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Na /K -ATPase (EC 3.6.1.3) is an important membrane-bound enzyme. By using microcalorimetry, the ther-
mokinetic method was developed to kinetic studies on Na /K -ATPase for the first time. Compared with other ones, 
the method provided accurate measurements of not only thermodynamic data but also the kinetic data. At 310.15 K 
and pH 7.4, the molar reaction enthalpy �rHm was measured as ( 40.408 1.9) kJ mol 1. The Michaelis con-
stant Km was determined to be (0.479 0.020) 10 3 mol L 1 and consistent with literature figure which is about 
0.5 10 3 mol L 1. The maximum velocity Vmax obtained was (0.681 0.026) ���� Pi min 1 mg protein 1. All 
of the data have good repeatability and self-consistency. The reliability of thermokinetic method was verified by the 
experimental results and further confirmed by colorimetric studies. Moreover, the effect of enzyme pre-dilution on 
its activities was also investigated. 
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Introduction 

Na /K -ATPase (ATP phosphohydrolase, EC 3.6.1.3) 
is an important membrane-bound enzyme. It catalyzes 
the hydrolysis of ATP, and uses the energy from the re-
action to maintain the low internal sodium and high in-
ternal potassium concentrations characteristic of most 
animal cells. So it has been convincingly identified with 
the sodium pump. The kinetics of Na /K -ATPase has 
been extensively researched by classical methods such 
as spectrophotometry, 32

�-ATP isotopic determination 
and colorimetry.1-7 Kinetic studies on Na /K - ATPase 

using ATP in millimolar concentration range of those 
required for optimal hydrolytic activity in vivo reveal 
Km values ranging from 0.1 mmol L 1 to 1.0  
mmol L 1.5,7 

Compared with classical ones, the thermokinetic 
method can provide in-situ, online, quasi-continuous, 
non-invasive and accurate measurements of not only 
thermodynamic data but also the kinetic data of the re-
action under investigation. Moreover, there is also no 
constraint on both the solvent and the spectral, electro-
chemical, or other properties of the reaction systems 
involved.  

Owing to these advantages, the thermokinetic 
method has received increasing attention from research-
ers in many fields. Since the absorption or production of 
heat is an intrinsic property of all enzyme-catalyzed 
reactions, microcalorimetry as the most powerful tool of 
the thermokinetic method has been extensively used in 
the study of enzyme-catalyzed reactions. 8-13 But micro-

calorimetry employed to the kinetic studies on Na /K - 
ATPase has not been reported yet. In this paper, micro-
calorimetric studies on Na /K -ATPase were carried out 
under mimetic physiological conditions (T 310.15 K, 
pH 7.4, ATP in millimolar concentration range). The 
thermokinetic method was developed to kinetic studies 
on Na /K -ATPase for the first time. By analyzing the 
calorimetric curves of ATP hydrolysis reactions, not 
only the thermodynamic data �rHm but also the kinetic 
data Km and Vm were produced. All of the data obtained 
had good repeatability and self-consistency. The reli-
ability of thermokinetic method was verified by the ex-
perimental results and further confirmed by colorimetric 
studies. Moreover, the effect of Na /K -ATPase 
pre-dilution on its activities was also investigated. 

Experimental 

Reagent 

Na /K -ATPase (ATP phosphohydrolase, EC 3.6.1.3) 
from porcine cerebral cortex was purchased from Sigma 
Corporation. Protein concentration was determined by 
the method of Lowry et al.14 using bovine serum albu-
min as the standard.  

Other reagents were of analytical grade. All solu-
tions were prepared with doubly distilled water or 
buffer.  

Instrument 

LKB-2107 batch microcalorimeter system combines 
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a micro-batch reactor (BR) with a conduction calorime-
ter. UV-1601 spectrophotometer manufactured by Shi-
madzu (Japan) was used. 

Methods 

Microcalorimetric method: The calorimetric curves 
were obtained at 310.15 K (37.00 ) using an 
LKB-2107 batch microcalorimeter system. Before each 
calorimetric experiment, all reagent solutions were di-
luted to the required concentrations with buffer solution 
(composition in millimolar: Tris-HCl, 100; NaCl, 100; 
KCl, 10; MgCl2, equal to the concentration of ATP; pH

7.4). Detailed experimental procedures were the same 
as previously described.8,9 

Colorimetric method: In order to verify the results 
obtained by microcalorimetry, colorimetric method as a 
representative classical method was also used in this 
work. Furthermore, the effect of Na /K -ATPase predi-
lution on its activities was studied by this method. Ex-
periments were performed on a UV-1601 spectropho-
tometer. 

Na /K -ATPase activities were measured by deter-
mining the amount of released inorganic phosphate (Pi) 
based on the malachite green assay of Kallner15 with 
modifications. Each enzyme preparation was incubated 
in buffer solution at 37 �for about 20 min before the 
assay. Standard curve of inorganic phosphate (Pi) was 
obtained under the same experimental conditions by 
using KH2PO4 as standard. The enzyme activity was 
expressed as micromoles of Pi released per mg of pro-
tein per min. 

In kinetic studies, initial velocities were estimated by 
selecting brief reaction periods (5 min), over which Pi 
production was linear with time. By using initial rate 
method, the kinetic parameters Km and Vm can be deter-
mined. 

Results 

Measurements of kinetic parameters Km and Vmax by 
calorimetric method 

When a thermal change of a chemical reaction takes 
place in a batch conduction calorimeter, the relation 
between input function Q and output function � should 
obey Tian’s equation, so we can obtain the following 
equations:8 

�t tQ K ( A )τ ∆⋅ ⋅   (1) 

Q K A∞ ⋅   (2) 

where � is the time constant of reaction system and K 
the proportionality constant, Q the heat liberated before 
time t, Q

� the total heat effect. As Figure 1 shows that �t 
is the peak height at time t, At is the peak area up to time 
t, and A is the total area under the thermogram. 

Defining the substrate conversion ratio �t ([S]0  

 

Figure 1  A typical calorimetric curve of LKB2107. 

[S]t)/[S]0, where [S]0 and [S]t stand for the substrate 
concentrations at the beginning and time t, then t can 
be described as:  
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where  ( /K ) is a constant with time dimension. 
An electric calibration can be run after each experiment  
to determine this parameter. From the calorimetric curve 
of the calibration, a series of points behind the peak are 
chosen. For these points, the system is under a natural 
cooling procedure, so they should obey the equation:  
ln ∆ ln ∆0 t/τ. By plotting ln ∆ against t, the parame-
ter τ can be obtained from the slope of the linear curve. 
At the same time, the parameter K mentioned above can 
be determined through dividing the heat of calibration 
by area under the calibration curve. 

It was pointed out that when Mg2  and ATP were 
varied together at a 1 1 molar ratio in a millimolar 
concentration range about cellular levels in vivo, the 
kinetics of Na /K -ATPase should obey a simple Micha-
elis-Menton equation:3 
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For the above equation, it is easy to prove that 
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where [S]0 stands for the substrate concentration at the 
beginning, Km the Michaelis constant and Vmax the 
maximum velocity of an enzyme-catalyzed reaction. 

Thus, by choosing a series of points from calorimetric 
curves and then plotting ln(1 �t)/t against �t/t, from 
the slope and the intercept of the linear curve, the ki-
netic parameters can be obtained. Table 1 and Figure 2 
showed an example of analyzing a calorimetric curve. 
Furthermore, the results obtained under different sub-
strate concentrations are listed in Table 2. 
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Figure 2  An example of thermogram analysis. 

Table 1  An example of analyzing a microcalorimetric curve a 

t/s 
�t/ 

mV 

At/ 

(V s) 
�t 

�t t 1/ 

(10 3 s 1) 

ln(1 �t) �

t 1/(10 3 s 1) 

1080 5.9 6.41 0.5138 0.476 0.668 

1140 5.75 6.74 0.5370 0.471 0.676 

1200 5.50 7.07 0.5595 0.466 0.683 

1260 5.40 7.37 0.5809 0.461 0.690 

1320 5.25 7.67 0.6019 0.456 0.698 

1380 5.10 7.97 0.6229 0.451 0.707 

1440 

1500 

1560 

1620 

1680 

4.90 

4.75 

4.60 

4.50 

4.35 

8.24 

8.52 

8.77 

9.03 

9.27 

0.6413 

0.6609 

0.6782 

0.6966 

0.7132 

0.445 

0.441 

0.435 

0.430 

0.425 

0.712 

0.721 

0.727 

0.736 

0.743 
a Results: Km 0.499 10 3 mol L 1, Vmax 6.82 10 7  
mol L 1 s 1 0.655����� Pi min 1 mg protein 1, correlation 
coefficient R 0.9991�����������	
������
������rHm 39.883 
kJ mol 1. Other parameters:�� 97.09 s, A 13.59 V s, [S]0

7.30 10 4 mol L 1, [E]t 6.25 10 2 mg protein mL 1. 

All experiments were carried out for several times. It 
was shown that the data of Km and Vmax have good re-
peatability and self-consistency. At 310.15 K and pH
7.4, the Michaelis constant Km was measured as (0.479

0.020) 10 3 mol L 1 and consistent with literature 
figure of about 0.5 10 3 mol L 1.3,4 The maximum 
velocity Vmax was determined to be (0.681 0.026) 
���� Pi min 1 mg protein 1. 

Colorimetric determination of kinetic parameters  

For a Michaelis-Menton equation 

max 0
0

0

[S]

�[S]
�

m

V
v

K
  (6) 

where v0 stands for the initial rate, [S]0 the initial sub-
strate concentration, Km the Michealis constant, and Vmax  
 

the maximum velocity. By inversion, the following 
equation can be obtained: 

0 max max 0

1 1 1
� �

[S]
mK

v V V
⋅  (7) 

By plotting 1/v0 against 1/[S]0, the kinetic parameters 
Km and Vmax can be gotten from the slope and the inter-
cept of the linear curve (Table 3). 

Table 2  Results obtained under different substrate concentra-
tions in kinetic parameter measurements by thermokinetic 
methoda 

103[S]0/ 

(mol L 1) 

103Km/ 

(mol L 1) 

Vmax/ 

(���� Pi min 1 �

mg protein 1) 

R 

0.181 0.476 0.664 0.9955 

0.363 0.489 0.699 0.9945 

0.450 0.465 0.683 0.9940 

0.688 0.475 0.687 0.9980 

0.730 0.499 0.655 0.9991 

0.908 0.470 0.698 0.9965 

Average value 0.479 0.020 0.681 0.026 
0.9963

0.0028 
a Other parameters: t 37.0 , pH 7.4, [E]t 6.25 10 2 mg 
protein mL 1. 

Table 3  The data of double-reciprocal plot in kinetic parameter 
determinations by colorimetric methoda 

104[S]0/ 

(mol L 1) 

10 4[S]0
1/ 

(L mol–1) 

v0������ Pi �

min 1 mg 

protein 1) 

v0
1/(min mg 

protein ���� 1 

Pi) 

0.91 1.099 0.109 9.174 

1.36 0.735 0.159 6.289 

1.81 0.552 0.203 4.926 

2.27 0.441 0.218 4.587 

3.63 

9.10 

0.275 

0.110 

0.281 

0.451 

3.559 

2.219 
a Results: Km 0.466 10 3 mol L 1, Vmax 0.682 ���� Pi �

min 1 mg protein 1, correlation coefficient R 0.9960. Other 
parameters: t 37.0 , pH 7.4, [E]t 6.25 10 2 mg 
protein mL 1. 

Results showed that Km (0.466 10 3 mol L 1) and 
Vmax (0.682 ���� Pi min 1 mg protein 1) are con-
sistent with the values obtained by the thermokinetic 
method. The reliability of thermokinetic method being 
used to kinetic studies on Na /K -ATPase was further 
confirmed. 
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Measurement of the molar reaction enthalpy rHm 

For a chemical reaction: 

Q� n�rHm  (8) 

Where �rHm is the molar reaction enthalpy, Q
� the total 

heat effect of the reaction, n the number of moles of 
initial substrate. Combining Eq. (8) with Eq. (2), we 
obtain 

�rHm KA/n  (9) 

where K stands for the proportionality constant and can 
be obtained from calibration experiment. 

The molar reaction enthalpy �rHm of ATP hydrolysis 
reaction is ( 40.408 1.9) kJ mol 1 in the condition 
of 310.15 K and pH 7.4 (Table 4). All experiments 
were at least in duplicate. Results showed good repeat-
ability and self-consistency. 

Table 4  Molar reaction enthalpy, �rHm, of ATP hydrolysis reac-
tion at 310.15 K and pH 7.4 

103[S]0/(mol L 1) Q
�
/J �rHm/(kJ mol 1) 

0.091 0.0152 41.889 

0.136 0.0211 38.714 

0.182 0.0291 39.960 

0.363 0.0609 41.968 

0.908 0.1504 41.415 

1.815 0.2795 38.504 

Average value 40.408 1.9 
a Other parameters: V 4.00 mL, [E]t 6.25 10 2 mg 
protein mL 1. 

Discussion 

In microcalorimetric experiments, there would pro-
duce undetectable heat effect if certain volume (micro-
liter) of Na /K -ATPase solution (5 U/mL) were 
pre-diluted to 2 mL as usual. In this occasion, the en-
zymatic reactions cannot be carried out successfully. In 
order to clarify the phenomenon, the effect of Na /K - 
ATPase pre-dilution on its activities was investigated by 
colorimetric method (Table 5). Results showed that ex-
cessive pre-dilution greatly decreases the enzyme activi-
ties. That is to say, the enzyme activity is reduced as the 
enzyme concentration is reduced. There is dilution inac-
tivation phenomenon occurred in Na /K -ATPase. 

The similar phenomenon of enzyme dilution inacti-
vation has been described previously.16,17 It was shown 
to be associated with the dissociation of the active 
tetrameric form of the enzyme into inactive dimmers 
and monomers. 

It was pointed out that the minimal functional unit of 
Na /K -ATPase is a heterodimer, composed of two 
noncovalently linked subunits termed � and �.18 Thus, it 
can�be concluded that�excessive pre-dilution seemingly 
destroyed the minimal functional unit and probably re-
sulted in the dissociation of the active heterodimer form 

into � and � inactive monomers. So, appropriate initial 
concentration of Na /K -ATPase should be an indispen-
sable factor in microcalorimetric experiments. In this 
work, just small volume (microlitre) of enzyme solu-
tions with high concentration (4 5 U/mL) was used 
and undiluted in microcalorimetric studies. 

Table 5  Colorimetric studies on the effect of enzyme 
pre-dilution on its activitiesa 

104[S]0/(mol L 1) V��L m x/% 

3.63 25 1 100 

3.63 25 10 75 

3.63 25 50 10 

3.63 25 100 5 

7.30 25 1 100 

7.30 25 10 50 

7.30 25 50 5 
a Annotation: V stands for the volume of 10 mg protein mL 1  
Na /K -ATPase, m the number of enzyme pre-dilution, x the per-
centage of original enzyme activities that pre-diluted enzymes 
possessed under the same conditions. 
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