media.  WTGFP, refers to the GFP fused 
sod2, equivalent to Sod2 measured in 3A.  Sod2::Ura4 is S. pombe with the sod2 knockout.  
WTnoGFP, refers to the sod2 protein without the GFP tag, expressed as described earlier (3).  
 
	  













Fig.	  4	  Supplementary	  (A-‐D).	  	  Growth	  of	  S.	  pombe	  containing	  wild	  type	  and	  TM	  IV	  mutant	  
sod2	   on	   solid	  media	   containing	   various	   concentraEons	   of	   LiCl.	   	   Samples	   of	   staEonary	  
phase	  cultures	  of	  the	  various	  yeast	  strains	  were	  taken	  and	  were	  serially	  diluted	  10-‐fold.	  	  
These	   were	   spoKed	   onto	   minimal	   media	   plates	   supplemented	   with	   LiCl	   at	   the	  
concentraEon	  indicated.	   	  Plates	  were	  then	  incubated	  for	  4-‐5	  days	  at	  30o	  C.	   	  Sod2(WT)	  
refers	   to	   S.	   pombe	   transformed	   with	   pREP-‐41sod2GFP	   without	   any	   mutaEons.	  	  
sod2::ura4	  is	  S.	  pombe	  with	  the	  sod2	  knockout	  described	  earlier	  (3).	  	  Other	  designaEons	  
are	   the	   sod2::ura4	   yeast	   strain	   transformed	  with	   pREP-‐41sod2GFP	  with	   the	   indicated	  
point	  mutaEon	  in	  sod2	  (panel	  A-‐D).	  	  Results	  are	  typical	  of	  at	  least	  3	  experiments	  	  
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Fig.	  5	  Supplementary	  (A-‐D).	   	  Growth	  of	  S.	  pombe	  containing	  wild	  type	  and	  TM	  IV	  
mutant	   sod2	   on	   solid	   media	   as	   described	   in	   supplemental	   Fig.	   4,	   except	  
containing	  the	  indicated	  concentraHons	  of	  NaCl.	   	  Results	  are	  typical	  of	  at	  least	  3	  
experiments.	  
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Fig.	  5B.	  	  
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Fig.	  5C.	  	  
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Fig. S7. (Top) Chemical shift index prediction of sod2 TMIV secondary structure.  Contiguous regions with 
deviations lower than -0.1 ppm (dotted line) from random coil chemical shifts indicate alpha-helical structure.  
Glycine chemical shifts were averaged if two Hα peaks are resolved.  (Bottom) 3JHNHα coupling constants 
calculated for the peptide from a 3D HNHA NMR spectrum.  Regions approximately < 5 Hz suggest alpha helical 
structure, and > 8 Hz extended structure.  Missing values are glycines or were not calculated due to peak overlap.   
  



 
 
 

	  
	  
	  
	  
Fig. S8. Summary of NOE distances observed in a 3D 15N NOESY-HSQC spectrum of sod2 TMIV.  Regions 
containing (i,i+3) and (i,i+4) contacts suggest helical structure.   
	  
	  
	   	  



	  

	  
	  
Fig. S9.  3D 15N NOESY-HSQC strip plot of the residues in the central extended region of sod2 TMIV showing 
exchange peaks with water (dotted line).   
	  




