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SUMMARY 

Human  erythrocyte  membranes  were treated with A'-ethylmaleimide and then 
assayed for cation-sensitive components of ATPase activity, inhibi t ion of Na~- 
act ivated ATPase and (Na-+-K+)-activated ATPase (ATP phosphohydrolase,  EC 
3.0.1.3), observed following N-ethylmaleimide t reatment ,  was abolished when eth vlene 
glycol b i s - ( f l - a m i n o e t h y l ) - N , N - t e t r a a c e t a t e  (EGTA) was included in the assay 
system. 

N-Ethylmale imide  pre t rea tment  reduced MgY+-activated ATPase act ivi ty  both 
in the absence and presence of EGTA. The Mg2+-dependent components  of [aaC~ADP-- 
ATP exchange and membrane  phosphorylat ion using Iy-a2piATP were reduced fol- 
loMng N-ethylmaleimide pre t rea tment  whereas the Na~--stimulated components  ot 
these activities were unaffected. 

At very low ATP c()ncentration, chelation of endogenous (;a '~* increases the 
sensitivity ()f the ATPase system to st imulation by low c()ncentrations of Na -. In 
contrast  a ('a~+-requirement at a Na*-dependent  step of (Na = - K +)-activated ATPase 
reaction sequence was observed at higher ATP c()ncentration. These results suggest 
both inhibit()rv and act ivat ing effects ()f (;a 2~ on alkali cation-sensitive ATPas~,. 

INTROI)UCTION 

H u m a n  erythrocyte  meinbrane ATPase act ivi ty has been shown to consist oi 
at least two components  1,2 One component  requires Mg 2-', is not  affected by cardiac 
glycosides and can be st imulated by  low concentrat ions of Ca 2~ (ref. 2). The other 
component  is a Mg2--dependent (Na+ K+)-activated ATPase act ivi ty (ATP phos- 
phohydrolase,  EC 3.6.I.3) which is inhibited by  cardiac glycosides and small aln()unts 
of Ca 2+ (refs. 1"-5). 

Both components  of ATPase act ivi ty are inhibited by sulfhydryl reagents such 
as N-ethylmaleimide 6-s. With some membrane  preparations, (Na+-K+)-ATPase is 
inhibited more than Mg~4-ATPase activityT-~'; in other preparations, such as ox 
brain 6, the reverse is true. During the course of experiments designed to test effeets 

Abbreviatio~ns : EGT:\,  ethylene glycol bis-(fl-aminocthyl)-N,N-tetraacetatc; DTNB, dithio- 
nitrobenzoic acid ; BA L. z,3-dimercaptopropanol. 
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of N-ethylmaleimide and Ca 2+ on cation-sensitive components of ATP hydrolysis, we 
observed that  pretreatment of human erythroeyte membranes with N-ethylmaleimide 
inhibited (Na+-K+)-ATPase, only in the presence of small amounts of Ca 2+. In addi- 
tion to this inhibition by Ca e+, a Ca 2+ requirement at some step(s) of the reaction 
sequence was also observed. 

MATERIALS AND METHODS 

Erythrocyte membranes were prepared from fresh, human erythrocytes and 
assays were carried out as described previously~2, ~a. Unless indicated otherwise, 
4 vol. membranes were incubated with I vol. of 5 mM N-ethylmaleimide in o.oi M 
Tris-HC1 buffer (pH 7.4-7.6) (plus N-ethylmaleimide) or o.oi M Tris-HCI buffer 
(pH 7.4-7.6) (control) for 30 rain at 37 °. Following this preincubation, assays were 
started by adding an aliquot of the membrane suspension to the assay medium as 
described previously r~. For assay periods longer than 2 rain, mercaptoethanol was 
included in the medium, at a concentration IO times the final N-ethylmaleimide 
concentration. Procedures for measuring ATP hydrolysis (32p i released from !7-32P]- 
ATP), labeling with !7-32PJATP and measuring il~CiADP-ATP exchange activity 
were determined as described 12,1a. All data presented are typical of three or nlore 
experiments. 

The rate of ATP hydrolysis measured in the absence of added NaC1 or KC1 is 
referred to as Mg2÷-ATPase, the increment in rate effected by the addition of 50 mM 
NaC1, as Na÷-ATPase, and the increment in rate effeeted by the addition of 5 ° mM 
NaC1 and io mM KC1, as (Na+-K+)-ATPase 

RESULTS 

Rclationship between Ca 2+ and N-ethylmaleimide inhibition 
Erythrocyte membranes were preincubated with N-ethylmaleimide as indicated 

above and then the ATPase activity was assayed at two ATP concentrations to ob- 
serve the following: (i) Maximal stimulation by Na t referred to as Na+-ATPase using 
2 /~M ATP. At this low ATP concentration, K ÷ addition does not further stimulate 
the activity observed with Mg 2÷ and Na ÷ (ref. 13). (if) Maximal stimulation with both 
Na T and K + present, referred to as (Na+-K~)-ATPase, using 40/~M ATP 13. 

Following 3 ° rain preincubation with N-ethylmaleimide (Fig. I, clear bars), 
Mg2+-ATPase was decreased more than either Na+-ATPase (7 ° % compared to 51 °o) 
or (Na÷-K+)-ATPase (72 % compared to 44 %)- Following N-ethylmaleimide pre- 
treatment, but with o.1 mM ethylene glycol bis-(fl-aminoethyl)-N,N-tetraacetate 
(EGTA) included in the assay medium (Fig. I, shaded bars), Mg2+-ATPase was de- 
creased but Na÷-ATPase or (Na t-K÷)-ATPase activities were no longer inhibited. 

Since N-ethylmaleimide pretreatment inhibited the alkali cation-sensitive 
ATPase activity measured in the absence but not presence of EGTA, tile question 
arose whether N-ethylmaleimide sensitizes the system to inhibition by endogenous 
Ca 2+ which is chelated by EGTA. Experiments were carried out at 2 /zM ATP to 
ascertain whether (i) the EGTA effects were due to chelation of Ca ~+ and (2) N-ethyl- 
maleimide effects were due to reaction with membrane sulfhydryl groups. As shown 
in Fig. 2, with a constant concentration of o.I mM EGTA and an increasing amount 
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of a d d e d  Cat12, N a ~ - A T P a s e  in t h e  con t ro l  s a m p l e s  was  d e c r e a s e d  35 °o on ly  w h e n  an 

excess  of so  ffS{ CaCI~ was  a d d e d .  F o l l o w i n g  N - e t h y l m a l e i m i d e  p r e t r e a t m e n t  5 ° % 

i n h i b i t i o n  was  o b s e r v e d  w i t h  e q u i m o l a r  E G T A  a n d  CaCI., a n d  hence  m i c r o m o l a r  
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_ _ A  r - - \ - - I  

9 

8 CoCIz / EGTA 

~ ~ ~ ~ ~ ~ ~ ~ 0 0 2  0 4  0'6 0'8 1.0 1,2 
o~ w w Ld W W W b~ W 7 L , ~ , i , i , i , ~ , , 
N Z Z Z Z Z Z Z Z 

6 + 4- + 4- > "  ~ 6 - . . . . .  o 

5 [;:~I ~ - ::" 5 

(3_ • ~ 4 

.,d I.- 3-" ~ F ~  E~G J o ~ " ' c  o_ 3 " , c o n t r o l  e,, " ' ,  , 

o< z -  ~- ~- ,o 
< <~ NEM 
o 

I z0-.t 
EGTA v 

Mg- No- Mg- No,K- o 0-02 0.040.06(}080.I0 012 

ATPose ATPose CoCI z added (raM) 

Fig. ~. Membraneswerc preilmubated for .3 ° rain at 37 without or with [ mM N-etlwlmaleinfi(te 
(NEM) a~ indicated. :\t z ,uM VI'P assays were carried out for i() sec at ~,7 in a final volun]e of 
0. 5 ml containing o.35 ml membralles (3.85 mg protein per m]) o.oo2 m.~l L;,-:~I}JA'I't ~ (s75.1o :~ 
COUl]tS/Illill per o. 5 ml volume! o.oi 2 mM Mg(:l. z and 4 o lnM Tris HC1 buffer (pH 7.-t). At 4 ° ,uM 
ATP, assays were carried out for 5 lnii] at 37' ii] a final volume of o.25 m] containin.~ o.i ml 
membranes (o.08 nag/nil) o.o 4 nlM [),-3~I)]ATI> (59" Ioa counts/nlin per o.25 ml vohlme) 0.04 i/hM 
MgCIe and S mM mercaptoethanol, o.l mM Tris-EGTA buffer (pH 7.4), was absent (clear bars) 
or present (shaded bars) in the incubation medium. Na+-ATPase and (Na, l,~¢)-ATPaseactivity 
refer to the increment in activity obtained in the presence of 5 ° mM NaC1 or 5 ° mM Na('l phtx 
io mM KC1, respectively, after subtraction of the activity observed without Na('] ("Mg 2 - 
ATPase"). 

Fig. 2. l)ependence of Na =ATPase on Ca 2+ concentration. Incubation was carried out as described 
in Fig. I (2 HM !~,-:mP]ATP), except that  assays were for 2 min in a tina] volulne of o.25 ml con- 
taining o.~ ml membranes (o.72 mg/ml), 8 mM mercaptoethanol, o.i mM Tris-lr/;T.\  I)uffcr and 
CaCle as indicated. NEM stands for ~V-ethylmaleimide. 

a m o u n t s  of free Ca 2 ~ (ref. I4) ; 70 % i n h i b i t i o n  was  o b s e r v e d  w i t h  20 ffM excess  CaCI.~ 

(o.zz m M  CaC12 added}.  W i t h  a CaCIe /EGTA ra t io  of o.6, a n d  hence  a free Ca"-  con-  

c e n t r a t i o n  a p p r o x ,  o.z ffM a t  p H  7.4 (ref. z4), no  i n h i b i t i o n  was  o b s e r v e d  fo l lowing  

N - e t h y l m a l e i m i d e  t r e a t m e n t .  

The  d a t a  in  Fig.  3 s u p p o r t  t h e  conc lus ion  t h a t  t h e  effects  of N - e t h y l n m l e i m i d e  

are  due  to  r e a c t i o n  wi th  s u l f h y d r y l  g roups .  W h e n  t h e  m e m b r a n e s  were  t r e a t e d  w i t h  

t h e  s u l f h y d r y l  r e a g e n t  d i t h i o n i t r o b e n z o i c  ac id  (DTNB) ,  t h e  p a t t e r n  of i n h i b i t i o n  was  

s imi la r  to  t h a t  o b s e r v e d  w i t h  N - e t h y l m a l e i m i d e  i.e. N a + - A T P a s e  a c t i v i t y  was  com-  

p l e t e ly  i n h i b i t e d  in  t h e  con t ro l  (EGTA o m i t t e d ) ;  w i th  o.z mM E G T A  in  t h e  assay ,  

i n h i b i t i o n  w a s  r e d u c e d  to  48 %. 

a2p incorporation and [lf fT]ADP-A T P  exchange 
Tile effects  of N - e t h y l m a l e i m i d e  on  t i le  t r a n s f e r  of a~p f rom Ey-aep]ATP to  

m e m b r a n e  c o m p o n e n t s  a t  37 ° a n d  on t i le  [14C]ADP-ATP e x c h a n g e  a c t i v i t y  a t  o" 

were  t e s t ed .  T h e  N a + - s t i m u l a t e d  c o m p o n e n t s  of t h e s e  ac t iv i t i e s  h a v e  b e e n  s h o w n  to  

p a r t i c i p a t e  in N a + - A T P a s e  a c t i v i t y  of e r y t h r o c y t e  membranes12 ,  la. T h e  r e su l t s  in 
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Table I indicate that N-ethylmaleimide treatment resulted in a marked decrease in 
both the level of aep bound and the exchange activity observed without added Na ". 
In contrast, Na+-stimulated phosphorylation and exchange were not significantly 
affected. Thus N-ethylmaleimide pretreatment resulted in an increased ratio of Na +- 
dependent/Mg2+-dependent labeling and exchange. Na+-stimulated phosphorylation 
was decreased in the presence of K +, both in tile controls and following N-ethyl- 
maleimide pretreatment.  
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Fig. 3. Membranes  were p r e inc uba t e d  for 3 ° min  at  37 ° w i t hou t  or w i th  i mM D T N B  as ind ica ted .  
Assays  were carr ied  out  for 2 rain a t  37 ° in a final vo lume  of o.25 ml  c o n t a i n i n g  o. i  ml  m e m b r a n e s  
(1. 4 ] mg/ml) ,  o.o02 mM ET-aaPjATP, o .o i2  mM MgCI 2 and  5 ° mM NaC1 as required,  as descr ibed 
in Fig. :. 

T A B L E  I 

~EFFECTS O F  z ~ - E T H Y L M A L E I M I D E  T R E A T M E N T  ON M E M B R A N E  P H O S P H O R Y L A T I O N  A N D  [~4C]ADP- 
ATP EXCHANGE 

For  p h o s p h o r y l a t i o n  de t e rmina t i ons ,  m e m b r a n e s  0.35 ml (3.6 mg  m e m b r a n e  p ro t e in  per  ml), were  
in i t i a l ly  i ncuba t ed  for 3 ° min  a t  37 ° w i t h o u t  or w i th  I mM N - e t h y l m a l e i m i d e  (NEM) as descr ibed 
in MATERIALS AND METHODS and were then  i n c u b a t e d  for Io sec a t  37 ° in a final v o l u m e  of 0. 5 ml  
con t a in ing  o.oo2 mM ET-a2p]ATP (17oo. Io 3 counts / ra in  per  o. 5 ml  volume),  o.o12 mM MgC1, and  
3 ° mM Tris HCI buffer (pH 7.4). NaC1 (5 ° raM), KC1 ( io  raM) and  T r i s - E G T A  buffer (pH 7.4) 
(o.r raM) were inc luded  as ind ica ted .  For  Ex4C]ADP-ATP exchange ,  membranes ,  o . i  ml  (e.o mg  
pro te in  per  ml), were i ncuba t ed  for I h a t  o ° in a final vo lume  of o.25 ml con t a in ing  i /zM [14C]ADP 
(o.o25 !tC per  0.25 ml volume) and 2 %M ATP, unde r  t he  cond i t ions  descr ibed p rev ious ly  13. 

Catio~s added Membrane phosphorylation 
(pmoles a~p bound per rag) 

Control N*E 3l-treated 

(a) Mg 2- 
(b) Mg 2- + Na  + 
(c) Mg °-+, Na  +, K + 
Na+-dependen t  p h o s p h o r y l a t i o n  (b- -a)  
I(  < d e p e n d e n t  d e p h o s p h o r y l a t i o n  (c--b)  

(d) Mg 2 ~ 
(e) Mg 2+ + Na + 
Na+-dependen t  exchange  (e--d)  

0.72 0.23 
] -49  0 , 9 3  
0.67 0.30 
o.77 0.70 
0.82 0.63 

[!4CjADP-A T P  exchange 
(pmoles E14C]A T P  formed 
per mg per h) 

82 44 
184 157 
[o2 113 

Riochim. Biophys. Acta, 241 (I971) 68-74 
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TABLE I l 

E F F E C T S  OF EGTA 

For measurements of ATP hydrolysis at  4 ° FM ATP, o.i nil membranes (0.67 mg protein per ml) 
were incubated for 5 min in a final volume of 0.25 ml containing 4 °/zM !7-a2P]ATP (79" t oa 
counts/min per 0.25 nfl volume) 4 ° t*M MgCl 2, 4 ° mM Tris-HC1 buffer (pH 7.4), and NaCl and 
KC1 as indicated. For measurements  of ATP hydrolysis at  2 ,uM ATP, o.I ml membranes (0.90 
mg/ml) were incubated for 2 rain in a final volume of 0.25 ml containing 2 HM I),-"~2PIATt ) 
(14o. io a counts/rain per o.25 ml volume) 25 F3I MgCl2, 4 ° lnM Tris-HC1 buffer (pH 7-4), and 
NaCl as indicated. Measurements of phosphorylation were carried out as described in TaMe [. 

.4 TP  Quantity measured Additions .4 TP  h4,drolyz~,d (",) 
c o n c H .  . . . . . . . . . .  

(H.11) EGT.4 - 12(;T.4 

4 ° Mg 2 ~-ATPase None S- t 4.4 
Na, -ATPase 5 ° mM NaC1 3.7 0.2 
(Na~ K')-ATPase 5 ° mM NaCI 

lo mM K('I 7.7 0.,'~ 

2 Mg 2+- ATPasc None 19.0 7- l 
Na+-ATPase o. 5 mM NaC1 0. 4 0.7 

5.0 mM NaC1 5-~ ~.5 
5 ° mM Na('l z2.8 i r.0 

Mg°-+-dependent phosphorylation 
(3Ig 2 * + Na+)-dependent phosphorylation 

:~2P bound 
(pmoh!s/mg) 

E(; 7".4 ~ I-(; 7'.4 

~ n l l e  0.0 7 I). 7~ 
5 ° mM NaCI w.4~) z.34 

Effects of  E G T A  
D u r i n g  t h e  cou r se  of t h e s e  s t u d i e s ,  we o b s e r v e d  t h a t  E G T A  a d d i t i o n  d id  n o t  

c h a n g e  N a + - A T P a s e  a c t i v i t y  m e a s u r e d  a t  2 /~M A T P  a n d  5 ° m M  NaC1. H o w e v e r ,  

E G T A  h a d  m a r k e d  ef fec ts  o n  (~) t h e  N a  + c o n c e n t r a t i o n  r e q u i r e d  t o  s t i m u l a t e  A T P  

h y d r o l y s i s  m e a s u r e d  a t  v e r y  low c o n c e n t r a t i o n s  of A T P ,  e.g. 2 #M,  a n d  o n  (2) t h e  

r e l a t i v e  s e n s i t i v i t y  of A T P a s e  to  a c t i v a t i o n  b y  N a  + a lone  versus N a  ÷ plus  K + m e a s u r e d  

a t  h i g h e r  A T P  c o n c e n t r a t i o n s ,  e.g. 4 ° #M.  T y p i c a l  r e s u l t s  a re  s h o w n  in  T a b l e  I I ;  

r e s u l t s  were  s i m i l a r  w h e t h e r  o . i  m M  E G T A  w a s  o m i t t e d  or  o. i m M  E G T A  plus  o. i m M  

CaC12 were  a d d e d .  As  i n d i c a t e d ,  a t  2 /~M A T P  t h e  NaC1 c o n c e n t r a t i o n  r e q u i r e d  to  

i n d u c e  a p p r o x i m a t e l y  h a l f - m a x i m a l  N a + - A T P a s e  a c t i v i t y  w a s  r e d u c e d  a p p r o x .  Io-  

fo ld  w i t h  o . I  m M  E G T A  p r e s e n t .  A t  h i g h e r  A T P  c o n c e n t r a t i o n s  (4 ° /zM), t h e  N a  ~- 

A T P a s e ,  b u t  n o t  ( N a + - K * ) - A T P a s e  w a s  d e c r e a s e d  m a r k e d l y  (95 %) b y  E G T A .  T h i s  
s u g g e s t s  t h a t  c h e l a t i o n  of e n d o g e n o u s  Ca 2+ b y  E G T A  p r o b a b l y  a l t e r s  t h e  r e l a t i v e  

s e n s i t i v i t y  of t h e  A T P a s e  to  a c t i v a t i o n  b y  N a  ~ a l o n e  versus N a  + plus  K ÷. 
As s h o w n  in  T a b l e  I I ,  E G T A  d i d  n o t  a f fec t  e i t h e r  Mg 2+- or  Mg "~+- plus  N a * -  

d e p e n d e n t  p h o s p h o r y l a t i o n  of m e m b r a n e s  u s i n g  2 # M  [V-a2PJATP. 

DISCUSSION 

M g Z - - d e p e n d e n t  ( N a + - K  0 - A T P a s e  a p p e a r s  to  be  a n m l t i s t a g e  r e a c t i o n  s e q u e n c e  

c o n s i s t i n g  of ( i )  N a + - s t i m u l a t e d  p h o s p h o r y l a t i o n  of a m e m b r a n e  c o m p o n e n t  E 1 (refs.  

Biochim. Biophys..4cta, 24x (1971) 6s-74 
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I2, ~3, I5-I8) ,  and Na+-stimulated [14C]ADP-ATP exchange 19,2°, (2) Mg2+-activated 
transformation of phosphorylated intermediate (EaP ~ E2P) 9,21, (3) K+-stimulated 
dephosphorylation (E~P-~ E2) 22-26 and, (presumably) (4) reversion to the original 
form (E 2 ,~ El) 21. Inhibition of Na+-stimulated ATPase activity, associated with 
increased Na+-sensitive [IIC]ADP-ATP exchange activi ty and loss of sensitivity to 
K+-stimulated hydrolysis of phosphorylated intermediate has been effected by treat- 
ing membrane preparations with N-ethylmaleimide v-9 or oligomycinS,~v, 28. Similar 
results were obtained with human red cell membranes incubated with oligomycin ~3. 
These results suggested that  the site of inhibition was at a step following initial phos- 
phorylation of intermediate, e.g. EIP ~ Ef t  ~. In the present study N-ethylmaleimide 
did not increase exchange activity or block K+-stimulated decrease in bound 32p. 
I t  is possible, therefore, that  with the present conditions of low ATP and Mg 2. concen- 
tration used, the partial inhibition by N-ethylmaleimide (5o-7o %) was mainly at 
another site, e.g. transformation of unphosphorylated form ot intermediate, i.e. 
E 2 ,~ E~, as discussed by SIEGEL AND ALBERS 21 for 2,3-dimercaptopropanol (BAL)- 
arsenite effects. Our data suggest that  the inhibition may  not be due directly to 
N-etbylmaleimide but to Ca ~+, i.e. the N-ethylmaleimide-treated system may  be 
more sensitive to Ca 2+ inhibition than the untreated system. 

In our experiments, blockage (alkylation) of sulfhydryl groups would have 
occurred during N-ethylmaleimide pretreatment  and should have been negligible in 
the subsequent assay. Either the assay period was short (<  2 min) compared to the 
pretreatment  period (3o min) or excess mercaptoethanol was present during the assay. 
Thus the Ca 2+ effects do not reflect modification of the reaction between sulfhydryl 
reagent and membrane protein, although such effects have been described 29. Under 
the conditions of our experiments blockage of sulfhydryl groups appeared to increase 
the sensitivity of the enzyme system to inhibition by Ca 2+. In experiments with ox 
brain preparations, SKOt~ AND HILBERG 80 described ATP protection against inhibition 
by sulfhydrylreagents;  it is possible that  their observations are related also to Ca 2~ 
binding by ATP. 

Competition between Ca ~+ and Na + has been described extensively in studies 
with excitable tissues. Although EPSTEIN AND WHITTAM 31 provided kinetic evidence 
indicating that  Ca 2+ inhibition of (Na :-K+)-ATPase is due to CaATP acting as a com- 
petitive inhibitor of MgATP and probably not due to Ca2+-Na + competition, other 
studies have favoured the latter possibility a2-a~. More recently aS, Na +- stimulation of 
Ca 2+ efflux from subcellular vesicles has been shown to be blocked by low con- 
centrations of certain sulfhydryl reagents, including N-ethylmaleimide. The present 
observations may  be explained similarly. Thus, alkylation of certain sulfhydryl 
groups may decrease the ability of Na + to displace Ca 2+ from 'Na + sites' resulting in 
decreased Na+-ATPase activity. Moreover, chelation of Ca 2+ by EGTA markedly in- 
creases the sensitivity of ATPase to stimulation by low concentrations of Na=-, as 
shown in Table II .  

The present study provides evidence for both inhibitory and activating effects 
of Ca a+ on the transport  ATPase system. With changing (increasing) ATP concentra- 
tion, the ATPase system appears to change from being Na+-dependent to Na ~- plus 
K+-dependenO a. This change probably reflects the activity of different reaction steps 
which are evident when they become rate-limiting as the ATP concentration is in- 
creased. At 4 ° #.M ATP, both Na + and Na + plus K ~ activation are observed. At this 
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concentration and in contrast to results at 2 ¢,M ATP, removal of endogenous Ca '2. 
reduced markedly the Na+-sensitive component without affecting the Na +- plus 
K+-stimulated component.  This observation suggests also that the Na+-stimulated 
component observed at 4o ~M ATP reflects the activity of a step distinct froin, e.g. 
subsequent to, the Na+-stimulated component observed at 2/~3'I ATP. 

ACKNOWLEDGMENTS 

\Ve wish to thank Miss Mee Lee and Mr. E. S. \Vhittington for excellent tech- 
nical assistance. This investigation was supported by a Research Grant from the Medi- 
cal Research Council of Canada, of which R.B. is a Scholar. 

R I { F K I ~ E N C E S  

I 1{. l.. ['OST, (~. l~.. ~IERRITT, ('. R. I£INSOLVING AND C. D. ALBRIGHT, J. 13iol. C'ht'J;q., 235 (1960) 
1796. 

2 E. T. DUNHAM AND I. M. (;LYNN, .f. Physiol. Lo*zdon, ~56 (196~) 274. 
3 J- b. ttOFFMAN, Circulalion, 26 ( i962)  I2Ol.  
4 1{. \VHITTAM AND D. . \ [ .  BLOND, Bwchem. J . ,  92 (I964) I47. 
5 i~. p. \~rHEFLER AND R. \VHITTAlVL Bioche'*n. [. 93 ( t964)  349. 
6 J.  C. SKOU, ld~ochim. 13iophys. Xcta, 42 (r96o) 6. 
7 J" c .  SKOU, Biochirn. 13iophys..4cta, 23 (~957) 394. 
8 J. ('. ~KOU, Physiol. Nev., 45 (I965) 596. 
9 R. L. POST, .q. [{UMI,2, Y. "I'OBIN, B. ()R(UTT AND i .  [~. SEN, 3Iembram Proteins, Little, B r o w n .  

B o s t o n ,  1969, |). 306. 
Io S. tCAHN, (-~. J.  NOVAE AND [{. ~\r. 2\LBERS, ,]. Biol. C]lgl]l., 243 (I968) 1993. 
i t  [). ('. TOSTESON, .4~2~1. ;V. Y. dcad. ,S'ci., i37  (1960) .577. 
t., R. I{LOSTEIN, J .  13iol. Chem., 243 (I968) T957. 
l 3 R. [{LOSTEIN, .[. 13io1. Chem., 245 (~97 o) z7o. 
14 H. POI¢'rz~zHL, P. ('. CALDWELL AND J.  C. RuF.(;O, Biochim. Biophys. dcta,  79 (~964) 5,sI. 
r 5 R. L. POST, :k. 1,2. SEN AND .\. S. ROSENTHAL, J. Biol. Chem., 24o (I965)  ~437. 
I6  R. \V. ALBEP, S, S. I;'AtfN AND (;.  J .  [(OVAL, Proc. Natl . .4cad.  Nci. U.S., 5 ° (r963) 474. 
17 L. K. HOKIN, P. S. SASTRY, P. R. GALSWORTHY .aND A. YODA, Proc. Natl. .qcad. Sci., U.S., 54 

(I905) I77. 
~S K. NAGAXO, T. KANAZAWA, N. MtZUNO, Y. "['ASHIMA. T. NAKAO AND M. NAKAO, Biochem. 

Biophys. l?es. Commun., 19 (I965)  759. 
L9 S. FAHN, G. J.  NOVAL AND R. \V. ALBERS, J.  Biol. Chem., 24i  ( t966)  i 88z .  
2o S. I:AHN, M. R. HURLEY, G. J.  [(OVAL AND R. \V. ALBERS, .]. 13iol. Chem.. 24I  (1966) I89o. 
2~ G. J.  SIEGEL AND R.  \~.'. ALBERS, .]. Biol. Chem., 24x ( t968)  4972 . 
2" J.  D. JUDAH, K. AHM~D AXD A. E. M. MCLEAN, Biochim. 13iophys. dcta, 65 (~q62) 472 . 
23 R. \V. ALBERS AND G. J.  I(OVAL, J .  Biol. Chem., 24i  (I966) I896.  
24 H. BADFR AND A. I(.  SEX, Biochim. Biophys. Acla, I x8  (~966) ~I6. 
25 K. NAC;M AND H.  YOSmDA, 13iochim. Biophys. Acla, x28 (~966) 4 l o .  
26 Y. ISRAt,CL AND E. TITUS, Biochim. 13iophys. Acta, t39  (I967) 45 o. 
27 \V. L. STAHL, A:eurochemislry, 15 (I968) I51 r .  
28 C. l'.'. [XTtYRRISI AND E. TITUS, 3IoI. Pharmacol., 4 (~968) 59L  
z9 H. 13ADER, A. B. \'VILKES AXD D. If.  JEAN, Biochim. F3iophys. flcla, I98  (E97 o) 583 . 
3 ° J.  C. SKo~d .aND C. HILBERG, Biochim. Biophys. dcta, i ~o  (~965) 359. 
3 I l". [[ .  EPSTFIN AND R. \~?HITTAM, Biochem. J . ,  99 (I966) 232. 
32 P. 12. ]~AKER, -~,I. P. BLAUSTFIN, A. L. I-IODGKIN AND [{. A. STEINHARDT, J. Physiol. London 

~92 (~967) 43 P. 
33 P. I:. BAKER, A. L. HODGKIN AND 1~. A. STFINHARDT, jr. Physiol. London, 20o (~969) 43 I. 
34 M. P. BLAUSTEIN AND A. a .  HODGKIN [. Physiol. London. 20o (1969) 497. 
35 J- 1). ROBINSON, J.  Neztrocht'~t., ~6 (1969) 587. 

Biockim. Biopkys. dcta, 24t  (~97~) 6 8 - 7 4  


