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ABSTRACT. The reaction of CO and QOwith fully reduced cytochromeaa; from Bacillus subtilishas

been studied by rapid reaction spectrophotometry. The fully redoaagcomplex reacts with CO to

give a spectrum that is characteristic of formation of ferrocytochram€QO. This adduct is photosensitive,

and its recombination rate is proportional to CO concentration with a bimolecular value of 102V 1

s~ 1. When the CO compound of the reduced complex is exposed, tth©rate of oxidation proceeds at

0.1 s'1, which is assigned as the CO off rate. These kinetic constants give an equilibrium dissociation
constant for the CO complex of 0.88V. Photolysis of the CO adduct in the presence efréveals

three reaction phases over the first 3 ms and an additional phase on the second time scale. A kinetic
model is proposed in which fully reduced oxidase first combines witha then electron transfer
commences from both cytochrongeand as, followed rapidly by electron input from Guand the
cytochromec domain. An equivalent kinetic model has been used to account for the reactivity of
mammalian cytochrome oxidase in its electrostatic complex with soluble cytochraerélill, B. C.,
(1994)J. Biol. Chem. 2692419-2425]. However, unlike the mitochondrial complex, the reactivity of
cytochromec in the B. subtilis cag complex is unaffected by ionic strength. Thus the cytochrame
moiety in theB. subtilis cag complex seems to be fixed in a reactive orientation by its covalent association
with the rest of the oxidase complex. The pathway of electron transfer from cytoclurtm®, appears

very well conserved fronB. subtilisto the mammalian respiratory chain, making Besubtilis protein

a good model to probe intersite electron transfer within the cytochimnogtochrome oxidase complex.

Cytochromec oxidase is the terminal member of the electron transfer site for receiving electrons from cytochrome
mitochondrial respiratory chain and catalyzes electron trans-c and passing them to cytochrormagHill 1991, 1994). In
fer from reduced cytochrometo O,. The oxidase complex  subunit Il of quinol oxidases the Gicenter ligands are not
is also capable of conserving free energy, and it does so byconserved, and presumably a site for electron exchange with
coupling the generation of a transmembrane proton gradientthe more hydrophobic quinol molecule has taken over the
to the exergonic electron transfer reaction (Wiksiré electron entry role fulfilled by Cuin the cytochromec
Babcock, 1992). Sequence analysis of the genes encodingxidases.
the subunits of cytochrome oxidase from a large number of The aerobic bacteriunBacillus subtilis expresses two
aerobic organisms has revealed a cytochrome oxidase familynembers of the cytochrome oxidase superfamily (Lauraeus
with two different subclasses (Trumpower & Gennis, 1994). et al., 1991; Hill et al., 1993). There is a cytochroam
One subclass includes those, such as the mitochondrialcomplex that is a quinol oxidase and a cytochrocae;
oxidase, that oxidize cytochroncewhereas the second group complex that is a cytochronmeoxidase. The quinol oxidase
are those that use quinol as reducing substrate, such as théke the cytochroméoo complex fromk. coli lacks the Cy
cytochromebo complex fromEscherichia coli center (Henning et al., 1995). The cytochrooags complex

Members of the oxidase family share a high degree of has the necessary ligands to form,Quithin subunit Il and
homology between subunits | and II, and these core subunitsan additional C-terminal extension to subunit Il. This
have now been shown definitively to house the redox active extension has the signal sequence for covalent attachment
sites of the enzyme (Tsukihara et al., 1995; Iwata et al., of heme C, and the overall homology is such that it probably
1995). Subunit | provides the histidines which act as inner folds into a distinct cytochrome domain. It is the role of
sphere ligands to cytochroma and for the binuclear  this domain in the electron transfer reaction of e
cytochromeas—Cug center. It is within the structure of  oxidase that is the focus of this paper.
subunit |l that the underlying functional distinction between = Cytochromec oxidase as found in the mitochondrial
the two subclasses is to be found. The cytochrotme respiratory chain forms a transitory complex with cytochrome
oxidases have the amino acids within the primary sequencec in the process of electron exchange between the two
of subunit Il that are inner sphere ligands to the binuclear, proteins. The complex is proposed to be mediated largely
mixed-spin Cy center. This center acts as the intermediary by electrostatic interactions between lysine residues on the

surface of cytochrome (Ferguson-Miller et al., 1978) and

T This research was supported by an operating grant from the Natural aCI.dIC residues on th? surface of subuplt Il of the. OXId.ase
Sciences and Engineering Research Council (Canada). (Millett et al., 1983; Witt et al., 1995). This complex is quite

€ Abstract published ilidvance ACS Abstract#pril 15, 1996. stable at low ionic strength and has allowed electron
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exchange between cytochromand cytochrome oxidase to ki, ko, ks, andk,, respectively. The terrk allows for the

be studied without the complication of binding and dissocia- baseline absorbance to be fit independently. Numerical
tion (Hill & Greenwood, 1984). These studies have revealed analysis of the system of differential equations derived from
the role of Cy as the initial electron acceptor from reduced Scheme 1 gives the time course for each intermediate as
cytochromec to the oxidase complex (Hill, 1991). The shown in Figure 5A,C. The intermediates were then assigned
elements of the transient complex between cytochroared extinction coefficients to generate the simulation of the
cytochrome oxidase of the mitochondrial respiratory chain observed absorbance changes. The numerical analysis was

are found stabilized in a covalent complex in Biesubtilis done in Scientist.
respiratory chain. The results presented in this paper show
that the electron transfer activity of cytochromen the RESULTS

covalentB. subtiliscomplex is nearly identical to that found
in the ionically stabilized, mitochondrial complex. This
result leads to the conclusion that there is a high degree o
functional homology in these two systems that arises from
their conserved structures. TBe subtilis cag complex is

a good model of the reactive complex formed transiently
between cytochromeand cytochrome oxidase in mitochon-
dria, and the pathway of electron transfer from cytochrome
c to O, appears to be well conserved.

The reaction of the cytochronag complex with Q, as
fwith other members of the cytochrome oxidase family, is
very rapid and beyond the resolution of conventional rapid
mixing. In this work the method of stopped-flow, flash-
photolysis has been used to characterize the transient
absorbance changes that occur when the fully reduced form
of cytochromecag; reacts with Q. In this approach the CO
complex of the reduced enzyme is mixed with, @nd the
CO is removed by a laser flash that is of sufficient energy

EXPERIMENTAL PROCEDURES to cause complete photolysis of the CO adduct. The fully
-~ reduced, unliganded oxidase then reacts with Bigure 1
The cytochromecaa complex was purified fromB. shows optical difference spectra of the states of the cyto-

subtilis plasma membranes as described by Henning et al.,chromecaa, complex used in this work. Peaks are found
(1995). In the last stage of column chromatography the at 416, 520, and 550 nm in the reduced-oxidized difference
protein was extensively washed with lauryl maltoside and spectrum (see Figure 1A), typical of reduced cytochrame
eluted in lauryl maltoside containing buffer. The purified gnd at 445 and 604 nm that are typical of reduced cyto-
protein contained subunits | and Il with a heme to protein chromesa andas. The reduced spectrum is identical using
ratio in the range of 1821 nmol of heme A/mg of protein.  the pseudosubstrate, sodium ascorbate plus TMPD, or the
The cytochromeag; concentration was determined using & strong reductant sodium dithionite. This result indicates that
reduced-oxidized extinction coefficient of 25.2 mM cm there is little sluggishly reactive enzyme in this preparation.
at 604-630 nm (Lauraeus et al., 1991). The reduced- Figure 1B is the difference spectrum induced by CO

iosxgéfsrdm?:ggcéﬁ?hfsoggglse:g gfetgg gymhrrr](ﬂn;n%%_ty addition to the fully reduced cytochrc_;maa; complgx._ This
540 nm. The extinction coefficient .for the cytochroroe spectrum has the form and intensity character|st|c_ (.)f €O
domain .is unusually high, but we do not find contamination Ilga_tlon. o ferrocytog:hro_mag. Panel C shows thg V'.Slbl-e
from free cytochrome: in ,our preparation. Moreover, the region in more detail to illustrate that there is no |nd.|c.at|on
extinction coefficients are supported by p.yridine hembchro— of CO ligation to ferroc;ytoghrome Lack of CO reactivity
magen determinations performed as described by Berry an pf the cytochrome .m0|'ety in the pytochromeaa; complex
Trumpower (1987) and are consistent with the other spectrum'mp“e.S tha; the axial Ilgand_ positions to heme C are stably
of this complex published in the literature (Lauraeus et al occupied similar to th_e native state of m|tochono_lr|al cyto-
1991). Protein concentration was determined by the methb,dChromeC'. The open cwcles_ on this figure are obtained frqm
of Srﬁith et al. (1985) using bovine serum albumin as thg transient absorbance induced upon Iaserl photolysis of
standard. In tHe single-turnover reactions the buffer was this complex. The concurrence of the photply§|s and ground
aither sodium phosphate or Tris containing 0.5 mg/mL lauryl state dlfferer)qe spectra |nd|_cates that_, on this time scale, there
maltoside ' are no addltloqal states mduped in the enzyme by the
L . . photolysis reaction itself. The time response of the detector
The kinetic spectrometer used here was identical to thatin the system used here is (i3, and so we do not anticipate

described_ by Hill (199.1’ 1994). Rapid rT“X"‘g was per- being able to resolve the small, rapid signals reported by
formed with a three-syringe system from Bio-Logic, and the Georgiadis et al. (1994) with the boviags—CO complex.

ath length of the observation cuvette was 1 cm. Kinetic ] N L .
b 9 CO Reaction Kinetics.The kinetics of the reaction of the

absorption data were collected using a Philips digital h | th i din Fi
oscilloscope (Model PM3323) under the control of Asystant SYtochromecaa; complex with CO are illustrated in Figure
2. Panel A shows transient absorbance changes observed

GPIB data processing package. Initial kinetic analysis was .
erformed using Asystant and a multiexponential expressionY4Pon photolysis of the CO adduct of fully reduceal; at
P g ASy P P 610 and 590 nm. The time courses begin with the immediate

f the f h below.
ot the form shown below change induced by photolysis followed by the slower reaction

_ _ _ _ of CO recombination that leads to return of the prephotolytic
AA= Alexp—il) + Blexp —iot) + Clexp kg + absorbance level. The time courses at all wavelengths and
D(exp—k,) + E all CO concentrations are well fit by a single-exponential

time course. The dependence of the observed rate of
AA is the overall absorbance change observed at arecombination derived from the single-exponential analysis
particular wavelength, and the termds B, C, andD are is linear when plotted as a function of CO concentration over
preexponential factors that represent the absorbance contrithe range from 20 to 16@M. The second order rate of
bution of the kinetic species changing at the observed ratesreaction of the cytochromeaa; complex with CO is 1.2
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2 L ° ] Ficure 2: Kinetics of the reaction of the cytochroroaa; complex
(] with CO. (A) Transient absorbance changes upon photolysis of CO
T | from reduced cytochromeaas. The top trace was recorded at 610
g 1 nm and the bottom trace at 590 nm. The CO concentration was
= 160uM- and the other conditions were identical to those outlined
r 1 in the legend to Figure 1. (B) £eaction of CO-bound, reduced
L L L cytochromecaa. The enzyme was equilibrated with,Nand
500 600 700 incubated with 1 mM sodium ascorbate until full reduction was
Wavelength (nm) obtained. The Blatmosphere was then replaced with CO to obtain

the fully reduced CO adduct. The CO atmosphere was then
displaced with @ and the cuvette thoroughly mixed. The reaction
was recorded by taking the spectrum from 400 to 700 nm every 2
s. Absorbance difference time courses are shown at488 nm

Ficure 1: Optical difference spectra of the cytochrormaas
complex fromB. subtilis (A) Reduced-oxidized spectrum. The
enzyme was reduced with 4 mM sodium ascorbate plugM0
TMPD, and the spectrum was recorded using the oxidized enzyme

as reference. The buffer was 10 mM sodium phosphate pH 7.4 with (£); 604-630 nm ©), and 556-540 nm ). The smooth line is
0.5 mg/mL lauryl maltoside, and the enzynge copncentPation was & single-exponential fit to the data at 604 and 444 nm. The buffer

4.35uM. (B) Reduced, plus CO-reduced. CO was added to the conditions were the same as those given in the legend to Figure 1,
fully reduced enzyme to a concentration of 1 mM, and the spectrum and the enzyme concentration was 9.08.

was recorded using the reduced enzyme as reference. (C) Com- . . . .
parison of transient and ground state CO difference spectra in theOPserved first-order value of 0.I%s This rate is assigned

visible region. The solid line is the same spectrum as panel B shownto the dissociation of CO from ferrocytochronag and is
on an expanded scale with tiyeaxis normalized to the value of  observed to limit the reaction with Qof cytochromeaag,
the peak to trough absorbance at S810 nm. The open circles  ghserved at 604 and 445 nm. The oxidation of cytochrome
are the normalized transient absorbance values observed uporh monitored at 550 nm, proceeds with a similar rate. This
photolysis of the CO adduct. ) . . . ;

is consistent with the view that the reaction between
1® M~tsL Over the limited CO concentration range used cytochromec and Q is mediated by cytochromaas as
here we do not see evidence for saturation kinetics aswould be expected for this complex in its native state. These
reported for bovine oxidase at CO pressures higher than onerates for CO association and dissociation give an equilibrium
atmosphere (Einarsto et al., 1993). Panel B shows the dissociation constant, & of 0.83uM. This value defines
time course of the reaction of the cytochrormag—CO a somewhat weaker binding of CO to the cytochrarae;
complex with Q in the dark. The rate of reaction is similar complex relative to that found for bovine heart cytochrome
at 445 and 604 nm with a single-exponential form giving an oxidase of 0.3«M (Gibson & Greenwood, 1963), and most
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Ficure 3: Flow-flash photolysis reaction of cytochroras; with O.. The final concentration of enzyme was/A¥, and the @ concentration

was 40QuM. The buffer was 50 mM Tris, pH 7.8, with 1 mg/mL lauryl maltoside. The enzyme was reduced with 2.5 mM sodium ascorbate

plus 2.5uM TMPD, prior to addition of 1 atmosphere CO and transfer to the drive syringe of the stopped-flow. The laser flash was
triggered 5 ms after the flow-stopped, and traces commence following the CO dissociation process. The left and right panels in panel A are
on the same absorbance scale at 604 nm but on two different time scales. Panel B also shows two panels on the same absorbance scale a
550 nm and two different time scales. The smooth lines through the data are multiexponential fits, and the plots atartp thigow the

residuals between the fitted and observed data.

of this difference is found in the more rapid dissociation of time scale. Further absorbance decrease is on a time scale
CO from theB. subtilisoxidase. of 20 s. At 550 nm the time course begins with a lag
O, Reaction. Although the CO dissociation rate from the followed by two phases of absorbance decline within the
cytochromecaa; complex is about five times faster than its  first 2 ms. Further absorbance decline at 550 nm takes place
mitochondrial counterpart it is still accessible to the method in the next 0.5 s. The initial absorbance changes at both
of flow-flash photolysis. Figure 3 illustrates the reaction of wavelengths over the first 2 ms can be fit by a triple-
the cytochromecag complex with 400uM O, following exponential rate law, and the smooth lines through the data
photolysis of CO, at 604 and 550 nm. This concentration are the fitted curves. The residual difference between the
of O, was chosen because in work with mitochondrial fitted and observed data is shown plotted at the bottom on
cytochrome oxidase it gives kinetic discrimination of the each panel. The slower changes can be fit by an additional,
multiphase reaction (Hill, 1991). At 604 nm the reaction fourth, exponential process. The values of the observed rate
begins with an initial rapid decrease in absorbance followed constants and the corresponding absorbance magnitudes are
by a partial reversal and then a further decrease on a 2 mgyiven in Table 1. At 604 nm about 35% of the reaction is
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Table 1: Kinetic Parameters Derived from Multiexponential Mechanistic Model of the £Reaction. Scheme 1 shows

Analysis of the Reaction of Fully Reduced Cytochroose; with a proposal for the reaction sequence for the single turnover
O, of fully reduced cytochromeaas; with O,. This model was
604 nm 550 nm developed for the single turnover reaction of bovine heart

cytochrome oxidase (Hill, et al., 1986; Hill, 1991) and has

—1 —1
phfse k;bsz(i 1)04 (?228 szbsz(i 1)04 7?’210 been extended to the eIectrqstatic C(_)mplex between cyto-
5 58y 10° 0012 6.0x 10° 0.020 chromec and cytochrome oxidase (Hill, 1994). Thaa;
3 640 0.021 480 0.068 complex is represented as a polygon with five sections
4 0.2 0.07 11.5 0.032 representing the five redox centers of the enzyme. The

aThe values reported for the observed rates AAdwvere obtained ~ S€duence begins with fully reduced, unliganded cytochrome
from fitting a multiexponential expression of the type shown in caa (i.e., intermediate 0), the species produced following
Experimental Procedures to the observed data in Figure 3. The errorphotolysis in the flow-flash experiment. The five compart-
in these values is in the range of 15%. ments in the polygon are labeled in intermediate 0, and

thereafter only their oxidation state relative to their state in

complete after 3 ms, whereas at 550 nm 73% of the reactionthe fully reduced enzyme is indicated.
is complete at 3 ms. The initial lag observed at 550 nmis  The fully reduced enzyme is shown to react with 10
fit as an absorbance increase in the multiexponential analysisyield an oxy form of cytochrome oxidase, which is repre-
Although these observed rates do not correspond to elemensented as @bound to ferrocytochromas. There is evidence
tary rate constants, they do form the starting point for the from transient kinetic studies on bovine heart oxidase in the
mechanistic modeling carried out below. The rates at the near infrared region that the initial complex has lidund
two wavelengths do differ substantially over the very slow to Cus from where it transfers to cytochronae (Oliveberg
phase. The faster rate for the fourth phase of cytochrome & Malmstrom, 1992). We have not had enough enzyme to
oxidation probably reflects the more rapid equilibration of explore this spectral region, but the inclusion of this
cytochromec with other oxidized components within the intermediate does not change the results of the modeling
same oxidase molecule compared to slower intermolecularpresented here. Intermediate | formation is followed by rapid
shuffling of electrons between different enzyme molecules electron transfer from cytochromes and a; to give
that limits oxidation of cytochroma. intermediate 1l. A peroxy level is assumed for,

Figure 4 shows the effect of ionic strength on the O intermediate Il, although conclusive evidence for the state
reaction of the cytochrome&aa; complex. This figure of this intermediate is lacking [see Babcock & WiKstro
concentrates on the initial rapid phases of the reaction and(1992) and Proshlyakov et al. (1994)]. Proton uptake is
is shown at three different wavelengths. The reactions areproposed to occur at two stages, in the transition from
very similar at high and low ionic strengths at all three intermediate Ill to IV and IV to Vb. This is consistent with
wavelengths. The same result was obtained when sodiumexperimental measurements ApH during this reaction
phosphate was used as the ionic species and leads to th€Oliveberg et al., 1991). Oxygen bond scission is proposed
conclusion that ionic strength does not affect the associationto occur in the step from IV to Vb and renders this step
of the cytochrome domain with its reactive partner in the essentially irreversible.
cytochromecaa complex. In these time courses the traces  Following formation of the peroxy species (i.e., Intermedi-
are set to zero absorbance at the pre-flash level, i.e., theate Il) intramolecular electron transfer is proposed to occur
absorbance of the CO adduct. The absorbance at 604 nnfrom Cu, to re-reduce cytochroma, and this largely
begins with an immediate absorbance increase due toaccounts for the absorbance increase seen at 604 nm.
dissociation of CO, and this is consistent with the initial Cytochromec is then able to exchange electrons with the
absorbance decline seen at 590 nm. At 550 nm there is aCua center in a reaction which is proposed to be extremely
large interference from the laser flash, which is centered at rapid (see below) and allows cytochrorseoxidation to
535 nm and is seen as an absorbance decrease, after whicparallel the redox state of Gu Cytochromea is then
the absorbance returns to the preflash level. The absorbanceeoxidized in a reaction which only goes to partial completion
at 604 nm following CO photolysis follows the same pattern after a few milliseconds. At this stage there is rapid
seen in Figure 3 above. In this case, however, the secondequilibrium between one-electron reduced states that decays
phase of the oxygen reaction is more apparent, and the thirdto the fully oxidized level on a time scale of seconds,
phase is less prominent than the sample shown in Figure 3.presumably through a mechanism involving intermolecular
This result arises partially from the higheg @ncentration electron exchange.
used in Figure 4 and from a faster rate of electron transfer The simulated time courses of the intermediates generated
to re-reduce cytochrome The latter effect is reflective of ~ from Scheme 1 are shown in Figure 5. The time courses of
the preparation to preparation variation in these values. Thethe intermediates were determined by numerical integration
pattern at 550 nm is also similar to that shown in Figure 3 of the system of linear differential equations derived from
except that the initial faster phase takes more of the reactionScheme 1 using the rates listed in Table 2. The rates for
time course. At 590 nm the absorbance initially declines the initial electron exchange from cytochroraeto cyto-
due to CO photolysis; however, the extent of this phase is chromea; (i.e., k. andk;) and for electron exchange from
diminished in the presence of,Oand at higher time  Cua to cytochromea(i.e., ks andks) in Table 2 are consistent
resolution (not shown) it is apparent that a species absorbingwith measurements from perturbed equilibrium experiments
at 590 nm replaces the CO complex as it is photolyzed. [e.g., Oliveberg and Malmstno (1991)]. The rates assigned
Presumably, this is the&dduct of ferrocytochromas. The for electron transfer from cytochroneeto Cu, (i.e., ks and
absorbance profile at 590 nm then follows the form observed k) are consistent with measured values for electron input
at 604 nm. at this site [e.g., Pan et al. (1993)]. Figure 5A depicts the
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Ficure 4: Flow-flash photolysis reaction of cytochroraa; at low and high ionic strengths. The enzyme concentration wash,and

the O, concentration was 600M. In panel A the buffer was 50 mM Tris, pH 7.8, with 0.5 mg/mL lauryl maltoside. The conditions were

the same in panel B except 265 mM sodium chloride was added to the buffer. The traces are each setAoarehe level prior to
photolysis. The upper solid trace in each panel was recorded at 604 nm, the lower solid trace at 550 nm, and the dashed line trace at 590
nm. The two sets of traces are presented on the same absorbance scale.

Scheme 1. Sequence of Intermediates during the Reaction 0f604 nm due a combination of the formation of oxyferrocy-

the Fully Reduced Cytochrommaa Complex with Q tochromeag and rapid electron transfer to bound oxygen from
Em Ky poth cytochrome andas. The absc_)rbance at 604 nm then
L = 20, 0 increases from 100 to 3Q&s due to intramolecular electron
E 23 El k-1 D transfer from Cy to cytochromea and to the formation of
8 K Hk a peroxy species at cytochromrag The absorbance time
(0 2 2 course at 550 nm begins with a lag as the oxidation of
2- cytochromec does not commence until the appearance of
? R j*o 2 w intermediate IV. About 30% of cytochromeis oxidized
zH'\H j in the first phase.
kg | k-3 The results of the simulation run out to 3 ms are shown
. 023(2H+) m in Figure 5C,D. Panel C traces the concentrations of
. + T intermediates 1V, Va, b, and c. Intermediate IV rises to a
E maximum at 0.5 ms and then decays over the next few ms.
ks ’ "‘-4 The family of intermediates V rises slowly out to 3 ms with
%/oﬁ(zm - intermediate Vc dominating at the end of the simulation. This
N intermediate has cytochronageduced and accounts for the

high level of absorbance reached at 3 ms in the experimental
trace in Figure 4. Panel D shows the simulated absorbance
time course out to 3 ms. The absorbance at 604 nm declines
only slightly after 0.5 ms, whereas there is a substantial phase
of cytochromec oxidation that takes place between 035
ms. Finally, it is important to note that the model presented
(va) (Vb) (Vo) here is not exclusive of others, and the values for the rates
and extinction coefficients are not a unique solution.
owever, the simulation allows the test of whether the
OEroposed model can reasonably reproduce the experimental
data. As more data are available, the model can be refined.

time courses of intermediates-0/ over the first 0.5 ms.
The values of the elementary rates are similar to those use
in simulations of the @reaction of mitochondrial oxidase
and the cytochrome—cytochromeaas complex (Hill, 1994)
with the added feature that all the initial steps are reversible 5;scussION

(Verkhovsky et al., 1994). The fourth electron inte @e.,

ks) is retained as an irreversible step and is probably limited Interprotein complexation is an important step in many
by a different factor, possibly ©O bond cleavage or H metabolic processes, and particularly in electron transfer
binding, than the initial heme oxidation step. Absorbance reactions involved in aerobic respiration. Mitochondrial
changes were calculated using the relative extinction coef- cytochromec forms a transient complex with cytochroroe
ficients in Table 2 for each of the intermediate species. Figure oxidase during the transfer of electrons te. An the B.

5B shows the simulated absorbance changes at 550 and 604ubtilisrespiratory chain this interaction is stabilized by the
nm over the first 0.5 ms. There is an initial rapid decline at incorporation of a cytochrome domain into the sequence
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Ficure 5: Kinetic simulation of the single turnover of reduced cytochrarag with O,. (A) Time courses of intermediates-0v over
the first 0.5 ms according to scheme 1 and using the elementary rates given TableY2aXibaefers to the relative concentration of the

enzyme. The simulation begins with all the enzyme in the fully reduced state. (B) Simulated absorbance changes at 550 and 604 nm over

the first 0.5 ms using the relative extinction coefficients given in Table 2. (C) Time courses of intermediais, bt out to 3 ms. The
Y-axis is the sane as in panel A. (D) Simulated absorbance changes at 604 and 550 nm out to 3 ms.

Table 2: Elementary Rate Constants and Relative Extinction

Coefficients Used for Modeling Transient Absorbance Changes in

the G Reaction of Cytochromeaa;

relative AE
rates intermediate 604 nm 550 nm
kq 1x1¥Mtst (0] 1 1
k-1 2x 10¢st | 0.9 1
ko 2x10Pst Il 0.3 1
k_z 1x 1(; 571
ks 1x 10*s? 11 1.2 1
k-3 4x10Bs?
Ka 1x 1Ps? v 0.8 0
K-4 8 x 10¢s?
ks 1x 18s? Vb 0 0
ks 1x10¢st Ve 0.8 0
k_g 5x 1%s?
ks 1x10Pst Va 0 1
k_7 5x 10¢s?

of subunit Il of the oxidase to produce the cytochroraes . | A ) .
complex. This paper presents data on the reaction of this@Ppears to be held in the same reactive disposition that is

covalently stabilized complex with Qvhich demonstrates

complex formed between the individual, mammalian mito-
chondrial proteins.

Subunit Il of theB. subtilisoxidase is homologous with
other members of the cytochrome oxidase family (Saraste
et al.,, 1991a). It is predicted from hydropathy analysis to
have two transmembrare-helices at the N-terminal end.
This is followed by an aqueous domain which possesses a
cupredoxin motif and houses the amino acids that form the
Cua center (Saraste et al., 1991b). The subunit Il sequence
from B. subtilishas a further C-terminal extension of about
100 amino acids which has about 45% sequence homology
with cytochromec-551 fromPseudomonas aeruginosad
is thought to form a cytochrome domain. The kinetic
results presented here lead to the conclusion that this
cytochromec domain in theB. subtilis cytochromecaa;
complex functions in an analogous manner to mammalian
cytochromec in its electrostatic complex with cytochrome
oxidase. The cytochrome domain in thecag complex

taken up by soluble cytochrongavhen it forms the transient

that it exhibits reactivity almost indistinguishable from the complex with mitochondrial cytochrome oxidase.

ionically stabilized complex formed between soluble, mito-
chondrial cytochromec and cytochrome oxidase.

It is

TheB. subtilissubunit 1l has also retained in its sequence
a number of acidic residues that could mediate tight,

proposed, therefore, that the structure of the mitochondrial electrostatic binding of free cytochronte However, we
protein—protein complex is highly similar to the covalently know that B. subtilis cag does not form high affinity

stabilizedB. subtiliscomplex. The site on subunit Il of

complexes with free cytochrome(Hebert and Hill, unpub-

mitochondrial oxidase involving several conserved acidic lished result). Presumably, this is because the covalently
residues (Millett et al.,, 1983) is near the LCuwenter
(Tsukihara et al., 1995) and is the predominant site for cytochromec domain retains some flexibility in its interaction
electron exchange between cytochromand cytochrome

oxidase.

cytochromec to O, found in the covalently stabilize8.
subtilisoxidase has been conserved in the electron exchangdinding reported here that the kinetics of cytochrome

bound cytochrome domain occupies this site. Perhaps the

within subunit 1l allowing for changes in the relative position

Moreover, the electron transfer pathway from or orientation of the cytochrome domain, mediated by

electrostatic forces, and thus altered by ionic strength. The
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oxidation are not affected by changes in ionic strength makes Woodruff, W. H. (1993)Biochemistry 3212013-12024.

this possibility unlikely. This result also raises the question
as to the mechanism of reduction of tBe subtilis caa
complex. The mitochondrial complex between cytochrome

Ferguson-Miller, S., Brautigan, D. L., & Margoliash, E. (1978)
Biol. Chem. 253149-159. )

Georgiadis, K. E., Jhon, N.-I., & Einarsdio, O. (1994)Biochem-
istry 33 9245-9256.

¢ and cytochrome oxidase is transient because cytochromegijhson, Q., & Greenwood, C. (1968jochem. J. 86541—555.

¢ must dissociate from cytochrome oxidase to pick up
reducing equivalents from the cytochronbe; complex.
Since the cytochrome domain in thecaa oxidase does
not appear to alter its tight interaction with the Leenter

this suggests an alternative path of electron transfer to the

cytochromec heme must be functional in theag; oxidase.
This is a question we are pursuing currently.

The similarity between the time courses of Besubtilis
caa complex and the mitochondrial complex, and the ability

to closely reproduce these time courses with a very similar

mechanistic model, suggests that the details of the&ction

are similar. The electron transfer pathways from cytochrome La

c into the oxidase and onto ave been conserved form
this prokaryotic oxidase to its mitochondrial counterpart. In
addition it is also clear that the entire pattern of the single-
turnover reaction of theaa complex is unaltered by ionic
strength. This is in contrast to a recent report from Orii et
al. (1995) on the cytochromeo—ubiquinol oxidase from

E. coli. These workers present a profound difference
between the @ reactivity of cytochromebo prepared in

Hill, B. C. (1991)J. Biol. Chem. 2662219-2226.

Hill, B. C. (1994)J. Biol. Chem. 2692419-2425.

Hill, B. C., & Greenwood, C. (1984FEBS Lett. 166362—366.

Hill, B. C., & Greenwood, C., & Nicholls, P. (1986Biochim.
Biophys. Acta 85391—-113.

Hill, B. C., Vo, L., & Albanese (1993Arch. Biochem. Biophys.
301, 129-137.

Henning, W., Vo, L., Albanese, J., & Hill, B. C. (199Bjochem.
J. 309 279-283.

Ilwata, S., Ostermeier, C., Ludwig, B., & Michel, H. (1998ature
376, 660-669.

Lan, L. P., Hibdon, S, Liu, R. Q., Durham, B., & Millett, F. (1993)

Biochemistry 328492-8498.

uraeus, M., Haltia, T., Saraste, M., & Wik&tmpM. (1991)Eur.
J. Biochem. 197699-705.

Millett, F., De Jong, K., Paulson, L., & Capaldi, R. A. (1983)
Biochemistry 22546—-552.

Oliveberg, M., & Malmstion, B. G. (1991)Biochemistry 307053~

Oliveberg, M., & Malmstion, B. G. (1992Biochemistry 313560-
3563.

Orii, Y., Mogi, T., Sato-Watanabe, M., Hirano, T., & Anraku, Y.
(1995)Biochemistry 341127-1132.

chloride or sulphate containing buffers and ascribe this effect Proshlyakov, D. A., Ogura, T., Shinzawa-ltoh, K., Yoshikawa, S.,

to a specialized role for chloride in the process of intramo-
lecular electron transfer. Such an effect is not seen with
the cytochromeaa; complex fromB. subtilisor with bovine
cytochrome oxidase (Hill, 1991). The kinetic traces from
Orii et al. (1995) could be explained if there is a stoichio-
metric amount of tightly bound quinol in the sulfate-prepared
cytochromebo that is not present in the chloride preparation.
This quinol can re-reduce the cytochroimeeme in the same
manner that has been proposed foraCGwere and for the
mitochondrial oxidase (Hill, 1994).
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