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A Slow Interconversion between Active and Inactive States of the 
( N a- K)ATPaset 

Lewis C.  Cantley, Jr., and Lee Josephson*.l 

ABSTRACT: We have examined slow changes in the rate of 
ATP hydrolysis for purified dog kidney Na+  and K+ stimu- 
lated adenosine triphosphatase [(Na-K)ATPase] a t  various 
concentrations of free Mg2+, Mg-ATP, K+, and Na+.  The 
effect of these ligands on the rate of ATP hydrolysis is ex- 
plained by a rapid binding step determining the initial rate of 
turnover followed by a slow conformational change. Inacti- 
vation of enzyme stored in the presence of ethylenedi- 

S t u d i e s  of the Na+ and K+ stimulated ATPase [(Na-K)- 
ATPase] have provided important information about the 
mechanism of ion transport by examining the pre-steady-state 
and steady-state kinetics of the enzyme (see Glynn and Karlish, 
1975b, for references). Hysteretic changes in enzyme activity 
have not been described, although there are suggestions that 
the properties of the enzyme depend not only on the composi- 
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aminetetraacetic acid occurs upon adding free Mg2+, Mg- 
ATP, and K+;  reactivation may be achieved if the concentra- 
tion of these ligands is reduced. Because of the slow confor- 
mational change, the affinities for ligands affecting inactiva- 
tion are time dependent. A model is presented to explain the 
effects of free Mg2+ and Mg-ATP on (Na-K)ATPase activ- 
ity. 

tion of the assay media, but also on the handling of the enzyme 
prior to the assay. Kanazawa et al. (1970) employ a washing 
procedure prior to their transient kinetic studies, while Post 
et al. ( 1  975) find that washing alters the ability of the enzyme 
to be phosphorylated by inorganic phosphate (P,). Another 
possible example of hysteretic effects may be the slow increase 
in enzyme activity observed by some workers when (Na-K)- 
ATPase microsomes are aged (Barnett and Palazzotto, 1974; 
Cantley and Josephson, unpublished observations). 

I n  this communication we have investigated hysteretic 
changes in ATPase activity for the (Na-K)ATPase prepared 
from dog kidney by the method of Jorgensen (1974). Our re- 
sults indicate that the rate of ATP hydrolysis depends on a slow 
interconversion between forms of the enzyme with drastically 
different catalytic activities and that the equilibrium between 
forms depends on the presence of ligands required for (Na-  
K)ATPase activity. (Na-K)ATPase is a hysteretic enzyme as 
defined by Frieden ( 1  970). 
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Experimental Section 

(Nu-K)ATPase Preparation. The (Na-K)ATPase was 
prepared from fresh dog kidney outer medulla by the procedure 
of Jorgenson (1974) and stored frozen (-70 “C) at 2 mg/ml 
in  a solution of 25 mM imidazole, 1 mM EDTA, pH 7.5. The 
purified enzyme migrated as two bands on sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis with apparent 
molecular weights of -105 000 and 58 000. The specific 
ATPase activity was approximately 12 pmol mg-] min-] using 
the “coupled” assay described below with the following assay 
conditions: 10 mM Hepes-triethylamine (pH 7.4), 100 mM 
NaC1,20 mM KCl, 2.5 mM ATP, 2.5 mM MgC12, ca. 5 pg/ml 
(Na-K)ATPase, 37 OC. The ATPase activity dropped to less 
than 1% upon adding 50 pM ouabain or removing the NaCl. 
Protein concentrations were determined by the method of 
Lowry (1 95 1) using bovine serum albumin as a standard. 

Kinetic Measurements. In order to explore the change in 
ATPase activity with time, two assays were used which record 
the release of product vs. time. The “coupled” assay of Barnett 
(1970) which links ADP production to NADH oxidation that 
can then be monitored at 340 nm on a Cary 15 recording 
spectrophotometer was used for most experiments. With this 
assay a nearly constant ATP concentration is maintained even 
at low ATP concentrations, and ADP accumulation is pre- 
vented. The assay was started by adding about 5 pg of enzyme 
to 1 ml of 10 mM Hepes-triethylamine (pH 7.4), 10 pg/ml 
lactic dehydrogenase, 10 pg/ml pyruvate kinase, 1.4 mM 
phosphoenolpyruvate, 0.26 mM NADH, and the stated con- 
centrations of ATP, NaCl, KCI, and MgC12. A thermostated 
cell holder was used to regulate temperature. 

In experiments where the effects of varying KC1 or MgCl2 
concentrations on ATPase activity were explored, the pH stat 
technique (Green and Mommaerts, 1953) was used. The assay 
mixture contained the stated concentrations of NaC1, KC1, 
MgC12, and Na2-ATP in a final volume of 3 ml. Approxi- 
mately 20 kg of enzyme was added, and the pH was main- 
tained at 7.4 by titrating with 2 mM NaOH using a Radiom- 
eter Type TTTla  titrator. Dry nitrogen was bubbled through 
the solution to reduce C 0 2  absorption, and the cell was ther- 
mostated. In all experiments the change in ATP concentration 
was less than 10% and the change in N a +  concentration was 
less than 5% during the course of the assay. 

The p-nitrophenylphosphatase activity (PNPase) of the 
(Na-K)ATPase was assayed in the Cary 15 spectrophotometer 
by monitoring the change in absorbance at 410 nm. The assay 
solution contained 20 mM Tris-HC1 (pH 7.4), 8 pg/ml of 
enzyme, and the stated concentrations of MgC12, KCl, and 
ATP. 

Instantaneous velocities at some time, t ,  following enzyme 
addition to the assay mixture (V,) were calculated by drawing 
tangents to the recorded curve of absorbance or volume of 
NaOH added vs. time. In cases of rapid change in V,, the chart 
speed was increased to expand the time scale. The velocities 
were corrected for any drift that occurred in the absence of 
enzyme. 

Incubation Experiments. In incubation experiments where 
the enzyme concentration was high (0.1 to 0.5 mg/ml), a 
washing procedure was used to ensure removal of contami- 
nating ions. The stock solution (-2 mg/ml) was diluted 20: 1 
with 20 mM Tris, 10 mM EDTA, pH 7.4 (adjusted with HCl), 
and centrifuged at 200 OOOg for 30 min in an IEC A-321 rotor 
at 4 OC. The pellet was resuspended in 20 mM Tris (pH 7.4) 
to a final protein concentration of about 0.1 mg/ml using a 
glass homogenizer and again centrifuged. The washing pro- 

/ ,” -0.3 5 

-- 
TIME (min) 

FIGURE 1: (A) The time course of ATP hydrolysis as measured by the 
pH stat technique. Assay 1 contained 100 mM NaCI, 10 mM MgC1~2 .5  
mM ATP, 25 Fg/ml enzyme (pH 7.4,25 “C); assay 2 contained 100 mM 
NaCI, 10 mM MgC12, 15 mM KCI, 2.5 mM ATP, 25 pg/ml enzyme (pH 
7.4,25 “C).  Assay 1 was made 15 mM in KCI at the arrow. The NaOH 
concentration was 2 mM, and curve 3 is the background due to C 0 2  ab- 
sorption. (B) The time course of ATP hydrolysis in the presence of (1) 100 
mM NaCI, 20 mM KCI, 3 mM MgCI2, 2.5 mM ATP, 10 pg/ml enzyme; 
(2) 100 mM NaCI, 20 mM KCI, 20 mM MgC12,2.5 mM ATP, 20 pg/ml 
enzyme, at pH 7.4,25 OC, using the “coupled” assay (340-nm absorbance). 
The p-nitrophenylphosphatase assay (3) contained 20 mM Tris-CI, 25 
mM KCI, 20 mM MgC12, 2.5 mM p-nitrophenyl phosphate, 8 pg/ml 
enzyme, pH 7.4,25 OC (410-nm absorbance). Assay 3 was made 0.24 mM 
in Tris-ATP at the arrow. See Experimental Section for description of 
ass a y s . 

cedure was repeated a third time with 20 mM Tris, pH 7.4, and 
the final suspension was either used immediately or quickly 
frozen for later use. 

Data Analysis. The parameters presented in the Results 
section were determined from visual fits to the data and the 
uncertainties were determined by propagating the error in the 
data using differential error analysis. 

Results 
Conditions Producing Inactivation of the (Nu-K)ATPase. 

The time course of the Na+-stimulated ATPase activity 
[(Na)ATPase], the Na+  and K+ stimulated ATPase activity 
[(Na-K)ATPase], and the K+ stimulated p-nitrophenyl- 
phosphatase activities (PNPase) are shown in Figure 1. Assay 
systems aredescribed in the Experimental Section. The (Na)- 
ATPase activity (Figure 1A) is linear over long periods, while 
the (Na-K)ATPase activity decreases with time in the presence 
of 10 mM MgC12. Adding KCl to the (Na)ATPase assay ac- 
tually decreases the ATPase activity following an initial burst. 
The initial velocity of the (Na)ATPase is approximately 20% 
of the (Na-K)ATPase activity using the pH stat technique. 
Figure 1B shows that the (Na-K)ATPase activity also de- 
creases with the “coupled” assay and that the rate of change 
of velocity is sensitive to the MgC12 concentration. PNPase 
activity is linear over long periods a t  high MgClz and KC1 
concentrations, but the addition of 0.24 mM Tris-ATP causes 
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F I ( , U R I  2 The time course of ATP hydrolysis of “active” ( 1 )  and “in- 
‘ i~ t i \ c”  ( 2 )  enzyme using the “coup1ed”assay system with 100 mM NaCI, 
2 5  mM KCI, 6 m M  MgC12, 5 mM Na2ATP, pH 7 4, 37 “C The prepa- 
ration o f  “dctive” and “inactive” enzyme is described in the text 

an initial decrease in activity followed by a slow decay of the 
remaining activity. 

The stability of the (Na)ATPase and PNPase activities 
suggests that inactivation of the (Na-K)ATPase is related to 
the presence of Mg2+, K+, and ATP. Indeed, when the enzyme 
was preincubated for 20 min a t  0.1 mg/ml20 m M  Tris-HCI 
(pH 7.4, 25 “C)  in the presence of all possible combinations 
of 20 mM KCI, 20 m M  MgC12, and 4 m M  Tris-ATP, it was 
found that all three ligands were required for inactivation. 
Activity was determined by a 50:l dilution using the “coupled” 
assay system. In the absence of any one of the three ligands, 
no detectable loss of activity occurred with incubations up to 
60 rnin (data not shown). Incubations with ADP, KCI, and 
VgC12 produced inactive enzyme, indicating that phospho- 
rylation is not essential for inactivation. The results are in 
agreement with a more extensive study of the nucleotide re- 
quirements for enzyme inactivation performed by Fagan and 
Racker ( 1  976). 

Kecersibility of the Inactivation of (Na-K)ATPase.  The 
inactivation of the (NA-K)ATPase produced by incubation 
with KCI, MgC12, and ATP may be completely reversed if the 
concentrations of ligands are appropriately changed. The ex- 
periment described by Table I shows that inactive enzyme may 
be prepared which will not immediately reactivate following 
a mild washing procedure. Addition of NaCl or EDTA pro- 
duces a rapid reactivation of enzyme activity to levels similar 
to those of enzyme which has not been inactivated. The re- 
quirement for NaCl or EDTA presumably reflects the need 
t o  remove trace amounts of ligands remaining after the 
washing procedure. The EDTA acts through its ability to 
chelate Mg”, while Na+ acts by increasing the concentration 
of free Mg2+ required to maintain inactive enzyme (Figure 7)  
or by displacing K+. 

The reversibility of the inactivation process is further 
demonstrated by the two assays presented in Figure 2. Prior 
to both assays, the enzyme (50 pg/ml) was incubated for 90 
min in 20 mM Hepes, 20 m M  KC1,20 mM MgC12, pH 7.4,25 
“C. The incubation prior to assay 2 also contained 0.66 mM 
ATP to cause “inactivation”. Both enzymes were then assayed 
by the “coupled” assay method a t  37 “C. In assay 2, the initial 
rate of ATP hydrolysis was less than 2% of the initial rate ob- 
tained with assay 1 but, regardless of the initial rates of ATP 
hydrolysis, similar steady-state rates were eventually reached. 
Final steady-state rates of Na+  and K+ stimulated ATP hy- 
drolysis remained linear up to 30 min, the longest period in- 

T A B L E  I :  Reactivation of Inactive Enzyme. 

Incubationh Spec Act.’  
Mixture Incubation (pmol mg-I 

EnzymeU (25 “ C ,  pH 7.4) Time (min) min-I) 

Active Tris-HCI 0 4.35 
35 4.24 

Tris-HCI, EDTA, KaC1 15 5.23 
32 5.45 

Inactive Tris-HCI 0 0.20 
22 0.28 

Tris-HC1, NaCl 10 3.53 
24 3.37 

Tris-HCI, EDTA 4. 3.40 
26 3.49 

Tris-HC1, bDTA,  NaCl 1.5 4.28 
I 2  4.62 
30 4.38 

The “inactive” enzyme was prepared by incubating active enzyme 
(0.16 mg/ml) for 30 min in 25 m M  Tris, 20 m M  MgC12,20 m M  KCI, 
4 m M  Tris-ATP, p H  7.4 ( 2 5  “C). The solution was diluted tenfold 
with 20 m M  Tris-HC1, pH 7.4 (0 “C),  centrifuged as  described in the 
Experimental Section, and resuspended in 20 mM Tris-HCI. pH 7.4 
(0 “ C ) .  The “active” enzyme was treated identically, except that  
Tris-ATP was omitted from the first incubation step. /I The Tris-HCI 
was 20 mM,  the NaCl was 100 mM,  and the EDTA was 1 m M  where 
present. Protein concentration was 0.14 mg/ml  for the “active” en- 
zyme and 0.21 mg/ml for the “inactive” enzyme. ? Specific activities 
were determined using the ‘‘coupled” assay as described in the Ex- 
perimental Section. Twenty microliters of the incubation mixture was 
added to 1 ml of assay buffer containing 100 m M  NaCI, 25 m M  
Tris-HCI, 4 m M  MgC12, 3 m M  ATP,  pH 7.4, 25 “C,  and initial ve- 
locities were measured. 

vestigated, and were reduced approximately 98% by the ad- 
dition of 100 p M  ouabain. 

Affinities of Ligands Affecting the Rate of Inactivation. 
Studies of the mechanism of inactivation were performed at  
25 “ C  since a t  this temperature the reactivation rate is slow 
and the equilibrium lies on the side of inactive enzyme over a 
wide range of ligand concentrations. Data were analyzed in 
the following fashion. Plots of In VL, the natural logarithim of 
the instantaneous rate of hydrolysis, vs. time were constructed 
and were linear over a wide range of decay rates and times. 
Because of the linearity of these plots, rates of ATP hydrolysis 
could be described in terms of a rate of inactivation ( I  /T), 
determined from the slope of the plots, and an initial velocity 
( V , ) ,  determined by extrapolation to zero time. In experiments 
where the final steady-state velocity ( Vm) was greater than 
1 O?? of VO, 1 /T was determined from the slope of in (V ,  - V m )  
vs. time. 

The variation in VO and 1 / r  with free Mg2+ at  three dif- 
ferent ATP concentrations is shown in Figures 3A and 3B. The 
free Mg2+ concentrations were calculated from the total 
concentrations of ATP and MgCI2 using a stability constant 
of 1.1 X lo4 M-I for the Mg-ATP complex. This constant was 
calculated from the data of Sullivan and Perrin (1  964) and 
Burton (1958) taking into account temperature, pH, and ionic 
strength effects. Changes in VO and 1 / r  as a function of free 
Mg2+ behave as normal saturation curves in double-reciprocal 
plots. (Values of VO were omitted at  high ATP and low Mg2+, 
where a significant decrease in the substrate, Mg-ATP, oc- 
curred.) The apparent dissociation constant for free Mg2+ was 
2.5 f 0.7 mM for both effects and was independent of the total 
ATP concentration. The maximum inhibition of VO by free 
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FIGURE 3: (A) The initial velocity of ATP hydrolysis (VO (relative units)) 
and (B) the rate of inactivation (1 /7) as a function of free Mg2+ concen- 
tration. The VO, 1 /7,  and free Mg2+ were determined as described in  the 
text. All assays were done by the pH stat technique with 100 mM NaCI, 
20 mM KCI, 0.33-34 mM MgC12 and 0.5 mM (0), 2.0 mM (O),  2.5 mM 
(m), or 5.0 mM ( A )  N a A T P ,  pH 7.4, 25 OC. 
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FIGURE 4: (A) Plots of the reciprocal initial velocity of ATP hydrolysis, 
1 / VO (relative units), and (B) the reciprocal rate of inactivation, 7, as a 
function of I /(ATP). The VO and 1 /7 were determined from the "coupled" 
assay as described in the text. All assays contained 100 mM NaCI, 20 mM 
KCI, 20 mM MgC12, and 10 fiM to 10 mM NaZATP, pH 7 .4 ,25  OC. 

Mg2+ was 5 5  f 5%. 
In order to compare the role of ATP in inactivation and in 

turnover, VO and 1 / ~  were measured as a function of ATP a t  

12 
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FIGURE 5: (A) The initial velocity of ATP hydrolysis, VO,  and (B)  the 
rate of inactivation, 1 / ~ ,  as a function of (K+) .  The pH stat assay was used 
with the conditions: 100 mM NaCI, I O  mM MgC12, 2 .5  mM Na*ATP, 
varying KCI concentrations, pH 7 .4 ,25  "C. The VO and I / '  were deter- 
mined as described in the text. 

saturating MgCl2 concentrations (20 mM). (Since the MgClz 
concentration is saturating, nearly all the ATP is present as 
the Mg-ATP complex in solution.) Plots of l/Vo and T vs. 
l/(ATP) are presented in Figures 4A and 4B. Both VO and 1/r 
behave as normal saturation curves in the range of 0.1 to 10 
m M  ATP; however, a t  lower concentrations, a high affinity 
ATP site is observed (Figure 4A, inset). The data in Figure 4A 
inset may be interpreted as two independent ATP turnover sites 
with relative turnover rates of 0.1 and 0.9, and K M  values of 
50 FM and 1.1 mM, respectively. Alternatively, the data may 
be explained by negative cooperativity in substrate binding 
with the second site accelerating turnover, or by a tight cata- 
lytic site and a weaker allosteric site. The apparent dissociation 
constant for ATP affecting 1 /T is 1.1 m M  and the maximum 
value of 1 / r  is 1.31 min-' (Figure 4B). This suggests that the 
low affinity ATP site ( K M  = 1.1 mM) is involved in inactiva- 
tion. Measurements of 1 / r  a t  low ATP concentrations ( 1  / r  
< 0.1 min-I; ATP < 0.1 mM) were not accurate enough to 
determine if the high affinity A T P  site had any effect on 

The affinities for K+ affecting VO and 1 / ~  are compared in 
Figure 5 where concentrations of ATP, Mg2+, and Na+  are 
maintained at  nearly saturating levels. Both effects of K+ were 
~ W O  maximal a t  about 1.4 m M  KCI, suggesting that the same 
K+ sites are involved in turnover and inactivation. The effects 
of NaCl on l / r  and VO a t  nearly saturating levels of MgC12, 
ATP, and KCI are presented in Figure 6. In the presence of 
high concentrations of free Mg2+, NaCl caused a 50% stimu- 
lation of Vo a t  10 m M  but had only a slight effect on the rate 
of inactivation. 

1 / T .  
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F I G U R E  6 :  The initial velocity of ATP hydrolysis, VO (0). and the rate 
of inactivation, 1,” (n), as a function of (Na+).  The V O  and I / .  were 
determined as described in the text using the “coupled” assay with 20 mM 
KCI, 20 mM Tris-CI, 20 mM MgC12, 5 mM Tris-ATP, varying NaCl 
concentrations, pH 7.4, 25 “C.  The l / r  in the absence of NaCl was de- 
termined by adding the enzyme to the above assay lacking NaCl and then 
completing the assay with 100 mM NaCl after a measured incubation time 
[ I O  s to 10 min). The natural log of the initial velocity measured imme- 
diately after NaCl addition was then plotted vs. the incubation time, and 
1 / T  was calculated from the slope. 

In view of the reversibility of the inactivation process, the 
inactivation rates, 1 / r ,  are actually relaxation rates to an 
equilibrium position. Only a single relaxation could be observed 
in the time scale (minutes) and under the conditions studied. 
The plots of 1 / ~  vs. either free Mg2+, ATP, or K+ (with the 
other two at  saturating concentrations: Figures 3B, 4B, and 
5B) are hyperbolic. The simplest kinetic model which explains 
these results is a rapid ligand binding followed by a slow con- 
formational change as illustrated in eq I .  

K I ( L 1  

E + L  EL AE’L (1)  
k - 2  

I n  this model, E is the active form of the enzyme, E’ is the in- 
active form, L is the ligand (free Mg2+, Mg-ATP, or K+) ,  
K I((.) is a rapid dissociation constant, and k2 and k-2 are slow 
rate constants for the conformational change. The other two 
ligands are assumed to be saturating the enzyme. If (L) is 
much greater than (E), then the slower of the two relaxation 
times is given by eq 2 .  

A hyperbolic relationship is predicted for 1 / r  vs. (L) with the 
ordinate intercept equal to k-2 and the saturating value of 1 / r  
equal to k2 + k-2. 

This model may be expanded to include both Mg2+ and 
Mg-ATP a t  saturating Kf concentration by assuming that 
concomitant binding of Mg2+ and Mg-ATP to independent 
sites is necessary for the slow conformational change to take 
place. The slow relaxation rate may be expressed by eq 3 

k2 + k-2 l / r  = 
(1 + KI(Mg)/(Mg))(l + KI(ATP)/(ATP)) 

(3) 
where the symbols are the same as in eq 2 .  The data are  con- 
sistent with this model using the constants K I ( M ~ )  = 2.5 m M  
(Figure 3B) and K ) ( A T P )  = 1.1 m M  (Figure 4B). In Figure 3B, 
the upper limit for k-2 is 0.07 min-I, where (Mg*+) << K I ( M ~ ) .  
The value of k2 = 1.3 min-l may be approximated from the 
extrapolated value of 1 / ~  in Figure 5B since k2 >> k-2 and 

g o 2  
L L  

00 02 03 0 4  05” I 7 ~~ 

(L )  (mM) 

FIGURE 7: The fraction of enzyme i n  the “active” slate at equilibrium 
as a function of ATP or free Mg2+. where (L)  is the concentration of ligand 
varied. The conditions were ( A )  100 m M  NaCI, 30 mM KCI, 5 mM 
Na2ATP, and 0-6.7 mM MgCI2,25 pg/ml enzyme, 16 min, for thevari- 
ation of free Mg; (0) 100 mM NaCI, 20 mM KCI, 20 mM MgC12,0-0.5 
mM Na*ATP, I O  mM Hepes-triethylamine, I O  pg/ml enzyme (“coupled” 
assay), 15  min; (0) 90- and ( 0 )  180-min incubation in 20 mM KCI, 20 
mM MgC12, 0-0.62 mM Tris-ATP, I O  mM Hepes-triethylamine, 50 
,ug/ml enzyme. (A) Incubation (30 min) in 20 mM KCI, 5 mM Tris-ATP, 
0-6 mM MgC12, I O  mM Hepes-triethylamine. and 50 pg/ml enzyme. All 
assays were at pH 7.4 and 25 OC. The fraction of enzyme in  the active state 
was determined as described in the text. 

TABI.E 11:  The Concentration of Ligand Causing a 50% Maximal 
Effect in the Initial ATPase Velocity (Kvocl . , ) ,  the Initial Rate  of 
Inactivation ( K I ( L ) ) ,  and the Equilibrium Fraction of Enzyme in 
the Active State  (Ko.sc1.,). - l̂ l______________I 

Kl.o(L) l ( L )  K(1 5 ( L )  
Ligand (mM). ( m M ) “  ( m M ) ”  Commenth 

Mg- A T P  0.05, 1 .1  I 1 0.05 Figures 4 and 7 (I00 
m M  Na+)  

0.05 Figure 7 (no N a + )  
Free 2.5 2.5 0.11 Figures 3 and 7 (100 

Mg’+ m M  Na+)  
0.02 Figure 7 (no Na+)  

Na+) 
K+ 1.4 1.4 0 4 Figure 5‘ (100 mM 

(‘ The uncertainties in these constants are approximately 2Wo. The 
ligands not varied (i.e., Mg--ATP, free Mg2+, or K+) were maintained 
a t  near-saturating concentrations. The Na+ concentration is given 
in parentheses. All constants were determined at pH 7.4,25 “C.  ‘’ The 
Ko ! ( K + )  was determined by the procedure used in Figure 7 with the 
conditions described in Figure 5 (data not shown). 

MgZf and K +  are close to saturating their respective sites. 
Although the data in Figure 5B suggest a similar model for the 
effect of K+ on 1 / T  a t  constant Mg2+ and ATP, the complex 
interaction between ATP binding and Kf binding (Hegyvary 
and Post, 197 1 ; Norby and Jensen, 197 1 ) precludes incorpo- 
ration of K+ into this independent site model. The Kf site is 
discussed more extensively below. 

Effects of Ligands on Equilibrium between Active and In- 
active Forms. The concentrations of ligands controlling the 
equilibrium ratio of active to inactive enzyme provide impor- 
tant information about the mechanism of enzyme inactivation. 
The fraction of enzyme active at  equilibrium may be obtained 
by measuring initial and final hydrolytic rates from the pH stat 
technique or “coupled” assay and dividing the final by the 
initial hydrolytic rate a t  each ligand concentration. Figure 7 
shows the effects of free Mg2+ and ATP on the fraction of 

5284 B I O C H E M I S T R Y ,  V O L .  1 5 ,  N O .  2 4 ,  1 9 7 6  



A C T I V E  A N D  I N A C T I V E  S T A T E S  O F  ( N A - K ) A T P A S E  

I I I <  

n 

9 - 3.4- 

3.0 

E - 
- 

A 

I I 1 
3.3 3.4 3! 

I / T  x 10’ 

1.9 

.7 

.5 

.3 - 
- 
3 

3 
. I  

3. I 

3.3 

FIGURE 8: (A) Arrhenius plots of the initial ATP hydrolysis Vn (relative 
units) (O), the rate of loss of activity, I / T  (m), and (B) the ratio of “in- 
active” to “active” enzyme (]/A’). The “coupled” assay was used with 
100 mM NaCI, 20 mM KCI, 20 mM MgC12,5 mM NaIATP, 10 pg/ml 
enzyme, I O  mM Hepes-triethylamine, pH 7.4, 15-40 O C .  The Vn and I / T  
were measured as described in the text, and (I/A’) was determined by 
dividing the equilibrium steady-state ATPase velocity (-1 5-min incu- 
bation), Veq, by VO - V,, a t  each temperature, T .  

enzyme in the active state a t  equilibrium. Either MgCl2 or 
ATP was varied and all other ligands (Na+,  K+, and ATP or 
Mg2+) were maintained at  saturating concentrations. In order 
to obtain the affinities for free Mg2+ and ATP in the absence 
of Na+,  enzyme was incubated in the presence of varying 
concentrations of free Mg2+ or ATP and in the absence of Na+ 
but in the presence of other ligands required for inactivation. 
The fraction of enzyme in the active state was determined by 
a 10 to 1 dilution of the enzyme into the coupled assay system 
as described in Figure 2. A variation in incubation time es- 
tablished that equilibrium had been reached after approxi- 
mately 15 min in all experiments. Values of the affinities a t  
equilibrium together with affinities affecting initial velocities 
are listed in Table 11. A comparison of the affinity for the li- 
gand in the absence of inactivation ( t  = 0) with the affinity a t  
equilibrium indicates a 20-fold increase in the affinities for free 
Mg2+ and ATP but a 3.5-fold increase in the affinity for K+ 
as the system equilibrates. The significance of the change in 
affinity is discussed below. 

Figures 8A and 8B are Arrhenius plots of the initial ATPase 
activity, Vo, the relaxation rate, 1 / ~ ,  and the equilibrium ratio 
of inactive to active enzyme, (I)/(A’), a t  near-saturating 
concentrations of all ligands in the temperature range 15-40 
OC. Under these conditions, (I)/(A’) = kz/k-2 = K2 and 1 / ~  
= k2 + k-2 a k2 since ATP, Mg2+, and K+ are saturating and 
(I)/(A’) is greater than 10. The activation energy for ATP 
turnover is 13.6 kcal/mol and the activation energy for k2 is 
8.2 kcal/mol as measured from the lines in Figure 8A. The 
change in enthalpy upon inactivation is - 17 kcal/mol and the 
change in entropy is -50 cal mol-’ deg-l as measured from 

FIGURE 9: A model describing the effects of Mg2+ and Mg-ATP on the 
(Na-K)ATPase activity. The relative turnover numbers for the three en- 
zyme states A, A’, and I are I ,  0.45, and 0, respectively. The symbols are 
explained in the text. 

the line in Figure 8B. From these data, K2 = 50 f 30 a t  25 O C  
and 16 f 5 a t  37 “C. At  25 OC, k2 = 1.31 min-’ (Figure 4B) 
and k-2 = kdK2 = 0.03 min-I. 

A Model for Enzyme Inactivation. The roles of free Mg2+ 
and Mg-ATP in the inactivation process at  saturating K+ 
concentrations (20 mM) are summarized in Figure 9. The 
symbols are the same as in eq 1, except the enzyme is repre- 
sented by the symbols A, A’, and I ,  indicating states with rel- 
ative ATP turnover rates of 1 .O, 0.45, and 0 respectively. The 
Mg-ATP site is the low affinity site in Figure 4A. The free 
Mg2+ binds independently of Mg-ATP and rapidly converts 
the enzyme from A to A’ causing a 55% decrease in specific 
activity (see Figure 3A). The dashed arrow indicates the ATP 
turnover cycle that takes place in the presence of NaC1. The 
high affinity ATP site and the sequence of Na+ and K+ 
binding and product release are omitted for simplicity. All steps 
are rapid compared with k2 and k-2. 

The model predicts that the equilibrium dissociation con- 
stant for free Mg2+ in the presence of saturating ATP, Na+,  
and K+ is K I ( M ~ ) / K z  = 2.5 mM/50 = 0.05 mM. This value 
compares with the concentration of Mg2+ causing 50% inac- 
tivation a t  equilibrium in Figure 7 ( K O  5(Mg) = 0.1 1 mM).2 The 
equilibrium dissociation constant for ATP in the presence of 
saturating Mg2+ and K +  is predicted to be K I ( A ~ P ) / K ~  = 1.1 
mM/50 = 0.022 mM which is comparable to the KO 5(ATP) 

determined in Figure 7 (KO.~(ATP) = 0.05 mM).3 Adding 100 
mM NaCl to the solution has no significant effect on either 
K O ~ ( A T P )  or k2 (Figures 7 and 6), suggesting that neither 
K I (ATP) nor K2 is affected by increasing the turnover rate under 
these conditions. The model stresses the allosteric effect of the 
weak ATP site but does not eliminate it as a possible ATP 
hydrolysis site. 

Discussion 
Purified dog kidney (Na-K)ATPase undergoes a slow in- 

terconversion between active and inactive forms. Conversion 
from active to inactive forms requires the presence of KC1, 
Mg-ATP, and free Mg2+ but is independent of the enzyme 
turnover and only affected by Na+ ions at  very low free Mg2+ 
concentrations (Figure 7 and Table I). Activities which do not 
require all three ligands such as (Na)ATPase or PNPase occur 
without progressive inactivation. The effects of these ligands 
on ATP hydrolysis may be understood in terms of a rapid 
binding step determining initial rates of ATP hydrolysis fol- 
lowed by a slower conformational change to a form with no 
catalytic activity. Because of the vastly different rates of 

Using the assigned relative turnover rates for A, A’, and I ,  KO 5 ( ~ ~ )  

From the binding scheme in  Figure 1 I ,  K O  S(ATP) = K I ( A T P ) / ( K z  - 
= K I ( M ~ ) / ( K ~  -k 0.05) K ! ( Y g ) / K > .  

1)  Z KI(ATP)/K2. 
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binding and inactivation, it is possible to obtain the rate con- 
stants associated with this interconversion. 

The model we have developed for the interconversion be- 
tween active and inactive enzyme is consistent with kinetics 
of enzyme turnover and inactivation. It must be noted, how- 
ever, that, under the ionic conditions employed in Table I (high 
Na+,  low free Mg2+, K+, and ATP), reactivation occurs 
through a pathway not presented in Figure 9 since the observed 
rate of reactivation ( t ~ / l  < 1 min) is far greater than k-2 (0.03 
min-I). It is possible that, under these conditions, NaCl or 
EDTA removes or displaces ligands from the inactive state 
prior to the “conformational” change, permitting a rapid 
reactivation of the enzyme. The data are not inconsistent with 
the existence of an inactive state lacking Mg2+, K+, Mg-ATP, 
or all three, but require that the equilibrium position favor the 
active state in the absence of any one of the ligands. This state 
does not appear in our transient kinetics since ligand binding 
precedes the conformational change. 

Free Mg2+ has long been known to have an inhibitory effect 
on the (Na-K)ATPase (Skou, 1960; Hexum et al., 1970) but 
the effects of free Mg2+ have not been resolved into slow and 
fast components. The binding of free Mg2+ ions to the (Na-  
K)ATPase has been inferred from effects on the transphor- 
ylation of ADP (Fahn et al., 1966), effects on ouabain binding 
(Schwartz, 1968; Albers, 1968; Hansen and Skou, 1973), 
changes in the affinity and cooperativity for Na+ ions (Rob- 
inson, 1972), and from the loss in ion sensitivity of the de- 
phosphorylation (Post et al., 1975). 

Recently a number of authors have proposed “flip-flop” 
models for the (Na-K)ATPase (Schon et al., 1974; Glynn and 
Karlish, 1975a,b; Froelich et al., 1976) and the (Ca)ATPase 
(Froelich and Taylor, 1976). According to these models, ATP 
acts as an allosteric effector accelerating product release prior 
to acting as a substrate for phosphorylation. The low and high 
affinity ATP sites observed in Figure 4A are in agreement with 
results of Froelich et al. (1976) and Glynn and Karlish (1976). 
The relationship between 1 /T and VO in Figure 4 suggests that 
binding ATP to the low affinity site induces a rapid confor- 
mational change accelerating both turnover and inactivation 
at  high Mg2+ concentrations. 

The inactivation of the (Na-K)ATPase appears to differ 
with the constant rates of ATP hydrolysis seen by others 
(Barnett, 1970; Kyte, 1972; Robinson, 1972; Skou, 1974; 
Josephson et al., 1974) but cannot be attributed to product 
accumulation, an unusual instability of the enzyme under our 
assay conditions or the method of enzyme preparation. ADP 
fails to accumulate in the coupled assay system, while inorganic 
phosphate fails to inhibit the (Na-K)ATPase a t  the concen- 
trations produced by ATP hydrolysis (Hexum et al., 1970; 
Garay and Garrahan, 1975). Phosphatidylserine, bovine serum 
albumin, and 2-mercaptoethanol have been employed in some 
assays for (Na-K)ATPase (Siegel and Albers, 1967; Kyte, 
197 1) but failed to alter the rate of inactivation when present 
a t  concentrations used by others (Cantley and Josephson, 
unpublished observations). Step IV microsomes from dog 
kidney prepared by the method of Kyte (1971) inactivate in 
a fashion identical with enzyme prepared by the method of 
Jorgenson, although different detergents and chaotropic agents 
are  employed for each preparation (Josephson and Cantley, 
unpublished observations). The hysteretic nature of the enzyme 
depicted in Figure 2 may account for some of the discrepancy 
in the literature concerning specific activity and linearity of 
assays. 

From the in vitro experiments presented here, it appears that 
a substantial fraction of the dog kidney (Na-K)ATPase may 

exist in an inactive form in vivo. The concentration of free 
Mg2+ in normal plasma is approximately 0.6 mM and appears 
to vary considerably in man (Walser. 1973). The intracellular 
free Mg2+ is probably similar to that in plasma, while the in- 
tracellular concentration of ATP is about 1 mM. The K +  
concentration i n  dog plasma remains relatively constant a t  
about 4 mM (Baylis and O‘Connor. 1976). Although an esti- 
mate of the fraction of active c n q i n e  under physiological 
conditions is hampered by the inability to determine ligand 
concentration in the vicinity of the enzyme as aell  3 s  by thc 
lack of knowledge concerning the orientation of the free Mg” 
sites, the concentrations of K + .  ATP, and free .%I&?+ in  the 
cytosol and plasma appear to be sufficient to produce a sub- 
stantial inactivation of the enzyme. Variations in the concen- 
trations of free Mg’+ and ATP may be capable of altering the 
fraction of active enzyme in vivo. The equilibrium between 
active and inactive states in vivo might also be influenced by 
covalent modifications, hormones, or lipid composition. 
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Papain-Catalyzed Reactions at Subzero Temperaturest 

Anthony L. Fink* and Kimon J. Angelides 

ABSTRACT: As a first step in the investigation of papain ca- 
talysis using subzero temperatures to detect, accumulate, and 
characterize enzyme-substrate intermediates, we have studied 
some potential cryosolvents and carried out preliminary in- 
termediate trapping experiments. The effects of subzero 
temperatures and aqueous dimethyl sulfoxide solutions on the 
papain-catalyzed hydrolysis of Nm-carbobenzoxy-~-lysine 
p-nitrophenyl ester have been investigated in detail. At 0 OC, 
the value of k,,, decreases with increasing dimethyl sulfoxide 
concentration, decreasing in proportion to the decreased water 
concentration; however, the value of K ,  increases exponen- 
tially. The effect on K ,  can be accounted for by a combination 
of both dielectric and competitive inhibition effects. The Ar- 
rhenius plot for the deacylation reaction in 7.65 M (60% v/v) 
dimethyl sulfoxide is linear over the temperature range 0 to 
-45 O C  and extrapolates to a calculated value of k,,, at 25 "C 
in excellent agreement with that obtained in the absence of 
organic solvent. The pH-rate profile is not substantially per- 
turbed by the presence of 7.65 M dimethyl sulfoxide. At -45 
"C and below, turnover occurs extremely slowly, and is es- 

T h e  rapidity of enzyme-catalyzed reactions and the con- 
comitant short life times of intermediates have been a major 
problem in studying the dynamic processes which occur during 
catalysis. However, knowledge of the existence and structure 
of intermediates on the reaction pathway is necessary before 
specific details of the mechanism may be successfully resolved. 
Much of our current understanding of enzyme mechanisms 
has been obtained through the use of kinetically nonspecific 
substrates and substrate analogues. However, the fact that 
intermediates from such pseudo-substrates can be isolated does 
not necessarily indicate that similar intermediates are on the 
productive pathway for good substrates. Consequently, a 
method using specific substrates which permits the detection 
and characterization of intermediates would be very valuable. 
We have been developing such a method utilizing subzero 
temperatures and fluid solvent systems (Fink, 1973a,b, 
1976a,b; Fink and Wildi, 1974; Fink et al., 1976). The po- 

t From the Division of Natural Sciences, Thimann Laboratories, The 
University of California, Santa Cruz, California 95064. Received June 
10, 1976. This work was supported by grants from the National Science 
Foundation. 

sentially negligible, although acylation is still quite rapid. 
Consequently, the acyl enzyme, Na-carbobenzoxy-L-lysyl- 
papain, can be readily accumulated and trapped at tempera- 
tures below -50 O C .  At these low temperatures, under con- 
ditions of excess substrate, the amount of p-nitrophenol lib- 
erated in the acylation reaction is equivalent to the active-site 
normality of the enzyme, indicating a 1:1 stoichiometry in 
formation of the acyl enzyme. The effect of dimethyl sulfoxide 
up to 7.65 M, on the intrinsic ultraviolet, fluorescence, and 
circular dichroic properties of the enzyme shows no evidence 
of any solvent-induced structural changes. All experimental 
observations are consistent with the conclusion that 7.65 M 
dimethyl sulfoxide and subzero temperatures have no delete- 
rious effects on papain-catalyzed reactions. A related series 
of experiments indicate that aqueous ethanol cryosolvents up 
to 13.7 M (80% v/v) are also suitable. Preliminary experiments 
at subzero temperatures using N"-carbobenzoxy-L-lysine 
methyl ester suggest the existence of three enzyme-substrate 
intermediates which can be detected and accumulated. 

tential of such an approach was first clearly shown by Douzou's 
studies on peroxidase (Douzou et al., 1970). The procedure not 
only allows the accumulation of kinetic and thermodynamic 
information, which may otherwise be very difficult to obtain, 
but also permits the trapped intermediates to be studied by a 
variety of chemical and physical techniques to provide details 
of their structure. 

The methodology is predicated on the following basis. A 
drop of 100 "C will decrease the rate of a typical step in an 
enzyme-catalyzed reaction by a factor of lo5 to IO8. Thus, the 
rates of individual steps in the overall enzyme-catalyzed re- 
action will be decreased to such an extent that, for some, the 
reaction will be negligible at such low temperatures. If the free 
energies and enthalpies of activation are such that a t  the very 
low temperatures the faster reactions precede the slower ones, 
it should be possible to accumulate each intermediate suc- 
cessively. The potential of this cryoenzymological approach 
for detecting and accumulating intermediates in enzyme- 
catalyzed reactions has been demonstrated in recent studies 
with a number of enzymes, e.g., peroxidase (Douzou et al., 
1970), chymotrypsin (Fink and Wildi, 1974; Fink, 1976a; Fink 
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