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phosphorylation kinetics of the Na+,K+-ATPase 

M a r t a  C a m p o s  a n d  L u i s  B e a u g ~  

Dirisi6n de Bioffsica, Instituto de lm*estigacidn M~dica M. y M. Ferreyra. CSrdoba (Argentina) 

(Received 8 April 199t) 
(Revised manuscript received 15 August 1991) 

Key words: ATPase, Na+/K+-; Magnesium ion: ATP:,Substrate; Pre-steady-state kine~.ics; Phosphoulation; (Pig kidney) 

The aim of the present work s~as to elucidate the role pla~ed by ATP and Mg 2+ ions in the early steps .ff the Na+,K +-ATPase 
cycle. The approach was to follow pre-steady-state phosphorylation kinetics in Na +-containing K+-frce solutions under variable 
ATP and MgCI 2 concentrations. The experiments were performed with a rapid mixing apparatus at 20 5: 2°C. The concentrations 
of free and complexes species of Mg 2+ and ATP were calculated on the basis of a dissociation constant of 0.091 + 0.004 raM, 
estimated with Arsenazo lll under identical conditions. A simplified scheme were ATP binds to the ENa enzyme, which ix 
phosphorylated to MgEPNa and consequently dcl~hosphurylated returning to the ENa form, was used. In the absence of ADP 
and phosphate four rate constants are relevant: k! and k_ t, the on and off rate constants for ATP binding; k2, the 
transphosphorylation rate constant and k 3, the constant that governs the depbosphorylation rate. The values obtained were: 
kt ffi 0.025 + 0.003 t tM-  i ms- 1 for both free ATP and ATPMg; k_ t = 0.038 + 0.004 ms- ~ for free ATP and 0.009 + 0.002 ms- t 
for ATPMg; k 2 ffi 0.199 4- 0.005 ms- 1; k3 ffi 0.0019 4- 0.0002 ms- i. The model that seems best to explain the data is one where (i) 
the role of true substrate can be played equally well by free ATP or ATPMg, and (ii) free Mg 2+, an essential activator acts by 
binding to a specific Mg 2+ site on the enzyme mn.~eculc. 

Introduction 

Magnesium ion acts as an essential activator of  the 
Na+,K+-ATPase enzyme [1]. This is the case for the 
overall cycle of ATP hydrolysis as well as for partial 
reactions that involve the formation of a phosphoen- 
zyme. The optimal free [Mg 2+] depends on the reac- 
tion being considered: in the micromolar range for 
ATPase activity [2], enzyme pbosphorylation from ATP 
[3] and  A T P - A D P  exchange [4-6] and in the millimo- 
lar range for phosphatase activity [7] and phosphoryla- 
tion by inorganic phosphate (Ref. 8; Campos and 
Beaug6, unpublished). In addition, when enzyme phos- 
phorylation takes place in the presence of radioactive 
Mg 2+ analogues (S4Mn2+ or  e°C02+) an extremely 
stable Mg 2+ analogue-enzyme-phosphate complex is 
formed. This has been found both for (Na++  ATP)- 
[9,10] and for phosphate-dependent  E-P formation 
(Ref. 10; Campos and Beaug6, unpublished). The 
MnEP complex from ATP is generated both in the E I 
and E 2 configuration [9]; in addition, Mn 2+ remains 
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tightly bound as long as the e n z ~ e  stays phospho- 
rylated [9]. Magnesium forms a complex with ATP, 
which at 20°C has a dissociation constant of 0.091 mM 
(this work); this weans  that for all practical purposes a 
mixture of free Mg 2 - ,  free ATP and Mg-ATP complex 
wil I exist at  the [Mg 2+ ] and [ATP] normally used. This 
is the main reason why the relationships between these 
three species w'~th Na+,K+-ATPase remained unde- 
fined and there is no agreement  about what ATP form 
is the real substrate for the reaction [2,3,5,11-15]. On  
the basis of  physical evidences a single Mg 2+ binding 
site has been recognized in the enzyme [i6]. On  the 
other  hand, Mg 2+ affects conformational changes that  
are not associated with phesphotTlation and is in- 
hibitor of  several total and partial reactions [8,17]; 
these effects could take place at  more than one Mg 2+ 
site per  enzyme molecule or a single site provided its 
affinity towards Mg 2+ changes during the reaction 
cycle [17-21]. Experiments with Mg 2÷ analogues [9,10] 
indicate that  during ATP phosphoula t ion their binding 
is: (i) with high affinity, (ii) very likely on a single site, 
and (iii) with a Mg 2+ analogue-inorganic phosphate 
stoichiometry of one to one. However, whether  the 
Mg 2+ tightly bound to EP comes from the free Mg 2+ 
or  the Mg-ATP complex remains an open question. 
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This work was aimed to find an answer, or at least to 
shed light on, two points: (i) what ATP species is the 
real substrate, and (ii) which ir ,e role of free Mg 2+ 
ions. To that purpose we followed pre-steady-state 
kinetics of the Na+-dependeilt E-P formation irom 
ATP. The idea was to determine the relative impor- 
tance of the following alternative pathways: 

E , MgE , MgEATP ~ EP (i) 

E ~ MgE ~ MgEATPMg ~ EP (ia) 

E , EATP , MgEATP ~ EP (ii) 

E ~ EATPMg ~ MgEATPMg ~ EP (iia) 

E , EATPMg ~ EP (iii) 

The distinction between (i)-(ia) and (ii)-(iia) is given 
by the order of ATP (or ATPMg) and Mg 2+ binding; 
that between (i) and (ia), or (ii) and (iia), is the ATP 
species (free ATP or ATPMg) that is the true sub- 
strate, in (iii) the true substrate is ATPMg while free 
Mg 2+ does not bind to the enzyme. The results are 
consistent with an scheme where both free ATP and 
Mg-ATP can act as substrates whereas Mg 2+ is an 
essential activator that gets into the enzyme indepen- 
dently of ATP; i.e. path (iii) is excluded. The order of 
ligand biading cannot be asserted from this work. 

Methods 

Pig kidney Na+,K+-ATPase was partially purified 
according to Jergensen [22]; the specific activity was 
15-20 units /rag and remained stable for months when 
stored at -85°(2 (3-5 mg protein/ml)  in 25 mM imida- 
zole (pH (20°C) 7.5)/2 mM EDTA/10% sucrose. Im- 
mediately before use, and in order to remove any 
tightly bound Mg 2+, the enzyme was washed five times 
(1 : 10, v /v )  and resuspended in a solution containing 
100 mM NaCI/10 mM imidazole without sucrose and 
EDTA. 

ATPase activity was assayed as in Ref. 23 following 
the release of [32pIP i from [7-32p]ATP labelled accord- 
ing to Glynn and Chappell [24] with modifications [25]. 
Protein was determined by the method of Lowry et al. 
[261. 

Pre-steady-state phosphorylations were carried out 
with an Intermekron DSM 3-SF Rapid Mixing appara- 
tus (Uppsala, Sweden) [27] where the tangential mixers 
were substituted with Berger Ball Mixers [28] kindly 
provided by Dr. J. Froehlich. Two syringes and one 
chember, three ~,yringes and two chambers or four 
syringes and three chambers were used; the volume in 
each syringe was 1 ml. Syringe 1 (which always con- 
tained the enzyme) and syringe 2 were connected to 
chamber 1; the output of that chamber went into the 
stopping solution or was mixed in chamber 2 with the 

content of syringe 3; the mixture from chamber 2 went 
into the stopping solution or was mixed, in chamber 3, 
with the content of syringe 4 before tbe reaction was 
halted. The equilibration time of Na+,K+-ATPase and 
the ligands present in syringe l was 2 min. Tempera- 
ture was 20-22°C. The stopping solution ,-omprised 
ice-cold 12% perchloric a c i d / l  mM ATP/10  mM inor- 
ganic phosphate. The denatured protein was collected 
on Whatman G F / F  filters, washed with 5% trichloro- 
acetic acid/10 mM inorganic phosphate and counted 
in a liquid scintillation counter, lmidazole (70 mM and 
pH 7.4 at 20°C~ was always present. Othe~ experimen- 
tal details and solutions are described in the text and 
figure and table legends. The steady-state levels of 
phosphocnzyme were estimated in each condition in 
which rates of phosphorylation were measured. To this 
end, the final reaction mixture was introduced into an 
en:pty tube where the stopping solution was added 
after 0.5 to 3 s . .  

The numbe." of phosphorylating sites in the enzyme 
was determined on the basis of the E-P formed after 10 
rain incubation at 37°C in the presence of 1 mM 
[32p]phosphate and ! mM ouabain (total volume of 0.1 
ml). The stopping solution consisted of 1.0 ml of 12% 
perchloric acid/50 mM inorganic phosphate/10% 
polyphosphate/10 mM pyrophosphate; the collection 
of the denatured protein and radioactivity counting 
were performed as indicated above. Enzyme heat de- 
natured prior to phosphorylation was used as blank. 
The phosphorylating sites ranged from 1.7 to 2.1 
nmol /mg protein. These estimation were performed in 
each experiment, and the values used in the kinetic 
calculations. 

All solutions were made with de-ionized bidistilled 
water. NaCI and KCI were of spectrometric grade; the 
other chemicals were of reagent grade. Ouabain and 
imidazole were from Sigma, Chemical Co., USA. 
Vanadium-free ATP was from Boehringer Mannheim, 
USA. Inorganic [32p]phosphate was purchased from 
the Comisi6n Nacional de Energla At6mica of Ar- 
gentina. 

Radioactivity assays were performed in a Beckman 
liquid scintillation counter using a toluene based scin- 
tillator; counting times were long enough to obtain 
standard errors of about one percent. Curve fitting was 
performed with the Scop non-linear regression com- 
puter program (National Biomedical Simulation Re- 
source, Durham, NC, USA). 

Results 

Magnesium ions form a complex with A T E  Using 
the Arsenazo 111 indicator [29] we obtained, under the 
conditions of our experiments, a ATPMg dissociation 
constant of 0.091 + 0.004 mM (not shown). This K d 
confirms that, at the MgCI 2 '~and ATP concentrations 
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Fig. I. Pro-steady-state phosphorylation from ATP of Na~.K *- 
ATPnse in Ihe ENa form. This experiment was designed to test for 
symmetry belween MgCI 2 and ATP. Aliquots of 50 /~g enz~'me. 
equilibrated in syringe 1 with 100 mM NaCI and 100 /~M (open 
symbols) or 10 .aM (filled symbols) MBCI2, were mixed with a final 
concentration of 10/J.M (open symbols) or 100/.tM (filled symbols) 
of [y-32plATP coming from syringe 2; the phosphorylanon reaction 
was stopped at different times with an acid solution. Note: ti) the 
same free Mg 2+ was present during equilibration and phosphoryla° 
tion reactions; (ii) 100 mM NaCI and 70 ram imidazole (pH 7.4 at 
20°C) were present all throughout. (iii) the volume ~n each syringe 
was I ml. Temperature was 20+2~C. The lines through the points 
are the best fit to the equation resulting from the oversimplified 
reaction E ~ EP; this fit gave a value of 0.080=[:0.003 ms-i (open 
symbols) and 0.011 + 0.001 ms - i (filled symbols) for the forward rate 

constant ( k f). For more details ~e  text and Methods. 

used h¢re,  three  species coexist: free Mg 2+, free A T P  
and A T P M g .  

in the  general  case of  an  essential act ivator and a 
substrate that  form a complex,  there  are  several possi- 
ble mechan i sms  for activation [30]. The  simplest is one  
in which the t rue substrate is the activator-substrate 
complex while the enzyme does not  bind e i ther  o f  the  
free ligands. This  case can be easily checked,  for it has 
the proper ty  o f  symmetry  be tween ligands; i.e. the 
same activity o r  ra te  is obta ined when  the  ratio activa- 
t o r / subs t r a t e  is, let us say, A o r  I / A .  We tested this 
hypothesis in exper iments  like that  described in Fig. 1 
and summar ized  in Table  I. Two  syringes and one  
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mixing chambe r  were  used; the enzyme,  pre-equi-  
l ibrated with 100 m M  NaCI and variable [MgCI2], was 
mixed with also variable concentrat ions of  [3,-32P]ATP 
coming from syringe 2 and the phosphorylation reac- 
tion s topped at different times. An important  feature,  
which will become relevant in lat ter  analysis, is tha.* the  
da ta  points could be acceptably fitted to an equation 
resulting from the simple relationship E ,~ EP. In *.his 
scheme we have: (i) the overall pseudo-first o rder  rate 
constant  for EP formaiion (kf) ,  which includes several 
steps, minimally the reactions comprising A T P  binding 
and phosphorylation [3,31,32], (it) the steady-state val- 
ues  o f  EP (which were  experimentally dctermined) ,  
and  (iii) the rate constant  for EP  dissociation (k3 given 
below), es t imated from the rate of  EP breakdown. 

The  pseudo-first  o rde r  rate constants,  depicted in 
rows 2 and 3 o f  Table  1, were  0.079 _+ 0.005 m s -  i for 
10 p,M A T P / 1 0 0  p.M MgCI 2 and 0 .012±0 .002  ms - I  
for 100/~M A T P / 1 0 / ~ M  MgC12. As  in both instances 
the [ATPMg] was the same,  A T P M g  cannot  be the true 
substrate and the only ligand interacting with the en-  
zyme (reaction (iii) in Introduction).  

The re  are  o the r  per t inent  da ta  in Table  i: Ca) a 50% 
drop  in [ A T P M g ] / | f r e e  ATP]  ratio or  [free Mg 2÷] 
coexists with a similar d rop  in t~e rate  of  phosphoryla- 
tion, a l though [ATPMg] increases 5-fold Crows 1 and  
3); (b) an  8-fold increase in [ATPMg] with a 40% 
reduct ion in [free Mg2+] and [ATPMg] / [ f ree  ATP]  
ratio does no  affect the  phosphorylation rate ( r o ,~  2 
and 4). These  results cannot  differentiate be tween the 
remaining alternatives: (i) A T P M g  is the only sub- 
strate;  free A T P  acts as  competi t ive inhibitor or  free 
A T P  is ineffective but  there  is a st imulation by Mg 2+ 
ions; (ii) free o r  total A T P  i s / a r e  the subs t r a t e / s  while 
Mg 2+ acts on specific sites on the enzyme.  The  experi- 
ments  that  follow we designed to look into these possi- 
bilities. 

In o rder  to obtain more  meaningful  quanti tat ive 
information,  we looked into a minimal  kinetic model  
that  could satisfactory describe our  pre-steady-state 

TABLE I 

Ol,erall rate constant for phosphorylation from ATP (k f)  of Na +,K +-ATPase in the presence of different coneent~tions of ATP and MgCI 2 

The general experimental procedure is explained in the legend to Fig. I and in the tex[. The concentrations of free Mg 2+, free ATP and the 
ATPMg complex were estimated on the basis of a ATPMg dissociation constant of 0.091 raM. The overall rate constants for phnsphorylalion 
were calculated fittin~ the data points to a growing single-exponential function. The total number of phosphotylating sites ,,,,ere taken as the 
amount of ['2P]phosphate incorporated after incubating the enzyme in media containing I mM [32p]phosphate and I raM ouabain. See text for 
more details, All values are means+S.D. 

ATP MgCI 2 Mg 2 + free ATP ATPMg A'rPMg k r 
(.aM) (.aM) (.aM) (.aM) (~M) free ATP (ms-i) 

ratio 

I l) 1O 9, l 9. I 0.9 L ~. 1O 0,023 4- 0.002 
I 0 100 94.9 4.9 5. I 1.02 0,079 + 0.00S 

100 10 4.9 94.9 5. I 0.05 0.012 :L 0.002 
100 100 60.4 60.4 39.6 0.66 0.085 :t: 0.i306 
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phosphorylation. We decided to use a model simpler 
than that put  forward by Froehlich et al. [33] and 
Hobbs et al. [34], such as: 

k, ~ k, 
E + ATP ~ E.ATP EP E~ (I)  

k_, 

where 
k t ~ the on rate constant for  A T P  binding, 
k_  l is the o f f  rate constant for  A T P  binding, 
k 2 is a rate constant that  includes all steps involved 

in EP formation (possible conformational changes prior 
to phosphorylation, etc.), 

k3 is the rate constant for EP breakdown. 
We included only EP (total acid-stable EP), which is 
what we measured, without distinguishing between El P 
and EeP. The rationale for using k 3 is that under  
these conditions most of the phosphoenzyme is rapidly 
converted into E_,P [35]. The E2 -E  t transition was 
ignored, for it is relatively fast and not rate-limiting in 
the absence of K + ions (see Ref.36). The constants for 
the reverse leactions, k_ 2 and k_ 3, were also ignored 
since the expected ADP and phosphate concentrations 
[ollowing AI  P hydrolysis are too low to reverse those 
parts of the ojcle [5,21]. Eqn. 1 was used in data fitting 
when free ATP, ATPMg or both were considered 
substrates. When ATPMg (or free ATP) was taken as 
true substrate ar.d free ATP (or ATPMg) as a eompeti- 
~i-~c inllibit~r, the interactions between cnz~me and all 
ATP species were included. 

The resulting simultaneous differential equations, 
both for simulation and fitting of the data,  were solved 
numerically with the Scop program. In order  to reduce 
the number of unknown rate constants, k_ 1 and k 3 
were independently estimated. 

Two different k_t  were determined. One for free 
ATP and one for ATPMg. The experimental design 
depended on which one was considered, although both 
protocols had the enzyme preincubated with ATP in 
the absence or presence of MgCI2. In introductory 
experimen"s we estimated the phosphorylation rate 
constants in both instances; the vSlues, 0.256 ms - t  in 
the abser~ce of Mg -'+ and 0.218 ms -I  in the presence 
of 1 mM Mg 2+. ate high enough to assure a reliable 
esJmation of k._ ~. 

In the case of free ATP the protocol shown in 
Scheme I was used. Four syringes and three mixing 
chamber were required. In the first experiments 100 
mM NaCl and 70 mM imidazole were present all 
throughout.  We later found that in Mg2+-containing 
Na+-free solutions (k_ I for ATPMg) imidazole acti- 
vated some pbosphorylation from ATP; this was low 
and amounted to no more than 4% in steady state. 
However in view of that  result we repeated the estima- 
tions of k_ j using Tris-HCl instead. The values for 
k_t  were practically the same, but the results in Tris 
are reported here. The experimental details are given 
in the legend to Fig. 2, The equation for this approach 
is a linear decay of the logarithm of the acid-stable 
[EP] as a function of the variable time elapsed between 
the addition of unlabelled ATP and excess MgCI v The 
absolute value of slope gives k_ v The figure was 
0 .038+0 .004  ms - I  ( n = 3 ) .  In the absence of Mg 2+ 
and with CDTA no ATP hydrolysis is observed. Under  
these conditions k_ i can also be estimated using three 
syringes and two mixing chambers (the enzyme and 
[y-'L'P]ATP are pre-equilibrated in the presence of  0.1 
mM CDTA). We performed some of these experiments 
and the values of k_ j were identical to those seen with 
four syringes (0.035 + 0.003 ms- l ) .  

For ATPMg the protocol shown in Scheme !I was 
used. As before, four syringes and three mixing cham- 
ber were employed. Tris-HCl (70 raM) wa~ included in 
all solutions but 400 mM NaCI (100 mM final concen- 
tration) was only in syringe 4. The constant k_ I was 
gotten from the linear decay of the logarithm of the 
acid-stable [EP] as a function of the variable time 
elapsed between the addition of unlabelled ATP and 
NaCi; that  value was 0.009 + 0.002 ms-~ (n = 3) (see 
Fig. 2). 

For k 3, the experimental design, using three sy- 
ringes and two mixing chambers, shown in Scheme Ill  
was used. The details are given in the legend to Fig. 3, 
taat  illus:rates one of these experiments. The figure is 
a semilogarithmic plot of the acid stable [EP] as a 
function of the time elapse between the addition of 
ATP (or CDTA) and the stopping solution. From the 
slop of the straight line a value of 0.0019 + 0.0002 
ms - j  (n = 3) was obtained. No differences were found 
when phosphorylation was stopped with ATP or CDTA 

2{XI #M ATP* 15 mM unlabelled ATP 15 mM unlabelled ATP 
0.1 mM CDTA 0.1 mM CD'IA 23 mM MgCI, 

fixed time 

(30 ms) 
fixed time 

(20 ms) 

E+ 
0.1 mM CDTA 

E'ATP* E.ATP* 

Scheme 1 

acid-stable 
EP* 



200 p,M ATP* 15 mM unlabelled ATP 5 mM unlabeUed ATP 
2.2 mM MgCI 2 15 mM MgCI 2 5.6 mM MgCl: 

400 mM NaCI 

fixed time variable lime fixed lime 
(30 ms) (20 ms) 

E +  

0.1 ,nM CDTA 
EATP * Mg EATP * Mg EP * acid- ;lable 

EP* 

Scheme II 

(see Fig. 3) nor was k 3 affected when 1000 p.M instead 
of 10 p.M free Mg 2+ were present (not shown). 

Once the two k_ l and k3 had been estimated, the 
fit of the experimental data to Eqn. 1 contained three 
unknowns; these were reduced to two, k I and k2, for 
the total number of phosphorylating sites was esti- 
mated separately on the basis of the E-P formation 
from [3ZP]phosphate in the presence of ouabain (see 
Methods). 

The next group of experiments was aimed to deter- 
mine the remaining unknown constants (k I and k2), 
varying total [ATP] while ionized [Mg 2+] remained 
fixed at about 1000 /zM. Eight ATP concentrations 
were chosen: 0.75 p-M, 1.5 p.M, 3 p-M, 5 p.M, 10 p.M, 
25 p-M, 50 p-M and 100 p-M; under these conditions 
most of the nueleotide existed as ATPMg complex. 
Introductory experiments had indicated that with 100 
p-M ATP and 1000 P-M free Mg 2+ the overall 
phosphorylation rate was saturated. Therefore, the 
time-dependent EP formations with the eight ATP 
concentrations were simultaneously fitted to Eqn. 1 
assuming that k I and k 2 were constant; that gave two 
fitting parameters for about 80 data points. For the 
sake of clarity, only five of the resulting curves are 
illustrated in Fig. 4. The fit was very good (standard 
error oi" fitting of 0.06); this is important considering 
that [ATP] vailed over more than 100-fold. The values 
of k I and k 2 were 0.025±0.003 p.M-~ms -I  and 
0.196 ± 0.007 m s - i  respectively. When we intended to 
fit these data to a simplified model as in Fig. i and 
Table 1 (E ~-EP)  we found it clearly unacceptable 
(fitting error of 0.6 against the 0.06 seen above) (not 
shown); this indicates that the oversimplified scheme 

20 p. M ATP * 

+ MgCI2 

cannot account for the kinetics under these conditions. 
If Mg 2+ ions stimulate the rate of phosphorylation 

by an action different from, or in addition to, the 
formation of the ATPMg complex, that should be 
reflected in the value of k 2 of Eqn. 1. That was 
investigated measuring the pre-steady-s'.ate rate of EP 
formation at constant total [ATP] (10 p-M) in enzyme 
equilibrated with variable [Mg 2+ ] (1.9 p.M, 4.7 p.M, 9.1 
/zM, 13 p.M, 23 p-M, 47 #M, 190 p-M and 990 p.M). 
Again, the multiple data sets were simultaneously fit- 
ted to the corresponding equation. The value of k3 
was the same of before, whereas that of k I w a s  t h e  
mean 0.025 p . M - I m s  - l  obtained above. The total 
number of phosphorylating sites tvas determined as 
indicated. The assumption made (see Discussion for 
alternatives) was that both free ATP and ATPMg 
served as substra;.e. The two values chosen for k_ l, 
0.034 m s - t  and 0.006 ms- i ,  had no influenced on the 
computed k z. T h e  data points as well as the fitted 
curves of five different [Mg 2+ ] are illustrated in Fig. 5. 
On the other hand, Fig. 6 is a plot of the val,.,es og k z 
as a .function of the logarithm of the Mg 2+ concentra- 
tion. The line through the points in Fig. 6 represents 
the best fit to an hyperbolic function with a Kra of 
3 8 + 3 / z M  [Mg z+] and a k2m~ of 0.199 + 0.005 ms -I .  
Under these conditions, the kinetic Kr~ is a complex 
function of several constants, including that for Mg ~+ 
dissociation. 

Discussion 

Early data on steady-state kinetics [2-4,11-15] has 
failed to solve the problem of the relative roles of 

3 mM unlabelled ATP STOP 
or 10 mM CDTA 
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+ MgClz 

fixed time 
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EP" 
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Fig. 2. Experiments designed to estimate the value of the off rate 
constant (k_ I) for fi'ee ATP binding to the NaE and for ATPMg 
binding to the E form of Na+,K+-ATPase. (a) Free ATP (open 
circles): Allquots of 5It / tg enzyme equilibrated with 100 mM NaCI, 
buffer and 0.1 mM CDTA (syringe 1) were mixed, in chamber 1, with 
200 #M [y-32F]ATF and 0.1 mM CDTA (syringe 2); after "~(t m~. this 
suspension was mixed, in chamber 2. with the contents of  syringe 3 
115 mM unlabelled ATP and 0.1 mM CDTA); after variable times 
the effluent of chamber 2 was m':xed, in chamber 3, with 5 mM 
unlabelled ATF and 22.~ mM MgCI z (final free [Mg 2+ ] about I 
raM). The phosphorylation reaction was stopped at a fixed time of 20 
ms. The volume of each syringe was I nil and all contained 100 mM 
NaCI and 70 mM Tris-HCI (pH 7.4 at 20"C). Temperature was 
20-/-2°C. Note that the semilogarithmic plot of acid-stable phospho- 
enzyme as a function of the variablz time between addition of 
unlabelled ATP and MgCI 2 gives a straight line with a negative 
slope. Three different experiments gave a value for k_ t of 0.038:!: 
0.004 ms- i .  (b) ATPMg (filled circles): Aliquots of 50 p.g enzyme 
equilibrated with buffer and no .q)dium (syringe 1) were mixed, in 
chamber l,  with 200 #M [3,-3z P]ATP and 2.2 mM MgCI, (syringe 2); 
after 30 ms this suspension was mixed, in chamber'2, with the 
contents of syringe 3 (15 mM unlabelled ATP and 15 mM MgCI2); 
after variable times the effluent of chamber 2 was mixed, in chamber 
3, with 5 mM unlabelled ATP. 5.6 mM MgCI, (final free [Mg 2+ ] of 
about 1 raM) and 4110 mM NaCI (final concentration 100 raM). The 
pbostJhorylation reaction was ~.topped at a fixed time of 20 ms. The 
volume of each syringe was I ml attd ~11 contained 70 mM Tris-ttCl 
(p~ 7.4 at 20"C). Temperature was 205:2°C. NaCI was present only 
during the phosphorylation reaction. Note that the semilot.arithmic 
plot of acid-stable phosphoenz3'me as a function of the variable time 
between addition of unlabelled ATP and NaCI gives a straight t 'le 
with a negative slope. Three different experiments gave a value for 

k _ t of 0.(X)9 5:0.002 ms - z. See text for more details. 

M g  2+ a n d  A T P  in t h e  N a 4 , K + - A T P a s e .  S p e c i a l l y  i l lus-  

t r a t i ve  is t h e  t h o r o u g h  w o r k  o f  S k o u  [15].  H e  f o u n d  

s t i m u l a t i o n  o f  t h e  N a + , K + - A T P a s e  ac t iv i ty  by  low 
[ M g  2+] r e l a t i v e  to  t h a t  o f  t o t a l  A T P  f o l l o w e d  by a 
s h a r p  i n h i b i t i o n  a t  h i g h e r  [ M g 2 + ] ;  i n h i b i t i o n  w a s  a l so  

100 ~ a 

90 [ " "O~ ,o  

~, , , 0 

o so loo I~o 

Time Ires) 
Fig. 3. Independent dete;'min~tion of the rate constant for the 
breakdown, in Na+-conlaining I<'+-free media, of EP formed from 
ATP tk.0. Three syringes and two mixing chambers were used. 
Aliquots of 50/~g enzyme, equilibrated in syringe I with 10 ttM or 
ItllXl /zM MgCI, were mixed in chamber 1 with the contents of 
syringe 2 (2()/xM'['y-32P]ATP and 10 p,M or 1000/.tM free Mg; after 
about iP, O ms the pbosphorylation reaction was halted by mixing the 
suspension in chamber 2 with final concentrations of 1 mM ATF 
(filled circles) or 3 mM CDTA (crosses) coming from syringe 3. The 
dephosphorylation reaction was stopped at varlablc times up to 
about 150 ms. The volume of each syringe was I ml and all contained 
100 mM NaCI and 70 mM imidazole (pH 7.4 at 20°C). Temperature 
was 2ll+2°C. The EP levels at t = 0  dephosphorylation were ob- 
tained including the acid stopping solution in syringe 3. The figure is 
a semilogarithmic plot of the acid-stable EP as a function of the time 
elapse between the addition of ATP (or CDTA) and the stopping 
solution. From the slope of the straight line a value of 0.0019 + 0.0002 
ms- i (n = 3) was estimated. No difference was found when phospho- 
rylation was stopped with ATP or CDTA; moreover the same k~ was 
obtained in the presence of 10/zM or 1000 btM free [Mg2+]. See 

text and Methods for other details. 
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Fig. 4. Effect of variable total ATP concentration, at constant 1000 
t~M free |Mg2+], on the pre-steady-state phosphorylation of 
Na+.K+-ATPase. The [ATP] illustrated in the figure are 100 .u.M 
(titled circles), 10 p.M (open circles). 3 ,u.M (filled squares), 1.5 p.M 
(open squares) and 0.75/zM trilled triangles). Free [Mg 2÷ ] was kept 
constant at about 1000 /~M. The lines through the data points 
correspond to eight different [ATP] simultaneously fitted to Eqn. I 
using the values of k_ t (for ATPMg) and k 3 obtained from experi- 
mepts like those i]lustrated in Figs. 2 and 3. The estimates of the 
fitting parameters were 0.025:1:0.003 p.M - i ms- t for k I and 0.196:t: 
0.007 ms- t  for k 2. Note: In addition to the ligands indicated above 
all solutions contained i00 mM NaCI aml 70 mM tmidazole (pH 7.4 

at 200C). For more detaiIs see text. 
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Fig. 5. Effect of variable free MB ~+ concentrations, at constant 10 
/J.M total [ATP], on the pre-steady state phosphorylation of 
Na+,K+-ATPase equilibrated with variable ionized Mg 2 + concentra- 
tions. The [Mg 2+] illustrated in the figure are 193 /tM (filled 
circles), 47/tM (open circles), 9 pM (filled squares). 4.5 p,M (open 
squares) and 1.8 p,M (filled triangles). The lines through the points 
correspond to two to three different experiments, consisting of eight 
different [Mg 2+ ] simultaneously fitted to Eqn. 1. For that fitting, the 
values of k_t, k 3 and k I, obtained from experiments like those 
illustrated in Figs. 2, 3 and 4 were u~d; therefore, the only titling 
parameter was k 2. All solutions contained 100 mM NaCI and 70 mM 
imidazole (pH 7.4 at 20°C) and the variable [Mg2+I. For more 

details see text. 

p roduced  by increas ing the  [free A T P ] / [ A T P M g ]  ratio. 
This  occurred at all [ATP]  investigated. Looking into 
all possible roles o f  f ree  A T P ,  A T P M g  and  f ree  M g  2+ 
he concluded that ,  with the  s teady-state  s trategy,  there, 
was  no answer  to the  problem,  in a recent  abstract ,  
Covar rubias  and  De  W e e r  [14] went  th rough a met icu-  
lous statist ical  analysis and  ar r ived  at a s imilar  conclu- 
sion. In addi t ion [14], they followed the  s imul taneous  
effects  o f  M g  2+ on two react ions  at s teady state:  
A T P a s e  and  A T P - A D P  exchange.  With  that  approach  
thei r  da t a  favours  the  sepa ra t e  b inding of  A T P  and  
M g  2+ ions. However ,  be ing  an  abst ract  one  cannot  
know if  a possible inhibit ion o f  A T P - A D P  exchange  by 
A D P M g  [5] was  cons idered .  T h e  use  of  pre-s teady-s ta te  

0.15 
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°. L 0 ' -" 
1.o 10 lOO lOOO 

t).,Mt 
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Fig. 6. Effects of MS 2+ concentration on the value of the k 2 rate 
constant obtained from experiments like those illustrated in Fig. 5. 
The data points, plotted in semilogarithmic scale, were fitted to a 
Michaelian equafi m. The resulting values were a kzr~x of 0.199± 

0.005 ,'o - ~ and :"m for Mg 2 + of 38 4. 3/,t M. 
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Fig. 7. Semilogarithmlc plot of predicted (solid lines) and measured 
(filled circles) steady-state [EP] as a function of free [Mg 2÷ ] at 
constant 10 ?tM [ATP] (At and of total [ATP] at constant 10O0 g.M 
free [Mg :+ ] (n). The predicted values were calculated, for a wide 
range of [Mg 2+ ] and [ATP], from Eqn. I using the rate constants of 
Table II. Their plots were then fitted to a Michaelian function. The 
resulting K m values were 0.433+0.002 p,M for MS -'+ and 0.094.± 
0,002 /zM for total ATP. Note that the measured [EPk, values fall 

close to the solid lines in both instances. 

kinetics had a l ready allowed some  progress .  Thus ,  the  
work  of  Mardh  and  Post  [3] was  the  first to establish 
that :  ( i t  a r a n d o m  binding  o f  f ree  A T P  and  M g  2+ was  
feasible,  and  (ii) a preferent ia l  route  may  exist, because  
the  re lease  o f  A T P  f rom the  enzyme was  four  t imes  
fas te r  than  that  o f  A T P M g .  

T h e  scheme  used  here  is internally consistent  and  
can fit the  results  very well, but  its choice was still 
arbi trary;  this is particularly t rue in Figs. 5 and  6. T h e  
quest ion is if  there  are  a l ternat ives  that  can  also ac- 
count  for  the  data .  Before  looking into that  it s eems  
impor tan t  to see  how reliable are  the  es t imat ion  o f  k _  t 
and  k 3. T h e  'off" ra te  constant  ( k _ t )  for  f ree  A T P  o f  
0.038 + 0.004 m s - i  ag rees  very well with 0.033 m s - t  
and  0.040 ms  - t  repor ted  in pig kidney [3] and eel  
[33,34] N a + , K + - A T P a s e ,  respectively. T h e  'o f f '  ra te  
constant  for  A T P M g  binding (0.009 + 0.002 ms  - I )  is 
four  t imes  lower than  that  for f ree  A T P .  This  coincides 
with the  observat ion o f  Mardh  and  Post  [3] who found 
that  in enzyme pre incubated  with A T P  and  M g  z+, k_  t 
was  reduced to about  one  fourth (0.009 m s - I t .  I t  
should be pointed out  that,  because  k z and  k _  3 a re  
zero  (phosphorylat ion is i rreversible)  the  system be-  
haves  as  a sink; hence,  the  f i t t ing of  all the  da ta  points  
should be relatively insensit ive to the  value of  k ]. In  
fact, we found that  the computed  k t and  k z were  the  
same  whe ther  we took a k t equal  to 0.038 ms  -~ o r  
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0.009 ms -I  (not shown). For the overall dephospho- 
rylation rate constant (k3), our estimate of 0.0019 ms-  l 
agrees with the available 0.0028 m s - '  [3] and 0.002 
ms-  i [33,34]. 

The lack of symmetry bet~cen [ATP] and [MgCI 2] 
(Fig. 1 and Table I) requires other effects of ATP 
a n d / o r  MgCI 2 than just forming the ATPMg complex. 
Let us consider them: 

(a) Mg 2+ acts only by forming the ATPMg complex, 
which is the real substrate, without affecting k 2 in 
Eqn. 1; free ATP inhibits by competing with ATPMg 
(Scheme IV). This can explain Fig. 1 and Table I as 
well as Fig. 4, where most of the nucleotide is bound to 
Mg 2+. Therefore. the value of k,  (k~ here)would still 
be of the order of 0.025 /zM -I ms -~ and that of k 2 
around 0.2 ms -I .  However, this model gives inade- 
quate fittings to the ~xperimental points of Fig. 5: If we 
take each [MgCI 2] isolated from the others, an accept- 
able fitting can be obtained provided the combined 
values of the 'on' (k, ,  k~)  and 'off' (k_  t, k_*~) rate 
constants result in a kinetic K m for free ATP much 
higher than that for ATPMg; in the case of 10 /zM 
MgCI 2 the difference is about 50-fold. Moreover, there 
is no way to get a simultaneous fit of all [MgCI 2] data 
(not shown). 

(b) Free ATP is the real substrate and Mg g+ in- 
creases k z in Eqn. 1 (Scheme V). In this case k I and 
k~* should be around 0.25 ~.M - i  m s - '  (that is 10- 
times the formerly computed k l) to account for the 
data of Fig. 4. Although those values are more than 
20-times higher than the published estimates [33,34,37], 
this does not constitute an unsurmountable difficulty. 
However, an adequate fit was only possible when com- 
petitive inhibition by ATPMg was ignored. This is 
unlikely considering that free ATP and ATPMg (or its 
analogues) can bind to the substrate site of the enzyme 
[38-41]. It could be argued that k z is actually higher 
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than estimated, and by proper adjustments a rise in k I 
would not be required. We tried it, but figures as 
unrealistic for k z as 100 m s - '  did not work even when 
competition by ATPMg was disregarded; this was also 
the case with 100 p.M ATF, indicating it is not due to a 
rate limiting step at low [ATP] (not shown). 

(c) Following the suggestion of one of the reviewers, 
we considered the possibility that the three Mg-en- 
zyme-ATP species (MgEATP, EATPMg and Mg- 
EATPMg) can lead to EP formation. The potential 
alternative pathways, taking the forward reactions only, 
are: 

(i) E~.MgEATPMg k-~-~. EP 

ATPMg Mg 
(ii) E--377-* , EATPMg~MgEATPMg-k.-- ~ E P  

(iii)E ATP- EATP ---M~g M g E A T P ~  EP 
k, k*~' k: 

(iv) E A-A~TP EATP M--~ g EATPMg M-~ g MgEATPMg~EP 

Mg ATP Mg 
(v) E ~  M g E ~  MgEATP----~ MgEATPMg~ EP 

k~, k f* k~i'* k,* 

(vi) E ~ M g E ~ g M g E A T P M g ~  EP 

The interconversions MgEATP ~: MgEATPMg, EATP 
MgEATP and EATP ~ EATPMg are also included. 

In fitting the data we took eight experimental condi- 
tions simultaneously. This was done first with those 
obtained at saturating concentration of [Mg 2+] (data 
points fiom Fig. 4), where mo:.t ATP was as ATFMg 
and the enzyme was taken as a MgE complex. The 
reduced scheme produced the following values: k ~* = 
0.028 _+ 0.005 /zM - t  m s - l ;  k * * *  = 0.020 + 0.004 
p.M- i ras-  i; k2 = 0.30 ± 0.05 ms-  i; k*  = 0.21 ± 0.03 
ms- l ;  i.e. the 'on' rate of binding to MgENa is the 
same for ATP and ATPMg; likewise, there is no differ- 
ence between the rates of E-P formation from MgEATP 
and MgEATPMg. The overall scheme was useO to fit 
the data at constant 10 p.M [ATP] and variable [Mg 2+] 
(the same as in Fig. 5). In this case we used the values 
obtained before for k~'*, k*** ,  k 2 and k~. When the 
system was left free to choose the remaining parame- 
ters a good fit (error function of 0.040) resulted in a 
value for k~'* equal to zero; ti,ose for Mg binding 
varied from 0.014 to 0.04 p.M -I  ms -I .  On the other 
hand, if we kept k~* =k2=k ~ the fitting was poor 
(error function around 0.2) and the other parameters 
had unrealistic values (for instance there was no bind- 
ing of Mg 2+ to EATP and EATPMg). In summary, the 
analysis indicates that MgEATP and MgEATPMg form 
E-P whereas EATPMg doeg not. 



A scheme that can account for all the data pre- 
sented in this work is one where free ATP and ATPMg 
are equally well suited to act as substrate. As men- 
tioned before, several studies showed that free ATP 
and ATPMg can bind tightly to the substrate site of the 
Na+,K+-ATPase [3,38--42]. On the other hand, the 
simultaneous fit to Eqn. 1 in Fig. 5 can be attained 
with a i:6,qu~, k I (0.025 /~M i m s - i t  despite the fact 
that  the [free ATP] / [ATPMg]  ratio varies from 49 to 
0.47 (100-fold); this conforms -with an scheme where k ,  
is the same for both ATP specic:.. But, increasing 
[Mg z+] stimulates the transphosphorylation rate. If this 
is no¢ due to the formation of a ATPMg complex, 
Mg 2+ must act on a specific binding site on the en- 
zyme. Separates sites for Mg z+ and ATP have already 
been proposed [)6,43]; we extended that view by con- 
sidering that both free ATP and ATPMg can at tach to 
the ATP site independently of what happens at the 
Mg z+ binding site (paths (it, (ia), (ii) or  ilia) in Intro- 
duction). The kinetic K, ,  for Mg z+ in Fig. 6 is 38/.¢M; 
this might appear  incompatible with the equilibrium 
K d of  1000 p.M reported on the basis of Mn z+ dis- 
placement front the enzyme [16]. Nonetheless, there 
may be a way out of this discrepancy. The original Ku 
for Mn >' was 0.74/~M [16]. in a latter publication [44] 
u~ing a purer  Na+,K+-ATPase,  the K d for Mn 2+ un- 
der  iaent[cal ¢o:t=ditioaa was 0.21 t tM; the affinity for 
Mg 2+ was not determined, but if it did follow that of  
Mn 2+ it should have been about 280 /zM. It is not 
inconceivable that the K m of  38 /zM results from a 
combination of its kinetic estimation and a different 
enzyme preparation.  Accepting that ATP (free or as 
ATPMg) and Mg 2+ bind to different sites on the 
enzyme the qt,'~stion remains as to what  is the mecha- 
nism for the Mg :+ effect. The original proposal [4,45] 
that  high [Mg z+] was needed for  the E t P - E z P  transi- 
tion seems ruled out by the work of  KIodos and Skou 
[46] who showed that the results at low Mg 2+ were 
actually due to EDTA. Kanazawa et al. [47J suggested 
the existence of two EATP complexes: one where ATP 
is loosely bound and does not phosphorylate and an- 
o ther  where ATP is tightly bound and can phospho- 
rylate. The role of Mg z+ was precisely to transform the 
first into the second or  to form the second directly, in 
this system Mg z~ could accelerate the overall 
t ransphosphory|a[ion reaction (k~ in this woe'k). Fi- 
nally, it may be that k z is constant and independent  of 
[Mg2+]; in this case the results of Fig. 6 would express 
the rate-limiting step of Mg z~ binding at non saturP' .  
ing Mg 2+ concentrations. 

A summary of all the constants obtail~ed with Eqn. 1 
is in Table II. Among uther  things, they allow us to 
estimate the K m values for ATP ( k_ i / k  i ~. The figures 
are 1.52 p.M for f, ee ATP and 0.36 p,M for ATPMg. 
This representz two major discrepancies with binding 
data: (1) For free ATP, the K m is 7-13-fold higher 
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TABLE I1 
S n m m a r y  of the rate ¢'o/t~tanL~ for  otz (k  /J and  ~Jf[ (k ! ) A T P  hireling. 
pho.~phory/alion (k . )  alad d¢,phosph,rylation (k ~1 o f  Na ".K * -ATPase 
in N~z ' -containing K • .fr¢.c media 

All values are means + S.D. 

Rate constant Value and unit Effect ¢~f Mg:" 
k= O.02.';-+O.(XU /LM 'ms = 

2.5.i07 M is = Nont: up to I mM 

k _ l  
free ATP o.a38±ii.(x]4 ms i ., 
ATPMg 0.1}09,+ (LiH)2 ms 

k 2rn=,~ 0.]99,+ t).lX|5 ms = Stimulates 
(K m 3S_+3/zM) 

k 3 O.(X)I9+_i).(XX)2 ms- 1 None up to I mM 

'~ l mM Mg z ~ was added at the time phospho~lation was started. 
b I mM Mg 2" was present during pre-incuhation with 17-3~PIATE 

than the equilibrium dialysis values of 0.22 /.tM in 
kidney [39] and 0.12 /.tM in ox brain [38] enzyme; 
however it is close to the 2.4 p.M calculated from 
pre-steady-state d a u  in eel Na+,K+-ATPase [33, 34]. 
There is no clear exrWanation for tl~e dispartS'; perhaps 
the lower temperatnre used in binding experiments 
(0-2°C) increases the affinity for the nuc!eotide. (2) 
For ATPMg our  estimatc.d K,,  (~n.36 p.M) is four times 
lower than for free ATP. This is the opposite to what 
has been reported in binding experiments with B-y-im- 
ido ATP [40A1] where the presence of Mg z+ decreases 
the affinity of the enzyme for the analogue. We can 
offer no explanation for the discrepancy; unless the 
ATPMg and  Mg-ana!ogue complexes are not equiva- 
lent. Our  estimates result from a reduction of k_ E at  
constant k i. In experiments similar to ours, Mardh and 
Post [3] also reported a 4-fold reduction in the 'off '  
rate constant for ATP binding in the presence of  
Mg z+. A relevant question is what one is actually 
measuring in experiments like those of Fig. 2 in the 
l, resence of  high [MgZ+]. That  this is the 'off '  rate of  
ATPMg binding is just an assumption. Equally possible 
is that  they reflect the ~fects  of  Mg 2+ binding to the 
enzyme on the rate of ATP release, a difference in 
dissociation from E I and E iNa  forms, or a mixture of 
both. Finally, an  affinity of the enzyme which is higher 
for ATPMg than for free ATP ~nigh! represent the 
existence of  a preferential kinetic ronte where that of  
ATPMg is favoured. However, this is not neccss~:rily 
the case because k_ ,  is the only constant affected and 
the system behaves as a sink (k_ 2 and k 3 are ,cro),  
In accordance with this view, the computed k,  was the 
same for free ATP and ATPMg; in addition, simula- 
tions were not appreciably different when k_,  was 
taken as 0.038 ms-  i or  0.009 m s -  i (not shown). 

Regarding k I, a value of 2.5.  l0 T M - I s  -~, is only 
twice as large as other  appraisals in eel [33,34] and pig 
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kidney enzymes [37] but much smaller  than the I0 '~ 
M - I s  - I  expected for a diffusion controlled process 
[48]. 

From the rate constants in Table I1 we ~:omlauted 
EP in steady state ([EP]~) as a function of  a w~cle r~nge 
of  Mg 2+ and ATP concentrations. Their  plot could be 
fitted to Michaelian functions for both ligands, giving a 
Km(ss) of  0.433 + 0.002 t tM for Mg 2+ and 0.094 + 0.002 
p.M for total ATP;  :hese figures are lower than the 38 
/.tM for Mg 2÷ (Fig. 6) and the 1.52 p.M or 0.36 p M  for 
ATP obtained from the k _ l / k ~  ratio. From these 
estimates the solid lines in Figs. 7A and 7B were 
drawn. The measured [EP]~ (filled symbols in the 
figures) fall close to the predicted curves. This  is very 
important,  for it means that the Na ~-ATPase activity, 
which is the product of  [EP] x k3, should have the 
same aoparent  affinities for these tigands. At  37°C, the 
reported K~ of  that activity for ATP is below 0.5 p,M 
[1"/,49], while that for Mg z+ is around 12 p.M [2]. On 
the other  hand, at 0°C and at steady state, the K m for 
MnCI 2 in the formation of  a MnEP complex with 5 
p,M ATP is 0.78 t tM [9]. 

Lastly, if the real substrate for the reaction is total 
ATP, free and Me-bound, it is likely that the Mg 2+ 
that  binds tightly to the phosphoenzyme, forming the 
MgEP complex, is the same that  attaches to the en- 
zyme before phosphorylation takes place. 
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