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The Na*/H* exchanger isoform 1 is a ubiquitously expressed
integral membrane protein that regulates intracellular pH in mam-
mals by extruding an intracellular H* in exchange for one extracel-
lular Na*. We characterized structural and functional aspects of
the critical transmembrane (TM) segment XI (residues 449 —470)
by using cysteine scanning mutagenesis and high resolution NMR.
Each residue of TM XI was mutated to cysteine in the background
of the cysteine-less protein and the sensitivity to water-soluble sulf-
hydryl reactive compounds MTSET ((2-(trimethylammonium)
ethyl)methanethiosulfonate) and MTSES ((2-sulfonatoethyl)
methanethiosulfonate) was determined for those residues with at
least moderate activity remaining. Of the residues tested, only pro-
teins with mutations L457C, 1461C, and L465C were inhibited by
MTSET. The activity of the L465C mutant was almost completely
eliminated, whereas that of the L457C and 1461C mutants was par-
tially affected. The structure of a peptide representing TM XI (res-
idues Lys**”—Lys*”?) was determined using high resolution NMR
spectroscopy in dodecylphosphocholine micelles. The structure
consisted of helical regions between Asp**”—Tyr*>* and Phe*¢°—
Lys*”! at the N and C termini of the peptide, respectively, con-
nected by a region with poorly defined, irregular structure consist-
ing of residues Gly***~Gly**®>. TM XI of NHEI1 had a structural
similarity to TM XI of the Escherichia coli Na*/H" exchanger
NhaA. The results suggest that TM Xl is a discontinuous helix, with
residue Leu*®® contributing to the pore.

The mammalian Na*/H™ exchanger isoform 1 (NHE1)*is a
ubiquitous integral membrane protein that regulates intracel-
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lular pH. It mediates removal of a single intracellular proton in
exchange for an extracellular sodium ion (1). NHE1 has many
functions aside from protection of cells from intracellular acid-
ification (2). It promotes cell growth and differentiation (3),
regulates sodium fluxes and cell volume after challenge by
osmotic shrinkage (4), and has been demonstrated to be
involved in modulating cell motility (5). In addition its activity is
important in invasiveness of neoplastic breast cancer cells (6).
NHEL also plays critical roles in heart disease. It has a contrib-
uting role in heart hypertrophy and in the damage that occurs
during ischemia and reperfusion. Inhibition of NHE1 with
Na™/H™ exchanger inhibitors protects the myocardium during
various disease states (7—10).

NHET1 is composed of two general regions, an N-terminal
membrane domain of ~500 amino acids and a C-terminal reg-
ulatory domain of ~315 amino acids (1, 8). The membrane
domain is responsible for ion movement and an analysis of
topology by cysteine scanning accessibility suggested it has 3
membrane-associated segments and 12 integral transmem-
brane segments (11) (Fig. 14). The mechanism of transport of
the membrane domain is of great interest both from a scientific
viewpoint and in the design of improved NHE1 inhibitors that
may be necessary for clinical use (1). In this regard, we have
recently characterized the functionally important residues and
the structure of both TM IV and TM VII. Prolines 167 and 168
of TM IV were critical to NHE1 function (12) and cysteine-
scanning mutagenesis was used to show that Phe'®! is a pore
lining residue critical to transport. Analysis of the structure of
TM IV showed that TM IV is composed of one region of
B-turns, an extended middle region including Pro'®’~Pro'®®,
and a helical region (13). TM VII was much more typical of a
transmembrane helix although it was interrupted with a break
in the helix at the functionally critical residues Gly**'-Glu***
(14).

Another important TM segment of the Na* /H™ exchanger is
TM XI (Fig. 1B). Several different lines of evidence have sug-
gested that it is critical to NHE1 function. A recent study gen-
erated chimeras of NHE1 from various species and found that a
region including TM XI was important in determining NHE1
inhibitor sensitivity (15). More specifically, mutagenesis of sev-
eral amino acids of TM XTI has shown that it is likely involved in
either ion transport or proper targeting to the plasma mem-
brane. Two mutants in TM XI, Y454C and R458C, are retained
in the endoplasmic reticulum (16). In addition, mutation of
Gly**® and Gly**® in TM XI shift the pH, dependence of the
exchanger to the alkaline side, whereas mutation of Arg** in
intracellular loop 5 at the N-terminal end of TM XI shifts the
pH, dependence to make it more acidic (17, 18). Also, the struc-
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TABLE 1
Oligonucleotides used for site-directed mutagenesis of TM XI

Mutated nucleotides are underlined, restriction sites are bold. Restriction sites deleted are indicated in parentheses. Oligonucleotides used for cysteine scanning mutagen-

esis are shown. All mutations were to Cys.

Mutation Oligonucleotide sequence Restriction site
GIn**° 5’ -GTATCGTGAAGCTTACCCCCAAGGACTGCTTCATCATCGCC-3' HindIII
Phe®° 5'-CCCCCAAGGACCAATGCATCATCGCCTATGG-3’ Sstl
Ile*? 5’ -CCCAAGGACCAGTTCTGCATCGCATATGCGGGCCTGCGAG-3' Ndel
Tle**? 5’ -GGACCAGTTCATCTGCGCATATGGGGGCCTGC-3' Fspl
Ala*? 5'-CCAGTTCATCATCTGCTATGGAGGCCTGCGAGGGGC-3’ Stul
Tyr*>* 5'-CAGTTCATCATCGCATGCGGGGGCCTGCGAGG-3' Sphl
Gly** 5'-CATCATCGCCTATTGCGGCTTAAGAGGGGCCATCGCC-3' AfIIL
Gly** 5'-CATCGCCTATGGGTGCTTAAGAGGGGCCATCGCC-3' AfllI
Leu*” 5'-GCCTATGGGGGCTGCCGCGGGGCCATCGCCTTC -3 Sacll
Arg*® 5’ -CATCGCCTATGGAGGCCTGTGTGGGGCCATCGCC-3' Stul
Gly**® 5'-GGGGGCCTGCGATGCGCAATCGCCTTCTCTC-3" Fspl
Ala*®® 5’ -GGGGCCTGCGAGGATGCATCGCCTTCTCTC-3' Nsil
Tle*?! 5’ -GGCCTGCGAGGGGCATGCGCCTTCTCTCTGGG-3' Sphl
Ala*®? 5'-CTGCGAGGGGCCATATGCTTCTCTCTGGGC -3’ Ndel
Phe**? 5’ -GAGGGGCCATCGCATGCTCTCTGGGCTACC-3' Sphl
Ser*** 5’ -GGCCATCGCCTTCTGCCTAGGCTACCTCCTGG-3' Avrll
Leu*®® 5'-CATCGCCTTCTCTTGCGGEGTACCTCCTGGACAAG-3 Kpnl
Gly*e® 5'-CGCCTTCTCTCTGTGCTACCTTCTAGACAAGAAGCACTTC-3' Xbal
Tyr*” 5'-CCTTCTCTCTGGGCTGTCTACTGGACAAGAAGCAC-3’ Accl
Leu*® 5'-CTCTCTGGGCTACTGTCTAGACAAGAAGCACTTC-3' Xbal
Leu’®® 5'-GCCTTCTCTCTGGGATATCTCTGCGACAAGAAGCACTTC-3’ EcoRV
Asp*™® 5’ -GGGCTACCTCCTGTGCAAAAAGCACTTCCCCATG-3' (Xmn I)

ture of the bacterial Na™/H™ exchanger NhaA has been eluci-
dated. Both TM IV and TM XI play a critical role forming an
assembly that cross, with each being a helix, an extended
polypeptide and a short helix (19). We found that TM IV of
NHET1 has a similar structure and function to that of TM IV of
NhaA (2, 13), leaving open the possibility that TM XI of NHE1
is also similar in structure and function to TM XI of NhaA.
For these reasons, we undertook a systematic examination of
the structural and functional aspects of TM XI of the NHE1
isoform of the Na™/H™* exchanger. The sequence of human TM
XI of NHE1 is **QFIIAYGGLRGAIAFSLGYLLD*”°. In this
study we use cysteine scanning mutagenesis and site-specific
mutagenesis to identify and characterize critical pore lining res-
idues of the protein. We also use nuclear magnetic resonance
(NMR) spectroscopy to characterize the structure of a synthetic
peptide representing TM XI in dodecylphosphocholine (DPC)
micelles. Evidence has suggested that TM segments of mem-
brane proteins possess all the structural information required
to form their higher order structures in their amino acid
sequence (20). This has been demonstrated in earlier studies on
membrane protein segments such as the cystic fibrosis trans-
membrane conductance regulator (21), a fungal G-protein-
coupled receptor (22), bacteriorhodopsin (23, 24), and rhodop-
sin (25), where it was shown that isolated TM segments from
membrane proteins had structures in good agreement with the
segments of the entire protein. Also, the use of DPC micelles
has been shown to be an excellent membrane mimetic environ-
ment for these studies (26, 27). Our study identifies Leu*®” as
contributing to the pore of the protein and shows that the struc-
ture of TM XI consists of two helices corresponding to Asp**’—
Tyr** and Phe**°~Lys*”" at the N and C termini, respectively,
connected by a flexible region at residues 455—459. The structure
of TM XI was similar to the x-ray structure of TM XI of NhaA.

EXPERIMENTAL PROCEDURES

Materials—Lipofectamine™ 2000 reagent was from Invitro-
gen. PWO DNA polymerase was obtained from Roche
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TABLE 2

Synthetic oligonucleotides used for mutagenesis of Leu*®” to Ala,
Lys, or Asp

Restriction

Mutation Oligonucleotide sequence site
L465A  5'-GCCATCGCCTTCTCTGCGGGGTACCTCCTGGACAAG-3' Kpnl
L465K  5'-GCCATCGCCTTCTCTAAGGGGTACCTCCTGGACAAG-3' Kpnl
L465D  5'-GCCATCGCCTTCTCTGATGGGTACCTCCTGGACAAG-3’ Kpnl

Applied Science. MTSET and MTSES were from Toronto
Research Chemicals (Toronto, Ontario, Canada). Sulfo-
NHS-SS-biotin was from Pierce and immobilized streptavi-
din resin was from Thermo Scientific (Rockford, IL), Deuter-
ated DPC was purchased from C/D/N Isotopes (Pointe-Claire,
Quebec, Canada).

Site-directed Mutagenesis—Mutations were made to an
expression plasmid (pYN4+) containing a hemagglutinin
(HA)-tagged human NHEL1 isoform of the Na*/H" exchanger.
The plasmid contained the cDNA for the entire coding region
of the Na*/H™ exchanger and we previously demonstrated that
the tagged expressed protein functions normally (12). The
mutations changed the indicated amino acids to cysteine (Table
1), using the functional cysteine-less NHE1 protein that we
have described earlier (13). An additional series of mutations
was done to change Leu*®® to Ala, Lys, or Asp (Table 2). Site-
directed mutagenesis was done using amplification by PWO
DNA polymerase (Roche Molecular Biochemicals) and using
the Stratagene (La Jolla, CA) QuikChange™ site-directed
mutagenesis kit. Mutations created or deleted a restriction
enzyme site and the fidelity of DNA amplification was con-
firmed by DNA sequencing.

Cell Culture and Transfections—Control and mutant
Na™/H™ exchanger cDNA was transfected into AP-1 cells
that lack an endogenous Na™/H™ exchanger (28). Stable cell
lines of all mutants were made as described earlier using
transfection with Lipofectamine™ 2000 reagent (Invitro-
gen) (12). Transfected cells were selected using 800 wg/ml
geneticin (G418) and stable cell lines for experiments were
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regularly re-established from frozen stocks between pas-
sages 5 and 9.

SDS-PAGE and Immunoblotting—Cell lysates were made
from AP-1 cells as described earlier (12). For Western blot anal-
ysis equal amounts of up to 100 ug of each cell lysate sample was
resolved on 10% SDS-polyacrylamide gels. Nitrocellulose trans-
fers were immunostained using anti-HA monoclonal antibody,
which recognized the tag on the Na*/H™ exchanger protein
(Roche Applied Science). The second antibody was peroxidase-
conjugated goat anti-mouse antibody (Bio/Can, Mississauga,
ON, Canada). The Amersham Biosciences enhanced chemilu-
minescence Western blotting and detection system was used to
visualize immunoreactive proteins. NIH Image 1.63 software
(National Institutes of Health, Bethesda, MD) was use for den-
sitometric analysis of x-ray films.

Cell Surface Expression—Cell surface expression was meas-
ured essentially as described earlier (12). Briefly, the cell surface
was labeled with sulfo-NHS-SS-biotin (Pierce) and immobi-
lized streptavidin resin was used to remove plasma membrane
Na™/H™ exchanger. Equal amounts of total and unbound pro-
teins were analyzed by SDS-PAGE followed by Western blot-
ting and densitometry measuring immunoreactive (HA-
tagged) Na“/H" exchanger protein. It was not possible to
efficiently and reproducibly elute proteins bound to immobi-
lized streptavidin resin reproducibly. The relative amount of
NHE1 on the cell surface was calculated by comparing both the
110- and 95-kDa HA-immunoreactive species in Western blots
of the total and unbound fractions.

Na*/H" Exchange Activity—Na*/H" exchange activity was
measured essentially as described earlier (14) using a PTI
Deltascan spectrofluorometer. Briefly, the initial rate of Na™-
induced recovery of cytosolic pH (pH,) was measured after
ammonium chloride-induced acute acid load using 2',7-bis(2-
carboxyethyl)-5(6)-carboxyfluorescein-AM (Molecular Probes
Inc., Eugene, OR). Recovery was in the presence of 135 mm
NaCl. There was no difference in the buffering capacities of
stable cell lines and the recovery was from the equivalent initial
pH. Where indicated, Na™/H™" exchanger activity was cor-
rected for the level of protein expression and targeting of the
protein to the cell surface. For some experiments cells were
treated with MTSET or MTSES. A two-pulse acidification assay
was used. Cells were treated with ammonium chloride two
times and allowed to recover in NaCl containing medium (13).
One pulse was in the absence of inhibitor and one in the pres-
ence of either 10 mm MTSET or MTSES for 10 min. The start-
ing pH of recovery was equivalent in the two pulses. The rate of
recovery from acid load was compared * inhibitor. The calcu-
lation used for residual activity was according to Equation 1.

pH change after (reagent X 100%)

0 . L
% Residual activity pH change w/o (reagent)

(Eq.1)

All results are shown as mean * S.E. and statistical significance
was determined using the Mann-Whitney U test.

Peptide Synthesis and Purification—Peptide representing
TM XI (sequence KDQFIAYGGLRGAIAFSLGYLLDKK,
acetyl-capped N terminus, amide-capped C terminus) was pur-
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chased from GI Biochem (Shanghai) Ltd. at >95% purity. Pep-
tide purity was assessed with high performance liquid chroma-
tography. The identity of the peptide was confirmed by using
matrix-assisted laser desorption ionization mass spectrometry
and sequential assignment of the NMR spectra. An ~5% impu-
rity was identified in the 'H NMR spectra (see below).

NMR Spectroscopy and Structure Calculation—Samples for
NMR spectroscopy were prepared by dissolving ~2 mm TM XI
peptide and ~150 mm DPC-d, in 95% H,O, 5% D,O contain-
ing 0.25 mm deuterated 2,2-dimethyl-2-silapentane-5-sulfonic
acid (DSS-d6) (Chenomx Inc.) as an internal NMR standard.
The pH was adjusted to 4.9 without consideration of the deu-
terium effects on the glass electrode.

One-dimensional "H, and two-dimensional 'H-'"H DQCOSY,
TOCSY (60 ms mix), and NOESY (250 ms mix) spectra were
taken on Varian INOVA 600 and 800 MHz spectrometers. A
natural abundance 'H-">C HSQC spectrum was taken on a
Varian INOVA 500. Experiments were used as configured in
the Varian Biopack package and taken at 30 °C. Spectra were
processed using NMRPipe (29) and analyzed in NMRView (30).
Sequential assignment was done using the DQCOSY, TOCSY,
and NOESY spectra to assign and connect the amino acid spin
systems. Assignment of peaks was done manually in NMRView.

Structure calculations were performed using the Python
scripting interface in XPLOR-NIH 2.19 (31). NOE restraints for
structure calculation were generated within NMRView by cal-
ibrating restraints by peak intensity and sorting them into dis-
tance ranges of strong (1.8-2.8 A), medium (1.8-3.4 A), or
weak (1.8-5.0 A). Some restraints were extended into a very
weak category (1.8—6.0 A) as needed during refinement. A soft
square-well potential was used for the restraining function in
structure calculation. In each round of structure calculation, an
extended polypeptide was generated and subjected to simu-
lated annealing, with 50 structures generated for each round.
After each round, violated restraints were examined and either
lengthened or removed. Initially, violations >0.5 A in >50% of
structures were examined. Refinement of restraints gradually
increased in stringency, to where violations >0.1 A in >10% of
structures were examined. Eleven rounds of structure calcula-
tion and refinement were performed, after which a further 10
rounds were performed adding dihedral angle restraints.
Weighting on the dihedral restraints was increased from 5 to
100, then decreased to 25 over successive rounds. The lowest
total energy 40 of 50 structures from the final round were kept
for further analysis. The set of restraints used and the ensemble
of NMR structures have been deposited in the Protein Data
Bank (Research Collaboratory for Structural Bioinformatics
Protein Data Band code 2KBV, BMRB number 16056).

RESULTS

Fig. 1A shows a general model of the NHE1 isoform of the
Na™/H™ exchanger based on the topology deduced by cysteine-
scanning accessibility studies (11). Fig. 1B shows a schematic
model illustrating the amino acids of TM XI. To examine which
amino acids of TM XI are pore-lining, we used the cysteine-less
Na™/H™ exchanger (cNHE). Each residue in TM XI of cNHE1
was mutated to a cysteine residue. Initial experiments exam-
ined whether these mutant forms of the Na*/H™ exchanger
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FIGURE 1.Models of the Na*/H* exchanger. A, simplified topological model
of the transmembrane domain of the NHE1 isoform of the Na*/H™ exchanger
as described earlier (11). EL, extracellular loop; IL, intracellular loop. B, model
of amino acids present in TM XI.

were active enough for further study. Fig. 2, A—C, examines the
expression, targeting, and activity of the wild type and mutant
TM XI mutants. Expression levels of several of the mutants
were greatly decreased in comparison to the controls. Changing
le*>?, Gly**®, or Ala*®° to Cys decreased expression to less than
20% of that of cNHEL1. Eight other mutant Na*/H* exchangers,
1451C, A453C, Y454C, G456C, R458C, G459C, A462C, and
L469C, also had expression reduced to levels 22—45% that of
c¢NHE1. All the mutants with reduced expression of NHE1
showed a great reduction in the level of mature, fully glyco-
sylated protein. In some of these mutants (1451C, Y454C, G455C,
G456C, R458C, G459C, and L469C) expression was predomi-
nantly of the lower molecular weight form of the Na™/H™"
exchanger, which represents protein with reduced levels of glyco-
sylation. We have earlier shown that unglycosylated Na™/H™"
exchanger may be functional (32), therefore the unglycosylated
protein was included in analysis of the levels of protein expression.

We have previously (13) demonstrated that mutation of
amino acids of transmembrane segments can affect plasma
membrane targeting of the Na*/H™" exchanger. Therefore, we
examined intracellular targeting of the NHE1 TM XI express-
ing cell lines. Cells were treated with sulfo-NHS-SS-biotin and
then lysed and solubilized as described under “Experimental
Procedures.” Labeled proteins were bound to streptavidin-aga-
rose beads and equal amounts of total cell lysates and unbound
lysates (representing intracellular protein) were separated by
size using SDS-PAGE. Western blotting with anti-HA antibody
identified the tagged NHEL1 protein. Fig. 2B illustrates examples
of the results and a summary of quantification of both the 106-
and 97-kDa bands. The immature form of the protein was
included because we previously noted that there can be some
leak of this protein to the cell surface (33). A number of the
mutants had reduced targeting to the cell surface, in compari-
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son to c(NHEL. Less than 10% of G456C, R458C, and G459C
were targeted to the cell surface, and because the nonspecific
was ~5%, the results suggest that these proteins were mostly, if
not all, retained within the cell. A second class of mutant was
targeted about half as well as the cysteine-less NHE1, with
~20-30% targeted to the cell surface. This consisted of [451C,
G455C, F463C, Y467C, and L469C. The balance of the mutants
were similar to cNHE1 in their targeting efficiency.

We determined how mutations of TM XI affected the activity
of the protein. The rate of recovery from an acute acid load was
determined as described earlier (33). Fig. 2C illustrates the rate
of recovery from an acute acid load by stable cell lines trans-
fected with either wild type Na™/H™ exchanger or mutants of
TM XI. The rate of recovery is also shown when corrected for
both the level of expression and surface targeting for most
mutants. The mutants fell into several general categories. One
mutant A453C had less than 50% of the cNHE activity, but the
activity was near normal when correcting for expression levels
and surface targeting, suggesting that the protein itself was fully
functional but the mutations were affected for expression levels
and surface targeting. L465C was similar to A453C but with
higher uncorrected NHE1 activity. In both cases this was due to
a combination of effects on expression levels and surface tar-
geting. Mutants L457C and [461C retained over 50% of cNHE1
activity and had relatively normal surface targeting and expres-
sion levels. The balance of the mutants had quite reduced activ-
ity, less than 50% of the cNHEL1 level. Q449C, F450C, S464C,
and G466C had 25-45% of ¢cNHEL1 activity and this was only
slightly improved by correcting for expression levels and sur-
face targeting. This indicated that these proteins themselves
were at least partially defective in Na*/H™* exchange activity. A
number of other mutants had quite low activity relative to
c¢NHE], less than 20% of uncorrected values. This included,
1451C, 1452C, Y454C, G455C, G456C, R458C, G459C, A460C,
A462C, F463C, Y467C, L468C, L469C, and D470C. For most of
these mutants correcting for expression levels and surface tar-
geting increased activity although this was always well below
that of cNHEL, suggesting that the effects were at least in part
due to direct effects on the activity of the protein. It was not
possible to accurately determine the corrected activity for many
of these mutants because of their variability, low expression
levels, and poor surface targeting. This included G456C,
R458C, and G459C.

We examined the sensitivity to MTSET or MTSES of the
mutant Na*/H"* exchangers that had greater than 20% residual
activity of cNHE1 (Fig. 3, A and B). Of the active Na™/H™"
exchangers, only L465C was greatly affected by treatment with
positively charged MTSET. This resulted in elimination of most
of the activity of the protein. Two other mutants, L457C and
1461C, were partially inhibited by MTSET. Negatively charged
MTSES had no effect on any of the mutant proteins. Mutants
G459C and A460C are not illustrated in the inhibition results due
to their low activity, but were also tested. Experiments indicated
that they were not inhibited by addition of MTSES or MTSET.

Because of the strong effect that we observed of MTSET on
L465C, we conducted a series of experiments in which we
mutated that amino acid to a neutral residue (Ala), to a nega-
tively charged residue (Asp), and to a positively charged residue
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FIGURE 2. Analysis of wild type and mutant NHE1 proteins. A, Western blot of cell extracts of AP-1 cells containing stably transfected Na*/H™* exchanger
mutants or control. In all mutations the amino acid indicated was changed to cysteine. 100 g of total protein was loaded in each lane. Numbers below the lanes
indicate the values obtained from densitometric scans of both the 110- and 95-kDa bands relative to wild type NHE. Results are typical of three to five
measurements. AP1 refers to mock transfected AP-1 cells. Wt, refers to cells stably transfected with wild type Na*/H™* exchanger protein. B, subcellular
localization of control and TM XI mutants in AP-1 cells. Sulfo-NHS-SS-biotin-treated cells were lysed and streptavidin-agarose beads were used to bind labeled
proteins as described under “Experimental Procedures.” Equal amounts of total cell lysate (T) and unbound intracellular lysate (/) were run on SDS-PAGE and
Western blotting with anti-HA antibody identified NHE1 protein. Wt, refers to cells stably transfected with wild type Na™/H™ exchanger protein. Ct refers to 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 percent of the total NHE1 protein found within the plasma membrane is indicated for each mutant. For Ct the numbers indicate the amount of
nonspecific binding to streptavidin-agarose beads. Results are the mean = S.E. of at least three determinations. C, rate of recovery from an acid load by AP-1
cells stably transfected with cNHE, and TM XI Na™/H™ exchanger mutants. Na*/H™ exchanger activity was measured after transient induction of an acid load
as described under “Experimental Procedures.” The activity of cNHE1 stably transfected with NHE1 was 0.036 A pH/s, and this value was set to 100%. All
mutations to cysteine were done in the background of the cysteine-less NHE1 and activities are percent of those of cNHE. Mutations were in the cNHET and
results are expressed as mean = S.E. of 8-16 determinations. Results are shown for mean activity of both uncorrected (black) and normalized for surface
processing and expression levels (hatched). * indicates mutants with uncorrected activity that is less than 20% of cNHE1.

(Lys). We then determined effects on activity, surface process- tag of the NHEl mutant proteins showed varying effects
ing, and expression of the intact NHE1 protein. The results are ~ dependent on the mutation. Mutation of Leu®®® to Asp resulted
shown in Fig. 4. Western blotting (Fig. 44) against the anti-HA  in a large decrease in the amount of protein expressed and in
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FIGURE 3. Effect of MTSET and MTSES on activity of cNHE1 and single cysteine TM XI mutant NHE1 containing cell lines. A, summary of results of Na*/H*
exchanger assays of active TM XI mutants. Activity was measured after two pulses of transient induction of an acid load as described under “Experimental
Procedures.” The first activity was in the absence of MTSES or MTSET, the second was when cells were treated with 10 mm reagent before transient acidification.
Results illustrated represent the % of activity of the second acid load, in comparison to the first. * indicates that the second recovery from acid load was
significantly lower than the first at p < 0.01, Mann-Whitney U test. Solid filled bars represent MTSES treatments and hatched bars represent MTSET treatments.
B, example of results of effect of MTSET on activity of wild type and L465C mutant. Wild type (Wt) and L465C NHE1 protein activity was assayed in stably
transfected AP-1 cells as described under “Experimental Procedures.” Activity was measured after two acid pulses as described in A. 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 MTSET. NH,Cl,
treatment with ammonium chloride; sodium free, treatment with Na* free buffer to induce acidosis; NaCl, recovery from acidosis in NaCl containing buffer, for

the second pulse this contained MTSET and cells were pretreated with MTSET for 10 min prior to NH,Cl-induced acid load.

addition, virtually all of the protein expressed was of the ungly-
cosylated or partially glycosylated form. Similarly, mutation to
Ala reduced the amount of protein expressed and reduced the
amount of fully glycosylated protein, but not to as great an
extent. Mutation of Leu*” to Lys did not reduce the amount of
NHEL1 expressed. There was also a significant amount of fully
glycosylated protein although the amount relative to the de-gly-
cosylated protein was somewhat reduced. In all three cases,
targeting to the cell surface was low (Fig. 4B). This was espe-
cially true for the L465D mutant. Activity of the three mutants
was greatly reduced (Fig. 4C). In all cases the raw activity we
observed for the mutants was only a small fraction of the con-
trol level. It was of interest that for the L465A and L465D
mutants, there was a significant amount of activity present,
when correcting for aberrant surface targeting and expression
levels. In contrast, the L465K protein was well expressed and
targeted to the cell surface, but the change to a positively
charged residue completely eliminated activity of the protein.
We used NMR spectroscopy to determine the structure of a
TM XI peptide. Cationic residues at the termini of peptides
have been shown to aid in their purification and maintenance of
transbilayer orientation (34). For this reason, the ends of the
peptide were chosen to be Lys*” and Lys*”?, which provides
cationic residues at both ends of the peptide and include the
predicted TM XI sequence. The N- and C-terminal acetyl and

APRIL 24, 2009+VOLUME 284 -NUMBER 17

amide caps, respectively, remove charges at the peptide termini
that would not be present in the full protein.

The peptide was readily solubilized in the presence of DPC,
which acts as a membrane mimetic, and provided a sample that
was stable for months at room temperature. Previous structural
studies of transmembrane helices from NHEI1 also found DPC
micelles to be effective for solubilization and sample stability
(35, 36). An examination of the two-dimensional *"H-'"H NMR
spectra showed additional peaks that could not be assigned to
the major conformation of the TM XI peptide. Adjusting sam-
ple conditions such as peptide concentration and the peptide-
to-lipid ratio did not affect intensity of these peaks in the
DQCOSY NMR spectra, and therefore they were assumed to be
an impurity (~5% based upon the area of the NMR peaks) in the
synthetic TM XI peptide and not a minor conformation in slow
exchange. The sample for structure determination contained
~2mm TM XI peptide and ~150 mm DPC in 95% H,O, 5% D,O
with 0.25 mm deuterated 2,2-dimethyl-2-silapentane-5-sul-
fonic acid as a chemical shift and intensity standard. Concen-
trations of 1 mMm peptide and 75 mm DPC were used in previous
studies (14, 36); however, we decided to use concentrations of 2
and 150 mM for an increased signal to noise ratio in the NMR
spectra. There were no noticeable differences in the spectra at
the higher concentration. Spectra were taken at 30 °C, which
gave good one-dimensional 'H NMR spectral characteristics.
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FIGURE 4. Characterization of site-specific mutants of Leu®®®, A, Western
blot of cell extracts of AP-1 cells containing stably transfected Na*/H™
exchanger mutants or control. Samples were analyzed as described in the
legend to Fig. 2A. Numbers below the lanes indicate the values obtained from
densitometric scans of both the 110- and 95-kDa bands relative to wild type
NHE. Results are typical of three to five measurements. cNHE refers to cys-
teine-less NHE1. A, D, and K refer to mutant cell lines containing cNHE1 with
the Leu*®® mutations to Ala, Asp, and Lys respectively. B, subcellular localiza-
tion of TM XI mutants in AP-1 cells. Mutants contained the NHE1 Leu*®®
mutations to Ala, Asp, and Lys as indicated. Sulfo-NHS-SS-biotin-treated cells
were lysed and streptavidin-agarose beads were used to bind labeled pro-
teins as described under “Experimental Procedures.” Equal amounts of total
cell lysate (T) and unbound intracellular lysate (/) were run on SDS-PAGE and
Western blotting with anti-HA antibody identified the NHE1 protein. The per-
cent of the total NHE1 protein found within the plasma membrane is indi-
cated for each mutant. Results are the mean = S.E. of at least three determi-
nations. C, rate of recovery from an acid load by AP-1 cells stably transfected
with cNHE, and TM XI Na™"/H* exchanger Leu*®> mutations to Ala, Asp, and

0
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TABLE 3

NMR structural statistics for the 40 structures retained out of 50
structures calculated

Unique NOE restraints
Total 548
Intraresidue 195
Sequential 195
Medium range (i+2 to i+4) 156
Long range (=i+5) 2
Ambiguous 47
Ramachandran plot statistics
Core 72.0%
Allowed 26.0%
Generously allowed 1.0%
Disallowed 1.0%
XPLOR-NIH energies (kcal/mol)
Total 16.78 * 2.44
NOE 0.89 £1.03
NOE violations
0.1-0.2 A 6
0.2-0.3 A 2
>0.3 A 1

Sequential assignment using the two-dimensional 'H-'H
DQCOSY, TOCSY, and NOESY NMR spectra allowed all of the
hydrogen atoms in the peptide to be assigned except for Phe H{
and Tyr Hn. Assignments for carbon atoms using the natural
abundance '*C-'H HSQC NMR spectrum were incomplete
because of the limited chemical shift dispersion. The predom-
inantly a-helical nature of the peptide, resulting in limited
chemical shift dispersion, and the relatively broad line widths in
the spectra, meant some of the NOE assignments were ambig-
uous. The impurities were ~5% of the concentration of the TM
XI peptide, and any impurities from the NOE, similarly
reduced, were unlikely to be a concern for assignment. None-
theless, a soft-well potential function was used during structure
calculation to allow for any ambiguous or erroneous assign-
ments. Dihedral angle restraints were not initially applied dur-
ing structure calculation to allow the structure to be based
mainly on the observed NOE distance restraints. Chemical shift
prediction of secondary structure (37, 38) (supplemental Fig.
S1) and NOE connectivities (i+3, i+4) (Fig. S2) suggested hel-
ical regions at approximately residues 449 —453 and 461-
469. Therefore, the phi and psi angles in these regions were
restricted to —60 * 30° and —40 * 40°, respectively, for
additional rounds of annealing and refinement. After refine-
ment, a total of 548 unique restraints were used for the final
structure calculation. The 40 lowest energy structures of the
50 calculated were retained, which satisfied restraints with
minimal NOE and dihedral angle violations. Structure calcu-
lation statistics are summarized in Table 3 and supplemental
Fig. S2.

It was not possible to superimpose the entire ensemble of
NMR structures over the full-length of the peptide. The pair
wise backbone r.m.s. deviation for each of the ensemble mem-
bers compared with the average structure ranged from 1.81 to

Lys.Na*/H* exchanger activity was measured after transient induction of an
acid load as described in the legend to Fig. 2C. All mutations to cysteine were
done in the background of the cysteine-less NHE1 and activities are percent
of those of ctNHE. Mutations were in the cNHET and results are expressed as
mean = S.E. of 8-16 determinations. Results are shown for mean activity of
both uncorrected (black) and normalized for surface processing and expres-
sion levels (hatched).
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FIGURE 5. Dihedral angle order parameters for the final 40 ensemble
members. Order parameters are calculated as in Ref. 35. An order parameter
of 1 indicates the particular angle is the same for all members in the ensem-
ble, and is 0 when the angles are completely random.

4.36. Superposition of the ensemble members was done using
the method of Kabsch (39), as implemented in LSQKAB in the
CCP4 suite. To look for regions of fixed structure, segments of
the peptide 4 to 15 residues long were superimposed, and con-
tiguous segments of residues obtained from the superimposi-
tions with an r.m.s. deviation less than 1.0 were examined based
on the length and r.m.s. deviation of the segments.

Residues Lys**”"—Gly*** at the N terminus and Ala*®°~Lys*"*
at the C terminus best indicated a region of fixed structure from
the r.m.s. deviation analysis and are mainly helical. The relative
orientation of these two regions vary with respect to each other
among the ensemble members around a structurally variable
central region consisting of residues Gly***~Gly**”. The dihe-
dral order parameters (35) (Fig. 5) for the N- and C-terminal
regions are close to unity, indicating strongly conserved dihe-
dral angles in these regions across the ensemble, whereas the
order parameter for the central region shows large variation in
the dihedral angles for those residues. A plot of the averaged
backbone r.m.s. deviations per residue versus the average struc-
ture, for superimposition of residues 447—454 and 460 —471, is
shown in supplemental Fig. S3. The two superimposed regions
show low r.m.s. deviations, which increase in toward the
extended region. The superimposition of the C-terminal helix
(supplemental Fig. S3, diamonds) shows an increase in r.m.s.
deviation at residues Leu**>~Gly*®. This is reflected in the
structures as a slight bend in the helix at these residues. Super-
imposition of residues Ala**°~Leu*®® and Gly**°*~Lys*"" sepa-
rately give better r.m.s. deviation values than for the entire
C-terminal helix, and show that there is some slight variability
between the two halves of the helix at this bend. Residues
Phe*®'—Lys*"* and Asp***—Tyr**? fall within the helical region
of the Ramachandran plot and show good clustering of the
dihedral angles, and so can be assigned as a-helical. Superim-
position of the structurally conserved regions at the N and C
termini are shown in Fig. 6, A and B. Fig. 6C shows a schematic
of an ensemble member from two views, which shows the gen-
eral structure of the peptide: two helices connected by an
extended segment.

The region between the two helices does not superimpose
well. At best, Gly***~Arg*® superimposes poorly, with an
r.m.s. deviation of 0.8, and shows decreased dihedral angle
order parameters compared with the helical regions. The large

APRIL 24, 2009+VOLUME 284 -NUMBER 17

FIGURE 6. NMR structure of TM XI in DPC micelles. Superimposition of
structurally conserved regions of the TM XI peptide structure. Superimposi-
tion of the backbone atoms of the structurally conserved regions (A) Lys**’-
Gly*** and (B) Gly**°-Lys*’". The backbone is shown in black, side chains are
shown in color. C, two views of a single ensemble member with MTSET-sen-
sitive residues labeled.

variation in dihedral angles over this segment and variation in
the relative orientation of the helices in the ensemble could
suggest that this region is flexible. It should be noted, however,
that variability seen in the structure could be a result of a lack of
NOE restraints to constrain the structure of that region, instead
of actual flexibility in the structure. Glycine residues have fewer
NOE restraints compared with other residues (supplemental
Fig. S3) due to the lack of side chain contacts, and could explain
the variability in the structures because much of the flexibility
in the structure occurs around Gly residues, 455, 456, 459, and
466.

A comparison of the NMR structure of TM XI of NHE1 in
DPC micelles with the structure of TM XIin the x-ray structure
of NhaA is presented in Fig. 7. Fig. 7A shows an alignment of the
TM XI sequences from NhaA and NHE1 using SEQSEE (40),
which shows reasonable sequence similarity but a poor align-
ment of the helical and central regions that are predicted by the
x-ray and NMR structures. Attempting to align the structures
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FIGURE 7. Comparison of TM XI of NHE1 with TM XI of NhaA. A, SEQSEE-
based (40) alignment of the amino acid sequences of TM XI of NhaA and
NHE1. B, alignment of the sequences based on optimal structural alignment
of the extended regions (highlighted) of NHE1 TM XI (Gly***~Gly**°) and NhaA
TM XI. Colon indicates replacement by similar amino acid and asterisk indi-
cates amino acid identity. MTSET-sensitive residues, and the corresponding
residues in NhaA are shown in bold. C, comparison of the NMR structure of TM
XI of NHE1 in DPC micelles with that of TM Xl in the x-ray structure of NhaA.
Amino acids 447-472 of NHE1 and amino acids 327-352 of NhaA are
included. The ensemble member of the NMR structures chosen for compari-
son had the lowest backbone r.m.s. deviation compared with the correspond-
ing region in NhaA for the superimposition of the extended regions, and with
arbitrary rotation of the two helices around the flexible Gly**> and Gly**° to
match the helices of NhaA.

of the extended region to the x-ray structure of TM XI of NhaA
results in reasonable backbone superimposition of residues
455—459 of NHEL1 on to residues 335-339 of NhaA, with the
orientations of both the N- and C-terminal helices around this
segment varying. Using this central region to align the
sequences of NHE1 and NhaA TM XI (Fig. 7B) suggests that the
MTSET-sensitive residues Leu®”’, Ile**', and Leu*®® identified
in this article would correspond to Ile**”, Met®*', and 1le**%,
respectively. Fig. 7C shows a comparison of structures of NhaA
and NHE1 TM XI with arbitrary rotation of the helices around
the variable Gly**® and Gly**” residues in the NMR structure to
better match the orientation of the NhaA helical regions.
Clearly the general structure of the two peptides is similar for
the two proteins; although this cannot be taken as proof that the
NMR structure in DPC micelles is equivalent to that of the
full-length protein in vivo.
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DISCUSSION

In this study we examined the structural and functional char-
acteristics of TM XI of the NHE1 isoform of the Na*/H™
exchanger. A number of studies (15, 17, 18) have suggested that
this transmembrane segment is critical in activity of the pro-
tein. When we replaced amino acids of TM XI with cysteines we
found that it was quite sensitive to this substitution. Of the 22
amino acids mutated, 14 had activity severely reduced. Several
others also had activity reduced to a lesser degree. We found
earlier that the susceptibility to mutation was high in some
transmembrane segments such as TM IV, whereas other TM
segments such as TM IX appear more tolerant of changes. We
noted this variability earlier (36) and it has been found in other
proteins (41). This could reflect a more critical role of a partic-
ular TM segment, in function. Of note, amino acids 454 — 463
were all greatly reduced in activity, with the exception of Leu**”
and Ile*®'. Most of the mutations made resulted in decreased
activity of the product protein that were often caused at least
partially by effects on targeting and expression levels. Arg*®®
and Tyr*** of this region have previously (16) been suggested to
be retained in the endoplasmic reticulum when mutated to cys-
teine. In our hands, proteins with these mutations showed little
activity. We found that Arg*>® was retained in an intracellular
location, however, targeting of Tyr*** was only slightly reduced
below that of the cysteine-less protein. It was not possible to
test either mutant protein for the effects of sulthydryl reactive
reagents on activity.

When we examined the remaining active mutants for sensi-
tivity to sulthydryl reactive reagents, we found that only the
L465C mutant was strongly affected by positively charged
MTSET. It was unaffected by negatively charged MTSES. This
suggested that this residue is likely a pore lining residue of the
protein. That the positively charged compound would inhibit
activity, but not the negatively charged one, could be due to
direct electrostatic repulsion of a transported cation. MTSES
would not provide any such repulsion. This concept is sup-
ported by site-specific mutagenesis studies of this amino acid.
The L465K mutant was totally inactive despite being well
expressed and targeted to the plasma membrane. The L465D
mutant, whereas reduced in activity and not well targeted or
expressed, was still functional. Mutation of Leu®®® to Ala
resulted in a protein with minimal activity, possibly due to
structural effects of expression of the smaller amino acid. The
L465A protein was poorly expressed and targeted.

We also found that MTSET treatment resulted in reduction
of activity of two other amino acids, Leu**” and Ile***. We sug-
gest that their side chains may be near and partially accessible to
the protein translocation pore, but likely are not directly point-
ing to the pore. This is supported by the structural analysis of
the protein. TM XI was found to be comprised of two helical
segments, with an intervening more extended region. The loca-
tion of the pore lining residues in the peptide structure is shown
in Fig. 6C. Both Leu*®® and Ile**" are on the same side of the
C-terminal helix. Looking down the helical axis, the two resi-
dues are ~40° offset from each other, such that Leu*®® could be
pointing into the pore, whereas Ile*** is not directly pointing
toward the pore, but is at an orientation in agreement with the

AV DN

VOLUME 284 -NUMBER 17+APRIL 24, 2009

810 ‘ST dun( uo SoLIRIqIT BHq[Y JO ANSIOAIUN) Je /F10°0q[ mmm//:d)y woty papeojumoq


http://www.jbc.org/

Structure and Function of TM Xl of the Na* /H* Exchanger

idea that it could be close to the pore. The side chain of Leu®*”
is located in the structurally variable region, so no conclusion
can be drawn about its orientation from the peptide structure.
Further insights into its orientation must await elucidation of
the structure of the intact protein and its presence in a variable
region is likely a limitation in the present analysis imposed by
examining the peptide in DPC micelles. In the full protein,
Leu*®” would likely be more rigid and possibly in a different
position due to the environment provided by the surrounding
TM helices in the intact protein.

It is important to note that recently, there has been disagree-
ment on the proposed topology of the NHE1 protein. An earlier
model (11) used substituted cysteine accessibility studies to
predict a 12-TM protein with an internal C terminus and sev-
eral membrane-associated segments (Fig. 14). More recently,
Landau et al. (42) proposed a different topology using the crys-
tal structure of Escherichia coli NhaA as a template for bioin-
formatics and computational analysis for fold alignment algo-
rithms to propose a new topology. Although several of the TM
segments differed between the two models, TMs X—-XII were
essentially unaltered. This supports the assignment of these
amino acids as TM XI in our study.

We found that TM XI consisted of two helical regions, com-
prising amino acids 447—453 and 460—471 connected by an
extended region from amino acids 455 to 459. In their study,
Landau et al. (42) made several predictions about the structure
of TM XI. They suggested that Gly**® and Gly**® would facili-
tate unwinding of that region of the TM XI helix. Our results
agree with their predictions as these two amino acids were
within the extended region from amino acids 455 to 459. The
fact that there were only two amino acids that retained good
functional activity within the 454 —463 sequence supports the
concept that this is a domain critical to function of the protein.
Unfortunately mutant proteins containing these amino acids
did not retain enough activity to be examined functionally.

Gly**® and Gly**® have been shown to be critical in affecting
the set point of the NHE1 protein and have been suggested to
constitute important elements of the pH sensor of NHE1 (17,
18). Their presence in a conserved extended region of the pro-
tein would support this hypothesis. It should be noted, how-
ever, that in NhaA Arkin et al. (43) favor a model of pH regula-
tion by which protononation-deprotonation of a single
carboxyl of an acidic residue affects protein structure and reg-
ulates pH sensitivity. If this were true for NHE1, then changes
to Gly**® and Gly**® would likely affect NHE1 function through
alterations in structure, which secondarily alter the pH sensor
of the protein or regulation by the pH sensor. We found that
mutation of these two residues resulted in both reduced expres-
sion and glycosylation of the protein. In addition, targeting of
the protein was mostly aberrant. This, plus their presence in,
and possible mediation of the structure of the extended region
supports the concept that they are critical for the structure of
the protein.

Because TM IV of NHE1 has a similar structure and function
to TM IV of NhaA (2), we examined the possibility that TM XI
of NHE1 has a similar structure and function to TM XI of
NhaA. Although the two proteins have poor primary amino
acid sequence conservation, we have earlier suggested that they
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may have similar three-dimensional structures and might con-
serve key residues important in function (44). We therefore
compared our structure of TM XI of NHE1 with the NhaA
crystal structure (19). The equivalent of the MTSET-sensitive
residues Leu*®® and Ile**’ of NHEL1 in the NhaA structure
would be Ile*** and Met**!, respectively, based on the align-
ment shown in Fig. 7B. Residues 345 and 341 in NhaA are on the
C-terminal helix of TM XI, on the periplasmic side of the pore.
If the corresponding residues in NHE1 are in a similar location,
near the extracellular pore, this would account for them being
MTSET accessible. Residue Ile**” of NhaA, equivalent to resi-
due Leu®” in NHE1, does not appear to be accessible from the
pore and points toward the cytoplasmic side. The crystal struc-
ture is of an inactive state of NhaA, however; conformational
changes suggested to occur with activation (45, 46) may allow
access to this region.

In summary, we have shown that TM XI of NHEL1 is critical to
function of the protein and possesses a pore lining residue at
amino acid Leu*®”. The structure of TM X1 is that of a helix with
an intervening interrupted irregular structure consisting of res-
idues Gly***~Gly**®. It has an overall similarity to the structure
of TM XI of the E. coli antiporter NhaA. Future experiments
will further compare the structure and function of NHE1 with
that of NhaA in an effort to further elucidate the mechanism of
function of the mammalian Na™/H™ exchanger. Solving the
structure of the full-length protein will provide more details of
transmembrane segment overall structure and elucidate the
precise location of any residues that are in variable regions of
peptide segments.
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Fig. S1. Chemical shift index prediction
of secondary structure. Difference
between observed and random coil
chemical shifts (1) for each residue

in the TM XI peptide for Ha (top)
Ca(center) C} (bottom) chemical shifts.
Contiguous segments showing upfield
shifts for Ha (greater than 0.1 ppm,
dotted line) and Cf atoms and downfield
shifts for Ca atoms (more than 0.7 ppm)
from random coil values indicate helical
character. Unassigned Co and Cf3
atoms are given a value of zero in the
figure.

(1) Wishart, D. S., Bigam, C. G., Holm,
A., Hodges, R. S., and Sykes, B. D.
(1995) J Biomol NMR 5, 67-81
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Fig. S2. Graphical summary of the NOE restraints used in the final TMXI structure calculation.

(A) A summary of NOE restraints between particular NH, Ha,, HB atoms, modified from CYANA output
(L.A. Systems, Inc.)
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Fig. S2. (B) Summary of the number of NOE restraints per residue classified as intraresidue, sequential,
medium range (i+2 to i+4), and long range (>i+4).
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Fig. S3. Per-residue RMSD values for the optimal superimpositions of the N and C terminal helices.
Superposition and RMSD calculations were performed with the LSQKAB from the CCP4 suite,
and with custom scripts. Regions of the calculated ensemble of the peptide were iteratively
superimposed, and resulting segments with RMSD less than 1.0 were further sorted by size

and RMSD over the segment to find the optimal regions for superimposition. Per-residue

RMSDs are shown for the superimpositions of the backbone atoms of Lys447-Gly454 (squares)
and Gly460-Lys471 (diamonds).



