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K ~  w~ds: (Na + + K + ~ A T P ~  N u d ~ f i ~  ~e ;  ATP affimff ~ o ~  C o n ~ r m ~ n  wanfifion; Ki~tics 

We h ~ e  shown p~v~u~y ~ ~ e  ~ n e  ~ d n ~  N a + ~  + pump ~Na + + K ÷) -ATP~o  ~ ~ ~ e  ATP 
affini~ anflog ~ f l u o m s ~ n y ~ e ~ o y l ~ e n ~ e  ~SBA).  At 2 0 ° ~  we find ~ e  timocou~e ~ ~ ~ t i o n  
to be ~at  w e ~ e d  for a f k ~ - o ~  reaction accompa~ed by competing s~v~yfis  of ~ e  reagen~ The 
FSBA-~t ivated  (Na++ K+)-ATPase retains the abili~ ~ m o ~  between the E~ and Ea ~nformations 
• ~ predominate ~ Na + and K + me,urn, ~spectivdy. Therefore, FSBA ~ t i o n  ~ the en~me do~  n ~  
~ d e ~  fignificantly ~ ~ther ils flkali me~! ~tion ~n~ng ~ its c o ~ m a t i o n f l  f~edom. The abili~ ~ 
ATP ~ influence the enzymCs co~ormation by ~n~ng  ~ ~ e  ~ g ~ f i ~  nudeotide f i~  ~ dec~me~ 
h o w e ~  in pmpo~ion ~ ~ e  de~ee ~ ~ f i o n  ~ en~me activi~ by FSBA. ~ add~o~ the abili~ ~ the 
enzyme ~ s~f l  ~om ~ e  E~ ~ the Ea co~ormation t~ough ~ e  (ATP + Na+~depende~ ph~phofflation 
cycle ~ ~ d  by FSBA ~eatmenU ~ shown by the d e c ~ e d  abili~ ~ these subs~ates to ~ i m ~ e  the 
K %depende~ ~ o p h e n y l p h o s p h a ~ s e  a c f i ~ .  B o ~  of the~ effe~s ~ e  con~stent ~ th  spe~fic reaction 
~ FSBA ~ ~ e  ATP binding f i~  ~ ~ e  e n ~ m ~  An ad~tionfl ~ ~ FSBA ~eatment ~ ~ ~ ~ m ~  
~ss  ~ p-niffophenyiphospha~se activiff, but to a ~sser exte~ ~an (Na++ K+)-ATPase or NaCATP~e 
~ t i ~ .  ~ n ~ n g  of ~ni~ophenylphmphate to ~ e  enzyme ~ app~entiy unaffected by FSBA ~eatmenU 
s[n~ the K m for p-niffophenylphospha~ ~ nct ~ a u ~  

~ t i ~  

The mammalian Na+,K%transport pump 
driven by ATP ~Na + + K + ) - A T P ~  bdcngs ~ a 
fami~ of ~anspo~ ATPa~s that share c~ t~n  
s~u~ur~  and mecha~stic feature~ (The ~ m i ~  of 
uanspo~ ATPa~s ~ d u d ~  the (Na++ K+)- 
ATPa~, lhe s ~ c o ~ m i c  ~ t ~ u ~ m  C~ ~ A T P ~  
the pl~ma membrane C~%ATPa~  (such as that 
found in the e r y t h r o c ~ ,  the gastric oxynfic ceil 
(K + + H+kATPas~ fung~ and ~ant  H~ATPases 

* To whom correspondence shodd be adduce& 
A ~ f i ~ s :  FSBA, p - f l u o r ~ d ~ n ~ b e n z o ~ a d e n ~ e ;  ~ -  
~ne, ~ N-bi~2-hydroxyeth~)glycine. 

and posfib~ the Kdp ~anspo~ sy~em of bacteria 
such as E. co~) Each memb~ of t~s class b~ds 
ATP with ~gh affi~ff (K d less than 1 micro- 
m~aO prefiminary to the cation-controlled phos- 
phorylation of an a s p a ~  refidue of the c ~ y f i c  
subuniu The ~sdt ing c o n f o r m ~ n ~  change 
evoked by t~s phosphor~ation, tog~h~ with a 
subsequent ca t ion-conU~d dephosphor~ation, is 
harnessed by the catalytic subunit structure to 
drive cation ~an~ocation across the membrane 
[1-3]. In the ca~ of the (Na + + K+~ATPa~, the 
p h o s p h o r ~ i o n  reaction is con~o~ed by Na +, 
while lhe dephosphorylation is controlled ~y K +. 
Many investigators believe that the ~anspo~ of 
the cor~spon~ng cations accompani~ each of 
these steps [~. 
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Because each m e mb~  of the ~anspo~ A T P a ~  
~mily  uses a fimilar p h o s p h o r ~ n / d e p h o ~  
phor~ation reaction sequence, it is reasonable to 
p~sume that Me family shares a ~milar three-di- 
menfionN topography (and hence a f imihr  peptide 
~quenc ~  in the ATP NnNng fi~. One might 
M ~ e f o ~  defign a f f iN~ probes for the ATP site 
of one memb~ of the class Mat would be broaNy 
applicaNe to the other members. This paper d e  
scribes s tud , s  of Me in~ram~n  of one such 
c a n ~ d ~ e  probe, p-f luorosulfon~benzo~aden~ 
sine (FSBA) with the (Na + + K+)ATPase.  Pre~- 
ous work ~om this Nbora~ry  [5] has shown FSBA 
to ~ac t  spedficN~ in Me ATP-NnNng rite of the 
(N a+ +  K+)ATPase.  (Preliminary ~ u ~  ~ this 
hboramry  ind~a~  that this compound Nso reacts 
in the ATP NnNng rite of Me sa~oplasmic re- 
ficMum C ~ A T P a s e . )  The results in this paper 
describe the effects of FSBA on some adNtionN 
Nnctions of Me ( N a + +  K+)ATPase:  the N a ~  
and K~dependent  conformationN ~an~fions and 
the so-caned 'partiN' reaction~ 

M ~ h ~ s  

Purification and a~ay of (Na + + K +)-ATPase 
( N a + + K + ~ A T P ~ e  w ~  purified from Me 

ou~r  m e d ~ h  of ca~ne  ~dney  as described pre~- 
ou~y [6]. The resulting enzyme preparation con- 
t~ns the a and fl s u b u ~  of (Na + + K÷)-ATPase 
with very httle contamination by other p~y-  
peptid~, as judged by S D ~ p ~ y a ~ a m i d e  gel 
~e~rophor~ i s  [7]. (Na++  K+) -ATP~e  a ~ i ~  
was m e ~ u ~ d  ~ de~ribed p~¼ou~y  [6] u~ng a 
coupled enzyme assay [8]. Na~ATPase  a c t i ~  
was m e ~ u ~ d  ~ ~milar ~shion, except Mat K ÷ 
w ~  omitted ~om Me ~say  m e , u r n  and Me ATP 
concen~afion was 20 ~M. ADP-ATP exchange 
a ~ i ~ f f  was m e ~ u ~ d  as described earlier [9]. 
K~dependem p - m g o p h e n ~ p h o s p h ~ e  a ~ i ¼ ~  
was m e ~ u ~ d  s p e c ~ o p h o ~ m ~ r i c ~  u~ng a mil- 
h m ~  extinction coeffident of 12.2 at 410 nm ~ r  
p -~ t rophen~  (pH 7 .~  [1~. Proton was m e ~ u ~ d  
by the Lowry procedure [11]. 

Reaamn of (Na + + K + )-A TPase w#h FSBA 
Reaction of purified (Na + + K+~ATPase wilh 

FSBA was carried out in capped 1.5 ml conic~ 
plastic tubes in 10 mM Bicine buffer (pH 8.5) 

contNning 1 mM EDTA and other sMts and 
figands as indicated. The mmper~ure was 20°C 
unless noted otherwise. FSBA was added as a 
stock sNution (usually 0.1 or 0.2 M) in dimeth~- 
sulfo~de to produce the finM concentration indi- 
cated. These stock s~utions are stable over long 
periods of time when stored in a deficcator at 
room ~mpreature. 

Measurement of tryptophan fluorescence changes of 
(Na ÷ + K +)-A TPase preparations 

The in t fn~c  tryptophan fluorescence of the 
(Na + + K÷)-ATPase was measured using ~ther  a 
Farrand Mark I spec~ofluorom~er with output to 
a Honeywell E~c~onik 194 recorder or a Perkin- 
Elmer MPF-66 with c o m p u ~ a s ~ s ~ d  data 
acqui~tion. The sen~ti~ty of the Farrand sys~m 
for detection of small changes in fluorescence was 
increased con~derably by utili~ng the range ex- 
~ n ~ o n  ~ature  of the recorde~ allowing one to 
display the top 5-10% of the ~gn~. The Perkin- 
Elmer software carried out this manipulation di- 
rectly on the stored data. The exaltation wave- 
length was 295 nm and the e m ~ o n  wavdength 
was 325 nm [12]. The ~mperature of the cuvette 
chamber was m~n t~ned  at 20°C with the ~d  of a 
spe~ally designed jacket. The contents of the 
cuvet~ were sti~ed continuou~y during the mea- 
surement with the ~d  of a sm~l magnetic stirring 
bar. Fluorescence changes were corrected subse- 
quently for the small dilutions caused by additions 
of concentrated stock solutions during the mea- 
surement. Changes in intrin~c ~yptophan fluore~ 
cence are reported as a percentage of the tot~ 
fluorescenc~ 

R e s ~  

Optimd con~#ons for ~eatment of (Na + + K +)- 
A TPa~e with FSBA 

Earli~ M u ~  ufing FSBA ~ a nudeotide 
si t~spedfic reagent ~ r  (Na + + K + ~ A T P ~ e  w~e  
~arried out at 37°C [5]. Under Mese con~t ion~ 
some 'nonspedfiC inactivation of Me (N a++  
K÷) -ATPa~  was ~ways observed (defined as not 
p r o s t a t e  by sa~rating concen~ations of ATP). 
We have ~ u n d  M~ t~s nonspedfic ~ N t i o n  can 
be mimmized by ~ d u d n g  Me incubation ~ m p ~  
ture to 20°C without f ig~ficandy affecting Me 
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extent of speofic i n a ~ N ~ n  of the (Na + + K+) - 
ATPase (Fig. 1). Some of the r e s d ~  described 
bdow suggest that ~compl~e  pro~ct ion by ATP 
during ~ ng  i n c u b ~ n s  may resdt  in some cata- 
~f ic  rite ina~Nation bring included in the 'non- 
spedfiC ~ h i b i t ~  

Kinetics of i na~aaon  of (Na + + K +)-ATPase by 
FSBA 

Pre¼ous studies were carried out in barbit~ 
buffer to reduce the reaction of the reagent with 
the buffer i tsdf [5]. The present work was done 
u r n g  10 mM Bi~ne (pH 8.5) which ~so reacts 
poorly with FSBA. F~.  2 shows the t im~cou~e  of 
inactivation of approx. 1.4 ~M ( N a + + K + )  - 
ATPase by 1 mM FSBA. (Enzyme concentration 
is estimated from its spe~fic acfi~ty and the 
p ro ton  concen~afion u r n g  the rdationship be- 
tween [3H]ouab~n binding and enzyme activity 
determined in ReL 6.) A second addition of an 
equiv~ent amount of FSBA was made a~er the 
first 3 h of incubation with FSBA. The f im~cou~e 
is nonlinear because of gradu~ depletion of the 
reagent by solvolyr~ Also shown in Fig. 2 is the 
nonspe~fic inactivation rate (open triangle~ mea- 
sured in the presence of 5 mM ATP. 
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Fi~  2. Kinetics of inactivation of (Na + + K + k A T P a s e  by 
FSBA in ~ e  presence and absence of Tris bu f~r  and ~ t ~ h -  
r ~ l .  Two tubes (A and B) were prepared conta i~ng  (Na ÷ + 
K + kATPase  ~65  ~ g / m l )  in ~ e  m e ~ u m  described ~ Fi~  1. 
Tube B containe& ~ a d ~ t i o ~  5 mM A T ~  At zero f im~ 
FSBA was added to a f in~ concentration of 1 mM. At 182 
min, a second 1 mM ad~t ion  of FSBA was mad~  3~#1 
af iqu~s  were withdrawn from each ~ b e  i n ~  500 ~1 0.25 M 
Tfi~ pH 7.6 at 25°C, ~aced  on ic~ and assayed as soon as 
p o s ~ e  ~ r  (Na ÷ + K  ÷ ~ A T P a ~  act i~ff .  Dupl ic~es  of ~ e  
~ u ~ s  taken at 1 h and 6 h were ~ so  ~aced  in 500 ~1 
~ c ~ d  0.25 M Tris /1  mM ~thi~hre i to l .  The 1 and 6 h 
s amp~s  were assayed, repeatedly, over ~ e  next 25 h. G,  tube 
A; ~, tube B; U, 1- and 6-h aliquots placed in Tris o~y;  ~, 1- 
and ~ h  a l iqu~s  ~aced  ~ Tris /di thio~rei tol ;  ~, tube B sam- 
~ e s  ~aced  ~ T r i s / ~ t h i ~ h r ~ t o l .  N ~ e  ~ a t  acf i~ff  is p ~ t ~ d  
on a ~ g a r i ~ m i c  sc~e. 
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~ g .  1. E f f~ t  of ~ m p e r ~ u r e  on ~ t ~ n  of (Na + + K + p  
ATPase by FSBA. FSBA (2 mM  f in~ concentration) was 
added to (Na + + K + ~ATPase  ( ~ 5  ~ g / ~ )  m a m e ~ u m  con- 
~ n g  10 mM ~ n e / ~ l  M K ~ / 1  mM  EDTA ~ H  8.5). 
3 ~ 1  ~ q u ~ s  were withdrawn at the times i n d ~ e d  into 5 ~  
~1 1 mM ~ t ~ h r ~ l  and ~aced  on ~ ~ e s e  samp~s  were 
a~ayed  for ~ a  + + K  ÷ ~ATPase  a ~ f i ~  as described under 
M ~ h o ~ .  ~ r d e s ,  0 ° C ;  ~ n ~ e s ,  20°C;  square~ 37°C. F i led  
~ m b ~ s  represem ' nonsp~ i f iC  ~ t i o n  ( F S B A + I  mM 
A T e .  O ~ n  ~ m b ~ s  repre~nt  ~ e ~ f i c  m ~ t i o n  (FSBA ~ o n ~  
after subtraction of nonspecific ~ b i t ~  

Purdie and Heg~e [13] have derived kinetic 
equations for the reaction of an inhibitor with an 
enzyme accompanied by solvolyrs of the inhibi- 
tor. Since there is no significant effect of these 
concentrations of the membranous enzyme pre- 
paration on solvolyfic decomposition of FSBA, 
the equation describing loss of enzyme activity 
should be [13]: 

where k t is the rate constant for solvolyri~ k 2 is 
that for reaction of the inhibitor with the enzym~ 
I 0 is the initial concentration of FSBA and K~ is 
the equilibrium constant for dissodation of the 
inhibitor from the inhibition rite on the enzym~ 
(Studies on the rate of FSBA solvolyfis ufing a 
fluoride-senfitive electrode show no detectable 
change in rate of fluoride rdease upon addition of 
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e n z y m e  in the c o n c e n t r a t i o n s  used  here  @esu lu  

no t  shown).)  F i t t i ng  the  r e s u l ~  o f  two  s e p a r a ~  

e x p e r i m e n ~  l ike tha t  of  Fig.  2 to this e q u a t i o n  

~ d s  the resul ts  shown  in Fig.  3. T h e  d a t a  fit 

r e a s o n a b l y  well  to the expec t ed  s ~ N g h t  fine. F o r  

the first a d d i t i o n  o f  F S B A ,  the cMcula ted  vMue of  

k~ is 0.42 h ~, w h i ~  the c o ~ e s p o n d i n g  vMue for  

the second  a d d i t i o n  is Mso 0.42 h -~  (open  sym- 

bols). The  c o ~ e s p o n d i n g  vMues for  the s econd  

e x p e r i m e n t  (f i l led s y m b o l ~  are 0.33 and  0.54 h -~ ,  

respec t ive ly .  T h e  cMcula ted  vMue of  k z for  each 

e x p e r i m e n t  is lower  for the  second  a d d i t i o n  than  

the first, as re f lec ted  in the change  in ~ o p e s  

(dashed  l i n ~ .  T h e  K I vMues cMcula ted  for  the 

fou r  l ines ave rage  0.165 M ± 0.023 S.D., r e f l ec t ing  

the  low a f f in i ty  of  this r eagen t  as p r e v i o u N y  de-  

sc r ibed  [5]. 

Effect of Tr~ buffer and dithiothreitol on FSBA 
inhibition of (Na + + K +)-ATPase 

Fig. 2 also shows  the ef fec t  o f  a d d i n g  a p r i m a r y  

a m i n e  (Tris  b u f f e 0  on  the ra te  of  F S B A  inac t iva -  

t ion of  the ( N a + + K + ) A T P a s ~  R e a c t i o n  of  

F S B A  wi th  the  e n z y m e  is r ap id ly  t e r m i n a t e d  be-  
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Fig. 3. Tim~course of inactivation of (Na + + K + )ATPase by 
FSBA fitted to the equation of Purdie and HegNe [13]. Data 
from two ~fferent expefimenU ~mi~r to that of Fig. 2 were 
fit~d to equation a of Purdie and HegNe [1~ uNng the MLAB 
modeling sy~em avNNb~ from the NationM I n ~ u ~ s  of 
HeMth for DEC10 c o m p u ~  [21]. U~ng the vNue of k~ 
obtNned from the fit for the first addition of FSBA, the 
[FSBA] at the time of the second FSBA addition could be 
estimaW& enabling a fit of the data for times greater than 3 h. 
Open symbol~ experiment 1; dosed symbol~ experiment 2. 
Circles, first addition of FSBA; trian~es, second addition. 
Equation a was p~aed in negative form on both axes so that 
the axes would be poNtiv~ 

cause  the r eagen t  reacts  wi th  the  buf fe r  (open  

s q u a r e ~ .  A sepa ra t e  a l iquo t  of  r e a ~ i o n  m i x t u r e  

was  s t opped  wi th  Tris  bu f f e r  c o n t a i n i n g  d i th io th -  

rN to l  (f i l led d r d e ~ .  N o  r eac t iva t ion  of  e n z y m e  

ac t iv i ty  is seen, sugges t ing  that  su l fhydry l  g roups  

are  no t  i n v o l v e d  in the de r iva t i z a t i on  of  the  en-  

z y m e  by F S B A .  

Na +- and K +-induced ~nformation~ changes in 
the FSBA-treated (Na + + K +)~TPase 

T h e  na t ive  ( N a + +  K + ~ A T P a ~  shows two 

m ~ o r  c o n ~ r m a t i o n ~  E~ or  E z, d e p e n ~ n g  on  

w h e t h e r  N a  + or  K +, r e s p e c f i v d ~  is the p r e d o m i -  

2 
w 

Z 

I 
o I 

MM K+oR NA + 

Fig 4. Effec~ of K + and Na + addition on the intrins~ 
tryptophan fluorescence of FSBA-trea~d (Na + + K + ~ATPase. 
Enzyme at 600 ffg/ml was incubated with 1 mM FSBA as 
described in Fi~ 1, except th~ the [KC1] was ~5 raM. A~er 3 
h, a second 1 mM addition of FSBA was made and the 
reaction continued for a tot~ of 6 h. 480-~1 aliquots were 
taken at zero time and 6 h into 20 mM Tris (pH 7.6)/1 mM 
dithiothrdtol, and ~ored overnight in the refrigerator. Samp~s 
of this ma~fi~ were taken the next day for fluorescence 
measu~ments at 30 ffg/ml (Na + + K + )-ATPas~ Additions of 
K + were made in a buf~r containing 30 mM Tfis/1 mM 
EDTA (pH 7~). Additions of Na + were made in a buffer with 
a lower Tfis concen~afion (1.7 mM) because high concentra- 
tions of Tris are known to induce the E 1 conformation of the 
(Na + + K + ~ATPase [1~. Open s y m b ~  con~ol enzyme; filled 
symbols, FSBA-~eated enzyme (63% spedfic inhibition, 85% 
total inhibition). Circles, K + addition; trian~es, Na + addifio~ 
The small finear decrease in fluorescence upon Na + addition 
was subsequently found to be due to the screening ef~ct of a 
sm~l amount of u l ~ a v i ~  absorbing ma~fi~ in the stock 
NaC1 s~ut~n. 



nant Nkali metN cation in the medium. A shi~ 
from one conformation to the other can be de- 
tected in severn ways, one of which is to measure 
a pre~ou~y described difference in the intfin~c 
tryptophan fluorescence of the two conformers 
[1~. Fig. 4 shows a plot of the percentage change 
in tryptophan fluorescence of native versus 
FSBA-modified (Na++ K+~ATPas~ It is dear 
that covMent attachment of the reagent to the 
enzyme does not ~gnificanfly af~ct its ability to 
undergo the K%induced conformationM ~an~- 
tion. It is Mso dear that the enzyme is predomi- 
nantly in the E~ conformation in the buffer used 
in this experiment, since Na + addition produces 
no marked fluorescence decrease [1~. This finding 
indicates that the reagent does not inactivate the 
~kali metM ion binding ~tes respon~ble for 
stabilizing the two de~ctab~ conformation~ nor 
does it Mter the rdative di~ribution b~ween E~ 
and E~ in the absence of Mkali met~ cations. 
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Fig. 5. Effect of FSBA treatment of (Na + + K  + )ATPase on 
the abi~ty of ATP to prevent the K÷-induced fluorescence 
increase. Enzyme (600 ~g/ml)  in 10 mM Bicine/1 mM EDTA 
(pH 8.5) was sampled into an equN vMume of 1 mM dithioth- 
rNtol for a zero time control. The remNnder was incubated 
with 1 mM FSBA as shown in Fi~ 1. At 3 h in~rvN~ an equN 
amount of FSBA was added until the enzyme had been ex- 
posed to a totM of 3 ~mol /ml  over a period of 9 h. At this 
point, aliquots of the reaction mixture were taken into di- 
thiothrNt~ as at zero tim~ Aliquots of all of these samples 
were then assayed for enzyme actifity and used for fluo- 
rescence measurements in a medium contNning 100 mM Tris/1 
mM EDTA/0-82  #M ATP (pH 7.6) and 30 ~g /ml  (Na ÷ + 
K + ~ATPas~ The fluorescence increase upon addition of 1 
mM KCI N plotted for each ATP concen~ation. Circles, con- 
~ol enzym~ trianNe~ FSBA4reated enzym~ Speofic inhib~ 
fion was 78%, torn inhibition 91% under these condition~ 
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Beauge and Glynn [15] have used Uyptophan 
fluorescence measurements to show that addition 
of low concentrations of ATP to the enzym~ in 
the absence of Mg 2÷, can prevent the K~induced 
~an~tion to the E 2 form. This effect is presuma- 
bly due to ATP stabifization of the E t conforma- 
tion. Fig. 5 shows that when the (Na++ K÷) - 
ATPase ~ inhibited more than 90% by FSBA, this 
effect of ATP is Nso inhibi~d in proportion. The 
13% nonspe~fic inhibition observed in this experi- 
ment is Mso reflected in a slight decrease in the 
ability of K + to induce the conformationM ~an~- 
tion (y-intercep0. Taken together, these resul~ 
further strengthen the condu~on of the previous 
study [5] that FSBA is a nudeotide sit~spe~fic 
probe for this enzym~ 

Effect of FSBA tm~ment  of (Na ÷ + K +)-A TPase 
on some of its ~ar t i~ '  a c ~ v ~  

T ~ m e n t  of the (Na++K+~ATPase  with 
FSBA ~ its Na+-dependent ADP/ATP ex- 
change a c t i ~  ~ proportion to the ~ss ~ overall 
(Na++ K+)-ATPa~ acti~ff (TaMe I). Low con- 
centrations of ATP present during the FSBA 
treatment protect ag~n~ t~s ~ N t i o m  t~s bring 
confis~nt with FSBA reacting at the ~gh a f f i ~  
~ M ~ i c )  ATP rite of the enzym~ 

Ad~fionM e~dence supporting the concept that 
FSBA b~cks the c ~ y t i c  ATP-~n~ng rite of ~e  
(Na + + K+ ~ATPase ~ shown ~ Fig. 6. The Mg z+- 
and K~dependent p-nitrophen~phosph~a~ ac- 
f i~ff  of the (Na + + K+~ATPase has been shown 

TABLE I 

EFFECT OF FSBA TREATMENT ON THE A D ~ A T P  EX- 
CHANGE ACTIVITY OF THE (Na ÷ + K ÷ ~ATPase 

Each sam~e was incubated for 1 h ~ 0.1 M NaO after a 
fin~e ad~fion of FSBA or sdvem o~y ~ontrol). 

Additions ATPase actifity ADP-ATP exchange 

~ m ~ . m g  -1 % ~ m ~ . m g  -1 % 
.h-~ .h-~ 

Con~ol 960 100 41 100 
0.5 mM FSBA 582 61 23 57 
~5 mM FSBA + 

10 ~M ATP 895 93 45 109 
100 ~M ATP 995 104 41 103 
1 mM ATP 973 101 39 91 
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Fig. 6. Effect of FSBA ~eatment of (Na++ K + ~ATPase on 
the abifity of ATP to s t imd~e p-~trophen~phosphatase ac- 
f i ~  in the presence of NaL (Na + + K + ?ATPase (2 mg/ml) 
was ~ea~d with 1 mM FSBA in the me~um used in Fi~ 1 for 
4 h. A second 1 mM addition of FSBA was followed by 16 h 
~cubatiom Samples (20 ~1) were taken at zero time and 20 h 
and assayed for (Na++ K ÷ ~ATPase and p-niVophen~pho~ 
phatase actififies as described in M~hods. The concenvations 
of Na ÷ and K ÷ were 75 mM and 15 mM, respectivd~ during 
the p-m~ophen~phosph~ase assay. 3 mM phosphoenolpyru- 
vate and excess pyruva~ ~nase were ~so included in the 
p-mtrophen~phosphatase assay me~um to prevent depletion 
of ATP at the lower concen~ations used. ©, c o n ~  enzyme; 
~, enzyme ~eamd with FSBA + 1 mM ATP (nonspedfic i n a C -  
tion); a, FSBA-~e~ed enzyme (52% spedfic inhibitiom 88% 
to~l inhibition). The sho~-dashed line is the p - ~ o p h e n ~ -  
phospha~se acti~ty of conv~  enzyme assayed in the absence 
of ATP; the lon~dashed line is the corresponding acti¼ty for 
FSBA-ve~ed enzyme. ATP concen~at~ns are in molar uni~. 
The msul~ suggest that tot~ inhibition of acti~ty more dosdy 
reflects active fi~ function than the c a ~ a ~ d  spedfic in~bi- 
tion. 

p r e v i o u s l y  to b e  s t i m u l a t e d  b y  low c o n c e n t r a t i o n s  

of  A T P  in t he  p r e s e n c e  of  N a  + [16]. T h i s  e f fec t  

i n v o l v e s  t he  use  of  the  n o r m a l  p h o s p h o r y l a t i o n  

cycle  of  the  e n z y m e  to sh i f t  t he  d i s t r i b u t i o n  of  the  

E~ a n d  E 2 c o n f o r m e r s  in  f a v o r  of  t he  E 2 f o r m ,  

w h i c h  ca t a lyzes  t he  p - n i ~ o p h e n y l p h o s p h a t a s e  ac-  

t iv i ty  [17]. T h i s  i n t e r p r e t a t i o n  is c o n f i s t e n t  w i t h  

the  o b s e r v a t i o n  t h a t  the  f l , y - m e t h y l e n e  a n a l o g  of  

A T P  does  n o t  s t i m u l a t e  p - n i ~ o p h e n y l p h o s p h a t a s e  

ac t iv i ty  u n d e r  t he se  c o n d i t i o n s  ( r e s u l ~  n o t  s h o w n ) .  

Fig,  6 s h o w s  the  A T P - d e p e n d e n c e  o f  p - n i ~ o -  

p h e n y l p h o s p h a t a s e  ac t iv i ty  in  c o n t r o l  a n d  F S B A -  

t r e a t e d  ( N a + +  K + ~ A T P a s e .  I t  is d e a r  t h a t  the  

a b i l i t y  of  A T P  to  s t i m u l a t e  p - n i ~ o p h e n y l -  

p h o s p h a t a s e  ac t i v i t y  u n d e r  t he se  c o n d i t i o n s  is 
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Fig. 7. Disproportionate inhibition of p-nitrophenylphos- 
phatase and (Na + + K  + ~ATPase activities in FSBA-~eated 
enzyme preparations. (Na + + K  + FATPase (1.3 mg/ml) was 
treated with 1.5 mM FSBA in the medium of Fi~ 1, except 
that 0.1 M NaCI replaced KCI in the figh~hand graph. 30-~1 
aliquots were taken at the times indicated into 500 ~1 1 mM 
dithiothreitol and placed on ~e until they could be assayed for 
both activities. C~cle~ (Na + + K + kATPase activity; tfiangle~ 
p-nitrophenylphosphatase activity; open symbol~ FSBA alone; 
filled symbol~ FSBA + ATP (5 mM in the le~-hand figure, 20 
~M in the fighbhand figureL 
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Fig. 8. Disproportiona~ in~bi t~n  of p - ~ o p h e n ~ p h o s -  
phatase and Na%ATPase acti~t~s in FSBA-ge~ed enzyme 
preparations. (Na÷+ K ÷ kATPase was treated with FSBA as 
described in Fi& 7. 40~1 aliquots were taken into 100 ffl 10 
mM ~ t b i o ~ r ~ t ~  at the times in~c~e& These sam~es were 
~aced on ~e u n ~  assayed ~ r  p-~uophen~phosphamse and 
Na÷-ATPase a c f i ~ .  The h t ~ r  assay used 20 ffM ATP and 
o m ~ d  KCI from ~ e  standard (Na ÷ + K  ÷ kATPase assay 
me~um. Symb~s are as in Fig. 7, except that me [AT~ during 
FSBA ~e~ment  (filled s y m b ~  was 5 mM in each case. 



abolished in proportion to the extent of ~h iNt ion  
of (Na + + K + ) A T P ~ e  acfi~ff .  

Disproportionate inhibition of  (Na + + K +)-A TPase 
and p-nitrophenylphosphatase a a ~  

Al~ough  the ATP stimMation of p - N t r o p h ~  
n ~ p h o s p h ~ e  acti~ty, which ~ v ~ v ~  Ne phos- 
phorylation cycle of the enzym~ is ~hih imd ~ 
proportion to the extent of ~h iNf ion  of ( N a + +  
K+)-ATPase  act i~ff ,  overall K%dependent  p- 
~ t rophen~phospha tase  ac t i~f f  ~ the absence of 
Na  + and ATP is not. Fig. 7 shows that the p- 
N ~ o p h e n ~ p h o s p h N ~ e  is ~ h i N ~ d  to a ~sser 
extent than (Na ÷ + K + ) A T P a ~  during the course 
of ~activation,  w h ~ h ~  the ~act ivat ion by FSBA 
is carried out m Na  +- or K % c o n t N ~ n g  m e , u r n .  
F u n h ~ m o ~ ,  this effect does not ~ v ~ v e  the need 
for a con~rmat ionM ~an~t ion  during the (Na + + 
K + ) A T P a ~  cycle because the Na%ATPase  activ- 
i ff  of c o n ~ r m ~  E~, m e ~ u ~ d  at low ATP con- 
centration and in the ab~nce  of K +, is Mso in- 
activated more r aNNy  than the p-nitrophenyl- 
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Fig. 9. Effect of FSBA Ueatment o n  K m for p-niuophenyl- 
phosphate (PNPP) of the surviving p-nitrophenylphosphatase 
activity. Enzyme (1.3 mg/ml) was ueated for 1 h with 1.5 mM 
FSBA in the medium of Fig. 1. 30-~1 aliquots were taken into 
500 ~1 1 mM dithiothreitol at zero time and after 1 h, placed 
on ice, and subsequently assayed for p-nitrophenylphosphatase 
activity. There was a 37% decrease in Vm~ x with no ~gnificant 
change in apparent K~. The K m values calculated from these 
resuRs are 0.92 mM (controD and 0.87 mM (FSBA-treatedL 
p-Nitrophenylphosphate concen~ations are in millimolar unit~ 
Two additional pairs of data poin~ at even lower concentra- 
tions of p-nitrophenylphosphate than shown here fell on the 
fitted hne~ but are not shown ~nce they are well below K m. 
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phosphatase acti¼ty (Fig. 8). The different degrees 
of inhibition observed must therefore p ro~de  in- 
formation on the topology of the p -n i~ophen~-  
phosphate rite rdafive to the ATP rite on the 
enzyme. It is d e a c  howeve~ t h ~  FSBA reaction 
with the actNe site does not affect the apparent 
K m for p -n iuophen~phospha te  of the enzyme 
activity s u r ~ n g  this ~eatment  (Fig. 9). 

D~cus~on 

The resul~ presen~d above, tog~her  with those 
pubfished earlier [5], deaf ly d e m o n ~ r a ~  that 
FSBA reacts with the high-affinity ATP binding 
~ata lyt iO rite of the ( N a ÷ +  K+)-ATPase.  The 
cov~ent  complex formed between the enzyme and 
the nudeotide an~og  is stable to dithiothr~tol, 
suggesting that a thi~-sulfonate derivative is not 
involved [18]. The fact that the e f ~ s  seen in 
Figs. 5 and 6 c o ~ d a ~  better with to t~  inhibition 
of enzyme act i~ty than with specific inhibition 
indicates that pro~ct ion by ATP ~ not compl~e  
and suggests that under some conditions 'non-  
spedfiC inhibition includes some active ~te d ~  
rivat~ation by FSBA. The ~ow rate of inactiva- 
tion by FSBA is confi~ent  with its low affinity for 
the ( N a ÷ +  K + k A T P a s ~  as p r e~ou~y  described 
[5]. 

The v~ue  of approx. 0.4-0.5 h-~ for the rate of 
solvolysis of FSBA in Bicine buffer at 20°C, 
c ~ c ~ a ~ d  from the enzyme ina~ivation kinetics, 
is c o n r ~ e n t  with the previously pubfished v~ue  
[5] of 0.76 h a measured with a fluoride dec~ode  
at 37°C in b a r b ~  buffe~ This agreement in- 
creases our confidence that we are re~ly measu~ 
ing the firs~order rate constant for enzyme in- 
a~Nat ion  by the differences of the slopes of the 
fines in Fig. 3. It is not dea r  why a second 
addition of FSBA reacts more ~owly with the 
rem~ning enzym~ unless the rate of reaction of 
the second subunit of each ( N a ÷ +  K ÷ k A T P a s e  
dimer is reduced when the first subunit has al- 
ready been derivatized. Competition from the 
sulfonate solvolyfis product is not f ikdy to be the 
caus~ howeve~ since such competition should in- 
troduce curvilinearity (concave downward) into 
the plot. It  is posf ib~ that fluorid~ the other 
product of the solvolyfis of reagent, might com- 
plex the unreacted ( N a ÷ +  K ÷ k A T P a s e  resulting 
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in lowered reacti~ty, but this should Mso result in 
some curvilineafity. A remMning posNbility is that 
there are two populations of enzyme molecules in 
the preparation, with intrinsically different teac- 
h , t ies  with the probe. If this is so, they are 
unfikdy to be the E 1 and E 2 conformers them- 
seNes, because the incubation with FSBA is car- 
ried out under conditions where one or the other 
conformer predominates [12]. 

It is dear thM spedfic attachment of FSBA to 
the enzyme does not noticeably affect K + binding 
to the (Na++ K+~ATPas~ as reflec~d by lhe 
normM shift in the enzyme conformation from Ea 
to E 2 when K + is added. This observation in- 
dicates that the enzymds gross conformationM 
fle~bility ~ Mso not impaired during inhibition of 
overall (Na + + K+~ATPase a~i~ty by FSBA. The 
abihty of ATP binding to the high-affinity tim to 
al~r the conformer distribution is, howeveL in- 
hibi~d in proportion to overM1 defivafizafion of 
the enzyme. This inhibition is Mso reflected in the 
decreased ability of ATP to generate the E 2 phos- 
phatase ~a the phosphor~afion cycle, as well as 
to parfidpate in the ADP-ATP exchange phenom- 
enon. 

The inability of FSBA to inhibit the p-ni~o- 
phenylphosphatase acti~ty to the same extent as 
the (Na++ K+)-ATPase acti~ty must indicate 
that the active ~m for p-ni~ophen~phosphate is 
somewhat different from that for ATP, yet dose 
enough for its catalytic acti~ty to be affe~ed by 
FSBA's deriva~zation of the ATP binding N~. 
High concen~a~ons of ATP or Na + presumably 
inhibit p-nitrophen~phosphatase activity because 
these hgands shi~ the enzyme to the E~ con- 
former, which Ncks p-niUophen~phosphatase ac- 
ti~ty. If reaction with FSBA '~ozg the enzyme 
into a roughly equN mixture of E~ and E2, o n e  

might obtNn the resul~ seen in Figs. 7 and 8. 
However, the resul~ of Fig. 4 show that the 
FSBA-~eamd enzyme is able to equihbrate ~edy  
between E~ and E:. Therefore, the incomplete 
inhibition of the p-niuophen~phosphatase activ- 
ity is apparently not a consequence of inhibition 
of conformationM change. 

The most probable explanation is that FSBA 
reac~on with the catMytic rite of the E 1 or  E 2 

monomer ~aves part of the catNytic ~m or another 
~ on the enzyme still capable of p-ni~ophen~- 

phosphatase a c t i ~ ,  Mbdt with reduced acfi¼ff. 
Recent work has shown thin the dephosphoryl~ 
fion s~p in the (Na + + K+)-ATPase mechanism is 
inhibi~d by the antibMfic duramycin without e~ 
fect on the p - ~ o p h e n ~ p h o s p h ~ a s e  acfi¼~ [19]. 
In ad~tiom monodonM a n t i b o ~  have been 
found th~ are spedfic for the ATP bin&ng fi~ of 
the (Na++ K+~ATPas~ but do not in~Mt p- 
ni~ophen~phosphMase activiff [20]. These find- 
ings taken tog~h~ r~se the posfib~ff that the 
p-nitrophen~phosphatase site is tither only p~r- 
fiM~ overlapping with the ATP bin~ng site or 
not physically contiguous with that fi~ (though 
influenced by derivativation of the ATP fi~). The 
Mss of p-~trophen~phosphatase acti¼ff ob- 
served with FSBA must rev ive  an effect on the 
catalytic mechanism its~ff rather than p- 
~trophen~phosph~e Mn&n~ fin¢e the apparent 
affinity of the sutvifing p-nitrophen~phosphatase 
acfi¼ff for substrate (as reflected ~ its K~ vMu~ 
is unchanged wit~n the e~or of the m~hodMogy. 
This ~para~  fi~ exphnafion is compatibM with 
the current view that the catMyt~ s u b u ~  of the 
~meric enzyme act ~dependenfly of one anothe~ 
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