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The activity of the solubilized a~d purified (Ca2+ + Mg:~+).ATPase from human erythrocyte membranes 
was inhibited by N,N'-dieydohexylcarbodiimide in a coneenlrsfion-dependent manner. The carbodiimide 
prevented formation of the phospborylated intermediate during the catalytic cyde of the enzyme. Treatment 
of the enzyme with N,N'-dieydohexyl[t'lClcarbodiimide resulted in the formation of a t4C-lahelletl 
polypepfide corresponding to the enzyme monomer (molecular weight 136000). The trypfic fragmentation of 
this UC.lahelled enzyme resulted in the formation of three major V~C.lahelled fragments with molecular 
weights of 58000, 36500 and 23000, the latter two probably representing transmembrane and calmot~in. 
binding domains of the enzyme, respectively, in the absence of calmodulin, 6.7 molecules of N,N'.dicyclo. 
hexyllUClcarbodiimide covalently bound to each molecule of Ca2+-ATPase; in the presence of ealmodulin, 
the number of molecules of carbodiimide bound was 13.1. The binding of N,N'.dieydohexylcarbodiimide to 
the (Ca 2+ + Mg2+)-ATPase greatly reduced its ability to bind to a calmodulin-agarose gel. 

Introduction 

N,N'-Dicyclohexylcarbodiinfide (DCCD) has 
been used as a carboxyl-lnodifying reagent to help 
understand the mechanism of operation of a series 
of enzymes involved in energy transduetion (see 
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Ref. 1 for a review), including systems involved in 
H + translocation [2-11], Ca 2+ translocation 
[12-16] and Na + and K + translocation [17-21]. 
Previous work in this laboratory has demonstrated 
that the solubilized and purified (Ca2+ + Mg2+)- 
ATPase from human erythrocyte plasma mem- 
brane [22,23] is strongly inhibited by the hydro. 
ph.~Jc ¢~rboai;mide~ I3CCD. and to a much lesser 
extent by carbodiimides of lower degree of hydro- 
phobicity [16]. This inhibition was favored by the 
binding of Ca 2+ to the enzyme and was maximal 
at a slightly acid pH [16]. Furthermore, it was 
shown that calmodulin favors the Ca2+.dependent 
inactivation induced by this carbodiimide and that 
DCCD appears specifically to decrease the 
calmodulin-indaced activation of the (Ca2++ 
Mg2+)-ATPase without inactivating the calmodu- 
lin molecule itself [16]. We have further studied 
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the inhibitory effect of DCCD on the (Ca2++ 
Mg2+)-ATPase of human erythrocyte and demon- 
strated not only that the calmodulin-binding do- 
main of the enzyme could be modified by DCCD, 
but that the binding of calmodulin to the enzyme 
dramatically increases the number of carbodiimide 
reactive groups in the enzyme. 

Materials and Methods 

Chemicals. N, N '-Dicylcohexyl[ 14 C]carbodii- 
mide (57 mCi.mmo1-1) was purchased from 
Amersham Canada (Montreal) and [,/- 32 p]ATP 
(28.9 Ci. mmol- 1) was from ICN Radiochemicals 
(Irvine, CA, U.S.A.). Bovine brain phos- 
phodiesterase Y,5'-cyclic nucleotide activator- 
agarose gel. Triton X-100, Hepes, ATP (disodium 
salt), trypsin (bovine pancreas, type III), DCCD 
and EGTA were obtained from Sigma Chemical 
Co. (St. Louis, MO, U.S.A.). Bovine brain 
calmodufin was obtained from Calbiochem (La 
Jolla, CA, U.S.A.), and asolectin was purchased 
from MCB Manufacturing Chemical Inc. (Cincin- 
nati, OH, U.S.A.). X-OMAT AR X-ray blue sensi- 
tive films were obtained from Kodak. All other 
chemicals used in this work were of analytical 
grade. 

Preparation of caimodulin-depleted elythrocyte 
membranes, solubilization and purification of the 
(Ca 2 + + Mg 2 +)-A TPaze. The methods describing 
the preparation of calmodufin-depleted human 
erythrocyte membranes, thc . . . .  """ "" ~omvmzaaon and 
purification of the (Ca2++ Mg2+)-ATPase, have 
been described previously [16,22]. Photodensito- 
metric scanning of three electrophoretic gels 
stained with Coomassie blue shows that the band 
of molecular weight 136000 representing the 
(Ca 2+ + Mg2+)-ATPase accounts for 91.3 _+ 1.570 
of the total protein. A minor contaminant of 
molecular weight 97000 was also present. How- 
ever, autoradiography of the [14ClDCCD-labelled 
preparations shows that this contaminant did not 
become labelled (see Fig. 1). 

Measurement of the phosphorylated intermediate 
of the enzyme. The purified enzyme (5.2/tg pro- 
tein) was incubated in 0.2 ml at 4°C during 15 s 
in a medium coataining 40 mM potassium-Hepes, 
0.1 mM MgCI:, 0.92 mM CaCI~, 2 mM dithio- 
threitol, 0.054% (w/v) Triton X-100, 0.170 (w/v) 

sonicated asolectin and 10 #M ATP containing 
[~,. 32 P]ATP (6 mCi. mmol-1) (pH 7.4). The reac- 
tion was initiated by the addition of [-/-~P]ATP 
and terminated by the addition of ice-cold 10% 
(w/v) trichloroacetic acid. The precipitated pro- 
tein was processed for electrophoresis at pH 7.0 
and 4°C, and an X-ray film was exposed with the 
dried gel for 24-48 h for autoradiography. 

Determination of the .4TPase activity. The en- 
zyme was assayed in an appropriate volume (see 
legends to the figures) at 37°C for 30 min in a 
medium containing 124 mM KCI, 100 mM potas- 
sium-Hepes (pH 7.4), 2 mM dithiothreitol, 0.054% 
(w/v) Triton X-100, £.08~g (w/v) sonicated 
asolectin, 5 mM MgC! 2, 160 ~aM CaC12 (0.22 ~M 
free Ca2+), 160 #M EDTA, 240 ttM EGTA and 2 
mM ATP (disodium salt) in the absence and pres- 
ence of 120 nM calmodulin. 

Polyacrylamide gel electrophoresis and autoradi- 
ography. Slab gel electrophoresis on a continuous 
gradient (5-20~, w/v) polyacrylamide in the pres- 
ence of 0.1~ (w/v) sodium dodecyl sulfate or 
lithium dodecyl sulfate, modified from Laemmli 
[24], was run overnight (10 mA and 4°C) at pH 
8.3 for general purpose experiments, or at pH 7.0 
for those experiments identifying phosphorylated 
intermediate. The gel stained with Coomassie bril- 
liant blue R-250 was dried on Whatman No. 1 
paper and set in contact with an X-ray film for 
24-48 h for 32p detection, or 15-30 days for 14C 
detection. As standards, the following proteins of 
known molecular weight were used: myosin 
(200000), fl-galactosidase (116200), phosphory- 
lase b (92500), bovine serum albumin (66200), 
ovalbumin (45000), carbonic anhydrase (31000), 
soybean trypsin inhibitor (21500) and lysozyme 
(14400). 

Batch binding studies with calmodulin-agarose 
gel. 4 ml of calmodulin-agarose gel suspension 
(containing 1.6 mg covalently bound calmodulin) 
was washed three times with 6 ml of a solution 
containing 200 mM KCI, 50 mM potassium-Hepes 
(pH 7.4), 50/~M CaCl 2 and 0.02~ (w/v) sodium 
azide and later equilibrated with 6 ml of a buffer 
containing 300 ~,'~I KCI, 10 mM potassium-Hepes 
(pH 7.4), 1 mM MgCI2, 100 lu.M CaCI2, 2 mM 
dithiothreitol, 0.05~ (w/v) Triton X-100 and 0.170 
(w/v) sonicated asolectin (Ca 2+ buffer). There- 
after, 0.5 ml of purified enzyme (25/~g protein 



untreated or pretreated with 1 mM DCCD for 3f, 
min on ice) was added and allowed to remain in 
contact with the gel under gentle stirring for 15 
min. The gel was centrifuged at 430 x gm~ for 3 
min and the supernatant (wash 1) was saved for 
electrophoresis. The gel was resuspended in the 
Ca 2+ buffer, centrifuged once more and the "uper- 
natant (wash 2) was saved for electrophoresis. The 
gel was then washed with 3 ml of 300 mM KCI, 10 
mM potassium-Hepes, 2 mM dithiothreitol, 0.05% 
(w/v) Triton X-100, 0.1% (w/v) sonicated asolec- 
tin, and 2 mM EDTA (EDTA buffer), the step 
was repeated and the combined supernatants 
(EDTA effluent) after centrifugation were saved 
for electrophoresis. The supernatants from washes 
1 and 2 and from EDTA elutions were treated 
with 107o (w/v) trichloroacetic acid, centrifuged 
and the pellet was processed for electrophoresis. 
As a control, the calmodulin-agarose gel to which 
DCCD-treated enzyme had been added, was 
washed once more with the Ca 2+ bui°fer and 25 ttg 
protein of untreated enzyme was applied as de- 
scribed above, to show that the binding capacity 
of the calmodulin-agarose gel itself was not de- 
creased by the DCCD treatment employed. 

Limited proteolysis of the [14C]DCCD-labelled 
enzyme. 1.5 ml of purified (Ca 2+ + Mg2+)-ATPase 
(72 t~g protein) in a medium containing 300 mM 
KCI, 10 mM potassium-Hepes (pH 7.4), 2 mM 
dithiothreitol, 2 mM EDTA, 0.057O (w/v) Triton 
X-100, 0.1% (w/v) sonicated phosphatidylcholine 
and 17O (v/v) N,N'-dimethyiformamide was pre- 
incubated with 20 /tM [14C]DCCD (5 mCi. 
mmol -I) for 30 min at 4"C. After the preincuba- 
tion, 0.3-ml aliquots (14.4 lag protein) were re- 
moved and precipitated with 107o (w/v) trichloro- 
acetic acid and the pellet was procerised for elec- 
trophoresis and autoradiography. To the remain- 
ing 1.2 ml mixture was added 50/tg trypsin and, 
thereafter, 0.3-ml aliquots were removed at 30 and 
60 rain intervals and precipitated with 107O (w/v) 
trichloroacetie acid and the pellet was processed 
for electrophoresis and autoradiography. 

Analyticaiprocedures. Protein concentration was 
determined essentially by the method of Lowry et 
al. [251 after protein precipitation by 107o (w/v) 
trichloroacetic acid, using bovine serum albumin 
as a standard. When determination of the con- 
centration of protein in the band of (Ca2++ 

Mg2+)-ATPase in the electrophoresis gel was re- 
quired, different concentrations of bovine serum 
albumin were included in the same gel, stained 
with Coomassie brilliant blue R-250, measured on 
the densitometer at 650 nm and the area under the 
peak was integrated with a planimeter and used 
for calibration. Linearity between the densitomet- 
ric intensity of the protein band in the gel and the 
amount of protein was demonstrated up to 20/~g 
protein. The inorganic phosphate produced during 
hydrolysis of ATP was determined colorimetri- 
cally [26]. Calculation of the concentration of free 
calcium ion was by the program detailed by Gold- 
stein [27], modified as previously described [22]. 

Results 

[14C]DCCD labelling and inhibition of the (Ca '-+ 
+ Mg 2 +).,4 TPase 

Incubation of the purified (CaZ++Mg2+) - 
ATPase from human erythrocytes with [14C]- 
DCCD results in the formation of a single ~4C- 
labelled polypeptide (Fig. 1, track C) of a molecu- 
lar weight (136000) identical to that of the puri- 
fied enzyme stained with Coomassie blue (Fig. 1, 
track B). However, the amount of [t4C]DCCD- 
labeiled protein able to penetrate into the electro- 
phoretic gel could be as much as 507O lower than 
the untreated enzyme depending on the DCCD 
con(entration used for labelling, indicating that 
DCCD-treatment could result in irreversible ag- 
gregation of part of the (Ca2++ Mg2+)-ATPase 
mob.'cules. Fig. 1 also shows that DCCD-treat- 
ment of the (Ca 2+ + Mg2+)-ATPase molecule re- 
sults in inhibition of the aspartylphosphate inter- 
mediate formation (Fig. 1, compare tracks D and 
E). 

The ATP hydrolytic activity of the enzyme was 
inhibited by DCCD in a concentration- and time- 
dependent manner, both in the absence and in the 
presence of calmodulin (Fig. 2). 

Calmodulin increases the labelling of the (Ca"++ 
Mg" +).A TPase by DCCD 

The number of [14C]DCCD molecules cova- 
lently bound to each molecule of (Ca2+ + Mg 2+)- 
ATPase was dicectly determined in the absence 
and presence of calmodulin with different con- 
centrations of DCCD in the assay system. Fig. 3 
shows a plot of the [14CIDCCD/(Ca'+ + Mg2+) - 



ATPase  ( m o l / m o l )  ratio versus the percent of  
ATPase  activity remaining in the system. The 
m a x i m u m  number  of  [~4C]DCCD moleodes  

bound  per molecule of ATPase was approx. 5 (in 

the absence of calmodulin)  and approx. 12 (in the 

presence of  calmodulin)  when 70-75% of the en- 
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Fig, 2. Effect of incubation time and different concentrations 
of DCCD on the activity of the purified (Ca'~++Mg2+)- 
ATPase. Purified enzyme (3.7 #g protein) was incubated for 
the indicated period of time in the presence of the indicated 
concentration of DCCD at 37°C in 0.94 mi of a medium 
containing 124 mM KCi, iO0 mM Tris-HCI, 100 mM potas- 
sium-Hepes (pH 7A), 5 mM MgCi 2, 160 taM EDTA, 160/~M 
EGTA, 160 /iM CaCI 2, 2 mM dithiothreitol, 0.054% (w/v) 
Triton X-100, 0.1'~ (,',/v) sonicated asoleetin and 1% (v/v) 
N,N'-dimethyiformamide in the absence (open symbols) or 
presence (closed symbols) of 120 n~ n calmodulin. The reaction 
was starled by addition of 2.4 mM ATP (sodium salt) and 
incubation continued for an extra 60 min. The percent de- 
crease of activity during the 60 min of assay was subtracted 
from the total inactivation. The 1009[ activity at zero time of 
preincubation was 1.5 and 2.3 Fmol.min-Lmg protein -I in 

the absence and presence of calmodulin, respectively. 

Fig. 1. [14C]DCCD labelling of the purified (CaZ+ + Mg 2+ )- 
ATPase and inhibition of the a2P-labelled phosphorylated in- 
termediate. Track A, Coomassie blue staining of molecular 
wright markers as described in Material and Methods. Tracks 
B and C, the purified enzyme (72/~g protein) was incubated 
for 30 rain (on ice) in 1.2 ml of a medium containing 300 mM 
KCI, 10 mM potassium-Hepes, (pH 7.4), 2 mM dithiothreitol, 
2 mM EDTA, 0.059~ (w/v) Triton X-100, 0.19[ (w/v) soni- 
cared phosphatidylcholine and 1% (v/v) N,N'-dimethylfor- 
mamide, in the presence of 20 /JM DCCD containing 
[14C]DCCD (5 mCi.mmol-l). After the incubation, 0.3 ml of 
the ~xture (containing 18 lag protein) was precipitated with 
109[ (w/v) trichloroacetic acid and processed for electrophore- 
sis at pH 8.3, followed by staining with Coomassie blue (track 
B) and autoradiography (track C) as described in Materials 
and Methods. Tracks D and E, the purified enzyme (5.2 lag 
protein) was incubated for 15 s at 4°C in 0.2 ml of a medium 
containing 40 mM potassium-Hepes, 0.1 mM MgCI 2, 0.92 mM 
CaCI:, 2 aM dithiothreitol, 0.0549[ (w/v) Triton X-100, 0.19[ 
(w/v) sonicated asolectin, 10 taM ATP containing [-t-32P]ATP 
(28.9 Ci-mmol-I) in the absence (track D) or presence (track 
E) of IX5 mM DCCD. After the incubation and precipitation 
with 109[ (w/v) trichloroacetic acid, the protein was processed 
for elec~rophoresis at pH 7.0 and autoradiography was carded 

out. 

zymatic activity of  the enzyme was inhibited by 
DCCD. Since the inhibit ion of the ATPase  activ- 

ity appears to increase linearly with the number  of  

D C C D  molecules bound  to the enzyme, the num-  

ber of D C C D  molecules required to attain 100% 
inhibition of  the enzyme was calculated by 
extrapolation. This number  was approx. 6.7 in the 

absence of  calmodul in  and approx. 13.1 in its 

presence. 

DCCD affects the binding of calmodulin to the 
(Ca 2+ + Mg2+)-ATPase 

To determine whether  or  not  the t reatment  of 
purified (Ca2+ + Mg2+)-ATPase with D C C D  af- 

fects its capacity to bind calmodulin,  both 
DCCD-trea ted  and untreated enzymes were prein- 

cubated with a calmodulin-agarose gel in the pres- 

ence of calcium ion. The  amoun t  of enzyme re- 
ma in ing  u n b o u n d  in the  supe rna t an t  was 
determined by electrophoresis. The bound  enzyme 

was eluted thereafter with EDTA from the 



calmodulin-agarose gel and was also determined 
by electrophoresis. Fig. 4 presents a typical experi- 
ment which shows that the untreated enzyme (track 
1, panel A) bound 100% to the calmodulin-agarose 

gel in the presence of calcium ion, and therefore 
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Fig. 3. Stoichiometry of tool of [14C]DCCD-bouad per tool of 
(Ca2++MgZ+)-ATPase in the absence and presence of 
calmodulin. Purified enzyme (20/~g protein) was assayed at 
37 o C for 30 min in a total volume of 5.0 ml in a medium 
containing 124 mM KCI, 100 mM potassium-Hepes (pH 7.4), 5 
mM MgCI z, 160 laM CaCI z, 160 FM EDTA, 240 #M EGTA, 
2 mM dithiothreitol, 0.0545 (w/v) Triton X-100, 0.085 (w/v) 
asolectin, 2 mM ATP and 1.25 (v/v) N,N'-dimethylform- 
amide in the absence (open symbols) and presence (closed 
symols) of 120 nM calmodulin and appropriate concentrations 
of DCCD (from 0 to 2.4 mM containing 5 mCi.mmol -~ 
[t4C]DCCD) to give different degrees of inactivation of the 
enzyme. The reaction was terminated by addition of 10% 
(w/v) trichloroacetic acid, and inorganic phosphate released to 
the medium was determined as described in Materials and 
Methods. The protein in the pellet was processed for electro- 
phoresis at pH 8.3 as descril~ed in Materials and Methods. 
After electrophoresis and staining of the gel with Conmassie 
blue, the amount of proteh~ in the band of molecular weight 
136000 corresponding to the (Ca 2+ + Mg 2+ )-ATPase was de- 
termined planimetrically using a calibration of the integrated 
area of the densitometfie intensity of the hand at 650 nm of 
different concentrations of bovine serum albumin. The 136000 
band was cut, bleached in 305 (v/v) H202 and the levels of 
14C were measured by liquid scintillation counting in Aqua- 
sol °. Appropriate blanks were prepared with similar pieces of 
unlabelled gels to determine background levels of radiation. A 
plot is presented of the percent ATPase activity remaining 
versus the [I4C]DCCD/(Ca2+ +MgZ+)-ATPase (tool/reel) 
ratio determined. The theoretical maximum stoichiometry is 
the extrapolated value when the ATPase activity is zero. Circles 
and square symbols correspond to experiments performed with 

different batches of enzyme. 
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Fig. 4. Effect of DCCD on the binding of the purified (Ca '+ + 
Mg ~+ )-ATPase to a calmodulin.agarose gel. Purified enzyme 
(25 pg protein) was incubated in the absence (panels A and C) 
or presence (panel B) of I mM DCCD for 30 rain (on ice) in 
0.5 m] of a buffer containing 300 mM KCI0 10 ram potassium- 
Hepes (pH 7.4), 2 mM dithiothreitol, 2 mM EDTA, 0.055 
(w/v) Triton X-100, 0.1% (w/v) asolectin and 1% (v/v) 
N,N'-dimethylformamide. The enzyme was then bound to a 
suspension of calmodulin-agarose gel as discussed in Materials 
and Methods in a buffer containing 50 #M CaCI 2, washed 
several times with the same Ca 2. buffer and then eluted in a 
buffer containing 2 mM EDTA. The unbound and the eDTA- 
eluted enzyme were precipit;rlt¢~] with 105 (w/v) trichioro- 
acetic acid and processed for clectrophoresis (pH 8.3). Track 1, 
before binding to the calmodulin-agarose gel. Track 2, enzyme 
in first Ca 2+ buffer supematant (unbound). Tracks 3, enzyme 
in second Ca 2+ buffer supernatant (unbound). Tracks 4, en- 
zyme eluted with EDTA buffer (bound). in panel C the 
ealmodulin-agarose gel was pretreated with the same amount 
of DCCD that was used in panel B before the binding of 
non-treated enzyme. Note that the binding capacity of the 
calmodulin-agarose gel was not affected by DCCD treatment. 

was not present in the supernatant (tracks 2 and 3, 
panel A). However, it was fully recovered after 
EDTA eht ion  (track 4, panel A). in contrast, in 
panel B of the same figure, it is shown that the 

DCCD-t rea ted  enzyme (track 1, panel B) 
incubated with the calmodulin-agarose gel in the 

presence of calcium ion was recovered partially 
unbound (approx. 50%) in the supernatant (track 

2, panel B). The other 50% of the enzyme was 
eluted with EDTA (track 4, panel B). To ascertain 
that DCCD does not inactivate the calmodulin 
covalently bound to the calmodulin.agarose gel, 

the same gel as that used in the experiment pre- 

sented in panel B was used to bind a batch of 
untreated enzyme. The results presented in panel 
C of Fig. 4 show that in the presence of Ca 2+, 

100% of the enzyme bound to the calmodulin- 
agarose gel (note absence of enzyme in tracks 2 
and 3 of panel C) and was fully recovered after 

EDTA elution (track 4, panel C), as expected. 

Identification of trypsin fragments of the (Ca z + + 
Mg" + ).A TPase molecule labelled with [14C]DCCD 

Partial trypsinization of the [t4C]DCCD- 
labelled (Ca2++Mg2+)-ATPase could identify 
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Fig. 5. Partial trypsinization of the [n4C]DCCD-treated (Ca 2÷ + Mg 2+ )-ATPasc. Purified enzyme (72 lag protein) was inL abated for 
30 min on ice with 20 laM [14C]DCCD (5 mCi-mmol -!) in a total volume of 1.2 mi of a medium containing 300 mM KCI, 10 mM 
potassium-Hepes (pH 7A), 2 mM dlithiothreitol, 2 mM EDTA, 0.05~g (w/v) Triton X-100, 0.1% (w/v) sonicated phosphatidylcholine 
and 5% (v/v) N,N'-dimcthyiformamide. After this treatment, a 0.3-ml aliquot (18 lag protein) was taken, precipitated with 10% 
(w/v) trichloroacetic acid and processed for clcctrophoresis (zero time). To the rest of the mixture was added 50 lag trypsin and the 
preincubafion was continued at 0°C for the indicated period of time. 0.3 ml of the mixture (18 lag protein) was taken, precipitated 
with 10~ (w/v) trichloroacetic acid and processed for clectrophoresis. Panels labelled 0', 30' and 60' indicate the time in minutes of 
digestion in the presence of trypsin. Tracks P labelled show the protein pattern stained with Ccomassie blue. Tracks L labelled show 
the autoradiograph of the 14C-labelled fragments. Arrows labelled t indicate, the trypsin band. The 14C-labelled polypeptides and 
their corresponding molecular weights ( x 103) are indicated with black arrowheads, and the corresponding Coomassie blue-stained 

polypeptides are indicated with white arrowheads. 

general regions of the enzyme where DCCD binds. 
Fig. 5 shows that the native [~4C]DCCD-labelled 
enzyme of molecular weight 136000 is progres- 
sively hyrolyzed to a series of []4C]DCCD-labelled 
fragments. Tracks marked P show the protein 
patterns of control enzyme and partially proteo- 
lyzed (Ca2++ Mg2+)-ATPase at 30 rain and 60 
min, while those marked L show the autoradio- 
graphic pattern of the 14C-labdled polypeptides. 
It is shown that the intact []4C]DCCD-Iabelled 
ATPa,;e (molecular weight 136000) is progres- 
sively fragmented to [Z4C]DCCD-labelIed frag- 
ments with molecular weights of 82000, 58000 
and 36500 after 30 min and three major 14C- 

labelled fragments with molecular weights of 
58 000, 36 500 and 23 000 after 60 rain. 

Discussion 

The interaction of DCCD with carboxyl 
group(s) of the (Ca 2+ + Mg 2+)-ATPase can result 
in the formation of dicyclohexyl-O-acylisourea de- 
rivative intermediate(s). This intermediate(s) can 
further result in either (i) intramolecular or inter- 
molecular crosslinking of the enzyme due to 
nucleophilic attack by amino groups and the re- 
lease of dicyclohexylurea or (it) the formation of 
stable dicyclohexyl-N-acyhrea derivative(s) of the 



enzyme. These interactions are more likely to oc- 
cur in hydrophobic domains of the enzyme since 
the dicyclohexyl-O-acylisourea derivative inter- 
mediate(s) is highly susceptible to nucleophilic 
attack by water and is, therefore, able to regener- 
ate a non-modified enzyme [1]. Our results show 
that using [14C]DCCD it is possible to detect a 
stable J4C-labelled Ca2T-ATPase, indicaiive of the 
formation of dicyclohexyl-N-acyhrea derivative(s) 
of the enzyme (Fig. 1, 3 and 5). However, our 
experiments also show that DCCD treatment re- 
suits in a sig~fificant decrease in the number of 
ATPase molecules able to penetrate the poly- 
acrylamide gel (results not shown), suggesting that 
intermolecular crosslinked complexes of high 
molecular weigh! are formed as well. 

As in the case of the (Ca2+ + Mg2+)-ATPase 
from sarcoplasmic reticulum [15], DCCD also in- 
hibits the formation of the aspartylphosphate in- 
termediate of the erythrocyte (Ca2++ MgZ+) - 
ATPase (see Fig. 1). We have shown previously 
[16] that Ca 2+ does not prevent inhibition of the 
erythrocyte (Ca2++ MgE+)-ATPase induced by 
DCCD, but rather increases its inhibitory potency. 
Therefore, inhibition of the phosphorylated inter- 
mediate formation could be the result of a direct 
interaction of DCCD with the ATP binding do- 
main(s) and/or the phosphorylating site itself 
rather than interaction with the Ca 2+-binding sites. 

We have demonstrated (Fig. 3) that the 
erythrocyte (Ca 2+ + Mg2+)-ATPase interacts with 
DCCD at multiple sites. However, the number of 
moles of DCCD to each mole of Ca2+-ATPase 
experimentally, should be considered as only a 
minimum value, since hydrolysis of part of the 
dicyclohexyl-O-acylisourea derivative intermedi- 
ate(s) could not be excluded, particularly in hy- 
drophilic regions of the enzyme. Calmodulin also 
has a profound effect on the stoichiometry of 
DCCD bound to each molecule of (Ca2++ 
MgZ+)-ATPase (see Fig. 3). The doubling of the 
number of residues susceptible to interaction with 
DCCD in the calmodulin-(Ca 2 + + Mg z +).ATPase 
complex suggests that significant comformational 
changes exposing carboxylic groups (from hydro- 
phobic domains) takes place when the (Ca2++ 
Mg2+)-ATPase interacts with calmodulin. These 
results are in agreement with our earlier observa- 
tions that calmodulin favors the Ca2+-dependent 

inactivation of the (Ca2++ Mg2+)-ATPase in- 
duced by DCCD in the assay system, which in- 
cludes the presence of ATP [16]. Itowever, Fig. 2 
.~:hows that when the enzyme was preincubated in 
the presence of DCCD without ATP, calmodulin 
has little effect on the inactivation occurring dur- 
ing preincubatioi~. These results also suggest that 
binding of ATP to the enzyme could modify its 
reactivity to DCCD. In fact, we have demon- 
strated that in the absence of ATP the number of 
DCCD-reactive sites was lower (results not shown). 
The calmodulin-binding domain of the erythr6- 
cyte (Ca 2+ + Mg2+)-ATPase is believed to have a 
high degree of hydrophobicity, since it interacts 
with a highly hydrophobic region of the Ca 2+- 
ca!_m_odulin complex [28]. Therefore, this region of 
!he enzyme could be highly reactive to the hydro- 
phobic DCCD molecule. In our earlier work we 
observed that DCCD selectively decreased the 
stimulation induced by calmodulin in the (Ca2+ + 
Mg2+).ATPase activity without significant in- 
activation of calmodulin molecules [16], suggesting 
that the calmodulin-binding domain of the en- 
zyme was directly or indirectly modified by 
DCCD. We have now shown (Fig. 4) than when 
the Ca2+.ATPase was treated with DCCD this 
significantly decreased its capacity to bind to a 
calmodulin-agarose gel, as would be expected if 
the calmodulin-binding domain is modified by 
DCCD. However, modification of the calmodulin- 
binding domain could be an indirect effect of 
binding of DCCD to the enzyme. Therefore, we 
have tried to obtain further evidence for the direct 
interaction of DCCD with the calmodulin-binding 
domain of the enzyme. 

Partial trypsinization of a [14C]DCCD-labelled 
enzyme could identify gen:ral regions where 
DCCD interacts. Our experiments on trypsin frag- 
mentation of the 14C-labelled enzyme show that a 
23 kDa 14C-labelled fragment of molecular weight 
23000 was produced (Fig. 5). Similar partial tryp- 
sinization of the (Ca 2+ + Mg z+)-ATpase by Zurini 
et al. [29] has previously identified that a fragment 
of 25000 contained the calmodulin.binding do- 
main of the enzyme by its crosslinking to 
[125 I]iodoazidocalmodulin. 

Similarly, the region of the (CaZ++ Mg2+)- 
ATPase spanning the plasma membrane is ex- 
pected to be highly hydrophobic, making it easy 



for DCCD to react with carboxyl g"oup(s) in that 
domain. We al~o have found a ~4C-labe!!ed frag- 
ment of molecular weight 36500 (Fig. 5) that 
appears to correspond to a previously identified 
33 500 fragment with a high degree of hydropho- 
bicity as confirmed by its reactivity to the photo- 
active reagent 3-(trifluoromethyl)-3-(m-[12"Sl]-iodo- 
phenyl)diazirine used by them [29]. Therefore, our 
results suggest that both the calmodulin-binding 
domain and the tncmbrane-spanning domain are 
regions of the Ca 2 + pump able to interact directly 
with this hydrophobic carbodiimide. The small 
differences in molecular weight of fragments cor- 
responding to the calmodulin-binding domain and 
membrane-spanning domain previously described 
by Zurini et al. [29], and the 14C-labelled frag- 
ments identified by us, could be due to the dif- 
ferences in resolution of the 5-20~ linear poly- 
acrylan,A~!c gradient gel used here and a 7~ p~ly- 
acrylamide gel used in Ref. 29. 

As in the case of the sarcoplasmic reticulum 
Ca 2+ pump [30], identification of general regions 
of the erythrocyte enzyme able to react with 
carbodiimides and the effects of these interactions 
on different enzyme ligands could be of great 
importance for future understanding of the mode 
of operation of this enzyme. 
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