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The Na�/H� exchanger isoform 1 is a ubiquitously expressed

integral membrane protein. It resides on the plasmamembrane

of cells and regulates intracellular pH inmammals by extruding

an intracellular H� in exchange for one extracellular Na�. We

characterized structural and functional aspects of the trans-

membrane segment (TM) VI (residues 227–249) by using cys-

teine scanningmutagenesis and high resolutionNMR. Each res-

idue of TMVI wasmutated to cysteine in the background of the

cysteineless NHE1 protein, and the sensitivity to water-soluble

sulfhydryl-reactive compounds (2-(trimethylammonium)ethyl)-

methanethiosulfonate (MTSET) and (2-sulfonatoethyl)meth-

anethiosulfonate (MTSES) was determined for those residues

with significant activity remaining. Three residues were essen-

tially inactive when mutated to Cys: Asp238, Pro239, and Glu247.

Of the remaining residues, proteins with the mutations N227C,

I233C, and L243C were strongly inhibited by MTSET, whereas

amino acids Phe230, Gly231, Ala236, Val237, Ala244, Val245, and

Glu248were partially inhibited byMTSET.MTSESdid not affect

the activity of the mutant NHE1 proteins. The structure of a

peptide representing TM VI was determined using high resolu-

tion NMR spectroscopy in dodecylphosphocholine micelles.

TM VI contains two helical regions oriented at an approximate

right angle to each other (residues 229–236 and 239–250) sur-

rounding a central unwound region. This structure bears a

resemblance toTM IVof theEscherichia coli proteinNhaA. The

results demonstrate that TM VI of NHE1 is a discontinuous

pore-lining helix with residues Asn227, Ile233, and Leu243 lining

the translocation pore.

Mammalian NHE1 (Na�/H� exchanger isoform 1) is a ubiq-

uitous integral plasmamembrane protein. It regulates intracel-

lular pH by mediating removal of one intracellular proton in

exchange for one extracellular sodium ion (1, 2). NHE1 also has

several other additional functions (3). These include promoting

cell growth and differentiation (4), promoting inward sodium

flux in response to osmotic shrinkage (5), and facilitating cell

motility (6). NHE1 also has several pathological roles, including

promoting invasiveness of neoplastic breast cancer cells (7).

Additionally, its activity promotes pathological heart hypertro-

phy and is involved in the damage that occurs during ischemia

and reperfusion. Inhibition of NHE1 with Na�/H� exchanger

inhibitors protects the myocardium during various disease

states (8–11).

NHE1 consists of an N-terminal membrane domain of �500

amino acids and a C-terminal regulatory domain of about 315

amino acids (1, 9). Themembrane domain is responsible for ion

movement. Two models of the topology of NHE1 exist. An

analysis of topology by cysteine scanning accessibility sug-

gested that NHE1 has three membrane-associated re-entrant

segments and 12 integral transmembrane segments (12). A dif-

ferent model of the topology of NHE1 was more recently sug-

gested (13). It was based on computational methods, including

evolutionary conservation analyses and fold alignment meth-

ods with NhaA, a partially homologous bacterial Na�/H� anti-

porter whose crystal structure has been determined (14). A

comparison of the models shows some similarities and some

differences (15). Amino acids 227–249 are predicted to form a

transmembrane segment with the same orientation in both

models and were initially referred to as TM5 VI in the model of

Wakabayashi et al. (12).

The mechanism of transport of the membrane domain is

both of great interest froma scientific viewpoint and potentially

helpful in the design of improved NHE1 inhibitors for clinical

use (15). In this regard, we have recently characterized the func-

tionally important residues and the structure of TM IV (resi-

dues 155–180), TM VII (residues 250–275), TM IX (residues

338–365), and TM IX (residues 447–472). We have used a

combination of cysteine scanning mutagenesis, site-specific

mutagenesis, and NMR analysis to analyze the details of the

NHE1 membrane domain. Cysteine scanning mutagenesis

showed that Phe161 of TM IV is a pore-lining residue critical to

transport. Analysis of the structure of TM IV showed that it is

composed of one region of �-turns, an extended middle region

including Pro167–Pro168, and a helical region (16). TM VII was
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a more typical transmembrane helix, although it was inter-

rupted with a break in the helix at the functionally critical

residues Gly261–Glu262 (17). TM IX contains two structurally

conserved regions containing �-helix structure at residues

340–344 and 353–359, with a 90° kink at Ser351 between the

two regions that could potentially provide flexibility. Cysteine

scanning mutagenesis showed that both residues Ser351 and

Glu346, between the helical regions, are pore-lining (18). TMXI

contains two helical regions, residues 447–454 and 460–471,

and Leu465 was identified as pore-accessible through cysteine

scanningmutagenesis and reactionwithMTSET (19). Extracel-

lular loop 2 (amino acids 153–155) was also recently character-

ized in this fashion, and the loop had a specific structure, dis-

ruption of which affected protein function (20).

TM VI of NHE1 has not been well studied. In the proposed

new topology of NHE1 suggested by Landau et al. (13), TM VI

(amino acids 227–249) is suggested to be TM IV. This region

corresponds to TM IV of the bacterial antiporter NhaA. In the

high resolution structure of NhaA, TM IV was an important

part of a novel fold of two TMs that crossed each other in the

center of themembrane andplayed a key role in ion binding and

transport (14). It was proposed that amino acids 227–249 of

NHE1 provide an equivalent role for this protein, forming part

of the TM4-TM11 assembly (13). We therefore decided to

investigate TM VI (amino acids 227–249) of NHE1 in detail.

We used cysteine scanningmutagenesis to identify and charac-

terize critical pore-lining residues of the protein. We also used

nuclear magnetic resonance (NMR) spectroscopy to character-

ize the structure of a synthetic peptide representing TM VI in

dodecylphosphocholine (DPC) micelles, including paramag-

netic relaxationNMRexperiments (21, 22) to examine the loca-

tion of the peptide in the micelle and its interaction with a

cation. Studies have shown that TMs of membrane proteins

possess all of the structural information required to form their

higher order structures in their amino acid sequence (23). This

has been demonstrated in earlier studies on membrane protein

segments, such as the cystic fibrosis transmembrane conduct-

ance regulator (24), bacteriorhodopsin (25, 26), a fungal G-pro-

tein-coupled receptor (27), and rhodopsin (28). The use of DPC

micelles has also been shown to be an excellent membrane

mimetic environment for these studies (29, 30).

Our results identify TMVI as a critical pore-lining residue of

NHE1. Three residues were identified as lining the pore, and

several others were affected by changing them toCys and react-

ing with MTSET. We also demonstrate that TM VI is an inter-

rupted helix with a similarity to TM IV of NhaA.

EXPERIMENTAL PROCEDURES

Materials—MTSETandMTSESwerepurchased fromToronto

Research Chemicals, (Toronto, Canada), and LipofectamineTM

2000 reagent was purchased from Invitrogen. PWO DNA poly-

merase was obtained from Roche Applied Science, and sulfo-

NHS-SS-biotin was from Pierce. Immobilized streptavidin resin

was from Sigma-Aldrich, and deuteratedDPC-d38 was purchased

fromCambridge Isotope Laboratories (Andover, MA).

Site-directed Mutagenesis—The expression plasmid pYN4�
contains a hemagglutinin (HA)-tagged human NHE1 isoform

of the Na�/H� exchanger. The plasmid contains the cDNA for

the entire coding region of the Na�/H� exchanger. We previ-

ously demonstrated that the tagged expressed protein func-

tions normally (31). Mutations to the NHE1 cDNA in pYN4�
changed the indicated amino acids to cysteine (supplemental

Table 1), using the functional cysteineless NHE1 protein that

we described earlier (16). Site-directed mutagenesis was done

using amplification by PWO DNA polymerase and using the

Stratagene (La Jolla, CA) QuikChangeTM site-directed mu-

tagenesis kit.Mutations created or deleted a restriction enzyme

site that was used in plasmid screening. DNA sequencing con-

firmed the fidelity of DNA amplification.

Cell Culture and Transfections—Using control and mutant

pYN4� DNA, stable cell lines were made using AP-1 cells that

lack an endogenous Na�/H� exchanger as described earlier

(32). Transfection was with LipofectamineTM 2000 reagent

(Invitrogen) (31). Stable cell lines for experiments were regu-

larly reestablished from frozen stocks at passage numbers

between 5 and 9. At least two independently made clones of

each mutant were made, and results are shown from one

mutant. Independently made clones all had very similar func-

tional characteristics.

SDS-PAGE and Immunoblotting—Cell lysates made as

described earlier (31) were used for Western blot analysis on

10% SDS-polyacrylamide gels. Nitrocellulose transfers were

immunostained using anti-HA monoclonal antibody that rec-

ognizes the HA tag on the expressed Na�/H� exchanger pro-

tein. The second antibody was peroxidase-conjugated goat

anti-mouse antibody. Chemiluminescence was used to visual-

ize immunoreactive proteins. ImageJ 1.35 software (National

Institutes of Health, Bethesda, MD) was used for analysis of

protein expression on x-ray films.

Cell Surface Expression—The relative levels ofNHE1 cell sur-

face expression were measured essentially as described earlier

(31). Briefly, cell surfaces were labeled with sulfo-NHS-SS-bio-

tin (Pierce), and immobilized streptavidin resin was used to

remove plasma membrane NHE1 protein. Equal amounts of

total and unbound proteins were analyzed byWestern blotting

and densitometry measuring immunoreactive (HA-tagged)

NHE1 protein. It was not possible to efficiently and reproduc-

ibly elute proteins bound to immobilized streptavidin resin.

The relative amount of NHE1 on the cell surface was calculated

for both the 110-kDa and the 95-kDa (partial or deglycosylated)

HA-immunoreactive species in Western blots. Calculations of

surface targeting and corrections for activity were for the fully

glycosylated protein, as indicated in the figure legends.

Na�/H� Exchange Activity—Na�/H� exchange activity was

measured as described earlier (17) using a spectrofluorometer.

Briefly, after ammoniumchloride-induced acute acid load, the ini-

tial rate of Na� (135 mM)-induced recovery of cytosolic pH (pHi)

was measured using 2�,7-bis(2-carboxyethyl)-5(6)-carboxyfluo-
rescein-AM (Molecular Probes, Inc., Eugene, OR). Buffering

capacities of stable cell lines didnot vary, and thepHi recoverywas

from equivalent initial pH values. Where indicated, Na�/H�

exchanger activitywas corrected for the targeting of the protein to

the cell surface and for the level of protein expression. In some

experiments, cells were treated with MTSET or MTSES using a

two-pulse acidification assay. Cells were treated with ammonium

chloride two times and allowed to recover twice inNaCl-contain-
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ing medium (16). One pulse was in the presence of inhibitor, and

one was in the absence of either 10mMMTSET orMTSES for 10

min. The starting pHof recoverywas equivalent in the two pulses.

The rate of recovery from the acid load in thepresenceof inhibitor

was compared with the rate in the absence of inhibitor. A two-

pulse assay in the absence of inhibitors was used to correct for any

time-dependent changes in NHE1 activity. The calculation used

for residual activity was as follows.

% residual activity �
pH change after reagent � 100%

pH change without reagent

(Eq. 1)

Results are shown as mean � S.E., and statistical significance

was determined using a Mann-Whitney U test.

Peptide Synthesis, Purification, and Preparation—Peptide

representing TM VI (sequence acetyl-KKKDNLLFGSIISAVD-

PVAVLAVFEEIHKKK-amide) was purchased from GI Bio-

chem (Shanghai) Ltd. The peptide was purified by HPLC and

the identity of the peptide was confirmed by using matrix-as-

sisted laser desorption ionization mass spectrometry and by

sequential assignment of the NMR spectra. 2 mM purified pep-

tide and 150 mM DPC-d38 were dissolved in double-distilled

H2O containing 5%D2O and 0.25mMDSS-d6 (Chenomx) as an

NMR internal standard. The pH was adjusted to 4.9 without

consideration of the deuterium effect on the glass electrode.

NMR Spectroscopy—One-dimensional 1H and two-dimen-

sional 1H-1H DQFCOSY, TOCSY (60-ms mixing time) and

NOESY (225-ms mixing time) spectra were acquired on a Var-

ian Inova 600-MHz NMR spectrometer, and a two-dimen-

sional NOESY (225-ms mixing time) spectrum was also

acquired on an Varian Inova 800-MHz spectrometer. All spec-

tra were acquired at 30 °C. The NMR spectra were processed

using NMRPipe (33) and analyzed

in NMRView (34). Sequential as-

signment of spectra followed stan-

dard procedures (35). Peaks in the

spectra were manually assigned in

NMRView. Distance restraints for

structure calculation were obtained

from the peaks in the NOESY spec-

trum acquired at 800 MHz. The

restraints were sorted by peak

intensity into strong (1.8–2.8 Å),

medium (1.8–3.4 Å), and weak

(1.8–5.0 Å) distance ranges. Re-

straints were extended to an ad-

ditional very weak (1.8–6.0 Å) cate-

gory as necessary during structure

refinement. Structures were calcu-

lated using a torsion angle dynamics

simulated annealing protocol in

Xplor-NIH (36) and following the

peptide structure calculation proto-

col we have used previously (37). In

each round of structure calculation,

an extended polypeptide was gener-

ated and subjected to simulated

annealing with restraints, with 50 structures generated in each

round. A soft square well potential was used for the NOE

restraining function in the calculations. After each round, vio-

lated restraints were examined and either lengthened or

removed. Initially, violations of �0.5 Å in �50% of the struc-

tures calculated were modified. The cut-off for violations that

were modified increased in stringency in subsequent rounds

until violations of �0.1 Å and �10% were considered. Several

further rounds of structure calculation were performed with

the inclusion of dihedral angle restraints, with the scaling fac-

tors of 10, 50, 100, 100, 50, and 25 in each round.

Paramagnetic Relaxation Experiments—Paramagnetic relax-

ation enhancement (PRE) rates were measured by titrating

MnCl2 stock solution into a sample of TM VI in DPC to con-

centrations of 0, 0.1, 0.2, 0.5, and 1.0 mM Mn2� and measuring

proton T1 relaxation rates at each titration point using a series

of two-dimensional 1H-1H NOESY spectra with a saturation

recovery sequence at the beginning (22). The saturation recov-

ery sequence at the beginning of each NOESY utilized the gra-

dient homospoil option built into the Varian tnnoesy pulse

sequence. The relaxation delays were 200, 314, 493, 775, 1216,

1910, and 3000ms for the series of NOESY experiments at each

titration point. Nmrview (34) was used for peak assignment and

intensity measurement. Curve fitting was performed using the

program Xcrvfit (Version 4.0.12; R. Boyko and B. D. Sykes) for

determining T1 and PRE values.

RESULTS

Fig. 1 shows models of the NHE1 isoform of the Na�/H�

exchanger. Fig. 1A is a schematic based on the topology

deduced by cysteine scanning accessibility studies (12), whereas

1B is a model of NHE1 based on homology modeling with bac-

terial NhaA (13). Residues corresponding to TM VI in Fig. 1A

FIGURE 1. Models of NHE1 isoform of the Na�/H� exchanger. A, topological model of the transmembrane
domain of the NHE1 isoform of the Na�/H� exchanger based on cysteine accessibility studies (12). B, topolog-
ical model of NHE1 based on comparison with crystal structure of bacterial homologue NhaA (13). C, schematic
diagram of amino acids present in TM VI.
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are predicted to be in the same orientation and relative position

in Fig. 1B. The first two TMs are believed to be cleaved and

removed in this model; therefore, TM VI is relabeled TM IV.

Fig. 1C shows a schematic model illustrating the amino acids of

this TM (herein referred to as TMVI based on (12). To examine

which amino acids of TMVI are lining the protein cation pore,

we performed a cysteine scanning accessibility study of this

TM. Each residue in TMVI of cysteineless Na�/H� exchanger

(cNHE1) was mutated to a cysteine residue. Initially, we deter-

mined whether these mutant forms of the Na�/H� exchanger

were active enough to permit functional analysis. Fig. 2, A–C,

illustrates the results of experiments determining expression,

targeting, and activity levels of the wild type and TMVImutant

NHE1 proteins. Expression levels (Fig. 2A) of some of the TM

VI Cys scanning mutants decreased greatly. Changing the

amino acids Asn227 and Ala236 to Cys decreased expression to

less than one-third of control. The mutants I233C and P239C

had expression reduced to 60 and 40% of the cNHE1 protein,

respectively. In all cases in the mutants with reduced NHE1

expression, there was a great reduction in the level of mature,

fully glycosylated protein. It was also noticeable that in the

mutants with P239C and E247C mutations, expression was

almost exclusively of the lowermolecularweight, partial or deg-

lycosylated form of the NHE1 protein.

Mutation of amino acids of TMs of NHE1 can cause intracel-

lular retention of the NHE1 protein (16). We wanted to deter-

mine if changes in NHE1 activity that we observed were due to

effects on the protein itself or were due in whole or in part to

intracellular retention of the protein. We therefore examined

intracellular targeting of the NHE1 TM VI-expressing mutant

cell lines as described under “Experimental Procedures.” Sulfo-

NHS-SS-biotin cell surface-labeled proteins were bound to

streptavidin-agarose beads, and equal amounts of total cell

lysates and unbound lysates (representing intracellular protein)

were examined by using SDS-PAGE. Western blotting against

the anti-HA tag identified the relative amount of NHE1 protein

in the total and intracellular fractions (Fig. 2B). Supplemental

Table 2 shows a summary of the plasmamembrane localization

of the glycosylated and unglycosylated proteins. Although

some of this unglycosylated protein may be functional (39) and

may still target to the cell surface (19), a majority of the surface

protein is of the glycosylated protein (40), so the activity was

corrected for surface-localized glycosylatedNHE1 protein. The

results are shown in Fig. 2B and supplemental Table 2. The fully

glycosylated protein is more highly targeted to the cell surface,

relative to the partial or deglycosylated protein. The relative

amounts of the partial or deglycosylated protein targeted to the

plasmamembrane varied from �30 to 15% of the fully glycosy-

lated levels. This was noticeably decreased for mutants F230C

and D238C, although the significance of this observation is not

yet clear. A number of the mutants (L229C, I234C, S235C,

P239C, A241C, V242C, V245C, and E247C) had significantly

less targeting of the fully glycosylated protein to the cell surface.

For some of the mutants, the difference between the cNHE1

targeting and the mutants was not very large (L229C, I234C,

S235C, A241C, V242C, and V245C); however, for other

mutants, the amount of glycosylated protein targeted to the

surface was negligible (P239C and E247C). For mutants I233C

and L243C, surface targeting of the glycosylated band was

slightly increased, although the significance of this observation

is not yet clear.

We also determined the Na�/H� exchanger activity of the

NHE1 TM VI mutants. An acute acid load was induced as

described earlier (40), and the rate of recovery from the acute

acid load was determined in stable cell lines transfected with

either wild type Na�/H� exchanger or mutants of TM VI. To

determine if decreased activity was due to effects on the protein

itself or due to changes in surface targeting or expression, the

rate of recovery was also corrected for both of these values,

relative to cNHE1 (Fig. 2C and supplemental Table 3). Several

of themutants (D238C, P239C, andE247C) had greatly reduced

activity that was less than 15% of the control levels. It was not

possible to accurately work with them for further experiments.

Several other mutants (N227C, I233C, A236C, L243C, and

E248C) had activity from 15 to 40% that of cNHE1. Their activ-

ity, although reduced, was still substantial enough for further

experimentation. It was notable that for the mutants N227C,

A236C, A241C, and V242C, the NHE1 activity was essentially

equivalent to controls when corrected for effects on surface

processing and expression levels. This indicated that the pro-

tein functioned normally but that the reduced activity we

observed was due to decreased expression or targeting of the

protein. TheN227C andA236Cmutants had large decreases in

expression levels but normal surface targeting. (Both the

A241C andV242Cmutants had significant decreases in surface

targeting and minor decreases in expression levels.) Two

mutants, S235C and I249C, had somewhat elevated levels of

NHE1 activity. The significance of this observation is not yet

clear, although for I249C it may reflect a higher level of surface

targeting.

We next determined the sensitivity of the Cys mutants to

MTSET or MTSES. Fig. 3A illustrates one example of the find-

ings with a mutant that is sensitive to MTSET, and Fig. 3B

shows a summary of the results of the various mutants tested.

Of the active Na�/H� exchangers, Asn227, Ile233, and Leu243

were very sensitive toMTSET treatment. This resulted in elim-

ination of most of the activity of the protein. Seven other

mutants, F230C, G231C, A236C, V237C, A244C, V245C, and

E248C, were partially inhibited by MTSET although to a more

limited extent. Negatively chargedMTSES had no effect on any

of the mutant proteins. As a control, we examined the sensitiv-

ity of an F161Cmutant that we have previously determinedwas

sensitive to both MTSET and MTSES (16). This mutant was

again inhibited by both MTSET and MTSES.

NMR spectroscopy was used to determine the structure of a

peptide containing the TM VI sequence. The peptide included

residues Asp226–His250, which encompasses the predicted

transmembrane helix in both models of the NHE1 topology

(Fig. 1, A–C). We added cationic lysine residues at the termini

of this peptide as we have earlier (19) because this aids in their

purification and in the maintenance of correct transbilayer ori-

entation (41). N- andC-terminal acetyl and amide caps, respec-

tively, were added to remove charges at the peptide termini

similar to our earlier procedure (19) to better represent the

full-length protein. We have previously used DPC to act as a

membranemimetic for transmembrane segments ofNHE1 (18,

TM VI of the Na�/H� Exchanger
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FIGURE 2. Analysis of wild type and mutant NHE1 proteins. A, Western blot of whole cell extracts of stable transfectants expressing Na�/H� exchanger TM VI
mutants or control proteins. All mutations were to cysteine. 75 �g of total protein was loaded in each lane. The numbers below the lanes indicate the mean values (n �
3–4) obtained from densitometric scans of both the 110 and 95 kDa bands relative to wild type NHE. AP-1, mock-transfected AP-1 cells. Wt and cNHE1, cells stably
expressing wild type Na�/H� exchanger protein and the cysteineless NHE1, respectively. *, significantly different from cNHE1 at p � 0.05. B, surface localization of cells
expressing control and TM VI mutants, as described under “Experimental Procedures.” Equal amounts of total cell lysate (left lane) and unbound intracellular lysate
(right lane) were examined by Western blotting with anti-HA antibody to identify NHE1 protein. cNHE1 Ct, a control experiment in which nonspecific binding to
streptavidin-agarose beads was carried out following the standard procedure but without labeling cells with biotin. The percentage of the total NHE1 protein found
on the plasma membrane is indicated for each mutant; calculations were based on the fully glycosylated protein only. For the control experiment, this indicates the
amount of nonspecific binding to streptavidin-agarose beads. Results are the means � S.E. (n � 6 determinations. Autoradiography exposure times were increased
for mutants expressing lower levels of protein. �, significantly different from that of cNHE1 at p � 0.01. C, summary of the rate of recovery from an acute acid load of
AP-1 cells transfected with cNHE and TM VI Na�/H� exchanger mutants. The mean activity of cNHE1 stably transfected with NHE1 was 0.01 	pH/s, and this value was
set to 100%. Activities are a percentage of those of cNHE. Values are the mean � S.E. (error bars) of 6–10 determinations. Results are shown for mean activity, both
uncorrected (black) and normalized for surface processing (of glycosylated protein) and expression levels (gray). Mutants P239C and E247C were not corrected for
surface targeting. *, mutants with uncorrected activity that is significantly different from that of cNHE1 at p � 0.001.
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19). TMVI peptide was solubilized by a similar procedure and

provided a stable, well behaved sample suitable for structure

determination byNMR.A one-dimensional 1HNMR spectrum

of the peptide in DPC showed relatively narrow lines and rea-

sonable spectral dispersion, indicative of structure formation in

the peptide (results not shown).

Sequential assignment of the peptide was accomplished

using the two-dimensional 1H-1H Double-quantum filtered

correlation spectroscopy (DQFCOSY),

total correlation spectroscopy

(TOCSY), and NOESY spectra

using standard procedures (35). The

assignment of the peptide was

complete except for some Lys H�
atoms. Strong NOE peaks observed

between Asp238 H� and Pro239 H	
indicate a trans conformation for

the peptide bond between Asp238

and Pro239. Additional resonances

that would correspond to a cis pep-

tide bond conformation were not

detected, suggesting that the domi-

nant conformation is the trans-pro-

line conformation. Distance re-

straints for structure calculation

were obtained from the two-dimen-

sional NOESY spectrum acquired

at 800 MHz. Distances were cali-

brated using peak intensity rather

thanpeak volume to compensate for

peak overlap. A soft square well

potential was used for the NOE

potential to compensate for possible

erroneous assignments or over-

restrained distances. Structures were

initially calculated without dihedral

angle restraints, so the structure

would be influenced primarily by the

NOE distance restraints. Dihedral

angle restrains were added in at a

later stage of refinement. NOE

restraints and chemical shift index

prediction of secondary structure

(42) (supplemental Fig. S1) sug-

gested that the peptide was helical

at approximately residues Leu229–

Ala236 and Val240–Lys251. Helical

dihedral angle restraints for 

(
60 � 30°) and � (
40 � 40°)

bonds were applied to these resi-

dues for several further rounds of

calculation. The 40 lowest energy

structures of the 50 structures of the

final structure calculation were kept

for analysis, and the structure calcu-

lation statistics are summarized in

supplemental Table 4.

The ensemble of peptide struc-

tures do not superimpose particularly well with each other

over the entire length of the peptide. Attempts to superimpose

small regions of the ensemble of structures show two overlap-

ping segments of the peptide at residues Leu228–Asp238 and

Val237–Lys253, which superimpose well, where the average root

mean square deviation per residue over the ensemble of struc-

tures is less than 1 Å (Fig. 4) (supplemental Fig. S2). Superim-

position was performed using the method of Kabasch (43), as

FIGURE 3. Effect of sulfhydryl-reactive compounds, MTSET and MTSES, on activity of cNHE1 and single cys-
teine NHE1 mutant-containing cell lines. A, example of results of the effect of MTSET or MTSES on activity of
cNHE1 and I233C mutant. cNHE and I233C NHE1 protein activity was assayed in stably transfected AP-1 cells as
described under “Experimental Procedures.” Activity was measured after two acid pulses. The first pulse in the
absence of MTSET is shown. For ease of viewing, only the recovery from acidosis is shown for the second pulse, in
which cells were treated with MTSES or MTSET. NH4Cl, treatment with ammonium chloride; Na Free, treatment with
Na�-free buffer to induce acidosis; NaCl, recovery from acidosis in NaCl-containing buffer (for the second pulse, this
contained MTSET/MTSES, and cells were pretreated with MTSET/MTSES for 10 min prior to NH4Cl-induced acid load).
B, summary of results of mutant and control activities of TM VI mutants. Activity was measured after two ammonium
chloride pulses as described under “Experimental Procedures.” The second acidification was after cells were treated
with 10 mM reagent. Results are presented as the percentage of activity of the second acid load relative to the first.
* or †, the second recovery from acid load was significantly lower than the first at p � 0.01 or p � 0.05, respectively.
Solid filled bars, MTSET treatments; lightly shaded bars, MTSES treatments.

FIGURE 4. NMR structure of TMXI in DPC micelles. Shown is superimposition of structurally conserved
regions of the TMVI peptide structure. Superimposition of the backbone atoms of the structurally conserved
regions 228 –238 (A) and 237–253 (B) is shown. The backbone is shown in black, and side chains are shown in
color. C, views of a single ensemble member with MTSET-sensitive residues labeled shown from two sides.
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implemented in the CCP4 suite (44). The lowest energy struc-

ture is shown in Fig. 4C. The two structurally conserved regions

contain two �-helices at residues Leu229–Ala236 and Pro239–

Lys252, based on the dihedral angles in that region, and are

maintained at approximately right angles to each other primar-

ily due to restraints from Val237–Asp238 in the extended region

to residues in the helices on either side (Fig. 5). This extended

segment allows for some variation in the relative orientations of

the two helices among the ensemble members (supplemental

Fig. S2). A plot of the dihedral angle order parameters (37)

(supplemental Fig. 3) also shows the two structured regions of

the peptide, corresponding to the helices, and a short, more

structurally variable region, corresponding to the extended

region. The N-terminal end of the peptide, Lys223–Leu228,

appears to be relatively unstructured, as shown by the lack of

NOE contacts in that region and by chemical shift index values

suggesting random coil conformations. The C-terminal helix is

slightly curved, which could reflect the peptide’s conformation

in the micelle or be a result of the smaller number of NOE

contacts between the residues on the outside of the curve.

A crystal structure of an E. coli Na�/H� antiporter, NhaA,

has been determined (14). NHE1 andNhaA share similar activ-

ities and are distantly related; therefore, it is possible that they

have similar structures, as has been suggested earlier (13). Pair-

wise alignment of TM VI of NHE1 onto the sequence of NhaA

suggests that TMVI aligns with TMVI ofNhaA (residues 180–

200); this alignment is shown in Fig. 6a. TM VI in NhaA is a

straight helix and primarily hydrophobic, located on the

periphery of the protein in the NhaA crystal structure. This

alignment does not support the critical role of NHE1 TM VI

found in this paper. Usingmore advanced alignment and struc-

ture prediction techniques, Landau et al. (13) suggest that the

sequence of TMVI of NHE1 is equivalent to TM IV of NhaA. A

SEQSEE (45) alignment of these two helices (not shown) sug-

gests that the Pro239 in NHE1 lines up with the Asp133 in NhaA.

This is close to the alignment proposed in the Landau model

that aligns NHE1 Asp238 and NhaA Asp133. The latter align-

ment is shown in Fig. 6B and is used for superimposition of the

NMR structure of TM VI with the structure of TM IV from

NhaA (Fig. 6C).

Nomember of the ensemble of structures of the entire length

of TM VI, determined by NMR, superimposed well onto the

entire structure of TM IV from NhaA. The L-shaped confor-

mation of the NMR structure inhibits superimposition of the

entire structure onto NhaA TM IV, which has a more linear

conformation. Differences in the conformations of the helical

regions also prevent a reasonable superimposition (root mean

square deviation �1 Å) of the helices between NHE1 TM VI

and NhaA TM IV. However, smaller, overlapping segments of

the NMR structure of TM VI of NHE1 can superimpose well

onto the crystal structure of TM IV of NhaA, covering the two

helical regions in the structures. The central extended region in

theNMR structure does not superimpose particularly well with

the extended region in the crystal structure of TM IV of NhaA.

At best, Ala130–Asp133 of NhaA and Ser235–Asp238 of NHE1

align structurally, with root mean square deviations of about

1–2 Å. Despite the poor superimposition of the NMR and crys-

tal structures, there is nevertheless a qualitative resemblance

between them. The lowest energy ensemblemember of the TM

VI NMR structure and the structure of TM IV from NhaA are

shown in Fig. 6c. Both contain two �-helices at each end sepa-

rated by an extended region of two or three residues in the

middle. Both the NMR structure of NHE1 TMVI and the crys-

tal structure of NhaA TM IV contain an evolutionarily con-

served Asp residue at the beginning of the C-terminal helix.

This seems to support the sequence alignment and three-di-

mensional structural model of NHE1 proposed by Landau et al.

(13). The residues identified in NHE1 TM VI that are most

sensitive to MTSET, Asn227, Ile233, and Leu243, correspond to

Thr122, Ile128, and Leu138, respectively, based on this alignment.

To determine the location of the TM IV peptide with respect

to the DPCmicelles, we measured the paramagnetic relaxation

FIGURE 5. Distance restraints maintaining the kinked structure of TM VI.
The lowest energy ensemble member is shown in both a schematic diagram
and a stick representation. Distance restraints to and from atoms in residues
Val237 and Asp238 to other atoms are shown in black dotted lines.

FIGURE 6. Comparison of TM VI of NHE1 with TM IV of NhaA. A, region
identified using the SEQSEE program (45) for the optimal pairwise alignment
of the sequence of NHE1 TM VI against the entire NhaA sequence. B, align-
ment of the sequences of NHE1 TM VI and NhaA TM IV, as suggested by
Landau et al. (13), with the extended regions highlighted. A vertical bar indi-
cates amino acid identity. *, similar amino acids. MTSET-sensitive residues and
the corresponding residues in NhaA are shown in boldface type. C, compari-
son of a representative NMR structure of TM VI of NHE1 (right) with that of TM
IV of NhaA (left). Amino acids 223–253 of NHE1 and amino acids 121–143 of
NhaA are shown. The conserved Asp residue and MSTET-sensitive residues in
NHE1 and the corresponding residues in NhaA are labeled.
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enhancement rates for the peptide in the presence of Mn2�.

Broadening and overlap of peaks in the one-dimensional NMR

spectra prevent accurate measurement of relaxation times. In

the absence of isotopic labeling, such as for synthetic peptides,

homonuclear two-dimensional spectra have been used to

resolve peaks and measure the relaxation rates of samples (22,

46). We used a two-dimensional NOESY with a saturation

recovery pulse sequence to measure the T1 relaxation times of

the peptide. Only resolved peaks were used for curve fitting to

determineT1 times. PRE values are determined by linear fitting

of 1/T1 versusMn2� concentrations. PRE values were averaged

together in the case of multiple measurable peaks representing

the same proton. PRE values for backboneH� atoms are shown

in Fig. 7. The regions of the peptide that were determined to be

helical in the NMR structure show a periodic variation in PRE

values, with maxima at Gly231-Ser232, Ser235-Ala236, Ala241,

Ala244, andGlu247. PRE values increase dramatically at residues

within or near the extended region of the NMR structure,

Ala236–Asp238. Due to overlap of peaks even in the two-dimen-

sional spectra, only a few peaks from the terminal lysines could

be used for measurement. The terminal Lys H� appear to have

relatively low PRE values comparedwith the rest of the peptide.

The paramagnetic relaxation experiments (Fig. 7) provided

additional details about the structure of the peptide and its

interactions with the micelle (see “Discussion”).

DISCUSSION

In this work, we characterized both the structural and func-

tional characteristics of amino acids 228–249 of the NHE1 iso-

form of the Na�/H� exchanger. These residues are purported

to be either TM VI (12) or TM IV (13) of the protein. This TM

has not been well studied earlier, but molecular modeling by

Landau et al. (13) and our own (not shown) suggested that it

may be an important pore-lining segment, critical in activity of

the protein. Initial experiments therefore used cysteine scan-

ning mutagenesis to examine if this segment was pore-lining.

All of the amino acids of the segment fromAsn227 to Ile249 were

mutated to Cys in the background of the cysteineless protein

that we have earlier shown is fully functional (16, 19). With

mutation to Cys, the activity of many residues was reduced. For

the amino acids Asp238, Pro239, and Glu247, the activity was

reduced so greatly that it was not possible to assay these

mutants further. For 12 othermutants, the activity was reduced

but was sufficient for measurement. We have found that some

TMs (TM IV (47) and TM IX (18)) are more tolerant of muta-

tions toCys.Others, such asTMXI (19), appear to be intolerant

of changes, and this differential sensitivity has been noted in

other proteins (48). In several cases (Asn227, Ala236, Ala241, and

Val242), partially decreased activity of the protein was due to

decreased level of expression or targeting of the protein. This

indicated that these proteins were functional but were not pro-

cessed properly.

When mutated to Cys, amino acids of TM VI (amino acids

228–249) were exquisitely sensitive to reaction with MTSET.

Of the 20 mutant locations that were active and were changed

to Cys residues, treatment with MTSET resulted in inhibition

in 10 amino acid positions. This made TMVImore susceptible

than any of TM IV, IX, or XI. Three of the mutants (at amino

acids Asn227, Ile233, and Leu243) were greatly inhibited by

MTSET, whereas seven others were inhibited to a lesser degree.

In no cases did reactivity withMTSES cause any inhibitionwith

the amino acids of TMVI. A positive control, Phe161 of TM IV,

was inhibited by both MTSES and MTSET. Positively charged

MTSETmay be inhibitory because of direct electrostatic repul-

sion of aNa�orH�. These results suggested thatmany residues

of TM VI were pore-lining and that this segment plays an

important role in forming the pore of the NHE1 protein.

Although the residues strongly inhibited by MTSET (Asn227,

Ile233, and Leu243) are strong candidates for pore-lining resi-

dues, those partially inhibited (Phe230, Gly231, Ala236, Val237,

Ala244, Val245, and Glu248) are less clear cases. Residues Ala244

and Val245 are next to Leu243 andmay have partial access to the

pore. We have previously found a similar phenomenon; in TM

IX, residues adjacent to strongly inhibited residues also tended

to be partially inhibited (18). Glu248 is on a similar face of TMVI

as Ala244 (Fig. 4), which may explain its partial accessibility.

Residues Asn227, Phe230, Ala236, andVal237 also are on the same

face of the peptide as Asn227 (Fig. 4), which may again account

for their partial accessibility.

The structure of TM VI was that of two �-helices between
residues Leu229 and Ala236 and residues Pro239 and Lys252, sep-

arated by an extended region at Val237-Asp238. We have also

found that in the cases of TM XI of NHE1 (19) and TM IV of

NHE1 (16), the TM is not a continuous unbroken helix. Recent

structures ofmembrane proteins have suggested that this is not

an uncommon occurrence. For example, TMs of rhodopsin are

interrupted or kinked at multiple sites (49). Up to 40% of TM

helices contain kinks or other distortions from an ideal helix

conformation, and these residues tend to be highly conserved

and often directly involved in the function of transporters and

channels (50). These regions also tend to have an increased

incidence of glycine or prolines (50), and we found that the

extended region of Val237-Asp238 was immediately upstream of

Pro239. Proline residues are considered to be helix breakers

because they lack an amide hydrogen and cause a kink of �26°

in the �-helix (51, 52). This causes the i 
 4 backbone carbonyl

to not have its normal hydrogen bond donor and prevents for-

FIGURE 7. Paramagnetic relaxation enhancement rates for TM VI in DPC
micelles. Backbone H� PRE values are shown for TM VI. Higher PRE values
represent a greater change in the measured T1 relaxation rates with respect
to Mn2� concentration and consequently represent regions of the peptide
that are closer to the surface of the detergent micelle that are more accessible
to the water-soluble Mn2� ions.
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mation of the (i 
 3)-carbonyl-(i � 1)-amide backbone hydro-

gen bond (51). With each proline, the �-helix also has two free

backbone carbonyls that could coordinate cations or interact

with inhibitors (52). All three residues upstream of Pro239

(Ala236, Val237, and Asp238) were important in activity or

expression and, when mutated, resulted in decreases in NHE1

activity. In addition, the A236C and V237C mutants were par-

tially inhibited by reactivity with MTSET, suggesting that they

are accessible from the cell exterior and pore lining or at least

partially accessible to the pore. This extended region of TM VI

appears to be critical to NHE1 function.

The crystal structure of the E. coliNa�/H� antiporter NhaA

revealed a novel fold consisting of two TMs, TMs IV and XI,

that were assembled to form crossed extended chains (14).

Modeling of NHE1 based on the structure of NhaA suggested

that residues of TMVI (amino acids 227–249)might play a role

equivalent to TM IV of NhaA. A comparison of these two seg-

ments is shown in Fig. 6. Although the two segments are not

identical, they were similar in overall structure. It was proposed

that Asp238 ofNHE1 could play a critical role in stabilizing helix

dipoles (13) similar to Asp133 of NhaA. When we mutated

Asp238 to Cys, NHE1 was essentially inactive, supporting this

suggestion. The location of Asp238, at the end of a helix, is also

similar to that of Asp133 of NhaA (Fig. 6). One possibility is that

Pro239maintains the extended structure of this region by break-

ing the helix and allowing dipole formation, whereas Asp238

stabilizes the helix dipole that forms. Supporting this sugges-

tion is the fact that TM VI of NHE1 is similar to that of TM IV

ofNhaA,more so than to otherTMsofNhaA, includingTMVI.

A comparison of alignments between TM VI of NHE1 with

TMs VI and IV of NhaA is shown in Fig. 6, A and B. Although

the alignment of TM VI of NHE1 with TM VI of NhaA shows

more sequence identity, alignment with TM IV of NhaA lines

up the critical Asp238 residue and the extended regions from the

structures of the two TMs. Further experiments are necessary

to test if Pro239 and Asp238 are critical to formation of an

extended helix and to dipole stabilization.

Comparison of the structure of NHE1 TMs with NhaA further

supports the conclusion that TMVI of NHE1 is similar to TM IV

of NhaA. TM IV of NHE1 (amino acids 155–177) has a general

structure somewhat similar to that of TM IVofNhaA (3, 16), with

an extended region followed by a helix; however, the extended

region isnotprecededbyahelical region. Furthermore, unlikeTM

VIofNHE1andTMIVofNhaA,TMIVofNHE1doesnotcontain

a charged residue in the extended region of the NMR structure.

Thus,TMIVofNHE1doesnotcompareaswell toTMIVofNhaA

as TMVI of NHE1 (Fig. 6C). TMVI of NhaA also does not com-

pare well with TM VI of NHE1. TM VI of NhaA is an unbroken

helix and is not similar to the structure of TMVI of NHE1 (13). It

does not have an extended region similar to TMVI of NHE1, and

these extended regions of TMs of NhaA are believed to be critical

in protein function (see above).

We have earlier shown that TMXI plays a critical role inNHE1

function (19). Landau et al. (13) suggest that TMVI (amino acids

227–249, referred to as TM IV by them) plays a role equivalent to

that of the TM IV-TM XI assembly in NhaA. These helices are

suggested to form the core of the alternating access mechanism.

Our results for both TMs are in agreement with their suggestion.

Wefoundthatbothof theseTMshaveahelix-extended-helixcon-

formation, that is capable of forming dipoles similar to the TM

IV-TM XI assembly in NhaA. Therefore, TM VI (amino acids

227–249) and TM XI may form the core of an alternating access

mechanism, similar to TM IV and TM XI of NhaA. However,

further experiments are necessary to test this hypothesis.

Fig. 4 illustrates the structure of TM VI of NHE1 with high-

lighting of some of the MTSET-reactive positions and Asp238.

Some of the MTSET-reactive residues (Asn227, Ile233, and

Val237) align along a similar face that is perhaps pore-lining.

Asp238 does not, but it may be more involved in helix stabiliza-

tion, as suggested above. Although the residues Leu243 and

Glu247 line up on the same face of the C-terminal helix, they do

not align on the same face as the N-terminal MTSET-reactive

residues, although it must be remembered that they are sepa-

rated from the more N-terminal amino acids by the extended

flexible region. In addition, the TMprobably has different posi-

tions in different parts of the reaction cycle, and it is unknown

in which position the present segment is maintained.

The alignment of the sequences of TM VI of NHE1 and TM

IV of NhaA might suggest that the residues found to be pore-

lining in NHE1 may also be pore-lining in NhaA (Fig. 6B). Res-

idues Leu243 and Glu247 in NHE1 would correspond to Leu138

and an Ala142 in NhaA based on this alignment. In agreement

with theMTSET results inNHE1, these corresponding residues

in NhaA are also pore-lining. This also supports the suggestion

that these two helices play similar roles in each protein. The

situation is less clear for the N-terminal region of the peptide.

Residues Asn227 and Ile233 in NHE1 would correspond to

Thr122 and Ile128 in NhaA. Both of these residues in the NhaA

crystal structure are pointing away from the predicted pore

region. However, conformational changes or flexibility in the

protein (53, 54) may allow for access to these residues in NhaA,

and this might also occur for NHE1.

The results from the paramagnetic relaxation experiments

(Fig. 7) provide additional detail about the structure of the pep-

tide and its interactionswith themicelle. The periodic nature of

the PRE values confirms the two helical regions in the NMR

structure and suggests that they have one side facing the solvent

and one side facing themicelle, with the smaller andmore polar

residues facing the solvent. There are two topologies of the

peptide that might give these results: where the peptide is lying

on the surface of the micelle or where two or more peptides

interact to form a solvent-accessible pore within the micelle.

Our experiments do not distinguish between these two possi-

bilities. H� PRE values for the Lys termini of the peptide are

low. This could be a result of burial of the Lys residues in the

micelle or the electrostatic repulsion of the Mn2� by the posi-

tively charged side chains. The large increase in PRE values in

the extended region of the peptide suggests that the region is

binding Mn2�, probably through the attraction of Mn2� by

some combination of the negatively charged Asp238, exposed

carbonyl groups, and a helix dipole (Fig. 5). This emphasizes the

important role of this region in the function of NHE1. The

results may also be reflective of the important role of this TM,

which might be equivalent to the role of TM IV in NhaA, in

cation binding and transport (13, 14). There is some correlation

between the functional data and the PRE data. Some of the
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Mn2�-accessible residues (Gly231, Ala236, Asp238, Ala244, and

Glu247) in the NMR studies are also accessible toMTSETwhen

mutated to Cys or are critical in NHE1 function in the full-

length protein. Other MTSET-accessible residues appear to be

adjacent to the Mn2�-accessible regions. It is uncertain at this

time whether the Mn2� accessibility reflects a role Na� or H�

coordination, but the possibility is intriguing. Further experi-

mentation is necessary to determine if these NMR studies can

be used to predict pore-lining residues in a TM.

Overall, our results have shown that TMVI (amino acids 227–

249) is a pore-lining TM that is critical to NHE1 function. It has a

characteristic helix-extended region-helix conformation that is

conducive to formation of dipoles, with the extended middle

region that is typically important in the function of transport pro-

teins. The structure of TMVI ofNHE1 has an overall similarity to

that of TM IV of NhaA. Residue Asp238 has a location within the

TMsimilar to thatof thecriticalAsp133ofNhaA.Wehave recently

developed an expression system for overproduction of the entire

full-length NHE1 protein (38). Solving the structure of the full-

length proteinwill providemore details of theTMand its position

within the entire protein.
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Table I (Supplementary) Oligonucleotides used for site-directed mutagenesis of TM VI.  
Mutated nucleotides are lower case, restriction sites are bold.  
 
 

 
 
 

A   
Mutation 

 
Oligonucleotide Sequence   

Restriction 
Site 

N227 5’-CAACAACATCGGCCTtCTaGACtgCCTGCTCTTCGGCAGC-3’ Xba I 
L228 5’-CGGCCTCCTGGACAAttgcCTCTTCGGCAGCATC-3’ Mfe I 
L229 5’-CTCCTGGACAACCTGtgCTTCGGatcgATCATCTCGGCCGTG-3’ Cla I 
F230 5’- CTGGACAACCTGCTCTgCGGatcCATCATCTCGGCCGTG -3’ Bam HI 

G231 5’-GACAACCTGCTCTTCtGCAGCATCATCTCcGCgGTGGACCCCGTGGCG-3’ Sac II 
S232 5’-CAACCTGCTCTTCGGatGCATCATCTCGGCCGTG-3’ Nsi I 
I233 5’-CTGCTCTTCGGCAGCtgCATCTCGGCCGTGGAC-3’ Pvu II 
I234 5’-GCTCTTCGGCAGCATatgCTCGGCCGTGGACCC-3’ Nde I 
S235 5’-CTTCGGCAGCATCATaTgcGCCGTGGACCCCGTG-3’ Nde I 
A236 5’-GGCAGCATCATCTCGtgCGTcGACCCCGTGGCGG-3’ Sal I 
V237 5’-CAGCATCATCTCGGCatgcGACCCCGTGGCGG-3’ Sph I 
D238 5’-CGGCAGCATCATCTCcGCgGTGtgCCCCGTGGCGGTTC-3’ Sac II 
P239 5’-CATCATCTCGGCCGTcGACtgCGTGGCGGTTCTGG-3’ Sal I 
V240 5’-TCGGCCGTGGACCCCtgcGCaGTTCTGGCTGTCTTTG-3’ Fsp I 
A241 5’-GCCGTGGACCCCGTGtgcGTgCTaGCTGTCTTTGAGG-3’ Nhe I 
V242 5’-CGTGGACCCCGTGGCatgcCTGGCTGTCTTTGAG-3’ Sph I 
L243 5’-GACCCCGTGGCGGTTtgcGCaGTCTTTGAGGAAATTC-3’ Fsp I 
A244 5’-CGTGGACCCCGTGGCaGTaCTGtgTGTCTTTGAGGAAATTC-3’ Sca I 
V245 5’-CGTGGCGGTTCTGGCatgCTTTGAGGAAATTC-3’ Sph I 
F246 5’-GCGGTTCTGGCTGTCTgTGAGGAgATTCACATCAATGAG-3’ Bsa BI 
E247 5’-GTTCTGGCTGTCTTTtgcGAgATTCACATCAATGAG-3’ Bsa BI 
E248 5’-TCTGGCTGTCTTTGAatgcATTCACATCAATGAG-3’ Nsi I 
I249 5’-GCTGTCTTTGAGGAAtgcCACATCAATGAGCTG-3’ Bsm I 

   



Table 2 (Supplement). Surface localization of total, glycosylated and unglycosylated 
NHE1 protein. Surface localization of the cNHE1 and the indicated mutants was 
measured as described in the “Materials and Methods”.  The percentage of NHE1 on the 
plasma membrane is indicated for both the fully glycosylated, partial (or unglycosylated) 
protein and for both together (total). cNHE1Ct is a control experiment to determine 
background signal without treatment of cell surfaces with sulfo-NHS-SS-biotin .   
 
 

Cell Line % NHE1 plasma membrane 
 Total glycosylated unglycosylated 
cNHE1 Ct 1.66 ± 3.7 0 ± 3.6 5.5 ± 3.0 
WT NHE1 51.0 ± 1.8 67.3 ± 2.4 21.1 ± 3.1 
cNHE1 53.6 ± 3.1 72.8 ± 3.3 17.9 ± 2.9 
N227C 52.1 ± 3.4 67.4 ± 4.2 17.8 ± 4.6 
L228C 41.8 ± 5.5 70.8 ± 4.1 9.2 ± 8.3 
L229C 39.1 ± 1.6 58.3 ± 1.9 5.0 ± 1.2 
F230C 22.5 ± 1.8 62.4 ± 1.4 0 ± 2.3 
G231C 34.9 ± 2.9 58.2 ± 2.9 8.3 ± 2.8 
S232C 53.2 ± 1.5 78.0 ± 0.9 10.2 ± 1.9 
I233C 48.8 ± 1.9 87.3 ± 1.9 3.4 ± 4.1 
I234C 35.5 ± 1.7 58.8 ± 1.7 4.8 ± 1.0 
S235C 27.0 ± 2.1 44.0 ± 2.1 3.8 ± 3.1 
A236C 52.4 ± 2.3 77.4 ± 2.1 13.1 ± 3.0 
V237C 46.5 ± 1.0 74.3 ± 3.3 9.1 ± 1.1 
D238C 42.3 ± 2.7 74.5 ± 2.0 2.9 ± 3.6 
P239C 13.1 ± 4.3 0 13.1 ± 4.3 
V240C 50.3 ± 1.7 78.0 ± 2.2 10.5 ± 2.3 
A241C 32.8 ± 2.8 45.6 ± 4.0 15.4 ± 2.8 
V242C 42.9 ± 1.2 57.9 ± 0.9 18.0 ± 1.2 
L243C 48.3 ± 2.7 84.9 ± 2.1 9.2 ± 3.4 
A244C 41.1 ± 3.7 62.8 ± 5.7 6.7 ± 1.7 
V245C 38.5 ± 3.4 57.2 ± 3.8 8.2 ± 4.3 
F246C 48.3 ± 6.7 66.4 ± 6.7 15.7 ± 6.6 
E247C 10.6 ± 3.5 0 10.6 ± 3.5 
E248C 42.8 ± 3.1 79.7 ± 2.2 13.7 ± 3.9 
I249C 56.5 ± 3.3 78.6 ± 2.3 16.9 ± 2.8 

 



Table 3 (Supplement). Activity of cNHE1 and TM VI mutants corrected with protein expression and surface localization.  The NHE 
activity, expression levels and surface localization of the cNHE1 and the indicated mutants was measured as described in the 
“Materials and Methods”.  The correction for surface localization was made using values of surface processing for the fully 
glycosylated NHE1 protein.  
 
 

Cell 
lines Activity Expression 

Activity 
corrected 

for 
expression 

Surface 
localized 

glycosylated 
NHE1 

Activity 
corrected 

for surface 
localization 

Activity 
corrected for 
expression 
and surface 
localization 

cNHE1 100.0 100.0 100.0 72.8 100.0 100.0 
N227C 15.8 19.2 82.1 67.4 17.0 88.7 
L228C 70.6 107.5 65.6 70.8 72.5 67.4 
L229C 83.8 103.0 81.3 58.3 104.7 101.6 
F230C 53.6 119.8 44.7 62.4 62.5 52.2 
G231C 92.3 126.8 72.7 58.2 115.4 91.0 
S232C 98.8 125.0 79.0 78.0 92.2 73.7 
I233C 30.0 60.4 49.6 87.3 25.0 41.4 
I234C 107.2 121.6 88.2 58.8 132.7 109.2 
S235C 117.6 117.5 100.1 44.0 194.7 165.7 
A236C 39.5 31.4 125.9 77.4 37.2 118.4 
V237C 69.2 110.3 62.7 74.3 67.8 61.5 
D238C 12.3 109.3 11.2 74.5 12.0 11.0 
P239C 4.9 40.0 12.1 0.0 N/A 12.1 
V240C 81.6 85.3 95.7 78.1 76.1 89.3 
A241C 56.9 88.3 64.5 45.6 91.0 103.0 
V242C 54.2 75.7 71.5 57.9 68.1 90.0 
L243C 33.8 115.7 29.2 84.9 29.0 25.1 
A244C 63.4 119.2 53.1 62.8 73.4 61.6 
V245C 88.0 120.6 73.0 57.2 112.1 92.9 
F246C 83.5 121.0 69.0 66.4 91.6 75.6 
E247C 6.2 79.1 7.8 0.0 N/A 7.8 
E248C 54.7 107.6 50.8 79.7 50.0 46.5 
I249C 154.8 111.9 138.3 78.6 143.4 128.2 

 
 



  



 
Table 4 (supplementary) NMR structural statistics for the 40 structures retained out of 50 
structures calculated 
 
 
Unique NOE restraints 
Total 750 
Intraresidue 194 
Sequential 199 
Medium range (i+2 to i+4) 201 
Long range (≥i+5) 4 
Ambiguous 152 
Ramachandran plot statistics 
Core 61.4% 
Allowed 34.4% 
Generously allowed 3.6% 
Disallowed 0.6% 
XPLOR-NIH energies (kcal/mol) 
Total 25.31 ± 2.28 
NOE 1.97 ± 0.73 
NOE violations 
0.1-0.2 Å 0 
0.2-0.3 Å 5 
> 0.3 Å 13 
 
 
 


