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Cytochrome c Oxidase: not be apparent. Furthermore, there is no 
need to have a stable, long-lived continuous 
hydrogen-bonded chain as a proton wire. One Enzyme, TWO Mechanisms? such mctures ,ld well transient, not 
observed in the static structure, and still carry 

Robert B. Gennis 
out their function. In short, finding extended 
proton-conducting pathways from the x-ray 
structures is neither sufficient nor necessary 
to define a "proton wire." Needless to say, 
this adds some uncertainty to the interpreta- 

T h e  cytochrome c oxidases, along with other chemical functions, notably ATP synthesis. tion of structural data. 
members of the superfamily of "heme-copper The oxidase accomplishes this by couphg the Generally, the structures of the bacterial 
oxidases" (1,2), are responsible for nearly all redox chemistry (dioxygen &tion to wa- and mammalian oxidases have proven re- 
aerobic respiration on Earth. These critical ter) to proton pumping, thereby generating markably similar, including significant struc- 
enzymes recently provided the occasion for a transmembrane voltage and proton gradients tural details that have emerged since the 
wonderful-and unexpected-achievement that supply the proton motive force. For every original reports (5,11,12). But in their new 
in membrane structural biology. In a single turnover of the enyzme (dioxygen reduction), work, Yoshikawa et al. report several differ- 
week in the summer of 1995, two indepen- eight protons are taken from the inside aque- ences in their structure of the bovine enzyme. 
dent x-ray structures were reported in Sci- ous compartment, four protons b e i  used to Briefly, 
ence and Nature: the 13-subunit enzyme make two molecules of water, and the remain- 1) The refined structure of the fully oxi- 
from bovine heart mitochondria (3), and the ing four protons are pumped to the opposite dized bovine oxidase shows a peroxide mol- 
four-subunit enzyme from the soil bacterium side of the membrane, about 50 A away. Un- ecule at the heme-copper center. This sur- 
Pmacoms denitnjbu (4). Now on page 1723 derstanding how oxidase fimctiazls is largely a prising finding will certainly provoke further 
(5) of this issue, Yoshikawa et d report the matter of defining how, when, and where pro- experiments to demonstrate chemically that 
refinement of the structure of fully oxidized tons move during the catalytic cycle. But the so-called "resting" o x i d i i  form of the 
bovine cytochrome c oxidase to 2.30 A plus knowing the protein architecture of a static enzyme (13, 14) is, in fact, aperoxideadduct. 
the structural changes that occur upon full re- structure or set of structures may not be suffi- Until spectroxqic and biochemical studies 
duction of the enzyme's metal atoms and upon cient to deduce mechanism and dynamm. on the crystals can better define which of the 
the binding of ligands, azide, and CO. This Cytochrome c oxidase must clearly have several "resting" forms is present, there is no 
major achievement yields a much closer look more than one extended proton-conducting way to h o w  how to relate the unexpected 
at this energy-transducing membrane protein channel or pathway, but what do such t h i i  peroxide-umtainii structure to previous 
and reveals interesting differences between look like? Net translocation of protons can studies of the enzyme in solution. How im- 
the mammalian and bacterial oxidases that occur over a long distance through a protein portant this will ultimately be is not clear, 
prompt the authors to propose a radically dif- by hopping between pairs of hydrogen- because even the authors do not believe that 
ferent mechanism of proton pumping for the bonded donor and acceptor residues (8-10). this species is involved in the catalytic cycle. 
bovine enzyme. A stnng of such residues connected by hydro- 2) The azide complex of the oxidized bo- 

Cytochrome c oxidase reduces dioxygen gen bonds can be thought of as a "proton vine enzyme has the same ligation of CuB as 
(02) to water in a way that comrves the con- wire" (9). Not all hydrogen bond networks does the enzyme in the absence of azide. This 
siderable free energy made available from this can function as a proton wire, because a cer- is in contrast to the "missing" or disordered 
h a y  favorable reaction (6,7). This free en- tain rotational mobility of the component histidine ligand that was reported in the 
ergy, once harnessed, is then used for a wide parts of the wire is required. Water is an ex- original structure of the azide adduct of the 
variety of energy-requiring biologid and bio- cellent component of a proton wire (9, lo), bacterial oxidase (4). The importance of this 

but if the internal water molecules are disor- observation has nothuig to do with azide, but 
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that one of the C U ~  llffands rmght cycle on the coupling must be allosteric and not di- impoaant role for residues within 

tween subunits I and I1 in the 
bovine mi&. This &ma- 
tion has been extrapolated by 
the authors into a model of 
proton pumping. In the fully 
oxidized enzyme, D51 is postu- 
lated to be protonated and in 
protonic equilibrium with the 
aqueous phase on the opposite 
side of the membrane (the ma- 
trix), abwt 50 A away, via a In summery, we have two remarkably simi- 
"proton wire" (5). The confop- lar stmaws in dx d m  and bacterial 
mational change that is at*- cytochrome c oxidma, and no indication 
served upon & t h  of the from b i o c h d  or biophysical d i e s  that 
metals d t s  i n & q h g t b '  they operate by difkmt mechanisms. The 
hydrogen k d  pattern d D3.t interpretation of the new s t ~ c m  by 
sothraitnofoogerhasaceegsm Y*wa er d. (5). thax the animal o x i h  I 

the proton wire leading to&e bve a unique m - p r m P i n g  me&man 
matrix side of the lnmlbme, ' O T I  

p r o t o n c o ~  pathway may or may not 

pting mechanism via residue 051 and the H channel has been i 

f o u n d c h u u l g ~ s t e a C t y -  11994)- 
2. M. W. Celhoun, J. W. Thomas, R. B. Gennis, state turnover (6,7), so there is no guarantee dases ( 1  ), which are prpumed not to use Td Biachem. ki, ,@, 325 (3994). 

that changes accompanying fdht.eductian are this proton-conducting "pumping" pathway. 3. T. Tsukiiwa e9 a/., S c i m m ~ ,  1069 (1995). 
relevant to the p r o t o ~ h . ~ i n g ~ .  case o f t h e w  o*, a 4. S Iw&, G. Ostermeier, 0. Ludwig, H. Michel, 

Mtut'B 378.660 (1 995). There are other, problems with &is hy- of proton pumping has been extrapolated fnom 5. a v-wa et al.. w-aeo. 1723 (1998). 
pothesis. As the m h  pofnt out, El is the cdmmmhi that one of the hi&he 6. G. T. Babcock and M. W m b ' ~ ,  Nature@%. 391 

(1992). not a conserved residtte r~nong the cyto- to % in the h- center is 7. S. ~erm-~illar G. T. BM, CM. 
chrome c oxidases. General1y, this residue not ohserved in the azide adduct of dre M y  ~ e v .  7,2889 (1996). 
has no equivalent in the oxidases from oxidized enyme (4). Thrs, at least, suggem la- 8. M. Gutman E. NacM*', -. Rev. Phys. 

Chem 48,329 (1997). plants, lower e u k ~ t e s  (such as ~ t ) ,  or b&ty of &€ 9. J. F. ~ a g l e  and H. J. ~ w o w ~ z ,  proc. ~ f / .   cad. 
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