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Abstract: Cytochrome bd oxidase is a bacterial terminal oxygen reductase that was suggested
to enable adaptation to different environments and to confer resistance to stress conditions.
An electrocatalytic study of the cyt bd oxidases from Escherichia coli, Corynebacterium
glutamicum and Geobacillus thermodenitrificans gives evidence for a different reactivity
towards oxygen. An inversion of the redox potential values of the three hemes is found when
comparing the enzymes from different bacteria. This inversion can be correlated with
different protonated glutamic acids as evidenced by reaction induced FTIR spectroscopy. The
influence of the microenvironment of the hemes on the reactivity towards oxygen is

discussed.



Introduction

The selective reduction of oxygen to water is crucial to life and a central process in aerobic
organisms. It is catalyzed by several different enzymes, including cytochrome bd oxidases
(cyt bd) that are solely present in prokaryotes, including several pathogens such as
Escherichia coli, Mycobacterium tuberculosis or Klebsiella pneumoniae [1-3]. In addition to
the reduction of oxygen, they were suggested to play a crucial role in protection against
oxidative stress [4, 5], in bacterial virulence [6, 7], adaptability [8] and antibiotics resistance
[9, 10]. Understanding their mechanism and physiological role may thus provide insight into

bacterial defense strategies.

All known cyt bd oxidase enzymes include at least two core transmembrane subunits, CydA
and B, binding two B-type hemes and one D-type heme. The reduction of O> is suggested to
occur at the high spin D-type heme in all cyt bd oxidases [3, 11]. Based on the size of the
hydrophilic region between transmembrane helices 6 and 7 in CydA, designated as 'Q-loop/,
these oxidases have been divided into two subfamilies, named ‘L’ and ‘S’ [3]. The L-
subfamily includes cyt bd from most enterobacterial pathogens that cause infectious diseases,
like for example the well-studied cyt bd-1 enzyme from E. coli [12]. The S-subfamily
comprises the majority of cyt bd but is very little studied. In the Geobacillus
thermodenitrificans (G. th) cyt bd, a member of this subfamily, at least two of the hemes have
a different structural environment since the heme d Q-band in the visible spectra showed a 10
nm shift in comparison to the cyt bd of the L-family [13]. In addition, the high-spin heme bs9s
contribution is not evident in visible spectra, as confirmed by CD and MCD spectroscopy
[14]. At the same time, other cyt bd oxidases from the same subfamily did not show strong
shifts in the spectra, pointing towards a large structural diversity. Furthermore, a low

sensitivity to CN™ as inhibitor of the active site was reported for some cyt bd oxidases [1, 15].



The crystal structure of the G. th enzyme [11] and the electron cryo-microscopy (cryo-EM)
structures of the E. coli enzyme [16, 17] revealed that while both enzymes have a very similar
overall architecture, two of the hemes are found in a “switched” position. Residues identified
to be crucial for proton translocation are conserved and the loss of a leucine residue in the
highly conserved helix between Glu 99 and Glu 107 (E. coli numbering is used here) seems to
induce the structural rearrangement of the heme ligand that is located at a different distance to
the heme (see figure 1). A presentation of the structure of the two enzymes showing the
location of all cofactors is available in supporting information (figure S1). Furthermore, an
additional single helical subunit is present in the E coli cyt bd (Cyd H or Y). On the basis of

the structural data it was suggested that both enzymes comprise different oxygen pathways
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Figure 1. Comparison of the structure from cyt bd-1 E. coli and cyt bd G. th (PDB 6RKO and
5DOQ). Three conserved glutamic acid residues are shown.



In this article, we compare the redox potentials and electrocatalytic properties of the cyt bd
oxidases from E. coli, G. th and Corynebacterium glutamicum (C. glu). The differences are

discussed in conjunction with the structural and FTIR studies of the enzymes.

Materials and Methods

Protein purification:

G. th cyt bd was extracted and purified from membrane fractions of G. th K1041/pSTE-
cbdAB recombinant cells with two consecutive column chromatography of DEAE-Toyopearl
and hydroxyapatite in the presence of 0.5%(w/v) MEGA9+10, as described previously [14].
C. glu cyt bd was extracted and purified from membrane fractions of C. glu ActaD/pPC4-
cydABDC recombinant cells [18] with two consecutive chromatography of hydroxyapatite
and then DEAE-Toyopearl in the presence of 0.05%(w/v) DDM. The bd-I oxidase from
E.coli Acyo-CydA,BX strain were prepared as previously described [19]. The protein at final
concentration of 10 mg/ml was equilibrated in buffer (20 mM MOPS, 20 mM NaCl, 0.003%
MNG, pH 7.0). For the infrared measurements, the cyt bd samples have been equilibrated in

50 mM KPi, 100 mM KCI and the respective detergents for each cyt bd type (see above).

UV-vis titration

The titrations have been performed using an electrochemical thin layer cell with CaF»
windows as described previously [20, 21]. A gold grid modified with a 1:1 solution of
cysteamine and mercaptopropionic acid was used as working electrode. This mixture of
positively and negatively charged thiols served to prevent the adsorption of the protein on the
gold surface. A cocktail of 17 mediators was added to the protein sample with a final
concentration of 25 uM. A platinum contact was used as counter electrode and an aqueous

Ag/AgCl 3 M KCI used as reference electrode. For these experiments, the proteins were



concentrated to approximately 0.4 mM in 20 mM phosphate buffer with 100 mM KCI and
0.05% DDM. The spectra were recorded at 12°C with a Cary 300 spectrometer coupled to a
potentiostat. For the oxidative titration, the spectrum at -0.3 V (vs SHE) was taken as
reference whereas for the reductive titration, the spectrum at +0.6 V was taken as reference.
Spectra were recorded every 25 mV with an equilibration time of at least 20 minutes. The

potential was changed when the spectra did not evolve anymore.

Electrocatalytic studies:

The direct electrochemical characterization of the proteins was performed on electrodes
modified with gold nanoparticles of 15 nm average diameter, following a procedure already
described. The electrodes were modified according to already published procedures [22-24].
Briefly, gold disk electrodes (4.5 mm diameter) were first polished with 0.3um aluminium
oxide powder and then cleaned in 0.1 M H>SO4 by cycling electrode potential between —0.15
and +1.7 V vs SHE (100 cycles, 4 V s7!). Three successive aliquots of a solution of 15 nm
gold NPs obtained by the procedure of Turkevich et al. [25] and Frens [26] were then
deposited on the surface. The gold surface was further modified overnight with a 1 mM
solution of 1-hexanethiol and 6-mercapto-hexan-1-ol in ethanol. It is noted that depending on
the preparation protocol and concentration of the protein samples, a large excess of detergent
is often present in membrane proteins. Prior to adsorption on the electrodes, it was necessary
to decrease the amount of detergent by washing 5 pL of the protein sample solution once with
200 uL of potassium phosphate buffer (100 mM, pH 7) devoid of detergent using an Amicon
Ultra centrifugal 50 kDa filter. The E. coli enzyme was further incubated with 0.025eq of
phosphatidylethanolamine, a lipid which is present in the E. coli membrane. For G. th and C.
glu, no lipids were added. In each case, 6 plL of protein solution with approximate

concentration between 10 and 15 UM were then deposited on the surface of the electrode and



kept at 4°C for 10 h. The protein excess was removed by rinsing with a 100 mM pH 7
phosphate buffer solution.

All electrochemical experiments were carried out in a 100 mM phosphate buffer solution with
a conventional three electrode cell connected to a Versastat 4 potentiostat (Princeton Applied
Research, Ametek). A silver chloride electrode (3 M KCl) was used as reference electrode

and a platinum wire as counter electrode.

Electrochemically induced FTIR difference spectroscopy:

The measurements were carried out in the same thin-layer cell as the one used for UV/Vis
titration under anaerobic conditions. IR spectra were measured with a Vertex 70 FTIR
spectrometer (Bruker, Germany). Complete reduction and oxidation of the enzyme were
obtained at -0.5 V and +0.5 V (vs Ag/AgCl) respectively. Spectra were recorded after an
equilibration time of 5 minutes for both oxidation and reduction. For each state, two spectra
(256 scans and 4 cm™ resolution) were recorded and averaged. The reaction was typically
cycled 40-45 times and the difference spectra averaged. The temperature of the
electrochemical cell was fixed at 5°C throughout the experiment. Infrared spectra were

humidity and baseline corrected.

Infrared Absorption spectroscopy

For the infrared absorption spectroscopy experiments and analysis of the amide I band of the
G. th enzyme, the protein was washed in D>O based buffer either at pD 7 or pD 9.5, because
H>O shows a strong absorption in the Amide I region. 2.5 pLL of 10 uM protein solution were
deposited between two CaF, windows and the spectra were measured using a Bruker Vertex

70 spectrometer with an accumulation of 256 scans at a resolution of 4 cm’!.



Results and Discussion

Redox potentials and electron transfer path.

Most mechanistic and biochemical studies were performed with the cyt bd-I from E. coli. The
enzyme was shown to generate a proton-motive force by taking the four protons required for
O reduction from the cytoplasmic side of the membrane and releasing the protons from
quinol oxidation to the periplasmic side [27]. Electrons were suggested to be transferred from
the donor (ubi- or menaquinol) to heme bsss [28], heme bsos and finally to the d-heme center
where oxygen is believed to be reduced [3]. Interestingly, the equilibrium potentials of the
hemes in G. th cyt bd were found to be different from that of the E coli enzyme, in line with
the different structural arrangement of the heme groups described above (figure 2). Whereas
in E. coli heme d has the highest Em value of all hemes (258 mV, pH7, SHE), in G. th a
significantly lower value is observed (15 mV, pH7, SHE) [29] (Fig. 2). The C. glu cyt bd
oxidase follows the same order of potentials like the E coli enzyme. It is noted that electron
transfer is slow in the C. glu enzyme and duroquinone needed to be added to obtain the

equilibrium potentials that still show a high error of 40 mV (figure 2).
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Figure 2. Redox potentials obtained from spectro-electrochemical titrations of cyt bd from G.
th, C. glu and E. coli at pH 7 (vs SHE’), for methods see [21]. The experimental titration

curves are shown in Supporting Information (Figures S2 and S3).



Protein film voltammetry and catalytic reaction with oxygen.

In order to probe the oxygen reactivity of these three different cyt bd oxidases, electrocatalytic
experiments were performed for the proteins immobilized on gold nanoparticles modified
with thiols as described for the E. coli enzyme [23, 24]. The gold nanoparticles are used to
improve the electron transfer between the electrode and the cofactor of the enzymes [30-33].
For largely hydrophobic proteins such as the cyt bd oxidases, we are using a (1/1) mixture of
neutral 6-mercaptohexan-1-ol and 1-hexanethiol. The experimental conditions were adapted
by optimizing the lipid and detergent content for each enzyme, as described in Materials and
Methods. Protein film voltammetry provides insights into the sequence of catalytic events,
such as electron transfer and protonation reactions [34-38]. The measured current and its

dependence on the electrode potential reveal the enzyme's intrinsic properties.

The electrochemical signatures obtained at the rotating disk electrode in the presence of
oxygen with the three bd oxidases are shown in Figure 3 for a rotation speed of 1000 r/min.
For the E. coli cyt bd (Fig 3A) a sigmoidal catalytic curve with an E;/ at about 100 mV (vs
SHE, pH 7, 23°C) was obtained corresponding to the catalytic reduction of oxygen by the

immobilized cyt bd oxidase as described before [23, 24].
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Figure 3. Cyclic voltammograms of cytochrome bd oxidases from E. coli (A), C. glu (B) and
G. th (C) immobilized on gold NPs. Measurement conditions: pH 7, 25°C, scan rate 0.02 V/s



and rotation rate 1000 rpm. The dash curves show the voltammograms of the modified gold
nanoparticles electrodes in the absence of protein.

The electrocatalytic study of cyt bd from C. glu also reveals a sigmoidal curve with a Ei,; at
about 0 mV and a crossover of the signal. This crossover shows that the oxygen reduction is
more efficient after exposing the protein to reducing potentials, even if the effect is rather

small (a few mV only).

Generally, the intensity of the current is proportional to the coverage of the electrode with
protein and to the turnover rate. The curve thus describes the relation between the driving
force (potential) and the catalytic activity. The amplitude, shape and position of the signals
depend on i) oxygen diffusion to and within the enzyme, ii) its binding and reaction at the
active site, iii) coupled steps including proton binding and release as well as diffusion of the
reaction product and iv) regeneration of the redox state of the active site upon intramolecular
electron transfer. The interfacial electron transfer between the electrode and a redox center
that is exposed at the protein surface may also play a crucial role [34-39]. Thus there is not
necessarily a correlation between the catalytic potential and the redox potential of the active
site. The potential at which O; reduction takes place with these enzymes is much lower than

the redox potential of the d-heme.

The electrocatalytic response that was observed for the G. th cyt bd is characterized by a
larger hysteresis and several crossovers during the electrocatalytic measurements. On the
forward scan, the onset for the O> reduction is several tens of mV more negative than on the
reverse scan, revealing that the oxygen reduction is more efficient after the protein has been
exposed to reducing potentials. At a value around — 200 mV two inflection points are seen,
indicating coupled process. The effect is even more pronounced at 45°C, where the catalytic

current is significantly higher (Fig 4). These crossovers and the catalytic potentials are



reproducible for different electrodes and conserved along consecutive cycles (see figures S4-

S6 in supporting information).

The increase in intensity at higher temperature is not unusual for thermophilic enzymes and
can be correlated with the higher catalytic turnover numbers as described before [40]. A
hysteresis within a cyclo-voltammogram was observed for enzymes such as bilirubin oxidase
[41] and nitrite reductase [42] and it was attributed to a coupled activation/inactivation
process during turnover. This can for example be linked to an inhibition by the substrate, or
binding of a ligand like CI". An effect of CI', in the case of the cyt bd from G. th was excluded
(Figure S7). The catalytic events affecting the shape of the curve are often slow in comparison
to the electron transfer or the diffusion of the substrates. In cytochrome ¢ oxidases that are
well known to show a strong cooperative mechanism between the hemes, a ‘simple’
sigmoidal curve was reported [40, 43, 44] for the oxygen reaction, so cooperative effects

between the hemes does not necessarily induce crossovers.

g0 0
£ 5 -10
s H~”
o -10 p_.
-20-
-15 23°C, pH 7 ' 23°C, pH 9.5
04 02 00 02 04 06 04 02 00 02 04
T/‘ {T/
0 0
‘é-zo- P
§ 40 pH~
=8 -
5 -40-
(&)
-60
~ 45°C,pH7 -60- 45°C,pH9.5
04 02 00 02 04 06 04 02 00 02 04

Potential / V vs SHE Potential / V vs SHE



Figure 4. Cyclic voltammograms of cyt bd oxidase from G. th immobilized on gold NPs
under various conditions of temperature and pH. Measurement conditions: scan rate 0.02 V/s
and rotation rate 1000 rpm.

pH dependence

Possible coupling process(es) underlying the reaction, have been studied on the basis of the
pH dependence of the i = f(E) curve. In Figures 4 and S8, at a pH above 9, and at a T above
40°C, the curves strongly change in shape and become like the one from E. coli, however at a
lower potential. The proteins are immobilized on gold nanoparticles modified with thiols that
remain uncharged over the whole pH range. The protein itself has a largely hydrophobic
surface, so it is unlikely that major changes in the interaction between the proteins and the
thiol-modified NPs can explain the effect observed here. But it may originate from one (or
several) pH dependent reaction steps like for example protonation/deprotonation reactions of
amino acid side chains or a pH dependent conformational change of the proteins. A
significant change in the heme environment upon pH change could be excluded from the
independence of the Vis spectra on the respective pH values (see figure S9). Both cyt bd
oxidases show the highest activity at a pH around 6.5 [45] and the complex catalytic behavior

at pH 7 reflects best the in vivo reaction.

A pH and redox dependent conformational change seem to take place for efficient electron
and/or proton transfer. This may be the reorganization of a structural element. It is noted that
the pH value above 9, where an electrochemical signature without any crossover is seen for

the G. th cyt bd, is not physiological, since the bacteria stop growing at a pH of 8.5.

Redox induced FTIR spectra and the role of protonated acidic residues



Reaction induced FTIR difference spectroscopy is an established technique that allows
studying the reorganization in a protein upon an induced reaction. Electrochemically induced
difference spectra can be obtained in the same transmission cell used for the redox titrations
discussed above [20] and they allow to visualize the contributions that change when switching
from an oxidized to a reduced state, or vice versa. Typically, contributions from the cofactors
(hemes, quinones), the protein backbone and individual amino acids are expected to
contribute upon the induced reaction. Importantly, the signals of protonated acidic residues
(Asp, Glu) are well known to be distinguished in the spectral range from about 1780 to 1710
cm’!, the exact position depending on the environment of the COOH group [46, 47]. This was
also described for cytochrome ¢ oxidase [48]. Previous FTIR spectroscopic studies on the cyt
bd from E. coli revealed the presence of signals between 1761, 1751 and 1736 cm™ pointing
towards the presence of protonated residues with a pK. higher than 8 [49]. These signals, that
are found at a position typical for a hydrophobic environment are shown in Figure SAa. The
positive signals can be correlated with the oxidized form of the enzyme and the negative ones
with the reduced form. The redox induced FTIR difference spectra of the C. glu (Fig 5Ab)
and G. th (FigSAc) cyt bd are shown in direct comparison, revealing that in the cyt bd from
these organisms protonated residues are present under the same conditions. The difference
spectra of C. glu cyt bd are highly comparable to the one from E. coli, pointing towards a
related environment of these acidic residues. In previous studies on the E. coli enzyme, the
V(C=0) of the protonated COOH side chain of E107 (see Fig SD) was identified to contribute
between 1770 and 1750 cm™! [49] and can thus also be expected to be contributing in the case
of the C. glu. The shape and position of the signals in the G.th. cyt bd infrared difference
spectra is quite different from the E. coli and the C. glu one. An observation that is in line

with the structural differences, where for example the E107 is close to the OH group in the



heme d in E. coli (see figure 5D), whereas it is close to heme bsos in G. th (see figure 5B and

5C).
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Figure 5. Oxidized-minus-reduced FTIR difference spectra of the cyt bd from E. coli (a), C.
glu (b) and G. th (c) (A) Comparison of the structure from cyt bd G. th 5DOQ (B) and cyt bd-
1 E. coli, PDB 6RKO (C, D).

More specifically in the FTIR difference spectra from G. th cyt bd the signal at 1760 cm™ is
strongly reduced in intensity whereas a strong difference signal at 1736 cm™ is now observed.

Also, the smaller signals observed for both, E. coli and C. glu cyt bd have different intensities

and positions.



We have probed the electrochemically induced FTIR difference spectra at pH 7 and 9.5 for
the G th. cyt bd in order to identify a possible structural reorganisation upon pH change (see
figure S10 and table S1 in supporting information) The very small changes seen excludes a
deprotonation reaction, in the spectral region from 1770 — 1710 cm’!, the residues contributing

thus have a pK, higher than 9.5.

In order to probe if the change of reactivity of the cyt bd from G.th between pH 7 and 9.5 are
due to secondary structure alterations, infrared absorption spectra have been measured in the
spectral region of the amide I band, seen between 1700 and 1600 cm™ (see figure S11 in
supporting information). The analysis is based on contributions of the v(C=0) vibration of the
protein backbone [46, 50, 51]. When comparing the data at pH 7 and 9.5, only some small
changes in the shape of the amide I band can be observed and an increased contribution of [3-
sheets and loops at 1630 and 1680 cm™! point towards a minor structural change of the protein.

This structural modification is reversible.

Discussion and conclusion

Previous studies on cyt bd from E. coli pointed towards close interactions between the three
hemes: bsos, bsss and d [21, 52]. For instance, mutations of the highly conserved residue E445
located near heme bsos, affected the Raman spectra of heme bs9s and heme bsss [21] and their
redox potentials [21, 53]. In the E. coli structure, heme bsos is located near the periplasmic
surface and the heme bsos iron is penta-coordinated with E445 as its axial ligand [16]. In the
G. th cyt bd, the change in position of heme bsos may explain differences observed in the
electrocatalytic curves. Similarly, the conserved residues E107 and E99, that deliver protons
to heme d in E. coli cyt bd, are displaced in G. th suggesting a different proton path.
Importantly the structural data point to a different oxygen/substrate path in the two enzymes

(see figure 6) contributing to the different reactivity towards oxygen seen here.
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Figure 6. Comparison of the structure from cyt bd-1 E. coli and cyt bd G. th PDB 6RKO and
5DOQ.

In previous studies cyt bd was found not only to react with O and be part of the bacterial
respiratory chains, but also to contribute to the bacterial adaptation to different stress
conditions. The enzyme formed complexes with NO, CO or H,S with a high dissociation rate
constant when compared to heme copper oxidases [54, 55]. It was suggested that cyt bd
confers resistance to NO-stress, and similarly adapts to the other signaling molecules. It is
currently hypothesized that the expression of cyt bd in pathogenic bacteria may represent a
strategy to evade the host immune attack based on production of reactive oxygen species, NO
and reactive nitrogen species. These molecules play a major role in human (patho)physiology
as signals. It can be expected that bacteria develop the most suitable strategy for their specific
environment. This adaption is reflected in the diversity of the electrochemical oxygen reaction

together with the structural diversity described here.
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