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Properties of the plasma membrane proton pump (H +-ATPase) isolated from several species of higher plants 
were compared to those isolated from the mycelial fungus, Neurospora crassa. Under identical experimental 
conditions, differences were observed in the vanadate concentrations required for half-maximal inhibition (I 
/~M and I0 /xM, respectively, for fungal and plant enzymes) and in the stability towards treatment with 
detergents at 30°C. Similarities were noted in the reactivity to N,N'-dicyclohexylcarbodiimide, an irreversi- 
ble inhibitor that reacts with an essential amino acid in the putative proton-transport site (Sussman, M.R. and 
Slayman, C.W. (1983) J. Biol. Chem. 258, 1839-1843). A structural comparison was performed using 
immunob|ot analysis with specific polyclonal'antibodies directed towards the M r = I00 000 polypeptide of the 
enzyme isolated from hyphal cells of N. crassa and from root cells of oat. Weak cross-reactivity was observed 
between the fungal and plant enzymes. Strong cross-reactivity was observed between the M, = I00000 
H +-ATPases of oat and tomato or potato roots, providing evidence for structural homology between the 
enzymes isolated from phylogenetically diverse species of higher plant. 

Introduction 

An electrogenic proton pump (H+-ATPase) has 
been identified in the plasma membrane of both 
fungi and higher plants [1,2]. The enzyme converts 
chemical energy obtained from hydrolysis of ATP 
into a proton-motive force. This protonmotive 
force in turn is used to drive the transport of 
solutes across the membrane and in plants may 
also be involved in regulating growth [2]. The 
plasma membrane H+-ATPase has a catalytic 
polypeptide of M r = 100000 that is phosphory- 
lated during the reaction cycle. These structural 

* To whom correspondence should be addressed. 
Abbreviations: Pi, inorganic phosphate; EDAC, 1-ethyl-3-(di- 
methylaminopropyl)carbodiimide; DCCD, N,N-dicyclohexyl- 
carbodiimide. 

properties relegate this protein to a group of M r = 
100 000 cation-translocating ATPases including the 
(Na + + K +)-ATPase of animal cell membranes, 
the CaZ+-ATPase of sarcoplasmic reticulum, the 
(H++ K+)-ATPase of gastric mucosa and the 
K+-ATPase of E. coli. At present the fungal H +- 
ATPase is much better characterized than the 
higher plant H+-ATPase and, in fact, purification 
to homogeneity and reconstitution into synthetic 
liposomes without loss of catalytic activity has 
been achieved [3,4]. The higher plant H+-ATPase 
has been purified to near homogeneity only re- 
cently [5,6]. 

Since the electrogenic plasma membrane H +- 
ATPase appears to be found only in fungi and 
plants, there is a need for direct comparison of the 
enzyme from these two types of organism. We 
have compared inhibitor sensitivities of the plasma 
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membrane H+-ATPases prepared from the 
mycelial fungus N. crassa and two higher plants, 
oat (a monocot) and tomato (a dicot). Specifically, 
the characteristics of inhibition by vanadate and 
by N,N'-dicyclohexylcarbodiimide (DCCD) were 
examined. Vanadate has been shown to inhibit the 
ion-translocating ATPases by interfering with for- 
mation of the phosphorylated intermediate [7]. 
DCCD has been shown to inhibit several cation- 
translocating ATPases including the F0F 1 H +- 
ATPase [8], the plasma membrane H+-ATPase 
from N. crassa [9] and the Ca2+-ATPase of 
sarcoplasmic reticulum [10]. Inhibition occurs 
through covalent modification of a single essential 
residue involved in cation translocation [10,11]. 
We also compared detergent sensitivities of these 
enzymes in order to gain information on the lipid 
requirements of the H+-ATPases. 

Very little structural information is available on 
the M r = 100 000 H+-ATPases, chiefly because of 
difficulties in sequencing hydrophobic proteins. 
The recent observation that two disparate M r = 
100000 cation-translocating ATPases (the K ÷- 
ATPase of E. coli and the Ca 2 +-ATPase of muscle 
cells) share sequence homology [12] raises the pos- 
sibility of conserved sequences in all such proteins. 
Structural relatedness of the plasma membrane 
H+-ATPases from fungi and plants was investi- 
gated using immunoblot analysis [13,14]. Specific 
polyclonal antibodies directed to the M r = 100 000 
plasma membrane H+-ATPases from N. crassa 
and oat roots were generated and used to investi- 
gate immunological cross-reactivities of the plasma 
membrane H+-ATPases from N. crassa and from 
oat, tomato and potato roots. 

Materials and Methods 
Plasma membrane preparation. Plasma mem- 

branes were isolated from roots of 5-6-day-old oat 
seedlings (Olds Seed Co., Madison, WI) grown 
under a 24 h dark regime at 28°C in fiats contain- 
ing moist vermiculite, from roots of tomato plants 
grown hydroponically in the greenhouse for ap- 
prox. 1 month, and from 14-day-old potato plants 
grown from meristem cuttings in tissue culture. 
Membrane isolation was based on the procedure 
of Vara and Serrano [5] with some modification. 
All solutions were at 2°C and contained 1 mM 
PMSF. Roots were homogenized in a medium 
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consisting of 0.25 M Tris-HC1/25 mM EDTA/35  
mM 2-mercaptoethanol/1.15 M sucrose (pH 8.5) 
at 0.5 ml /g  roots. After an initial centrifugation at 
8000 x g for 15 min, the microsomal fraction was 
pelleted by centrifugation at 48 000 x g for 1.5 h. 
It was resuspended in 20% (v/v)  glycerol/10 mM 
Tris-HCl (pH 7.5), containing 1 mM dithiothreitol 
and 1 mM EDTA, and fractionated by centrifu- 
gation at 200 000 × g for 1.5 h on a discontinuous 
sucrose gradient (1 ml of 46% (w/w) sucrose and 
1.5 ml of 33% (w/w) sucrose in the same buffer). 
The plasma membrane fraction was isolated from 
the lower interface. 

Plasma membranes were isolated from wild type 
strain RL21a of N. crassa by sonication of en- 
zyme-treated mycelial pads according to the proce- 
dure of Bowman et al. [15], as modified by Sus- 
sman and Slayman [9]. 

Removal of protein from plasma membranes by 
treatment with low concentrations of deoxycholate. 
Deoxycholate treatment of plasma membranes was 
used to remove approx, half of the membrane 
protein without solubilizing the M r = 100000 H +- 
ATPase. The procedure of Bowman et al. [4] was 
followed, except when deoxycholate-treated mem- 
branes were subjected to HPLC, in which case the 
modification of Sussman [16] was used. Specific 
details of protein and deoxycholate concentrations 
are given in Table I. 

Purification of the H +-ATPase. Plasma mem- 
branes prepared as described above were washed 
with Triton X-100 instead of deoxycholate, solubi- 
lized with lysolecithin, and run on a glycerol den- 
sity gradient according to Serrano [6]. 

A TPase assay, detergents and inhibitors. ATPase 
activity was assayed colormetrically, by release of 
P~ from ATP. The standard reaction mixture con- 
tained an ATP-regenerating system and consisted 
of 5 mM N a 2 A T P / 5  mM MgC12/5 mM phos- 
phoenolpyruvate/50/~g per ml pyruvate k in a se / l l  
mM (NH4)2SO4/50 mM KC1/5 mM NaN 3 (to 
inhibit mitochondrial ATPase) and 10 mM 1,4- 
piperazinediethanesulfonic acid, adjusted to pH 
6.7 with Tris base. For plant plasma membrane 
H +-ATPase, the mixture contained 100 mM KNO 3 
(to inhibit vacuolar ATPase) instead of 50 mM 
KCI, and in addition, 0.1 mM ammonium molyb- 
date (to inhibit non-specific phosphatases). Reac- 
tions were initiated by addition of plasma mem- 
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brane to 0.5 ml reaction mixture. After 15-20 min 
at 30°C, reaction was stopped by addition of 0.1 
ml 50% (w/v)  trichloroacetic acid and Pi assayed 
for by the method of Dryer et al. [17]. Detergents 
and inhibitors were made up as concentrated (at 
least 100-fold) stock solutions. 

Sodium orthovanadate (Sigma Chemical Co., 
St. Louis, MO) was used to prepare a 100 mM 
stock solution of vanadate. After dissolving in 
water, the pH of the solution was brought to 9.5 
with HC1 and the solution was boiled until it 
turned colorless. The pH of the solution was ad- 
justed further with HC1, followed by boiling, until 
a pH of 7.5 was obtained. At this pH, and at the 
concentration of vanadate used in the assay (not 
more than 0.1 mM), the most predominant vana- 
date species are HRVO 4 and HVO42 [18]. Prior to 
assay, plant plasma membranes were washed ex- 
tensively by centrifugation and resuspension in 
10% (v/v)  glycerol/1 mM EGTA, adjusted to pH 
7.5 with Tris base. This procedure was used to 
remove EDTA, which complexes vanadate [19]. 
For vanadate concentrations above 10/~M, phos- 
phate standard controls containing the ap- 
propriate concentration of vanadate were included 
in the assay to correct for the decrease in ab- 
sorbance at 710 nm caused by vanadate inter- 
ference [19]. 

N, N'-dicyciohexylcarbodiimide (DCCD) and 
1 -e thy l -3 - (d imethy laminopropy l )ca rbod i imide  
(EDAC) were made up as concentrated stock solu- 
tions in ethanol. Assays were carried out using 
glassware only, since DCCD binds to plastic [9]. 
For the experiment of Fig. 3, membranes were 
suspended in reaction mix lacking ATP, MgC12, 
phosphoenolpyruvate and pyruvate kinase (in 
(NH4)2SO4). Carbodiimide was added and in- 
cubation carried out as indicated. ATP, MgC12, 
phosphoenolpyruvate and pyruvate kinase were 
then added from a stock solution to standard 
concentrations (see above) and ATPase activity 
was measured. For the experiment of Fig. 4, mem- 
branes were suspended in 1 mM EGTA, adjusted 
to pH 7.5 with Tris base, DCCD was added and 
the suspension incubated as indicated. The DCCD 
reaction was stopped by 20-fold dilution into 
standard plant ATPase reaction mixture and 
ATPase activity measured directly. 

Protein determination. Plasma membrane pro- 

tein was determined by the method of Lowry [20] 
and purified ATPase was determined by the 
method of Bradford [21]. 

SDS polyacrylamide gel electrophoresis. Discon- 
tinuous SDS polyacrylamide gel electrophoresis 
was carried out according to Laemmli [22]. Re- 
agents were from BioRad Labs., Richmond, CA, 
U.S.A. 

Antibody generation. New Zealand white rabbits 
were used to generate polyclonal antibodies against 
the M r = 100000 plasma membrane H+-ATPases 
of N. crassa and oat roots. For the primary im- 
munization, the N. crassa enzyme was purified by 
HPLC as described by Sussman [16], concentrated 
and then emulsified with an equal volume of 
Freund's complete adjuvant (Sigma Chemical Co., 
St. Louis, MO, U.S.A.) for injection. For subse- 
quent immunizations and for all immunizations 
carried out to generate antibody directed toward 
the oat root plasma membrane M r = 100000 H +- 
ATPase, the M r = 100000 band was excised from 
SDS polyacrylamide gels of deoxycholate-washed 
membranes. Deoxycholate washing was carried out 
as described under Materials and Methods and in 
the legend to Table I. Gels were 1.5 mm thick with 
5% (w/v)  acrylamide stacking gels and 8% (w/v)  
acrylamide running gels. Gel slices were homoge- 
nized and injected at multiple intradermal sites. 
Approx. 0.1 mg of M r = 100000 H+-ATPase was 
used for each immunization. 

Immunoblotting and dot-blots. Following SDS 
polyacrylamide gel electrophoresis, proteins were 
transferred electrophoretically onto nitrocellulose 
paper (HAHY 304 FO, Millipore Corp., Bedford, 
MA, U.S.A.) at 200 mA for 2.5 h in 25 mM 
Tris/192 mM glycine/20% methanol (pH 8.3) 
buffer containing 0.02% (w/v)  SDS (Transblot 
cell, BioRad Labs., Richmond, CA, U.S.A.) [13,14]. 

Visualization of protein electroblotted onto 
nitrocellulose was with 0.1% (w/v)  aniline blue in 
isopropanol/acetic acid/water (25 : 10 : 65, v /v)  
and destaining was done in the same solvent mix- 
ture. 

Immunological detection was based on the 
method of Knecht and Dimond [23], as modified 
by Vierstra et al. [24]. The nitrocellulose paper was 
incubated overnight at room temperature in a 
blocking solution consisting of 10 mM Tris-HC1, 
150 mM NaCI (Tris-saline), 1% (w/v)  bovine serum 
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TABLE I 

REMOVAL OF PROTEIN FROM PLASMA MEMBRANES BY TREATMENT WITH LOW CONCENTRATIONS OF DE- 
OXYCHOLATE 

Plasma membranes were suspended at 2 mg/ml (N. crassa, oat) or 1 mg/ml (tomato) protein concentration, in buffer containing 0.2 
M KCI, 2 mM EDTA and 25 mM Tris, adjusted to pH 7.5 with HCI. The appropriate volume of a 10% (w/v) sodium deoxycholate 
solution (pH 8.0) was added (final concentrations: 0.2% deoxycholate for N. crassa and oat, 0.05% for tomato) and the membranes 
centrifuged at 200000 × g for 1 h. The pellet was resuspended at 5 mg protein/ml in 45% (v/v) glycerol/10 mM Tris-2 mM EGTA, 
adjusted to pH 7.5 with HCI. All solutions were kept at 2°C. Protein and ATPase activities were determined as described under 
Materials and Methods. 

Plasma membrane ATPase activity Total protein 

specific activity yield amount yield 
(/t mol/min per mg protein) (%) (mg) (%) 

N. crassa unwashed 4.9 100 1.4 100 
washed 9.6 84 0.6 43 

Oat root unwashed 2.0 100 1.2 100 
washed 3.9 81 0.5 42 

Tomato root unwashed 1.2 100 0.76 100 
washed 2.2 89 0.37 33 

a lbumin  and 0.02% ( w / v )  N a N  3, p H  7.3 (25°C). 
P r imary  an t ibody  was ei ther N. crassa M r =  

100000 H + - A T P a s e  serum (p re immune  or  im- 
mune)  d i lu ted  1 : 1 0 0 0  or  oat  root  M r = 100000 
H + - A T P a s e  serum (pre immune  or immune)  di- 
lu ted 1 : 1000 in b locking  buffer.  The  ni t rocel lulose 
pape r  was incuba ted  with p r imary  an t ibody  for 2 
h at  room temperature .  It was then washed for 1 h 
at room tempera tu re  with four changes of Tris- 
sal ine conta in ing  0.1% ( w / v )  bovine  serum al- 
bumin  and 0.1% ( v / v )  Tr i ton  X-100, p H  7.3 
(25°C).  Second an t ibody  was aff in i ty-pur i f ied  al- 
ka l ine  phospha tase -con juga ted  goat  an t ibody  to 
r abb i t  IgG (Ki rkegaa rd  and Perry Labs. ,  Gai thers -  
burg,  MD,  U.S.A.)  d i lu ted  to 1 / ~ g / m l  with b lock-  
ing buffer.  The  ni t rocel lulose pape r  was incuba ted  
with this an t i body  for 1 h at room tempera tu re  
and  then washed for 1 h at room tempera tu re  with 
four  changes of Tr is-sal ine  conta in ing  0.1 ( w / v )  
bovine  serum albumin,  0.1% ( v / v )  Tr i ton  X-100 
and  0.05% ( w / v )  SDS (pH 7.3) (25°C). 

Visual iza t ion involved a modi f ica t ion  of the 
a lkal ine  phospha tase - s ta in ing  p rocedure  deve loped  
by  Knech t  and  D i m o n d  [23] based  on a s ta ining 
me thod  descr ibed  by  Leary  et al. [25] (Dimond ,  
R., personal  communica t ion) .  F o r  60 ml of stain- 
ing solution,  20 mg of n i t rob lue- te t razo l ium (Sigma 
Chemical  Co., St. Louis, MO, U.S.A.)  was sus- 
p e n d e d  in 1 ml of  0.1 M Tr i s /0 .1  M N a C 1 / 5  m M  

MgCI 2 buffer  ad jus ted  to p H  8.8 with HC1, 
warmed,  vortexed,  centr i fuged brief ly in a micro-  
fuge and the pellet  ext rac ted  further,  as such, 4 - 5  
times. The volume was made  up to 60 ml with the 
above  buffer  and  30 mg of 5-bromo,  4-chloro,  
3- indolyl  phospha te  (Sigma Chemical  Co., St. 
Louis,  MO, U.S.A.),  d issolved in 0.2 ml d imethyl -  
sulfoxide,  added.  The ni t rocel lulose paper  was 
p laced  upside  down in this solut ion and the purp le  
color  of immunoreac t ive  bands  was al lowed to 
develop for 0 .5-1 .0  h. React ion  was te rmina ted  by 
washing in water.  This me thod  is approx.  10-times 
more  sensitive than that  descr ibed  in ref. 23. 

F o r  dot  blots,  app l ica t ion  of  ant igen and pre-  
t rea tment  of  ni t rocel lulose pape r  p r io r  to the 
b locking  step was carr ied out  as descr ibed by  
Hawkes  et al. [26]. Subsequent  incubat ions  and 
s ta ining were as descr ibed  above. 

Results 

Plasma  membrane  H +-A TPase  activity 

Specific act ivi ty  of  the H +-ATPase in N. crassa 

p la sma  membranes  used in the exper iments  de- 
scr ibed below varied f rom 2.5 to 5.5 / ~ m o l / m i n  
per  mg protein.  Values  for the H+-ATPase  of  oat, 
t o m a t o  and po ta to  root  p l a sma  membranes  were 
0.6-2.3,  0 .5-1 .2  and  1.0 ~ t m o l / m i n  per  mg pro-  
tein, respectively,  in the presence of 0.1 m g / m l  
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lysolecithin. Lysolecithin increased the specific ac- 
tivity of the plant plasma membrane H+-ATPase 
at least 2-fold. 

Specific activity of the H+-ATPase could be 
further increased by using low concentrations of 
deoxycholate to remove loosely bound membrane 
proteins, leaving the integral H+-ATPase intact. 
This was used successfully by Bowman et al. [4] to 
remove approximately half of the membrane pro- 
teins of N. crassa plasma membranes, as a first 
step in the purification of the H+-ATPase in an 
active form. Results shown in Table I indicate that 
the plant plasma membrane H +-ATPases are also 
stable to this low concentration-deoxycholate wash 
procedure. Specific activities of the oat and tomato 
plasma membrane H+-ATPases were doubled by 
using conditions very similar to those used for the 
N. crassa enzyme. 

Effect of  detergents 
The effect of detergents on the ATPase activity 

of the plasma membrane H+-ATPases from N. 
crassa, oat roots and tomato roots was investi- 
gated. Three different detergents, lysolecithin (a 
zwitterionic detergent), deoxycholate (an anionic 
bile salt) and Triton X-100 (a nonionic detergent) 
were tested. Results are shown in Fig. 1. There was 
a striking difference in the sensitivity of the plant 
and fungal H+-ATPases to the presence of deter- 

gents in the assay at 30°C. All three detergents 
increased activity of the plant plasma membrane 
H+-ATPases, but inactivated the fungal enzyme. 
Maximal activation (at least 2-fold) of oat and 
tomato root enzymes occurred at 0.1 mg/ml  
lysolecithin and 0.03 mg/ml  Triton X-100. Activa- 
tion of the plant enzymes with deoxycholate was 
less pronounced (1.25-fold at 0.3 mg/ml).  Com- 
plete inactivation of the N. crassa plasma mem- 
brane H +-ATPase was observed in the presence of 
as little as 0.03 mg/ml  lysolecithin or Triton X-100 
and 75% inactivation occurred in the presence of 
0.3 mg/ml  deoxycholate. 

Effect o f  vanadate 
Vanadate inhibits ion-translocating ATPases 

which form a phosphorylated intermediate [27,28]. 
Both the N. crassa and plant plasma membrane 
H+-ATPases have been shown to form phos- 
phorylated intermediates [29-31]. Vanadate 
inhibition of the N. crassa and plant H+-ATPases 
has been demonstrated [19,28,32], although pub- 
lished results for the half-maximal inhibition ob- 
tained for the plant enzyme have been variable. 

We compared the inhibition of the fungal and 
plant plasma membrane H +-ATPases by vanadate, 
using identical assay conditions and the same 
vanadate stock solutions (Fig. 2). Half-maximal 
inhibition by vanadate was obtained at 1.25 and at 
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Fig. 1. Effect of detergents on plasma mem- 
brane H+-ATPase activity. Membranes were 
assayed for ATPase activity as described un- 
der Materials and Methods in the presence of 
increasing concentrations of detergent. Con- 
trol activities were 2.5 #mol /min  per mg 
protein (10 ~tg protein/0.5 ml) for the N. 
c r a s s a  enzyme (O), 0,6 /zmol/min per mg 
protein (20 #g protein/0.5 ml) for the oat 
enzyme (a) and 0.5 ~tmol/min per mg protein 
(20 #g protein/0.5 ml) for the tomato en- 
zyme (11). 
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Fig. 2. Effect of  vanadate on plasma membrane H+-ATPase 
activity. Membranes were assayed for ATPase activity as de- 
scribed under Materials and Methods in the presence o f  in- 
creasing concentrations of vanadate. Control activities were 5.5 
p.mol/min per mg protein (3 #g protein/0.5 ml) for the N. 
c r a s s a  enzyme (O), 0.75 #mol/min per mg protein (25 ,ug 
protein/0.5 ml) for the oat enzyme (A) and 0.65 #mol/min per 
mg protein (36 ~g protein/0.5 ml) for the tomato enzyme (111). 

10 ~M for the fungal and plant enzymes, respec- 
tively. A reproducible 10-fold difference in sensi- 
tivity of the fungal and plant plasma membrane 
H+-ATPases was always observed. This was not 
due to incomplete removal of EDTA (which pre- 
vents vanadate inhibition [19]) from the plant 
membranes nor to the higher protein concentra- 
tion used in the assays of the plant enzymes, since 
there was no effect on vanadate inhibition of the 
N. crassa H+-ATPase when washed oat plasma 
membranes were boiled and added to the fungal 
membranes before assay. 

Vanadate also inhibits the molybdate-sensitive 
non-specific phosphatase activity in plants [32]. 
We found no such activity in the oat root plasma 
membranes ,  but  approx.  7% of the non- 
mitochondrial ATPase activity was sensitive to 
molybdate in the tomato root plasma membranes. 
No difference in vanadate inhibition was observed 
for the plant plasma membrane H +-ATPases when 
assays were carried out in the presence or absence 
of 0.1 mM ammonium molybdate, used to inhibit 
non-specific phosphatase activity [32]. This sug- 
gests an insignificant contribution of non-specific 
phosphatase activity to the vanadate inhibition 
curves obtained for the plant H+-ATPases and 
supports the argument that an observed ten-fold 
difference in vanadate sensitivities reflects a real 
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difference between plant and N. crassa plasma 
membrane H +-ATPases. 

Ef f ec t  o f  D C C D  

N,N'-Dicyclohexylcarbodiimide (DCCD) has 
been found to be a potent irreversible inhibitor of 
enzymes involved in cation translocation across 
membranes [33]. This includes the F 0 F I H +-ATPase 
[11], the plasma membrane H+-ATPase of N. 
crassa [9] and the Ca2+-ATPase of sarcoplasmic 
reticulum [10]. 

In the experiment of Fig. 3, plasma membranes 
of N. crassa, oat roots and tomato roots were 
partially delipidated by treatment with deoxycho- 
late as described in the legend to Table I and 
under 'Materials and Methods', incubated in the 
presence of various concentrations of the hydro- 
phobic carbodiimide DCCD or of the hydrophilic 
analogue 1-ethyl-3-(dimethylaminopropyl) carbo- 
diimide (EDAC) and then assayed for ATPase 
activity. The inhibition by DCCD was very similar 
in all three cases. DCCD gave half-maximal in- 
hibition of the N. crassa, oat root and tomato root 
H+-ATPases at 17, 22 and 30/zM, respectively. In 
contrast, the hydrophilic EDAC gave no inhibi- 
tion, even at concentrations of 1 mM, suggesting a 
lipophilic location of the DCCD reactive site. Sim- 
ilar results were obtained with non-deoxycholate- 
treated plasma membranes. In this case, half-maxi- 
mal inhibition was obtained at slightly higher con- 
centrations, 63, 30 and 100/~M for DCCD inhibi- 
tion of N. crassa, oat root and tomato root plasma 
membrane H +-ATPases, respectively. 

The kinetics of inactivation of the plant plasma 
membrane H+-ATPases by DCCD was examined 
by incubating oat root and tomato root plasma 
membranes with various concentrations of DCCD, 
removing aliquots at timed intervals and assaying 
for ATPase activity. The results are shown in Fig. 
4. Similar experiments by Sussman and Slayman 
[9] on the N. crassa enzyme suggested that DCCD 
inhibition was pseudo-first order with respect to 
time and that inactivation of the N. crassa H +- 
ATPase was caused by reaction of DCCD with a 
single site on the ATPase molecule. For both the 
oat root and tomato root plasma membrane H + 
ATPases, plots of the logarithm of enzymic activ- 
ity as a function of time of DCCD inactivation 
were linear for several different DCCD concentra- 
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Fig. 3. Comparison of the effects of DCCD and EDAC on 
plasma membrane H+-ATPase activity. Membrane-bound 
ATPase was partially delipidated by treatment with deoxycho- 
late prior to assay as described under Materials and Methods 
and in the legend to Table I. ATPase was incubated for 30 min 
at 30°C with the carbodiimide as described under Materials 
and Methods. ATP was then added and ATPase activity was 
assayed. Control activities were 9.6 t~mol/min per mg protein 
(5 /~g protein/0.5 ml) for the N. crassa enzyme (I, ©), 2.2 
/zmol/min per mg protein (24 #g protein/0.5 ml) for the oat 
enzyme (a,A) and 1.1 t~mol/min per mg protein (18 ~g 
protein/0.5 ml) for the tomato enzyme (11, n). 

t ions (Fig. 4A). This suggests that the inhibi t ion at 

any fixed concent ra t ion  of D C C D  exhibits 

pseudo-first-order kinetics with respect to time. 
The same data were replotted so that the loga- 

r i thm of the rate of inactivation, expressed as the 

logarithm of the pseudo-first-order rate constant  k 
( m i n - ' ) ,  was plotted as a function of the loga- 
r i thm of the D C C D  concentrat ion.  Straight-line 
graphs were obta ined for both the oat root and 

tomato root H+-ATPases  with slopes of 1.12 and 
0.91, respectively (Fig. 4B). Since the slopes ap- 
proximate 1, this suggests that D C C D  inhibi t ion 
of the plant  H+-ATPases  is also caused by reac- 

t ion of one molecule of D C C D  with a single site 
on the ATPase molecule. 

I m m u n o l o g i c a l  cross-react iv i ty  

In order to investigate structural relatedness 
between the plasma membrane  H+-ATPases from 
plants  and fungi, we generated specific polyclonal  

ant ibodies  to the N. crassa and oat root M r = 
100 000 H +-ATPases. 

Ant ibodies  from rabbits were obtained as de- 
scribed in 'Mater ia ls  and Methods '  and their 
specificity tested by immunob lo t  analysis of the 
respective plasma membrane  preparations.  Fig. 5A 
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Fig. 4. Kinetics of inactivation of the plant 
plasma membrane H+-ATPases by DCCD. 
Membrane-bound ATPase was incubated with 
DCCD at 30°C as described under Materials 
and Methods. Aliquots were removed at timed 
intervals and assayed for ATPase activity 
(Panel A). Control activities were 0.8 
/~ mol/min per mg protein (48 t~g protein/0.5 
ml) for the oat enzyme and 0.65 #mol/min 
per mg protein (36/~g protein/0.5 ml) for the 
tomato enzyme. Panel B shows the logarithm 
of the pseudo-first-order rate constants, de- 
termined by exponential regression, plotted 
as a function of the logarithm of DCCD 
concentration. 



shows Coomassie-stained plasma membrane  pro- 
teins of  N. crassa  and oat  roots, separated by SDS 
polyacrylamide gel electrophoresis. A clear Mr = 
100000 band  (arrow) can be seen in both prepara- 
tions. Fig. 5B shows the immunoblot  analysis re- 
suits, indicating that specific ant ibody was ob- 
tained for the M~ = 100000 band  of both  N. crassa  

and oat root plasma membranes.  Bands were not 
observed when pre immune serum was used. The 
H+-ATPase  represents approx. 5% of the N. crassa  

plasma membrane  protein [16] and, based on com- 
parison with N. crassa,  approx. 2% of the oat root 
plasma membrane  protein. On this basis, the sensi- 
tivities of immunological  detection of both Mr = 
100000 H+-ATPases  were greater than 0.1/~g. 

It is well established that the prominent  Mr = 
100000 polypeptide seen in SDS gel electrophore- 
sis patterns of  N. crassa  plasma membranes  is the 
H+-ATPase  [4]. In order to confirm that the oat 
root  plasma membrane  Mr = 100000 polypeptide 
we had used to generate antibodies was indeed the 
H+-ATPase  for this species we followed the 
lysolecithin solubilization procedure of  Serrano [6] 
to obtain purified, biologically active enzyme, as 
described under 'Materials  and Methods ' .  Frac- 
tions were collected from the glycerol gradient and 
protein and ATPase  activities were determined. 
Results are shown in Fig. 6. The ATPase moved 
ahead of most of  the solubilized protein. Also 
shown is the reactivity of the protein in each 
fraction with the ant ibody directed toward the oat  
root  plasma membrane  Mr = 100000 polypeptide. 
Clearly the purified ATPase  activity coincided di- 
rectly with those fractions (fractions 7 -9 )  highly 
reactive with antibody. 

Using the specific antibodies directed toward 
the M r =  100000 H+-ATPases  of N. crassa and 
oat  root plasma membranes,  we tested the 
cross-reactivity of  these enzymes using immunob-  
lot analysis as described under Materials and 
Methods.  Cross-reactivities of  the Mr = 100000 
plasma membrane  H+-ATPases  from tomato  and 
pota to  roots were also determined. Fig. 5B shows 
the results obtained. Cross-reactivity between the 
plant  plasma membrane  H+-ATPases  was clearly 
apparent,  suggesting structural homology between 
these enzymes. Cross-reactivity between the fungal 
and plant enzymes was weak. However,  very faint 
staining was apparent  in some experiments with 
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Fig. 5. (A) SDS polyacrylamide gel electrophoresis of plasma 
membrane proteins. Plasma membrane proteins from N. crassa 
(50 /~g) and oat roots (50 /Lg) were separated by SDS poly- 
acrylamide gel electrophoresis according to Laemmli [22]. The 
stacking and running gels were 4% (w/v) and 8% (w/v) 
acrylamide, respectively. Gels were Coomassie-stained. Arrow 
indicates the M r = 100000 position. (B) lmmunoblot analysis 
of cross-reactivities between the M r = 100000 H+-ATPases of 
fungal and plant plasma membranes. Membrane proteins were 
separated by SDS polyacrylamide gel electrophoresis using an 
8% (w/v) acrylamide running gel and electroblotted onto 
nitrocellulose as described under Materials and Methods. Poly- 
peptides were visualized using antibody directed toward the 
M r = 100000 N. crassa H +-ATPase or using antibody directed 
toward the M r =100000 oat H+-ATPase. Amounts of mem- 
brane protein applied to each gel lane were, from left to right, 
4, 40, 40, 40, 40, 4, 16 and 16/~g. 

N. crassa ant ibody and tomato  membranes  (Fig. 
5B). We have observed this weak cross-reactivity 
reproducibly in immunoblots .  N o  bands were de- 
tected when pre immune serum was used. 

Discussion 

In order to clarify the relatedness of  the M r = 
100 000 plasma membrane  H +-ATPases from fungi 
and higher plants, we compared  functional and 
structural properties under  the same experimental 
conditions. 



32 

0,7.  
0a 
o 
Ez. 

Z 0.5 2 ~" 
o -~ E 

rr" 
I.- 0.4 >'- 
Z I-- 

7 ~ 
0 0.3 < (..) 

(...) 
_z ~ ~_ 
t.u ~ 
0 0.2 n uJ 

co Q_ 

0.1 ~_ 
F- 

I 2 3 4 5 6 7 8 9 I0 II 12 

F R A C T I O N  N U M B E R  

DOT 
B L O T  

I 2 3 4 5 6 7 8 9 I0 II IZ 

Fig. 6. Dot immuno-blot analysis of antibody directed toward 
the M, = 100000 H+-ATPase of oat root plasma membranes. 
Oat root H+-ATPase was purified from plasma membrane 
protein by the procedure of Serrano [6]. 3 ml fractions were 
collected from the glycerol gradient and protein (C)) and 
ATPase activities (e) were determined as described under 
Materials and Methods. Protein (0.2 #g) from each fraction 
was dot-blotted onto nitrocellulose and protein reactive with 
antibody directed toward the M r =100000 oat H+-ATPase 
visualized as described under Materials and Methods. 

The plasma membrane H+-ATPases are in- 
tegral membrane proteins which require high con- 
centrations of detergent for solubilization and ad- 
ded phospholipids to maintain activity of the 
purified enzyme [3-6,34]. In order to gain infor- 
mation on the lipid requirements of the mem- 
brane-bound H+-ATPases, we investigated the ef- 
fects of low concentrations of detergent included 
during assay and found a striking difference in the 
sensitivities of the fungal and plant enzymes. At 
30°C the N. crassa enzyme was inactivated by 
even the lowest concentrations of the three deter- 
gents tested, suggesting a strict dependence of 
activity on lipid environment. In contrast, both 
plant H+-ATPases were stimulated, up to 3-fold. 
This stimulation may reflect a direct activation, 

perhaps through conformational change, or a 
breaking down of permeability barriers between 
enzyme and substrate. It suggests that the N. 
crassa  and plant H+-ATPases differ markedly in 
their dependence on protein-lipid interactions in 
the plasma membrane and probably reflects, at 
least in part, different lipid compositions of the 
fungal and plant plasma membranes. Other inves- 
tigators have also reported detergent activation of 
the plant H+-ATPase, from oat root [5] and corn 
root [35] plasma membranes. However, since dif- 
ferent conditions were used, it is difficult to com- 
pare results directly. Activation of the yeast plasma 
membrane H +-ATPase by detergents has also been 
reported [36,37], although, again, different condi- 
tions were used. 

Vanadate characteristically inhibits the ion- 
translocating plasma membrane ATPases by inter- 
fering with the formation of the phosphorylated 
intermediate [7] and has been used to study the 
reaction mechanisms of these enzymes [7,19,38]. 
The plasma membrane ATPases of animal and 
fungal cells appear to be similarly sensitive to this 
inhibitor, half-maximal inhibition requiring 10/zM 
vanadate or less [27]. Similar sensitivities have 
been reported by some investigators for plant 
plasma membrane H+-ATPases [5,28], but other 
studies have suggested that the plant enzyme is 
much less sensitive, requiring 35-233 /~M vana- 
date for half-maximal inhibition [32]. When we 
compared the fungal and plant enzymes using 
identical assay conditions and the same vanadate 
stock solutions, we observed half-maximal inhibi- 
tion of the N. crassa  enzyme at 1.25/~M vanadate 
and half-maximal inhibition of both oat and 
tomato root enzymes at 10 /~M vanadate. These 
sensitivities agree with those obtained by Bowman 
and Slayman [18] for the N. crassa  enzyme and by 
Vara and Serrano [6] and O'Neill and Spanswick 
[28] for the plant H+-ATPase. The lower sensitiv- 
ity to vanadate observed for the plant H+-ATPase 
by some investigators may be because no precau- 
tions were taken to remove EDTA, which com- 
plexes vanadate [19]. The 10-fold difference in 
vanadate sensitivities that we observed between 
the N. crassa  and oat and tomato root H +-ATPases 
was reproducible and appeared to reflect a real 
difference between the enzymes. In this respect, it 
is interesting to note that where the kinetics of 



vanadate inhibition have been studied, they have 
suggested a difference in the kinetics of the ATPase 
reaction between the plant and N. crassa H +- 
ATPases. The plant enzyme shows strict Michae- 
lis-Menten kinetics [28,32]. A sigmoidal depen- 
dence of ATPase activity on ATP concentration 
was found for the N. crassa enzyme [9,38], suggest- 
ing two ATP binding sites; vanadate appears to 
reduce the cooperativity between the sites. The 
10-fold difference in vanadate sensitivities that we 
have observed for the N. crassa and plant H +- 
ATPases may reflect this difference in kinetics. 

DCCD has been used as a potent inhibitor of 
enzymes involved in cation translocation across 
membranes [33]. Sussman and Slayman [9] have 
carried out a detailed analysis of DCCD inhibition 
of the N. crassa plasma membrane H+-ATPase. 
DCCD inhibition of the plant plasma membranes 
H+-ATPase has also been reported [5]. When we 
measured DCCD inhibition under the same ex- 
perimental conditions, we found that the DCCD 
sensitivities of the N. crassa and plant H +-ATPases 
were very similar. For deoxycholate-treated mem- 
branes, half-maximal inhibition was obtained at 
17, 22 and 30 /~M DCCD for N. crassa, oat and 
tomato root enzymes, respectively. Furthermore, 
the hydrophilic EDAC did not inhibit ATPase 
activities. The D C C D  sensitivities agree with those 
found by Sussman and Slayman [9] and Vara and 
Serrano [5]. The results suggest that the DCCD 
sensitive site in the plant H+-ATPase is essential 
for ATPase activity, and like that of the N. crassa 

enzyme, is located in a hydrophobic environment. 
For the N. crassa enzyme, it has been shown that 
DCCD inhibition results from covalent modifica- 
tion of the Mr=  100000 polypeptide [9] which 
possesses the ATP hydrolysing activity [29]. Fur- 
ther studies, using radiolabelled DCCD, are re- 
quired to substantiate whether this is true for the 
plant H+-ATPase. Kinetic analysis of DCCD in- 
hibition was used to investigate the stoichiometry 
of DCCD reaction with the plasma membrane 
H +-ATPases of higher plants. Inhibition was found 
to be pseudo-first-order. When the data were re- 
plotted, they suggested that inactivation involved 
reaction of DCCD with a single essential residue 
on the ATPase molecule. These results are very 
similar to those obtained with the N. crassa en- 
zyme [9]. Further studies using radiolabelled in- 
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hibitor are needed to substantiate the stoichiome- 
try. 

Although it is established that an M r = 100000 
polypeptide is a catalytic subunit of the plasma 
membrane H+-ATPases of both plants and fungi 
[4,6,29], very little other structural information is 
known. We have investigated the structural re- 
latedness of the plasma membrane H*-ATPases 
from N. crassa, oat, potato and tomato roots, 
using specific antibodies directed toward the N. 
crassa and oat enzymes in immunoblot analysis. 
We found that there was significant cross-reactiv- 
ity between the different plant H+-ATPases, but 
only weak cross-reactivity between the fungal and 
plant enzymes. Since both Mr=  100000 poly- 
peptides used fo r  antibody generation were iso- 
lated in the presence of SDS, cross-reactivity prob- 
ably demonstrates sequence homologies between 
the ATPases. Thus our results demonstrate, for the 
first time, sequence homologies between the plasma 
membrane H +-ATPases for monocotyledenous and 
dicotyledenous plants. The slight cross-reactivity 
observed between the plant and fungal enzymes 
suggests minimal homology at this level, but does 
not necessarily exclude homologies between se- 
quences not recognized by antibody. Our demon- 
stration of conserved structure between higher 
plant species is not surprising in light of the recent 
discovery of sequence homology between the M r = 
100 000 subunits of the Ca 2 +-ATPase isolated from 
muscle cells and the K+-ATPase of E. coli [12]. 
Further determination of structural homologies 
must await sequencing of the plant/fungal  H +- 
ATPases. 

The above-mentioned results stress the impor- 
tance of a comparison between the fungal and 
plant plasma membrane H+-ATPases under iden- 
tical experimental conditions. Similarities in in- 
hibitor sensitivities and molecular masses have 
suggested that the fungal and plant plasma mem- 
brane H+-ATPases are structurally and function- 
ally related. Both enzymes have been purified and 
reconstituted into liposomes as integral membrane 
polypeptides of Mr=  100000 [3,6]. Our results 
demonstrate that the plasma membrane H +- 
ATPases from these two phylogenetic groups are 
similar. However, there are structural differences, 
differences in the dependence of activity on pro- 
tein-lipid interactions in the membrane and possi- 
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b ly  d i f f e r e n c e s  in r e a c t i o n  m e c h a n i s m .  T h e s e  p re -  

s u m a b l y  ref lec t  d i f f e r e n t  n e e d s  o f  the  o r g a n i s m s  

w i th  r e spec t  to  t r a n s p o r t  o f  so lu tes  ac ros s  the  

p l a s m a  m e m b r a n e .  F u r t h e r  work ,  o n  s e q u e n c e  a n d  

r e a c t i o n  m e c h a n i s m ,  will  he lp  c l a r i fy  the  r e l a t e d -  

ness  of  these  p l a s m a  m e m b r a n e  H + - A T P a s e s .  
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