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Amplitude Analysis of Single-Wavelength Time-Dependent Absorption Data Does
Not Support the Conventional Sequential Mechanism for the Reduction of
Dioxygen to Water Catalyzed by Bovine Heart Cytochroen@xidasé
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ABSTRACT: The reactions of fully reduced and mixed-valence bovine heart cytochcoox@ase with
dioxygen have been reinvestigated in the absence and presence of metal fondN{Zn and Cd") by
time-resolved optical absorption spectroscopy using the CO flow-flash technique. The time-resolved data
were recorded on a microsecond to millisecond time scale at 442, 610, and 820 nm and subjected to
guantitative amplitude analysis based on a conventional unidirectional sequential mechanism. The
amplitudes of the sequential intermediates are derived from the absorbance changes associated with the
different exponentials and from the kinetic equations of the sequential scheme. The general relationship
between the pre-exponential factors and the absorbance of the successive intermediates in the sequential
scheme is presented. A comparison of the experimental amplitudes of the individual intermediates with
the model amplitudes at the three wavelengths indicates that the low spirahisiimeompletely oxidized

during the formation of the sequentky intermediatePr 5). The conversion of the sequentiaintermediate

to the oxidized enzyme occurs on two millisecond time scales. The amplitude analysis of the single-
wavelength data does not support the conventional sequential mechanism for the reduction of dioxygen
to water catalyzed by cytochronteoxidase.

Cytochrome oxidase catalyzes the reduction of dioxygen Proton uptake studies have shown that two of the four
to water and couples this reaction to the transfer of protons scalar protons necessary for converting dioxygen to water
across the mitochondrial or bacterial membramg This are taken up with the rates of th& <to-Fs and F«t0-Og
generates an electrochemical proton gradient, which is usedransitions 26—29). The other two protons most likely arise
to drive ATP synthesis by ATP synthase (for reviews, see from internal proton donors in the reduced enzyme, which
refs 2—4). are protonated during the reduction of the oxidized enzyme

It is generally believed that the reduction of dioxygen to (30, 31). Two proton channels, the D-pathway and the
water by fully reduced cytochromeoxidase involves five K-pathway, have been identified in hemeopper oxidases
intermediates: the reduced enzynR)(* the dioxygen- (32—34). The D-pathway has been proposed to be respon-
bound form Ar s (compoundA), the so-called “peroxy” form
(Pr.9), the oxy-ferryl form (Fs), and the oxidized formds) 1 Abbreviations: a®*, oxidized low-spin heme; a?", reduced low-

(2, 3, 5). The subscripts refers to intermediates that are SPin Eemea; a(a:?’ﬂ og_idizeid high-SFc’ji” hlemes; ag?t, regucedthigf&-
. . . . . n hemeag; , Clear mixea-valence coppe center;
derived using the conventional sequential scheme, and Whlchitlg;opeIr B;ae,aﬁ)w_;gm g’;‘,’na a;y h'gmeaj; Rs, fully re%'tcgd Cytochﬁosmg

may or may not consist of a single chemical structure oxidase intermediate postulated by the conventional sequential mech-
(species) with unique spectral features. In the conventionalanism;Ru, mixed-valence cytochrome oxidase, with the binuclear

unidirectional sequential mechanism, these intermediates ar%ieor;(t%erﬁdc%cniglgggfhﬁggdAﬁucgﬁ']%'éﬁﬂag%rpﬁ]%“;ﬁége_c;ﬁ_ce

9?”?ra||y QonneCted via irreversible steps, although the enzymeAg . dioxygen-bound ferrous henagintermediate postulated
binding of dioxygen to the reduced enzyme has been reportedoy the conventional sequential mechanigtp;‘peroxy” form of the

to be reversible 3, 6—10). Transient optical absorption &nzyme generated on the bench in which hembas an absorption

ts h ided inf fi bout the kineti maximum at~607 nm when referenced against its oxidized stag;
measurements have provided information about the KineticS«yeroxy” intermediate 4*—=0?~ Cue?*—OH- (Tyr0r) &% Cun?']

of the electron and proton transfer steps¥, 11—16), while formed at the binuclear center during the reaction of the mixed-valence
time-resolved resonance Raman experiments have yieldedenzyme with dioxygenPrs, “peroxy” intermediate postulated by the

; : ; : conventional sequential mechanisfg, species with a redox state
useful information about the structures of the intermediates [ =07 Cup?' ~OH- (Tyr0-) a®* Cus*] and a spectrum equivalent

(8, 17—20). Low-temperature optical absorption studi2s, ( to that of Py, corrected for the redox state of GUF, oxy—ferryl form
22) and EPR measurement23(-25) have also provided of the enzyme generated on the bench in which heméas an
important information about some of the transient intermedi- aPsorption maximum a¢580 nm when referenced against its oxidized
ates sta_te;Fl, Fin _Whlch hemeais o>_(|d|zz_ed_ and Cp is rc_educ_edFu, F in
: which hemea is reduced and Guis oxidized;Os, oxidized intermediate

postulated by the conventional sequential mechanismxy—ferryl

T This work was supported by National Institutes of Health Grant intermediate postulated by the conventional sequential mechanism;
GM 53788. SVD, singular-value decompositioly; value, pre-exponential factor
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sible for the uptake of both scalar and translocated protonstudes. Kinetic analysis of the data in terms of a conventional

during the oxidation of the enzyme by dioxyge3b{-37), sequential mechanism and calculation of the amplitudes of
while proton uptake during the reduction of the oxidized individual intermediates at different wavelengths are pre-
enzyme has been associated with the K-pathva®y 38— sented. A comparison of the experimental amplitudes of the
40). individual intermediates at three different wavelengths with

Additional insight into the role of the proton transfer the model amplitudes indicates that the oxidation of the low-
pathways can be obtained by inhibiting proton uptake through spin hemea both in the presence and in the absence of metal
either of these pathways. Zninhibition of bovine heart ions is incomplete during the formation &ks and also
cytochromec oxidase reconstituted into liposomes) and occurs on a 108200us time scale. The conversion 6§ to
reconstitutedEscherichia coli bg oxidase 42) has been  the oxidized enzyme occurs on two millisecond time scales.
reported, and Z# was recently shown to uncouple electron We show that the sequential model can be tested and
transfer and proton translocation in reconstituted cytochromeevaluated quantitatively using concepts from a traditional
oxidase fromParacoccus denitrifican$43). Mills and co- kinetic approach.
workers also found the reconstitutBthodobacter sphaeroi-
desenzyme to be strongly inhibited by Znin the presence MATERIALS AND METHODS
of a membrane potentiafl{). Sample PreparationCytochromec oxidase was isolated

Zinc ions have recently been shown to inhibit the oxidation from bovine hearts according to the method of Yoshikawa
of isolatedR. sphaeroidesytochrome oxidase by dioxygen et al. 65 with a minor modification. The first cholate
(45, 46). While the rates of the formation and decay of the precipitation was increased from 3.2 to 3.8%, and the
Fsintermediate in the flow-flash experiments were decreasedsubsequent ammonium sulfate fractionations were at 33 and
by a factor of approximately 2 or 3 in the presence ot’Zn  60%. The relevant spectroscopic ratios were as follows:
proton uptake through the D-pathway duriRgformation AsaagedtAazoox) = 1.3, AsaagedfPazored) = 2.3, andAsosedf
was found to be slowed by a factor 820 (46). Zn?* has Asggiox) = 2.2. The final precipitate was dissolved in 50 mM
also been shown to reversibly inhibit proton uptake in several HEPES-KOH (pH 7.5) and 0.1%-b-dodecyl maltoside and
membrane-bound enzymes, including bacterial photosyn-dialyzed against the same buffer overnight. To remove
thetic reaction centerst{—49), the bc; complex @7, 50), residual phosphate used during the isolation procedure, the
and voltage-gated proton channeld)( enzyme solution was passed through a G-75 Sephadex

The molecular interpretation of previous transient optical column, equilibrated in 50 mM HEPES-KOH (pH 7.5) and
absorption data in terms of the coupling between electron 0.1% j-p-dodecyl maltoside. The enzyme solution was
transfer and proton uptake through the two proton pathwayssubsequently passed through a CM-Sepharose cationic
in cytochromec oxidase has generally been based on the exchange column, equilibrated in the same buffer, to
conventional sequential scheme. The sequence and kineticgliminate any residual metal ions. The reduced enzyme was
of individual steps are primarily derived from multiexpo- formed by the addition of sodium ascorbate and ruthenium
nential fits to time-dependent absorption data recorded athexammine to an anaerobic solution of the oxidized enzyme.
single wavelengths during the oxidation of the reduced Subsequent exposure to CO formed the reduced CO-bound
enzyme by dioxygen and from the assignment of a few enzyme. The cytochrome oxidase concentration, which
characteristic absorbance changes to specific intermediategquals half the heme A concentration, was determined
(7,9, 12, 13). Intermediate absorbance amplitudes have also spectrophotometrically using extinction coefficients of 159.2
been estimated from the simulation of the absorbance mM~!cm™ at 420 nm for the fully oxidized enzyme and
changes occurring when the reduced enzyme reacts with212.8 mM* cm™! at 444 nm for the reduced enzyntety.
dioxygen Q). However, there has been no direct calculation ~ Absorption MeasurementsThe reaction of the fully
of the amplitudes of the sequential intermediates based onreduced enzyme with dioxygen was carried out using the
the results of the multiexponential fits, which would allow flow-flash method %7, 58) as previously describe&9). The
a straightforward testing of the unidirectional sequential reaction was monitored in the absence of metal ions and in
scheme. the presence of 300M Zn?t, Cc?*, and NP" at pH 7.5.

Recently, we questioned the general validity of the Briefly, the fully reduced CO-bound enzyme was mixed with
unidirectional sequential mechanism based on discrepancie®,-saturated buffer in a 1:1 ratio in a 10 flow cell
observed at different pH values between the spectral shapesnterfaced with a laser photolysis system. The reaction of
of the experimentaPrs intermediate and the postulated the reduced enzyme with dioxygen was monitored at 442,
model spectrum, generated by exposing the oxidized enzyme610, and 820 nm using a tungsten lamp. Interference filters
to a mixture of CO and ©(52, 53). The latter is identical to  at 442 and 610 nm and a 650 nm high-pass filter were used
that of Py formed during the reaction of the mixed-valence to restrict the probe light passing through the sample to the
enzyme with dioxygend4). In particular, some of the steps  appropriate wavelength. The transmitted beam was passed
proposed in our alternative mechaniss,(53) may involve through a monochromator and a matching interference or
internal proton transfer, which could be influenced by the cutoff filter to reduce the signal from laser scattering. The
presence of Z#f and other ions, thus leading to more signals were detected by a photodiode at 820 nm and a
pronounced deviations in the kinetics from the conventional photomultiplier at 610 and 442 nm, and were recorded with
sequential model. a 500 MHz digital oscilloscope (Le Croy 9350AM). Each

In this study, we reinvestigated the oxidation of cyto- kinetic trace was an average of 40 scans. The laser artifacts,
chrome oxidase by dioxygen in the absence and presence ofhich decayed with the instrument response time (is3
metal ions. We used single-wavelength detection in combi- for the photodiode and 2/s for the photomultiplier), were
nation with a quantitative derivation of absorbance ampli- removed from the signals by deconvolution or by a simple
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exponential fitting to the early microsecond time points. The the algebraic method), where the first row contains the factors
time-dependent signals were converted to a logarithmic timethat appear in the expression for the first intermediate
scale. Each decade in the logarithmic time window was concentration [K], the second row those for the second
divided into 100 segments, and the data points in eachintermediate concentration [L], etc.

segment were averaged to give a single point. The corrected

absorbance traces were fitted globally to a sum of exponen- wy, 0 0 O

tials. The earliest time points<(L0 us) were smoothed and w = Wer W2 0 O

weighted when it was required for increased accuracy of the Wi Wi Wi O

fit to the rest of the curve. The fitting and all other Wy, Wy Wy Wy

calculations were carried out with programs written in Matlab

(The Mathworks, |nC.). Whererl = Wyq = Cp, Wp1 = _Cokll(kl - kz), Woo = Cokll(kl

The model spectra of the individual intermediates are linear — ko), Ws1 = Cokako/[(ki — kz)(ki — ks)], etc., as given by the
combinations of ground-state spectra of the oxidized, re- known solution to the differential equatiorgs.is the initial
duced, mixed-valence CO, and fully reduced CO enzyme, concentration. Since [KE& 0)] = [N(t = )] = ¢p and [L(t
the oxidized spectrum of GU60), and the spectra & and =0)]=[M(t=0)] =[N(t=0)]=[K(t=w)] =[L(t=
F, prepared as previously describegl) )] = [M(t = )] = 0, the following relationships hold:

Calculation of the Amplitudes of the Sequential Intermedi- Wa1 + W2 = 0, Wa1 + Wao + Waz = 0, Way + Wao + Was +
ates.The analysis of the reaction kinetics presented here iswss = 0. Note that each column of th& matrix contains
based on the assumption of first-order kinetics, where the the pre-exponential factors that belong to the same expo-
time-dependent concentration of intermediates can be de-nential in the time-dependent concentration functions for the

scribed by a sum of exponential functions: different intermediates.
In practice, the time dependence is measured at a limited
At) = b, exp(=kgt) + b, exp(=kyt) + number of time pointsr), and the time variable and the
by exp(—kst) + ... + b,y (1) continuous functions of the concentrations should be replaced
by a discrete time vector and a concentration vector of length
Neither the apparent rate nor the kinetic amplitudd; in n, respectively.

the exponential fit has a direct physical meaning, but both  The four concentration vectork (-N) of the intermediates

are mathematical abstractions. To convert them into micro- can be arranged in a matrix form and can be represented as
scopic rate constants and intermediate absorbances, we must product of two matrices:

propose a reaction scheme. Below we describe the theoretical

treatment of unidirectional sequential schemes using a four-|{K | |wy, 0 0 0 exp(-kt)

intermediate sequence: Li_[wa wa 0 01 fexp(=k,t)
M|~ Wy Wy, Wy 0 exp(—k,t)
K ﬁ» L E» M E» N N Wa Wi Wi Wy exp(—k,t)
C w T
The time-dependent change in the intermediate concentra-
tions can be described by a set of linear first-order differential
X C=WxT ()
equations:
_ _ . _ _ . whereC andT are 4x n matrices andV is a 4 x 4 matrix.
d[K}dt =k, [K]; d[L]/c?t KolL] = KqlK] The intermediate concentrations cannot be measured
—d[MJ/dt = Kk;[M] — k[L]; —d[N]/dt = —k;[M] directly. Instead, the total absorbance change, which includes

contributions from each intermediate, is measured. The
bsorbance vector for our sequential kinetic modelsdes
an be written as a sum of four vectors:

Solving the differential equations provides the time-
dependent concentration of each intermediate as a sum o
exponential functions:

Anoder= €kK + € L +eyM + yN 3)

[K] = co exp(=k;t)
whereeg, €., em, andey are the extinction coefficients of

[L] = col—ki/(ky — k;) exp(=kyt) + the four intermediates at the selected wavelength. These can
k. /(k; — ky) exp(=kyt)] be represented as a single-row matix= [ex €. em en]).
On the basis of eq 2\mogel CaN be written as
[M] = CO[klkZI(kl - k2)(k1 - k3) eXp(_klt) - Amode|: exC=exWxT (4)
kiko/ (kg — ko) (K, — kg) exp(=kst) +
kK Ko/ (K, — K3)(k, — Ks) exp(—Kkst)] The experimentally observed time dependence of the
absorbance at the particular wavelength,y, is fitted to a
[N] = col—koka/(k; — k)(k; — ks) exp(—k,t) + sum of exponentials as already mentioned:
Kiky/(ky — ko) (ko — ko) exp(—ket) — Aexp= by EXp(kyt) + b, expkyt) + by exp(kgt) + by

kiko/(ky — Kg) (K, — Kg) exp(—kst) + 1]
This equation can be written in a matrix form as
The pre-exponential factors can be arranged in a matrix
W (called the eigenvector matrix of the kinetic matrix in Aep=B x T (5)
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whereB is a row vector composed of the pre-exponential IELRALLL BERELREELL B BN B
factors orb values (b1 b, bz bo]) and T is the familiar

e h . . Control —
exponential time matrix. Comparimmodel (€0 4) WithAexp 02 i Zn?* |
(eq 5), we find that the apparent rates from the multiexpo- i ca?* |
nential fits (eq 1) represent the microscopic rates in the ~ i NiZ* |
scheme and the intermediate amplitudesdre related to j
the kinetic amplitudesh(values): P 00~-a

B=exW (6) i
0.2

The exponential amplitudes from the experimental data
(b1, by, etc.) thus represent the sum of the absorbance -+ —

contributions of the intermediates as given by the product 0.02 b

of e and W matrices. The intermediate amplitudes for the Control
sequential scheme are calculated by carrying out a matrix Zn?*
inversion followed by a matrix multiplication, according to 0.00 cd?

Ni%*
e=BxwW! (7)

o

A Ag1o

For more complicated schemes, the analytical solution to the
differential equations can be difficult to find, and the

algebraic method for calculating intermediate amplitudes -0.04
should be used.

O
o
N
rrT [ rrrrrrrrrrr

RESULTS
0.012

Effect of ZA", Cc?*, and N#" on the Reaction of the Fully
Reduced Enzyme with Dioxygérhe oxidation of reduced
cytochrome oxidase by dioxygen was monitored at 442, 610, & ( oog
and 820 nm following photolysis of the fully reduced CO- <

bound enzyme in the absence and presence of metal ions. < Control

Figure 1 shows transient kinetic traces at the three wave- Zni: .
lengths in the absence of metal ions (blue) and in the presence 0.004 Cc;+ -
of Zn?* (red), Cd* (cyan), and Ni* (green). The data are Ni 1

displayed on a logarithmic time scale to better visualize
individual processes. It is clear that all three metal ions affect
the kinetics of cytochrome oxidase oxidation; the effects of 106 105 104 103 102
Zn*t and Cd* are similar, while the effect of Ni is ]

somewhat more pronounced. Time (s)

In our analysis, we assume that the kinetics follow Ficure 1: Transient absorbance changes taking place during the

exponential behavior; nonexponential kinetics such as dis- :ggﬂgggnc(g_%gézgecnoégpﬁitgt fg)loﬁgg(E)h%tf(l)ysa';é’f(é?%;g"zm

trlbutedklnetICS, Wh'Ch l‘equn‘e an entll’e|y d'ﬁerent and mOI’e The absorbance Changes are normalized and d|Sp|ayed on a
sophisticated mathematical treatment, are not consideredogarithmic time scale. The effective cytochrome oxidase concen-
here. The kinetic traces in Figure 1 were fitted with an tration (after photolysis) was 4,iM, The reaction was carried out

; ; ; ; in 50 mM HEPES-KOH buffer (pH 7.4) and 0.1%b-dodecyl
increasing number of exponentials. Figure 2 shows the maltoside at 24C and was monitored in the absence of metals

transient data rec_orded in the absence (left panels, blue)_ a”‘éblue, control) and the presence of 3ad Zn* (red), Cd* (cyan),
presence of Zt (right panels, red), and the four-exponential and N?* (green). Each kinetic trace represents the average of 40
(magenta) and five-exponential (green) fits to the data. The consecutive runs. The CO and E&ncentrations after mixing were

lifetimes from the four-exponential fit were 28 4 us, 35 ~500 and 62%M, respectively.

+ 5us, 95+ 10 us, and 1.6+ 0.2 ms in the absence of

Zn?t and 22+ 4 us, 43+ 5us, 250+ 20us, and 3.7 0.2 8.4+ 1 ms in the presence of Znh Similar lifetimes were
ms in the presence of Zh The errors were estimated based observed in the presence of €dand NP,

on experiment-to-experiment variation rather than from error ~ The lifetimes from the five-exponential fit in the absence
analysis of each data set. The lifetimes are in good agreementind presence of the three metal ions are listed in Table 1.
with previously reported valuegl§). The residuals (multi-  The shortest lifetime~+20 us) may be slightly increased by
plied by a factor of 2 in Figure 2) from the four-exponential the correction applied to remove the laser artifact. The 90
fit (magenta) clearly show significant structure on a mil- us lifetime is increased by a factor of-3 in the presence
lisecond time scale, which disappears when the data are fittecbf the metal ions, in agreement with previous studies by
with an additional millisecond lifetime (green residual). The Brzezinski and co-workers4p, 46). While the metal ions
five lifetimes were 23+ 4 us, 38+ 5 us, 90+ 10 us, produced small but variable effects on the 1.2 ms lifetime,
1.24 0.2 ms, and 3.9 0.4 ms in the absence of Znand the second millisecond lifetime~4 ms) is increased by a
224+ 4 us, 45+ 5 us, 190+ 20 us, 1.5+ 0.2 ms, and factor of 2 for all three metal ions. A lifetime of4 ms has
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FIGURE 2: Transient absorbance changes in the absence of metal ionsk{e) and in the presence of 30M Zn?* (d—f, red) and the
exponential fits to the data. The magenta and green curves represent four-exponential and five-exponential fits to the transient datg, respectivel
The residuals at the bottom of the panels represent the difference between the data and the four-exponential (magenta) and five-exponential
(green) fits. They have been multiplied by a factor of 2 for clarity.

sequential scheme with five proposed intermediates, which
ool 27" G N ool 27" Cd N allow us to test the sequential model quantitatively.

nes) 23 22 22 0wmms) 12 15 17 22 The reversibility of the binding of dloxyggn to the reduced

w2 (us) 38 45 43 40ws(ms) 39 84 7.6 86 enzyme has been reporteg] 6—10), but it is not included

3(us) 90 190 190 210 in Scheme 1 because the introduction of such a reversible
step does not affect our formal description of the kinetics or

been reported previously for electron transfer in the bovine the conclusion of our analysis. Using the approach outlined

enzyme in the absence of metal ior&2)( and biphasic in Materials and Methods, we derive the amplitudes of the

kinetics were observed for thE; — O transition inR. sequential intermediates from the absorbance changes as-

sphaeroidesit 445 nm at-10uM Zn?* (45). The additional ~ Sociated with the different exponentials and the kinetic

1.5 us lifetime observed in the Soret and visible regions in €quations of the sequential scheme. A good agreement
our multichannel studiesl6, 52) was not within the time ~ Petween the experimental amplitudes and the expected model

resolution of the single-wavelength detection system. amplitudes of the respective intermediates at the recorded
Application of the Kinetic Analysis to the Experimental Wavelengths would provide support for the sequential mech-

Data. The exponential fit to the transient data produces the nism. Inconsistency between those amplitudes would indi-

apparent rates and the corresponding amplitudes, the lattefate that the sequential mechanism is inadequate for de-

of which are also called pre-exponential factors. To interpret SCribing the kinetics of the reaction.

the single-wavelength reaction kinetics, we must propose a Figure 3 (left panel) shows the model spectra in the Soret

mechanism. Scheme 1 shows the conventional unidirectionalregion (435-455 nm) of heme/Cug in different redox and

Table 1: Apparent Lifetimes
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Scheme 1
* 0
Re g AR,s > PR,s _— > Fs —» O
2+ 4+ 2- 4+ 2- 4+ 2- -
a§+ a2* 3BT O0x, a2t a3 =0 a* a, =0 a* —p 2 =0 a2t a§+—OH ad*
+ + QJ"' Cu + 2+ - + 2+ + 2+ 2+ 2+ 2+
Cug Cup B A Cug —OH Cup QJB_H20 CQua OJB—Hzo Cup Cug —H50 Cup

ligation states referenced againgt™-CO Cw*. The reduced-  derived using the five experimental apparent rates and the
minus-oxidized spectrum of henee(a?" — a") (curve f) pre-exponential factord(vectors) according to eq 7. They
and the oxidized spectrum of &I (curve g) 60) are shown are referenced versus the amplitude of the fully reduced CO-
for comparison. Figure 3 (right panel) shows the correspond- bound enzyme.

ing spectra in the visible region between 595 and 620 nm. T test the conventional unidirectional sequential mech-
These spectra, termed model amplitudes, contain all theanism depicted in Scheme 1 and the six-intermediate
information necessary to calculate the absorption amplltudessequemia| mechanism (Scheme 2), we compared the experi-
of all the above-mentioned intermediates presumed t0 beémental absorbance traces (solid lines) and intermediate
present in the reaction sequence. The recorded spectra Oémplitudes (circles) to the ones expected based on the
the oxidized, reduced, mixed-valence CO, and fully reduced gcheme. The squares in Figure-4hrepresent the model
CO enzyme, the oxidized GuP, andF, which form the amplitudes of intermediate®s, Ars Prs Fs and O,
basis for the model spectra, were not affected by the presencgyresumed to be present according to the conventional

of metal ions. The absorbance amplitude of compodinid sequential scheme (Scheme 1). The model amplitud of
the mixed-valence enzyme is the same in the absence angs that of Py, corrected for the different redox state of Cu
presence of metal ions (see below). As mentioned above, these amplitudes are calculated directly

Figure 4a-d shows the experimental transient data on a from the spectral information shown in Figure 3 and are

logarithmic time scale in the absence (a and c, solid lines) otoranced versus2™-CO Cl. The F. intermediate is
. - 3 .

and presence of Zn (b and d, solid lines) at 442 and 610 555 med to be a 2:1 mixturef®f andF;, which corresponds
nm. Since five exponentials were required to adequately fit ;) 5 21 ratio of reduced and oxidized hemél6, 53, 59).
the data, we have to consider a kinetic scheme thatyg omplitudes are placed at the positions of the maximum
accommodates six intermediates. The unidirectional sequen-,,centrations of the intermediates on the time axis. The
t;?' model of six llnterrgeldlate?] is assumed to be S|m|II|arr:o numerical values of the experimental and model amplitudes
the con;ennor;a Ln‘.) eh (Sc %mlell),dc(:jqntammg all the of the individual intermediates are listed in Table 2. Note
intermediates listed in that model, in addition to an Inter- ¢ jntermediates are defined as states and their amplitude

mediate decaying with a longer millisecond lifetinB/O)s g ¢, « ¢. Intermediate amplitudes therefore always represent
(Scheme 2). the absorbance for 100% of each intermediate. It is clear
Scheme 2 that some of the experimental amplitudes (Figure 4, circles)

of the six intermediates do not match the corresponding
model amplitudes (Figure 4, squares) in the presence or

The circles in Figure 4ad represent the experimental absence of metal ions. This indicates that unidirectional
amplitudes of the six sequential intermediates. They are schemes involving the intermediates depicted in Schemes 1

Ry, —»Ag, —»Pgrs —» F, —»(F/I0);—®» O,

| LA (LN AL A L AN LA A LA R ) NN A B N B L A B (L SN A LA LB [ A R

0.3
a
f f - 0.06
02 r
8 y 4 0.04
s 01r b
£ — ¢ b
2 D E— 5 0.02
< 00 g
< / e g
F ——————
0.1 // ¢ - 0.0
d
02+ < -0.02
| P ISP RIS RSP I BEFSEPEPI RS rS SIS R R
435 440 445 450 595 600 605 610 615 620
Wavelength (nm) Wavelength (nm)

FiIGURE 3: (a—e) Model spectra of hem&/Cug in different redox and ligation states referenced agaastCO Cwst, in the Soret region
(435—-455 nm) and visible region (59520 nm): (a) reduced henag/Cug (ag?™ Cug™—az*"CO Cuws™), (b) compoundA (az®™—0O, Cug™
a?"CO Cw™), (¢) Pr (Pw) (ag*™=0?%" Cug?"™—az?*CO Cus1), (d) F (as*=0?" Cug?t—ag?"CO Cw"), and (e) oxidized hemay/Cug (ag®*
Cug?m—az?™CO Cw™). (f and g) Model spectra of hensand Cu. (f) The reduced-minus-oxidized spectrum of hem@?" — a®") and
(9) the oxidized spectrum of G&" (60). The monitoring wavelengths, 442 and 610 nm, are represented by black vertical lines.
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Ficure 4: (a—d) Comparison of the experimental transient data and intermediate amplitudes with predictions by the conventional unidirectional
sequential mechanism (Scheme 1) and a sequential scheme containing an additional millisecond intermediate (Scheme 2). Solid lines represent
the transient data at 442 (a and b) and 610 nm (c and d) in the absence (a and c) and presétio afndnd). The dashed traces-@)

represent theoretical absorbance changes expected on the basis of the conventional five-intermediate unidirectional sequential mechanism
(Scheme 1) (see the text for details). The squares represent the absorbance amplitudes of the model spectra for the five individual intermediates.
The circles represent the experimental amplitudes of the six intermediates derived based on a six-intermediate unidirectional sequential
scheme (Scheme 2) using the five experimental apparent rates and the pre-exponentiabfeetboss) according to eq 7. The experimental

and model amplitudes are referenced vs the amplitude of the reduced CO-bound enzyme. (e and f) Time-dependent concentration profiles
of the intermediates for the unidirectional scheme using the apparent rate constants from the four-exponential (dashed lines) and five-
exponential fits (solid lines) as microscopic rate constants. The monitoring wavelengths, 610 and 442 nm, are represented by black vertical
lines.

This conclusion is further supported by the broken traces

Table 2: Amplitudes of Intermediates {0° optical density units) . . h
in panels a-d, which represent the theoretical absorbance

intermediate _mod@l control _ Zrf"  CdT NIt traces expected for the conventional unidirectional sequential

442 nm mechanism depicted in Scheme 1. The theoretical absorbance
i:s 222 2?;’ 2768 27520 27620 trace was ca[culated according to eq 4 using the model
Prs ~170  -99 _52 _58 —66 amplitudes (Figure 4, squares) and the concentration of the
Fs —48 —44 _54 -50 -70 intermediates (dashed curves in Figure 4e,f). The apparent
(FIO)s —220 —180 —180 —160 disagreement between the calculated absorbance traces
Os —260 —260 —-260 —250  —250 (Figure 4a-d, broken trace) based on the five-intermediate

610 nm conventional unidirectional sequential scheme (Scheme 1)
Rs 21 21 21 21 21 . , . A
Ars 14 14 13 14 12 and Fhe transient gxpgnmental Qata (Flgureq,asolld lines) '
Pres 10 -26 11 —14 —15 implies that the five-intermediate conventional sequential
Fs —-16 -2 -3 -1 -5 mechanism may not be an adequate model for describing
(F/O)s —43 —34 —36 —29 the reaction kinetics.

S%nm 52 %2 -2 —52 —52 Panels e and f of Figure 4 show the timeoncentration
R. 07 07 06 0.4 profiles for the intermediates of five-intermediate (dashed
Ars 4.0 3.0 35 3.4 lines) and six-intermediate (solid lines) unidirectional se-
Prs 0.1 1.6 1.0 13 guential schemes in the absence (panel e) and presence of
Fs 9.4 7.0 7.2 5.9 Zn2* (panel f). The profiles are calculated from eq 2 using
(OFS/ ©)s gg 121 Eg 128 the apparent lifetimes of the four- and five-exponential fits

to the experimental data, respectively. Note that the ampli-

tudes of the concentration profiles represent the maximum

populations of the corresponding intermediate states and they
have no relationship to the absorbance amplitudes of the
and 2 are inadequate to describe the reaction kinetics. Thisintermediates¢, x ¢, discussed above.

conclusion is based on the assumption of spectral equality Reaction of the Mixed-Valence Enzyme with Dioxygen
between the model and transient states. better assess the absorbance contribution associated with

a@The model amplitudes refer to tHe, A, Pg, F (F/Fy), andO
forms. The model amplitude & is that ofPy, corrected for the redox
state of Cu.
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L B B sequential modelRy (as?t Cugt a®t Cua?t) — Ay (ag®"—

| 0, Cug™ a3 Cun?") — Py (ag*™=0%" Cug?*—OH~ Tyr-

a®t Cun?"). Figure 5 also shows the experimental amplitudes
of individual intermediate®y, Am, andPy in the presence
(red circles) and absence (blue circles) of?ZnThe
amplitudes are referenced versus the amplitude of the mixed-
valence CO-bound enzyme. The experimental amplitude of
Rw contains the contribution from the back-electron transfer
from hemeag to hemea on an early microsecond time scale
(63—67). The back-flow was estimated to be27%. The
model amplitudes (squares) at 442 and 610 nm were
generated without correcting for back-electron transfer, which
explains the discrepancies between the experimental and
model amplitudes oRy. The good agreement between the
experimental intermediate amplitudesAaf; andPy, calcu-
lated on the basis of a two-step sequential scheme, and the
respective model amplitudes indicates that the reaction of
the mixed-valence enzyme with dioxygen is well represented
by the Ry — Am — Pw unidirectional sequential scheme.

0.20

A

0.10

0.00

0.002
o DISCUSSION
<
< 0.001 ] The interpretation of the single-wavelength data in terms
. of intermediate amplitudes can be a powerful tool for
0.000 M designing and testing kinetic models. The quantitative

R description presented here for the classical unidirectional
104 103 sequential model is simple and easy to use. It shows that all
of the kinetic and spectral parameters involved in unidirec-
tional sequential models can be obtained from the results of
Ficure 5: Transient absorbance changes taking place after pho- equnemial fits. O.ur aPProaCh represents ar,‘ alternative ,to a
tolysis of the mixed-valence CO-bound enzyme in the presence of Previous method in which the transient optical absorption
dioxygen. The data are normalized and displaced on a logarithmic results were analyzed by simulating the absorbance traces
time scale. The conditions are the same as in Figure 1. The data(9). The previous method involves the integration of linear

were recorded in the absence of metal ions (blue curve) and in the : ; ; ; ;
presence of 30aM Zn?* (red curve). The solid and dashed black differential equations to obtain the time courses of the

fraces represent a two-exponential fit to the data in the absenceconcentrations of the proposed intermediates, followed by
and presence of 2, respectively. The residuals at the bottom of the calculation of the absorbance time course using estimated
the panels represent the difference between the data and the twoextinction coefficients §). Both the microscopic rate con-
(eépoye_lr_lﬁm frl]ts lnéhe pfesﬁnfed(rsd) ?ndt abeesze 0{ n?g/tmﬂ'qonsstants and the extinction coefficients are obtained by an
ue). They have been multiplied by a factor of 2 for clarity. The - ;
circles represent the experimental amplitudes of intermediyes Iteratlve. process. The approach pre_sented here .a”OWS a .dlreCt
Aw, andPy in the absence (blue) and presence of'Zfred) at calculation of the absorbance amplitudes of the intermediates
their maximum concentration. The amplitudes are referenced vsin the unidirectional sequential scheme using the pre-
the amplitude of the mixed-valence CO-bound enzyme. The exponential factors associated with the different exponentials

]?Xperliqmema' amhplitude CRA" reflects~27% bac"'e:fc“on tlra”;fer ¢ in the multiexponential fit and the kinetic equations of the
rom hemeag to hemea. The squares represent the amplitudes o . . : e .
the corresponding model spectra. The model spectruiRyofs respective scheme. Solving first-order kinetic equations
not corrected for back-electron transfer. analytically or by numerical integration and fitting them to

experimental data can thus be avoided. Our approach can
also be extended to more complex schemes.

The kinetic description makes it easy to understand why
the b values cannot be equated with the true absorbance
]difference between two intermediates. In general, the am-
plitude of the exponential fith{ value) corresponding to a
particular apparent rate appears to be a linear combination
of the absorbances of those intermediates in the sequential
scheme that do not decay faster than the respective apparent
rate. For example, according to egl®,can be represented
by the following equation:

wll Ll
104 105

Time (s)

hemeas upon conversion of compourAl to P, without the
interference from the oxidation of hena we monitored

the absorbance changes associated with the reaction o
dioxygen with the mixed-valence enzyme in the absence and
presence of Z#. Figure 5 shows transient data at 442, 610,
and 820 nm in the absence (blue) and presence (redyof Zn

It is clear that ZA" does not have a detectable effect on the
reaction of dioxygen with the mixed-valence enzyme. Both
data sets were adequately fitted with two exponentials (solid

line, no Zr#*; broken line, with ZA") as reflected in the 1
random-noise residuals (Figure 5). Practically the same —ky/(k, — k)
apparent lifetimes were observed in the absence+28 by =Cox [ek €L em &n] x| |y sk r Ii K 2 K
and 180+ 20 us) and presence of Z2h(19 + 3 and 2004 1Kol (kg = ko) (kg = kg)

20us). The data were interpreted as a two-step, unidirectional Kokl (Ky — ko) (kg — ko)
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Table 3: Comparison of the Amplitudes of the Five-Exponential Fit Th_erefore’ if{ appears that_only 70% of hemeb_ecomes
(x10° optical density units) and the True Absorbance Differences ~ OXidized during the conversion &z s to Prs. The difference

between the Individual Intermediates Represented in Scheme 2 between the experimental amplitudes of the intermediates
442 nm 610 nm 820 nm and the model amplitudes is even greater in the presence of
Control the metal ions (Table 2), and we estimate that onB0%
by ~100 —68 ~14 of hemea becomes oxidized during ti#s sto-Pr s transition.
RsArs 189 7 -3.3 This implies thaPr s is not identical to thé> form in which
b, 540 150 28 hemea is fully oxidized.
ﬁsR'S'PR'S _%8 _gg _223'9 The incomplete oxidation of henein the time window
PrsFs 55 —24 —93 corresponding to th&g st0-Pr s transition has been reported
by 180 43 -2.9 previously B, 7, 9, 10, 16, 22, 68—70). It has been explained
Fs(F/O)s 176 41 —2.6 in terms of branched schemes, with hearend C serving
?E/O)S-os 23 13 :8:2 as electron donors to the binuclear site in the two branches
bo 260 _5 12.2 (3, 7, 10, 68, 69). Alternatively, the “apparent” incomplete
O+RCO —260 —52 12.2 oxidation of hemea on a microsecond time scale has been
7n2t explained in terms of a sequential scheme with fast electron
by 72 -16 -4.1 transfer from heme to Agrs followed by a rapid intra-
RsArs 190 8 —2.3 molecular electron exchange of hemaewith Cu, that
tA)\ZRs-PRs igg gi ?:Z partially re-reduces hema (9). This explanation is based
by 25 —-30 -71 on the composition of the accumulated products in the time
PrsFs 2 -8 —5.4 window of the Agrsto-Prs transition and not on the
by 130 41 —4.2 incomplete oxidation of hemein the P s intermediate. Our
Fs(F/O)s 152 2% :f; results indicate that hema is incompletely oxidized in
(é,o)s_os 80 18 14 intermediatePr,s based on the discrepancy between the
bo —260 —52 12.1 experimental intermediate amplitude and the respective
OsRCO —260 —52 12.1 model amplitude. As discussed below, our data suggest that

hemea oxidation may occur on 40s and 106-200us time
while the absorbance difference between the first two scales from compound\ in addition to the millisecond

intermediates is oxidation, and multiwavelength studies from our laboratory
support this conclusiorb@).
1 Prsto-Fs Transition.A significant absorbance increase at
-1 820 nm is associated with Gwxidation on a 106200 us

— = € € € € . . .
Ao = Ap=Cox [k €L €m ] x time scale in both the presence and absence #f @igure

2c,f and Table 2), the time scale of the sequerRjalto-F
transition O, 71). Since Cy donates electrons to heragit
Theb value can only approach the absorbance difference follows that hemea re-reduction would occur concurrently
between two intermediates when the rates are well separatedwith the Cuy, oxidation on this time scale. As heragdoes
This is supported by Table 3, which shows a comparison of not contribute significantly to the absorbance changes at 442
the numerical values of the absorbance changes associatedm upon thePr s-to-Fs transition (Figure 5a and Figure 3,
with each of the five apparent rates \(alues) and the true  left panel), one would expect the heraere-reduction on
absorbance difference between individual intermediates atthis time scale to be accompanied by a large absorbance
the three wavelengths. The latter were determined on theincrease at 442 nm. However, this is not observed; the
basis of a unidirectional sequential scheme (Scheme 2) agransient traces in both the presence and absence %f Zn
discussed above. are practically flat at 442 nm on this time scale (Figure 4a,b,
Quialitative and Quantitatie Interpretation of the Different  solid lines). This indicates that the absorbance increase at
Steps in the Sequential Scher@everal of our experimental 442 nm due to re-reduction of heraés compensated by an
observations discussed below suggest that the oxidation ofequivalent absorbance decrease due to reox@ation, thus
cytochrome oxidase by dioxygen is more complex than what reaching a quasi-steady state. The sequential model does not
can be described by the five-intermediate conventional predict any heme oxidation during thég <-to-Fs transition.
unidirectional sequential mechanism (Scheme 1) or a six- The Soret region amplitudes shown in Figure 4 (a and b)
intermediate sequential scheme (Scheme 2). and Table 2 support these conclusions. The expected change
Art0-Prs Transition. The absorbance change in the Soret for the Pr s— Fstransition is 0.124 OD units, assuming that
region associated with henagis very small upon conversion  hemeais fully oxidized inPrs. The control (no ZA™ present)
of Ay to Py in the mixed-valence enzyme (Figure 5a). Thus, shows a change of only 0.055 OD units due to the incomplete
the absorbance decrease at 442 nm associated with th@xidation of heme in Pr . In the presence of 2 and the
transition fromARgs to Prs in the reduced enzyme (Figure other metal ions, the experimental intermediate amplitudes
4a,b) is practically entirely due to the oxidation of heepje ~ remain practically unchanged during thgs— Fstransition,
in agreement with previous reports, (9, 13, 14, 68). indicating the same level of henaeoxidation exists in the
However, the experimental amplitude associated with the two intermediates.
Agrst0-Pr s step in the fully reduced enzyme in the absence  The absorbance change at 610 nm on the other hand does
of metal ions is 0.170, while an amplitude of 0.236 would not indicate a quasi-steady-state absorbance on a 20D
be expected if all the hema& became oxidized (Table 2). us time scale but rather displays an increase in absorbance

0
0
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(Figure 4c,d). If hemea is in a quasi-steady state, as

suggested by the absence of absorbance changes at 442 nm,

then the absorbance increase at 610 nm on theu$Gine
scale (200us in the presence of metal ions) must be
associated with the formation d?z. Note that a large

absorbance increase is observed at 610 nm in the mixed-

valence enzyme upon formation Bfy (Figure 5b). Thus, it
appears that the formation Bf in the fully reduced enzyme

is not completed on the 4@s time scale buPr continues

to be formed on the same time scale (3@D0 us) as the
quasi-steady state of henaeis reached. In the absence of
Zn*t, we have observed an equilibrium constant for the
electron transfer between hera@nd Cuy, at neutral pH in
the 1.4-2.0 range 16, 53, 59). In the absence of metal ions,
the 820 nm transient trace, which is primarily indicative of
Cu, oxidation, supports this ratio. In the presence of'Zn
the ratio is close to 1, consistent with impaired electron
transfer from Cy to hemea (46).
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Scheme 3
R _>AP_>PR

ot

RT™A> R &= F|—>0
Scheme 4
R—> AP,

w
L\
F <= F|—>0
NN =11

different metal ions indicates a general kinetic effect rather

than an isolated phenomenon specific to a single metal ion.
A millisecond lifetime of~5 ms, associated with electron

transfer during the reaction of the fully reduced enzyme with

dioxygen in the absencé?) and presence of metal ionés,

has been reported. Proton uptake through the K-path@ay (

The intermediate amplitudes from the 610 nm absorbance38, 62) and an electrogenic proces&( 73) with a similar

traces reveal further details about thgs — Fs transition.
At 610 nm, the absorbance contribution lofis negligible
compared to those of hene Pgr, andA (Figure 3). The
lower amplitude ofPgs in the absence of 2hn (Table 2,

lifetime have also been observed. Wikstrand co-workers
have suggested that tReintermediate is converted to a high-
energy oxidized state of the enzym®,, which sub-
sequently relaxes to the oxidized staiy, thus accounting

control) compared to that of the model suggests that afor the two millisecond lifetimes74). The “5 ms phase”

fraction of Pr in the Pr s intermediate is probably replaced
by F andA. This is in agreement with our earlier proposal,

was proposed to be associated with protonation of the
hydroxide on hemeg (74—76). Brzezinski and co-workers

which was based on discrepancies between the spectral shapecently suggested that tH@é~ state has two hydroxide

of the Prs and the model spectrum &g (Pu) (52, 53).
Recent resonance Raman studies also suggest thdisthe
intermediate is formed on a time scale similar to that of the
early oxidation of hema (10). In the presence of metal ions,
the experimental amplitude &% s appears to match that of
the modelPR (Table 2). However, this is a pure coincidence
resulting from two opposing trends, less heaexidation
(see Figure 3b) and replacement R by less absorbing
forms (A andF). The experimental amplitude &% (F/F)

at 610 nm (Table 2) is clearly higher than that of the

molecules bound at the binuclear center widiemay have
only one OH bound to Cy (77). We observe absorbance
changes associated with the longer millisecond time scale
at all three wavelengths, and Brzezinski and co-workers also
reported identical kinetic difference spectra for the two
millisecond phases6@). Therefore, it seems unlikely that
this process is due solely to hemag Instead the absorbance
decrease at 442 and 610 nm on this time scale probably
results from the oxidation of hens and the corresponding
increase at 820 nm, which is clearly observed in the presence

corresponding model spectrum, which contains a 2:1 ratio of metal ions, can be attributed to oxidation of Cu

of reduced to oxidized hen® The 820 nm signal precludes
a higher ratio (i.e., more hema being reduced), and
therefore, we conclude thBk is present in thé& intermedi-
ate.

F<to-Os Transition Our studies indicate that two lifetimes,
1-2 and 4-9 ms, are required to adequately fit the data on

The results described here have led us to consider a more
complex reaction mechanism for cytochrome oxidase oxida-
tion by dioxygen than the conventional unidirectional
sequential mechanism. The data in the presence and absence
of metal ions are consistent withr s not being a single
species but rather a mixture of species. This was encountered

the millisecond time scale in both the presence and absencepreviously in our multichannel studies on the reaction of the

of metal ions (Table 1). The49 ms lifetime was not clearly
resolved in our previous flow-flash multichannel experiments
on the fully reduced enzymd§, 52, 53, 70), but the high

accuracy of the time-dependent traces in the single-

wavelength experiments allows this lifetime to be clearly

reduced enzyme with dioxygen in the absence of metal ions
(52, 53). These studies indicated that a pH-dependent mixture
of compoundA, Pg, andF is formed on the time scale of
the sequentiaPgr s intermediate. We interpreted the results
in terms of a branched scheme, in which one branch

observed. A re-reduction of the enzyme also frequently generates the 607 nRx form and the other branch the

occurs at the completion of the flow-flash experiment
between 10 and 50 ms, particularly if the concentration of

form, with a pH-dependent rate of exchange between the
two branches%3) (Scheme 3). (In our previous paper, we

the mediator is high, and this can obscure processes involvingused the notation P” to represent the single chemical

cytochrome oxidase oxidation on this time scale. In the

structurePg, which is spectrally equivalent t8y.) In these

experiments reported here, the concentration of the rutheniummultichannel experiments, the second millisecond lifetime

hexammine mediator was 0.1280V and there was no
evidence for re-reduction on a millisecond time scale. While

was not observed. To accommodate the second millisecond
rate observed here, the model needs to be modified. A

the residuals of the four-exponential fit in the absence of potential mechanism that satisfies this requirement is pre-

metal ions are small and require high accuracy of detection,
the need for an additional lifetime in the presence of metal

ions is obvious (Figure 2). The similarity between the

sented in Scheme 4.
Both schemes contain two parallel pathways with two
isospectral speciehp and Ag, having different kinetic
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Scheme 5
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(45, 46). These authors also reported a decrease in the rate
of the F«to-Os transition of a factor of 23 in the presence

of metal ions. However, our studies indicate that the metal
ions affect primarily the rate and amplitude of the longer
millisecond process and to a smaller extent the eati 1

A Ao

mSs process.

properties. To account for th€rs intermediate in the
sequential scheme being a mixture/of Pr, andF forms,
the decay rates ofA\p and Ar in the two branches are
different. The equilibrium betweeBr and F\/F, accounts
for the observation ofPr being present in intermediate
F//Fy. The longer millisecond lifetime corresponds to the
conversion ofF* to the equilibrium mixture of/F,.

Our studies and other9,(12, 37, 69) show that the high
quality of time-dependent traces in single-wavelength mea-
surements can accurately establish the number of exponential
processes present and their apparent rates. When combined
with amplitude analysis, the kinetic approach presented here
can be used to test the validity of certain kinetic schemes.
However, a detailed picture of the reaction kinetics cannot

Alternatively, the data can be represented by Scheme 5 be obtained from single-wavelength data but rather requires
which consists of two independent pathways. Both SchemessPectral information from multiwavelength kinetic studies.

4 and 5 require twd- species to account for the observed
lifetimes. The possibility of twd- species being present was

Scheme 3%3). Schemes 4 and 5 are reminiscent of schemes
proposed for the reaction of hydrogen peroxide with the
oxidized enzyme, which incorporate two ferryl species with

slightly different spectral propertieg§—80). On the basis 3.

of the single-wavelength experiments presented here, we
cannot determine wheth&randF* are spectrally different.
The branched schemes proposed here produce many more

lifetimes than can be determined experimentai@)( This 5.

quasi-degeneracy cannot be adequately treated on the basis
of a few amplitude values obtained in single-wavelength
experiments. Multiwavelength studies with both spectral and
temporal information are required for analysis of such
complex schemes.

CONCLUSIONS

The kinetic approach introduced here shows that lifetimes g

and amplitudes can be transformed into physically meaning-
ful intermediate properties, namely, intermediate absorbances.
Although we have applied this approach to the most

frequently used unidirectional sequential scheme, the same
approach is applicable to other proposed kinetic models that

can be described by first-order linear differential equations. 10-

The kinetic analysis of the transient single-wavelength data
suggests that the oxidation of henage proposed to ac-
company the formation of thégs intermediate in the
sequential scheme, is far from complete. A significant
fraction of hemea, 30—50%, is still reduced in thég
intermediate when the transient data are analyzed using a
sequential mechanism. MoreovéX, is partially formed in
the 40us time window, and its formation is completed on
the 100us time scale (20@s in the presence of metal ions),
during whichFs is formed in the conventional sequential
scheme. This suggests that the— P transition in thePg
branch (Schemes 4 and 5) is slower than the — F
transition in theF branch. The transfer of the fourth electron
from the equilibrated hema&Cu, site to the hemeg center

occurs on two time scales rather than in the single step 16

proposed by the conventional sequential scheme (Scheme
1). This is the case both in the presence and in the absence17
of metal ions.

Our observations are consistent with previous results of
Brzezinski and co-workers, who reported a 2-fold decrease g
in the rate of thd g ~to-Fs transition in the presence of Zn

11.

12.

13.

14.
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