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Abstract. Previous studies have shown that ferriproto- Introduction

porphyrin IX (FP) and non-heme iron have a marked

inhibitory effect on the C&-Mg?*-ATPase activity of Methemoglobin and hemichromes bind to t_he inner face
isolated red cell membranes, the biochemical counterpaflf the red cell membrane and release ferriprotoporphy-
of the plasma membrane €gump (PMCA). Highlev- fin IX (FP). FP is a highly lipophilic compound 3,
els of membrane-bound FP and non-heme iron have beetf] Present mostly at the lipid-water interface of the
found in abnormal red cells such as sickle cells and mamembrane [15]. FP destabilizes the membrane structure

laria-infected red cells, associated with a reduced lifel8: 40, increases the membrane ion permeability [9],

span. It was important to establish whether sublytic coninduces lipid peroxidation [7], and stimulates protein

centrations of FP and non-heme iron would also inhibitSroSslinking by oxydizing thiol groups [6, 23, 24, 48].
the PMCA in normal red cells, to assess the possible roIt;,I_he erythrocyte membr?”e IS ”Of”.‘a”y protected .from
of these agents in the alteredhomeostasis of abnor- these effects by wo major mechanisms: dggradanon of
mal cells. Active C&" extrusion by the plasma mem- FP by ceIIngr glutathione [1], and extraction of mem-
brane C&' pump was measured in intact red cells thatbrane-assomated FP by albumin and hemopexin [43].

had been briefly preloaded with &aby means of the However, in certain pathological conditions associated

ionophore A23187. The FP and nonheme iron concen\ggﬂl;eggllczc:]éﬁ?i;?g;'fgglpir;]g?gl:;wggjﬁ' lelj(;h:_s n
trations used in this study were within the range of thoseruminfected red ceIIs’ a’rticularl when chloro puine
applied to the isolated red cell membrane preparationsrs: ' P y q

The results showed that FP caused a marginal inhibitio reated [50], high levels of red cell membrane-associated

(T20%) of pump-mediated GAextrusion and that non- P and non-heme iron have been detected. Itis therefore
heme iron induced a slight stimulation of the*Cafflux !mportant to investigate th_e effects .O.f FP and non-hgme
(11-20%), in contrast to the marked inhibitory effects onifon on cgll targets that might be critical to cell stability
the Ca*-Mg®*-ATPase of isolated membranes. Thus,and survival.

; X - Red cells are endowed with a powerful plasma
FP and non-heme iron are unlikely to play a significant .
role in the altered C& homeostasis of abnormal red membrane Cﬁ pump (PMCA) [4.' 39.] whose function
cells. has been qla|med to be altered in vitro by .both_FP _and
non-heme iron. This could be of pathophysiological im-
portance since the disturbed Caomeostasis of the cell
may contribute to its early demise. The calmodulin-
dependent Ca-Mg-ATPase activity of erythrocyte ghosts
membranes, the biochemical expression of this pump,
has been found to be inhibited by FP in a time- and
concentration-dependent manner [30]. Similarly, non-
mnt addres®epartment of Biological Chemistry, Institute of heme iron, t.hOUth (o be generatezusitu from mem-
Life Sciences, The Hebrew University of Jerusalem, Jerusalem 91904prane_-assoqlgted FP [27], has als_o bee.n found to be an
Israel effective inhibitor [29]. The PMCA is a highly regulated

pump [5, 20, 47]. Hence, it is uncertain whether the

Correspondence tdT. Tiffert behavior of the Ca-Mg-ATPase in ghost membranes
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preparations may be extrapolated to the function of theerFecTs oFFP on RBC MORPHOLOGY ANDHEMOLYSIS
PMCA in the intact cell. The purpose of the experiments
presented here was to investigate whether the PMCAhe cell membrane destabilizing effects of FP are time- and concen-

function is affected by FP and by non-heme iron intration—dependent, causing changes in RBC shape and volume as well
intact human red cells ' as hemolysis [8, 9]. Therefore, it was important to carry out a prelimi-

" . L. . nary investigation of these effects, to assess the overall condition of the
Cé* pump function in intact red cells is best as- cells during C&" flux measurements, and to establish the maximal FP
sessed by measuring active®Caxtrusion from the cells.  concentration at which CGapump function could be tested without an
Since red cells are essentially?(':firee [2, 13, 22], itis  undesirable degree of hemolysis. The effects of FP on red cell shape
necessary to load them with €dirst. This is achieved were observed in fresh, unfixed samples of RBC suspensions, under
by means of divalent cation ionophores in 2Gaon- phase contrast at x1,000. The samples were placed between glass slide

taining media. After C& Ioading, ca* pump function and coverslip, observed, and videorecorded for leisured analysis at the

. . . end of experiments. The changes induced by FP on hemolysis curves,
is measured by stopping the passwétﬂﬂxes through as a function of concentration and time, were assessed by the profile

the ionophore, thereby exposing Cafflux through the migration method [36, 37]. Hemolysis due to FP, and percent hemo-
pump [13, 34, 35, 42, 44]. The available methods weraysis, were estimated from spectrophotometric Hb measurements at 415
combined with specially designed protocols to providenm (Soret band), as previously described [33].

the first direct measurements of the effects of FP and

non-heme iron on PMCA function in the intact cell. The .
results obtained are at variance with those previoustMEASUREN"E’\ITS OFPMCA-MEDIATED C&” EXTRUSION

+ 2+ P
reported for Ccé -Mg~'-ATPase activity in red cell mem- Preliminary experiments indicated that the simultaneous presence of FP

branes. and ionophore A23187 in cell suspensions caused extensive hemolysis,
incompatible with C&" pump function measurements. To avoid this
problem, two different experimental protocols were designed. In the
; first protocol, designed to test the effects of FP on PMCA-mediated
Materials and Methods Ca* extrusion, C&" pump function was measured in RBCs preloaded
with 4°Ca* by means of ionophore, but from which the ionophore was
removed with albumin prior to the measurements. In the second pro-
SOLUTIONS tocol, designed to study the effects of non-heme iron on PMCA-
mediated C& extrusion, C&" pump function was measured in RBCs
Solution A contained (in m): KCI, 80; NaCl, 70; MgC}, 0.15; by the C&*-exposure method [11]. Accumulation of non-heme iron in
HEPES-Na (pH 7.4-7.5 at 37°C), 10, and Na-EGTA, 0.1. Solution gthe cells was induced by pre-incubation with FP + chloroquine, fol-

was the same as solution A, but without Na-EGTA. Solution C was!0wed by removal of residual FP and chloroquine prior to pump-
the same as solution B but contained, in addition, inosine and 5 function measurement by the €eexposure method. Previous studies

mm glucose. A stock solution of*CaCl, was prepared at a concen- [1] have demonstrated that incubation of FP-loaded intact RBCs results
tration of 40 mu and with “5C&?* specific activity of about 10cpm in a time-dependent FP degradation. Most of the released iron remains
(mmoly™t. A23187 was dissolved in ethanok a 2 nm stock solution. associated with the membrane, while the dissociated iron is engaged in
CoCl, stock solutions were prepared in distilled water at concentrations©d0x cycling producing oxidative radicals. Hence, this condition ef-
between 70-100 m FP was prepared as a stock solution in 0.1 N fectively reproduces that of non-heme iron and oxidative stress on the
NaOH immediately before use and kept on ice protected from light; thisPUmp. Chloroquine was added in order to inhibit the degradation of FP
solution was diluted with the appropriate incubation medium pefore[15]; this condition served as a control for possmle effects of FP, other
addition to cell suspensions to the final desired concentration. Chlofhan those through non-heme iron produi:tlon. As demonstrated before
roguine stock solutions were prepared in distilled water. [35], the methods used here to measuré'Qamp function, i.e., after
ionophore removal (first protocol), and after Leexposure (second
protocol), provide comparable results in normal intact red cells. The

protocols are described in detail next.
PrRePARATION OF RBCs

Venous blood from healthy volunteers was drawn into heparinized™IRST PROTOCOL EFFECT OFFP oN PMCA-MEDIATED

syringes, after written consent. The cells were washed 4 times b)Ca2+ EXTRUSION

centrifugation (2,500 %, 5 min) and resuspension in 5-10 volumes of

medium; after each spin, the supernatant and the top cell layer conwashed RBCs were suspended at 10% Hct in solution C, and pre-
taining white cells and platelets were removed. The first 2 washes weréncubated at 37°C fofb min to allow for equilibration while mixing

in solution A, to remove calcium loosely bound to the cells; the last 2 continuously with a magnetic stirref>CaCl, was then added to a final
washes were in solution B, to remove EGTA from the medium. After total calcium concentration ((GR) of 130 pum. Pre-incubation was
the washes, the cells were suspended at about 10% hematocrit (Hct) tontinued for=10 min before adding ionophore A23187 to a final
solution C, with or without additives, as indicated. These high-K me- concentration of 1Qum in the suspension[L00 pmol (I cells)™).

dia ensure the constancy of the physiological intracellular milieu andThis ensured rapid°Ca* equilibration across the RBC membrane.
prevent those changes in RBC volume, pH and ion content (other thaifwo min after A23187 addition, the ionophore was extracted by trans-
Ca*), that would occur after exposure of the cells to divalent cation ferring the suspension to a tube containing twenty volumes of ice-cold
ionophores in plasmalike, acontaining media [16, 18, 31, 32]. solution A with 1.5% (w/v) fatty acid-free bovine serum albumin [42]
The Hct in all cell suspensions was estimated from spectrophotometriand mixed. The cells were washed four times in this solution and
measurements of hemoglobin (Hb) by the cyanmethemoglobin methodbacked [B0% Hct). For the final incubation, the packed cells were
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delivered, under magnetic stirring, into prewarmed solution C, with centration, temperature, time, extemaFCaoncemra_
Slspension at37-C. CA- extuson under theas condions has been |0y Présence of fonophore A23187, and donor. We
shoSvn to be inhibited by ATP depletion and vanadate [11, 35, 45], and,b.n.e‘cIy report here only the features relevant_to the con-
therefore, to be PMCA-mediated. Once the incubation was started(,jmon of the cells used for Ca transport studies.
suspension samples [50] were taken at indicated times for measure- Addition of FP to an RBC suspension caused an
ments of total intracellular calcium [Gh, as previously described [32].  immediate cell shape transformation. From biconcave
The ionophore-induced €auptake and PMCA-mediated €aextru-  disks, the cells transformed, at progressively increasing
sion rates were estimated from plots of {avs. time. FP concentrations, to sharply spiculated echinocytes
([FP] = 10 pm), and spherocytes (FP > 10—2M, de-

Seconp ProTOcoL EFFECT OF NON-HEME IRON ON pending on the suspension Hct) with their surface ruffled
PMCA-MEeDIATED C&" EXTRUSION by very fine microvilli. Our optical microscopy on fresh,

) ) ) nfix mples, were in full agreement with th -
Washed RBCs were suspended at 10% Hct in solution C, without oru ed sa pIES, were ull agreement with those docu

with any of the following additives: 25m FP, 10uMm chloroquine, or ment.ed before by scanning e'?Ctron microscopy on fixed
10 wm FP + 10pm chloroquine, and pre-incubated at 37°C for 1 hr SPecimens [8]. The spherocytic appearance of RBCs at
under continuous stirring. Chloroquine prevents FP degradation andigh FP concentrations was reminiscent of that induced
non-heme iron production [21], but co-incubation of chloroquine and by detergents used in cell sorting procedures [25], sug-
FP enhances hemolysis [10, 12]. Therefore, the concentrations chos sting that the mechanism of the cell shape changes by
Iforcomblned use ofthesg cqmpoundswere the hlghestco_mpatl_blewn P may be similar. Removal of FP with albumin re-
ess than 10% hemolysis, in blood from the 4 donors investigated, . . . .
during 60-80 min pre-incubation at 37°Gata not showp Following stored the biconcave shape immediately, demonstrating
pre-incubation with FP, the cells were washed twice in solution B with the reversibility of this effect, and confirming the effi-
1% (w/v) fatty acid-free bovine serum albumin to remove all nonde- ciency of the albumin extraction procedure. To investi-
graded FP, twice more in solution B without albumin, and packed.gate the effect of intracellular FP degradation on cell
The cells were then resuspended at 10% Hct, 37°C, in solution C, formorphmogy we followed in time the spontaneous shape

uphill C&* extrusion measurements by the*Gexposure method [11]. o o : h
Briefly, after (6 min equilibration under continuous stirringfCacCl, changes of cells suspended at 10% Hct, 37°C, in solution

was added to a final ([G&) of 130 um. The suspension was further C With 25pm FP. Starting with a uniform population of
pre-incubated fof1L0 min before adding ionophore A23187, from a 2 Spherocytes, the cells slowly reversed back to biconcave
mm stock solution, to a final concentration of 1 in the suspension  disks, recapitulating the intermediate spiculated echyno-
(F100 pmol (I cells)™). This concentration allowed rapifCa*  cytic forms documented at lower FP concentrations. The
equilibration across the cell membrane. Two min later, GO#s gt piconcave disk forms appeared at about four hours;
added to a final concentration 6250 M in the suspension, sufficient . . .

to block all ionophore-mediated €atransport, and to expose the up- b_y 12-18 hr all unlysed cells had r‘?g"’}'”ed their original
hill extrusion of C&* by the PMCA. Samples (5@l) were taken ~ biconcave shape. These results indicated that the FP

throughout the procedure for determination of {[zaas described —concentration was gradually decreasing, as would be ex-

above. pected from the erythrocyte ability to degrade FP.
Figure 1 shows the time-dependent effects of FP,
MATERIALS with and without C&", on RBC osmotic fragility. Ad-

dition of 20 um FP to a red cell suspension (10% Hct) at
Ferriprotoporphyrin IX chloride (FP) was from Porphyrin Products, 37°C, caused an immediate right-shift in the hemolysis
Logan, Utah. Chloroquine, orthovanadate, EGTA, DMSO, HEPES, indicati f dd . . tic f -
inosine, glucose, Cogland bovine albumin were from Sigma Chemi- ,Curves In I(_:a ',Ve ora ,Su enincrease in osmotc ragl
cal (UK). A23187 was from Calbiochem-Novabiochem (UK) Ltd. ity, and coincident with the shape changes described

CaCl, MgCl,, NaCl, and KCI were from FSA Laboratory Supplies above. FP elicited two additional time-dependent ef-

(UK). *5ca* was from Amersham International plc (UK). fects, with a slow time course. The first effect was a
gradual increase in the fraction of hemolyzed cells, in-
ABBREVIATIONS dicated by the progressive elevation of the baseline be-

_ _ tween 0.7 and 1.2 relative tonicity values (Fig. 1, both
FP, ferriprotoporphyrin 1X; PMCA, plasma membrane*Cump;  nanels). Note that this is not osmotic lysis because the
[Cay], total calcium concentration in suspension; f{aaotal intracel- fraction of lysed cells remains invariant with tonicity

lular calcium. even at the slightly hypertonic condition included here.
The detergentlike effect of FP on cell morphology de-
Results scribed above may also be responsible for the observed
nonosmotic lysis of a sensitive subpopulation of cells.
CHANGES IN CELL MORPHOLOGY, OsMOTIC FRAGILITY, The second effect concerns the time-dependent Changes
AND HEMOLYSIS BY EP in osmotic fragility. The maximal increase in osmotic

fragility, as indicated by the right-shift of the hemolysis
The changes in shape, osmotic fragility and hemolysiscurves, is observed at 1 min (Fig. 1, lower panel). There-
induced by FP, were found to be dependent on FP conafter, the hemolysis curves shift back to the left towards
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Fig. 1. Effect of FP and C& on the osmotic fragility of normal human ) ) ) )
red cells as a function of time. The hemolysis curves were obtained byFig. 2. Combined hemolysis effects of red cell exposure to ionophore
the profile migration method of Lew et al. [33]. The cells were sus- A23187 and FP in the conditions of the Taxtrusion measurements

pended at 3% Het in solutions Aop pane) or solution B with 130um  (Protocols 1 and 2)Upper panel:hemolysis in suspension of &a
Ca* (bottom panél both supplemented with 5wnionosine, and in-  preloaded cells (10% Hct, 37°C) in the absence (filled circles, controls)
cubated at 37°C. At time= 0, FP was added to the cell suspension to and presence (unfilled circles) of FP. At tinve 0, the C4" preloaded
a final concentration of 2Quv. Samples for hemolysis curves were RBCs were delivered into solution C with or without @& FP. Lower
taken at the indicated times. Relative tonicities above 1 were obtaine@anel: hemolysis in suspension of RBCs pre-incubated with (unfilled
by addition of sucrose, 30 and 60mnfor 1.1 and 1.2, respectively. circles) or without (filled circles) FP and processed by the*'€o
High tonicities were explored to establish whether or not the progres-exposure protocol. The cells were pre-incubated with or withoyti25
sive hemolysis observed at relative tonicities above 0.7 was due tdP for 80 min at 37°C. Hemolysis during pre-incubation with FP was
increased osmotic fragility. The low relative tonicities were obtained by 16—-8%. After the pre-incubation, nondegraded FP was removed and
dilution of solutions A or B with a solution containing Iurof HEPES-  the cells were resuspended in solution C (10% Hct, 37°C) with80
Na (pH 7.5). 45Ce?*. lonophore A23187 was added to if1 at time = 0, followed
by Cc* addition at 2 min. Hb was measured in the supernatant of
samples taken at the indicated times.

that of FP-free controls. The shift is not uniform, as

reflected by the shallower profile of the intermediate fects of FP varied among donors and were not linear with
time curves suggesting that progressively more cellsoncentration. At concentrations of FP in excess of 30
tend to regain the lower osmotic fragility status of the um, hemolysis reached up to 40% in Laontaining
controls. This is consistent with reversibility of the FP media. 25um was the maximal concentration compat-
effects as a result of its progressive degradation. Théble with an acceptable level of hemolysis (3% or less)
magnitude of the effects on osmotic fragility and hemo-and was therefore chosen for the?C#ux measurements
lysis increased with FP concentratiomof showf, co-  reported here.

incubation of FP with C& (compare top and bottom Figure 2 reports the time-dependent hemolysis de-
panels in Fig. 1), and G4 concentration riot showi).  tected in conditions identical to those of the two experi-
Although the FP effects were qualitatively similar among mental protocols used for PMCA-mediated*Caxtru-

the RBCs from the 4 normal donors, the concentrationsion measurements. Hemolysis was followed for incu-
dependence varied considerably. Also the hemolytic efbation times in excess of the 8 min required for such
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Fig. 3. Effect of FP on PMCA-mediated Ghefflux. C&* preloaded
cells (first protocol) were suspended in solution C, without (circles,

controls) and with (squares) 36v FP. [Cg]; is plotted as a function Fig. 4. Effect of non-heme iron on PI\O/ICA-_med|ated %‘:eef'ﬂux._
. o - RBCs were pre-incubated for 1 hr at 37°C with (squares) and without
of time. The regression lines through the selected points represent th

V... of the C&* pump. Pump,....is reported as the meanss of the &:ircles, controls) 25wm FP. Nondegraded FP was then washed out
SI’S?)Xe in mmol (I cells. hy: max with albumin before the cells were resuspended in solution C for mea-

surement of PMCA-mediated €aextrusion by the C&-exposure
method. Pumpy,,.«is reported as the meanset of the slope, in mmol
(I cells hry™,

measurementsée belol The results show that hemo-

lysis by FP never exceeded 3% throughout the period of
Ca&* flux measurements in all conditions. have exceeded 30m, far above the submicromolar €a
dissociation constant of the pump [20, 26]. Therefore,
the initial C&* efflux (Fig. 3), linear for at least 90 sec,
EFFECTs OFFP AND NON-HEME IRON ON represents the maximal €zextrusion rate by a [Ga];-
PMCA-MEeDIATED C&* EFFLUX saturated pumpM,,.,). In this experiment, th¥’,,., was
inhibited by about 21% relative to controls. In a second
The effects of FP and non-heme iron on PMCA- similar experiment, 2fwm FP reduced th¥,,,,, by 23%,
mediated C&" efflux are illustrated in Figs. 3 and 4, from 12.8 0.2 in the controls, to 9.8 = 0.2 mmol (I cells
respectively. Vanadate (1w fully inhibited C&* ef-  hr)™.
flux in all conditions ot shows, confirming that the The effects of non-heme iron on pump-mediated
efflux represented pump-mediated “Caxtrusion. In  Ca&" extrusion are illustrated in Fig 4. Nearly complete
the experiment of Fig. 3 the cells were preloaded withuphill extrusion of the initial [Cq; load of (550 pwmol (]
C&" to a [Cal; level of about 670umol (1 cellsy*.  cells)™* was accomplished within 3 min in test and con-
After iononphore removal (first protocol) the [@aload  trol conditions, indicating full conservation of pump
was almost fully extruded within 3 min both in the ab- function. The V,,,, of the pump in the cells pre-
sence (controls) and presence of FP. The function of thencubated with 25.m FP was increased by about 20%
pump is thus largely conserved in the presence of FP. relative to both controls and to cells pretreated with FP
The relation between total €acontent and ionized and chloroquiner(ot show). An increase of 11% (from
Ca&" concentration ([C&],) in normal red cells is well 15.7 +0.3to 17.4 + 0.2 mmol (I cells h) was observed
approximated by the relation [€§; O«[Cay];, wherea in a second identical experiment. The,,, values ob-
[J0.3 over a wide range of [Gh values spanning those tained from cells pre-incubated in the presence of chlo-
reported here [17, 46]. Down to a [@aof about 100 roquine (xFP) were not significantly different from con-
pmol (I cellsy™ the [C&™]; level within the cells would  trols (controls: 12.8 + 0.2; 1Guv chloroquine: 12.2 +
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0.3; and 10um each chloroquine and FP: 13.4 + 0.4 factors of 3—4 g of membrane protein per-i@hosts.
mmol (I cells hryh). These iron levels are associated with increased levels of
thiobarbituric acid reactive substances attesting the pres-
_ _ ence of lipid peroxidation. Th&20% inhibition of C&*-
Discussion Mg?*-ATPase activity observed in ghost membranes at
similar iron concentrations [29] contrasts with the slight
The results presented here showed that the function aénhancement (11-20%; Fig. 4) of pump activity docu-
the C&" pump is largely preserved in intact red cells mented here in the intact cell. This suggests that in the
treated with FP or non-heme iron. This is in markedintact cell there are mechanisms at work that protect the
contrast with the powerful inhibitory effects reported membrane or the Gapump protein against iron injury,
earlier for similar FP or non-heme iron concentrations onmechanisms absent in isolated membrane preparations.
the C&*-Mg?*-ATPase activity of ghost membranes [29, However, alternative explanations for the mild pump-
30, 49], and stresses the difficulties of extrapolating re-stimulatory effects of iron cannot be ruled out. Hemoly-
sults from biochemical tests on membrane fragments tagis during the pre-incubation with FP was about 6—-8%.
functional tests in intact cells. It is conceivable that apparent stimulation may have re-
For a pump with the large spare capacity of the redsulted from the selective removal by lysis of subpopula-
cell PMCA, the 20-25% inhibition observed here attions of low-pumping cells [19]. Whatever the reason
maximal sublytic FP concentrations is hardly significantfor the differential effects obtained in isolated mem-
in normal RBCs because of their low €germeability.  branes and intact cells, the present observations stress the
However, in cells with increased €apermeability, this  perils of extrapolating results in fragmented cells to the
minor pump deficit may contribute to elevate fCato  intact cell.
critical levels for certain intracellular Gatargets, a con-
sideration of potential relevance to the mechanism Ofrhe authors thank The Wellcome Trust, and the Department of Physi-
sickle cell dehydration [14] or to the homeostasisPof  ology in Cambridge, for funds.
falciparuminfected red cells [41].
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