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Steady-state kinetic analysis of the Na +/K +-ATPa e. The effects 
of adenosine 5'-[fl, y-methylene]triphosphate on substrate kinetics 
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We studied the ~ i~ t ra te  Idnetic~ of the Na+/K+-ATPase  in media with edenedne S'-I#,V-mmhybr~l~pltmphntt 
(IP,I ' -CH: IATP), an analog of ATP that is resiNant to enzynmtle hydrolysis. The aim w u  to analyze from the point of 
view of steely-slate kinetks the mechanism that 8eneratea the idpheslc r n p o n N  of the Na ÷ / K  ÷.ATPase to ATP. In 
the abeence of K +o the lnaJo8 acted as a dead-end inhibitor, K, foe" this effect was 43.4/4 M. in media with K + and 
non-mturefln8 ¢eoe~ t ra t i em el ATP, [ p ,y-CH,  IATP stimulated ATPa~ .  With IdWh ~ t r a d o n s  of ]/~,T-CH ~ IATIP, 
the respmme of activity to the concentration of ATIP dmnged from blphasie to hyperbolic. Comlmflwn of these effects 
with the predictlom of J'eactJon mechmi.~mu that display biplmlc respomes to the mbgtrste showed that:. (I) when tide 
rUlmme is caused by two independent and nmt-interactin8 at'five sites, an mudo8 of the subltmte will not a e t l v m  bat 
m y  cbange the mdmrete curve from biphesJc into hyperbolic, (It) if there were nept ive  interactions in 8fflnJty tad  
positive IntefKdmm la reactivity between two active sites, an analog m y  activate and chanlle the mbstrate curve from 
ldphasic Into hyperbofl¢, (iJJ) In models, u c h  as that prepoeed for the N a + / K * . A T P a N  by Ptesner et st. In 198J 
(Blochim. BJophys. Acts 643, 483-494) in which Idphesie kineti~ is catt~ed by the existence of two reaction eydes for it 

m i r e  site, the analog will not acdvate, and (iv) the observed effects of the analog are eomlmtible with modets 
such as thsl of A;bers-Post model and the more If(~k'1~llt v e r s ~ l i  of th~ Plesner et al. model in which ATIP apart from 
helnll the substrata is required to lccetera~e the rate-limiting step of the reJ~.'tion. 

Introduction 

The response of the Na+/K*.ATPase  activity to the 
concentration of ATP is biphasic and can be described 
by the sum of two Michaeiis-Menten equations, one 
with much lower V m and K,, than the other (for refer- 
ences see Ref. l). The usually accepted interpretation of 
this behaviour is that apart from being the substratc 
ATP accelerates the rate-limiting step of the reaction 
acting with low affinity through a mechanism that does 
not revolve its hydrolysis (for references see Ref. 2). 
This view has been recently contested by Plesner et al. 
[3,4] who proposed for the N a * / K  *-ATPa~ a reaction 
mechanism which eliminates the non-c,~talytic role of 
ATP and postulates that hydrolysis takes place through 
two different reaction cycles depending on the presence 
ot absence of K ' 

Abbreviauon: I ~. y-CH 2 ]ATP, adenosine 5'-[//. y-methylene]l riphos- 
phat©. 

Correspondence: PJ. Gart,th~m, IQUIFIB, Faculead de Fam, ac~u y 
Bioqulmica, Junin 956. !113 Buenos Aires, Argentina. 

Practically all the experimental evidence for a non- 
catalytic role of ATP comes from studies on partial 
reactions. Steady-state kinetics is of little avail for ex- 
ploring this because, ab we have previously shown [1], 
many reaction mechanisms display biphasi¢ substrat¢ 
curves which can be written as the sum ~f two Michae- 
lis*Meaten cquation~. The studies reported in this paper 
were based on the hypothesis that the limitatiom, of 
steady-state substrata kinetics would be substantially 
reduced when examined together with the effects of a 
non-hydrolyzablc analog of ATP, thus allowing to ob- 
tain information on the mechanism of the biphasic 
effect of ATP on Na*/K*-ATPase  activity based on 
the overall functioning of the enzyme. 

Non-hydrolyzable analogs of ATP are obtainable 
replacing the oxygen the/~.y phosphate bond of ATP 
by a methylene or an amino group. The analoEs bind to 
the Na+/K+-ATPase [7], are resistant to enzymatic 
attack and replace some of the effects of ATP on cation 
fluxes [81 and on partial reactions [9]. in a preliminary 
communication [10] we reported that the ATP analo$ 
adenosine 5 %[~,v-methyleh~Jtriphosphate ([/],v-CH ~ ].. 
ATP) modified the substrata kinetics of the N a ' / K * -  
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A'IPase and activated the enzyme. The activating effect 
was confirmed recently by Suzuki et al. [11]. Similar 
effects were reported for the Ca2+-ATPase of sarcop- 
lasmic reticulum by Taylor and Hattan [12]. 

This paper contains a rather brief experimental sec- 
tion and what intends to be a sufficiently generic study 
of the expected responses of the enzyme to an unreac- 
tive analog of its suks,~rate as to be useful for the kinetic 
analysis of other enzyme displaying non-hyperbolic sub- 
strate kinetics. 

Materials and Methods 

Na+/K+-ATPase was a partially purified prepara- 
tion obtained from the outer medulla of dog kidney by 
the simpler of the two procedures described by JiSrgen- 
sen [13]. ATPase activity 'vas estimated measuring the 
release of [3'P]P i from [,/-~+PIATP foUowing the proce- 
dure already described [14]. Incubations were per- 
formed at Y/°C  in media containing 0.33 mg/ra l  of 
bovine serum albumin and the salt composition given in 
the legends of the figures, pH was kept at 7.4 with 20 
mM imidazole-HC1. In all cases ouabain-insensitive ac- 
tivity (measured with i mM ouabain) was less than 1% 
of the total activity. Labelled ATP was prepared accord- 
ing to the methed of Glynn zmd Chapeii [i~] except that 
no unlabeled orthophosphate was added. 

The concentration of free Mg 2+ was estimated from 
the total concentrations of ATP, [fl,'t,-CH2]ATP and 
magnesium and the equilibrium constants for the dis- 
sociation of MgATP (87 ~tM) and of Mg[fl,y-CH2]ATP 
(159 #M). The values of the dissociation constants were 
obtained measuring with a Ca2+-sen.,+itive membrane 
electrode (W. MiSller, Zurich) the Ca z+ displaced by 
Mg 2÷ from CaATP or from Ca[fl,,:.CH2]ATP. The 
measurements were performed in solutions of the same 
composition and temperature as those in the experi- 
ments. 

ATP ('Vanadate-free'), bovine serum albumin and 
enzymes and cofactors for the synthesis of ['t-32P]ATP 
were from Sigma (U.S.A.). Adenosine 5'-[fl,-t-methyl- 
ene]triphosphate t[fl, I,-CH2]ATP ) was from Boeringher 
AG (F.R.G.). [32p]Orthophosphate was from the Com- 
isitn Nacional de Energia At6mica (Argentina). Salts 
and reagents were of analytical reagen~ grade. 

Treatment of the data. The equations were fitted to 
the experimental data by a non-linear regression proce- 
dure based on the Gauss-Newton algorithm. The veloc- 
ity variable was assumed to be homoscedastic (constant 
variance) and the concentration variable to have negligi- 
ble error. When necessary, the concentration of ATP 
was adjusted for consumption, following the procedure 
described by Segel [16]. Convergence to the least squares 
solution was insured by the inclusion of a "damping 
factor" [17,18]. 

The 'best Zitting equation" was considered as that 
which gave the minimal standard deviation of the 
regression and the least biased fit. Bias was estimated 
plotting tl~e difference between theoretical and experi- 
mental values vs. the independent variable. The uni- 
verse of alternatives tested was necessarily restricted by 
practical considerations. Depending on the case it was 
composed either of equations derived from plausible 
mechanistic assumptions or of empirical expressions 
based on rational expressions. Examples of both are 
given under Results in this and in the following papers 
of this series. 

Simulations were performed plotting solutions of 
steady-state rate equations. Except when otherwise indi- 
cated, values of rate and equilibrium constants were 
taken from the literature. In most cases these have not 
been obtained at 37 °C. Since no information on the 
temperature dependence of the constants i, available, 
no correction for temperature was possible (for a more 
detailed comment on this see Ref. 1) and the simula- 
tions were used only for looking at general types of 
responses and not to perform quantitative predictions. 

Results and Discussion 

The effect.~ of  r R ,, CH ' .-r~,, . .  , r , m - ~  2 1  "at J r  O R  the actwity in the 
absence of  potassium (Na +-A TPase) 

In the experiment shown in Fig. 1, Na+-ATPase 
activity was measured as a function of the concentra- 
tion of ATP from 0.2 to 4.8 pM, in media with 130 mM 
Na +, non-limiting concentrations of free Mg 2+ and 
either 0, 0.1, 0.2, 0.3 or 0.4 mM [fl,3,-CH2]ATP. It can 
be seen that the response of the activity to the con- 
centration of ATP was hyperbolic and that as the 
concentration of [fl, y-CH2]ATP increased the curves 
were shifted to the right. The whole set of data could be 

o+ I. , , , 

o + 
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0 25 5 

Fig. I. A plot of Na*-ATPase activity as a function of the concentra- 
tion of ATP in media contaiv3ng 0 (o), 0.1 ill), 0.2 (t,), 0.3 (e) or 0.4 
(O~ mM [fl,'t-CH:]ATP, 130 mM NaCI and enough MgCI 2 as to 
keep constant at 0.3 mM the concentration of free Mg 2+. Continuous 
lines are the graphical representat/ou of Eqn. 1 where each parameter 
was replaced by its best-fitting value. The values for each parameter 
(±S.E.) were: Vm=0.627±0.012/~mol P,-mg-l.min -l, Kin= 0.331 

+0+028 ~M, K, = 43.4_+3.6/~M. 
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Fig. 2. (A) A plot of Na+/K+-ATPase  activity as a function of the concentration of ATP in media containing either 0 ( o )  or 3 (11) mM 
[fl, y-CIt2]ATP, 130 mM NaCI, 5 mM KCI and enough MgC12 as to keep at 0.3 mM the concentration of free Mg 2+. The continuous line that fits 
the da,a at zero [fl,~,-CHzIATP concentration is the graphical :epresentation of: 

= V~, + V~[ATPI/([ATP ] + K.2) (2) 

where the parameters were replaced by their best-fitting values. These ( + S.E.) were: Vml = 0. i75 ± 0.099/~mol P, -rag- i. rain - ~, V,~ = 10.06 ± 0.28 
pmol  P ~ . m g - I . m m - l  Km2 = 176-1-17/tM. Eqn. 2 corresponds to the sum of two Michaelis-Menten equations with its high-affinity component 
saturated, as it is to be expected since the lowest {ATP] used (2 laM) is about 10-fold higher than Kma [1]. The continuous line that fits the data at 
3 mM [/~,y-CH2IATP is the graphical representation of a Michaelis-Menten equation whose parameters were replaced by their best-fitting values. 
These (+S.E. )  were: Vm =10.99 -1- 0.11 ~tmoi P , -mg- l .m in  - l  and K, , ,=273 .1±6.7  ~tM. (B) Hanes-Woolf plots of data in Fig. 2 (A). The 
continuous lines were calculated from the equation thal fitted the data in Fig. 2 (A) using the best-fitting values of the parameters obtained by 

non-linear regression. 

adequately described assuming simple dead-end (com- 
petitive) intubition by [~,3,-CH2]ATP, i.e.: 

v --- Vm [ATPI/(  [ATP] + Km ( |  + [ANI /K ,  )) (1) 

where AN is [/~,3,-CH,]ATP. 
Since it is generally accepted that in the absence of 

K + ATP behaves only as a substrate, it is likely that the 
dead-end effect is direct competition between [fl,y- 
CH2]ATP and ATP at the active site° This and the fact 
that after binding [fl, y-CH2]ATP does not undergo 
transformations [7], allowed us to consider K, (Eqn. 1) 
as valid estimate of the equilibrium constant for the 
dissociation of the analog from the catalytic site of th~ 
ATPase. In the experiment in Fig. 1 the best-fitting 
value of K, was 43.4 +_ 3.6 daM which is not very differ- 
ent from that reported for the equilibrium dissociation 
constant of [fl, v-CHz]ATP at 10°C  (10 daM, [7]). Com- 
parison of these values with Km for ATP in the experi- 
ment of Fig. 1 (0.331 + 0.028 daM) and with the reported 
values of the equilibrium constant for the dissociation 
of ATP from the active site of the ATPase (0.1-0.2 daM 
[7,19]) would indicate that the affinity of the catalytic 
site of the Na+/K*-ATPase  for [fl, T-CH2]ATP is al- 
most two hundred times lower than for ATP. 

The effects of IB,~'CH,1A TP or the substrate kmeti¢ ,: of 
the Na + / K +-A TPase 

To see if the r~ponse  of N a - / K % A T P a s e  activity to 
[B,~/-CH2]ATP differed from ::hal of the Na+-ATPase 
activity (Fig. 1), Na÷ /K%ATPase  activity was mea- 
sured as a function of the concentration of ATP from 2 
to 750 daM, in media with nor-limiting concentt..'ttons 

,.,, the o t , e r  iigancis and either 0 or 3 mM [/3,y-CH,}ATP 
(Fig. 2 (A and B)). Available experimental evidence 
indicates that 3 mM [B,y-CH2IATP is considerably 
higher than the concentration at which the analog re- 
places some of the effects of ATP on the N a + / K  +- 
ATPase. For example, [/L~-CH2]ATP acting with K0.s 
= 180 daM is as effective as ATP in reversing the 
increase in the intrinsic fluorescence of the enzyme 
caused by K ÷ [9]. Since the lowest concentration of 
ATP tested was 10-fold higher than the Km of the 
high-affinity component of the ATPase [1 ], the function 
that gave best fit to the control data was the sum of a 
constant term, representing the t~  of this component 
plus a Michaelis-Menten equation. In contrasz with this, 
in the presence of [/Ly-CH2]ATP best fit ~.ts attained 
with a single Michaeiis-Menten equation (Fig. 2A). The 
difference in substrate kinetics is apprec.~:ed more 
clearly in the Hanes-Woolf plots in Fig. 2B, w"aich show 
that in the control experiment at low [ATP~ the points 
curved downwards deviating from a stra;ght line, while 
in the experiment with [B,y-CH2]ATP all points could 
be adjusted by a single straight line. 

It would seem therefore that the main action of high 
concentrations of [/L ~-CH 2 ]ATP on the substrate curve 
of the Na* /K+-ATPase  is ~o transform it into a single 
Michaelis-Menten curve. The best-fitting values of the 
parameters of the equations that were adjusted to the 
data (legend to Fig. 2) show that with [/L'I,-CH2IA'I'P, 
K~ was somewhat higher than Kin_, of the control 
curve, and that V~ was not significantly different from 
V~2 of the control curve, indicating that the effects of 
[ /Ly-CH,]ATP are surmountable by ATP. 
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Fig. 3. A plot of Na+/K+-ATPase activity as a function of the 
concentration of [18,3,-CH2]ATP in media containing 0.05 (o), 0.2 (0) 
or I (A) rnM ATP. 130 mM NaCl. 5 mM KC! and enough Mgel: as 
to keep constant at 0.3 mM the concentration of free Mg 2+. the 
empirical equation: 

o / v  o * (KoK, .~ (F=/Fo)K, IAN])/(K,,K, + K,[ANI +JAN] 2) 

(3) 

wa~ fittecl to the experimental results at each concentration of  ATP. 
For  this reason [ATP] is not a variable in Eqn. 3. The continuous lines 
are the graphical representation of  this equation where each par~zne- 

ter was replaced by its best-fitting value. 

To analyze the effects of lower [,8,3,-CH2IATP con- 
centrations, we measured Na+ /K+-ATPase  activity as a 
function of the concentration of the analog in a 0 to 1 
raM range in media containing non-limiting concentra- 
tions of Na  + and K +, enough MgCI 2 as to keep free 
[Mg 2÷ ] e.onstant at 0.3 m M  and either 0.05, 0.20 or 1.00 
mM ATP. The concentrations of ATP were selected 
trying to insure that the high-affinity component  of the 
substrate curve would remain near saturation at all the 
levels of the analog tested. 

Results in Fig. 3 show that for the whole range of 
ATP concentrations assayed, [/~,3,-CH z LATP increased 
Na+ /K+-ATPase  activity over the control v.,dues. This 
contrasts sharply with the hyperbolic decrease in veloc- 
ity that would have taken place if  [/~,y-CHz]ATP acted 
only as a simple competitive inhibitor as it is the case 
with Na+-ATPase activity. In media with 0.05 or 0.20 
m M  ATP as the concentration of [~q,y-CH2]ATP in- 
creased, activity first raised and then decreased after 
passing through a maximum but remained above the 
control value up to the highest analog concentration 
tested. In the media with 1.00 m M  ATP activity tended 
to saturation.  Maximal  relative activation of about 20% 
was attained with 0.05 mM ATP. in this condition 
activation was followed by a quick decline in activity. 
As the concentration of ATP increased relative activa- 
tion diminished, its maximum was shifted towards higher 
[fl.3,-CH2]ATP concentrations and the apparent afFin- 
ity for activation decreased. 

The response to [/~,y-CH2]ATP at each concentra- 
tion of ATP could be fitted by the ratio between a 
linear and a parabolic function of the concentration of  
the analog (Eqn. 3 in the legend to Fig. 3). This equa- 
tion is an empirical expression which does not intend to 
depict a particular mechanism but  just  to describe hy- 
perbolic activation and hyperbolic inhibi t ion by  the 
same ligand. Eqn. 3 predicts that: (i) as [AN] goes from 
zero to infinity the activity will go from V 0 to zero, (ii) i f  
there were no inhibi t ion ( K  i tending to infinity), activ- 
ity would reach V m and be hal f -maximal  at [AN] = K , ,  
and (iii) i f  the apparent  aff ini ty for activation were very 
high ( K .  tending to zero) the only observable effect 
would be inhibi t ion which would be hal f -maximal  at 
[AN] = K i. Regression analysis of  the data in Fig. 3 
showed that as [ATP] raised K i increased ( K  i = 8.5 and 
11.4 m M  for 0.05 and 0.20 [ATP] and unmeasurable  for 
1.00 m M  [ATP]) indicating that competit ion between 
ATP and [~8,3,-CH2]ATP persisted during N a + / K  +- 
ATPase activity. 

The mechanism of the effects of  [,8,¥-CH2]A TP 
The rate eq,2attons of reaction mechanisms that dis- 

play tfiphasic substrate kinetics are rational expressions 
of degree equal or larger than two [1]. We have shown 
that, i f  certain relations hold among their coefficients, 
expressions of degree two can be written as the sum of 
two Michaelis-Menten equations [1] in wEich the physi- 
cal meaning of the K= values and the V m ValUes 
depends on the mechanism involved. Hence the 
observation that the response of N a + / K + - A T P a s e  ac- 
tivity to ATP can be dt:seribed as the sum of  two 
Michaelis-Menten equations gives little information 
about the underlying mechanism. In what follows we 
will show how this indeterminat ion is lessened when the 
study of substrate kinetics is accompanied by the analy- 
sis of its modification by inert analogs of  the substrate. 

(i) Two non*interacting active sites for the same sub- 
strate. This is the only mechanism in which each term of 
the sum of the Michaelis-Menten equations will mea- 
sure the contribution of one of the sites to the overall 
activity and in which the K m values and V m values have 
their usual meaning. Substrate analogs will cause a 
linear increase in apparent K m values with the conse- 
quent decrease in activity at non-saturating [ATP]. 
Hence in this model [#, 'I,-CH2]ATP will be unable  to 
activate. However, in systems of this kind substrate 
analogs are capable of eficiting Michaelis-Menten kinet- 
ics, i.e., if the K m having the lower value raised with the 
concentration of the analog more steeply than the other, 
at a given cor.eentration both K m values will become 
equal and the substrate curve will become a single 
hyperbola. Alternatively, if  the ratio: K J K =  were the 
same for both sites, the apparent  K m values would raise 
along parallel lines and Michaelis-Menten behaviour 
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Fig. 4. A simplified version of the kinetic- model for the Na+/K L 
ATPase proposed by Plesner et al. [3]. 

would be approached at high concentrations of the 
anatog. 

(ii) Two interacting active sites for  the same substrate. 
I i  the occupatior, of  one of the sees d e c r e ~ c l  the 
affinity and Lacreased the catalytic activity of L~te other, 
the substrate curve will be still describable by the sum 
of two Michaelis-Menten equations but, the K,n values 
and V m values will loose their us, tal meaning. Taylor 
and Hat tan [12] di,~mrded this mechanism as an 
explanation of  their findings on the effects of [~,7- 
CH2]ATP on the Ca 2 %ATPase of sarcoplasmic reticu- 
lure. This, however, is wrong: If the drop in affinity and 
the blockage of the sites were more than offset by the 
increase in the catalytic activity of the sites that remain 
available, the analog will activate, showing that activa- 
tion by  inert analogs of the substrate does not neces- 
sarily require, as we might intuitively think, the ex- 
istence of a non-catalytic effect of  the substrate. Fur- 
thermore in the presence of enough analog as to saturate 
the sites in the absence of the substrate, the interaction 
in affini ty will be fully expressed by the action of the 
analog and Michaefis-Menten kinetics will ensue. 

Hence, this class of systems are capable of respond- 
ing to the analog in a way that is compatible with the 
experiments reported in this paper. 

(iii) .4 single actwe site and two reaction cycles: the 
1981 Plesner et al. model. None of the ct:n'ent models of  
the N a + / K + - A T P a s e  proposes the coexistence of two 
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interacting active sites as in the case, .just discussed. The 
scheme postulated by Plesner et al. in 1981 [3,4] ap- 
proaches it in the sense that it only assigns catalytic 
effects to A T E  Its main postulate is " the existence of 
two distinct ilydrolysis cycles for N a * / K + - A T P a s e  with 
only one active substrate site" [4], one cycle repre- 
senting Na+-ATPase and the other Na+/K+-ATPasc .  
In this model biphasic substrate kinetics, describable as 
the sum of two Michaelis-Menten equations, requires 
the simultaneous operation of both cycles. Hence bi- 
phasic response to ATP at high K + concentrations "~ll 
only be possible if the affinity for K + as promoter of 
the transition between cycles is much less than that for 
activation of the K +-dependent cycle. 

Since the complexity of  the model makes it impracti- 
cal to derive its rate equation, we analyzed its predict- 
ions on the effects of substrate analogs by means of the 
simplified scheme of Fig. 4. We assumed that the analog 
is a dead-end inhibitor at E 1 and E:~K (Fig. 4). This 
allowed u¢ t,~ ;nc!ude its effects multiplying .~l zmd Jt i 

by ( I + ( [ A N ] / K A N i ) )  -1 and k_T and k 3 by (1 + 
([AN]/KAN2)) - I  were AN is [ f l ,7 -CHi]ATP and KAN I 
and KAN 2 are the dissociation constants of AN from E l 
and E2K, respectivel). This yielded the following equa- 
tion for the rate as a function of the concentrations of 
ATP and of the analog: 

i[ATP l + jlATP] 2 
u = (4) 

k 0 + Kt[AN}+(/0 +/i[AN])[ATP] + m [ATP] 2 

where i, j ,  k 0, k l, 10, It and m are functions of the 
rate constants. 

Eqn. 4 shows that at constant ATP, the activity will 
decrease continuously with the concentration of [fl,7- 
CH2]ATP strongly suggesting that models like tho.¢.e 
shown in Fig. 4 are unable to account for actEation by 
inert analogs of the substrate. 

EIAN 

" kIAtAN]~%, ~ 
El F-2(K)AN E1 

~-, \ N  ~2, ,.,,,% 
E2IK) El AlP E2IK} E1ATP 

E2P . E1P E2P ~., 
k3 kS 

Fig. 5. (A) The version of Moczydlowski and Fortes [23] of the Albers-Post model for the Na +/K÷-ATPase. The version a_~sumes the existence of a 
single site for the addition of ATP. For the sake of clarity the actions of cations were omitted. (B) A modif~catior of the same model inclu0mg the 

assumptions given in the text for the effects of a nor~-hydrolyzable analog of ATP. 
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(iv) The  suhs t ra te  as  act ivator:  the  A lbers-Pos t  m o d e l  
More recent versions of the model of Plesner et al. 

[5,6] uphold the bicyclic hypothesis but include the 
additional postulate that in the (Na + + K +) cycle the 
binding of ATP is necessary for the release of K ÷. in 
what regards substrate kinetics, this effect is analogous 
to that previously proposed for the Albers-Post model. 
The model explains biphasic substrate kinetics postulat- 
ing that ATP not only binds at its catalytic 3ite in l~ I, 
but also with much lower affinity to EaK accelerating 
the E2K --. E, + K + transition without undergoing hy- 
drolysis [2]. Kinetic studies cannot discriminate if the 
two effects of ATP are exerted at different sites [20,21] 
or at two states of the same site. Evidence in favour of 
the latter view has been provided by Moczydlowski and 
Fortes [22,23] who developed the reaction scheme shown 
in Fig. 5A. We incorporated the effects of analogs as 
[~8,3,-CH2]ATP into this scheme assuming that they 
bind to the same sites as ATP, being effective in accel- 
erating ~he E 2 K --, E~ transition but still acting as com- 
petitive inhibitors of the nucleotide at the catalytic site 
in Em (Fig. 5B). 

Inspection of Fig. 5B makes it likely that in the 
presence of an excess of analog the s,h~trate ¢urvc will 
approach a single hyperbola. To envision this, let us 
imagine that ATP is added to an incubation medium 
containing sufficient [AN] as to occupy all the sites for 
ATP in the enzyme. Since our premise is that the 
displacement of the analog by ATP from E 2 will have 
little effect, the ATPase activity elicited by ATP will 
result mainly from the replacement of the analog by 
ATP in E~. Under these conditions the curve of 
Na+/K+-ATPase vs. [ATP] wilt approach ~ single hy- 
perbola since it will chiefly reflect the occupation of the 
catalytic site by the nucleotide. 

Likewise, the scheme in Fig. 5B allows for activation 
by the analog. For this to be so, the rate through the 
new pathway for the E 2 --, E~ transition opened by the 
analog must be sufficiently high as to outweigh, for a 
given range of concentrations of ATP and of AN, the 
negative effects of competition between the analog and 
ATP at E~. 

To see if these predictions can be quantitatively 
accounted for, we derived the rate equation for the 
scheme in Fig. 5B assuming steady=state for the binding 
of ATP and rapid-equilibrium for the binding of the 
analog. The following expression was obtained: 

( a  + a 1 [ A N ] ) [ A T P ]  + b [ A T P !  2 
v = (5)  

c l A T P I 2 +  { d + d ! I A N ] ) [ A T P i  + e + e t [AN]  + e:~ [ A N  ]2 

where the meanings a, a], b, c, d. d t, e, e t and e 2 are 
given in Table I. 

Notice that if all the terms of the right-hand side 
were divided by e 2 then at constant [ATP] Eqn. 5 would 
become formally identical to the empirical Eqn. 3 we 

TABLE I 

The meaning of coefficients in Equation 5 

The values calculated replacing the coefficients into Eqn. 5 will be 
given in s - ' .  To express them as specific activities they have to be 
mt.Riplied by pmol  enzyme per mg protein. 

a =  k5 /~:" +I,_5 

a I = ~  + bmkT;  c = l + k , F +  k2 x ^~ ,  ~-~ ~ ~ ,  ~ ~ " 

d k - 6 + k :  k - s  k - i f  k T + k - s )  
k, ( l+k~r)+--C/( l+~'r)+  k, ~ ~ 

k.(k.+,2 k_.) +W -K +W 

k. 7 k +ksA + 

e= E( k~ + k. 5) 

e ! = ~ ( (  k~ + k_ sA )/KANI +( ksA + k_ 5 ) /KAN2)  

e 2 = E ( k ~__~ A + k - ,' ' ) 
KA~ KAN2 

[ k _ 6 + k , ( l +  k_ , k _ , k _ , ~  

l ] l( k_~) 
r=/~,+T,+~ ]+W 

k _ , A  k .. 2~ 
K̂ NL = ~ : A'^N2 = k:-----~ 

employed to fit the results in Fig. 3. This gives indirect 
suport to the consistency between the model in Fig. 5B 
and the experimental results. 

The use of rational expressions like Eqn. 5 in enzyme 
kinetics has been studied in detail by Ferdinand [24] 
who has given the conditions under which such expres- 
sions become hyperbolic. Applying these to Eqn. 5 the 
response to ATP would follow Michaelis-Mcnten kinet- 
ics only if: 

(a + a,[AN])~c + b:( e + el[AN ] + e 2 [ A N ]  2) 

- ( a  + a i [AN])b(d+ di [AN l) ~ 0 (6) 

Eqn~ 6 makes clear that in the absence of AN the 
only general way to obtain Michaelis-Menten kinetics is 
to consider that a = e = 0. This demands k 5 and k_ s to 
be lero (Table I). Hence in the Albers-Post model the 



T A B L E  I! 

Values of  rate ( k i t  and equilibrium ( K,~ lvt ) constants in the scheme of  Fig. 3 

Except  for K ^ ~  I, all valueg are given for room tempera tu re  ( 2 0 - 2 5 ° C ) .  The subscripts  within parenthesis  are the cat ions 
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prescnt in the media.  

Cons tan t  Value U nits Source Ref. 

k t l0 s- t.tAM- t Measured 25 
k_ 1 2 s- t Estimated as k 1Kst 19 
k 2 180 s - 1 Measured 26 
k 3 75 s - Measured 27 
k_ 2t 23 s - 1 Estimated 27 
ka~N.~ 2.5 s - 1 Measured 28 
k~Nt.K~ 233 s-  t Measured 26 
k~N.~ 54 s- ! Assumed equal to k 7 l 
k ~u,.Kt 0.26 s- l Measured 29 
k_~Na.K) 0.0026 s- l Assuming that with 130 mM Na ÷ and 

10 mM K + [EnI/[E2] -~ 100 
k 6 1.6 s- i. p M - l Estimated 29 
k_ 6 833 s-  1 Estimated 29 
k 7 54 s- I Measured 29 
k _  7 Estimated from k s, k_ s, k 6, k_~. k,. k_ I and 

0.00023 s- i  k 7 using the constraints of the cycle in Fig. 5A 
k 5A 54 s ~ 1 Assumed to be equal to k 7 

k-sA -i Estimated from ksA, k s, k_ s. KAN I and KAN 2 
00038 s using the constraints of the cycle in Fig. 5B 

KAN t 43.a ttM Equal to K, for Na + ATPase (legend to Fig. 1~ 
KAN 2 Taken  aS: ( g o 2 A N / K O S A T P ) / ( k _ 6 / k t ~ ) ,  where 

K0 s values were f rom Ref. 8 6250 p M  

A T P - i n d e p e n d e n t  E 2 - "  El  t rans i t ion  is ind i spensab le  
for  b iphas ic  subs t ra t e  kinetics.  

W h e n  [AN] tends  to inf in i ty ,  Eqn.  6 will t end  to: 

k s ^ - k ~  k 6+k  7 kT(k_~A+kT) 
- -  + = 0 (7) 

K^N2 2 k ,  k I KA ~l KAN2 

where  K^N ~ and  KAN 2 are the equ i l ib r ium cons t an t s  for 
the d i ssoc ia t ion  of  the ana log  f rom E I and  E 2, respec- 
tively. 

F_,qn. 7 shows tha t  when  [AN] tends  to in f in i ty  the 
sys tem will d i sp lay  Michae l i s -Men ten  kinet ics  if ksA 
were equal  to k~ a n d  if the second term ot  Eqn.  7 were 
zero. Fo r  the la t ter  cond i t ion  the a f f in i ty  of E t for A N  
mus t  tend to zero tha t  is KaN t must  t end  to inf in i ty  
( the  m a t h e m a t i c a l l y  equiva lent  case  of KAN 2 tend ing  to 
in f in i ty  is i r re levant  because  ksA would  not  exist). 
No t i ce  these cond i t ions  are self-evident  f rom the intui-  
t ive r eason ing  we m a d e  at  the b e g i n n i n g  of this sect ion 
s ince if [AN] were as effective as A T P  at  E 2 and  were 
no t  recognized by  E t, the kinet ic  effects of  A T P  added  
to an  enzyme  ful ly sa tura ted  with  A N  would  result  on ly  
f rom the occupa t ion  of  the  ca ta ly t ic  site in E I. 

Eqns.  6 and  7 d e m o n s t r a t e  tha t  in the scheme of Fig. 
5 the  subs t ra te  curve  will devia te  f rom Michae l i s -Men ten  
k inet ics  at zero a n d  non- l imi t ing  [AN]. This  feature  is 
i n d e p e n d e n t  of  the par t icu lar  values of the cons tan ts ,  it 
onl~ requires  k s > 0 (F_qn. 6) a n d  it is no t  submi t t ed  to 
the  uncer ta in t ies  m e n t i o n e d  in Mate r i a l s  and  Methods .  

U s i n g  the values  in  Tab le  II we can  calcula te  tha t  the 
le f t -hand  side of Eqn.  6 will be - 3  763 620 at zero a n d  

32.18 at non- l imi t ing  {AN]. No t  very d i f ferent  values for  
the upper  l imit are ob t a ined  when  ksA < k7 but  still 
large enough  as to give act ivat ion.  T a k i n g  due  accoun t  
of  the l imi ta t ions  of  these ca lcula t ions ,  these values 
indica te  that :  (i) the dev ia t ion  from Michae l i s -Menten-  
like behaviour  will be much  larger at zero [AN] than  
when IAN] tends to in f in i ty  and,  (ii) as the sign of the 
extremes is different ,  Eqn.  6 will be fulfi l led at an 
in te rme: l ia te  value of [AN] for which the subs t ra te  
curve will become  hyperbol ic .  

We checked the pred ic t ions  of  Eqn.  6 by  compu te r  
s imula t ions  of H a n e s - W o o l f  p lots  of  the act ivi ty  vs. 
[ATP] at var ious concen t r a t ions  of [ f l , y - C H 2 I A T P  (re- 
sults  r~ot shown).  At  low [AN] the plots  were no t iceab ly  
concaJe  do '~nward .  As [ A N |  increased the plots  first 
becon~.e l inear,  tha t  is hyperbol ic ,  and  then s l ight ly  
concave  upwards .  Hype rbo l i c  behav iour  was observed 
aroun 1 4 m M  [AN]. This  is close to the concen t r a t ion  
of  [fl, ? - C H 2 ] A T P  used in the exper iment  in Fig. 2. The  
devia t ion  f rom hyperbol ic  behaviour  a high [AN] was 
suff ici , 'nt ly small  as to make  it l ikely tha t  it would  be 
dif'.'-~ult to detect  exper imen ta l ly  due  to the expected  
er ror  of  the measurements .  

Ac t iva t ion  by  A N  would  take  place wi th in  the ranges  
of  [ATP] a n d  of  [AN] wi th in  which Eqn. 5 y ie lded  a 
higher  value than  the same equa t ion  bu t  wi th  JAN] = 0. 
Sub t rac t ing  f rom Eqn.  5 the same equa t ion  wi th  [AN] = 
0 this  can  be formal ly  expressed as: 

A[ATPI2+ B{ATP] + C > 0 (8) 
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where: 

A = a l e  - d ]b  (9) 

B -- a i d  - a d  I - be I - be 2 [AN] (1o) 

C = a l e -  ae I - ae~[AN] (11) 

and the coefficients in lower case are those of Eqn. 7 
and Table I. 

The concentration of the nucleotide at which, for a 
given vMue of [AN], activity would be equal as that in 
the absence of AN ([ATP]o) will be given by the roots 
of the left-hand side of expression (8) i.e.: 

[ATP]o = - B + ( B 2 - 4 A  C )  J / 2 / 2 A  (12) 

Eqn. 12 allows us to define three conditions: (i) if 
there are no real-positive roots there will be no activa- 
tion, (ii) if there is only one real-positive root activation 
will take place at all finite concentrations of ATP larger 
than [ATP]0 and (iii) if there are two real-positive roots 
activation will occur within the range defined by the 
two values of [ATP] o. Since as we will show in the 
Appendix, C and A are negative, two real-positive 
values of [ATP]0 will exist only if B is positive and large 
enough for B 2 > 4 A C .  

As B and C are linear decreasing functions of [AN] 
and C is always negative, activation will be not possible 
at sufficiently high [AN] or at sufficiently low [ATP]. 
This is intuitively obvious, since in both conditions 
competition between AN and ATP will predominate 
over activating effects. 

The predictions of Eqn. 8 are independent of the 
actual values of the constants and are not submitted to 
the uncertainties mentioned in Materials and Methods. 
They only require the fulfillment of the assumptions of 
the scheme in Fig. 5B. Notice that though in Table II 
we assumed that ks^ = k~, for a certain range of values 
of ks^ that are less than k 7 but larger than ks, B will 
remain positive, A will remain negative and activation 
will occur because B 2 will stay larger than 4 A C .  

The considerations of the preceding paragraphs ar¢ 
illustrated by the simulations in Fig. 6 in which the ratio 
between the calculated activity in the presence and in 
the absence of [~,y-CH2]ATP is plotted as function of 
the concentration [~,y-CH2]ATP for several concentra- 
tions of ATP. It can be seen that: (i) AN activates, (ii) 
activation requires a minimal  ATP concentration and 
disappears at higher concentrations of the nucleotide, 
(iii) relative activation is maximal  at very low ATP 
concentrations, (iv) in all cases activation is followed by 
a decline in activity, (v) as ATP concentration increases 
the activating and inhibitory phases of the curve and 
the position of the maximum are shifted to the right so 
that for a given range of [AN] its effect may appear as 
saturable as in the curve with 1 m M  ATP in Fig. 3. 

i f-- ~ | ! ........ i 

[AN] (mM) 

Fig. 6. SL,-nulations of the effect of [fl.y-CH2]ATP on Na+/K +- 
ATPase activity. The values were calculated using Eqn. 5 and repre- 
sented as the ratio between the calculated activity in the presence and 
in the absence of [fl, y-CH2]ATP as a function of the concentration of 
[fl, y-CH2]ATP at the indicated concentrations of ATP given at the 
right of the graph. The calculations were performed using the values 

in Table Ii assuming that k _  s ffi k _  7 ffi k _ s A  ffi 0. 

We have already mentioned that in our activation 
experiments we selected the concentrat ions of ATP with 
the idea of insuring that ATP would not be displaced by 
[fl, y-CH2]ATP from E I. The chosen concentrations 
were much higher than the surprisingly low ones required 
for maximal  activation in the simulations of Fig. 6. A 
likely reason for this is that we did not take into 
account that, as judged by the values of the ratios: 
K ^ N j ( k _ J k t )  and K A N 1 / ( k _ l / k l )  (Table II), the 
nucleotide site in E 1 appears to be 20-times more selec- 
tive for ATP relative to [ /Ly-CHz]ATP than that in E 2. 
This would insure effects of the analog at -'2 at low 
concentrations of ATP without significant displacement 
of the nucleotide from E~. 

The predicted requirements for ATP during activa- 
tion by [ /] ,y-CH2]ATP (Fig. 6) agree with the observa- 
tions by Suzuki et al. [11] who obtained a substantial ly 
largc~ activation than that reported in this paper  using 
the same preparation of the N a + / K + - A T P a s e  but  only 
2.7/~M ATP. This may indicate that the selectivity is 
mainta ined at 37 o C, a view which is also supported by  
the studies reported in this paper  on the affinity for 
[ / ] ,y-CHa]ATP as dead-end inhibitor  of the Na  +- 
ATPase. 

In spite of  the qualitative agreement between the 
experimental and the simulated results, the predicted 
value for the apparent  affinity for [jg, y-CH2]ATP as 
activator is smaller and the predicted value of the 
maximal  relative effect is larger than the experimentally 
observed ones both for the resu!ts in this paper (cf. Figs. 
3 and 6) and for those of Suzuki et al. [11]. As men-  
tioned under Materials and Methods the simulat ions 
were run using values for rate and equi l ibr ium constants 
measured at temperatures lower than 37 o C. It cannot  
be discarded that this is the cause of the discrepancies 
with the experimental results. In fact by  arbitrary mod- 
ifications of the values in Table  II it is possible achieve 
a much better quantitative agreement without loosing 



the predictions of the model in what regards the effects 
of [ f l , ¥ - C H 2 ]  ,TP on the shape of the substrate curve. 

The theoretical predictions in what regards the ef- 
fects of [fl, y-CH2]ATP on the shape of the substrate 
curve and on activation make it reasonable to conclude 
that among the current schemes of the N a + / K  +-ATPase, 
those which propose an activating effect of ATP are 
able to predict the observed interactions between ATP 
and [fl, y-CH2IATP during Na+/K+-ATPase activity. It 
must be stressed, however, that neither the experimental 
results nor the theoretical considerations in this paper 
allow to discard models in which the biphasic response 
to ATP and the effect of [~8,y-CH2]ATP are a conse- 
quence of the presence of two interacting active sites for 
the nucleotide. 

Appendix 

Activation by [~,y-CH2]ATP in the Albers-Post model 
17~e coefficients of Eqn. 12: Using Table I and Eqns. 

9-11 these can be expressed as: 

A k _ 6 / k 6 ( l +  k7 k _ l / k  i [k72X/_ k_sA X 
, . . .  t )t '+  

(13) 

which shows that A will be negative if ksA _.< k 7. 

B k~6+kT[ k-6+kTkSA-ks kT( kSA k s )  
I,, t -k-, x--.-.; k, r,, ,~, x,,,~, 

k,[k-,+k2 k-7 ][ (ks k_s ) 
k2 kl + kl(l + kv/k~6) 2 ~ + ~ 

]] (14) 

The positive factor (kTks)/(kzgANl) in the second 
term is canceled out by the same factor in the third 
term. Hence last two terms of Eqn. 14 will be negative 
and for B to be positive ksA must be larger than k s and 
the first term of the equation must be greater than the 
sum of the absolute values of the others. However, since 
the third term of Eqn. 14 is a linear function of [AN], 
this can only hold below a given value of [AN]. 

The value of C at zero [AN] (Co) will be: 

Co - (  ks k_ 5 ~[k 6+k7 k_sk7 
--_ ~ + - - -  k s+  ), KANt KAN2 ] X : k6 

(15) 

Since C is a decreasing function of [AN] (Eqn. 11), 
its maximal value will be C o so that C will be always 
negative. 
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As A and C are negative their product will be 
positive, this can be written for the case ks,~ , = k7 as: 

AC--- _~?) k_,,,_, ] 
-~2 ] ~ ] 1 ~  k,k,k2 J 

×~ k, ks +----i~ ] 

k 5 k_ 5 ksA 4- k_5 A ) 
06) 

It is convenient to consider Eqn. 16 as a linear function 
of [AN] with positive intercept and slope multiplied by 
a factor which includes A. 

Conditions that favour activation. We have established 
that A and C are negative. This justifies the statement 
in Discussion that activation by an analog requ|res B to 
be positive and large enough for B 2 > 4 AC. Except for 
the requirement about the relative values of k s, ksA and 
k 7, this is independent of the values of rate and equi- 
librium constants and therefore free of the restrictions 
given in Material and Methods. 

It is evident that activation will be favoured by large 
,:aiue~ ~f B and small absolute values of A C. In what 
follows we will show that the conditions that help this 
are those which assist the displacement of ATP by the 
analog in E 2, were it is effective, and/or  the displace- 
ment of the analog by ATP from E~ were it is ineffec- 
tive, i.e.: 

(a) A large affinity for ATP compared to that for the 
analog in E I. If this were so ( k  i/kl)/K~,N~ would be 
small. A decrease in this ratio will increase B and 
decrease AC (eqns. 14 and 16). The high selectivity for 
ATP of E~ at 37°C is supported by the results in this 
paper on the affinity of [fl,y-CH2]ATP as dead-end 
ie.hibitor of the Na+-ATPase. 

(b) A large value of k 2 with respect to k 7. This will 
drive the steady-state level of ElATP below its equi- 
librium value providing a kinetic mechanism for promo- 
ting the release of analog and the binding of ATP at E z. 
When the ratio: k~/k  2 decreases B raises and the 
product AC decreases (Eqns. 14 and 16). 

(c) A large value of the ratio ( k 6 / k 6 ) / K ^ m .  This 
measures the relative affinities for ATP and for the 
analog of E 2. The larg : the ratio the easier the dis- 
placement of ATP from E 2. An increase in its value will 
increase B (Eqn. 14). 

(d) A large value of the term 1 + (k~/k_6). This 
term measures the increase in the apparent dissociation 
constant for ATP caused by the non-equilibrium bind- 
ing of the nucleotide to E 2. An increase in its value will 
increase B (Eqn. 14). 

(e) Small values of k SA' This implies that the equi- 
librium concentration of E~ AN is high respect to that of 
E2AN favouring the accumulation of the species from 
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which the analog must be replaced by ATP. Low values 
of k_~A increase B and decrease A C  (Eqn. 14 and F_gin. 
16). 

Notice that conditions (a) to (e) are independent of 
the uncertainties about the actual values of rate and 
equilibrium constants. In addition is is interesting to 
point out that if all these conditions were fulfilled to the 
limit then AN would be as effective as ATP at E2 and 
ineffective at E~. Hence the condition for optimal 
activation is analogous as that required to obtain 
Michaelis-Menten behavior at [AN] tending to infinite 
(see comments to Eqn. 7). 
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