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Glutamate 107 in Subunit I of Cytochrome bd from Escherichia coli Is Part of a
Transmembrane Intraprotein Pathway Conducting Protons from the Cytoplasm to
the Heme bsos/Heme d Active Site®
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ABSTRACT: Cytochrome bd is a terminal quinol:O, oxidoreductase of the respiratory chain of Escherichia
coli. The enzyme generates protonmotive force without proton pumping and contains three hemes, bsss,
bsos, and d. A highly conserved glutamic acid residue of transmembrane helix III in subunit I, E107, was
suggested to be part of a transmembrane pathway delivering protons from the cytoplasm to the oxygen-
reducing site. When E107 is replaced with leucine, the hemes are retained but the ubiquinol-1-oxidase
activity is lost. We compared wild-type and E107L mutant enzymes during single turnover using absorption
and electrometric techniques with a microsecond time resolution. Both wild-type and E107L mutant
cytochromes bd in the fully reduced state bind O, rapidly, but the formation of the oxoferryl species in
the mutant is dramatically retarded as compared to the wild type. Intraprotein electron redistribution induced
by the photolysis of CO bound to ferrous heme d in the one-electron-reduced wild-type enzyme is coupled
to the membrane potential generation, whereas the mutant cytochrome bd shows no such potential
generation. The E107L mutation also causes decrease of midpoint redox potentials of hemes bsgs and d
by 25—30 mV and heme bssg by ~70 mV. There are two protonatable groups redox-linked to hemes bsgs
and d in the active site, one of which has been recently identified as E445, whereas the second group
remains unknown. Here we propose that E107 is either the second group or a key residue of a proposed

proton delivery pathway leading from the cytoplasm toward this second group.

The aerobic respiratory chain of Escherichia coli termi-
nates with the two quinol oxidases, cytochrome bo; and
cytochrome bd (I, 2). Cytochrome bos (encoded by cyoAB-
CDE operon) predominates when the cells are grown with
high aeration, and cytochrome bd (encoded by cydAB
operon)' is predominant when the oxygen tension is low (6-8).
Both oxidases are primary generators of Auy+ 2 (transmem-
brane difference in the electrochemical HT potentials),
because the electron transfer from a substrate quinol to
molecular oxygen to form water is directly coupled to the
transmembrane charge separation (9—12). Cytochrome bo;
is a proton pump and belongs to a superfamily of
heme—copper oxidases (/3). Cytochrome bd does not pump
protons and has no copper (/13—16). The bd enzyme has a
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remarkably high affinity for oxygen (/7) and relatively low
sensitivity to cyanide during turnover (/8-20).

Cytochrome bd is a heterodimer containing subunit I
(CydA) and subunit II (CydB) (/3-16). The 3D structure of
cytochrome bd has not been resolved yet. Meanwhile, neither
of these subunits reveals sequence homology to any of
subunits of cytochrome bo; or other heme—copper oxidases
(21, 22). Cytochrome bd contains three heme groups, bsss,
bsos, and d, which are predicted to locate close to the
periplasmic side of the membrane (23, 24). A low-spin
hexacoordinated heme bssg has H186 and M393 of subunit
I as the axial ligands. It is supposed to locate near a quinol-
binding site and mediate electron transport from the quinol
to hemes bsos and d (25, 26). A high-spin heme d is the place

!'The E. coli genome reveals a further operon (cyxAB, previously
called appBC or cbdAB) encoding a bd-type quinol oxidase (3) that
may be expressed under conditions close to anaerobiosis (4). Although
the cyxAB-encoded enzyme has been isolated and characterized (5), it
remains to be poorly studied and its physiological role is not known.

2 Abbreviations: Aug+, transmembrane difference in the electro-
chemical H" potentials; AW, electrical membrane potential; FTIR,
Fourier transform infrared; E,, midpoint redox potential; R, fully
reduced species; MV, “mixed-valence” (one-electron-reduced) species;
A, ferrous oxy species; P, peroxy species; F, oxoferryl species; O, fully
ferric species; 7, time constant, reciprocal of rate constant; TMPD,
N,N,N’.N’-tetramethyl-1,4-phenylenediamine; NHE, normal hydrogen
electrode.
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where O, is bound and reduced to H,O. Although its axial
ligand has not been identified, a highly conserved E99
subunit I could be a candidate (27). A high-spin pentaco-
ordinated heme bsgs has H19 of subunit I as the axial ligand.
Heme bso5 facilitates electron transfer from heme bssg to heme
d (28, 29). In addition, it is believed that heme bsos is adjacent
to heme d and that both hemes are arranged as a diheme
oxygen-reducing site (/7, 12, 30-38).

The bd-type oxidases are widely distributed among
prokaryotes and play an important role in bacterial physiol-
ogy. Notably, cytochrome bd was reported to enable both
pathogenic and commensal bacteria to colonize oxygen-poor
environments (39—42), increase virulence and survival in host
mammalian cells (43, 44), and enhance bacterial tolerance
to nitrosative stress (45—47). These properties make cyto-
chrome bd particularly attractive for its mechanism of oxygen
reduction and the chemistry-linked energy conservation to
be studied on the molecular level.

Cytochrome bd generates Auy+ by means of “vectorial
chemistry”, when oxidation of ubi(mena)quinol releases
protons to the periplasmic (positive) side of the membrane,
while the protons required for oxygen reduction to water are
taken up from the cytoplasmic (negative) side of the
membrane. Single-turnover electrometric experiments showed
that membrane potential generation is associated with
electron transfer from heme bssg to the bsos/d diheme active
site (/0-12). However, since all three hemes are likely to
be located at the same depth of the membrane close to the
periplasmic side (23, 24), the electron transfer itself cannot
be electrogenic (/0). Instead, the vectorial proton movement
from the cytoplasm toward the active site on the opposite
(periplasmic) side of the membrane coupled to the redox
reaction between the hemes b and d must occur (/0-12).
The latter means that there must be a proton-conducting
channel connecting the cytoplasm to the bsos/d diheme active
site (10, 11). On the basis of sequence analysis, it was
suggested that the highly conserved E99 and E107 in a-helix
IIT of subunit I are parts of such channel (23).

Site-directed mutagenesis in combination with time-
resolved electrometry and absorption spectroscopy are
powerful tools for studying the role of individual amino acid
residues in proton-conducting pathways in terminal oxidases
and other energy transducers such as a light-driven proton
pump bacteriorhodopsin (48, 49). Very recently, the muta-
tions in E99 and E107 in subunit I of the E. coli cytochrome
bd have been analyzed (27, 50). It appeared that all mutations
at E99 site and some at E107 site (e.g., EI07A and E107D)
resulted in the loss of the hemes bsos and d (27, 50); therefore,
these mutants are useless for time-resolved experiments. At
the same time, the two E107 mutants (E107L and E107Q)
retain the hemes (>50% heme d content) (27, 50). The
mutants have very little (5%, E107L) or no (<1%, E107Q)
ubuquinol-1-oxidase activity but retain quite substantial
ascorbate/TMPD-oxidase activity (20—30%), as compared
to the wild-type enzyme (27, 50). E99 and E107 appear to
be critical for the assembly and/or stability of the bsos/d
diheme active site (27, 50). Fourier transform infrared (FTIR)
redox difference spectroscopy of the E107Q mutant enzyme
reported that E107 in the wild-type enzyme is protonated at
pH 7.6 and perturbed upon reduction of the bsgs/d diheme
active site (50).
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In this work, we studied the E107L mutant cytochrome
bd from E. coli by means of electrometry and absorption
spectroscopy with a microsecond time resolution to elucidate
the role of E107 in translocation of protons within the protein
molecule.

MATERIALS AND METHODS

Purification of Wild-Type and E107L Enzymes. The wild-
type cytochrome bd and the E107L mutant oxidases were
isolated from E. coli strains ST4683/pNG2 (Acyo::CmR
Acyd::Km®/ cydt TetR) and ST4683/pMFO9/pNG2-E107L
(Acyo::CmR Acyd::Km®/ cyo™ Amp®/ cyd™ Tet®), respec-
tively, as described previously (27).

Heme analysis. The heme b contents of both wild-type
and E107L mutant enzymes were measured by the pyridine
hemochromogen assay, using a value of Agssgs—s40 of 23.98
mM~'-cm™! (57). The heme d content was determined from
the reduced-minus-“air-oxidized” difference absorption spec-
tra using Aggs—g07 of 10.8 mM~!'cm™! (32). The concentra-
tion of heme bssg was estimated using the value of Aésg—sgo
of 21.0 mM~!-cm™! for the (dithionite-reduced)-minus-*air-
oxidized” difference spectra (37). Since the amounts of the
ferrous heme d oxy complex and the ferryl-oxo heme d
species in the “air-oxidized” enzyme are variable, the heme
d content of the wild-type and mutant oxidases was also
determined by using Aé&gs—s70 of 25 mM~'-cm™! for the
dithionite-reduced absolute absorption spectra (/7). Since not
all “as prepared” cytochrome bd is in the one-electron-
reduced (mixed-valence, MV) state, for CO photolysis
measurements, the concentration of the CO-bound enzyme
was estimated based on CO binding extinction coefficient
of Aggsz—623 = 13.2 mM~'-cm™! for the difference spectra
of the MV cytochrome bd (CO-bound-minus-deoxygenated).
This Ae value was initially derived from the CO-bound/
dithionite-reduced-minus-dithionite-reduced difference spectra.

Time-Resolved Spectrophotometric Measurements. Time-
resolved spectrophotometric measurements were accom-
plished using a home-built CCD-based instrument as de-
scribed in ref 52. A pulsed 150 W xenon arc lamp (Applied
Photophysics, Leatherhead, Surrey, U.K.) was used as the
probe light source. The setup enables to record entire
absorption spectra of 433 nm width (within 200—900 nm
range) every 1 us.

Cytochrome bd in either the MV state or fully reduced
(R) state was prepared in a gastight cuvette. Deoxygenated
MYV enzyme was obtained by equilibration with argon gas
using the vacuum/gas line. To obtain the R enzyme, the
deoxygenated MV enzyme was further reduced under
anaerobic conditions with 2.5 mM sodium ascorbate and 5
uM TMPD. To generate the CO-liganded enzyme, cyto-
chrome bd in either the MV or R state was equilibrated with
1% CO/99% argon mixture. To perform the flow-flash
experiments with the R—CO enzyme, the sample was
transferred to the stopped-flow module (SFM-300, Bio-Logic,
Claix, France) and then mixed with O,-enriched water. CO
photolysis was initiated by a laser flash (frequency-doubled
YAG, 532 nm; pulse energy, 120 mJ; Brilliant B; Quantel,
Les Ulis, France).

Time-Resolved Electrometric Measurements. Reconstitu-
tion of the wild-type and the E107L mutant enzymes into
liposomes, preparation of the anaerobic samples, and direct
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FIGURE 1: Optical changes following CO photolysis from the mixed-valence wild-type and E107L mutant cytochrome bd. (A) Wild-type
kinetics of optical changes at 628 and 638 nm and their difference (heme d). The trace at 638 nm is an upside-down representation of the
original data normalized to the trace at 628 nm by the amplitude of the CO photolysis phase. (B) Wild-type kinetic absorbance spectrum
of the 82 us phase. (C) E107L mutant kinetics of optical changes at 628 and 638 nm, presented similarly to that in panel A. The zero time
is the moment of the laser flash. Conditions: CO-bound cytochrome bd, 15 uM (wild type), 12 uM (E107L mutant); Tween-20, 0.1%;

HEPES—KOH (pH 7.5), 100 mM; CO, 1%.

electrical measurements with a microsecond time resolution
were carried out essentially as reported (refs 10 —12 and
references therein).

The effective amount of MV—CO was ~45% for both
the spectrophotometric and the electric measurements be-
cause not all “as prepared” cytochrome bd is in the MV state.

Spectroelectrochemistry. The spectropotentiometric redox
titrations of both wild-type and the E107L mutant bd-type
oxidases were performed by using an optically transparent,
thin-layer electrode (OTTLE) cell as described (ref 53 and
references therein). Potentials within the range of —100 to
+450 mV versus NHE were set with 20 mV steps during
both oxidative and reductive titration using a PAR263A
potentiostat (Princeton Applied Research, Oak Ridge, TN).
At each potential step, the onset of equilibrium on the
working electrode was determined. Two layers of gold
minigrid (300 lpi, each layer with a 70% transmittance;
Buckbee-Mears Europe GmbH, Germany) served as the
working electrode. A platinum wire immersed in 3 M KCl
and a saturated Ag/AgCl half-cell served as the counter
electrode and reference electrode, respectively. Hexaam-
mineruthenium (£, = +50 mV), pentaaminepyridineruthe-
nium (E,, = +250 mV), and ferrocenylethanol (E,, = +430
mV), all at 200 uM, were added as redox mediators. All
redox potentials quoted refer to NHE.

Experimental Software and Data Analysis. Instrumental
software for experimental setups was developed by N.
Belevich (Helsinki, Finland). All measurements were per-
formed at +21 °C. MATLAB (The Mathworks, South
Natick, MA) was used for data analysis.

RESULTS

Electron Transfer Reactions with One-Electron-Reduced
E107L Mutant and Wild-Type Enzymes. The basic under-
standing of the coupling between the electron and proton
transfers may be obtained with the oxidase in the mixed-
valence (one-electron-reduced) state. Under anaerobic condi-
tions, a molecule of CO binds to heme d in the bd oxidase
in the mixed-valence state and then can be easily dissociated
by a flash of light. The photolysis of CO from heme d lowers
the redox potential of this heme and, as a result, creates
conditions for electron redistribution to other redox centers.
This phenomenon is a very convenient as a tool for
investigation of electron transfer reactions, and we used such

approach to analyze the effect of E107L mutation on electron
transfer in the bd oxidase from E. coli. The information
gained from the studies of the oxidase in the mixed-valence
state may facilitate deciphering the mechanism of the normal
catalytic reaction. For this purpose, we applied a combination
of two detection techniques: absorption spectroscopy and
potentiometric electrometry.

The recording of the spectra every microsecond after the
laser flash gives surface of absorbance data which can be
decomposed into the kinetic components and spectra of the
individual reactions. Figure 1A shows the selected traces of
optical changes obtained from the surface of absorbance data
during flash photolysis of CO from the mixed-valence wild-
type enzyme. The trace at 628 nm (maximum of the ferrous
heme d absorption spectrum) consists of the components
reflecting two processes: oxidoreduction of heme d together
with CO photolysis/recombination), while the second trace
at 638 nm (note that the optical trace at 638 nm is an upside-
down representation of the original data normalized to the
trace at 628 nm by the amplitude of CO photolysis) is due
to CO photolysis/recombination only. First, an initial sharp
increase seen in both traces is due to kinetically unresolved
phase of CO photolysis from heme d. At 638 nm, the CO
dissociation phase is followed by two phases of CO
recombination. Another trace, at 628 nm, is also dominated
by CO recombination; however, at the same time an
additional component, best seen as a difference between 628
and 638 nm curves, can be derived. This component
represents oxidation and subsequent rereduction of heme d
(Figure 1A, heme d trace).

From the fit of the complete surface of optical changes
we were able to resolve the spectra of individual transitions
and to establish their time constants. The three-exponential
global fit with the time constants of about 80 us, 375 us,
and 1.67 ms produced the best results. The spectrum of the
80 us phase is shown in Figure 1B. It can be assigned to the
pure electron backflow from heme d mostly to heme bss
(~80% of the electron goes to heme bsgs and only ~20% to
heme bssg), which is in agreement with a recent report (/7).
The amplitude of the electron backflow is relatively small
(only about 11% of heme d gets oxidized by the b-hemes)
but still detectable. The two slower phases (375 us and 1.67
ms) are dominated by CO recombination. However, when
the pure CO-recombination spectrum, obtained during CO
photolysis of the fully reduced CO-bound cytochrome bd,
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FIGURE 2: Electric potential generation upon CO photolysis from
the mixed-valence wild-type (upper trace) and E107L mutant (lower
trace) enzymes. The zero time is the moment of the laser flash.
Conditions: MOPS—KOH (pH 7.0), 100 mM; glucose, 50 mM;
catalase, 0.5 mg/mL; glucose oxidase, 1.5 mg/mL; CO, <1%.

is subtracted from the spectra of the slower phases, it reveals
that heme d gets rereduced in the same time window. The
spectra obtained after subtraction of CO-recombination
spectrum from the slower phases (not shown) are essentially
the same as the reversed spectrum shown in Figure 1B.

In contrast, no distinct electron backflow phase after CO
photolysis from the mixed-valence state of the E107L mutant
enzyme was observed. The flash photolysis of the mutant
consists of only the two phases of CO recombination (Figure
1C). The CO dissociation is reverted with the two (rather
than one) phases probably due to the low concentration of
CO. At 1% CO in the gas phase, there is only 10 4uM CO in
the solution. In our experiments, the enzyme concentration
was even higher than that of CO. To follow pseudo-first-
order reaction (monoexponential decay), the concentration
of CO should be much higher than the enzyme concentration.
In our case, it was rather a bimolecular reaction that can be
reasonably well fitted with two exponential components.

Electron Backflow Experiment with the One-Electron-
Reduced EI107L Mutant Enzyme Does Not Show AW
Generation. With electrometry it is possible to follow charge
(electrons or/and protons) transfer that takes place perpen-
dicular to the membrane plane. Thus electrometry supple-
ments optical spectroscopy and may give information about
proton translocation during the reaction. Figure 2 compares
time courses of membrane potential generation after the flash-
induced photolysis of CO from the mixed-valence wild-type
(upper trace) and E107L mutant (lower trace) enzymes under
anaerobic conditions. The electrometric response of the wild-
type enzyme is very similar to that seen in a previous study
(see Figure 5 in ref 70). This AW generation is coupled to
the electron backflow from heme d to either or both hemes
b (10, 11). In contrast, the mutant enzyme shows almost no
AW generation under the same experimental conditions
(<10% of the total AW amplitude of the wild-type enzyme).
It is worthy to note that there is a relatively high difference
in the rates of electric potential relaxation and CO recom-
bination measured in the optical experiment. A possible
explanation may be in the difference of the CO concentra-
tions in the optical and electrometric experiments. While in
the optical sample the concentration of CO is well defined
and equilibrates rapidly with 1% of CO in the gas phase, in
the electrometric cell the equilibration process is much slower
due to design of the anaerobic box. Even though the gas
phase in the electrometric box is the same (1% CO), it takes
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some time before CO reaches the sample. And during the
measurements we see acceleration of electric potential
dissipation due to CO recombination. Since the development
of electric potential due to electron backflow is better seen
in the slow relaxing sample, here we show the trace under
such conditions.

Oxoferryl Species Is Not Observed in the Reaction of the
Fully Reduced E107L Mutant Enzyme with O, on the 100
us Time Scale. Figure 3 shows the kinetic difference spectra
for the reaction of the wild-type and E107L mutant cyto-
chromes bd in the fully reduced state with oxygen during
the first 100 us of the reaction. Both time constants and
kinetic spectra for the wild-type enzyme are virtually
identical to those observed in a recent study (/2). The optical
changes for the wild-type enzyme (Figure 3, left panel)
correspond to three sequential transitions with 7 of 1.4, 4.1,
and 47 us. The spectrum of the 1.4 us phase reveals a
minimum at 629—630 nm and a maximum at 653—654 nm
that reflects the R — A transition. The spectrum of the 4.1
us phase shows a trough at 653 nm and a peak at 634—635
nm that is due to the A — P transition (/2). The spectrum
of the 47 us phase reveals minima at 560—562 and 639—640
nm and a maximum at 680 nm that is characteristic of the P
— F transition.

For the E107L mutant enzyme, the development of the
optical changes within the 100 us time window can also be
fitted by three-exponential transitions with time constants of
1.8, 7.5, and 56 us (Figure 3, right panel). The spectrum of
the 1.8 us phase is identical to that of the first phase of the
wild-type enzyme and therefore can be assigned to the R —
A transition. The spectra of the 7.5 and 56 us phases are
essentially similar in line shape, but the amplitudes are small.
Qualitatively, these spectra have features similar to the
spectrum of the 4.1 us phase of the wild-type enzyme
(minima at about 560, 595, and 654 nm and a maximum
around 635 nm). Hence we can conclude that these two
spectra mainly reflect the A — P transition. It is most likely
that, by the end of the 100 us time window, the major part
of the E107L enzyme is still in the A state. In the spectrum
of the 56 us phase, there is also a small maximum around
680 nm, and a peak at 635 nm is less pronounced as
compared to the spectrum of the 7.5 us phase (Figure 3, right
panel). A tiny peak at 680 nm may point to a small
contribution of the oxoferryl species formation to the
spectrum of the 56 us phase of the mutant enzyme that is
consistent with a small counterpart electrogenic phase with
7 of 85 us (see below).

Single-Turnover Generation of AW by the Fully Reduced
E107L Mutant Enzyme in the Reaction with O; Is Signifi-
cantly Retarded As Compared to the Wild-Type Cytochrome
bd. We compared time courses of single-turnover AW
generation by the fully reduced wild-type and E107L mutant
cytochromes bd from E. coli produced by their reactions with
oxygen (Figure4). In agreement with the previous work (/0—12),
the electrometric kinetics of the wild-type enzyme consists
of the two parts, which are the faster nonelectrogenic (a “lag”
phase; see Figure 4, Inset) and the slower, electrogenic. The
lag phase comprises the two sequential electrically silent
processes, the oxy complex formation (R — A), which is
then followed by the peroxy complex formation (A — P)
(12). The next P — F transition (conversion of peroxy
intermediate to oxoferryl species) occurring with 7 of 115
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FIGURE 3: Reaction of the fully reduced wild-type (left panel) and E107L mutant (right panel) cytochromes bd with oxygen. Absorption
spectra after flash-induced dissociation of CO from the enzyme in the presence of O, were recorded with 1 us time resolution. Shown are
the kinetic difference spectra of the corresponding reaction phases. Conditions: enzyme, 8.7 uM (wild type) or 8.3 uM (E107L mutant); O,
365 uM; CO, 5 uM; MOPS—KOH (pH 7.0), 100 mM; sodium ascorbate, 1.25 mM; TMPD, 2.5 uM; sucrose monolaurate, 0.1%.
Concentrations quoted are for after 1:1 mixing. Optical path, 1 cm. For other conditions, see Materials and Methods.
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FIGURE 4: Electric potential generation by the fully reduced wild-
type and E107L mutant cytochromes bd in reaction with O,. Inset:
Same transients shown in a shorter time scale. Conditions:
MOPS—KOH (pH 7.0), 100 mM; TMPD, 10 uM; hexaamineru-
thenium, 10 uM; glucose, 50 mM; catalase, 0.5 mg/mL; glucose
oxidase, 1.5 mg/mL; CO, 10 uM. Reaction was started by a laser
flash after 450 ms from the beginning of injection of 100 uL of
oxygen-saturated buffer ([O,] = 1.2 mM).

us makes the major contribution to the electrogenic part
(~75% of the total amplitude). The last phase of AW
generation (zr = 0.75 ms) is most likely due to the slowest
transition (F — Q) which takes place in a fraction of the
enzyme that contains bound quinol (77, 12).

The electrometric response of the E107L mutant enzyme
is clearly different from that of the wild-type enzyme (Figure
4). It also includes the initial nonelectrogenic and electrogenic
parts but the AW development is significantly retarded. As
for the wild-type enzyme, the lag of the mutant cytochrome
bd is due to the R — A and A — P transitions. The
electrogenic part can be modeled by three exponentials with
time constants of 85, 1.25, and 40 ms and relative amplitudes
of about 20%, 20%, and 60%, respectively. These phases
are possibly due to the P — F transition in different
subpopulations of the E107L mutant enzyme.

EI107L Mutation Decreases Redox Potentials of All Three
Hemes, Especially Heme bsss. The spectroelectrochemical
experiments consisted of the both reductive and oxidative
titrations. At each fixed redox potential value in a range from
—100 to +460 mV, the complete spectrum from 350 to 800
nm was collected, and as a result of a redox titration, we

0.8
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relative absorbance

ot heme d

0 200 400 200 400
redox potential, mV

FIGURE 5: Spectroelectrochemical redox titrations of the wild-type
(circles) and E107L mutant (squares) cytochromes bd. The titration
profiles for hemes d, bsgs, and bssg are shown at the wavelengths
where the spectral contribution of each heme has a maximum (630,
575, and 530 nm, respectively). Each data point is the average of
the oxidative and reductive titrations at matching potentials. Solid
lines are one-electron Nernstian curves. The data points of the
E107L cytochrome bd mutant (143 uM) are normalized to those
of the wild-type cytochrome bd (156 uM). The measurements were
performed in 0.084% sucrose monolaurate and 200 mM potassium
phosphate buffer, pH 7.0. For other conditions, see Materials and
Methods.

obtained wavelength-potential-absorbance surface. The ti-
tration data at characteristic wavelengths for the different
hemes (d, bsys, and bssg) in the wild-type and E107L mutant
cytochromes bd from E. coli are shown in Figure 5. The
experimental points can be reasonably described with the
Nernst n = 1 curves. In agreement with the previous
reports (54, 55), the redox titration of heme bssg in the wild-
type enzyme shows an additional low-potential fraction
(Figure 5C). The results of redox titrations are summarized
in Table 1. The E,, values of the hemes in the wild-type
enzyme determined in this study are consistent with those
reported earlier (ref 53 and references therein). The E107L
mutation results in decrease of the E,, values of hemes bsos
and d by 25—30 mV and heme bssg by ~70 mV.

DISCUSSION

We performed a comparative single-turnover study of the
wild-type and E107L mutant cytochromes bd from E. coli
using electrometry and absorption spectroscopy with a
microsecond time resolution. The goal of this study was to
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Table 1: Apparent Redox Midpoint Potentials of the Heme Groups of
the Wild-Type and E107L Mutant E. coli Cytochromes bd Solubilized
in 0.084% Sucrose Monolaurate

E, mV (vs NHE)*

heme wild type E107L mutant
bssg +131 +58

bsos +166 +136

d +264 +239

“ The standard deviation for the E, values reported was +5 mV.

elucidate the role of a highly conserved E107 of subunit I
in translocation of protons through the membrane. We found
that the mutant enzyme behaves differently from the wild-
type enzyme in both the reaction of the fully reduced species
with oxygen and the electron backflow with the MV species.

The reaction of the wild-type cytochrome bd in the R state
with oxygen produces a membrane potential, which is
negative inside the cell or proteoliposome. The main elec-
trogenic event (with t of 115 us, Figure 4) occurs in the
course of the P — F transition (Figure 3, left panel), in
agreement with an earlier study (/2). In contrast, almost no
AW generation in this time window is observed with the
mutant enzyme under the same conditions (Figure 4). The
major phase of AW generation by the mutant cytochrome
bd in the reaction with O, has a time constant of 40 ms, i.e.,
about 350 times slower than that of the wild-type enzyme.
This is consistent with the fact that ubuquinol-1-oxidase
activity of the E107L mutant is very low (~5% of the wild-
type enzyme) (27). By the time when the reaction of the
wild-type enzyme with oxygen yields oxoferryl species, the
mutant cytochrome bd is still on the level of the P or even
A species (Figures 3 and 4).

Photolysis of CO from the wild-type cytochrome bd in
the MV state under anaerobic conditions results in the
transient generation of AW, which is positive inside the cell
or proteoliposome. Previously (/0), we already conducted
the study of the electron transfer reaction in the MV state
of the bd oxidase but only at several specific wavelengths.
However, the spectra of the hemes bsss and bsos are
significantly overlapping (54, 56), and it is difficult to
determine the extent and exact destination of the electron
transfer. The application of the simultaneous kinetic record-
ing in the whole visible range gave us a possibility to resolve
this problem. The obtained surface of optical changes was
the subject for global exponential fit to produce the kinetic
spectra of individual events. The fit reveals a component with
7 of about 80 us that shows oxidation of ~11% of heme d.
During this phase the electron simultaneously moves from
heme d to hemes bsygs and bsss in the proportion of 80%/
20%, respectively. The same rate of electron transfer to both
b-type hemes from the reduced heme d suggests that these
two reactions have a common rate-limiting step. It is most
likely the deprotonation of the group which is coupled to
the oxidation of heme d. The predicted membrane topology
for cytochrome bd (23) suggests that all three hemes are
located at about the same depth in the membrane and electron
transfer between them is unlikely to be electrogenic. At the
same time, potential generation during the electron backflow
reaction (ref /0 and this work) is very large when recounted
on 100% of the oxidation of heme d and can account for a
transfer of about complete charge through the membrane
(10). Therefore, as enlightened by the electrometric results,

Borisov et al.

H Periplasm
1 1 I
X (%)
by bsz-d
(?N)
E107
H

Cytoplasm

FIGURE 6: Schematic model of electron and proton transfer pathways
in cytochrome bd from E. coli. There are two protonatable groups,
Xp and Xy, redox-coupled to the heme bsos/heme d active site. A
highly conserved E107 is a part of the channel mediating proton
transfer to Xy from the cytoplasmic side of the membrane.

in particular by the H,O/D,0O solvent isotope effect (/0), the
electron transfer from heme d to hemes b is coupled to proton
release to the cytoplasmic side and proton uptake from
the periplasmic side. The replacement of E107 abolishes the
electron backflow reaction (Figure 2) and indicates the block-
age of the proton release which is coupled to the oxidation
of heme d.

Based on the amount of the CO-bound enzyme, the
fraction of photolyzed heme d that was oxidized during
electron equilibration is estimated to be ~11%. It is about
twice smaller than the value (~25%) that we published earlier
(11). Such difference could be explained by the fact that for
the protein purification in ref (//) and in the current work
(details of the purification can be found in ref 27) the
different protocols have been used.

There is no doubt that E107 is important for assembly
and/or stability of the heme bsgs/d binuclear site since the
point mutation leads to complete (E107A, E107D) or partial
(E107L, E107Q) loss of one or both redox components of
the O,-reducing site (27, 50). The question arises, whether
this is the only role of E107? This work provides evidence
that E107 is necessary for efficient catalysis of the reaction
of oxygen reduction and membrane potential generation. The
fact that AW generation is significantly retarded in the
forward oxygen reaction and nearly absent in the electron
backflow experiment with the MV enzyme indicates that a
proton donor—acceptor carboxylic group of the E107 residue
can be involved in these processes. Based on the results of
the present work, two possibilities may be suggested.

(1) E107 may be redox-coupled to heme bsss. For example,
it may be part of a short proton channel connecting heme
bsss to the periplasm (site Xy, in Figure 6). Formation of heme
d-oxoferryl species requires donation of an electron from
heme bssg (12). Oxidation of heme bssg should be compen-
sated by release of H from a bssg-linked redox group to the
periplasm via a putative short channel (/7). If E107 was a
part of such a channel, its replacement would lead to the
impediment of bssg oxidation, and hence the P — F transition
would be significantly inhibited. Similarly, electron backflow
from heme d to heme bssg would be accompanied with proton
uptake from the periplasm toward bssg that would be blocked
by the mutation in E107. The fact that the E107L mutation
dramatically decreases the E,, of heme bssg is in line with
this hypothesis. It is known that electrons donated from
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quinol are transferred to heme bssg and then to the bsos/d
diheme site, whereas electrons donated from TMPD are
transferred directly to the bsos/d site bypassing the quinol-
binding site and heme bssg (57). Therefore, the finding that
E107 mutant cytochromes bd with heme contents similar to
the wild-type enzyme (E107L, E107Q) reveal virtually no
ubiquinol oxidase activity but retain substantial TMPD-
oxidase activity (up to one-third as compared to the wild-
type enzyme) (27, 50) is also consistent with the above
proposal. However, our data on electron backflow show that
the E107L mutation blocks electron transfer not only to bssg
but also to bsys, and most likely the mutation slows down
the deprotonation of heme d and blocks the electron transfer
to both b-type hemes. The proposed idea also contradicts
the topological model where E107 is located in the middle
of the membrane dielectric (23, 27); that makes the hypoth-
esis unlikely.

(2) The E107 residue may be a part of a long proton
channel connecting the bsos/d diheme site with the cytoplasm.
The following observations of the present study are consistent
with this proposal. (i) Formation of the oxoferryl state in
the mutant is ~350-fold slower than in the wild-type enzyme.
(i1) The E107L mutation decreases E\, of hemes bsos and d.
(iii) Electron transfer to both b-type hemes from heme d is
blocked by the mutation. (iv) Such possibility is in agreement
with the predicted topology (23, 27).

Recently, based on the comparison of the E445A mutant
and wild-type enzymes, it was suggested that there are two
ionizable groups, Xp and Xy, redox-linked to the bsos/d
diheme site (/7). Each of the two electrons coming/leaving
the diheme site should be compensated by the uptake/release
of the proton by unidentified Xp and Xy groups. Meanwhile,
a highly conserved E445 was proposed to be either the Xp
group or the gateway in a channel that connects Xp with the
periplasm (see the proposed scheme in Figure 6 of ref /7).
Unlike the E445A mutation which does not influence the
extent and the rate of electron backflow, the E107L replace-
ment severely suppresses electron redistribution from heme
d. Location of E107 in the close proximity of heme d is quite
unlikely because the shift of E,, of heme d in the redox
titration is much smaller than that of other hemes. At the
same time, the E107L mutation blocks deprotonation of a
group located nearby heme d in the backflow reaction and
protonation of this group during oxygen catalysis; thus it
should be located in the proton-conducting channel that
connects the diheme site with the cytoplasm.

Figure 6 shows a possible scheme of participation of E107
in the proton transfer pathways of cytochrome bd. It is clear
that E107 is involved in the proton transfer to heme d since
the E107L mutation (i) dramatically retards the oxoferryl
intermediate formation in the forward oxygen reaction and
(ii) virtually annuls the AW generation in the backflow
experiment. We propose that E107 is not Xy itself but rather
a group in the channel delivering protons to Xx.
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