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A new ATP analog, adcnostne.l~.N'.(2,4.dfnitro-S.fluorophenyi) pho~phohy, drazide (DNPH.AMP~, has been syntl~izcd, which is an irreversible 
tnMbitor of Na,K.ATPase. Interaction of tire anaioit with the enzyme in the IPresence of K" is deseriMd by the ~heme: 

E+ [,~.E, I - ,  E - I .  

and corresponding kinetic constants k~ lind K, are found equal to 2.5 mi~, ~ ~ l ad  i.6 raM, In the ores,nee of Na" the time course of enzyme inactiva. 
lion by DNPH-AMP is a biphasi¢ curve in the scmitogartthmic plot, The k~ and K, values calculated for this ea~ ~aecording to Fritz.s~h [Fritzsch 
(1955) J. Theor; l~mL I1"/ 3971 are equal to 2.45 rain "~ and 2.5 raM. reslx~tively, ATP transforms the K'. type or Na,K-ATPase inactivation 

into the one that takes plac~ in the pre~ence o f N a ' .  

Na.K.ATPase; ATP analog~; Irreversible inhibition 

1. INTRODUCTION 

Na,K-ATPase hydrol./zes ATP supporting active 
transport  o f  Na ÷ and K* across the outer cell mem- 
brane. During the catalytic cycle the enzyme undergoes 
conformational transition from Et to E2 state. At the 
beginning of the cycle Na,K-ATPase exists in 
El-conformation which has a high affinity to Na + and 
ATP.  Ez-conformation being formed in the second part 
of  the cycle has lower affinity to these Iigands but high 
affinity to K ÷ [1-3]. Therefore the interaction of  Na * 
a n d / o r  ATP with the enzyme shifts the equilibrium be- 
tween E2 and Et forms toward El, whereas K ÷ induces 
transformation of  the Na,K-ATPase molecule into the 
E2 state [2i4-6]. 

There is a number of indications that Na,K-ATPase 
contains nucleotide-bindin8 sites with high and low af- 
finity to ATP [5-7]. The structure of these sites remains 
unknown.  The replacement of  natural substrates by 
their analogs, which inactivate the enzyme by covalent 
binding (affinity labelling) is a commonly used ap- 
proach for the study of the enzymes' active centres. We 
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describe here tile kinetics of inactivation of  Et- and 
Ez-conformations of Na,K-ATPase by the new ATP 
analog DNPH-AMP,  which can modify SH-, OH- or 
NFlz-groups. 

2. MATERIALS AND METHODS 

ATP ('Reanal') was recrystaltized according to Berger [8] and con- 
verted into ~h,: imidazole salt by passage over Dowex.50 in the H-form 
with subsequent neutralization with imidazole. MOPS was obtained 
from Sigma, sucrose from Fluka, Other chemicals (reagent grade) 
were obtained from Reachim, USSR. 

DNPH-AMP was synthesized by the following method. 
2,4-Dinitro.l,5-difluorobenzene (245 rag) was dissolved in 4 ml of 
dioxane then 124 mg adenosine-5.plaosphohydrazide (lithium salt) 
and 80 mg lithium acetate in 4 ml HzO were added (pH 8,0 was main- 
tained by addition of 1 N LiOH). The mixture was incubated with stir. 
ring overnight in the dark at 20°C and then evaporated to a volume 
of 1 tnl and centrifuged; the supernatam was mixed with 5 ml of 
anhydrous methanol and 5 ml of diethyl ether. The precipitate was 
separated, washed by anhydrous ether and dried in vacua. The 
resulting powder was dissolved in 2 ml of HzO, then I0 m] o,_ 
anhydrous methanol and 3 ml of diethyl ether were added. The 
precipitate was separated and dried in vacuo. DNPH-AMP was ¢on. 
verted into the imidazole salt by ion-exchange chromatography. 

Na,K-ATPase from duck salt glands was prepared according to the 
method of Hopkins et al, [9], The specific activity was usualiy in the 
range of 25-30 p.mol/mg protein/rain. Mg-dependent ATPase was 
absent in these preparations. 

Inactivation of the enzyme by DNPH-AMP was performed by in- 
cubation of 1.4-2 mg protein in a total volume of 1 ml in 150 mM 
NaC1 (or KCI), 3 mM MgC12, 0.S-4 mM DNPH-AMP and 30 mM 
MOPS (pH 7.5) at 20°C. In some experiments 1-3 mM ATP was also 
present. After 0.5-15 min incubation 5-10 V.1 aliquots were withdrawn 
from the medium and Na,K-ATPase activity was determined. 
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Fig. 1. Inactivation of Na,K-ATPase by DPNH.AMP in the presence 
of 150 mM KCI, (A) Dependence of residual activity (Vi/V,) on prei1~- 
cubation time in semilogarithmic coordinates, DNPH-AMP concen- 
trations: 0,5 mM (O), 1 aiM OIL 2 mM ((~)), 3 mM (t~), (B) 
Dependence of apparent inhibition constants, K,~M,, calculated from 
(A), on DNPH-AMP concentration (double reciprocal coordinates), 

Tit hl~e I 

Kla~il¢ ¢olt)l~tflll for ina~tivalton of 1he Na, and K.¢onl'¢rmallOns of 
Na, K*ATPa~e by DNPH.AMP 

Con~tan ls  Ng,~ontorm~lion K-~nfo~malion 

K~, n)M ~,:gO 1,6 
K), mln" '.~.4~ ~.S 
K4, mh) ° ' 0 ,4~  
K~, min" '0,023 
K~/K~ * K~ O.OJO . _= 

presence o f  K * ,  a fami ly  o f  straight lines was obtained 
in a semilogari thmic plot (log Vt/Vo vs time), indicating 
the pseudo-first  order  kinetics o f  inactivation (Fig, IA). 
I f  the apparent  inactivation ra te  constant (/¢~p~,) 
calculated f rom the slopes o f  the curves on Fig, I A is 
plot ted versus D N P H - A M P  concent ra t ion ,  a hyper- 
bolic curve is obtained,  It can be linearized in a double- 
reciprocal  plot (Fig, 1B), This  type of  inhibition was 
described previously for substra te . l ike  inhibitors by the 
fol lowing scheme [11]: 

ki 
+ t . ,  E . I - - - ,  E 4  (1) 

where E,  I and E - I  are enzyme- inhib i tor  complexes,  in 
which the inhibi tor  is bound to  the enzyme in reversible 
and irreversible manner ,  respectively, The h'~ and Ki 
values calculated for the interact ion o f  D N P H - A M P  
with K-conformat ion  (E2-form) o f  the enzyme ac- 
cording to this scheme are presented in Table I, 

In the presence o f  Na* the t ime course of  enzyme in,- 
act ivat ion is biphasic, being represented in the 
semilogari thmic plot Dy two linear branches (Fig. 2), 
The  t ime o f  transit ion f rom one  branch to another  ( - 2  
rain) does not depend on the inhibi tor  concentrat ion,  

This type of inactivation o f  N a , K -  and Ca -ATPase  by 
A T P  analogs was described recently [12-14] and 
theoretically analyzed by Fritzsch and Koepsell [15]. 

Activity of Na,K-ATPase was measured at 37°C in 1 ml of solution 
containing 130 mM NaCI, 20 mM KCI, 3 mM MgCl2, 3 mM ATP and 
30 mM iraidazole (DH 7,5), The reaction was stopped by addition of 
I ml of 3 M acetic buffer and liberated P, was determined [10], 

3, RESULTS A N D  D I S C U S S I O N  

The  interaction o f  N a , K - A T P a s e  with D N P H - A M P  
occurs slowly and depends  on both ana log  concent ra .  
t ion and time o f  p re incuba t ion  (Fig. 1A). Transfer r ing  
of  the enzyme into the med ium for  assay of  A T P a s e  ac- 
t ivity results in 50-200-fold dilution of  the D N P H -  
A M P ,  Nevertheless the enzyme activity was not 
restored.  This reflects the irreversible charac ter  of 
N a , K - A T P a s e  inhibi t ion by the analog.  

When  inact ivat ion of  the enzyme with different 
D N P H - A M P  concent ra t ions  was p e r f o r m e d  in the 
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Fig, 2. Inactivation of Na, K-ATPase by DNPH-AMP in the presence 
of 150 mM NaCI. DNPH-AMP concentrations 0.5 mM (O), I mM 

(@), 2 mM (Q), 3 mM (8),  4 mM (A). 
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Fill. 3, Effect of ATP on Na.K.ATPase inactivation by DNPH,AMP 
in tile present of I$0 mM KCI, DNPH.AMP concentrations: wilbout 
~TP, 3 mM (A), in the presence of I mM ATP. I mM (e~), 2 mM 

(Q), 3 mM ((.:3), 4 mM (G') 

inhibitor is rather small, beinlt equal to S~o of the ;oral 
amount of Ehe enzyme (according ~o the equation E 
k~/(k~ + k,O [ 16]). 

Addition of ATP (1-3 raM) into K'-eontaining 
medium results [rt a decrease of the rate o f  enzyme inac- 
tivation, Moreover, at the simultaneous presence of 
ATP and K" the time course of the inactivation 
becomes a biphasic one (Fig, 3). These findings support 
the data in accordance to which not only N a ' ,  but also 
ATP can converts Na, K.ATPase into the Na. 
conformation [2,4,61, 

The interaction of  DNPH-AMP with both E~- and 
Ea-forms of the enzyme is characterized by the low af. 
finity (K~ values are in millimolar range of  analog con- 
centration). Sufficiently high K~ value (t,4 raM) was 
also fotmd for the inactivation of Na,K-ATPase by 
another ATP analog: Nbs6ITP [161. These values are 
much higher than K,s for ATP binding with the high- 
affinity site (0.2-2 #M) [5] and are suppos ; to reflect 
binding witl~ a low-affinity binding site. 

Acknowledgetnettt$: Authors arc thankful to Prol'e~sor A.A. 
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According to the model proposed by these authors the 
enzyme can exist in two slowly interconvertinl] forms, E 
and E*, only one of which (E) is accessible for the 
analog: 

kl I k~ /,'.~ E+  I¢~ E'  E-I E ~ E* (2) 

The simple procedure for calculation of  k4 and ks was 
described by Fritzsch [16]. It was also shown that cons- 
tant K=R;JRt under quasi-stationary conditions is 
close to Ki. The value of/('i in this case could be found 
from the values of/ca, R4 and from the transition time 
on the biphasic curve. The values of  kinetic constants 
for the interaction of DNPH-AMP with Na- 
conformation (E~-form) of  the enzyme obtained with 
the use of  this approach are presented in Table I. 

As seen from Table I, the Kj and/¢3 values for the in- 
teraction of analog with E~- and E2-conformations are 
quite similar. This implies that DNPH-AMP interacts 
with the same ATP-binding site both in the presence of 
Na* or K*.  The only difference is that in the presence 
of Na + the amount of the conformation accessible for 
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