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Calmodulin antagonism and inhibition of erythrocyte plasma 
membrane Ca +-pump by nifedipine, a calcium channel blocker 

O L U F U N S O O . O L O R U N S O G O * , A N D ENITAN A. B A B A B U N M 1 
Biomembrane Research Laboratory, Biochemistry Department. College of Medicine. University of Ibadan. Ibadan, 

Nigeria. 

Summary 
Nifedipine, a 1,4-dihydropyridine Ca2+-channel 
blocker inliibits calmodulin-stimulatcd activity of 
erytlirocyte plasma membrane (Ca2 ++ Mg 2 + ) -AT-
Pase. Its inhibition of the basal activity of the 
enzyme increases on pre-incubation with mem-
branes. The maximum velocity, affinity for ATP 
and Ca2 +-sensit ivity of pump are reduced by 
micromolar amounts of the antihypertensive drug. 
These results suggest that 1,4-dihydropyridines 
may interact with calcium-binding proteins and 
calcium-dependent enzymes at their calcium-
binding sites. 

R£sum6 
Nifedipine, medicament de 1,4-dihydropyridine 
qui bloque le canal Ca2 + + Mg2 +)-ATPase du 
plasma de Perythrocyte stimul^e par calmodulin. 
Son inhibition de Factivit6 basale de l 'enzymc 
croit apnSs preincubation avec les membranes. La 
vdlocitd et Iaffinit6 maximales pour la sensibility 
d'ATP et de Ca 2 + de la pompe diminuent utilisant 
des quantitds micromolaires du medicament anti-
hypertensif. Ces resultants donnent Timpression 
qu 'une act ion rdc iproque des 1,4-dihydropy-
ridines a lieu avec les p r o l i n e s reliant le calcium 
et avec les enzymes dependant du calcium. 

Introduct ion 
The p l a s m a m e m b r a n e Ca 2 + -pump act ively 
removes Ca2* f rom all eukaryotic cells investi-
gated to datel 1,2J. The enzyme, an ATPasc of the 
P-type because it forms an acylphosphate inter-
mediate during its catalytic cycle[ 3,4J, i S the major 
mechanism responsible for the extrusion of Ca 
from ery th rocy tes^^] . In other cells, particularly 
those of excitable tissues, the Ca2 +- ATPase and the 
Na+/Ca2+ exchanger are involved in the regulation 
of intracellular free Ca2 + concentration^!- The 
ATPase, M r 136[6] and representing less than 
0.1 % of total membrane proteins effectively main-
tains erythrocyte intracellular free calcium con-
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ccntration in the rate of 10"7 to 10"8M by transpor-
ting Ca2 + ions against a 10,000-fold electrochemi-
cal gradient with energy derived from ATP[ 1 ]. A 
major feature of the protein is the regulation of its 
calcium sensitivity by calmodulin[7], a ubiquitous 
calcium binding protein which also requires Ca2* 
ions for potency[8). 

Although a significant body of evidence sug-
gests that Ca2+-cntiy blockers interfere with the 
influx of Ca2+ through Ca2 + channels by binding 
to specific sites on the protcinaceous channel in 
the plasma membrane[9,l l] , there are indications 
that these substances may act on intra-ccllular or 
membrane-bound calcium-binding proteins[12). 
In par t icu la r , M i n o c h e r h o m j e e and Roufo-
galis[13] have shown that nifedipine and related 
calcium entry blockers antagonise calmodulin and 
phosphodiesterase. The observation that carbox-
ylate groups are involved in the binding of Ca2 + to 
the outer surface of the channcl[14] suggests that 
these groups could be directly or indirectly masked 
by the Ca * entry blockers. It seems pertinent to 
us to study the cffect of nifedipine on the Ca2 +-
pumping ATPasc in the absence and presence of 
calmodulin because the ATPase, like its endogc-
ncous regulator, possesses a number of carboxy-
late groups for Ca2+ binding at its Ca2 + binding 
domains[ 6,15 J. 

Mater ia ls 
Phenylmcthylsulfonyl fluoride (PMSF), adeno-
sine 5'-triphosphate (vanadium-free), Ethyleneg-
l y c o l b i s ( 2 - a m i n o e t h y l e t h e r ) , N , N , N l , N l 

-tetraacctic acid (EGTA), 4-(20-hydroxycthyl)-l-
piperazine ethanesulphonic acid (HEPES) and 
fatty acid free bovine serum albumin were ob-
tained from Sigma Chemical Co. (London). Bo-
v i n e b ra in c a l m o d u l i n w a s ob t a ined f r o m 
Calbiochem La Jolla, (California). All other 
chemicals were of the highest purity grade avail-
able. Nifedipine was a generous gift of Dr. S. O. 
Lawal, Department of Medicine, University of 
Ibadan. 
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18 
M e t h o d s 
Isolation of calmodulin-deficient erythrocyte 
ghost membrane 
Calmodu l in - f r ee e ry throcyte p lasma m e m b r a n e s 
were isolated f rom w h o l e blood collected in acid-
ci t ra te-dextrose b u f f e r by the procedure of Jarret 
and Penniston[ 16] us ing the pr inciple of hypotonic 
lysis deve loped by D o d g e et al (17J. Fresh blood 
w a s cen t r i fuged at 5 ,800# for 10 min at 4°C. The 
p lasma and b u f f y layers were careful ly aspirated 
to obtain packed red cells which were washed 
thrice in 5 vols of 130mM KC1, 2 0 m M Tris-HCl 
p H 7.4 by spilling the cells suspension at 5 ,800# 
for 10 min . Washed cells were gent ly resuspended 
in 5 vols of I m M E G T A , lOmM H E P E S (pH 7.4). 
T h e suspension was spun at 20,000# for half an 
hour. T h e step was repeated f ive t imes to ensure 
comple te haemolysis . Membranes were washed 
with l O m M H E P E S (pH 7.4) until they became 
white . Finally, the whi te ghost membranes were 
resuspended in 1 3 0 m M KC1, 2 0 m M HEPES, pH 
7.4, 500 j iM M g C b , 50p.M C a C h , and stored at 
-40°C. The m e m b r a n e s were used within two 
w e e k s a f t e r i so la t ion . All b u f f e r s con ta ined 
O . l m M P M S F . 

Protein estimation 
M e m b r a n e proteins we re est imated by a modif ica-
tion of the p rocedure of Lowry et al (101 as de-
scribed by Markwel l et al [ 19]. T h e proteins were 
first precipi tated with 0 . 0 5 % (w/w) deoxychol ic 
acid and 10% (w/w) tr ichloroacetic acid in order 
to p r even t i n t e r f e rence b y H E P E S and phos-
phol ipids . Fatty ac id-f ree bovine serum albumin 
was used as s tandard. 

Assay of Ca2*-ATPase activity 
C a 2 + - p u m p activity was de termined by fol lowing 
the rate of release of inorganic phospha te f rom the 
y-posi t ion of ATP as p rev ious ly descr ibed(6] . 
Assay m e d i u m consis ted of 120mM KC1, 5 0 m M 
H E P E S , 3 m M M g C l 2 , 0 . 2 m M CaCl 2 , 0 .1 m M 
EGTA and erythrocyte ghost m e m b r a n e (50-100^g 
m e m b r a n e protein) in a total v o l u m e of 950| i l . 
T h e mix ture was pre- incubalcd for 5 min at 37 C 
with constant shaking prior to the initiation of 
react ion by addit ion of 50^il of 4 0 m M ATP. T h e 
assay w a s run for 30 mins in dupl icates with or 
without 120niM calmodul in . I n o r g a n i c phosphate 
was measured by a modi f ica t ion of the method of 
Fiske and Subbarow(20] fo l lowing termination of 
react ion with 1ml of 10% sod ium dodecylsul -
phate. T h e intensity of the blue colour that was 

O.O. OlorunsogoandE. A. Bababunmi 
deve loped on addit ion of ammonium molydate in 
H2SO4 and ascorbate respectively, was measured 
at 8 2 0 n m in a P y e u n i c a m SP 600 spectro-
photometer . Blanks were run to correct for non-
e n z y m i c hydrolysis of ATP. Ca2 +-ATPase activity 
was obta ined by subtracting Mg 2 +-ATPase activity 
(activity in the presence 5 m M EGTA instead of 
0 . 2 m M C a C h ) f r o m total ATPase activity in the 
presence of ca lc ium. Activity is expressed as 
Hmol Pi released per mg protein per hour. 

R e s u l t s 
F igure 1 shows the pattern of inhibition of calmo-
du l in -ac t iva t ed e ry th rocy te p l a sma membrane 
Ca 2 + -ATPase by nifedipine. 

100 200 300 400 
[Nifedipine] pM 

Fig 1. Antagonism of calmodulin stimulation of erythrocyte 
membrane (Ca2*+ Mg2*)-ATPase by nifedipine on pre-
incubation with membranes. Zero minute ( • ) and 30 
mins (A). Insert: Effect of nifedipine on basal (Ca" + 
Mg2*)-ATPasc activity without preincubation ( 0 ), on 
preincubation for 30 min ( § ) and 1 hour (A). Preincu-
bation was done at 4°C. 

It is clear f rom the figure that nifedipine anta-
gonised calmodulin-s t imulat ion of the ATPase in 
a concentra t ion-dependent manner whether or not 
the membranes were pre-incubated with the Ca 2 + -
cntry blocker. Half maximal inhibition (IC50) was 
obtained at 40^iM and 70^iM nifedipine, respec-
tively, with and without pre-incubation with mem-
branes. The results show further that the inhibition 
of the Ca 2 + -ATPase was at least 70% when the 
channel blocker (200^iM) was added to die mem-
branes just before commencement of reaction, 
whereas inhibition was almost total at nifedipine 
concentrat ions greater than 200jxM on pre-incuba-
tion with membranes for at least half an hour. In 
addition, the results presented in Fig. 2 show that 
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Antagonism and inhibition 
both the Vnuix and the K m values of the enzyme 
were modified by lOO^M nifedipine. 

A study of the dependence of the inhibition by 
nifedipine on ca lmodul in concentrat ion (Fig.3), 
indicates that the extent of inhibition by nifedipine 
is reduced by increasing ca lmodul in concentrat ion 
in the reaction medium. These results suggest that 
nifedipine antagonizes the interaction of ca lmo-
dulin with the Ca -ATPase. 

3 

~oi OA 
[ATP]mM 

Fig 2. ATP-dependcnce of erythrocyte m e m b r a n e (Ca2*+ 
Mg )- ATPase in the absence (circles) and presence 
(triangles) of lOOflM ni fedip ine . Assay was run with 
(filled symbols ) o r wi thout (open symbols) 120nM 
calmodulin. 

c o 

"3 
E 

W 
CO 

12 16 
[Calmodul in]pg/mg pro te in 

Fig. 3: Calmodul in-dependcnce of erythrocyte membrane 
(Ca2*+ Mg 2*)-ATPase. Assay was run in the absence 
of nifedipine ( • ); in the presence of lOOpM ( 0 ) and 
200pM nifedipine (£*). 

Furthermore, an assessment of the effect of nife-
dipine on the Ca 2* sensit ivity of the ATPase re-
veals that the Ca 2* channe l b locker antagonizes 
calmodulin as the V m j i x and the C a 2 + sensit ivity of 
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the enzyme were not significantly altered by cal-
modulin (Fig.4). For instance, calmodul in could 
not increase the V n ^ of the enzyme by two-fold 
in the presence of 100|iM nifedipine. In addit ion, 
ca lmodul in st imulation was inhibited by ni fe-
dipine (50p.M and lOOflM) at all the concentra-
tions of f ree Ca2* tested. 

- 1 0 - 8 - 6 - 4 L o g f r e e | C a J M 
Fig. 4.Effect of nifedipine on the Ca2* sensitivity of erythro-

cyte membrane (Ca2*+ Mg 2 >)-ATPasc in the presence 
(filled symbols) or absence (open symbols) of ca lmo-
dulin (120nM). No nifedipine (circles), lOOpM nife-
dipine (triangles) and 5 0 p M nifedipine (squares). 
Figure 1 (insert) shows the effect of varying 

concentrations of nifedipine on the basal activity 
of the Ca2 +-ATPase. The activity of the p u m p was 
only inhibited by about 25 percent at very high 
concentrations of the drug O 2 0 0 n M ) when added 
to the membranes in die reaction m e d i u m just 
before initiation of the ATPase reaction. The re-
sults show, also that the extent of inhibit ion in-
creased with increasing nifedipine concentrat ion 
on pre-incubation with membranes for at least 30 
mins. hi this instance, activity of the p u m p was 
almost totally inhibited when membranes were 
pre-incubated with nifedipine ( ^ . 2 0 0 P . M ) for at 
least 1 hour. The ATP-depcndence of the basal 
activity of the pump did not change with increas-
ing ATP concentrations. An assay of the basal 
activity of the Ca2*-ATPase over a range of f ree 
Ca2* concentration reveals that n i fedipine reduced 
the sensitivity of the enzyme to Ca 2* (Fig.4). The 
enzyme was inhibited by n i fedipine at all the con-
centrations of free Ca2* examined . Figure 5 s h o w s 
the effect of varying pre-incubation t imes on the 
i n h i b i t i o n b y n i f e d i p i n e ( I O - I O O j i M ) . 

The results indicate that over 20 percent inhibi-
tion of ATPase activity was obtained af ter 25 
minutes of pre-incubation of the p lasma m e m -
b r a n e s w i t h 5 0 j a M a n d I O O j i M n i f e d i p i n e . A b o u t 
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20 O. O. Olorunsogo and E. A. Bababunmi 
5 0 and 6 0 percen ts inhibit ion was observed af ter 
l h r of pre- incubat ion wi th 5 0 ^ M and IOOjiM ni fe-
dipine , respectively. T h e extent of inhibition was 
increased wi th increasing t ime of exposure of 
m e m b r a n e s to the drug. For instance, about 75 
percent of the basal activity of the ATPasc was 
inhibi ted on pre- incubat ion of membranes with 
lOOyM nifedip ine for approximate ly 2hr. 

J 00 
> 
£» <TJ 
o> 

8. 

3 
OJ 

& 100 

U 1.5 3 
p re - incuba t io . i t i m e ( h r ) 

Fig. 5. Basal activity of erythrocyte membrane (Ca2*+ 
Mg *)- ATPasc following pre-incubation for varying 
periods with different amounts of nifedipine. Pre-incu-
bation was carried out on ice (4°C). 

F u r t h e r m o r e , the d e g r e e of inh ib i t ion of the 
e n z y m e w a s lower than 60 percent when m e m -
branes were pre- incubated with 50^iM nifedipine 
for 2 to 3 hours . L o w e r concentrat ions of nife-
d ip ine (20-30p.M) inhibited about 25 percent of 
the ATPasc act ion only after pre-incubation for 2 
hours . T h e s e results indicate that the basal activity 
of the p u m p is only partially inhibited by low 
concen t ra t ions of n i fed ip ine except if the m e m -
branes w e r e exposed to the drug for at least half an 
hour pr ior to assay of the ATPase action. 

D i scuss ion 
T h e af f in i ty and selectivity of certain proteins for 
C a 2 + is m a d e possible by the ability of these pro-
teins to ar range six to eight carboxyla te oxygen 
a toms , each carry ing a partial or fully negat ive 
charge in a hel ix- loop-hel ix s tructure of E - F hand 
for b ind ing Ca 2 * [21 J. Ca lmodul in , the erythro-
cy te Ca 2 *-ATPasc and certain Ca 2 + -b ind ing pro-
t e i n s o r C a 2 + - d c p e n d e n t e n z y m e s h a v e been 
s h o w n to possess this s tructure in their Ca bind-
ing domains[ 15,21). Unl ike most Ca 2 + -b inding 
proteins , very little is k n o w n about the nature of 
the Ca 2 *-b ind ing l igand of the prote inaceous 
Ca 2 + - channc l . A l though one carboxylate group 

has been implicated in the binding of penetrating 
C a 2 + at the outer opening of the channel, the use 
of labelled d ihydropyr id ines which block Ca2* 
entry, to tag Ca * channel components during iso-
lation and pur i f ica t ion procedures suggest that 
these subs tances could fo rm a covalent linkage 
with the prote inaceous s low channels! 14]. 

In this s tudy w e present evidence to show that 
ca lmodul in s t imulat ion of erythrocyte Ca2+-AT-
Pasc is antagonized by micromolar amounts of 
nifedipine; the ef fec t of the C a 2 + entry blocker 
being m o r e p ronounced on pre-incubation with the 
ghost m e m b r a n e s (Figs. 1 and 5). Although, it is 
not k n o w n whether the C a 2 + channel blocker binds 
directly to ca lmodul in and/or to the Ca2 +-ATPase, 
it appears that the drug could bind to calmodulin 
in the same manne r as felodipine, another dihydro-
pyridine derivativc(22]. Specifically, studies on 
the ef fec t of felodipine on the N M R spectrum of 
1 1 3Cd in (Cd)4-calmodulin complex have shown 
that the binding of the ant ihypertensive drug to 
ca lmodul in modi f i e s the conformat ion of the pro-
tein, at least at one Ca 2 + -b inding site[22]. Further-
m o r e , p o t e n t i o m c t r i c t i t ra t ions of 4 m o l s of 
fe lodipine per mo l of protein show that the ability 
of ca lmodul in to bind Ca 2 * was reduced to 2 mol 
C a 2 + [22]. These f indings did not show that felo-
dipine interacts with ca lmodul in at the Ca2*-bind-
ing domain or at some other sites different from 
the domain . However , m o r e recent f indings on the 
deduc t ion of the amino acid sequence of the 
p lasma m e m b r a n e Ca 2*-ATPase show the occur-
rence of calmodulin- l ike domains and E -F hands, 
which resemble those in ca lmodul in , in the struc-
ture of this pump[15] . Based on these facts, it 
appea r s r easonab le to su rmise that n i fedipine 
could interact with the Ca 2 + -ATPasc at those sites 
which have resemblance to calmodulin, only if 
those sites arc accessible to nifedipine. Interes-
tingly, our results show that the effcct of nifedipine 
on the basal activity of the Ca 2 *-pump increases 
with an increase in the concentrat ion of the drug 
and the l ime of pre-incubation; thus indicating that 
the sites to which the drug binds are not readily 
accessible (F ig . l ) . 

It is not k n o w n if n i fedipine actually plugs the 
Ca 2 * passage in the (Ca2*+ Mg 2 + ) -ATPasc or if it 
mere ly b inds to Ca 2 *-binding domains on the 
enzyme and thus modula tes its catalytic activity. 
However , ni fedipine interaction with Ca2 +-bind-
ing proteins or C a ^-dependent enzymes will be 
specif ic if the drug recognises the Ca 2 + binding 
E - F hands of these proteins. Clearly, the finding 
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Antagonism ami inhibition 

that labelled d ihydropyr id ines arc used to tag Ca 2 * 
c h a n n e l c o m p o n e n t s in p u r i f i c a t i o n p r o c e -
dures!23] ru les ou t the possibi l i ty of a lower ing of 
free Ca 2* by c o m p l e x a t i o n by n i fed ip ine , and o f -
fers a s t rong suppor t for the poss ib i l i ty of a direct 
interaction b e t w e e n the C a 2 * b i n d i n g d o m a i n s of 
ca lmodul in or the C a 2 * - p u m p i n g ATPase and di -
hydropyr id ines . S u c h in te rac t ions cou ld m o d i f y 
the ca ta ly t ic p roper t i e s of the e n z y m e such as K m , 
V m a x (Fig. 2) a n d C a 2 * sens i t iv i ty (Fig . 4 ) . C o n -
sequent ly , the o b s e r v a t i o n that an inc rease in cal-
modu l in concen t r a t i on d i m i n i s h e s the e f fec t of 
n i fed ip ine m a y b e in te rp re ted to m e a n that c a l m o -
dulin p r o b a b l y b i n d s m o r e of the d rug and thus 
r educes the c o n c e n t r a t i o n of f r e e d rug ava i lab le fo r 
m o d i f y i n g t h e C a 2 * - b i n d i n g d o m a i n of the ATPase 
and of f r ee c a l m o d u l i n (F ig . 3 ) . 

A l t h o u g h tliis e f f e c t of n i f e d i p i n e has n o re la-
t ionship w h a t s o e v e r w i th t h e p h a r m a c o l o g i c a l ac-
t i o n o f d i h y d r o p y r i d i n e c a l c i u m c h a n n e l 
b lockcrs l 13], it is pe r t inen t to inves t iga te in fu tu re 
s tudies , t h e e x a c t s i t e a n d m e c h a n i s m of in terac-
tion of t h e s e s u b s t a n c e s w i t h the Ca 2 *-b ind ing E - F 
hands of c a l c i u m - b i n d i n g p r o t e i n s / e n z y m e s . 
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