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The ATP hydrolytic activity of the solubilized and purified Ca2+-translocating ATPase from human 
erythrocyte plasma membrane was strongly inhibited by the nonpolar compound, N,N'-dicyclohexyicarbodi- 
imide, both in the presence and in the absence of calmodulin. However, the more water-soluble carbodii- 
mides, l-ethyl-3-(3-dimethylaminopropyl)carbodiimide and 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide 
had little inhibitory effect on the enzyme. The inhibitory effect of N,N '-dicyclohexylcarbodiimide was most 
pronounced at acid pH, and declined sharply at alkaline pH values. In addition, the optimum pH for the 
enzyme activity also shifted to more alkaline values in the presence of the carbodiimide. Calcium ion appears 
to favor the inhibition induced by the carbodiimide, in contrast to the observed protection by Ca 2+ in the 
sarcoplasmic reticulum Ca2+-translocating ATPase. N,N'-Dicyclohexyicarbodiimide also dramatically de- 
creased the stimulatory effect of calmodulin on the activity of the enzyme. 

Introduction 

The chemical modification of different amino 
acid residues on enzymes has been of great help in 
understanding critical cell functions and the 
mechanism of action of a great variety of enzymes. 
Several N,N'-disubstituted carbodiimides have 
been widely used as protein carboxyl group(s) 
modifying reagents, in order to inhibit H + translo- 
cation coupled to the function of several energy 
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Abbreviations: DCCD, N,N'-dicyclohexylcarbodiimide; 
EDAC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; 
CMCD, l-cyclohexyl-3-(2-morpholinoethyl)carbodiimide; 
Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulphonic acid; 
EGTA, ethylene glycol bis(~-aminoethyl ether)-N,N,N',N'-te- 
traacetic acid: PMSF, phenylmethylsulfonyl fluoride; EEDQ, 
N-et hoxycarbonyl-3-ethoxy-1,2-dihydroquinoline. 

transducing enzymatic complexes (see Ref. 1 for 
review). In addition, carbodiimides have also been 
reported to inhibit the Ca 2+-translocating ATPase 
from sarcoplasmic reticulum [1-6]. However, to 
the best of our knowledge, no information has 
been published to date on the action of these 
compounds on the plasma membrane CaZ+-trans - 
locating ATPase. The present paper attempts to 
fill that gap, and reports for the first time such a 
study on the solubilized and purified Ca2+-trans - 
locating ATPase from human erythrocytes. Em- 
phasis will be placed on the similarities and dif- 
ferences between the inhibitory effect of N, N'-di- 
cyclohexylcarbodiimide on the two calcium ion 
translocating ATPases. 

Materials and Methods 

Chemicals 
Bovine brain calmodulin was obtained from 
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Calbiochem (La Jolla, CA). Bovine brain phos- 
phodiesterase 3',5'-cyclic nucleotide activator- 
Agarose gel, bovine serum albumin (free fatty 
acid), Triton X-100, dithiothreitol, DCCD, EDAC, 
CMCD, Hepes, ATP (disodium salt), and EGTA 
were purchased from Sigma Chem. Co. (St. Louis, 
MO). Asolectin was purchased from MCB Manu- 
facturing Chemical Inc. (Cincinnati, Ohio), and 
EDTA from BDH (Toronto). EEDQ was a gift 
from Professor B. Belleau, McGill University, 
Montreal. All other chemicals used in this work 
were of the highest purity available, 

Preparation of calmodulin-depleted erythrocyte 
membranes 

The calmodulin-depleted erythrocyte mem- 
branes were prepared at 4°C in the presence of 0.1 
mM PMSF using a Millipore Pellicon system 
equipped with filters of 0 .5/ ,m diameter pore size, 
following the method described in [7,8], modified 
as follows. 2 units (approx. 500 g) of human 
packed red cells (4-5 days old), suspended in a 
citrate-phosphate-dextrose medium containing 
adenine, were obtained from the Canadian Red 
Cross and washed three times in isotonic 150 mM 
KC1/20 mM Tris-HC1 (pH 7.4). The washed cells 
were haemolyzed by vigorous agitation in 11 litres 
of 10 mM Tris-HC1/2 mM EDTA (pH 7.6). The 
haemolyzate was passed through the cassette sys- 
tem, operating in the concentration mode, until 
the volume was reduced to approx. 400 ml. The 
concentrated membranes were washed with 7-8 
litres of 50 mM KC1/10 mM ascorbic ac id /5  
mM E D T A / 5  mM Hepes (pH 7.6), with the 
casette system operating in the constant volume 
mode to remove haemoglobin, calmodulin and 
other soluble proteins. The membranes were fur- 
ther washed, also in constant volume mode, with 
5-6  litres of 50 mM KC1/10 mM ascorbic ac id /5  
mM Hepes (pH 7.6) in order to remove the EDTA. 
Finally, they were washed with 2 litres of 130 mM 
KC1/0.5 mM MgC12/50 /~M CAC12/2 mM di- 
thiothrei tol /20 mM Hepes (pH 7.4) and con- 
centrated by centrifugation at 20 000 x gma× for 20 
min with the centrifuge brake off. The con- 
centrated membranes (90 ml, containing approx. 
800 mg total protein) were quick-frozen in liquid 
nitrogen ( - 1 9 6 ° C )  and stored at - 7 0 ° C  until 
use. 
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Solubilization and purification of the Ca:+-trans - 
locating A TPase 

The solubilization and purification of the 
Ca2+-translocating ATPase was performed as pre- 
viously described [9], except that the calmodulin- 
Agarose gel column used was larger (17 cm high x 
1.4 cm diameter, containing 28 mg covalently- 
bound calmodulin), and 0.1 mM PMSF was sys- 
tematically added to the solubilization buffer. 

A nalytical procedures 
The inorganic phosphate liberated to the 

medium was determined colorimetrically [10]. Pro- 
tein concentration was determined according to a 
modification of the method of Lowry et al. [11] 
after treatment of the sample with 0.05% (w/v)  
deoxycholic acid and precipitation in a final con- 
centration of 10% (w/v)  trichloracetic acid at room 
temperature, as in Ref. 12, using bovine serum 
albumin as a standard. Calculation of the con- 
centration of free calcium ion was done by the aid 
of computer programs as outlined in Ref. 9. 
Carbodiimide stock solutions were prepared in 
N,N'-dimethylformamide. The solvent, at 1% 
(v/v)  final concentration, was systematically ad- 
ded to the assay system when the carbodiimide 
was not present, as a control. No inhibitory effect 
of the solvent by itself was found. 

Results 

Effects of different carbodiimides on the A TP hydro- 
lytic activity and on the stimulatory effect induced by 
calmodulin 

Three different carbodiimides of different de- 
grees of hydrophobicity and molecular bulk were 
employed in these experiments. Fig. 1A shows the 
inhibition of the ATP hydrolytic activity of the 
enzyme by increasing concentrations of carbodi- 
imide. The strongly hydrophobic carbodiimide, 
DCCD, inhibited the Ca2+-ATPase activity with a 
half maximum concentration between 0.1 and 0.2 
raM, both in the presence and in the absence of 
calmodulin. However, little inhibition was found 
when the moderately hydrophobic CMCD was 
employed in the absence of calmodulin, and the 
inhibition was only slightly increased in the pres- 
ence of calmodulin. Even less inhibition was found 
with the water-soluble EDAC (see Fig. 1A). The 
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Fig. 1. Effects of carbodiimides of various hydrophobicity on Ca2+-ATPase activity. (A) The purified enzyme (2.8 /~g protein) was 
assayed at 37°C for 1 h in a total volume of 1 ml of the following medium: 124 mM KCI, 100 mM Tris, 100 mM Hepes pH 7.4, 2 
mM dithiothreitol, 0.054% (w/v) Triton X-100, 0.1% (w/v) sonicated asolectin, 2 mM ATP, 5 mM MgCI2, 160/~M total CaCI 2 (0.22 
/~M free Ca 2+ ), 160 /~M EDTA, 240 #M EGTA, in the absence (open symbols) and in the presence (filled symbols) of 120 nM 
calmodulin, and the indicated concentrations of DCCD (circles), CMCD (squares) and EDAC (triangles). All the assays contained 
1% (v/v) N, N'-dimethylformamide. The inorganic phosphate released was assayed as described in Materials and Methods. (B) The 
fold stimulation induced by calmodulin was determined by calculating the ratio of the specific activity of the enzyme in the presence 
and in the absence of calmodulin, under the conditions indicated in (A). DCCD (circles), CMCD (squares) and EDAC (triangles). 

inhibi t ion  observed with D C C D  was slightly in- 
creased when the ca rbod i imide  was p re incuba ted  
with the enzyme at 37°C for 30 min pr ior  to the 
assay of the enzymat ic  act ivi ty  (results not  shown). 
However ,  since the difference was not  pro-  
nounced,  we dec ided  not  to pursue  the p re incuba-  
tion exper iments ,  since the enzyme alone was 
shown to be very sensitive to mild  thermal  t reat-  
ment  under  the p re incuba t ion  condi t ions  de- 
scr ibed above  and it was diff icult  to remove D C C D  
by subsequent  di lut ion of the p re incuba t ion  mix- 
ture in the assay medium.  We also observed that  
D C C D  strongly d imin ished  the s t imula t ion  of  the 
A T P  hydro ly t ic  act ivi ty  induced  by  ca lmodul in ,  
with a s imilar  po tency  to its inhib i t ion  of basa l  
A T P  hydroly t ic  act ivi ty  (Fig. 1B). However ,  l i t t le 
effect on the s t imula t ion  induced  by ca lmodul in  
was observed when either C M C D  or  E D A C  was 
used. 

pH dependency of the inhibitory effect of carbodii- 
mide 

Fig. 2 shows the Ca2+-ATPase act ivi ty  as a 
funct ion of p H  in the assay med ium at different  
concent ra t ions  of  D C C D ,  at a cons tan t  Ca 2 + con- 
centra t ion.  It was observed that  progress ively  in- 

creasing concent ra t ions  of  D C C D ,  up to 1 mM, 
induced  a s ignif icant  shift of the op t imum p H  of 
the enzyme, from a round  p H  7.0 to p H  8.0, at the 
same t ime that  progressively more  enzyme was 
inh ib i ted  (Fig.  2A). Fur thermore ,  it was observed 
(Fig.  2B) that  the inh ib i tory  effect of  D C C D  was 
more  marked  in acid condi t ions  (pH 6) than in 
a lkal ine  condi t ions  (pH 8). Similar  results were 
ob ta ined  in the presence of ca lmodul in  (results 
not  shown). 

Calcium ion favors the inhibitory effect of carbodi- 
imide 

W e  subsequent ly  s tudied the effect of  different  
concen t ra t ions  of  free calc ium ion on the inhibi-  
tory effect induced  by  D C C D  on the Ca 2 +-ATPase  
activity.  Fig. 3A shows a semilogar i thmic  plot  of 
the CaZ+-ATPase act ivi ty (both  in the presence 
and  in the absence of D C C D )  as a funct ion of  the 
concen t ra t ion  of  free ca lc ium ion in the assay 
system, in the presence and absence of  ca lmodu-  
lin. The replot  in Fig. 3B makes  it most  appa ren t  
that  at very low concent ra t ions  of  free calcium ion 
in the assay system, the percent  of inhib i t ion  
induced  by  D C C D  is smal ler  than at  progressively 
higher  concent ra t ions  of the ion. Moreover ,  
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Fig. 2. Effect of DCCD on the pH dependence of the CaZ+-ATPase. (A) The purified enzyme (5.7 fig protein) was assayed at 37°C 
for 1 h in a total volume of 1 ml of the following medium: 124 mM KCI, 100 mM Tris, 100 mM Hepes at the indicated pH, 2 mM 
dithiothreitol, 0.054% (w/v)  Triton X-100, 0.1% (w/v)  sonicated asolectin, 2 mM ATP, 5 mM MgC12, 160 bt M total CaC12 (the free 
calcium ion concentration was calculated to change only from 80.4/LM at pH 6 to 78.5 p.M at pH 8.25 under these conditions), 160 
/LM EDTA, in the absence of calmodulin, and the following concentrations of DCCD: none (O).  0.2 mM (z~), 0.5 mM ('7) and 1 mM 
(D). All the assays contained 1% (v/v)  N,N'-dimethylformamide. The inorganic phosphate released was assayed as described in 
Material and Methods. (B) Ca2+-ATPase activity was calculated as a percentage of the control in the absence of DCCD as a function 

of pH. 

calmodulin appears to favor further the inhibitory 
effect induced by DCCD. The DCCD-induced 
decrease in stimulation of the Ca2+-ATPase by 
calmodulin was observed at all the concentrations 

of free calcium ion tested (Fig. 3C), although as 
previously reported [9], the stimulatory effect of 
calmodulin is most apparent at low concentrations 
of free calcium ion. However, it was demonstrated 
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Fig. 3. Ca 2+ dependency of the inhibition of CaZ+-ATPase by DCCD. (A) The purified enzyme (4.2 ~g protein) was assayed at 37°C 
for 1 h in a total volume of 1 ml of the following medium: 124 mM KCI, 25 mM K-Hepes at pH 7.4, 2 mM dithiothreitol, 0.054% 
(w/v)  Triton X-100, 0.1% (w/v)  sonicated asolectin, 2 mM ATP, 5 mM MgC12, 160 ~tM CaCI2, 160 ~tM EDTA and from 0 to 2 mM 
EGTA to obtain the indicated concentration of free calcium ion in the presence (filled symbols) and in the absence (open symbols) of 
120 nM calmodulin, and in the presence (triangles) and in the absence (circles) of 0.5 mM DCCD. All the assays contained 1% (v/v)  
N,N'-dimethylformamide. The inorganic phosphate released was assayed as described in Materials and Methods. (B) Ca2+-ATPase 
activity calculated as a percentage of the control activity in the absence of DCCD was replotted as a function of the concentration of 
free calcium ion in the presence (filled triangles) and in the absence (open triangles) of 120 nM calmodulin. (C) The fold stimulation 
induced by calmodulin was replotted as a function of the concentration of free calcium ion in the presence (filled squares) and in the 
absence (open squares) of 0.5 mM DCCD. 
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(results not shown) that DCCD does not modify 
the degree of cooperativity of the enzyme induced 
by calcium ion. The Hill coefficient at pH 7.4 
remains near 4 in the presence of calmodulin and 
near 2 in its absence, as previously reported [9], 
despite the partial inhibition induced by the pres- 
ence of 0.5 mM DCCD in the assay system. 

Discussion 

The earliest studies [2] of the inhibition by 
carbodiimides of the sarcoplasmic reticulum 
Ca 2+-translocating ATPase indicated that DCCD 
was a strong inhibitor of the enzyme. However, 
the water-soluble carbodiimide, EDAC, was inef- 
fective. Other hydrophobic carbodiimides were 
also found to be good inhibitors of this enzyme 
[4,5]. Our results show (Fig. 1) that the plasma 
membrane Ca2+-translocating ATPase is also in- 
hibited efficiently only by hydrophobic carbodii- 
mides, suggesting that the DCCD-binding  
residue(s) is located in a very hydrophobic domain 
of the enzyme. However, Chadwick and Thomas 
[4] have recently shown that the molecular bulk of 
seven hydrophobic carbodiimides is also of great 
importance in determining their capacity to in- 
hibit the sarcoplasmic reticulum Ca2+-ATPase. 
They found no correlation between the inhibitory 
capacities and the chemical reactivities of the 
carbodiimides, but rather, they found more inhibi- 
tory capacity when less bulky carbodiimides were 
employed. 

A difference with respect to the inhibition ob- 
served in the sarcoplsmic reticulum Ca2+-ATPase 
is that the plasma membrane Ca2+-ATPase re- 
quired higher concentrations of the inhibitor than 
used by Pick and Racker [2] for the sarcoplasmic 
reticulum ATPase, although higher concentrations 
(around 0.15 mM) were used in subsequent studies 
on the sarcoplasmic reticulum enzyme [3-6]. As 
reviewed in Ref. 1, carbodiimides are able to 
interact not only with carboxylic groups, but most 
significantly with sulfhydryl groups and, less effi- 
ciently, with tyrosine and serine residues. We con- 
cluded that, since the inactivation by DCCD is 
most pronounced in acid conditions, it is most 
likely that the affected group(s) have to be proto- 
nated for the inhibition to take place, indicating 
that the most probable candidates are carboxyl 

group(s). The presence of carboxyl group(s) essen- 
tial to the ATP hydrolytic activity of the enzyme 
was further supported by an experiment showing 
that the enzyme activity was also blocked by the 
selective carboxyl group reactive agent, EEDQ 
(results not shown). Furthermore, the requirement 
for a hydrophobic carbodiimide suggests that the 
reactive group is buried in a hydrophobic environ- 
ment, either free or possibly bonded to a basic 
group. Moreover, the change of optimum pH of 
the enzyme following inhibition by DCCD to 
higher values could indicate that the dissociation 
of H + from the carboxyl group(s) during the en- 
zymatic cycle could be a feature of great relevance 
in this enzyme. DCCD has been shown to inhibit 
H + translocation by the F1F0-ATPases of different 
origins [13-15], the mitochondrial NADPH- 
NAD+-transhydrogenase [16,17], the cytochrome 
c oxidase [18,19], and the cytochrome bc 1 complex 
[20-22]. Furthermore, Ca 2+ transport by the 
plasma membrane Ca2+-translocating ATPase 
from erythrocytes has been considered to involve 
the translocation of H ÷ in the opposite direction 
to the calcium ion [23-25]. It will be of great 
interest to try to determine in future work whether 
the translocated H ÷ comes from the carboxyl 
group(s) that appears to be blocked by the DCCD. 

It has been shown that Ca 2÷ protects against 
inactivation induced by DCCD [2,3] and other 
carbodiimides [4] of the Ca2+-translocating 
ATPase from sarcoplasmic reticulum. However, 
further work [5] has indicated that protection by 
Ca 2÷ could not be attained when N-methyl-N'- 
phenylcarbodiimide or N-methyl-N'-(4-trifluoro- 
methyl-l-phenyl)carbodiimide were used. These 
studies concluded that the calcium ion binding 
site(s) were the site of inhibition of DCCD, which 
appears to be located in a hydrophobic region of 
the protein [2-4]. In addition, it was shown that 
under some conditions, Ca 2+ protects against 
DCCD inhibition of the phosphorylation of the 
enzyme by inorganic phosphate, and its reversal, 
rather than against the interaction of DCCD at 
the site of Ca 2+ binding or phosphorylation by 
ATP [6]. In contrast, the plasma membrane Ca 2+- 
translocating ATPase examined in the present 
study was inactivated by DCCD to a greater ex- 
tent in the presence of increasing concentrations 
of calcium ion (Fig. 3B). Furthermore, it appears 



that binding of calmodulin to the enzyme further 
favors the Ca2+-dependent inactivation induced 
by DCCD (Fig. 3B). In addition, the inhibition by 
DCCD occurs primarily by decreasing the Vma x of 
the enzyme, rather than by a significant change in 
the K0.5(Ca2+), indicating that DCCD does not 
interact with residues directly involved in Ca 2+ 
binding. 

Calmodulin contains a large number of carbo- 
xyl groups and it is possible that when calmodulin 
was present in the assay mixture, it was also 
inactivated to some extent by DCCD. However, in 
contrast to the results we obtained (Fig. 1), the 
inactivation of calmodulin should also have been 
observed with EDAC, since this carbodiimide has 
been shown to promote amidation of carboxyl 
groups on calmodulin and inactivation of its activ- 
ity [26]. The lack of inhibition by DCCD may be 
due to rapid hydrolysis of the activated carboxyl 
groups in the absence of added or proximal en- 
dogenous nucleophiles. To check this point di- 
rectly, calmodulin was preincubated with 1.6 mM 
DCCD, in the absence and presence of calcium 
ion, for 1 h at 37°C. After this treatment, 
calmodulin stimulated the Ca2+-ATPase activity 
to within 90% of the stimulation obtained in iden- 
tical control experiments (in the absence of 
DCCD) (results not shown). Therefore, the inhibi- 
tion of calmodulin-activation of the CaZ+-ATPase 
by DCCD appears to be due mainly to modifica- 
tion by DCCD of either calmodulin binding to the 
enzyme or of a step in the reaction sequence 
associated with calmodulin activation, rather than 
by direct inactivation of the calmodulin molecule 
itself. The Ca2+-ATPase in this study was purified 
and assayed in the presence of asolectin that pre- 
sumably contains acidic phospholipids. Conse- 
quently, the stimulation of the enzyme by 
calmodulin was most marked only at low Ca 2+ 
concentrations, in contrast to the larger stimula- 
tion found by others with enzyme purified and 
reconstituted in L-a-phosphatidylcholine vesicles, 
in which stimulation was found by calmodulin 
also at high concentrations of calcium ion [27]. We 
have confirmed that the stimulation by calmodu- 
lin is higher, and over a broader Ca 2+ concentra- 
tion range, when the enzyme was purified and 
assayed with L-o~-phosphatidylcholine at a low free 
Mg 2+ concentration in the assay medium (Vil- 
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lalobo, A. and Roufogalis, B.D., unpublished 
data). 

In closing, we would like to remark that the use 
of these carbodiimide chemical probes on the 
plasma membrane Ca2+-translocating ATPase will 
help us to understand more clearly the catalytic 
cycle of the enzyme, as in the case of the sarcop- 
lasmic reticulum enzyme [6], where a specific step 
of the catalytic cycle has been implicated as being 
inhibited by DCCD. The extension of the action 
of DCCD to the transport function(s) of this 
enzyme will undoubtedly be of great help in the 
overall understanding of these ion translocating 
enzymes. 
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