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Abstract: The review focuses on recent advances regarding the effects of natural and artificial
amphipathic compounds on terminal oxidases. Terminal oxidases are fascinating biomolecular
devices which couple the oxidation of respiratory substrates with generation of a proton motive force
used by the cell for ATP production and other needs. The role of endogenous lipids in the enzyme
structure and function is highlighted. The main regularities of the interaction between the most
popular detergents and terminal oxidases of various types are described. A hypothesis about the
physiological regulation of mitochondrial-type enzymes by lipid-soluble ligands is considered.
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1. Introduction

Terminal oxidase is a key enzyme in the respiratory chain of mitochondria and aerobic
bacteria. It is located in the coupling membrane and catalyzes the transfer of electrons from
the respiratory substrate (cytochrome c or membrane quinol) to oxygen. This reaction is
coupled to the generation of a proton motive force (AuH*) across the membrane. The four-
electron oxygen reduction proceeds in the binuclear catalytic center. Within the numerous
members of the heme-copper superfamily, the binuclear center comprises a high-spin heme
and a copper ion, Cug, whereas among the bd-type enzymes, it consists of two high-spin
hemes [1].

During the catalytic cycle, protons are transported through intra-protein proton chan-
nels. The number and structure of the proton channels underlie the classification of the
heme—copper oxidases into types A (further subdivided to Al and A2), B, and C [2-6].
High-resolution crystal structures are currently available for members of each type. All
heme-copper oxidases possess proton-pumping activity, but its mechanism differs some-
what between the A, B, and C types [6-10]. The type Al enzymes, including the cytochrome
¢ oxidase (CcO) of mitochondria, are the most studied [11-13]. Cytochrome ¢ oxidases
from Paracoccus denitrificans [14,15] and Rhodobacter sphaeroides [16,17], as well as the quinol
oxidase boz from Escherichia coli [18,19], are the best studied type A bacterial enzymes.
Type B terminal oxidases are found in Eubacteria and Archea. A classic example is the
cytochrome ¢ oxidase baz from Thermus thermophilus [20-22]. Type C, represented by the
cytochrome c oxidase cbbs, is phylogenetically, and structurally, the most distant from type
A [10]. They are common in microaerophilic Proteobacteria [23,24].

Terminal bd-type quinol oxidases (syn. cytochrome bd) are found in a wide range of Eu-
bacteria and Archea living under low oxygen conditions [25,26]. They are structurally and
evolutionarily different from heme-copper oxidases, and constitute their own superfamily
divided into S and L groups, which differ in the size of the quinol-binding domain [26].
The 3D structures of both S and L representatives have been published [27,28]. In contrast
to heme—copper oxidases, bd-oxidases do not pump protons, but still generate AuH* due
to the spatial separation of the reactions proceeding with the consumption and release of
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protons [29]. They are highly resistant to the most common inhibitors of heme-copper
enzymes [30,31].

Mitochondrial CcO consists of three major subunits encoded by the mitochondrial
genome, and ten minor regulatory subunits encoded within the nucleus [32]. The properties
of the isolated preparation significantly depend on the preservation of subunits during
solubilization and purification. The main catalytic subunit I contains low-spin heme 2 and
an oxygen reductive binuclear center, a3/Cug. Subunit II interacts with the soluble cy-
tochrome c, and harbors the “input” redox center, Cupa. Bacterial terminal oxidases usually
contain two to four subunits. Among the heme—copper enzymes, they are homologous to
the main subunits of the mitochondrial CcO.

Well-studied E. coli cytochrome bd-I consists of four subunits: CydA, CydB, CydX, and
CydH (also named CydY) [28,33]. CydA harbors a quinol-binding site and three hemes,
bsss, bsgs, and d. The low-spin heme bssg directly participates in the oxidation of quinol.
The high-spin hemes bsg5 and d form an oxygen-reducing site.

Terminal oxidases are integral membrane proteins and, as such, have a predominantly
hydrophobic surface that is in contact with membrane lipids in vivo. In the isolated
preparation, the natural lipid is mostly replaced by detergent molecules. The incorporation
of the enzyme into detergent micelles determines its solubility in aqueous media. Besides
the solubilized form, membrane proteins are commonly studied in proteoliosomes. In this
case, the previously purified enzyme is incorporated into an artificial membrane, the lipid
composition of which may differ significantly from the natural one. Catalytically active
preparations usually contain a certain number of “tightly bound”, native lipid molecules.
Individual phospholipid molecules are visible in the crystal structures of the terminal
oxidases. Some of them are assumed to have a direct effect on the conformation and the
activity of the enzyme.

Mitochondrial CcO can exist in both monomeric and dimeric forms. Both forms are
catalytically active, although they differ in terms of the activity and efficiency of ApH*
generation. According to the current knowledge, both states are physiological, and the
transition between them has a regulatory significance [34]. CcO preparations can convert
into a dimeric or monomeric state, depending on the isolation procedure. In particular,
the detergent used for solubilization plays a decisive role. It has been shown that CcO can
form a catalytically active supercomplex with other enzymes of the respiratory chain [35].
Unlike mitochondrial CcO, its bacterial analogs are known only as monomers [36].

Four pathways regarding the intracellular regulation of CcO activity are known:
tissue-specific changes in subunit composition [32], reversible changes in quaternary
structure [34,36], covalent modifications (phosphorylation and acetylation) of certain
residues [34,37] and reversible interactions of the enzyme with ligands. For a long time,
only low-molecular-weight, water-soluble substances remained examples of the latter:
adenine nucleotides’ binding on the matrix-facing surface of subunit IV [38], some gas
molecules interacting with the binuclear catalytic center as oxygen mimetics [39], and
calcium ions that bind at the conserved site of the subunit I, near the outer surface of the
membrane [40].

The situation changed about 15 years ago, when the site of interaction with lipid-
soluble ligands in the structure of the mitochondrial CcO dimer was described [41]. It is
located at the junction of subunits I, Il and Vla, and has an affinity for many physiologically
active, amphipathic compounds [42,43], including the bile acid anions, due to which it was
named the Bile Acid-Binding Site (BABS). It is probable that BABS is characteristic of type
A heme—copper oxidases. Interestingly, an alternative binding site for amphipathic ligands
has recently been described in the structure of the monomeric CcO from mitochondria [44].
Apparently, in vivo, mitochondrial CcO may be controlled by an activity regulation system
that is multispecific, with respect to physiologically significant lipophilic molecules. Among
the putative BABS ligands, natural and artificial steroid compounds, thyroid hormones,
nucleotides, heme derivatives, etc., and even small cell penetrating peptides, have been
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described. The interaction of some detergents with BABS is an interesting special case of
their influence on the activity of CcO.

Taking into account the above, in this review, we consider the regularities of the effects
of various amphipathic compounds on the structure and functioning of terminal oxidases.
Substances with such effects belong to the following main groups:

- Lipids.
- Detergents.
- Relatively small amphipathic molecules.

The most common ways of influencing the enzyme seem to be the following: varying
the preparation quality (the number of subunits, conformations, etc.); inducing change in
the quaternary structure of the enzyme; binding to the regulatory sites that have affinity
for endogenous ligands.

2. Lipids

Lipid—protein interactions represent a vast area of research. In this review, we do not
claim to be complete. We only trace the main patterns and mention some interesting cases.

To obtain a terminal oxidase as a purified preparation, the enzyme, first of all, should
be extracted from the native membrane and incorporated into an artificial hydrophobic
environment, which imitates the natural lipid environment. In early studies of the mito-
chondrial CcO, an attempt was often made to purify the protein from native phospholipids
as completely as possible. For this purpose, organic solvents [45], treatment with phospho-
lipase [46], as well as precipitation from solution with ammonium sulfate [47], were used.
Robinson and Copaldi developed the “soft delipidization” procedure, which, in contrast to
the works mentioned above, excluded the stage of converting the enzyme into an insoluble
precipitate [48]. It was based on the formation of a water-soluble protein complex with
non-denaturing detergent molecules that replace most of the phospholipid molecules.

Pretty soon, it became clear that there exists a population of tightly bound lipid
molecules, the removal of which leads to a sharp decrease in the CcO activity. Thus, a
purified CcO preparation from the bovine heart was shown to contain the cardiolipin
molecules, which were inaccessible to most solvents and phospholipases [46]. Subsequent
studies confirmed the presence of stoichiometric amounts of cardiolipin in CcO [48]. The
presence of two moles of cardiolipin per monomer of the solubilized enzyme was shown
to be necessary for catalytic activity [49]. Later, it was shown that cardiolipin can be
almost completely removed from the solubilized CcO by phospholipase A2 [50]. This is
accompanied by the loss of the small subunits VIa and VIb, which are involved in the
stabilization of the enzyme in the dimeric state [12,51]. Later, this 11-subunit, cardiolipin-
lacking CcO monomer turned out to be defective in proton translocation [52]. Some of
cardiolipin-binding sites have been predicted by molecular modeling [53]. According to the
current knowledge, cardiolipin plays an important role in the physiologically significant
reversible transition of eukaryotic CcO from a monomeric to dimeric state [52,54-56], as
well as in forming supercomplexes with other respiratory enzymes [57].

The presence of cardiolipin in the inner mitochondrial membrane apparently reflects
the prokaryotic origin of mitochondria. Indeed, this lipid is typical of bacterial membranes
and plays an important role in the formation of supercomplexes in prokaryotic respiratory
chains [57]. Besides, cardiolipin has been shown to have a direct, activating effect on the
bacterial quinol oxidases bd and bos, solubilized in dodecyl maltoside [58]. The addition
of 10 uM cardiolipin results in a two-fold activation of the oxygen consumption by the
enzyme, as well as in two- to three-fold decrease in the apparent Ky; for quinol (both
ubi- and menaquinol). Cardiolipin affects the cytochrome bd from Gram-negative (E. coli),
as well as Gram-positive (Geobacillus thermodenitrificans and Corynebacterium glutamicum),
bacteria. The activation mechanism remains unknown. Given the decrease in Ky, it can be
assumed that cardiolipin promotes a more efficient interaction with the reducing substrate,
membranous quinol. It is known, for example, that cardiolipin binding ensures the correct
fit of quinol within the Qp site of the nitrate reductase complex [59]. Further, in the presence
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of cardiolipin, the enzyme in detergent micelles can be more favorably oriented [60]. The
role of cardiolipin may also consist of stabilizing the structure of the enzyme. It probably
fills cavities and clefts on the enzyme’s surface [55], and binds at the interface between
subunits, as found for formate dehydrogenase-N [61].

According to [48], the treatment of CcO from the bovine heart with either ionic (bile
acid salts) or non-ionic (Triton X-100, Tween) detergents allows one to remove most of
the native phospholipids; however, 6~10 molecules of the latter per monomer remain
bound to the enzyme. It was shown, therein, that CcO forms dimers in Tween and Triton
X-100 solutions, while cholate and deoxycholate promote a monomeric state (later, this
statement was reconsidered; see below). The authors attributed the observed difference
to the delipidization of the preparation, which, as they found, was more complete in the
presence of bile acid salts. However, inhibition by (deoxy)cholate could not be explained
by this alone, since it was also observed in a preparation containing a significant admixture
of native phospholipids.

At the moment, the need for tightly bound lipids in the composition of physiologically
active heme—copper oxidases is beyond doubt. In the 1.8 A crystal structure of the 13 subunit
CcO from bovine heart mitochondria (PDB 2DYR), 13 lipid molecules were identified: two
cardiolipin molecules, one phosphatidyl choline, three phosphatidyl ethanolamines, four
phosphatidyl glycerols, and three triacylglycerols [62]. Tightly bound lipids are also found
in bacterial heme—copper oxidases. Thus, in the crystal structure of the four-subunit CcO
from R. sphaeroides (PDB entry 1M56), six phosphatidyl ethanolamines are visible [17], and
in the crystal structure of the four-subunit CcO from P. denitrificans (PDB entry 1QLE),
two phosphatidyl cholines are observed [63]. The typical binding sites for these lipid
molecules are the gaps between the transmembrane o-helices and the grooves at the
subunit contacts. Often, in the crystal structures of CcO, tightly bound molecules of the
detergent used in crystallization are visible. In this case, the detergent is considered to be a
substitute for endogenous lipids. A comparison of crystal structures shows that positions of
detergent alkyl chains and endogenous lipid fatty acids are almost exactly the same in both
mitochondrial and bacterial CcOs. This allowed the authors to conclude that type A heme-
copper enzymes contain conserved lipid-binding sites [64]. This conclusion is confirmed by
a comparison of primary sequences encoding transmembrane regions in various oxidases
which was carried out in the same work. It reveals conserved sites, corresponding to the
contacts of the protein with fatty acids of endogenous lipids and alkyl chains of detergents.
These sites coincide well in various members of the type A heme—copper oxidases.

Figure 1 illustrates the similarity in the arrangement of lipid molecules between the
type A oxidases. The 3D structures of CcO from mitochondria (green) and R. sphaeroides
(grey) are overlaid. One can note that the lipid molecules tend to cluster in the same regions
of the two enzymes, and that the fatty acid chains are arranged in a similar manner.

In the primary sequences of type B enzymes, the sites of interactions with lipids are
preserved to a much lesser extent [64]. Tightly bound alkyl chains are also not detected in
the crystal structure of the bas oxidase, with a resolution of 2.3 A (PDB 1XME) [21]. About
20 lipid molecules can be identified in the high-resolution structure of the baz oxidase
(PDB 3S8F) crystallized in lipid medium. They cover about a third of the protein’s surface
and are considered annular lipids [22]. The superposition of the structures shows that at
least two lipid-binding clusters still spatially coincide in the type A and type B enzymes.

The role of lipids in the structure of the type C heme-copper oxidases has not yet been
discussed in detail. It is known that the lipid composition of the membrane significantly
affects the amount of the cbbz oxidase in R. capsulatus cells [65], as well as the interaction of
the binuclear center with ligands [66]. Ornithine lipids in the membrane of R. capsulatus
promote proper folding of the cbbz oxidase, and increase its resistance to degradation [65,67].
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Figure 1. Structure of the type A heme—copper terminal oxidases with tightly bound lipids. 3D
structures of dimeric cytochrome ¢ oxidase (CcO) from bovine heart mitochondria (PBD entry 3ASO;
green) and CcO from Rhodobacter sphaeroides (PBD entry 1Mb56; grey) are superimposed. Lipids are
shown by sticks in the corresponding colors, with oxygen (red), nitrogen (blue) and phosphorus
(orange) highlighted. (A) Side view, matrix is at the bottom. Near the outer membrane’s surface,
mutually perpendicular planes of hemes a and a3 are seen, as well as the copper centers (binuclear
Cup and mononuclear Cug, brown spheres). (B) View from the outer surface of the membrane.
(C) Enlarged part of (B). Subunit III is located on the right side of the image.
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3. Detergents

Taking into account a large number of known terminal oxidases, as well as the wide va-
riety of detergents currently available, we will not pretend to describe their interaction com-
pletely. As in the previous section, we consider the most typical and interesting examples.

There is considerable experience regarding the isolation of terminal oxidases using
non-denaturing detergents of various chemical structures. The most popular are anionic
detergents (bile salts; lauryl sarcosinate), zwittergents (e.g., N-dodecyl-N,N-dimethyl-3-
ammonio-l-propane sulfonate, syn. Zwittergent 3-12 or SB-12) and non-ionic detergents
(polysorbates, syn. Tween; sorbitans, syn. Emasol, t-Octylphenoxypolyethoxyethanol, syn.
Triton X-100; alkyl glycosides).

The original protocol for isolating mitochondrial CcO included the use of cholate or
deoxycholate [68,69]. This allowed one to obtain a well-purified multi-subunit enzyme,
but with an extremely low activity. Later it was shown that bile acid anions are inhibitors
of the cytochrome oxidase activity [70,71]. However, the preparation obtained using
(deoxy)cholate could be significantly activated by synthetic non-ionic detergents, such
as Emazol or Tween [47]. Thus, Emazol-4130 increased the activity of CcO isolated with
cholate by approximately 3.5 times [69]. The enzyme isolated with Emazol instead of
cholate remained active during months of storage. The reason for the activating effect of
Emazol was associated, in particular, with its beneficial effect on the interaction of CcO
with cytochrome c [72]. Another possible explanation for the effect of Emazol and Tween
on CcO was the putative “fluidity” of the lipid environment, created by the alky] tails of
these two detergents [48]. This reason became irrelevant after the CcO activity in dodecyl
maltoside was shown to be an order of magnitude higher than in Tween-20, despite the
fact that the alkyl tails of these detergents are the same [73].

To obtain a catalytically active preparation, (deoxy)cholate began to be removed,
and replaced with another detergent. However, it was noted that the activity of the
enzyme originally isolated with (deoxy)cholate is not fully restored, even in Tween-80
solution [48]. Later, numerous binding sites for bile acid anions with the mitochondrial
CcO were discovered. The preparation crystallized using cholate contained 10 molecules of
cholate per CcO monomer [74], two to four of which are visible in the 3D structure [11,62].
The structural similarity of cholate and ADP molecules gave researchers a reason to believe
that cholate binding marks putative sites of regulatory interactions between CcO and
nucleotides [56,74]. However, to date, the existence of only one such site (the so-called
“allosteric inhibition” site), located on the matrix surface of subunit IV, can be considered
to be proven [54]. In some cases, the inhibitory effect of cholate and deoxycholate on the
mitochondrial CcO may be due to a change in the quaternary structure of the enzyme.
Indeed, solubilization with nonionic detergents or phospholipids in the presence of an
equimolar amount of bile salts, or the zwittergent CHAPS, which is a bile acid derivative,
leads to the transition of the eukaryotic CcO into a dimeric form, the activity of which is
lower than that of the monomeric one [75]. However, cholate and deoxycholate still inhibit
the dimeric form of the enzyme from bovine heart, as well as the CcO from R. sphaeroides,
which does not form dimers [76]. We believe that in the latter case, the inhibition is due
to the binding of the bile anion in the regulatory BABS site, located near the entrance of
the K-proton channel (see below). This is confirmed by X-ray structural data, revealing a
bound cholate (the so-called “matrix” cholate) in the BABS of the CcO dimer [11], and a
bound deoxycholate at a similar location of CcO from R. sphaeroides [41].

Despite the above, cholate is still often used in the isolation of CcO, provided that its
concentration in the final preparation is strictly limited. Meanwhile, since the late 1990s, the
isolation procedure with the use of non-ionic detergents, such as Triton X-100 and dodecyl
maltoside, has become popular [77].

Unlike most detergents used to isolate membrane proteins, Triton X-100 consists of
a large hydrophobic “head” (4-tert-octylphenol group) and a hydrophilic “tail”. Using
Triton X-100, it is possible to isolate a multi-subunit, highly purified, and almost completely
inhibited CcO preparation. As in the case of (deoxy)cholate, the inhibition is reversible,
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and the replacement of the detergent converts the enzyme into its active form. CcO from
bovine heart may exist in Triton X-100 solution as dimers or monomers, depending on the
conditions. Complete monomerization is caused by high concentrations of Triton X-100 (at
least 5 mg per milligram of protein, or 80-800 mM) at pH > 8.5 [78-80]. At concentrations
of Triton X-100 in the range of 0.1-1% (corresponding to 1.6-16 mM), the enzyme remains
almost completely in the dimeric form [48,80].

Recently, the effect of Triton X-100 on CcO from bovine heart has been carefully
studied [81]. Submillimolar concentrations of the detergent caused the reversible inhibition
of oxidase activity, whereas the partial peroxidase activity of the enzyme remained intact.
The inhibition manifested itself, in particular, as the disruption of electron transfer between
hemes a and a3. The action of Triton X-100 was prevented and reversed by dodecyl
maltoside, apparently due to the competition between two detergents for the site of specific
interaction with the enzyme. The described effects can be most comprehensively explained
by the specific interaction between the hydrophobic fragment of the Triton X-100 molecule
and the BABS regulatory site (see below).

Nonionic detergents from the class of alkyl glycosides are known to be highly effective
in the extraction of membrane proteins. Their additional advantage is that, due to the high
CMC value, the detergent can be easily replaced by dialysis. The activity of CcO solubilized
with alkyl glycosides substantially depends on the nature of both the hydrophilic “head”
and the alkyl “tail”. The influence of various alkyl glycosides on the mitochondrial CcO was
thoroughly studied [73]. The complete extraction was achieved with both octylglucoside
and dodecyl maltolside (syn. lauryl maltoside), while the catalytic activity was an order of
magnitude higher with dodecyl maltoside. Notably, a rather high concentration of dodecyl
maltoside (0.5%, that is 10 mM) was used in [73]. According to our data, at concentrations
above 0.25% this detergent inhibits the oxidase activity by 1.5 times [81].

In a number of cases, alkyl glycosides can be considered to be structural analogues of
phospholipids [17]. The effects of dodecyl maltoside on CcO'’s activity may reflect the inter-
action of the enzyme with endogenous lipid molecules in vivo. In the 3D structure of CcO
from R. sphaeroides, a decyl maltoside molecule is visible, being tightly bound at the bound-
ary of the amphipathic area of BABS. Its alkyl tail lies in a groove near the site that binds the
steroid moiety of deoxycholate, and the maltoside head is able, in some positions, to reach
the hydrophilic part of the steroid-binding motif [41,42]. Approximately at the same loca-
tion, in the 3D structure of the mitochondrial CcO, a molecule of phosphatidylethanolamine
is tightly bound [41]. According to our estimates, the dissociation constant of the complex
of dodecyl maltoside with CcO from bovine heart is 0.5-1.5 mM [76,81-83].

Figure 2 shows the BABS region in CcO from bovine heart mitochondria. At the
border of the hydrophobic cavity, which is a binding site for cholate and other steroid-like
molecules, endogenous phosphatidylethanolamine is bound. Presumably, in the solubilized
preparation it is replaced by a molecule of detergent (dodecyl maltoside). Indeed, a decyl
maltoside molecule is revealed in the structure of the bacterial enzyme, at a similar location
(see panel A). Panel B demonstrates that the BABS ligands can form bonds with many
functional groups of the protein. Indeed, hydroxyls 7 and 3 of cholate are at a distance of
2.8 A from the O-containing moieties E62;; and T63y;, and the carboxylate moiety of cholate
is at the same distance from the nitrogens of Argl7yy, and Argldyy, (see yellow-dotted
lines). This is close enough to form hydrogen bonds. In their turn, Phel8yy, and Phe21vs,,
are likely to form hydrophobic interactions with cholate.

The same types of detergents are used when solubilizing bacterial terminal oxidases,
as in the case of the mitochondrial CcO. Some variations may be dictated by differences in
the lipid composition of the membranes in different microorganisms. The possibility of
performing rapid, one-step isolation of His-tag-bearing bacterial mutant proteins makes
the choice of other conditions, including the detergents used, to be somewhat less critical.
However, the use of dodecyl maltoside throughout the isolation, or at least at the final
stages, is currently considered as the best choice [28,58,84,85].
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Figure 2. BABS with the ligand and adjacent endogenous lipid. (A) The BABS region from the
mitochondrial dimeric CcO structure (PDB entry 5B1A) is depicted as a protein surface. The endoge-
nous phosphatidylethanolamine molecule is shown by dark green sticks. Decyl maltoside (brown
sticks) from R. sphaeroides’s CcO structure (PDB entry 3DTU) is superimposed on the image in the
appropriate location. The cholate molecule (grey sticks) is bound in the hydrophobic cavity formed
by subunits I, IT and VIa (from the opposite monomer). Side view, matrix is at the bottom. Oxygen
and nitrogen atoms are colored in red and blue, respectively. (B) The same (except for the detergent
from the bacterial enzyme structure), but enlarged. The residues of subunit Vla, presumably involved
in interactions with cholate (Arg14, Argl7, Phel8 and Phe21), are indicated and tinted in white.

The isolation of the His-tag-containing quinol oxidase boz from E. coli using Ni-NTA
affinity chromatography has been described [18]. The membrane solubilization was car-
ried out in three ways: by Triton X-100 in combination with octyl glucoside, by sucrose
monolaurate, and by dodecyl maltoside. In the first case, the detergent was then replaced
with an anionic N-lauroyl-sarcosine (syn. Sarkosyl), since for the bo; oxidase, as for the
mitochondrial CcO, Triton X-100 is a strong reversible inhibitor. In all three cases, the
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resulting preparations were well purified, homogeneous, and catalytically active. It is note-
worthy that when using sucrose monolaurate and dodecyl maltoside, the final preparation
contained one mole of the bound ubiquinone, while isolation with Triton X-100 resulted in
a nearly ubiquinone-free enzyme.

In the classical procedure for the isolation of the quinol oxidase bd, the zwittergent
SB-12 was used for solubilization, which was replaced with cholate during the purification,
and at the final stage with Tween-20 [86]. This procedure yields a homogeneous, well-
purified preparation with a sufficiently high catalytic activity, the absolute values of which
are obviously determined by the choice of the reducing substrate. However, the properties
of the isolated and membrane-bound cytochrome bd are not identical, since they show a
difference in terms of ligand binding [87]. The classical inhibitor of the oxygen reductase
reaction, cyanide, normally binds to the oxidized high-spin heme d, mimicking the oxygen
molecule. As can be seen from the spectral changes, in the isolated solubilized enzyme, the
low-spin heme bssg also exhibits reactivity with respect to cyanide. The treatment of the
membrane preparation with a detergent leads to the same result. Notably, reconstitution
of the isolated bd-1 oxidase into asolectin proteoliposomes restores a ligand-reactivity
pattern that is typical of the enzyme in the bacterial membranes. The reduced form of
the enzyme is characterized by a reaction with another oxygen mimetic, the CO molecule.
In the membrane preparation, this ligand interacts with the binuclear center, causing
characteristic spectral changes in heme d and, in part, heme bsgs. After solubilization, CO
noticeably binds to heme bssg, as well. As in the previous case, the reconstitution of the
isolated cytochrome bd-I into asolectin membranes restores its native CO-binding properties.
According to the author’s assumption, the interaction of heme bs53 with one of the axial
ligands, Met393, is weakened in the solubilized preparation. As a result, this ligand can be
replaced by a stronger exogenous ligand, cyanide or CO. The described situation is similar
to the well-known phenomenon of cyanide and CO binding to the oxidized and reduced
forms of cytochrome c, respectively, as a result of weakening the bond of the low-spin heme
with axial methionine [88,89]. It is noteworthy that the treatment of the membrane-bound
bd-I oxidase with different detergents (anionic lauryl sarcosinate, SB12 zwittergent) gives
the same effect. Currently, dodecyl maltoside is used in all stages of purification, resulting
in a four-subunit (CydA CydB CydH CydX) preparation of the bd-type quinol oxidase [28].

4. Potential Ligands of the Regulatory Sites

The Bile Acid-Binding Site was described, and then characterized in detail, in a series
of studies from Ferguson-Miller’s laboratory [41-43,90,91]. The experimental object of this
group was CcO from R. sphaeroides. They found that the activity of an enzyme mutated
at Glul01y (a critical residue of the K proton channel that corresponds to Glu62y of the
mitochondrial enzyme) significantly recovers in the presence of low concentrations of
cholate or deoxycholate [41]. Furthermore, in the 3D structure of the R. sphaeroides enzyme,
a tightly bound deoxycholate molecule (used during crystallization) was observed in
the hydrophobic cavity, at the junction of subunits I and II, directly at the entrance to
the K-channel. The carboxylate group of deoxycholate was located at the border of the
channel with the cytoplasm and, apparently, functionally replaced the missing glutamate
in facilitating the initial capture of the proton. The cholate molecule was similarly located
in the CcO dimer from bovine heart mitochondria. In this case, the hydrophobic cavity was
formed, in addition to subunits I and II, by the VIa subunit of the opposite monomer.

As shown in our laboratory, the addition of cholate or deoxycholate to the solu-
bilized dimeric mitochondrial CcO at low concentrations (less than 1.5 mM) induces a
concentration-dependent activation of the enzyme up to 1.5-2-fold. With a further increase
in the bile salt concentration, this activation is replaced with inhibition [76]. The activation
phase can be explained by a local increase in the concentration of protons around the bile
acid anion, at the entrance to the K-channel. This interpretation is consistent with the earlier
data, regarding the activating effect of exogenous lipophilic anions on R. sphaeroides mutants
with replacements of the residues located at the mouth of the K or D channels [41,92-94].
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Presumably, lipophilic anions, in this case, play the role of a proton-harvesting antenna,
similar to endogenous carboxylates in bacteriorhodopsin [95]. At higher concentrations,
cholate is less likely to dissociate from the binding site and thus inhibits the K channel. As
discussed in [76], there are two possibilities for the bound cholate to impair proton transfer
through the K-channel. The first is associated with the changes in pK, values of critical
residues. Indeed, the hydroxyl-7 of cholate is at a distance of 2.8 A from the carboxyl of the
input glutamate E62j;, and the hydroxyl-3 is at the same distance from the hydroxyl of the
neighboring T63y. This is quite sufficient for hydrogen bond formation, and, as a result,
the effective pK, value for E62j1 should increase sharply. The second possible mechanism
of the inhibition may be via an indirect influence on the remote residues, resulting in a
disruption of the hydrogen bond network within the K-channel. An example of such a
remote impact on the K-channel, achieved by blocking its key residue K369 in the “down”
conformation, is discussed in [44].

Besides bile acid anions, many other amphipathic molecules, including detergents,
fatty acids, and porphyrins, have been shown to influence the CcO activity in the Glu101y
mutant from R. sphaeroides [42]. Based on the structural and spectral data, the authors
postulate that BABS has a specific affinity for amphipathic ligands, the binding of which
causes disruption of the proton conductivity of the K-channel, as well as the disruption
of electron transfer between hemes a and a3. The study analyzes, in detail, the action of
various agents added in different combinations, and concludes that there are two closely
spaced and partially overlapping binding sites at the entrance to the K-channel. Later, on
the basis of mutagenesis data, this point of view was partly revised [91]. At present, it is
considered that most amphipathic ligands bind at a single BABS site, which is a fairly large
cavity lined with hydrophobic residues. The transmembrane helices VII and VIII of subunit
I and the transmembrane helix II of subunit II border the cavity. Its size is large enough to
accommodate even a 3 kDa peptide in x-helical conformation [76].

Currently, the regulatory function of BABS is not in doubt. At the same time, due
to the multispecificity of the site, it cannot be ruled out that its true physiological ligand
is still unknown. Three computational approaches were used to identify the most likely
candidates (ROCS comparison of ligand shape and electrostatics, SimSite3D comparison of
ligand binding site features, and SLIDE screening of potential ligands by docking) [43]. The
list of the most likely ligands included steroids, nicotinamides, flavins, nucleotides, retinoic
acid, and thyroid hormones. As shown in the same study, some of the listed substances
actually modulate the activity of the wild-type and mutant CcO from R. sphaeroides. The
most potent inhibitors were fusidic acid, cholesteryl hemisuccinate, retinoic acid, and T3
thyroid hormone. At a slow enzyme rate, the activity was also sensitive to an ATP analog
and GDP.

Although the computer analysis placed steroids among the most likely BABS ligands,
their effect on the activity of the bacterial enzyme could not be demonstrated [43]. This
was later investigated in our laboratory, using CcO from bovine heart mitochondria [82].
The activity of the solubilized enzyme was completely inhibited by estradiol, testosterone,
dehydroepiandrosterone, progesterone, as well as the secosteroides cholecalciferol (vitamin
D3) and ergocalciferol (vitamin D2). The true K; value varied from 9 uM (cholicalciferol)
to 370 uM (estradiol). The possibility of interaction between estradiol and mitochondrial
BABS is supported by the results of docking [83]. The same was done for testosterone,
cholecalciferol and cholesterol.

Some characteristic features of steroid inhibition described in [82] indicate that BABS
is the site of action for the enzyme. First, the apparent Kjpp) value increases linearly
with increasing concentrations of dodecyl maltoside, which indicates the competition of
the inhibitor with dodecyl maltoside for binding to the enzyme in a ratio of 1:1. This is
consistent with the above structural data on the binding of decyl maltoside at the border of
bacterial BABS, with the possibility, in some conformations, to overlap with this site [41,42].
Secondly, the partial peroxidase activity of CcO remains insensitive to steroid concentrations
that cause the complete inhibition of the oxidase reaction, which is a typical trait for the
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K-channel mutants. The resistance of the peroxidase activity is explained by the fact that
the BABS ligands block the proton K-channel, which is not involved in the peroxidase stage
of the catalytic cycle [96,97]. Thirdly, the rapid-mixing data showed that estradiol inhibits
the transfer from heme a to heme a3, which is also a characteristic sign of disruption to
the K-channel.

The same three peculiarities distinguish the inhibition of the mitochondrial CcO by
thyroid hormones T3 and T4 [83]. In this case, the K| value is 100-200 uM and inhibition
was observed both in terms of the solubilized and, under certain conditions, the membrane-
bound enzyme. In the same study, T3 hormone was docked in mitochondrial BABS. Thyroid
hormone T2 at low concentrations had no effect on the oxidase activity, which confirms
the specificity of the effect in relation to T3 and T4. At the same time, the partial activity
of superoxide generation by the mitochondrial CcO was extremely sensitive to all three
thyroid hormones (K; = 0.3-5 uM). We explain this by assuming that the mitochondrial CcO
has two sites of interaction with thyroid hormones. The first is BABS, which binds T3 and
T4; the second is located on one of the small regulatory subunits of the enzyme, and binds
T2, T3 and T4. The hormone bound at the second site prevents the interaction of oxygen
with free radical groups that periodically appear on the surface of the operating enzyme.
It is very likely that the second site coincides with the T2 binding sitepreviously revealed
on subunit Va [98,99]. Therein, T2 binding has been shown to cause small changes in the
absorption spectrum of the enzyme and the activation by about 1.5 times. Both effects were
explained by the release from the allosteric inhibition induced by ATP.

We also hypothesize that the inhibition of CcO by Triton X-100 may result from a spe-
cific interaction with BABS [81]. The effective concentrations of Triton X-100 (K; = 300 uM)
are comparable to those of estradiol. Dodecyl maltoside competes with Triton X-100 for
binding in a ratio of 1:1. Triton X-100 does not affect the peroxidase partial activity of CcO
but suppresses electron transfer between hemes a and a3. Note the earlier study [100] that
states for the first time that proton transfer in the K-channel is reversibly inhibited by Triton
X-100. We believe that the 4-tert-octylphenol moiety of Triton X-100 spatially mimics the
steroid molecule, and thus acquires an affinity for BABS. This is supported by the known
property of 4-tert-octylphenol to interact with estrogen receptors (e.g., [101,102]).

It should be noted that the hypothesis regarding the regulation of the mitochondrial
CcO by steroid and thyroid hormones is physiologically relevant. As discussed in [82], the
expected content of steroid sex hormones in the mitochondrial membrane is in the same
concentration range as the K; values obtained in the experiment. In the case of thyroid
hormones, the situation is less obvious, since their content in blood plasma is three orders of
magnitude lower than that of steroids. However, as discussed in [81], the content of thyroid
hormones in tissues is much higher. In addition, there is a wide range of values between
individual organs, animal species and physiological states. Taking this into account, the
participation of T3 and, especially, T4 in the regulation of CcO through a direct interaction
with BABS seems quite plausible.

Besides the relatively low-molecular-weight ligands of BABS discussed above, more
recently, we have shown that a 3 kDa peptide can perform the same function [76]. Ar-
tificially synthesized P4 peptide is a typical cell-penetrating peptide. It is composed of
two flexibly bound modified -helices from the M1 protein of the influenza virus, each
containing a cholesterol-recognizing CRAC motif. It turned out that P4 and some of its
analogs specifically and completely inhibit the solubilized and membrane-bound CcO from
mitochondria and R. sphaeroides (K; = 3 uM). The competition for binding between P4 and
dodecyl maltoside in a ratio of 1:1, as well as the competition between P4 and deoxycholate,
has been observed. The peroxidase partial reaction was resistant to inhibition. The size
estimation shows that the P4 peptide can penetrate BABS partially or even entirely. The
comparison of P4 mutant variants showed that the inhibitory effect requires the presence of
a Trp residue in the primary sequence. This may be due to the inherent ability of tryptophan
to anchor the peptide at the interface between the lipid and aqueous phases [103]. The
inhibition itself is most likely caused by the influence of certain amino acids, comprising
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inhibitory peptides, on the dynamics of Glu62y protonation. These can be, for example,
positively charged Lys and Arg residues included in the CRAC motif.

Based on the cryogenic electron microscopy data, another steroid-binding site has been
recently described in the monomeric mitochondrial CcO [44]. This “Steroid-Binding Site of
a Monomer” (SBSM) lies in the hydrophobic gap between the V, VI, and VII transmembrane
helices of subunit I. Although being separated from BABS by about 20 A, SBSM nevertheless
is located in the vicinity of the K-channel entrance. According to the authors, the steroid
molecule bound near the VII helix restricts the mobility of the K319 side chain, which leads
to disruption of the proton conductivity in the K-channel. In the dimer, SBSM must be
closed for interaction with ligands, since it is occupied by the N-terminal portion of the VIa
subunit of the opposite monomer. Additionally, the SBSM must be closed in the bacterial
CcO, since it is shielded by subunit IV.

Figure 3 shows two binding sites for amphipathic ligands in the structure of the
mitochondrial CcO. The BABS and SBSM sites are marked by purple and orange colors,
respectively. The distance between them is about 20 A. Both presumably control the K-
channel. The ligand binding with BABS putatively changes the pK, of the input E62yj,
which should result in an impairment of the K-channel’s proton conductivity. Steroid
binding with SBSM hypothetically restricts the mobility of the M278 side chain, which
indirectly leads to the locking of K319 in the “down” conformation, and subsequently
breaks the hydrogen bond integrity in the K-channel.

Figure 3. Binding sites for amphipathic ligands in mitochondrial CcO. (A) Side view. (B) View from
the inner membrane surface. The structures of the dimer (formed by light green and a deep green
monomers; PDB entry 3ASO) and the monomer (cyan; PDB entry 5762) are superimposed. In the
center of the image in (B), one can see the NDUFA4 subunit, which is present only in the monomeric
structure and is involved in the regulation of the monomer-dimer transition [56]. Lipids are grey,
with red O and blue N atoms. BABS is marked by E62yj, colored in purple. SBSM is marked by M278,
colored in orange. The distance between E62y; and M278; (yellow dashed line) is 20 A. The cholate
bound in BABS is grey with red oxygens. The distance from cholate” hydroxyl 7 to carboxyl of E62yy
is 2.8 A, and the nearest distance from the cholate to M278; is about 8 A.

5. Concluding Remarks

Over time, the significance of lipids in the functioning of terminal oxidases has become
more and more evident. The role of lipids in vivo is clearly not limited to the environment
around the enzyme that is favorable for maintaining its functional structure. In different
types of heme—copper oxidases, certain tightly bound lipid molecules are similarly located,
and contact conserved lipid-binding protein sites, including those situated deep in the
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structure. It can be assumed that some of these molecules are functionally close to cofactors
and can participate in the catalytic activity. Cardiolipin is involved in the functioning of
both heme—copper oxidases and bd-type quinol oxidases. Its role is manifested both at the
level of the oxidase reaction and at the level of activity regulation, which is associated with
changes in the quaternary structure of the enzyme.

The ways in which the properties of terminal oxidases can be affected by detergents
are quite diverse, in accordance with the diversity of these agents. Structural or chemical
inconsistencies with the natural membrane environment can lead to a change in the proper-
ties of the solubilized enzyme, as seen in the example of the bacterial quinol oxidases bd
and bos. Cholate and deoxycholate cause reversible dimerization of the eukaryotic CcO,
which is mediated by the participation of small subunits Vla and VIb. This process is
probably related to the natural, functionally significant dimerization of the enzyme, which
proceeds with the participation of cardiolipin. On the other hand, Triton X-100 can cause
the transition of the enzyme into a monomeric form. In addition to these effects, bile salts
and Triton X-100 cause the reversible inhibition of the A-type heme—copper oxidases. This
can be explained by the interaction of (deoxy)cholate and the 4-tert-octylphenol group of
Triton X-100 with the BABS regulatory site. In the mitochondrial-like oxidases, dodecyl
maltoside binds at the boundary of BABS, and presumably changes the affinity of this site
for ligands. We see here a possible imitation of a natural situation, in which a tightly bound
endogenous phospholipid can modulate the affinity of BABS for physiological ligands,
thereby participating in the enzyme activity regulation.

The BABS site of the dimeric mitochondrial CcO can bind a variety of physiologically
active amphipathic compounds (steroid and thyroid hormones, heme degradation prod-
ucts, nucleotides, and even CPPs). The monomeric CcO probably harbors an alternative
site, SBSM, which also binds steroids, at least. It is amazing that wherever the binding
site is located, amphipathic ligands affect the CcO activity by the same mechanism, i.e.,
by disrupting the conductivity of the K-proton channel. CcO quaternary structure transi-
tions cause significant changes in enzymatic activity parameters, including the rate and
energy efficiency. The reversible transition of the mitochondrial CcO from monomers to
dimers strictly depends on the minor subunits VIa and VIb, which, in turn, are cardiolipin-
dependent. On the other hand, it is subunit VIa that is involved in the formation of BABS in
the dimeric form. Thus, two regulatory pathways mediated, respectively, by the interaction
of CcO with amphipathic ligands, and by the changes in its quaternary structure seem
to intersect.

Author Contributions: Conceptualization, N.V.A. and V.B.B.; Software, LP.O. and R.V.S.; Formal
Analysis, N.V.A,, VB.B., LPO.,, R.V.S. and T.V.V;; Data Curation, N.V.A., VB.B.,, LP.O.,RV.S.and TV.V,;
Writing—Original Draft Preparation, N.V.A. and V.B.B.; Writing—Review & Editing, N.V.A. and
V.B.B.; Visualization, L.P.O. and R.V.S,; Supervision, N.V.A. and V.B.B.; Project Administration, N.V.A.,
V.B.B. and T.V.V,; Funding Acquisition, V.B.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the Russian Science Foundation (project Ne 22-24-00045,
https:/ /rscf.ru/en/project/22-24-00045/ (accessed on 12 March 2023).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.


https://rscf.ru/en/project/22-24-00045/

Int. ]. Mol. Sci. 2023, 24, 6428 14 of 17

References

1. Siletsky, S.A.; Borisov, V.B. Proton pumping and non-pumping terminal respiratory oxidases: Active sites intermediates of these
molecular machines and their derivatives. Int. . Mol. Sci. 2021, 22, 10852. [CrossRef]

2. vander Oost, J.; De Boer, A.P; de Gier, ] W.L.; Zumft, W.G.; Stouthamer, A.H.; van Spanning, R.J. The heme-copper oxidase family
consists of three distinct types of terminal oxidases and is related to nitric oxide reductase. FEMS Microb. Lett. 1994, 121, 1-9.
[CrossRef]

3. Garcia-Horseman, J.A.; Barquera, B.; Rumbley, J.; Ma, J.; Gennis, R.B. The superfamily of heme-copper respiratory oxidases.
J. Bacteriol. 1994, 176, 5587-5600. [CrossRef]

4. Pereira, M.M.; Santana, M.; Teixeira, M. A novel scenario for the evolution of haem—copper oxygen reductases. Biochim. Biophys.
Acta (BBA)-Bioenerg. 2001, 1505, 185-208. [CrossRef]

5. Sousa, FL.; Alves, R.J.; Ribeiro, M.A.; Pereira-Leal, ].B.; Teixeira, M.; Pereira, M.M. The superfamily of heme—copper oxygen
reductases: Types and evolutionary considerations. Biochim. Biophys. Acta (BBA)-Bioenerg. 2012, 1817, 629-637. [CrossRef]

6. Maréchal, A.; Xu, ].Y.; Genko, N.; Hartley, A.M.; Haraux, F.; Meunier, B.; Rich, PR. A common coupling mechanism for A-type
heme-copper oxidases from bacteria to mitochondria. Proc. Natl. Acad. Sci. USA 2020, 117, 9349-9355. [CrossRef]

7. Rich, PR. Mitochondrial cytochrome ¢ oxidase: Catalysis, coupling and controversies. Biochem. Soc. Trans. 2017, 45, 813-829.
[CrossRef]

8. Wikstrom, M.; Sharma, V. Proton pumping by cytochrome c oxidase—A 40 year anniversary. Biochim. Biophys. Acta (BBA)-Bioenerg.
2018, 1859, 692-698. [CrossRef]

9. von Ballmoos, C.; Adelroth, P; Gennis, R.B.; Brzezinski, P. Proton transfer in ba3 cytochrome c oxidase from Thermus thermophilus.
Biochim. Biophys. Acta (BBA)-Bioenerg. 2012, 1817, 650-657. [CrossRef]

10. Buschmann, S.; Warkentin, E.; Xie, H.; Langer, ].D.; Ermler, U.; Michel, H. The structure of cbb3 cytochrome oxidase provides
insights into proton pumping. Science 2010, 329, 327-330. [CrossRef]

11. Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamaguchi, H.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; Yoshikawa,
S. The whole structure of the 13-subunit oxidized cytochrome c oxidase at 2.8 A. Science 1996, 272, 1136-1144. [CrossRef]

12.  Yoshikawa, S.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; Yamashita, E.; Inoue, N.; Yao, M.; Fei, M.].; Libeu, C.P.; Mizushima,
T.; et al. Redox-coupled crystal structural changes in bovine heart cytochrome c oxidase. Science 1998, 280, 1723-1729. [CrossRef]
[PubMed]

13. Shinzawa-Itoh, K.; Sugimura, T.; Misaki, T.; Tadehara, Y.; Yamamoto, S.; Hanada, M.; Yano, N.; Nakagawa, T.; Uene, S.; Yamada,
T.; et al. Monomeric structure of an active form of bovine cytochrome c oxidase. Proc. Natl. Acad. Sci. USA 2019, 116, 19945-19951.
[CrossRef] [PubMed]

14. Iwata, S.; Ostermeier, C.; Ludwig, B.; Michel, H. Structure at 2.8 A resolution of cytochrome ¢ oxidase from Paracoccus
Denitrificans. Nature 1995, 376, 660-669.

15.  Koepke, J.; Olkhova, E.; Angerer, H.; Muller, H.; Peng, G.; Michel, H. High resolution crystal structure of Paracoccus denitrificans
cytochrome c oxidase: New insights into the active site and the proton transfer pathways. Biochim. Biophys. Acta (BBA)-Bioenerg.
2009, 1787, 635-645. [CrossRef]

16. Svensson-Ek, M.; Abramson, J.; Larsson, G.; Tornroth, S.; Brzezinski, P; Iwata, S. The X-ray crystal structures of wild-type and EQ
(I-286) mutant cytochrome c oxidases from Rhodobacter sphaeroides. J. Mol. Biol. 2002, 321, 329-339. [CrossRef]

17.  Qin, L.; Hiser, C.; Mulichak, A.; Garavito, R.M.; Ferguson-Miller, S. Identification of conserved lipid /detergent-binding sites in
a high-resolution structure of the membrane protein cytochrome c oxidase. Proc. Natl. Acad. Sci. USA 2006, 103, 16117-16122.
[CrossRef] [PubMed]

18.  Rumbley, ].N.; Nickels, E.F.; Gennis, R.B. One-step purification of histidine-tagged cytochrome bos from Escherichia coli and
demonstration that associated quinone is not required for the structural integrity of the oxidase. Biochim. Biophys. Acta Protein
Struct. Mol. Enzymol. 1997, 1340, 131-142. [CrossRef]

19. Melin, F; Meyer, T.; Lankiang, S.; Choi, S.K.; Gennis, R.B.; Blanck, C.; Schmutz, M.; Hellwig, P. Direct electrochemistry of
cytochrome bos oxidase at a series of gold nanoparticles-modified electrodes. Electrochem. Commun. 2013, 26, 105-108. [CrossRef]

20. Soulimane, T.; Buse, G.; Bourenkov, G.P.; Bartunik, H.D.; Huber, R.; Than, M.E. Structure and mechanism of the aberrant
baz-cytochrome ¢ oxidase from Thermus thermophilus. EMBO ]. 2000, 19, 1766-1776. [CrossRef]

21. Hunsicker-Wang, L.M.; Pacoma, R.L.; Chen, Y,; Fee, J.A ; Stout, C.D. A novel cryoprotection scheme for enhancing the diffraction
of crystals of recombinant cytochrome baz oxidase from Thermus thermophilus. Acta Crystallogr. D Biol. Cryst. 2005, 61, 340-343.
[CrossRef] [PubMed]

22. Tiefenbrunn, T.; Liu, W.; Chen, Y.; Katritch, V,; Stout, C.D.; Fee, ].A.; Cherezov, V. High resolution structure of the baz cytochrome
c oxidase from Thermus thermophilus in a lipidic environment. PLoS ONE 2011, 6, €22348. [CrossRef] [PubMed]

23. Pitcher, R.S.; Watmough, N.J. The bacterial cytochrome cbbs oxidases. Biochim. Biophys. Acta (BBA)-Bioenerg. 2004, 1655, 388-399.
[CrossRef] [PubMed]

24. Hamada, M.; Toyofuku, M.; Miyano, T.; Nomura, N. cbbs-type cytochrome c oxidases, aerobic respiratory enzymes, impact the
anaerobic life of Pseudomonas aeruginosa PAO1. |. Bacteriol. 2014, 196, 3881-3889. [CrossRef] [PubMed]

25. Forte, E.; Borisov, V.B.; Vicente, ].B.; Giuffre, A. Cytochrome bd and gaseous ligands in bacterial physiology. Adv. Microb. Physiol.

2017, 71, 171-234.


http://doi.org/10.3390/ijms221910852
http://doi.org/10.1111/j.1574-6968.1994.tb07067.x
http://doi.org/10.1128/jb.176.18.5587-5600.1994
http://doi.org/10.1016/S0005-2728(01)00169-4
http://doi.org/10.1016/j.bbabio.2011.09.020
http://doi.org/10.1073/pnas.2001572117
http://doi.org/10.1042/BST20160139
http://doi.org/10.1016/j.bbabio.2018.03.009
http://doi.org/10.1016/j.bbabio.2011.11.015
http://doi.org/10.1126/science.1187303
http://doi.org/10.1126/science.272.5265.1136
http://doi.org/10.1126/science.280.5370.1723
http://www.ncbi.nlm.nih.gov/pubmed/9624044
http://doi.org/10.1073/pnas.1907183116
http://www.ncbi.nlm.nih.gov/pubmed/31533957
http://doi.org/10.1016/j.bbabio.2009.04.003
http://doi.org/10.1016/S0022-2836(02)00619-8
http://doi.org/10.1073/pnas.0606149103
http://www.ncbi.nlm.nih.gov/pubmed/17050688
http://doi.org/10.1016/S0167-4838(97)00036-8
http://doi.org/10.1016/j.elecom.2012.10.024
http://doi.org/10.1093/emboj/19.8.1766
http://doi.org/10.1107/S0907444904033906
http://www.ncbi.nlm.nih.gov/pubmed/15735345
http://doi.org/10.1371/journal.pone.0022348
http://www.ncbi.nlm.nih.gov/pubmed/21814577
http://doi.org/10.1016/j.bbabio.2003.09.017
http://www.ncbi.nlm.nih.gov/pubmed/15100055
http://doi.org/10.1128/JB.01978-14
http://www.ncbi.nlm.nih.gov/pubmed/25182494

Int. ]. Mol. Sci. 2023, 24, 6428 15 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Borisov, V.B.; Gennis, R.B.; Hemp, J.; Verkhovsky, M.I. The cytochrome bd respiratory oxygen reductases. Biochim. Biophys. Acta
(BBA)-Bioenerg. 2011, 1807, 1398-1413. [CrossRef]

Safarian, S.; Rajendran, C.; Miiller, H.; Preu, J.; Langer, ].D.; Ovchinnikov, S.; Hirose, T.; Kusumoto, T.; Sakamoto, J.; Michel, H.
Structure of a bd oxidase indicates similar mechanisms for membrane-integrated oxygen reductases. Science 2016, 352, 583-586.
[CrossRef]

Safarian, S.; Hahn, A.; Mills, D.J.; Radloff, M.; Eisinger, M.L.; Nikolaev, A.; Meier-Credo, J.; Melin, E.; Miyoshi, H.; Gennis,
R.B,; et al. Active site rearrangement and structural divergence in prokaryotic respiratory oxidases. Science 2019, 366, 100-104.
[CrossRef]

Friedrich, T.; Wohlwend, D.; Borisov, V.B. Recent advances in structural studies of cytochrome bd and its potential application as a
drug target. Int. J. Mol. Sci. 2022, 23, 3166. [CrossRef]

Borisov, V.B,; Siletsky, S.A.; Paiardini, A.; Hoogewijs, D.; Forte, E.; Giuffre, A.; Poole, R.K. Bacterial oxidases of the cytochrome
bd family: Redox enzymes of unique structure, function and utility as drug targets. Antioxid. Redox Signal. 2021, 34, 1280-1318.
[CrossRef]

Forte, E.; Siletsky, S.A.; Borisov, V.B. In Escherichia coli ammonia inhibits cytochrome bos but activates cytochrome bd-1. Antioxidants
2021, 10, 13. [CrossRef] [PubMed]

Kadenbach, B.; Hiittemann, M. The subunit composition and function of mammalian cytochrome c oxidase. Mitochondrion 2015,
24, 64-76. [CrossRef] [PubMed]

Thesseling, A.; Rasmussen, T.; Burschel, S.; Wohlwend, D.; Kagi, J.; Muller, R.; Bottcher, B.; Friedrich, T. Homologous bd oxidases
share the same architecture but differ in mechanism. Nat. Commun. 2019, 10, 5138. [CrossRef]

Liko, I; Degiacomi, M.T.; Mohammed, S.; Yoshikawa, S.; Schmidt, C.; Robinson, C.V. Dimer interface of bovine cytochrome ¢
oxidase is influenced by local posttranslational modifications and lipid binding. Proc. Natl. Acad. Sci. USA 2016, 113, 8230-8235.
[CrossRef] [PubMed]

Genova, M.L,; Lenaz, G. Functional role of mitochondrial respiratory supercomplexes. Biochim. Biophys. Acta (BBA)-Bioenerg.
2014, 1837, 427-443. [CrossRef] [PubMed]

Shinzawa-Itoh, K.; Muramoto, K. Biochemical and crystallographic studies of monomeric and dimeric bovine cytochrome c
oxidase. Biophys. Phys. 2021, 18, 186-195. [CrossRef]

Helling, S.; Hiittemann, M.; Ramzan, R.; Kim, S.H.; Lee, I.; Miiller, T.; Langenfeld, E.; Meyer, H.E.; Kadenbach, B.; Vogt, S.; et al.
Multiple phosphorylations of cytochrome ¢ oxidase and their functions. Proteomics 2012, 12, 950-959. [CrossRef]

Kadenbach, B. Regulation of Mammalian 13-Subunit Cytochrome ¢ Oxidase and Binding of other Proteins: Role of NDUFAA4.
Trends Endocrinol. Metab. 2017, 28, 761-770. [CrossRef]

Cooper, C.E.; Brown, G.C. The inhibition of mitochondrial cytochrome oxidase by the gases carbon monoxide, nitric oxide,
hydrogen cyanide and hydrogen sulfide: Chemical mechanism and physiological significance. ]. Bioenerg. Biomembr. 2008, 40,
533-539. [CrossRef]

Vygodina, T.V.; Mukhaleva, E.; Azarkina, N.V.; Konstantinov, A.A. Cytochrome ¢ oxidase inhibition by calcium at physiological
ionic composition of the medium: Implications for physiological significance of the effect. Biochim. Biophys. Acta (BBA)-Bioenerg.
2017, 1858, 982-990. [CrossRef]

Qin, L.; Mills, D.A.; Buhrow, L.; Hiser, C.; Ferguson-Miller, S. A Conserved steroid binding site in cytochrome c oxidase.
Biochemistry 2008, 47, 9931-9933. [CrossRef]

Hiser, C.; Buhrow, L.; Liu, J.; Kuhn, L.; Ferguson-Miller, S. A conserved amphipathic ligand binding region influences K-path-
dependent activity of cytochrome ¢ oxidase. Biochemistry 2013, 52, 1385-1396. [CrossRef] [PubMed]

Buhrow, L.; Hiser, C.; van Voorst, J.R.; Ferguson-Miller, S.; Kuhn, L.A. Computational prediction and in vitro analysis of potential
physiological ligands of the bile acid binding site in cytochrome ¢ oxidase. Biochemistry 2013, 52, 6995-7006. [CrossRef]

Di Trani, ].M.; Moe, A.; Riepl, D.; Saura, P; Kaila, V.R.; Brzezinski, P.; Rubinstein, J.L. Structural basis of mammalian complex IV
inhibition by steroids. Proc. Natl. Acad. Sci. USA 2022, 119, €2205228119. [CrossRef] [PubMed]

Brierley, G.P,; Merola, A.].; Fleischer, S. Studies of the electron-transfer system XLIX. Sites of phospholipid involvement in the
electron-transfer chain. Biochim. Biophys. Acta 1962, 64, 218-228. [CrossRef] [PubMed]

Awasthi, Y.C.; Chuang, T.E; Keenan, T.W.; Crane, F.L. Tightly bound cardiolipin in cytochrome oxidase. Biochim. Biophys. Acta
(BBA)-Bioenerg. 1971, 226, 42-52. [CrossRef]

Yu, C; Yu, L.; King, T.E. Studies on cytochrome oxidase. Interactions of the cytochrome oxidase protein with phospholipids and
cytochrome c. J. Biol. Chem. 1975, 250, 1383-1392. [CrossRef]

Robinson, N.C.; Capaldi, R.A. Components of the mitochondrial inner membrane. 5. Interaction of detergents with cytochrome c
oxidase. Biochemistry 1977, 16, 375-381. [CrossRef]

Robinson, N.C.; Zborowski, J.; Talbert, L.H. Cardiolipin-depleted bovine heart cytochrome c oxidase: Binding stoichiometry and
affinity for cardiolipin derivatives. Biochemistry 1990, 29, 8962-8969. [CrossRef]

Sedlak, E.; Robinson, N.C. Phospholipase A2 digestion of cardiolipin bound to bovine cytochrome ¢ oxidase alters both activity
and quaternary structure. Biochemistry 1999, 38, 14966-14972. [CrossRef]

Lee, S.J.; Yamashita, E.; Abe, T.; Fukumoto, Y.; Tsukihara, T.; Shinzawa-Itoh, K.; Ueda, H.; Yoshikawa, S. Intermonomer interactions
in dimer of bovine heart cytochrome c oxidase. Acta Crystallogr. Sect. D Biol. Crystallogr. 2001, 57, 941-947. [CrossRef]


http://doi.org/10.1016/j.bbabio.2011.06.016
http://doi.org/10.1126/science.aaf2477
http://doi.org/10.1126/science.aay0967
http://doi.org/10.3390/ijms23063166
http://doi.org/10.1089/ars.2020.8039
http://doi.org/10.3390/antiox10010013
http://www.ncbi.nlm.nih.gov/pubmed/33375541
http://doi.org/10.1016/j.mito.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26190566
http://doi.org/10.1038/s41467-019-13122-4
http://doi.org/10.1073/pnas.1600354113
http://www.ncbi.nlm.nih.gov/pubmed/27364008
http://doi.org/10.1016/j.bbabio.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24246637
http://doi.org/10.2142/biophysico.bppb-v18.020
http://doi.org/10.1002/pmic.201100618
http://doi.org/10.1016/j.tem.2017.09.003
http://doi.org/10.1007/s10863-008-9166-6
http://doi.org/10.1016/j.bbabio.2017.08.011
http://doi.org/10.1021/bi8013483
http://doi.org/10.1021/bi3014505
http://www.ncbi.nlm.nih.gov/pubmed/23351100
http://doi.org/10.1021/bi400674h
http://doi.org/10.1073/pnas.2205228119
http://www.ncbi.nlm.nih.gov/pubmed/35858451
http://doi.org/10.1016/0006-3002(62)90733-3
http://www.ncbi.nlm.nih.gov/pubmed/14015425
http://doi.org/10.1016/0005-2728(71)90176-9
http://doi.org/10.1016/S0021-9258(19)41825-5
http://doi.org/10.1021/bi00622a006
http://doi.org/10.1021/bi00490a012
http://doi.org/10.1021/bi9914053
http://doi.org/10.1107/S0907444901005625

Int. ]. Mol. Sci. 2023, 24, 6428 16 of 17

52.

53.

54.

55.

56.
57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

Musatov, A.; Robinson, N.C. Bound cardiolipin is essential for cytochrome c oxidase proton translocation. Biochimie 2014, 105,
159-164. [CrossRef] [PubMed]

Arnarez, C.; Marrink, S.J.; Periole, X. Identification of cardiolipin binding sites on cytochrome c oxidase at the entrance of proton
channels. Sci. Rep. 2013, 3, 1263. [CrossRef]

Arnold, S.; Kadenbach, B. Cell respiration is controlled by ATP, an allosteric inhibitor of cytochrome-c oxidase. Eur. J. Biochem.
1997, 249, 350-354. [CrossRef] [PubMed]

Sedlak, E.; Kozar, T.; Musatov, A. The interplay among subunit composition, cardiolipin content, and aggregation state of bovine
heart cytochrome c oxidase. Cells 2020, 9, 2588. [CrossRef] [PubMed]

Ramzan, R.; Kadenbach, B.; Vogt, S. Multiple mechanisms regulate eukaryotic cytochrome c oxidase. Cells 2021, 10, 514. [CrossRef]
Arias-Cartin, R.; Grimaldi, S.; Arnoux, P.; Guigliarelli, B.; Magalon, A. Cardiolipin binding in bacterial respiratory complexes:
Structural and functional implications. Biochim. Biophys. Acta (BBA)-Bioenerg. 2012, 1817, 1937-1949. [CrossRef]

Asseri, A.H.; Godoy-Hernandez, A.; Goojani, H.G.; Lill, H.; Sakamoto, J.; McMillan, D.G.G.; Bald, D. Cardiolipin enhances the
enzymatic activity of cytochrome bd and cytochrome boz solubilized in dodecyl-maltoside. Sci. Rep. 2021, 11, 8006. [CrossRef]
Arias-Cartin, R.; Grimaldi, S.; Pommier, J.; Lanciano, P.; Schaefer, C.; Arnoux, P.; Giordano, G.; Guigliarelli, B.; Magalon, A.
Cardiolipin-based respiratory complex activation in bacteria. Proc. Natl. Acad. Sci. USA 2011, 108, 7781-7786. [CrossRef]
Palsdottir, H.; Hunte, C. Lipids in membrane protein structures. Biochim. Biophys. Acta (BBA)-Bioenerg. 2004, 1666, 2-18. [CrossRef]
Jormakka, M.; Tornroth, S.; Byrne, B.; Iwata, S. Molecular basis of proton motive force generation: Structure of formate
dehydrogenase-N. Science 2002, 295, 1863-1868. [CrossRef]

Shinzawa-Itoh, K.; Aoyama, H.; Muramoto, K.; Terada, H.; Kurauchi, T.; Tadehara, Y.; Yamasaki, A.; Sugimura, T.; Kurono, S.;
Tsujimoto, K.; et al. Structures and physiological roles of 13 integral lipids of bovine heart cytochrome ¢ oxidase. EMBO J. 2007,
26, 1713-1725. [CrossRef] [PubMed]

Harrenga, A.; Michel, H. The cytochrome ¢ oxidase from Paracoccus denitrificans does not change the metal center ligation upon
reduction. J. Biol. Chem. 1999, 274, 33296-33299. [CrossRef] [PubMed]

Qin, L.; Sharpe, M.A.; Garavito, R.M.; Ferguson-Miller, S. Conserved lipidbinding sites in membrane proteins: A focus on
cytochrome c oxidase. Curr. Opin. Struct. Biol. 2007, 17, 444-450. [CrossRef]

Aygun-Sunar, S.; Mandaci, S.; Koch, H.G.; Murray, I.V.; Goldfine, H.; Daldal, F. Ornithine lipid is required for optimal steady-state
amounts of c-type cytochromes in Rhodobacter capsulatus. Mol. Microbiol. 2006, 61, 418-435. [CrossRef] [PubMed]

Huang, Y.; Reimann, J.; Singh, L.M.; Adelroth, P. Substrate binding and the catalytic reactions in cbbs-type oxidases: The lipid
membrane modulates ligand binding. Biochim. Biophys. Acta (BBA)-Bioenerg. 2010, 1797, 724-731. [CrossRef]

Ekici, S.; Pawlik, G.; Lohmeyer, E.; Koch, H.G.; Daldal, F. Biogenesis of cbbs-type cytochrome c oxidase in Rhodobacter capsulatus.
Biochim. Biophys. Acta (BBA)-Bioenerg. 2012, 1817, 898-910. [CrossRef]

Okunaki, K.; Sekuzu, I.; Yonetani, T.; Takemori, S. Studies on cytochrome A. I. Extraction, purification and some properties of
cytochrome A. J. Biochem. 1958, 45, 847-854.

Yonetani, T.; Takemori, S.; Sekuzu, I.; Okunuki, K. Activation of cytochrome oxidase by synthetic detergents. Nature 1958, 181,
1339-1340. [CrossRef]

Horie, S.; Morrison, M.; Bright, J. Cytochrome ¢ Oxidase Components: 1. Purification and properties. J. Biol. Chem. 1963, 238,
1855-1860. [CrossRef]

Van Buuren, K.J.H.; Van Gelder, B.F. Biochemical and biophysical studies on cytochrome ¢ oxidase. XIII. Effect of cholate on the
enzymic activity. Biochim. Biophys. Acta (BBA)-Bioenerg. 1974, 333, 209-217. [CrossRef]

Chuang, T.F; Crane, FL. Phospholipids in the cytochrome oxidase reaction. J. Bioenergetics 1973, 4, 563-578. [CrossRef]
Rosevear, P.; VanAken, T.; Baxter, J.; Ferguson-Miller, S. Alkyl glycoside detergents: A simpler synthesis and their effects on
kinetic and physical properties of cytochrome ¢ oxidase. Biochemistry 1980, 19, 4108—4115. [CrossRef]

Napiwotzki, J.; Shinzawa-Itoh, K.; Yoshikawa, S.; Kadenbach, B. ATP and ADP bind to cytochrome ¢ oxidase and regulate its
activity. Biol. Chem. 1997, 378, 1013-1021. [CrossRef]

Musatov, A.; Robinson, N.C. Cholate-induced dimerization of detergent- or phospholipid-solubilized bovine cytochrome c
oxidase. Biochemistry 2002, 41, 4371-4376. [CrossRef]

Oleynikov, I.P; Sudakov, R.V,; Radyukhin, V.A.; Arutyunyan, A.M.; Azarkina, N.V.; Vygodina, T.V. Interaction of Amphipathic
Peptide from Influenza Virus M1 Protein with Mitochondrial Cytochrome Oxidase. Int. J. Mol. Sci. 2023, 24, 4119. [CrossRef]
Soulimane, T.; Buse, G. Integral cytochrome-c oxidase. Preparation and progress towards a three-dimensional crystallization. Eur.
J. Biochem. 1995, 227, 588-595. [CrossRef]

Georgevich, G.; Darley-Usmar, V.M.; Malatesta, F.; Capaldi, R.A. Electron transfer in monomeric forms of beef and shark heart
cytochrome c oxidase. Biochemistry 1983, 22, 1317-1322. [CrossRef]

Robinson, N.C.; Talbert, L. Triton-X-100 induced dissociation of beef heart cytochrome c oxidase into monomers. Biochemistry
1986, 25, 2328-2335. [CrossRef]

Sadoski, R.C.; Zaslavsky, D.; Gennis, R.B.; Durham, B.; Millett, F. Exposure of bovine cytochrome c oxidase to high triton X-100 or
to alkaline conditions causes a dramatic change in the rate of reduction of compound F. J. Biol. Chem. 2001, 276, 33616-33620.
[CrossRef]

Oleynikov, L.P; Azarkina, N.V,; Vygodina, T.V.; Konstantinov, A.A. Mechanism of inhibition of cytochrome c oxidase by Triton
X-100. Biochemistry (Moscow) 2021, 86, 44-58. [CrossRef] [PubMed]


http://doi.org/10.1016/j.biochi.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25038566
http://doi.org/10.1038/srep01263
http://doi.org/10.1111/j.1432-1033.1997.t01-1-00350.x
http://www.ncbi.nlm.nih.gov/pubmed/9363790
http://doi.org/10.3390/cells9122588
http://www.ncbi.nlm.nih.gov/pubmed/33287231
http://doi.org/10.3390/cells10030514
http://doi.org/10.1016/j.bbabio.2012.04.005
http://doi.org/10.1038/s41598-021-87354-0
http://doi.org/10.1073/pnas.1010427108
http://doi.org/10.1016/j.bbamem.2004.06.012
http://doi.org/10.1126/science.1068186
http://doi.org/10.1038/sj.emboj.7601618
http://www.ncbi.nlm.nih.gov/pubmed/17332748
http://doi.org/10.1074/jbc.274.47.33296
http://www.ncbi.nlm.nih.gov/pubmed/10559205
http://doi.org/10.1016/j.sbi.2007.07.001
http://doi.org/10.1111/j.1365-2958.2006.05253.x
http://www.ncbi.nlm.nih.gov/pubmed/16856942
http://doi.org/10.1016/j.bbabio.2010.03.016
http://doi.org/10.1016/j.bbabio.2011.10.011
http://doi.org/10.1038/1811339a0
http://doi.org/10.1016/S0021-9258(18)81148-6
http://doi.org/10.1016/0005-2728(74)90005-X
http://doi.org/10.1007/BF01516208
http://doi.org/10.1021/bi00558a032
http://doi.org/10.1515/bchm.1997.378.9.1013
http://doi.org/10.1021/bi016080g
http://doi.org/10.3390/ijms24044119
http://doi.org/10.1111/j.1432-1033.1995.tb20429.x
http://doi.org/10.1021/bi00275a001
http://doi.org/10.1021/bi00357a005
http://doi.org/10.1074/jbc.M103640200
http://doi.org/10.1134/S0006297921010053
http://www.ncbi.nlm.nih.gov/pubmed/33705281

Int. ]. Mol. Sci. 2023, 24, 6428 17 of 17

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Oleynikov, LP.; Azarkina, N.V,; Vygodina, T.V.; Konstantinov, A.A. Interaction of cytochrome ¢ oxidase with steroid hormones.
Cells 2020, 9, 2211. [CrossRef] [PubMed]

Oleynikov, I.P.; Sudakov, R.V.; Azarkina, N.V.; Vygodina, T.V. Direct Interaction of Mitochondrial Cytochrome ¢ Oxidase with
Thyroid Hormones: Evidence for Two Binding Sites. Cells 2022, 11, 908. [CrossRef] [PubMed]

Giuffre, A.; Forte, E.; Antonini, G.; D’Itri, E.; Brunori, M.; Soulimane, T.; Buse, G. Kinetic properties of baz oxidase from Thermus
thermophilus: Effect of temperature. Biochemistry 1999, 38, 1057-1065. [CrossRef] [PubMed]

Urbani, A.; Gemeinhardt, S.; Warne, A.; Saraste, M. Properties of the detergent solubilised cytochrome c oxidase (cytochrome
cbbs) purified from Pseudomonas stutzeri. FEBS Lett. 2001, 508, 29-35. [CrossRef] [PubMed]

Miller, M.].; Gennis, R.B. Purification and reconstitution of the cytochrome d terminal oxidase complex from Escherichia coli. Meth.
Enzymol. 1986, 126, 87-94.

Borisov, V.B. Effect of membrane environment on ligand-binding properties of the terminal oxidase cytochrome bd-I from
Escherichia coli. Biochemistry 2020, 85, 1603-1612. [CrossRef]

Varhac, R.; Tomaskova, N.; Fabian, M.; Sedlak, E. Kinetics of cyanide binding as a probe of local stability / flexibility of cytochrome
c. Biophys. Chem. 2009, 144, 21-26. [CrossRef]

George, P,; Schejter, A. The reactivity of ferrocytochrome c with iron-binding ligands. J. Biol. Chem. 1964, 239, 1504-1508.
[CrossRef]

Ferguson-Miller, S.; Hiser, C.; Liu, J. Gating and regulation of the cytochrome ¢ oxidase proton pump. Biochim. Biophys. Acta
(BBA)-Bioenerg. 2012, 1817, 489-494. [CrossRef]

Hiser, C,; Liu, J.; Ferguson-Miller, S. The K-path entrance in cytochrome c oxidase is defined by mutation of E101 and controlled
by an adjacent ligand binding domain. Biochim. Biophys. Acta (BBA)-Bioenerg. 2018, 1859, 725-733. [CrossRef] [PubMed]

Qin, L.; Mills, D.A.; Hiser, C.; Murphree, A.; Garavito, RM.; Ferguson-Miller, S.; Hosler, J. Crystallographic location and
mutational analysis of Zn and Cd inhibitory sites and role of lipidic carboxylates in rescuing proton path mutants in cytochrome
c oxidase. Biochemistry 2007, 46, 6239-6248. [CrossRef] [PubMed]

Fetter, J.; Sharpe, M.; Qian, J.; Mills, D.; Ferguson-Miller, S.; Nicholls, P. Fatty acids stimulate activity and restore respiratory
control in a proton channel mutant of cytochrome ¢ oxidase. FEBS Lett. 1996, 393, 155-160. [CrossRef] [PubMed]

Smirnova, I.A.; Adelroth, P.; Gennis, R.B.; Brzezinski, P. Aspartate-132 in cytochrome c oxidase from Rhodobacter sphaeroides is
involved in a two-step proton transfer during oxo-ferryl formation. Biochemistry 1999, 38, 6826—6833. [CrossRef] [PubMed]
Checover, S.; Nachliel, E.; Dencher, N.A.; Gutman, M. Mechanism of proton entry into the cytoplasmic section of the proton-
conducting channel of bacteriorhodopsin. Biochemistry 1997, 36, 13919-13928. [CrossRef] [PubMed]

Vygodina, T.V.; Pecoraro, C.; Mitchell, D.; Gennis, R.; Konstantinov, A.A. Mechanism of inhibition of electron transfer by amino
acid replacement K362M in a proton channel of Rhodobacter sphaeroides cytochrome ¢ oxidase. Biochemistry 1998, 37, 3053-3061.
[CrossRef] [PubMed]

Konstantinov, A. Cytochrome ¢ oxidase as a proton-pumping peroxidase: Reaction cycle and electrogenic mechanism. J. Bioenerg.
Biomembr. 1998, 30, 121-130. [CrossRef] [PubMed]

Goglia, F,; Lanni, A.; Barth, J.; Kadenbach, B. Interaction of diiodothyronines with isolated cytochromecoxidase. FEBS Lett. 1994,
346, 295-298. [PubMed]

Arnold, S.; Goglia, F.; Kadenbach, B. 3,5-Diiodothyronine binds to subunit Va of cytochrome-c oxidase and abolishes the allosteric
inhibition of respiration by ATP. JBIC ]. Biol. Inorg. Chem. 1998, 252, 325-330. [CrossRef] [PubMed]

Antalik, M.; Jancura, D.; Palmer, G.; Fabian, M. A role for the protein in internal electron transfer to the catalytic center of
cytochrome c oxidase. Biochemistry 2005, 44, 14881-14889. [CrossRef] [PubMed]

Madsen, L.L.; Korsgaard, B.; Bjerregaard, P. Estrogenic effects in flounder Platichthys flesus orally exposed to 4-tert-octylphenol.
Aquatic Toxicol. 2003, 64, 393—405. [CrossRef] [PubMed]

Kennedy, R.H.; Pelletier, ]. H.; Tupper, E.J.; Hutchinson, L.M.; Gosse, J.A. Estrogen mimetic 4-tert-octylphenol enhances IgE-
mediated degranulation of RBL-2H3 mast cells. J. Toxicol. Envir. Health 2012, 75, 1451-1455. [CrossRef] [PubMed]
Landolt-Marticorena, C.; Williams, K.A.; Deber, C.M.; Reithmeier, R.A. Non-random distribution of amino acids in the transmem-
brane segments of human type I single span membrane proteins. J. Mol. Biol. 1993, 229, 602-608. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/cells9102211
http://www.ncbi.nlm.nih.gov/pubmed/33003582
http://doi.org/10.3390/cells11050908
http://www.ncbi.nlm.nih.gov/pubmed/35269529
http://doi.org/10.1021/bi9815389
http://www.ncbi.nlm.nih.gov/pubmed/9894002
http://doi.org/10.1016/S0014-5793(01)03006-X
http://www.ncbi.nlm.nih.gov/pubmed/11707262
http://doi.org/10.1134/S0006297920120123
http://doi.org/10.1016/j.bpc.2009.06.001
http://doi.org/10.1016/S0021-9258(18)91343-8
http://doi.org/10.1016/j.bbabio.2011.11.018
http://doi.org/10.1016/j.bbabio.2018.03.017
http://www.ncbi.nlm.nih.gov/pubmed/29626419
http://doi.org/10.1021/bi700173w
http://www.ncbi.nlm.nih.gov/pubmed/17477548
http://doi.org/10.1016/0014-5793(96)00874-5
http://www.ncbi.nlm.nih.gov/pubmed/8814281
http://doi.org/10.1021/bi982865j
http://www.ncbi.nlm.nih.gov/pubmed/10346904
http://doi.org/10.1021/bi9717542
http://www.ncbi.nlm.nih.gov/pubmed/9374871
http://doi.org/10.1021/bi971876u
http://www.ncbi.nlm.nih.gov/pubmed/9485458
http://doi.org/10.1023/A:1020571930850
http://www.ncbi.nlm.nih.gov/pubmed/9623813
http://www.ncbi.nlm.nih.gov/pubmed/8013649
http://doi.org/10.1046/j.1432-1327.1998.2520325.x
http://www.ncbi.nlm.nih.gov/pubmed/9523704
http://doi.org/10.1021/bi050824z
http://www.ncbi.nlm.nih.gov/pubmed/16274235
http://doi.org/10.1016/S0166-445X(03)00106-1
http://www.ncbi.nlm.nih.gov/pubmed/12878410
http://doi.org/10.1080/15287394.2012.722184
http://www.ncbi.nlm.nih.gov/pubmed/23116450
http://doi.org/10.1006/jmbi.1993.1066
http://www.ncbi.nlm.nih.gov/pubmed/8433362

	Introduction 
	Lipids 
	Detergents 
	Potential Ligands of the Regulatory Sites 
	Concluding Remarks 
	References

