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ABSTRACT. We characterized the regulatory cytoplasmic tail of thé/Nd exchanger using a histidine-
tagged protein containing the C-terminal 182 amino acids (His182). Both tescalcin and calmodulin, two
Nat/H* exchanger binding proteins, bound to the His182 protein. Cascade blue was used to label the
His182 protein. Calcium caused an increase in fluorescence, suggesting exposure of the label on the
protein to a more hydrophilic environment. Decreasing external pH caused a transient increase in cascade
blue fluorescence, followed by a decrease in fluorescence of the cascade blue labdtet édahanger
C-terminus. Tescalcin caused a decrease in fluorescence by labeled His182 protein, and calcium reversed
this effect. Expression of tescalcin in vivo inhibited activity of the'Wdt- exchanger when there was an

intact C-terminus of the protein. We examined the CD spectra of His182 in the presence and absence of
tescalcin. The C-terminal amino acids demonstrated a very small amoaorttialfcal structure and much

more 5-sheet angb-turn. This was not greatly affected by the presence of tescalcin, but calcium caused
an increase in the amount gfstructure and a decrease in the unstructured proportion of the protein.
Sedimentation equilibrium analysis demonstrated that the C-terminal 182 amino acids exist predominantly
as a monomer. The results suggest that the C-terminus of théHNaxchanger exists primarily as a
monomeric protein that binds regulatory tescalcin and can change conformation depending on pH and
calcium. Conformation changes in this region of the protein may be responsible for altering the pH
sensitivity of the intact N&/H* exchanger.

The regulation of intracellular pH is essential for growth occurs to the myocardium during ischemia and reperfusion
of eukaryotic cells and for a variety of different cellular (2, 3), and recent evidence has suggested that thegH\a
functions. The N&/H" exchanger is a ubiquitous membrane exchanger plays an important role in myocardial hypertrophy
protein that plays a key role in intracellular pH regulation. (4, 5).

Eight isoforms of the N&H™ exchanger exist. The first The mammalian NHE1 isoform of the Kéd*+ exchanger
isoform discovered (NHE1)is universally present in the  -onsists of an amino-terminal 500 amino acids plus a

plasma membrane of mammalian cells and functions to c4rhoxyl-terminal cytoplasmic domain of about 315 amino
remove one intracellular proton in exchange for an extra- 5¢ids. The amino-terminal domain contains 12 integral

cellular sodium. The protein is responsible for shifts in emprane segments plus several intervening loops that may
|ntraceIIuIar+pH that can stimulate changes in the growth of hg 4550ciated with the lipid bilayes)( The amino-terminal
cells. Na/H" exchange is also involved in movemerlt of domain is responsible for transport of ions while the
sodium in response to osmotic shrinkad. (The Na/H" C-terminal domain is regulatory. The tail mediates growth
exchanger is significant in several disease states in thegacior activation of the membrane domain of the K

myocardium. It is intimately involved in the damage that exchanger. The NdH*+ exchanger is maximally active at
low intracellular pH (pH<6.5). Its activity declines as the
t Supported by funding from the CIHR to L.F. and by the Protein intracellular pH increases. Hormonal activation of the"Na
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terminal 182 amino acids of the Néd* exchanger; NHEL, NaH" subunit of calcineurin and calmodulin. Another part of the
exchanger isoform 1. C-terminal region binds to calmodulin and contains both
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high- and low-affinity calmodulin binding sites (amino acids coding region of CHP was expressed as a fusion protein with
636—-656 and 657700, respectively). Deletion of the high- an N-terminal hexahistidine tag using the plasmid pDest 17
affinity binding site yields an “activated” protein9) and the Gateway cloning system. It was purified as described
Recently, a calcium binding protein, tescalcin, has also beenabove with Ni-NTA affinity chromatography, and the identity
shown to bind to the C-terminus of the NB* exchanger.  was confirmed by immunoreactivity with anti-His antibody.
Tescalcin has homology with CHP and calcineurin binding  Circular Dichroism (CD).All of the CD spectra were
protein. Coprecipitation and immunofluorescence experi- collected on a Jasco J-720 spectrophotometer, which was
ments demonstrated that tescalcin is associated with thecalibrated using a 0.06% solution of ammonidraamphor-
NHEL1 isoform of the N&/H™ exchanger in vivo; however,  10-sulfonate. The temperature in the sample chamber was
the location of where tescalcin binds to the *N&" maintained using a Lauda RM6 low-temperature circulator.
exchanger was not elucidated. Tescalcin has tissue-specifiata were collected using the J700 for Windows standard
expression and was strongly expressed in the myocardiumanalysis software, version 1.10.00 (copyright 199294

(10). Jasco Corp.), using a Pentium Il processor running Win-

In this study we characterize structural and functional dows98 (4.10.222A). Each scan was the average of eight
aspects of the cytoplasmic domain of the NHE1 isoform of data sets collected every 0.05 nm at 50 nm/min. The scans
the Na/H' exchanger. We characterize basic structural Were baseline corrected, and noise reduction was performed
aspects of this domain and its interactions with the regulatory Using the Jasco software. The Contin program was then used
protein tescalcin and the resultant physiological effects. Our to perform the structural analysis. All scans were done at
study is the first examination of the structural and related 25°C using a 0.02 cm path length cell. Spectra were analyzed
functional aspects of this domain of the M+ exchanger ~ by the Contin program, version 1.0, of Provencher and
and the first demonstration of a physiological role of the Glockner (L1).

regulatory protein tescalcin. Sedimentation Equilibrium Measuremer@dimentation
equilibrium experiments were carried out at 20 in a
MATERIALS AND METHODS Beckman XL-I analytical ultracentrifuge using absorbance
optics following the procedures described by Laue and
Materials Restriction enzymestscherichia coliBL21- Stafford (12). Aliquots (110uL) of the sample solution were

SI, pDest 14, pDest 17, pDest 40, lipofectamine 2000, and |oaded into six-sector CFE sample cells, allowing three
related Gateway cloning items were from Life Technologies, concentrations of the sample to be run simultaneously. Runs
Inc. (Rockville, MD). pGEX-3X, glutathioneSepharose 4B,  were performed at a minimum of two different speeds, and
and protein A-Sepharose CL-4B were from Pharmacia each speed was maintained until there was no significant
Biotech AB (Uppsala, Sweden). Glutathione and thrombin difference inr?/2 versus absorbance at 280 nm. Scans were
were from Sigma (St. Louis, MO). Rabbit anti-His-tag taken 2 h apart to ensure that equilibrium was achieved.
antibody was purchased from BioWorld, Dublin, OH.  The sedimentation equilibrium data were evaluated using
Conjugated antibodies were from Jackson ImmunoResearchthe NONLIN program, which incorporates a nonlinear least-
(Mississauga, Ontario, Canada). Ni-NFAgarose resinwas  squares curve-fitting algorithm described by Johnson et al.
from Qiagen (Valencia, CA). Cascade blue was obtained (13). This program allows the analysis of both single and
from Molecular Probes, Inc. The calmodulin-S-tag expression multiple data files. Data can be fit to either a single ideal
vector was a generous gift of Dr. B. A. Magnuson, University species model or models containing up to four associating

of Maryland, College Park, MD. S-protein coupled to species, depending on which parameters are permitted to vary
horseradish peroxidase was obtained from Novagen (Madi-during the fitting routine.

son, WI). The protein’s partial specific volume and the solvent
Expression and Purification of Fusion Protein¥he density were estimated using the SEDNTERP program,
carboxyl-terminal 182 amino acids of the human*" which incorporates calculations detailed by Laue etls).(

exchanger (NHE1) were expressed as fusion protein with a If the sample data fit a multiple species model, the raw
C-terminal hexabhistidine tag (His182) using the plasmid Kain absorbance must be converted to a mélausing the
pDest 14 and the Gateway cloning system. In this case theequation 15):

E. coli BL21-SI strain was induced with 0.3 M NacCl for 3

h. The His182 protein was harvested using standard condi- _ (™t

tions, and the protein was purified from the supernatant of Keone = Kaps n

E. coli via Ni-NTA affinity chromatography as described

by the manufacturer (Qiagen). Further purification of the whereKconcis the association constant in molar concentration
His182 protein was achieved by reverse-phase HPLC.terms depending on the stoichiometifysis the absorbance
Tescalcin 10) was produced and purified as an amino- association constant from the fit,is the molar extinction
terminal hexa-His-tagged fusion protein using the plasmid coefficient, | is the path length of the centerpiece in
pDest 17 and the Gateway cloning system. The cDNA was centimeters, and is the stoichiometry of the larger associa-
amplified using PCR and subcloned so as to produce ation species.

protein product identical to the sequence of tescalcin Fluorescence LabelindProteins were labeled with cascade
described earlierlQ) with the exception of the addition of  blue (CB) acetyl azide by use of a FluroTag FITC conjuga-
the following sequence MSYYHHHHHHLESTSS- on the tion kit as recommended by the manufacturer. Cascade blue
amino terminus. CHP (calcineurin homologous protein) was (1.1 mg/mL) was dissolved in 100 mM carbonate/bicarbonate
obtained from Dr. D. Barber and was used as a template inbuffer (pH 9.0). Six hundred micrograms of purified His182
PCR to produce a histidine-tagged proted). (The entire protein in a 100 mM sodium carbonate/bicarbonate buffer
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(pH 9.0) was used directly for labeling. The dye was added transient intracellular acidification as described earlié),(
dropwise to the protein mixture with constant stirring. The and the rate of recovery from an acid load was measured.
reaction was incubated in the darkrf@ h at room The initial pH after ammonium chloride induced acidification
temperature with constant stirring. Labeled proteins were was 6.10+ 0.03 and did not vary significantly between
separated from the free dye on a Sephadex G-25 column (8controls and experimentals. Cells were grown in either
mL, bed height 5 cm) previously equilibrated with PBS. The serum-containing (10%) or serum-free (0.25%) medium for
reaction mixture was applied, and fractions were eluted with 20 h; then cells were treated with fresh 10% serum or in
PBS. The fluorescence of each fraction was determined withfresh medium without serum for 15 min at 3T prior to

an excitation wavelength of 385 nm and an emission measurement of the rate of recovery from an acid load. For
wavelength of 430 nm with a Shimadzu RF5000 spectro- some experiments cells were grown in serum-free medium
photometer. Fractions containing labeled protein were com- overnight and then treated with 1 unit/mL thrombin to
bined and used for proteirprotein interaction studies and  stimulate Na/H* exchanger activity prior to recovery from
examination of conformational changes of the carboxyl an acute acid load.

terminus of the N&/H* exchanger. For some experiments we examined intracellular pH
Fluorescence Measuremenkuorescence measurements  regulation in AP-1 cells that were transiently transfected with
were performed at an excitation wavelength of 385 nm (slit a shortened NaH* exchanger or a shortened NH*
width 10 nm) and an emission wavelength of 430 nm (slit _exchanger plus tescalcin. We have previously used AP-1 cells
width 10 nm) at room temperature using a Shimadzu RF5000that are a CHO-derived cell line that are devoid of their own
spectrophotometer. Fluorescence intensity was measured wittNa*/H* exchanger proteinl@). Transfection of AP-1 cells
constant stirring in 2.5 mL of buffer containing 10 mM  was with lipofectamine 2000 as described by the manufac-
MOPS, pH 7.0, 100 mM KCI, 2 mM MggJ and 0.5 mM turer (Life Technologies, Inc., Rockville, MD). Proton
EGTA. Appropriate protein or ions were added to the transport measurement was approximately 36 h after trans-
reaction mixture, and the changes in fluorescence werefection. To make a shortened NHE1 protein, we used the
monitored. Quantum yields of CB-labeled proteins or of CB Gateway cloning system. The coding region of the' iRt
were calculated from the emission spectrum (4880 nm)  exchanger was amplified from the plasmid pYN419). The
obtained at an excitation wavelength of 385 nm. ~ C-terminal primer was designed such that amino acid 635
Affinity 'Blottmg of the Néi/l.-ﬁ Exchanger and Tescalcin  was the last of the N@H* exchanger, leaving the protein
To examine tescalcin binding to the NBi* exchanger 180 amino acids shorter than the full-length protein. The
immobilized on nitrocellulose, 2fig of ovalbumin or GST  product was cloned into the pDest 40 expression vector after
and the His182 proteins were separated on 12%-SPXSGE passage through pDonr 201.
and then transferred to nitrocellulose membran2§). ( Production Purification, and Affinity Blotting of Calm-
Nitrocellulose membranes were blocked with 10% (W/V) oduylin, Calmodulin was produced with an S-tag as described
skim milk powder in TBS (20 mM Tris, pH 7.4, 137 MM earlier @0). The fusion protein was produced with the S-tag
NaCl) for 5 h at 4°C. They were then incubated with 20 304 3 His tag and purified using an immobilized metal
p#g/mL tescalcin with 1% (w/v) skim milk powder in TBS  affinity chromatography (nickel column) as described earlier
and rocked gently overnight at 4C in the abserjce of (20). To examine calmodulin binding to the N&™ ex-
externally added Ca. Membranes were washed with TBS  changer immobilized on nitrocellulose, 2@ of the His182
for 4 x 15 min at room temperature. The nitrocellulose was potein and purified GST were separated on 12% SDS
then incubated with rabbit anti-tescalcin antibody (1:2000) pAGE and then transferred to nitrocellulose membranes, and

(10) in TBS with 1% skim milk powder fo1 h atroom  xtfinjty blotting was essentially as described for tescalcin.
temperature, followed by washing for another hour with TBS. The plot was incubated with an S-proteihorseradish

Further amplification was achieved by a subsequent inCUba‘peroxidase conjugate to visualize calmodulin binding. The

tion with goat anti-rabbit HRP antibodies. Reactive bands reactive bands were visualized by the Amersham enhanced
were visualized by the Amersham enhanced chemilumines--hemiluminescence system.

cence system. In some cases affinity blotting was done in

the presence of 0.1 mM Cagir in the presence of 10@g

of calmodulin, as indicated in the figure legends.
Measurement of Intracellular pHNHE activity was

measured fluorometrically using',2-bis(2-carboxyethyl)-

5(6)-carboxyfluorescein-AM (BCECF-AM) essentially as

described previouslyl, 18). pH regulation by the NaH™"

RESULTS

Affinity Blotting of Na/H™ Exchanger Binding Proteins.
In initial experiments we wanted to confirm that the
C-terminal 182 amino acids of the N&l™ exchanger were
able to bind calmodulin and tescalcin, two proteins known

exchanger was examined in (untransfected or mock trans-to bind to this region of the protein. In both cases we used
fected) CHO cells and CHO cells stably transfected with the an affinity blotting technique (Figure 1). In the case of
tescalcin protein maintained as described earlier. Tescalcintéscalcin, equal amounts (@) of purified His182 protein
was expressed using the plasmid pcDNA3.1, and transfec-0r ovalbumin were run on SDSPAGE, transferred to

tions and selection were as described earlig).(Cells were

nitrocellulose membranes, and probed with tescalcin as

grown on glass coverslips, and the acetoxy methyl ester ofdescribed in the Materials and Methods. The expressed Na

2',7-bis(2-carboxyethyl)-5(6)-carboxyfluorescein(BCECF-
AM) was used to measure pHCells on the coverslips were
incubated with BCECF-AM for 24 min, placed into a

H* exchanger fusion protein bound tescalcin (lane 1) while
the control protein (lane 2) did not.

It was previously reported that calmodulin can bind to and

holder device, and inserted into a fluorescence cuvette at 37regulate the activity of the NHE1 isoform of the N&i™

°C. Ammonium chloride prepulse was used to induce

exchanger 41, 22). To confirm that the His182 protein
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Ficure 1: Affinity blotting assays of N&/H* exchanger carboxyl-terminal protein with tescalcin. Proteins were separated with SDS
PAGE and transferred to nitrocellulose. (A) Lanes 1 and 2 ared26f the His182 protein and ovalbumin probed with &9 of tescalcin.

(B) Affinity blotting assay of His182 fusion protein with calmodulin. Fusion proteins were separated with IBGE and transferred to
nitrocellulose. Lanes 1 and 2 are 2@ of the proteins His182 protein and GST, respectively. (C) Affinity blotting assay dfH\a
exchanger fusion protein with tescalcin in the presence or absence of calcineurin homologous protein. Lane 1 is affinity blotting with 20
ug of tescalcin. Lane 2 is affinity blotting with 20g of tescalcin and a 5-fold excess of calcineurin homologous protein. Results are typical
of three experiments. (D) Affinity blotting of His182 protein in the presence or absence of 0.1 mM EgGal amounts of His182 protein

(20 ug) were probed with tescalcin as described for panel A in the absence (lane 1) or presence (lane 2) of 0.1 m(@xqaSure times

are reduced relative to panel A.) (E) Affinity blotting of the His182 protein in the presence or absence of calmodujig)1BQqual
amounts of simultaneously run His182 (26) were probed with tescalcin as described for panel D in the presence of 0.1 mM Catd

1 was probed in the absence of calmodulin while lane 2 was in its presence.

contained a functional calmodulin binding domain, we

affinity blotted with the S-tagged calmodulin binding protein. 500 -
Earlier studies have shown that a tag on this protein does
not interfere with its properties and is less intrusive to protein
function than labeling the protein, such as with biotinylation
(20). The results are shown in Figure 1B. Calmodulin bound
to the His182 protein but did not bind to a control protein
(GST), confirming that the His182 had a functional calm-
odulin binding domain.

It has previously been reported that a calcineurin B homo-
logous protein (CHP) binds to the C-terminus of thetNa
H* exchanger and regulates the activity of the protein and
the GTPase activation of the exchang8. (Tescacin is FIGURE 2: Emission spectra of cascade blue in phosphate-buffered
homologous to CHPI0), and it was of interest to investigate — rie® i SHIRRS 2Pt o U S P ethanol. 1-pro-
whether the b|r.1d|ng.5|te of tescal_cm overlaps w_|th_ that of panol, and 1-butanol (n-but). The emission spectra of CB was
CHP. To examine this, we tested if CHP could eliminate or measured in various solvents after excitation at 380 nm.
reduce the binding of tescalcin to the carboxyl terminus of
the Na'/H* exchanger. The results (Figure 1C) demonstrated Table 1: Relative Quantum Yield of Cascade Blue (CB) and CB
that the presence of CHP did not reduce the binding of Coupled to His182 in Solvents of Various Polarity

Fluorescence

167+

n-Propanol

n-But

0.0
400 480
Emission wavelength (nm)

tescalcin to the His182 protein. Since tescalcin is a calcium CB CB—His182
biﬁ?di?gd p{otgjna_we tex};’;;]mirllrea;?_| |+f thehpresenc_(rehof calclitum solvent Q T Q Py
aF'ec e 1:33 dln mgtot OIeth t Ie_xc angher. detr:esbg 3 MOPS (pH 7.0) 1 230 n 230
(Figure _) emonstrated that calcium enhanced the binding  pgg (1 7.4) 1.05 432 0.99 430
of tescalcin to the N&H" exchanger. We also examined if methanol 0.75 408 1.03 408
calmodulin affects the binding of tescalcin to the His182  1-propanol 0.13 427 0.46 431
protein. Since calcium enhances the binding of calmodulin __1-butanol 0.10 428 0.12 428

to the Na/H* exchangerZ1), this experiment was done in

the presence of added calcium. Calmodulin did not reduce polarity of the solvent used. To confirm this property of CB

the binding of tescalcin to the N&H* exchanger (Figure  in our system, we examined the fluorescence intensity of

1E), suggesting that the two proteins bind at different sites. CB in a variety of solvents (Figure 2, Table 1). CB had a
Conformational Changes in the Néd* Exchanger Car- relatively high fluorescence in PBS (pH 7.4) and 10 mM

boxyl Terminus Cascade blue has been used earlier to MOPS (pH 7.0) but a much lower fluorescence in nonpolar

characterize changes in the conformation of prote28. ( solvents such as 1-butanol. These observations confirmed

CB reacts with aliphatic amines of proteins and is highly that CB is sensitive to the external environment and could

fluorescent and resistant to quenching upon conjuga#ién ( be used to detect changes in conformation of thé/Na

The fluorescence intensity of CB changes, depending on theexchanger carboxyl terminus.
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Ficure 4: Effect of C&" and tescalcin on the conformation of the
Na"/H* exchanger C-terminus. The His182 protein was labeled
with CB, and changes in the fluorescence intensity were measured
with excitation as described in the Materials and Methods. (A and
B) Tescalcin was added in increasing concentrations (6, 36, 96,
108, 132, 180, 270, 360M) to CB (A) or CB-labeled His182
protein (B). The final molar ratio of tescalcin to His182 was 2.5:1.
(C and D) Effect of addition of tescalcin (18M) followed by C&*+

Ficure 3: Effect of C&", Mg?", calmodulin (CaM), and pH on (5 mM) on CB alone or CB-labeled His182 protein.

the conformation of the N@H* exchanger C-terminus. The His182 . . .
protein was labeled with CB, and changes in the fluorescence €ffect of pH on the conformation of the His182 protein.

intensity were measured with excitation as described in the Materials Cascade blue alone (Figure 3D) was not affected by changes
and Methods. (A and B) Increasing concentrations of'Ga, 5, in external pH within the physiological range of 7%6.2.
10 mM) were added to either CB alone (A) or CB-labeled His182 oy 5 5 fluorescence declined dramatically, though this

protein (B). Calmodulin was added after CB addition to a final h b d L fth d. Th
concentration of 1@M followed by 30uM. (C) Effect of increasing ~ May have been due to precipitation of the compound. The

concentrations of M (1, 5, 10 mM) on CB-labeled His182  effect of changes in external pH on CB-labeled His182
protein. (D and E) The effect of decreasing pH was measured on protein is shown in Figure 3E. With successive additions of
CB (C) and CB-labeled His182 protein (D). The pH was adjusted |ower pH buffers there was a transient increase in the
",\‘/’I'g'P'g(’:l'lgg?n'R/'lt'zlcﬁ""zwr?]?\ii\%&? gngeg.gor?]ihstén(chg.l_?hrgM fluorescence of CB-labeled His182 protein, followed by a
was adjusted to final pHs of 6.7, 6.2, and 5.5 as indicated by decrease in fluorescence. This effect was reproducible and
addition of HCI. was not seen with the addition of the proteins tescalcin or
calmodulin. The more acidic changes in pH caused a larger
Figure 3 illustrates the effect of calcium, magnesium, and transient increase in fluorescence, followed by decreases in
calmodulin on the conformation of the His182 protein. fluorescence.
Addition of up to 10 mM calcium had no effect on the We then examined the effect of tescalcin on the conforma-
fluorescence intensity of CB alone (Figure 3A). In addition, tion of the Na/H* exchanger C-terminus. Figure 4A shows
addition of up to 3Q«M calmodulin also did not affect the that increasing concentration of tescalcin had no effect on
fluorescence intensity of CB. In contrast, the fluorescence the fluorescence of CB that was not conjugated to protein.
intensity of the N&/H* exchanger C-terminus labeled with In contrast, tescalcin, in a concentration of 30 uM,
CB was sensitive to addition of calcium (Figure 3B). Calcium caused a dose-dependent decrease in the fluorescence of the
caused an increase in the fluorescence of the protein,His182 protein labeled with CB (Figure 4B). The addition
indicating a possible shift of some regions to a more of calcium was able to reverse this effect (Figure 4D).
hydrophilic environment. Addition of the same concentra-  We tested to see if tescalcin had an effect on the activity
tions of magnesium did not have the same effect on of the Na/H* exchanger in vivo. Cells stably transfected
fluorescence, showing only a very slight decline in fluores- with tescalcin were compared for their rate of recovery from
cence of the CB-labeled N&" exchanger C-terminus an acute acid load induced by ammonium chloride. Cells
(Figure 3C). Addition of calmodulin after calcium had a were maintained in either serum-free or serum-containing
minor effect on fluorescence, decreasing fluorescence slightly.media. The results are shown in Figure 5A. Expression of
Because the N@H* exchanger is a pH-sensitive protein and tescalcin caused nearly a 50% decrease in activity of the
the tail could be involved in pH sensing, we also tested the Nat/H* exchanger in cells maintained in 10% serum. A
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Ficure 5: Effects of tescalcin expression on theld™ exchanger
transport rate of CHO cells. (A) N&H* exchanger activity was Wavelength (nm)

measured in mock-transfected CHO cells (CHO), or CHO cells were . : + _ :

stably transfected with tescalcin (CHO/TC(:). Ce)lls were maintained ;ﬁg;ﬁ:ﬁ] &? érlsalgsgcfr;tf;? gﬁ'i_f'ieg Xﬁgi%%e;r?dtﬂg;ncﬁc?nnd

in either serum-containing (10% serum) or serum-free medium, andyere carried out as described in the Materials and Methods. The
Na'/H" exchanger activity was measured as described in the jaia" are plotted as molar elipticity versus wavelength for the
Materials and Methods. An asterisk indicates significantly different proteins. The spectra obtained in the presence of the two proteins

from the value obtained from cells not expressing tescalcin. (B) s jjjystrated as is the theoretical calculated spectra of His182 and
Na'/H™ exchanger activity was determined in AP-1 cells that were oqcacin combined. The scan concentrations were His182448.2

transiently transfected with either shortened™M& exchanger and His-tescalcin, 15.%M. The ; :
. , 15. . y were mixed to final concentra-
(SNHEL1) or shortened N#H* exchanger plus tescalcin (SNHEL/ - yiong of 8.85 and 8.92M, respectively, for the combined scale.

TES). The theoretical spectrum is the numerical average of the His182
h ler. b anifi d . - | and His-tescalcin scans. (B) Effect of calcium on the CD spectra
much smaller, but significant, decrease In activity was also 4t the His182 protein. The CD spectra of the His182 protein were

seen in cells treated with serum-free medium. Addition of analyzed and plotted as described in (A) in either the absence or
the Na/H* exchanger hexamethylamiloride (3 or M) presence of 1, 10, or 20 mM CaCl
eliminated greater than 95% of the recovery from an acid
load (not shown). In one set of experiments we examined if transfected with N&/H" exchanger were compared to cells
thrombin stimulation could alleviate tescalcin inhibition of transfected with N&H™ exchanger plus tescalcin. These
Na‘/H* exchanger activity. Serum-deprived cells were results suggested that the C-terminal 180 amino acids are
treated with 1 unit/mL thrombin, and this resulted in a 42% necessary for inhibition of the N&H* exchanger by tescal-
increase in their rate of recovery from ammonium chloride cin.
induced acidosis. In cells transfected with tescalcin, thrombin  Circular Dichroism (CD) The CD spectra for His182,
stimulation increased N#H" exchanger activity a similar ~ His—tescalcin, and a 1:1 molar ratio of the two proteins are
amount (35%) despite tescalcin’s inhibition of the recovery portrayed in Figure 6A. Also included is a theoretical
from an acid load. Thrombin did not alleviate tescalcin’s spectrum generated as the numerical average of the His182
inhibitory effects and did not return N&H* exchanger and His-tescalcin scans. It is noted that the latter spectrum
activity to levels equivalent to non-tescalcin-treated cells (not essentially superimposes the experimental spectrum, sug-
shown). gesting that there is no detectable conformational change,
To examine if the C-terminal 180 amino acids were critical as measured by CD, associated with interaction of the two
for the regulation of NHE1 by tescalcin, we constructed a proteins. ProvencheiGlockner analysis of the far-Uv CD
shortened N&H* exchanger. We used it to examine pH spectra of the four scans in Figure 6 revealed the structural
regulation in transiently transfected AP-1 cells that are devoid elements tabulated in Table 2. His182 has a preponderance
of their own Na/H* exchanger (Figure 5B). There was no of S-structure with essentially n@-helix while tescalcin has
change in the rate of recovery from an acid load when cells a corresponding amount gf-structure with some 20%

2
223
226
229
232
2351
2387
241
244
247
250
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Ficure 7: Sedimentation equilibrium of the His182 protein. Lower graphs: Radial distance versus concentration plots of His182 sedimentation
equilibrium data collected from three loading concentrations (panel A, 0.67 mg/mL; panel B, 0.34 mg/mL; panel C, 0.20 mg/mL) and three
rotor speeds®, 20000 rpm{d, 26000 rpm;a, 32000 rpm) and fit globally to a monomedimer association model. The symbols represent

the measured data points, and the solid lines represent the theoretical fit lines to the model. Upper graphs: Residual plots from the fitting
of the measured data points to the model. The goodness of the fit is reflected in the random distribution of the residuals.

Table 2: Contin Analysis of the Secondary Structural Elements in His182, Tescalcin, and a 1:1 Molar Ratio of the Twa*Proteins

sample a-helix p-sheet p-turn remainder scale
His182 (0.41) 0.08t 0.006 0.44+ 0.007 0.30+ 0.007 0.18t 0.010 0.998
Hiss—tescalcin 0.2G+ 0.010 0.47+ 0.010 0.32+ 0.012 0.02+ 0.016 0.998
combined 0.12t 0.008 0.44+ 0.008 0.28+ 0.009 0.16+ 0.013 0.999
calculated 0.14: 0.008 0.45+ 0.008 0.31+ 0.009 0.10+ 0.012 0.998
His182 (0.82) 0.09: 0.005 0.38t 0.005 0.27+ 0.006 0.26+ 0.007 0.998
1 mM Ca* 0.01+ 0.011 0.55+ 0.012 0.37+0.013 0.07+ 0.018 0.999
10 mM C&* 0.00+ 0.000 0.61+ 0.009 0.35+ 0.010 0.04+ 0.013 0.998
His182 (50 mM sodium 0.10+ 0.008 0.40+ 0.008 0.27+ 0.010 0.23£ 0.012 0.999

phosphate, pH 7.0)

His182 (50 mM sodium 0.09+ 0.006 0.49+ 0.007 0.27+ 0.007 0.16+ 0.010 0.998

phosphate, pH 6.2)
a Spectra were determined at pH 7.2 in 0.2 mM MOPS except where indicated.

a-helix, as reflected by a CD spectrum which exhibits marized in Table 2. Intermediate concentrations of calcium
negative peaks at 222 and 209 nm and a positive peak at(100-250uM) had intermediate effects on the CD structure
195 nm. The combined and calculated spectra revealthat seemed to vary with the preparation of protein used (not
comparable amounts af-helix (~12%) andj-structure shown). A minor difference (that was not significant) was
(~72%). Table 2 summarizes the secondary structural noted between the His182 protein at two protein concentra-
analysis of His182 and tescalcin. tions of 0.41 and 0.82 mg/mL. We also examined the effect
Figure 6B examines the effect of calcium on the confor- of temperature and pH on the CD spectra of His182. There
mation of the His182 protein. The addition of increasing was little change in the spectra (from 200 to 250 nM) when
amounts of calcium (320 mM) resulted in an increasing the temperature was varied between 20 and°80(not
amount off-structure and reduced the unstructured part of shown). The effect of changing the pH on the CD spectra is
the protein and any residual-helical structure, as sum- summarized in Table 2. When the pH was reduced to 6.2,
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there was only a slight increase in the amounisesheet causing an increase in thgstructure and a decrease in
and a corresponding decrease in unstructured protein;unstructured protein and residughelix (Figure 6B, Table
however, the difference was within the error of measurement. 2). We were unable to demonstrate any significant high-
His182 Sedimentation Equilibrium Resulfsvo dilutions capacity binding of calcium to this region of the protein using
of the His182 stock sample were made, and these three"C&" blotting techniques (unpublished observatio?$)(
loading concentrations (0.67, 0.34, and 0.20 mg/mL) were suggesting that only a small amount of calcium is bound.
run at 20000, 26000, and 32000 rpm &Gt The nine data ~ Stimulation of cells with C# ionophores has been shown
sets collected during the sedimentation equilibrium run were to activate the N&/H* exchanger; however, the response is
initially fit globally to a single species model, resulting ina dependent on the presence of the calmodulin binding domain
calculated apparent average molecular weight of 23131, (30). Therefore, it is not clear at the present time what the
approximately 8% higher than the sequence molecular weightdirect physiological role of C& is in vivo. It may have more
of 21325. The best global fit of all data sets was obtained Of & structural role stabilizing the protein conformation.
by fitting to a monomerdimer self-association model, so Amino acids 753-759 of the tail consist of acidic residues
in the concentration range employed in these experimentsthat could be the binding site for positively chargec?Ca
the His182 appears to consist mainly of monomer, with a  The concentrations of €a used to obtain changes in

small amount of association to dimer. structure in the N&H* exchanger C-terminal domain are
much higher than intracellular free calcium. Smaller amounts
DISCUSSION of calcium (i.e., 200uM) gave smaller and much more

o N variable effects (not shown). At this point it is unclear
The cytoplasmic tail of the Na@H™* exchanger affects the  \yhether changes in intracellular free calcium play a signifi-

function of the membrane domaire§, 26). Recently,  cant role in modulation of the structure of the cytoplasmic
tescalcin, a calcium binding protein, ha+s been shown to bind gomain in vivo. Thrombin elevates intracellular calcium and
to the cytoplasmic domain of the Néd™ exchanger Z6). stimulates the N&H* exchangerg1). Though thrombin did

However, little is known about the mechanisms by which stimylate activity of tescalcin-treated cells, it did not alleviate
this and other proteins regulate the X" exchanger. To  the inhibition by tescalcin. It may be that physiological
elucidate how the cytoplasmic domain functions, we studied jntracellular calcium has no regulatory role or may require
details of its structure and its conformational changes in the presence of other physiological stimulations or conditions
response to environmental stimuli. We produced the C- not examined in this study, such as modification by phos-
termmal 182 amino a'c.|ds Wlt'h a small hIStIqme tag. The phorylation. There have been reports that the C-termini of
protein retained its ability to bind to two proteins, tescalcin oth the NHE1 and NHE3 isoforms of the NEI*+ exchanger
and calmodulin (Figure 1), suggesting that it retained much 5re extracellular in some cell type32 33). Extracellular

of its normal properties. Our results with the His182 protein c2+ is within the ranges of G4 used in this study.

(Figure 1) showed that tescalcin binds within these C-  oyerall, we found that the carboxyl-terminal region had
terminal 182 amino acids. The exact binding site of tescalcin 4 preponderance gkstructure with little or nax-helix. The
is not known at this time. Competition experiments suggested large amount of3-structure angd-turns is suggestive of a
that the b_inding site of CHP and tesc_alcin, and tescalcin a”dcompact configuration characterized by antipargisheets
calmodulin, does not overlap despite some homology be-jgined bys-turns. A compact structure would be in keeping
tween the proteins. As CHP has been suggested to bindyith a physiological role whereby the tail modulates the
between amino acids 567 and 637 of NHEL and since memprane domain. For tHe. coli isoform of the Na/H*
tescalcin bound His182 protein (amino acids 6835), this  exchanger, the membrane domain consists of two bundles
result is not surprising. Calmodulin binds between amino ¢ titjed helices, one of which is quite compa@d). This
acids 637 and 65). However, there was no competition  grrangement is typical of membrane proteins and suggests
for binding between the two proteins, suggesting that they that a regulatory cytoplasmic domain with many interacting
also bind at different sites. components would need a relatively compact structure to
The intact Na/H* exchanger forms dimers in cell&%, interact with a compact bundle of helices.
28). To examine if this is a function of the membrane domain  Reduction of pH caused a transient increase in fluorescence
or the cytosolic domain, we further characterized the of the labeled His182 protein, followed by a slow decrease
cytosolic domain. Sedimentation equilibrium experiments to the initial level of fluorescence (Figure 3). The respon-
showed that the cytoplasmic domain is @ monomer, with a siveness of this domain to changes in pH is suggestive of a

small tendency to form a dimer. These results suggest thatpossible regulatory role in activity of the Néd* exchanger.
the tendency to form dimers resides in the membrane domainRemoval of the cytoplasmic domain from the membrane

or a more proximal C-terminal region. domain of the protein results in a N&d* exchanger that is
Cascade blue was used in experiments to examine consot as responsive to changes in internal p8%)( The
formational changes in the C-terminal domain.?Can- regulatory cytosolic domain affects antHnodifier site

creased the fluorescence of the labeled/Na exchanger, present on the membrane domaB6){ A pH-responsive
indicative of conformational changes that cause exposure tocytosolic domain might be a prerequisite for this to occur.
a more hydrophilic environment. Calmodulin addition had Our study demonstrates that the cytosolic domain can alter
a minor effect, reducing the effect of €a(Figure 3). This its conformation in response to changes in pH.

effect of C&" was specific since Mg did not have the same In our study we demonstrate that tescalcin binds to the
effect. CD spectra of the protein showed that it had little cytoplasmic 182 amino acids of the NE* exchanger.
o-helical structure with a preponderance @fstructure. Addition of tescalcin to the fluroescently labeled d*
Addition of calcium confirmed a conformational change, exchanger C-terminus resulted in decreased fluorescence of
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the protein (Figure 4). Calcium was able to reverse the effect.

Tescalcin could change the conformation of thet/de

exchanger, or its binding could affect fluorescence by

qguenching. Theoretically, €a could reverse the decrease

in fluorescence caused by tescalcin by a direct effect on the
Naf/H* exchanger protein or indirectly through tescalcin.
However, C&" caused an enhancement of tescalcin binding
to the Na/H™ exchanger in our overlay experiments (Figure

1D), suggesting that C&induced changes in conformation
were not due to dissociation of tescalcin. The'Gaduced

enhancement of tescalcin binding could be an important

mechanism of regulation of the Néd* exchanger.

To examine the effect of tescalcin on the conformation of
the cytoplasmic domain in more detail, we examined CD
spectra of the two proteins. The combined CD spectra of
tescalcin and His182 were not different from that of the
theoretical spectra of the two proteins combined. This
suggests that either tescalcin has a small subtle effect on the

conformation of the N&/H* exchanger C-terminus or that

the effects that occurred in cascade blue labeled protein were 15,
masked by changes in each protein and were not detectable

in the combined CD spectra.

We demonstrated that tescalcin has an inhibitory effect

on Na'/H* exchanger activity in intact cells (Figure 5). The

effect was much more pronounced in the presence of serum, 18.
and there was a requirement for the presence of the

C-terminal 180 amino acids of the N&™ exchanger (Figure

5B). This is consistent with our in vitro experiments that
demonstrated binding to this region of the protein. Our results
are the first demonstration of a direct physiological effect

of tescalcin on the N@H™ exchanger.

In summary, we have demonstrated that the C-terminal

domain of the N&/H* exchanger interacts with other proteins

and displays changes in conformation dependent on both pH

and cations and possibly proteiprotein interactions. pH-

and cation-dependent changes in conformation may be a
mechanism by which the tail regulates the membrane domain.
Future studies will examine the site of the C-terminal

interaction with the N&H* exchanger and the mechanism
by which it mediates regulation of activity.
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