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ABSTRACT: The reaction of cytochrome oxidase (COX) fromRhodobacter sphaeroidegth hydrogen
peroxide has been studied at alkaline (pH 8.5) and acidic (pH 6.5) conditions with the aid of a stopped-
flow apparatus. Absorption changes in the entire-3800 nm spectral range were monitored and analyzed

by a global fitting procedure. The reaction can be described by the sequential formation of two intermediates
analogous to compounds | and Il of peroxidases: oxidized GOX0, — intermediate I intermediate

II. At pH as high as 8.5, intermediate | appears to be a mixture of at least two species characterized by
absorption bands at607 nm Peo7) and~580 nm E-Isgg) that rise synchronously. At acidic pH (6.5),
intermediate | is represented mainly by a component with-peak around 575 nni-(l 575) that is probably
equivalent to the so-calleB* species observed with the bovine COX. The data are consistent with a
pH-dependent reaction branching at the step of intermediate | formation. To get further insight into the
mechanism of the pH-dependence, the peroxide reaction was studied using two mutantsRof the
sphaeroidesoxidase, K362M and D132N, that block, respectively, the proton-conducting K- and
D-channels. The D132N mutation does not affect significantlyake— intermediate | step of the peroxide
reaction. In contrast, K362M replacement exerts a dramatic effect, eliminating the pH-dependence of
intermediate | formation. The data obtained allow us to propose that formation of the acidic form of
intermediate | E-1575, F) requires protonation of some group at/near the binuclear sitddhaivs or is
concerted with peroxide binding. The protonation involves specifically the K-channel. Presumably, a proton
vacancy can be generated in the site as a consequence of the proton-assisted heterolytic scission of the
O—0 bond of the bound peroxide. The results are consistent with a proposal [Vygodina, T. V., Pecoraro,
C., Mitchell, D., Gennis, R., and Konstantinov, A. A. (199B)ochemistry 37 3053-3061] that the
K-channel may be involved in the delivery of the first four protons in the catalytic cycle (starting from
reduction of the oxidized form) including proton uptake coupled to reduction of the binuclear site and
transfer of protons driven by cleavage of the dioxygen@bond in the binculear site. Once peroxide
intermediate | has been formed, generation of a strong oxene ligand at thedieonetriggers a transition

of the enzyme to the “peroxidase conformation” in which the K-channel is closed and the binuclear site
becomes protonically disconnected from the bulk aqueous phase.

Cytochrome oxidase (COX) is a key respiratory enzyme been solved with near atomic resolution, the molecular
that reduces molecular oxygen to water and conserves themechanism of the enzyme action as a proton pump has
free energy of this exergonic reaction in the form of an become the issue of primary interest. A provisional scheme
electrochemical potential difference of"Hons across the  of the catalytic cycle of COX is shown in Figure 1, in which
coupling membrane of mitochondria or bactedaZ?). This the redox state of the henag iron is depicted.
process involves \_/ectorlal translocation of protons across the As pointed out in ref® and 10, the catalytic cycle is
membranes and is often referred to as proton pumping. X . . . -

i . comprised of two halves with quite different chemistries,

The previous decade has been marked by ConS'derabledenoted as theu-oxidaseand peroxidasephases of the
progress in the studies of COX, mainly through the use of . in th i hplf th % d .
site-directed mutagenesi8, (4) and X-ray crystallography regc Iog'bntwe ?u—;m as((; g ’t fe oI 'f]e enzyrge IS
(5—8). Now that the structure of cytochroneeoxidase has ~ '€GUCed by WO €IEClrons,2finds to Terrous hemas, and

is then reduced to peroxide. The hypothetical intermediate
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! catalytic cycle but are likely to be formed; these are denoted
(Oxy) | oH* 2H" by brackets in Figure 1. Th® — R andR — Oxy steps
_ | _ may be thermoneutral or even thermodynamically unfavor-
Euwoxidase 1 Peroxidase ) able, and it is the last step of the two-electron reduction of
phase ,\ phase 580 nm ("F580") . . .
0> " yTp— O, (formation of the putative ferric-peroxy compouifrd
(R) ! 100 [Fu)- c'f,?"pju?; " followed by the proton-assisted splitting of the-O bond)
H20 ! oH* that drives the eu-oxidase half-reaction. Accordingly, this
2H" | 4the phase may appear as a single concerted reaction under
: N turnover conditions.
First 2e O] 2H The chemical entities that react with COX in the eu-
Ficure 1: Proposed catalytic cycle of cytochronweoxidase, oxidase half of the cycle (2H 2e~ and Q), comprise a

emphasizing division of the reaction into eu-oxidase and the mglecule of hydrogen peroxide ,8,. Not surprisingly, the

peroxidase halves. Species that are boxed can be experimentall : - :
observed; those in brackets denote the states that have not bee)ﬁea‘Ctlon of oxidized COX with exogenous® allows one

resolved (theP, andPy* states) or that have been observed so far (0 bypass the eu-oxidase half of the catalytic cycle and to
only under some specific artificial condition® @nd Oxy). Four observe a truncated catalytic cycle that includes only the
electrogenic phases of intraprotein proton transfer are denoted byperoxidase phase of the reactidiv{19) (and see also refs
moive Stepé fo four Chemical reactions i e oycle, (1) reduction. 20021 as depicted in Figure 1. The reaction of oxicized
of the binuclear site; (2) proton-assisted splitting of bound peroxide COX W'th H.0, ,Can' therefore, be used to gengrate and
(P, — F); (3) reduction of compound I-type intermediate to characterize the intermediates formed in the peroxidase half-
compound Il € — Fy); (4) reduction of compound Il-type  reaction (0, 17, and refs therein).

intermediate to the ferric oxidized stat,(— O). These phases Despite extensive studies, the mechanism of the interaction

may not be elementary single-step processes on the time scale o : Py ;
turnover and, importantly, should not be confused (in particular, Bf H20, with oxidized COX is not fully understood. A

do not have to be synchronous) with the essentially nonelectrogenicPSeudo-catalase cycle was suggested to describe Abg H
steps of proton uptake (release) from (to) the medium measured ageaction cycle with the oxidized COX at alkaline pH (Scheme
ambient pH cha_mges. The_K-channeI is proposed to be inyolved in1) (22—24).

the electrogenic conduction of the four protons required for  gcheme 1 qualitatively explains some basic features of

formation of two water molecules in the eu-oxidase half of the cycle. th ti t notablv th fi Hi f
The D-channel is involved in the subsequent uptake and electrogenic' '€ féaction, most notably the consecutive generation o

delivery of four more protons coupled to the peroxidase half- COMpoundPsoy and compoundrsso, as well as the formation

reaction. Specific distribution of the steps at which the protons are of superoxide radicals under steady state conditions. How-
released to the outer phase in the peroxidase half-reaction may varyaver, the process is more complicated as evidenced, in
depending on pH, membrane energization, and other conditions. . iclar, by the characteristics of the same reaction under

The scheme shows just one of the possibilities. As proton release’ . S o :
steps are expected to be much less electrogenic than proton uptakeildly acidic conditions. As found by Vygodina et ak§,

their location in the catalytic cycle is not so critical for the energy- 26) the yield of thePso; intermediate declines to zero with
transduction mechanism of cytochrom@xidase. lowering pH with an apparentipof 6.6. This finding has

been confirmed more recently by other worke?s,(28).
states analogous to peroxidase compound 0 are identifiedDetailed kinetic studies of Brittain et aR9) on the peroxide
with the index “0” (Po and Pg*). In the second half of the  reaction with the cytochroméo; quinol oxidase from
cycle, the bound peroxide formed transiently in the eu- Escherichia coliand recent work of Junemann et al. on the
oxidase phase of the reaction drives a typical peroxidasebovine COX @8) provide strong evidence for a pH-
reaction at the heme site. This reaction starts with a proton-  dependent branching of the reaction at the level of either
assisted heterolytic cleavage of the-O bond and proceeds the Ox or Pgo; States, and for the formation of at least one
via two ferryl-oxo intermediates analogous to compound | more intermediate called eithd¥ (29, 30) or F* (28).
and compound Il of peroxidases and hence denotei as CompoundF is presumed to be isoelectronic with tRgy;
andFy in Figure 1. Compouné, is an intermediate with an  state (i.e., two electrons deficient relative to the oxidized
absorption maximum at 607 nm often referred to as “Peroxy” enzyme) but is spectroscopically similar to compoagh.
state or Pgo7, while compoundF, corresponds to the Current evidenceld, 31, 32) strongly indicates that both
conventional “Ferryl” intermediate with a maximum-a680 compoundPsy; and compoundrsgg are ferryl-oxo forms of
nm in the difference absorption spectrum vs the ferric state. hemeas (Figure 1) and, presumably, the same applies to
Heterolytic cleavage of the ©0 bond and formation of  compoundF (33—35).

water (transitiorP, — Fy) are accompanied by ferric to ferryl Experiments with bovine COX reconstituted in phospho-

(FE" to Fe) oxidation of hemeas, while a modified  |ipid vesicles have shown that the effect of pH on the

tyrosine at the enzyme active site is oxidized to a neutral peroxide reaction is specifically associated with proton uptake
tyrosyl radical (denoted Rn Figure 1) (4-16). from the matrix (electrically negative) aqueous pha&®).(

Some of the intermediates are relatively stable and haveThis corresponds to the bacterial cytoplasm for the prokary-
been resolved spectroscopically. These are boxed in Figureotic oxidases. The crystal structure of COX reveals two input
1. Other states have not been observed during the normaproton channels connecting the heme-copper redox center



Role of K-Channel in Cytochrome Oxidase Reaction

Biochemistry, Vol. 40, No. 32, 20008697

of the enzyme with the electrically negative aqueous phasetin, and 50ug/mL DNasel. The cells were passed two times

(reviewed in refsl6 and 36) which are denoted as the
K-channel and the D-channe®)( The K-channel is not
required for the peroxidase phase of the catalytic cycle, in
which the D-channel is utilizedl), but it is involved in
the delivery of the protons coupled to the reduction of the
binuclear center in the eu-oxidase phase of the cyt® (
37—39). In addition, it has been proposed that the K-channel
may be involved in the uptake of the protons linked to the
O—0 bond scission at the, — F, step 9, 10, 12, 19). The
current work is motivated to determine the role of the K-
and D-channels in the reaction of the enzyme witl©k

In this work, the reaction of hydrogen peroxide with the
oxidized aas-type COX fromRhodobacter sphaeroidés

through a French pressure cell at 16 000 psi. Unbroken cells
were removed by centrifugation at 12@0fdr 15 min at 4

°C. The supernatant was collected and centrifuged at 500
for 3 h at 4°C to pellet the membranes. The membranes
were homogenized in 10 mM Tris buffer, pH 8.5, solubilized
in 1.5% sucrose monolaurate-fructopyranosyke-gluco-
pyranoside monododecanoate) and stirred°& #or 30 min.
Ni-NTA resin from Qiagen was allowed to bind cytochrome
oxidase in the presence of 15 mM imidazole. The column
was washed with 500 mL of 100 mM KRGO, pH 8.0, 0.1%
sucrose monolaurate, and 30 mM imidazole. The protein was
eluted with 100 mM KHPO, pH 8.0, 0.1% sucrose mono-
laurate, and 150 mM imidazole. The purified protein was

characterized at both pH 8.5 and pH 6.5. The reactions aredialyzed into 20 mM Tricine buffer, pH 8.5, containing 0.1%

compared for the WT enzyme and for two mutants, K362M
and D132N, which block, respectively, the K- and D-

sucrose monolaurate and frozen with liquid nitrogen in the
buffer containing 5% glycerol.

channels. Rapid mixing techniques were used to initiate the =~ ~ o
reaction, and the time course was followed by collecting ~ Kinetic MeasurementsRapid kinetics measurements of
absorption spectra in the entire 35800 nm range on atime- ~ absorption changes were made with the Biosequential SX-
resolved basis and then analyzed using global fitting. It is 17MV stopped-flow reaction analyzer from Applied Photo-
known that exposure of COX to mildly acidic pH induces physics. The diode array mode (35800 nm scan range
the conversion of the enzyme to a “slow form” that reacts was used to collect spectra in the desired time window
poorly with hydrogen peroxide and other exogenous ligands following the mixing or, alternatively, the reaction was
(40 and refs therein). Therefore, to avoid this artifact, the followed at a selected wavelength using a photomultiplier.
reaction of COX with HO, at pH < 7 was examined using  In most of the experiments shown using the photodiode array,
a double-mixing technique so that the enzyme was exposedthere were 400 evenly spaced scans per data acquisition
to acidic pH for just a few seconds prior to initiating the period of 78 s with 3 ms integration time for each spectrum.
reaction with peroxide. Before reacting with hydrogen peroxide, COX was prein-
The results of the study of the wild-type COX froR cubated with 20(M ferricyanide in the presence of 1@/
sphaeroidesvith peroxide reveal a pH-dependence similar mL polylysine for 30 min to ensure full oxidation of the
to that described previously for the bovine enzyme. The sample.
analysis indicates that peroxide may react along parallel
pathways with the protonated and unprotonated forms of the
COX, yielding products previously referred to as compound
Peo7 (pH 8.5) orF* (pH 6.5). A key observation is that the
protonation leading to formation of thE*-type product
requires the K-channéWhereas, at weakly alkaline pH the

The reaction of COX with peroxide at acidic pH was
studied using a two sequential mixing configuration of the
instrument (three syringes of 1:1:1 volume ratio) so that the
enzyme was mixed with the acidic buffer just 5 or 10 s before
the second mixing with hydrogen peroxide. This mode of

K362M mutant reacts with ¥D; in the same way as does experi_ment allows one to avoid interference of the COX
the WT enzyme, the mutation eliminates the pH-dependencel@nsition to the so-called “slow” form, known to occur
of the reaction products such that the reaction of K362M Slowly (minutes) below pH 7. The double mixing acidic pH-
with H,0;, at pH 6.5 remains essentially the same as at pH JUMP experiments were carried out as follows. In the first
8.5. No such effect is exerted by the D132N substitution in Mixing, COX, slightly buffered at pH 8.5 (10 mM tricine),
the D-channel. This finding indicates that the group respon- Was allowed to react with hydrogen peroxide. At the time
sible for directing the reaction of COX with #, via the ~ corresponding to the maximal yield of the 607 nm species,
formation of specie§* (or F-Is75 as denoted in this work)  the enzyme was mixed with an 1:1 volume of 150 mM BTP
is protonated through the K-channel. buffer at pH 6.3. The final pH of the mixture was 6.5. The
absorption changes following the second mixing (with the
acidic buffer) were monitored. In the control experiments,

. . “ N the same procedure was repeated with the pH 8.5 buffer in
ChemicalsHydrogen peroxide was “Suprapur” grade from the third svringe
Merck. The extinction coefficient of 40 M cm™ at 240 yringe.
nm was used to determine the peroxide concentration in the Data AnalysisTime-resolved spectra were analyzed using
stock solutions after serial dilutiond1). the Pro-K Glint Analysis software package from Applied

Cell Growth and Purification of the Enzym&/T and Photophysics. First, the three-dimensional wavelength
mutant strains ofR. sphaeroidesall histidine-tagged as absorbancetime data sets were reduced using singular value
previously described4@), were grown in Sistrom’s medium ~ decomposition (SVD) to the eight most significant compo-
at 30 °C with 50 ug/mL spectinomycin and 2ig/mL nents 43). The SVD-filtered data surfaces were then
tetracycline. The cultures were harvested at 120 Klett units subjected to a global fitting routine44) according to a
and stored at-70 °C. Frozen cells (75 g) were resuspended reaction model chosen. When necessary, the data were
in 200 mL of 50 mM Tris-HCI buffer, pH 8.0, 0.5 mM  exported into Origin 4.0 (Microcal) and analyzed with the
EDTA, 1 mM benzamidine, 1 mM PMSF, &/mL leupep- tools available in this software package.

MATERIALS AND METHODS
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Ficure 3: Difference spectra of the pufy; State generated by

T . T T T aerobic CO-bubbling (a) and of the peroxide-induced intermediate
15 | B 436 rcomponent spectrﬂ WT 7 I (b). Main panel: the spectra have been normalized by their Soret
H 8.5 band response. Inset: the two spectra have been normalized by
10 1 pH 8.5 - the height of the band at 608 nm (vs 630 nm reference), and the
608 1 mM H202 1 difference (HO,-treated minus CO-bubbled) is shown in the panel.

Intermediate Il 580
N\ /MN\-Intermediate |

oF ] N D i N . resolves the sequential formation of two intermediat®s:
[ — intermediate I intermediate Il -~ OXx).

At 1 mM H,0O,, intermediate | rises and decays to
intermediate 1l with rate constants of ca. 1 and 0.05 s
(Figure 2C). The last step (intermediate+ Ox) can be
included optionally in the model in accordance with the
cyclic reaction sequence proposed in &% but global
analysis invariably finds this step slow as compared to the
preceding two steps, and its inclusion does not affect the

T rate constantk; andk; found for theOx — intermediate |
L./"' and intermediate+ intermediate 1l transitions, respectively.
WT This is consistent with the conclusion of Junemann et al.
08 h Intermediate Ii pH85 | (28) from studies of the bovine oxidase and agrees with the
1TmMHO, | earlier reports that the peroxide-dependent regeneration of
the Ox state from compouné is the rate-limiting step of
the peroxide cycle with bovine COX {24 M~tstatpH 7
(24)].

. Intermediates | and 1l have very similar (although not
identical) Soret bands but differ significantly in the visible
. region of the spectrum (Figure 2B). The difference spectrum
’ ’ v of intermediate Il, with a maximum at ca. 580 nm, is typical
0 20 40 60 80 .

. of the conventional ferryl-oxo state or “compouRtl The

time, s spectrum of intermediate | is dominated in the visible by a
FIGURE 2: A typical set of data obtained in the stopped-flow peak at 607608 nm, diagnostic of the so-called “peroxy”
apparatus (diode array mode) showing the reaction of 1 mM giate  Analogous results were obtained earlier with bovine

hydrogen peroxide at pH 8.5 with the oxidized cytochrome .
oxidase fromR. sphaeroidesFour hundred scans were collected COX (28, 45, 46) and have been often interpreted as

during an observation period of 77 s. (A) The SVD-reduced spectra Sequential generation of the “peroxy” (607 nm) and ferryl-
set. (B) Difference spectra of the two intermediates resolved by 0xo (~580 nm) states in a consecutive reaction of COX with

the global fitting routine. (C) Time-evolution of the two intermedi-  two molecules of HO, as initially proposed in ref22
ates. (Scheme 1). However, the situation is more complicated,
since the absorption characteristics of intermediate | in the
RESULTS visible are not identical to those of pure compoug,. For

Reaction of WT COX with Hydrogen Peroxide at pH 8.5. €xample, the apparent extinction coefficient of intermediate
Figure 2 shows a typical set of results obtained upon rapid | at 607 nm is around 56 mM~* cm™, whereas that for
mixing of wild-type COX with 1 mM hydrogen peroxide at ~the pure compounBeo7is 10-12 mM~* cm™ (47, 48). The
pH 8.5. Panel A presents the experimental data, panel B givesdifferences between intermediate | and pure compdse
the difference spectra (referenced to the oxidized state) ofbecome obvious from the analysis of the line shapes of their
the two intermediates resolved by global fitting of the SVD- difference spectra.
filtered data, and panel C shows the time evolution of the In the difference spectrum of the pure Peroxy state,
intermediates. Global analysis of the spectroscopic changegyenerated by the aerobic CO bubbling methd8),( the
following the mixing of theR. sphaeroidesCOX with pB-band has a peak at ca. 565 nm, k&608/AA565 ratio is
different concentrations of #, at pH 8.5 consistently  around 4, and thAASoOret ax-min/ AAso7-630iS 4.8 (Figure 3,

A Absorbance, mM -1 cm -1

i 1 i
400 500 600 700
A, nm

10 _C ' | concentration profiles

0.6

Yield

0.4

0.2

Intermediate |

0.0
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FiGure 4: Simultaneous rise of the 607 and 580 nm states during
the initial phase of KO, reaction with COX. Main panel:
Absorption changes at the indicated wavelength pairs have been [H,0,]l, mM
extracted from the data set shown in Figure 2A and normalized by
their magnitude at 1.85 s. The first scar((2 s; reaction progress,
ca. 10%) has been subtracted as a baseline from all subsequerﬁ
scans for construction of the difference spectra series. Inset: The
ratio of AA at 608 and 582 nm in the difference spectra induced
by peroxide binding is maintained constant during the initial reaction
phase (ca. 2 s) corresponding to rise of intermediate I. Note that a
log time scale is used in the inset.

Ficure 5: H,0O, concentration-dependence of the rates of formation
f intermediates | and 1l during the reaction of COX with hydrogen
eroxide. Stopped-flow experiments were carried out at pH 8.5 at
different concentrations of hydrogen peroxide and the reaction
kinetics were monitored at several selected wavelengths to follow
formation of intermediate IR in the figure) and its subsequent
conversion to intermediate IF(in the figure). Absorbance changes
at both 608 and 582 nm are biphasic. In the figure, the apparent
. . first-order rate constants have been plotted for the first phase of
curve a), in excellent agreement with the data reported for gpsorhance changes at 608 nm (rise phase), and the major (second)
bovine COX @7, 48). At the same time, th¢g-band of phase of absorbance increase at 582 nm. The pseudo first-order
intermediate | is located at 57672 nm and theAA608/ rate constants for the rise 8§og agreed well with those obtained
AA571 ratio (measured vs the 630 nm reference point) is fro:n the meazurements at436 nm é‘nOt shown). Insetl: e)((jperiments
~2.7 whie theyla atos 7.8 (Figure 28). Such a ne shape  %,0% Reroxde concentatons dcte an extapolted nonzero
is diagnostic of a mixture of thBgey andFsgo States. This is
illustrated clearly by Figure 3, which compares the spectrum At peroxide concentrations below 0.5 mM, the second
of compoundPeo7 generated by aerobic CO-bubbling, and phase of the reaction (667 580 transition) is incomplete.
the absorption changes induced by the reaction with 1 mM At progressively lower concentrations of peroxide, the
H,0, 3.6 s after mixing, which corresponds to the maximal spectrum of intermediate I, as found by global fitting,
yield of intermediate |£90%, Figure 2C). By normalizing  approaches that of intermediate I. Apparently, at low peroxide
these two spectra by their Soret bands (main panel), the 607concentrations, the reaction monophasically approaches a
nm band of the peroxide-induced species (vs the 630 nmsteady-state mixture of the 607 and 580 states as observed
reference point) corresponds to only a 62% yield of the previously in hand-mixing experiment25, 28).
compoundP. Subtracting this component from the spectrum  The rate of the reaction of COX with peroxide was been
of intermediate | gives a spectrum typical of a ferryl-oxo studied using a range of concentrations g@Okifrom 0.1 to
state, shown in the inset of Figure 3. Thus, it is clear, that 20 mM. In addition to the analysis by global fitting of the
intermediate | is spectroscopically heterogeneous and rep-spectra, a series of experiments were carried out by directly
resents a mixture of the peroxy and ferryl-oxo states in a ca. monitoring the kinetics of the absorption changes at selected
2:1 ratio. Similar results confirming the spectral heterogeneity wavelengths (608, 582, and 436 nm). The rates of both the
of intermediate | have been obtained at peroxide concentra-initial reaction of peroxide with the enzym@®x — inter-
tions up to 20 mM. mediate |, monitored by an increasefiss or Asog) and decay
Despite spectral heterogeneity, intermediate | is generatedof intermediate | to intermediate 1l (monitored by a decrease
as a single species. Absorption changes at different charac-of the absorbance at 608 nm or by an increase of the
teristic wavelengths specific for formation of intermediates absorbance at 582 nm, with no significant difference between
Peso7, Fssoand for the decay of the free oxidized state develop the results) are linearly proportional to peroxide concentration
simultaneously (Figure 4), and the line shapes of the (Figure 5). The second-order rate constants are aroufd 10
difference spectra recorded during the rise phase of inter-M~* s7* for k; (600-1000 M* s71) and 46-60 mM™ 1 s!
mediate | are identical within experimental scatter. This can for k, depending on preparation and method of data analysis
be illustrated by the time dependence of the ratid608/ (e.g., the rate constants found by global fitting analysis may
AA582 (Figure 4, inset) which is very sensitive to the differ slightly from those determined by exponential fitting
fractional contributions of the 607 and 580 states. The ratio of the kinetic curves at 608 minus 631 nm or 436 minus
of ~3 remains constant throughout the rise of intermediate 413 nm extracted from the same data set). These values are
| (ca. 2s), and then decreases to zero as intermediate lin reasonable agreement with the earlier data on bovine COX
converts to intermediate 1. (28, 45, 46) but are about 4-fold higher than the rate constants
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Ficure 6: Reactions of 1 mM hydrogen peroxide with the WT oxidase (A, B) and the K362M mutant (C, D) at alkaline and acidic pH.

The reaction has been monitored in a stopped-flow apparatus (diode array mode) as in Figure 2. Experiments at pH 6.5 have been performed
in a double mixing configuration of the instrument. COX, weakly buffered at pH 8.5, has been mixed with the strong acidic buffer (150
mM BTP, pH 6.3, final pH 6.55 s before the second mixing with hydrogen peroxide (1 mM final concentration). The panels show the
difference spectra of the two intermediates in theand resolved by global fitting.

previously reported foR. sphaeroide€0OX (0.6 and 0.05 a compound with aro-peak around 580 nm. The rate
stat 4 mM HO; and pH 8; ref51). It is noteworthy that constants for generation and decay of intermediate | and its
the plot of the rate of formation of intermediate Il versus subsequent conversion to intermediate Il are similar in WT
[H20;] crosses the ordinate axis slightly above the origin, at and K362M mutant (Figure 7A, Table 1), as are the spectral
about 0.003 &, extrapolating at zero peroxide concentrations characteristics of the intermediates (Figure 6A,C).

(Figure 5, inset). This indicates the possibility of a slow Comparison of the Peroxide Reaction with the WT and

peroxide-independent decay of intermediate | (cf. 2, K362M Oxidases at pH 6.3n contrast to the similarities
presumably due to adventitious reductants in the buffers or ghserved for the WT and mutant enzymes at pH 8.5, the
intraprotein sources of reducing equivalents. reaction with hydrogen peroxide at pH 6.5 reveals striking

Comparison of the Peroxide Reaction with the WT and differences between K362M and WT. In the wild type COX,
K362M Oxidases at pH 8.5Behaviors of the WT and  much less of the 607 nm species is formed at pH 6.5 as
K362M COX are compared in Figures 6 and 7. Only the compared to pH 8.5, and the initial product observed is
visible portion of the spectra are displayed, since this largely a 580 nm-type state with an absorption peak near
emphasizes the region where the intermediates are mos675 nm. Global fitting of the absorbance changes in the
clearly distinguished spectroscopically. The Soret regions of a-band still reveals two components (Figure 6B), but the
the spectra differ only slightly for the two intermediates. At species that is responsible for the 607 nm peak in the
pH 8.5, the pattern of the reaction of hydrogen peroxide with spectrum of the first component is much less than at pH 8.5
the mutant K362M COX is similar to that of the wild-type and reveals a markedly blue-shifted maximum at-6666
enzyme (Figure 6 A,C; Figure 7A). The differences in the nm. In addition, the difference spectrum of intermediate ||
peroxide interactions of K362M and WT COX as reported formed at acidic pH shows a peak at about 576 nm rather
by Mills and Ferguson-Miller §2) were not observed. In  than at 580 nm (Figure 6B). Such a blue-shifted peak position
each case, the initial difference spectrum shows formation of the peroxide product of COX at acidic pH was noticed
of a species with an-peak at 608 nm which transforms to  previously for the bovine oxidase2%—27, 53), Vygodina,
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T T T T and decay of the species absorbing at 608 nm with the WT

4t A - and K362M oxidases are compared directly in Figure 7.

pH 8.5 ] Whereas at pH_ 8.5 the kineti_c trace@sNsos-631) for the W'I_'

sl Y H2'02_ and K362M oxidases are fairly close to each other (Figure
7A), at pH 6.5 the yield of the 607 nm species is much

] greater in K362M as compared to the WT oxidase (Figure

7B).

Conversion from the 607 nm to the 580 nm Species
Induced by an Acidic pH Jum@nce the 607 nm peroxide
product has formed at pH 8.5, acidification brings about its
decay to the 580 nm species. This effect is observed in the
WT enzyme as well as in the proton-channel mutants K362M
and D132N and is rather slow at low peroxide concentrations.
A similar slow rate of the 607 nm> 580 nm conversion in
response to the acid pH-jump has been noticed also with
bovine COX (£8), Vygodina, Konstantinov, unpublished).

The acid pH-jump experiments were carried out in a two
sequential mixing configuration of the instrument as de-
scribed in Materials and Methods over a 100-fold range of
H,O, concentrations (0.6510 mM after the second mixing).
Global analysis of the data show that the acidic pH-jump
promotes decay of the 607 nm intermediate to a 580-type
state with both the WT and K362M COX, and at ali®3
concentrations. The decay could be fitted reasonably well
assuming a single step-a b model. At peroxide concentra-

AA at 608 -631 nm, mM -1cm -1

time, s

AA at 608-631 nm, mM -1 cm -1

o 10 20 30 20 50 50 tions above 1 mM, the conversion is dominated by the
conventional peroxide-dependent intermediate interme-
diate Il reaction that also takes place at pH 8.5, as described
above (cf. Figure 2). Notably, this reaction is accelerated by
peroxide at pH 8.5 (A) and at pH 6.5 (B). The kinetic traces have acidic pH in the WT COX more Slgnlflce_mtly thqn In K36_2M
been extracted from the same time/spectra surfaces as used fofOX (€.9., Table 1), the difference increasing at higher

time, s

Ficure 7: Kinetics of the appearance and decay of the 607 nm
species for the WT and K362M mutants in the reaction with 1 mM

resolution of component spectra in Figure 6. peroxide concentrations. For instance, decay of the 607 state
observed after acidic pH-jump in the presence of 2.5 mM

Table 1: Apparent First-Order Rate Constants for Risgdnd H,0, is about 3-4-fold faster in wild-type COX than in

Decay k) of Intermediate | upon Reaction of COX with 1 mM K362M (data not shown).

H,0; at pH 8.5 and pH 6.5 for the WT, K362M, and D138 . . . K "

Sphaeroide©xidase To elicit the peroxide-independent, pH-induced transition

it is necessary to carry out the reaction aOklconcentrations
below ~200 uM. Under these conditions, the acidic pH-
jump induces rather slow decay ¢ 40 s in wild-type
enzyme) of the 607 state to a 580-type intermediate. A typical
series of spectral scans observed in the course of such an
experiment with wild-type COX is shown in Figure 8A.
Ponamarev, Konstantinov, in preparation). The rise time for Essentially, the same 667 580 transition is observed with
the first component at pH 6.5 is essentially the same as atthe K362M and D132N mutants (Figure 8B) and, hence,
pH 8.5 i values of 1.17 and 0.997% respectively),  neither the K- nor D-channel is likely to be specifically
however, the disappearance of thé07 nm peak is markedly  inyolved in this transition. The fact that the conversion does
faster at pH 6.5 (0.17 vs 0.05% (Table 1). occur in K362M shows that thigso; state of the mutant does
In contrast, the reaction of peroxide with the K362M COX “sense” the acidic pH. Hence, the insensitivity of the K362M
at pH 6.5 remains essentially the same as at alkaline pH,mutant to acidic pH in the pD,-binding experiments
with clear initial formation of the peak at 608 nm. Global (Figures 6 and 7) is not likely to be due to a simple ghift
fitting resolves the same two components at pH 6.5 as of a residue in the enzyme. Rather, the K362M mutation
observed at pH 8.5 (Figure 6C,D). Notably, the 607 nm inhibits proton delivery to the active site through the
species forms at pH 6.5 to the same extent and with the sameé<-channel in those experiments.
peak position as at pH 8.5. However, the second intermediate Incubation of the K362M Mutant at pH 6.5 Prior to the
formed at pH 6.5 with the K362M mutant has an absorption Reaction with Peroxide Does Not Affect the Reactinnhe
maximum at 58+582 nm, rather than at 5#%76 nm as experiments in which the reaction of either the WT or mutant
in WT enzyme (cf. panels B and D in Figure 6). The rate of oxidase was examined at pH 6.5 (Figure 6), the enzyme was
formation of the first intermediate in the reaction of peroxide usually exposed to the mildly acidic conditions tos prior
with K362M at pH 6.5 is essentially the same as at pH 8.5. to the addition of peroxide (see Materials and Methods). This
The rate of decay of the 607 nm peak and the concomitantdouble mixing technique was employed to avoid artifacts
formation of the second intermediate is, however, 2-fold arising from formation of the “slow” enzyme species which
faster than at pH 8.5 (Table.I)he kinetics of the formation  will occur upon prolonged exposure to acidic conditions. It

WT, WT, K362M, K362M, D132N, D132N,
pH85 pH6.5 pH85 PpH6.5 pH85 PpH6ES

kis™® 0.99 1.2 0.81 0.90 0.88 1.03
k(s 0.050 0.17 0.042 0.089 0.043 0.050
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FiGURE 8: Decay of thePgo7 state induced by acid pH-jump in WT and mutant COX. Experiments have been performed in a double mixing
configuration of the stopped-flow apparatus (see Materials and Methods). Weakly buffered COX at pH 8.5 has been mixed fy® with H

(200 uM after mixing), and 1 min incubation was allowed for the 607 nm intermediate to reach steady-state level. Subsequently, the pH
was shifted to 6.5 by a second mixing with the acidic pH buffer. The spectra obtained in the control mixing experiments widhbat/kel

been used as a baseline for construction of the difference spectra. See the text for other details. (A) Representative difference spectra
observed with wild-type COX. (B) Kinetics of the 60# 580 transition induced by an acid pH-jump in wild type, K362M, and D132N

COX. The curves have been extracted from the time/spectra surfaces.

is conceivable that exposure of the K362M mutant to acidic
pH for a longer period could overcome the kinetic block to - 1s atpH &S5

P

' K362M

1 mM H202]

0.010

proton uptake that is imposed by the mutation and, thereby,
restore the “wild type” behavior to the K362M mutant at
pH 6.5. This possibility was examined. Experiments were
carried out in which the oxidized K362M COX was
preincubated with acidic buffer (pH 6.5) for 1, 5, 10, 20,
60, 180, or 300 s before the second mixing withOgl (1

mM final concentration). Surprisingly, it was observed that
exposure of the oxidized K362M COX to acidic phtior

to mixing with peroxide does not significantly affect the
reaction. The yield of the 607 state is essentially the same 0.000 P R .
in the experiments wit 1 s or 5 minpreincubation at pH 0 2 4 6 8 10

6.5 (Figure 9). Note that when the acidic pH-jump is made time, s

following the formation of the 607 nm state at pH 8.5, about Figure 9: Effect of preincubation of the K362M mutant at acidic
2 min is sufficient for complete Hinduced decay of the  pH on the yield of the 607 state. K362M oxidase (1618) in 10
Peo State of the K362M mutant, as described in the previous mM tricine buffer, pH 8.5, was preincubated for 30 min with 0.2

: : : M ferricyanide and 10ug/mL of polylysine for complete
section (Figure 8). Taken together, these observations ma);onxidation. The enzyme was then mixed sequentially, first with an

indicate that the binding of peroxide to the enzyme must gqual volume of 150 mM BTP-buffer, pH 6.3 (final pH 6.5), and,
precede or be simultaneous with the protonation event thatafter incubation at pH 6.5 for the indicated time period, mixed with
is blocked by the K362M mutation. Hence, longer exposure an equal volume of 2 mM peroxide in 75 mM BTP at pH 6.5.

to acid pH prior to the addition of peroxide has no influence Final concentrations: 42M COX, 1 mM peroxide, 75 mM BTP
on the subsequent reaction kinetics. buffer, pH 6.5. Absorption changes following the second mixing

) - . ) were monitored in a diode array mode (ca. 20 s/400 scans). The
Reaction of Peroxide with the D132N Mutant Oxidase. first scan (after 28 ms, less than 10% of the overall spectral change)

To a first approximation, the reaction of the D132N mutant was taken as a baseline for construction of the difference spectra
COX with H,0; is the same as the WT oxidase, both at pH showing subsequent spectral changes. The kinetics traces shown
8.5 and at pH 6.5 (Figure 10). At pH 8.5, the 607 nm species have been extracted from the corresponding spectra/time surfaces.
rises and decays with rate constants similar to those in WT due to slow formation in the D132N mutant of alternative
or K362M (Figure 10C, Table 1). At pH 6.5, the yield of states absorbing near 600 nm. These secondary processes
the 607 nm species formed with the D132N mutant greatly varied for different preparations and will require separate
diminishes, and the absorption peak shifts~+606 nm investigation. It is noteworthy that with the WT and, to a
(Figure 10B), which is also observed with the WT COX lesser extent, with the K362M COX, the peroxide-induced
(Figure 6B). A somewhat higher apparent yield of the “607 decay of the 607 species to intermediate 1l is accelerated at
nm” species at pH 6.5, and incomplete return of A#gos—s31 acidic pH, but that this is not the case with the D132N
traces to the zero level during the intermediate—1 mutant. This suggests that the D-channel is involved in the
intermediate Il transition were often observed in the peroxide transitions following the formation of intermediate | in the
reaction with the D132N mutant. This is at least partially reaction with peroxide.

\

0.005 5min atpH®6.5

AA at 608 - 631 nm
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Ficure 10: Reaction of 1 mM hydrogen peroxide with the D132N mutant at pH 8.5 and pH 6.5. The reaction was carried out as in the case
of wild type of K362M oxidases. (A, B) Difference spectra of the two intermediates resolved by global fitting of the absorption changes

at pH 8.5 and pH 6.5. (C) Kinetics of the absorption changes at 608 nm observed at alkaline and acidic pH.

DISCUSSION Scheme 2
H0: 0% H202 03

H202
There have been several previous time-resolved studies \ /e
of the reaction of hydrogen peroxide with oxidized COX, Ox Peor +F-leao F-llsso Ox
all of them performed with the bovine COX%, 46, 54—

56). The current work is the first detailed investigation in
which the peroxide reaction with a bacterial cytochrocne  COX (46) and are often interpreted as serial formation of

oxidase has been monitored on a time-resolved basis in th&;ompound@am andFsgg (Scheme ]_) However, the current
entire UV/vis range, as done earlier with the-type quinol-  data show that intermediate | at pH 8.5, while resolved as a
oxidase fromE. coli (29). It is worthwhile to first compare  single species kinetically, is spectroscopically heterogeneous
the basic results obtained in this work with COX frdra and is a mixture oPgo andFsgrtype states (Figures-24).
sphaeroideso what is known from the previous experiments This is consistent with earlier conclusions that the 607 nm
with the bovine oxidase. species of the bovine COX, observed under steady-state
Reaction at Alkaline pHInteraction of the oxidizedR. conditions at low peroxide concentrations, is not a [Rgg
sphaeroidesCOX with H,O, shows essentially the same state but, rather, a mixture 807 andFsgo species 26, 27).
pattern as does the reaction of bovine COX. As mentioned Since the Fsgrtype species are found both as part of
above, pre-steady-state kinetics of the reaction at pH 8.5 canintermediate | and as intermediate I, they are denoted as
be described by sequential formation of two intermediates: two separate specie$;-lsso and F-ll sgo, in @ modified
Ox — intermediate I~ intermediate Il, where intermediate reaction scheme (Scheme 2). Spedidsgo is presumed to
Il has spectral characteristics of the conventional compoundbe at a redox state two-electrons removed from the fully
F (580 nm species), while intermediate | is dominated in oxidized enzyme, wheredsll sgois only one electron from
the visible by contribution of the so-called “Peroxy” state Ox.
(Pso7 Species). Analogous observations were made earlier in - Reaction at Acidic pHThe reaction of bovine COX with
the time-resolved studies at selected wavelengths with bovineH,O; at acidic pH has been long known to proceed differently

Intermediate |
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from the reaction at pH 8.5. In 1987, Vygodina and Scheme 3

Konstantinov reported5@3) that the peroxy complex of
liposome-reconstituted bovine COX formed at pH 6, with
H.O, concentrations as low as 0:8.5uM (stoichiometric

with COX under the experimental conditions), exhibits
normal Soret band characteristics but lacks the 607 nm band.
Thus, the intermediate spectroscopically resembles the
alkaline compoundF, but with theo-peak closer to 570 nm
rather than at 580 nm. It was proposed that, while the changes
in the Soret band and in the peak at 5B80 nm are induced

by the interaction of KO, with hemeas, the 607 nm band
may report a special high-energy deprotonated state of COX
stabilized by HO,-induced changes at guthe relaxation

of which can be coupled to electrogenic proton uptake from
the matrix phase2b, 53). A similar idea of the energy-
coupled decay of the 607 nm state has been considered in a
recent model of Michel30). The experimental finding of

the absence of the 607 nm species resulting from the peroxide
reaction at acid pH was confirmed by Fabian and Palmer
(27) with solubilized COX. These authors assumed, in

Pso7

H202 H* H02 O Ha02 O}
OX ——u A S Folss0 =t OX
K3

F-ls7s (F7)

Intermediate |

H20:

HzOzy Pso7 N<(i2
H.0: 05
;4

Ox F-llsso Ox

H202
_\\‘ / o;
F-ls7s (F") H202

K362M

+

? ?

contrast to reb3, that the species without the 607 nm band .
generated by low-peroxide concentrations at acidic pH is C H202 O, 2
identical to the alkaline compounid, which led them to Peor F-llss0 Ox

postulate an inverse order of formation of the intermediates, HZOZ/' alkaline pathway

H202 O,

with a linear sequenceOx — Fsgo — Pso7 (27). However,
as all the above experiments were carried out on a time scale Ox

of minutes, transient generation and decay of the 607 nm
H% H202 o, H202 o,

state at acidic pH was difficult to exclude.
The current time-resolved experiments with Bhesphaeroi- 2 2

K362M F-ls75 LZ’F-"575 S-A—Ox

acidic pathway

desoxidase show, indeed, that transient generation of a 607
species can be resolved at pH as low as 6.5, but its yield is
much lower than at pH 8.5. Importantly, increasing th&l

concentration in the range 6:30 mM does not significantly ) , ,
affect the yield of the 607 nm species at pH 6.5. Thus, at _ 1he effect of an acid pH-jump on the rate of conversion

acidic pH, the major initial product of the reaction with Of Po7 10 an Fsgo state could allow one to discriminate
peroxide is a 580-type intermediate that lacks the 607 nm Petween modelSA and3B (28). This effect was examined
band. The form of intermediate | that is observed at acid pH I the WT, K362M, and D132N COX (Figure 8). Once the

is denoted as speci@sls;s The spectrum of this species Feo7 State is formed in a reaction of COX with,8; at pH
has a distinctly blue-shifted-band (Figure 6B), in agreement ~ 8->» the acid jump induces a decay of thg; state to a 580-
with the earlier data on bovine COX, where the acidic low- YP€ intermediate that is, however, quite slancg. 30-50

peroxide product of COX was reported to absorb closer to $) @nd is not influenced significantly by the K362M or
570 nm rather than at 580 nr2g, 26, 53) (cf. also ref27). D132N mutation. This finding may suggest ti&b is not

ies i [ i id intramolecular equilibrium witk-1s75 as assumed
The F-1s75 species is probably equivalent to the(28) or In rapl _ _
F (29 35(7; states. which have been described for the bovine PY Scheme 3A, but rather that the two species are formed in
oxidaée and the,cytochrorrmb quinol oxidase different populations of COX and are not directly intercon-

_ g ) ) vertible, as shown in Scheme 3B. An analogous argument
Reaction BranchingThe simultaneous rise of the 607 nm- i 5y0r of the reaction branching at the level of (e state

and 580 nm-type compounds in the first phase of the COX i, poyine cytochrome oxidase (rather than at the level of
reaction with HO, supports an idea of the reaction branching  he p intermediate, as proposed originally by Brittain et al.
(28, 29). Two simple schemes can be considered 28J: {4 the cytochromebos quinol oxidase 29)) has been put
(A) the reaction branches at a level of intermediate |, i.e., fonward in recent work of Junemann et a28). However,
Peo7is in rapid equilibrium with an isoelectronic species that s interpretation, although plausible, relies tacitly on the
is spectroscopically similar to compoufidgo (Scheme 3A)  455umption that the protonatable group(s) affecting the 607
or (B) the reaction branches prior to intermediate | (Scheme _. 5gg palance in intermediate | is freely accessible to
3B). protons from the bulk phase. As discussed below this is not
A particular version of modeBA has been considered necessarily the case.
previously €8, 29), in which thePgy; nm state is formed There are several qualitative questions raised by the
initially upon peroxide binding and converts rapidly ko6 reaction branching model in Scheme 3B.
(F°, F-Is75) in a H*-dependent reaction. However, if equili- (1) Is there a common compourfetl sg0 State for the
bration between the two intermediate | species is much fasteralkaline and acidic pathways? In Scheme 3B, the acid and
than peroxide binding, one actually cannot say which of the alkaline reaction pathways merge at the level of compound
two states within the intermediate | box is formed first. F-11. Both Pgo7 andF-1s75 (F*), in this scheme, react with a
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second molecule of peroxide, yielding superoxide and the reaction, and that the yield of tigy; State is much the
converting to the samie-1l sgo State (e.g., ref@8and30). In same for the experiments Witl s or 5 minpreincubation
view of the spectral similarity between the multiple 580- times at pH 6.5. This result suggests that, in the acidic
type states, it is not easy to verify such a proposal by direct pathway, the proton is taken up by the enzyaifter peroxide
experimental observations. An obvious alternative is that the binding or simultaneously with it (e.g., if the two events are
acid and alkaline pathways do not merge at the level of coupled). In general, peroxide binding could promote proton
F-1l g0, but, rather, there are two fully independent reaction uptake kinetically (e.g., connecting the K-channel), thermo-
routes for the protonated and unprotonated enzyme (Schemalynamically (raising the i¢ of the group(s) involved), or by
30). creating new proton accepting group(s) in the course of the
The finding that the difference spectrum of the peroxide- chemical reaction that peroxide undergoes in the binuclear
induced changes at pH 6.5 shows a maximum at-%/% site. A specific mechanism for peroxide-dependent proton

nm for both intermediates | and Il, rather than at 5885 binding is considered in the scheme shown in Figure 11.
nm, as typical of the alkaline compouRd22, 51, 57—59), A less likely alternative is that in the oxidized K362M
may favor Scheme 3C. COX, protonation of the binuclear center takes very much

(2) Does the enzyme cycle at all via the alkaline pathway? longer than 5 min (e.g., hours). This hypothesis is difficult
The reaction of HO, with COX is accompanied by super- to test directly since incubation of COX at acidic pH for
oxide generation23, 24) which is assigned traditionally to  tens of minutes will result in the fast-to-slow transition of
sequential single-electron reduction of compoung; to the enzyme and loss of peroxide reactivity. It is noted,
compoundFsge and of compoundFsgy back to theOx state however, that the reduction of heragby dithionite is limited
(22, 24, 28, 30) (Schemes 13). Notably, the rate of by the delivery of a proton via the K-channel, and this
superoxide generation decreases almost to zero with alkaprocess has a halftime of just a few minutes for the major
linization from pH 6 to pH 9 (23), Vygodina, Peskin, and  fraction of the enzymel@).

Konstantinov, unpublished) which parallels the pH-depen- (5) Is 607 state the sole initial product formed in the
dence of the contribution of the acidic pathway in Scheme alkaline pathway? As discussed above, the initial phase of
3B or C. ltis, therefore, possible that superoxide generationthe reaction of COX with KO, at pH 8.5 gives an

is associated mainly, or even exclusively, with the contribu- intermediate | that is a mixture of the 607 and 580 nm states,
tion of the acidic pathway in Scheme 3B or C. Accordingly, rather than purdsy; (see Figures 3 and 4). The simplest
the question of whether tHeso7 — F-Il sg0 and/orF-1l sgo— interpretation is that the 607 nm species is generated in the
Ox transitions occur by the above-mentioned superoxide- alkaline pathway while the 580 nm component is formed
generating mechanism may need reinvestigation. It is note-solely via the acidic route2g, 30) (Scheme 3B,C), and that
worthy that the analysis of Scheme 3B by Junemann et al.both pathways are functional at pH as high as pH 8.5.
(28) predicts theF — Ox transition at pH 6 to be about However, there are two results that do not fit this simple
50-fold slower than at pH 8 (see Table 2 in 28). In model. First, whereas the acidic pathway Walsss is
contrast, the overall pseudo-catalase cycle of COX— eliminated by the K362M replacement, the reaction of the
intermediate + intermediate II— Ox, as followed by the K362M mutant with peroxide at pH 8.5 does not yield pure
rate of superoxide generation and limited by the rate of the Pgo7 but gives rise to the same mixture of 607 and 580 nm
F — Ox transition, is much faster at acidic plR23, 24). states as observed for WT COX. A second, though less
Finally, the steady-state peroxidase activity of COX increases significant, observation is that the 580-type component of
upon acidification in the same range as the contribution of intermediate | formed concurrently with tiRgo; nm state at
the acidic pathway 17) and may also be specifically pH 8.5 has a peak at 5882 nm (e.g., Figure 3, inset)
associated with the oxidation of ferrocyanide by intermedi- rather than at 575 nm.

ates of the acidic pathway, rather than Byg-. It is, therefore, reasonable to propose that intermediate |

(3) Is the pH-dependent branching at e — intermedi- formed in the alkaline pathway is itself a mixture of the 607
ate | step associated with proton uptake in the acidic pathwayand 580 nm states. Accordingly, the generation of two
or with proton release in the alkaline pathway? These different 580-typeF-I states formed at alkaline and acidic
alternative assumptions are made by Junemann eR@)l. ( pH (F-1ss0 and F-ls75 respectively) must be considered in
and Michel B0), respectively, while considering an otherwise addition to the 607 nm intermediate in the phenomenological
similar branching mechanism. Inhibition of theacidic reaction scheme (see Figure 11 below).
pathway by the K362M mutation is much more naturally = Provisional Reaction Model.A possible scenario of
explained by a proton uptake mechanism, and, therefore, onlyintermediate | formation in the peroxide reaction with the
this variant of branching has been considered above (Schemexidized COX is shown in Figure 11. The scheme proposes
3). that proton uptake via the K-channel is driven by peroxide

(4) Does proton uptake precede peroxide binding in the binding as an initial complex referred to as compoufd
acidic pathway? If protonation of COX via the K-channel followed by heterolytic ©-O bond cleavage9j. This Py
in the acidic pathway is independent of the reaction with species in which the ©0 bond is retained is not observed
H.O, and precedes peroxide binding with heageone would (also the case in studies of peroxidases, except under specific
expect that prolonged exposure of K362M to acidic pH conditions 60)), presumably, because the step after peroxide
before mixing with peroxide would restore WT behavior to binding is more rapid. In all 607 and 580 nm-type species
the mutant by routing the reaction with,®,, through the that follow this, the G-O bond is considered to the cleaved
acidic pathway. However, the experimental result (Figure and the hemegiron to be in ferryl-oxo state. The proposed
9) is that exposure of the oxidized K362M COX to acidic reaction scheme nicely fits predictions of the eu-oxidase/
pH prior to mixing with peroxide does not significantly affect peroxidase model of the cytochrome oxidase reaction (Figure
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1) which postulates the electrogenic transfer of protons via Intermediate |

the K-channel coupled to the step of-@ bond cleavage, (peroxy level)
followed by a transition of the enzyme to the peroxidase

conformation and closing the K-channé| (0, 19). Pofiolr Il-l:z-OIss:- —

Initially, the oxidized enzyme is in the “eu-oxidase”
conformation. The K-channel is open and links the binuclear i

center with the bulk aqueous phase. Singly (or doubly) H202 HT

ionized hydrogen peroxide binds with heragforming a Ox %_, (Po) ? \/slow
transient metastable ferric iron-peroxy adduct!' FOOH H.O ';'

(or F&"—-00"), analogous to compound 0 of peroxidases H* H20 v

(hence, the notatioR, in Figure 11). One proton from 4@, K3E2M -

can be consumed to form water if an endogenous hydroxide AH | ——

ligand is expelled from the ferric hema iron (24, 61). . , ,
Alternatively, HO, may deposit a proton(s) on some protein | Eu-oxidase conformation |y, Perﬁ'g:::ﬂ‘j’gi;’:jnon
residue either in the input D-channel, as postulated in ref
30, or in the exit pathway. Ficure 11: A reaction scheme showing the proposed initial
Proton-assisted heterolytic cleavage of the@bond then ~ products of the reaction of the oxidiz& sphaeroide€OX with
abstracts a proton from some internal group(s) on a distal drogen peroxide. The enzyme is initially assumed to be in the
. ) o . eu-oxidase” conformation in which the K-channel is open and
side of hemegs (10); specific scenarios _Of such a process connects the binuclear center to the bulk aqueous phase for proton
have been modeled recently for peroxidasks (3) and equilibration. The binding and heterolytic scission of hydrogen
COX (12). Water, the ferryl-oxo F& = O~ complex of heme  peroxide is proposed to create a proton deficiency in the binuclear
as, and a protein radical, probably on the tyrosine residue at Sit¢ (denoted as OH formation in the scheme). Under acidic

; ; ; onditions, neutralization of this base results in rapid proton uptake
the active site, are formed, and a proton vacancy is generatecgrior to the change of the enzyme to the “peroxidase” conformation

within the site. This proton vacancy is shown, for simplicity, j, which the K-channel is closed. Under alkaline conditions, the
as the generation of OHwithin the heme-copper binuclear  proton uptake decelerates (cf. &) and the K-channel closes prior
center during peroxide cleavage in the alkaline pathway. to protonation of the binuclear site. See the text for further
However, the proton vacancy may be distributed among discussion.

several interacting acitbase groups within the binuclear . o ) )
center domaini2). either by uptake of a proton (acidic pH-jump experiments)

The O-O bond scission launches two concurrent pro- ©' by redistribution of a proton f_rom an internal donor (AH
cesses. The protonic vacancy induced in the binuclear centef? Figure 11), converts th&; intermediate to 580-type
by peroxide-cleavage (AH, OH<> A-, H,0) pulls in a  absorbing state30, 63).
proton via the K-channel. At the same time, the appearance Conceivably, internal redistribution of a proton can be
of a strong oxene ligand at the herag iron triggers a associated with redox reequilibration among different groups
transition of COX to the peroxidase conformation, and this Within the active site. For example, the £ooordination
transition eventually closes the K-chann@| 10, 19). As a sphere may be considered to have different electron distribu-
consequence of this proposed conformational transition, thetions in which an extra oxidizing equivalent is associated
binuclear center becomes disconnected protonically from the€ither with the tyrosine radical@-Tyr-His-Cus(1l)-H20) or
bulk aqueous phase at the level of intermediate I. (A similar with trivalent (cupryl) Cg (HO-Tyr-His-Cu(lll)-OH"). This
proposal has been made independently by Fabian and Paimelype of tautomeric rapid interconversion associated with
in a work (62) published after our paper was submitted for internal proton movement could be involved in tRg7 <>
publication.) The latter circumstance may provide an alterna- F-Isso equilibration within the closed binuclear site in the
tive (or additional) explanation of the sluggish response of alkaline compound | of COX. Besides, acidic pH may be
both thePgo; and F-1s75 (F*) states to pH changes in the envisaged to favor reduction of the neutral tyrosine radical
medium (@8), this work). to tyrosine by oxidation of a nearby tryptophan, which would

In the active COX (WT bacterial or bovine), protonic form a cation radical4g, 33). Such an intraprotein migration
equilibration of the binuclear center with the bulk aqueous Of charge may be a relatively slow process involved in the
phase via the K-channel may be envisaged to be fast relative spontaneous” decay of the 607 nm state.
to the eu-oxidase—~ peroxidase conformational transition. The peroxide-independent conversion of g7 to the
Accordingly, at acidic pH, thd®7 state in intermediate |  Fsgetype state induced by acid pH-jumpg 62, this work)
fully decays toF-Is7s. At alkaline pH, or if proton uptake is  is indicated by the dotted line in Figure 11. The process
inhibited by the K362M replacement, the binuclear center appears to be too slow to imply a specific proton conduction
reaches the intermediate | state with one proton less than apathway. Moreover, the process is not affected significantly
acidic pH. This proposal has been corroborated experimen-by the K362M or D132N mutations and, hence, may reflect
tally in a paper 62) that appeared after this work was some nonspecific diffusion of Hto the closed binuclear site.
submitted for publication. Under these conditions, as the It is interesting that the final product of the pH 85 pH
K-channel closes, an equilibrium mixture of tig; and 6.5 pH-jump with either the WT or K362M COX absorbs
F-1sg0 States is generated within a closed reaction domain. not at 575-576 nm, but at 586581 nm (Figure 8A).
As indicated in the scheme, th®o; and F-lsg States may  Therefore, it is possible that acidification does not convert
differ by the internal location of a proton. As proposed by the alkaline 607 nm species to the aciflitszs (F*) species,
several workers, th®go; State may correspond to an OH  as considered in re288 and30 and as depicted by the dotted
ligand at Cy. The protonation of this hydroxide to.B, line with a question mark in Figure 11. Rather, the slow

K-channel open
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nonspecific leak of protons to the binuclear center may Subsequently, evidence was obtain28) ((see also re?1)
gradually shift the internal equilibrium within the boxed for the involvement of matrix proton(s) in the conversion of
alkaline intermediate | to thE-Isgg State (Figure 11). the 607 nm state to the 575 nm species during the reaction
A remaining question is why specific (rapid) proton uptake of the oxidized COX with hydrogen peroxide. The data
via the K-channel during the formation of intermediate | obtained in the current work suggest that the K-channel is
gives rise to acidic intermediate-1s75, whereas thé--Isgg involved in these protonic interactions of the binuclear site
form is produced when proton delivery is unspecific (slow) with the matrix phase. It can be concluded that in oxidized
in the course of the acid pH-jump experiment. More direct COX, the protonatable residues buried in the protein in the
spectroscopic approaches will be required to elucidate thevicinity of hemeaz sense the external pH specifically via
subtle differences between the 580 and 575 nm ferryl-oxo the K-channel. This is in agreement with the eu-oxidase/
states that are formed via the alkaline and acidic routes, peroxidase model of COX mechanis8y (0).
respectively. One possibility is that these two states differ
by the presence or absence of a water molecule at the active®CKNOWLEDGMENT
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