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Cytochromc c oxidase: the presumptive channel holds at least 
four water molecules 
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KC ~. +'.'.t+Id~: ('~.lochmmc ¢ oxidant: Water channel: l~ncrg) transduction 

The calal)tic c~clc of c>lochromc oxidasc requires that different intermediates he differentially hydrated. The mtwcment of 
water, into and out of the enzyme, is csscnlial for but is not directly linked to electron transfer. For this reason it is felt that the 
water cycle I',.[ffc>,t:nt', a n  dSpCCl t ) l  the cncrg.~ lrilllsdtlcti(.~ll process. V~'e show thai a minimum of four waters can he trapped in 
the oxidasc during arrcMcd lurnoxcr. 

Cytochrome ~l oxidase, a protein of the mitochon- 
drial membrane,  transfers electrons from cylochromc c 
to oxygen. This is chcmh~smotically coupled to the 
pumping of protons across the membrane,  thereby 
generating an electrochemical  proton gradient.  In the 
purified membrane-free  state, the oxidasc can still 
turnover but it can not store energy: there is no mem- 
brane. Do the pumping reactions of the oxidasc occur 
when the soluble, membrane frcc enzyme lurn,~ over? 
The data relating to this question arc equivocal [1 -5[  

Wc prc~iously showed that the oxidasc itself has 
some characteristics of an osmotically active system. 
the exterior of the protein acting as a semipermeable  
mcmbranc [6] vis [t vis the interior space. Experiments 
using hydrostatic pressure and osmotic pressure indi- 
cated that there is a water channel in the t3tochrome c 
oxidase and that there arc steps in the catalytic mecha- 
nism which involve cntr~ or exit of water (sec Scheme 
I) [6]. ~ e  have inferred that a minimum of 10 ~aatcr 
molecules must pass through the oxidasc during each 
turnover. Thcse water molecules enter at step 2 of the 
abbreviated catalytic cycle. A minimum of five ~atcrs  
arc thot, ght tt) exit at step 3 and all must haxc exited 
before the cycle can begin once more Ii the +~atcr in 
the channel is sequestered from the bulk water and il it 
can enter  or exit only at specific steps in the catalytic 
cycle+ two predictions follow: ( 1 ) altering the activity of 
water should affect catalysis [7]. and 12) it should bc 
possible to trap solvent in thc channel. Wc describe 
here experiments that confirm I-')th predictions. 

The  use of osmolytcs to alter the activity of  water  
and the use of osmotic pressure to per turb  the struc- 
tures of  biologically important  strucl,lres has been de- 
scribcd [8-1 1]. In figure 1 we show that the reaction 
catalyzed by the oxidasc is inhibited by high concentra-  
tions of  glycerol: In k. the rate constant  of  the enzy- 
matic reaction, scales as a linear function of  the os- 
motic pressure of  the solution ~Fig. 1+ top). For  this 
experiment  AV:.  the activation volume, is 25 m l / m o l ;  
il is ~: complex f rac t ion of  .~cvcrai pressure sensitive 
tcrms in the ratc equat ion [12.13]. Al though we cannot 
correlate this I V +  with a single physical step in the 
enzymatic mechanism, it is clear from compaqng  the 
rcsults in hydrogen containing solutions (Fig. 1, top) 
with those in deuter ium containing solution~ (Fig. 1, 
bot tom) that osmotic pressure is probing steps that 
includc the making and breaking of bonds in which 
hydrogen is inwflvcd [14]. AV:  is smaller  in H 2 0  than 
in 1).() (25 vs. 56 m l / m o l ) .  This causes the kinetic 
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isotope cfliect to increase wilh increasing osmotic pres- 
sure, from 1.51 at I bar to 1.95 at 200 bar. The 
implication of these data is that hydrogen b,~nd making 
and breaking becomes increasingly difficult as the os- 
motic pressure is incrcased. 

Wc sought a direct method to test whether v~atcr 
was implicated in the catalytic mcehanism. If thcrc is a 
channel and if it is closed during the resting state, then 
it might be possible to "'trap" 3H,O in this compart- 
ment. The major problem associated with this typc of 
quest is to distinguish specific trapping from non- 
specific binding or exchange. Thc basic outline of the 
experiment follows (see Tablc I): 

1. Non-.~pecific exchange. The resting protein was 
incubated with radioactivc water for 5 minutcs, bound 
to a Q-Sepharo.'~e column, and washed fi~r ~(I rain with 
buffer containing no ~H,O. During this wash. 'H ex- 
changed out of the protein. The protein was then 
eluted with high salt and the radioactivity in the oxi- 
dase containing fractions was determined. This sample 
gave a baseline value for nonspecific radioactive up- 
take. 

2. Trapping. The oxidase was allowed to cycle cata- 
lytically for 5 min in the presence of radioactive water. 
Turnover was stopped. The enzyme was then absorbed. 
washed and eluted as in Expt. I. This sample gave a 
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3. 17ale~itt~ pht.s ,tl~d)'lic lroshottl. l h c  o×id;t,,e ~t,, 
all,)wed t~ cycle catal.vticall,. ~iih rad i<c tkc  v, aler 
present. The rc;,clion was ,,topped; the protein ~,as 
absorbed and ~,~ashcd as in l{xpt. 2. Rcductants v.ere 
then ~idded so that the O-Scphamsc hound enzyme 
could undcrg,, further turi>xer in the prcsencc ~,1 
nt,n-radioactix'e water. Any radioactive water trapped 
during the first period of turnover should be replaced 
by non-radioactive water during the second. The ra- 
dioactivity washed out ill the protein and thai clutcd 
~ith the protein were determined. These two values 
should represent the water thai was trapped within the 
oxida~,c during turno~.er and that non-~,pccificall,, taken 
up b~ the protein. The two numbers that conic from 
Expt. 3 should sum to the total in Expt. 2. In addition. 
thc non-spccific labelling ,~f Exp. I should be the same 
as that scen in Expt. 3. 

The data from the three experiments are shown in 
Fable 1. They indicatc that the oxidase contains at Ica,,I 
two types of sites tha< ~ i l l  exchange with rztdi~,,ctivc 
water. The first is that which exchanges indcp,.'t~d_ntl~ 
of turnovcr [15]. The semnd at'~d more interesting of 
thc t w o  sites is that a,,s,,ciated ~ i t h  tmt~,',cr. When 
catalysis begin,,, the site bccomc,, accessible, and when 

TABI  E l 

[~/aler Irzlppine~, h)." t.3"~;,;,l',P:',,'t:~' ~.%;d~;~" Jt~ri; i~ ;i,#ri.~ a 

In e x p e r i m e n t s  of  type I. 0.2 ml . f  oxldas,,: ( I 7 | ) /1M a~l ~. pur i f ied and d i a l ~ c d  a~ dc-c r ibcd  in the' I q c n d  to Fig. I ) ~a~ di luted into (I ~' ml ~1t . O  

(100 #( ' i ) .  The mix,are 'di'as incubated fi)r 5.11 min and then diluted into 15 m' ,~f 1 5 mN1 Irel)T.,t 15 rn~,l rr i~. I ' ;  T~ccn ~(I (p l l  7.II) T k '  
diluted material ~,'as applied to a Il l  ml O-Sepham,~e cdumn and allov, ed to ah,,~rh t,, the" rcxln. "lh~" mlumn ~,~ ~a~k'd v.lth thlcc Ill ml 
aliquol,~ of  the diluting buffer over a periled of f~ll min. The oxidase v, as finall~ elut~.'d Imm the' cdumn ~ i ih  the" ~amt: dilutinl~ halk ' r  u~nlammg 
0.5 M KCI. The oxidase eluled as a single ~harp band: the radioactke ,a~unl ~, in the: ~xida,,e-~*~ntaming ~.m~plc.~ ~crc a-l ime, the" counk omt,lm~'d 
in the adjacent, non-,xidase-conlaining. ,.amples. In experimenls of t~pt" 2.11.2 ml ~il llxid.i~,c ( 17'Ii ,ix M ~,t ~. parlli~:d dnd dlal'~ed a~ dc',,crihcd in 
the legend tel Fig. 1) was diluted into It.2 ml ] l , O  ( l l l l l  ~x('il containing 25 mM ,l',corb.ilr. ( i "~  mM l '~. l l ' I )  arid tl #~,t c~,t~ld',,~mc" ~ The" 
aso~rhale v*'as exhausted after le,.,, thai; 3 min. l~ut the incubation t~a~ albv+ed It+ ctlntinue l~,r the full 3ilU ,, h ~it,, thc'n d i l u t e  It]ill l~ nll tit 1.5 
mM EDTA.  ].5 mM Tris. I t ;  T~ecn N l l l p l l  7.11) and pr~eo~ed exacllb a~ in [ xp l  I ()nc'~: again, the: ~xld,~,c' cluled a~ a ~harp h,lnd and the 
counting precision l las high. Exp~:riment,, of  l.~pt: 3 wcie identical to type 2 through the hindin~ ~f protein i~, O-Scpham~e and the ~, , l(i rnl 
buffer wash. The column llas then washed with 211 ml e l  the ~amc butler containinl~ II 5 mM a~,c,~rbale. If.! m.~| T M I ' D  and .~,~/s M c':,ll,chromc ~. 
Thi~ latter mlution a l l o ~ d  lhe oxida~e t," e~ck- ~,n the cdurnn bul did n~l eluli: the ~,xida~c'. 1he" cdl lmn ~a~ ~a~hed ~ili~ anotht.'r Il l ml ahqu,~i 
. f  buffer before lhe final ehl i i ,n  ~,ilh 0.5 M K(' I  in bul let The i.-ll;iril~ in the ~ample~ c~inl<Jinin!~ -turn~i~er V~a~h" (asmrhate. I MPI). cylochrom¢ 
c) vicrl: (ml'i 1.5-lime.~ throe in the adiaccnl ~ample,, ml; the preci,,llln and ao_ilrae~, Ill lhc lr lhaled ~.~,ik'r conlalned in theft_ > fraclilln~ wa,, l ow 
The oxidase, tlS ill the other experlmenb, du icd a,, a ~inl~le sharp hand; the counting a~cul,lc~. ~a~ al_'aln hlgh thc. c'nlire ,,~.'rie~ ~,I experlra~:nt~ 
v+'as performed '~,ice; p~rtilms ~I t k  ~eri¢~ - ~'xpl. I ~ .  cxpl. 2. expt. 2 v, expl 3. cxpl 3 ,ii~irlc - v.c'ic pi:rlolmed t~<i tlr threi. > time', in order ti~ 
eslahli,,h trendy. 1'he numht.'r,, in the labk' l~:pre,,enl lhi.' rnean~ and abmluh: lln'ul', i l l all the.' delermlnallol>. 

Additions and conditions V~ater hound let oxida,,c 
a~ exchanged ~tl ,ir 
a~ trapped ¢t1,0 

Expt I 

Expl. 2 

E x p l  Jl 

oxidas¢* ' t1 - ( )  3 ;';, I.(i 

ox ida~ * ~tl -O + ascorhale. T M P D  aild c)tl~ehmm,,' l ; 
turnover tollov, ed h3, complcle ollidallOn ol- the"/edal.lanl, ~ + I 5 

~xida,c' - ' i t  , ( )  + a,,colhille. TMPI )  and c~tt~:hrome ~ ; 
l u l n o l e l  tolht%l, ed h) d tmple le  OllldallOn i l l  Ihe f e d u d a n b ;  

v, i t lel  ~,ta,,ht'd out dur ln~ 21i ml o f  l u rno~ : r  wa~h -I2 - 2 
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OSMOTIC PNE$SU!qE Char) 

t l  F. ] ( } [ o c h r l ~ l l l C  o\ rd , t~c ; l t [ l \ ' t ~  I ~ ,I t h l cc [  t t l l l c l l~ r i  l ; i  ~ d l C l  

aclivil'* "~4t, nn~l (h~:lllC d) t~| C.klllCtlt'fInlL' o\itla,c ;'.,t'. purified a, 
plctt, ul-I} de,el(bed {!S]; lolhl~ing the tinat ct~ltlnlll it ~<t~ prccipl 
l,llcd ~ith ~.1 ~, ~altt :inlmtmiuril ~ull<llc al~d eentrilugc'd liar 30 rain 
al 141)itll rpm. "lhc pcltc! ~a~ dl,,~tq',cd in I ml i~l 10 mM til)T.% ',~l 
mM T r i ,  2' ,  l<~c<n s{I Hqt 7.Ill arid dial}~ud ,igliilp, t Fo, O ch. l l i ' :c-el  
Ihc n~ilP, C f~itllul. I hu rc,uhail l  proivi l i  ~lhi l lon ~wi- ~q~llc,ill) clear al 
,i t!mCt:lllLihlllt l~i 7it It M i~kiti;i~t' f lalt H M hentc el, Activil ic~ ~cre 
nlca~iircd ill ;i ( kirk P.pc o%vgeii u'lcclrod¢ lherlllOM,tlc'd ill 37 ( .  
The linal ~olulion~ ill ihc c!¢clr~lde contained ll! mM [ D I A .  h.h 
mM Iris. l i l t ;  l~ccn Nit. 2 mM ,~c, lrbale. 1).2 mM ] M P D  
( .\'.,\'. %' ',.\" '-ltl r,iillcl h':. lphen~ [enctliamlflc I. 40/a M c~, tochmmc ~ and 
34 nM c,,tochrome c oxidasc. In lilt' ab',cncc tit gbcuro!, lht' ill~2.t- 
sured pit cq ti~c s~llun~m ~as tL5 in prtlllum bulb.r- :i~d f,.7 in 
deuterium bull:r, p13 c! lh,. kdtcr ~a', 7.1. The t~mcentralion ~1 
gt3ct:rol in c:.lch protium ,c,]utitm .0.a~ delcri-nined 'h} plcrhtlllclP,. The 
:!ccurac) til ihc mcasulem,..ml~ ~.~ ;l'.. belier than one part m III :. The 
• ,alucs v, cre "~crilicd v. hcn pon,.Ible h~, m~miloring the lrcc/ing Dent 
t l cprc~,m el the ~ohJtnm-, I11 the delllCrlUlll-Clmlaltling ~oltllllmS 
dcuicidlcd gl}cclol l i l l l t ' , .  M M )  I~ni~q~c~) icrll,lccd t213ci.,iol and all 
,aqUll~m~ ~ClC prepared ii1 dctJlcLilctl ~,ilc'i. -[hc ,lcltt;il coilt:clllra- 
lion. the o~molaliP,, of  lh¢ ,,~qillitm~ wa~ th_qclrninu'd h~. lit.t:/iri 7 
poinl dcple~.Mtln lakin 7 lhe inolal Iri.,t./lllg ptllnl deptc~nm of I ) , ( )  
ii~ 2 11119 dee r l ;o l  l i l t ]  and lhc Ircc/ing , ~li,1 oi l)>() ~t~ 3 ,~2 l~Of 
-11' 'a. ii~ t."~{ihJillcd [riirll l i r k  +r i l l  -- J l  KI  vd~crc II i- o,,- 
me:it pressure .31" i,. a linc.lr ltlnctl=m ,q ~>.mnHc prc,,.urc onb 
l*',el ,, ,mall range J l "  t, el,,, dcpcmlcnt on a hidden ,.i'-.ol-d} Icrm 
a h i c h  c{l]} 117 l l2 l lo lcd belm~ rC l ; l l i ~ '  ~+I-LiIMIIt s ill  5, %~hlch I~ Ihc C,lSe 

hL le  

J1 Mop',. the content , ,  arc s e q u e s t e r e d  f rom the bulk of 

the solvent.  Re ins ta t ing  turn ing , .  allov, s the c o n t e n t s  of  

the site to once  again equi l ibra te  w i t i l  the bulk of  the 

,,olvent. 

Four  v, a tc rs  ( r , ib le  I. 4.2 _, 21 arc a,ssociate,i with 

the s e q u e s t e r e d  site of  cy toch rome  c oxidase:  they 

have the charac ter i s t ics  that  wc would  have p red ic ted  

tk~r wa te r s  located in the p r e s u m p t i v e  c h a n n e l  of  the 

pro te in .  R o u s s e a u  and  co -workc r s  [16] have shown  .'hat 

there  arc at least tv, o wa te r  molecu les  that  arc  associ-  

a ted  with the hcmc  el the oxidase.  Th i s  wa te r  is 

p r e s e n t  b o t h  d u r i n g  t u r n o v e r  a n d  d u r i n g  t h e  r e s t i n g  

state.  Wc previously t hough t  [6] that  R o u s s c a u ' s  wa te r  

and our:, could not be the same.  T h e  wa te r  d iscussed  

hcrc  gains  en t r ance  du r ing  tu rnove r  and is t r a p p e d  in 

the res t ing state.  Accnrdingly ,  it is q u i t e  poss ib le  tha t  

o! the four  wa' ,ers  d i scussed  in this  work.  two could be 

the svmc  a~ seen  by ba~< :~roli et al. [1,~]. It is in te res t ing  

to no te  tha t  P a p a d o p o u l o s  c;. al. [17]. work ing  with a 

d i f fe rent  p ro ton  p u m p ,  that  of  the p u r p l e  m e m b r a n e .  

ha~c ev idence  h)r  f lmr wa te r s  tightly b o u n d  in the  

region o f  the  re t inal  c h r o m o p h o r e .  The}', just  a,s we,  

fccl that  the re  is r eason  to behove  that  the w a t e r s  are  

par t  of  the p r o t o n  p u m p i n g  m e c h a n i s m .  In o u r  case.  

the c h a n n e l  is o p e n  only du r ing  catalysis  and  its o p e n -  

ing and  c los ing a p p e a r s  to be ob l iga to ry  fl~r e l ec t ron  

t r a n s p o r t  to occur ,  it is for  this r ea son  that  we feel that  

the l o u r  wate r s  may be tightly assoc ia ted  with the  

p r o t o n  c h a n n e l  o f  the  oxidasc,  i f  this t u r n s  ou t  to be 

, .orrcct.  we have ident i f ied one  of  the  few auxil iary 

charac te r i s t i cs  of  a p r o t o n  p u m p  o f  the  m i t o c h o n d r i o n .  

Wc wish to t h a n k  N S E R C  ( C a n a d a )  fi~r g e n e r o u s  

f inancial  a,;sistancc. 
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