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The ATP hydrolysis rate and the ADP-ATP exchange rate of (Na++ K+)-ATPase from ox brain were 
measured at 10/~M z+ Mgf,~ and at micromolar concentrations of free ATP and ADP. (1) In the absence of 
K +, substrate inhibition of the hydrolysis rate was observed. It disappeared at low Na + and diminished at 
increasing concentrations of ADP. This was interpreted in terms of free ATP binding to E 1P. In support of 
this interpretation, free ATP was found to competitively inhibit ADP-ATP exchange. (2) In the presence of 
K +, substrate activation of the hydrolysis rate was observed. Increasing (pM) concentrations of ADP did 
not give rise to competitive inhibition in contrast to the situation in the absence of K + (cf. 1, above). This 
was interpreted to show that at micromolar substrate, some low-affinity, high-turnover Na + + K + activity is 
possible, provided the Mg 2+ concentration is low. (3) While small concentrations of K + increased the 
hydrolysis rate (cf. 2) they decreased the rate of ADP-ATP exchange. To elucidate this phenomenon, 
parallel measurements of exchange and hydrolysis rates were performed over a wide range of ATP and ADP 
concentrations, with and without K +. If, in the presence and absence of K +, ADP (and ATP competing) are 
binding to the same phosphorylated intermediate for the backward reaction, it places quantitative restrictions 
on the ratio of rate constants with and without K +. The results did not conform to these restrictions, and the 
discrepancy is taken as evidence for the necessity for a bicyclic scheme for the action of the (Na++ K+)- 
ATPase. (4) An earlier statement concerning the nature of the phosphoenzyme obtained in the presence of 
Na + and K + is amended. 

Introduction 

The present paper is an extension of the investi- 
gation begun in the preceding article [1] on the 
ouabain-sensitive Na ÷ + K+-activated ATPase 
(EC 3.6.1.37). The purpose of the work to be 
reported below was to compare the kinetic proper- 
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ties of the ADP-sensitive phosphorylated inter- 
mediated formed in the presence and in the ab- 
sence of K +. 

Materials and Methods 

Details of the enzyme preparation and of the 
assay of the ATP hydrolysis and ADP-ATP ex- 
change rates are given in the preceding paper [1] 
and in the legends to the figures. Whenever ADP 
was present in the assay, it was ensured by dilu- 
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tion of the enzyme that the fastest of the two 

o p p o s i n g  processes  ( A T P  hyd ro ly s i s  a n d  
A D P - A T P  exchange) changed by less than 10% 

the concentra t ion of the species (MgATP or 

ADPfree ) that was present in the lowest concentra-  
tion. For the calculation of the enzyme di lut ion it 
was necessary (at high rates of A D P - A T P  ex- 
change) to take into account  that [3H]-ADP is 

diluted by unlabeled A D P  at a rate that is equal to 
the sum of the ATP  hydrolysis and the A D P - A T P  

exchange rates. The ouabain- insensi t ive  activity 
was measured as a b lank corresponding to each 

assay tube conta in ing 1 m M  of ouabain.  

Results and Discussion 

Substrate inhibition in the absence of K + 
We first consider the substrate curve at micro- 

molar  substrate in the absence of A D P  and K + 
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Fig. 1. The reciprocal of the ATP hydrolysis rate at steady-state 
versus the reciprocal of the substrate (MgATP) concentration. 
The assay mixture contained 150 mM Na ÷ and 0.01 mM 

2 +  Mgfr~e in a 30 mM histidine buffer (pH 7.4) at 37 o C. The rate 
is that corresponding to undiluted enzyme, containing 3.21 mg 
protein per ml. The enzyme was diluted. 10-times in the assay 
and 4000-times before assay. The specific activity of ATP was 
4. l0 s cpm/nmol. The concentration of ATP was 0.85-8.5/~M, 
i.e., 8.5 times the MgATP concentration. A ouabain blank 
containing 1 mM of ouabain was measured and subtracted 
corresponding to each assay tube. The assay time and the 
temperature were 10 min and 37 o C, respectively. The values 
are means of three determinations with K + = 1 mM (A) and six 
determinations without K + (O). The lengths of the vertical 

bars are the standard deviation. The lines are drawn by eye. 

2 +  and at  [Mgfree ] = 10 mM, shown in double  re- 
ciprocal form in Fig. 1, upper  curve. 

Substrate inhibi t ion  is observed, and  although 
substrate inhib i t ion  has been reported at higher 
concentra t ions  of MgATP [1,2], the f inding was 

somewhat unexpected at 1/~M MgATP. However, 

as discussed in the preceding paper  [1], the first 
product  of the reaction is p robably  free A D P  
[3-5], and therefore it seems reasonable to hypo- 

thesize that free ATP, acting as a product  analog, 

can inhibi t  the hydrolysis by b ind ing  to E1P, 
thereby slowing down its turnover. It should be 
kept in mind  that with the free Mg 2+ concentra-  

t ion used in these experiments,  because K d MgATP 

= 85 ffM [6] we always have [ATPfree] = 8.5. 
[MgATP]. 

This hypothesis entails several predictions. 
Thus, under  condit ions with low steady-state con- 
centrat ion of EIP, the A TP  inhibi t ion  should be 

decreased or disappear. A n  experiment  to test this 
predict ion is shown in Fig. 2. Low Na ÷ concentra-  

tions are known to decrease the steady-state con- 
centrat ion of E l P  [2,7-9], and, as seen in Fig. 2, 
lower curve, the A TP  inhibi t ion  is not  detectable 

at [Na +] = 5 raM. 
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Fig. 2. Double-reciprocal plot of ATP hydrolysis rate versus 
substrate (MgATP) concentration. All conditions were the 
same as in Fig. 1, except that the Na + concentration was 5 
mM. The values are means of four determinations with K + = 1 
mM (A) and three determinations without K ÷ (O). The lengths 
of the vertical bars are twice the standard deviation. The lines 

are drawn by eye. 
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Fig. 3. (a, b) Double-reciprocal plot of ATP hydrolysis rate 
versus substrate (MgATP) concentration. Na += 150 mM and 
all other conditions were the same as in Fig. 1 upper curve, 
where [K + ] = 0. The ADP concentrations were as indicated in 
the figure. The values are means of six determinations. The 
lengths of the vertical bars are the standard deviation. The 

lines are drawn by eye. 

If free ATP  binds  to E]P, it p resumably  does so 
in compet i t ion with ADP.  To test this prediction,  
the experiments shown in  Fig. 3 were performed. 
The double-reciprocal  plots of the steady-state 
rate measured at various concentra t ions  of A D P  
clearly indicate decreasing substrate inhib i t ion  as 
the A D P  concent ra t ion  increases, and at [ADPfree ] 
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Fig. 4. Double-reciprocal plot of the ADP-ATP exchange rate 
at steady-state versus the concentration of ADPfr~e. The 
ADP-ATP exchange rate was measured at the three different 
concentrations of ATPfr ~ given in the figure. The assay mix- 

2+ ture contained 150 mM Na + and 0.1 mM Mgfr ~. The rate is 
given in nmol of ATP formed per min per ml of undiluted 
enzyme. The enzyme was diluted 6.4-times in the assay and 
100-times before assay. The specific activity of [3H]ADP was 
4-104 cpm/nmol. The values are means of double determina- 
tion for three experiments. The lengths of the vertical bars are 

the standard deviation. The lines are drawn by eye. 

= 10 ffM apparent  Michael is-Menten kinetics are 

obtained.  
A third predict ion following from the hypothe-  

sis of ATP b ind ing  to E1P as an A D P  analog is 
that ATP should show competit ive inhib i t ion  of 

A D P - A T P  exchange. This effect is demonst ra ted  

in Fig. 4. 
The inhibi tory effects of A TP  o n  Vhydr  and Vexch 

may be analyzed in more detail as follows. We 
consider the sequence of steps in Scheme I. 

2' 3' 
EATP ~ E~P ~ E2P 

--1 '  - -2 '  --3 '  

Scheme I. 

The hydrolysis rate is obta ined  as the net rate of 
flow from EIP to E2P 

Vhydr = k~[EIP ] -  k'3[E2P ] (1) 

and  the exchange rate is given by (see preceding 
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paper [1]) 

k '  2 [ A D P ]  
p t V~xch l + k 2 / k  1 [E1P ] (2) 

If  free ATP  binds to E1P in rapid equilibrium 
(dissociation constant  KATe) and the adduct  can 
be converted to E2P but  not bind ADP,  the ap- 
parent  rate constants k ;  and k'-2 leading away 
from E1P have the form 

k~ ~ + k~" [ATPI/KAT e 
k; - (3) 

l + [ATP]/KAT P 

where the superscripts ' a '  and 'o '  indicate whether 
or not ATP is bound  to the reacting species, and 
k~ < k~ to account  for inhibition of the hydroly-  
sis, and 

k _  2 
k p _ - 2 1 + [ATP]/KAT e (4) 

[ATP] denotes the concentrat ion of free ATP. 
If  we assume that the second term in Eqn. 1 is 

negligible (see below for a discussion of  this) we 
obtain for the two rates 

k~ + k~[ATPI /KAT e [EIP ] (5) Vhydr = 1 + [ATP]/KAT e 

k_z[ADP] 
ve":h = (1 + [ATPI/KATP)(1 + k '2 / k '  1 ) [E1P] (6) 

If  [E1P ] is optimal (saturating MgATP)  Eqn. 6 
shows the pattern of  inhibition by free AT P  to be 
expected. It should be noted that sufficiently high 
(i.e., saturating) concentrat ions of the substrate 
M g A T P  is difficult to attain in the presence of 
very low free Mg 2+ concentration.  For  this reason 
the experiments shown in Fig. 4 were carried out 
with 100 / ,M free Mg 2+, in contrast  to the 1 0 / , M  
concentrat ion used in all other experiments in this 
paper. 

We have shown (preceding paper) that a val- 
uable parameter  for kinetic characterization of  the 
species EIP  and EATP in Scheme I is obtained 
from the ratio Uexch/Ohydr; 

V~x~h k_ 2 [ADP] 
= K E • [ADP] 

Uhydr ( k~ + k~[ATP]/KATP )(1 + k ~/k'_ l) 

(7) 
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Fig. 5. K E  1 (for definition, see text) versus  [ATPfree ] at 150 
mM Na + and 0.01 mM 2+ Mgf~, and at 0 and 20 mM K ÷ as 
indicated. The values are means of 3-4 determinations. The 
lines are the least-squares regression lines, and the lengths of 

the vertical bars are twice the standard deviation. 

where Eqns. 5 and 6 have been used. This shows 
that 1 / K  E should be a linear function of  [ATP]: 

ko 
k"~32 + ' k '  [ATP] = k ' / k  ' )+ (1 k 2 / - 1 ) - -  (8) KE 1 (1+ 2 /  1 ~ - 2  K A T e  

The experimental results for 1 / K  E derived from 
the data are shown as a function of  [ATP] in Fig. 
5, lower line. The linear relationship obtained 
appears to conform to Eqn. (8). Thus, the evi- 
dence discussed above is consistent with the A1- 
bers-Post model [28,29], if binding of A T e  to EIP,  
i.e., action of ATP  as a ' p roduc t  analog',  is also 
incorporated.  

Evidence for the binding of ATP  to the phos- 
phoenzyme [10,11], to EaP [12] and to potassium- 
sensitive phosphoenzyme [13] has been reported 
previously. 

S u b s t r a t e  ac t i va t ion  in the  p r e s e n c e  o f  K + 

We turn next to the situation in the presence of 
K +. As seen from Fig. 1, lower curve, we now 
obtain a pat tern consistent with substrate activa- 
tion (or negative cooperation). 

The upward convex shape of the double re- 
ciprocal plot  in the presence of K + was first 
reported by Neufeld and Levy [14] and has since 
been discussed repeatedly (see, e.g., Refs. 15-17).  
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At higher Mg 2+ concentrations than the ones used 
here, K + is found to inhibit ATP hydrolysis at 
very low substrate concentrations [18,19] because 
of the slowness of the conversion of E2(K) to 
E~K, and at higher Mg 2+ concentrations only 
high (millimolar) ATP concentrations are able to 
bind to E2(K) and speed up the deocclusion of 
K ÷, causing substrate activation (or negative 
cooperativity). 

The reason why the substrate activation is seen 
at the low substrate concentrations in these 
experiments (Fig. 1) is probably the very low 
Mg 2+ concentration. We have shown previously 
[6] that Mg 2+ is a competitive inhibitor of sub- 
strate addition in the presence of K ÷. In the 
absence of K +, Mg 2+ causes no, or only a small, 
reduction in the affinity of ATP binding [6,20-22]; 
however, the reduction in nucleotide binding af- 
finity caused by K + is greatly reduced, when the 
Mg 2+ concentration is kept low [23,24]. 

Activation by K ÷ at micromolar concentrations 
of substrate has been found by others [25-27]. 
The activation has been attributed to the displace- 
ment of Na + ions from extracelhilar sites at which 
they inhibit [27]. This explanation was based on 
experiments with resealed red cell ghosts showing 
the activation to be brought about by extracelhilar 
K + and to be more marked at a low than at a high 
concentration of Na + in the extracelhilar medium. 
In contrast, as seen in Fig. 2, the activation by K + 
in our hands is abolished at low (5 raM) Na +. 

If, as suggested above, the activation caused by 
K "  is caused by a part of the hydrolysis passing 
through the sequence E2P-E2PK-E2K-E2KATP - 
EIKATP-E~ATP, then this activation of the 
'low-affinity' substrate binding should result in a 
decreased affinity also for ADP competing at the 
substrate site. It, therefore, supports the explana- 
tion proposed here that low concentrations of 
ADP do not exhibit visible inhibition of the hy- 
drolysis in the presence of K + (Fig. 6). 

According to the Albers-Post scheme [28,29] 
the sequence (Scheme I) above has to be traversed 
also when K + is present in the reaction medium. 
To investigate the possible influence of K +, it is 

T 
E 

E 

E 

"-8 
E 
O 

C 

6= 1000 
Vhydr 

0 

0 

4 5 8 
1 

[MgATP ] ~JM -~ 

iO 

6 V 1000 
v hydr 

s 
b 

' c  4 

E 
3 

g 

0 )L 0 
C 

C 0 

0 6 

0 

@ 

, ~ L , , 

2 4 ~ 8 IL 

1 sM-a 
[MqATP] 

Fig. 6. (a, b) Double-reciprocal plot of ATP hydrolysis rate 
versus substrate (MgATP) concentration. [K ÷ ] = 2 mM. Apart 
from the K ÷ concentration, all conditions were the same as in 
Fig. 3. (a) ADPr, ~ = 0 (O),  ADPfree = 4 (zx), ADPf,~ = 10 g M  

(E:]). (b) ADPf~,~ = 2 p.M (O),  ADPfree = 6/~M (zx). 

helpful to consider an extended version of this 
scheme (Scheme II), in which the ionic interac- 
tions have been explicitly, albeit schematically, 
indicated: 

I k~ II k; 1II , 
<k'a {E2K2ATP=_EIATP=EINa3ATP } ~ ElPNa3 ~ {E2P=_E2PK} ~ 

k '_  2 k '  3 

Scheme II. 
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In this scheme an equality sign indicates that 
rapid equilibrium between the species obtain. 
Thus, the first three and the last two inter- 
mediates, respectively, constitute pools, each of 
which is to be considered a single kinetic state. 
ATP may dissociate from each of the species in 
pool I, but the intrinsic rate constant for ATP 
dissociation is larger from the K+-bound species 
[31,32,35]. The effect of K ÷ is, therefore, to in- 
crease k '  -1, decrease k2, and hence decrease the 
ratio k ; / k ; l ,  whereas k~ and k'2 are indepen- 
dent of K ÷, since K + does not bind to pool II. 

With this in mind, we consider the effect of 
K ÷, at low substrate concentration (0.353 FM 
MgATP), on the hydrolysis rate (Fig. 7) and on 
the exchange rate (Fig. 8). From Eqn. 1 above, the 
increased hydrolysis rate observed at increased 
K + concentration may be explained by either one 
of three possibilities: (i) an increase in [EIPI, (ii) a 
decrease in [E2P ], or (iii) both. From the consider- 
ations in the last paragraph it follows that since 
addition of K + leads to a decrease in the ratio 
k ' / k '  2/  -1, the coefficient of [E~P] in Eqn. 2 should 
increase. Therefore, if addition of K + leads to an 
increase, or no change, in [E1P], the exchange rate 
should increase, in contrast to the experimental 
observations in Fig. 8. If the Albers-Post scheme is 
to explain the results, it follows that under these 
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Fig. 7. ATP hydrolysis rate versus [K + ] at 150 mM Na +, 0.01 
2 +  mM Mgtrce, 3/~M ATPrr ~ ,  6 FM ADPfree, 0.353/~M MgATP. 

Buffer, blank, enzyme dilution and assay conditions are de- 
scribed in the legend to Fig. 1. The line is drawn by eye. 
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Fig. 8. A D P - A T P  exchange rate at steady-state versus the 
concentration of K +. All concentrations and conditions were 
identical to those given in the legend to Fig. 7. The specific 
activity of [3H]ADP was 6.106 cpm/nmol .  The values are 
means of three or four determinations, and the lengths of the 
vertical bars are twice the standard deviation. The line is 

drawn by eye. 

conditions both [E1P] and E2P] in Eqn. 1 must 
decrease. But this in turn implies that the rate 
c o n s t a n t  k'_ 3 in the absence of K + must have a 
considerable magnitude, such that the reverse re- 
action rate, from E2P to EIP, is almost equal to 
the forward rate. We return to this point below. 

It is instructive to use the parameter  K E in the 
presence of K ÷ as we did above in its absence. At 
20 mM K ÷ we would expect that the E2P con- 
centration is virtually zero, and hence we again 
obtain Eqn. 8 for the reciprocal of K E as a 
function of (free) ATP. According to the model 

k ' / t - '  is affected by (Scheme II), only the ratio 2/,~-1 
K ÷, and the magnitude of the ratio should be 
lower than in the absence of K +. Hence, a plot of 
1/K E vs. [ATP] should have a smaller slope and 
intercept, by the same factor, than the previously 
obtained values in Fig. 5, lower line. 

The data with 20 mM K ÷ are plotted in Fig. 5, 
upper line. Again, a linear relationship is ob- 
tained, but both slope and intercept are increased, 
by factors 9 and 5, respectively, in striking con- 
trast to the expectations based on the Albers-Post 
model. 



The phosphorylated intermediates in the presence of 
K + 

There are three possibilities for explaining these 
data: 

(1) The assumption made above that the back- 
wards rate, k~-[EzP], in the absence of K + can be 
ignored does not hold. 

(2) K + binds to the species in the EIP pool 
such that k 3 is increased and k '  2 is decreased, 
and the resulting increase in the ratio k3/k'_ ~ 
more than compensates for the decrease in the 
ratio k ~ / k "  1. 

(3) The phosphorylated intermediates formed 
in the presence of K + are different from those 
formed in its absence, and hence the rate con- 
stants in Eqn. 8 are different in the two situations. 

(ad 1) If the back reaction E2P ~ E1P cannot 
be ignored then it may be shown that the parame- 
ter 1/KE, in terms of the apparent (primed) rate 
constants in Scheme II, will be given by 

k'3(l + k2/k'  1) 
K{' = k, 2(~1% k.3/~'~,4- ) (9) 

where we omit the specific influence of ATP on 
kr_2 and k 3 for clarity. The rate constant k 4 in 
the absence of K + is much lower than in its 
presence, whereas the reverse is true for k '  3. But, 
as discussed above, the ratio k ' / k  ' 2/  -1 also de- 
creases when adding K +. To account for the ob- 
served increase in 1 / K  E by a factor of about 5 it 
is necessary that the decrease in the ratio k'_3/k 4 
in the denominator more than compensates for the 
corresponding decrease in k'/k'2/ -1. For example, 
if addition of 20 mM K + decreases k~/k'_l from 
2 to 1, and if the ratio k '  / k '  - 3 /  4 in the absence of 
K + is 10, it should decrease, with 20 mM K +, to 
0.5 to correspond to the observed values. But for 
the enzyme to be reasonably efficient we expect 
k~ > k~_3, and hence, when the enzyme is 
phosphorylated in the absence of K +, there should 
be rapid equilibrium between EIP and E2P at 
steady state of the turnover. But when ADP or 
K + is added to such a system, all the phosphoen- 
zyme should disappear as rapidly as when both 
are added together. This does not seem to be the 
case (see, e.g., Refs. 2, 37). 

(ad 2) Since (free) ATP also appears to bind to 
E1P there are two cases to consider: (i) the bind- 
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ing of ATP and K + are mutually exclusive, and 
(ii) they are not. In the former case, the EIP pool 
(written here without Na) consists of the species 
E1P, EIPK, and E~PATP. It may be shown that in 
this case 1 / K  z has the form 

k' k' [ k~+kr~'[Kl/KK 
K~I=(  1+ 2 / - 1 )  k° -2 +kK-2"[K]/KK 

k] [ATP] ] 
+ k°-2 + kK2[KI/K K • KATP ] (10) 

where the superscripts indicate the ligands bound 
to E~P (ATP or K+), and K K is the dissociation 
constant for K ÷ from EIPK. If k3 ~ > k~, the inter- 
cept of 1 / K  E vs. [ATP] will increase, whereas the 
slope will decrease when K + is added, in contrast 
to what is observed (Fig. 5). 

If, on the other hand, the species E1P. ATP-  K 
is also possible and can be converted to an E2P 
species, we obtain 

[ k~+k~IKI/KK 
KEl=(l+k'2/k'-l) k°-2+kK-~[K]/KK 

k]+ k] K[K]/K K [ATP] ] 
+ k°2 + kK-2[KI/KK " KATP I (11) 

and thus both slope and intercept may increase 
with K +, provided that k3 K > k~ and also k~ K > k L 
If these conditions hold then one would expect 
that K +, in dephosphorylation experiments, should 
increase the rate constant governing the disap- 
pearance of phosphoenzyme from the slowest, E 1 P, 
pool. However, this is not observed [2]. 

(ad 3) The addition of K + to the enzyme gives 
rise to the appearance at steady-state of a new 
species, E2K, at the expense of E2P and E1P. If 
this species is the substrate-adding enzyme form 
in an entirely new hydrolysis cycle with different 
phosphoenzyme forms and with a higher turnover 
number, as has been proposed [19], it is only 
necessary that a small fraction of the enzyme, at 
these low substrate concentrations, is engaged in 
this new cycle, while the remaining part is using 
the conventional cycle, in order to explain the 
increase in hydrolysis rate. At the same time, 
because the EI P concentration in this latter cycle 
is decreased, the observed exchange rate is de- 
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creased. Thus a qualitative explanation of the 
observed data is obtained. 

From these considerations it appears that a 
bicyclic model, with two completely distinct hy- 
drolysis cycles, provides the most likely explana- 
tion of the data. 

Actually, a fourth possibility for explaining the 
data exists which we merely mention here. It is 
that K + may bind to E1P, and this complex, 
rather than E2K, is the substrate-adding enzyme 
form in a new hydrolysis cycle. Such a model 
would be in line with ideas proposed by Skou [33] 
and Skou and Esmann [34], and it has been ex- 
ploited by one of us in a recent analysis of a dimer 
model for ( N a + +  K+)-ATPase [36]. 

It is interesting to note from Fig. 2 that in the 
presence of K + and low (5 mM) Na + concentra- 
tion the substrate activation seen in Fig. 1 (at 150 
mM Na +) is abolished. If E2K is the starting 
point for a new hydrolysis cycle, the lack of Na + 
would not be expected to decrease its steady-state 
concentration, and hence substrate activation 
should be expected. The apparent lack of it may 
indicate that Na + is necessary, in addition to 
ATP, to promote deocchision of K +, and that 
therefore Na + and K + are present simultaneously 
on the enzyme in part of the reaction cycle, as 
other kinetic evidence would seem to indicate [44]. 

Another possibility for explaining the lack of 
substrate activation in Fig. 2 is the one mentioned 
above, that E1P with K +, rather than E2K (or 
E2KNa ), is the initiating enzyme form in the new, 
more efficient cycle, and with low Na + concentra- 
tion very little E~P would be expected at steady- 
state. 

In a recent paper, Beaug6 and Campos [30] also 
performed simultaneous measurements of hydrol- 
ysis and exchange, using pig kidney ATPase at pH 
7.4 and 37 o C. Their objectives and protocol were 
different from those of the present work, but some 
of their results are comparable to ours and war- 
rant discussion here. They argue (Ref. 30, Discus- 
sion) that simultaneous activation of hydrolysis 
and exchange by external K + is extremely difficult 
to explain unless the cycles of ATP hydrolysis give 
rise to the same intermediates in the presence of 
Na + alone and of Na + + K +. This argument seems 
somewhat overstated. If the addition of K + trig- 
gers the onset of a hydrolytic cycle with a much 

higher gma x (leading to activation), the exchange 
reaction using these new intermediates could very 
well yield a higher rate also. 

However, their argument appears to be based 
on a statement made by us several times in the 
paper in which the bicyclic model was first pro- 
posed [19], namely that the intermediate (denoted 
Ex) in the new, more efficient, N a + +  K + cycle, 
corresponding to the phosphoenzyme in the Na + 
cycle, was probably not phosphorylated, and a 
cycle with no phosphoenzyme will, of course, not 
contribute any A D P - A T P  exchange. Alterna- 
tively, we stated that E x, if it were a phosphoen- 
zyme, could not be acid-stable. 

The reason for that - -  somewhat unfortunate 
- -  statement was that, from the data known to us 
at the time [38-43], it appeared that when phos- 
phoenzyme was formed in the presence of Na + 
and K + only about 20% or less of the enzyme was 
measured as phosphoenzyme. However, from our 
kinetic data, calculations showed that at saturat- 
ing substrate, and with Na + and K +, about 65% of 
the enzyme should be in the form E x at steady 
state. This apparent discrepancy could then be 
resolved if E x was not a phosphoenzyme (or not 
acid-stable), and therefore could not be precipi- 
tated by acid. 

For technical reasons it is, however, doubtful 
whether a reliable estimate can be obtained of the 
concentration of the acid-stable, phosphorylated 
intermediate in the presence of K + and saturating 
MgATP. For the brain enzyme under these condi- 
tions (37 ° C) the turnover number is 150-170 s - l  
and the mean time per turnover is thus less than 7 
ms. Obviously, the time for mixing the reaction 
solution with acid plays a role on this time scale, 
and unless dephosphorylation is stopped exactly 
as fast as phosphorylation the value obtained for 
the amount of phosphoenzyme will be too low. 

On this basis, we therefore retract our earlier 
statement and submit that E x, in analogy with the 
Na + cycle, probably is a (acid-stable) phosphoen- 
zyme, albeit with kinetic properties that are differ- 
ent from those of phosphoenzyme obtained in the 
absence of K+. 

The rejection by Beaug6 and Campos [30] of 
the idea of two different cycles in the kinetic 
mechanism is based mainly on similarities in the 
response of hydrolysis and exchange to the ad- 



dition of K +. But, actually, the two responses are 
not quite similar, as the data exhibited in their 
Table II show. Thus, at 3 mM ATP, 12 mM K + 
stimulated hydrolysis by a factor 15.5, but the 
exchange only by a factor 5.4. At 0.04 mM ATP, 
the same K + concentration led to a 2.4-fold stimu- 
lation of hydrolysis, with (almost) unchanged ex- 
change, and at 0.003 mM ATP both activities were 
inhibited, but by different factors. On the other 
hand, when these data are analyzed using KE = 
Uexch/(Vhydr" ADP), the results shown in Table I 
are obtained. Not only is there considerable 
quantitative agreement when allowance is made 
for differences in assay conditions (buffer, Mg2+), 
between our results and those of Beaug6 and 
Campos (compare Fig. 5 and the values of K E in 
Table I), but a consistent action of K + is seen: 12 
mM K + lowers K E by a factor of about 2.7, in 
qualitative accord with the results in Fig. 6c of the 
preceding paper and with Fig. 5, above. 

These considerations lead us to consider the 
results of Beaug~ and Campos [30] as a rein- 
forcement of ours, and therefore as supporting our 
conclusion regarding the necessity for having two 
different hydrolysis cycles, with different (ADP- 
sensitive) phosphoenzyme intermediates, in the 
absence and presence of K +. 

We emphasize that, as discussed above, this 
conclusion is reached on the presumption that 
EIP and EzP are not in rapid equilibrium in the 
absence of K +. This, as well as the problems 
connected with the measurement of phosphoen- 

TABLE I 

EFFECT OF K ÷ ON KE, USING DATA FROM TABLE II 
OF Ref. 30 

[Na + ] =120 raM; pH = 7.4 at 37°C. For other experimental 
details, see Ref. 30. 

ATP K + K E K E ( O ) / K E ( K  + ) 
(mM) (raM) (mM- 1 ) 

0.7 3 0 ~ 2.8 
12 0.25 J 

0.04 0 4.4 
12 1.63 ~ 2.7 

0.003 0 11.1 
12 4.4J 2.5 
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zyme in the presence of K +, raises two questions 
that must be answered by experiments: (i) how 
fast is the backward reaction (from EzP ~ EIP ) in 
the absence of K +, compared to the forward rate?, 
and (ii) can one obtain, possibly by extrapolation. 
a reliable estimate of the concentration of phos- 
phorylated enzyme in the presence of K? These 
problems are presently under investigation. 
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