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K~ w ~ :  ATP~e; A ~  fi~; 3 ~ O - ~ - B e ~ o ~ - A T P  

The ~ r a c f i o n  ~ T-Oo(4-benzoyl)benzoyI-ATP (B~ATP) ~ ~ e  ~ n f l  (Na + + K+)-ATPase, ~ e  ~ 
~ m i c  ~f ic~um C ~ a n s p o ~  A T P ~  ~nd ~ e  gastric (H + + K +)-ATP~e h ~  be~n ~ e s t i g ~ e d  ~ o ~  
~ de . r inSe  wh~ber BzATP is a s ~ e  probe ~ r  ~ e  label~g and ~ e n f i f ~ n  ~ a peptide ~om the 
ATP ~ n ~ n g  f i~s  ~ tbe~  ~ n  pump~ Afar f l ~ a f i ~  i~a~ation BzATP ~ d  the en~matic 
hydrolys~ ~ ATP by each of the ~n  pump~ and flso w ~  cov~enfly incorporated ~ to  the 100000 d~ton 
polypeptides of each p m ~ .  The p ~ n c e  ~ excess ATP ~ ~ e  ~action s~ufion ~d not prevent ~ther the 
inactivation ~ ATP~e  ~cfifi~ or ~ e  Iabd~g ~ ~ e  ca~iytic polypeptides by BzAT~ Pr~r mod~cation ~ 
• e ATPases wi~ fluorescein~'-iso~iocyana~ (FITC), howeve~ prevented much ~ ~ e  ~ b d ~ g  ~ ~ e  
100000 df l~n polypeptides by BzAT~ BzATP competitively ~ d  ~ e  ~gh-affiniff ~ n ~ n g  ~ ATP ~ 
• e ~ n  pump~ b ~  ATP ~d  n ~  ~ock the ~gh-affini~ ~ n ~ n g  ~ BzATP by ~ e  enzyme~ BzATP ~ n ~  ~ 
• e mem~an~bound ATPa~s ~ a ~gh-affiniff f i~  wi~ a Kd ~ ~ 8 - 1 ~  #M and a Bm~ ~ 2-3  n m ~ / m ~  
and flso ~nds ~ ~ ~ t  one low-dfini~, ~gh-capaci~ f i~  on ~ e  membranes. HPLC ~paration ~ ~ e  
s ~ u ~ e  peptides ~om a tryptic ~ g e ~  of BzATP-labeled (Na++ K+)-ATPase reve~ed the presence ~ 
sever~ ~beled peptide~ none ~ which wm protected by ~tber ATP or FITC. Although BzATP can ~sflace 
ATP from a ~ g h - a f f i ~  ~ n ~ n g  site cn ~ e  ~n  pump~ it ~ppears, ~ e ~ r e ,  ~ ~ f i v a f i o n  ~ enzymatic 
~ f i f i ~  ~ the ~s f l t  ~ ~act~ns  between BzATP and the protons at locations outride ~ i s  rite. Thu~ it is 
conduded f~m the~ expefimen~ ~ BzATP is n ~  ~kdy ~ be a ~ e ~ l  probe ~ r  ~ e  ATP ~ n ~ n g  fi~s 
on the ~n  ~anspo~ A T P a ~  

Protons that catMyze the hydrolyfis of ATP 
and couple the energy rdeased by this process to 
the ~anflocation of ions across cell membranes 
~re called ion pumps. The ( N a ÷ +  K+~ATPas~  
the sarcoplasmic reficulum Ca-~anspo~ ATPas~ 
and the gastric ( H ÷ +  K÷~ATPase  are the best 
characterized ion pumps among those that have 
been identified in animM call membranes, and 
severM fimilarities have been observed for the 

* To whom correspondence should be addressed. 

reaction mechanisms and structures of these three 
proteins. All thre~ for exampl~ cont~n a poly- 
peptide of about 100000 d~tons that is tranfien- 
tly phosphorylated during turnover by the y-pho~ 
phate m ~ y  of ATP. The amino aod  sequences 
around the phosphoryla~d fi~s in ( N a ÷ +  K÷) - 
ATPase and C ~ a n s p o n  ATPase are the same 
~2122] ,  and the amino acid sequences of fluo- 
resc~n-~bded  pepfides ~om lhe adenine ring- 
binding r e , o n  of the ATP binding fi~s cf each 
protein are ~so  nearly idenfic~ [2]. The phos- 
phorylation of each of these 100000 d~ton  poly- 
pepfides by ATP is an essenfi~ s~p in the en- 
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z y m ~  couphng of ATP hydrolyfis to ion trans- 
location, and ~though the mechanisms whereby 
these protons coup~ the energy re~ased from 
ATP hydrolysis to ion ~an~ocation are unknown, 
the k i n ~  modds for the ~anspo~ acti~ty of any 
one pump are nearly indistinguishable ~om the 
modds of the others. The fimihrities in the s~u~  
tures and the ~ n ~ s  of these three ion pumps 
have been in~rpre~d  to indicate that (Na++  
K+)-ATPase, C ~ a n s p o ~  ATPase and ( H + +  
K +)-ATPase have been derived ~om a common 
a n c e s ~  gene [3], and also suggest that the ATP 
binding rites on ~1 of the ion pumps are structur- 
~ly fim~ar. 

One approach to the investigation of the s~u~  
tures of the ion pumps is to identify the amino 
acids that are involved in the r u n ,  ions of the 
pump~ and to determine the locations of these 
amino adds within the protein s~ucture. This 
approach inv~ves the use of chemic~ probes that 
can spedfically labd these amino adds and can 
~so serve as markers for peptides during subse- 
quent purification procedures. Using this ~ch- 
nique it has been shown that f luorescdn~'qso-  
thiocyanate (FITC) labds a ~f ine refidue within 
the ATP binding rites of ( N a + +  K+~ATPas~  
Ca-transport ATPase and (H + + K+~ATPase [2]. 
The amino add  sequences around this ~f ine are 
nearly idenfic~ among the ion pumps, but are 
very different from the amino add sequences 
around an e~enf i~  ~f ine in the ATP binding fi~s 
of other ATP-binding protdns that are not ion 
pumps. This sugges~ that ATP binding rites asso- 
d a ~ d  with protons  of different run , ions  are not 
i d e n t ~ .  

In this repo~ the probe 3~O(4-benzo~)ben- 
zo~-ATP (BzATP), a photoa~Nated derivative of 
ATP, is ev~ua~d  ~s a po~n t i~  p~obe for amino 
acids found in the ATP binding rites of the ion 
pumps. BzATP has pre~ou~y been shown to labd 
the ATP binding fi~es of mitochondfi~ F1-ATPase 
[~, chloropla~ couphng factor 1 [5] and myofin 
[6], enzymes that ~so bind and hydrolyze ATP 
but do not form phosphor~a~d in~rmediates 
during turnove~ BzATP has ~so  been found to 
labd the 100000 d~ton  polypeptide of the 
sarcoplasmic reficulum C ~ a n s p o ~  ATPase [7]. 
The amino aod  labded by BzATP was i n ~ e d  to 
be at the ATP binding rite because of a ~ c h i o -  

metric ~ t i o n s h ~  b~ween the ~corporat ion of 
BzATP ~ t o  the protein and ~ b i f i o n  of acti~ff.  
O ~ y  part i~ reduction of the ~beling of the pro- 
tdn  by BzATP was observed in the presence of 
~gh  concentrations of ATP, howeve~ and two 
non-overlap~ng tryptic peptides from ~ e  Ca- 
Vanspon A T P a ~  pCypeptide were ~so  labded 
by BzATP. These data co~d  be expl~ned by 
reactions of BzATP outride the ATP ~n&ng  site 
on C~transport  ATPase. In order to ~ s ~ v e  t~s  
a m b ~ f f  and to determine w h ~ h ~  BzATP is a 
s ~ b ~  probe for the ATP N n d ~ g  sites of the ion 
t~anspcrt A T P a ~  lhe i n ~ r a ~ n  of BzATP with 
( N a + +  K + ? A T P a ~ ,  C ~ a n s p o n  A TP a~  and 
(H + + K + ~ A T F a ~  h~s been examined in ~ e  ex- 
perimen~ described in t~s  report. The resuRs of 
t~s  ~ v ~ t i g ~ n  ~ c ~ e  that ~ o u g h  BzATP 
in~b i~  ~1 of the ion pump~ the reactions of the 
probe at rites other than the ATP binding sire 
make BzATP unsui~Ne as an active f i~  probe for 
these protdns. 

Expefimentfl ~ e d u ~ s  

(N a++  K+) -ATP~e  [8], sa~oplasmic ~ticu- 
lum C ~ a n s p o ~  A T P a ~  [9] and g~tr ic  ( H + +  
K+) -ATPa~  [1~ were purified as described in 
those reports. BzATP and [3H]BzATP were 
s y n ~ e ~ d  and purified accor~ng to W~Nms  
and C~eman [4]. [ a - ~ B z A T P  w ~  ~ n t h ~ e d  
~om [ a - ~ A T P  (ICN) and purified on a 
#Bondapak C~8 HPLC c~umn. SMvent A w ~  0.1 
M t r i~h~amine / fo rmic  ac~  (pH 6.8), and s~vent 
B w ~  0.1 M t r i e th~amine /~ rmic  acid (pH 6.8) 
in mhanN. A hnear gradient of 0-100% s~vem B 
was used. An extinction coeffident of 4 .1 .10 4 

cm 1. M-  ~ at 261 nm was used m determine ~ e  
concentration of BzATP [6]. The product was 
characterized by TLC, HPLC, ~H-NMR and ab- 
sorbance spec~oscop~ and was ~enticM to 
authentic BzATP generou~y prodded to us by 
Mahmood and Yount [6]. 

InNNtion of ion pump ATPase a c t i ~  by 
BzATP was p~formed at 4°C by irradiation at 
366 nm of a sNution of the prmNn (0.2 mg/ml)  
and BzATP (0-1000 ~M) in 25 mM imidazN~ 
HC1, 1 mM Na~EDTA, pH 7.4 (Na++  K+) - 
ATPa~,  or 0.25 M sucrose 10 mM Tfi~HCI, pH 
8.0 ( C ~ a n s p o ~  A T P ~ ,  or 20 mM Tri~HCl,  3 



mM Na 2 EDTA, pH 7.4 ( ( H + +  K+)-ATPase)  
u~ng a Bfinkman D ~ a g a  appa r~us  at a ~ a n c e  
of 4.5 cm. The s a m ~  were shidded with Pyrex 
~ass  to fiRer out wavdengths b r o w  300 nm, and 
were cont~ual ly  mixed on an aliquot m ~ e r  dur- 
ing the k ra~a t ion .  A T P a ~  ac f i~ f i~  were mea- 
sured ~ther  by the rdease of ~ o r g a ~ c  phosph~e  
[11] or ~ a continuous assay that couples ATP 
h y d r o i d s  to the o~dat ion  of f l -NADH [12]. The 
~corpora t ion  of r a ~ a b e l e d  BzATP ~ t o  p ro ton  
was measu~d  a f a r  SDS-p~yacrylamide gd  d e ~  
~ophore~s  [13] ~ ther  by d e n ~ m m ~ f i c  ~ a n ~ n g  
of an a m o r a ~ o g r a m  and d e ~ t o ~ c  ~ g r a t i o n  of 
peak area u s~g  a Shimadzu CR-3A integrator, or 
by f iq~d sdnt i lh t ion counting [6]. 

Eq~f ib f ium ~ n ~ n g  of [3H]ATP or [a- 
~ B z A T P  m ( N a + +  K+)-ATPase w ~  p ~ -  
formed according to Jorgensen [1~, and N n ~ n g  
to C ~ a n s p o r t  A T P a ~  was done as described by 
Shoshan and MacLennan [15]. 

R e s u l ~  and D ~ c u s s i o n  

In the absence of ~radiafion, BzATP had no 
effect on the hydr~yf is  of ATP that is c ~ y z e d  
by any of the ion pumps. Upon ~ r a & ~ m  how- 
ever, the e n z y m ~  a c t i ~  of each protein was 
inhibited by BzATP in a concen~ation-dependent 
mann~ .  Fig. 1 illustrates the effect of different 
concentrafionsof BzATP on the A T P a ~  a c t i ~  
of each ~ n  pump a~er  irradiation for 30 min. 
( N a + K + ~ A T P a s ~  C ~ a n s p o ~  A T F a ~  and (H ÷ 
+ K+~ATPase  w ~ e  all inhib~ed by BzATP un- 
der these condit~ns,  and 50% of the enzymatic 
act ivi~ was inhibited by 100-250 #M BzATP in 
each case. Less than 15% of the A T P a ~  acti¼ff 
was lost by ~ ra~a t ion  in the absence of BzATP. 
F~ .  1 ~so  shows that inhibition of the ion pumps 
by BzATP was not prevented by ATP. When 2 
mM ATP were included in the R r a ~ n  b u f ~ r  
with BzATP, less than 10% of the A T P a ~  ac t i~ f f  
of each ion pump was protected from inacfivatiom 
F u n h e r m o ~ ,  a concen~ation-dependent inhi~-  
tion of ac t i~ f f  was observed for all of the ion 
pumps when they were ~ r a ~ e d  ~ the presence 
of benzo~benz~c  a~& the photoact iva~d m ~ e f f  
of BzATP. The concen~afion dependence of in- 
hibition by benzo~benz~c  a6d  was nearly identi- 
c ~  to the concen~ation dependence of ~ h i ~ t i o n  
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Fi~ 1. Inactivation of ion pump ATPase acti~ty by BzATP. 
0.2 mg/ml of (Na ÷ + K + )-ATPase (A), (H + + K + hATPase 
(B), or Ca-transport ATPase (C) were irradiated with the 
indicated concen~ations of BzATP for 30 rain at 4°C, as 
described in Experimental procedures, l~ad~tion was pe~ 
formed in the absence of ATP (~) or in the presence of 2 mM 
ATP (©). Inactivation of enzymat~ acti~ty by ~rad~tion of 
the ATPases with the indicated concen~ations of benzoylben- 
zoic add in~ead of BzATP are shown (~). I~adiafion of 
enzymes in the absence of BzATP inactivated ~ss than 15% of 
enzymatic activity. 

by BzATP. These observations suggest that in- 
activation of the ion pumps by BzATP may be 
due to reactions with the proteins at ~tes other 
than the ATP binding ~tes. 

Inhibition of ATPase ac t io ty  was a ~ o d a ~ d  
with the incorporation of BzATP into the 100 000 
d~ ton  po~pept ides  of each ion pump. The incor- 
poration of BzA~P inlo the polypeptides did not 
saturat~ howeve~ when up to 400 ~M BzATP 
were presenL The extent of ~beling of the 
polypeptides was nearly the same in Other the 
presence or absence of 2 mM ATP, c o n ~ e n t  
with the inability of ATP to protect the pumps 
a g ~ n ~  inactivation by BzATP. When the ATP 
binding ~tes of the ion pumps were blocked by 
reaction with FITC [16], howeve~ some of the 
~beling of the polypeptides was p r e v e n t &  In 
different expefiment~ b~ween 20 and 50% of the 
~beling of the ( N a ÷ +  K+~ATPase  by BzATP 
was prevented when the reaction with FITC in- 
hibited 90% of the enzymat~ actifity of ( N a ÷ +  
K÷)-ATPase and c o m p l ~ d y  abofished the high- 
affinity binding of ATP to the enzyme. These 
resul~ indicate that lhe ~te of ATP hydr~ys~  on 
( N a ÷ +  K÷)-ATPase was completely blocked by 
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the reaction with FITC. Similar resul~ were ob- 
t~ned for (H++ K+)-ATPase and C ~ a n s p o n  
ATPas¢ except that ma~mum pro~ction from 
BzATP hbding by FITC was o c c a s i o n ~  greater 
for these pumps than for (Na + + K+kATPase. In 
order to d~ermine wh~her BzATP was reacting 
with the ion pumps at an ATP binding site that 
could be stefica~y blocked by FITC, ~ther FITC- 
~bded  (Na + + K+kATPase or unlabded (Na + + 
K+)-ATPase was labded by [a-32p]BzATP, and 
the BzATP-labded protons were cleaved by ~yp- 
sin. The pepfides that were rdeased from the 
membrane were separated by HPLC, and were 
monitored by ~multaneous measurement of ab- 
sorbance at 214 nm for peptides and fluorescence 
at 520 nm (exaltation = 495 nm) for fluoresc~n. 
Fractions were collected and an~yzed for the 
presence of 3Zp. As the chromatograms shown in 
F~. 2 indicat~ sever~ ~P-labeled pepfides were 
observed in each sarape, but the FITC reaction 
did not prevent the labeling of any of the soluble 
peptides. In sever~ experiment, the amount of 
S:P incorporated into the s~uble peptides was 
gre~er for the FITC-lab~ed enzyme than for the 
unmodified enzym~ The radioa~ivity found in 
the peptides of the pell~ fraction after centrifuga- 
tion could not be reliably quantitated due to the 
large excess of radioacti~ty a~oda~d  with the 
membrane fipids. 

As illu~rated in Fig. 3a, BzATP competitive~ 
inhibi~ the high-affinity binding of ATP to the 
(Na + + K+~ATPase. The (Na + + K+~ATPase 
has a B ~ ,  for ATP of 3.3 nmol /m~ and a K~ of 
0.5-1.0 ~M. The Kd for inhibition of ATP bind- 
ing by BzATP ~ 12 ~M. BzATP ~so serves as a 
substrate for (Na + + K+~ATPase (Kin = 10 mM, 
Vm~ × = 0.6 ~mol/min per mg protein), and the 
hydroly~s of BzATP by (Na++ K+~ATPase is 
inhibi~d by ouab~n. BzATP ~so competitivdy 
inhibits the high-affinity binding of ATP to Ca- 
~anspo~ ATPase (data not shown) and serves as 
a substrate for Ca-~anspon ATPase [7]. These 
resul~ ind~ate that BzATP can occupy the sites 
on these enzymes where ATP is hydrolyzed. At 
~ast two different binding sRes for BzATP in 
these samp~s, howeve~ can be in~rred from the 
equilibrium binding of [a-~P]BzATP to (Na++ 
K+FATPase (Fig. 3b). One population of ~tes 
has a Ka of 0.8-1.2 #M and a Bm,~ of 2-3 

.... ,, ,, ''°° 

R a d i o a c ~ t y  

TIME 20 30 40 50 60 70 mi~ 

. 

- ' 

~,¢ i.~ ~,'~:L~., . i 

Ra~oact~vit y i 

TIME ~0 ~0 40 50 60 70 min. 

Fi~ 2. HPLC separation of peptides from a tryptic d~est of 
BzATP-labeled (Na + + K + ~ATPase. 3 mg of (Na + + K + ~ 
ATPase (A) or FITC-modified (Na* + K  + ~ATPase [1~ (B) 
were labded with 100 ~M [a-~P]BzATP and were then di- 
gested with 0.3 mg of trypsin for 4 h at 37°C. The reaction was 
Mopped by the addition of 1 mg of soybean Wypsin inhibitor 
and the membranes were separated ~om the supernatant by 
centfifugation at 225000× g for 90 rain. The supernatants 
were ~ophil~ed and applied to the C~8 HPLC c~umn as 
described before ~ .  The duant was monitored simult~ 
neou~y for fluorescein fluorescence and for peptide ab- 
sorbance. Fractions were collec~d at 30-s i n , r y e s  and the 
content of ~ P  was measured by scint~lafion counting. The 
peak that is labdeA by FITC ~ indica~d by F. 

nmol/mg proton. Although the chara~er~fics of 
BzATP binding to this ~te are ~milar to the 
binding of ATP to the (Na++ K+~ATPase, the 
inset in Fi R 3b indicates that the binding of 
BzATP to this ~te is not affected by the presence 
of 2 mM ATP. In addition to binding at this 
high-affinity ~te, BzATP binds to another lo- 
cation on (Na + 4 K+~ATPase with low affinRy 
and an undetermined but very high Bronx. 

The results obtMned in these experiments indi- 
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~ 3. ~uilibrium ~n~ng of ATP and B~TP to (Na++ 
K+hATPas~ (~, 50 #g of ~a++K+hATPase were ~- 
cubated with ~1-2.0 #M [a -~ATP  ~ 25 mM i ~ d ~ H ~  
~H 7~  ~r 5 ~ n  ~ the absence of B~TP ~ or ~e presence 
of 1~ #M B~TP (©). The reaction suspenfion was centfi- 
~ged at 3 ~ x g  ~r 60 ~ n  and ~e su~m~an~ and 
p d ~  were s e ~ r ~ .  The ~c~rocM of ~e amou~ of ATP 
bound (m~nm~ ~ ~ t ~  on ~e or~n~e ~d ~e r ~ r ~  
of the m~M ATP con~mration ( 1 / # ~  ~ ~oued on the 
a b s d ~  ~ ,  50 ~g of ~ a  + +K+kATPase were incubated 
~ ~ l - ~ 0  ~M [ a - ~ B ~ T P  as in (~. The d~a are ~ d  
accordi~ to ~ m ~ a ~  ~3], and ~e fines t~ou~ the dam 
p~n~ are ~e be~ fits ~r a two-fi~ m~d  ufi~ a nonqinear 
~ast-~uar~ m~ho& The ~set shows ~e ~n~ng of B~TP 
to the ~ - a f f i ~  fi~s ~ the absence of ATP ~ and in the 
presence of 2 mM ATP (©) a~er subtraction of the contribu- 
tion of the low-affi~ ~n~ng componem from the data 
p ~  

cate ~ ,  Mffiough BzATP can occupy the ~tes on 
• e ~ n  pumps (Na + + K+hATPas~  (H + + K+)- 
ATPas~ and C a - ~ a n ~ o ~  ATPase where ATP ~ 
hydr~yzed, ad~fionM ~tes ~ r  BzATP ~ n ~ n g  to 
these ~ n  pumps are ~ u n d  ou t , de  of t~s  ATP 
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binding rite. ~nce  ATP does not prevent photo- 
chemic~ inactivation of the ion pumps by BzATP, 
the reaction of BzATP with the proteins at these 
other fi~s is fikdy to be the cause of enzyme 
inactiv~ion. Reaction at these other locations may 
be a resdt  of the presence of BzATP in the fipid 
membrane around the pro ton  before ~radiation. 
The inactivation of the ion pumps by benzo- 
~benzoic add  and the presence of low-affinity, 
high-capadty binding rites for BzATP on (Na + + 
K÷~ATPase are confi~ent with this in~rpr~a-  
tion, as is the observation that after irradiation of 
the ATPases with [a- ~ P]BzATP and separation of 
the pro ton  on SDS-p~yacr~amide gd~ most of 
the radioa~i~ty a ~ o o a ~ d  with the samp~s is 
found in the gds at the pofifion of the fipids. 
Non-spedfic hbeling of soluble myosin sub~ag- 
ment 1 by BzATP has been observed [6], and the 
incorporation of BzATP into sever~ proteins of 
submitochondfiM particle membranes has ~so 
been repoaed [4] .  S~uble mitochondfi~ F~- 
ATPase [4] and chloroplast coupfing factor 1 [5], 
howeveL could be h b d e d  spedfically at thor  
nudeotide binding rites. 

The inactivation of enzymat~ actifity and the 
hbeling of the 100000 d~ton  polypeptides in the 
presence of ATP suppo~ the suggestion that 
BzATP reacts outride of the ATP binding rites on 
the ion pumps. The prevention of hbeling by 
FITC modificafio~ howeve~ may indicate a reac- 
tion at an ATP binding rite. FITC has pre~ous~ 
been shown to react at a lysine refidue found in 
the high-affinity ATP binding rites of the ion 
pumps [2,1~1~20]. The observations made here 
may be confi~ent with a two-fi~ modal in which 
BzATP and ATP comp~e for a high-affinity ATP 
binding rite, but hbeling of the po~peptides is 
due to reaction at a second rite that has high 
affinity for BzATP but a low affinity for ATP. 
FITC modification of the high-affinity ATP bind- 
ing rite may prevent the reaction of BzATP with 
the protein at the second rite by an indire~ mech- 
anism. 
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