Biochemistryl1996,35, 12433-12442

12433

Nat—H* and Na—Li* Exchange Are Mediated by the Same Membrane Transport
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ABSTRACT. Na"—H™ exchange is a transport system present in erythrocytes which plays an important
role in the regulation of intracellular pH, cellular volume, and transmembrane ion transpoft-LNa
exchange has received much attention and has been investigated in more detail than have any of the other
ion transport systems, because of its high reproducibility. Both red blood cell (RBC)iaand Na —

Lit exchange are elevated in essential hypertensive patients relative to normotensive individuals. RBC
Na"—Li* exchange may be a mode of operation of"N&*™ exchange. Amiloride and its analogue,
5-(N,N-hexamethylene)amiloride (HMA), are well-known inhibitors of NeH*™ exchange, whereas
phloretin strongly inhibits Na&—Li* exchange. In this study, we tested the effects of amiloride, HMA,
and phloretin on N&—Li* exchange activity in intact RBCs by using atomic absorption. We investigated

by using’Li nuclear magnetic resonance (NMR) spectroscopy the effects of HMA and phloretin inhibition
on Lit efflux across resealedHland Li*-loaded RBC ghosts in the absence and presence of pH gradients.
Amiloride inhibitory activities on both Naand Lit binding to exposed RBC membranes under different

pH conditions were also studied B$Na and’Li NMR relaxation time measurements. We found that
Nat—Li* exchange activity was inhibited by amiloride, HMA, and phloretin in suspensions of intact
RBCs and of resealed RBC ghosts. " lgfflux rates across resealed™Hand Lit-loaded RBC ghosts

were significantly lower when a pH gradient was present, presumably because of the competition between
Li* and H" for transport by the same transport protein. Amiloride had similar inhibitory constants on
both Na and Lit binding to RBC membranes (1024 48 M~! vs 9644 40 M~ at pH 8.0; 731+ 147

M~1vs 716+ 27 Mt at pH 7.0). These results suggest that N&i* exchange and Na-Li* exchange

are mediated by the same RBC membrane transport protein.

Nat—H* exchange occurs in the human body. It is very
important in the regulation of intracellular pH, cellular

volume, and transmembrane ion transport (Nakhoul & Boron,

1988). Na—Li* exchange is observable in human red blood

relate the genetics of Na-Lit countertransport to hyper-
insulinemia and dyslipidemic hypertension (Williams et al.,
1994). H, Li, and Na are in the same group in the periodic
table, and their ions are the only substrates for most of the

cells (RBCs) and has been considered as the most reproduc-monovalent cation transport systems (Jennings et al., 1985).

ible Na" transport pathway in primary hypertension (Hilton,

Therefore, we hypothesized that these two ionic exchange

1986). N&—Li* exchange has been used as a marker of processes are mediated by the same RBC membrane transport

genetic predisposition to primary hypertension in childhood
(Houtman et al., 1993). Both RBC NaH* and RBC Na—

protein.
Amiloride and its analogues, HMA, EIPA, and MIA, are

Li™ exchange rates are higher for hypertensive than for specific N& —H* exchange inhibitors (Kleyman & Cragoe,

normotensive individuals (Semplicini et al., 1989b). *Na

1988), whereas phloretin is a very effective Na.i+t

H* and Na—Li* exchanger genes have been used asexchange inhibitor (Pandey et al., 1978). In sarcolemmal

intermediate phenotypes in linkage studies for the investiga-

tion of genetic factors in essential hypertension (Lifton,
1993). Nda—H* exchange and Na-Li* countertransport
were significantly and positively correlated in RBCs from

vesicles from the bovine superior mesenteric artery;-Na
Ht and Na—Li* exchange are mediated by the same
transport system, as demonstrated by inhibition studies with
EIPA (Kahn et al., 1989). In human RBCs, however;'Na

hypertensive patients with insulin-dependent diabetes mellitusH* exchange, but not Na-Li* countertransport, was

(Semplicini et al., 1989a). Na-H* exchange may also
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1 Abbreviations: RBC, red blood cell; AA, atomic absorption; NMR,
nuclear magnetic resonancg;, spin—Ilattice relaxation time; HMA,
5-(N,N-hexamethylene)amiloride; EIPA, MN{ethyl-N-isopropyl)-
amiloride; MIA, 5-(N-methylN-isobutyl)amiloride; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; TRIS, tris(hydroxymethyl)-
aminomethane; MES, 2¥morpholino]ethanesulfonic acid; MOPS,
3-[N-morpholino]propanesulfonic acid; CWS, choline wash solution;
Vs rate of Na&—Li™ exchange measured by the standard transport
assayVmax and Kp, Kinetic parameters of Na-Li* exchange.

inhibited by amiloride (Kahn, 1987). Inhibitors were
therefore used previously for determination of whether or
not Na"—H* and Na—Li* exchange processes were medi-
ated by the same RBC transport protein. The inhibitory
activities were tested by measurement of the raigg) (f
RBC Na'—H* or Na"—Li* exchange under standard assay
conditions (Canessa et al., 1980, 1992; Kahn, 1987, 1989).
Under the standard assay conditions, the extracellular side
of the RBC membranes was, however, far from being
saturated with Na (Canessa et al., 1992; Rutherford et al.,
1990, 1992). The kinetic parameters of ion exchange
andK,,) are now measured by varying the Neoncentration

in the suspension medium (Rutherford et al., 1990, 1992).
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In our investigation, we studied whether the transport washed at £C with CWS; the osmolarity was 30& 10
inhibitors changed th&n,.x and Ky, values, but noWsy, in mosM. Washed packed RBCs were added to fresh acid-
suspensions of intact human RBCs. loading solution (150 mM KCI, 10 mM glucose, 0.15 mM
Nat—H* and Na—Li+* exchange processes are operational MgCl, 0.1 mM ouabain, 0.01 mM bumetanide, 20 mM Tris-
across the membranes in intact RBCs and in RBC ghosts.MES, pH 6.0, 350 mOsm) at 10% hematocrit and incubated

Hemoglobin is the major nonmembrane protein in these cells. at 37°C for 10 min. We then added 1 mL of acid-loading
Resealed RBC ghosts are devoid of hemoglobin and of othersolution containing DIDS and methazolamide to the cell
factors, but they still maintain most transport characteristics Suspension to lock the intracellular pH. The final concentra-
of native erythrocyte membranes (Klonk & Deuticke, 1992). tion of DIDS was 0.2 mM, and that of methazolamide was
They can be loaded with the required concentrations of ions 0.5 mM. The cell suspension was incubated for an additional
and are ideal models for investigation of ion transport without 30 min. After incubation, the suspension was centrifuged
the interference of hemoglobin and of other factors. In a at 3928 and washed four times at*€ with acid-washing

set of experiments with resealed RBC ghosts, we testedsolution (170 mM KCI, 40 mM sucrose, and 0.15 mM
whether or not there was competition betweeri Nai + and MgCl,) (Canessa, 1989). With this procedure, the intracel-
Na"—H™ exchange processes. By comparing &fflux rates lular pH was 5.8, as determined by measurement of the pH
across H- and Li*-loaded, resealed RBC ghosts induced Of the lysate obtained by addition of 0.2 mL of packed RBCs
by an outside Nagradient in the absence and in the presence to 2.0 mL of double-distilled water and allowing 5 min to
of a pH gradient, we were able to determine whether Li reach equilibrium. We loaded packed RBCs with different
and H' interacted with the same RBC membrane transport intracellular pH values by conducting acid loading in
protein. Both Na—H* and Na—Li* exchange inhibitors, ~ suspension media of various pH values, as described by
HMA and phloretin, were also applied to the'léfflux rate ~ Canessa (1989). Because the RBC volume is dependent on
measurements. The overall rate of ion transport depends orthe intracellular and medium pH, we used hypertonic
the rate of translocation of ions from the cis to the trans solutions in the preparation and washing of acid-loaded RBCs
sides of the RBC membrane and on the rates of uptake and0 prevent cell volume changes from occurring (Canessa,
release of ions from opposite sides of the RBC membrane.1989).

To address the ion-membrane interactions fully, we inves- \We used nystatin, a channel-forming Nselective iono-
tigated the inhibitory activities of amiloride on both Nand phore, to bring the Naconcentration in RBCs to the desired
Li* binding to exposed RBC membranes at two different levels. The procedures used for the preparation of sodium-

pH values. modified RBCs have been reported (Canessa, 1989) and were
followed exactly in this study. The final intracellular Na
EXPERIMENTAL PROCEDURES concentrations were measured by atomic absorption.

) _ ) Preparation of H- and Li*-Loaded Resealed RBC Ghosts

Materials  Choline chloride, glucose, sucrose, MgCl  ppcs were washed three times with CWS. Ice-cold packed
hexahydrate, LiCl, NaCl, dimethyl sulfoxide (DMSO), RpBcs were added to ice-cold hemolyzing medium (5 mM
sodium hydroxide, and dysprosium chloride (DyGhere Tris-MES, pH 6.0, 4 mM MgG}, 21 mM LiCl, 70 + 10
supplied by Aldrich (Milwaukee, WI). 4-(2-Hydroxyethyl)- mosM) at 10% hematocrit. After mixing for 10 min at-Q
1-piperazineethanesulfonic acid (HEPES), tris(hydroxy- °C, the isotonicity was restored to 3@8 10 mOsm by
methyl)aminomethane (Tris), 2fmorpholinojethanesulfon-  4qgition of choline chloride. Subsequent to stirring for an
ic acid (MES), 3-N-morpholino]propanesulfonic acid (MOPS),  aqditional 10 min at 82 °C, the suspensions were incubated
bovine serum albumin (BSA), ouabain, phloretin, bumet- 5. 1 h at 37°C for resealing the ghosts. The pH was
anide, 4,4diisothiocyanatostilbene-2:@isulfonic acid (DIDS),  maintained at 6.0 during the incubation. After incubation,
methazolamide, and the detergent ofiyl-glucopyranoside e light pink ghosts were washed twice with CWS (pH 6.0)
were purc_has_ed from Sigma Chemical Company (_St. Louis, gt 2°c (Bodemann & Passow, 1972; Duhm, et al., 1976).
MO). Amiloride, HMA, EIPA, and MIA were supplied by Preparation of Unsealed RBC Membranes)nsealed
Research Biochemicals International (Natick, MA). Sodium rRc membranes were prepared by lysing of the washed
hydrogen thulium 1,4,7,10-tetraazacyclododedaié;N"',N"’'- packed RBCs with 5 mM HEPES buffer, pH 8.0. The
tetramethylenephosphonate sodium chloridefemDOTP  mempranes were washed three more times with buffer and
3NacCl) was purchased from Magnetic Resonance SOIUt'onScentrifuged at 51 94pat 4 °C until the membranes were
(Dallas, TX). The protein assay dye reagent was obtainedg|e white (Steck & Kant, 1974). The desired pH values of
from Bio-Rad Chemical Co. Fresh-packed RBCs were the membrane suspensions were obtained by washing of the
supplied from a blood bank (Chicago Chapter of Life hembranes with 10 mM Tris-MES or Tris-MOPS; the pH
Source). was adjusted with Tris-MES- or Tris-MOPS-buffered solu-

Preparation of Li-Loaded RBCs Washed and packed tjons.
RBCs were added to a lithium-loading solution (150 mM  Determination of Protein ConcentratioriThe membrane
LiCl, 10 mM glucose, and 10 mM HEPES, pH 7.4) at 10% protein concentration was measured by the Bradford assay
hematocrit and incubated at 3C for 3 h. After incubation, (Bollag & Edelstein, 1991) with the detergent hex3tb-
extracellular L was removed from the Liloaded RBCs  glucopyranoside or octyl-p-glucopyranoside (Fanger, 1987)
by washing four times with choline wash solution (CWS) at 595 nm on an IBM UV/vis 9420 or on a JASCO model
containing 112 mM choline chloride, 80 mM sucrose, 10 V-500 UV/vis spectrophotometer. (8. of membranes was
mM glucose, and 10 mM HEPES, pH 7.4 (Canessa et al., added to 4% of 5 mM HEPES solution, pH 8.0, containing
1980, 1989). 10 uL 50% detergent, and the resulting solution was

Preparation of Acid-Loaded and of Sodium-Modified incubated for 5 min at room temperature. Then 2.5 mL of
RBCs RBCs were packed by centrifugation at 3§2hd dye reagent, which was purchased from Bio-Rad Chemical
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Co., was diluted with 4-fold deionized water and added to [Li 10w = Agudli T14(AL1 — HY)) (4)
the membrane suspension. The dye reagent was filtered o !

through Whatman No. 1 paper before being added to thehereA,, is the peak area under the extracellular NMR
membrane suspension. ) resonance, [Ui]s and As are the known concentration and

NMR, AA, and Hematocrit MeasurementSNa and’Li peak area, respectively, of a standard kblution, which
measurements were obtained at 79.4 and 116.5 MHz,\ere measured separately, and Ht is the hematocrit. Li
respectively, on a Varian VXR-300 NMR spectrometer. The efflux rates were obtained from the equation
instrument was equipped with 10 mm multinuclear probes
and a variable temperature unit. All NMR experiments were rate= slope(1— Ht)/Ht (5)
conducted under identical gain settingdNa NMR spectra ]
were recorded at 37C at a flip angle of 60 (20 us) and where “slope” den_otes the slope of the time dependence of
with an acquisition time of 0.94 s, a delay of 0.3 s, a spectral the extracellular LT concentration.
width of 15974.4 Hz, and 95 transients, without spinning. _ Calculation of Obsered Na" and Li* Binding Constants
7Li NMR spectra for Li" efflux across resealed RBC ghosts The observed®Na or ’Li T, values measured with RBC
were obtained at 37C at a flip angle of 60 (18 us), an membrane suspensions represent the weighted average pf free
acquisition time of 0.981 s, a delay of 30 s, a spectral width @nd bound Naor Li* ions; these values are thus sensitive
of 4500.5 Hz, and 29 transients, with 10 Hz spinning. No Fo ion binding _to the RBC membrane ano_l t<_)tal intracellular
significant sedimentation was observed in our samples iOn concentrations. Free and bound™aLi* ions undergo
without spinning or with the low spinning rate used in some €xchange which is represented by a time-averaged expres-
of our measurements. We obtairiBcandT, values by using ~ SIONn:
the inversion recovery and the CafPurcel--Meiboom-

Gill pulse sequences, respectively (Gadian, 1982); the errors
involved in theT; andT, measurements reported in this study
are within 10%, which is standard for this type of measure-
ments.

Li* and N& absorptions were measured at 670.8 and 589.0
nm, respectively, on a Perkin Elmer 5000 spectrophotometer
equipped with a flame source and a graphite furnace. The
fuel and oxidant were acetylene and compressed air, respec
tively. Hematocrit measurements were obtained with a
microcentrifuge (IEC, model MB IM116). 1 1

Calculation of RBC Na—Li* Exchange RatesThe Lit- =Kp {[BI(Rip — Ry} ~+
loaded RBCs were suspended at 10% hematocrit in six media IMT{[BI(Ry, — Ry} * (7)
containing 150, 100, 70, 40, 20, and 0 mM NacCl that were
made isotonic with choline chloride and also contained 10 whereR;qps Rir, andRy, are the observed, free, and bound
mM glucose, 0.1 mM ouabain, and 10 mM HEPES, pH 7.4. relaxation rates of M ions in RBC membrane suspension,
Aliquots were taken every 20 min from each of the Li-loaded X; andX, are the mole fractions of free and bound NIM*]
RBC suspensions and centrifuged at 1043 1.5 min at and [B] are the total concentrations of'Nand of membrane
4°C. The supernatants were collected and analyzed by AA. binding sites, ank, is the binding constant of the metal

Riops= (1/T1) = Rye X; + Ry X, (6)

James and Noggle (1969) introduced graphic methods for
calculating metal ion binding constants which express the
interactions between metal ions and cell membranes and
assume one-to-one stoichiometry for binding at a microscopic
level when [B]< [MT]:

ZAR = (Rlobs_ le)_l

The kinetic parameters of NaLi* exchang&/si, Vimax and ion to the RBC membrane, respectively.
Km were obtained from the following equations (Canessa et  Calculation of Actual Na Binding Constants A series
al., 1980; Rutherford et al., 1990): of 7Li T, values were measured for unsealed RBC membrane
suspensions containing varying concentrations of biad
V = slop&,c(1 — Htyae)/Hinae — titrated with increasing Lfi concentrations. Apparent Li
slop&gind 1 — Htcngind/Htcnotine (1) binding constant¥,;?*", to unsealed RBC membranes were
@hoind croind/Hlcroine obtained from JameaNoggle plots (James & Noggle, 1969).
_ Because Naand Lit bind competitively to RBC mem-
Vstd - V([Na1+]=150 mM) V([Choline]=150 mM) (2 b Y

branes, the Ui binding constantK;, and the actual Na
binding constantna) Were determined from the following

IN = K/ (VipeNa']) + 1V, () equation:
where slopgaci and slopenoine represent the slopes of the 1K %= (1 + KyofNa 1/Ky (8)
time dependencies of the extracellular” ldoncentrations
measured in NaCl and choline chloride, respectively. The observed Nabinding constants to the same mem-

Calculation of Lit Efflux Rates across H and Li*-Loaded brane preparations were calculated from the obsefi¢a
Resealed RBC Ghostd.i*-loaded resealed RBC ghosts at T; values for the membrane suspensions titrated withh Na
20% hematocrit were added to a NaCl medium containing at increasing concentrations by Jamé®ggle plots (James
120 mM NacCl, 10 mM glucose, 0.1 mM ouabain, 3 mM & Noggle, 1969).

NaH, TmDOTP3NaCl, 10 mM Tris-MES for pH 6.0, or The correction factor, which is the ratio of the actual'Na
10 mM Tris-MOPS for pH 8.0, with or without 0.1 mM  binding constant to the observed Nainding constant, was
phloretin or 0.1 mM HMA. "Li NMR measurements were  calculated from the equation

made every 15 min. Extracellularticoncentrations were

calculated from the following equation: r= KNa(a{KNa(o) )
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Table 1: Nd—Lit Exchange Rates [in mmol of tA(L of RBCs h)] and Na Dissociation Constants (in mM) in the Presence and in the

Absence of Inhibitors

without inhibitor

with 0.1 mM amiloride

with 0.1 mM HMA with 0.1 mM phloretin

Ve 0.19+ 0.03 0.18+ 0.02 (0.60)
Vinax 0.34+ 0.05 0.23+ 0.01 (0.04)
Km 117+ 13 69+ 32 (0.12)

0.19t 0.05 (0.89) 0.079 0.014 (0.01)
0.2GE 0.03 (0.03) 0.1G 0.01 (0.03)
48+ 17 (0.01) 45+ 13 (0.01)

a2 The kinetic parameters listed in the table were generated from measurements conducted on three separately prepared samples from the same
blood batch. The values in parentheses arepthialues that were calculated from a Student’s patrbt. p < 0.05 was considered to indicate

significance.

Calculation of Inhibitor Binding ConstantsThe inhibitory
activity of amiloride for Nd& or Li* binding to RBC

which is an NaH* exchange inhibitor, and phloretin, which
is an Na—Lit exchange inhibitor, inhibited Na-Li*

membranes was determined by calculation of the amiloride exchange activity in intact RBCs.
binding constants to RBC membrane suspensions containing | j+ Efflux across H- and Li*-Loaded Resealed RBC

either N& or Li™. The kinetic behavior of amiloride as a

Ghosts The pH inside the ghosts was 6.0. When the H

competitive inhibitor (Potts, 1994) can be expressed by the gnd Li*-loaded, resealed RBC ghosts were suspended in the

equation

1K *P = (1 + K [Ami])/ Ky, (20)
where Ky is the apparent binding constant of the metal
ion M*, Ky is the metal ion binding constant, [Ami] is the
amiloride concentration, andam is the amiloride binding
constant. The apparent Nar Li* binding constants to
unsealed RBC membranes were calculated from James

NaCl medium at pH 8.0, a pH gradient was present. Both
Li* and Hf came out of the ghosts and exchanged with
extracellular N4, indicating that Na—Li* and Na—H* ex-
change occurred simultaneously. As seen in Figuré.il,
NMR spectra showed that ticame out more slowly when
Nat—H* exchange occurred at the same time, with or
without inhibitors. Both HMA and phloretin decreased Li
efflux. The Li* efflux rates were calculated and are listed
in Table 2. Lit efflux rates across the resealeti-tnd Li*-

Noggle plots (James & Noggle, 1969) from the observed loaded RBC ghosts were significantly lower in the presence

2Na or “Li T; values in RBC membrane suspensions
containing varying concentration of amiloride, and titrated
with increasing concentrations of either Nar Li.

Because Li is 100% visible by’Li NMR, we used the
apparent LT binding constants directly in eq 10 to generate
the amiloride binding constants. In contrast,"Nia not
100% visible by**Na NMR (vide infra). The apparent Na
binding constants were corrected by multiplication with the

of a pH gradient than in its absence [048).09 vs 0.8+
0.09 without inhibitors; 0.28: 0.05 vs 0.49+ 0.08 with

0.1 mM HMA; 0.254 0.04 vs 0.414+ 0.06 mmol of Lit/(L

cell h) with phloretin;p < 0.03,n = 3], presumably because
of the competition between tiand Hf ions for transport
by the same transport protein. HMA significantly decreased
the Lit efflux rates [0.49+ 0.08 vs 0.81+ 0.09 in the
absence of a pH gradient; 0.280.05 vs 0.48+ 0.09 mmol

corresponding correction factors obtained from the curve of Li*/(L cell h) in the presence of a pH gradiepts< 0.05,

shown in Figure 4. We used the corrected*Nanding

n = 3]. Phloretin also significantly decreasedtLeéfflux

constants to calculate the amiloride binding constants to therates [0.41+ 0.06 vs 0.814 0.09 in the absence of a pH

RBC membranes in the presence of"Na using eq 10.
Statistical analyses were obtained by Student’s paitest

gradient; 0.25+ 0.04 vs 0.4 0.06 mmol of Li/(L ghosts
h) in the presence of a pH gradiept;< 0.05,n = 3].

because the experiments were conducted under the same 23Na NMR spectra were also obtained for the six RBC
conditions except for the presence and absence of inhibitors.ghost samples corresponding to theNMR spectra shown

RESULTS

Na"—Li* RBC Exchange in Intact RBCSable 1 shows
the Na—Li* exchange rates and the Nalissociation

in Figure 1 (data not shown); in all cases, the areas of the
intraghost*®Na NMR resonances increased, indicating that
the area changes shown in Figure 1 are primarily due to the
Nat—Li*™ exchange processes and not to ion leakage from

constants in intact RBCs in the presence and absence ofRBC ghosts during the course of transport measurements.

inhibitors as measured by AA spectroscopy, and the corre-

sponding statistical analysis. Amiloride had a significant
effect oNViax [0.23 4 0.01 vs 0.34+ 0.05 mmol of Lif/(L
cell h); p = 0.04,n = 3], but had no significant effects on
Vs OF K. HMA had significant effects oiVmax and Kp,
[Vimax and Ky, were 0.204+ 0.03 mmol of Lit/(L cell h) and
48 + 17 mM with HMA vs 0.34+ 0.05 mmol of Lif/(L
cell h), and 114 13 mM without inhibitorsjp < 0.03,n=
3], but had no significant effect oWss Phloretin had
significant effects 0Vst, Vimax andKm [Vsid, Vimax andKpy,
were 0.079+ 0.014, 0.104+ 0.01 mmol of Lit/(L cell h),
and 45+ 13 mM with phloretin vs 0.19+ 0.04, 0.34+
0.05 mmol of Lit/(L cell h), and 1174+ 13 mM without
inhibitors; p < 0.03,n = 3].

From Table 1, one can see that HMA, an amiloride
analogue, is more effective than amiloride. Both HMA,

2’Na NMR Relaxation Measurements in Acid-Loaded and
Na-Modified Cells We conducted®Na NMR T; and T
relaxation measurements with packed acid-loaded RBCs with
different intracellular pH values (Figure 2). When the
intracellular pH decreased, th&Na T, and T, values
increased becausetHcompeted with Na for the same
binding sites in acid-loaded RBCs. THe values were
significantly smaller than thel; values, indicating that
23Na NMR relaxation values are sensitive to™Nainding in
RBCs. The changes fiiNa NMR relaxation values observed
for acid-loaded RBCs are not due to fluctuations in RBC
volume because the hypertonic solutions used prevent cell
volume changes from occurring (see Experimental Proce-
dures). By varying the total intracellular Naoncentration
and the oxygenation state of hemoglobin in acid-loaded
RBCs (data not shown), we found that the pH-induced
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Ficure 1: 7Li NMR spectra of Li* efflux across Li-loaded ghosts suspended in 120 mM NaCl medium. The acquisitions were accumulated
every 15 min; the spectra shown represent the midpoints of the acquisitions at 7.5, 37.5, 67.5, 97.5, and 187.5 min. The pH inside the
resealed ghosts was 6.0 in all samples. The pH outside the resealed ghosts was 6.0 for spectrum whtreas the pH value outside

of the resealed ghosts was 8.0 for spectrum sefs dNo inhibitor was present in the NaCl media for spectrum sets a and d. For spectrum
sets b and e, the suspension medium contained 0.1 mM HMA, whereas for spectrum sets ¢ and f, 0.1 mM phloretin was present.

Table 2: Li* Efflux Rates [in mmol of L¥/(L of Ghosts h)] across (Student's pair(?d-tgst,p < 0.05). A similar pH dependence
H*- and Li*-Loaded Resealed RBC Ghosts in NaCl Medium with ~ Was observed ifLi T; values for RBC membrane suspen-
and without Inhibitor3 sions containing 3 mM LiCl (data not shown). Whereas the
pHowt  Without inhibitor with 0.1 mM HMA  with 0.1 mM phloretin percentage change in tA#8a T, values measured in RBC
6.0 081t 009 0.49+ 0.08 0.41+ 0.06 membrane suspensions containing NaCl (but no LiCl) was
8.0 0.48+ 0.09 0.28+ 0.05 0.25+ 0.04 of the order of 20% in the pH range studied, the correspond-
aThe composition of the NaCl media was 120 mM NaCl, 10 mm N9 percentage change for the Tl_value_s measgred in RBC
glucose, 0.1 mM ouabain, 3 mM k& TmDOTP3NaCl, and either membrane suspensions containing LiCl was in the range of
10 mM Tris-MES for pH 6.0 or 10 mM Tris-MOPS for pH 8.0. The  40% to 50%.
hematocrit and the intracellular pHvalues were 20% and 6.0, s T
respectively, for all samples. W ’ Na" Visibility in the RBC MembranesThe visibility of
the 2Na NMR resonance in RBC membrane suspensions
was determined by comparison of the signal intensities of
Na' in RBC membranes with those in water solutions at the

changes if®Na NMR relaxation time values shown in Figure

2 are not associated either with variations in intracellular !
Na* concentration or with the magnetic properties of same Nd concentrations. Table 3 shows the results of two

hemoglobin. trials for the Nd visibility and the?*Na T; values in RBC
Nat, Li*, and HF Interactions with Exposed RBC Mem- membranes without and with 150 mM LiCl present. When
branes As shown in Figure 323Na T, relaxation times ~ No LiClwas present, th&Na NMR resonance was not 100%

increased as the pH decreased in RBC membrane suspensionésible. The lower the Na concentration, the lower the
with or without LiCl. For the same pH values, th¥a T, visibility. The 2Na T, values at lower N& concentrations
relaxation times were larger in the presence of 3 mM LiCl were lower than the freéNa T, value when no LiCl was
than in its absence; the observed increas@®NaT, values ~ Ppresent. Upon addition of 150 mM LiCl, théNaT, values
are not due to dilution because a small volumegLpfrom were close to the fre&Na T; value, and Na was almost

a 0.5 M LiCl stock solution was added to 2.5 mL of a fully visible at any Nd concentration. The small decrease
suspension of RBC membranes. PAda T, data shown in in the visibility of the?®Na NMR resonance observed in RBC
Figure 3 are representative of two RBC membrane suspen-membrane suspensions containing 150 mM LiCl and high
sions obtained from the same blood batch; for both samples,concentrations of NaCl (Table 3) is presumably associated
the 2Na T, values were significantly larger in the presence with competition between Naand Li* binding to RBC

of 3 mM LiCl than in its absence for every pH value studied membranes under these conditions.
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40+ Table 3: Visibility of the?®Na Resonance arfdNa T; Values in
38 RBC Membrane Suspensiéns
membranes without LICI membranes with 150 mM LiCl
m 36 [Nar)/mM visibility (%) T.(ms) visibility (%) T1(ms)
£ 344 4 528404 39.9+3.0 100+3.0 61.4+ 1.0
- 12 78.6+0.5 46.9+-2.0 99.8+50 62.5+20
[ o 30 {1 20 95.2+ 3.2 50.5£ 0.6 96.0+ 5.6 63.8+ 2.0
500 91.6+2.8 65.1+04 924+21  65.3+0.2
304 @ The values shown are the average of the values obtained from two
A separate experiments conducted with RBC membranes obtained from
28 T —T T T — the same blood batch. The errors shown indicate the range of values
5.0 5.5 6.0 6.5 7.0 7.5 obtained.
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5.0 5.5 6.0 6.5 7.0 7.5 FicUrRe 4: Correction factors, as defined by eq 9, for'Nanding
H constants to RBC membranes. The pH value wasty@®2, and
P the protein concentration was 6.311.70 mg/mL for all membrane
Ficure 2: pH dependence 8MNaT; (A) and of*NaT, (B) values samples.
for packed acid-loaded RBCs. the correction factors to correct the observed Nainding
58— constantsKna() and then to calculate the amiloride binding
) constants shown below to RBC membrane suspensions
54 containing Na.
50 Inhibitory Effects of Amiloride and Its Analogues and of
2 a6 Phloretin on N& and Li* Binding to RBC Membrane3he
= inhibitory effects of amiloride and its analogues, EIPA,
=42 HMA, and MIA, on both N& and Li* interacting with RBC
38 membranes were tested by measurementSNd and’Li
34 T, values. All of these inhibitors increased both ftida
and the’Li T, values by inhibiting both Naand Li* binding
3054 s 62 o6 70 74 78 82 &6 to the RBC membranes (data not shown). HMA had the
’ ' ' ’ ’ ' ‘ ' : highest inhibition activity; the effects of all inhibitors were,
pH however, of the same order of magnitude.
Ficure 3: pH dependence @fNa T, relaxation times. NacCl at 3 Figure 5 shows®Na and’Li T, measurements in RBC

mM was added to each membrane sample prior to measurement oinembrane suspensions containing increasing concentrations
the 2Na T, values (squares). After these measurements, 3 mM of Na' or Li* in the presence of various concentrations of

LiCl was added from a 0.5 M LiCl stock solution to the same gmiloride (0, 0.5, 1.0, 1.5, 2.0, and 2.5 mM). For a given
membrane samples and tiéNa T, values were remeasured I ’ 2 7
amiloride concentration, th&Na or the ’Li T, values

(triangles). The protein concentration in the membrane samples® . . L
before and after addition of LiCl was 6.58 0.80 mg/mL. increased as the Naor the Lit concentrations increased.

For the same Naor Li™ concentrations, as the amiloride

Because Na was not 100% visible by*Na NMR, the concentration increased, both #ila and the'Li T, values
Na' binding constants generated from the obsersid T; increased. The percentage change®iita T; values upon
values by use of Jame#loggle plots are not the actual Na  addition of amiloride were smaller than those observed for
binding constants. We measured the T, relaxation times Li Ty values, presumably because*Nzinds more weakly
with increasing Lt concentrations in the presence of various to the RBC membrane than does l(Canessa et al., 1988).
concentrations of Na(data not shown). Because Nand Although phloretin at 6.0 mM increased thei T; values
Li* bind competitively to RBC membranes, the actualfNa of Lit-treated RBC membrane suspensions by 32%, it
binding constantna@ was calculated from eq 8. Tlh&ae) showed no significant effect on té&Na T, values in N&-
value was 618 M! (r2 = 0.94). By using®Na NMR with treated RBC membranes (data not shown). Phloretin is a
the same membrane preparation, we calculated the observettansport inhibitor which is not as specific as amiloride for
Na' binding constantKnae), from eq 7 and found it to be  Na"—H" exchange, and it presumably binds more weakly
254 Mt (r> = 0.98). We used five batches of blood to to the RBC membrane than does amiloride, resulting in no
obtain the correction curve shown in Figure 4. We used appreciable effect on the weakly bound*Na
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the pH value was 8.0. The errors in ftigmeasurements are within
10%.
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Ficure 6: Amiloride inhibitory activities on Na and Li* binding

to RBC membranes. Squaré§ag, pH 7.0; trianglesKnaay pH
8.0; dots,Kyj, pH 7.0; diamondsKy;, pH 8.0.

In the absence of RBC membrane, fiiNa T; (70 + 2
ms) and the'Li T; (21 4+ 1 s) values were the same in the
absence or presence of 6.0 mM amiloride or of 6.0 mM
phloretin, indicating that there was no specific interaction
between N& or Li*t and amiloride or phloretin.

The?Na Tyree) values for calculation of the apparentNa
binding constants at pH 7.0 and pH 8.0 were 6£1.8
and 65.8+ 0.4 ms, respectively. Th&i Tyee) values for
calculating the Lt binding constants at pH 7.0 and pH 8.0
were 20.6+ 0.9 and 21.Gt 0.9 s, respectively. From each
James-Noggle plot, we calculated the Naand the LI
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factors from the curve in Figure 4. At both pH values of
7.0 and 8.0, both the Naand the Li binding constants
decreased when the amiloride concentration increased, as
shown in Figure 6.

The amiloride binding constants to RBC membranes with
Nat present were 73% 147 M (meand- range);n = 2 at
pH 7.0, and 1024 48 M™% n = 2 at pH 8.0. With Li
present, the amiloride binding constants were F1&7 M™1;
n=2atpH 7.0, and 964 40 M™%, n= 2 at pH 8.0. The
amiloride binding constants calculated from eithertNa
Li* binding studies in RBC membrane suspensions were
larger at pH 8.0 than at pH 7.0. For the two pH values
studied, the average values of the amiloride inhibition
constants to RBC membranes (obtained from duplicate
membrane preparations) with either Nar Li*™ present in
the suspension media were similar. Amiloride therefore has
similar inhibitory effects on binding of both Naand Li* to
RBC membranes.

DISCUSSION

The osmolarity inside normal red blood cells is 290 mosM.
To maintain the cells intact in the process of transport
experiments, one has to maintain the osmolarities in the
media at 300+ 10 mosM. Therefore, the highest Na
concentration that could be used in the suspension media
was 150 mM. Prior to 1990, the maximal rates oftNa
Li* exchange in human RBCs were generally assayed by
subtraction of the Li efflux rates of Li*-loaded RBCs in
an Na-free medium from the rates in 150 mM NaCl medium
(Canessa et al., 1980). Mechanistic studies of RBEC-Na
Li* exchange have indicated that the RBC membrane
transport protein is asymmetric, with higher Nand Li"
affinities on the intracellular than on the extracellular side
of the membrane (Hannert & Garay, 1986; Sarkadi et al.,
1978). The dissociation constanks,{ for extracellular N&
are, at least for some individuals, of the same order of
magnitude as the extracellular Neoncentration (140 mmol/

L) used in the standard transport assay, suggesting that the
RBC Na'—Li* exchange protein is far from saturated with
Na' on the extracellular side of the RBC membrane. The
rates under standard transport assay conditions may not,
therefore, be maximal rates of RBC NaLi* exchange;
variations in N& affinity (Kn,) and maximal velocity {may)

could change the observed rates. Only by varying thé Na
concentration in an isotonic suspension medium can one
measure the true kinetic parameters of RBCTNhi+t
exchange (Aronson, 1990; Rutherford et al., 1990, 1992).

It was reported that amiloride had no effect on™Na.i*
exchange in human intact RBCs (Carr et al., 1988; Kahn,
1987). However, the inhibitory effects of amiloride and its
analogues were reported only for the standard rates 6f-Na
Li* exchange. There have been no reports about the effects
of amiloride onVnax and Ky, As was noted in previous
studies, we found that amiloride and HMA at 0.1 mM
concentration had no significant effects on Wg values;
we noted, however, that amiloride significantly decreased
the Vimax Value and that HMA had significant effects on both
Vmax @andKy, values (Table 1). HMA had greater inhibitory

binding constants at each amiloride concentration by using effects than did amiloride, in agreement with previous reports

eq 7. The N& binding constants were actual Nainding
constants which we obtained by multiplying the observed
Na" binding constants by the corresponding correction

(Kleyman & Cragoe, 1988; Simchowitz & Cragoe, 1986).
Gende and Cingolani (1993) found that EIPA blocked the
exchanges of Ll or Na" with H". They also found that



12440 Biochemistry, Vol. 35, No. 38, 1996

thrombin, an activator of Na-H™ exchange, could stimulate
Lit as well as N&a exchange (Gende & Cingolani, 1993).
All of these results suggest that the N&Li™ exchange
protein is very likely to be the same as the Nad™*
exchange protein.

Measurements of Lli movements across resealed RBC
ghosts, and not through intact RBCs, simplify the study of
RBC transport proteins. If Na-H* and Na—Li* exchange

Chi et al.

opposite sides of the RBC membrane depend mainly on the
interactions between ions and the RBC membranes. Expo-
sure of white ghosts (exposed RBC membranes) to ions
makes it possible to test these interactions directly. There
are two states in which ions can exist in biological systems:
in free motion or in slow motion. NMRT; relaxation

measurements, in particular, provide information about
molecular motions. The more ions are bound to the

are mediated by the same transport protein, one would expectnembranes, the lower thig value. As shown in Figure 3,
that they would compete against each other for interaction the 22Na T; values increased as the pH decreased in either
with the same membrane transport protein. The observedthe presence or the absence of 3 mM LICl. Similar trends

Lit efflux rates were significantly lower when*Hefflux
occurred simultaneously with and without inhibitors (Figure
1 and Table 2). This means that tland Li* competed for

in pH dependence were observed hy T; measurements
with RBC membrane suspensions containing 3 mM LiCl.
H* replaced Na (or Li*) in binding to the membranes and

binding to the same membrane protein to be transported outleft more free Na (or Li*). The lower the pH, the larger
of the ghosts. Previous studies on interactions of lithium the fraction of free N&a (or Li*). For the same pH values,

and protons with the sodiurproton exchanger in intact
RBCs indicated that lithium behaved like protons (Parker,
1986). Both Li" and H" can stimulate N&—H* exchange
when they are loaded inside cells, and they can inhibit-Na

the 2°Na T; values were larger in the presence of lthan
its absence, becausefLoccupied most membrane-binding
sites, leaving more free Nain the suspension medium.
Because Na binds more weakly than does Lito RBC

H* exchange when they are added to the exterior of the cellsmembranes (Canessa et al., 1988), the pH-induced changes

(Parker, 1986).
Phloretin significantly decreased thefLéfflux rates no

in 2Na NMR relaxation times were, not surprisingly, smaller
than those observed fdti. From the data in Figure 3, we

matter whether or not there was a pH gradient (Figure 1 andcan conclude that H Li*, and N& competed among each

Table 2); this observation is consistent with previous work
(Pandey et al., 1978). HMA, which is a specific NaH™"
exchange inhibitor, also significantly inhibited *Liefflux

other for binding to RBC membranes. Because the pH-
induced changes in tiféNa and’Li NMR relaxation values
were observed both in acid-loaded packed RBCs (Figure 2)

across resealed RBC ghosts. This result is in agreement withand in RBC membrane suspensions (Figure 3), we conclude

the inhibitory effect of HMA on Na—Li* exchange in intact
RBCs and, furthermore, suggests that'Nai*™ exchange

that one can use NMR relaxation measurements to understand
the competition between Nar Li* and Hf for binding sites

and Na—H™ exchange are mediated by the same membranein the human RBC membrane.

protein. In our ghost experiments (Figure 1 and Table 2),

intraghost LI exchanges with extraghost Nim the medium;
the inhibitors HMA and phloretin are present primarily in

It has been shown that lithium is 100% visible’/in NMR
experiments on RBC suspensions by comparing the mea-
surements of intracellular lithium concentrations with both

the medium. When a pH gradient was present, the competi-atomic absorption and NMR methods (Mota de Freitas et

tion between intraghost Hand Lit was presumably larger

al., 1990). In intact human RBCs, however, the visibility

than the differences in the binding activities of the extraghost of the 2Na” NMR resonance is only 75% (Nissen et al.,

inhibitors at different pH values.

1989). In RBC membrane supensions, the visibility of the

By using resealed RBC ghosts, one can avoid binding of NMR resonance increased as the'ldancentration increased

hemoglobin to H and alkali metal ions, such as*Land

(Table 3). The lower the Naconcentration, the lower the

Na". However, the membrane constituents might change visibility. Sodium is a quadrupolar nucleus with a nuclear
during the preparation, especially in the process of hemolysis.spin of %,, which is typically under conditions of extreme
Although no lipids are lost during the preparation of resealed narrowing (Bull, 1972). When sodium ions are exposed to
ghosts, a considerable structural change occurs (SchwoctRBC membrane suspensions, the ions experience two states

& Passow, 1973). The fluidity of the phospholipid bilayer

of motion and undergo exchange between two sites, free and

also changes. Some enzymes and enzyme activities mighbound. One site is the hydrated ion in agqueous solution
be lost during the preparation. By keeping the osmolarity which is under the extreme narrowing condition and is called

in the range of 6680 mosM, one can retain most of the

the narrow component, and the other site is the membranous

enzymes and the enzyme activities (Schwoch & Passow,peptide binding site which is not under the extreme narrowing

1973). lonic strength and pH also affect the loss of

condition and is called the broad component (Bull, 1972;

membrane proteins and their structures (Bodemann & Urry et al., 1989).
Passow, 1972; Schwoch & Passow, 1973). To remove most The visibility of the 2Na signal is also dependent on
of the hemoglobin and keep the membranes resealable, onénstrumental parameters (Pekar and Leigh, 1986). Under our

must maintain the temperature at®°C during hemolysis.
However, resealed RBC ghosts still contain primary cell

experimental conditions, the sum of the pulse width 42y
with the preacquisition delay and offset parameter&0

membranes and maintain most of the characteristics of theus) andR of 2 (10us) is small compared with the relaxation

native erythrocyte membranes (Klonk & Deuticke, 1992).

time Ty (of the order of 20Qus); we may, however, have

Despite these sample limitations, the data that we report hereost signal from the early part of the free induction decay.
for Li* efflux across resealed RBC ghosts still provide strong The observed values are therefore dominated by fhig

evidence that Na—H* exchange and Na-Li* exchange
are mediated by the same membrane protein.

values, which, in turn, are weighted averages of the values
for free and bound Na(Bull, 1972; Urry et al., 1989). The

The rate of translocation of ions from the cis to the trans observed increases ify values after addition of 150 mM
sides of membranes, and the rates of uptake and release frorhiCl confirmed the release of bound sodium (Table 3). Once
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the bound sodium was released by lithium, sodium was is higher at pH 7.0 than at pH 8.0. Amiloride is a weak
almost 100% visible by*Na NMR spectroscopy. base, and only its protonated form can interact with the
We generated a correction curve in fgy) range 156 membrane protein (Kleyman & Cragoe, 1988). Therefore,
260 M (Figure 4). For lower binding constants, the the lower the pH, the higher the inhibitory activity.
correction factors were close to 1.0, and the actual Na  Kam is @ measure of the interaction between amiloride
binding constants were close to the observed values of theand the RBC membrane exchange protein. We (see Results)
Na" binding constants. The interactions between [dad and others (Canessa et al., 1988) found that biads more
the membranes were weak at the lower binding constants,weakly than does Lito RBC membranes. No matter how
and there was a large fraction of free sodium. For larger strongly or weakly N& or Li* ions bind to the RBC
binding constants, however, the correction factors were membrane protein, if they bind to the same prot&igyina)
significantly greater than 1.0 because of the larger fraction and Kamiijy are expected to be the same, as found in this
of invisible bound N&. study. Amiloride had the same inhibitory effects on both
Amiloride is a weak base with & value of 8.7 (Kleyman Nat and Li* binding to the RBC membranes, once again
& Cragoe, 1988). Much work has been done on the suggesting that Na-Li* exchange and Na-H* exchange
inhibitory effects of amiloride analogues on NaH* are mediated by the same RBC membrane protein.
exchange in intact RBCs (Kleyman & Cragoe, 1988; The amiloride binding constants to the exposed RBC
Simchowitz & Cragoe, 1986; Vigne et al., 1983). Studies membranes at pH 7.0 and 8.0 are much lower than the
on structure-activity relationships of amiloride analogues reciprocal of the amiloride appareit values for NA—H"
indicated that the guanidinium moiety of amiloride is the exchange in intact RBCs. Several reasons can explain this
active group that recognizes and binds to the ltansport difference. Amiloride is known to have a high blockage
site of the exchanger (Simchowitz & Cragoe, 1986). In- effect when it is applied to the outer face of membranes but
creasing the number of carbon atoms in the alkyl chain at has no effect when it is applied to the inner face (Small &
the 5-N position increased the activity (Simchowitz & Morris, 1995). When amiloride was applied to both sides
Cragoe, 1986). The inhibitory activity can be ascertained of the membranes, the inhibitory effect must have been lower
from the apparenk, value. Thus, the lower the apparent than the effect when it was applied to only the outside of
K, the higher the activity. For Na-H* exchange inintact the membranes. Although RBC membranes maintain the
RBCs, the apparer, values of amiloride, HMA, EIPA, characteristics of the native erythrocyte membranes, the
and MIA are 83.8, 0.16, 0.38, and 0.44M, respectively Nat—H* and Na—Li* exchange proteins might change in
(Kleyman & Cragoe, 1988; Simchowitz & Cragoe, 1986). amount and structure after lysis from intact RBCs. The
In this study, we measured botfNa and’Li T, values distribution, the amount, and the structure of the protein in
with varied concentrations of these inhibitors (data not the exposed membranes might be different from that in intact
shown). All of these inhibitors decreased the interaction of RBCs, resulting in different inhibitory effects for amiloride.
Na* with the membranes, in agreement with a recent report The amiloride inhibitory activity also varies from one to
(Spruth et al., 1995) which showed that amiloride derivatives another isoform of the Na-H* exchanger. For example,
and N& compete for a common binding site. We also found the 50% inhibition concentration values for amiloride and
that all of these inhibitors inhibited the interaction of'Li  EIPA of the NHE mutant are significantly larger than that
with the membranes. The effects of these inhibitors were of the wild type NHE1 (Wang et al., 1995).
of the same order of magnitude, although HMA had the
highest effect. Because of its availability, we chose amiloride ACKNOWLEDGMENT
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