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Minimum enzyme unit for Na+/K+-ATPase is the c(/~-protomer. 
Determination by low-angle laser light scattering photometry 

coupled with high-performance gel chromatography 
for substantially simultaneous measurement of ATPase activity 

and molecular weight 
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The  oligemerie state of canine renal N a + / K  %ATPase solubil i~d by oebiethylene fJyeal n-dodeeyl ether  (C t , .E,)  wa~ 
studied by means of low-angle laser light scattering photomel D' coupled with hlgh.performanco gel chromatography 
(HPGC).  At around 0 ° C  the solubilized enzyme was separated into the ( n,6 )z-diprniomeric and a,6'-proiomatie prolein 
cemponents  with M r values o[ 302000 :[: 10000 and 156~00 + 4 0 ~ ,  respectively, in approximately equal quantities. As 
the  temI~rature  of chromatography was incre~t~tl toward 20~C,  the  two protein components converged into a single 
major  component.  The  M r of this component  depended on the monovaleut cation included ill the elut[on buffer, and w~-~ 
255000 or  300000 in the presenee of 0.1 M NaCI or 0.1 M KCI, respectively. A eompbier  sinnllation technique showed 
tha t  the soluhlllzed ensyme was in a dissociation.association equilibrium of 2 protomcrs ~- diprotomer at 2O°C, and the 
difference in app~en t  M r of  the sohihlllznd enzyme between the two species of monovalent cation w~-, interpreted by an 
association constant  (Ka)  in the  presence of 0.1 M KCI that  was about 50-fold larger than in the presence of 0.1 M 
N a t l .  In  order  to measure A~'Pase activity ~ d  M r of  the  ~ lubi l lzed  enzyme s imuh~eou~ly,  a TSl(~el G300~qW 
column had been equilibrated and  was elutnd with an  elation buffer containing 0.30 m g / m l  C t z E  s and 60 p g / n d  
ph0sphatidylserine (bovine brain) as well as the lisands necessary for the  enzyme to exhibit  the activity af pH 7.0 and 
20*C.  The  solubilized enzyme was always elutnd as  a single protein component  irrespective of the  amount  of the 
protein applied to the cobinm~ ranging hetween 240 and 10 p ~  The  M r of the protein compeaent ,  however, decre~med 
from 214000 to 1~80eO with the decrease of  the  peotein amount,  qnhe specific ATPase activity, however, remained 
constant at  a level of 64  4- 4% oi that  of the  memheane-bound enzyme even in the range of protein ~ n t r a t i o n  
sof|lelently low as to  allow the enzyme to exist  only in the IXotomeric form. Thus,  the a~-protomer  is concluded to he  
the minimum fmet iouel  unit for the ATPase activity. The  value of K~ obtained from the ¢oncentrbiion-dependent 
dissociation clave was 5 .  i 0  s M - t  for  the  enzyme turning over, and L I  • 107 M -z  for the enzyme inhibited with 
ouabaln. I t  was discussed, based on  the values of K a obiaioed~ Ihat the enzyme would exist a~ the  dipmlomer  or  the 
higher  oligomer in the membrane.  

Introduction 
Abbreviations: CluE s, ~taethylene glycol n-dod~yl ether: LALLS, 
low-angle l a ~  liSh! scattering; HPGC/LALLS, monitoring of elu- N a + / K + - A T P a s e  is the integral membrane  protein 
tlon from a hi,h-performance ~gl chromEtosmphy column with a that  t ransports  3 Na + ions outward and  2 K + ions 
LALL$ pho~ *me(er and supplementary equip~nt; PS, ph~phatidyl- inward across the plasma membrane  at  the expense of  1 
~rine; LS, lishl scattering; RI, differential r'ffracliv¢ index: UV. ATP molecule [1]. The protein is mainly composed of 
ultraviolet; K., association equilibrium coa$lanl 

two polypeptides, a catalytic subuni t  and  a glyco- 
Correspondence: Y. Hayashi, Department of Bicchemlsli3,, Kyorin peptide, which are designated • and  ft. respectively 
Un~-'¢~ity S~hool of Medicine. Milaka, Tokyo 181, Japan, [2,3]. The M r values of the a and  fl subunits  of  dog  
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kidney Na+/K +-ATPase are llg000 ± 3000 and 39400 
+ 900, respectively, determined by the same technique 
used in the present study [4]. The value, are in good 
agreement with those obtained for the ~ (112177 
11242zl} and fl (34671-3495g) subunits of the enzyme 
f r ~  oilier sources by the eDNA sequencing leehnique 
[5-9]. Isolated a and fl subunits have never been recon- 
stituted into a functional enzyme. 

The quaternary structure of the ATPase has been 
s!udied by molecular weight estimation [3,10-12] and 
chemical cross-linking [13.14] of the enzyme that was 
sohibilized with nonionic surfactants, such as Ct2E s 
and Lubrol, without substantial loss of enzymatic activ- 
ity. These studies have shown consistently that the two 
polypeptides, a and /~. are noncovalently combined 
together in a minimum structural unit, that is, an a~8- 
protomer. On the other hand, the conflicting conclu- 
sions on the structure necessary for the enzymatic activ- 
ity has been obtained by the sedimentation equilibrium 
technique: the dimer of the minimum unit, that is, the 
(a.8)~-diprotomer was the minimum active protein unit 
of the sohibilized enzyme prepared from shark rectal 
gland [10.11], while the af-protomer was the minimum 
active protein unit of the enzyme prepared from pig 
kidney [12]. Chemical cross-linking of the solubilized 
enzyme prepared from dog kidney has. however, dem- 
onstrated that the enzyme solution contains different 
oligomers of the afl-protomer, such as ag, (aft):, (afl)j 
and (aft) a [13], and that an af-protomer constiluting 
more than 85% of a population of oiigomers can express 
full enzymatic activity [14]. By the method of low angle 
Ia:.er light scattering photometry coupled with high-per- 
formance gel chromatography (HPGC/LALLS method) 
we have shown that the af-protomer and (a~8)2-dipro- 
tomer are the major protein components (more than 
82%) in our preparation of the solubilized enzyme pre- 
pared from dog kidney [3]. Thus, it remained uncertain 
which of the two protein components is the minimum 
functional unit for hydrolysis of ATP. To make clear 
this point, measurement of molecular weight should be 
performed on the solubilized enzyme or its protein 
components while turning over. The HPGC/LALLS 
method, which has been improved to he applicable to 
rc~cai'ch on inemb~ane protein [3,15-17], seemed suila- 
hie for the purpose. 

In the present study, we have further refined the 
HPGC/LALLS method so that not only the molecular 
weight could he determined for the protomer and its 
dimer immediately after emergence from the column, 
but also the ATPase activity exhibited during passage 
through the column could be monitored. Results thus 
obtained unambiguously demonstrated that the sohibi- 
lized enzyme was in an equilibrium of dissociation-as- 
sociation between the protomer and the diprotomer, 
whether the enzyme turned over or not, and that the 
a,B-protomer is the minimum functional unit for the 

enzymatic activity. Furthermore, the equilibrium con- 
slant e~timated suggests that the membrane-hound en- 
zyme exists as a higher oligomer than the protomer in 
the plasma membrane of kidney. Preliminary results of 
M r measurement at low temperature and of measure- 
ment of ATPase activity exhibited during the chro- 
matography have been presented [18,19]. 

Methods 

Membrane-bound Na + / K +-A TPa.¢e 
The enzyme was purified from mierosomes of outer 

medulla of frozen dog kidney by the method of Jorgen- 
sen [20] with the following modifications: 2 mM dithio- 
erythritol was included in all the media, and the con- 
centration of original SDS solution to he added to the 
mierosomes was lowered to less than 0.83 mg/ml to 
minimize denaturation by SDS. Final concentrations of 
the microsomal protein and SDS were 1.40 and 0.70 
mg/ml, respectively. The purified enzyme was washed 
to exclude contamination of the enzyme preparation by 
Na + and K + as described elsewhere [3]. The protein 
concentration was estimated by the method of Bradford 
[21], and was corrected by multiplication by a factor of 
1.144 determined by quantitative amino-acid analysis as 
described elsewhere [3]. The specific ATPase activity of 
the enzyme ranged from 37 to 4g U/rag protein (units 
defined as /tmol P .  min - t )  under the optimum condi- 
tions of 100 mM NaCI/25 mM KCI/4 mM 
Na2ATP/3,9 mM MgCla/0.2 mM EDTA/30 mM im- 
idazole/30 mM glycylglycin¢ at pH 7.2 and 37 o C. 

$olubilized /Ca +/K  +-A TPase 
The membrane-bound enzyme was incubated in a 

solution with the final composition of 2 rag. ml - J pro- 
rein/6 mg. ml 1 ClzEs/0. 2 M KCI/2 mM dithioeryth- 
ritol/10% (w/v) glycerol/13 mM imidazole/8 mM 
Hepes at pH 7.0 and 0°C  for 5 rain, unless otherwise 
stated. The solution was centrifuged under 170000 × g 
for 20 min at 0°C. The supcrnatant was collected and 
stored at 0 ° C. Th2s preparation will be hereafter referred 
1o as the solubilized Na+/K+-ATPase or the sohibilized 
enzyme. The AFPase activity of the enzyme was almost 
fully ret~Zr, cd for 4g h at least after the solubilization. 
Aggregation of protein components constituting the 
sohibilized enzyme was not detected during the storage, 
The sohibilized enzyme was applied to a chromatog- 
raphy column within 3 rain (for the experiments :~hown 
in Figs. 1 4) or 12 h (for those shown in Figs. 5-7] after 
the isolation. Concentrations of the sohibilized enzyme, 
af-protomer and (af)2-diprotomer were determined by 
the absorbanee at 280 nm using an absorption coeffi- 
cient of 1.22 rng -I • ml- cm - t  [3]. 

The preparation of the ouabain-treated, solub~lized 
enzyme was made as follows. The membrane-hound 
enzyme (3.1 mg/ml protein] was incubated with 1.5 



m M  ouabain in a solution of 3.1 m M  M g C I J 3 . 1  m M  
d i t h i o e r y t h r i t o l / 1 . 5  m M  E D T A / 1 5 . 4 %  ( w / v )  
glycerol /20 mM imidazole/16 mM Hepes at pH 7.0 
and  37°C.  After incubation for 10 rain, the solution 
was cooled to 0 ° C ,  and KCI followed by Ct2E ~ were 
added to the solution so that  the final composit ion 
became the same as described above with respect to the 
consti tuents other  than ouabain and MgCI 2 (their  final 
concentrat ions were 1 and  2 mM. respectively). The 
enzyme thus treated was sohibilized as described above. 
and  the resultant enzyme is referred to as the ouabain- 
treated, solubilized enzyme. 

Estimation of M, by the H P G C /  LALLS method 
A TSKgel  G3000SW column (7.5 × 600 ram, Tosoh 

Co.) equipped with a guard column (TSK guard co lumn 
SW, 7.5 × 75 ram) was used for H P G C  of  the solubi- 
lized enzyme, unless o t h e ~ i s e  stated. The columns were 
equilibrated and  ehited with an  elution buffer (pH 7.0) 
conta in ing  0.2 m g . m l  - I  C~2Es/0.I  M K C I / l  m M  
E D T A / 1 0  m M  imidazole /13 m M  Hepes at a flow rate 
of  0.30 m l / m i n  at 0 - 1 . 6 ~ C  or at a flow rate of 0.50 
m l / m i n  at 20 ~ C. In  some eases, 0.1 M KCI was replaced 
by 0.05 M KCI/0 .05  M N a C I / 4  m M  MgCI z or by 0.l 
M NaCI. The ehiate f rom the columns was monitored 
successively with the following three kinds of detectors: 
a L A L L S  photometer  (LS;  TSK model LS-8~O0), a 
differential refractometer (RI ;  TSK model RI-8011L 
and  a UV spectrophotometer ( U V ;  TSK model UV-  
8000). The temperature of  the columns, the f low-through 
cell installed in the L A L L S  photometer ,  and the lines 
connect ing the  co lumn and  the cell was kept constant  at 
the  levels stated within + 0.1 C °. The Mr of the protein 
moiety of the protein componen t  eluted was obtained 
according to the following equat ion 

M.=kt(dn/d%l I[omput ks. {outpuo~tl (1) 

where k I is the instrumental  constant:  d n / d % ,  the 
specific refractive index increment  expressed in terms of 
weight  concentrat ion of  the protein moiety of the pro- 
tein component  ( % ) :  (6u~,pUl)Ls, the output  of LS; and  
(output)  m ,  the output  of  RI  [15,22,23]. The value of 
d n / d %  reflects the amount  of substances bound to the 
protein,  such as surfactant and  lipids, and  was 
determined by the following equation 

(dn /d%)  = k2.AloulputlRi-(ompul)~v I (2) 

where k 2 is the instrumental  constant ;  A. the absorp- 
t ion coefficient expressed in terms of weight concentra-  
t ion of cp at  280 rim; and  (output)uv.  the output  of UV 
[3,15,16]. The  constants  k I and  k z were determined 
using the s tandard proteins of glutamate dehydsogenase 
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(yeast. , 'd~-  297 354 124]. d n / d c  = 0.187 m l / g  *. A = 
1.27 rag-  i .  ml .  cm I ) and lactate dehydtogenase {pig 
heart. 1420130 [25]. 0.187 ml /g .  1.38 mg I .  ml .  cm-  L). 
The ~utputs of the three kinds of moni :or  were ob- 
tained as the heights of th= elmion peak~. 

Substantialh" :tmultaneou~ ,,,casuremem of A TPase a~iv- 
i(}" and 1i4 during turnover in an HPGC column 

An aliquot of a ch lo ro fo rm/me thano l  solution con- 
taining 30 mg cf  PS from bovine brain with 9g% purity 
(Sigma Chemical) was evaporated to dryne,~s in a stream 
of nitrogen. Several ml of  a solution of 1.5 m g - m l  - t  
C I . , E J 0 . 2 5  M NaCI /0 .25  M K C I / 2 0  m M  M g C I , / 5  
m M  E D T A / 5 0  mM imidazole/75 m M  Hepes (pH 7.0} 
were added to the residue of PS and  sonicated until 
visible fragments of PS disappeared, leaving a slightly" 
cloudy solution. The resultant suspension was mixed 
with a large volume of a solution without  PS so that  the 
final ingredients were 60 p g .  ml t PS/9 .3  mg .  ml~ 
Ct2Es/0 ,05  M NaCI/0 .05  M K C I / 4  mM MgCI2/1  
mM EDTA/1 .33  mM A T P / 1 0  mM imidazolc/15 ram 
Hepes (pH 7.0l. The final solution became clear after 
incubation overnight at room temperature, and  was 
used as the elution buffer. The same columns as those 
described above were equilibrated with about 100 ml of 
the elution buffer at a flow rate of 0.50 m l / m i n  and 
20 Q C. The solubi6zed enzyme was usually diluted with 
1-15 vols of the elution buffer lacking ATP and  PS. An 
aliquol of 100 150/t l  containing 10 2d0 # g  protein of  
the solubilized enzyme was applied to the columns, and 
the columns were eluted wi th  the elution buffer. The 
eluate was monitored successively with the three kinds 
of m3nitor ,  and I ml aliquots of the eluate were col- 
lected in test-tubes pre-loaded with 0.50 ml of 5% ( w / v )  
SDS to stop the enzyme reaction. The concentrat ion of 
P, in each fraction was estimated on a Technicon auto- 
analyzer by the method of  Hegyvary et al. [26] and  was 
plotted against the retention t ime at which the fraction 
was taken. 

The specific ATPase activity of the enzyme exhibited 
dur ing  passage through the co lumn was calculated from 
the amount  of P~ liberated, the t ime taken to liberate 
the Pi, and  the amount  of protein eluted. The amount  of 
P, liberated was calculated from the plateau region of 
the P~ elution pat tern located between the elution volume 
of major  protein component  and  the co lumn volume so 
that  overestimation due to extra liberation of P, observed 
around the Iwo volumes would be avoided. The plateau 
region corresponds In the elution t ime hetween 32 and  

* Since non-ium~ ~urfaulant~ du not bi*ld to n~o~t of tb~ typi~o~ 
waler-~oluhle globular proteins 131.32[, the values of dn /d% of the 
standard protein~ in the presence of a nonionic surfactanl wc~ 
assumed to b~ the same as ihe values for the proleins in the absence 
of sot factant (dn/d¢). 
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47 g i n  and was indicated by a bar with arrows in the Pi 
pattern of Fig. 6A. The protein amount was estimated 
from the area under the peak of RI using the ratio of RI 
to protein concentration, that is. the value of the d n / d %  
described below. The M r of the major protein compo- 
nent eluted was calculated as described above. In the 
calc01ation of M,. the value of d n / d %  for the enzyme 
hydrolyzing ATP was assumed to be the same as that 
determined for the solubilized enzyme haviag no ATPasc 
activity, i.e.. the ouabain-treated, solubilized enzyme. 

Computer simulation of  the elution pattern 
The chillon patterns obtained with a UV spectre- 

photometer in HPGC carried out at 0+3 and 20°C  were 
simulated according to the method of Stevens and 
Schiffer [27], which has been developed for a single-pro- 
tein system exhibiting dissociation association equi- 
librium of 2 monomers~d imer .  The columns used 
were divided into 1500 imaginary cells in our program 
of simulation. The p~rameters required for the simula- 
tion were (at migration rates or the monomer and the 
dimer, (b) K , ,  (c) sample volume, (d) original protein 
concentrations in sample. (e) dispersion factor and (f) 
the number of repetitions of the dispersion cycle. The 
migration rates (at of the a~8-prolomer and the (r+,8): 
diprotomer were determined from the ehition pattern 
observed at 0.3°C. The relative rates were satisfied by  
setting the migration rate of the protomcr at 2.284 cells 
and that of the dip~otomer at 2.434 cells per each 
migration cycle. The relative rate was set at 1 cell per 
cycle for an imaginary standard substance assumed to 
be able to occupy all available space in the unit cell. 
The elution pattern obtained at 0.3°C was simalated 
firs[. In this case, the dissociation association between 
the protomer and the diprotomer was assumed to have 
been frozen. The sample volume (c) and the concentra- 
tions of the protomer and the diprotomer in the sample 
(d) were varied keeping the original total protein con- 
centration constant at the experimentally determined 
value, so that the simulated pattern could fit to the 
observed pattern. Dilution and band spreading were 
accomplished by varying the parameters (e) and (ft. In 
the case of the sin,alation of the elution pattern observed 
at 20°C, the zwo protein components were assumed to 
be in a rapid equilibrium instantaneously reestablished 
with progress of the migration. Simulation to find the 
best+fitted curve was carried out by variation of the 
parameters (b). (el and (f) while keeping the other 
parameters constant at the values determined in the 
simulation of the pattern obtained at 0.3oC. It took 
abou( 16 h to simulate a pattern with the use of a 
personal computer (NEC Co.. model PC.9801F2). 

Other methods 
Phospholipid content of protein component isola:ed 

by HPGC was determined by measuring organic phos- 

phorus content according to the ultramicro method of 
Bartlett [28], as described elsewhere [3]. 

Results 

afl-Protomer and (afl):-diprotomer as main protein com- 
ponents of  solubihzed ]Ca + / K +-A TPase 

Fig. 1 shows the elution patterns of the solubilized 
enzyme from the TSKgel column moniu~red by the 
three kinds of detector: a LALLS photometer, a dif- 
ferential refractometer and a UV spectrophotometer. 
The chromatography was performed with an dut ion 
buffer of 0.2 mg.m1-1 C~2Eg containing 0.05 M 
KCI/0.05 M N a C l / 4  mM M g C I J l  mM E D T A / 1 0  
mM imidazole/13 mM Hopes at 0 .4°C and pH 7+0, 
The first peak emerged around 36 g i n  (approximately 
corresponding to the void volume of the column) and 
was rather large in the tracing of the LALLS photome- 
ter (Fig. 1, LS)+ but very small in the tracings of the 
differential refraetometer and the UV speetrophotom- 
eter (Fig. 1, RI and UV). Judging from these facts, the 

Fig. t .  Separation of (a.R)2-diprolorner and a~-prolomer of sdubi- 
llzed Na+/K+-ATPase by the HFGC/LALLS method carried out at 
0.4° C. The membr~bound enzyme was ~lubiliz~l with the CI2E s 
~lution containing 0.t M NaCI instead of 0.2 M KCI and othe~is¢ 
lhe ~me ing~dienls as described in Methods at 0°C. The solubilized 
enzyme tan allquol of 200 pl ¢ontainin$ 0.32 mg ptolein t was 
ch~matographad immediately on a TSKgel G36~0SW column 
equipped wilh a guard column. The column had b~n equilibrated 
and was eluted with an elution buffer Of 0.20 mgrml i CI2Eg/0.05 
M KCI/0.05 M NaCl/4 mM MgCI2/I mM EDTA/10 mM im- 
id~ole/13 mM I~ep~s (pll %0) al a flow late of 0.30 ml/min at 
0.4 ~ C. The ¢luate from the column was monitor~l succe~sivdy with a 
LALLS photometer (LS), a differential rctractomeler (gl) and a UV 
soectrt)photnmeter IUV). The three kinds of ¢lution panerns recorded 
on ehanpaper arc displayed after correction [or Ihe displacement in 
the patterns due IO the dttferen~s in p~itlons of the detector ceils 
and recorder pens. and are indicated by LS. RI and UV. Gain settings 
for Ihe deteclors Wel'¢ S for LS, 4 /or R] and 0,32 absorbance units 
(full-scale) for UV. The length of the bar with flags ~r~sponds Io 
one-tenth full-scale for the UV paUem+ D and P denole the protein 
components of (afl)z-dtprolomer and a/1-protomer, respectively, and 

M donol~ mixed micelles mainly eonstiluted of CI2 E s and lipids. 



peak was assigned to minor  component(s)  (in lerms of  
amoun t )  having very high M r values. Two peaks desig- 
na ted  'D" and  'P'  in Fig. 1 (LS) were assigned to major 
protein components  as judged from the tracings of the 
differential refractometer and the U V  spectrophotom- 
eter. also shown in Fig. 1 (RI  and  UV). A peak desig- 
nated "M" in Fig. 1 (LS) was attr ibuted to mixed talc°lies 

mainly composed of  C~aE a and  phospholipids by the 
criteria described previously [3]. The  same character- 
istics of  the chromatographic  patterns ms those de~r ibed 
above were observed when the conditions for the soItl- 
bilization o f  the enzyme and  for the chromatography 

were varied as described in Table 1. Under  the condi- 
t ions investigated, the M, values of  the two major 
protein components  were estimated to be 156000 + 4000 
and  3020~] + 10000 (n = 4), and  their specific refrac- 
tive index increments to be 0.302 + 0.004 and 0.279 _+ 
0.002 m l / g .  respectively, by the H P G C / L A L L S  method  
(Table 1). 

We have previously shown tha t  each of  the Iwo 

major  protein eot0ponents  of  the solubilized en~y~l~e 
was composed of  bo th  u and  # subuni ts  in an equimolar  

ratio, even under  lczs favourable conditions for associa- 

t ion of  the two subuni ts  than  the  present ones. that  is, 
a t  higher concentrat ion o f  CI2E s, i.e., 1 r ag / i nk  in the  
elution buffer  and at  a higher temperature  o f  the chro- 
matography,  i.e., 23 ° C  [3l. Thus.  we may conclude that  
the two componen t s  separated under  the present condi- 
t ions are composed of  the  a and  fl subunils  in the  

molar  ratio o f  1 to 1. We have shown tha t  Mr values of 
the a and  ]J subuni ts  are 118000 * 3050 and  39400 ~+ 
900, respectively, by the H P G C / L A L L S  me thod  in the 
presence of  SDS [4]. The  sum of  these two M r values is 
in good agreement  with the Mr o f  the smaller compo- 
nent .  and  half  as large as tha t  o f  the l a r g~  one of  the 
two protein components  revealed by the present ehro- 
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KCI ~ NaCI ] ~  

__f~t~ ~__  , -  

a ,~ *6ELuno, veua, Eatr~) 12 le 

Fig. 2. Temperature+dependences of eluhoa patterns of solubilized 
Na */K *-ATPas¢ revealed by HPGC in the pr~s~e of KCI or Natl. 
The snlubiliTed enzyme (each aliqoot of 220 td cotdalnlng 0.35 m!c 
protein) was charged onto a TSKg¢I G3000SW cnlumn. The ~lumns 
had been eqailihraled and were eluled with twn kinds of elation 
buffer containing either o.I M KCl or 01 M NaCI and oth~is¢ the 
same in$I¢di~lltx of 0.20 mg ml ~ C]2Ea/I ram EI)TA/'I0 mM 
imiduz~le/13 mM Hepes (TH 7.0} and at a flow rate of 0.35 ml/min. 
The temperature of the column~ was set ~s indicated. The eluate was 
mol'~tored with a UV ~pectropholometer. The length of the hat wilh 
flags ~rresponds to 0.128 ab~rbance units at 280 nm. See the leg~d 

u, Pig 1 for "D" and "P'. 

matography.  Therefore. the protein components .  'P '  
and  "D', can be identified unambiguously  as the o/~- 
protomur  and I ef t  ) ~_-diprotomer. respectively. 

Depe~d*, i~¢ o /  the  seF~zration befwt'e~t the  d l p r o l o m e r  a n d  

the  p r o f o m e r  on  t e m p e r a t u r e  a n d  c a t i o n s  

Fig. 2 shows the elulion pat terns  of  the solubilized 
enzyme obtained using ~v,,o kinds o f  elution buffer  
conta ining either 0.1 M KCI or O.l M NaCI and other- 
wise the same const i tuents  at temperatures ranging from 

TABLE ! 

Molecular ~ igh t s  o f  two main p~[ein composers  o f  =olubtli=ed Na " / K  ÷ ./|TP~e. (alf)~.dJp~mmwr and a~.prot~er .  ~eImrated br  HPG'(" 
performed at temperatures n e ~  O°C 

The purified trmmbran¢-baund e~ymes w ~  solubilized with CI2E~ solution, and then the soluhilized e n z y ~  were chromatogruphed as 
de~rlbed in the legend to Fig. I. The ~tions to be included in the CI:E a solution for the solubilizalion and in the dUliOn buffer for the 
chromatograph}, ~re varied as indicaled in the fi~t and the second column of the tap.- below, r~p~ti~ely. The ¢luale w&~ ~ni lo~d s~c¢~ively 
with the three kinds of detector (~e Fig. 1). M, and specific refracf~e ind~ increments (d,z/d%) of Ihe protein c~pon~nts scpaoted were 
dete~ined from Ikc outpuls of the dcto:tors by the HPGC/LALLS method as d~crlbed in Methods 

Cations in Temperatures in top ): -Dipr,,mmer =fl-Protom¢: 

solubil i -  chromatography ch~matograph~ d,z/dce ,~#r d,l/d% if, 
Zalion ( ° c) (ml/g) (ml/g) 

0.2 m KCI 0.l M KCI 0.0 0.281 303O0O 0.305 ts1000 
0.2 M KCI 0.t M KCI 1.6 0279 29700O 0303 157t~m 
0.2 M KCl 0.1 M KCI 1.6 0.278 291 ix)0 0.303 161000 
0.l M NaCI 0.05 M KCL 0.05 M NaCI, 0.4 0.2?6 315000 0.295 155000 

4 mM M$CI 2 

Averag~ _+ 0.279 ± 302 C00 ± 0302 ± 156000 ± 
s.F_ 0.0o2 10000 0.oo5 4000 
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0 to 20~C. The elution patterns at 0 ° C  were almost the 
same. regardless of which monovalent cation. K + or 
Na ÷, was included in the elution buffer (see the bottom 
of Fig. 2). In contrast, as the temperature increased to 
20°C,  the diprotomer increased at the expense of the 
protomer in the case of the elution buffer containing 
KCI (see left-hand side of Fig. 2). The M~ of the 
resultant main component obtained at 20°C  was esti- 
mated to he 300000 (dn/dcp = 0.253 ml/g)  confirming 
that the component was the (afl)2-diprotomer. When 
an elution buffer containing 0.05 M KCI/0.05 M 
NaCI/4  mM MgCI2 instead of 0.l  M KCI was used, 
the elution pattern and the M~ of the main protein 
component (295000, dn/dcp = 0.258 ml /g)  coincided 
with those obtained with the elution buffer containing 
0.1 M KCI alone at 20°C. On the other hand, when the 
elution buffer containing 0.1 M NaCI was used, the 
diprototner and the protomer seemed to converge into a 
new protein component with the increase of tempera- 
ture (right-hand side of Fig. 2). The converged protein 
component appeared at a position intermediate between 
the positions of the diprotomer and the protomer as 
indicated by the chromatography carried out at 0°C.  
The M~ of the intermediate component was 255000 
(dn/d% 0.236 ml/g),  showing that the protein corn- 
pone/at was neither the diprotomer nor the protomer 
itself. 

The contents of phospholipid were estimated to he 
4.7 + 1.5 (n = 8) mol phospholipid per 1.5 - 105 g ptx~- 
tein for the major protein components obtained with 
the three kinds of elution buffer described above at 
20°C. In contrast, the diprotomer and the protomer 
obtained with the elution buffer contain(lip 0.1 M KCI 
at 0 °C contained much more phospholipid, specifically, 
13.8+_0.4 and 14.6+6.3 ( n = 4 )  mol per 1.5.105 g 
protein, respectively. Thus, the content of phospholipid 
in the protein component isolated depended somehow 
on the Wmperature of the chromatography column, but 
not on the It(ands included in the elution buffer. These 
contents of phospholipid for the protein components 
thus isolated, however, were far less than that (40-50 
mol per 1.5 • 105 g protein) required for the solubilized 
enzyme to exhibit the maximum activity [29,30]. 

Computer simulation el the gel chromatography behavior 
of tbe solubilized enzyme 

Fig. 3 shows a simulation of the elution patterns 
obtained under conditions similar to those in Fig. 2 
according to the procedure developed for a reversibly 
associating protein in 'small-zone-gel-chromatography' 
by Stevens and Schiffer [271. The elution pattern having 
two separated protein peaks could be simulated by 
assuming that the solubilized enzyme comprised a mix- 
ture of equal weights of the diprotomer and the proto- 
mer. and that the two protein components passed 
through the column at a migration rate determined by 

~o J ' \  . . . .  
i,- ] °i', 
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Fig, 3. Computer simulation of the elufion patterns wlth two sop- 
araled protein peaks ohsewed at O.3°C and with a slngle proleui peak 
observed at 2O©C in the presence of 0.t M NaCI. Elutlon profiles 
indicated by solid llngs were expellmentaily obtained as follows. An 
allquo= of 200 .al each of Ihe solubilized ~zyme (protein ¢~¢entra- 
don: 1.6 mg/ml) was chromat~graphed na a TSKgel O300OSWxL 
column (7.8X300 ram) equipped with a TSK guard column $WxL 
(6.0 × 40 ram). The column had been equilibrated and was ©luted with 
Ihe same elution buffer as that ~nmining 0d M NaCI described in 
the legend Io Fig. 2 at a flow rate of 0.287 ml/min and at O.3 (AI or 
2O°C (Bt. The eluate from the column was monitored with a UV 
sp~'trophetometer at 280 rim, The elation profiles thus obtained w e r e  

ni¢nulated as d~eeibnd in Methods using the following pammelers: 
sample volume, 140 t~l: total protein con¢~tration. 1.60 mg/ml (10.7 
,aM in terms of molar protomer ~neentratlon): eoneenlration of the 
diprotomer and the protom~ in the sample before the chromatog- 
raphy, O.76O (5.07 t~M) and 0.840 mg/ml (5.60/*M), ~p~tively. tA) 
Simulation of the ¢lution profile observed at O.3*C. The diprotom= 
and the prnmmer were assumed to pass through the column at the 
respective rat~s of migraaon (0,700 and 0.657 rot/rain, rcspeeti',~ly) 
deduced from the duties pattern experimentally observed (the solid 
line). The dispersion factor and the number of dispersion cycle were 
0.20 and 4. respectively, Elulion profiles Ihus simuialed for the whole 
protein, the diprotomer and the protom~l were repie~nted hy dotte ~ 
broken and dashed-and-doned line. respeellvely. (B) Simulalion of the 
elunon profile obse~ed at 20 o C. Complete equilibration of rme~tble 
ass~iation bet~en the protomer and the diprotomer (2 =.8 m (a,8) 2 ) 
was assumed to occur between migration steps. The association con- 
stant of 2" J0 ~ M'~ wa~ adopted. The dispersion factor wag I).38. hut 
Ihe other parameters were assumed Io be identical to tho~ used 

above. 

the chromatography carried out at 0.3 ° C (see the solid 
line in Fig. 3A). The best fit of the simulated patterns 
was obtained by assuming that the weight ratio of the 
diprotomer to the protomer was 1.104, and by addition- 
ally assuming that a volume of the sample solution 
corresponding to 70,% of that actually charged was 



applied to the columns. Shire recovery of protein was 
93,~ in the eh~'ematography, 23% or ~he sample protein 
was not aceov'ated for by the simulation. Some of the 
protein was eluted as the minor component(s) with very 
high Mr (7%) and as a trMling portion behind the 
simulated peak (12%). 

On the other hand, the elulion pattern having a 
single protein peak could he simulated by assuming that 
the diprotomer and the protomer were in an equilibrium 
of dissociation-association with a very fast rate as 
compared with the elution time. The position of the 
protein peak obtained by the simulation varied between 
the elation positions of the diprotomer and the proto- 
met depending on the K.~ adopted. By as,~;uming the K~ 
tO be 2.  l0 ~ M -1 and other parameters being the same 
as those used in the simulation of the elution panern 
observed at 0.3°C, except that the dispersion factor was 
changed from 0.20 to 0.38, the best fit could be ob- 
tained for the elation pattern observed at 20°C  (Fig. 
3B). The ratio of weight concentration of the diproto- 
met to that of the protomer was found to be 0.628 : 0.372 
at the top of the protein peak in the best fitting pattern. 
A weight-averaged M r was calculated from this ratio to 
be 248000 at the top of the peak, which agreed with the 
M~ of 255000 experimentally estimated for the protein 
component under the same conditions as those adopted 
here by the H P G C / [  ~.LLS method, as already de- 
scribed in Fig, 2. The main protein peak with the M~ of 
about 300000, which was observed in the elution pat- 
tern obtained with the elution buffer containing 0.1 M 
KCI at 20°C *, could be simulated by assuming the K a 
to be greater than 1 - l0  s M -  ] and otherwise the same 
parameters as those used for the simulation of the 
pattern in the presence or fi.l M NaCI at 20°C. Thus, 
the difference of the chromatographic behaviour of the 
solubilized enzyme in M, and elution position between 
the elation pattern obtained in the presence of NaCI 
and that obtained in the presence of KCI can he attri- 
buted to the difference in the K~ of the equilibrium 
between the protomer and the diprotomer, 

Chromatography of the solubilized active enzyme in the 
presence of exogenous PS 

A gel-chromatography procedure was designed so 
that the soluhilized enzyme turned over during its pas- 
sage through the column at 20°C:  the elution buffer 
was made to contain the same components as those in 

* In this case. a shoulder remained behind Ihe main peak (see Ihe top 
left part of Fig. 2). It may he attributable to that some of the 
p~tein is nol ~nverlible from the oroto~ric to~  into the 
dipr0tomeric 0no owing to denaturallon. We can not. howev~. 
e.xulud¢ Ihe possibility that rate of the ~nversion is not frost en~gh 
to ~cstablish the equilibrium with progre~ or the migration of the 
protein. 
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Fig. 4. Steady ATP hydrolysi~ of Ihe ~hibili~d Na*/K*-ATPase 
maialained by exogenous PS during passage through Ihc HPGC 
column, the elutlon buffers con raining n in). 15 (oL 3o In), 45 (11) or 
60 ~g/ml ( × l of PS. and ill common 0.20 mg-ml- I Ct ~ EH/'4 mM 
.~Tp/no~ ~l Na(~,/O(~5 M X,(.I/4 mM MgCI2/] mM EDTA/10 
mM imtdazole/15 mM Hopes tpH 7.01 wet~ prepared ~ described 
under MetboOg. l'he same column :.~ that de~eabed in the legend to 
Fig. I had been equilibraled with Ih¢ ehidon buffers at a flow rule ot 
0.493 ml/rain and at 2D Q C An allquol of 230 ,~1 ~nlalning 0.37 nag 
protein of the solubilized enzyme was charged onto the columns. 
which were duted with the dution buffers under the urn; uuauilions 
as abo~e i~ one experiment {×), the ouabain-t~ated, s~!ubil;zcd 
enzyme tsee ~lelhods) w~ chromutographed. The eluale wax munl- 
toted by a differential rcfrautometer which ~ set up in a box under 
t~p~atur¢ control at 20~C. I ml aliquolS of the eluate ~'ere 
ce!%eted in tesltubes p~-hmded with O.S ml of 5% SDS. The do:ted 
fine sho~,s the pattern of RI obtained when no PS was included n l  i ~  
elation buffer. Every protein componenl was ¢hitea earlier than 30 
rain under all the conditions. The peak elated at around 3,t mln 
co~esponds to mixed mice[leg eompo~d of Ciz Es and phospholipids. 
al,d p~ks dated bcl~een 5O and 55 rain co~pond to suhstancL~ 

with low molecular w~qght, such ~ salt~. 

an ATPase a~say medium, i.e.. 4 mM ATP/0.05 M 
Na~/0.05 M K+/4  mM Mg 2 ~ (l mM EDTAL as well 
as 0.2 mg/ml  CI2E s at pH 7.0. Immediately after the 
solubilization, the enzyme was applied to the column. 
and eluted with the above buffer. ATPase aclivity ex- 
hibited during passage Ihrough the column was 
evaluated by measurement of the amount of P, liberated 
for each fraction of the eluat¢. Based on the results 
described above of the lack of endogenous phospho- 
[ipids. exogenous lag was added to the elution buffer so 
that it could keep the enzyme active replacing the 
::ndogenous phospholipids. As shown in Fig. 4, the rate 
of P, liberation in the final phase (at a retention time of 
22-28 mini of the passage through the column was 
increased as the concentration of Pg was increased. At 
45 ,ug/ml PS. the rate in the final phase reached almost 
the same level as that in Ibe initial phase (at a retention 
time. of 48-54 rain), showing that the enzyme exhibited 
constantly the ATPase activity during passage through 
the column. When the soluhilized enzyme was chro- 
matographed with the clution buffer additionally con- 
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Fig. 5. Specific ATPase actiwdes of th," ~olubilized enzyme exhibited 
during the gel chromatography, and dependences of the activili~ on 
the amount of protein applied and o0~lccatrations of CI2Eg h~ed. The 
chromatogruphies were done in the same way as previously dcsudged 
in the legend to Fig. 4 wilh the following changes: the concenlradons 
of CI2E g io the elution buffer were 0.20 (o, OI, 0.30 ff]) or 3.40 
mg/ml (~l. and no PS tilt or 60/tg/,n[ PS to, D, A) was added to the 
clution buffers The protein amounts charged were ended between l0 
and 240 tog. Specific ATPase aclivides of the protein component 
eluted we~ csttmated as described in Method~ The membrane~bound 
cnzyale from which the soluhilized enzyme wins prepaid was assayed 
for AqPa~ activity in a reaction m~dium of 4 mM ,~TP/O,05 M 
NaC[/0.05 M KC]/4 mM MgCI2/I mM ~.DTA/tO mM 
imid=ole/15 mM Hepes (pH 70) by incubation for 4 rain al 20°C. 
100~ corregponds In the resultant sp~ific activity [3.34+0.17 gruel 

P,. rain - i  ling protein)- i ). 

taining O.l mM ouabain, Pi was liberated in the early 
phase, but not in the late phase of passage of the 
pr:)tein through the column (data not shown). That is. a 
lag was observed in the appearance of the inhibition by  
ouabain owing to the slow binding of ouabain to the 
solubilized enzyme. When the solubilized enzyme pre- 
pared from the membrane-hound enzyme had been 
treated with ouabain, i.e. the ouabain-treatcd, soluhi- 
lized enzyme, was applied to the columns in the absenc* 
of ouabain. P, liberation could not be observed at all 
during the chromatography even in the presence of PS 
(Fig. 4). This suggests that ouabain does not dissociate 
from the enzyme during the chromatography under 
conditions adopted. Evidently. the ATPase activity of 
the solubilized enzyme supported by the exogenous PS 
is like the ouabain-inhi~itable activity observed in the 
membrane-bound enzyme and in situ. 

The specific ATPase activity of the solubilized en- 
zyme exhibited during passage through the column was 
estimated with various amounts of the protein charged 
onto the column betwe,m 4.5 and 182 #g  and with the 
clution buffer containing 60 # g / m l  PS, 0.2 mg/ml  
CI2E s and otbervAse the same constituents as those 
described above. As shown by the ogen cirvles in Fig. 5, 
Ihe resultant activities did not depend on the protein 

amount, hut were constant at a value of 9.64 ~-0.08 
U/mg  protein (n - 5). The  m e m b r a n e - h o u n d  
Na+/K÷-ATPase from which the solubilized enzyme 
was prepared was assayed for ATPasc activity in the 
absence of Pg and CI2E ~ under otherwise the same 
conditions as those i n  the column. The  activity was 
3,345:0.17 U / m g  protein ( a t 3 ) ,  showing that the 
activity of the solubilized enzyme in the column was 
equivalent to 79% of that of the membrane-bou,d  en- 
zyme. When the concentration of Ct2Eg was increased 
to 0.3 to 0.4 mg/mL keeping the concentration of PS 
constant at 60 # g / m | ,  the activities of the solubilized 
enzyme decreased to 64 and 43% of that of the mem- 
brane-bound enzyme, respectively, while the activities 
were not dependent on the amount of protein charged 
(Fig. 5). The ouabain-treated, solubilized enzyme did 
not hydrolyze ATP at any concentrations of C,2Es 
adopted above in the presence of 60 # g / m l  PS (data 
not shown). The results strongly suggest that PS com- 
peted with Ci2Es for hydrophobic regions of the en- 
zyme, and that the higher retention of PS to the enzyme 
occurred in the lower concentration of C~zEs to bring 
about tixe higher ATPase activity in the column. 

Substantially simultaneous measurement of Mr, and 
A TPase activity 

The M r of the solubilized enzyme exhibiting ATPase 
activity during the passage through the columns was 
measured by the H P G C / L A L L S  method using an  elu- 
tion buffer containing 0.3 m g / m l  Ct2Es, 60 g g / m l  
Pg /~nd  ].33 mM ATP and otherwise the same con- 
stituems as those described above (s¢¢ the legend to Fig, 
4), Fig. 6A shows a set of four elution patterns of LS, 
RI, UV and P~ obtained when 43 p g  protein of the 
enzyme was charged onto the columns. The  enzyme 
protein was eluted as a major peak. When the amount 
of protein applied to the columns was varied between 
10 and 240 Fg, elution patterns with one major protein 
peak were consistently obtained. The specific refractive 
index increment could not be correctly determined owing 
to underestimation of the UV absorption (see the fall-off 
of the elution curve of UV at 30-50 rain in Fig. 6A) *. 
Next. the ouabain-lreated, soluhilized enzyme was chro- 
matographed under conditions identical to those used 
for the untreated solubilized enzyme. As shown in Fig. 
6B, a single protein component was observed in the 
same way as in the eases of the untreated enzyme, but Pi 
liberation was not detected at all. The  specific refractive 
index increment of the ouabain-treated, solubilized ¢n- 

• The underesdmation occurred only when the enzyme turned over in 
the column. The depth o[ the fan-off seemed Io he inver~ly 
proporllonal to P, concentration llberaled, and the fall-off disap- 
peared behind the column volume. Thus, product(s) of the ATPas¢ 
r~tlon may cause the full off. 
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Fig. 6. A s~t of tour elat ion patterns of ~ luhi l ized  Na ÷ / K  "-ATPas¢ 
fat  subSlantlaJly simullaneous ~ a s u r e m e n l s  of ?4, and ATPa~  
activity. "1~ same colutnns as t h o ~  dgstribed in tile ~¢gend lo Fig. } 
were equilibrated ~ i th  an  elution hat ter  cont~ining O.]0 rag/rot 
C ~ E s .  1,33 m M  ATP. 60 +gg/ml PS and otherwise the s ~ e  ~ n o  
sdtuents as 1ho.4¢ described in  the lege.lld m Fig. 4 a l  a flow ra~e of 
0.$0 ml/redn and at 2 0 ° c .  The untn~aled soluhilized enzyme (A) or 
the ouabain-t realed, sotab~ized enzyme (n) p ~ a r e d  as i n d i ~ l e d  in 
M~hods  was dillned with ] vo| o |  the du l lon  but ter  depleted o |  ATP 
and I~+ Immediately, an  aliquot of tO0 pI of Ibe diluted enzyme 
containing 0.043 mg protein was chromato~!9"aphed on the column. 
The eluate was monitored suoeessively with a LALLS pholomet~ 
(LS). a ditfe~P.tlal ~D~toa~¢le r  (RI) arid a ldV spectroph~ton~ter 
(UV), and finally 1 nil  allqucas el" the eluate were ~ t l ~ t e d  io ~ssay 
for Pi (O). Every pi'otein component was eluled earher than 30 mln. 
The amount at P, m be used for calculation of specific activity of the 
ealzym¢ e~flhiled during pavane  through the column was determined 
al 01¢ positions ilKliCaltd by a bar with arrows. The M+ value+ and 
the sp~if ic  ATPase aedvi0es of the major prol¢in component were 
esl imat exl ~ indlc~ted in  Me,beds lo  be (A) 15BOO0 f d n / d c p  = O.J01 
r a l /g )  snd 2.O~ ~mol P , ' m i n - t . f m g  protein} "~. and (B) 224OOO 
( d ~ / d % , =  0.300 m l / g  I and 0 ~raol Pi.rr~n-~.(rag protein) -~, r¢- 

Sp~tively. 
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Fig. 7, Rel~tiomhip bc!ween St, and ATpas¢ activity of ¢a~lubthzed 
Na +/K ~ ATPa~e rtwealed hy their substantially s imul taneo~ rata- 
; u ren~a~ l V ~ r ~ s  amounts or ih¢ ~ l  uhilJz~ e ~ y ~  were c h ~ a t t ~  
graohed, and the sets of ,'our elutlon paller~s were oblained in the 
same way as d ~ r l h e d  in the legend to Fig. 6. The M. value~ Io) and 
th~ ATPase acaeqies i~) of Ihe untl~¢t 'd ~lubiliz~xl e a y m e  ~ e  
egtimated from each set tff tha elulion patteln.~ (except the open circle 
plott~l in ¢ighlohand edge} ;~nd a te  plotted .~ain~¢ th~ pr~neth ¢on- 
cenlrat lom exp~s~ed in terms of molar protom~ conc~tral ion.  The 
¢oncenlral~ons refer to t h e e  at the peak ot the protein ~ e  v.'bere 
the oulputx or LS, RI and LW were oblalned to eakuhl~e M,, The M, 
values of the ouabain-treatcd, soluhillzed enzyme were me~gured in 
the ~ m e  w:W as above, and ~e atg~ planed a g a ~ l  the ptc~eln 
¢oncc~tralions (~1, The ATPase acl ivl t i~  (a) daring the ehrortl~iog- 
raphy ~¢re m e d u s a  in  another exp+-n'lment a~ txvo ~alues of pr~aeln 
eoneentratkms with the ~tme e l u d ~  hu fief ~ d~crit:~d ah~ 'e  eacept 
that the concealration of AFP was 4 mM inslead of 1,33 rnM. 
Assuming that  the sohbili~M ~ z v m e  is in  a sc l fqs s~ ia~ i~  equi- 
librium of 2 a . O ~ t a f l ) : ,  regardie~ or ~hether  the enzyme was 
ireazed with ouahath or IIOL ~nd assuming that the M. of the 
~tubil lzed enzyme Is given as he weigh -a~eraged ~alue of M, of the 
protomer and the diprolnmer, the K ,  og the ggluilibnum ~aet lon was 
obtained by ¢ore+p u let  t i t l ing from the M,-tk'pendences im the proleJn 
¢on~el~lration~. K ,  value~ of 5.0.10 ~ and L I . 1 0 "  M i were oh- 
mined for the unteeatcd ~o) and oualmln-treated. ~ l u b i l b  -d enzy~ 

01). re+pectivdy, as shown hy solid lines. 

i n~ed ien ts  as above under  the ident ical  cond i t ions w i th  
those above. Thu~, Ihc vahte o f  0.301 m l / g  was adopted 
as  t h e  s p e c i f i c  r e f r a c t i v e  i n d e x  i n c r e m e n t  o f  t h e  s o l u b l -  

l i z e d  e n z y m e  tu rn ing  over  in t h e  co lumn.  
I n  F ig .  7 ,  M ,  v a l u e s  a s  w e l l  as  A T P a s e  a c l i , , i t i e s  

m e a s u r e d  f o r  t h e  u n l r e a t e d  a n d  I h e  o u a b a i n - t r e a t e d .  

s o l u b i l i z e d  e n z y m e  a r e  p l a i t e d  a g a i n s t  p r o t e i n  con-  
c e n t r a t i o n s  ( f o r  d e t a i l s ,  ~¢,e t h e  t e g c n d  t o  t h e  f i g u r e ) ,  

T h e  M ,  v a l u e s  w e r e  d e p e n d e n t  o n  t h e  p r o t e i n  c o n .  

e e n t r a t i o n ,  i r r e s p e c t i v e  o f  whether  the e n z y m e  w a s  
t r e a t e d  w i t h  o u a b a i n  o r  n o t .  A s  s h o w n  in  F ig .  7,  t h e  M ,  

o f  t h e  u n t r e a t e d  s o l u b i l i z e d  e n z y m e  d e c r e a s e d  f r o m  

2 1 4 0 6 0  to  1 5 8 0 0 0  w i t h  a d e c r e a s e  i n  t h e  p r o t e i n  c o n -  

c e n t r a t i o n  f r o m  0 . 9 3 7  to  0 . 1 2 5 / + M  ( ~ x p r c s s c d  i n  t e r m s  

o f  m o l a r  p r o t o m e r  c o n c e n t r a t i o n ) ,  a n d  r e m a i n e d  c o n .  

s t u n t  a t  p r o t e i n  c o n c e n t r a t i o n s  o f  l e s s  t h a n  0.t25 ttM. 
T h e  p r o t e i n  c o n c e n t r a t i o n s  r e f e r  t o  t h o s e  a t  t h e  p e a k  o f  
t h e  p r o t e i n  c u r v e .  E v i d e n t l y .  t h e  s o l u b i l i z e d  e n z y m e  
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existed as the a/3-protomer around the lower limit of 
the protein concentration adopted. On the other  hand,  
the specific ATPase activities were approxiw~"*ely con- 
stant at a value of 1.9,*~ 0.13 U . /mg  protein (n  6) 
regardless of the changes in protein concentration. The 
activity was 64 + 4% of  that  of the membrane-bound 
enzyme assayed in the absence of Cj2E ~ uE,d F'S under  
otherwise the same conditi6ns as those in ae column. 
These results show that the solubilized nzyme can 
exhibit a specific ATPase activity almost • 4uivalent to 
that  of the enzyme in situ, no  mat ter  whlc 1 oligomeric 
state (Drotomer and diprotomer)  is assumed by the 
enzyme. Therefore. it is concluded that  the a,8-protomer 
is the min imum functional unit  for the ATPase activily. 

Effect of ouabain :,z, atmem on the dissociation associa- 
gon aquilibrium betwean the diprotomar and the protomer 

As shown by the solid circles in Fig. 7. the depen- 
dence of .'t,/ on  protein concentrat ion obtained for the 
ouabain-treated, solubilized enzyme was much different 
from that obtained for the control solubilized enzyme 
(open circles). On  the basis of the assumption of a 
dissoclatlon-association equil ibrium between the proto- 
mer  and diprotomer,  the K~ was estimated from the 
dependences of Mr on protein concentrat ions by com- 
puter  fitting. The values of 5.0 - 105 and 1.1 • 107 M-*  
were obtained for the solubilized enzyme turn ing  over 
and the sohibilized enzyme inhibited with ouabain,  re- 
spectively, under  the conditions investigated (see the 
solid lines in Fig. 7). Evidently, ouabain modified the 
enzyme so that  the association between the protomers  
became 22-fold stronger. 

Discussion 

Factors determining K. of the 2 protomers ~ d(~retomer 
eq~eihbr~um 

At 20°C.  the sohihilized enzyme was eluted as a 
single peak for which the Mr varied depending on the 
cation included in the elution buffer used. The  Mr 
values of the protein component  obtained wi th  the 
elution buffers containing 0,1 M NaCI and  0.1 M KCI 
were 255000 and 300000, respectively. The M r of the 
protein component  obtained with the chillon buffer 
containing 0.05 M KCI/0 .05 M N a C I / 4  m M  MgCI 2 
was the same as that  obtained with 0.1 M KCI alone. 
The result of computer  simulation suggests that  the 
difference of M, of  the protein component  was brought  
about  by a difference in K~ of the dissociation-associa- 
tion equilibrium. The enzyme takes two distinct confor- 
mations of E I or E a in the presence of Na + alone or K + 
alone, respectively, in the sohibilized form [33,34] as 
well as in the membrane-bound form [35-38]. Since K + 
preferentially binds to the enzyme under  the conditions 
where the same concentrations of Na + and K + coexist 

and the binding of K + is not  affected by M g  2+ at  a 
sufficiently high concentrat ion of K + [39,40]. the 
sohibilized enzyme probably takes the E 2 conformat ion 
in the ~.olulion of 0.05 M KCI/0 .05  VI NaCI/4 m M  
MgCI 2- Thus, the above results can be interpreted if the 
two protomers in the E 2 eonformal ion  associate more 
strongly than  in the E t conformation.  Tha t  is. the E 2 
form of the sohibilized enzyme is likely to have higher  
value of  the K a than the E 1 form. The  working  hy- 
pothesis wilt have to he  examined by determinat ion of 
M r of the solublfized enzyme under  various condit ions 
where the conformat ion of the E t or E 2 is expected t~ 
be dominant .  

The  K u of the sohibilized enzyme inhibited wi th  
ouabain was 22-fold greater than  that  of the enzyme 
turning over. According to the  reaction scheme of Post  
and AIber~ [41 43], the enzyme eonformat ion changes 
cyclically f rom E 1 to E 2, and  then from E 2 to Et  dur ing  
each turnover. I t  ha8 been shown that  ouabain prevents 
the turnover by fixing the conformat ion  in E 2 state 
phosphorylated by ATP (Ez-P) [44,45]. Karlish and 
Yates [36] and  Suzuki et al. [46] have demonst ra ted  by 
measurement  of  fluorescence intensity that  the domi-  
nant  conformational  form of the membrane -bound  en- 
zyme was E~ dur ing  turnover  at a low concentrat ion of  
ATP. O n  the other hand ,  the rate of t ransi t ion f rom the 
E 2 form bound  by K + (Ez-K)  to the  initial conforma-  
tion of E t i$ significantly accelerated by a h igher  con-  
eentrat ion of ATP [46-48]. Fur thermore ,  H u a n g  et  al. 
[49] have shown that  C taE  s mimics the effect of  A T E  
Therefore,  it is not  yet clear in the case of the enzyme 
sohibilized with C I z E  s which conformat ional  state of  E l 
or E 2 is dominan t  dur ing  turnover  at  the relatively high 
concentrat ion of ATP (1.33raM) used in the present  
study. I f  the dominan t  conformat ion  of  the solubilized 
enzyme is E I, the difference in the  K a between the  
untreated enzyme turn ing  over and  the ouabain-  
inhibited enzyme not  tu rn ing  over could be  attr ibutable 
also to the difference in eonformat ional  state of  E I and  
E 2. However,  since Hegyvary and  Jorgensen [50] have 
shown a distinct conformat ional  change induced by 
b ind ing  of ouabain to the enzyme, the  possibility can-  
not  be excluded tha t  ouabain b ind ing  to the enzyme 
itself enhances the association between the protomers.  

Minimum functional unit of the enzyme 
[t was concluded from the present  substantially 

simultaneous measurement  of ATPase activity and  M r 
that  the af l -protomer and  the ( ~ ) 2 - d i w o t o m e r  ex- 
hibited comparable  ATPase activity in the presence of  
exogenous PS at 20°C [Fig. 7). Craig, however, has  
insisted that  only the a/3-protomer shows ATPase activ- 
ity [14]. He fractionated the  solubUized enzyme into 
a/3-protomer and  its oligomer. (a /~) ,  (n  = 1-5) ,  using 
density gradient  centr ifugation to find that  only the 
slowest sedimenting component  showed ATPase activ- 



ity. The component  was assigned to the aB-protomer by 
gDS-polyacrylamide gel eleetrophoresis after cross-lin- 
k ing  with glutaraldehyde according to the method 
developed by Craig [131. Wha t  is the cause for the 
inconsist=ncy b e t w ~ n  Craig's result and ours? No at- 
lent ion was paid in his experiments to the  indispensabil- 
ity of phospholipid for the sohibilized enzyme, which 
has been pointed out  in this paper  as well as by Esmann 
[30]. If  only the a/~-protomer sedimenting most  slowly 
remained in the region where pbospholipids were con- 
t en , ra ted  as the result of flotation, the inconsistency 
might  be interpreted properly. I t  has been shown in the 
present study that  the solubilized enzyme was in an  
equil ibrium of  dissociation association between the 
pro tomer  and  the diprotomer.  We wonder  if the equi- 
l ibrium is perturbed by the cross-linking reaction. 

The  method of  active enzyme centr ifugation 1511 has 
been the  only available means  to determine the active 
oligomeric form of  an  enzyme. I t  generally permits one 
to estimate the sedimentation constant  of the enzyme in 
its catalytically active f o r m  In  the investigation on a 
minimal  active unit  of ~areoplasmie retieulum Ca 2+- 
ATPase solubilized with C~zE ~, the diffusion constant  
as well as the  sedimentat ion constant  of  the active 
particles were determined from the da ta  of active en- 
zyme  eentrifugation [52]. The molecular weight of  the 
solubilized particle of  Ca:~+.ATPase constituted mainly 
of C~2E x, lipid and  protein can he  calculated from the 
two constants  lhus obtained by the Svedberg equation. 
provided the buoyant  density factor of  the particle 1~. 
known.  This factor has  been determined from the fol- 
lowing parameters:  amounts  of  CI2E n and lipid bound 
to the protein,  partial specific volumes of those con-  
st i tuents and  solution density. Thus,  the monomeric  
protein component  with  M,  of 1040G0 ~ 2300 was con-  
eluded to be the minimal  ATPase active unit  of Ca 2 +- 
ATPase. K nowing  the buoyant  density factor is also 
crucial for the M r estimation f o r  solubilized membrane  
protein by the sedimentat ion equil ibrium technique [531. 

In  contrast  to the  active enzyme eentrifugation as 
well as the sedimentat ton equilibrium technique, the 
H P G C / L A L L S  method  allows one directly and  simply 
to estimate Mr of selubilized membrane  protein know- 
ing only the absorpt ion coefficient at  280 n m  of  the 
protein moiety itself of  the solubilized protein. Further-  
more,  the ngvel coupling of "active enzyme chromatog-  
raphy'  with  the H P G C / L A L L S  method as developed in 
the present study made  it possible to estimate simply 
the Mr of the  solubilized enzyme turn ing  over at  a rate 
comparable  to that  of the membrane-bound enzyme. 
The substanlially simultaneous measurement  of  Mr and 
ATPase activity was accomplished by addit ion of exoge- 
nous PS to the ehit ion buffer. I t  is likely to occur by an  
involvement of  PS such that  endogenous phospholipids 
of  the  solubilized ~ y m e  are replaced by exogenous PS, 
and  that  all of the resultant molecular species are in 
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'dialysis' equilibrium with the elution buffer containing 
given ingredients dur ing the passage through the H P G C  
column, The present procedure permit t ing substantially 
simultaneous measnremeut of M r and  enzymatic activ- 
ity is strongly recommepded as a powerful technique for 
studying s t ructure-funct ion relationship~ of enzymes 
consisting of loosely combined subunits. The technique 
is very efficient for such study of membrane  enzyme 
solubilized by surfactant as exemplified in the present 
study 

O l i g o m e r i c  s t a t e  t~l ~i tu 

Oligomer structure of the epzyme in situ has  been 
investigated by means or chemical cross-linking [54,55] 
and electron microscopy [56-58] with the use of  the 
membrane-bound enzyme purified from mammal ian  
kidney, and also by means of radiation inactivation 
with the use of human  red cell [59-61]. I t  is concluded 
from these studies that  the enzyme exists only in the 
form of (u/3)2-diprotomer a n d / o r  the higher  oiigomer. 
In contrast ,  Karlish and  Kcmpner  [62], and Jensen and  
Norby [63] have concluded by the radiat ion inactivation 
me thod  that  the min imum functional unit for the ATP 
hydrolysis of the enzyme isolated from pig kidney is 
a,8-protomer. 

In the present study i{ has been shown that  the 
solubilized enzyme was in an  equilibrium of dissocia- 
t ion-associat ion between the diprolomer  and  the proto- 
met  with a g~, of 5 -105  M I at least. Thus,  we can 
calculate how many  populations of the enzyme protein 
exist as (af l )2-diprotomer in the membrane  if the pro- 
tein concentrat ion of the enzyme there is evaluated. 
According to the electron micrographs of N a + / K  *- 
ATPase in the plasma membrane  of  rat  kidney, particles 
corresponding to an  a/~-protomer appeared as a cylin- 
drical protein with a height of  18 n m  and  a diameter  of 
4 n m  at a density of about  19000 per  p m  2 [56]. The 
distribution permits one to estimate the concentrat ion 
of the protomer  to be 0.26 g / m l  (1.7 mM in terms of  
molar  protomer  concentration).  The resultant con-  
central ion coincided approximately wi th  that  calculated 
from the computer-reconsti luted image of  the two-di- 
mensional crystal of the enzyme [57], and  that  calcu- 
lated from both an  equiweight ratio of protein to lipid 
and their  densities { 1.3 and 1.0 g / e r a  "~. respectively). By 
assuming the K~ and Ihe protein concentrat ion de- 
scribed above, at  least 97% on  a weight  basis of  the 
enzyme can be expressed to exist as the diprotomer  in 
the membrane.  In the intact slate, the enzyme is sur- 
rounded by lipid bilayer naturally lacking exogenous 
surfactant. The protomers  in a pair  are presumed to 
interact with  much  higher  affinity in such a situation 
than in the environment  provided wi th  the surfactant  
and  minor  amoun t  of added PS. 

The present result that  the ~/]-protomer can hydro-  
lyze ATP by itself is consistent v'ith the  results 16,1] of  
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our  previous ligand-binding s tudy obtained by 1he cen- 
trifugation method,  which showed thai the membrane-  
hound  enzyme has binding sites for 1 real each of  
ouabain and ATP. and  2 real o f  K + or  3 mol o f  Na ÷ 
per less than 160000 g of  the enzyme protein. Taking 
these resulls and the conclusion described above into 

consideration it is likely that  the enzyme is oligomerized 
inlo Ihe diprotomer or the higher oligomer in the mere- 
bra in ,  while each protomerie unit  can hydrolyz¢ ATP  

and bind Na  + or  K +. The  result obtained here shows 
Ihat the ATPase aelivity of the soluhilized enzyme is 
not  affected by the degree of  association. The result. 
however, does not  necessarily mean  that  Ihe protomer  

transports actively Na  ' and K ~ in the membrane.  Vil- 
sen et aL [65] have shown thai the sohibilized enzyme 
could occlude Rb ÷ or Na ~ in the form of a/3-protomer 
with the same stoichiometry as the membrane -hound  
enzyme.  Their result suggesls that one unit  of  ~ - p r o t o -  
mcr  has the capacity for t ransporthlg Na  ÷ and K + a~ 
well as hydrolyzing ATP. 
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