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2+ 
SUMMARY: Human red cells were treated with 100 pM Ca and ionophore A 23187. 
This treatment induces remarkable changes p+ the activities of the two major 
proteolytic systems of r"2d, cells, i.e. Ca -dependent neutral proteinase and 
acid endopeptidases. Ca -dependent neutral proteinase undergoes intracellu- 
larly preliminary activation of the inactive proenzyme species, followed by 
eventual inactivation through self-proteolysis. Transient activation is shown 
by selective degradation of cytoskeletal proteins known to be targets of this 
enzyme system. Concomitantly, acid endopeptidase activity is substantially re- 
lezsed from the membrane into the cytosol. Preliminary inactivation of the 
Ca -dependent neutral proteinase by exposure of Glucose 6-phosphate dehydro- 
genase-defisient red cells to autoxidizing divicine prevents alterations in- 
duced by Ca loading on cytoskeletal membrane proteins, while leaving solubi- 
lization of aci 

g+ 
endopeptidase activity unaffected. The two events, although 

dependent ton Ca loading, are therefore unrelated to each other. 0 1986 Academic 

Press, Inc. 

Mature human red blood cells (RBC) contain a highly integrated proteo- 

lytic system (1). This includes a Ca 
2+ 

-activated neutral proteinase (calpain), 

present in the cytosol, and three acid endopeptidases (forms I, II and III), 

mostly associated with the membrane in normal conditions (2, 3). Two aminopep- 

tidases and two dipeptidylaminopeptidases are also present in the RBC cytosol 

(3). 
The best known among proteolytic enzymes of RBC is calpain, whose regu- 

lation is extraordinarily sophisticated (1). "In vitro", the major control 
2+ 

mechanism Iof this purified protein is related to the concentration of Ca , an 

increase of which will promote conversion of an inactive, heterodimeric pro- 

ABBREVIATIONS: RBC, red blood cells; GGPD, Glucose B-phosphate dehydrogenase; 
TES, 2- /2-hydroxy-l,l-bis(hydroxymethyl)ethyll amino ethanesulfonic acid; 
PBS, 20 mM Na phosphate, pH 7.4, containing 146 mM NaCl; SDS-PAGE, sodium do- 
decyl sulfate polyacrylamide gel electrophoresis. 
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enzyme species (procalpain) to the fully active form (calpain) through the 

proteolytic removal of a 5 KD peptide from the 80 KD subunit (4). In turn, in 
2+ 

the presence of high levels of Ca , active calpain undergoes further auto- 

proteolytic processing with attendant irreversible loss of activity (1). Ac- 

cordingly, mobilization of intracellular Ca 
2+ 

or increased Ca 
2+ 

levels within 

RBC are expected to trigger a two-step activation-inactivation mechanism of 

calpain. The results reported in this paper demonstrate the occurrence of such 

mechanism inside RBC treated with Ca 
2+ 

and ionophore A 23187. An additional 

consequence of Ca 
2+ 

loading in RBC is the remarkable solubilization of mem- 

brane acid endopeptidases that are extensively released into the cytosol. Ex- 

periments with Glucose 6-phosphate dehydrogenase (GGPD)-deficient RBC indicate 

that the Ca 
2+ 

-dependent release of acid endopeptidases from RBC membranes into 

the cytosol is totally unrelated to the concomitant regulation of the procal- 
2+ 

pain-calpain system by intracellular Ca . 

MATERIAL AND METHODS 
RBC from normal donors and from GGPD-deficient male subjects were ob- 

tained from blood samples defibrinated with glass beads and processed accord- 
ing to Beutler et al. (5) in order to remove leukocytes and residual pla- 
telets. The GGPD-deficient subjects were asymptomatic and had the Mediterra- 
nean type of the deficiency (6), as indicated by levels of GGPD activity of 
0.001-0.004 I.U./g Hb (7). 

Procalpain activity was assayed in the presence of 1 mM Ca 
2+ 

(8, 9). As- 
says were carried out in 1.0 ml aliquots of packed RBC, following removal of 
the endogenous protein inhibitor (9) by chromatography of the hemolysates on a 
column (0.7 x 10 cm) of DEAE-cellulose (8). Removal of the inhibitor was veri- 
fied as described (9). Activity was expressed as units/ml of packed RBC and 
1.0 ml of RBC was assumed to contain 330 mg Hb as measured before chromatogra- 

pk. 
Assays of acid endopeptidase activity were carried out as described (2). 

Membrane-bound activity was expressed as units/ml of packed RBC, i.e. referred 
to 5.0 mg of membrane proteins. Cytosolic acid activity was expressed as 
units/ml of packed RBC. Both the butanol-extracted (2) acid activity from RBC 
membranes and the cytosolic acid activity were analyzed for their content of 
proteinases I, II and III by gel chromatography on Ultrogel AC A44 (2). In the 
case of the cytosolic activity, this step was preceded by fractionation of the 
hemolysates on DEAE-cellulose DE 32 (3). 

RBC were incubated at a final 10% hematocrit for various times at 37oC 
in 0.04 M TES, pH 7.4, containing 5 mM glucose, NaCl to a final osmolarity of 
310 mOsm/liter H20, 5 pM A 23187 and varying concentrations (usually 100 JJM) 
of CaCl . Samples not containing A 23187 or CaCl were run in parallel. Incu- 
bations'were terminated by addition of 1 mM EDTA &d the RBC were washed three 
times with PBS and hemolyzed with 10 vols of 5 mM Na phosphate, pH 8.0. Both 
the supernatants and the membrane pellets (after 5 washings with 5 mM Na pho- 
sphate, pH 8.0) were assayed for endopeptidase activities, as described above. 
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Analysis o'f membrane proteins was carried out on SDS polyacrylamide slab gels 
by the procedure to Fairbanks et al. (10). 

Incubations of RBC (lo%, final hematocrit) with divicine were carried 
out in 0.04 M TES-glucose, pH 7.4, as reported above, using divicine solutions 
freshly prepared by hydrolysis of commercial vicine, as described (11). 

RESULTS 

Effects of Ca 
2+ 

loading on the activity of the procalpain-calpain system. Ex- 

posure of intact normal RBC to ionophore A 23187 and to increasing concentra- 

tions of C!a 
2+ 

results in a progressive and irreversible loss of intracellular 

procalpain activity (Fig. 1 A). No inactivation is observed when either Ca 
2+ 

or the ionophore is omitted. That such inactivation follows conversion of the 

proenzyme to the active calpain form, is shown by the attendant changes in 

membrane polypeptide patterns (Fig. 1 B). Thus, both the increased content of 

band 2.3 and the moderately decreased amount of band 4.1 are proteolytic 

events (12) consistent with transient intracellular expression of calpain ac- 

tivity (13). 

[Ca++] p’M 

B ; __ Î. 

2.14 
2.3+ 

Hb-+ 

0 5’ 15’ 30’ 

Time, min 

2+ 
Fig. 1. Effects of Ca loading on the levels and on membrane-targeted acti- ~. 
vity of the procalpain-calpain system. (A) Levels of procalpain activi;ty in 
normal BBC exposed for 30 min at 37OC to 5 JIM A 23187 and increasing Ca 2+ (B) 
SDS-PAGE patterns of the same RBC exposed to 5 JIM A 23187 and 100 pM Ca at 
37OC for varying time intervals (zero, 5, 15 and 30 min, respectively). 
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Fig. 2. Levels and subcellular distribution of total acid endopeptida$T acti- 
vity in RX treated for 60 min at 37°C with 5 PM A 23187 and 100 JIM Ca . Mem- 
brane-bound and cytosolic total acid endopeptidase activities were assayed as 
reported under "Materials and Methods" and referred to 1.0 ml of packed RBC. 

Effects of Ca 
2+ 

loading on the subcellular localization of acid endopeptida- 

ses. Besides modulating the procalpain-calpain system, loading with 100 pM 

Ca 
2+ 

induces a remarkable loss of membrane-bound acid endopeptidase activity, 

paralleled by appearance of this activity in the cytosol. Accordingly, total 

acid endopeptidase activity of the Ca 
2+ 

-loaded RBC keeps constant, yet its 

subcellular distribution is completely reversed (Fig. 2). Release into the 

TABLE I. Solubilization of acid endopeptidases upon Ca 
2+ 

loading in human RBC 

Proteolytic activity (UnitsdTl RBC) 
Untreated RBC Ca -loaded RBC 

Membrane-bound Cytosolic Membrane-bound Cytosolic 

Proteinase I 0.9 traces 0.6 0.2 
Proteinase II 9.6 0.42 3.2 6.5 
Proteinase III 4.7 0.18 3.1 1.2 

2+ Normal RBC were incubated for 30 min at 37OC with 5 pM A 23187 and 100 PM 
Ca as described in Materials and Methods. The three acid proteinase activi- 
ties were isolated by gel chromatography and assayed according to refs. 2 and 
3. 

90 



Vol. 138, No. 1, 1986 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

TABLE II. Susceptibility of procalpain and of acid endopeptidase activity of 
GGPD-deficient RBC to autoxidizing divicine 

Proteolytic activities Divicine (mM) 
(Units/ml RBC) 

0 0.75 2.5 5.0 

Procalpain (cytosolic) 22.5 1.2 ZeI-0 ZeI-0 

Acid endopeptidases 
a) IMembrane-bound 
b) Cytosolic 

11.8 10.9 8.8 7.6 
0.4 0.6 1.0 1.2 

GGPD-deficient RBC were incubated for 30 min at 37OC in the presence of 
divicine at the concentrations indicated (see Materials and Methods). 

cytosol affects proteinase II much more than proteinases I and III (Table I) 

and is not accompanied by any change in the pH optimum (2, 3). 

Correlations between effects on procalpain-calpain and on acid endopeptidases. 

Procalpain has been recently demonstrated to be a selective target of divicine 

cytotoxicity (14). Thus, divicine, a pyrimidine aglycone implicated in the pa- 

thogenesis of favism (151, inactivates procalpain both in the purified system 

and within RBC (14). Inactivation is caused by autoxidation of divicine and is 

much greater in GGPD-deficient than in normal RBC, as a result of distinctive 

lability of GSH in the defective cells which yet have normal levels of procal- 

pain (14). This specific effect of divicine has now been used as a tool to in- 

vestigate the role of calpain in the multiple changes elicited by loading with 
2+ 

100 pM Ca . 

Table II confirms the high susceptibility of the procalpain activity of 

GGPD-deficient RBC to divicine (14). The activity of membrane-bound acid endo- 

peptidase is little affected, with a limited extent of solubilization which is 

likely to reflect partial disruption of the membrane architecture, at least at 

the highest concentrations of divicine. 

Fig. 3 shows the influence of pre-incubating GGPD-deficient RBC with va- 

rious divicine concentrations on the two effects induced by subsequent Ca 
2+ 

loading, i.e. (A) solubilization of acid endopeptidases and (B) alterations of 

membrane polypeptides. Preliminary inactivation of procalpain does not affect 

appreciably the release of acid endopeptidases into the cytosol that follows 

loading of RBC with 100 PM Ca 
2+ 

(Fig. 3 A): this was deliberately limited in 

extent, asi compared with the experiment of Fig. 2, by a shorter exposure of 
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Fig. 3. Ca2+-induced changes in acid endopeptidase activity and in membrane 

polypeptide patterns of GGPD-deficient RBC following inactivation of procal- 
pain. RBC (0.002 I.U./g Hb) were pre-incubated for 30 min at 37OC with divi- 
tine at the concentrations indicated on the abscissa and, after three washin s 

29 
in PBS, re-incubated for 30 min at 37OC with 5 HM A 23187 and 100 pM Ca . 
Procalpain activity was completely lost following treatment with divicine. (A) 
Membrane-bound (0) and cytosolic (0) total acid endopeptidase activities are 
referred to 1.0 ml of packed RBC. (B) SDS-PAGE patterns of the same RBC g- 
treated or pre-treated with divicine and then incubated with A 23187 and Ca . 

RBC to Ca'+. On the contrary, pre-incubation of RBC with divicine before Ca 
2+ 

loading prevents both the appearance of band 2.3 and the decrease of band 4.1 

that are found in the same RBC directly submitted to treatment with Ca 
2+ 

and A 

23187 (Fig. 3 B). These data confirm that the Ca 
2+ 

-induced changes in cyto- 

skeletal proteins are the result of intracellular activation of procalpain. 

Moreover, the release of acid membrane-bound endopeptidases into the cytosol 

is independent of Ca 
2+ 

-mediated regulation of the procalpain-calpain system. 

DISCUSSION 

Loading of 100 PM Ca 2+ in human RBC induces two major effects on the re- 

sident endopeptidase activities: 1) occurrence of the activation-autoinactiva- 

tion mechanism of procalpain whereby specific cytoskeletal proteins undergo 

limited degradation, 2) a reversed subcellular distribution of the three acid 

endopeptidases that are released from RBC membranes into the cytosol. Evidence 
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has emerged that these two results, although being both strictly dependent on 

Ca 
2+ 

loading, are unrelated to each other from a mechanistic point of view. 
2+ 

Moreover, the final outcome of Ca loading seems to be the switching off of 

both endopeptidase systems since solubilized acid proteinases can hardly be 

expected to work at the intracellular pH values of RBC, while some activity is 

known to be present in the hydrophobic environment of RBC membranes (16). Also 

suggested by these data is the apparent localization of the three acid en- 

dopeptidases at the cytoplasmic face of the membrane. 

The present results may bear relevance to the pathophysiology of favism, 

an acute hemolytic disease affecting some GGPD-deficient subjects and trigger- 

ed by fava bean components among which divicine is strongly implicated (15). 

Favism is characterized at the RBC level by severe oxidant damage, which at 

least in part is afforded by divicine autoxidation, and by markedly perturbed 
2+ 

Ca homeostasis as well (11, 17). The link between these two alterations, 

both affecting the procalpain-calpain system, is as yet uncertain, in spite of 
2+ 

the report that divicine autoxidation inactivates the membrane Ca -ATPase 

significantly (18). Although both divicine and enhanced intracellular Ca 
2+ 

are 

expected to produce eventual inactivation of calpain, the Ca 
2+ 

-dependent mec- 

hanism involves transient expression of proteolytic activity. Thus, in RBC 

from favic patients, significant alterations of bands 2.3 and 4.1 have been 

observed (l9) as a proof of unrestrained calpain activity. However, the pic- 

ture of biochemical dysfunctions of RBC proteolytic systems in favic patients 

may be complicated by additional effects including attainment of intracellular 
2+ 

Ca levels higher than those obtained in the present study, resulting in ac- 

tivation of the usually latent Ca 
2+ 

-dependent transglutaminase (20) and in the 

formation of disulfide bridges among membrane polypeptides. Analysis of the 

biochemical properties of RBC during the hemolytic crisis in favism requires 

careful consideration of this wide multiplicity of events. 
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