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Available online 26 February 2014 bacterial B- and C-type enzymes have often been reported to pump protons with an H™ /e” ratio of only one

half of the unit stoichiometry in the A-type enzyme. We will show here that these observations are likely to be
the result of difficulties with the measuring technique together with a higher sensitivity of the B- and C-type

ﬁiyn‘q/eo_ rcci,sp',per oxidase enzymes to the protonmotive force that opposes pumping. We find that under optimal conditions the H* /e~
Heme-copper oxygen reductase ratio is close to unity in all the three heme-copper oxidase subfamilies. A higher tendency for proton leak in
Cellular respiration the B- and C-type enzymes may result from less efficient gating of a proton pump mechanism that we suggest
Proton pumping evolved before the so-called D-channel of proton transfer. There is also a discrepancy between results using

whole bacterial cells vs. phospholipid vesicles inlaid with oxidase with respect to the observed proton pumping
after modification of the D-channel residue asparagine-139 (Rhodobacter sphaeroides numbering) to aspartate in
A-type cytochrome c oxidase. This discrepancy might also be explained by a higher sensitivity of proton pumping
to protonmotive force in the mutated variant. This article is part of a Special Issue entitled: 18th European Bioen-
ergetic Conference.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction electrical charge equivalents) across the respective membrane [2]. Their
quinol-oxidising counterparts (e.g. cytochrome bos from Escherichia
coli) also pump 1 H*/e” (and 2 q™/e") although 2 H" /e™ are released on
the positively charged P-side of the membrane due to oxidation of the
hydrogenated electron donor [3].

With respect to the oxidases of B- and C-types there are discrepan-
cies in the literature. Early on, the C-type cytochrome cbb; was reported
to pump the full complement of 1 H*/e” in bacterial cells ([4-6], but see
also [7]), as confirmed later [8]. We attributed lower stoichiometries
(~0.5 H*/e”) reported in [9,10] to technical difficulties [8,11], and we
found a unit stoichiometry also for the vesicle-reconstituted cyto-
chrome cbbs albeit only at stringent experimental conditions that as-
sured pre-reduction of the low-potential heme bs prior to turnover,
and a very low number of turnovers in the experiment [8]. The quinol
oxidase of type B from Acidianus ambivalens was shown to pump
1 H/e" after reconstitution into proteoliposomes [12]. Subsequent
work on the reconstituted B-type cytochrome bas from Thermus
thermophilus reported a stoichiometry of only 0.5 H*/e™ [13], which
has become the norm in the literature [9].

The D-pathway of proton transfer is present only in the structures of
% This article is part of a Special Issue entitled: 18th European Bioenergetic Conference. the A_pre oxidases (Fig. 1), an_d has been generally attributed _to be the

* Corresponding author. Tel.: +358 50 467 3456. conduit of all pumped protons in these enzymes [1,2,14]. A main reason

E-mail address: marten.wikstrom@helsinki.fi (M. Wikstrém). for this view is the finding that mutation of conserved residues in this

“There are two kinds of truth: the truth that lights the way and the truth
that warms the heart. The first of these is science, and the second is art.
Neither is independent of the other or more important than the other.
Without art science would be as useless as a pair of high forceps in
the hands of a plumber. Without science art would become a crude mess
of folklore and emotional quackery. The truth of art keeps science from
becoming inhuman, and the truth of science keeps art from becoming
ridiculous” (Raymond Chandler).

The respiratory heme-copper oxidases form a large superfamily
of proton-pumping cytochrome ¢ and quinol oxidases that may be
divided into three types, A, B and C, based on the presence (type A) or
absence (types B and C) of a proton-conducting D-pathway [1] (Fig. 1).
The A-type cytochrome c oxidases from mitochondria and bacteria are
known to pump 1 H"/e™ (2 q*/e”, where q* symbolises translocated
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Fig. 1. Architecture of the enzymes from the three subfamilies. The structures used are, from left to right: A-type; cytochrome aas from R. sphaeroides (1M56), B-type; cytochrome bas from
T. thermophilus (1EHK) and C-type; cytochrome cbb; from Pseudomonas stutzeri (3MK7). Subunit I (yellow) is conserved throughout the family, as is the presence of a low-spin heme (left)
and the oxygen-binding heme (right) which along with Cug (green) are bound to this subunit. Subunit II (red) binds the electron input centre Cus (magenta; above the low-spin heme) in
the cytochrome c oxidases of types A and B, but its role is taken over by three heme c located in two alternative subunits (green and orange) in the C-type enzyme. Black arrows depict the
proton uptake (K- and D-channels) and exit pathways. The K-channel is homologous in all cytochrome c oxidases. Subunit III (blue) is found only in the A-type enzymes, as is the

D-channel of proton transfer formed solely by residues of subunit I.

pathway, originating from mutations of the aspartate that gave its name
[15], leads to loss of proton pumping observed as a lowered measured
H™ /e ratio. In particular, mutations of conserved asparagines (e.g.
N139 in aas from R. sphaeroides, N131 in Paracoccus denitrificans) to as-
partate have been reported to completely abolish proton pumping in
reconstituted oxidase vesicles, without affecting or even enhancing the
electron transfer rate [16-18]. However, also in this case there are some
discrepant findings at the cell level insofar as Pfitzner et al. originally re-
ported normal [19] and later only somewhat reduced [16] proton-
pumping stoichiometries for P. denitrificans N131D mutant cells respiring
on succinate, whilst no proton pumping was observed in the isolated
N131D variant enzyme inlaid in vesicles [16,20].

2. Results
2.1. The B-type bas enzyme from T. thermophilus

When scrutinizing the published experimental data on proton
pumping by the reconstituted bas cytochrome c oxidase of type B from
T. thermophilus, we note two significant details. In the report by Kannt
et al. [13] a pulse of reduced cytochrome c caused immediate acidifica-
tion of the outside medium (see Fig. 3 in [13]) followed by slower
alkalinisation. Dividing the extent of acidification by the amount of
added reductant yielded an H'/e" ratio of less than 0.5 whereas the con-
sumption of protons in the presence of an uncoupling agent was close to
the expected 1 H" /e”. The former procedure assumes that all the added
ferrocytochrome c is consumed at the peak of acidification, but the kinet-
ics of H™ consumption in the presence of an uncoupler shows that the
reductant is oxidised much more slowly, in about 25 s. Therefore, the
H*/e” stoichiometry was greatly underestimated for this experiment.
This problem was absent in the stopped-flow experiments by the same
authors (Fig. 4 in [13]), but here again the H™ /e stoichiometry was ap-
parently obtained from the total extent of extravesicular acidification.
The authors' parallel experiment with the reconstituted A-type cyto-
chrome c oxidase from P. denitrificans shows a much larger amplitude
of acidification, approaching 1 H* /e” (Fig. 4 in [13]), but there is another
interesting difference: The kinetics of acidification (proton pumping) is
linear vs. time for a much longer time span in the P. denitrificans case
than it is for T. thermophilus. In fact, with T. thermophilus bas proton ejec-
tion is highly non-linear with time, but the initial rate is comparable to the
rate of proton consumption in the presence of the uncoupler, in which case
the true H* /e~ pumping stoichiometry would initially be unity. A very

similar strong non-linearity of proton ejection in bas proteoliposomes is
seen in later experiments by Chang et al. [21]. Also in this case, compari-
son with the corresponding rate of alkalinisation in the presence of the
uncoupler (where H* /e” is — 1.0) suggests that the initial rate of proton
ejection may well be compatible with an H*/e" ratio of 1.

Based on indirect electrometric measurements of charge transloca-
tion, Siletsky et al. [22] concluded that the proton-pumping efficiency
of cytochrome bas from T. thermophilus is only one half of that in the
A-type enzymes. Recent more extensive data from our laboratory
(D.A. Bloch et al., unpublished observations) suggests that the two
major electrometric phases after the reaction of the reduced enzyme
with O, may not differ significantly in amplitude, and that the conclu-
sion of a lowered proton pumping efficiency is therefore doubtful.

von Ballmoos et al. [23] summarized their spectrophotometric and
proton uptake data which they interpreted on the basis of a proton
pumping stoichiometry of 0.5 H*/e™ in T. thermophilus cytochrome bas.

We have performed oxygen pulse experiments to measure proton
pumping in phospholipid vesicles inlaid with T. thermophilus cyto-
chrome bas obtained from the laboratory of the late James A. Fee (cour-
tesy of Ying Chen), using methodology identical to that described for
cytochrome chbs [8], but with the addition of the T. thermophilus cyto-
chrome ¢552 as electron donor. The choice of the setup was based on
the fact that the turnover of cytochrome bas is ten times slower than
that for cytochrome aas (~100 e”/s versus ~1000 e”/s) and it is therefore
beneficial to use an electrochemical reduction system to remove excess
oxygen. Using four independently prepared reconstitutions we found an
H* /e ratio of 0.85 + 0.11 (n = 19) in the coupled vesicles (Fig. 2A),
whereas the corresponding ratio was — 1.0 4 0.07 (n = 6) in the pres-
ence of the uncoupler (Fig. 2B). Now, the kinetics of proton ejection after
the oxygen pulse in the cases of cytochrome aas and cytochrome bas are
comparable (Fig. 2C). This result implies that the measuring conditions
are optimal and that the amount of oxygen is small enough in compari-
son to the number of enzyme molecules present to allow for only a min-
imal number of turnovers per proteoliposome. The rise in ApH is thus
minimised and insufficient to drive significant proton leakage in the
bas proteoliposomes.

We conclude from the above that the mechanistic proton-pumping
stoichiometry is most probably 1 H* /e™ also in the B-type oxidases.
However, we note that our observed ratio of 0.85 H*/e” does not
exclude a mechanistic 0.75 H*/e” stoichiometry where only three of
the four one-electron reduction steps of the catalytic cycle would be
coupled to proton pumping. Yet, we think that this possibility is unlikely,
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Fig. 2. Proton translocation experiments with reconstituted cytochrome bas from
T. thermophilus and aas from P. denitrificans (see [8] for methodology). (A) The stoichiom-
etry of proton-pumping was probed using proteoliposomes diluted in 1.4 ml of 100 mM
KCl in the presence of 0.35 uM cytochrome bas. 1 pM valinomycin was used to dissipate
membrane potential and 100 pM N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD),
100 uM benzyl viologen together with 15 uM cytochrome css, were used as redox media-
tors between the reconstituted enzyme and the gold electrode. Changes of pH were
followed upon pulses of 5 pl of air-saturated water (258 uM O at 25 °C, 1 atm) and of
5 pl anaerobic 1 mM HCI for calibration. The additions of O, and HCI thus correspond to
5.16 and 5 nmol of electron acceptor and H*, respectively, so that an equal amplitude of
the two perturbations corresponds to 0.97 H"/e". (B) The pH responses of the
reconstituted enzyme in the presence of 1 pM CCCP upon 10 pl pulses of air-saturated
water and 1 mM anaerobic HCl, i.e. 10.32 nmol electron acceptor and 10 nmol H™.
(C) Comparison of the proton ejection kinetics between cytochrome bas and cytochrome
aas in proteoliposomes after 6 pl pulses of air-saturated water, which corresponds to ~3
molecules of O, per enzyme molecule. The traces were normalised to the calibration
pulses of HCI. The first 40 s of the cytochrome aajs trace is not shown for clarity. The
response time of the pH electrode is ca. 1 s.

not least because over-estimation of the proton pumping efficiency is
rare.

2.2. The asparagine/aspartate variant in the D-pathway

Due to the discrepancies in the results for intact cells vs. proteolipo-
somes for proton pumping in the N131D (P. denitrificans numbering)
variant of the A-type cytochrome c oxidase (Introduction), we decided
to revisit this issue. When proton translocation is probed in whole cells
of P. denitrificans that only express wild-type cytochrome aas and a
quinol oxidase, an H* /e” ratio very close to 3.0 is obtained during succi-
nate oxidation (Table 1), as published earlier (see e.g. [3,16]). Table 1
also shows the obtained H/e™ ratio for succinate oxidation in the
N131D variant. We obtained a ratio close to 3.0 that decreased to 2.0
when cytochrome c oxidase activity is replaced by quinol oxidase upon
blocking the cytochrome bc; complex by myxothiazol, indistinguishable

Table 1

Proton translocation stoichiometries in whole cell experiments. Values for succinate
oxidation were determined by tracing pH changes upon pulses of oxygen. An H* /e~
ratio of 3 indicates proton pumping at full efficiency by cytochrome c oxidase, whereas
2 H'/e is explained by the quinol oxidase. AO1 is a Paracoccus denitrificans parent strain
used in all experiments [19], and for the cases of the wild-type and the N131D mutants
it is supplemented with a plasmid with the gene for subunit I [16,19] to reinstate expres-
sion of cytochrome c oxidase.

Strain H*/e" ratio &+ SD n (number of pulses)
AO1 214028 8
AO1 + Mx 21 +£023 5
AO1 — WT 3.0+ 0.16 11
AO1 — WT + Mx 2.0 4+ 0.18 7
AO1 — N131D? 3.0 £ 0.26 10
AO1 — N131D* + Mx 2.0+ 030 5
AO1 — N131D° 294029 11

AO1 — N131D" + Mx 1.6 + 0.12 3

Abbreviations: Mx, myxothiazol; SD, standard deviation; WT, wild-type.
¢ Mutant prepared in Helsinki.
> Mutant prepared in Frankfurt.

from the results with wild type enzyme. The ratio is 2.0 also in the parent
strain AO1 from which genes encoding subunit I of cytochrome c oxidase
have been deleted [19]. The DNA of the entire subunit [ was sequenced
to ascertain that the mutation was correct and that no second site rever-
tants were present. Moreover, the same mutated P. denitrificans aas var-
iant, kindly provided to us by Prof. B. Ludwig, showed virtually identical
behaviour (Table 1). There can thus be no doubt that the N131D cyto-
chrome c oxidase variant pumps protons with full wild type stoichiom-
etry under these conditions in whole cells, which agrees with the
original report by Pfitzner et al. [19].

Table 2 shows corresponding data for the isolated N131D variant
reconstituted into liposomes. After correction for the release of 0.5
H™/e” due to oxidation of ascorbate, which was the reductant of cyto-
chrome c, the apparent proton pumping stoichiometry is only ~0.13,
but increases to ~0.3 when the buffering capacity is increased inside
the vesicles. In the presence of the uncoupler CCCP there was instead
proton consumption to the extent of 0.5 H™ /e~ (not shown). This control
renders strong support to the conclusion that the proton release above
0.5 H" /e in the absence of the uncoupler is indeed due to proton
pumping, albeit at a low efficiency. A non-zero value (~0.2) was obtain-
ed earlier also in the presence of D0 [18] (see below). In agreement
with the reports mentioned earlier (see Introduction), the observed
H™ /e ratio for the mutant enzyme in liposomes is thus indeed very
much lower than in wild type, but we do not find it to be zero.

Siletsky et al. [24] reported a lower charge translocation amplitude
for the state F to state O transition in the reconstituted R. sphaeroides
variant (N139D) corresponding to N131D in P. denitrificans. This result
is consistent with loss of proton pumping in the reconstituted forms
of this mutant, and does not contradict the data in Table 2. It seems
clear that whilst full proton-pumping can clearly be demonstrated
for this variant in whole cells, its isolation and reconstitution into lipo-
somes lead to severe but not necessarily complete inhibition of proton
pumping.

3. Discussion

On the basis of the evidence presented above we conclude that the
nominal, mechanistic H" /e” ratio of proton pumping is unity not only
in the A type heme-copper oxidases, but also in the oxidases of types B
and C. This conclusion has immediate consequences because the B- and
C-type oxidases lack the D-pathway of proton transfer that carries out
all proton pumping in the A-type enzymes, but contain the structural an-
alogue of the K-pathway [25,26] (see Fig. 1), which is therefore likely to
carry out proton uptake for both O, reduction chemistry and proton
pumping in the B- and C-type enzymes [27,28].

However, there is no doubt that the full extent of proton pumping
is often difficult to accomplish experimentally with the vesicle-
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Proton translocation efficiency of the isolated reconstituted N131D variant of cytochrome c oxidase. Preparation of proteoliposomes and proton pumping experiments were carried out as
published before [46]. A contribution of 0.5 H* /e~ on oxidation of ascorbate was used to correct the obtained values.

Measuring conditions

H /e ratio + SD

n (number of pulses)

Raw data After ascorbate correction
100 mM HEPES pH 7.4 (inside)/100 mM Kl (outside) 063 + 0.18 0.13 23
200 mM HEPES pH 7.4 (inside)/100 mM KCI (outside) 0.85 + 0.06 035 11
400 mM HEPES pH 7.4 (inside)/400 mM KCl (outside) 0.76 £ 0.13 0.26 11

reconstituted B- and C-type enzymes. Based on the stringent conditions
required for that described above, we suggest that the proton-pumping
mechanism in these enzymes is much more sensitive to back-leakage of
protons driven by protonmotive force (pmf) than in the A-type en-
zymes. Since the measurements of proton pumping are typically carried
out in the presence of valinomycin plus K* (to minimise the Ays term of
the pmf), turnover will build up the ApH term instead. The stringent
measuring conditions include a minimum number of turnovers, creat-
ing a minimal ApH term, and very strict removal of traces of O, in exper-
iments started by O, addition. A high sensitivity of the proton pump to
the build-up of ApH is also the most likely explanation for the strong
non-linearity of net proton ejection discussed above for the experi-
ments with reconstituted baz enzyme: the more the ApH term increases
with the number of turnovers, the higher the proton leakage, and the
trace of net proton ejection bends off strongly with elapsed time. This
notion is consistent with the observation that proton-pumping is
more easily observable in whole cells, at least for the cbbs-type enzyme
[4,6], because the buffering capacity on the N-side of the membrane
(i.e. the cells' cytoplasm) is much larger than for the small-sized
proteoliposomes.

In contrast, it can easily be established that the proton pump of the
mitochondrial A-type cytochrome c oxidase shows only minimal back-
leakage of protons even at a pmf as large as ~150 mV during phosphor-
ylating State 3 of mitochondria. With TMPD + ascorbate as substrate
the mean measured ATP/2e™ ratio is ~0.97 [29]. Since

H'/2e = (H+ /ATP) « (ATP/2e") (1)

and H"/ATP = 3.67 for intact mitochondria (see [30]), the effective
H™/2e" ratio for A-type cytochrome c oxidase is 3.56 which is 89% of the
theoretical maximum of 4.0.'

There is another interesting correlation, namely between the lack of
a D-pathway in the B- and C-type oxidases, their increased tendency for
pmf-driven proton back-leakage as deduced here, and their very strong
binding of O, to the reduced active site [31,32]. In contrast, the A-type
oxidases bind O, very poorly (Kp ~ 0.3 mM), and the high physiological
0, affinity is instead the result of efficient kinetic trapping of the ligand
[33,34]. The fact that the B- and C-type oxidases invest significantly
more free energy from the chemistry of O, reduction on binding the
substrate ligand leaves correspondingly less energy for driving proton
translocation. The standard free energy change of binding the ligand O,

AG, ~ —60 * log(Kp) )

where the free energy change is expressed in millivolts and Kp is the
binding constant, indicates that if the binding affinity of O, decreases
from ~0.3 mM in the A-type oxidases to the micromolar regime in the

! In addition to pumping 1 H* /e from the N-side of the membrane to the P-side, cyto-
chrome c oxidase translocates 1 e~ inwards from the P-side of the membrane and 1 H* in-
wards from the N-side to react with 1/4 O, forming 1/2 H,0 in the active site within the
membrane. The latter orientation of the oxygen reduction chemistry is thermodynamical-
ly equivalent to translocation of another H* ion from the N-side to the P-side, which is
why the thermodynamically relevant proton-pumping stoichiometry is 2 H* /e~ even
though only 1 H' /e™ is released on the P-side.

oxidases of types B and C, the loss of free energy available for proton-
pumping can be as high as 180 mV.

The resulting smaller thermodynamic driving force for proton
pumping may contribute to the larger sensitivity towards pmf-driven
leakage. However, we put more significance on the unique presence of
the D-pathway in the A-type oxidases, where it is used to transfer all
pumped protons, and where the proton transfer includes redox state-
dependent gating that is very important for achieving a high proton
pumping efficiency at higher values of the pmf[2,35-38]. Mathematical
modelling of the proton pump mechanism in A-type oxidases [39,40]
has indeed shown that without such kinetic gating the proton pump
will leak and will be unable to work effectively against any substantial
pmf.

We consider that the orientation of the chemical reactions of cyto-
chrome c oxidase with respect to the membrane, such that the electrons
are taken from the P-side and the protons from the N-side, was an early
arrangement to generate pmf in the evolution of the catalysts of cell
respiration, and that proton pumping came later to enhance the energy
transduction efficiency [39]. If so, it seems plausible that the K-pathway,
or its structural analogue in the B- and C-type enzymes, was the original
proton uptake conduit, and that a rudimentary proton-pumping mech-
anism evolved in this scenario using the existing K-pathway also for the
pumped protons. We surmise that the D-pathway evolved later, adding
kinetic gating options to the mechanism, thus increasing the energy
transduction efficiency to its present 90% at the high pmf during oxida-
tive phosphorylation in animal mitochondria. This conclusion contra-
dicts earlier phylogenetic scenarios proposed by Brochier-Armanet
etal.[41] and Han et al. [9], but are in full accordance with the ideas pre-
sented by Ducluzeau et al. [42,43].

With this view in mind it becomes less enigmatic to understand the
above-mentioned apparent discrepancies in observations concerning
the asparagine/aspartate variant of the D-pathway, and possibly also
for other mutations in this pathway with a similar phenotype. By anal-
ogy to the observations with the B- and C-type oxidases, we suggest
that proton pumping is compromised in the N131D variant especially
at significant values of ApH (i.e. at a raised pH on the N-side of the
membrane), which are the conditions where the kinetic gating is required
most to prevent back-leakage. In experimental conditions where the
number of turnovers is small relative to the buffering power of the
N-phase (bacterial cytoplasm), the detrimental effect of the mutation
either vanishes or is much smaller (Table 1, [19]). In proteoliposomes
the decoupling effect of the mutation may be reduced by increasing
the buffering power of the vesicle interior (Table 2). The non-zero
H™/e” observed for the reconstituted N131D variant (N139D in cyto-
chrome aas from R. sphaeroides) when measured in heavy water [18]
might have resulted from the known rise in pK, of weak acids in D,0
[44], yielding a higher buffering capacity at an elevated pH.

Finally, it seems clear that the N131D variant pumps protons quite
efficiently in whole cells, but that this is lost to a large extent, often
completely, after isolation of the enzyme and reconstitution into lipo-
somes. There may well be additional reasons for this apart from the
issues of buffering power and number of turnovers addressed above.
A-type cytochrome c oxidase easily loses subunit Il due to the detergent
treatment necessary during isolation, and an enzyme deficient of sub-
unit II has been shown to be particularly sensitive to high pH [45].
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4. Conclusion

We conclude that the A-, B- and C-types of heme-copper oxidases
are all proton pumps capable of pumping 1 H" /e” at a low opposing
protonmotive force. However, the exclusively prokaryotic B- and
C-type enzymes, which lack subunit IIl and a D-pathway of proton
transfer in subunit [, fail to pump protons at full efficiency already
at low or moderate values of pmf. By contrast, proton-pumping by the
A-type oxidases proceeds at high efficiency even at the high pmf
encountered in phosphorylating mitochondria. We ascribe this tight
coupling in the A-type enzymes to kinetic gating of proton transfer pre-
viously described as a property of the D-channel. Consequently, we sug-
gest that the thermodynamically more efficient A-type respiratory
oxidases evolved later than the oxidases of B and C types, and that this
evolutionary progression included a paradoxical decrease in the strength
of binding the dioxygen substrate. However, in the A-type oxidases the
weaker binding of O, liberated free energy for driving proton transloca-
tion, and a high physiological O, affinity was instead ascertained by trap-
ping the O, kinetically.
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