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ABSTRACT: Various protolytic residues in subunit I ofaa3-600 quinol oxidase of the aerobic Gram-positive
Bacillus subtiliswere mutagenized to nonpolar residues. Two of the mutations, Y284F and K304L, impaired
the bioenergetic function of the microorganism. The Y284F mutation suppressed the electron-transfer
activity of quinol oxidase and altered its interaction with CO and H2O2, thus showing destruction of the
binuclear domain as observed for thebo3 quinol oxidase ofEscherichia coli. The K304L mutation did
not alter significantly the redox activity of the oxidase and its interaction with CO and H2O2 but suppressed
the proton pumping activity of the enzyme. These results show that the K304 residue, which is invariantly
conserved (as K or R) in practically all the sequences of the heme-copper oxidases so far available
(around 100), is essential for the proton pumping activity of the oxidase.

The enzymes of the superfamily of heme-copper oxidases
(1, 2) catalyze the transfer of electrons from cytochromec
or quinol (the latter in some prokaryotic oxidases) to
dioxygen and convert redox free energy in a transmembrane
electrochemical proton gradient∆p (3-5). The latter derives,
in the first place, directly from the membrane anisotropy of
reduction of O2 to H2O, whereby electrons are donated by
cytochromec (or quinol) at the outer P side of the membrane
and protons are taken up from the inner aqueous phase (6).
Oxidation of a quinol molecule results, in the case of quinol
oxidases, in the release of two scalar protons in the outer P
phase. In addition, electron flow in protonmotive oxidases
is associated with proton pumping from the N to the P
aqueous phase (7, 8).

All protonmotive heme-copper oxidases have a heme-
copper (CuB) center where the reductive chemistry of oxygen
takes place. This binuclear center is associated with subunit
I, the most conserved subunit in the members of the
superfamily, which in eukaryotic and prokaryotic cytochrome
c oxidases and quinol oxidases is also associated with a low
potential heme (hemea or b type) (2). Cytochromec oxidases
have an additional bimetallic Cu center (CuA) which serves
as the entry port of electrons and is associated with subunit
II, the second conserved subunit in all the members of the
superfamily. In heme-copper oxidases there is a conserved

third subunit, whose role is still not well understood, and
supernumerary subunits whose number varies from one (in
prokaryotic oxidases) up to ten in mammalian oxidases (9).

Theaa3-600 quinol oxidase is one of the terminal oxidases
of the branched respiratory chain of the aerobic Gram-
positiveBacillus subtiliswhose genome has been completely
sequenced (10). This organism can synthesizea-, b-, c-, d-,
ando-type cytochromes (11) and, depending on the growth
conditions, four terminal oxidases: thecaa3-605 cytochrome
c oxidase, theaa3-600 andd-type quinol oxidases, and ab-
or o-type oxidase (12-15).

Theaa3-600 quinol oxidase ofB. subtilisis a four-subunit
enzyme encoded by theqox operon (16, 17), subunits I, II,
III, and IV being respectively encoded by the genesqoxB,
qoxA, qoxC, and qoxD. This oxidase is constitutively
expressed whenB. subtilis168 is grown aerobically to the
exponential phase in rich media. Using the high efficiency
of homologous gene recombination in the chromosome of
B. subtilis, our group has developed a strategy for mutational
analysis of the quinol oxidase. In particular, it was found
that deletion of theqoxCgene (subunit III) causes a defective
assembly of theaa3-600 quinol oxidase in theB. subtilis
plasma membrane (15; cf. ref 18). Deletion of theqoxDgene
resulted in the expression of a normal content of hemeaa3-
600 but in depression of its activity (15). This observation
was confirmed by Saiki et al. (19), who provided evidence
indicating that subunit IV assists the binding of CuB to
subunit I during biosynthesis or assembly of the oxidase
complex.

We have now extended our work to site-directed mu-
tagenesis of specific residues in subunit I ofaa3-600 quinol
oxidase ofB. subtiliswith the aim to identify aminoacids
possibly involved in its protonmotive activity. Site-directed
mutagenesis of subunit I of thebo3 quinol oxidase of
Escherichia coli(20, 21) and of cytochromec oxidase of
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Rhodobacter sphaeroides(22) and X-ray crystallographic
analysis ofParacoccus denitrificans(23) and bovine heart
oxidase (24) have provided data for the existence in subunit
I of an input pathway (channel D) for the pumped protons
(see also ref25) and a distinct input pathway for the vectorial
protons consumed in the reduction of O2 to H2O (channel
K). More recent mutational analysis ofR. sphaeroides
cytochromec oxidase indicates, however, that channel K
mediates only the translocation of the first two vectorial
protons consumed in the reduction of the binuclear center
to the peroxy intermediate, while channel D in addition to
the four pumped protons would also translocate the two
vectorial protons consumed in the conversion of the peroxy
compound to the ferryl and this to the oxidized form of the
binuclear center (26, 27).

In the present work, eight protolytic residues in subunit I
of the of aa3-600 quinol oxidase were mutagenized to
nonpolar residues. Only two of the mutations introduced,
Y284F and K304L, resulted in definite effects on the activity
of the enzyme. Both mutants, grown to the exponential phase
in a rich medium, expressed an higher amount of hemea in
the membrane as compared to the wild-type strain; however,
their energy-conserving function was impaired. In the Y284F
mutant the electron-transfer activity of theaa3-600 quinol
oxidase was completely abolished. In the K304L mutant the
aa3-600 quinol oxidase retained substantial electron-transfer
activity, but proton pumping activity was almost completely
suppressed. These results are discussed in terms of the role
that the two mutated residues can have in the protonmotive
activity of the oxidase.

MATERIALS AND METHODS

Bacterial strains and growth conditions, DNA methods,
and genetic techniques used for the general strategy of
mutagenesis have already been described (15).

The site-directed mutagenesis on theqoxB gene was
performed on theKpnI-SphI fragment of 835 bp subcloned
in pTZ18 (Pharmacia). Theung, dut E. colistrain RZ1039
was used to produce uracil containing single-stranded DNA
of this recombinant plasmid, and the site-directed mutations
were obtained by using the appropriate oligonucleotides, as
described by Kunkel et al.(28). The mutagenizedKpnI-
DraIII fragment (for a detailed restriction map of the
constructed plasmids see ref15) was sequenced to verify
the absence of any other mutation. TheKpnI-DraIII
fragment of plasmid pDIA5343 (15) was finally replaced
by the mutant copies from the constructs in pTZ18 (Phar-
macia). The mutant strains ofB. subtilis carrying the
described mutations were constructed by using the replace-
ment step of the strategy of mutagenesis previously described
(15).

For preparation of solubilized membranes, 0.5 L cultures
of B. subtiliswild-type and mutant strains were grown in 2
L flasks at 37°C, and for the mutant strains overnight
precultures were made in the presence of the required
antibiotics. The bacterial cells were harvested during the
exponential phase (OD600 ) 0.7-0.9), and detergent-solu-
bilized membranes were prepared as in Villani et al. (15).
Optical spectroscopy and estimation of heme contents were
performed as already described (15). For CO-reduced minus
reduced difference spectra the reduced form of the mem-

branous cytochromes was obtained by addition of a few
grains of dithionite, and the room temperature spectra were
stored in the memory of a diode array spectrophotometer.
CO was then bubbled through the suspension (supplemented
with a small amount of antifoam) for 2 min in the dark, the
CO-reduced spectra were taken, and the stored reduced
spectra were subtracted from it. The CO-reduced species
were spectrally stable for at least 1 h.

For oxygen consumption measurements, the harvested
bacteria were resuspended to an OD600 of 10 in LB (Luria-
Bertani) medium, and 50µL of this cell suspension was
added to 1.6 mL of the same medium previously equilibrated
at 37°C for the polarographic measurement of the respiratory
activity.

Proton translocation was measured electrometrically by
the oxygen pulse method. Fifty milliliters of cells at the log
growth phase was centrifuged and the pellet resuspended in
0.2 mL of the assay medium. Then 0.1 mL of this cell
suspension was added to 3.1 mL of 50 mM KCl, 100 mM
KSCN, and 0.5 mM Hepes (pH 7.4), in a stoppered glass
vessel equipped with a Clark-type oxygen electrode and a
fast responding pH electrode. The suspension was thermo-
stated at 25°C and vigorously stirred. The oxygen uptake
by endogenous respiration was monitored until full anaero-
biosis was achieved; after 5 min equilibration the pH of the
suspension was 6.5-6.7, and proton release was elicited by
addition of 2.5µM O2 as air-equilibrated bidistilled water
at 25 °C; pH changes were quantitated by titrated 10 mM
HCl additions.

For KCN titration of endogenous respiration, bacteria were
harvested during the log growth phase, and the pellet was
resuspended in a small volume of 50 mM Tris-HCl, pH 7.4,
containing 50 mM NaCl. The cell suspension was then
equally split into two 1.5 mL stoppered glass vessels
equipped with Clark-type oxygen electrodes containing the
same buffer equilibrated at 37°C, and KCN titration was
done essentially as described (29).

To obtain theaa3-600 enriched fractions, solubilized
membranes were prepared as previously described (15)
except that Nonidet P40 (LKB) was used as a solubilizing
detergent at a concentration of 3 mg/mg of protein. The
solubilized membranes were then applied to a DEAE-
Sephacel (Pharmacia) previously equilibrated with 20 mM
Tris-HCl, 0.2 mM EDTA, and 0.1%n-dodecylâ-maltoside
(Calbiochem). The elution was done by applying a 0-0.5
M NaCl gradient with the same buffer, theaa3-600 being
eluted around 0.4 M NaCl. Theaa3-600 fractions were finally
concentrated in Centrispeed C30KD (MST).

The catalytic activities of the wild-type and the Y284F
and K304Laa3-600 mutagenized enzymes were measured
at 25°C in a 280µL stoppered plexiglass vessel equipped
with a Clark-type oxygen electrode, in a 50 mM phosphate
buffer, pH 7.4, containing 1%n-dodecylâ-maltoside. Tetra-
chlorohydroquinone (TCQH2) (from Sigma) was used as an
electron donor, and enzymatic oxygen consumption was
determined by subtracting HOQNO- (2-heptyl-4-hydroxy-
quinoline) and/or KCN-insensitive activity. For the KCN
titration, equal amounts of the enzymes were incubated in
the vessel in the above medium alone or supplemented with
different concentrations of KCN. Then 0.5 mM TCQH2 was
added to the reaction mixture, and the initial rate of oxygen

2288 Biochemistry, Vol. 38, No. 8, 1999 Villani et al.

D
ow

nl
oa

de
d 

by
 I

N
ST

IT
U

T
 P

A
ST

E
U

R
 o

n 
Ju

ly
 1

0,
 2

00
9

Pu
bl

is
he

d 
on

 F
eb

ru
ar

y 
5,

 1
99

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

bi
98

07
74

g



FIGURE 1: Sequence alignment of heme-copper oxidase subunit I: ECOL,E. coli bo3 quinol oxidase; BSUB,B. subtilis aa3-600 quinol oxidase; RSPH,R. sphaeroidescytochromec oxidase;
PDEN,P. denitrificanscytochromec oxidase chain Iâ; BEEF, beef heart cytochromec oxidase. The residues ofB. subtilis aa3-600 quinol oxidase mutagenized in the present work are indicated
by arrows. Invariant or functionally conserved residues are shown in white on black and dark gray boxes, respectively. TransmembraneR-helices are boxed in gray with the (-) and (+) sign for
the N and P side, respectively.
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consumption was measured and expressed as a percentage
of the uninhibited activity.

RESULTS

By means of the mutagenesis strategy previously de-
scribed, based on a two-step gene replacement method, site-
directed mutations of theqoxBgene (encoding for subunit I
of the aa3-600 quinol oxidase) ofB. subtiliswere directly
introduced in the bacterial chromosome. Figure 1 shows an
alignment of the primary sequences of subunits I ofB. subtilis
aa3-600 quinol oxidase,E. coli bo3 quinol oxidase, and beef
heart, P. denitrificans, and R. sphaeroidescytochromec
oxidases with the position of the conserved amino acid
residues of theaa3-600 quinol oxidase that were mutagenized
indicated by arrows. The following mutants were constructed
(see Table 1): T217A, D252N, Y284F, R303L, K304L,
Y309F, T365A, and Y410F.

In Figure 2 the difference spectra of solubilized membranes
of the wild type and some of the mutant strains ofB. subtilis
are shown. The peak at 600 nm is indicative of theaa3-type
quinol oxidase of the wild-type strain of this bacterium (30,
31). This peak, which disappears in the∆qox strain (15), is

then restored at the same position in all the mutant strains,
with the exception of the Y410F mutant. In this strain the
peak shows a blue shift of 5 nm, thus confirming what was
previously found in the cytochromec oxidase ofR. sphaer-
oides(32).

Table 1 summarizes the results of the phenotypic char-
acterization of the wild-type and mutant strains ofB. subtilis
produced in two separate sets of experiments (parts A and
B). For a first rapid screening, the strains were grown in the
presence of different concentrations of streptomycin. This
antibiotic has been extensively used for the isolation of
mutants which are defective inaa3-type oxidase activity (33).
The sensitivity to this antibiotic that was lost, as expected,
in the ∆qox strain (15) was fully restored in all the mutant
strains with the exception of the K304L and Y284F mutants.
Determination of the content of hemea in the membranes
shows that the mutants Y284F and K304L overexpressed
hemea; a depression was, on the other hand, found in the
mutant Y410F. It has to be noted that, for the mutant Y410F,
the sameε for the calculation of hemea concentration, even
if the peak resulted blue-shifted by 5 nm, was used. The
respiratory activities of the mutant strains were comparable
to the wild-type strain except in the case of the mutant Y284F
which showed a marked depression in the rate of O2

consumption. The respiratory activity of the K304L mutant
strain, when referred to the hemea content, resulted,
however, in being depressed by 50% (compare with the
results presented in Table 2). The redox-linked proton
pumping activity, which was lost in the strain∆qox (15),
was restored with stoichiometries close to that of the wild
type in the mutants T217A, D252N, R303L, Y309F, T365A,
and Y410F but was markedly depressed in the mutants
Y284F and K304L (Table 1; see also Figure 3). The lower
stoichiometry in the proton pumping activity of these two
strains was not associated with an increase of thet1/2 of the

Table 1: Phenotypical Characterization of Wild-Type and Mutant Strains ofB. subtilisa

part A part B

B.s.168::specR K304L R303L D252N T217A T365A wild type Y284F Y309F Y410F

hemeab 0.23 0.41 0.23 0.22 0.25 0.22 0.35 0.44 0.30 0.19
hemebb 0.28 0.33 0.32 0.24 0.31 0.34 0.71 0.36 0.70 0.75
hemecb 0.06 0.07 0.03 0.07 0.06 0.04 nd 0.20 nd nd
O2 consumc 179( 9 158( 10 165( 15 161( 10 177( 5 169( 11 182( 6 82( 3* 182 ( 17 154( 11
H+/e- 2.0( 0.1 1.3( 0.1* f 2.0( 0.1 1.8( 0.2 1.9( 0.1 1.8( 0.1 2.0( 0.05 1.2( 0.1* 2.0( 0.05 2.0( 0.05
t1/2 (s-1) 9 9 12 8 9 9 15 15 18 18
power outputd 360 212 323 286 337 300 365 115 364 308
strept rese - ++ - - - - - +++ - -

a Heme content in detergent-solubilized membranes, respiratory rates, and redox-linked proton translocations in cell suspensions were measured
as described in Materials and Methods. Parts A and B refer to the two experiment sets shown in Figures 2 and 3.b nmol of heme/mg of membrane
proteins.c µM e- min-1 OD600

-1. d µM H+ min-1 OD600
-1. e Streptomycin resistance tested in a range of 10-100 mg/L. f ,*Statistically significant,

P < 0.01 as compared to the control; number of experiments, 4-8.

FIGURE 2: Difference optical spectra (dithionite reduced minus
ferricyanide oxidized) of detergent-solubilized membranes of wild
type and the mutant strains ofB. subtilis. For experimental details
see ref15. Spectra were scanned at a protein concentration of 1
mg/mL. (A) B. subtilis168 was used as the wild-type strain and
Triton X-100 was used as the solubilizing detergent. (B)B. subtilis
168::SpecR (15) was used as the control strain andn-dodecyl
â-maltoside was used as the solubilizing detergent. For other details
see Materials and Methods.

Table 2: Kinetic Characterization ofaa3-600 Enriched Fractions
and KCN Inhibition Properties of Wild-Type and K304LB. subtilis
aa3-600 Quinol Oxidasesa

B.s.168::specR K304L

Vmax (TN‚s-1)b 15.1 9.6
Km (mM)b 1.2 1.6
in vitro KCN I50 (µM)b 13 34
in vivo KCN I50 (µM)c 33 66

a For experimental details see Materials and Methods.b Measured
on aa3-600 enriched fractions.c Measured on endogenous respiration
of intact cells.I50 was obtained from the data reported in Figure 5.

2290 Biochemistry, Vol. 38, No. 8, 1999 Villani et al.
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proton back-flow after the external acidification elicited by
the oxygen pulse of the anaerobic bacterial suspension
(Figure 3). To exclude the possible occurrence of secondary
mutations, two independently isolated clones, Y284Fbisand
K304Lbis, were analyzed. These clones showed the same
phenotypic pattern of their counterparts as far as streptomycin
resistance, spectra on solubilized membranes, and proton
translocation stoichiometries were concerned (data not
shown).

Figure 4 shows the analysis in the wild-type and the Y284F
and K304L mutant strains of the CO-reduced minus reduced
and the H2O2 minus fully oxidized difference spectra
performed on detergent-solubilized membranes. In the CO
difference spectra (Figure 4A), the positive contribution of
hemea3 at 430 nm and the negative contribution at 444 nm
[completely absent in the∆qox strain (15)] are present in
the wild-type and in the K304L membranes, whereas they
are clearly perturbed in the strain Y284F. Treatment of the
solubilized membranes of the wild-type and the K304L
strains with a limited amount of H2O2 (Figure 4B) resulted
in steady-state formation of the peroxy and ferryl intermedi-
ates with absorbance maxima at 580 and 607 nm, respectively
(34). This typical spectral pattern, occurring as a consequence
of the peroxidase activity at the hemea3-CuB binuclear
center, was strongly altered in the Y284F strain.

Aerobic growth ofB. subtilis168 to the exponential phase
in rich media results in constitutive expression ofaa3-600

quinol oxidase (15). Lack of significant expression ofd-type
oxidase, which has an absorption peak at 630 nm, is
confirmed by the difference spectra presented in Figure 2.
Absence of significant oxidase activity with ascorbate plus
TMPD excluded the presence of thecaa3-605 cytochromec
oxidase. To exclude interference from nonpumping,b- (or
o-) type quinol oxidase, which appears, however, to be
expressed when theqox operon is deleted [see strain∆qox
(15)], the respiratory activities of the wild-type strain and
of the K304L mutant strain, were titrated with KCN. It should
be pointed out at this point that the wild-type strain does
not display a functional alternative oxidase (15). The results
of this titration presented in Figure 5 show a somewhat lower
sensitivity to KCN of the respiratory activity of the K304L
strain as compared to the wild-type strain. It is worth noting
that the logarithmic curves best-fitting the points of the in
vivo KCN titration do not extrapolate to the value of 100%
of respiratory activity in the absence of KCN. This is due to
the sigmoidal shape of inhibitor titration curves of respiratory
fluxes when the titrated enzyme is not rate limiting (29, 35).
The slight difference in sensitivity of respiratory activities
to inhibition by KCN between wild-type and K304L strains
could be caused by several factors such as (i) possible
contribution of the alternative oxidase (in this case, however,
a double hyperbolic phase would have been expected in the

FIGURE 3: Redox-linked proton translocation measured in intact
cells of wild type and the mutant strains ofB. subtilis. For
experimental conditions see ref15. Panels A and B refer to the
two experiment sets shown in Figure 2. The numbers on the curves
refer to thet1/2 of the proton back-flow following the initial proton
release. For experimental details see Materials and Methods.

FIGURE 4: Difference spectra of (A) CO-reduced minus reduced
and (B) H2O2-supplemented minus oxidized solubilized membranes
from wild type and mutant strains ofB. subtilis. Detergent-
solubilized membranes were suspended at a final concentration of
2 mg of protein/mL and spectra recorded as in ref15. (A) See
Materials and Methods. (B) Oxidized membranousaa3-600 quinol
oxidases were incubated with 0.5 mM H2O2 at pH 8.0 for 30 s
(32) after which the difference spectra were recorded.

B. subtilisProtonmotiveaa3 Quinol Oxidase Biochemistry, Vol. 38, No. 8, 19992291
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KCN titration curve; cf. Figure 5A and see ref36), (ii)
different sensitivity to KCN of the twoaa3-600 oxidases,
and (iii) higher relative maximum capacity of theaa3-600
in the strain K304L (as compared to the wild-type strain),
which would result in a shift of the inhibition threshold (29).
To discriminate among these possibilities, we preparedaa3-
600 enriched fractions from the wild-type and the K304L
strains. Figure 6 shows the difference spectra of these two
preparations, indicating that there was in both preparations
only a small and equivalent contribution of theb-type
cytochromes.

In Table 2 the results of the analysis of the catalytic
properties of the wild-type and the K304Laa3-600 oxidases
are reported. Theaa3-600 quinol oxidase ofB. subtilisuses
as endogenous substrate menaquinol-7, and the highest
turnover numbers for this enzyme are obtained with the
artificial substrate tetrachlorobenzoquinol (TCQH2) (30). The
mutant enzyme had a slightly lower affinity for the artificial
substrate TCQH2 and a reducedVmax as compared to the wild-
type enzyme. The decrease in the specific respiratory activity
relative to the hemea content of the mutant preparation as
compared to the wild-type preparation was, on a percentage
basis, practically the same as that observed for the mutant
vs wild-type intact cells (Table 1). This excludes any
difference in the relative maximum capacity of theaa3-600

enzyme in the two strains. Anaa3-600 enriched fraction was
also prepared from the Y284F mutant (see Figure 6). This
fraction did not exhibit any quinol oxidase activity. Thus
the residual respiratory activity exhibited by the intact Y284F
mutant cells has to be ascribed, in this case, to alternative
nonpumping quinol oxidases and/or to a small contribution
of the cytochromec respiratory branch. This (these) could
come into action when, due to the suppression of theaa3-
600 quinol oxidase, the steady-state level of endogenous
quinol increases. Figure 5B shows the KCN titration curves
of the wild-type and K304Laa3-600 quinol oxidases. In this
case, the logarithmic best-fitting equations do extrapolate to
100% activity in the absence of KCN. In the conditions used
for the determination of the respiratory activity in the
enriched oxidase fractions, the enzyme is titrated as the
isolated rate-limiting step. The K304L enzyme preparation
shows a small decrease in the sensitivity to cyanide as
compared to the wild-type enzyme, practically to the same
extent as that observed in the intact cells. These results
indicate that in the K304L mutant strain the respiratory
activity of the cells is completely supported by the mutant
K304L aa3-600 quinol oxidase.

DISCUSSION

Of the eight mutations of protolytic to nonpolar residues
we have introduced in subunit I ofaa3-600 quinol oxidase
of B. subtilis, only two, namely Y284F and K304L, impaired
the bioenergetic function of the microorganism as revealed
by the appearance of the streptomycin resistance which
appears to be directly correlated with the extent of power
output (see Table 1). The Y284F mutation suppressed the
electron-transfer activity of theaa3-600 quinol oxidase of
B. subtilis, as already observed for this mutation in thebo
quinol oxidase ofE. coli (37-39). The Y284F mutation did
not alter the reduced (dithionite) minus oxidized (ferri-
cyanide) difference spectrum ofaa3 (Figures 2 and 6) but
perturbed the interaction ofa3 with CO and suppressed the
production of the peroxy and ferryl compounds by added
H2O2 (Figure 4). X-ray crystallographic analyses ofaa3

cytochromec oxidase ofP. denitrificans(40) and of bovine

FIGURE 5: KCN titration of oxygen consumption in intact cells andaa3-600 enriched fractions ofB. subtilis168::SpecR and K304L strains.
(A) KCN titration of endogenous respiration ofB. subtilis 168::SpecR (b) and K304L (4) strains. (B) KCN titration of TCQH2
(tetrachlorohydroquinone) oxidation activity ofaa3-600 enriched fractions fromB. subtilis 168::SpecR (b) and K304L (4) strains. For
experimental details see Materials and Methods.

FIGURE 6: Difference optical spectra ofaa3-600 enriched fractions
from B. subtilis168::SpecR, Y284F, and K304L strains. For details
see Materials and Methods.
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heart mitochondria (41) show that the conserved tyrosine in
the position corresponding to Y284 of theB. subtilisquinol
oxidase (Y280 in theP. denitrificansand Y244 in bovine
heart) is covalently bound to one (H276 inP. denitrificans,
H240 in bovine heart, H280 inB. subtilis) of the three
conserved histidines which serve as ligands to CuB. On the
basis of crystallographic analyses, it has also been proposed
that Y280 of theP. denitrificans oxidase (23) and the
corresponding Y244 in the bovine heart oxidase (24) are
located at the inner end of the putative channel in subunit I,
which would transfer the scalar protons consumed in the
reduction of O2 to 2H2O from the inner aqueous phase to
the binuclear center. This proton-transfer pathway (channel
K) involves a conserved lysine (K354 inP. denitrificans,
K319 in bovine heart) of subunit I (23, 24) (Figure 7).
Mutation of this lysine to methionine in prokaryotic cyto-
chromec oxidases indicates, however, that this residue is
involved in the initial reduction of the binuclear center to
the peroxy compound(s), and the associated proton uptake,
but not in the uptake of vectorial and pumped protons
associated to the reactions leading from the peroxy com-
pounds onward (26, 27).

The K304L mutation, which we have introduced in the
aa3-600 quinol oxidase ofB. subtilis, causes partial inhibition
of the electron-transfer activity of the enzyme, does not alter
the reduced minus oxidized difference spectrum ofaa3, and
does not affect the reaction of the binuclear center with CO
and H2O2. It causes, on the other hand, substantial suppres-
sion of the pumping activity of the quinol oxidase and
induces streptomycin resistance. This lysine residue is located
in the loop connecting helices VI and VII at the inner (N)
surface of the enzyme (Figure 7), in a position which is
conserved (as K or R) practically in all the heme-copper
oxidases so far sequenced (see Figure 1). It may be
significant that the mutation R303L does not have any effect
on theaa3-600 quinol oxidase. It seems possible to conclude
that the conserved K304 is essential for the proton pumping
activity of the oxidase. The crystal structures of theP.

denitrificans(23) and bovine heart oxidases (24) show that
this lysine (K300 in theP. denitrificans, K265 in bovine
cytochromec oxidase) is exposed to the inner aqueous space
(N side). In the bovine as well as in theP. denitrificans
oxidase the conserved lysine is apparently connected to the
conserved S255 (bovine; S291 inP. denitrificans) of the K
channel but is far away from the conserved D91 and N98
(bovine; D124 and N131 inP. denitrificans) which are
considered to be essential components of the entry mouth
of channel D of pumped protons (20-24). It is interesting
to note that in the bovine oxidase crystal the peripheral
extensions of the supernumerary subunits cover all the
conserved protolytic residues at the N surface of subunit I,
except D91 and K265 which remain exposed to the bulk
water (see refs24 and42).

It has been proposed that in the bovine oxidase K265 is
located at the entrance of the K channel, being connected to
the conserved S255 and K319 (bovine; S291 and K354 in
P. denitrificans) by protolytic residues (T489, T490, N491,
H256) with intercalated hydrogen-bonded water molecules
(Figure 10C in ref24) (Figure 7). The above protolytic
residues are not all conserved in theP. denitrificans
cytochromec oxidase andB. subtilis aa3 quinol oxidase.
Inspection of the crystal structure shows, however, that there
are also inP. denitrificans oxidase additional protolytic
residues which, possibly with intercalated H2O molecules
(cf. ref 43), can provide protonic connectiveness of K300
with S291, K354, T351, and Y280, conserved residues of
the K channel (Figure 7). Furthermore, it is apparent from
the space-filling view of cross sections of the two crystal
structures (Figure 7) that there are cavities which could be
filled by water molecules establishing secondary protonic
connectiveness of K265 (bovine; K300 inP. denitrificans)
and S255 (bovine; S291 inP. denitrificans) with conserved
protolytic residues in the D channel (Figure 7).

It seems possible to conclude that the conserved K304 we
have mutated to L in theB. subtilis quinol oxidase is a
component of the entry mouth of the K channel. The presence

FIGURE 7: Space-filling view of a cross section parallel to the membrane of subunit I ofP. denitrificans(A) and bovine heart (B) cytochrome
c oxidase. Data are from the PDB coordinates of the crystal structures of theP. denitrificans(23) and bovine heart oxidase (24), drawn
using the RasMol 2.6 program. Hemea3 and conserved protolytic residues involved in the proton conduction pathways (channels D and K,
indicated by white dotted arrows) are shown in black. The polar residues (in gray) and cavities connecting the protolytic residues are also
made visible. P and N indicate the outer and inner aqueous phases, respectively. For other details see the text.
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of additional protolytic residues around this conserved lysine,
as well as its possible protonic connectiveness with protolytic
residues of the D channel, seems to explain why the mutation
K304L causes only partial inhibition of the steady-state
activity of the oxidase but marked depression of the proton
pumping, at difference of the replacement of the conserved
lysine corresponding to K319 in the bovine and K354 in the
P. denitrificansoxidase (26, 44, 45) which results in complete
suppression of the steady-state oxidase activity. Impairment
of the translocation of the vectorial protons, apparently only
the first two consumed in the formation of the peroxy
compound (26, 27), can result in short circuit of the protons
moving in the D channel to the binuclear center where they
will be consumed in the chemistry of reduction of O2 to H2O
with impairment of proton pumping. The present observa-
tions would suggest that the utilization of the D and K
channel for the translocation of pumped protons and those
used in the various steps of the reduction of O2 to H2O is
not strictly specific. In particular, the D channel, which
appears to be used for pumped protons, could also serve for
translocation of vectorial protons in the Pf F and Ff O
steps of the chemistry of oxygen reduction (26, 27) as well
as in the Of P step, at least in the particular conditions as
those introduced by the mutation K304L we have described
here.
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