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SDS-pur i f i ed  porcine kidney ( N a + +  K + ) - A T P a s e  was studied by thin-sect ion and f reeze-etch electron 
microscopy.  Freeze- f rac tur ing  of resealed membrane  f ragments  shows no di f ference in the dis tr ibut ion of 
in t ramembranous  par t ic les  of approx.  9.0 nm in d iameter  between convex and concave f racture  faces. 

However ,  two types  of convex face are  found: FA, which shows a ra ther  smooth background with many 

in t ramembranous  part icles,  and FB, which shows a tex tured  background with very few or  no in- 

t r amembranous  part icles.  Etching the f rac tured  samples  fur ther  reveals  that  F A faces are  covered with many 
in t ramembranous  part icles,  while the e tched externa l  f a c e s ( E  A) are  e i ther  irregularly granulated or  reveal 

many part icles  half the size of in t ramembranous  part icles.  F B faces are  covered with dist inct  pits of 9 nm or  
larger.  The  etched externa l  surfaces (EB) are  covered with many par t ic les  of in t ramembranous  part icle  size. 
These  results  suggest  that  there  are  two vesicle or ien ta t ions  in our resealed purif ied membrane  preparat ion:  
r ight-side-out ,  as in vivo, and inside-out.  The major i ty  of the protein  mass  is dis t r ibuted only on one side of 

the membranes .  Right-s ide-out  resealed membrane  vesicles af ter  f ractur ing and etching show particAulated FA 
convex fracture faces  and irregularly granulated or  smooth etched E A surfaces,  indicat ing that  the F A face is 
the protoplasmic  f racture  face and that  the major i ty  of the protein  mass of the ( N a + +  K + ) - A T P a s e  is 
located on the cytoplasmic half of the membrane .  

Introduction 

The asymmet r i c  o r ien ta t ion  of membrane -  
b o u n d  ( N a + +  K + ) - A T P a s e  or  the N a  + p u m p  
wi th in  the m e m b r a n e  is impl ica ted  by:  (a) bo th  the 
A T P a s e  act ivi ty  and  ion t r anspor t  are ac t iva ted  by  
N a  + and A T P  only  f rom the inside of the cell, 
while K + and  the inhibi tor ,  ouabain ,  act only  
f rom the outs ide  [1-3],  and  (b) a pho toaf f in i ty  
ana logue  of  ouaba in  and the a n t i b o d y  against  the 
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ca ta ly t ic  subuni t  can b ind  s imul taneous ly  to the 
enzyme.  Since bo th  these l igands b ind  to the cata-  
lytic a subuni t  and  only b ind  on oppos i te  sides of  
the membrane ,  the c~ subuni t  is p resumed to span  
the m e m b r a n e  [4-6].  

T h e  u l t ras t ruc ture  of pur i f ied  ( N a + + K + ) -  
A T P a s e  from rabb i t  and  rat k idneys  (using SDS 
extract ion)  has been s tudied  by negative stain, 
th in-sect ion and freeze-fracture e lect ron micros-  
copy  [7-8]. F rac tu re  faces of  m e m b r a n e  f ragments  
showed i n t r a m e m b r a n o u s  part icles ,  9 -11  nm in 
d iameter ,  which d i s t r ibu ted  preferent ia l ly  on one 
surface while the oppos i te  face had none  or  few 



intramembranous particles [7]. In a later study 
using pig kidney ATPase, Maunsbach et al. [9] 
showed no difference in the distribution density of 
intramembranous particles on the two fracture 
surfaces. Similar results were reported by Van 
Winkle et al. [10] in vesicles of purified canine 
kidney ATPase. Negative staining of membrane 
fragments revealed similar and smaller surface 
particles of 3-5 nm in diameter on both surfaces. 
However, edge-on views showed that one side of 
the membrane is covered with stalked knobs pro- 
jecting from the surface and 'fuzzy' ill-defined 
substructures on the other side [11]. These stalked 
knobs have been interpreted as catalytic centers 
and are situated on the protoplasmic side. The 
'fuzzy coat' is presumed to be the glycoprotein 
situated on the exterior surface. In contrast, Haase 
and Koepsell [8], reported that surface particles 
protruding from both surfaces of the membrane 
are of equal size and frequency. 

Thus, conclusive evidence as to the true cyto- 
plasmic and outer surface on isolated ( N a + +  
K+)-ATPase, as well as the mass distribution of 
the enzyme, have not been presented so far. The 
present work was undertaken to examine further 
the mass distribution by freeze-etch techniques. 
The data presented are consistent with the pro- 
posal that the mass of the enzyme is located mostly 
on one half of the membrane, and that the major- 
ity of the protein mass is located on the cyto- 
plasmic half of the membrane. 

Materials  and Methods  

Membrane preparation 
Fresh pig kidneys which were obtained from a 

local slaughterhouse were either used immediately 
or stored at - 7 0  °C. (Na + + K +)-ATPase was 
isolated from the outer medulla and purified by 
SDS-ATP treatment followed by a discontinuous 
sucrose density gradient centrifugation [12]. The 
specific activity of the enzyme preparations used 
in this study was 25-30 ~mol P i 'm in  1.mg-1. 
The purified membrane fragments were washed 
twice in 10 mM imidazole/1 mM EDTA (pH 7.5) 
( imidazole/EDTA) or dialyzed against imidazole/ 
EDTA buffer overnight before processing for elec- 
tron microscopy. Some purified enzyme prepara- 
tions were shipped from the University of South 
Dakota packed in ice. 
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All chemicals were reagent grade with the ex- 
ception of a specially pure grade of SDS from 
Gallard-Schlesinger Chemical Manufacturing 
Corp. (Carle Place, New York). 

Formation and assay of right-side-out sealed mem- 
brane vesicles 

Purified membranes were incubated in im- 
idazole /EDTA buffer containing 1 mg /ml  oc- 
tylglucoside (n-octyl-/3-D-octylglucopyranoside, 
Calbiochem) at a protein concentration of I mg/ml  
for 1 h at room temperature (approx. 23°C). The 
suspension was centrifuged at 40 000 rpm (149 000 
x gay) for 45 min in a Beckman SW 50.1. rotor. 
The pellet was resuspended in imidazole/EDTA 
buffer and dialyzed against the same buffer for 18 
h at 4°C. 

Membrane vesicles were assayed for the (Na + 
+ K+)-ATPase activity in the presence and ab- 
sence of SDS (0.65 mg/ml)  according to the pro- 
cedure of Forbush [13]. 

Electron microscopy 
Thin sectioning. Pellets of membrane fragments 

were fixed with 4% glutaraldehyde in 0.1 M 
cacodylate buffer (pH 7.4) overnight at 4 ° C. After 
three washes with 0.1 M cacodylate buffer, the 
pellets were postfixed with 1% osmium tetroxide in 
0.1 M cacodylate buffer for 1 h at room tempera- 
ture and rinsed with 0.1 M sodium acetate buffer 
(pH 5). The pellets were block-stained overnight in 
1% uranyl acetate in 0.1 M sodium acetate buffer 
and then dehydrated, embedded in Epon and sec- 
tioned. Sections with a gray interference color 
were picked up on carbon-coated grids and stained 
further with uranyl acetate and Sato's lead [14]. 

Freeze-etching. Small samples of concentrated 
purified membrane suspension (approx. 0.1 /~1) 
were sandwiched between two copper strips and 
were ultra-rapidly frozen (rates in excess of 
10000°C/ s )  by plunging into liquid propane at 
- 190 °C [15,16]. Frozen samples were mounted in 
a double replica device adapted for use in a Bal- 
zers 360 M freeze-fracture apparatus (Balzers Co., 
Nashua, NH) and fractured at - 1 5 0 ° C  and 10 -7 
Torr. The fracture samples were immediately repli- 
cated with P t / C  at a 45 ° angle followed by C at a 
90 ° angle. Etched samples were fractured at 
- 1 0 5 ° C  and etched for 30 s prior to replication. 
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Replicas were either floated off the copper strips 
on to  distilled water or separated from the strips by 
dissolving the strips with dilute chromic acid [17]. 
Replicas were cleaned with Clorox and picked up 

on 400-mesh uncoated grids. 
The replicas were examined with a Philips 301 

electron microscope at 80 kV and  50 ~tm objective 
aperature.  In  all micrographs, the deposit  metal is 

black and shadows are white. Shadow direction is 

indicated by a black arrow at the bo t tom of the 

micrograph.  

Results and Discussion 

Thin sectioning 
Thin  sections of membrane  pellets show that 

the membrane  fragments are mostly vesicular in 

shape and single-walled. Few of them appear flat 
or cup-shaped (Fig. 1). At high magnifications,  a 
t r i laminar  structure is evident (inset of Fig. 1). The 

overall membrane  thickness is about  9.5 nm and 
the width between the two dense lines is about  4.5 

nm. Substructure,  however, is not observed in thin 

sections. 

Freeze-etching 
Consis tent  with the results of thin sectioning, it 

can be seen that most membrane  fragments (in 

freeze-fracture specimens) appear to be mainly  
vesicular rather than semicircular (Fig. 2). In gen- 

eral, there is no difference in the dis t r ibut ion of 

i n t r amembranous  particles between the two frac- 

ture faces (convex, F and concave, F), and the size 

of the particles is approx. 9 nm in diameter. How- 

Fig. 1. Thin section of pellet of purified porcine renal microsomal membrane fragments containing (Na + + K + )-ATPase. Membrane 
fragments were washed twice in 10 mM imidazole and 1 mM EDTA (pH 7.4) before processing for electron microscopy. The pellet 
appears to contain primarily membrane vesicles and some fragments which are flat or cup-shaped. The inset, which was printed 3.5 x 
the magnification of the main figure, shows the appearance of trilaminar structure of the membrane. 
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Fig. 2. Freeze-fracture micrograph of purified porcine renal (Na ÷ +K + )-ATPase. A small sample of concentrated membrane 
suspensions (approx. 0.1 ~1) was sandwiched between two copper strips a.,nd ultra-rapidly frozen, fractured and followed bay 
unidirectional shadowingat an angle of 45 o. Fracture faces show both convex (F) and concave (F) surfaces which either have many (F A 
and F A ) or few (F a and FB) intramembranous particles of 8.5-9.5 nm diameter. 

ever, on close examinat ion,  there are two dist inct  

features revealed on both concave and  convex 

faces. One popula t ion  of convex faces (FA) has a 
rather smooth background but  is covered with 
m a n y  8.5-9.5 n m  in diameter  particles, while the 

other popula t ion  of convex faces (Fa)  has a rough 
textured background covered with very few or no 
particles (Fig. 2). Similar features are observed on 

two popula t ions  of concave faces (labelled as FA 

and  FB). 
In order to observe the substructure  within the 

m e m b r a n e  and  m e m b r a n e  surfaces s imulta-  

neously, samples of membranes  which have been 
fractured were etched for 30 s at - 1 0 5 ° C .  Sub- 
l iming away the sur rounding  ice, reveals further 
the differences between the two convex faces (Fig. 

3a and  b). After  etching, fracture faces (FA) are 
covered with many  in t r amembranous  particles, 
while the etched external faces (EA) are either 

covered with irregular granular  structures (Fig. 3a) 
or many  small particles half the size of in- 

t r amembranous  particles (Fig. 4). Some of these 
irregular structures are seen located adjacent  to the 

fracture surface and apparent ly  cont inuous  with 

i n t r amembranous  particles. Fracture FB faces, on 

the other hand,  have distinct 9 -nm or larger pits 
instead of textured surfaces and it appears that the 
prote in  molecules have been pulled out leaving 
beh ind  holes (Fig. 3b). The texture of the unetched 

FB faces may be due to closely spaced unresolved 
pits. The etched external surfaces (Ea)  are covered 
with many  particles the size of i n t r amembranous  
particles. It is apparent  that we are dealing with 
two types of vesicle: right-side-out and inside-out  
vesicles. Indeed, by biochemical  techniques, it has 
been shown that purified ATPase  membrane  frag- 
ments  can reseal themselves in two different orien- 
tat ions [18]. Some are in the form of inside-out  
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Fig. 3. Purified porcine renal (Na + + K + )-ATPase after freeze-etching followed by unidirectionally shadowing at 45 o. Fracture FA 

face shows many intramembranous particles and E A shows granulated structures (a) while pits can be seen on the fracture FB face and 
intramembranous particles on etched E B surface (b). The huge particulate structures in the background of the freeze-etch specimens 
were probably ice crystals. For details see text. 

vesicles and  some are in the form of r ight -s ide-out  
vesicles, as in the in vivo or ienta t ion .  This  might  
expla in  con t rad ic to ry  results  in the d i s t r ibu t ion  of 
i n t r a m e m b r a n o u s  par t ic les  on bo th  f racture  faces 

[7,91. 
In  most  cases, the fracture p lane  does not  b reak  

the po lypep t ide  chains  of  g lobu la r  integral  mem- 
b rane  prote ins ;  instead,  it deviates  a round  them, 
leaving the whole molecule  within one or the o ther  
f racture  face [19,20] and pi ts  on the co r re spond ing  
half. As  in the case of  (Na  + + K + ) - A T P a s e  mole-  
cules, where there is a p ronounced  s t ructura l  
a symmet ry  in the molecule  in that  a large (abou t  5 
nm)  doma in  p ro t rudes  f rom the cy top lasmic  
surface and  a small  one (about  2 nm) is found  on 
the external  surface of  the m e m b r a n e  [21], par-  
ticles should be observed  on one  half  of the frac- 
ture face, p r e sumab ly  on the cy top lasmic  half, and  
pits  on the co r re spond ing  external  half. This  is 
wha t  we see in our  freeze-etch results  which con- 

f irms further  that  the major i ty  of the pro te in  mass 
is d i s t r ibu ted  on one side of the membrane .  

To dis t inguish further  the ins ide-out  from the 
r ight -s ide-out  vesicles as in vivo or ienta t ion,  we 
used r ight-s ide-out  resealed m e m b r a n e  vesicles to 
repea t  the above  freeze-etch exper iments .  Purif ied 
ATPase  membranes  after  t rea tment  with and re- 
moval  of  octylglucoside  reseal themselves into 
vesicles. By b iochemical  analysis,  71% are t ightly 
sealed r ight -s ide-out  m e m b r a n e  vesicles and  13% 
are t ightly sealed inside-out .  The other  16% are 
leaky m e m b r a n e  vesicles of both  or ienta t ions  and 
small  m e m b r a n e  fragments.  Charac te r iza t ion  of 
these m e m b r a n e  vesicles will be pub l i shed  
elsewhere. Fig. 5 is a representa t ive  micrograph  
showing freeze-etch results of these vesicles. Mos t  
convex etched faces are covered with many  dis- 
t inct  i n t r a me mbra nous  part icles ,  while the etched 
surfaces are ei ther  g ranula ted  or  covered with par-  
ticles half  the size of the i n t r a m e m b r a n o u s  par-  
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Fig. 4. Stereographic views of freeze-etched purified (Na + + K + )-ATPase membrane vesicles. The etched external surface reveals 
many small particles half the size of intramembranous particles (arrow head). 

Fig. 5. Freeze-etch micrograph of purified (Na + + K  + )-ATPase membrane vesicles resealed with octylglucoside. The convex 
protoplasmic fracture faces are covered with intramembranous particles of 8.5-9.5 nm, while the etched external surfaces are 
granulated or covered with particles half the size of the intramembranous particles 
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TABLE I 

COMPARISON OF FA AND FB FRACTURE FACES BE- 
FORE AND AFTER OCTYLGLUCOSIDE TREATMENT 

Purified membranes (1 mg/ml) were incubated in the im- 
idazole/EDTA buffer containing 1 mg/ml octylglucoside for 
60 min, pelleted, resuspended in imidazole/EDTA buffer and 
dialyzed against the same buffer for 18 h at 4°C. Totally, 270 
convex fracture faces were sampled. 

FA (%) FB (%) 

Before octylglucoside 46 54 
After octyglucoside 82 18 

t icles,  c h a r a c t e r i s t i c  o f  F A f r a c t u r e  faces  seen  in 

Figs .  3a a n d  4. T a b l e  I s h o w s  a t a b u l a t i o n  o f  FA 

a n d  F B faces  b e f o r e  a n d  a f t e r  t r e a t m e n t  wi th  oc-  

ty lg lucos ide .  T h e  c o n v e x  f r a c t u r e  faces  are~ p r i m -  

ar i ly  F A faces  (82%) as c o m p a r e d  to  18% F a faces.  

T h i s  is c o n s i s t e n t  w i th  the  b i o c h e m i c a l  d a t a  a b o v e  

tha t  m e m b r a n e  ves ic les  are  sea led  m o s t l y  in o n e  

o r i e n t a t i o n  ( r i g h t - s i d e - o u t )  a f t e r  o c t y g l u c o s i d e  

t r e a t m e n t .  S ince  these  ves ic les  are  sea led  r igh t -  

s ide -ou t ,  t he  c o n v e x  f r a c t u r e  faces  s h o w n  as F A 

faces  are  the  p r o t o p l a s m i c  f r a c t u r e  faces.  Thus ,  the  

m a j o r i t y  o f  the  p r o t e i n  m a s s  o f  ( N a + + K + )  - 

A T P a s e  is l o c a t e d  o n  the  c y t o p l a s m i c  ha l f  o f  the  

m e m b r a n e .  
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