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Summary. To analyze the effects of Ca’*-mediated membrane
protein changes on the membrane function, we have studied the
SO self-exchange and amino acid transport in human erythro-
cytes after loading them with Ca?* with the help of ionophore
A23187. The SO3 self-exchange is inhibited by 20~30% by load-
ing the erythrocytes with 25 uM to 0.5 mm Ca?*. The extent of
this inhibition is almost doubled (50-60%) by increasing the Ca?*
loading concentration to 1.5 mM. This additional effect of 1.5 mmM
Ca? is not correlated with the Ca?*-induced ATP depletion or
membrane protein degradation, but is caused by the transglu-
taminase-catalyzed membrane protein crosslinking. Like the
S0%” self-exchange, 1-alanine and L-cysteine uptakes are also
inhibited in Ca?*-loaded cells. However, no effect is observed on
the L-lysine uptake under identical conditions. These results
have been interpreted to suggest that the Ca?*-mediated effects
on the SO} self-exchange and amino acid transport are caused
perhaps by the Ca?*-induced structural rearrangement of the
band 3 protein.
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Introduction

Anion exchange across the erythrocyte membrane
plays a key role in CO, transport in vivo and is
mediated by the major integral membrane protein,
called anion exchange or band 3 protein [4]. Also,
this protein has been implicated in amino acid trans-
port across the erythrocyte membrane [21, 23].
Numerous studies have shown that loading of
human erythrocytes with Ca’* in the presence of
ionophore A23187 leads to the activation of several
enzymes including transglutaminase and protein-
ases, which structurally modify the band 3 protein.
While the Ca’*-activated transglutaminase cata-
lyzes irreversible membrane protein crosslinking

* Present address: Department of Biochemistry, Duke Uni-
versity Medical Centre, Durham, North Carolina 27710.

which involves band 3 protein along with spectrin,
ankyrin and 4.1 protein [13, 14], the Ca*"-induced
activation of proteinases results in degradation of
the membrane proteins which also includes the an-
ion channel protein (1, 12].

To analyze the effects of the above Ca’*-in-
duced membrane structural modifications on the
erythrocyte membrane function, we have studied
the SO}~ self-exchange and amino acid transport in
Ca’*-loaded human erythrocytes. The Ca*" loading
was carried out with the help of ionophore A23187.
Results of these studies indicate that the increased
intracellular free Ca?* levels strongly influence the
SOj™ self-exchange and L-alanine uptake, but not -
lysine uptake, across the erythrocyte membrane,

Materials and Methods

Ionophore A23187, BSA, Hb standard, DIDS, SDS, HEPES,
EGTA, PMSF, N,N-dimethylated casein, crystalline putrescine,
Mg?*-ATP, ATP estimation kit, L-alanine, 1-cysteine, L-lysine,
sodium pyruvate and adenosine were purchased from Sigma
Chemical.! [PH] putrescine was obtained from Amersham, UK.
[*C)-L-alanine, ["*C]-L-lysine, 4CaCl, and sodium [*S] sulfate
were from Bhabha Atomic Research Centre, Trombay, India.
[**S]-L-cysteine was from Amersham, England. Erythrocytes
were isolated from fresh normal human blood, and stored at 4°C
in buffer A (5 mm Tris, 100 mm KCI, 60 mm NaCl, 10 mM glu-
cose; pH 7.4). A 5 mM stock solution of ionophore was prepared
in dimethylsulfoxide, and stored in the dark at —20°C.

! Abbreviations: BSA, bovine serum albumin; Hb, hemo-
globin; DIDS, 4.4'-diisothiocyano-2,2'-stilbene disulfonic acid;
HEPES, N-2-hydroxyethy! piperazine-N’-2-ethanesulifonic acid;
EGTA, ethylene glycolbis (B-aminoethyl ether)-N,N,N’ N'-
tetraacetic acid; EDTA, ethylenediaminetetraacetic acid; ATP,
adenosine-5'-triphosphate; PMSF, phenylmethylsulfonyl-fluo-
ride; TCA, trichloroacetic acid; SDS, sodium dodecyl sulfate;
PBS, phosphate-buffered saline; Tris, Tris-(hydroxymethyl-)
aminomethane; and RBC, red blood cells.
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CALCIUM LOADING

Ca?* loading was done essentially as described earlier [6]. A
control sample containing EGTA (5 mM) and no Ca?* was always
run simultaneously.

ErRYTHROCYTE ATP LEVELS

Red cell ATP levels were determined by an enzymatic test em-
ploying a Sigma Diagnostics Kit (procedure no. 366-UV), except
that isolated erythrocytes were used in the assay instead of
whole blood.

ERYTHROCYTE TRANSGLUTAMINASE ACTIVITY

Transglutaminase activity was measured by using N,N-dimeth-
ylated casein and [*H] putrescine, essentially according to pub-
lished procedures [20]. Incubations were carried out at 37°C for
60 min. The effect of cystamine on the red cell transglutaminase
activity was determined by including 10 mM cystamine in the
incubation mixture.

ERYTHROCYTE ATP DEPLETION AND REPLETION

Washed normal red cells were suspended to 10% hematocrit in
the ATP depletion medium (50 mm glycylglycine, 140 mm NaCl,
5 mMm KCl, 2 mm MgCl,, penicillin G (50 IU/ml) and streptomy-
cin sulfate (0.1 mg/ml); pH 7.4), and the mixture was incubated
for 18 hr at 37°C under a constant flow of humidified N,. The pH
was adjusted throughout incubation when necessary. The cells
were harvested by centrifugation and then washed with isotonic
saline (0.9% NaCl, wt/vol). The cells were repleted with ATP by
incubating them at 10% hematocrit in the ATP repletion medium
(5 mM sodium phosphate, 140 mMm NaCl, 5 mm KCl, 5 mm glu-
cose, 5 mM lonosine, 0.5 mM adenine, S mM sodium pyruvate;
pH 7.4) for 3 hr at 37°C. The cells were harvested, washed with
phosphate-buffered saline, and then used for transport measure-
ments. Although this procedure led to over 90% ATP depletion,
only about 30% ATP repletion in these ATP-depleted cells could
be achieved under our experimental conditions.

CYSTAMINE PRETREATMENT AND ATP
ENRICHMENT OF RED CELLS

Cells were pretreated with 10 mmM cystamine for 30 min at 37°C
and the cystamine allowed to remain in the medium during Ca?*
loading. ATP enrichment of erythrocytes prior to their-loading
with Ca?* was carried out as reported earlier [2]. About a two- to
threefold increase in the intracellular ATP levels was achieved
under these conditions (Table 1).

CarLciuM LoADING IN ATP-ENRICHED CELLS

Ca?* Joading in ATP-enriched cells was carried out essentially as
described for the normal cells. The ATP levels after Ca** loading
were around 0.7 wmol/ml packed cells (Table 1). To examine the
effect of ATP enrichment on the Ca?* loading efficiency, trace
amounts of Ca?* were also included in the loading medium. The
amount of ¥Ca2* uptake/100 mg Hb in ATP-enriched cells (45.7
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Table 1. ATP levels in normal and ATP-enriched human eryth-
rocytes before and after Ca?* loading (1.5 mm/3 hr)

Cells ATP levels

(numol/ml packed cells)
Normal control 1.27 + 0.05
Normal Ca’*loaded 0.12 = 0.02
ATP-enriched control 2.68 = 0.50
ATP-enriched Ca2*-loaded 0.72 £ 0.10

Values shown are means of three determinations * sp.

X 10* cpm) was similar to that observed with the normal cells
(44.4 x 10* cpm), demonstrating that the Ca2* loading efficiency
is not affected by the ATP enrichment.

ToraL CELL WATER DETERMINATION

Since Ca?* loading is known to induce cell shrinkage due to K*-
dependent water loss (Gardos effect), the cell water content of
Ca?*-loaded cells was also determined. A known amount of
packed cells (control and Ca’*-loaded) was dried to constant
weight in a vacuum oven at 110°C and the cell water content
determined.

SobpiuM DODECYL SULFATE/POLYACRYLAMIDE
GEL ELECTROPHORESIS

Membrane protein composition in erythrocytes was determined
by SDS-polyacrylamide gel electrophoresis. White ghosts were
prepared by the method of Dodge, Mitchell and Hanahan [7].
Packed cells were lysed in 40 volumes of ice-cold 5 mM sodium
phosphate buffer (pH 7.8) containing 100 um EDTA and 30 um
PMSF. One or two additional washings were given to obtain
white ghosts. The ghost proteins were immediately denatured
with SDS and 8-mercaptoethanol, and frozen until electrophore-
sis was run on the following day. Protein in the denatured ghosts
was estimated by the method of Lowry et al. [16]. Electrophore-
sis was run on 5% acrylamide gels using the method of Fair-
banks, Steck and Wallach [8]. Gels were stained with Coomassie
blue R250 and scanned on a Shimadzu dual-wavelength TLC
scanner, model CS-930.

SULFATE SELF-EXCHANGE

SO?™ self-exchange was measured according to the method of
Castranova, Weise and Hoffman [5]. Both influx and efflux rate
constants were determined in the same set of experiments.

Influx

Packed red cells were suspended to 10% hematocrit in the SO~
flux medium (10 mmM HEPES, 50 mMm Na,S0O,, 75 mM KCl and 40
mM sucrose; pH 7.4) and allowed to equilibrate for 3 hr at 37°C.
Subsequently, 3SO;” was added to a final concentration of 10
uCi/ml cell suspension. Aliquots of 0.5 ml were withdrawn in
duplicate at the appropriate time periods. Cells were harvested
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by centrifugation in an Eppendorf 5415 Centrifuge. The superna-
tant was discarded and the cells were washed three times with
1.0 ml of ice-cold 10 um DIDS dissolved in the SO~ flux me-
dium. Washings were carried out at 14,000 rpm for 10 sec. Cells
were packed and lysed by adding 0.5 ml of 0.5% Triton X-100.
The amount of Hb in the lysate was determined after diluting 40
ul of the hemolysate to 100 wl with distilled water, and then
adding to it 3.0 ml of Drabkins reagent (1.0 g NaHCOs, 0.2 ¢
K;[Fe(CN)g] and 0.05 g KCN in 1.0 liter distilled water). The
absorbance was measured at 540 nm, 30 min after adding the
reagent in a Bausch and Lomb Spectronic 21 UV/visible spectro-
photometer against standard Hb solutions.

To determine the cell-associated radioactivity, 400 ul of the
above hemolysate was acidified with 400 ul of 10% (wt/vol)
TCA, the precipitated protein was removed by centrifugation,
and 400 wl of the supernatant was counted for S in an LKB
Wallac 1217 Rackbeta counter. The amount of radioactivity ini-
tially added to the cell suspension was determined by treating
400 w1 of the cell suspension with 400 ul of TCA, removing the
precipitated protein by centrifugation, and then measuring the
radioactivity in the supernatant.

Efflux

Packed red cells were suspended to a 10% hematocrit in the SO3~
flux medium containing 10 uCi/ml 3SOj;” and incubated at 37°C
for 3 hr to ensure maximal SO;™ equilibration. Cells were quickly
washed two times at 4°C with chilled nonradioactive SO~ flux
medium to remove extraneous radioactivity. Efflux was com-
menced by adding the above cells to the SO~ flux medium at 1%
hematocrit. Incubations were carried out at 37°C, and 1.0-ml
aliquots were withdrawn for determining the efflux. The cell sus-
pension was immediately centrifuged at 14,000 rpm for 25 sec.
Seven hundred microliters of the supernatant was added to 700
ul TCA, and subsequently 700 ul of the supernatant was taken
for measuring the radioactivity. The total radioactivity in the
medium was determined by acidifying the cell suspension with
TCA and measuring S in the supernatant as given above.

Data Analysis

The first order rate constant for SO}~ exchange was calculated
using the following equation:

In(l1 — P/P.) = —kt 1

where, P; and P. are the dpm at time ‘¢’ and ‘infinity’ respec-
tively, and &’ is the first order rate constant. During influx, P,
was obtained from values at time ‘¢’ and P.. from the 2 or 3-hr
values, whichever was the maximum. The dpm were first cor-
rected to dpm/100 mg Hb and this gave the P, values, The values
obtained at 0 min were subtracted from all the values prior to
further calculations.

AMINO AcID TRANSPORT

Packed red cells were suspended to 10% hematocrit in the incu-
bation medium (140 mm NaCl, 5 mm KCl, 2 mM MgCl,, 5 mMm
glucose, 15 mm Tris, 0.1 mm EDTA; pH 7.4) containing the
requisite amount of unlabeled and 0.2 wCi/ml cell suspension of
the labeled amino acid. The isosmolality of the medium was
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maintained by adjusting the NaCl concentration, depending on
the unlabeled amino acid. The mixtures were incubated at 37°C.
Measured aliquots (0.5 ml) were withdrawn at predetermined
time intervals. The cells were pelleted in an Eppendorf 5415
centrifuge (1400 rpm, 6 sec) and washed three times with ice-cold
washing buffer (10 mM Tris, 106 mm MgCl,; pH 7.4). The cell-
associated radioactivity was determined after lysing the cells
with 0.5% Triton X-100 (wt/vol) and removing the precipitate by
centrifugation.

Analysis of Concentration Dependence Curves

Saturable uptake curves with linear components of unknown
magnitude were fitted by a maximum likelihood method (the non-
linear regression program BMDP 3R {10]). This was used to
estimate parameters for both hyperbolic and linear components
using the following equation:

Vmax S

=m+Kd‘S 2)

v

where V is the initial uptake rate, S is the amino acid concentra-
tion, Vi, is the maximum velocity, K, is the apparent affinity
constant and K} is the apparent diffusion constant,

Resuits

Human erythrocytes were loaded with varying
amounts of Ca’" using the ionophore A23187. The
loading efficiency, as determined by our published
method [6], was maximum (80-90%) when the cells
were incubated with Ca?* for =1 hr at 37°C. There
was no cell shrinkage due to K™ and water loss,
since we used high K* concentration in the incuba-
tion medium, and also observed no difference be-
tween the cell water contents before and after the
Ca?" loading.

CALCIUM-INDUCED CHANGES
IN MEMBRANE PROTEINS

Ca’*-induced effects on the membrane proteins
were examined by SDS-polyacrylamide gel elec-
trophoreses (data not shown). Increased intracellu-
lar Ca?* levels invariably resulted in appearance of
new protein bands with concomitant decrease in the
intensities of polypeptides 2.1, 4.1, spectrin and an-
ion channel protein. Also, a high molecular weight
band, which failed to penetrate into the gels, was
observed at =0.5 mm Ca’" loading concentration.
Formation of this band was related with the
transglutaminase activation, as erythrocyte treat-
ment with the transglutaminase inhibitor cystamine,
prior to the Ca’’ loading, inhibited not only this
enzyme but also the formation of the high molecular
weight band. These results are in complete agree-
ment with the earlier studies [13, 14].
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Table 2. Effect of the Ca?" loading time on the intensity of the
human erythrocyte membrane Band 3 protein

Loading Percent peak area® Band 3/Band §
time (hr)
Band 3 Band 5
0 32.68 = 2.02 4.46 = 0.06 7.33
6 29.27 = 3.99 4,97 = 0.36 5.89
12 29.48 £ 2.45 6.02 = 1.20 490
18 17.40 = 0.52 7.81 = 0.63 2.23

a Percent peak areas were taken from the densitometric scans of
Coomassie blue-stained SDS/polyacrylamide gel electrophoreto-
grams of red cell ghosts.

Values shown are means of peak areas taken from 3-5 scans
+sp. The extracellular Ca* concentration used for loading was
1.5 mM.

Table 3. Effect of the ATP enrichment on the Ca?*-induced
transglutaminase activation in human erythrocytes

Experiment Cells Ca?* concentration *H (dpm)
number
1 Normal 0 705 = 61
0.5 1261 = 71
1.5 2096 = 160
ATP-enriched 0 995 = 66
0.5 892 = 84
1.5 823 + 28
2 Normal 0 1125 = 61
0.5 1572 = 101
1.5 2605 = 164
ATP-enriched 0 1003 = 76
0.5 838 + 113
1.5 720 = 88
3 Normal 0 933 = 45
0.5 1992 + 260
1.5 2798 = 170
ATP-enriched 0 958 = 213
0.5 1123 = 68
1.5 985 = 65

Transglutaminase was assayed using [*H] putrescine, as given in
Materials and Methods. Values shown are means of four deter-
mination * sD.

Together with the polypeptides 2.1 and 4.1, the
band 3 protein was also degraded in the Ca?*-loaded
cells. This degradation depended upon the duration
of erythrocyte incubation with Ca?* in the presence
of ionophore A23187 and was maximum at 18 hr
(Table 2). Unlike the normal erythrocytes, Ca?*
loading in the ATP-enriched cells did not structur-
ally modify the membrane proteins (Fig. 1). This
was quite consistent with our finding that even at
1.5 mmMm Ca’* concentration, the transglutaminase
could not be activated in the lysates of these cells
(Table 3).
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Fig. 1. Effect of ATP enrichment on the Ca?*-induced mem-
brane protein alterations in human erythrocytes. (A) Normal
cells loaded with 1.5 mMm Ca?*. (B) ATP-enriched cells loaded
with 1.5 mm Ca?*. (C) ATP-enriched control cells

CAaLCIUM-INDUCED EFFECTS
ON ANION SELF-EXCHANGE

Anion self-exchange activity in Ca?*-loaded eryth-
rocytes was ascertained by measuring both the in-
flux and efflux of SO}~ across the membranes of
these cells. Results shown in Table 4 indicate that
the SO}~ self-exchange was decreased by 20-30%
upon loading the cells with 25 um Ca?*. The extent
of this decrease remained unaltered by increasing
the Ca?* loading concentration up to 0.5 mm, but a
further decrease of 25-30% in the exchange was
observed at 1.5 mm Ca’* loading concentration.
This additiona] decrease observed at 1.5 mm Cd?*
did not further increase by increasing the erythro-
cyte incubation time with Ca’>" in the presence of
the ionophore (Table 5). It, however, disappeared
by treating the cells with cystamine or by enriching
them with ATP prior to the Ca?* loading (Table 6).

CarLciuM-INDUCED EFFECTS
ON AMINO ACID TRANSPORT

L-alanine is transported stereospecifically by the
Na*-dependent ASC system at its physiological
concentration [22]. The apparent K,, of this system
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Table 4. Effect of enhanced intracellular free Ca?™ on the SO} self-exchange across the human

237

erythrocyte membrane

Ca?*-Joading Cells Influx Efflux
concentration
(mm) k(hr1) I (%) k(hr=1) 1 (%)
0.025 Control 2.662 = 0.272 1.6 1.795 = 0.232 228
Ca?*-loaded 2.061 + 0.333 ’ 1.385 = 0.175 ’
0.25 Control 3.267 + 0.252 272 2.142 = 0.224 23.2
Ca?*-loaded 2.377 = 0.226 ) 1.644 = 0.135 )
0.50 Control 2.965 £ 0.186 18.2 2.482 = (.233 24.2
Ca?*-loaded 2.426 = 0.113 ’ 1.881 = 0.302 ’
1.5 Control 2.718 + 0.561 56.8 1.777 = 0.314 573
Ca?*-loaded 1.175 = 0.079 : 0.759 = 0.047 :

Values shown are means of 3-3 determinations =sp k(hr~1), first order rate constant; I, inhibition. The

Ca?* loading was carried out for 3 hr.

Table 5. Effect of the Ca?*
erythrocyte membrane

loading time on the SOZ~

self-exchange across the human

Loading Cells Influx Efflux
time (hr)
k(hr= 1) 1 (%) k(hr1) I (%)
6 Control 1.905 = 0.236 2.9 1.275 = 0.164 527
Ca’*-loaded 0.897 = 0.096 ’ 0.603 + 0.134 :
12 Control 2.067 £ 0.238 $3.4 1.530 = 0.224 593
Ca?*-loaded 0.963 = 0.177 : 0.623 + 0.041 ’
18 Control 2.275 = 0.260 64.6 1.539 = 0.079 505
Ca?*-loaded 0.806 + 0.087 ’ 0.761 = 0.104 '

The extracellular Ca®* concentration used for loading was 1.5 mM.
determinations xsp k(hr~!), first order rate constant; I, inhibition.

corresponds to the normal levels of 1-alanine in the
blood plasma. Figure 2 shows the effects of two
different Ca?* loading concentrations, 5 uM and 1.5
mM, on the L-alanine uptake at the physiological L-

Values shown are means of 3—-4

Table 6. Effect of the cystamine treatment and ATP enrichment,
prior to Ca?* Joading (1.5 mMm/3 hr), on the SO?™ self-exchange
across the human erythrocyte membrane

alanine concentration (0.2 mm). The L-alanine up- Sample - Influx Bl

take was inhibited by 20-30% upon loading the cells k(hr ) 1(%)  kbr Y 1 (%)
with 5 um Ca?". This inhibition was further in-

creased (35-45%) by increasing the Ca?* loading A 3.161 20233 0 o 2505 % 0.195
concentration to 1.5 mm, and remained unaffected g iié? N g-;gg i-g?g N géég '
even upon treating the cells with cystamine prior to b 4233 + 34y 216 s saa =+ 0238 332

the Ca’?* loading (Fig. 3).

To determine the specific effects of Ca?™ load-
ing on the L-alanine uptake, we have measured also
the concentration-dependent uptake of L-alanine in
erythrocytes (Fig. 4), and calculated the various ki-
netic constants. Although the uptake remained un-
affected by loading the cells with Ca?*, the maxi-
mum velocity was reduced to about one-third
(Table 7). Also, the apparent diffusion constant for
the nonsaturable uptake was decreased by about
25%. From these results, it would appear that the
efficiency of the ASC system to transport amino

Values shown are means of 3-4 determinations =sp k(hr-1), first
order rate constant; I, inhibition; A, cystamine-treated cells; B,
cystamine-pretreated Ca’*-loaded cells; C, ATP-enriched cells;
D, ATP-enriched Ca?*-loaded cells.

acids is decreased by increasing the intracellular
Ca?*. To further examine the validity of this conclu-
sion, we have measured the uptake of another
amino acid (L-cysteine) which is known to be trans-
ported in the human erythrocytes through the ASC
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UPTAKE (n moles /100 mg Hb)

0 625 125
TIME (min)

Fig. 2. Effect of Ca?* loading on the L-alanine (0.2 mMm) uptake in
human red cells. (A4) 5 uM Ca’*-loaded cells. (B) 1.5 mm Ca?*-
loaded cells. Open circles, control cells; filled circles, Ca?*-
loaded cells. Values are means of four determinations +SD

UPTAKE (nmoles /100 mg/ Hb)

0 25 75 125
TIME(min)

Fig. 3. L-alanine uptake in the erythrocytes that were loaded
with 1.5 mM Ca?* after the cystamine treatment. Open circles,
control cells, filled circles, Ca**-loaded cells; crosses, cells
loaded with Ca?* after the cystamine treatment
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Fig. 4. Effect of Ca?* loading on the concentration-dependent
uptake of L-alanine in human red cells. Open circles, control
cells; filled circles, 1.5 mM Ca?*-loaded cells. Values are means
of four determinations +sp

Table 7. Kinetic constants for L-alanine and L-lysine uptakes in
Ca?*-loaded (1.5 mM/3 hr) human erythrocytes

Amino Cells K., Vinax Ky
acid (mM) (nmol/100 mg (nmol/100 mg
Hb/hr) Hb/hr/mm)
L-alanine Control 0.26 30.4 36.8
Ca’*-loaded 0.25 10.5 27.0
L-lysine  Control 0.11  65.2 75.7
Ca**-loaded 0.13  60.0 72.3

Uptake measurements and data analysis were performed as
given in Materials and Methods.

system [22]. Figure 5 shows that the L-cysteine up-
take was considerably reduced by loading the eryth-
rocytes with 1.5 mm Ca?*. A reduction of 44-55%
in the uptake was observed at 20 uM external L-
cysteine concentration, which is close to the K, for
uptake of this amino acid by the ASC system [22].

The effect of the increased levels of cellular
Ca?* on the amino acid transport through the Ly*
system [22] was analyzed by measuring the time-
dependent L-lysine uptake in 1.5 mm Ca**-loaded
human erythrocytes. Figure 6 shows that the L-ly-
sine uptake was not affected by loading the cells
with Ca?*. This is further confirmed by our mea-
surements of the L-lysine uptake at the varying ex-
ternal concentrations (Fig. 7). Neither the satur-
able nor the nonsaturable uptake of L-lysine seems
to be significantly influenced by the Ca?* loading
{Table 7).

Besides the Ca?*-loaded cells, we have mea-
sured the L-alanine uptake also in the ATP-depleted
cells as well as in the cells that were enriched with
ATP prior to their loading with Ca?*. The time-de-
pendent (0-120 min) uptake of L-alanine in ATP-
depleted cells was measured at 0.2 mm external
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Fig. 5. Effect of Ca?* loading on the 1.-cysteine uptake in human
erythrocytes at 2.0 mm (A) and 20 uM (B) external amino acid
concentrations. Open circles, control cells; filled circles, 1.5 mm
Ca?*-loaded cells. Values are means of four determinations +sD
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Fig. 6. Effect of Ca®* loading on the L-lysine uptake in human
erythrocytes at 0.2 mM {A) and 20 mm (B) external amino acid
concentrations. Open circles, control cells; filled circles, 1.5 mMm
Ca?*-loaded cells. Values are means of four determinations =sp

Fig. 7. Effect of Ca?* loading on the
concentration-dependent uptake of L-lysine in
human erythrocytes. Open circles, control
cells; filled circles, 1.5 mMm Ca2*-loaded cells.
Values are means of four determinations =sp
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concentration. Results of these measurements re-
vealed that the L-alanine uptake is inhibited by 20—
35% by depleting the cellular ATP. However, this
inhibition could not be reversed by ATP repletion at
least up to 30%.

The r-alanine uptake in ATP-enriched erythro-
cytes, before and after 1.5 mm Ca?" loading, was

measured at 0.2 mM external concentration. Figure
8 shows that the r-alanine uptake in the ATP-en-
riched cells was 1.5-1.8 times greater than that ob-
served above in the normal erythrocytes (see Fig.
2). However, this uptake, unlike the normal eryth-
rocytes, was not reduced by loading the ATP-en-
riched cells with 1.5 mm Ca?* (Fig. 8).
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UPTAKE (n moles /100 mg Hb)

1 - ]

0 40 80 120
TIME (min)

Fig. 8. L-alanine uptake in ATP-enriched 1.5 mm Ca’*-loaded
human erythrocytes. Open circles, control cells; crosses, Ca?*-
loaded cells. ATP-enriched cells incubated (3 hr, 37°C) with 5
mM EGTA and 10 puM ionophore in the absence of Ca** were
used as controls. Values are means of three determinations £sp

Discussion

This study shows that both the SO}~ self-exchange
and L-alanine uptake are inhibited by increasing the
intracellular Ca?* concentration in human erythro-
cytes. These effects of Ca?* are accompanied by
changes in the structure of erythrocyte membrane
proteins, which could be inhibited by treating the
cells with the transglutaminase inhibitor cystamine
or enriching them with ATP, prior to their loading
with Ca?*. However, unlike the L-alanine uptake, L-
lysine uptake is not affected in Ca?*-loaded erythro-
cytes, as compared to the normal cells.

Only 20-30% SO3~ self-exchange was inhibited
by loading 25 um to 0.5 mm Ca?*, but this inhibition
was almost doubled (50-60%) by increasing the
Ca** loading concentration to 1.5 mm (Table 4),
which is quite consistent with the earlier study
which showed similar effects of Ca?* on the CI~
self-exchange [17]. As Ca?" loading in erythrocytes
with the help of ionophore A23187 besides leading
to an increased concentration of the intracellular
free Ca?*, also leads to the structural modifications
of membrane proteins as well as the ATP depletion,
it may be visualized that the observed effects of
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Ca?* on the SO3 ™ self-exchange or L-alanine uptake
could have been mediated by one or more of these
factors.

The increased inhibition of anion exchange at
1.5 mM Ca?* was not directly due to the ATP deple-
tion, since we observed only 20-30% inhibition in
cystamine-pretreated 1.5 mm Ca?*-loaded cells (Ta-
ble 6). Also, the ATP-enriched Ca?*-loaded cells
had cellular ATP levels which were much higher
than in the normal Ca?*-loaded erythrocytes (Table
1), but even then the extent of anion exchange inhi-
bition in these cells was comparable to that ob-
served with the cystamine-pretreated Ca**-loaded
cells (Table 6). It would therefore seem that the
increased inhibition of anion exchange at 1.5 mm
Ca’t is caused by the Ca?*-induced membrane pro-
tein alterations rather than the cellular ATP deple-
tion.

Ca?*-induced membrane protein modifications
besides including transglutaminase-catalyzed mem-
brane protein crosslinking also include membrane
protein degradation by Ca?*-dependent proteinases
[1, 12-14]. However, the increased anion exchange
inhibition observed at 1.5 mm Ca?* cannot be attrib-
uted to the membrane protein degradation, as the
inhibition (Table 5) did not vary with band 3 degra-
dation in Ca’*-loaded erythrocytes (Table 2). Since
Ca’*-dependent proteinases are of cytosolic origin
and, therefore, should cleave only the cytoplasmic
domain of the band 3 protein, our results are consis-
tent with the earfier study which showed that the
cytoplasmic portion of anion exchange protein is
not required for its activity [9].

It appears that the increased inhibition of SO5”
self-exchange at 1.5 mm Ca?* could primarily result
from the increased transglutaminase-catalyzed
membrane protein crosslinking at this Ca?* concen-
tration. This is quite evident from our findings that
cystamine pretreatment, which inhibited both the
Ca’*-induced transglutaminase activation and
membrane protein polymer formation (data not
shown), also reduced the degree of anion exchange
inhibition to 20-30% (Table 6), in contrast to 50—
60% inhibition in untreated cells (Table 4). Further,
the anion exchange activity in ATP-enriched Ca?*-
loaded cells was inhjbited by only 20-30% (Table
6), which was consistent with the observed lack of
Ca?*-induced transglutaminase activation (Table 3)
and membrane protein polymer formation in these
cells (Fig. 1).

The anion exchange inhibition of 20-30% ob-
served at low Ca?* concentrations (25 uMm to 0.5
mm) cannot be attributed to the Ca?*-induced acti-
vation of erythrocyte transglutaminase, as this inhi-
bition persisted even after pretreating the cells with
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cystamine (Table 6). Also, these Ca?* concentra-
tions did not significantly activate transglutaminase
in the erythrocyte lysates (data not shown). It may,
therefore, be inferred that the SO~ exchange inhi-
bition caused by low Ca?* levels either represents
the direct effects of Ca?" on the anion exchange [15]
or could arise from the cellular ATP depletion [3].

Like the SO}~ self-exchange, L-alanine uptake
was also decreased in the Ca’*-loaded erythro-
cytes, as compared to the normal cells (Fig. 2).
However, this decrease was not influenced by treat-
ing the cells with cystamine prior to the Ca?* load-
ing (Fig. 3), indicating that the observed inhibition
of the amino acid uptake is not due to the Ca?*-
induced transglutaminase activation. To examine
whether this inhibition is caused by the ATP deple-
tion during Ca?* loading, we measured the L-alanine
uptake in ATP-depleted cells. As the L-alanine up-
take in these cells was similar to that observed with
the Ca2*-loaded erythrocytes, we infer that this up-
take in Ca?*-loaded cells is inhibited perhaps due to
the ATP depletion.

ATP depletion in erythrocytes besides leading
to the decreased intracellular ATP pool, also results
in the membrane protein rearrangement [11, 18, 19].
It may, therefore, be envisaged that the reduced
activity of the ASC system in Ca’"-loaded cells
could result from the membrane protein rearrange-
ment, rather than the decreased cellular ATP con-
tent. To analyze this problem, we measured the L-
alanine uptake in erythrocytes that were enriched
with ATP prior to the Ca?* loading, for this treat-
ment was shown to render the membrane proteins
insensitive to the Ca*-induced structural modifica-
tions (Fig. 1, Table 3). As L-alanine uptake in these
cells was similar to that in the control erythrocytes
(Fig. 8), we conclude that membrane protein rear-
rangement is the main cause for the observed ef-
fects of Ca** on amino acid uptake through ASC
system.

Transglutaminase-catalyzed membrane protein
crosslinking involves several erythrocyte mem-
brane proteins including band 3 protein [13, 14].
Also, depletion of the erythrocyte ATP is known to
cause rearranagement of membrane proteins which
also includes band 3 protein [11, 18, 19]. It is, there-
fore, tempting to speculate that the structural rear-
rangement of band 3 protein is perhaps responsible
for the observed effects of Ca2* on both the SO}~
self-exchange (at least partially) and L-alanine up-
take in Ca’*-loaded erythrocytes.
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