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Abstract. Previous studies have shown that ferriproto-
porphyrin IX (FP) and non-heme iron have a marked
inhibitory effect on the Ca2+-Mg2+-ATPase activity of
isolated red cell membranes, the biochemical counterpart
of the plasma membrane Ca2+ pump (PMCA). High lev-
els of membrane-bound FP and non-heme iron have been
found in abnormal red cells such as sickle cells and ma-
laria-infected red cells, associated with a reduced life
span. It was important to establish whether sublytic con-
centrations of FP and non-heme iron would also inhibit
the PMCA in normal red cells, to assess the possible role
of these agents in the altered Ca2+ homeostasis of abnor-
mal cells. Active Ca2+ extrusion by the plasma mem-
brane Ca2+ pump was measured in intact red cells that
had been briefly preloaded with Ca2+ by means of the
ionophore A23187. The FP and nonheme iron concen-
trations used in this study were within the range of those
applied to the isolated red cell membrane preparations.
The results showed that FP caused a marginal inhibition
(∼20%) of pump-mediated Ca2+ extrusion and that non-
heme iron induced a slight stimulation of the Ca2+ efflux
(11–20%), in contrast to the marked inhibitory effects on
the Ca2+-Mg2+-ATPase of isolated membranes. Thus,
FP and non-heme iron are unlikely to play a significant
role in the altered Ca2+ homeostasis of abnormal red
cells.
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Introduction

Methemoglobin and hemichromes bind to the inner face
of the red cell membrane and release ferriprotoporphy-
rin IX (FP). FP is a highly lipophilic compound [3,
38] present mostly at the lipid-water interface of the
membrane [15]. FP destabilizes the membrane structure
[8, 40], increases the membrane ion permeability [9],
induces lipid peroxidation [7], and stimulates protein
crosslinking by oxydizing thiol groups [6, 23, 24, 48].
The erythrocyte membrane is normally protected from
these effects by two major mechanisms: degradation of
FP by cellular glutathione [1], and extraction of mem-
brane-associated FP by albumin and hemopexin [43].
However, in certain pathological conditions associated
with reduced red cell life span and hemolysis, such as in
sickle cell anemia [27, 28], and inPlasmodium falcipa-
rum-infected red cells, particularly when chloroquine
treated [50], high levels of red cell membrane-associated
FP and non-heme iron have been detected. It is therefore
important to investigate the effects of FP and non-heme
iron on cell targets that might be critical to cell stability
and survival.

Red cells are endowed with a powerful plasma
membrane Ca2+ pump (PMCA) [4, 39] whose function
has been claimed to be altered in vitro by both FP and
non-heme iron. This could be of pathophysiological im-
portance since the disturbed Ca2+ homeostasis 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-
heme iron, thought to be generatedin situ from mem-
brane-associated FP [27], has also been found to be an
effective inhibitor [29]. The PMCA is a highly regulated
pump [5, 20, 47]. Hence, it is uncertain whether the
behavior of the Ca-Mg-ATPase in ghost membranes
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preparations may be extrapolated to the function of the
PMCA in the intact cell. The purpose of the experiments
presented here was to investigate whether the PMCA
function is affected by FP and by non-heme iron, in
intact human red cells.

Ca2+ pump function in intact red cells is best as-
sessed by measuring active Ca2+ extrusion from the cells.
Since red cells are essentially Ca2+-free [2, 13, 22], it is
necessary to load them with Ca2+ first. This is achieved
by means of divalent cation ionophores in Ca2+-con-
taining media. After Ca2+ loading, Ca2+ pump function
is measured by stopping the passive Ca2+ fluxes through
the ionophore, thereby exposing Ca2+ efflux through the
pump [13, 34, 35, 42, 44]. The available methods were
combined with specially designed protocols to provide
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 previously
reported for Ca2+-Mg2+-ATPase activity in red cell mem-
branes.

Materials and Methods

SOLUTIONS

Solution A contained (in mM): KCl, 80; NaCl, 70; MgCl2, 0.15;
HEPES-Na (pH 7.4–7.5 at 37°C), 10, and Na-EGTA, 0.1. Solution B
was the same as solution A, but without Na-EGTA. Solution C was
the same as solution B but contained, in addition, 10 mM inosine and 5
mM glucose. A stock solution of45CaCl2 was prepared at a concen-
tration of 40 mM and with 45Ca2+ specific activity of about 107 cpm
(mmol)−1. A23187 was dissolved in ethanol, as a 2 mM stock solution.
CoCl2 stock solutions were prepared in distilled water at concentrations
between 70–100 mM. FP was prepared as a stock solution in 0.1 N
NaOH immediately before use and kept on ice protected from light; this
solution was diluted with the appropriate incubation medium before
addition to cell suspensions to the final desired concentration. Chlo-
roquine stock solutions were prepared in distilled water.

PREPARATION OF RBCS

Venous blood from healthy volunteers was drawn into heparinized
syringes, after written consent. The cells were washed 4 times by
centrifugation (2,500 ×g, 5 min) and resuspension in 5–10 volumes of
medium; after each spin, the supernatant and the top cell layer con-
taining white cells and platelets were removed. The first 2 washes were
in solution A, to remove calcium loosely bound to the cells; the last 2
washes were in solution B, to remove EGTA from the medium. After
the washes, the cells were suspended at about 10% hematocrit (Hct) in
solution C, with or without additives, as indicated. These high-K me-
dia ensure the constancy of the physiological intracellular milieu and
prevent those changes in RBC volume, pH and ion content (other than
Ca2+), that would occur after exposure of the cells to divalent cation
ionophores in plasmalike, Ca2+-containing media [16, 18, 31, 32].
The Hct in all cell suspensions was estimated from spectrophotometric
measurements of hemoglobin (Hb) by the cyanmethemoglobin method.

EFFECTS OFFP ON RBC MORPHOLOGY ANDHEMOLYSIS

The cell membrane destabilizing effects of FP are time- and concen-
tration-dependent, causing changes in RBC shape and volume as well
as hemolysis [8, 9]. Therefore, it was important to carry out a prelimi-
nary investigation of these effects, to assess the overall condition of the
cells during Ca2+ flux measurements, and to establish the maximal FP
concentration at which Ca2+ pump function could be tested without an
undesirable degree of hemolysis. The effects of FP on red cell shape
were observed in fresh, unfixed samples of RBC suspensions, under
phase contrast at ×1,000. The samples were placed between glass slide
and coverslip, observed, and videorecorded for leisured analysis at the
end of experiments. The changes induced by FP on hemolysis curves,
as a function of concentration and time, were assessed by the profile
migration method [36, 37]. Hemolysis due to FP, and percent hemo-
lysis, were estimated from spectrophotometric Hb measurements at 415
nm (Soret band), as previously described [33].

MEASUREMENTS OFPMCA-MEDIATED Ca2+ EXTRUSION

Preliminary experiments indicated that the simultaneous presence of FP
and ionophore A23187 in cell suspensions caused extensive hemolysis,
incompatible with Ca2+ 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
Ca2+ extrusion, Ca2+ pump function was measured in RBCs preloaded
with 45Ca2+ by means of ionophore, but from which the ionophore was
removed with albumin prior to the measurements. In the second pro-
tocol, designed to study the effects of non-heme iron on PMCA-
mediated Ca2+ extrusion, Ca2+ pump function was measured in RBCs
by the Co2+-exposure method [11]. Accumulation of non-heme iron in
the cells was induced by pre-incubation with FP ± chloroquine, fol-
lowed by removal of residual FP and chloroquine prior to pump-
function measurement by the Co2+-exposure method. Previous studies
[1] have demonstrated that incubation of FP-loaded intact RBCs results
in a time-dependent FP degradation. Most of the released iron remains
associated with the membrane, while the dissociated iron is engaged in
redox cycling producing oxidative radicals. Hence, this condition ef-
fectively reproduces that of non-heme iron and oxidative stress on the
pump. Chloroquine was added in order to inhibit the degradation of FP
[15]; this condition served as a control for possible effects of FP, other
than those through non-heme iron production. As demonstrated before
[35], the methods used here to measure Ca2+ pump function, i.e., after
ionophore removal (first protocol), and after Co2+-exposure (second
protocol), provide comparable results in normal intact red cells. The
protocols are described in detail next.

FIRST PROTOCOL: EFFECT OFFP ON PMCA-MEDIATED

Ca2+ EXTRUSION

Washed RBCs were suspended at 10% Hct in solution C, and pre-
incubated at 37°C for∼5 min to allow for equilibration while mixing
continuously with a magnetic stirrer.45CaCl2 was then added to a final
total calcium concentration ([CaT]s) of 130 mM. Pre-incubation was
continued for≈10 min before adding ionophore A23187 to a final
concentration of 10mM in the suspension (∼100 mmol (l cells)−1).
This ensured rapid45Ca2+ equilibration across the RBC membrane.
Two min after A23187 addition, the ionophore was extracted by trans-
ferring the suspension to a tube containing twenty volumes of ice-cold
solution A with 1.5% (w/v) fatty acid-free bovine serum albumin [42]
and mixed. The cells were washed four times in this solution and
packed (∼80% Hct). For the final incubation, the packed cells were
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delivered, under magnetic stirring, into prewarmed solution C, with
either no additives or with 25mM FP, to obtain a 10% Hct RBC
suspension at∼37°C. Ca2+ extrusion under these conditions has been
shown to be inhibited by ATP depletion and vanadate [11, 35, 45], and,
therefore, to be PMCA-mediated. Once the incubation was started,
suspension samples [50ml] were taken at indicated times for measure-
ments of total intracellular calcium [CaT] i, as previously described [32].
The ionophore-induced Ca2+ uptake and PMCA-mediated Ca2+ extru-
sion rates were estimated from plots of [CaTi] vs. time.

SECOND PROTOCOL: EFFECT OFNON-HEME IRON ON

PMCA-MEDIATED Ca2+ EXTRUSION

Washed RBCs were suspended at 10% Hct in solution C, without or
with any of the following additives: 25mM FP, 10mM chloroquine, or
10 mM FP + 10mM chloroquine, and pre-incubated at 37°C for 1 hr
under continuous stirring. Chloroquine prevents FP degradation and
non-heme iron production [21], but co-incubation of chloroquine and
FP enhances hemolysis [10, 12]. Therefore, the concentrations chosen
for combined use of these compounds were the highest compatible with
less than 10% hemolysis, in blood from the 4 donors investigated,
during 60–80 min pre-incubation at 37°C (data not shown). Following
pre-incubation with FP, the cells were washed twice in solution B with
1% (w/v) fatty acid-free bovine serum albumin to remove all nonde-
graded FP, twice more in solution B without albumin, and packed.
The cells were then resuspended at 10% Hct, 37°C, in solution C, for
uphill Ca2+ extrusion measurements by the Co2+-exposure method [11].
Briefly, after ∼5 min equilibration under continuous stirring,45CaCl2
was added to a final ([CaT]s) of 130 mM. The suspension was further
pre-incubated for∼10 min before adding ionophore A23187, from a 2
mM stock solution, to a final concentration of 10mM in the suspension
(∼100 mmol (l cells)−1). This concentration allowed rapid45Ca2+

equilibration across the cell membrane. Two min later, CoCl2 was
added to a final concentration of∼250mM in the suspension, sufficient
to block all ionophore-mediated Ca2+ transport, and to expose the up-
hill extrusion of Ca2+ by the PMCA. Samples (50ml) were taken
throughout the procedure for determination of [CaT] i, as described
above.

MATERIALS

Ferriprotoporphyrin IX chloride (FP) was from Porphyrin Products,
Logan, Utah. Chloroquine, orthovanadate, EGTA, DMSO, HEPES,
inosine, glucose, CoCl2, and bovine albumin were from Sigma Chemi-
cal (UK). A23187 was from Calbiochem-Novabiochem (UK) Ltd.
CaCl2, MgCl2, NaCl, and KCl were from FSA Laboratory Supplies
(UK). 45Ca2+ was from Amersham International plc (UK).

ABBREVIATIONS

FP, ferriprotoporphyrin IX; PMCA, plasma membrane Ca2+ pump;
[CaT]s, total calcium concentration in suspension; [CaT] i, total intracel-
lular calcium.

Results

CHANGES IN CELL MORPHOLOGY, OSMOTIC FRAGILITY ,
AND HEMOLYSIS BY FP

The changes in shape, osmotic fragility and hemolysis,
induced by FP, were found to be dependent on FP con-

centration, temperature, time, external Ca2+ concentra-
tion, presence of ionophore A23187, and donor. We
briefly report here only the features relevant to the con-
dition of the cells used for Ca2+ transport studies.

Addition of FP to an RBC suspension caused an
immediate cell shape transformation. From biconcave
disks, the cells transformed, at progressively increasing
FP concentrations, to sharply spiculated echinocytes
([FP] # 10 mM), and spherocytes (FP > 10–20mM, de-
pending on the suspension Hct) with their surface ruffled
by very fine microvilli. Our optical microscopy on fresh,
unfixed samples, were in full agreement with those docu-
mented before by scanning electron microscopy on fixed
specimens [8]. The spherocytic appearance of RBCs at
high FP concentrations was reminiscent of that induced
by detergents used in cell sorting procedures [25], sug-
gesting that the mechanism of the cell shape changes by
FP may be similar. Removal of FP with albumin re-
stored the biconcave shape immediately, demonstrating
the reversibility of this effect, and confirming the effi-
ciency of the albumin extraction procedure. To investi-
gate the effect of intracellular FP degradation on cell
morphology we followed in time the spontaneous shape
changes of cells suspended at 10% Hct, 37°C, in solution
C with 25mM FP. Starting with a uniform population of
spherocytes, the cells slowly reversed back to biconcave
disks, recapitulating the intermediate spiculated echyno-
cytic forms documented at lower FP concentrations. The
first biconcave disk forms appeared at about four hours;
by 12–18 hr all unlysed cells had regained their original
biconcave shape. These results indicated that the FP
concentration was gradually decreasing, as would be ex-
pected from the erythrocyte ability to degrade FP.

Figure 1 shows the time-dependent effects of FP,
with and without Ca2+, on RBC osmotic fragility. Ad-
dition of 20mM FP to a red cell suspension (10% Hct) at
37°C, caused an immediate right-shift in the hemolysis
curves indicative of a sudden increase in osmotic fragil-
ity, and coincident with the shape changes described
above. FP elicited two additional time-dependent ef-
fects, with a slow time course. The first effect was a
gradual increase in the fraction of hemolyzed cells, in-
dicated by the progressive elevation of the baseline be-
tween 0.7 and 1.2 relative tonicity values (Fig. 1, both
panels). Note that this is not osmotic lysis because the
fraction of lysed cells remains invariant with tonicity,
even at the slightly hypertonic condition included here.
The detergentlike effect of FP on cell morphology de-
scribed above may also be responsible for the observed
nonosmotic lysis of a sensitive subpopulation of cells.
The second effect concerns the time-dependent changes
in osmotic fragility. The maximal increase in osmotic
fragility, as indicated by the right-shift of the hemolysis
curves, is observed at 1 min (Fig. 1, lower panel). There-
after, the hemolysis curves shift back to the left towards
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that of FP-free controls. The shift is not uniform, as
reflected by the shallower profile of the intermediate
time curves suggesting that progressively more cells
tend to regain the lower osmotic fragility status of the
controls. This is consistent with reversibility of the FP
effects as a result of its progressive degradation. The
magnitude of the effects on osmotic fragility and hemo-
lysis increased with FP concentration (not shown), co-
incubation of FP with Ca2+ (compare top and bottom
panels in Fig. 1), and Ca2+ concentration (not shown).
Although the FP effects were qualitatively similar among
the RBCs from the 4 normal donors, the concentration-
dependence varied considerably. Also the hemolytic ef-

fects of FP varied among donors and were not linear with
concentration. At concentrations of FP in excess of 30
mM, hemolysis reached up to 40% in Ca2+-containing
media. 25mM was the maximal concentration compat-
ible with an acceptable level of hemolysis (3% or less)
and was therefore chosen for the Ca2+ flux measurements
reported here.

Figure 2 reports the time-dependent hemolysis de-
tected in conditions identical to those of the two experi-
mental protocols used for PMCA-mediated Ca2+ extru-
sion measurements. Hemolysis was followed for incu-
bation times in excess of the 8 min required for such

Fig. 1. Effect of FP and Ca2+ on the osmotic fragility of normal human
red cells as a function of time. The hemolysis curves were obtained by
the profile migration method of Lew et al. [33]. The cells were sus-
pended at 3% Hct in solutions A (top panel) or solution B with 130mM

Ca2+ (bottom panel), both supplemented with 5 mM ionosine, and in-
cubated at 37°C. At time4 0, FP was added to the cell suspension to
a final concentration of 20mM. Samples for hemolysis curves were
taken at the indicated times. Relative tonicities above 1 were obtained
by addition of sucrose, 30 and 60 mM for 1.1 and 1.2, respectively.
High tonicities were explored to establish whether or not the progres-
sive hemolysis observed at relative tonicities above 0.7 was due to
increased osmotic fragility. The low relative tonicities were obtained by
dilution of solutions A or B with a solution containing 1 mM of HEPES-
Na (pH 7.5).

Fig. 2. Combined hemolysis effects of red cell exposure to ionophore
A23187 and FP in the conditions of the Ca2+-extrusion measurements
(protocols 1 and 2).Upper panel:hemolysis in suspension of Ca2+

preloaded cells (10% Hct, 37°C) in the absence (filled circles, controls)
and presence (unfilled circles) of FP. At time4 0, the Ca2+ preloaded
RBCs were delivered into solution C with or without 25mM FP.Lower
panel: hemolysis in suspension of RBCs pre-incubated with (unfilled
circles) or without (filled circles) FP and processed by the Co2+-
exposure protocol. The cells were pre-incubated with or without 25mM

FP for 80 min at 37°C. Hemolysis during pre-incubation with FP was
∼6–8%. After the pre-incubation, nondegraded FP was removed and
the cells were resuspended in solution C (10% Hct, 37°C) with 130mM
45Ca2+. Ionophore A23187 was added to 10mM at time4 0, followed
by Co2+ addition at 2 min. Hb was measured in the supernatant of
samples taken at the indicated times.
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measurements (see below). The results show that hemo-
lysis by FP never exceeded 3% throughout the period of
Ca2+ flux measurements in all conditions.

EFFECTS OFFP AND NON-HEME IRON ON

PMCA-MEDIATED Ca2+ EFFLUX

The effects of FP and non-heme iron on PMCA-
mediated Ca2+ efflux are illustrated in Figs. 3 and 4,
respectively. Vanadate (1 mM) fully inhibited Ca2+ ef-
flux in all conditions (not shown), confirming that the
efflux represented pump-mediated Ca2+ extrusion. In
the experiment of Fig. 3 the cells were preloaded with
Ca2+ to a [CaT] i level of about 670mmol (1 cells)−1.
After iononphore removal (first protocol) the [CaT] i load
was almost fully extruded within 3 min both in the ab-
sence (controls) and presence of FP. The function of the
pump is thus largely conserved in the presence of FP.

The relation between total Ca2+ content and ionized
Ca2+ concentration ([Ca2+] i) in normal red cells is well
approximated by the relation [Ca2+] i ∼ a[CaT] i, wherea
∼ 0.3 over a wide range of [CaT] i values spanning those
reported here [17, 46]. Down to a [CaT] i of about 100
mmol (l cells)−1 the [Ca2+] i level within the cells would

have exceeded 30mM, far above the submicromolar Ca2+

dissociation constant of the pump [20, 26]. Therefore,
the initial Ca2+ efflux (Fig. 3), linear for at least 90 sec,
represents the maximal Ca2+ extrusion rate by a [Ca2+] i-
saturated pump (Vmax). In this experiment, theVmaxwas
inhibited by about 21% relative to controls. In a second
similar experiment, 25mM FP reduced theVmaxby 23%,
from 12.8 ± 0.2 in the controls, to 9.8 ± 0.2 mmol (l cells
hr)−1.

The effects of non-heme iron on pump-mediated
Ca2+ extrusion are illustrated in Fig 4. Nearly complete
uphill extrusion of the initial [CaT] i load of∼550mmol (l
cells)−1 was accomplished within 3 min in test and con-
trol conditions, indicating full conservation of pump
function. The Vmax of the pump in the cells pre-
incubated with 25mM FP was increased by about 20%
relative to both controls and to cells pretreated with FP
and chloroquine (not shown). An increase of 11% (from
15.7 ± 0.3 to 17.4 ± 0.2 mmol (l cells hr)−1) was observed
in a second identical experiment. TheVmax values ob-
tained from cells pre-incubated in the presence of chlo-
roquine (±FP) were not significantly different from con-
trols (controls: 12.8 ± 0.2; 10mM chloroquine: 12.2 ±

Fig. 3. Effect of FP on PMCA-mediated Ca2+ efflux. Ca2+ preloaded
cells (first protocol) were suspended in solution C, without (circles,
controls) and with (squares) 25mM FP. [CaT] i is plotted as a function
of time. The regression lines through the selected points represent the
Vmaxof the Ca2+ pump. PumpVmax is reported as the mean ±SE of the
slope, in mmol (l cells hr)−1.

Fig. 4. Effect of non-heme iron on PMCA-mediated Ca2+ efflux.
RBCs were pre-incubated for 1 hr at 37°C with (squares) and without
(circles, controls) 25mM FP. Nondegraded FP was then washed out
with albumin before the cells were resuspended in solution C for mea-
surement of PMCA-mediated Ca2+ extrusion by the Co2+-exposure
method. PumpVmax is reported as the mean ±SE of the slope, in mmol
(l cells hr)−1.
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0.3; and 10mM each chloroquine and FP: 13.4 ± 0.4
mmol (l cells hr)−1).

Discussion

The results presented here showed that the function of
the Ca2+ pump is largely preserved in intact red cells
treated with FP or non-heme iron. This is in marked
contrast with the powerful inhibitory effects reported
earlier for similar FP or non-heme iron concentrations on
the Ca2+-Mg2+-ATPase activity of ghost membranes [29,
30, 49], and stresses the difficulties of extrapolating re-
sults from biochemical tests on membrane fragments to
functional tests in intact cells.

For a pump with the large spare capacity of the red
cell PMCA, the 20–25% inhibition observed here at
maximal sublytic FP concentrations is hardly significant
in normal RBCs because of their low Ca2+ permeability.
However, in cells with increased Ca2+ permeability, this
minor pump deficit may contribute to elevate [Ca2+] i to
critical levels for certain intracellular Ca2+ targets, a con-
sideration of potential relevance to the mechanism of
sickle cell dehydration [14] or to the homeostasis ofP.
falciparum-infected red cells [41].

The high levels of FP used here are probably never
met in vivo for two reasons: first, the rate of FP release
from oxidized hemoglobin is easily matched by the rate
of its degradation by glutathione at the inner membrane
surface [1]; second, FP partitions rapidly between the
two phospholipid monolayers and is rapidly extracted
from the outer layer by serum hemopexin and albumin
[3, 38, 43]. This also explains our observations of rapid
and complete reversibility of the FP-induced shape trans-
formations by albumin washes.

Whereas the degradation of FP by glutathione pro-
tects the cell from the toxic effects of FP, it also leaves
a considerable amount of iron associated with the mem-
brane. The redox-cycling of this iron causes lipid per-
oxidation and oxidation of essential protein SH groups.
This condition was simulated here by pre-incubating the
cells with high concentrations of exogenous FP prior to
testing Ca2+ pump activity. During the pre-incubation of
red cells with FP, much of the porphyrin was expected to
be degraded by glutathione; any undegraded FP was re-
moved by albumin washes prior to the measurements of
Ca2+ pump function. With a T1/2 of about 70 min for FP
degradation, approximately 75% of non-heme iron
would have become associated with the membrane [1].
At the end of the incubation the membrane fraction
would have contained an amount of iron equivalent to ca.
100 mmol iron (1013 cells)−1, well within the concentra-
tion range used by Leclerc et al. [29] to test the effect of
iron on the ATPase activity of isolated membranes.
These values compare to the levels of 34 nmol (mg pro-
tein)−1 found in sickle ghosts [27] when using conversion

factors of 3–4 g of membrane protein per 1013 ghosts.
These iron levels are associated with increased levels of
thiobarbituric acid reactive substances attesting the pres-
ence of lipid peroxidation. The∼20% inhibition of Ca2+-
Mg2+-ATPase activity observed in ghost membranes at
similar iron concentrations [29] contrasts with the slight
enhancement (11–20%; Fig. 4) of pump activity docu-
mented here in the intact cell. This suggests that in the
intact cell there are mechanisms at work that protect the
membrane or the Ca2+ pump protein against iron injury,
mechanisms absent in isolated membrane preparations.
However, alternative explanations for the mild pump-
stimulatory effects of iron cannot be ruled out. Hemoly-
sis during the pre-incubation with FP was about 6–8%.
It is conceivable that apparent stimulation may have re-
sulted from the selective removal by lysis of subpopula-
tions of low-pumping cells [19]. Whatever the reason
for the differential effects obtained in isolated mem-
branes and intact cells, the present observations stress the
perils of extrapolating results in fragmented cells to the
intact cell.

The authors thank The Wellcome Trust, and the Department of Physi-
ology in Cambridge, for funds.
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