
~o~imi~  et Bi~hysica Acre 860 (1986) 15-24 15 
~ 

BBA 72929 

Studies on ouabMn-bin~ng to (Na + + K +)-ATPase ~om MMpigh~n tubules 
of the IoeusL Locusta migratoria L. 

John H. A n s ~  Paul BMdfick and Kenn~h Bowler 

Dep~tmem ~ Zoolo~, Unwem~ ~ Du~a~ S ~ n ~  ~ m ~  ~ u ~  Roa~ Du~am DHI 3LE ( ~  ) 

(Rec~ved January 27th, 1986) 

K ~  w~ds: (Na + + K + kATP~e;  OuabMn ~ n ~ n ~  Kinetic; I n ~ ;  ( L migratoria) 

A s m ~  ~ s  been m ~ e  ~n ~ e  ~ n ~  ~ [ 3 H [ ~ n  ~ ( N a + +  K + ) ~ T P ~ e  ~ m k m ~ m ~  ~ o n s  
from M ~ g h i ~  ~ b ~  ~ L o c ~  m i graw~  The ~ con~a~s  ~ 30°C we~  1.5. 103± ~ 5 - 1 0 2  
M - ~ . s  -~ and ~ 7 . 1 0 - 3 ± ~ 6  • 10 -3 s -~ for the ~ s ~ t i o n  and ~ t i o n  ~ the ouab~n and the 
r ~ m ~  ~ s ~ .  Th~ ~dded a ~ t i o n  c o n s ~  ~ 2.5-10 -6 M. Scatchard ~ s  h i~ca~  
heterogenei~ ~ o u ~ n  ~ n ~ n ~  The~  h ~ e  ~ e n  ~ on ~ e  ba~s ~ ~ n ~ n g  ~ c u ~  ~ ~ o  
classes of ~ e m  ~ High-affiniff ~tes were charactefised by a ~ f i o n  constant of ~2  ± ~1 
pM ~ d  ~w c ~ a c i ~  ( B ~  = 11~ ± 1.2 [ m ~ / m g  protein. Lo~Mfini~ ~ ~ e ~  ~ a r a c l e ~ d  ~ a 
~ f i o n  ~ t a n t  ~ & 2 ±  13 pM ~ d  Bm~ ~ u ~  ~ 2 5 . 9 ± Z 5  p m d / m g  ~otein. K d ~ r  ~ e  
low-Mfini~ ~te Was not ~ c ~ t l y  ~ f f e ~ m  from the I~  v ~  of 1.12 pM, ~ g ~ n g  ~at  ~ class ~ 
site m ~  ~ a s s ~ i a t ~  ~ ~ o n  ~ (Na + + K +)-ATPase ~ f i ~ .  Comp~i~n  ~ (Na + + K +)-ATPa~ 
~ t i ~ f f  ~ d  amount ~ ~ n  b o ~ d  ~ c ~ e  a ~ m ~  ~ 2 ~ 5  ATP ~ d r o l y s e d / ~ e  ~ r  m ~  It ~ 
~f ima~d that the~  a ~  ~ excess ~ ~ 4 . 1 0  6 ~ g h - a f f ~  ~ S  and & l .  10 6 ~ a f f i n i ~  ~ S  ~ r  c ~  ~ . ,  
a to~l ~ 1.15 • 1 ~  ~tes/cel i) .  Th~ tot~ ~ e  ~ns i f f  value, t ~  in ~ u n c t i o n  ~ t h  the ~ m ~  n u m ~  
p ~ s  ~ s  ~ m e ~  dem~d and cation ~ a f i ~  w~ch a ~  c o n ~ s ~  ~ o b ~  v~ue~ 

The MMpighian tubules of Locusta migraW~ 
in common with those of a number of other 
spedes which have been ~udied (e.g. Calliphora 
[1], Tipula paludosa [~ and Schistocerca gregaria 
[3]) are abM to transport K + agMn~ a chen~cM 
gradient over a wide range of ex~rnM K ÷ con- 
centrations. In addition, K + are transported in 
preference to Na  + even when present at much 
lower concen~ations in the bathing medium [4]. 
Measuremen~ of po~ntiM difference across the 
tubule wall indicate lhat the lumen ~ po~tive with 

A b b ~ a t i o n :  Hepe~ 4-(~hydmxye~yl)-l-piperazine~han~ 
s~pho~c  ad& 

~ s p e ~  m the bathing m e ~ u m  [5-7]. On these 
ground~ it has been proposed that the transport 
of K ÷ is an active proces~ N e v ~ t h d ~  both 
Na  + and K + are necessary for m a ~ m ~  f l~d  
secretion [8,9~ 

A number of modds  have been proposed to 
expl~n ion and f l~d  secretion across Malpighian 
t u b ~  cf i n ~ s  [10-1~.  Almcst all ~ q ~ r e  that 
active ~ n  ~anspo~  occurs across the bas~  and 
a p ~  cell m e m b r a n e ,  and t h ~  K ÷ a n d / c r  Na ÷ 
are transported into the himen by an a ~ c ~  elec- 
~ogenic cation pump. Entry of some K ÷ ~ t o  the 
cell has been p r o p o ~ d  to occu~ at ~ e  b a s ~  
membranes, in exchange for Na  + O j ~ l L l ~ .  A 
K ~ a c f i v a ~ d  ATPase pump has been proposed 
for the a p ~  surface [17], but it must be e m p h ~  
sised that no firm ~ o c h e m i c ~  e¼dence e~sts  for 
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K+-ATPase acti~ty in preparations ~om M~- 
pighian tubules [8]. 

Pre~ous studies [8,18,19] have reve~ed the 
presence of an ATPase enzyme sys~m in micro- 
somal preparations from M~pighian tubules of 
L o c u ~  This ATPase sys~m has two components, 
one activated by Mg 2+ ~one (Mg2%ATPase) and 
the other s y n e r ~ l y  stimulated by the ad- 
dition of Na + and K +. The latter activity is in- 
hibi~d by ouab~n and represents the (Na++ 
K+?ATPase (EC 3.6.1.3). This enzyme ~cti¼ty 
has been characterised for a number of insect 
spe~es and for a var i fy  of different tissues [2~ 
and exhibi~ properties fimilar to those described 
for vertebrate preparations [21]. 

(Na++ K+~ATPase enzymes h~ve been im- 
pficated in cation and fluid ~anspo~ processes in 
a variety of different tissues ~om a number of 
different spe~es [4,L1%22-2~. However, the fite~ 
ature concerning the ouab~n sen~tivity of insect 
epithelia is conflicting with some spe~es b~ng 
repor~d to be refractory to ouab~n [26]. The 
senfitivity of (Na + + K+~ATPase to cardiac ~y- 
cosides such as ouab~n differs markedly ~om 
spedes to spe~es [27]. Some researchers suggest 
that (Na++ K+~ATPase ~om different sources 
bind ouab~n at the same rate and that differences 
in senfiti~ty are determined by differences in the 
rates of di~o~ation of the ~ycofide from the 
enzyme [27,28]. Rubin et ~. [29] report that the 
ouab~n di~odation reaction is considerably fas- 
~r  with microsom~ preparations ~om Pr~n of 
Manduca sexta than with bovine br~n, accounting 
for the decreased sen~ti~ty of the insect enzyme 
to inhibition by ouab~n. Other workers suggest 
that the lower senfitivity of (Na++ K+~ATPase 
~om cert~n spe~es cannot be expl~ned soldy on 
the bails of the di~o~ation rate [30,31]. To date, 
with the notable exception of the study by Rubin 
et ~. [29] referred to above, few ~udies repo~ the 
use of [3H]ouabain in insect tissue preparations. 
Fri~rom and Kdly [32] and Jungr~s and Vaughan 
[33] studied [3H]ouab~n binding to imaginM discs 
of Drosophila melanogasWr, and midgut and nerve 
of three ~pidopteran spe~es, respectivdy. Unfo~ 
tunatd~ both these s tud,s  were carried out under 
conditions that were inappropriate for determin- 
ing maximM bindin~ owing to the indufion ~f 
K + in the incubation medium. 

The present study was unde~aken to char- 
acterise ouab~n b ~ n g  to the (Na++K+)-  
ATPa~ ef Malpighian ~ b ~  of Locusm m~ra- 
m ~  to de~rmine the ~nf i f i~ff  of ~e  enzyme 
preparation to ouab~n and to assess the likdy 
contribution of the (Na++ K+~ATPase 'pump' 
to cat~n translocation in this tissue. 

Materi~s  and Methods 

Mature adult locust, Locusta migratoria L., 
were used and these were taken from a population 
m~nt~ned under crowded conditions at 28 ± 
0.5°C and 60% rdative humidity. 

The methods of preparation of the membrane 
microsom~ homogena~, of enzyme assay, and of 
proton determination were e ~ e n t i ~  as d~ 
scribed pre¼ously [8,20]. In determining enzyme 
activity, two incubation medi~ ha~ng the follow- 
ing compositio~ were used: 

(1) 4 mM magnesium chloride; 
(2) 4 mM magnefium chloride/100 mM sodium 

chloride/20 mM potasfium chloride. 
Each medium cont~ned 3 mM ATP (Tris s~O 
fin~ concen~ation and 50 mM histidin~HC1 to a 
fin~ v~ume of 2 ml. All tubes were thermoequi- 
fibrated for 15 min before starting the experiment 
by the addition of 0.5 ml of microsom~ suspen- 
sion. Incubations were carried out at 30 ± ~I°C. 

In ¼ew of suggestions that insect (Na + + K+)- 
ATPases are rdativdy insenfitive to ouab~n [33], 
the acti~ty of this enzyme was c~culated as the 
difference in inorganic phospha~ fibera~d in 
media cont~ning Na +, K + and Mg 2+, and Mg 2+ 
~one; pre¼ous work with this preparation ha¼ng 
shown that (Na++ K+)-ATPase activity de- 
~rmined by this method is not fignificanfly differ- 
ent ~om that obt~ned by ouab~n inactivation 

[81. 
Ouabain ~ndin~ Ouab~n binding w~s de- 

~rmined by a rapid M~fipore fil~ation procedure 
fim~ar to that described dsewhere ~ 3 ~ 3 5 ] .  Ap- 
proximatdy 1 mg microsom~ enzyme protein was 
incubated in 5 mM magnesium chlorid~ 2 mM 
EDTA, 1~0 mM sodium chlorid~ 3 mM ATP in 
20 mM imidazol~HCl (pH 7.2) with [3H]ouab~n, 
at 30°C. At the end of the appropriate incubation 
period a sample of the medium was removed and 
rapid~ fil~red through Mflfipore membrane fikers 
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(pore ~ze 0.45 ~m) by suction. Fd~wing was~ng 
wi~ three ~par~e  5 ml aliquots ~f c~d ~ - 4 ° C )  
was~ng me&um, whose compo~tion w~ ~enti- 
c~ to that of the incubation med~m but wi~out 
ouab~n or ATE ~e  fike~ were ~ v e d  in 
sonfi~ation cocktail and the amount of ~belled 
ouab~n determined by fiq~d s d n ~ t i o n  coun~ 
ing ~ a Packard Tri-Carb 300C fiq~d s d n f i H ~ n  
c o u n ~  Non-spedfic o u a b ~ n - b ~ n g  was d~ 
~rmined by run~ng a par~ld set of incubations 
~ which 3 mM u~abd~d  ouab~n was ~so p~- 
sent in ~e  ~cubafion me~um. Spedfic b ~ n g  of 
ouab~n was obt~ned by subtraction of the 
ouab~n bound non-spedfic~ly. 

D~sodation of ouab~n ~om ~e  enzyme pre- 
paration was determined by a chase m~hod. The 
amount of membrane suspen~on needed was ~- 
lowed to Nnd [3H~uab~n at 30°C, as described 
above, for a suffident time (45 min) for eq~- 
fibfium to be ~t~ned. At this time an excess of 
u~abelled ouab~n was added to a fin~ con- 
centration of 1 mM and ~ appropri~e times 
aliqu~s were ~move& f i l ~ d ,  washed and 
coun~d. 

To determine ~ e  ra~ of oxygen consumption by 
Ma~ighmn ~bules. A~mals w~e kil~d by decap~ 
tation and the Malpighian tubM~ w~e q~cNy 
• ~ec~d out under an ~ c N d  Ring~ s~ufion. 
The mbM~ were then Oaced ~ the ~cubation 
chamb~ of a YSI Modal 53 Oxygen moNmr 
contNNng 3 ml of Nvs~ur~ed  Ring~ s~ufion at 
30°C. Fo~owing a 10 m ~  e q ~ b r a t i o n  period, 
the rate of oxygen consumption was determined 
pNarograpNcally. The compo~fion of the Ringer 
s~ufion w ~  (raM): NaC1, 100/KC1, 8.6/CAC12, 
2/MgC12, 8 . 5 /N aHzPO 4, 4 / N a H C O  3, 4 /  
Nuco~, 34 /Hep~ ,  25/NaOH, 11 ~ H  7.2) [~6]. 

To de~rm~e cell size and n~mbers. One cell 
~pe  p r e d o m i n ~  throughout the lenph of the 
mbdes of Locusta [36] and accoun~ for more 
than 90% of the cells present (unpubfished ob- 
~rvation). On ~ ba~s, the numb~ of calls per 
MNp~hian tub~e was ~fimmed by counting the 
numb~ of nud~  in a ~ r i ~  of known ~ng~s of 
unfixed M ~ g h i a n  t u b ~ .  T h e e  ~gments of 
tubMe were then w~ghed and the w~ght of 1 mm 
of tubMe was cMcuh~d. By rdating this vMue m 
lhe numb~ cf cells ~ 1 mm of mbu~ it is 
pos~b~ to obtNn an ~ t ima~ ~ r  the w~ght of a 

tubMe cell and from the w~ght of lhe totN rub l e  
mass in a ~cu~,  the totN numb~ of MNp~Nan 
tubde cells. TNs vMue may then be used in con- 
junction with determinations of protein ~v~s in 
microsomN preparation~ from known numbers of 
locust~ to profide an ~timation of mi~osomM 
proton ~ d d  per cell. 

Cell fi~e w~s ~f im~ed from measu~ments 
made on 5 ~m th~k seriM sections through 
Malpighian tubuMs which had p ~ o u ~ y  been 
fixed in Karnovskfs fixMNe [37] prior to embed- 
~ng ~ arM&~ epoxy refin. 

All s~ufions w~e made up in #as~distilled, 
doo~zed w a ~  All ~orga~c sMts w~e AnMaR 
grade or the best comm~dally avMhbM; histi- 
~ne, ATP and ouab~n were obtMned ~om S~ma 
ChemicM Co.; ATP (Tris sMt) was made from the 
so ,urn  sMt by ion exchange [20]. [3H]OuabMn 
(1.55 TBq /mm~)  was obt~ned ~om Am~sham 
In~rnafionM p~, Am~sham, U.K. 

R e s ~  

In the present study twdve separate (Na++ 
K+kATPa~ p ~ p a r ~ n s  w~e u~d. Each was 
obt~ned from homogena~s of M~p~hian tub- 
ules prepared from 40 locust~ The mean spedfic 
acti~ty of the MgZ~ATPase and the (Na++ 
K+kATPase was 1.56 ± 0.22 and 5.86 ± 0.82 ~mol 
~orga~c phospha~ f i b~a~d /mg  p~ot~n per h, 
~spectivd~ Thu~ (Na++ K+)-ATPa~ acti~W 
accounted for ca. 75% of ~e  tot~ ATPa~ activiff 
of t~e~ p ~ p a r ~ n s .  

Inhibition by ouabam of (Na + + K +)-A TPase ac- 
~vi~ 

(Na + + K+~ATPase acti~ty was assayed in the 
presence of different concentrations of ouab~n 
over the range 10-8-10 -3 M. M~rosomes were 
pr~ncuba~d for 15 min in the presence of Na +, 
Mg 2+, ATP and ouab~n before the reaction was 
stared by the addition of K + in a ouab~n solu- 
tion. The inhibition curve for ouab~n (Fi~ 1) 
shows that as the concentration of ouab~n 
increased so did the inhibition of the (Na + + K+k 
ATPase acfi~ty. The concentration of ouab~n 
effecting 50% inhibition of a~i¼ty (~0) was 1.12 
~M (95% confidence lim~s = 0.7-1.9 ~M). 
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Fi~ 2. Time course of specific ouabain-binding to a micro- 
somal preparation from Malpighian tubules of Locusta at 
3.10 -6 M (~) and 3.10 -7 M (~) concenuation. Incubation 
medium 5 mM Mg~+/2 mM EDTA/100 mM Na+/3 mM 
ATP/20 mM imidazole-HC1 (pH 7.2) at 30°C. Samples were 
fiaered at 0-4°C, washed and counted as described in Materi- 
als and Method~ Typical experiment representative of three 
experiments. Ordinate: ouabain bound (pmol/mg protein). 
Abs~ssa: time in minutes. 

Ouabam binding 
(Na ÷ + K + ~ATPase binds ouab~n  spe~fically 

according to the m a s ~ w  equation: 

kl 
E + I ~ E I  

k I 

where E is the receptor concen~afion, I is the 
ouab~n  concen~ation, EI is the ouabain-receptor 
complex concentration, and ka and k_a are the 
association and disso~ation rate constants, re- 
spectivdy. 

The formation of [3H]ouab~n-enzyme comp~x  
follows second-order kinetics [38]. Thus, both the 
initial receptor concentration and the init i~ 
ouabain concen~ation need to be known before 
the a~o~a t ion  rate constant (ka) can be c~cu-  
lated. However, W~fick et ~. [27] suggest that ff 
the concentration of ouabain ~ main t~ned  in 
large excess of the recepto~ the forward reaction 

becomes pseudo fir~-order [39]. This greaOy 
facifitates the determination of ka from the equa- 
tion: 

k~ = ( k o ~ -  k _ a ) / l  

where ko~ is the observed firs~order approach to 
equilibrium [2~. 

Fig. 2 shows the time course of ouab~n  bind- 
ing to a microsomal preparation ~ o m  M~pighian 
tubules of Locust~ [3H]Ouab~n binding reached 
a maximum after 5-10 min and rem~ned s tab~ 
over a 1 h incubation period. Fig. 3 shows that the 
initial rate of binding follows pseudo firs~order 
kinetics under the conditions used and is con- 
f i~ent  with the findings of other researchers [27]. 
Such plo~ were used to determine ko~ and hence 
the assodation rate constanL k~. The mean c~cu-  
lated k~ was 1.5 • 103 M - ]  • s -]  (Table I). 

In the present s tud~ the disso~afion of ouab~n  
from the enzyme was determined following in- 
cubation in the presence of 3 • 10 -6 M [ 3 H ] o u a b ~ n  
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Fi~  3. Pseudo fi~t-order binding of o u a b ~ n  to a microsom~ 
preparation of M~pighian  tubules of Locusta. Binding was 
carried out in the presence of 3.10 -6  M o u a b ~ m  Experimen- 
tal conditions as in Fi~ 2. Typic~ experiment representative of 
three experiments. Ordinate: (A~-  A)/A¢ 0og¢ s c ~  where 
A e and A are ouab~n  bound at equilibrium and at t im~ t, 
respectively. A b s o ~ a :  time in minutes. 

at 30°C. The disso~afion of the ouab~nqeceptor  
complex follows first-order kinetics and conse- 
quently the dissooation rate constant (k_~) can be 
c~culated ~om the exponenti~ decay of ouab~n 
binding [38] (Fig. 4). The mean c ~ c u ~ d  k_~ 
was 3.7.10 -3 s -1 (Table I). 

The M ~ h a d ~  constant or the equi~bfium dis- 
sodation constant (Kd) can be c~cula~d by the 
equation: 

K a = k-ak~ 

(see Table I) or can be measured directly ~om the 
equilibrium binding of ouab~n as a function of 
o u a b a i n  c o n c e n ~ a f i o n .  The  b ind ing  of  
[3H]ouab~n to M~pighian tubule ( N a ÷ +  K+~  
ATPase preparations was d~ermined after 45 min 
incubation at different concentrations of ouab~n 
and the data were plot~d according to Scatchard 
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TABLE I 

KINETIC CONSTANTS FOR O U A B A I N - B I N D I N G  TO 
M I C R O S O M A L  P R E P A R A T I O N S  OF M A L ~ G H I A N  
TUBULES OF L ~ m  

C o n ~ a n ~  were ob t~ned  as described in M ~ e f i ~ s  and Me&- 
ods. n represents ~ e  n u m b ~  of independent experimen~ and 
a and b ~ p ~ m  vflues for ~gh-  and ~ w - ~ f i n i ~  f i ~  
r e s p e ~ N d ~  K d and Bm, x were calculated from Scatchard 
~ o ~  ~ da~ .  

P ~ a m ~  n 

k~ ( M - I - s - I ) ±  ~E. 3 1 .5 .103±3.5 .102 
k_~ ~ ~)±KE.  5 3 . 7 . 1 0 - 3 ± 0 . 6 . 1 0  -3  
k_~/k~ (M) 2.5-10 -6  

K d (M)±  KE. a 3 ~ 2 - 1 0 - 6  ± ~ 1 . 1 0  -6  
b 3 &2 .10 -6  ± 1.3.10 -6  

Bma x (pmo l /mg  protein) 
±S.E. a 3 1 1 ~ ± 1 2  

b 3 2 5 ~ ± Z 5  

[40] (Fig. 5). It can be seen that the resulting plot 
is curvilinea~ suggesting either that there is bind- 
ing to multiple independent binding sites or that 
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~ g .  • ~ m e  course of o u a b ~ n  ~ s s o d ~ n  ~ o m  (Na + + K + ~ 
ATPase N ~ a f i o ~  ~ e  e n ~ m ~ o u a b N n  comp~x was ~ r m ~  
by ~ c ~  the tissue ~ r  45 ~ n  at 3 0 ° C  ~ ~ e  ~esence  of 
3 . 1 0 - 6  M [ ~ o u ~ N m  T ~  ~ o N a t i o n  reaction was s ~ e d  
by ~ e  ad~ t ion  M u N ~  ouabNn to a f inn  concentration 
of 1 . 1 0 -  ~ M ~ee MmeriNs and M e ~ o d ~ .  T ~ N  e x ~ r i m e n t  
r ~ r e s e m ~ v e  of five experimems. O r a n g e :  pe rce~  ouabNn 
bound. AbsN~a:  time ~ ~ n u t e s  after ad~ t ion  of excess 
u N ~  o u a b N ~  
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N g  5. Scamh~d Nm ~ ouabNn Nn~ng m a mi~o~mM 
preparation from Malpighian mbM~ ~ L ~ m .  The enzym~ 
ouabNn c o m ~  w~  ~rmed by incubating the prep~ation ~ r  
45 rain ~ 30¢C wi~ 3 .10-s-10 -5 M ouabNn. ExpefimentM 
con~fions ~ ~ N& 2 and M~efiMs and Me~o~.  TyNcM 
~pefiment ~ p ~ m a t i v e  ~ t~r~ ~pefiments. O ~ a t e :  rat~ 
of bound/~ee ouabNm A b s ~ a :  concen~afion of ouabNn 
bound (nM). 

there ~ negative cooperativity between binding 
~tes [41,42]. More recently, N o ~  and God~Nnd 
[43] have concluded, from thNr ~udies on rat 
hear~ that ouabNn-spedfic binding occu~ at two 
da~es  of independent ~ On this b a ~  the 
binding capaNfies ~nd affinities for high- and 
low-affinity ~tes have been determined in the 
present study (Table I). The resulU suggest that 
about 30% of binding ~tes displayed a high affin- 
ity for ouabNn (K d = 0.2- 10 -6 M), whereas 70% 
of binding s~es were charactefised by a lower 
affinity (K  d = 4 .2 .10 .6 M) (Table I). 

Esamates of ce# s~e  and numbe~ 
It was estimated that the lotN cell number for 

the Malpighian tubules of an adult locu~ was 
about 363000. Furthermor~ appro~mately 189.4 
± 6.9 ~g microsomN protNn were extracted per 
insect ~om MNpighian tubules (n = 5 indepen- 
dent determination~ each invol~ng 40 l o c u s t .  

Thus approximately 5.2.10 7 mg of microsomal 
protein are derived from each cell. 

Measurements on serial sections through 
Malpighian tubules of Locu~a indicate that the 
mean cell volume ~ 72430± 2355 ~m 3 (n = 8) 
with approximate dimenfions of 85 ~m × 85 ~m 
× 10 gm. 

D i ~ u ~ n  

The (Na++  K+)ATPase  of MNp~hian tub- 
ules of Locusm exhibi~ many of the prope~ies of 
( N a + +  K+)-ATPases from other speNes [20,26]. 
It ~ ma~mally activated at an A T P / M g  2+ ratio 
of 1:1.3 and at 100 mM N a + / 2 0  mM K + [18] 
and N inhibi~d by ouabNn [8,18-20]. In the 
present studN the concen~ation of ouabNn which 
h N g m a f i m N ~  inhibi~d enzymatic acti~ty was 
1.12 ~M. This agrees well with ~0 vNues reported 
for other insect preparations [20]. 

Many ~ud~s  on the binding of cardiac Nyco- 
fides to ( N a + +  K+)ATPase  preparations ~esult 
in saturab~ binding which invCves a finNe class 
of binding rite O2AN. In the present study cur~- 
finear Scatchard plots were obtNned which sug- 
gests that m ~ r o s o m a l  prepara t ions  ~ o m  
MNpighian tubules of Locu~a bind ouabNn 
spe~ficNly with a d i~odat ion  con~ant of 0.2. 
10 .6 M and ~ 2 . 1 0  .6 M at high- and low-affinity 
~ respectivd% Other worke~ have reported 
the posfib~ efi~ence of at ~ast  two classes of 
binding sites cf high and low affinities with d i f ~  
ent fi~ues ~om a variety of spedes OlAL45-4N.  
As poin~d out earlie~ such h~erogenNty might 
be due to the presence of dif~rent (N a++  K + )  
ATPase conformations with different affinities for 
ouabNn or the ef igence of independent binding 
rites. The efi~ence of two da~es  of independent 
binding fires in rat hea~ has been proposed [43]. 
Fu~hermore,  ~ is reposed  that K + increased the 
proportion of the high-affinity ~ s  in microsomN 
~actions ~om guinea-pig hea~ [45]. However, the 
possibility that such curved plots are due to nega- 
tive cooperativity cannot be r u e d  out. N o d  and 
God~Nnd  [43] reposed  that, in rat hea~, the 
proportion of low- and high-affinity components 
observed in enzyme inhibition studies was fimilar 
to th~  measured in [3H]ouab~n binding experi- 
m en t .  They suggested that this might be ex- 



planed on the bails of two isozymes bong pre- 
sent. Fu~hermore, they suggest that, fince ~Rb 
uptake by calls in intact tissue was not affe~ed by 
ouab~n at concen~ations ~ss than 10 -5 M but 
was ~most c o m p ~ l y  abolished at 10 -4 M [49], 
on~ lcw-affinity rites are inhibitory in ~vo. ~mi- 
lady, on the bails that K d for low-affinity rites 
was a v~ue dose to ouab~n I~, it was sugges~d 
that the low-affinity rites could be inhibitory rites 
in guine~pig heart ~5]. Giunta et ~. [501 have 
proposed a regulatory modal in which it is sug- 
ges~d that at very low ~vds of cardiac ~ycofid~ 
binding to the high-affinity fi~s causes conform~ 
fion~ changes ~ading to enzyme activation, 
whereas at higher cardiac g~cofide level~ binding 
to the low-affinity f i~ resul~ in enzyme inhibi- 
tion. These same worke~ [50,51] suggest a modal 
for acti~ty modulation of (Na÷+ K÷)-ATPase 
acti~ty, in ~vo, invol~ng ouab~n-fike com- 
pound~ such as have been repor~d in a variety of 
anim~ ti~ues [52-56]. Such compounds inhibit 
enzymat~ actifity in the same range of concen~a- 
tions as ouab~n. Thus it is proposed that under 
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phyfiological conditions the ~vd  of drculating 
ouab~n-hke compounds can saturate the high-af- 
finity si~, promoting enzyme activation. An in- 
crease in the concentration of such digitalis-like 
compound~ it is argued, ~ads to saturation of the 
lower-affinity binding rite also, resulting in en- 
zyme inhibition. In the present investigation, the 
v~ue for I50 was not fignificantly different from 
the d~sodation constant (K d) for the low-affinity 
rite, suggesting that here ~s~  the low-affinity rite 
may be responfib~ for enzyme inhibition. The 
significance of the high-affinity rites and the ap- 
plication of the regulative modal of (Na + + K+~ 
ATPase activity, described above, to insect 
Malpighian tubules must aw~t fu~her investiga- 
tion. 

Table II compares the kinetic constants of 
ouab~n-binding to (Na + + K+~ATPase in mkro- 
somal preparations of M~pighian tubules with 
those obtained ~sewher~ from a variety of spe~es. 
It can be seen that the a~o~afion rate constant 
(k~), the disso~afion rate constant (k_~) and K a 

for Locusta  are within the range of v~ues quoted 

TABLE II 

COMPARISON OF MEAN K I N E ~ C  CONSTANTS FOR OUABAIN ~ N D I N G  IN PREPARA~ONS FROM DIFFERENT 
SPECIES 

a and b ~ w ~ e m  v f l ~ s  ~ r  ~gh-  ~ d  ~ w - M f i ~  f i ~  res~ctivel~ 

Ti~ue k 1 k_ 1 k_ 1 /k l  K a ReL 
(M-~.s  - l )  (s "~) (~M) (~M) 

MMpighian tubules 1.5.103 3.7.10- 3 2.5 a 0.2 present 
of Locusm b 4.2 ~udy 

Rabbit ~dney 0.5.102 2A. 10- 5 0.5 62 
Manduca sexta br~n 1.9.104 2.2-10- 3 0.12 29 
Rat in~sfine 1.3-103 3.6.10 - 2 29.0 15 35 
Carla cobaya kidney a 0.35 50 

b 2.1 50 
Chick cardiac cells 7~- 102 5.0.10- 3 6~ a 0~3-  

• 05 46 
b 2-6 46 

Rat heart a ~21 43 
b 13 43 

Rabbit nephron 5~.  102 1 ~- 10- 3 2~ 1.8 64 
Rectal ~and 

of Squalus a 0.2 65 
b 5.0 65 

Whole ima~n~  discs 
of Drosophi~ 4.7.10 z 8.6.10- ~ 0.18 32 
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for a va r i f y  of tissues and different spe~es. 
There is disagreement concerning the ratio of 

ATP-binding and ouab~n-binding rites to pho~ 
phorylation fi~s on the ( N a + +  K+~ATPase.  
Jorgensen [57,58] has shown that there is one 
ouab~n-binding rite, one ATP-binding tim and 
one phosphorylation rite per 280000 molecular 
w~ght unit. Similarl~ a ~atio of 1 : 1 for ATP fi~s 
to phosphorylation rites [59] and a 1 :1  ratio for 
ouab~n-binding sites to phosphorylation rites 
[28,60] has been reported dsewhere. Howeve~ 
(Na + + K+)-ATPase from guinea-p~ kidney binds 
4 mol o u a b ~ n / m ~  ~Pqabelled phosphoprot~n 
formed [28], whilst enzyme preparations ~om the 
de~f ic  ed  organ bind only 1 ouab~n per two 
phosphorylation rites [60]. 

In the M~pighian tubu~ preparations from 
Locusta maximum binding (Bm~) was 11.0 p m o l /  
mg protein at the high-affinity rites and 25.9 
p m o l / m g  pro ton  at the lowe~affinity rites (see 
Table I). These data, taken in c o ,  unction with 
the mean (Na + + K+~ATPase ~cti~ty measured, 
indica~ a vMue of 6.3 pmol ouabNn bound /~mol  
inorganic phospha~ hberated at both the high- 
and the low-affinity rites. This f idds  an overall 
turnover of 2645/mira assuming that one ouabNn 
is bound per pump site. This turnover number for 
lhe pump is compared wilh those reposed  for a 
number of other tissues and different spedes in 
Table III. 

It was estimated that each cell ~ d d e d  approx. 
5 .2 .10 -v mg membrane protNm a vMue which 
compared favourab~ with the 2 .5 .10 -  7 mg pro- 
tein/cel l  quo~d for ve~ebtam in~sfinM cells [35]. 
However, in ~ew of the fact that, in the present 
s tud~ the ~ d d  was only a fraction of the to t~  
membrane protein per cell, this vMue is a substan- 
tim underestimate. Neverthdes~ accepting iu  
fimitations we can use this vMue to make certNn 
ca~ulations on the ba~s of data obtNned with 
Locusta. Thus, assuming 1 ouabNn bound per 
enzyme fit~ it can be cMculated that there are 
3.4.106 high-affinity pump fi~s and 8.1-106 
lowe~affinity pump rites per r u b l e  call (i.e. a 
total of 11.5.106 pump sites/cell). This pump 
site denfity is compared with vMues repor~d for a 
variety of other cell types in Table IV. Harms and 
Wright [35] cNculated that there were approx. 
1.5.10 ~ rites per call (estimamd from ma~mum 

TABLE IlI 

COMPARISON OF TURNOVER VALUES FOR (Na++ 
K + ~ATPa~ FROM VARIOUS SPECIES 

P~parafion Turnover ReL 
(ATP hydrolysed/ 
~ per min) 

Malpighian tubules of 
Locusm migratoria 2 645 present 

study 
Red blood cell 1400 66 
Rabbit nephron 2 000 64 
Bo~ne ~dney 3 430 28 
Rat in~sfine 8 300 35 
Guinea-pig ~dney 11 100 28 
Bovine heart 8 550 28 
Bo¼ne brmn 11500 28 

phosphor~ation s tu~e~  m rat in~stin~ Howev~, 
thNr ~ t i m ~ e  was an order of magNtude Nrger 
when determined ~om ma~mum ouabNn-Nn~ng 
data. The somewhN Ngher vNue repor~d for the 
sMVse~efing cNofide cells of t d e o g  NH (viz. 1.5 • 
10 ~ ~ s / c d ~  [61] is thought to be r d a ~ d  to thNr 
larger cell vo~me and the membrane magNfic~ 
tion ~ o r  ~ .  

TABLE IV 

COMPARISON OF OUABAIN BINDING SITE DENSITY 
FOR VARIOUS SPECIES 

a and b represent v~ues for ~gh- and ~ w - a f f i ~  ~ 
~spe~Ndy. * ~ d ~ m ~  v~ue c ~ c ~ e d  kom dma ~ven by 
R u i n  ~ ~. ~ and ~suming 5.2.10 -7 mg proton per call. + 
~ d ~ m ~  v~ues ~e  l~dy  ~ ~e u n d ~ f i m ~ .  

Preparation N~ of ~tes ReL 
p~  cell 

M ~ g h i ~  ~bules + a 
L ~ m  ~gratoria + b 

C~ck h ~  memb~ne a 
b 

R~  ~ s f i n e  
Rab~t ~ n ~  mbde  
HeLa cells 
C~tu~d  g~ne~p~  ~ d n ~  
C~ofide cells ~ 

tele~t ~ 
Human e ~ c ~ e  
Mandum s ~ m  br~n 
Wh~e ima~n~ ~ s  ~ 

Dros~M~ melanogaster 

3A. 106 present 
8.1.106 ~udy 

1.5-105 46 
1.4.106 46 
1.5-106 35 
41-106 62 
8.2-105 67 
7.5-105 67 

1.5.108 61 
228 38 

2.5.107 * 29 

1.78.104 32 



If the (Na + + K+kATPase  pump of M~pighian 
tubule cells of Locusm mo~e Na + and K + with the 
s to~h iom~ry  cf 3Na + : 2K ÷ per ATP hydrolysed 
at each ~te (see abov~  then, at the c~culated 
turnover rate, 9 .1-10 l° Na + could be ma~mal ly  
pumped out of a tubule cell per rain in exchange 
for 6.1 • 101° K +. If one assumes that the i n ~ a c ~  
ular Na ÷ concen~ation is approx. 13 mM as re- 
ported for Rhodnius [63] and that cell volume is 
72430 ~m 3, then each cell cont~ns  ca. 5 .7-10 ~ 
Na  + (No. of in~acellular Na ÷ =  Na + concentra- 
tion (13 mM) × cell volume × A~agadr~s num- 
beO. Thus, at m a ~ m ~  pump rat~ in~acdlular  
Na  + would be depl~ed in about 9 min at 30°C. 
In addition, to t~  ATP utifization, on the ba~s of 
1 ATP hyd~olysed per cycle of the pump, would 
be 3.0 • 101° ATP/ce l l  per min. Thus, 363 000 tub- 
u ~  calls (i.e., estimated tubule cell number per 
locus0 would hydrolyse 1.1.1016 ATP per min 
and ff 3ATP are produced for each atom of oxygen 
consumed then, at maximum turnove~ the to t~  
oxygen consumption necessary to s u ~ n  this 
pump rate would be 3.0.10 -9 mol 02 per min. 
This is equiv~ent to 0.12 ~mol O~/g  wet w~ght 
per min. In the present stud~ the Malp~hian 
tubules from Locusta consumed oxygen at a rate 
of 1.5 ± 0.2 ~ m o l / g  wet wright per min. Thus, 
approximatdy  8% of to t~  m~abofic  act i~ty would 
appear to be necessary to s u ~ n  max im~ pump 
turnover at 30 o C. This v~ue  compares favourab~ 
with the observation that 18% of tubule oxygen 
consumption ~ inhibi~d by 1 mM ouab~m 
bearing in mind the various assumptions made in 
i~  c~c~a t ion  and ~ven that the higher reposed  
levds of inhibition [4] would include secondary 
effe~s on m~abol ic  rate due to the run-down of 
ion gradient~ 

Finally, it has been estimated that up to 1500 
calls (approx. 75% of the estimated to t~  cell num- 
ber per tubul~ may be responfib~ for the secre- 
tion of 'urinff  at a mean rate of 3.4 n l / m i n  per 
tubul~ by in ~ o  preparations such as those used 
by Ans~e  ~ ~. [~1~.  If  all the K + uanspo~ed  
into lhe cell by the ( N a + +  K+kATPase  pump 
were ultimately transferred to the lumen of the 
tubule by an apic~ d e c ~ o g e n ~  pump, the K + 
concentration of the secreted 'uf inff  co~d  be as 
high as 45 mM. Indeed, at the basM secretion rate 
of 2.5 n l / m i n  r eposed  by Morgan and Mordue 
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[9], the K + concentration could be as high as 61 
mM, a v~ue  which would ~epxesent a substant i~ 
component  of the 140 mM K + concen~ation re- 
po~ed  for locust ' u d n C  [4,7]. However, the exact 
v~ues c~cu la~d  in the present study should not 
be i n ~ r p r e ~ d  too p r e d s e ~  and whilst it ~ un- 
f ikdy that the pump would be operating m a ~ -  
mally at all times, it is neverthdess apparent that, 
since the number of ' p u m p '  ~tes per cell has been 
underestimate& the measured turnover v~ues  are 
adequa~ to account for sub~an t i~  K + ~anspo~  
in M~pighian tubules of Locusta migraWh~ 
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