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ABSTRACT. We have studied the effects of mutations, E286Q and E286D, of the conserved glutamate in
subunit | of cytochrome oxidase fromRhodobacter sphaeroidegith a view to evaluating the role of

this residue in redox-linked proton translocation. The mutation E286D did not have any dramatic effects
on enzyme properties and retained 50% of wild-type catalytic activity. For E286Q a fraction of the binuclear
center was trapped in an unreactive, spectrally distinct form which is most likely due to misfolded protein,
but the majority of E286Q reacted normally with formate and cyanide in the oxidized state, and with
carbon monoxide and cyanide in the dithionite-reduced form. The mutation also had little effect on the
pH-dependent redox properties of haaiin the reactive fraction. However, formation of tRestate from
oxidized enzyme with hydrogen peroxide or by aerobic incubation with carbon monoxide was inhibited.
In particular, only arF-type product was obtained, at less than 25% vyield, in the reaction with hydrogen
peroxide. The aerobic steady state in the presence of ferrous cytocbkeasecharacterized by essentially

fully reduced haema and ferric haemes, suggesting that the mutation hinders electron transfer from
haema to the binuclear center. Under these conditions or after reoxidation, on a seconds time scale, of
haemag following anaerobiosis, there was no indication of accumulation of significant amourRs of
state. We propose that the glutamate is implicated in several steps in the catalyticcyelR, P — F,

and, possiblyF — O. The results are discussed in relation to the “glutamate trap” model for proton

translocation.

Although two structures of cytochrome oxidase have been membrane to the P-aqueous phase. OnlyRhe F — O

published {, 2) and extensive information has been gained steps have been thought to be associated with net proton
on the number and nature of intermediates in the catalytic pumping, although this conclusion has been questioned
cycle of oxygen reduction to water (reviewed in 8f the recently ). Clearly, the understanding of the chemistry of

mechanism by which electron transfer is coupled to proton the charge-linked protonation processes is crucial to under-
translocation across the membrane remains unresolved. Th&tanding the mechanism of proton pumping. Site-directed

catalytic cycle starts with reduction of the oxidized form of
the binuclear center, terméal,* with two electrons to form
the R state which can react with oxygen to produce the
“peroxy” intermediateP. Input of a third electron converts
P to the “ferryl” intermediate~. This in turn returns to the
O state on input of a fourth electron.

mutagenesis studies/,(8) and the crystal structures of
cytochrome oxidase frorRaracoccus denitrifican§l) and
bovine heart %) have identified possible protonation sites
and routes in subunit I. Candidates for charge-linked pro-
tonation sites include the conserved glutamate-286 (in
Rhodobacter sphaeroidesimbering), a residue that is close

The energy cost of introducing a charge, such as anto haema and the binuclear center metals and appears to be

electron, into the binuclear center of cytochromexidase

at the end of “pore A”, one of the two predicted proton

is lowered by associated binding of protons to appropriately pathways. Mutation of E286 can lead to a dramatic loss of

placed residuesl( 5). Each catalytic cycle is associated with

catalytic activity and associated proton pumping (reviewed

uptake from the N-aqueous phase of four “substrate” protons,in ref 9). More specifically, flow-flash experiments were used

Hts, which are required for water formation, and four
“pumped” protons, Hr, which are transferred across the
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to demonstrate that the reaction of fully reduced E286A or
Q mutants with oxygen can proceed only partially, to fhe
state, and without uptake of protons from the medid®

12). A study of the time-resolved generation of membrane
potential points to a requirement for the glutamate infEhe
— O transition (3). It has also been shown that the
“peroxidase half-reaction” of the oxidase, that is, the}H
and ferrocytochrome driven cycle ofO — P—F — O, is

not functional in the E286Q mutani4, 15). These data
support a crucial function for E286 and its associated pore
A in proton translocation, although their precise role during
the catalytic cycle is less clear. Since the second putative

© 1999 American Chemical Society

Published on Web 04/02/1999



Cytochromec Oxidase fromRhodobacter sphaeroides

proton channel, “pore B”, appears to lead from the N-phase

to the binuclear center and is thus a good candidate for

transfer of substrate protons {k), it had initially been
suggestedl) that pores A and B convey exclusively™H
and Hs, respectively. However, this view has been ques-
tioned on the basis of work on mutations of K362, a central
residue in pore B, where the most striking effect is an
inhibition of theO to R step (6, 17). Alternative working
models suggest that pore B might act as a “dielectric well”
instead of a proton channel) or that the two proton
channels may not conduct exclusively dbr H+ but may
change their role at different stages of the catalytic cycle
(13).

In this paper, we describe the effects of two mutations o
glutamate-286 in cytochrome oxidase fromRhodobacter
sphaeroidesE286Q and E286D. We have previously studied
a preparation of the E286Q mutant where-80% of the

f
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Ficure 1: Catalytic activity of the wild-type and mutant enzymes.
Oxygen consumption was measured at room temperature in a Clark-
type oxygen electrode in a medium containing 50 mM potassium
phosphate, 0.1% lauryl maltoside, 10 mM ascorbate,aMPD,

and 60uM cytochromec at different pH values. The reaction was

binuclear center was trapped in a ligand and redox-unreactiveinitiated by the addition of appropriate amounts of wild-type or

state 0). New preparations of E286Q have now been made

mutant oxidase.

in our laboratory. In these samples the enzyme was pre-

dominantly in a reactive form, allowing further characteriza-
tion of individual electron and proton-transfer reactions. We
have applied a set of diagnostic tests, including redox
properties, ligand reactivity, and steady-state behavior, whic
was originally designed for a similar study of the role of the
conserved lysine-362.6). The function of E286, as assessed
by these tests, is discussed in relation to the mechanism o
coupling proton and electron transfer.

MATERIALS AND METHODS

Growth of Organism and Preparation of Enzymess-
tagged forms of wild-type and mutant cytochromexidase
from R. sphaeroidesvere produced as described in fef
After elution of the oxidase from the RENTA column (18),
the buffer was exchanged by 50 mM Tricine, pH 8.5, 0.1%
(w/v) lauryl maltoside by repeated cycles of ultrafiltration
in Centriprep 10 units (Amicon). Glycerol (5% w/v) was
added prior to storage at70 °C.

Since the optical spectra of wild-type cytochrooexidase
from R. sphaeroideare very similar to those of the bovine
enzyme 19), extinction coefficients for the latteR() were

Purified cytochrome oxidase was added to around:i,
and the mixture was kept anaerobic with a positive pressure
of argon above the liquid surface. Redox mediators were

hthe following En in mV, concentration inM): phenazine

methosulfate{80, 8); 2,6-dichlorophenolindophenat220,

15); TMPD (275, 50); ferricyanide €440, 50); 1,2-
iaphthoquinone-4-sulfonate-215, 5); 1,2-naphthoquinone
(+143, 5); 1,4-benzoquinone-@93, 50); 2,6-dimethyl-1,4-
benzoquinone (168, 40); methyl-hydroquinore2@4, 40);
cytochromec (+255, 3). Potassium ascorbate (20 mM stock
solution) was used as reductant, and potassium permanganate
(10 mM stock solution) was used as oxidant. Redox
potentials were measured in the stirred sample with a
platinum electrode and a Ag/AgCl reference electrode. After
stabilization of the potential, stirring was stopped and the
spectrum between 390 and 490 nm was recorded. To
minimize interference from redox dyes or baseline drift, we
derived titration curves from triple wavelength measurements
at 445 nm— (435 nm+ 455 nm)/2 nm. The data represent
points taken in both oxidative and reductive directions.

RESULTS

used to quantitate the levels of reduced, oxidized, and various Effects of Mutations on Catalytic Aetly. Figure 1

ligand-bound states of the wild-tyfp& sphaeroidesxidase
(cf. ref 16). The same extinction coefficients were used for

compares the cytochroneoxidase activities of wild type
and two mutant enzymes, E286Q and E286D, as measured

the mutant enzymes after adjustment of wavelengths wherejn an oxygen electrode. While replacement of glutamate-
necessary, as indicated in the text. In particular, quantitation 2gg py the protonatable aspartate results in an enzyme that

of oxidase was based on the dithionite-redugathus
ferricyanide-oxidized difference spectrum, usiag= 25
mM~1 cm™t at 606minus620 nm Q0).

Optical Spectroscopy and Kinetic Measureme@igtical
spectra and multiwavelength kinetics were monitored at room

retains at least 50% of the wild-type activity, replacement
by the nonprotonatable glutamine abolishes turnover almost
completely (turnover< 1 s™%), consistent with previous
reports on thér. sphaeroidemutants and their equivalents

in thebo-type oxidase fronEscherichia col(21, 22). While

temperature in the same sample using a single-beam instruthe pH dependency of E286D turnover parallels that of the

ment built in-house. Actinic light pulses for photolysis of

wild type, the turnover number of E286Q increases from

the ferrous CO and cyanide compounds of the oxidase werearound 0.1 st at pH 8.5 to around 0.6 $ at pH 6 with no

provided by a frequency-doubled Nd:YAG laser (10 ns
halfpeak width, 532 nm>100 mJ/pulse; Spectron Ltd.,
Rugby, UK) or by a commercial xenon flashlamp (1 ms
halfpeak width, 125 V working voltage; Bauer).
Potentiometric TitrationsAnaerobic redox titrations were
carried out in 2 mL of 50 mM potassium phosphate, 0.1%
lauryl maltoside, 2 mM cyanide at different pH values.

clear pH optimum.

Analysis of the “As Prepared” StateAbsolute optical
spectra of wild-type and E286Q mutant oxidase, as prepared,
are presented in Figure 2. The position of the Soret peak at
425 nm (-band near 600 nm) and the Soeetiand ratio of
6.7 indicate that, under these conditions, the wild-type
enzyme (inset to panel A) is essentially fully oxidized (cf.
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Ficure 2: Optical spectra of the wild-type and E286Q mutant

cytochromec oxidase. Oxidase samples were diluted to around 1
uM in 0.5 mL of 50 mM potassium phosphate, 0.05% lauryl

maltoside, pH 7.5. Ferricyanide (1@M1) was used as an oxidant,

Jinemann et al.

Table 1: Reactivity with Ligands in Various Redox States

extent of reactior (rate constant)

wild type E286Q E286D
Composition of As Prepared Enzyme
oxidized 100% >95%
haema reduced 30% <5%
other 30% 595 form
Reactivity of Ferricyanide-Treated Enzyme
cyanide (10 mM) 100% 70% 95%
(0.025sY) (0.012sY (0.035sY)
formate (25 mM) 99% 70% 95%
H,0, (50uM — 1 mM, 94% <28% 96%
at pH 6.5 and 8.5) (only F-type)
CO(1mMatpH85) 92% <25% 55%
(notP)
Reactivity of Dithionite-Reduced Enzyme
CO (1 mM) 100% 60—70% 100%
(50s?) (50 s e (50sY)
cyanide (10 mM) 85100% 60—70% 95%
(7s? (4she (7s?

a Experiments were carried out in 50 mM potassium phosphate
buffer, pH 7.5, containing 0.05% (w/v) lauryl maltoside, unless
otherwise indicatec® The extent of ligated form was calculated from
the difference spectra compared to the signal expected for 100%
reactivity, based on the extinction coefficients in 1€f ¢ The kinetics
were biphasic with 15% of a factor of 3 slower phases.

cyanide gave normal binding spectra (cf. ré& 20) and
rate constants comparable to those of the wild type. While
the extent of reaction was close to stoichiometric in the

and oxidation was judged to be complete when no further spectral E286D mutant, E286Q oxidase showed a lowered yield with

changes could be detected. (A) E286Q as prepargdférricya-
nide-oxidized {-+), and dithionite-reduced (---) absolute spectra;
the inset shows wild type as prepared) (and dithionite-reduced
(---) absolute spectra. (B) E286Q as prepamadusoxidized ()
and oxidized E286Qminus oxidized wild-type (---) difference
spectra.

only 70% formation of the cyanide or formate compounds.
We conclude that the major population of the E286Q mutant
had a fully oxidized binuclear center since formate binds
only when haenag and Cy are both oxidized24), while
around 30% did not react with ligands at all.

Incubation of cytochrome oxidase with,®, leads to

refs16, 20), as is also the case in E286D mutant preparations formation of P and at least twd--type speciesF and F*,
(not shown). In contrast, a sample of E286Q mutant enzymewith the relative amounts of these products dependent mainly
(panel A) shows the Soret peak at 426 nm with a shoulder on pH and HO, concentrationZ5, 26). The kinetics of these

on the red side and a comparatively intensband at 605

reactions have been resolved for thetype oxidase from

nm (Soreti-band ratio of 4.9). These features are partly due E. coli (26) and bovine heart oxidase @@mann and Rich,
to the presence of some ferricyanide-oxidizable componentunpublished results). Kinetic analysis of the reaction of

(panel B). This has a spectrum characteristic of hagof.
ref 16) and quantitates to 30% of the total haanusing an
extinction coefficient of 18.6 mM cm™! at 606-621 nm

cytochrome oxidase froniR. sphaeroidesdas given rate
constants similar to those of the bovine enzyme (not shown).
On this basis, kKO, reactivity of the mutants was probed

(23). However, the position of the Soret peak in the absolute over a range of ligand concentrations (8@ to 1 mM) and

oxidized spectrum at 425426 nm is still higher that in the
wild type (423-424 nm), and ther-band is slightly broader.

pH values (6.58.5). While the E286D enzyme reacts
normally with regard to yield, product ratios, and kinetics

Subtracting appropriate amounts of the spectrum of oxidized (not shown), reaction of the E286Q form is severely impaired
wild-type enzyme from that of oxidized E286Q (panel B) (Table 1 and Figure 3A), with a reduction in yield to between
reveals a species in the E286Q preparation which we havel0% and 25%. The product is entirely a 580 nm species in
termed the “595 nm form” after the position of itspeak the pH range 6.58.5, although it was not possible to
in the oxidized E286Qninusoxidized wild-type difference  determine whether this wak or F* due to low signal
spectrum. The 595 nm form is further characterized by a intensity. NoP is detected either at equilibrium (Figure 3A)
Soret band redshifted compared to oxidized wild-type or as a transient species (not shown). Despite this difference,
enzyme, thus giving rise to the spectral distortions found in the kinetics of interaction of oxidized E286Q with the first
ferricyanide-treated E286Q oxidase. The compound is redox-H,O, molecule, as monitored at 43@inus416 nm, are
inactive in that it can still be detected in the (reduced E286Q) similar to those of the wild type (approximately 400M
minus(reduced wild type) difference spectrum after 20 min s™%).
of incubation with dithionite (not shown). Two-electron reduction of fully oxidized enzyme with CO
Binding of Ligands to the Ferric Enzymd-ormate, results in a mixed-valence forn27) which, under aerobic
cyanide, hydrogen peroxide, and carbon monoxide were usedconditions, then reacts with oxygen to form tRestate. At
to assess ligand reactivity of the ferricyanide-oxidized forms alkaline pH, over 90% of the wild-type enzyme can be
(Table 1). Reaction of both E286 mutants with formate and converted tdP (Figure 3B) within 15 min. The reaction of
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Ficure 3: Formation of theP state by different methods. Oxidase
samples (uM) were suspended in 0.5 mL of 50 mM potassium
phosphate, 100M ferricyanide, 0.05% lauryl maltoside. (A) E286Q
(—) and wild-type (---) difference spectra versus the oxidized form
following incubation with HO, at the concentration and pH
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FIGURE 4: Steady-state behavior of E286Q mutant oxidase. The
E286Q enzyme was dissolved to M in 50 mM potassium
phosphate, 0.1% lauryl maltoside, pH 7.5. Steady-state redox
changes of the haems monitored at 4482 nm where the spectral
contributions of cytochromec are negligible. The following
additions were made: (a) 1.8 cytochromec, 10 mM ascorbate,
and 10uM TMPD; (b) 10 mM glucose, 5 units/mL glucose oxidase,
and 50 units/mL catalase.

proton uptake (cf. re16). Both E286 mutant oxidases give
normal binding spectra, although the extent of reaction is
only 70% (of the total enzyme population) in E286Q oxidase
(Table 1), consistent with a fraction of 30% of the enzyme
which cannot be reduced by dithionite. CO or cyanide
recombination kinetics are as in wild type, except for a minor
fraction (15%, Table 1) in E286Q preparations where a
slower recombination rate constant indicates a further
heterogeneity problem.

Steady Statdn the experiment shown in Figures 4 and 5
low levels of reductant (cytochrome plus ascorbate and
TMPD, at pH 7.5) were used to assess the behavior of the
E286Q oxidase in the aerobic steady state. Following the
addition of substrate, a steady state is reached within seconds.

indicated. Note that the wild-type spectra are reduced by a factor The difference spectrum of this state (Figure 5A, trace a)

of 5. (B) Progress curves at 488inus416 nm and (C) difference
spectra versus the oxidized form following bubbling with CO at
pH 8.5 under aerobic conditions.

E286Q is slower, and with less than 25% final yield, as

shown in Figure 3B,C. Furthermore, the position of the Soret >~ -
gthis can be quantitated to 6@85% of the total haera (plus

peak at 447 nm in the difference spectrum versus the oxidize
form (Figure 3C) is not typical oP but instead suggests
some formation of reduced haesn The same spectrum is
obtained by anaerobic incubation of E286Q with CO,
indicating that the mutation prevents formation of Betate
with CO in the reductive step. The CO/@eaction is also

has maxima at 607 and 447 nm with a Soret (4482 nm)/
o-band (607621 nm) ratio of 3.8, characteristic of reduced
haema (compare 3.6 for wild-type haem reducedminus
oxidized spectrum Figure 5B, trace b). With an extinction
coefficient of Ae(607—621 nm)= 18.6 mM?* cmt (23)

30% which is already reduced in as prepared samples).
Features indicative of the oxygen intermediaReglower
Soret peak position and lower Soretdand ratio, cf. Figure
3A) or F (distinctive band near 580 nm) are absent. These
intermediates could not be detected at more acidic or alkaline

impaired, to a lesser degree, in the E286D mutant, wherePH (6-5 or 8.5, not shown). The cygochromeeduction level
the yield of theP state does not exceed 55% (not shown). N the E286Q sample is 880%. We have reported

Reaction of the Dithionite-Reduced EnzyReduced E286

previously (L6, 28) that the same steady state of wild-type

mutant oxidases were prepared from as prepared or ferri-€NZyme is characterized by only partial haameduction

cyanide-oxidized samples by the addition of dithionite.
Reduced E286@inusreduced wild-type difference spectra

(30—40%) and the presence of some oxygen intermediates
(30—40%, mostly F), with no more than 10% reduced

(not shown) indicate that this treatment leads to the reduction €ytochromec.

of haema and of that fraction of haeras (70%) which is
not in the 595 nm form. The 595 nm form remains redox-

Due to the low activity of the E286Q enzyme, glucose/
glucose oxidase/catalase were used to induce anaerobiosis.

unreactive over at least 30 min. Reduction kinetics of the The absorbance increase at 4dihus462 nm following

E286Q enzyme, monitored at the wavelength pairs—-606
621 nm and 447462 nm, are similar to those of the wild
type (half-time of less than 4 s, not shown).

Reaction of dithionite-reduced enzyme with CO and

oxygen depletion (Figure 4) can be ascribed to the reduction
of haemag (70% of the total oxidase, usinde(447—463
nm)= 82.3 mM*cm (23)) and the remainder of haeap

as shown by the anaerobininus steady state difference

cyanide was used to probe heterogeneity and ligand-linkedspectrum (Figure 5A, trace b, cf. Figure 5B, trace a).
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FIGURE 6: Reaction with formate in the aerobic steady state.
Oxidase samples were dissolved tqu in 50 mM potassium
phosphate, 0.1% lauryl maltoside, pH 7.5. The steady state was
established as in Figure 4, except for a lower cytochramne
concentration of 0.0&M, and 25 mM formate were added. For
comparison, trace (a) shows the formate-binding spectrum of

ferricyanide-oxidized E286Q.
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Ficure 5: Steady-state spectra of E286Q mutant oxidase. (A) ol
Steady-state spectra of E286Q were recorded during the real time 100
experiment shown in Figure 4 in the same sample. Spectral
contributions of cytochrom& have been subtracted: (a) (after
oxygen pulsejninus(as prepared), (b) (anaerobitjnus(aerobic 100
steady state). (B) For comparison the following wild-type spectra B
were recorded (M enzyme in 50 mM potassium phosphate, 0.1% 80 1
lauryl maltoside, pH 7.5): (a) haemay reducedminusoxidized, < ot
obtained by subtracting spectrum (b) from dithionite-reduced < a0l N
enzyme; (b) haera reducedninusoxidized, obtained by reduction < A
of the cyanide-ligated enzyme with 5 mM dithionite; and (c) reduced 20 r A
haemas minusP. P was obtained by the CO/nethod (see text), ot ) .
and the spectrum was calculated as (dithionite-redunéa)s(P+ 100 200 300 400 500
spectrum (b)). E. (mV)
h

An oxygen pulse given to the anaerobic sample Causesg re 7: Midpoint potentials of cyanide-ligated wild-type and
reoxidation back to the aerobic steady state (Figure 4) with E286Q mutant oxidase. Redox titrations were performed as
a spectrum identical to that before anaerobiosis (Figure 5A, described in Materials and Methods. The data points are overlaid
trace a). In particular, comparison of the anaerahious m@ra‘égg#|€é?v(3egr?%%5e;§f§‘é®0(”29? afg%%itrgeg?rt]i?ﬁg?ﬁ;ﬁive
(a;"ierZ(J)rxyg.en puzlfe) d.lfference spectrum W'th a calculated text. Titrations of wild-type (A) and é286Q mutant oxidase (B)
(a*"ag") minus(a®*P) difference spectrum (Figure 5B, trace  yere carried out at pH 6.5, 7.5 (), and 8.9 £).
¢) shows that, on a seconds time sc®& not accumulated
following reaction of fully reduced E286Q enzyme with
oxygen. Spectral features very similar to those shown in Figure 6b

Reaction with Formate in the Steady Stafée reaction have been obtained in an identical experiment with wild-
with formate in the presence of low levels of reduced type enzyme 16), equivalent to 70% formate binding plus
cytochromec was used to probe the reduction state of the 50% extra haena reduction.
binuclear center of E286Q enzyme in the aerobic steady state. Effect of Mutation on Redox PotentiaRedox titrations

The steady-state formate-binding spectrum of E286Q, of haemain cyanide-ligated enzyme are presented in Figure
given in Figure 6, trace b, shows a peak and trough at 4157. For the wild-type form (Figure 7A), titration curves with
and 432 nm, respectively, indicative of the interaction of midpoints at 395, 350, and 300 mV are obtained at pH 6.5,
formate with a fully oxidized binuclear center, together with 7.5, and 8.9, respectively. The distortion fromresr 1 shape
peaks at 447 and 607 nm due to further haeneduction. can be ascribed to the interaction of haamwith the other
The experimental conditions were such that in the initial redox centers. Simulations based on a modad) (of
steady state the haei reduction level was 75%, with  anticooperative interaction between haanand Cu, but
spectral features otherwise identical to those shown in Figurewithout taking account of any weak interaction with Cu
5. The addition of formate leads to the reduction of the yield microscopicE, values of haema (i.e., midpoint

the reactive proportion of the binuclear center{B0%).

remaining 25% of haera. The subtraction of the spectral
contribution of haema using the wild-type spectrum of
Figure 5B, trace b, shows quantitative formate binding of

potentials of haena with Cug either reduced or oxidized)
and estimates for the microscohs, values of Cg (data
not shown). The potentials decrease by arotd® mV/pH
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unit due to haema redox-linked protonation processes, Cug, their interaction, and pH dependencies are not signifi-
similar to values obtained with mammalian and yeast cantly altered in the E286Q mutant, we conclude that the
enzymes 29, 30). residue E286 cannot be one of the major protonatable groups

The E286Q mutation has little effect on the haartand redox-linked to haera. This conclusion is in agreement with
Cus) midpoint potentials. Titration curves at pH 6.5, 7.5, the suggestion, based on FTIR measurements, that E286 is
and 8.9 had observed midpoints at 380, 350, and 280 mV,always in the protonated statg.

respectively, and retained the £induced distortions (Figure We have previously studied a yeast cytochrome oxidase
7B), with the microscopi€,, values close to wild-type values ~mutant where an asparagine was introduced in place of
(not shown). isoleucine-67, a residue located in the vicinity of the
conserved glutamate-243 (the equivalent to E286Rin
DISCUSSION sphaeroidel In this 167N enzyme the haerm midpoint

) . ) . potential was lowered by 55 mV at pH 7.5 and its pH

Heterogeneity The reactivity of a typical preparation of gjependency was weakened. This was interpreted as the 167N
oxidized or reduced E286Q oxidase toward a number of yytation perturbing, possibly by introducing a new hydrogen
ligands was normal for the major population (600%), bond, the protonation properties of the conserved glutamate
while the remainder was unreactive. We suggest that theyynich in turn would be redox-linked to haemand affect
unreactive fraction can be entirely accounted for by a 595 jis £ (30, 36). In light of the present data this interpretation
nm form, as revealed in E286Qinuswild-type difference  needs to be reconsidered. One possibility is that the observed
spectra (Figure 2B). The amount of this 595 nm form in g changes are due to more direct effects of the 167N
different preparations varies, and this is reflected in propor- ytation on haema which are not mediated by E243.
tionally decreased ligand reactivity. For example, the first |nteraction between 167 and E243 might be similar to that
E286Q preparation analyzed in this laboratory contained |essj, the paracoccus denitrificansxidase where the equivalent
than 15% reactive enzyme with over 85% trapped in the residues M99 and E286 are connected via a water molecule
ligand- and redox-unreactive 595 nm for§).(By using @ (37, In this case, the severe inhibition of turnover caused
preparation such as described in Table 1 (30% unreactlve),by mutation of 167 might arise from changes in mobility
we have estimated an extinction coefficient for the 595 nm 44 |ocal structure around E286, as well as from the effects
form of 4—8 mM~! cmt (595 minus620 nm, E286minus on theE, of haema.
wild type). While spectrally similar to compound A (the  Genperation ofP from the Ferricyanide-Treated Form
species produced transiently on binding of oxygen to ferrous while most ligand reactions of the E286Q mutant sum-
haemas (31, 32)), the 595 nm form is not photolabile, unlike  mnarized in Table 1 are normal once the 595 nm form has
compound A 83), and is of unknown origin. Although it peen accounted for, the interactions of ferricyanide-oxidized
has been noted that the imidazole used to elute hls-taggedenzyme with HO, and with CO/Q are severely impaired.
oxidase from the NiNTA column may lead to slight Kinetic analysis of the reaction of bovine heart oxidase
changes in the optical spectruig4], the 595 nm form is  yith H,0, (Jinemann and Rich, unpublished results) showed
unlikely to be a preparation ar_t!fac_t as It Is present IN {y5t at least two spectrally similar, but not identidaltype
membrane samples before solubilization (spectra not ShOW”)speciesF andF*, are formed in addition t&, as is the case
and is partially removed by furthgr purification steps. Th_|s for the bo-type oxidase fronE. coli (26). Briefly, for both
suggests that the 595 nm form arises from some misfolding j,\ine ancR. sphaeroidesxidase, at alkaline pH, sequential
of the mutant protein, leading to solubilization properties and/ ;a4ction with two HO, molecules produceB and thenF.
or accessibility of the his-tag different from correctly folded At acidic pH, a different species, can be generated by

oxidase. It should be noted that quantitation of the oxidase oaction with a single bO,, possibly by fast, spontaneous
was based on the-band at 606ninus621 nm (see Materials decay of P or more likely by a direct conversion not

and Methods). As haems contributes only about 20% to involving a P intermediate.
this signal g3) the quantitation error caused by the 595 Nnm  1he reaction kinetics of cytochrome oxidase frdR

form will be small. sphaeroidesre similar to those of the bovine enzyme, and

The “reactive” population of the enzyme which is not we have studied the 4@, reaction of the E286 mutants over
trapped in the 595 nm form (around 70%) was itself found a range of HO, concentrations and pH values in order to
be heterogeneous in that CO and cyanide recombination toprobe formation of all three intermediateR, F*, and F.
the ferrous enzyme following photolysis showed biphasic Under no conditions could anp be detected in E286Q,
kinetics with 15% of a slow phase. Otherwise, however, most ejther in equilibrium spectra or as transients. The reaction
ligand reactions (except those involvifggformation, see  product, at a yield of no more than 25%, was invariably
below) were normal in both mutants, indicating that the redox F-type, although the data did not allow us to distinguish
centers, in particular the binuclear center, are intact. betweerF andF*. Unless an extremely unstalids invoked

pH Dependency of fzof Haem a and Cg The data in which does not accumulate due either to rapid reduction by
Figure 7 show that in the pH range 6:8.9 the E286Q  a second KO, molecule or to fast spontaneous conversion
mutation has very little effect on redox titrations of haeam  to F* even at high pH, the simplest explanation is tRat
in the cyanide-ligated form of the reactive fraction of the cannot be formed in the E286Q mutant enzyme and that the
enzyme. In particular, the titration curves retain the distortion reaction with HO, produced=" with a wild-type rate constant
from a simplen = 1 shape which has been ascribed to for a pathway which does not involveRaintermediate. It is
anticooperative redox interaction between haeand Cuy likely that the inability to formP is a major factor for the
mediated by at least two protonatable groups with different loss of activity in the peroxidase half-reaction with this
pK values 29). Since the redox potentials of haearand mutant (4, 15). These results also have implications for the
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mechanism of KD, binding, since the residue E286 which reintroduction of oxygen; that is, the state obtained following
is clearly very important for proton translocation appears also reintroduction of oxygen is spectrally identical to the steady
to be required in peroxide binding to forit Although HO, state before anaerobiosis and is one in which haein
itself is the kinetically active species and the net reaction reduced and haemy is in the ferric oxidizedD state. Hence,
formally involves binding of HO, (38), it may be that the  reduction of the binuclear center to the oxygen-reaciRve
peroxide bound at the binuclear center is an anionic form. state occurs at a limiting rate which prevents accumulation
Hence, protons originally on 1@, would be lost while of oxygen intermediates. Neither B accumulated during
charge-compensating proton(s) required for the stable statgpreparation or storage of the mutant enzyme as judged from
would be concurrently taken up through a different route to the absolute spectra given in Figure 1. The two sets of results
bind at a different location, presumably at the “trap site” for can be reconciled if, in addition to ti&@ — R step, reaction
pumped protons (cf. refd, 9), a process in which E286 steps afteP formation are also inhibited. The flow-flash
would play a critical role.F* formation may involve experiments10, 12) suggested th&® — F and, possiblyF
protonation sites different from those involvedRrforma- — O were inhibited. A time-resolved study of membrane
tion, probably not requiring proton access through E286. potential generation also pointed to the possibility of an

Incubation of cytochrome oxidase with CQ/@ an impairedF — O step in the E286Q mutani.g), although
alternative method of generatifgvia a two-electron reduced  this conclusion may require verification since it is doubtful
mixed-valence enzyme. This reaction is inhibited signifi- that theF state would have been formed on preincubation
cantly in E286Q, and also partially in E286D, in that the with HO..
kinetics of P formation are slower than wild type in both In summary, the present and previous data lead to the
mutants, with much reduced yields in E286Q. The spectrum conclusion that the E286Q mutation affects several steps in
of the reaction product is characteristic Bfin the E286D the catalytic cycle, namel® — R, P — F (10—12) and,
form, but this is not the case for E286Q where some haempossibly,F — O (13).
reduction is observed instead, presumably due to some Coupling Mechanisimn E286Q, the lack o or F species
electron redistribution. Incubation with CO under anaerobic in the aerobic state indicates that, besides a role ifPthe
conditions points to a defect in the reductive step, compatible F and, possibly, th& — O steps, the conserved glutamate-
with flow-flash data which suggest that the subsequent 286 is also required in th® — P transition. Since haeras
reaction ofR with oxygen to formP is unaffected by the is predominantly ferric in the aerobic steady state, it may be
mutation @0, 12). The results again suggest a role in the concluded that it is th®® — R step that is affected, a
reduction of the binuclear center for protonatable groups conclusion consistent with the observations in flow-flash
whose access route for protons involves E286Q. experiments of a rapi® — P reaction in E286QX0).

The Aerobic Steady Stat@he fraction of the E286Q In the “glutamate trap” model for proton translocation in
enzyme that was not trapped in the unreactive 595 nm formthe haem/copper oxidases, the conserved glutamate is
could be reduced readily by dithionite. When monitored on proposed to be involved in relocation of a charge-compensat-
a seconds time scale the kinetics of this reduction wereing proton to its “trap site” each time an electron is
similar to the wild-type enzyme and no block to electron transferred from haena to the binuclear center4( 9).
transfer from haera to haemgg could be detected. However, Replacement of E286 by a nonprotonatable residue would
this reduction rate is very slow in comparison to turnover be expected to hinder this proton relocation and, therefore,
number 89) and is not a true reflection of viability of the  should hinder all steps involving electron transfer from haem
equivalent catalytic step. The experiments presented ina to the binuclear center. The conclusion that all steps
Figures 4 and 5 show that under aerobic steady-statediscussed above are inhibited exc&t—= P (the only one
conditions haema is over 90% reduced while haemg not requiring charge compensation by protonation) is con-
remains in the ferric state where formate (Figure 6b) and sistent with such a role for E286.
cyanide (Figure 6c¢) can be bound. Indeed, formate binding However, the redox titrations of the reactive fraction of
requires both haenas and Cy to be oxidized 24). We E286Q indicate that E286 is not one of the sites of net proton
conclude that net forward electron transfer from haetn uptake associated with the reduction of haeeor Cus. This
the binuclear center is impaired either kinetically or, since conclusion is consistent with FTIR data which indicate that
Adelroth et al. {2) have shown that reverse electron transfer the residue is protonated in both the oxidized and reduced
is unhindered, possibly for thermodynamic reasons, and thatstates of the oxidas&%). Hence, its role may instead be to
under steady-state conditions the major fraction of the E286Q catalyze the transfer of protons which are redox-linked to
enzyme which is not in the 595 nm form has a fully oxidized haema, perhaps located elsewhere in the D-channel, to the
binuclear center. trap site (possibly located in the region of the haem

Flow-flash data have indicated that the reaction of fully propionates and nearby protonatable residues such as D407
reduced oxidase with oxygen could not proceed bey®nd and H411). In this case, deprotonation may be transient and
on a millisecond time scalelQ, 12). However, there was  energetically unfavorable. Catalysis of internal proton transfer
no significant accumulation of oxygen intermediates, in might well be expected to involve bond rotations in E286,
particularP, under the steady-state conditions of the experi- so that the proton is moved primarily as an integral part of
ment shown in Figures 4 and 5 as judged from the position the glutamic carboxylic acid. However, the effect of shorten-
of the Soret peak and the Sorettand ratio in the steady ing the side chain by one carbon unit in E286D has a
stateminusas prepared difference spectrum. Furthermore, surprisingly small effect on turnover number in comparison
the spectral changes following anaerobiosis (Figure 5A), to the wild type (Figure 1), suggesting that other mobile
ascribed solely to reduction of haeamand some remaining  species (perhaps hydronium ions) are also involved in the
haema, are fully reversible on a seconds time scale by proton-transfer process in this region.
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Although the effects of the E286Q mutation are in accord 13. Konstantinov, A. A., Siletsky, S., Mitchell, D., Kaulen, A.,

with the glutamate trap proposal, several major questions

remain. Most outstanding is the pathway by which additional
substrate protons, H, reach the binuclear center to form
water, a function suggested previously for the K-channel.
However, the finding that only th® — R step is hindered
by the K362M mutation is not at all consistent with this
simple view since water formation, and hencéshiiptake,

has generally been considered to be associated only with the 1

P — F andF — O steps 40). It has been suggested that the
K-channel may operate as arné&channel only during part

of the cycle (3), or may not be a channel at afl). In
either case, this raises the possibility of an additional role
for the D-channel and E286 in some of the Hransfer,
although with the severe complication of how protons might
be partitioned between the trap sites and the site of oxygen g
reduction. Recently, the restriction of proton translocation,
and therefore of Hs transfer, solely to th® — F andF —

O steps has been questioned). (H*s transfer and proton
translocation associated with — R, as suggested in ré
could provide an explanation of why mutations of both E286
and K362 impair this step, although the lack of effects of

mutation K362M on subsequent steps still presents a puzzle.
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