
Journal of Bioenergetics and Biomembranes, Vol. 25, No. 2, 1993 

Coordination Dynamics of Heme-Copper Oxidases. 
The Ligand Shuttle and the Control and Coupling of 
Electron Transfer and Proton Translocation 
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Results are presented which, taken with evidence developed by others, suggest a general 
mechanism for the entry and binding of exogenous ligands (including 02) at the "binuclear 
site" (CuBFea3) of the heme-copper oxidases. The mechanism includes a "ligand shuttle" 
wherein the obligatory waystation for incoming ligands is CuB and the binding of exogenous 
ligands at this site triggers the exchange and displacement of endogenous ligands at F%3. It is 
suggested that these ligand shuttle reactions might be functionally important in providing a 
coupling mechanism for electron transfer and proton translocation. Scenarios as to how this 
might happen are delineated. 

INTRODUCTION 

Heme-copper oxidases are the terminal oxidases 
of cellular respiration in all animals and plants as well 
as many simpler organisms. This class of enzyme has 
been estimated to be responsible for some 90% of the 
biological 02 reduction on earth. Cytochrome oxidase 
(cytochrome aa3 or CcO) is the most prevalent mem- 
ber of this class, all members of  which appear to be 
structurally and functionally similar with respect to 
their O2-activating apparatus. Cytochrome oxidase 
transfixes the mitochondrial membrane and catalyzes 
the four-electron reduction of 02 by cytochrome c at 
turnover rates approaching 1000 s-1. It also functions 
to conserve the energy of the redox reaction (ca. 0.5 V) 
by creating a transmembrane proton gradient. This is 
done through scalar uptake of  protons from one side 
of the membrane in the course of the reaction 
02 + 4H + + 4e- ~ 2H20 and active vector trans- 
location of  an additional four protons across the 
membrane via redox-linked proton pumping. 

~ Spectroscopy and Biochemistry Group, INC-14, Mail Stop C-345, 
Los Alamos National Laboratory, Los Alamos, New Mexico 
87545. 
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Understanding in molecular detail the mechan- 
ism of redox-linked proton pumping is one of the 
major issues in bioenergetics. 1-5 General issues of in- 
terest include how the oxidases effect facile electron 
transfer and 02 activation, how corollary phenomena 
such as molecular switching and thermodynamic 
tuning of electron transfer occur, and how the energy 
of electron transfer is coupled to proton pumping to 
effect ion translocation against a concentration gra- 
dient. Our results, 6-25 together with advances by others 
in structural and functional understanding of heine- 
copper o x i d a s e s  5'26'27 and biological electron tran- 
sfer, 28'29 have led us to suggest that labile coordination 
chemistry ("ligand shuttling") at the metal centers 
may play key roles in energy transduction in these 
enzymes. 

Eukaryotic CcO contains two hemes and two 
copper centers. The two heroes A constitute cyto- 
chromes a and a 3. The copper centers are designated 
Cu A and CuB. It appears that heine-copper oxidases 
have in common three analogous polypeptide subunits, 
designated I-III.  In all known heme-copper oxidases, 
both of the heroes and CuB are located in Subunit I. 
CUA is located in Subunit II of the eukaryotic enzyme. 
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Cytochrome a is 6-coordinate with axial endogenous 
protein ligands from histidine imidazole. Cytochrome 
a3 has one endogenous imidazole ligand from a proxi- 
mal histidine and has a labile distal coordination site 
available to bind exogenous or endogenous tigands. It 
is generally believed based on a large body of  evi- 
dence 1'2'8'3°'32 that cytochrome a 3 is the obligatory site 
of  02 binding prior to reduction. CuB is very close to 
cytochrome a 3 on the distal side, forming the "binu- 
clear site"; both Fea3 and CuB are accessible to exoge- 
nous ligation. 9'33-3s CUA is not accessible to exogenous 
ligands and is magnetically remote from other metal 
centers. Certain prokaryotic oxidases, whose reducing 
substrate is other than cytochrome c, lack CUA entirely. 
In Cbo, for example, the reducing equivalents are pro- 
vided by ubiquinol and CUA is not present in the 
enzyme. Inasmuch as Cbo pumps protons, 36 this 
calls into question the assertion 3 that CUA has a role 
in proton pumping. Present evidence suggests that 
the critical, conserved apparatus for energy trans- 
duction and storage by the enzyme is to be sought in 
Subunit I. 

Not  all heine-copper oxidases use heme A 
as their prosthetic groups. Cases in point include 
cytochrome ba3 from Thermus thermophilus and 
cytochrome bo (Cbo) from E. coli. In ba 3 the 6- 
coordinate heine is protoheme. In Cbo the heme at 
the binuclear site is heme O, the same structure 
as heme A (including the farnesyl tail containing 
three unsaturated isoprenoid groups) except that the 
formyl has been replaced by a methyl group. The 
6-coordinate heme may be either heme O or proto- 
heme. Inasmuch as Subunit I or Cbo is fully functional 
and pumps protons, it seems clear that the formyl 
group has no essential role in proton pumping nor 
does the farnesyl chain have an indispensable function 
at the 6-coordinate site. However, no heme-copper 
oxidase characterized to date lacks a farnesyl-containing 
heme at the binuclear site, suggesting an essential 
functional role (unknown, at present) for the farnesyl 
at that site. 

GENERAL CONSIDERATIONS 

Key issues associated with the function of  the 
heme-copper oxidases include the following. How 
does the enzyme recognize, admit, and control the 
binding of  substrate? How is substrate activation ac- 
complished? How do the proteins carry out facile 
electron transfer, and how do they modify or switch 
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Fig. 1. Simplified (two-dimensional) schematic representation of 
the reactants' and products' harmonic (AG = kQ 2 + c; force con- 
stant = k) potential surfaces and the reaction coordinate for elec- 
tron transfer in different situations. (A) Zero AGO; (B) nonzero AG °, 
reorganization of nuclear coordinates (AQ) the same as in A; (C) 
zero AG °, AQ same as in A, force constant twice that in A; (D) zero 
AG °, AQ twice that in A, force constant same as in A. 

electron transfer dynamics and thermodynamics in 
response to functional requirements and ambient con- 
ditions? How do they perform coupled functions such 
as energy storage by proton pumping? 

Most of the aforementioned issues are directly 
tied to the factors that influence electron transfer dyn- 
amics. A protein may be able to control electron 
transfer and couple it to other events by controlling 
these factors. In the decades since the inception of  the 
electron transfer theory of  Marcus and Hush (Ref. 37 
and references therein), these factors have become 
relatively well defined. They may be qualitatively un- 
derstood by considering intersecting parabolas which 
represent the vibrational potential surfaces of  the elec- 
tron transfer reactants (DA, where D is the electron 
donor  and A is the acceptor) and products (D ÷ A- ) ,  
shown in Fig. 1. The horizontal coordinate Q repre- 
sents the coordinates of  the nuclei of the D and A 
molecules and their surroundings, and the vertical 
coordinate represents free energy (AG) associated 
with the coordinates. The parabolas in Q, AG repre- 
sent harmonic potential surfaces. Because of  Franck-  
Condon restrictions on the electron transfer event, the 
reaction DA ~ D + A= can only occur (in the absence 
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of nuclear tunneling or the absorption of a photon) at 
the point where the parabolas intersect. Therefore, the 
lower locus of the potential surfaces represents the 
reaction coordinate for thermal D, A electron tran- 
sfer, the intersection point of the reactants' and pro- 
ducts' potential surfaces represents the activated com- 
plex, and the vertical distance between the minimum 
of the reactants' surface and the intersection point is 
the activation energy AG * for electron transfer (Fig. 1). 
It is evident that the relative placement and the shapes 
of the reactants' and products' surfaces influence AG* 
and thereby the electron transfer rate constant, kCt. 
This rate constant may be approximated from ab- 
solute rate theory as 

ket = tckT/h[exp(- AG*/RT)] 

where ~c represents the transmission coefficient (the 
probability of electron transfer one the activated com- 
plex is formed) and the other symbols have their usual 
meanings. The value of Net is affected in the following 
ways. (A) The free energy of reaction AG O is the verti- 
cal displacement between the minima of the reactants' 
and products' surfaces; the size of this displacement 
clearly affects AG* (Fig. 1B). The more favorable AG °, 
the faster the reaction, up to the point AG* = 0. (B) 
The magnitude of the displacement AQ along the 
reaction coordinate (that is, the magnitude of the 
molecular reorganization) necessary to achieve the 
activated complex affects the height of the potential 
surface intersection point and thus AG*; the greater 
AQ, the slower the reaction (Fig. 1D). (C) For any 
fixed AQ, the greater the force constants of the mole- 
cular coordinates that have to be reorganized to reach 
the activated complex (the steeper the parabolas; Fig. 
1C), the greater will be AG* and the slower the reac- 
tion. (D) The electron transfer probability ~ is directly 
related to ket , and is determined by overlap (Hrp) 
between reactants' and products' wave functions 
which in turn is influenced inter alia by the effective 
D-A distance in relationships that have received much 
theoretical discussion but have only recently begun to 
be established experimentally. 28'29 At short electron 
transfer distances, ~c may be effectively unity, but at 
longer distances it falls off exponentially with dis- 
tance, such that the average distance dependence for 
nonadiabatic electron transfer in proteins is 1.7 A per 
factor of 10 in k,t .z8 The D-A distance at issue, how- 
ever, may not be the most direct distance, 29 but instead 
the route through covalent bonds, hydrogen bonds, 
and through space that gives the largest H~o and 

therefore the greatest value of t~. Thus, the making or 
breaking (e.g., under protein conformational control) 
of a hydrogen bond or, especially, a covalent bond 
along the electron transfer path between D and A may 
make a very large difference in ket without changing 
any of the parameters that affect AG ~ as described 
above and also without changing the direct D-A dis- 
tance. (E) Finally, the foregoing discussion assumes 
that H~p is always much less than AG*, such that (even 
if ~c ~ 1) AG* is always determined by the energy 
difference between the reactants' potential minimum 
and the surfaces' crossing point. This need not be the 
case for "strongly adiabatic" reactions such as those 
in which bond making or breaking accompanies the 
electron transfer event. Examples of this might be the 
formation of H O  2 from 0 2 o r  the formation of 
peroxide bringing two metal centers from dioxygen 
bound to one. In cases like these the splitting of the 
potential surfaces at the nominal intersection point 
may be large and, in addition to ~: = 1, AG ~ is 
actually diminished and k~t accelerated because Hrp 
is of the same magnitude as AG ~ and subtracts 
from it. 

The point to the foregoing for our purposes is 
that the coordination chemistry of redox-active tran- 
sition metals in proteins offers a direct elegant way of 
affecting kot by purposeful changes in any or all of the 
factors mentioned above. It is clear that the ligands 
bound to a metal ion will generally affect the free 
energy of redox reactions, the force constants of the 
inner coordination sphere, and the magnitude of the 
AQ reorganizations necessary to reach the activated 
complex. The making or breaking of a metal-ligand 
bond can form a through-bond path to another redox 

:center or cause such a path to be discontinuous. 
Phenomena such as protonation or coordination to 
metals can engender "strong-overlap" electron trans- 
fer reactivity and thus cause nominally slow redox 
reactions to become fast. In addition to electron trans- 
fer, the chemistry of the ligands themselves is often 
profoundly affected by coordination to metals and by 
the metals' redox chemistry. An obvious case in point 
is the acid-base reactivity of a ligand, which is enor- 
mously sensitive to whether the ligand is coordinated 
to a metal, the identity of the metal and, for a given 
metal, the oxidation state. There are numerous exam- 
ples of this, a dramatic one being the behavior of the 
peptide bond. The R - ( C = O ) - ( N - H ) - - R '  structure 
does not deprotonate significantly in concentrated 
NaOH in the absence of a transition metal, but loses 
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a proton with a pK of 7 or less when given the oppor- 
tunity to coordinate to a metal as deprotonated pep- 
tide, a change in acid dissociation constant approach- 
ing 10 orders of magnitude. It is clear that the control 
of electron transfer reactivity by coordination of lig- 
ands, and the converse control of ligand reactivity by 
coordination and electron transfer, offer rich options 
for coupling the dynamics and energetics of these 
types of reactions. 

Our results indicate that binding of an exogenous 
re-acid ligand (e.g., CO, Oz) to CuB triggers changes in 
the coordination sphere of Fea3. Specifically, an en- 
dogenous ligand L binds to the distal (CUB) side of the 
heme when the exogenous ligand binds to CuB. In 
response to this, the bond between F%s and the proxi- 
mal histidine is broken. Wse infer that L was formerly 
bound to CuB and was displaced by the incoming 
exogenous ligand. The importance of this finding is 
that the coordination spheres of both of the metals at 
the binuclear center are more labile than previously 
suspected. Once this is recognized, it seems likely that 
this "ligand shuttling" activity may be important in 
elements of the enzyme's reactivity other than the 
binding of exogenous ligands, namely in the electron 
and proton transfer reactions and in the coupling of 
two. Firstly, the number, identity, and spatial disposi- 
tion of ligands influences every aspect of the electron 
transfer reactivity of a metal: the reaction free energy, 
the reorganizational free energy, the displacement 
along the reaction coordinate, and (by influencing the 
effective distance between electron donor and accep- 
tor) the electron transfer probability. Secondly, the 
acid-base properties of a ligand are profoundly affect- 
ed by binding to a metal and by the identity and 
oxidation state of the metal to which the ligand is 
bound. The potential is clear that the enzyme uses 
these elegant options based on the coordination chem- 
istry of the metal centers to effect functional control 
and redox-linked proton translocation. 

COORDINATION DYNAMICS OF THE 
HEME-COPPER BINUCLEAR SITE 

We have made an extensive study in our labora- 
tories of the coordination dynamics of the binuclear 
site of the heme-copper oxidases. Primarily we have 
studied the photodissociation and recombination 
reactions of the CO complexes and the response of the 
protein structure to these events. Photodissociation of 
CO forms the basis of the "flow-flash" techniques 

which were developed by Gibson and co-workers 38'39 
and the low-temperature "trapping" techniques de- 
rived therefrom. 4° It is essential to understand the 
consequences of CO photodissociation in order to 
understand whether the Oz reactions observed by 
flow-flash adequately represent the physiological Oz 
reactions which occur in the absence of CO. Secondly, 
Oz as a substrate of CcO is first a ligand and only later 
an electron transfer entity, and the early events in the 
physiological function are ligation reactions. Inas- 
much as CO and O2 have extensive similarities in their 
coordination chemistry, the reactivity of CO as a lig- 
and toward CcO is likely to model that of Oz. To the 
extent that this is the case, the coordination dynamics 
of CO can be studied and functionally relevant con- 
clusions drawn without the complications superim- 
posed by the electron transfer reactions of Oz. 

Control of Ligand Binding to the Metal Centers 

We have substantial species-comparative kinetics 
data on CO photodissociation and rebinding of 
various heine-copper oxidases. 7'13'23 Table I presents 
these data. All of the oxidases examined conform to 
the same general mechanism (Scheme 1) wherein CO 
in solution first binds in a pre-equilibrium with CuB, 
and is then transferred to the heine in a subsequent 
step. At 1 atm CO (1 mM [CO] in solution) the ob- 
served pseudo-first-order rate constants (kobs) for the 
formation of F%s-CO span only a factor of 10. How- 
ever, the range spanned by the stability constants of 
CuB-CO (K~) and the rate constants for transfer of CO 
from CUB to Fea3 (k2) is much larger. The kobs values 
(kob~ ~ K1 kz[CO]) are similar because the variations 
in K~ and kz tend to compensate one another. Why this 
is the case and what functional significance this may 
have are matters for speculation at present. The ac- 
tivation parameters are for kz and show that, with the 
exception of cytochrome ba3, which is unique in 
several respects, 25 the rate of transfer from CuB to 
heine a 3 tends to be controlled by the activation en- 
tropy. The rate constant k ~ is for the loss of CO from 
CuB-CO into solution, and is related by microscopic 
reversibility to kl, the CO on rate from solution, by 
k~ = K~ k_~. From this is can be seen that for cyto- 
chrome 0 alone kl is much slower than diffusion con- 
trolled (vide infra). 

The Nature of Conformers: Cytochrome bas 

FTIR studies 7 of the CO complexes of cyto- 
chrome ba3 show that there are at least two major 
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Table I. Kinetics Data 

Oxidase t' kobs(s- l )  b K 1 (M l)c k 2 (s-t) c AH *d AS* (eu) k _  1 ( s - S )  c 

Bovine aa 3 90 87 1030 10 - 12 7 x 105 
P. denit, aa 3 42 53 780 11 - 9  1 × 10 6 

E. eoli bo 60 400 190 11 - 13 500 
T. t. caa 3 40 3900 50 11 -- 16 2 x 104 
T. t. ba 3 8 > 10,000 8 15 - 5  ? 

~P. denit. = Paracoccus  denitrificans; T .  t. = Thermus  thermophilus; 
bAt 1 atm (= 1 mM) Co; 
CFor definition, see Scheme 1; 
dkcal/mol. 

conformers ( C - O  stretching frequencies 1983 and 
1974 cm -~) present in almost equal proportion.  The 
relative populations of  the conformers are tempera- 
ture dependent. The 1974cm -~ conformer is favored 
at higher temperature, and the thermodynamic par- 
ameters for the interconversion are A H  = + 0.3 kcal/ 
tool and AS = + 1.3 ca l /molK.  Clearly the confor- 
mational change cannot be a large one, yet the C - O  
frequencies are significantly affected (even more are 
the F e - N ( I m )  frequencies, v i d e  i n f r a ) .  

Our R R  studies of  ba3 show that the axial F e - N -  
(his-Im) stretching mode in the reduced unliganded 
enzyme is also split into two peaks, indicating (as in 
the CO complex) that two major  conformers are pre- 
sent. The relative intensities are temperature depen- 
dent with the same thermodynamic parameters as 
those of  the C - O  stretch noted above. Thus the split- 
ting of  the C - O  and F e - N  peaks seems to be due to  
the same conformational  effects. Inasmuch as the fre- 
quency splitting in the F e - N  stretches (193 and 
213 c m -  ~ ) is 10 % of  the frequency itself compared to 
0.5% in the C - O  stretch, we may infer that the con- 
formational change has its greatest effect on the proxi- 
mal side of  cytochrome a3. Despite the large effect on 
the F e - N  frequency, the tiny thermodynamic changes 
mean that the conformational  change cannot be large 
in the global-structural sense. It  is possible that simple 
rotation of the imidazole plane about  the F e - N  bond 
axis might alter both the Fe- -N and C - O  frequencies 
as observed, and also act as a control mechanism for 
the coordination or redox chemistry of  the heme. The 
mechanism by which the protein controls the chemis- 
try of  the binuclear heme-copper site is an important  
issue and, as we shall see, the proximal coordination 
chemistry of  cytochrome a3 may be central. 

Control of Ligand Entry: Cytochrome bo 

Following the fast events in the photodissocia- 
tion of  Cbo, the equilibration of CuB-CO with CO in 
solution occurs with a rate constant of  ca. 500 s -~. 
This is very slow compared to the a a  3 oxidases (Table 
I), which are near 106 s -1. From this, the bimolecular 
rate constant for the formation of  CuB-CO calculated 
from K 1 is ca. 2 × 105M-ls-~,  compared to (3- 
5) × 107M-~s l for a a 3 .  The latter rate constants 
approach the diffusion controlled limit. The cal- 
culated rate constant for Cbo, however, is at least a 
factor of  100 slower than diffusion controlled; we 
would believe this number  to be in error were it not for 
the following results. 

F rom the Gennis group we have two mutants  of  
Cbo which lack ligands for CuB and thus fail to 
incorporate this metal center. I f  it is actually the case, 
as we propose, that CUB acts as the "gateway" to 
active site, or the obligatory waystation for the bind- 
ing of  exogenous ligands to the heine, we should not 
observe saturation in the rebinding of CO by these 
mutants.  Indeed, we do not; the/Cobs for CO rebinding 
is linear in [CO] up to at least 20 m M  (20 atm). The 
second-order rate constants for binding of CO to the 
heme in these mutants  are in the range (2-4) × 
105 M -~ s -~. These rate constants are quite similar to 
those calculated above for the binding of  CO to CuB 
in wild-type Cbo. Also they are similar to the CO 
binding rate constants o f  myoglobins, which require 
substantial protein conformational  change to allow 
exogenous ligands to approach the heine. The implica- 
tion is that 2 × 105M -~ s -~ may be the real rate con- 
stant for the formation of  CuB-CO in Cbo, and that 
Cbo (and by implication other heme-copper oxidases) 
can exert protein conformational  control over the 
entry of  exogenous ligands, in addition to the control 
implicit in the ligand shuttle. 
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Fig. 2. Plot showing the electronic absorption and TRIR dynam- 
ics of CeO-CO from 100 fs to 100 ms, twelve orders of magnitude 
in time. See text. 

General Mechanism and Functional Significance 

We have shown 9'~3'23 that the more obvious aspects 
of the CO dynamics are summarized in Scheme 1: 

K 1 K2 

k 1 k2 
Fea3 2+,Cu B + + CO ~ Fea3 2÷,Cu B+-CO ~ Fea3 2÷-CO,Cu B ÷ 

k'l k'2 1 

Fea3 2÷, (CO), Cu B+ 

We have suggested that Scheme 1 also applies to the 
binding of 02 by the enezyme, and subsequent results 
by others support this suggestionf1-43 This begs the 
question, however, why the enzyme should interpose 
such mechanistic complexities in the way of binding 
the physiological substrate Oz at the site at which 
electron transfer occurs. If Scheme 1 is relevant to the 
02 mechanism, the question of its functional purpose 
must be addressed. 

In fact, we have found that Scheme 1 is not 
detailed enough to account for some important as- 
pectsof the CO dynamics. 13'23 Figure 2 is a log(time) 
representation of the CO photodissociation/recom- 
bination dynamics observed by transient UV-Vis and 
infrared probes over 13 orders of magnitude of time. 
While Scheme 1 and the data in Table I account for 
the recombination kinetics on the millisecond time 
scale and the ultrafast dynamics of the Soret absor- 
bance, as well as the appearance and disappearance of 
the infrared absorbance due to CuB-CO, they account 

neither for the behavior of the a-band between 1 ps 
and 10#s nor for other details observed in the time- 
resolved spectroscopies. ~3'~4'a5 We have argued 13'23 that 
Fig. 3 is a minimal mechanism necessary to accom- 
modate all of the facts. 

The importance of Fig. 3 is that is suggests 
previously unsuspected lability in the coordination 
spheres of CuB and Fea3 as a consequence of entry of 
the exogenous ligand into the protein and its binding 
at the binuclear site. Binding of CO to CUB causes the 
release of a ligand (L) previously bound to CuB; L 
then binds to Fea3 on the distal side, displacing the 
proximal histidine. The rate-determining step for trans- 
fer of CO from CuB to Fea3 is the rate of Fe-L bond 
scission. We do not know the identity of L, but spec- 
troscopic evidence and chemical arguments suggest 
that it is not imidazole. When L departs from Fe,3 and 
CO binds to the heme, the proximal histidine rebinds 
as well. We have designated this behavior of the binu- 
clear site the "ligand shuttle." We have demonstrated 
that this occurs in the fully reduced and mixed-valence 
forms of CcO. We have some evidence that other 
exogenous ligands such as cyanide and NO engender 
the ligand shuttle, and others 41-43 have recently pub- 
lished evidence that 02 behaves similarly. There are 
ample if largely indirect indications that ligand shut- 
tling may occur in other oxidation states of CcO, for 
example in the cyanide-binding reactions of the rest- 
ing enzyme 44 and in the structural changes responsible 
for the "fast-slow" transition. 6'45 

We suggest that the ligand shuttle and related 
labile coordination chemistry may be a common fea- 
ture of the reactivity of heme-copper oxidases, and we 
further suggest that these reactions may be important 
contributors to the function of the enzymes. Some 
ways that the ligand shuttle might be functionally 
significant are the following, as we discuss in more 
detail elsewhere) 5 

(A) Regulation. The ligand shuttle might prevent 
the enzyme from binding an incoming 02 until the 
binuclear site has been "told," e.g., by the conforma- 
tional effect, that the enzyme is ready for another 
redox turnover cycle. 

(B) Redox Thermodynamics. It is well known 5 
that the metal centers of CcO exhibit anticooperativity 
in their redox potentials. That is, for example, the 
reduction of one heine makes the other more difficult 
to reduce, notwithstanding evidence that the two 
heroes are ca. 20 ~ apart. A change in ligation at one 
metal center induced by a redox reaction at the other 
could be the mechanism of anticooperativity. 
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Fig. 3. The mechanism of photodissociation, thermal recombination, and thermal dissociation of CcO-CO. The right-hand 
path is the photochemical one, which differs from the thermal in that the photodissociated CO has excess kinetic energy and 
the heme is vibrationarily "hot" in species 4' and 2'. This nonthermal energy is dissipated by the time species 2 forms, and 
the photochemical and thermal plates are the same thereafter. Adapted from Ref. 13. 

(C) Redox Dynamics. Through all of the factors 
enumerated in the "General Considerations" section, 
changes in the coordination spheres of the metal cen- 
ters via ligand shuttle reactions may modify and pur- 
posefully control rates of electron transfer. 

(D) Electron Transfer Switching. The ligand shut- 
tle combined with structural inferences from mutant 
work o n  C b o  26'27 provides a clear scenario in mole- 
cular detail as to how electron transfer between 
cytochrome a and a3 might be turned on and off. 
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Fig. 4. (A) The arrangement of the helices that contain the heme ligands, and the hemes themsel- 
ves, of heme-copper oxidases (according to the model given in Ref. 98). The histidine residue 
numbers are from Cbo. (B) The microscopic structure connecting cytochromes a and a 3 , given the 
model shown in A. (C) The "ligand shuttle" intermediate that we propose (Species 2 in Fig. 12; see 
text and Refs. 13 and 19). The cleavage of the Fea3 to the proximal histidine bond and the binding 
of distal L are shown. 

Evidence suggests that  the a and  a 3 hemes are on 
opposite sides of  the same helix (helix X) b o u n d  to 
histidines only two residues apart .  27 This is shown in 

Fig. 4A. This gives a direct t h rough-bond  path  for 

a ~ a 3 electron transfer that  is 16 covalent  bonds  long 
from one ion a tom to the other, as shown in Fig. 4B. 
Using the equat ions  of  D u t t o n  e t  al .  28 and  the 

th rough-bond  distance shown in Fig. 4B, we calculate 

a rate cons tan t  for electron transfer between a and  a3 
of 1.9 x 105s -~. The measured value is 2.5 x 
105S-1. 42 We consider this to be remarkably  good 

agreement  that  lends significant credibility to this 
model. Fur thermore ,  as discussed above, our  evidence 
suggests that  in certain l igand shuttle intermediates 
the Fea3-(proximal histidine) bond  is broken.  Thus,  in 
this intermediate  the electron transfer pa thway com- 
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prises 16 covalent bonds and one through-space 
jump as shown in Fig. 4C. Assuming that the cleavage 
of this bond results in a through-space jump for 
electron transfer equal to the Fe-N(Im) bond 
distance (ca. 2A). The predicted rate constant for 
electron transfer between a and a3 is 3000s -I. In 
Fig. 4B, Fea3 is probably displaced ca. 0.5 A toward 
the proximal histidine; if, in Fig. 4C, Fea3 is displaced 
a similar distance toward distal L and the nonbonded 
proximal histidine does not move, the through-space 
jump is ca. 3 A_ and the predicted rate constant for 
a ~ a3 electron transfer becomes 200s -1. This is 
the electron transfer switching mechanism that we 
suggest. This is clearly an intriguing idea as to how 
metalloproteins in general might switch intraprotein 
electron transfer dynamics without large protein con- 
formational changes; indeed, the direct distance 
between the electron transfer partners need not 
change. 

(E) Proton Transloeation. In the "general con- 
siderations" section we pointed out the connection 
between coordination and Bronsted acid-base reactiv- 
ity of ligands. Figure 3 shows the binding and disso- 
ciation of ligands remote from one another (e.g., 
across a heine) in reponse to the ligand shuttle. If these 
ligands have labile protons the ligand shuttle might 
result, for example, in proton release on one side of a 
heine and uptake on the other. Such coordination- 
linked protonation/deprotonation reactions might, if 
coupled appropriately to protein conformational 
changes, effect net proton translocation. 19 A schematic 
representation of how this might occur is shown in 
Fig. 5. The scheme assumes a pr ior i  that L, the ligand 
that is transferred between CuB and Fea3 in the ligand 
shuttle, has a labile proton. In response to binding of 
a ligand X (either an exogenous ligand such as CO or 
O~ or an endogenous group), L is transferred from Cu 
to Fe. Because of the charges and the acid-base pro- 
perties of the metals, L is protonated when bound to 
Cu but deprotonated when bound to Fe. In (3) this 
proton is lost to the "surroundings," which may be 
intra- or extra-protein. In (4) a protein conformation- 
al change has occurred that prevents proton exchange 
with the surroundings. At the same time, a H-bonded 
pathway forms which does not exist in the other spe- 
cies and which allows the proximal histidine (now 
more acidic because it is bound to Fe) to protonate L 
(now more basic because it has dissociated from Fe). 
In (5) the protein has returned to the conformation 
wherein the proton communication with the sur- 
roundings is restored and the H-bonded pathway 

around the heme is broken. The proximal histidine 
then reprotonates from the surroundings using a dif- 
ferent proton channel than that used in (3). Note that, 
while electron transfer reactions may be directly in- 
volved in these processes, they need not be. The effects 
on electron transfer dynamics in the various ligand 
shuttle species postulated in (D) above are sufficient to 
couple electron transfer and proton translocation in 
this scenario. However, as noted in (F) below, direct 
coupling could be a factor as well. 

(F) Coupling of Protonation/Deprotonation and 
Electron Transfer. The energy of charge separation is 
fundamentally related to the magnitudes and signs of 
the charges to be separated. Thus the acid dissociation 
constant of a coordinated ligand with a labile proton 
is strongly related to the charge (oxidation state) of 
the metal to which it is bound. This relationship af- 
fords an attractive mechanism for directly coupling 
the energy of an electron transfer reaction to proton 
transfer in order to displace protons against a con- 
centration gradient. 

Mechanisms for regulating ligand binding to 
heine-copper oxidases are at play that have nothing 
directly to do with the ligand shuttle; these were noted 
in an earlier section. One example is protein confor- 
mational control. While the rate constant for binding 
CO to CuB of CcO is approximately diffusion con- 
trolled, the analogous rate constant for Cbo is similar 
to the rate constant for binding CO to myoglobin, 
where it is known that significant rearrangement of 
the protein structure is necessary to admit CO to the 
active site. This shows that control of ligand entry into 
the protein by structures remote from the metal cen- 
ters is potentially important. While this may be an 
intrinsic difference between CcO and Cbo, it may also 
be that this mode of control is accessible to all of the 
heine-copper oxidases depending upon conditions. 
Another way of regulating ligand binding is via the 
magitude of the pre-equilibrium binding constant K1 
for the binding of the exogenous ligand to CuR. For 
CO, this stability constant varies by more than a 
factor of 200 among the oxidases we have studied. It 
may be that the oxidases modify the ligand affinity of 
CuB depending on the ambient conditions (e.g., oxy- 
gen tension) under which the various oxidase must 
operate, and that Cu B is used for this purpose because 
its coordination options are richer than those of the 
heine. Alteration of the ligand affinity of CuB may be 
ephemeral as well as permanent. We have clear evi- 
dence that the CO binding constant of CuB is much 
smaller in the heine-CO form of the oxidases than in 
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Fig. 5. Schematic representation of  a microscopic proton translocation scheme based on the ligand shuttle reactions that we infer. 
Adapted from Ref. 25. 

the unliganded form. It is also clear that comparisons 
among different oxidases from different organisms are 
necessary to assess the range of behavior of these 
systems. 

The mechanism of the observed (5) redox anti- 
cooperativity between the hemes is not clear. It is 
beginning to be clear for the first time, however, that 
action (e.g., ligation) at one heme affects the spectro- 
scopy of the other. 46 Thus once more the coordination 
chemistry offers a plausible control mechanism. 

C O N C L U D I N G  REMARKS 

We have attempted here to put forward hypoth- 
eses from which predictions can be made that are 
experimentally testable. It is, however, important to 
distinguish the models presented here that are backed 
by significant experimental evidence from those that 

are admittedly speculative at present. The mechanistic 
scheme shown in Fig. 3 derives from extensive spec- 
troscopic and dynamics studies (reviewed in Ref. 25) 
that could only be alluded to here. Likewise the struc- 
tural models shown in Fig. 4 have solid experimental 
support developed by others. 27 We feel confident that 
the conclusions concerning the electron transfer rates 
of the various species in Fig. 4 are valid, at least as 
relative numbers, and the potential for the enzymes to 
switch electron transfer on and off using this mechan- 
ism is real. Whether the oxidases actually use this 
mechanism functionally is a question that must be 
(and can be) settled experimentally. The proton trans- 
location scheme in Fig. 5 is speculative but experi- 
mentally testable. 

For over a century, the heme-copper oxidases 
have presented fascinating puzzles to scientists con- 
cerned with cellular respiration. Recent developments 
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have dramatically advanced our molecular under- 
standing of these systems. Nevertheless, these de- 
velopments only serve as a context within which to 
frame the truly penetrating questions that address the 
central issues concerned with mechanisms in bioener- 
getics. Finding the answers to these questions will 
continue to challenge us for the foreseeable future. 

ACKNOWLEDGEMENTS 

The author is grateful for support of this work by 
National Institutes of Health Grant DK36263. Work 
at Los Alamos National Laboratory was performed 
under the auspices of the U.S. Department of Energy. 

REFERENCES 

1. "Cytochrome Oxidase-A Synthesis", Wilktrom, M., Krab, K., 
and Saraste, M., Academic Press, New York (1981). 

2. "Structure and Function of Cytochrome Oxidase: A Second 
Look," Brunori, M., Antonini, F., Malatesta, P., Sarti P., and 
Wilson, M. T., Adv. Inorg. Biochem, 7, 93-153 (1988). 

3. "Cytochrome c Oxidase: Understanding Nature's Design of a 
Proton Pump," Chart, S. I., and Li, P. M., Biochemistry 29, 1 
(1990); "The Proton-Pumping Site of Cytochrome Oxidase: A 
Model of Its Structure and Mechanism," Gelles, J., Blair, 
D. F., and Chan, S. I., Bioehim. Biophys. Aeta 853, 205-236 
(1986). 

4. "The Mechanism of Electron Gating in Proton Pumping 
Cytochrome Oxidase: The Effect of i~H and Temperature on 
Internal Electron Transfer," Brzezinski, B., and Malmstrom, 
B. G., Biochem. Biophys. Acta 894, 29-38 (1987); Malmstr6m, 
B. G., Chem. Rev. 90, 1247-1260 (1990). 

5. "Oxygen Activation and the Conservation of Energy in Cell 
Respiration," Babcock, G.T. ,  and Wikstr6m, M., Nature 
(London) 356, 301-309 (1992). 

6. "A Comparison of the Resonance Raman Properties of the Fast 
and Slow Forms of Cytochrome Oxidase," Schoonover, J. R., 
Dyer, R. B., Woodruff, W. H., Baker, G. M., and Palmer, G., 
Biochemistry, 27, 5433 (1988). 

7. "An Infrared Study of the Binding and Photodissociation of 
Carbon Monoxide in Cytochrome ba3 from Thermus ther- 
mophilus, Einarsd6ttir, O, Killough, P. M., Fee, J. A., and 
Woodruff, H., J. Biol. Chem., 264, 2405 (1989). 

8. "Time-Resolved Resonance Raman Spectroscopy Detects 
v(Fe-O) in the Reduction of O2 by Cytochrome Oxidase," 
Varotsis, C., Woodruff, W. H., and Babcock, G. T., or. Am. 
Chem. Soe., 111, 6439 (1989); "Time-Resolved Resonance 
Raman Spectroscopy of Transient Species Formed During the 
Oxidation of Cytochrome Oxidase by Dioxygen," Babcock, 
G. T., Jean, J. M., Johnston, L. N., Palmer, G., and Wood- 
ruff, W. H., J. Am. Chem. Soe. 106, 8305 (1984); "Flow-Flash, 
Time-Resolved Resonance Raman Spectroscopy of the Oxi- 
dation of Reduced and Mixed-Valence Cytochrome Oxidase 
by Dioxygen," Babcock, G. T., Jean, J. M., Johnston, L. N., 
Palmer, G., and Woodruff, W. H., J. Inorg. Bioehem. 23, 243 
(1985). 

9. "Transient Binding of Photodissociated CO to Cu + of Eu- 
karyotic Cytochrome Oxidase at Ambient Temperature. Direct 
Evidence from Time-Resolved Infrared Spectroscopy," Dyer, 

R. B., Einarsd6ttir, O., Killough, P. M., L6pez-Garriga, J. J., 
and Woodruff, W. H., J. Am. Chem. Soc. 111, 7657 (1989). 

10. "The Orientation of CO in Carbon Monoxy Cytochrome Oxi- 
dase and Its Transient Photoproducts. Direct Evidence from 
Time-Resolved Infrared Linear Dichroism," Dyer, R.B., 
L6pez-Garriga, J. J., Einarsd6ttir, 0., and Woodruff, W. H., 
J. Am. Chem. Soc. I l l ,  8962 (1989). 

11. "Fourier Transform Infrared and Resonance Raman Charac- 
terization of Cytochrome ba 3 from Thermus Thermophilus," 
Einarsd6ttir, 6 ,  Dyer, R. B., Killough, P. M., Fee, J. A., and 
Woodruff, W. H., SPIE Proe. 1055, 254 (1989). 

12. "Direct Detection of a Dioxygen Adduct of Cytochrome a 3 in 
the Mixed Valence Cytochrome Oxidaase/Dioxygen Reac- 
tion," Varotsis, C., Woodruff, W. H., and Babcock, G. T., J. 
Biol. Chem. 265, 11131 (1990). 

13. "The Nature and Functional Implications of the Cytochrome a~ 
Intermediate after Photodissociation of CO-Cytochrome Oxi- 
dase," Woodruff, W. H., Einarsd6ttir, 6 ,  Dyer, R. B., Bagley, 
K. A., Palmer, G., Atherton, S. J., Goldbeck, R. A., Dawes, 
T. D., and Kliger, D. S., Proc. Natl. Acad. Sci. USA, 88, 2588 
(1991). 

14. "Time-Resolved Magnetic Circular Dichroism Spectroscopy of 
Photolyzed Carbonmonoxy Cytochrome c Oxidase (Cyto- 
chrome aa3)," Goldbeck, R. A., Dawes, T. D., Einarsd6ttir, 
6 ,  Woodruff, W. H., and Kliger, D. S., Biophys. J. 60, 125 
(1991). 

15. "Ultrafast Photoinduced Ligand Transfer in CO-Cytochrome e 
Oxidase. Observation by Picosecond Infrared Spectroscopy," 
Dyer, R. B., Peterson, K. A., Stoutland, P. O., and Woodruff, 
W. H., J. Am. Chem. Soe. 113, 6276 (1991). 

16. "Femtosecond Dynamics of Reduced Cytochrome Oxidase and 
Its CO Derivative," Stoutland, P. O., Lambry, J.-C., Martin, 
J.-L, and Woodruff, W. H., J. Phys. Chem. 95, 6406 (1991). 

17. "Ultrafast and Not-So-Fast Dynamics of Cytochrome Oxidase: 
The Ligand Shuttle and Its Possible Functional Significance," 
Woodruff, W.H., Dyer, R. B., Einarsd6ttir, 0., Peterson, 
K. A., Stoutland, P. O., Bagley, K. A., Palmer, G., Schoon- 
over, J. R., Kliger, D. S., Goldbeck, R. A., Dawes, T. D., 
Martin, J.-L, Lambry, J.-C., Atherton, S.J., and HuNg, 
S. M., SPIE Proc. 1432, 205 (1991). 

18. "Time-Resolved Infrared Studies of the Dynamics of Ligand 
Binding to Cytochrome e Oxidase," Dyer, R. B., Peterson, 
K. A., Stoutland, P. O., and Woodruff, W. H., SPIE Proc. 
1432, 198 (1991). 

19. "The 'Ligand Shuttle' Reactions of Cytochrome Oxidase: Spec- 
troscopic Evidence, Dynamics, and Functional Significance," 
Woodruff, W. H., Dyer, R. B., Einarsd6ttir, O., Peterson, 
K. A., Stoutland, P. O., Bagley, K. A., Palmer, G., Schoon- 
over, J. R., Kliger, D. S., Goldbeck, R.A.,  Dawes, T. D., 
Martin, J.-L, Lambry, J.-C., Atherton, S. J., and Hubig, 
S. M., in Spectroscopy of  Biological Molecules, Hester, R. E., 
and Girling, R. B., eds., The Royal Society of Chemistry, 
Cambridge (1991), p. 235. 

20. "Ultrafast and Not-So-Fast Dynamics ofCytochrome Oxidase: 
The Ligand Shuttle and Its Possible Relevance to Proton Trans- 
location," Woodruff, W. H., Dyer, R. B., Peterson, K.A.,  
Stoutland, P.O., Bagley, K.A.,  Einarsddttir, 6 ,  Kliger, 
D. S., Goldbeck, R. A., Dawes, T. D., Martin, J.-L., Lambry, 
J.-C., Palmer, G., Atherton, S. J., and Hubig, S. M., Inorg. 
Biochem. 43, 351 (1991). 

21. "Ultrafast and Not-So-Fast Dynamics of Cytochrome Oxidase: 
The Ligand Shuttle and its Possible Relevance to Proton Trans- 
location," Woodruff, W. H., Dyer, R. B., Peterson, K. A., 
Stoutland, P.O., Bagley, K.A.,  Einarsd6ttir, 6., Kliger, 
D. S., Goldbeck, R. A., Dawes, T. D., Martin, J.-L., Lambry, 
J.-C., Palmer, G., Atherton, S. J., and Hubig, S. M., Inorg. 
Biochem. 43, 351 (1991). 

22. "Reaction of cyanide with cytochrome ba3 from Thermus ther- 



188 Woodruff  

mophilus: spectroscopic characterization of the Fe(II)a3. 
CN :: CuB(II ) • CN complex suggests four N atoms are coor- 
dinated to CUB," Surerus, K. K., Oertling, W. A., Fan, C., 
Gurbiel, R. J., Einarsd6ttir, 6 ,  Antholine, W. E., Dyer, R. B., 
Hoffman, B. M., Woodruff, W. H., and Fee, J. A., Proc. Natl. 
Acad. Sci. USA 89, 3195 (1992). 

23. "Photodissociation and Recombination of Carbonmonoxy 
Cytochrome Oxidase: Dynamics from Picoseconds to Kilo- 
seconds," Einarsd6ttir, 6., Dyer, R. B., Lemon, D. D., Kil- 
lough, P. M., Hubig, S. M., Atherton, S. J., L6pez-Garriga, 
J. J., Palmer, G., and Woodruff, W. H., Biochemistry, submit- 
ted (1992). 

24. "Ultrafast Infrared Spectroscopy," Stoutland, P.O., Dyer, 
R. B., and Woodruff, W. H., Science 257, 1913 (1992). 

25. "Spectroscopy, Dynamics, and Function of Cytochrome Oxi- 
dase," Woodruff, W. H., Dyer, R. B., and Einarsd6ttir, O., in 
Advances in Spectroscopy, Clark, R. J. H., and Hester, R. E., 
eds., in press (1992). 

26. "The Sequence of the cyo Operon Indicates Substantial Struc- 
tural Similarities between the Cytochrome o Ubiquinol Oxi- 
dase of Escherichia eoli and the aa3-type Family of Cyto- 
chrome c Oxidases," Chepuri, V., Lemieux, L., Au, D. C.-T., 
and Gennis, R. B., J. Biol. Chem. 265, 11185-11192 (1990); 
"Definition of the Catalytic Site of Cytochrome c Oxidase: The 
Specific Ligands of Heme a and the Heine a3-Cu B Center," 
Shapleigh, J. P., Hosler, J. P., Tecklenburg, M. M. J., Kim, 
Y., Babcock, G. T., Gennis, R. B., and Ferguson-Miller, S., 
Proc. Natl. Acad. Sci. USA, in press (1992). 

27. Gennis, R. B., and Ferguson-Miller, S., J. Bioenerg. Biomembr., 
this issue (1992). 

28. "Nature of Biological Electron Transfer," Moser, C. C., Keske, 
J. M., Warncke, K., Farid, R. S., and Dutton, P. L., Nature 
(London) 355, 796-802 (1992); Moser, C. C., and Dutton, 
P. L., Biochim. Biophys. Acta 1101, 171-176 (1992). 

29. "Electron-Tunneling Pathways in Cytochrome c," Wuttke, 
D. S., Bjerrum, M. J., Winkler, J. R., and Gray, H. B., Science 
256, 1007-1009 (1992); "Electron-Tunneling Pathways in 
Ruthenated Proteins," Beratan, D. N., Onuchic, J. N., Betts, 
J. N., Bowler, B. F., and Gray, H. B., J. Am. Chem. Soc. 112, 
7915-7921 (1990). 

30. "Cytochrome a and Cytochrome Oxidase," Keilin, D. and 
Hartree, E. F., Nature (London) 141, 870-871 (1938). 

31. "Intermediate Steps in the Reaction of Cytochrome Oxidase 
with Molecular Oxygen," Hill, B. C., Greenwood, C., and 
Nicholls, P., Biochim. Biophys. Acta 853, 91 (1986). 

32. "Time-Resolved Resonance Raman Spectroscopy of Transient 
Species Formed during the Oxidation of Cytochrome Oxidase 
by O2," Babcock, G. T., Jean, J. M., Johnston, L. N., Palmer, 
G., and Woodruff, W. H., J. Am. Chem. Soc. 106, 8305-8306 
(1984). 

33. "The Site and Mechanism of Dioxygen Reduction in Bovine 
Heart Cytochrome c Oxidase," Einarsd6ttir, 6 ,  Choc, M. G., 
Weldon, S., and Caughey, W. S., J. Biol. Chem. 263, 13641 
(1988). 

34. "Structure of Cytochrome a3-CUa3 Couple in Cytochrome c 
Oxidase as Revealed by Nitric Oxide Binding Studies," 
Stevens, T. H., Brudwig, G. W., Bocian, D. F., and Chart, 
S. I., Proc. Natl. Acad. Sci. USA 76, 3320-3324 (1979). 

35. "Structure of the Cytochrome Oxidase (a3) Heme Pocket: Low- 
Temperature FTIR Spectroscopy of the Photolyzed CO Com- 
plex," Alben, J. O., Altschuld, R. A., Fiamingo, F. G., and 
Moh, P. P., in "Electron Transport and Oxygen Utilization," 
Ho, C., ed., Elsevier, New York (1982), pp. 205-208. 

36. "Cytochrome o (bo) is a Proton Pump in Paracoecus denitrifi- 
cans and Escherichia coli," Puustinen, A., Finel, M., Virkki, 
M., and Wikstr6m, M., FEBS Lett. 249, 163-167 (1989). 

37. "Mechanisms of Electron Tansfer," Reynolds, W.L.,  and 
Lumry, R. W., Ronald Press, New York (1966). 

38. "Reactions of Cytochrome Oxidase with Oxygen and Carbon 
Monoxide," Gibson, Q. H., and Greenwood, C., Biochem. J. 
86, 541-554 (1963). 

39. "The Reaction of Reduced Cytochrome c Oxidase with Oxy- 
gen," Greenwood, C., and Gibson, Q. H., J. Biol. Chem. 242, 
1782-1787 (1967). 

40. Chance, B., Saronio, C ,  and Leigh, J. S., Jr. (1975), J. Biol. 
Chem. 250, 9226-9237. 

41. "Studies of the Primary Oxygen Intermediate in the Reaction of 
Fully Reduced Cytochrome Oxidase," Blackmore, R.S., 
Greenwood, C., and Gibson, Q. H., J. Biol. Chem. 266, 19245 
(1991). 

42. "The Reaction of Dioxygen with Cytochrome c Oxidase 
Reduced to Different Degrees: Indications of a Transient 
Dioxygen Complex with Copper-B," Oliveberg, M. and Malm- 
str6m, B. G., Biochemistry 31, 3560-3563 (1992). 

43. "Resolution of the Reaction Sequence during the Reduction of 
02 by Cytochrome Oxidase," Varotsis, C., Zhang, Y., Apple- 
man, E. H., and Babcock, G. T., Proc. Natl. Acad. Sci. USA, 
in press (1992). 

44. "Investigations of Cyanide as an Infrared Probe of Heine- 
protein Ligand Binding Sites," Yoshikawa, S., O'Keeffe, 
D. H., and Caughey, W. S., J. Biol. Chem. 260, 3518 (1985). 

45. "The Reaction of Cytochrome Oxidase with Cynanide. Pre- 
paration of the Rapidly Reacting Form and Its Conversion to 
the Slowly Reacting Form," Baker, G. M., Noguchi, M., and 
Palmer, G., J. Biol. Chem. 262, 595-604 (1987). 

46. "Resolution of the Electronic Transitions of Cytochrome c Oxi- 
dase: Evidence for Two Conformational States of Ferrous 
Cytochrome a," Sherman, D., Kotake, S., Ishibe, N., and 
Copeland, R. A., Proc. Natl. Acad. Sei. USA 88, 4265-4269 
(1991). 


