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Isolation of Na,K-ATPase from the outer
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Figure 1. Sucrose density gradient centrifugation of membrane-bound Na,K-ATPase from rabbit
kidney outer medulla. A sample of 1.0 mg protein in 20 mM imidazole buffer, pH 6.8, containing 250
mM sucrose, 6 mM Tris and 6 mM EDTA was layered on a continuous sucrose density gradient (10-
50%, w/v) in 20 mM imidazole buffer, pH 6.8, and centrifuged at 180,000 g for 2 h using a Hitachi
(Model 55P-72) centrifuge with a vertical rotor (PV50TA), at 4�C. Fractions of 0.5 ml were collected
and assayed for protein concentration (A595 nm; filled circles); refractive index (% sucrose; triangles);
PNPPase activity (squares) and ATPase activity (open circles). ATPase, adenosine 5’-triphosphatase;
PNPPase, p-nitrophenyl phosphatase.

Figure 2. Solubilization of membrane-bound Na,K-ATPase with 1 mg/ml C12E8. Aliquots containing
different concentrations of membrane-bound Na,K-ATPase in 20 mM imidazole buffer, pH 6.8,
containing 250 mM sucrose, 6 mM Tris and 6 mM EDTA were mixed at 4�C with 1 mg/ml C12E8
and centrifuged for 1.5 h at 100,000 g using a Hitachi (Model 55P-72) centrifuge. The supernatant
was assayed for ATPase activity (filled circles) and solubilized protein (open circles). ATPase,
adenosine 5'-triphosphatase.
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Figure 4. Chromatography of Na,K-ATPase solubilized
with C12E8 on a Sepharose 6B column. A sample of
Na,K-ATPase solubilized with C12E8 (1:1, w/w) contain-
ing 154 U/mg was applied to a Sepharose 6B column
(1.4 x 119 cm) equilibrated and eluted with 5 mM Tris-
HCl buffer, pH 7.0, containing 1.0 mM EDTA, 150 mM
KCl and 0.005 mg/ml C12E8, at a flow rate of 21 ml/h.
Fractions of 3.5 ml were collected and aliquots were
assayed for protein concentration (dotted line)
(A280 nm); PNPPase activity (broken line) and ATPase
activity (solid line). The fractions indicated (peak II) were
pooled and correspond to solubilized and purified Na,K-
ATPase. Inset: Non-denaturing polyacrylamide gel elec-
trophoresis of Na,K-ATPase in different purification
steps: gel 1 - C12E8-solubilized extract stained with
silver nitrate; gel 2 - purified enzyme (peak II) stained
with silver nitrate, and gel 3 - phosphohydrolytic activity
of purified enzyme developed with 0.12% (w/v)
1-naphthyl phosphate and 0.12% (w/v) fast blue RR, in
the normal kinetic assay medium.
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Figure 3. Effect of C12E8 concentration on the solubilization of membrane-bound Na,K-
ATPase. Aliquots containing 1 mg of membrane-bound Na,K-ATPase in 20 mM imidazole
buffer, pH 6.8, containing 250 mM sucrose, 6 mM Tris and 6 mM EDTA were mixed at 4�C
with C12E8 at different concentrations and centrifuged for 1.5 h at 100,000 g using a Hitachi
(Model 55P-72) centrifuge. The supernatant was assayed for ATPase activity (filled circles)
and solubilized protein (open circles). ATPase, adenosine 5’-triphosphatase; C12E8, dodecyl-
octaethyleneglycol.
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Table 1. Extraction, C12E8 solubilization and purification steps of an Na,K-ATPase from
rabbit kidney outer medulla.

Step Volume Protein U/ml U/mg Yield Purification
(ml) (mg/ml) (%)

Outer medulla extract 63 11.30 890.4 78.8 100 1
Membrane fragment 53 1.40 702.9 689.2 66.4 7.5
Supernatant of solubilized 64 0.893 409.1 458.1 46.7 5.8

membrane
Pellet of solubilized 74.2 0.501 154.1 307.4 20.3 3.9

membrane
Concentrate of solubilized 35 1.34 382.9 285.8 23.9 3.6

extract
*Peak II 85 0.152 141.4 930.3 21.4 11.8

All assays were carried out in 50 mM HEPES buffer, pH 7.5, containing 3 mM ATP, 10
mM KCl, 5 mM MgCl2 and 50 mM NaCl, at 37�C, as described in Methods.
*Peak of a Sepharose 6B column.

Figure 5. Molecular mass determination of C12E8-solubilized Na,K-ATPase. Molecular mass
was determined using a Sepharose 6B column (0.8 x 133 cm) equilibrated and eluted with 5
mM Tris-HCl buffer, pH 7.0, containing 1 mM EDTA, 150 mM KCl and 0.005 mg/ml C12E8 as
described in Material and Methods. BSA (lozenge); alcohol dehydrogenase (open circle); ß-
amylase (filled circle); apoferritin tetramer (triangle); apoferritin dimer (open square); apofer-
ritin monomer (asterisk), and solubilized and purified Na,K-ATPase (filled square).
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Figure 6. pH sensitivity of the hydrolysis of p-nitrophenyl phosphate (PNPP) and adenosine
5’-triphosphate (ATP) by Na,K-ATPase solubilized with C12E8 (1:1, w/w) and purified on a
Sepharose 6B column. PNPPase (filled circles) and ATPase activities (open circles) are
shown. Assays were buffered with 50 mM buffer containing 5 mM MgCl2, 10 mM KCl and
50 mM NaCl and the substrate, i.e., 10 mM PNPP or 3 mM ATP (for details, see Material and
Methods). The reaction was started by the addition of 3.5 µg protein.

Table 2. Effect of several inhibitors on adenosine 5’-triphosphatase (ATPase) and
p-nitrophenyl phosphatase (PNPPase) activities of purified Na,K-ATPase from rabbit
kidney outer medulla.

Inhibitors Concentration Inhibition (%)

ATPase PNPPase

Ouabain 5 mM 99.1 99.9
Oligomycin 1 µg/ml 81.1 63.7
Sodium azide 100 µM 14.5 16.1
Vanadate 3 µM 98.5 93.2

All assays were carried at 37�C as described in Methods. ATPase activity was assayed
in 50 mM HEPES buffer, pH 7.5, containing 3 mM ATP, 10 mM KCl, 5 mM MgCl2 and
50 mM NaCl, using 10 µg of enzyme. Specific activity of 100% corresponds to 603.2 U/
mg. PNPPase activity was assayed in 50 mM HEPES buffer, pH 7.5, containing 10 mM
PNPP, 15 mM KCl and 10 mM MgCl2, using 10 µg of enzyme. Specific activity of 100%
corresponds to 38.5 U/mg.
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Figure 7. Effect of adenosine 5’-triphosphate (ATP) concentration on ATPase activity of
Na,K-ATPase solubilized with C12E8 (1:1, w/w) and purified on a Sepharose 6B column.
Assays were buffered with 50 mM HEPES buffer, pH 7.5, containing ATP, 5 mM MgCl2, 10
mM KCl and 50 mM NaCl. The reaction was started by the addition of 3.5 µg protein. Inset:
Hill plot for the respective results: high-affinity sites (filled circles) and low-affinity sites
(open circles).



286

Braz J Med Biol Res 35(3) 2002

H.L. Santos et al.

�������	
�������������������	��������Q����R�

�����	�������������	
�������
��������������
��� �	�� ����������� 
��� ����� ���������� ��	��
������ ��� 
�����
����� �������� �	���� 
��� A
������� 
��� ����� �	�� �������
�� ������
��5�28!��'	��������
������
�������	����������

��������
����	����
�����������	�������������
��������
�����������������������
��������
����
��������
��
�	�������	�*
�+�(',
��������
������������������	��������������
�����'	��
�
����
�����
�����������������
���
��������
��������!��
��
���������	�����	�����������
�	������
������
�������
�
���������	������
��
�����
�����@���!�����������������	����������
�
��������
����������	�
�����������������
��
��������
��������������
������
����������
�
������������������
�������
������!������������
����	����
�����
�������	��������
��������	�
��������
����� 
��� ������
����� ������ �0��5�
28!�

>���	����������������	��������
���
��
����������
�����$������*
�+�(',
�������
�����������	�.��=��
��������������
����	
�
�����&;��������
��
����%25�$�
��1����
4!�� ���������� 
�� 
�����
����� ��� �	�� ��A!�

�������������������	��������
���
�������	�
��
���A��������������
�����55�
���40�$�
�
�������������� *���� �	
��� ����� ��� �������
����
��������������
����������	���	�������

��� ���������� �	
�� ���
����� ����� ��� �	�
�������� ������� ����� ���� �
$��� ����� 
��
������7����������	����	��������
���������
���� �5����������� ����������� 
� ��������
��
�����
�������	��
������������	����
�����������
����������� ��� �	�� ��������� ��A!�� �
�� ���
��������������������	���!��(���	���������
�
����
������	��	��
����������������������	�
���������
�
������
������������	����������
�
��� 
��������� ��� �	�� ��������� �������
����
�	
�� ���	�� ����� ��� �	�� ��������� ��� 	��	
������������������
�������0��5!�

(��	��	��������� �	��������
�� ������
�����
���
��#�������	������������	����
���A
�������� �	�� ��
��� "
����
��� �������� ��
*
�+�(',
����
�������
�������������
��
����
��
��������	� �	�������
����
������������
�������'	����
�����������������
�����	��	��

�	����������������
��
������������A!� �2��
2%�%0!����
��
��������������A!������������

�
�
���� �������� ��������������������� ��
���������	����������������������A!���2 �%8!�

D
�����$������*
�+�(',
�����	�������
�����������	�.��=���
����������������
������

������������
�������	������	
���	��������
���������������	��������������������������
�
������85�843!����
�����
����������	����A!
���������	�������
���
������������ 5�
��
�05�$�
��0�25�22�28!��/���������	�����	��
����
��������	����
����������	�
�����������
�
������
� ���
���������
����
�����
�����������
���� ��A!�� ������ 
��)��� �����������������
���	�������
���
��� ��� 240�%85� $�
��
�
����������>�� ��� ������
��� ���������	
�� �	���

�����
������
���������
��������	�����������
	
���
��
�
������
��������
���
������
��������	�
����
����� ����� ���	� �	�� ���������� 
��� ��
������������������
�������5�25�22�2 !�

'	��
��
�������������/�����(',�
��
,*,,�	�������������*
�+�(',
����1����
&!��
��0�4������	���
��������
����
����
�
�����
�� ��� �	
�� ��������������	��� ��������
�
����� ���	� �������� ���
����� ����� �����
�
��������28!��'	�����������������*
�+�(',
��
��	�������� �	����� �	
�� �	�� ����������� ���
���������������������	����������4��7��
�
�
��� ��� %� P7� �
�
�
��� ����� '
���� 2!�� 
�
���������� ��� �����
�� 
�	���� �8��%��9�24!�
/��������������������������������������
��	������	��
�����������*
�+�(',
����853!�

���������$������	
���	�������������	�����	����
����������������	���������������
�����
��
�	��������������������������8��%�24!�

1��
������	����	����������������
�����43
���*
�+�(',
������������
��������������
�	��
����������1�1��(',
����24!��>��������
����
���������	
������	
���	�������������	���
��	��������������������	�����������������
�
��������
�� ����� �������� ���
����� 
��)��
�
������!� 
��� �	�� �����
��� ���� ��� �	�
��
������������� 
������� 
�� ��� �	�� �����
����������*
�+�(',
����8�24!�

+������������������.��=�������������
��
��������*
�+�(',
��� �1�����0!� ����
���
������
��������(',�	���������������������



287

Braz J Med Biol Res 35(3) 2002

Na,K-ATPase solubilized using only C12E8

�	���� ����������
�� ������������ ���� ��� �	�
��������
���
�����	��	�
������������!�
����	�
��	��� ��� �	����������
�� �
���� �����
�������
����!����������������
�����������
�������

D������ ����� ��������
�� ��
������� ��
�����
�� �������
��� ������� �	����� �	
�� �	�
�����
��������*
�+�(',
���
�����������(',
�������	���	������	
�����������������	
���	������5��������P7�
����	����	������	����	

����� 5�5�� ��� 5� ��7���	��	� �������� �	�
�������������������������������
���	���������
�2��%9!�� �
�� �������� ����� 
���� ����� ��
(',� 	���������� ��� .��=������������� 
��
��������*
�+�(',
������	����	� �
���� ��

����5���
��� �P7������	��	��	�
������������

������
����5���
���5�4��7����� �	�� ����

�����������������	����	����
�����������
�����
���������������	
���	��������������������
����������������
�������������������
������
�����
���	�����������2��2%� 5!��>���	������
���	
�������	
���	������������������	��	��	�

�����������������	��(',
������������
�������
����	��������������
��������������������
��
��� 
���� �� ��� �53� ��� �	�� ���
�� 
��������
�	��	� 	������� ���� $������� �	
�
������
����

�2��2%�%9!��>�������������������������������
�	��	��� �	���� 
����� ����� �	�� ��������� ��
������	
������(',������������A!������������
����� 
� ������� ����� �	���� �������� 
��� 
��
��������	
�����������	���
�
�������������2��
2 � 5!�� 
��� �	�� �������
�� ���
�����	��� ���
�������	������	����������������
����	�������
	
������������	����
���������������
������
������������

'	��$��������
�
��	���������
�����$�����
*
�+�(',
��� ����������� ���	� .��=�� 
��
����������������	
���	�������������������
����������
�����������������������
����	
��

����������� ��������� ��� ����� ��������
�����
������ ��
�������� ��A!�� ��������� 
�����
�����
���	
���� ��	
����� ������ (',� 	����������

����
�
���
����
�
�
�����	����������	��	
�
$����	�����	������
�����������
�������	�
�������������������������������������������

Acknowledgments

S�� �	
�$����� D��	
��� H�	��S
��� 
��
7����,������
�.��.�
��
��������������������	�
�
��������

References

1. Helenius A, McCaslin DR, Fries E &
Tanford C (1979). Properties of detergent.
Methods in Enzymology, 56: 734-749.

2. Tanford C (1980). The Hydrophobic Ef-
fect: Formation of Micelles and Biological
Membranes. 2nd edn. Wiley-Interscience,
New York, NY, USA.

3. Koepsell H (1986). Methodological as-
pects of purification and reconstitution of
transport proteins from mammalian plas-
ma membranes. Reviews of Physiology,
Biochemistry and Pharmacology, 104: 65-
137.

4. Silvius JR (1992). Solubilization and func-
tional reconstitution of biomembrane
components. Annual Review of Biophys-
ics and Biomolecular Structure, 21: 323-
348.

5. Santos HL & Ciancaglini P (2000). A prac-
tical approach to the choice of a suitable
detergent and optimal conditions to solu-
bilize a membrane protein. Biochemical
Education, 28: 178-182.

6. Le Maire M, Champeil P & Moller JV
(2000). Interaction of membrane proteins
and lipids with solubilizing detergents.
Biochimica et Biophysica Acta, 1508: 86-
111.

7. Cornelius F (1991). Functional reconstitu-
tion of the sodium pump. Kinetics of ex-
change reactions performed by reconsti-
tuted Na,K-ATPase. Biochimica et Biophy-
sica Acta, 1071: 19-66.

8. Skou JC & Esmann M (1992). The (Na+,
K+)-ATPase. Journal of Bioenergetics and
Biomembranes, 24: 249-261.

9. Jackson RL, Verkleij AJ, Van Zoelen EJJ,
Lane LK, Schwartz A & Van Deenen LLM
(1980). Asymmetric incorporation of Na,K-
ATPase into phospholipid vesicles. Ar-
chives of Biochemistry and Biophysics,
200: 269-278.

10. Brotherus JR, Jacobsen L & Jorgensen
PL (1983). Soluble and enzymatically
stable Na,K-ATPase from mammalian kid-
ney consisting predominantly of protomer

�ß-units. Preparation, assay and reconsti-
tution of active Na,K transport. Biochimi-
ca et Biophysica Acta, 731: 290-303.

11. Esmann M & Skou JC (1985). Occlusion
of Na+ by the Na,K-ATPase in the pres-
ence of oligomycin. Biochemical and Bio-
physical Research Communications, 127:
857-863.

12. Jorgensen PL (1992). Functional domains
of Na,K-ATPase; conformational transi-
tions in the �-subunit and ion occlusion.
Acta Physiologica Scandinavica, 146: 89-
94.

13. Skou JC (1998). The identification of the
sodium-potassium pump (Nobel Lecture).
Angewandte Chemie International Edi-
tion, 37: 2320-2328.

14. Pressley TA (1996). Structure and func-
tion of the Na,K pump: ten years of mo-
lecular biology. Mineral and Electrolyte
Metabolism, 22: 264-271.

15. Jorgensen PL, Nielsen JM, Rasmussen
JH & Pedersen PA (1998). Structure-



288

Braz J Med Biol Res 35(3) 2002

H.L. Santos et al.

funtion relationships based on ATP bind-
ing and cation occlusion at equilibrium in
Na,K-ATPase. Acta Physiologica Scandi-
navica, 163: 79-87.

16. Jorgensen PL, Rasmussen JH, Nielsen
JM & Pedersen PA (1997). Transport-
linked conformational changes in Na,K-
ATPase. Structure-function relationships
of ligand binding and E1-E2 conforma-
tional transitions. Annals of the New York
Academy of Sciences, 834: 161-174.

17. Lingrel JB, Croyle LM, Woo AL & Arguello
JM (1998). Ligand binding sites of Na,K-
ATPase. Acta Physiologica Scandinavica,
163: 69-77.

18. O’Brien WJ, Lingrel JB & Wallick ET
(1994). Ouabain binding kinetics of the rat
alpha two and alpha three isoforms of the
sodium-potassium adenosine triphos-
phate. Archives of Biochemistry and Bio-
physics, 310: 32-39.

19. Emery AM, Billingsley PF, Ready PD &
Djamgoz MBA (1998). Insect Na,K-
ATPase. Journal of Insect Physiology, 44:
197-209.

20. Brotherus JR, Moller JV & Jorgensen PL
(1981). Soluble and active renal Na,K-
ATPase with maximum protein molecular
mass 170,000 ± 9,000 daltons; formation
of larger units by secondary aggregation.
Biochemical and Biophysical Research
Communications, 100: 146-154.

21. Ward DG & Cavieres JD (1993). Solubi-
lized �ß Na,K-ATPase remains protomeric
during turnover yet shows apparent nega-
tive cooperativity toward ATP. Proceed-
ings of the National Academy of Sciences,
USA, 96: 5332-5336.

22. Ward DG & Cavieres JD (1996). Binding
of 2'(3')-O-(2,4,6-trinitrophenyl)ADP to
soluble alpha beta protomers of Na,K-
ATPase modified with fluorescein isothio-
cyanate. Evidence for two distinct sites.
Journal of Biological Chemistry, 271:

12317-12321.
23. Ward DG & Cavieres JD (1998). Photoin-

activation of fluorescein isothiocyanate-
modified Na,K-ATPase by 2'(3')-O-(2,4,6-
trinitrophenyl)8-azidoadenosine 5'-di-
phosphate. Journal of Biological Chemis-
try, 273: 14277-14284.

24. Linnertz H, Urbanova P, Obsil T, Herman
P, Amler E & Schoner W (1998). Molecu-
lar distance measurements reveal an (al-
pha beta)(2) dimeric structure of Na,K-
ATPase - high affinity ATP binding site
and K+-activated phosphatase reside on
different alpha-subunits. Journal of Bio-
logical Chemistry, 273: 28813-28821.

25. MacGregor SE & Walker JM (1993). In-
hibitors of the Na,K-ATPase. Comparative
Biochemistry and Physiology, 105C: 1-9.

26. Kasturi R, Yuan J, McLean LR, Margolies
MN & Ball WJ (1998). Identification of a
model cardiac glycosid receptor: compari-
sons with Na,K-ATPase. Biochemistry, 37:
6658-6666.

27. Fedosova NU, Cornelius F & Klodos I
(1998). E2P phosphoforms of Na,K-
ATPase. I. Comparison of phosphointer-
mediates formed from ATP and Pi by their
reactivity toward hydroxylamine and vana-
date. Biochemistry, 37: 13634-13642.

28. Jorgensen PL (1988). Purification of Na,K-
ATPase. Enzyme sources, preparative
problems and preparation from mamma-
lian kidney. Methods in Enzymology, 156:
29-42.

29. Read SM & Northcote DH (1981). Minimi-
zation of variation in the response to dif-
ferent proteins of the Coomassie blue G
dye-binding assay for protein. Analytical
Biochemistry, 116: 53-64.

30. Davis BJ (1964). Disc electrophoresis II -
Method and application to human serum
proteins. Annals of the New York Acade-
my of Sciences, 121: 404-427.

31. Blum H, Beir H & Gross HJ (1987). Im-

proved silver staining of plant proteins,
RNA and DNA in polyacrylamide gels.
Electrophoresis, 8: 93-99.

32. Laemmli UK (1970). Cleavage of struc-
tural proteins during the assembly of the
head of bacteriophage T4. Nature, 227:
680-685.

33. Leone FA, Degreve L & Baranauskas JA
(1992). Sigraf-A versatile computer-pro-
gram for fitting enzyme kinetic data. Bio-
chemical Education, 20: 94-96.

34. Pedersen PA, Rasmussen JH & Jorgen-
sen PL (1996). Consequences of muta-
tions to the phosphorylation site of the
alpha-subunit of Na,K-ATPase for ATP
binding and E1-E2 conformational equilib-
rium. Biochemistry, 35: 16085-16093.

35. Yingst DR, Yang SY & Schiebinger R
(1998). Purification of active Na,K-ATPase
using a new ouabain-affinity column.
American Journal of Physiology, 275C:
1167-1177.

36. Rigaud JL, Pitard B & Levy D (1995). Re-
constitution of membrane proteins into
liposomes: application to energy-trans-
ducing membrane proteins. Biochimica et
Biophysica Acta, 1231: 223-246.

37. Jorgensen PL & Andersen JP (1986).
Structural basis for E1-E2 conformational
transitions in Na,K-pump proteins. Jour-
nal of Membrane Biology, 103: 95-120.

38. Tsuda T, Kaya S, Yokoyama T & Taniguchi
K (1997). Are pyridoxal and fluorescein
probes in lysine residues of �-chain in
Na+,K+-ATPase sensing ATP binding? An-
nals of the New York Academy of Sci-
ences, 834: 186-192.

39. Robinson JD (1976). Substrate sites for
the Na,K dependent ATPase. Biochimica
et Biophysica Acta, 429: 1006-1019.

40. Thoenges D, Linnetz H & Schoner W
(1997). A two-site model of interacting
ATP sites. Annals of the New York Acade-
my of Sciences, 834: 322-326.


