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C~cular  dichroism of  the two major conformat ional  states  

of  mammal ian  ( N a  + + K + ) - A T P a s e  
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No fl~mfion in ~ e  d ~ a r  ~chro~ spectrum of fully activ~ mem[ran~bound (Na++ K +) -ATPase  is 
obse~ed when the proton is cycled between the two m~or conformafionfl Mate~ E~ and E~. Th~ f ining is 
in agreemem wi~ ~ e  ~ a ~ d  s~dy by Che~e~n and Brazhnikov ~ .  Bi~. Chem. 260 (198~ 781~ and 
d e m o n s ~ e s  that any ~fference in seconda~ struc~re between the two conformers must be less than 2%. 

1 ~  

Transmembrane protons  engaged in active 
~anspo~ must have a minimum of two conforma- 
tional states [1] in which the uptake and discharge 
sites for the ~ansported ions have access to oppo~ 
ing surfaces of the membrane. Two such states of 
the (Na + + K+~ATPase h~ve been identified di- 
rectly by a variety of lechniques and are usually 
referred to as E~ and E2, the former b~ng the 
uptake conformer for in~acdlular Na + and the 
fatter the uptake conformer for ex~acellular K +. 
Jorgensen and co-workers [2] observed differences 
in the pattern of trypfin cleavage of the a chain 
that are dependent upon the monovalent cation 
present, and K a ~ h  and co-workers [3] demon- 
strated a change in intrinfic fluorescence as the 
distributions between E~ and E z states is altered. 

The question arises as to what extent the two 
conformers differ at the secondary s~uctural levd. 
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Recenfl~ GresMfi and Wallace [4] have repor~d 
M~rations in the drcular dichroic spec~a of the 
( N a + ÷  K+~ATPase that are dependent on the 
speofic monovMent cation present and thus are 
presumed to reflect changes in secondary structure 
between E 1 and E 2. The authors in~rpret thor  
data as con~s~nt  with a 7% decrease in a helix 
and a 10% increase in fl sheet in the E 2 conforma- 
tion as compared to E 1. CheWerin and Brazhnikov 
[5,6], howeveL observed essentially no difference 
in the magnitude of in~ared absorbance in the 
amide r e ,  on of the spectra when E1 and E 2 were 
compared. They found no changes in the peaks 
asso~ated with antiparMld fl s~ucture (1631, 1688 
cm-  1) and less than 2% decrease in the 1654 cm-  ~ 
band (a helix) when E~ was compared to E 2. 
These authors confider the latter change marD- 
nMly ~gnificant and suggest it may reflect a minor 
distortion of the a helices ;n the E 1 form. 

Nakamoto and Inefi [7] have reposed no 
change in the drcular dichroic spec~um of the 
Ca2~ATPase from sarcoplasmic reticulum when 
this ~anspo~ protein is M~rnated between the 
two m~or  conformafionM states by addition and 
removM of the ~anspo~ed cation. This protein 
appears to be d o s d y  r d a ~ d  functionally to the 
(Na + + K+~ATPas~ and, in fact, Andersen et M. 

0 0 0 5 ~ 6 / 8 6 / $ 0 ~ 5 0  © ~ S~en~ Publ iC . s  B.~ (~ome~c~  D i ~ o n )  



[8] have demon~ra~d  an~ogous ~f f~ences  in 
uypfic cleavage produ~s b~ween the C ~  + uptake 
and discharge states. 

We have examined the h ~ U a ~  d ~ a r  
d ~ h r ~ c  spe~a of the E1 and E 2 conform~s of ~ e  
( N a + + K ÷ k A T P a s e  und~  carefully con~olled 
conditions ~ which protein concentration and 
fight ~ m r i n g  ~ n f i ~  do not dif~r. We observe 
no fig~ficant ~ff~ences ,  ~ accord with the find- 
~gs  of Chetverin and Braznikov [5,6]. 

Matefif ls  ~ d  M e ~ s  

Membrane-bound (Na + + K+kATPase  was 
purified from the outer medulla of fresh porcine 
kidney [9,10]. F in~  sodium dodec~ sulfa~ con- 
centration for differenti~ detergent extraction was 
c~cula~d  u~ng the relationship of Jorgensen [11]. 
Isopycnic centfifugations on 24-32% continuous 
sucrose gradients were performed u~ng an SW-27 
roto~ 27000 rpm, w ~ t = 2 . 1 0  ~l, 4°C. Sucrose 
den~ty gradient solutions were prepared by the 
addition of sucrose to storage buf~r:  250 mM 
sucrose/0.1 mM H 4 E D T A / 1 2  mM K+/25  mM 
Tes (pH 7.4), 23°C. K + was included in the gradi- 
ent buf~r  to lower the ATP affinity and as~st in 
the remov~ of the bound nudeot id~ The high 
spedfic acti~ty fractions were pooled and washed 
free of K + by three succes~ve centrifugations 
(50.2 Ti roto~ 150000×g ,  30 min, 4°C) and 
resuspended in Na +- and K%ffee buffer as indi- 
cated in the text and figure legend~ Fin~ ~kali 
cation concenVafions assayed by atomic absorp- 
tion were le~ than 10 #M. Spedfic activities 
ranged from 30 to 38 IU at 37°C. 

Proton  concentrations were determined by the 
method of Lowry ~ ~. as modified by Bensdoun 
and W~nstein [12]. ATPase acti~fies were mea- 
sured by the m~hod of O~olenghi [13] except that 
bo~ne  serum ~bumin was omitted from the assay 
media. 

Na + and K + concen~ations were determined 
by carbon rod atomizer atomic absorption u~ng a 
Vafian Tech~on Modal 61. Fluorescence measure- 
men~ were carried out on a Perkin-Elmer MPF- 
44A. Exaltation and emission wavdengths were 
295 and 325 nm, respecfivdy, and 10 nm slit 
widths were used. 

Circular dichroic spe~ra were obt~ned using a 
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Jobin-Yvon D~hrograph V calibra~d with iso- 
andros~rone. The s p e c ~  bandpass was 1 nm, 
the cell path-~ngth 0.1 cm, and the photom~ti-  
pfier acceptance an~e approx. 26 °. Data were 
collec~d at 0.2 nm ~ r v ~ s  with an in~rument 
time constant of 2 s. The cuvette was m~n t~ned  
at 20.6°C. No sys~matic differences were ob- 
served ~ ~pf ic~e  spectra. Spe~ra have not been 
smoothed in order to assure an un~ased compari- 
son. 

T u r b i ~  was measu~d on a Cary 17D 
spectrophotome~r at 350 nm in a 0.1 cm path- 
~ngth cell, 

Spe~ally pure s o , u r n  dodec~ s ~  was ob- 
t~ned from BDH Chemicals, Po~e.  Vana~um 
free ATP was purchased from P-L B i o c h e m ~  
MHwauke~ WI. Imidaz~e free of ~ w a ~ e t -  
absorb~g m ~er i~  was obt~ned from Boehringe~ 
Mannh~m. All other chemicals were standard re- 
agent grade. 

Cycfic~ experiment~ protoc~s w~e  followed 
which placed the enzyme succes~v~y in the states 
(El --* E 2 --~ E~) o r  ( E  2 --> E~ ~ E 2 ) .  Tran~tions 
w~e  ~duced by the ~quentiM ad~fion of M~uots 
of concentrated Na + or K + stock s~ufions, and 
protein concentrations were determined for i~ t i~  
a n d / o r  fin~ sam~e conditions. The protein con- 
centration of the ~ r m e ~ e  state was de- 
~ r m ~ e d  ~om the dilution ~ o ~  The ma~mum 
change ~ protein concentration for any ~ven 
cyd~M protoc~ was 2%. 

R e s ~  

Karlish and Yates [3] initially described the 
intrinfic fluorescence changes a ~ o d a ~ d  with the 
E 1 to E 2 ~anfition using protein in 100 mM 
Tfi~HC1, buffer which places the enzyme pre- 
dominantly in the E 1 conformation [1~. The ~an- 
fition to E 2 was then induced by addition of KC1 
at increafing concen~ations. The ~anfifion was 
c o m p ~  at 0.5 mM KC1. We have dupficated 
these experiment~ conditions and examined both 
the ~rcular dichroic spec~a and the fluorescence 
emission intenfity. We have ~so measured the 
turbidity of the sample at 350 nm ufing the same 
0.1 cm pathqength cuvette used for drcular di- 
chroic measurement~ In 100 mM Tri~HC1 the 
turbidity was 8.36 AU mg. p ro ton  -1 .  cm 2 and 
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was u n ~ d  within ~ e  1.5% detection limit by 
the ad~f ion  of up to 10 mM KC1 or 49 mM NaC1. 

Fig. 1 shows the ~ d a r  ~ c h r ~ c  spectra of ~ e  
( N a + +  K + ) - A T P a ~  in 100 mM Tf i~HCI in the 
E~ and Ez c o n f o r m ~ n ~  As d ~ d  in the figure 
~gen& ~ e  protein was first examined in the ab- 
sence of ~ther  Na + or K + but in the presence of 
Tfi~HC1, which ~duces  the E t state. The s~ufion 
was ~ e n  brought to 1 mM KC1 (E 2 sta~) and 
returned to E t with 49 mM NaC1. The spectra in 
Tfis buffer and in 49 mM NaC1 were idenfic~ and 
these data are plotted in Fig. 1. The spec~um of 
E~ is ~so  ~ven in the figure and is superimposa- 
ble on ~ a t  of Ea as is e¼dent from the difference 
spec~um (D) which is zero over the wavdength 
range ~ v ~ t i g ~ e d .  G ~ s ~ f i  and Wallace observed 
a 10% d i f ~ n c e  ~ [0] at 222 nm when comparing 
E t and E 2. The coeffi~ent of variance in ~ e  
f ign~ at 222 nm in F %  1 is 3.2% and the m i ~ m ~  
d ~ e ~ a ~ e  ~ f f ~ e n c e  in this experiment is 2.6%. 

The intrinfic fluorescence measu~d  under con- 
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~g.  1. ~ u ~ r  ~ c ~ c  spec~a of ~ e  E~ and E 2 con~rma-  
tion~ sta~s of ~ e  (Na + + K + ~ATPase in ~ q o ~ s ~ e n g ~  
~ r  ( 1 ~  mM Tfi~HC1 (pH Z l f f & l  mM H4EDTA ). 10 #1 
of the p r o ~ n  in 2 M ~ e ~ . l  mM EDTA/10 mM im- 
~ a z ~ e / 1 0  mM Tes (pH 7 ~  were added to 240 ~1 of buf~r  
s~ution ~ ~ve a fin~ p r ~ n  concentration of 0.039 mg. ml -  1. 
1 ~1 of 250 mM K ~  was added to bring the s~ution con- 
centration to 1 mM KCI ~ z  con~rmerL 5 ~1 of 2.5 M NaCI 
were then added ~ ~ d d  a finM concentration of 49 mM NaC1 
(E~ con~rmeO. Data are c ~ c ~ d  and ~ d  at 0.2 nm 
~ E 1 and Ez r e ~ e  spe~ra showed no ~s~maf ic  
~f~rences. Averages of these r e ~ e s  are ~ d  here and 
are not hbded  separately because ~ey  are ~ s t i n g ~ s h a b ~  
D is the ~f~rence cu~e  b~ween E~ and Ez. To assure 
unbiased comparisons the cu~es have not been smoo~e& 

ditions ident~al to those in Fig. 1 showed a 2% 
increase in emission inten~ty at 325 nm when E 2 
was compared to E~. The protein in 100 mM 
Tri~HC1 alone was deduced to be 85% E~ by 
comparison of the fluorescence emission inten~ty 
with that in the presence of ~ther  Na + or K +. 

The turbidity of the membrane sample was 
lowered by 40% at 350 nm when the the buffer 
concen~Nion was reduced to 4.2 mM as com- 
pared to 100 mM. However, under these condi- 
tions marked and var iabb increases in turbidity 
ranging ~ o m  17 to 33% at 350 nm occurred on the 
addition of either Na + or K + at suffident con- 
centrations to induce the conformafional trans~ 
fions between E~ and E~. We observed that ad- 
dition of 0.29 mM sodium dodecyl sulfate to this 
buffer system reduced the magnitude of the 
turbidity changes to 5 to 7% on addition of Na + 
or K +. The spe~fic activity of the enzyme was 
unaffected by this concentration of sodium dode- 
cyl sulfate (32 IU at 37°CL but the difference in 
fluorescence emission inten~ty at 325 nm between 
E~ and E~ was reduced from 2.0 to 0.7%. 

Fig. 2 shows the ~rcular dichroic spectra for 
the ( N a + +  K+~ATPase  in the E~ and E: con- 
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Fi& 2. Circ~ar dichroic spec~a of the E 1 and E 2 conforma- 
tionM states of the (Na + +K)-ATPase in low-ionic-strength 
Tes buffer (4.2 mM Tes (pH 7.4)/0.16 mM H 4 E D T A / I ~ 3  
mM K+/&29 mM sodium dodecyl sulfate). Protein concentra- 
tion was 0.137 mg-m1-1 and the enzyme was initially in the E 2 
state. 10 ~l of 2.5 M NaCI were added to r~se the Na + 
concen~afion to 49 mM (E l conformer). Data are collected 
and plot~d at 0.2 nm in~rvM~ The curves are not h b d e d  
separatdy because they are indistinguishablm D is the diL 
ference curve between Ez and Ev The curves have not been 
smoothed. 



~ r m ~ n s  ~ the low io~c  s ~ e n ~ h  buffer con- 
t ~ n ~ g  0.29 mM s o ~ u m  dodec~ s ~ h ~ .  The E 2 
state was induced by b r i n i n g  the K ~  concentra- 
t ~ n  to 1~3 mM and ~ e  E~ ~ate  by subsequent 
a ~ t  to 49 mM N a ~  as described in the 
f igu~ ~gend. No d~ference in the spectra of the 
two con~rmat ions  is observed. The coeffident of 
variance in the v~ue  of [0] at 222 nm is 1.5% and 
~ e  detecfon f i ~ t  for a f ig~ficant  & f f ~ e n ~  is 
1.5%. 

The ~ s ~  p m ~ n t e d  ~ figs. 1 and 2 ~ e  ~ 
variance ~ t h  the repo~ ~ o m  Gms~f i  and W ~ -  
lace [~, who used a mo~f ied  Cary 60 spe~ro-  
pda r imemr  eq~pped  ~ t h  a Modal 6001 CD a> 
mchment. T h d r  data are c ~ m d  by means of an 
u n ~ e d f i ~  ~ m p u ~ r  ~ f f ~ e  ~ 1 nm ~ r v ~ s  
and ~ e  p ~ n t e d  as smo~hed  curves ~ ~ve  no 
~ c ~ n  ~ ~ e  ~ n ~ n ~ e  ~ .  ~ it is 
not pos~b~  to e v ~ u ~ e  the Mg~ficance of tho r  
~ p o ~ e d  ~ f f ~ e n c ~  in ~ p ~ t i ~  because the 
~ ~  ~ ~  ~ ~ ~ ~ 

~rmafion.  A d ~ f i ~ G  k ~ n ~  d e ~  w h ~ h ~  ~ e  
c ~ c ~ a ~ d  ~ w a  ~ e  n ~ m ~ d  ~ a m e ~ u ~ d  
p ~ d n  concentration or to the m a g ~ m d e  of ~ e  
s ~ n ~  ~ 208 nm s~ce  b ~ h  E~ and E 2 forms of 
• e e n ~ m e  ~ e  ~ p ~ d  ~ have ~ e n t ~  ~ p ~ -  
ties at ~ i s  wavdength but to differ ~ ~ e  222 nm 
~ o n .  G ~ s ~ f i  and W ~ a c e  state that ~ f f ~ e n ~ s  
in ab~rp f ion  f l ~ n g  shodd  not be present ~ 
~ d r  e ~ m ~  ~nce the same p ~ p ~ a f i o n  was 
used to ~ a ~  both the E~ and E 2 stateK How- 
eve~ we have ~ p o ~ e d  here a m ~ k e d  and var ia~e  
increase ~ ~ b ~ f f  on the addition of ~ Na  + 
~ K ÷ ~ m e m b ~ n e  f fagme~s  ~ e n d e d  ~ ~ 
~ s ~ e n ~ h  m e s a  - con~fions  used ~ ReL 4. 
C h a n g ~  in tu rb id ly  reflect ~ r a f i o n s  in the state 
of the m e m b ~ n e  su~enMon that are ~ turn re- 
f l ~ d  ~ a ~ o r p f i o n  f l ~ n g  

Discus~on 

We have d e m o n ~ r a ~ d  that any ~ r a t i o n  ~ 
~he d ~ a r  d ichr~sm of pordne  medulla (Na + + 
K ÷ ) - A T P a ~  as ~ cycles between the E~ and E~ 
~ a ~  ~ ~ than 2%. The experimen~ w ~ e  carried 
out under con~f ions  where ~ght s c ~ r i n g  ~ o m  
the sample was con~ant  and the protein con- 
cen~afion (measu~d  d~ecfly) changed a ma~- 
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mum of 2% as the result of dilution. These data 
are in agreement with the recently published work 
of Chetvefin and Brazhnikov [~, who observed no 
fignificant change in a helix or fl sheet for this 
p ro tdn  by the criterion of amide in~ared absorp- 
tion in~nfifies. 

We conclude that there are min im~ ~ r a f i o n s  
in secondary structure assodated with the ~ter-  
nating access states of this ion transport p ro tdm a 
resuR that is confi~ent with the actNe ion trans- 
port modal proposed by Tanford [15] in which this 
conformat ion~ change is not obliged to be m~or .  
The same result has been ob t~ned  by Nakamoto 
and lnefi [7] with respect to the d o s d y  r d a ~ d  
Ca 2 ~ATPase  ~ o m  sarcoplasm~ reficulum. 
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