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K÷-site-directed pyridine ,:lerivative, AU-1421, activates 
hydrolysis of the K+-sensitive phosphoenzyme 

of sarcoplasmic reticulum Ca2÷-ATPase and inactivates 
that of K÷-transporting ATPases 
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(Z)-5-Methyl-2-[2-(I-naphthyl)ethcnyl]-4-pipcridinopyriditxe, AU-1421, interacted at 0°C with the K+-sensitvc phosphoenzymes 
of three transport ATPascs, Ca 2+-, H+/K +.. and Na*/K4-ATPase. In the case of Ca:+-ATPase, AU-1421 at about 80 p.M 
stimulated 6-fold the rate of splitting of the phosphocnzy:nc, on which K ~ simply functions as an accelerator from one side of 
the membrane. Probably AU-1421 also simply interacts with the K+-bindiag site of the phosphoerpwme that is easily accessible 
from the aqueous phase, In the cases nf H +/K +- and Na*/K+-ATPases, AU-1421 stabilized the phosphoenzymes which accept 
K + as the translocating ion. The rate constants of dephosphoryl~tion for H +/K+-ATPase and Na+/K+-ATPase were decreased 
to half by AU-1421 at about 5 and 10/zM, respectively. Presumably aflcr binding of AU-1421 to a K+-recognition site of the 
phosphoenzyme, local motion of the peplide region near the binding site thl! serves to inGvc the bound ion into the ion-transport 
pathway (occlusion center) might be inhibited. Thus AU-1421 may b,~ ~ble to aistingu~,h two modes of K ~ action on the 
K*-scnsitivc phosph~cnzymcs. 

Introduction 

Cation transport ATPases, i.e. C:a2+-ATPase of 
sarcoplasmic reticulum, H +/K+-ATPase of gastric n m- 
cosa and Na+/K*-ATPase of animal cell membraae, 
are stimulated by K ~'. The stimulation is due mainl~ to 
acceleration of the splitting of one form of the as- 
partyl-phosphoenzy, me formed from ATP by transfer of 
the terminal phosphate group during the reaction se- 
quence for coupling between ATP hydrolysis and cation 
movement. The K+-sensitivc phosphoenzyme is usually 
designated E2P in the general reaction scheme fi)r 
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these pumping systems [1-3]. K+-accelerat.ion c~t the 
E2P splitting is an initial step for the translocation of 
K + in H + / K  +- and Na+/K+-ATPase, whereas in 
Ca 2 ~-ATPase of SR, K + is not :'ranslocated across; the 
membrane, but simply interacts ~ith E2P at the cyto- 
plasmic surface of the SR to accelerate the hydrolysis 
of the phosphoester bond [4]. 

The hydrophobic amine AU-1421 is thought to oc- 
cupy the K+-site of the K+-translocating ATPases, 
thereby inhibiting them [5-9]. E2P of Na +/K+-ATPase 
is rapidly inhibited by AU-1421, because the drug 
binds easily to the mouth of the K+-pathway opening 
tow;~rds the aqueous phase, but, unlike K +, it does not 
undergo subsequent translocation into the interior do- 
main of the pathway [9]. In contrast to the K+-trans - 
locating ATPases, stimulation of the hydrolysis ot P:.2P 
in the Caa+-ATPase of SR may occur simply through 
binding of AU-1421 to an exterior site. This paper 
describes tttc different actions of AU-1421 on the E2P 
of Ca2+-ATPase and those of the K+-translocating 
ATPases. 
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Materials and Methods 

Material~ 
Ca2+-ATPase of SR was prepared from rabbit skele- 

tal muscle following the method of Weber ct al. with 
some modifications [10]. The membranes were sus- 
pended in 5 mM Tris maleate (pH 6.5) containing 100 
mM KCI, and stored at 0*C. The specific activity of 
ATP hydrolysis was 4.0 p.mol Pi/min per mg at 37°C in 
the presence of 50 ttM CaCI~, 4 mM MgCI z, 100 mM 
KCI, 3 mM ATP.  Na 2, 0.01% Triton X-100 and 20 
mM Hepes (pH 7.2 with imidazole). H+/K+-ATPase - 
rich membranes were obtained from mierosomes of pig 
gastric mucosa by Ficoll density gradient centrifugation 
in the presence of 250 mM sucrose. The interface 
fraction between 0 and 7% Ficoll was eolleted, 
lyophilized, and stored at -80°C [11]. The specific 
aetiviW was i.1 and 1.2 p.mol Pi/min per mg at 37°C in 
40 mM Tris-HCI (pH 7.4) containing 15 mM KCI, 3 
mM ATP-Na~ and 3 mM MgCI z. These activities 
were not inhibited by addition of 1 mM ouabain. When 
120 mM NaCI were further added, ouabain-inhibitable 
activity amounted to 0.037 to 0.078 p.mol Pi/min per 
rag. Membrane-bound Na+/K+-ATPase was prepared 
from crude microsomes of the outer medulla of sheep 
kidne:, by the use of sodium dodecyl sulfate, as de- 
scribed previously [7], and stored at - 8 f f C  in 250 m,~A 
sucrose, 20 mM histidine and 0.7 mM EDTA (pH 7.2). 
The specific activity was 8.7 #mol  P~/min per mg at 
37°C ia the presence of 9_5 mM histidine (free base, pH 
7.1), i14 mM NaCI, 20 mM KCI, 3 mM ATP.  Na, ,  4 
mM MgCI 2 and 0.1 mM E-'pTA. Protein was deter- 
mined aecolding to the method of Lowry et al. [12, 13] 
using an assay kit obtained from Pierce Inc. with bovine 
serum albumin as a standard. ATPase activiw was 
determined following the modified Fiskc-SubbaRow 
method [131. 

AU-1421 (for the chemical structure, see Ref. 5 or 
'7) was synthesized as the HCI salt at the Chemical 
Laboratories of  Banyu Pharmaceutical Co., Ltd. it was 
dissolved (2 mM) in di.~tilled water and the solution 
was stored shielded from light in a refrigerator. 

Phosphorylation and dephosphorylation 
As the enzymes were st,Jred with inorganic cation 

for stabilization, they were washed once ( H + / K  +- and 
Na~/K÷-ATPases) or three times (Ca2+-ATPase) with 
inorganic cation-free 25 mM histidine (free base, pH 
7.0-7.2 with "Iris) before every experiment to minimize 
modification of AU-1421 action on the enzyme (e.g., 
see Refs. 5 and 7 for details of the weakening of 
AU-1421 action on H + / K  +- or Na+/K+-ATPase by 
K + or ~ther cations). Labelling of the enzyme (0.1 
mg/ml )  was performed ;., the presence of 25 mM 
histidlne (pi-I 7.0-7.2) 10 /~M [3,-32P]ATP, 0.5 mM 
MgCI, and other inorganic cations required for the 

Iransphosphorylation of each ATPase (indicated in 
each exptximent), with or without AU-1421, at 0°C. in 
the experiment on SR ATPase, 0.01%Triton X-100 was 
employed to prevent saturation with Ca 2÷ inside the 
vesicles as a result of the uptake cycling of Ca 2÷- 
ATPase. Splitting of the [~2P]phosphoenzyme was ex- 
posed by the addition of an excess amount of CDTA.  
Tris to remove free Mg 2 ~, which is a common require- 
ment for the phozphorylation of these ATPases. To 
observe its effect on the dephosphorylation, AU-1421 
was added during the exposure of the dephosphoryla- 
tion. The amounts of the ['~2P]pht~sphoenzyme were 
determined as described previously [9]. 

Tryptic digestion of H +/K +-ATPase and e/ectrophoresis 
T-,nqc  digestion of H+/K+-ATPase was done by a 

modification of the method of Helraieh-dc Jong et al. 
[14]. Gastric vesicles (400 p.g of protein) were incu- 
bated with 8 p.g of TPCK-trypsin (Sigma) at 37°C for 5 
min in 10 mM Pipes-Tris (pH 7.4) containing 1 M 
glycerol, I mM EDTA and 2511 mM sucrose. After 5 
min, the digestion was terminated by addition of 50 t~g 
of soybean trypsin inhibitor (Sigma) ~nd the samples 
were frozen in liquid N2. From the digested samples, 
aliquots were taken and treated with 2% SDS and 5% 
2-mereaptocthanol at 370C for 5 min, then applied to 
SDS-polyacrylamide (10%) gel. 

Results and Discussion 

Acth'ation by AU-1421 bt the hydrolysis of E2P of 
Ca 2 +-A TPase 

Washed SR (0.1 mg/ml)  was phosphorylated by 
addition of 10 # M  ['~2P]ATP" Tris in the presence of 
{J.5 mM MgCI,, 7 # M  CaCI 2, 0.01% Triton and 25 mM 
histidinc at 0°C. Since the concentration of Ca -'+ was 
low, all the phospboenzyme became E ,P  within 30 s; it 
was ~nsensitive to ADP, but was split rapidly by I00 
mM K + with rate constant of 11.51 s - i  after stopping 
the phosphorylation by addition ot CDTA. Under these 
conditions, AU-1421 stimulated the splitting of E2P, as 
did K + (Fig. 1). The rate constant (I).03 s - t )  of the 
E2P splitting without any addition increased to 0.18 
s -I after addition of 83 /.tM AU-1~21, where the 
sthnulatory effect was almost saturated (inset, Fig. 1). 
Though the stimulation by AU-1421 was apparently 
partial in comparison with the K+-stimulation, the 
affinity of AU-1421 for E2P was much higher than that 
of K ÷. The half-maximal concentration of KCI for the 
~timu!ation of EzP splitting was about 10 mM (itot 
shown, but see Ref. 15). The limited effect of AU-1421 
may have been a result of poor solubility. The maxi- 
mum solubility was reduced to about 0.1 mM at these 
salt concentrations, which was substantially less than 
that in plain water (see also Materials). 
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Fig. 1. Aceerelation by AU-1421 in the hydr,)lysJs of the K+-sensitive 
phospboenzyme of Ca: +-ATPase. SR membranes were washed, just 
before t~e, with ~ mM histidine (free base. pH 7.1) three times to 
decrease the amount of KCI (which had been presented in the 
storage solutiont. The membrane p~olein (0l me) suspended in 0.9 
ml of 28 mM hisiidine contair, ing 0.56 mM MgCI 2, 7.8 #M Carl z 
and 0.01 I% Triton X-100 was phosphowlated with I1.1 ml of 0A mM 
['L'P]ATP at 0°(2. At 30 s after the addition of ATP, 0.1 ml of 100 
mM CDTA.Tris was added to expose th~ depbosphorylation (time 
zero in the figure) (o). A further 5 ; later, 0.1 ml of AU-1421 (t), 
KCI (D) or ADP.Tris (&) was added to give the ~ndicated final 
concentrations. The rate constant of the dephospbot~lation (inset) 
was obtained by stopping the reaction witl~ 10 ml of perchloric acid 
containing 10 mM inorganic phosphate arid 5 mM unlabeled ATP at 

5 s after the above additiou~. 

From this activation of E2P splitting, we expected 
that  a low c+mcentration of AU-1421 might replace K + 
in the overall  Ca2+-ATPase reaction. However,  no acti- 
vation was found upon addit ion of 0.8 to 100 p.M 
AU-1421 in the absence of K + and ,n the presence of 
50 # M  CaCl~, 4 ram MgCI2, 3 mM A T P .  Tris, 0.008% 
Triton and 20 mM Hepes (pH 7.2 w~th imidazole) at 
37°C (not shown). On the contraw,  AU-1421 reduced 
the Ca2+-ATPase activity in the presence of 100 mM 
KCI (not shown). At  a concentrat ion of 6(I p.M, AU- 
1,121 reduced the ATPase  activity to 50%. Probably the 
inh!bitory action of AU-1421 was prominent  before the 
formation of E2P. 

In fact, AU-1421 was inhibitory to the phosphoryla- 
tion when added at 10 s before the s imultaneous addi- 
t ion of 1 mM CaClz,  I mM MgCI~ and 10/~M [3~P]ATP 
in the presence of 0.01% TrL*c:: ."~'3 2~ mM histidine 
~.Fig. 2). A~ a la 'gc  ;:m,)~mt of C a r l :  (I r aM)was  added 
in utis c;{periment, the formed phosphoenzyme was 
mainly K ' . insens i t ive  (so.called E,P),  and therefore 
the decrease in the phosphoenzyrae level was not due 

to st imulation of the dephosphorylat ion by AU-1421 
(cf. Fig. 1), but  must have b . e n  due to another  interfer. 
ing effect. 

Inactivation by AU-1421 in the hydrolysis of E2P oj' 
K +-transporting ATPases 

In order  to compare  the action of AU-1421 on the 
spli t t ing of E z P in Ca 2 +-ATPase, which does not trans- 
port K +, and in K+-transporting A'IPase,  H + / K  +- 
ATPase (0.1 m g / m l )  was phosphorylated with 10 p.M 
[32p}ATP. Tris in the presence of 0.5 r i M  MgCi 2 and 
25 raM histidine at 0°C. At  20 s after the initiation of 
phosphorylation,  the reaction was d i s tmbed  by 10 mM 
CDTA, and a fur ther  5 s later, i - 5 0 / z l ~ l  AU-1421 or 
50 mM KCI was added (Fig. 3). The  phosphoenzyme 
was K+-sensitive (thus being EzP)  and was stabilized 
soon after  the addit ion of AU-1421. AU-1421 at sev- 
eral  micromolar seemed to reduce the rate of split t ing 
to half, and at several tens of ralcromolar AU-1421 
completely stabilized E2P of H ~/K+-ATPase,  This 
result is similar  to that  observed with another  K + 
- transport ing enzyme, Na+ /K+-ATPase  (see Fig. 3 of 
Ref. 9, where tire half-maximal inhibition concentra- 
t ion of AU-1421 was about 10/zM),  and is opposite to 
that  obtained with Ca2+-ATPase (cf. Fig. 1). A more 
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Fig. 2. Inhibition by AU-1421 of the phosphorylation of Ca -'+- 
ATPase. The washed membranes as described in the legend for Fig. 
I were susptmded (O.l mg protein) in 0.S ml cf 32 mM histidin.., tpR 
7.1 ) containing flail25% Triton X-t00 at tl°C. To this, 0.1 ml of 0 (o), 
0.2 (zx), 0.4 (Q) or 0.8 (v )  mM AU-1421 was added. Then, 10 s 
later, the phosphor/lation was started by adding 0.l ml of 0.1 mM 

['~2PIATP containing 10 mM MgCl2 and 10 mM CatCI 2. 
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Fig. 3. Inactivation by AU- 421 in the hydrolysis of K/-sensitive 
phosphtmnzyme ol H-/K"-ATPast:. Wa.,;hed II /K*-ATPase 
preparation (O.i mg) suspend=d in 0.8 ml o." 32 mM histidine contain- 
ing 0.625 mM MgCI: was :,:ho~,ph~,yl:qed *,'d~h ILl ml of ILl mM 
[nP]ATP at 0°C. After 20 's. 0.1 ml of 1011 mM CDTA.Tris wa:. 
added (this is zero time in plhe figure) to follow the ,;pithing . f  the 
phospboenzyme (o). A furl her 5 s later. 11.1 ml of AI3-1421 (e). KCI 
(L]) .)r both (111 was adc':d to ~;i~i. :he final coneenlratmns indi- 
cated. After adding la #.d AU-1421. 0.1 mi of 600 mM KCI was 
flit(her added (At to sef: if K' could release the AU-1421 inhlbl- 

lion. 

specific and potent  inhibitor lor  H + / K  +-ATPase, SCH 
28080, has also been shown to inhibit the EzP state of 
the enzyme [2,16]. 

Tile E2P state of Ca-'+-ATPase and ~.h'~t of K +- 
t ransport ing ATPase  have a I(. ~ binding site near  the 
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surface of the enzyme molecule. Particularly in the 
lat ter  case, interaction of the binding site with the 
ligand :~hould induce some motion of the binding site, 
resultir, g in translocation of the bound ligand into an 
ion pathway (or occlusion center)  located in an interior 
domain of the enzyme. Since AU-1421 is larger than 
K +, it may interfere with this motion. 

t A similar  eoutrast  between Ca~+-ATPase and 
Na+ /K+-ATPase  has been observed previously with 
respect to hydrophi!ic amines, such as ~i~ris [17], al- 
though they are mucb weaker  effectors than AU-1421. 
EzP  spli t t ing of tl:e Ca2+-Al 'Pase was sl ghtly acceler- 
ated by Tris at certain concel:tratlons, whereas  that of 
N a * / K + - A T P a s e  was inhibited. The concentrat ion 
range of Tris used in those experiments  were of the 
order  of mill(molar to hundreds of r fillimolar. 

When 20 p.M AU-14zi  was added to E2P of the 
H + / K % A T P a s e  togclher  with 50 mM KCI, accelera- 
tion of the hydroly;fis was scarcely inhibiteC (Fig. 3). 
K + appeared  to prevent AU-1421 inhibition. This i.," 
consistent wiql the results obta ined for N a + / K  ÷- 
ATPas,,', in which AU-1421 simply competed with K + 
[8,9]. K + and AU-!421 also competed in the overal! 
'kTP-hydrol3,sis (at 370C) by hol.h N a ' . / K  *.. at~d 
H +/K+-ATPasc  [5-7]. 

When K * v, as addeti  afterwards to the EzP of 
H + / K + - A T P a s e  inhibited by AU.1421, K ÷ did not 
resterc the reactivity of E , P  (Fig. 3). Dissociation of 
/,U-1421 from E : P  seemed to be slow , r ide r  these 
conditions. This is similar to the mode of inhibition o1" 
E : P  by SCH 28080 [16]. 
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Fig. 4. Comparison of the influence of AU-1421 on the phospboenzyme level between H */K +-ATPase (At and Na +/K tATPase (B). Washed 
membrane preparations (0.1 c.~g) were suspended in 0.8 ml of 32 mM histiding at 0°C, then 0.1 I",' I of 0 (,2). 50 ( ,e, ), I(X) ( O ). 200 (o) or 500 ( v ) 
pM AU-1421 was added. The phosphoryhition wa~. hiiliaico r! II) s laler by adding 0.1 ml of 0.1 mM [nPJATP containing 5 mM MgCI 2 (At or 

containing 5 mM [~'gCI, and "~) mM NaCI (B). 



Difference between H + / K +-ATPase and Na * / g ÷- 
ATPase 

in comparison with Na+/K+-ATPase, H + / K  +- 
ATPas¢ was easily attacked by AU-1421, in the non- 
phosphorylatcd form. 

When the F~hosphorylation of H+/K+-ATPase was 
performed after preincubation with AU-1421 for 10 s 
at 0°C in the absence of inorganic cation, the level of 
the phosphoenzyme was decreased to half by the pres- 
ence of 10/zM AU-1421 (Fig. 4A). Probably AU-1421 
interacted with the K+-site of thc non-phosphorylatcd 
H+/K+-ATPa,:e [5] to stabilize the enzyme in the 
K+-induced conformation, E 2, which has low affinity 
for ATP. 

In ~act, when H+/K+-ATPase wa:, digested with 
trypsin in the presence of AU-1421, and the peptide 
fragments produced were observed by gel elec- 
trophoresis [14], the pattern of the fragments on the 
gel was similar to that obtained after digestion of the 
enzyme in the presence of KCI (E2 form), and differ- 
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gestion. Gastric vesicles (2 mg/ml) were incubated with 40 pg/ml 
TPCK-trypsin at 37~C Ior 0 (lanes A, C, E) or 5 rain (lanes B, D, F) 
in 200 vl of 10 mM Pipes-Tris (pM 7.4) containing I M glycerol, 1 
mM EDTA a~,l 250 mM sucrose in the presence of 1 mM ATP 
(lanes A, .q). 1 m.~ _KCI (lanes C, D), o, l0/tM AU-1421 (hme,-: E, 
F). Each sample was incubated with 2% SO3 and 2-mercaptoethanol 
at 37°C f~r 5 rain, and aliquots (45 v.g protein) were subjected to 
SDS-polyacrylnmid¢ (10%) gel. K%specific fragments of 56 and 42 
kDa atid Ax'P-spccific fragments of' 67 and 35 kDa are indicated by 
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ent from that obtained in the presence of ATP (E I 
form) (Fig. 5). 

On the other hand, AU-1421 did not occupy the 
K+-site of the non-phosphorylated Na+/K+-ATPase 
during a brief preincubation for 10 s at 0°C. Little 
influence was observed on the rate of phosphorylation 
of Na+/K+-ATPase.  So. in the presence of 7 mM 
NaCI, accumulati~m of E2P occurred owing to the 
stabilization induced by AU-1421 (Fig. 4B). At a high 
concentration of NaCI, t M, K+-insensitive EeP is 
formed slowly (75% of the total phosphocnzyme was 
EjP at the steady ~tate) [18], and the effect of AU-1421 
was much less (not shown, bat see Fig. 1 of Ref. 9). 
Inhibition of the phosphorylation of Na+/K+-ATPase 
by AU-1421 required a longer incubation period (more 
thap several min) at 37°C w;th the drug [9]. 

This is consistent with the previous results [19] 
showing a difference between H ÷ / K  +- and Na+ /K  +- 
ATPase with respect to the acc2ptanc¢ of AU-|421 in 
the non-phosphorylated form (Figs. 4A and B). Coat- 
pared with the K+-site of H * / K  ~-ATPase, the K*-site 
of Na +/K+-ATPase seems to present a greater barrier 
against access to the K+-occlusion center frem the 
aqueous phase [19,20]. Identification of the K~-oc - 
eluded form ct H + / K + - A T P ~ e  .:s le:s well docu- 
mented than th ~t of Na+/K +-A FPase [2]. 

Conclusion 

K + is the only ion sha~'etl by the three transport 
ATPases studied in the pre~ent experiments, and bind- 
ing to their E2P is the main common action of K +, As 
AU-1421 possessed higher affinity than K + for all of 
these E2Ps, we thought that AU-1421 interacted with 
the K+-sites of the phosphoen,',yme, and we did not 
positively conclude that AU-1421 exerted an allosteric 
action on E:P  at a site different from that for K +. The 
K+-site of these ATPases can accept a variety of lig- 
~nds [2,7,15], and they appear to open toward the 
aqueous please outside the enz~'me molecule in the 
E :P  state, making it apparently easy for AU-1421 to 
I~i~,d [7,9]. Subsv,uent motion of the E2Ps differs de- 
pending upon the movement of K*; when K + is a 
simple activator for E~P splitting from one side of the 
membrane, AU-1421 is an activator (Fig. 1), but when 
K + is translocated through a pathway in the en .',:yme, 
AU-1421 restricts the motion of the enzyme effecting 
the inl'ibition of }X,P splitting (Fig. 3 and Fig. 3 of Ref. 
9). 

AU-M21 inhibited the pho.,,phorylation by ATP of 
these ATPases (Figs. 2 and 4A, and Ref. 9). This is 
consistent with the idea that AU-1421 bL, Ms to the 
K '-site to stabilize the E 2 state (Fig. 5). Occupation of 
*.he K+-occulusion center t;f Na+/K+-ATPase by AU- 
ld21 particularly requhed incubation for several min- 
utes or longer at 37°C [7,9], Otherwise, onl:~ .,.t,,hi!i~a- 
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tion o f  the  fo rmed E ? P  was observed (Fig. 4B). With  
respect  to the  K+-binding  site of  Ca  ''*'- o r  H + / K  +- 
ATPases ,  occupa t ion  by AU-1421 was accompl ished  
dur ing  i n c u b a t ! ~  for  ~everal seconds  at  0°C. This  
d i f ference  (Figs. 4A and  B) is t hough  to reflect  the  
degree  o f  isolation o f  the K+-site o f  the non -phospho-  
ryla ted enzyme f rom the  aqueous  p h a s e  
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