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ABSTRACT. The 120-kDa N&/C&* exchanger was purified and reconstituted into lipid vesicles. The
secondary structure composition of the exchanger was &9%lices, 20%5-sheets, 259%8-turns, and

16% random coils, as analyzed by Fourier transform infrared attenuated total reflection spectroscopy.
The secondary structure composition of the COOH-terminal portion oprtbin was compatible with

a topology model containing46 transmembrane segments. Furthermore, the secondary structure of the
NH.-terminal portion of thecytoplasmic loopvas analyzed and found to be different from that of the
COOH-terminal portion. Ca and/or the exchange inhibitory peptide (XIP) failed to affect the secondary
structure of the 120-kDa protein. Tertiary structure modifications induced By a&@al XIP were analyzed

by monitoring the hydrogen/deuterium exchange rate for the reconstituted exchanger. In the absence of
ligand, 51% of the protein was accessible to solvent"@acreased accessibility to 40%, implicating the
shielding of at least 103 amino acids. When boti#'Cand XIP were added, accessibility increased to
66%. No modification was obtained when XIP was added alone. Likewise, in the presenc& oKI[Pa

failed to modify the tertiary structure of the 70-kDa protein, suggesting that XIP acts at the level of the
COOH-terminal portion of the intracellular loop. The present data describe, for the first time, conformational
changes of the NdCa&" exchanger induced by €aand XIP, compatible with an interaction model
where regulatory Ca and inhibitory XIP bind to distinct sites, and where XIP binding requires the presence
of Ca&".

In cardiac myocytes, changes in the cytosolic freé"Ca predicts 11 transmembrane segments, 5 downstream and 6
concentration play a major role in the process of excitation upstream of a large hydrophilic cytoplasmic lodgt,(18).
contraction couplingy, 2). Hence, the cytosolic free €a However, recent mutational studies suggest that the topology
concentration must be tightly controlled. In the heart, the of the exchanger could be slightly differert( 20). The
major process mediating €aextrusion from myocytes native Na/Ca exchanger protein has a theoretical molecular
occurs via the N&/C&" exchanger proteir3( 4). The Na/ mass of 110 kDa, based on amino acid sequence determi-
Ca&* exchanger is an electrogenic transporter coupling Na nation (L4). Electrophoresis gels show two protein bands at
and C&" counter-transport with a stoichiometry of 3Na 160 and 120 kDa under nonreducing conditions. Reducing
for 1 C&* (5). The Na/Ca" exchange mechanism is most agents decrease the intensity of the 160-kDa band and lead
probably a consecutive one where Nand C&" are to the appearance of a 70-kDa protein badd).(It is
transported in separate steps involving two major confor- currently accepted that the 120-kDa band represents the
mational changes (Eand E) (6—8). Moreover, the temper-  native protein, the 70-kDa band being a proteolysis fragment
ature-dependence curve of N&&" exchange implies that  of the native protein {1, 12), and the 160-kDa band an
at least two reactions and three intermediate conformationsalternate form of the 120-kDa proteit, 12). Thus, while
are involved in C#& transport 9, 10). the 120- and 160-kDa proteins are immunologically related

The exchanger protein was successfully purified and and have the same Nterminus, the 160-kDa protein is
reconstituted{1—13), and the N&/Ca&" exchanger has been only seen under nonreducing conditions, indicating that both

cloned from various tissue§4—17). The hydropathy profile  proteins are identical but differ only in their migration profile
on SDS-PAGE gels (11-13).

Two of the most important activity regulators of the
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binding region of the exchanger. Thus, the exchanger activity transferred to a clean tray and rinsed 3 times for 5 min with
is inhibited in the absence of €a(21, 22), and the high- 200 mL of deionized water to remove SDS. Gelcode Blue
affinity Ca2* binding site, different from the site of €a stain (20 mL) was added, and the gel was incubated for 1 h,
transport, of the cardiac exchanger has been located at theon a shaker. Finally, the staining reagent was discarded, and
level of the large cytoplasmic 0028, 24). Moreover, the gel was washed in deionized water 8 h with several
mobility of the Na/Ca exchanger protein increases during changes of water. Kaleidoscope Prestained (Bio-Rad) stand-
SDS-PAGE when C# is present in the gel loading buffer, ards were used for the molecular mass determination of
indicating that C&" binding to the protein induces confor-  protein bands.
mational changes2d). Furthermore, the beginning of the Proteolysis. To determine the insertion mode of the
large cytoplasmic loop contains a sequence rich in basic andreconstituted protein into the lipid vesicles (inside-out or
hydrophobic amino acid residues (aas) that is homologousright-side-out), intact reconstituted proteoliposomes were
to a calmodulin binding domair2p). A synthetic peptide  digested with Proteinase K (108g/mL) as previously
of 20 aas, termed XIP, identical in sequence to that region, described 13).
inhibits Na"/Ca* exchange activity in several cellular XIP Preparation and Modification.The XIP peptide
preparations25—27). (RRLLFYKYVYKRYRAGKQRG) was synthesized using
Until now, the conformational changes induced by regula- the fluoren-9-ylmethoxycarbonyl strategy, as previously
tory C&* and/or XIP binding have not been characterized described31). In some experiments, SNA-treated XIP was
at the molecular level. Such a characterization will provide used [SNA acetylates lysine residues converting positively
a better understanding of the activation or inhibition mech- charged groups to neutral on&)]. A 30:1 mol/mol SNA/
anisms of C& and XIP, respectively, in relation to the XIP mixture was incubated fol h at 37°C at pH 9 (33
conformational changes induced by these ligands. In themM MOPS). The reaction was terminated by adding 13-
present study, we have determined the secondary structurdold excess of ethanolamine (mol/mol of SNABS). Before
of the purified and reconstituted active 120-kDa ze™ adding the XIP (modified or not) to the protein sample for
exchanger by FTIR-ATR spectroscopy. Moreover, modifica- H/D measurement, the modified XIP solution was run
tions of the tertiary structure, induced by3and/or XIP, through a Sephadex G-15 column, preequilibrated in a 0.5
were investigated by monitoring the H/D exchange rate for MM MOPS solution (pH 7.4), to eliminate SNA, ethanol-
the reconstituted exchanger. FTIR-ATR data reveal that 39%amine, and residual ions.
of the protein iso-helical, 20%0-sheets, 25%-turns, and ImmunoblotsProteins from SDSPAGE were transferred
16% random coils. H/D exchange measurements show thatto nitrocellulose at 220 mA (12 V) for 90 min in a semi-dry
upon C&* addition, a major tertiary conformational change blotting apparatus (W.E.P. Co.). Nitrocellulose was then
occurs, characterized by an 11% reduction in solvent incubated with either “SWant” rabbit polyclonal antibody
accessibility to the 120-kDa protein. On the contrary, when (SWant, Bellinzona, Switzerland) directed against the canine-
both XIP and C& were added, a 15% increase in solvent purified Na"/C&* exchanger or “NCX1” rabbit polyclonal
accessibility occurred. Interestingly, adding XIP alone re- antibody (Eurogentec, Seraing, Belgium) directed against the
sulted in no change in solvent accessibility. Likewise, in the peptide sequence aas 39806, located in the large cyto-
presence of G4, XIP failed to affect the tertiary structure  plasmic domain of the bovine N&Ce&" exchanger 13).
of the 70-kDa protein. The present data are compatible with Immunoreactions were detected using sheep anti-rabbit IgG
an interaction model in which activator €aand inhibitory antibodies conjugated to alkaline phosphatase, as previously
XIP interact at distinct binding sites, and where XIP binding described 13).

requires the presence of €a Measurements of N&Ca&" Exchange Actiity. Na"/Ca*
exchange activity in proteoliposomes was measured gs Na
EXPERIMENTAL PROCEDURES dependent**Ca,®" uptake using a previously described

protocol (L1). In some experiments, XIP (modified or not)

Materials. All chemicals used were of the highe_st purity was added to the G&-uptake medium, at a final concentra-
grade. HPLC water was used for the preparation of all tion of 20 «M, to inhibit the N&/Ca* exchanger.

solutions. _ _ . Secondary Structure Analysis by FTIR-ATIRN micro-
Preparation of Beine Heart SLVsHighly purified SLVS  jiters of proteoliposome solution (containing-220 ug of

were isolated from bovine heart left ventricle as previously purified exchanger protein) was layered on a germanium

described 28, 29) with minor modifications £3). plate and dried by flushing with a nitrogen flux. The ATR
Purification and Reconstitution of the 120-kDa M@a** plate was then sealed in a universal sample holder (Perkin-

Exchanger ProteinWe have purified and reconstituted the  Elmer 186-0354). Sample on the ATR plate was deuterated
120-kDa Nd/Ce" exchanger using a previously published by flushing a DO-saturated nitrogen stream for at least 2 h
protocol (L1) except that SLVs were solubilized ina 20 mM  as previously described18). The secondary structure
(instead of 10 mM) decyl maltoside solution following composition of the protein was determined by the Fourier
alkaline extraction. Bio-beads SM-2 (Bio-Rad) were used self-deconvolution method and a band-fitting procedure as
for Triton X-100 removal to favor proteoliposome formation described by Goormaghtigh et aB4j. Briefly, the self-
as describedl@). deconvolution procedure allows the narrowing of the dif-
Gel Electrophoresis.A 12% (w/v) polyacrylamide  ferent secondary structure components overlapping within
Laemmli system was use@(@). The sample buffer contained the amide | band region; then, the area under the bands
10 mM NEM. Protein bands were revealed using Gelcode obtained by self-deconvolution was quantified using least-
Blue stain reagent (Pierce), an enhanced Coomassie G-25@quares iterative curve fitting of the Lorentzian line shapes
coloration solution. In brief, after electrophoresis, the gel was in the spectral region between 1700 and 1600 ‘crithis



3326 Biochemistry, Vol. 40, No. 11, 2001 Saba et al.

fitting was_performe_d on the amide | band before se_lf- Table 1: Summary of NaC&"
deconvolution to avoid artifacts due to the self-deconvolution N X
.. . exchange sp act.
procedure. Varlat!ons due to the samplg hydrauon caused exchange exchange sp act.  after modified
by the atmospheric water vapor content inside the spectro- protein sp act. after XIP addition  XIP addition
photometer chamber were taken into account by subtracting Urified 525+ 12 (1= 8) 642(=8) 489+ 18 (n—8)
from the sample spectrum a background spectrum recorded 150.kpa
with the same germanium plate at the same position in the purified 10754+ 47 (n=8) 1015+ 33 (n=4) 1041+ 41 (h=28)
sample shuttle but in the absence of the protein sample for 70-kDa
all conditions studied. In these conditions, the estimated 2Exchange activities are shown for purified and reconstituted 120-
standard deviation in the measurement of the secondaryand 70-kDa exchanger (15g). Na‘-dependent GA" uptake was
structure data compared to X-ray determination is 8.8%h ( i”i“g_ted by i”‘?”_batigg %LN?; ';I""+'L°aded VeEiC'.es (;”bez."“pté‘k‘?
. . . edium contalnlng m anks were obtaine Yy InCu atlng
The protein samples Wgre analy_zed in the absence of Ilgan%e vesicles in Cd-uptake medium containing 140 mM NaBack-
(in 0.5 mM MOPS solution) and in the presence of Caf ground values were measured for 0 and 140 mM Bielutions in the
Ca*t and XIP, of C&" and modified XIP, and of XIP alone.  absence of vesicles and were subtracted to yield the results shown.
The C&":Na/Ca exchanger protein ratio wasl0:1 (mol/ Values are the meanis SEM. Exchange specific activity was computed
mol). The XIP:protein ratio was 1:20 wiw, corresponding in nanomoles of Cd per second per milligram of protein. XIP,
t tio of~2'1 /mol. At thi fi XI’P interf modified or not (see Experimental Procedures), was added to the uptake
0_ a _ra 100 -1 mol/mol. - 1S r‘? '_O’ INterterence  medium at a final concentration of 20M.
with infrared measurements is negligible.
Orientation of the Secondary Structui@etermination of
peptide orientation by FTIR-ATR spectroscopy was per-

formed as previously describeds). ) . . .
Tertiary Structure Modification Analysig.en microliters Different ligands tested in H/D exchange experiments were

of proteoliposome solution, containing+@0 g of purified the same as described under Secondary Structure Analysis

protein, was prepared on a germanium plate as describeaby FTIR-ATR.

under Secondary Structure Analysis by FTIR-ATR. The MiscellaneousProtein concentration was measured by the
recording of the H/D exchange kinetics was carried out as Method of Schaffner and WeissmarBg) as modified by

previously described36, 37). In brief, the ATR plate Newman et al.40). The lipid content of samples was deter-

containing the sample was sealed in a universal sample holdefMined by measurement of choline content with an enzymatic
and flushed with a BD-saturated nitrogen flux by bubbling ~Pospholipid colorimetric test (Boehringer Mannheim).

the nitrogen gas flow through five ©-containing vials. Statistics and Calculation#ll data are presented as mean
Bubbling was started at letas h before connecting the,D + SEM.

flux to the sample-containing sealed chamber. To ensure theRESULTS

stability of the measurement, 10 spectra were recorded before

starting the exchange kinetics and were considered as the Purification and Reconstitution of the Bioe Heart Na/

0% deuteration value. The 100% deuteration value was Ca&" Exchanger.The Na/Ca&* exchange specific activity
obtained by extrapolation, assuming zero area under thein the Na/Ca*t exchanger proteoliposomes was 52512
amide 1l band. The validity of the amide Il zero-area (n = 8) nmol at 40uM C&*, compared to an exchange
assumption has been demonstrated for denatured proteingctivity of 18+ 1 (n = 8) nmol of C&" (mg of proteins)?*
(that completely exchange their hydrogen atoms) which are s™* in control reconstituted SLVs (Table 1). The purification
then renatured 38). At zero time, the RO flux was factor was 29. A lipid:protein ratio of7:1 (w/w) was used
connected to the sealed chamber containing the sample. Thédor reconstitution, yielding a single population of vesicles
geometry of the spectrophotometer shuttle allows one to run(13), the reconstituted proteins having the same orientation
parallel recordings for two different H/D exchange experi- in all vesicles (see proteolysis experiment below).

ments where a computerized program changed the shuttle Gel Electrophoresis and Immunoblot&gure 1A shows
position to follow both exchange kinetics. Typically, one SDS-PAGE gels at different purification steps under non-
sample placed on the shuttle was ligand-free while the otherreducing conditions. A major band migrating at 120 kDa
sample contained the ligand depending on the conditionfor the purified and reconstituted protein fraction was
analyzed. Accordingly, a better reproducibility of the meas- detected (lane 5). Moreover, an immunoblot was carried out
urement was achieved when recordings for different condi- using “SWant” antibody for protein fractions obtained in each
tions were obtained under identical conditions. Moreover, purification step. The results show a major band at 120 kDa
background exchange kinetics were carried out in the absenceand a minor one at 160 kDa, throughout the whole purifica-
of sample using the same germanium plate placed at the saméon procedure (Figure 1B).

position in the shuttle and then subtracted from the sample- Proteolysis of Intact Reconstituted Purified Maa?*
containing recorded kinetics. This allowed us to take into ExchangerThe C&" secondary regulation site and the XIP
account unavoidable interference due to the atmosphericbinding site are located in the large cytoplasmic loop of the
water vapor content inside the spectrophotometer chambeNa'/Ca" exchangerZ3, 26, 41). Thus, to ensure that the
(36). Finally, the area of the amide Il band was divided by purified and reconstituted N&C&* exchanger was inserted
the corresponding lipid(C=0) band area for each spectrum. into lipid vesicles in a homogeneous way with an inside-out
This allowed us to take into account small variations due to configuration, namely, with the regulatory binding sites
spectral intensity decrease caused by swelling in the presencéocated outside the liposomes and accessible fét @ad

of the DO flux and also allowed us to avoid variations due XIP binding, we digested reconstituted proteoliposomes with
to sample hydration, since the lipigC=0) band is much Proteinase K and then carried out an immunoblot using

Exchange Activity Results

less subject to modification caused by arpOHraces present
(39).
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a2 FiIGURe 2: Analysis of the shape of the amide | absorption band in
- the spectrum of the reconstituted 120-kDa'’Ge?* exchanger.
Spectra were recorded in the absence of ligand (panel A) and in
had the presence of both €aand XIP (panel B). Analysis of amide |
1] B band shape was carried out as previously descriBBd Typical
’ absorbency regions of the secondary structures of different peptide
ol ) chains are 16461661 cnt! (o-helices), 16151637 and 1682

1698 cnrt (,B-she(_ets), 16611681 cn! (5-turns), and 16371645
FiGURE 1: (A) Characterization of the 120-kDa N€&+ exchanger ~ ¢mt (random coil).
at the different purification steps. The starting material was 4 mg

of SLV preparation (see Experimental Procedures for details). A demonstrating that the Proteinase K was completely elimi-

12% SDS-PAGE gel was used; proteins were revealed using ; ; ;
Coomassie blue coloration as described under Experimental Pro-nated before gel electrophoresis and immunoblot (Figure 1B,

cedures. Lane 1, molecular mass standard proteingl(10lane lane 8).
2, control reconstituted native SLVs (14@); lane 3, sample after Secondary Structure Analysis of the 120-kDa Reconstituted
alkaline extraction (1@g); lane 4, sample after alkaline extraction Ngt/Ca2t ExchangerThe lipid C=0 band and the amide |

and DEAE chromatography~6 ug); lane 5, sample after alkaline : ;
extraction, DEAE, and WGA chromatography xg); lane 6, band maximal absorptions were near 1737 and 1650',cm

control protein-free asolectin vesicles. Protein samples were solu-f€spectively, for spectra recorded in the different conditions
bilized in sample buffer containing 10 mM NEM before loading used (see Experimental Procedures). The protein secondary
into lanes. (B) Immunoblot carried out in parallel to the SDS  structure was quantitatively evaluated by Fourier deconvo-
PAGE gel shown in (A). Lanes-16: same conditions as (A), and  |ytion and curve-fitting analysis of the amide | region for

the immunoreaction was done using “SWant” antibody (dilution: . . .
1:2000) as described under Experimental Procedures. Lane 7:5pectra recorded in the absence of ligand or in the presence

immunoreaction of purified and reconstituted 120-kDa exchanger Of Ce*, XIP and C&r, XIP alone, or C& with modified

(~5 ug) with “NCX1” antibody (dilution: 1:1500). Lane 8:  XIP, the latter peptide used as a control for XIP. At least
immunoreaction of digested purified and reconstituted exchanger three independent experiments were carried out for each
protein (-5 ug) with "NCX1" antibody (1:1500) as described in  ¢ongition. Figure 2 illustrates typical curve fitting of the

“Proteolysis” under Experimental Procedures. Protein samples were _ _ . de | band showina diff f structural o
solubilized in sample buffer containing 10 mM NEM before loading &Mde | band showing different structural componewts (
into lanes. helices 3-sheetsf-turns, and random coils) of the NiCa&™

exchanger in ligand-free medium and in XIP- and*Ga
“NCX1” antibody (13). The “NCX1” antibody recognizes  containing medium (panels A and B, respectively). In the
an intracytoplasmic epitope (aas 39806) in the large absence of ligand, the secondary structure composition of
hydrophilic domain between segments 5 and 6 of thé/Na the 120-kDa protein was 39%helices, 20%8-sheets, 25%
Ca+ exchanger14, 18, 19, 42). Digestion of intact proteo-  A-turns, and 16% random coils and did not change signifi-
liposomes with Proteinase K would yield a polypeptide with cantly, within the expected 8.8% standard deviati®#),(in
an approximate molecular mass of at least 60 kDa containingthe presence of different ligands tested (Table 2).
the “NCX1" epitope, if the purified protein is inserted in Orientation of the 120-kDa NdCa?" Exchanger Protein
the normal mode (inside-in), or no such fragment, if the Secondary Structure in the Lipid Membrafiée orientation
insertion mode is inside-out. Immunoblots with “NCX1” of  of the reconstituted 120-kDa exchanger secondary structure
digested proteoliposomes showed no positive reaction,was determined from FTIR-ATR spectra recorded with
indicating that we had a homogeneous population of inside- parallel and perpendicular polarized incident light, respec-
out reconstituted vesicles (Figure 1B, lane 7). As a control tively (35). The dichroism spectrum (not shown) shows a
experiment, we incubated intact proteoliposomes with the maximal absorption at about 1659 chin the amide | region,
supernatant collected after the second wash of digestedcharacterizing am-helix axis having a preferential orienta-
proteoliposomes. Immunoreaction of “NCX1” antibody with tion near the perpendicular to the lipid bilayer. This is in
this control sample was the same as for intact vesicles, agreement with a topology model wheeehelical trans-



3328 Biochemistry, Vol. 40, No. 11, 2001 Saba et al.

Table 2: Secondary Structure Analysis of the 120-kDd/8&" Exchanger in the Presence of Different Ligands Used

120-kDa polypeptide o-helices pB-sheets p-turns random

no ligand 39% (366 aas) 20% (188 aas) 25% (225 aas) 16% (150 aas)
XIP 37% (347 aas) 19% (178 aas) 25% (234 aas) 15% (141 aas)
Ca&"+XIP 40% (375 aas) 18% (169 aas) 27% (253 aas) 15% (141 aas)
cat 41% (385 aas) 19% (178 aas) 26% (244 aas) 14% (131 aas)
Ca&"+XIP-modified 40% (375 aas) 18% (169 aas) 26% (244 aas) 17% (159 aas)

a Percentage foa-helices,-sheetsf-turns, and random structures was obtained by self-deconvolution of the amide | band from the spectrum
of purified and reconstituted 120-kDa N&a* exchanger under different conditions used. The total number of aas per secondary structure group
was calculated on the basis that the cloned/8a&" exchanger yields 938 aa%§). The estimated standard deviation on the secondary structure
composition is~8.8% as described under Experimental Procedures.

100 Table 3: Summary of H/D Exchange Rate Results for the 120-kDa
~©+ no ligands Na"/Ca* Exchanger
90 A Ca? 4 XIP
§ & Cca® substrate o o o3
o e+ e P no ligand 37% (347 aas) 14% (131 aas) 49% (460 aas)
& o car 10% (94 aas) 30% (281 aas) 60% (563 aas)
= e .. Cat+XIP 45% (422 aas) 21% (197 aas) 34% (319 aas)
8 o -..3_.,%,‘_‘_.'__. vvvvvv . e XIP 35% (328 aas) 18% (169 aas) 47% (441 aas)
5 '9'93 Vo v SIS LA . Cat+XIP-modified 8% (75 aas) 31% (291 aas) 61% (572 aas)
£ 50 kﬁ‘ %9 $:gg g g e O, a Percentage of amide hydrogen grougs (12, andos) exchanging
e L N Tr & S with deuterium and characterized by an average half-decay time of 2.5
T 40 fag, s (Tw), 40 s (T2), and 10 s (T3), respectivelyay, ap, andas are rapidly,
a~ A A a e aa o intermediate, and slowly exchanging hydrogen families. Each percent-
30 - age was computed by fitting the exchange curves shown in Figure 3.
The total number of aas per hydrogen family was computed on the
20 T L e L A A At e basis that the cloned bovine heart Na/Ca exchanger protein comprises
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 938 aas 18). The experimental standard deviation on the H/D
Time (min) measurements is of the order of 2% as previously discussed?).

Ficure 3: H/D exchange percentage computed as the amide Il . . .
lipid C=0 ratio and reported as a function of time for the The H/D exchange is faster for protein sample prepared in

reconstituted 120-kDa N&C&* exchanger. Deuteration percentage the absence of ligand than for sample in the presence?f Ca
was evaluated from the evolution of the amide Il surface, as After 2 h, 51% of the amide protons (NH) are exchanged
described under Experimental Procedures. For each curve, thre%ompared to around 40%, respectively. This corresponds to

independent experiments were carried out, and the average plotis_ . d tecti f imately 103 On th
shown. The dotted line for each curve represents the theoretical fit an increased protection of approximately aas. Un the

to the experimental data. The time scale is shown in minutes. ~ contrary, when C& and XIP are added, the exchange is
i faster (66%) than in the absence of ligand. Addition of XIP

membrane segments and extramembramehslical struc- - gione led to an exchange percentage similar to that in the
tures have a preferential orientation perpendicular to lipid gpsence of ligand condition (Table 3). To further demonstrate
bilayer. No dichroism was detected for tfiesheet compo-  that the observed change in solvent accessibility induced by
nentin the spectrum. XIP in the presence of Gais XIP-specific and requires the

Tertiary Structure Modification of the 120-kDa Polypep- presence of G4, namely, that it is not caused by nonspecific
tide. It has been demonstrated that the proteoliposome dryinginteractions between the peptide and the a2+ exchanger
procedure on ATR plates, as described under Experimentalprotein that were altered by the addition of?Cawe used
Procedures, does not alter the biochemical and biological 535 5 control an SNA-modified XIP that fails to inhibit the
properties of the proteins compared to the same proteins inng+/ca+ exchange activity, as discussed under Experimental
native hydrated membranes. Indeed, protein samples driedorgcedures and shown in Table 1. The SNA-modified XIP
on ATR plates retain their activity, like in native membranes, tailed to induce any change in solvent accessibility in the
when resolubilized 43—47). Moreover, the gentle drying  gpsence 4, and in the presence of &a the same
procedure we use does not allow the complete dehydrationsonformation as with G4 alone was obtained (Table 3).
of the protein sample. The proteoliposome sample remainsThis means that the observed change induced by XIP is
in a hydrated microenvironment after preparation on the ATR ;,qeed specific and requires the presence fCa
plate, as can been seen by the contribution  kfaces to Considering that the H/D exchange rate is a first-order
the absorption peak at 3000 chidata not shown) 7). H/D = reaction, the exchange curve can be represented by a
exchange kinetic experiments were carried out in parallel in multiexponential decay function taking into account amide
all combinations of studied conditions for the protein proton groups &) exchanging at different rates, each

samples, i.e., with and without €a with or without XIP, characterized by a time period);
with C&* and XIP, or with XIP alone, etc. The obtained
H/D exchange spectra were recorded as a function of time F(t) = 2o, exp(—t/T) (1)

(data not shown). For all conditions analyzed, the area under

the amide Il band was computed as described under Three exponential terms characterized by a perigd,
Experimental Procedures and was plotted as the amide Il:corresponding to a group of amide hydrogems(i = 1, 2,
lipid »(C=0) ratio as a function of time in minutes (Figure or 3), were chosen, corresponding to three families of
3). Each experiment was independently repeated 3 times.exchanging protons (slow o, intermediate= a,, and fast-
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eXChanging: 03) as previously desc_ribed35, 36). The Table 4. Comparison of the 120- and 70-kDa*?N&&* Exchanger
proportion of hydrogen atoms belonging to each family for secondary Structures in the Absence of Ligand
different experimental conditions used is summarized in

polypeptide a-helices  j-sheets p-turns random coils

Table 3.
; 120-kDa  39% 20% 25% 16%
_ Secondary Structure Analysis of thg 70-kDa E_xchanger (3664 20) (188+15) (225+18) (1504 12)
in the Presence of XIPWe have previously studied the 70-kDa 44% 2506 16% 15%
secondary structure composition of the 70-kDa protein in (2734+22) (155+12) (99+8) (93£7)
the presence of Ga(35). In the presence of XIP and &a 318aas  29% 10% 40% 18%
or XIP alone, the secondary structure composition of the 70- (93+36) (33+19) (126+17) (57+14)
kDa protein was not modified (data not shown). aThe secondary structure composition of the 70-kDa protein was

Hydrogen/Deuterium Exchange Study of the 70-kDa reproduced from referenc8%). Numbers in parentheses represent the
number of aas belonging to each secondary structure group considering

Polypeptide Addition of XIP alone or both XIP-and G& 4y the 120-kDa protein and the 70-kDa one comprise 938 and 620
to the 70-kDa polypeptide did not lead to any tertiary aas, respectively. Values for the 70-kDa protein were reported from
structure change (data not shown) compared to the absenceeference §5).

of ligand condition 85).

DISCUSSION Another deduction resulting from the comparison betvyeen

) N ] . the secondary structures of the 70- and 120-kDa proteins is

In this study, we purified and reconstltuted an active 120- that the cytoplasmic loop and the transmembrane-joining
kDa Na'/Ca* exchanger from bovine heart SLVs. The |gops of the 318 aa polypeptide have littlehelical content

secondary structure of this protein was analyzed in the compared to the cytoplasmic loop of the 70-kDa polypeptide
absence and in the presence of Can activator of the N (35).

Ca&" exchangerZ1, 22), and XIP, a potent inhibitor of the
exchanger 43, 25, 26). A modified XIP, having lost its
inhibitory potential 83), was used as a control.

The secondary structure of the 120-kDa protein was
composed of 39%u-helices, 20%3-sheets, 25%8-turns,
and 16% random coils. The secondary structure composition
was not significantly modified in the presence of?Cand/
or XIP, within the estimated standard deviation (8.8% as
discussed under Experimental Procedur8d) &s reported
in Table 2. The procedure described by Goormaghtigh et al.
(34) for the secondary structure composition analysis yields
a higher standard deviation than the 2.5% reached by Byler

e ol e e honanon 5. Accordng.she more membrane-spanming seqment
P 9 ) are present than theoretically predicted and/or a portion of

of the least-squares fitting parameters one at a tid@. ( SRS .
The advantage of the procedure described by Goormaghtighthe extramembranous region is highly structured, accounting

. . ; " for solvent inaccessibility.

et al. 34) is that the fitting parameter input is completely _ _
automated, making the technique more objective and acces- Moreover, in the absence of ligand, the number of aas
sible to the investigator. belonging to th.e intermediate exchanging population of the

We have previously analyzed the secondary structure of 120-kDa protein (Table 3) was lower than that of the 70-
the 70-kDa polypeptide (corresponding to the Nerminal ~ kDa protein [131 and 155 aas, respectively, see 3&f](
portion of the 120-kDa exchanger). If we subtract the number This indicates a dlfference_ in the secondary and/or tertiary
of aas belonging to each secondary structure class in the 70Structure of the NH portion of the 70- and 120-kDa
kDa protein from those found in the 120-kDa protein, we Polypeptides.
obtain an extra 98-helical, 333-sheet, 1263-turn, and 57 Cé&" binding to the 120-kDa NdC&" exchanger led to
random structured aas (Table 4), corresponding to thea shift of about 253 rapidly exchanging aas to the intermedi-
COOH-terminal portion of the 120-kDa protein makir§18 ate (150 aas) and slow (103 aas) exchanging population. In
aas and lacking in the 70-kDa polypeptide) (Figure 4). contrast, C& binding to the 70-kDa protein induced a
Assuming that membrane-spanning segments should bepredominant shift from the rapidly exchanging population
o-helical and contain 20 aas, our experimental data are in(101 aas) to the slow (77 aas) instead of the intermediate
agreement with a membrane topology model havirgg4  exchanging populatior3g). This indicates that the protein
a-helical transmembrane segments in the COOH-terminal folding process or the conformational change concerns
portion of the 120-kDa exchanger, assuming a standarddifferent regions of the two proteins, at least partially. Hence,
deviation of 8.8% on secondary structure composition valuesthe COOH-terminal portion of the cytoplasmic loop is
(Table 4). The hypothetical hydropathy profile-based mem- involved in the global conformational change. The?Ca
brane topology of the Na/Ca exchanger predicts 11 trans-induced increase of protection of a relatively large number
membrane segments, among which 6 are located in theof aas can be interpreted in terms of a folding or “membrane
COOH-terminal portion of the proteirig, 14). However, a penetration” of a protein portion, in relation to the two
recent topology model based on mutational studies is ratherconformations (Eor E;) acquired during the activity cycle
in favor of 4 transmembrane segments in that portion of the or the intermediate conformations acquired during th&' Ca
protein (9). transport cycleq, 10). Similar tertiary structure changes have

Because C& and/or XIP did not affect the secondary
structure of the protein, the changes in H/D exchange rate
induced by these ligands are indicative of changes in tertiary
structure. In the absence of ligand, H/D exchange measure-
ments showed that about 460 aas of the/@a** exchanger
belong to theas fraction inaccessible to exchange (Table
3). If we subtract from this fraction the number of aas
corresponding to transmembrane segments (Figure 4A)
inaccessible to exchange, we find tha280 additional aas
do not exchange their hydrogen atoms. Inaccessibility to
solvent of membrane-spanning regions of proteins was
previously demonstrated for many membrane protelfs-(
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A Absence of ligands been observed for other membrane prote®& 60, 52—
EXTRACITORLASH 54).

Interestingly, no tertiary structure changes were observed
when XIP alone was added. When both XIP and'Geere
present, an increased solvent accessibility to 141 aas of the
COOH slowly exchanging hydrogen population occurred, in almost
equal proportions to the intermediate (66 aas) and rapidly

exchanging ones (75 aas). A similar conformational change
(aasoary) CYTOPSH was observed in the case of the P-glycoprotein upon MgATP
addition 60). The evidence that the conformational change
induced by XIP was specific and required the presence of

AUTO-NHIBITORY
DOMAIN (XIP) -
2a 251270

" 2+
T Eﬁu%ﬂ%?ﬁ C&" was further confirmed by the observation that the SNA-
{als modified XIP, that does not inhibit the NEC&" exchanger
B Presence of Ca EXTRACYTOPLASH protein (Table 1), failed to induce any conformational

changes in the absence of ligand and gave the same tertiary
structure change as &aalone when added together. Since
SNA neutralizes the lysines responsible for the specific
inhibitory interaction of XIP with the N&/C&" exchanger

AUTONHBITORY_~ protein 33), our data indicate that the observed conforma-

DOMAIN (¥IP)

251270 CYTORLASH tional change is due to a specific interaction between XIP
XP and the exchanger protein and that the XIP interaction occurs
BINDING DOMAIN :
(aas?27-277) only in the presence of Ca
,- < REGULATORY Ca In the 70-kDa Qxchanger, XIP add|t|qn, in the absence or
Ca®  BINDING DOMAIN the presence G, induced no conformational changes (data
(aas 445-455) A . . .
¢ " not shown). This finding is consistent withCa" uptake
_ Presence of Ca™ and X eyrounrop sy measurements where XIP had no inhibitory effect (Table 1).

An important implication of this absence of inhibition is that
the COOH-terminal, rather than the BHterminal, portion
of the intracytoplasmic loop is involved in inhibition by XIP.
This was previously suggested by Matsuoka e{28), who

AUTO-INHIBITORY _—~ 0CH observed no regulation of the exchanger by XIP following
e CYTOPLASH deletion mutagenesis of aas 56385 or chymotrypsin
smnmélgomm treatment. The latter treatment shifts the Na/Ca exchanger
%, < (a7 from the 120-kDa to the 70-kDa forml{). Using XIP-

affinity column chromatography and an XIP cross-linking

probe, Hale et al. showed that XIP binds to a negatively

< Tyr621 charged region of the Ni-terminal portion of the cytoplas-
mic loop (IDDDIFEEDEN; aas 445455) 6). However,

{aas 445-455) their data do not exclude that XIP may interact with another

) o . ) region(s) of the loop between aas 562 and 685 that failed to
Ficure 4: Drawing illustrating the conformational changes of the ifv by affinit | h ¢ h
120-kDa Na/Ca* exchanger induced by its regulators. This purify y allinity column chromatography or was (were)
illustration is based on the new model, proposed by Nicoll et al. Proteolytically degraded. Likewise, it is unclear in the latter
(19) and Iwamoto et al.Z0). Transmembrane segments are shown study to what extent the cysXIP probe used in cross-linking
as helices and numbered in boldface characters, except sedinents experiments binds the native protein and inhibits ACz?*
and9, drawn as a box, to denote the possibility that they are not exchange

membrane-spanning, as proposéd, (20). The protein portion, . “ y o
shown in gray, is the318 aa polypeptide corresponding to the _InchentaIIy, the fact that XIP “suppressed” or “antago-
COOH-terminal portion of the 120-kDa protein that is lacking in hized” the conformational change induced by*Cindicates

the 70-kDa one. The 70-kDa fragment is the Aterminal portion that the later change concerns a portion of the protein

of the 120-kDa protein and ends around ®fras indicated in the involved in the regulation by Ga rather than a region
panels. Panel A: In the absence of ligand, the negatively chargedinvolved in the transport of the ion

domain (aas 445455) binds the endogenous XIP domain (aas Th f . F; h . d. d b2 Cactivati
251-270), thus preventing exogenous XIP binding. Panel B**Ca e conformational changes induced by*Cactivation
binding to its regulatory site dislocates it from the auto-inhibitory and XIP inhibition of the N&Ca* exchanger can be
region and induces an active protein conformation characterized summarized as follows: in the absence of ligand, the
by the folding of some secondary structures into a more CompaCtendogenous XIP domain (aas 25270) binds to the large

configuration, making the XIP binding domain accessible to . S d
exoggnous XIP. Pangl C: When XIP isgadded in the presence of cytoplasmic loopZ5, 55, 56) which inactivates the exchanger

Ca*, an important conformational change occurs with opposite (Figure 4A). C&" binding to its regulatory site (aas 445
effect to that observed upon €aaddition; i.e., the protein adopts ~ 455) leads to the dissociation of the endogenous XIP domain

an unfolded conformation leading to its inhibition. N.B.: The from its binding site (Figure 4B) and to a tertiary structure

rearrangements of the intracellular loop illustrated in panels A, B, change making the protein more compact. At this stage, XIP

and C are solely indicative of changes in teetiary structure of i . A
the protein and must not be taken either as changssdondary addition gives an unfolded conformation inhibiting W@z "

structure or as the actual conformational changes that occur upon€Xchange activity (Figure 4C). This increased accessibility
ligand binding. should not be necessarily interpreted as resulting from the

REGULATORYCa
BINDING DOMAIN —7 %



Na/Ca&" Exchanger Conformational Changes

formation or the opening of a pore-like structure in the 9.
protein, considering that the cytoplasmic loop maké&®0

aas and is located at the extravesicular part. Thus, binding
of exogenous XIP peptide might destabilize this large loop,
leading to an increased accessibility. Accordingly, the tertiary
conformational change of the 120-kDa protein, when inhib-
ited by exogenous XIP, is different from that observed in
the absence of ligand, namely, when the protein is in its auto-
inhibited state. This is not surprising since the XIP peptide,
when externally added, binds to the cytoplasmic loop and
prevents the endogenous XIP domain from inducing the auto-
inhibited conformation 25, 55, 56).

XIP has no effect in the absence of®a@robably because
the XIP binding site is not accessible in the auto-inhibited
state (Figure 4A). Thus, €abinding exposes or structurally
modifies the XIP binding site to allow exogenous XIP
binding. Consequently, XIP binding does not simply depend
on electrostatic interactions between opposite charges, but 18
also involves structural parameters. It follows that XIP and
C&" binding to the protein occurs at different sites in a
noncompetitive manner, €apromoting XIP binding 23,

57).

Infrared dichroism results show the presence.dtelices
having a transmembrane orientation perpendicular to the lipid
bilayer. The other secondary structures did not show any
significant orientation. This is in agreement with a topology
model wherea-helical transmembrane segments and extra-
membranous orderatthelical structures have a preferential
orientation perpendicular to the lipid bilayer.

In conclusion, the secondary structure of the 120-kDa
protein is composed of 39%-helices, 20%5-sheets, 25%
f-turns, and 16% random coils. Comparison of the secondary
structures of the 120- and 70-kDa polypeptides shows that 26.
the COOH-terminal portion of the intracellular loop has little
o-helical structure, in contrast with the Merminal portion.
C&" addition induces the shielding 6f103 aas in the 120-
kDa protein, like in the 70-kDa protein; but, the observed
change concerned different parts of the two proteins. XIP
addition in the presence of €ainduced an unfolded
conformation larger than that seen in the absence of ligand.
No such effects were observed for the 70-kDa protein,
suggesting that XIP inhibition involves the COOH-terminal
region of the cytoplasmic loop. Finally, XIP had no effect
in the absence of G4, indicating that XIP binding has
conformational requirements fulfilled by €abinding, and
that XIP and C& bind separate sites.
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