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ABSTRACT. Recent time-resolved optical absorption studies in our laboratory have indicated that the putative
peroxy intermediate formed during the reduction of dioxygen to water by cytochrome oxklgsie &
pH-dependent mixture of compourfd P, andF [Van Eps, N., et al. (2003Biochemistry 425065~

5073]. This conclusion is based on a kinetic analysis of flow-flash time-resolved data using a unidirectional
sequential scheme with five apparent lifetimes. To account for this observation, we propose a more complex
kinetic model that consists of branched pathways, one branch producing the @@¥onm and the other

the 580 nmF form. The two pathways are interconnected, and the rate of exchange between the two is
pH-dependent. The kinetic analysis and testing of the new model involves a novel algebraic approach
which transforms the intermediates of the complex branched scheme into intermediates comparable to
those derived on the basis of a sequential model. The branched model reproduces the experimental data
very well and is consistent with a variety of experimental observations. The two branches may arise from
two structurally different CO or ©conformers or protein conformers, which could lead to different
accessibilities of proton donors to the binuclear center.

The reaction kinetics of the fully reduced cytochrome intermediates{—10). Although single-wavelength measure-
oxidase with dioxygen have previously been modeled as- ments provide rather accurate apparent rates, their spectral
suming a unidirectional sequential mechanism, where com-information is limited and not optimally suited for identifying
poundAlis converted to a putative peroxy intermedidg, intermediate forms.

This is followed by the formation of a ferrylF) and Our laboratory has focused on time-resolved optical
ultimately the ferric hydroxide (for reviews, see rdfand measurements of cytochrome oxidase reaction dynamics
2). The reaction sequence has primarily been based onusing a multichannel diode arrag1—15). This mode of
transient absorption changes detected at selected wavelengthdetection allows the collection of spectra over a large spectral
(3—6), while time-resolved resonance Raman studies haverange on time scales from nanoseconds to milliseconds, thus
provided structural information regarding some of the providing both spectral and kinetic resolution. Recent mul-
tichannel flow-flash experiments in our laboratory have

f This work was supported by National Institutes of Health Grant indicated that the putativier intermediate generated during
G'\*/‘ITS(?TSP?c.)m correspondence should be addressed. E-mail: olof@ the reac-tion of the fully reduced e-nzyme With di(_)xygen s
chemistry.ucsc.edu. Ighone: (831) 459-3155. Fax: (8;31) 459-2935. nc.’t equivalent to th.e analogous intermedid®, in the

L Abbreviations: Cp, binuclear mixed-valence copper A centerscu ~ Mixed-valence reaction or the 607 nm bench-maderms
copper B; Fg low-spin hemen; Fey;s, hemeas; R*, initial Cug*—CO- (16).
bound intermediate, generated following photolysis of CO from the In the preceding paperl(), we used a conventional

fully reduced cytochrome oxidase;R, fully reduced cytochrome . . . . . .
oxidase; compound (A), ferrous-dioxygen complex of hemas; Ay, unidirectional sequential mechanis®*[ (1) —~ R (2) — A

compoundA of the mixed-valence enzymég, compoundA of the (3) — Pr (4) — F (5) — O (6)] to extract the spectra of the
fully reduced enzymeR, “peroxy” form of the enzyme in which heme  intermediates from the flow-flash data on the reduced

as has an absorption maximum a&607 nm when referenced against enzyme. The model was tested by comparing the intermediate

its oxidized statePco/0,, P generated by exposing the oxidized enzyme .
to a mixture of CO and © Pw, P generated upon addition o8, to spectra extracted from the experimental data to the known

the oxidized enzyme at alkaline pRy, “peroxy” intermediate formed ~ spectral shapes of the proposed intermediates. Our results
at the binuclear center during the reaction of the mixed-valence enzymeindicated that the spectrum of intermedidtethe putative

with dioxygen; Pg, putative “peroxy” intermediate formed at the ; B ;
binuclear center during the reaction of the fully reduced enzyme with P, was best modeled using a pH-dependent mixture of three

dioxygen; F, ferryl form of the enzyme in which hema; has an spectra, that of compourl and the bench-made spectra of
absorption maximum at580 nm when referenced against its oxidized P andF (17). At low pH (6.2), intermediatd was modeled
state;F, F in which hemea is oxidized and Cuis reducedf, F in primarily with the spectra oA andF, with only a minor

which hemea is reduced and Guis oxidized;O, oxidized enzyme; . . . .
SVD, singular value decomposition; b-spectrum, spectral changes contribution ¢-5%) from P, while at higher pH (8.5), the

associated with a respective first-order procéss; spectra, experi-  contribution ofP was significantly larger~40%). Simul-
mental b-spectraby, spectra, b-spectra associated with the branched taneous formation o and F has been observed upon

model;b,, spectra, reduced set of b-spectra associated with the branchedaddition of HO; to the oxidized enzyme, with the ratio of
scheme|nt s, intermediate spectra extracted on the basis of a sequential 2 !

unidirectional schement ., reduced set of intermediate spectra based the two forms being dependent on both the pH and the
on the branched scheme. concentration of KD, (18—24).
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The observation that the spectrum of the putaBxestate were adjusted to reach satisfactory agreement between the
can be modeled by a mixture of three spectra raises doubtssequential intermediate spectra and equivalent spectra gener-
about the validity of the conventional unidirectional sequen- ated on the basis of the branched model.
tial mechanism. The sequential model has been used because
it is the simplest kinetic scheme that provides a straightfor- RESULTS
ward mathematical solution to the kinetics and it allows A Branchedversus a Sequential Mechanisiwhen the
calculation of intermediate spectra without assumptions. flow-flash time-resolved data on the reaction of fully reduced
More complex kinetic schemes, including branched and cytochrome oxidase with dioxygen are analyzed, five ap-
parallel schemes, are mathematically underdetermined andparent lifetimes are observed, implying at least six intermedi-
require, in addition to the information provided by the global ates (4, 17). The conventional reaction sequence based on
exponential fitting, certain assumptions for the spectra of the a unidirectional sequential mechanismRs — R — A —
intermediates to be obtained. The analysis of such complexP; — F — O (see refsl and2 for reviews). However, recent
schemes, which are often degenerate, is a nontrivial kinetickinetic analysis in our laboratory has shown that intermediate
problem that has not been addressed before. 4 (the putativePRr) of the unidirectional sequential scheme

In this paper, we have analyzed the reaction of fully is best modeled by a pH-dependent mixture of the dioxygen-
reduced cytochrome oxidase with dioxygen using a kinetic bound intermediate (compour®) and the bench-made
model that consists of branched pathways. One branchandF forms, with only 5% ofP present at low pH X7).
produces the 607 nrR form and the other the 580 nfn The low-spin hema is reduced inA, but oxidized in both
form. The two branches are interconnected, and the rate ofP andF. The bench-made form is identical toPv generated
exchange between the two is pH-dependent. The testing ofupon photolysis of the mixed-valence CO-bound enzyme in
the branched scheme and connecting it to the traditional the presence of dioxyged ). The presence of three forms
sequential scheme involve a novel mathematical approachin intermediate4 requires a mechanism more complex than
based on linear algebra, which is reported here for the first & simple unidirectional sequential scheme. Schemes involving

time. a reversible reaction betwe@nandP were rejected(7) on
the basis of the results of recent resonance Raman experi-
MATERIALS AND METHODS ments which have shown that the-©@ bond is already

broken inP (30—34), making the back reaction froRto A

The time-resolved optical absorption data on the reaction highly unlikely.
of the fully reduced enzyme with dioxygen at different pHs  An alternative way of producing the three components in
were described in the preceding paper)( The data were jntermediatet involves replacing the sequential mechanism
analyzed using singular value decomposition (SVD) and yith a scheme of two parallel pathways overlapping in time.
global exponential fitting, which provided the apparent To jllustrate this, we have constructed a simple two-pathway
lifetimes and associated spectral changes (b-spett%— scheme (Figure 1, middle), presumed to represent the true
28). The apparent rates were assigned to the microscopicscheme for a hypothetical reaction. Figure 1 (top) shows the
rates of a unidirectional Sequential model without back Corresponding Steps in a Sequentia' scheme used to ap_
reactions, and the kinetic matrix of this linear scheme was proximate the two-pathway reaction. The elements of the
constructed 7). The intermediate spectra based on this simple two-pathway scheme will be incorporated later into
Sequential model were calculated from the b-Spectra and thea more Comprehensive branched scheme. In the tWO_pathway
eigenvector matrix of the kinetic matri2§). model, the amount oA is split into two isospectral forms

Kinetic Modeling. The details of the kinetic modeling [Ar = fA and Ar = (1 — f) x A], which have different
associated with the branched pathway scheme represent akinetic propertiesAp decays intdP in one branch, andg
entirely new conceptual and computational approach which decays inta- in the other branchf. represents the fraction
will be described in detail in the Results. Briefly, to test the of A going through the? branch. If the decay rates éfp
model, a kinetic matrix of the branched pathway reaction and Ag in the two branches were differennt4 in the
scheme was constructed from the presumed microscopicsequential scheme would appear as a mixture ofAhP,
rates, and its eigenvalues and eigenvectors were calculatedandF forms. For example, iRp decayed slower thafig in
The b-spectra associated with the branched scheme weréhe other branch, the spectral change associated with the
calculated from the model spectra of the presumed interme-slower decay would become “fragmented” in the exponential
diates using the eigenvectors of the kinetic matrix of the fit. The first fragment of thé\r decay would appear together
branched scheme. The model spectra were linear combinawith the fastAg decay in a single exponential, while the
tions of the ground state spectra of the oxidized, reduced,remainder of theAp spectral change would become part of
mixed-valence CO, and fully reduced CO-bound enzyme, subsequent decay processes. This concept is demonstrated
the oxidized spectrum of Gufrom Thermus thermophilus  quantitatively in Figure 1 (bottom), which depicts the time-
(29), and the spectra of tHe andF forms @0). The model dependent concentrations of the intermediates in the two
spectra ofR* and compoundA were extracted from the individual branches= and - - -) and the concentrations of
experimental data because these could not be made on théhe mixed intermediates of an equivalent sequential scheme
bench. The eigenvalues and b-spectra associated with th€— — —). Seventy percent of the molecules are postulated
branched scheme were compared with the experimentalto go through the® branch { = 0.7) and 30% through the
apparent rates and the experimental b-spectra, respectivelyl branch.
Degenerate and quasi-degenerate transitions of the branched From the time-dependent concentration profiles (Figure
reaction scheme were identified and combined into single 1, bottom), we can make a few predictions regarding the
transitions. The microscopic rates in the branched schemenature of the sequential intermediates. It is clear that
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Scheme 1: Branched Mechanism Used To Analyze the pH-Dependerit Data
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a All mechanisms are equivalent with the respect to the analysis and cannot be distinguished on the basis of the experimental data. (a) Branched
scheme used in the analysis. (b) The same scheme as in part a except with branching ocdritrifg) &the same scheme as in part a except with

branching occurring aR.

intermediate8 (Int 3) in the unidirectional sequential scheme
(Figure 1,— — —), which is spectrally identical té&, does

not account for the entire amount Af which is the sum of

the amounts ofAp andAr (—). It is also clear thatnt 4 is

a composite intermediate consisting of three forms. In the
time window ofInt 4 of the unidirectional sequential scheme,
both theP andF forms of the two-pathway scheme reach
their maximum concentrations, as does the amount ofthe
form unaccounted for iint 3, (Ap + Ag) — Int 3. Although

the data set produced by the more complex two-pathway
scheme can be described mathematically by the unidirectional
sequential scheme, its intermediates will appear as mixtures
of the individual spectral forms of the true branched scheme.
The details of how to convert a branched scheme into a
unidirectional sequential one will be discussed below.

Designing the Branched Scheriiée branched mechanism
used to analyze our time-resolved pH-dependent data is
shown in Scheme 1. For simplicity and the convenience of
the analysis, the two pathways are depicted to be independent
from each other from the start (Scheme 1a). Equivalent
schemes would start with a singR* and branch into two
pathways at eitheR* (Scheme 1b) oR (Scheme 1c). In
Scheme 1a, th&* andR intermediates are split into two
isospectral and kinetically equivalent fractions, which are
followed by Ap andP in the P branch and byAr andF in
the F branch. TheAp and A intermediates are isospectral,
but kinetically not equivalent. The two branches merge at
theF state. The conversion &fto F is reversible, although
significantly forward shifted, to account for the small fraction
of P present in intermediateof the sequential schemiat 5,
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at pH 8-5 (7). Note that hemea is oxidizeclj and Cp is FiGUReE 1: (Top) Simple unidirectional scheme showing a sequential
reduced in bothP andF,, consistent with their redox states formation of intermediate8 (Ints3) and intermediatet (Int 4).

in Int&. In Fy, hemea is reduced and Guis oxidized. In (Middle) Simple two-branch scheme, in which compounis split

both F, andF, hemeas has the same ferryl structure. It is
also possible thdht 4 andint 5 have different ferryl states,

into two isospectral formsip andAg, which decay intd® andF,
respectively. (Bottom) Time-dependent concentration profiles of
the intermediates in the two individual branchesdnd - - -) and

which are spectrally very similar. This alternative case will the concentrations of the mixed intermediates of an equivalent

be explored in the Discussion.

unidirectional sequential scheme ~ —).
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On the basis of the values of the experimentally observed T T
apparent rates and the spectral composition of the intermedi- I 7
ates extracted using the unidirectional sequential sch&me ( 20000
we can estimate the desired microscopic rate constants in
the branched scheme. The rates will be termed either rate
constantsK) or lifetimes ¢ = 1/k). The rates of formation 10000
of R (kg) and A (ka) in both branches are independent of
pH and are equal to the-1.5 and ~13 us lifetimes,
respectively, in the global exponential fit. The decay lifetimes
of the two A intermediates are set to two different values,
30—40 and 86-100us, in the two branches, which match
two of the experimentally observed apparent lifetimes at pH
6.2 and 7.5. Whether thé branch kg) or theF branch kg)
is the slow branch cannot be determined at this point, and
both alternatives are considered in our analysis. Note that
the terms “slow” and “fast” refer to the rates of conversion
of A to P andA to F, respectively, in the two branches and
have no connection to the slow and fast forms of the oxidized
enzyme. TheP-to-F rate kep) determines what fraction of
P is observed irint 4. This rate must be pH-dependent in
light of the different composition ot 4 observed at the
different pH values and should favor the formationFo&t 10000 Lt
high pH andF at low pH (17). The range of values fder 500 550 600 650 700
depends on the rate & formation and also on the fraction Wavelength, nm
(f) of A passing through the branch.

The reversible step betwedh and F; establishes the FIGURE 2: Model spectra of intermediates in the branched scheme.
o . . : L . The spectra are referenced against the oxidized enzyme. The model
compos[tlon of intermediaté, Int5, in the unidirectional spectra oR, P, F;, Fy, andO are made up of linear combinations
sequential scheme, and the rates of the forwéid X and of the ground state spectra of cytochrome oxidase in its various
backward k;-|) steps should be adjusted to achieve the redox and ligation states. The model spectrRbdfandA are taken
desired composition observed at the different pH vala@s ( from the experiment because these cannot be made on the bench.
The numerical values of these rates are difficult to predict

because they are greatly affected by other rates. The ratdhe branched scheme has nine microscopic rates, and

-10000

20000

A (Extinction coefficient)

10000

constant Of the |ast SteM, the Conversion OF|| to O, is ObViOl.JSIy, they cannot be Obtained dil’ecﬂy_from the ﬁVe
largely determined by the experimentally observed apparent€xperimental apparent rates. In mathematical terms, the
lifetime in the millisecond range. kinetic problem is underdetermined and requires additional

Data Analysis for the Branched Scheme Based on Linear information for reasonable predictions about the reaction rates
Algebra The first question that arises during the kinetic o be made. The model spectra of the proposed intermediates
analysis concerns the number of intermediates in the scheme!l the branched scheme represent this additional information.
Only five experimental apparent rates and six b-spectra areThe model spectra &®, P, Fi, Fy, andO are the recorded
derived from the global exponential fit, which corresponds SPectra of cytochrome oxidase in its various redox and
to six intermediatesld, 17). On the other hand, the branched ligation states or linear combinations of the recorded spectra.
scheme has 10 intermediates (Scheme 1a), which reducedhe model spectra oR* and A are taken from the
to eight kinetically different intermediates after the fractions €Xperiment because these cannot be made on the bench. The
of both theR* andR intermediates in the two branches are Model visible spectra of the intermediates in the branched
combined. Thus, the number of apparent rates of the schgme, referenced against the oxidized enzyme, are shown
branched scheme is initially nine and then is reduced to sevenn Figure 2.
after the truly degenerate pairs kf andka are combined. The strategy we follow in the kinetic analysis is to start
It is clear that the seven apparent lifetimes and eight from the known spectra of the intermediates in the branched
intermediates of the branched scheme cannot be compare@cheme and find the microscopic rate constants that repro-
directly to the five experimental apparent lifetimes and the duce the experimental observations. The novel analysis
six intermediates predicted from the global exponential fit. method involves testing the branched scheme at the level of
This obstacle can be overcome by considering the branchedhe b-spectra, intermediate spectra, and the experimental data
scheme to be quasi-degenerate or degenerate in practice. Thiget as described below.
means that the closely spaced apparent rates and the The first step in this process involves setting up the model
corresponding b-spectra of the branched scheme should bepectra of the intermediates in the branched scheme. Next
combined before comparing them to the corresponding we construct the kinetic matrix of the branched schekng (
experimental parameters. Note that it is a unique property that contains our initial predictions of the microscopic rates
of the algebraic approach that allows different schemes to (k,). Then we compute the eigenvaluds)(and the scaled
be compared and the degeneracy to be treated in a quantitaeigenvectors \(,) of the kinetic matrix. The b-spectra
tive way. associated with the branched model are calculated from the

The second question concerns the number of microscopicmodel spectra of the presumed intermediaisusing the
rates in the branched scheme. Because of the reversible stepgigenvectors of the kinetic matrix:
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b,=ExV, 1) C =V, x exp@, x t) (5)

The 7y and b, spectra are then compared with the wherev, andA, are the eigenvector matrix and the column
experimental apparent lifetimes and b-spectra, respectively,yector of the eigenvalues of the kinetic matrix for the
and the degenerate or quasi-degenefajespectra are  pranched scheme, respectively, andepresents the row
combined. This reduces the number lmf spectra to the  yector of the time delays. The concentration matrix is then
number of experimental ones: multiplied by the matrix of the model intermediate spectra,

] ) E, to yield the reproduced datByep:
by, () = 3 & x by(i) )
! D,,=E x C (6)

rep

wherea; represents the fraction of the quasi-degenebgte . .
spectrum included in the netw,, spectrum. Note that a which can be compared to the experimental data. After the

quasi-degenerat®, spectrum can be split between two S€duence of calculations and tests is completed, the micro-
b-spectra of the reduced set. The reduced set of the branche§COPIC rates in the kinetic matrix of the branched scheme
scheme b-spectriy,) can now be compared directly to the &€ adjusted until a reasonable agreement is reached between
experimental b-spectrddy). the corresponding expgnmental and branched model param-
Although b-spectra are excellent tools for deriving and €t€rs and spectra. In view of the novelty and rather complex
testing schemes, they are not always convenient for visual-nature of the approach, the testing of the branched mecha-
izing and interpreting the results. In particular, when the Nism outlined above will be shown in detail for the pH 7.5
apparent rates are not separated sufficiently, the b-spectrafata. A summary of the analysis will be provided for the
are combinations of many intermediates and their amplitudesPH 6.2 and 8.5 data.
become large. Thus, the intermediate spectra produced by (I) Analysis of the pH 7.5 DataAt pH 7.5, the sequential
the mechanistic scheme are frequently easier to interpret andntermediated, Int«4, contains almost equal amounts Af
compare with the experimental spectral shapes of theandF, and slightly les® (17). We have to choose the value
presumed intermediates. of ker in the branched mechanism (Scheme 1) so that the
Normally, the intermediate spectra of a sequential unidi- appropriate amount d? is observed irint<4. We also must
rectional schemdnt, are calculated from the experimental keep a fixed ratio of thé;—, andk,-; microscopic rates to

b-spectra lfex,) Using the eigenvector matrix/¢) of the reproduce the composition drfit 5.
kinetic matrix of the sequential scheme: (A) SlowP/Fast+ Branched Schem#&Vhen theP branch
is slower than th& branch, the fraction oA in theP branch
It s = bgyp x v (3) (f) must be greater than in the branch for two reasons.

First, a certain amount df comes from theP branch, in

The derived intermediate spectra are subsequently comparecehddition to the fraction formed in the branch, and second,
to model spectra of the proposed intermediates in the schemethe source oA in Int« is the slow branch of the branched

An analogous calculation cannot be performed for the scheme. Acceptable results were obtained ¥@lues of 0.5
branched scheme, because the dimensions of theatrix 0.75, whilef values of <0.5 did not reproduce either the
of the branched schem¥{) and that of the experimenthl apparent rates or tHat 4 spectrum. Table 1 shows the range
matrix are different; there are six experimental b-spectra and of microscopic rates required to reproduce the experimental
eight kinetically different intermediates based on the brancheddata for the slowP/fast+ branched scheme at pH 7.5. The
scheme, as discussed above. To overcome this problem, wealculated apparent lifetimes derived from these microscopic
have developed a new approach for testing the validity of rate constants are also listed.
the branched scheme. First, we convert the eight intermedi- The experimental apparent lifetimes at pH 7.5 are 1.5, 13,
ates of the branched scheme into six intermediates of an39, and 107«s and 1.5 ms1{7). In our analysis using the
equivalent unidirectional sequential scheme. This can be donepranched model, thie; andka rate constants are independent
using the reduced set of b-spectbg {) and the eigenvector  of pH and are fixed by the two fastest experimental apparent

matrix (V) of the unidirectional sequential scheme: lifetimes and therefore need no further discussion. Khe
. and ke rate constants for the different values fotenter
Int,, = by, x Vg (4) around 2.5< 10*and 1x 10*s %, respectively, which corre-

spond approximately to the experimental lifetimes of 39 and
The reduced set of intermediate spectra based on thelO7us, respectively. Th@-to-F rate constantkey) is larger
branched schemént ) and the intermediate spectra of the than the rate of formation oP (ke) and is also slightly
sequential schemdnts, obtained frombey, can now be dependent of This is because different amountsRmust
compared since both correspond to the same unidirectionalbe converted t& to reproduce the same compositiorimaf4
scheme. at differentf values. Thekr value of 2.4-2.8 x 10* s*

As a final test, we generate the entire set of reproduced corresponds to an apparent lifetime of slightly less than 40
data based on the branched scheme and compare it with th@s. The back ratekgp, is set to a small value, ¥ 10° s1,
experimental data at each time delay. Note that in a and becomes important only for the pH 8.5 data. The
traditional scheme fitting analysis method, only this last step microscopic rate constants of the reversible step between
is performed and the reasons behind poor fits remain obscureandFy;, ki—y andk;_;, are 1.3-1.4 x 10* and 9-10 x 10°
First, we calculate the time-dependent concentrations of thes™, respectively. The sum of the two rate constants gives
intermediates in the form of a concentration matfiX, an apparent lifetime of 4248 us for the electron exchange
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Table 1: Microscopic Rates of the SIdWFastF Branched Scheme B
(pH 7.5) (18 s | a b 4 000
f ke kn ke ke ker kep Ko Kio ko tau (us) 0.02 i
075 670 82 11 30 28 1 13 9 1.2 15,12, 33,33, i J-0.08
48, 91, 1500 i ]
0.70 670 82 9.7 30 28 1 13 95 1.2 15,12,33,33, i ]
47,103, 1500 0.00 5-0.10
0.60 670 82 95 24 24 1 14 10 1.2 1.5,12,35,42, L 1
47, 105, 1500 ————————+—++
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Ficure 4: Experimental b-spectra-) and the reduced set of
b-spectralfy, ) (— — —) reproduced by the branched sld®fast+
scheme at pH 7.5 & 0.7). Theby, spectra result from combining
the degenerate or quasi-degenelatepectra, i.e.b, spectra with
FiGURE 3: by, spectra associated with the sI®ifast+ branched the same or very similar lifetimes. The apparent lifetimes associated
schemef(= 0.7) at pH 7.5. The spectra were calculated from the with the experimental spectra are (a) L (b) 13us, (c) 39us,
model spectra of the presumed intermediaté3 (sing the (d) 107 us, and (e) 1.5 ms. (f) Non-zero time-independégt
eigenvectors of the kinetic matrix of the branched scheme (eq 1). spectrum representing the data extrapolated to infinite time.

(a and b)by, spectra associated with the 1.5 andu2degenerate

lifetimes, respectively. The solid lines represent Eheranch and _ ; 28 lifeti
the dashed lines thE branch. (c)b, spectra associated with the b-spectrum correspondlng to thg : “fetl.me' Thebs
spectra corresponding to the 105 lifetime (Figure 3d) and

500 600 700 500 600 700

Wavelength, nm

three quasi-degenerate lifetimes: 35)(42 (— — —), and 47us ) : -

(—+). (d) by spectrum corresponding to the 105 lifetime. the 1.5 ms lifetime have their experimental counterparts and
can be compared directly to those spectra.

rate between heme and Cu, which is in excellent Figure 4 shows the experimental b-spectrg @nd the

agreement with the lifetime of 5@s reported for this process  reduced set of b-spectray) (— — —) reproduced by the

upon photolysis of the two- and three-electron-reduced CO- branched scheme. There is an excellent agreement between
bound enzymel(1, 12, 35-37). Theko rate constant is the  the bey, and by, spectra at arf of 0.7 and otheff values
same, 1.2x 10° s, regardless of the value df It is between 0.5 and 0.75. Note that the ratio of Kug and
somewhat faster than the 1.5 ms experimental apparentk,_, microscopic rates in the branched scheme determines
lifetime would predict because of the reversibility of the the reproduction of the 1.5 ms experimental b-spectrum, and

preceding step. this observation was used to fine-tune the values of these
Comparing the b-spectr&igure 3 shows thé, spectra, two rates. Wheri < 0.5, there were significant differences
calculated using eq 1, associated with the sRfastF between the experimental and reproduced b-spectra.

branched model for ahof 0.7 at pH 7.5. Not shown are the Reproducing the Sequential Intermediate Spectka

bo spectrum and the b-spectrum associated with the 1.5 msalready discussed, the eight intermediates of the branched
lifetime, which are the same as the experimental b-spectra.scheme must be converted into six intermediates of an
Panels a and b show ths, spectra associated with the equivalent unidirectional sequential scheme (eq 4) to test the
degenerate 15 and 13 lifetimes, respectively. The different  branched model in terms of intermediate spectra. Figure 5
amplitudes of the two spectra in panels a and b reflect the compares the intermediate spectra extracted from the ex-
different populations in each branch. The combination of the perimental data on the basis of a unidirectional sequential
truly degenerate 1.5 and 1 lifetime pairs should cor-  schemelfits) (—) and the calculated equivalent intermediate
respond to their experimental counterpart (Table 1). The threespectra generated on the basis of the branched scliemg (
lifetimes around 4Qis (Table 1) are quasi-degenerate, and (— — —) for anf of 0.7. The spectra are referenced versus
the corresponding b-spectra cannot be separated in any globahe oxidized enzyme. All the intermediate spectra are
exponential fit. Thus, thesby, spectra must be combined reproduced well fof values between 0.5 and 0.75, providing
into one before they can be compared to the experimentalsupport for the branched model.
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Ficure 5: Intermediate spectra extracted from the experi-

mental data at pH 7.5 on the basis of a unidirectional sequential
scheme Ifity) (—) and calculated equivalent intermediate spectra
generated on the basis of the sl®#ast+ branched scheménty,,)

(— — —). Ints spectra were derived from the experimental b-spectra
using the eigenvector matrix/) of the kinetic matrix of the
sequential scheme (eq ¥ty spectra were calculated on the basis
of the reduced set of b-spectta, () andV; (eq 4) for anf of 0.7.
Spectra of intermediatds-6 are shown in panels, respectively.
The spectra are referenced vs the oxidized enzyme.

Table 2: Microscopic Rates of the FatSlow-F Branched Scheme
(pH 7.5) (16 s}

f kn Ko ke ke ker kep ko kioi ko tau (us)

0.25 670 82 30 105 10 1 117 8 1.2 15,12, 33,47,
95, 101, 1500

0.30 670 82 30 10 9 1 14 10 1.2 15,12, 33, 39,
100, 109, 1500

0.40 670 82 33 10 7 1 14 10 1.2 15,12, 30, 39,
100, 138, 1500

0.50 670 82 20 95 10 1 13 9 1.3 1.5,12,42,50,

100, 105, 1500

(B) FastP/Slow+ Branched Schemén this alternative
version of the branched scheme, mosAoflecays in thd-
branch, while a much smaller fraction goes through Bhe
branch. Therefore, it is expected that reasonable fits will only
be observed fof values of<0.5. Table 2 shows the range
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FIGURE 6: by spectra associated with the fadslow+ branched
schemef(= 0.3) at pH 7.5. The spectra were calculated from the
model spectra of the presumed intermediat&3 (sing the
eigenvectors of the kinetic matrix of the branched scheme (eq 1).
(a and b)b, spectra associated with the 1.5 anduE2degenerate
lifetimes, respectively. The solid lines represent Ehbranch and

the dashed lines thE branch. (c)b, spectra associated with two
quasi-degenerate lifetimes of 33-( and 39us (— — —). (d) by
spectra corresponding to quasi-degenerate lifetimes of-tparfd
109us (— — -).

apparent lifetime of around 10@s, which is close to the
rate ofF formation g) in the F branch. The back ratégp,
is set to the same small value as beforex(10® s1). The
microscopic rate constants for the electron exchange between
hemea and Cu (k—; andk,—)) and for the last stefké) are
approximately the same as for the sl®fast+ combination.
Whenf > 0.5, the rate of formation d? would have to be
decreased to prevent too mueHrom being produced in a
short time. However, with a slower rate of formationRf
the 39us experimental apparent lifetime and the spectrum
of Int4 are no longer reproduced.

Comparing the bspectra.The by, spectra corresponding
to the first eight apparent lifetimes in the branched scheme
(Table 2) are shown in Figure 6 for &of 0.3. These include
the truly degenerate pairs, 15 (panel a) and 12s (panel
b), and the quasi-degenerate pairs, 33 angi89panel c)
and 100 and 10%s (panel d). All four pairs must be
combined before they can be compared to the experimental
b-spectra. The experimental b-spectra and the reduced set
of b-spectra reproduced by the branched schdmg @re
compared in Figure 7. The 1.5 ms experimental b-spectrum
is reproduced in a manner analogous to that described above
because th&_; andk;_; microscopic rates are very similar
in the two versions of the branched scheme. The agreement

of microscopic rate constants required to reproduce the between the experimental b-spectra andithespectra af

experimental data for the faB¥slow-F branched scheme at

pH 7.5. The calculated apparent lifetimes are also listed.
The first two rateskgr andka, are fixed as before. When

f = 0.25-0.4,kp andke fall into narrow ranges of 3:63.3

x 10* and 9.5-10.5 x 10°® s7%, respectively, which cor-

respond approximately to experimental lifetimes of 39 and

107 us, respectively. The-to-F rate constanter (7—10 x

10° s1), is now smaller than the rate of formation®fand

is also slightly dependent dn Its value corresponds to an

= 0.3 is excellent, as is the case for otlfieralues between
0.25 and 0.4.

Reproducing the Sequential Intermediate Specirae
spectra of the intermediates extracted on the basis of a
unidirectional sequential schemmt(s) and the equivalent
intermediate spectra generated on the basis of the branched
schemelfity, ) are compared in Figure 8 for dmof 0.3. All
the intermediates are reproduced well fealues of 0.25
0.5.
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Ficure 7: Experimental b-spectra+) and the reduced set of  Fgyre 8: Intermediate spectra extracted from the experimental
b-spectralfy, ) (— — —) reproduced by the branched fa¥slow-~ data at pH 7.5 on the basis of a unidirectional sequential scheme

scheme at pH 7.5 (= 0.3). Theby, spectra result from combining (|t ) (—) and calculated equivalent intermediate spectra gen-
the degenerate or quasi-degenetatepectra, i.e.b, spectra with erated on the basis of the fatslow+ branched schemént,)

the same or very similar lifetimes. The apparent lifetimes associated (— — —) nt, spectra were derived from the experimental b-spectra
with the experimental spectra were () &5 (b) 13us, (c) 39%s, using the eigenvector matrix/() of the kinetic matrix of the
(d) 107 us, and (e) 1.5 ms. (f) Non-zero time-independest  sequential scheme (eq B)t,,, spectra were calculated on the basis
spectrum representing the data extrapolated to infinite time. of the reduced set of b-spectia,() andVs (eq 4) for anf of 0.3.

Spectra of intermediates-6 are shown in panels, respectively.
(I1) Analysis of the pH 6.2 DataAt pH 6.2, intermediate ~ The spectra are referenced vs the oxidized enzyme.
4 of the unidirectional schemént 4, contains almost equal
amounts ofA andF, with very little P present {7). This Table 3: Microscopic Rates of the SldwWFastF (top) or
composition requires the-to-F rate ke¢) to be much faster ~ FastP/Slow-F (bottom) Branched Scheme (pH 6.2) {¥07)
than the rate of formation d?, and it is expected that this fok ke ke ke ker ker kion ki ko tau (us)
fast rate may produce an apparent lifetime approaching thato.gs 670 82 14 30 70 1 20 10 1.4 1.5,12, 14,33,

of oxygen binding. The microscopic rate constants required 33,71, 1100
to reproduce the data at pH 6.2 for both the skffast+ 0.80 670 82 13 30 70 1 18 9 14 ?1’-75'7172&11%0337
and fastP/sIow-F_ schemes are _shown in Table 3 (top and 445 670 82 125 30 70 1 18 9 14 15,12, 14, 33,
bottom, respectively) along with the calculated apparent 37, 80, 1100
lifetimes. The five experimental apparent lifetimes at pH 6.2 0.70 670 82 12 30 70 1 18 9 1.4 15,12, 14,33,
were 1.5us, 13us, 34us, 80us, and 1.1 ms1(7). 37, 83,1100
SlowP/FastF Branched Schem&he fraction ofA in the 015 670 82 30 13 70 1 17 8 14 41,65’7172’111%033’
P branch_,f, should be subs.tantlallyilarger than in the 025 670 82 30 12 70 1 17 8 1.4 18 12 14, 33,
branch since the source &f in Int4 is the slow branch. 40, 83, 1100
Practically all of theAp that decays td® ends up inF; 035 670 82 30 11 70 1 17 8 1.4 15,12, 14,33,
therefore, the amount & formed through the fagt branch 40, 91, 1100

should be kept small. The fraction of molecules going
through theP branch that satisfactorily reproduces the data fit. The apparent lifetime produced by these two rates is 14
at pH 6.2 is within a narrow rangé £ 0.7—0.85). Theks us. The microscopic rates of the reversible step betwgen

and ke rates are set close to 8 10* and 1.2x 10* s} andFy are as follows:k—; = 1.8-2.0 x 10* st andk -
respectively, which correspond roughly to the experimental = 9—10 x 1 s*. The sum of the two rates gives an
lifetimes of 34 and 8(xs, respectively. Farvalues of<0.7, apparent lifetime of 3337 us for the electron exchange rate

the ke and kp rates become too slow and no longer match between hema and Cuy, which is slightly faster than that
the apparent rates (Table 3, top). The same valukpf  at pH 7.5. The rate of the final step is 2410° s™1, which

(7 x 10* s%) can be used for all thievalues. The back rate, in combination with the reversible step preceding it gives
Kep, is set to 1x 10® s 7%, which is too small to influence the  an apparent lifetime of 1.1 ms.
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Ficure 9: Experimental b-spectra—) and the reduced set of
b-spectral, ) reproduced by the branched sl®fast+ scheme
[f = 0.8 (—--)] and the fastP/slow+ schemef= 0.25 (— — —)] (Intg) (—) and calculated equivalent intermediate specindy()

at pH 6.2. The b-spectrum associated with the jsSprocess is generated on the basis of the sl®fast+ branched scheme
omitted. Theby,, spectra result from combining the degenerate or [f = 0.8 (—+*)] and the fast/slow-F branched schemé £ 0.25
quasi-degenerata, spectra, i.e.b, spectra with the same or very  (— — —)]. Ints spectra were derived from the experimental b-spectra
similar lifetimes. The apparent lifetimes associated with the using the eigenvector matrix/() of the kinetic matrix of the
experimental spectra were (a) A8, (b) 34us, (c) 80us, and (d) sequential scheme (eq 8ty spectra were calculated on the basis
1.1 ms. of the reduced set of b-spectrh,() and Vs (eq 4). Spectra of
intermediates2—5 are shown in panels-ad, respectively. The
spectra are referenced vs the oxidized enzyme.

Ficure 10: Intermediate spectra extracted from the experimental
data at pH 6.2 on the basis of a unidirectional sequential scheme

FastP/SlowF Branched Schemén this version of the
branched scheme, most &f decays in theé= branch and
only a small fraction in the® branch. Acceptable fits are
obtained only forf values of 0.150.35. Interestingly, the
microscopic rates are almost identical to those for the slow-

PhiastE version, except the values of the and ke rate P/slow+ branched model- — —) are in excellent agree-

constants are interchanged (Table 3). ment with the experimental b-spectra’)( supporting the
Comparing the b-spectralhe seven apparent lifetimes microscopic rates in the branched model.
of the branched slow/fast scheme at pH 6.2 after Reproducing the Sequential Intermediate Specirae
combining the truly degenerate pairs are 1.5, 12, 14, 33, 33 yeduced number of intermediate spectra ;) were calcu-
37,and 7+-83us and 1.1 ms (Table 3, top). Similar apparent |ated from the reduced set of b-spectra using the eigenvector
14, 33-40, and 7#91 us and 1.1 ms) (Table 3, bottom).  sequential scheme (eq 4) as discussed above for the analysis
As shown for pH 7.5, degenerate and quasi-degen®ate of the pH 7.5 data. Figure 10 compares the reproduced
spectra must be combined before a comparison with the spectra of intermediate®-5 of the slowP/fastF branched
exper_lme_ntal b-spectra can be made. For the $hfast+ scheme {-+) and fastP/slowF scheme ¢ — —) to the
combination, most of the 14s b, spectrum (80%) must be  intermediates derived from the experimental b-spectra based
combined with the 12:s degenerate pair to reproduce the on 3 unidirectional sequential modgit s (—). To reproduce
13 us experimental b-spectrum. The remaining 20%, along the spectrum of intermediate the equilibrium betweef,
with the 33 and 37us by, spectra, reproduce the 34 andF, must be significantly more forward-shifted than that
experimental b-spectrum satisfactorily. The spectrum  opserved at pH 7.5. The branched scheme reproduces the
associated with the 8@s lifetime agrees with the 8@s experimental intermediate spectra very wellf atalues of
experimental b-spectrum. Figure 9 shows the experimentalg 7—0.85 for the slowP/fastF version and af values of
b-spectra <) and the reduced set of b-spectog,, for the 0 15-0.35 for the fasP/slow-F alternative.
slow-P/fast+ scheme {---) for anf of 0.8. (Il) Analysis of the pH 8.5 DataThe first three
When theb, spectra associated with the seven apparent experimental apparent lifetimes at pH 8.5 are 1.5, 13, and
lifetimes for the fastP/slow+ scheme are compared for an 36 us and do not differ significantly from the ones observed
f of 0.25, we find a number of quasi-degeneracies. Combining at lower pH valuesi4, 17). However, the last two processes,
most of the 14us b, spectrum (80%) with the 12s by 240us and 2.4 ms, are twice as slow as the corresponding
spectrum reproduces the A8 experimental b-spectrum. The processes at pH 7.5, in agreement with previous studies (
remaining 20% of the 14s b, spectrum, almost all (90%) 38, 39). Intermediate4, extracted on the basis of the
of the 40us by spectrum, and the 33s b, spectrum are  unidirectional sequential schemét(4), contains nearly
required to reproduce the 34 experimental b-spectrum. equal amounts of th&, P, andF forms at pH 8.5, similar
The remaining 10% of the 4@s b, spectrum is added to  to that observed at pH 7.87). This implies that the fraction

the 83 us b, spectrum to match the 80s experimental
b-spectrum. Figure 9« — —) shows the reduced set of
b-spectraby,, for the fastP/slow+ version. It is clear that
the by, spectra based on the sldwfastf (—--) or fast-
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Table 4: Microscopic Rates of the SloWFastF (top) and SRR
FastP/Slow-F (bottom) Branched Scheme (pH 8.5) $10%) ook @ b q018
f kn ka ke ke ker kep ki ki ko tau us) E _:0.10
0.70 670 82 14 33 5 1 10 11 1.1 1.5,12,30,45, oosk ]
71, 180, 2300 r 1 oos
065 670 82 12 30 4 1 9 10 1.1 15,12, 33,52, ; :
83, 230, 2200 @ -010f 3 o.00
0.60 670 82 10 30 4 1 8 8 1.1 15,12,33,58, g
100, 230, 2200 2 ; ' P L/ : ¢
030 670 82 30 12 4 1 9 95 1.1 15,12,33,51, é’ L ¢ d
83, 220, 2200 q oozr 4 0.05
040 670 82 30 10 4 1 9 95 1.1 15,12, 33,51, i '
100, 220, 2200 I
0.00 -
[ - 0.00
f and thekr andke rates used at pH 7.5 can also be applied L
here. However, as expected, the values of these rate constants %% [
at pH 7.5 do not yield the 24ps experimental apparent P P E—
500 600 700 500 600 700

lifetime, but rather a shorter one around 109 Note that

the 24Qus apparent lifetime at pH 8.5 was observed in single- Wavelength, nm

wavelength traces in the near-infrared region (835 nm), whilé g pe 11: Experimental b-spectra— and the reduced set of
the multiwvavelength data in the visible region were somewhat b-spectralgy,,) reproduced by the branched sld¥fast+ scheme
more consistent with a shorter lifetime of100 us (17). [f = 0.6 (—*)] and the fast/slow+F schemef{= 0.4 (— — —)] at
Because the latter had a much larger uncertainty, the:240 pH 8.5. Theby,, spectra result from combining the degenerate or

et ; £ quasi-degenerat®, spectra, i.e.b, spectra with the same or very
lifetime was designated as the fourth apparent lifetime. similar lifetimes. The apparent lifetimes associated with the

Moreover, the nearfinfrared s_pecj[ral region most ac_cqr_atelyexperimemm spectra were (a) A8, (b) 36us, () 240us, and (d)
reflects the change in the goxidation state. The possibility 2.4 ms.

of a sixth apparent lifetime was not considered at that time.

The branched scheme can account for both the 490 Fu are both 810 x 10°s™*. The sum of the two rates gives
apparent lifetime observed in the visible region and the 240 an apparent lifetime of 4558 us for the electron exchange

us lifetime in the near-infrared region. The 106 lifetime between hema and Cw, which is somewhat slower than
is associated with the oxidation of heraeand thus is the  atlower pH. The rate of the final step is 2x110° s™*, which
dominant lifetime in the visible region, while the 24 gives an apparent lifetime of 2:2.4 ms depending on the
apparent lifetime is assigned to tifeto-F rate ), and  rate of the reversible step preceding it.

not to the reversible step betweEpnandF, . This may seem FastP/Slow+ Branched SchemBecause of the slow rate

counterintuitive since the oxidation of &Unappens in the  of conversion between tiiebranch and th& branch at this
latter step. However, increasing the lifetime (reducing the pH, nearly acceptable fits can be obtained by merely
rate) of the reversibler-to-F, step beyond 60Qus is interchanging the number of molecules going through each
inconsistent with the time course at 604 nm. The character-branch and interchanging the valueskpfand ke found for
istic steplike shape of the 604 nm tracg9) can only be the slowP/fast+ scheme. The refined microscopic rates for
reproduced by a relatively fast rate of electron exchange f values of 0.3-0.4 are shown in Table 4 (bottom).
between hema and Cu. Because the relatively fabi-to- Comparing the kspectra.The seven apparent lifetimes
Fi reversible process follows a slower step, the conversion of the branched slov®/fast+ scheme after combining the
of P to F, the Cuy, oxidation is observed in the near-infrared truly degenerate pairs are 1.5, 12,-38B, 45-58, 71-100,
region with the rate of the slower step, hence the 240  and 186-230us and 2.2-2.3 ms (Table 4, top). The quasi-
lifetime. Note that the rate of th&-to-F transition also degenerate lifetimes, 3@B3, 45-58, 71-100, and 186
increased at pH 6.2 compared to pH 7.5. 230us, must be combined into two to reproduce the 36 and
SlowP/Fastf Branched Schem&he microscopic rate  240us experimental b-spectra. For fof 0.6, the 33us by,
constants for the slow/fastF and fastP/slow-F branched  spectrum is combined with 70% of the %28 by spectrum
schemes at pH 8.5 are shown in Table 4 (top and bottom,and 40% of the 83 by spectrum to reproduce the 36
respectively), along with the calculated apparent lifetimes. experimental b-spectrum. The remaining parts of the three
Thekr andkp rates are set close tox310* and 1x 10 s, by spectra and the 23@s by, spectrum reproduce the 248
respectively, which correspond to lifetimes of 34 and 100 experimental b-spectrum reasonably well. As demonstrated

us, respectively. The composition of intermedidtént 4) in Figure 11 for anf of 0.6, the agreement between the
requires thaf be >0.5. The decay oP is slower than its ~ experimental b-spectra~) and the reduced selty,; (—*),
formation, and most of\p that decays t® stays inP for up for the slowP/fast+ scheme is good. A similarly good fit

to 200us. The fraction of molecules going through tRe ~ was observed at othévalues between 0.6 and 0.7.

branch that satisfactorily reproduces the data at pH 8.5 for The quasi-degeneracy of the apparent lifetimes based on
the slowP/fast+ scheme is within a narrow rangé € the branched fag®¥/slow-F model (Table 4, bottom) is very
0.6-0.7). To satisfactorily model sequential intermediate  similar to the one described above for the siBifast+

at pH 8.5, including the desired amount Bf the ker and scheme. Foff values of 0.3-0.4, the 34us experimental

kep rates are set to 4 10° and 1 x 10° s'%, respectively. b-spectrum is reproduced by combining the 88 by

The microscopic rates of the reversible step betwgeand spectrum with 80% of the 5@s by spectrum and 50% of
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Ficure 12: Intermediate spectra extracted from the experi-

mental data at pH 8.5 on the basis of a unidirectional sequential
scheme Ifts) (—) and calculated equivalent intermediate spectra
(Inty ) generated on the basis of the sl®Wast+ branched scheme

[f = 0.6 (—)] and the fastP/slow+ branched scheméd E 0.4

(= — —)]- Ints spectra were derived from the experimental b-spectra
using the eigenvector matri¥’s of the kinetic matrix of the
sequential scheme (eq )ty spectra were calculated on the basis
of the reduced set of b-spectrb,() and Vs (eq 4). Spectra of
intermediates2—5 are shown in panels-al, respectively. The
spectra are referenced vs the oxidized enzyme.

the 83-100us by, spectrum. The remaining parts of the 50
and 83-100 us by, spectra were added to the 228 by
spectrum to reproduce the 248 experimental b-spectrum.
Figure 11 shows that the reduced set of b-spetitsa) for
an f of 0.4 (—— —) are in good agreement with the
experimental b-spectra).

Reproducing the Sequential Intermediate Speciiae
reduced number of intermediate spectra ;) were calcu-
lated from the reduced set of b-specthg,j according to
eq 4. Figure 12 compares the spectra of intermediates
at anf of 0.6 for the slowP/fast+ combination ---) and at
an f of 0.4 for the fastP/slow-F scheme { — —) to the
intermediates derived on the basis of a unidirectional
sequential model=). It is clear that the branched scheme

Szundi et al.
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Ficure 13: Reproduced data at pH 6.2 using the listed microscopic
lifetimes (units of 18 s71). The residuals represent the difference
between the experimental data and the reproduced data.

would be optimal for a perfect fit. A good agreement was
also observed between the experimental and reproduced data
at pH 7.5 and 8.5.

DISCUSSION

When kinetic data are analyzed, the events are frequently
arranged in a sequence from the fastest to the slowest
apparent rate on the basis of a multiexponential fit, and the
apparent rates are used in place of microscopic rates to
connect the intermediates. In many previous studies on
cytochrome oxidase, reaction rates and spectral changes have
been measured at a single wavelength or at a few selected
wavelengths3—6). This limits the spectral information, and
most of the conclusions are necessarily based on the apparent

reproduces the sequential intermediate spectra very well. Therates. When the spectral amplitudes associated with the

ratios ofk—;, andk; -, andker andkgp rates in the branched

scheme are determined by the fifth intermediate. Phe-F

equilibrium is still quite forward-shifted to reproduce the

minor P fraction observed itnt 5. TheF,-to-F, equilibrium

is close to 1, less forward-shifted than at pH 6.2 and 7.5.
Reproduction of the Time-Dependent Data third

criterion used to test the validity of the branched scheme

apparent rates, i.e., the b-spectra, are available, they are often
incorrectly assigned to spectral changes between intermedi-
ates. This type of analysis, although useful in some cases,
can only be regarded as an approximation and cannot replace
a proper analysis based on a unidirectional sequential scheme,
which allows one to calculate the pure spectra of the
intermediate states.

involves a comparison between the experimental data and The unidirectional sequential mechanism is one of the
the reproduced data based on the branched scheme at allimplest schemes, and it allows a simple mathematical

three pH values for both the sloRffast+ and fastP/slow-+

solution of the kinetics, making it very attractive in spectral

schemes. Figure 13 shows the reproduced data at pH 6.2analysis. However, it is only one of several possible
using the listed lifetimes. The residuals, which represent the alternatives. Since interpretation of kinetics on a molecular
difference between the experimental data and the reproducedevel can only be done within the framework of a kinetic
data, indicate that the reproduced data match the experimentainechanism, schemes that are more consistent with a variety

set at all delay times reasonably well. A slight deviation from

of experimental observations are likely to lead to more

the experimental data is observed near 600 nm at delay timegeliable interpretations. We view such schemes not as final

and pH values when a significant amountR®is present.
This is due to a slightly narrower mod®gl spectrum than

answers but rather as a framework for testing new ideas and
as a guide for future work.
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The branched mechanism is seemingly a complicated reflected in the sharp increase in the rate constant14
network, but in fact it is a simple extension of the times) when the pH is reduced from 8.5 to 6.2. Note that
unidirectional sequential scheme, which permits the simul- this microscopic rate constant is much more pH-dependent
taneous formation of th&, P, andF forms. The intermediate  in the branched model than is the apparent lifetime of 80
spectra extracted on the basis of the unidirectional sequential00 us, which is assigned to the decay of the putate
scheme or the equivalent experimental b-spectra are theintermediate in the unidirectional sequential scheme. The two
fingerprints of the reaction, which led us to the branched forms,P andF (Scheme 1), likely differ in the protonation
model. Note that many of the microscopic rates in the state of one or more groups with a direct or indirect access
branched scheme were taken directly from the experiment,to the binuclear center, which most likely has a profound
and only a few rates were adjusted. The values for the effect on their visible spectra (see below).
variable rates were not chosen at random either. The values The electron transfer from Guo hemea, k-, also shows
for the ke and ke pair were determined by the 3@0 us significant pH dependencell), suggesting a coupling
experimental apparent lifetime and the composition of the between electron and proton transféd{43), the mecha-
sequential intermediaté (Int«4), and the ratio of thek_ nism of which is still unknown. The equilibrium constant
andk;,— rates was set by the compositionlof 5. The rates (ki—n/k,—) for this step decreases with increasing pH, and
of the reversible step betweéhandF were less guided by  the change corresponds to a net change in the redox potentials
the experimental lifetimes, but more by the experimental of hemea and Cy of 20—30 mV.
composition of sequential intermediate The pH dependence of the-2 ms apparent lifetime is

The testing of the rather complex branched scheme by far more significant than that of thHe, microscopic rate of
converting it into an equivalent traditional unidirectional the last step. The former primarily reflects pH-dependent rate
sequential scheme represents an entirely new computationathanges in the reversible step betw&eandF, rather than
approach developed in our laboratory, which is introduced changes associated with the last step. When the apparent rates
here for the first time. The testing is nontrivial due to the are assigned as microscopic rates as they frequently are in
kinetic degeneracy and is based on linear algebra. Traditionalthe case of the unidirectional sequential scheme, the last step
scheme fitting techniques based on numeric integration of inevitably becomes significantly pH depende®8)( which
reaction rates describe the overall changes in a reactionagain demonstrates that the kinetic scheme largely prede-
without providing details of the kinetics and the spectral termines the molecular interpretation of the reactions.
changes associated with each step. The algebraic kinetic Electron Exchange between Heme a angd.@ur estimate
analysis approach introduced here dissects the kinetic processf the equilibrium constant for the electron transfer between
and reveals the contribution of each individual step to the hemea and Cu (ki—n/ky-) falls in the range of 1.42.0 at
overall kinetic process and the corresponding spectral neutral pH. This corresponds to a forward-shifted electron
changes. transfer from Cy to hemea, with 55-66% of hemea being

pH Dependence of the Apparent Lifetiméhe branched  reduced. These results are consistent with our previously
scheme puts the pH dependence of the apparent lifetimeseported value of~2.0, which was based both on spectral
and the microscopic rates into a new perspective. The changes in the visible region, where heabsorbs strongly
microscopic rates of the early steps in the branched scheme(14), and on spectral changes in the near-infrared region,
including the decay of compourfd, do not depend on pH,  where Cy absorption is dominanig). In a recent resonance
which is consistent with the pH independence of the first Raman study, the oxidation state of heen&as monitored
three experimental apparent lifetimels7(36, 38, 39). The during the dioxygen reduction and the results were reported
pH dependence of the last two apparent lifetimes is inter- to be inconsistent with our previously reported equilibrium
preted differently in the branched versus the unidirectional constant o~2.0 (10). The transient plateau observed in the
sequential scheme. The fourth apparent lifetime-(3@0us) time dependence of the scattering signal at 1518'cm
is particularly interesting in this respect because it is linked frequency assigned to the reduced heaneorresponded to
to different steps in the branched scheme at different pH approximately 70% hema being oxidized on time scales
values. At pH 6.2, this apparent lifetime is somewhat below between 100 and 10Q@s. This was interpreted in terms of
100us and is associated with the slow decay of compound an equilibrium constant of 0.5, which is clearly different from
A. At pH 7.5, this lifetime is close to 10@s and corresponds  our reported value of 1.4-2.0 (refg and15 and this work).
to the decay of bottA and P. At pH 8.5, this lifetime is We believe the reason for this apparent discrepancy arises
somewhat longer than 2@ and is determined by the decay from the misinterpretation of the resonance Raman result,
of P. Thus, in terms of the branched scheme, this apparentwhere the transient plateau was identified as the establish-
rate has a physically meaningful pH dependence only in the ment of the equilibrium statel(). The simulated time
alkaline range, where it monitors the decayPofln terms dependence of the oxidized fraction of heeat pH 7.5 in
of the unidirectional sequential scheme, this apparent lifetime Figure 15 ) shows that at the plateat+60% of hemea is
was assigned to a single molecular process and its pHoxidized between 100 and 100, close to that reported
dependence was explained by the titration of a group with a by Han et al. {0). More importantly, the simulated time
pK of 8—8.5 (38). This example clearly illustrates that dependence of hema shows that equilibrium is never
molecular interpretations of kinetics are always intimately established. The plateau in the curve represents a transient
connected to a particular scheme, and they are valid as longsteady state, resulting from two opposing events, the 30
as the scheme is correct. 40 us and 1.4 ms processes leading to the oxidized reeme

The pH dependence of the microscopic rates in the and the 10Q:s process leading to an equilibrated mixture of
branched scheme is easily understood. As already mentionedreduced and oxidized henge Note that approximately the
the transition fromP to F is favored at low pH, which is  same curve is produced whether we use the sequential model
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Ficure 14: (a) Time-dependent concentration profiles of the
intermediates of a unidirectional sequential scheme at pH 7.5. (b)
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Multiple Ferryl States?The spectrum of intermediate
extracted on the basis of a unidirectional sequential scheme
can be reproduced by the spectrum of the ferryl state with
hemea and Cuy in different proportions depending on pH
(17). Moreover, at pH 8.5, a minor contribution &f was
required to adequately model the spectrum. In our derivation
of the branched scheme, we assumed that there was only
one ferryl state of the binuclear center and that the differences
betweerF, andF, were due to the different oxidation states
of hemea and Cu in the two forms. An alternative to this
hypothesis is that there is an early ferryl std&g,which is
practically isospectral with the subsequéntndF, states,
but with a different protein conformation. Multiple almost
isospectraF states have been reported previoudly, (21,

22, 39, 44).

If the step betweelfro and F, were reversible, then this
alternative scheme could not be distinguished from the
branched scheme (Scheme 1) by absorption spectroscopy.
The two spectrally identical and interconverting intermediates
in the alternative schemEg andF,, would together represent
theF, form in Scheme 1. However, an irreversible step from
Fo to F; would result in a new kinetic scheme that could be
distinguished from Scheme 1. It is consistent with the
experimental data only if thE, andF, forms are in a fast,
kinetically unresolved equilibrium. In this case, the inter-
mediate containing the unresolved mixture of Fh@ndF
forms would be equivalent tént5 of the unidirectional

Time-dependent concentration profiles of the intermediates in the sequential model. The microscopic rate of its formation

branched scheme. The isospectral intermediates in the two branchesgvould be the sum of the two microscopic rates observed in
are combined. Intermediatkis the putativePg.
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Ficure 15: Simulated time dependence of the oxidized fraction
of hemea at pH 7.5 ). An equilibrium constant for the electron
transfer between hermseand Cw (k—n/ky—;) of 2.0 was used1(,

12). Simulated time dependence of the oxidized fraction of heme
a at pH 7.5 if the step involving the oxidation of heraewith a

1.4 ms lifetime is omitted — —). The horizontal dashed line
represents the level of oxidized hemd the equilibrium between

F, andF, was reached.

as we did in our earlier work1ld) or the more complex

104 108 102
Time, s

the branched scheme (Scheme 1) for the reversible step
betweenF, and F,. Obviously, an alternative scheme
involving Fo, in addition toF, andF,;, does not allow any?

form to be present at late times, and therefore reproduces
the experimental data at pH 8.5 only approximately. In all
other aspects, this modification of our proposed branched
scheme cannot be rejected on the basis of our absorption
data.

Experimental Predictions Based on the Branched Model.
The branched scheme has a number of remarkable features.
The most important one is, perhaps, that the kinetics can be
described quantitatively by known forms of the enzyme,
which can be generated on the bench. Interpreting the kinetics
by a sequential scheme and identifying the intermediates with
one of the known forms does not go beyond qualitative
agreement, which could be observed only in the visible
region (Figure 4 of refl7). The branched scheme is also
consistent with a variety of observations, enumerated below.

(1) Absence oP in Time-Resaled Resonance Raman
ExperimentsThe assignment of the fourth sequential inter-
mediate generated during the dioxygen reductionRcstate
has been controversial. In optical studies, a process is
observed on a time scale of -3@0 us, following the decay
of compoundA and long before the observation of the ferryl
form at 580 nm 4, 6, 13, 14, 45). On the other hand, both
Babcock and co-workers and Rousseau’s group have not

branched scheme (Figure 15) because the latter reproducebeen able to detect the 804 chnesonance Raman frequency,

the intermediates of the former. It is quite clear that the
transient plateau in this curve is well above the equilibrium
line (Figure 15) which would only be reached if there were
no further oxidation of hema with the 1.4 ms apparent

lifetime.

characteristic of th®y, on this time scale9; 10). Kitagawa
and co-workers also failed to identify the 805 chband
assigned to thé® form in their time-resolved resonance
studies on the reaction of the reduced cytochrdroevith
O, (46).
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These apparently conflicting results can be resolved within ~ Morgan et al. also provided EPR evidence for the presence
the context of the branched scheme. The concentrationof the P intermediate when the fully reduced enzyme reacts
profiles of the intermediates of a unidirectional sequential with O, (49); however, the quantitation of the EPR signal
scheme clearly show a substantial amount of the presumedwvas not reported. These results are not at odds with our
“peroxy” form present Ifit<4 in Figure 14a), and there is  results which show that the form is indeed formed, but is
seemingly no reason this form could not be detected in flow- only one component of three making up intermediéte
flash resonance Raman experiments on the fully reduced (3) The Branched Scheme Is Consistent wikta-F pH-
enzyme. However, when the time-dependent concentrationDependent TransitianFabian and Palmer have recently
profiles of the intermediates in the branched scheme areshown that theP formed at high pH decays to tte form
inspected (Figure 14b), it is clear that very little of the P when the pH is reduced, suggesting thatPHe-F transition
form is actually present and its detection in resonance Ramanis associated with the uptake of a prot@3); Our branched
experiments, particularly at pH 6.2, would be a formidable scheme is consistent with this finding because the micro-
task. Note that the mixture of reaction products which scopic rate of th@-to-F transition is the most pH-dependent
accumulates during the reaction process and is representedne, and it increases sharply at lower pH values.
by the time-concentration profiles is determined entirely by (4) The Branched Model Reproduces the gORate of
the rate constants in the reaction scheme and has no direcElectric Exchange between heme a andaClhe kinetic
relation to the spectral composition of the individual separation of thés, and F, forms is another remarkable
intermediates. Thus, in general, the mixture of the reaction feature of the branched scheme. When previous flow-flash
products generated at any time delay does not providedata have been analyzed using a unidirectional sequential
information regarding the composition of the intermediates. mechanism, the rate of electron transfer between reeamel

(2) Resolution of the Spectral Discrepancy betw®gn Cua was not resolved3=6, 13, 14). In the context of the
and Intermediatel (Pr). The branched scheme resolves the sequential scheme, tHg and F, forms were assigned to
spectral discrepancy betwe@&y and intermediatel (Pg) Ints5 with an unresolved fast equilibrium between them
(16) by allowing partial formation of thé= form in one which was observed with the same apparent lifetime, 100
branch and retaining tHe-to-F reversible transition sequence us at pH 7.5, seen for the conversionRoto F (14, 17).
in the other branch. The scheme is thus consistent with theHowever, the sum of the microscopic rates of the reversible
early observations of Wikstro that theP form can be step betweef, andF; in the branched scheme (Tables4)
detected in mitochondria during reverse electron flei, ( provides a lifetime of~50 us, which is surprisingly close
48). to the values observed upon photolysis of the two- and three-

Although we were aware of the spectral differences electron-reduced CO-bound enzymid, (12, 35—37). Note
betweerPy and the putativ®r earlier (L3, 14, 16), we were that we did not make any special effort to ensure this
unable to provide a satisfactory explanation for them. In our agreement; we only restricted the ratios of these microscopic
previous publicationsl3, 14), we explained the discrepancy rates in accordance with the compositionliof5.
in terms of simple branches; however, these models did not The above discussion clearly shows that the branched
provide the required spectral agreement between experimenscheme is consistent with a variety of experimental observa-
tal sequential intermediaté and the model spectra. At the tions. We expect that time-resolved resonance Raman and
time, we were unable to analyze the more complex problem time-resolved infrared experiments on the reaction of the
of converting an extended branched model into an equivalentfully reduced enzyme with ©over a wide pH and temper-
simple scheme, which is necessary to understand the originature range will provide more insight into the physical origin
of the intermediates in the simple unidirectional sequential of the branches and will narrow the range of possibilities
scheme used previously by us and others. considered here. Site-directed mutagenesis of crucial residues

Morgan et al. have reported that the spectraPgfand in the D- and K-proton transfer pathways might also shift
the putativePg are identical on the basis of optical studies the equilibrium between the two branches and provide
at low temperatures4Q). The reason for the difference information regarding the role of specific amino acid residues
between their data and ours was discussed in our recent papein the branched pathway model. Interestingly, site-directed
(16) and will not be discussed here in detalil. In short, because mutagenesis of Ser(l-299) iRhodobacter sphaeroides
their double-difference spectra (the difference between thewhich is at the entry point of the K-proton transfer pathway,
kinetic components associated with the decay of compoundshows that formation of the putatiier intermediate and
A in the fully reduced and the mixed-valence enzyme) are the oxidation of heme are not observed, and that tie
dominated by the large spectral change associated with thentermediate decays directly # at about the same rate as
oxidation of hemea, important deviations that can be in the wild-type enzyme50). This suggests that that the
observed upon a direct comparison of the spectra of branch may be inhibited in these mutants.
intermediate4 (Pr) andPy as in our studiesl) may not Origins of the Branched Pathway®ur studies of the
be observed. Moreover, the optical spectra of Morgan et al. reaction of the fully reduced enzyme with dioxygen at
(49) were recorded at 90 °C, while our data were recorded different pH values have revealed heretofore unexpected
at room temperature. It is not unlikely that the relative complexity which is inconsistent with the conventionally
populations of the two branches may be affected by tem- unidirectional sequential pathwaR{ — R — A — “Pg”
perature, which could provide an explanation for the differ- — F — O). Rather, the reaction appears to follow a branched
ence between the two studies; i.e., at low temperatures, mostmechanism, with the rate of exchange between the two
of the molecules may go through the branch. Further  branches being pH-dependent. The two branches most likely
studies over a large temperature range should help resolvearise from different ligand or protein conformers, with
the differences between the two studies. different accessibility of proton donors to the binuclear
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center. Multiple ligand conformers have been observed in (Scheme 1a) or whether the two branches have a common
the IR, FTIR, and resonance Raman spectra of heme-coppeprigin and branch into the two pathways at eitR&r(Scheme
oxidases from various species, when CO is bound to hemelb) orR (Scheme 1c). If the photolysis of CO and subsequent
az and following its photodissociation and binding togCu  binding of CO to Cyg lead to a carboxyl acid residue in two
(51-60). These conformers have also been observed in thedifferent conformational states, two isospectR states
CO-FTIR spectra of mitochondrial membranég, (52, 61) would be observed (Scheme 1a). It is also possible that the
and intact plasma membrane®?). The CO-FTIR experi-  two conformations arise during:®inding to Cy or heme
ments have indicated that the conformers interconvert rapidly as, in which case the two pathways would branchRat
(53, 63) and therefore cannot be isolated as structurally (Scheme 1c). Regardless, the two pathways (branches) have
different conformers. Thus, while the nature of these distinct hemeas—O, intermediatesAp andAg, respectively,
conformers is unknown, the conformers appear to be awhich are isospectral but kinetically not equivalent. A
characteristic of the enzyme, and not an artifact due to conformational change in an amino acid located some
removal of the enzyme from the membrane or isolation distance from the binuclear center could significantly affect
procedure. Multiple pH- and temperature-dependent rapidly the kinetics of electron and/or proton transfer, without
interconverting CO and ©Oconformers have also been significantly affecting the spectral properties.
reported for hemoglobin and myoglobi64 65). For both the slowr/fast+ and fastP/slow-F alternatives,

The two pathways may result from different conformations the majority of the molecules go through the slow branch.
of protonated amino acid(s) in response to ligand state The fraction of molecules going through tRebranch for
changes. FTIR studies of fully reduced cytochrdmegfrom the slowP/fast+ scheme is 0.70.85, 0.5-0.75, and 0.6
Escherichia coliat cryogenic temperatures have shown that 0.7 at pH 6.2, 7.5, and 8.5, respectively, which indicates that
binding of CO to Cy following CO photolysis from heme  a slightly higher fraction of molecules go through the slower
03 is associated with changes in the environment around branch at the lower pH. Almost identical values were
glutamic acid 242, E242 (bovine heart oxidase numbering), obtained for the number of molecules going through Ehe
in the D-pathway§6), a critical conserved residue in subunit branch in the fask/slow-F branched scheme. A stronger
I. Recent FTIR studie$@) and time-resolved step-scan FTIR pH dependence is observed for the conversiof @b F,
studies on the bovine heart enzynt,(68) have shown a  wherekpris more than 10 times larger at pH 6.2 than at pH
similar or the same spectroscopic perturbation in bovine heart8.5 to reflect the larger percentage Bfat the lower pH.
cytochrome oxidase at20°C, 9°C, and room temperature.  The proton required for the formation Bfmay come from

FTIR data indicate that E242 is fully protonated in the E242 in the appropriate conformation, while in a different
reduced and CO-bound forms of the enzyré6, 69), and conformation, this process cannot occur. Mutations of residue
the changes in the environment of E242 observed in FTIR E242 have been shown to affect several steps in the catalytic
upon photodissociation of CO from herag(hemeos) and cycle, including the conversion of the putatiPg to F and
its subsequent binding to @have been interpreted in terms  F to O (40, 43, 73, 76).
of hydrogen-bonded connectivity between E242 ang Cu  Branched pathways have been proposed previously on the
(66). The proton conduction or proton shuttling from E242 basis of time-resolved resonance Raman studies of the
to the binuclear center has been suggested to involve areaction of the fully reduced cytochrome oxidase with
conformational isomerization of the side chain of this amino dioxygen (, 10, 77), but detailed kinetic and spectral analysis
acid @, 70—73), which has been proposed to be important has been lacking. These schemes usually involve a branch
in the proton translocation mechanism of the enzy8® (  for the formation of the peroxy intermediate in the mixed-
70). The two-branch model may therefore represent two valence enzymeRy) and another one for the formation of
similar energy conformations of the gaCO-bound or the the putativePgr intermediate in the reduced enzyme. As
hemeas—0O,-bound enzyme which differ with respect to the discussed above, neither the East Lansing group nor the Bell
orientation of the side chain of E242, 72). Interestingly, group has observed the 804 chP species in flow-flash
FTIR H—D exchange experiments by Rich and co-workers time-resolved resonance Raman experiments on the fully
(59) have provided evidence for the perturbation of at least reduced enzyme9( 10). Both groups have suggested that
two carboxylic acid residues or the same residue in different the P intermediate is not populated to a great extent in the
environments following photodissociation of CO from heme flow-flash experiments on the fully reduced enzyriigl(0),
as. These findings have been supported by time-resolvedwhich is consistent with the concentration profiles of the
step-scan FTIR experimen®8), which furthermore showed intermediates in the branched scheme (Figure 14b), but
that the perturbation in the carboxyl region upon light- inconsistent with the profiles for the unidirectional sequential
induced dissociation of CO from hensg and ligation to scheme (Figure 14a). Han et allQf have also recently
Cug persisted well beyond the time scale for the dissociation reported that the oxoferryl mode at 786 ¢n(F) is observed
of CO from Cu. The two conformations could have different on the same or a similar time scale as the oxidation of heme
accessibilities to protons or have different abilities to a. These results are consistent with our observations that the
compensate for protonation and/or deprotonation or electronF intermediate is indeed a component of intermediate
transfer events at the binuclear center. Another possiblepresent in the unidirectional sequential mechanism. Thus,
amino acid that might be affected by conformational changes our branched pathway model provides experimental support
at the binuclear center is the cross-linked tyrosine, which for many of the previous time-resolved resonance Raman
has been proposed to act as a proton and electron donor uponbservations.
breaking of the dioxygen bond 4, 33, 74, 75). Reaction of the Oxidized Enzyme witk(d Also Follows

At What Step Does the Branching Occé®noted earlier, a Branched PathwayThe reaction of fully reduced cyto-
it is unclear whether the branching occurs upon photolysis chrome oxidase with ©shows interesting parallels with the
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reaction of the oxidized enzyme with,68,. The latter
reaction has been reported to produce predominahtiy
high pH andF at low pH (18—24). The reactions of KD,
with oxidized cytochroméo; from E. coli (21, 78) and with
bovine heart cytochrome oxidas22} both provide strong

Biochemistry, Vol. 42, No. 17, 2005089

scenario would require an equilibrium betwegp and Ar
on a time scale similar to that of the decay/f to P. In
the fully reduced enzyme, the time scale of the decaof
to P is either 30 or 10Q«s, and therefore may preclude the
detection of the equilibrium betweeke and Ar.

evidence for a pH-dependent branching mechanism at either

the P state R1, 78) or the oxidized state2@) and the
formation of two oxyferryl forms. Pecoraro et al24)
recently reported that at high pH (8.5), the reaction of
oxidized cytochrome oxidase froRhodobacter sphaeroides
with H,O, produces an intermediate that is a mixture of the
607 nmP form and the 580 nni form, while at acidic pH
(6.5), only anF intermediate <575 nm) was observed. A

CONCLUSIONS

Our data suggest that the spectrum of the putative
intermediatePr state is a pH-dependent superposition of
three spectra correspondingAq P, andF (17). At alkaline
pH, all three forms are present, while at more acidic pH, the
formation ofF is favored oveP. Our mathematical modeling
in terms of a branched mechanism accounts for these

pH-dependent branched pathway was proposed that inV°|Veq‘indings.

the formation ofP and the subsequent formationfin the

alkaline branch and the formation of a secénfibrm in the

acidic branch Z4). Mutation of the critical lysine 362
indicated that the formation of thE form at acidic pH

required proton uptake through the K chanrizf)(

The branched scheme, as any other kinetic scheme, is a
simplified description of the many temporal changes occur-
ring in a multistep chemical reaction. A valid kinetic scheme
is consistent with the experimental observations but does not
exclude other interpretations; in other words, a kinetic

Both the branched scheme reported here and the branchedcheme cannot be proven. To address the question of

reaction scheme reported for the reaction of cytochrome
oxidase with HO, (21, 22, 24, 78) involve the formation of
P in one branch and- in the other. Thus, branching

uniqueness, we introduced from the start both the $fw-
fast+ and fastP/slow-F alternative versions, showing the
range of microscopic rates consistent with the experimental

mechanisms could be a more general property of the enzymedata. The novel algebraic procedure presented here allows
than previously thought. The two reactions of course differ us to see the contribution of each step to the global kinetic
with respect to the branching point. In the reaction of the picture as well as to each of the components of the global

enzyme with HO,, the branching point is the oxidize@Z,

24) or P state R2), while in the reaction of the reduced
enzyme with dioxygen, the branching point precedes the
formation of the two isospectralr and Ar intermediates.
This probably indicates different physical origins of the two
branches in the two different reactions. Also, two ferfy) (
species are proposed for the reaction of oxidase wib,H
while our branched scheme includes only one ferryl.
Although our data modeling does not require or resolve
spectrally similar but nonidentical oxyferryl forms, we cannot
exclude this possibility. If two spectrally similar ferryl forms

exponential fit. It also allows us to evaluate the effects of
close reaction rates and isospectral forms on the kinetic data
of cytochrome oxidase. Further experimental evidence may
favor one version or the other and narrow the rangd of
values and microscopic rates. However, we believe that the
mechanism of branched pathways remains the basis for future
interpretations. In our best judgment, this mechanism is the
most consistent with the current information on the reduction
of dioxygen to water by the fully reduced enzyme. Our
mathematical approach can now be extended to other
biological systems where the complexity is greater than what

were indeed generated during the reaction of the reducedcan be described by a simple unidirectional sequential

enzyme with @, our scheme would become more complex
and more similar to that proposed for the reaction of the
oxidized enzyme with kD, (22, 24). Finally, the P form
generated during the reaction of,® with cytochrome
oxidase is slowly converted to tikeform upon proton uptake
(22—24), while the conversion oP to F is fast during the
reduction of dioxygen to water. The differences between the
two results most likely arise from the extra electron in the
reduced enzyme, which possibly converts the neutral tyrosine
radical inPy to tyrosinate.

Pw Is Formed through a Sequential Unidirectional Mech-
anism.In the flow-flash reaction of dioxygen with the mixed-
valence enzyme, th@y intermediate is observed as the final
product (L6); i.e., the formation ofPy follows a unidirec-

tional sequential mechanism and not a branched pathway

(16). One explanation for this is that the protein conformers
present in the fully reduced enzyme are linked to the redox
state of hemea. This is supported by FTIR studies which

have shown spectral changes in the carboxyl residue region 10.

(attributed to E242) with a change in the redox state of heme
a (79—-81). Alternatively, bothAp andAr could be present

in the mixed-valence enzyme, witk not being converted

to F because of the lack of the availability of a proton. This

mechanism.
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