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Ab Initio Study of Coupled Electron Transfer/Proton Transfer in Cytochrome ¢ Oxidase
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The coupled electron/proton transfer mechanism of cytochrorogidase is investigated using ab initio
electronic structure theory. We predict the location and identity of the Fe and Cu ligands in the oxidized (O),
partially reduced (E), and fully reduced (R) forms of the enzyme. Our calculations suggest that a tyrosine
residue in close proximity to the active site is deprotonated during the enzymatic cycle. These predictions are
consistent with experimental evidence and provide a molecular explanation for both the observed
antiferromagnetic coupling of Fe and Cd" and the distinction between “fast” and “slow” forms of the
oxidized enzyme.

Introduction identification of ligands in the binuclear center during turnover

articularly vexing. Yet the details of proton motion are crucial
Charge transfer processes, both of electron transfer (ET) and,l[o0 undersémdinggthe mechanisms o?CcO

proton transfer (PT) varieties, play a prominent role in chemistry o . )

and biology. Thus, it is natural that the more compdexipled _Ab Initio quantum chemlstry can provide a pov_verful tool to

electron and proton transfer processes should also be of keerf”dgfa the_gap between experiment and the chemical mechan_lsm

interest. Such coupled ET/PT processes arerdison d'dre or b'OIOQ'C?‘I mo_lecules. Goddard has played a key role in

of the terminal oxidase enzymes, such as cytochromddase ~ demonstrating thi&;™2! and at the same time has made great
advances in our understanding of transition metal catalyzed

(CcO)14 These transmembrane enzymes are the workhorses ion@2-28 Th K h both of th
of respiration, converting four electrons, eight protons, and an "€actions:="* The present work touches on both of these areas,

oxygen molecule into water and electrochemical energy stored ©©MPining the experimental X-ray structural information with
in the form of a pH gradient across the mitochondrial cell ab initio quantum chemical techniques in order to suggest the

membrane. This process is catalyzed by a heterogeneoué:hemica! intermediates in_vol\_/ed in the_ e_a_lrly stages of the_CcO
binuclear transition metal center containing heme Fe and Cu €nZymatic cycle. The application of ab initio quantum chemistry
(these metal ions are denoted.Fand C in the following). to metalloe_nzyr_ne mechamsr;wls involving more than one transi-
Because of its pivotal role in respiration, the elucidation of the tion metal is still quite ned?"* and the accuracy that can be
molecular mechanism of CcO and related enzymes has been gxpected is not well known. One should thus be cautious in
major goal of bioenergetics for several decades. Furthermore,'nterpret',”g the results, and critical comparisons with experiment
direct four-electron reduction of Qvould be advantageous for '€ crucial. As we show below, the predictions of the model
fuel cells, motivating many efforts to duplicate this functionality 2dopted in this work agree with known experimental facts on
within a smaller molecul&8 Coliman has recently reported ~Many counts, lending credibility to the model.
success on this front with a close structural analogue of the The basic catalytic mechanism of CcO is indicated schemati-
binuclear Fe/Cu active site of CcO. cally in Figure 1. The active site of the enzyme contains two
A major advance in the understanding of CcO was recently transition metal ions, Rgand Cuw, separated by5 A. The
made through the successful crystallization and X-ray structural Cle ion is ligated by three histidine residues and thgskein
analysis of both mammali&rand bacteridll® forms of CcO. the hemea form. The absence of nonproteinaceous metal ligands
While the first work was limited to the structure of the oxidized N the sketch is meant only to imply lack of experimental
(O) form of the enzyme, the latest resditalso capture the ~ CONSensus and should not be taken literally. Indeed, one of the
enzyme in various stages of reduction prior tolinding. The goals of this work is to determine what the correct ligands are.
binuclear transition metal ion centers of the bacterial and Electrons are transferred to the binuclear center from either a
mammalian enzymes were observed to be nearly identical, sSecond heme moiety (hem#& or a binuclear copper center
supporting previous arguments based on spectroscopic evidencéCUs). Protons are supplied from the cytoplasm and the fate of
that the mechanisms of the family of CcO enzymes are highly the water molecules resulting from reduction of @ not
similar and the binuclear center plays a key role. Yet, knowledge characterized.
of the atomic structure of this molecular machine is only the  One of the fundamental questions in the context of the
starting point for a detailed analysis of the underlying mecha- terminal oxidases is the mechanism of coupling between the
nism1213For example, with present-day crystallographic tech- charge translocation processes. It is presently unclear whether
nigues on such large molecules (there are more than 14 000these processes are directly coupled, most probably at the
heavy atoms in the mammalian CcO enzyme), it is not possible binuclear center, or whether instead there is an indirect coupling
to observe hydrogen atoms reliably, especially when these aremediated by conformational change in the protein. Similarly, it
in close proximity to transition metals. This makes the precise is not known to what extent the charge transfer processes are
sequential or concerted. The coupling of the electron transfer
* Corresponding author e-mail: im@spawn.scs.uiuc.edu. and proton transfer indicated in Figure 1 for the-@ and E-R
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Figure 1. Schematic of the catalytic cycle in CcO. Histidine residues are denoted by lines and the porphyrin macrocycle by shaded boxes. All
protons are taken up from the cytoplasm. The translocation of protons across the membrane occurs between states A and O. Metal ligands are not
shown.

transitions (E and R correspond to one and two-electron reducedthe reaction cycle in Figure 1.) We have determined the
intermediates with respect to the fully oxidized O form, energetically preferred spin states and ligands at the binuclear
respectively) has been established experiment&if?. The center, requiring an extensive search over many possible
groups to which the proton is transferred are known to be in geometries, ligand combinations, and metal spin states. The
equilibrium with the cytoplasm and in close proximity to ke theoretically predicted equilibrium structures of the binuclear
This can be achieved through “proton wirésgxtending from center that we obtain suggest explanations for many of the
the binuclear center. Two channels for proton entry which could ancillary puzzles described above. In accord with an electro-
support such wires have been identifiet3” and their effect neutrality principle’® both of the first two reductions are
on activity characterized through mutagené&islowever the predicted to be directly coupled to protonation events in the
identity of the proton acceptor in the E and R states has not yetbinuclear center.
been identified, nor is it known whether the protons are destined
to be used chemically in oxygen reduction or translocated \ethods
(“pumped”) across the membrane. The protonated groups could
easily include either protein residues and/or hydroxide ions. Complete quantum chemical modeling of an entire protein
Even though the charge translocation coupling forms the the size of CcO is impractical with present-day computational
driving force for interest in the terminal oxidases, many other facilities, and is unlikely to be necessary or even desired.
puzzles exist whose ultimate relevance to the coupling mech- However, a realistic depiction of enzyme chemistry does require
anism is not known. For example, the binuclear center in the consideration of more than a handful of atoms. Thus, we have
oxidized form of the enzyme is often found to be EPR-sifént,  represented the binuclear center of CcO by a truncated fragment
suggesting strong magnetic coupltfitf2 between its C& and containing 74 atoms, depicted in Figure 2. The coordinates of
Fe** ions. Thus, it was somewhat surprising to find that these all heavy atoms are taken from the bacterial X-ray structtire,
ions are separated by5 A in the first X-ray crystal structures, ~and hydrogen atoms have been placed in minimum-energy
without any indication of bridging ligandsi%43 More recent ~ positions using the CHARMm empirical force fi€liThe heme
structure®! agree on the ion separation, but also find some as moiety and histidine ligands are replaced by Fe-porphine and
electron density between the ion centers. In one structure thisimidazole, respectively. These substitutions represent a balance
density was left unassigné&avyhile in the othe¥! it was attributed between faithful treatment of the electronic structure and
to a peroxide ion. Furthermore, there is some degree of computational practicality, and we comment on possible con-
heterogeneity in the oxidized enzyme, with at least two distinct cerns below.

and reversibly interconvertible forms being possi§ied These Given the large positive charge on the metal ions in the
are often referred to as “fast” and “slow,” indicating their oxidized form of the enzyme, electroneutrality considerations
propensity for reaction with CN The fast form reacts=300 lead one to expect an ionized residue in the vicinity of the

times faster than the slow form although the rate of reaction in binuclear center. One possible candidate is Tyr280 (residue
both cases is slow compared to other oxidation states of thenumbering fronP. denitrificansis used throughout this paper),
enzyme. Additionally, the EPR spectra of these two forms lying at the end of one of the proton channels (“K-channel”)
differ,*7*8suggesting that the magnetic coupling at the binuclear leading to the binuclear center. Mutaganesis studies have shown
center has changed. The molecular nature of these fast and slowhat this residue is crucial to enzyme functioand the most
conformers of the oxidized enzyme remains to be establishedrecent X-ray data shows it to be covalently linked to one of the
and may provide important clues in the quest for a global histidine ligands of Cg® Consequently, several previous
mechanism. workers have suggested that despite its high solutiq(10)

The present work addresses the early steps in the CcO cyclethis residue may be ionizéd 33851 and a search for its
prior to the binding of the @molecule (the ©-E—R phase of spectroscopic signature is underwadylhe dominant effects
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Figure 2. Computational model of the binuclear center of CcO. Carbon atoms are black, nitrogen are blue, and hydrogens are light gray. Amino
acid residue numbers follow the scheme adopted for CcO fonenitrificans Heme g has been replaced by Fe-porphine, and imidazole is used

to represent the histidine residues. The tyrosine residue (cyan) is modeled by a unit negative point charge at the phenolic oxygen (red) when
deprotonated and neglected otherwise. The model explicitly accounts for 320 electrons using 490 basis functions.

from the protonation state of Tyr280 will be electrostatic, which ~ All calculations described in this paper used am initio
we include through a unit negative point charge placed at the quantum chemical treatment, which is crucial for a faithful
location of the deprotonated phenolic oxygen atom. Calculations description of multiple oxidation and spin states of transition
have been performed with and without this point charge, metal ions. The pseudospectral methoff as implemented in
representing the deprotonated and protonated states of thelaguar 3.5 has been used, without which computational
Tyr280 residue, respectively. constraints would have made the present work impractical. The
Although the substitutions made in our model are chemically restricted HartreeFock method is used with doublebasis
reasonable, a few caveats should be made. First, our model doeset$§? for all atoms and effective core potentfsor the
not include the formyl group of herag. This would affect the transition metal ions (LAV3P basis set in Jaguar 3.5). The
predicted spectroscopy of herag because this group breaks binuclear center is surrounded by vacuum in the calculations.
the degeneracy of the frontier molecular orbitals in the porphy-  We optimized the position of OHand HO ligands for all
rin. As we do not discuss the electronic spectra of heme metal spin states of the O, E, and R oxidation states of the
this substitution is unlikely to alter the conclusions of this paper. binuclear center model described above. To prevent artifacts
Second, recent work2° has suggested that the heme propi- due to electrostatic collapse, the ligand positions have been
onates may change protonation state during the reaction cycle optimized without the presence of the point charge representing
Our model does not admit this possibility, which could be Tyr280, regardless of its protonation state. Reported energetics
important. We leave the refinement of the model to include the for the ionized Tyr280 are obtained by relaxing the electronic
heme propionates for future work. Finally, the point charge wave function at the given nuclear configuration in the presence
representation of deprotonated Tyr280 ignores any electronicof the point charge. For the O state, we included up to two
effect that might arise from the covalent bond linking His 276 ligands in the active site and mixed ligands, i.e., @O, were
and Tyr280. As an important part of this paper is assessing theallowed. These optimizations found that structures with more
likelihood of ionized Tyr280 in the enzymatic cycle, we have than one ligand were disfavored, so at most one ligand was
studied this last point in detdif.We find that the presence or  allowed in subsequent calculations of the E and R oxidation
absence of the covalent bond has only a mine2 kcal/mol) states. Ligands other than Otdnd HO are certainly possible.
effect on the proton affinity of Tyr280. However, space limitations in the binuclear center make their
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TABLE 1: Reaction Energies Used to Assess Relative
Stability of Various Ligands in the CcO Active Site?

reaction AE/kcal mol*
2H20puk — HzOMpuk+ OH gas —170.6
H2Opuik — Hzogas —13.3
TyrHgas+ H2Opuk = TYr~ gas+ H3O " buik —105.2

aBulk species are modeled by immersion in a dielectric continuum
(e = 80).

presence unlikely during turnover in active forms of the enzyme.
The positions of nonligand atoms are not optimized. This is
partly justified by the recent X-ray crystal structures of the O

and R states which do not show major changes in the structure

of the binuclear center on reductiéhNevertheless, the error
incurred by this assumption will increase with increasing
reduction. Thus, conclusions regarding the-B transition, in

particular redox potentials, are expected to be more reliable than

those for the E-R transition.

Relative energies of the optimized structures are computed

assuming that kD is removed from bulk water in the cell
(modeled as a dielectric continuum wigh= 80) which does
not interact with the binuclear center. The OHigand is
removed from a pair of solvated water molecules leaving

solvated hydronium. The assumption that bulk solvated water

molecules and ions do not interact with the binuclear center is
expected to be quite good: the active site is roughly in the
middle of an~50 A thick membrane. The resulting reaction
energies are given in Table 1.

Results

Figure 3 summarizes the relative stabilities of the final
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optimized geometries for the three relevant oxidation states. ForFigure 3. Relative energies of optimized configurations for the O, E,

clarity, only the lowest lying ligand/spin-state configurations
(within 40 kcal/mol of the lowest minimum energy configuration

and R oxidation states of the CcO active site. For each oxidation state,
only configurations which lie within 40 kcal/mol of the preferred

for each oxidation state) are reported. In all cases with a single configuration are shown. The Tyr280 residue is deprotonated/protonated

ligand, we find the ligand to be associated withsGt¥hen there
are two ligands, one is associated withg@und the other is not
a well-defined ligand of either metal ion, as judged by the
metal-ligand distance. This is shown in Table 2, where the
metal-ligand distances and relative energies for all of the low-
lying structures are reported. In all cases thesF®igand
distance is greater than 2.5 A. This is not too surprising since
the Feais 0.7 A out-of-plane in th@. denitrificansstructure.
The most favorable configuration for the O state has a single
OH~ ligand on Cg and Tyr280 is deprotonated. The active
site is high spin (S= 3) in this configuration, corresponding
nominally to ferromagnetic coupling of FgS = 5/2) and C&"-
(S = 1/2). However, Mulliken analysis (Table 3) of the wave
function reveals a surprise: the OHigand is actually a
hydroxyl radical, having largely donated its excess electron to
the Fezion, which is found to be high spin (S 2). Thus, the
OH~ ion may be considered to be geometrically ligated tg Cu
and electronically ligated to kg Certainly, this description is
not expected to dominate the wave function when electron
correlation and/or diffuse basis functions are included. However,
it is somewhat unexpected even at the Hartiiéeck level,

suggesting that the corresponding charge transfer resonance

structure may have nonnegligible weight in the correlated wave
function. This would provide a qualitative explanation of the

for levels depicted with rectangles/ovals. Dark, medium, and light
shading denotes high, intermediate, or low spin states, respectively. In
all cases involving a single ligand, the ligand is associated with Cu
When more than one ligand is involved, the OHd ligated to Cg and

the second ligand is not strongly associated with either of the metals
(see Table 2).

TABLE 2: Metal —Ligand Distances (A) and Relative
Energies (kcal/mol) for the Low-Energy Configurations of
the CcO Active Site in the O, E, and R Oxidation States

species S BR-o Ree-0 energy

fully oxidized (O)

Tyr /CW¥ —H0/Fe" 3 207 3.84 13.14

Tyr /ICP —OH /Fet-H,0 2 197 2.72 4.69 2.87 26.46

Tyr /ICWP —OH /Feit 3 209 3.18 0.00

TyrH/CW —OH /Fet-OH~ 2 191 3.83 4.06 4.78 8.46
partially reducedk)

TyrH/CWt—OH-/Fe?t 3/2 1.88 4.20 —113.74

Tyr /ICW@ —H,O/Fe* 3/2 2.04 3.27 —104.62
reduced R)

TyrH/Cutt/Fe?t 2 —159.30

TyrH/Cutt/Fe?t 1 —181.86

TyrH/Cult/Fet 0 —178.00

TyrH/Cutt—H,0/Fe+ 2 204 3.57 —169.55

TyrH/Cutt—HO/Fet 0 216 3.56 —176.46

TyrH/Cutt—OH~/Fe+ 2 204 331 —167.28

to serve as the bridge which magnetically couples the metal

observed magnetic coupling between the metal ions, as we nowions, rendering the binuclear center EPR-silent. To provide a

discuss.

The H atom of the OH ligand of the C&" ion in the
predicted equilibrium structure of the oxidized enzyme is
directed toward the Fe ion. Hence, this ligand is well suited

rough estimate of the magnetic couplinbi the Heisenberg
spin model) between the two ions, we have employed a minimal
Cl wave function to represent the intermediateS2) spin
state. This Cl wave function allows only for spin recoupling
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TABLE 3: Mulliken Analysis of the Electronic Wavefunctions for Low-Energy Configurations of the CcO Active Site in the O,
E, and R Oxidation States
species S FePor—His Cu(His} Cu ligand Fe ligand
fully oxidized (O)

Tyr /CW—HO/Fe* 3 1.02 1.89 0.09

Tyr /C¥*—0OH /Fet—H,0 2 0.95 1.69 —0.67 0.03
Tyr /ICW —OH/Fe¥* 3 0.06 1.88 0.06

TyrH/CW*—OH /Fe¢"—OH~ 2 0.00 1.68 —0.65 —0.03
partially reducedk)

TyrH/ICW*—OH /Fet 32 0.00 1.65 —0.65

Tyr /ICW —H,O/Fe+ 32 0.04 1.86 0.10

reduced R)

TyrH/ Cutt/Fet 2 —0.942 1.942

TyrH/ Cutt/Fert 1 0.026 0.974

TyrH/ Cutt/Fe™ 0 0.026 0.974

TyrH/Cut+-H,O/Fe* 2 —0.94 1.84 0.10
TyrH/Cut*-H,O/Fe* 0 0.00 0.92 0.07
TyrH/Cut*-OH-/Fe?t 2 —0.07 0.72 —0.65

a Charges are summed over all protein ligands. Thus, the Cy(ptipulation includes the Guon and its three histadine (His276, His325, and
His326) ligands and the FePor—His population includes heme and His411.

among the six singly occupied orbitals and does not allow for magnetization experiments, Day and co-worRerf®und a
orbital occupancy changes. The orbitals from the high-spin change in sign of the zero-field splitting parameter accompany-
Hartree-Fock wave function are not reoptimized. From the ing the transition between fast and slow forms of the oxidized
energy difference between the S 3 Hartree-Fock wave enzyme. They attributed this to a change in the axial ligation
function and this S= 2 Cl wave function, we compute Jto be of Fe**, which is consistent with our suggestion that the fast
1512 cntt, compared to< 1 cnT? in the nonbridged oxidized  form has an extra OH ion in the binuclear center. Direct
binuclear center. The coupling is predicted to be ferromagnetic, calculation of the EPR spectrum would provide more conclusive
as should be expected from the neglect of super-exchangeevidence on these points.

effect$* and optimal intraatomic exchange coupli¥gDeter- The lowest-lying minimum for the E oxidation state has a
mination of the theoretical prediction for the sign and precise OH~ ligand attached to Guand Tyr280 is protonated. Thus,
magnitude of the coupling constant must await further studies the reduction of O to E is accompanied by proton uptake at the
beyond the HartreeFock approximation. However, the impor- ionized Tyr280 residue. This direct coupling of ET and PT at
tant result is that, despite the large-Feu separation, significant  the binuclear center is supported by experinf¥ént> but we
magnetic coupling between the two metal ions exists in the are able to augment experiment with a prediction of which
predicted ground state structure. Such coupling is indisputably ligand/residue accepts the proton: the Tyr280 residue which is
observed through EPR and magnetic susceptibility experi- deprotonated in the O state. The spin state of the Fe ion is found
ments?0-4248.66and any acceptable model must be consistent to be intermediate, at variance with EPR experiméh&ince

with this observation. Although the reigning experimental the spin state of the Fe ion in heme has been found to be very
interpretation has been in terms of strong antiferromagnetic sensitive to its distance from the porphyrin pl&#&&° this

coupling, this has been recently questiofiednd the experi- discrepancy probably comes from the fixed geometry of the
ments can also be modeled with ferromagnetic cougfing. nonligand atoms in our model.
The second lowest lying state has two Ohgands, with Using the experimental value of 4.43 V for the absolute redox

Tyr280 protonated. From Table 2, one of these is clearly ligated potential of the standard hydrogen electré@i¢he computed

to Cus and the other is not directly ligated to either metal. Itis redox potential for O— E is 507 mV. From the Mulliken
experimentally observed that conversion from the “slow” to analysis, this is seen to correspond to reduction qf Fend
“fast” forms of the oxidized enzyme is achieved by raising the can thus be compared to the experimental hemeedox
pH.*¢ Additionally, the “slow” form exhibits an unusua = potentials ranging-"2 from 340 to 350 mV. Since previous
12 EPR signal which is not present in the “fast” form. Notice attempt$® to compute redox potentials for biological systems
that the overall spin state of the active site is changed in this have often been in error by more than 1000 mV and the present

CWr—OH /Fe"—0OH™ oxidized form: an intermediate S 2 results neglect entropic and zero-point energy corrections, this
spin state with F&(S = 3/2) and C&"(S = 1/2) is preferred agreement is quite impressive and lends support to the correct-
over the high spin state (S 3) expected for distant F&S = ness of our model. However, we note a point of disagreement:

5/2) and C&"(S = 1/2) ions. The change in the total spin for the available experimental evidence has been previously inter-
the binuclear center implies that the magnetic coupling betweenpreted to argue that the Cti ion is reduced before the Fe

the metal ions is significantly perturbed in this state relative to ion, as depicted in Figure 1. Further calculations are required
the ground state of the oxidized enzyme. We identify this state to determine whether the agreement obtained is a consequence
with the “fast” form of the enzyme. Consistent with the of cancellation of errors.

experimental observation that the “fast” form predominates at  For the R oxidation state, we find three low-lying minima
high pH, the predicted “fast” form has an extra OHgand within 4 kcal/mol. Two of these are free of nonprotein ligands
relative to the predicted “slow” form. In accord with the EPR and differ only in spin state (5 0 and S= 1). The third,
evidence, the magnetic coupling of the metal ions exhibits which is the least favored energetically, has a singl® kgand
qualitative differences in the two forms. Finally, resonance associated with Gy Experiments find that ©does not bind to
Raman and magnetization experiments have suggested #at Fe the active site until it has been doubly reduéé®Ve attribute

is in an intermediate spin state €53/2) in the “fast” form of this to steric effects: there is not enough room in the active
the enzymé?*88in agreement with our prediction that the overall site for & and a OH ligand, as can be surmised from the fact
spin of the binuclear center in this state is=S2. In their that few configurations with two ligands are favorable for the
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Figure 4. Proposed mechanism for the reductive half of the CcO enzyme cycle. Diagrams follow Figure 1. The two distinct conformers of the
oxidized (O) enzyme are depicted along with a possible mechanism for interconversion. The two depicted structures of the reduced (R) enzyme are
close in energy. Thus, what is experimentally denoted the R intermediate is likely a mixture of these.

O state. Thus, it is crucial that a low-lying configuration of the differing by the number of OH ligands. Since the O state is

R state be free of nonprotein ligands. From the present work, reached after reduction of;0there should be two OHligands

we cannot determine if the J ligand of Cu leaves before or  in the active site at some intermediate preceding it in the enzyme
during the binding of @ However, the HO ligand may play a cycle. Protonation of the OHligand of Fes by Tyr280 leads
kinetic role in directing dioxygen to ke The accuracy of the  to the “slow” form. On the other hand, if the OHigand of
redox potential for the E> R transition is expected to be quite  Feys “slips” off the metal ion without being protonated by
poor because of the neglect of geometric relaxation of the Tyr280, the “fast” form is obtained. Conversion from the “fast”
proteinaceous metal ligands, and indeed we find it to be in error form to the “slow” form requires protonation of the OHgand

by more than 1000 mV. by Tyr280. Because the optimal geometry of the “fast” form
has the OH ion located farther from the Tyr280 than it would
Discussion be as a ligand of kg there may be a nonnegligible barrier to

this interconversion. Our results show that there is no low-lying
minimum with both OH and HO ligands in the active site of
the O state, so the depicted intermediate connecting the two
forms can probably not be isolated. Upon one-electron reduction
and protonation of the active site, the E state is reached. From
the “fast” form of O, the one-electron reduction is coupled to
protonation of the OH ligand between the metals and from
the “slow” form it is coupled to reprotonation of the Tyr280
residue. Our calculations do not include dynamics and thus we
- . cannot say which of the electron transfer and proton transfer
will need to include these groups and account for the electro- events occur first or if it is instead a concerted process.

statlcl |tnfluer]:;:etof Lheh rem?:(nollert 0; the p.rotelni E:?Cttrﬁn Subsequent one-electron reduction, again coupled to proton
correla |0nfe ec IS which are i ﬁy Ig be yerlyémgor ag 0 h € transfer, leads to the R state. Our calculations predict a local
question of metal spin states should be included, and we haveivirium with HO bound to the G ion to be nearly

erearc]iy begun work to ref_“eor']y thiﬁ defecli of the C%rrﬁm mé)del. degenerate with an active site devoid of ligands. Thus, we expect
nother important point Is that the work reported here does i hai of the structures shown are present in the R state. Our

not cover the proton pumping steps of the enzymatic cycle, \oq s do not permit any statement as to whether ti@ligand
which also encompass th_e oxygen chemistry. Mo_delmg the leaves the active site before or during RInding.
actual pumping will require both quantum chemistry and

molecular dynamics, and the influence of the protein environ-
ment will become critical.

Even though much work remains to be done, we are able to We have investigated the chemical identity and structure of
draw some important conclusions from the current model. These metal ligands in the active site of CcO using ab initio quantum
are summarized in Figure 4, which presents a detailed mech-chemistry, concentrating on the first half of the enzymatic cycle,
anism for the reductive half of the CcO enzymatic cycle. The prior to oxygen binding. Our results lend support to the
fully oxidized enzyme (O) is predicted to exist in two states, hypothesis that the protonation state of Tyr280 is variable during

The present work can only be considered as a first step toward
detailed understanding of the mechanism of CcO. Although we
have used a large model of the active site, it completely neglects
environmental effects due to the surrounding protein. The
possible influence on redox potentials of protonation states for
residues not included in the model must be investigated. In
particular, the Glu278 residue which has been implicated as a
possible switch in the pumping mechanigriff76 should be
considered, as well as the heme propionate®. Future work

Conclusions
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the enzymatic reaction. Possible molecular structures for the (30) Pavlr?v, M.; Seigbahn, P. E. M.; Blomberg, M. R. A,; Crabtree, R.
fast and slow forms of the oxidized enzyme were identified, H-J: Am. Chem. S04998 120 548. . .

differing in the identity of the metal ligands. The present work 19521)29\202296" Y. Kubo, S.; Yamaguchi, K.; Saitodhem. Phys. Lett
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(33) Mitchell, R.; Rich, P. RBiochim. Biophys. Actd994 1186 19.
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