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ABSTRACT

The respiratory chain is found in the inner mitochondrial membrane of higher organisms
and in the plasma membrane of many bacteria. It consists of several membrane-spanning
enzymes, which conserve the energy that is liberated from the degradation of food
molecules as an electrochemical proton gradient across the membrane. The proton gradient
can later be utilized by the cell for different energy requiring processes, e.g. ATP
production, cellular motion or active transport of ions.

The difference in proton concentration between the two sides of the membrane is a
result of the trandocation of protons by the enzymes of the respiratory chain, from the
negatively charged (N-side) to the positively charged side (P-side) of the lipid bilayer,
against the proton concentration gradient. The endergonic proton transfer is driven by the
flow of electrons through the enzymes of the respiratory chain, from low redox-potential
electron donors to acceptors of higher potential, and ultimately to O,.

Cytochrome c oxidase is the last enzyme in the respiratory chain and catalyzes the
reduction of dioxygen to water. The redox reaction is coupled to proton transport across the
membrane by a yet unresolved mechanism. Cytochrome c oxidase has two proton-
conducting pathways through which protons are taken up to the interior part of the enzyme
from the N-side of the membrane. The K-pathway transfers merely substrate protons, which
are consumed in the process of water formation at the catalytic site. The D-pathway
transfers both substrate protons and protons that are pumped to the P-side of the membrane.

This thesis focuses on the role of two conserved amino acids in proton translocation
by cytochrome c oxidase, glutamate 278 and tryptophan 164. Glu278 is located at the end of
the D-pathway and is thought to constitute the branching point for substrate and pumped
protons. In this work, it was shown that although Glu278 has an important role in the proton
transfer mechanism, its presence is not an obligatory requirement. Alternative structural
solutions in the area around Glu278, much like the ones present in some distantly related
heme-copper oxidases, could in the absence of Glu278 support the formation of a long
hydrogen-bonded water chain through which proton transfer from the D-pathway to the
catalytic site is possible. The other studied amino acid, Trp164, is hydrogen bonded to the
A-propionate of heme a3 of the catalytic site. Mutation of this amino acid showed that it may

be involved in regulation of proton access to a proton acceptor, a pump site, from which the



proton later is expelled to the P-side of the membrane. The ion pair that is formed by the A-
propionate of heme az and arginine 473 is likely to form a gate-like structure, which
regulates proton mobility to the P-side of the membrane. The same gate may also be part of
an exit path through which water molecules produced at the catalytically active site are
removed towards the external side of the membrane.

Time-resolved optical and electrometrical experiments with the Trpl64 to
phenylalanine mutant revealed a so far undetected step in the proton pumping mechanism.
During the A to Pk transition of the catalytic cycle, a proton is transferred from Glu278 to
the pump site, located somewhere in the vicinity of the A-propionate of heme az. A
mechanism for proton pumping by cytochrome c oxidase is proposed on the basis of the
presented results and the mechanism is discussed in relation to some relevant experimental
data. A common proton pumping mechanism for all members of the heme-copper oxidase

family is moreover considered.






1. INTRODUCTION

All living organism on Earth require energy in order to stay alive. Plants, algae and
cyanobacteria obtain their metabolic energy from photosynthesis, whereas animals acquire
their life supporting energy from cellular respiration. Photosynthesizing organisms trap the
energy of sunlight using chlorophyll and utilize it for the production of energy-rich
carbohydrates from CO, and water, with the simultaneous release of oxygen as a by-
product. Photosynthetic cyanobacteria were among the first organisms to evolve on Earth,
some 3.4 billion years ago. At that time, oxygen was a sparse constituent of the primordial
Earth’s atmosphere. Photosynthetic reactions eventually increased the atmospheric levels of
oxygen. As a consequence, new respiring organisms evolved, which use oxygen as a
terminal electron acceptor during their metabolism.

In cellular respiration, different food molecules, such as glucose and fatty acids, are
oxidized into CO, and water. The released energy is used to synthesize ATP, which serves
as amolecular storage of energy. The organism can later extract energy from ATP to drive
biosynthesis, motion or active transport of molecules across the membrane. Together
photosynthesis and cellular respiration form a steady-state system that is maintained by the
energy of the sun.

1.1 The respiratory chain

The respiratory chain (also known as the electron transfer chain) catalyzes the final steps of
cellular respiration. It islocated in the inner membrane of mitochondriain higher organisms,
or in the plasma membrane of archaea and bacteria. The mitochondrial respiratory chain
consists of a series of membrane-bound protein complexes and two mobile electron carriers,
which transfer electrons from NADH, produced in glycolysis, fatty acid metabolism and the
citric acid cycle, to molecular dioxygen (Figure 1). The transport of electrons through the
respiratory chain towards electron acceptors of higher potential will release energy. The
liberated energy is stored as a proton gradient across the membrane, which can be harnessed

for the generation of ATP. The process is known as oxidative phosphorylation.



The first protein complex of the respiratory chain is NADH dehydrogenase, which catalyzes
the oxidation of NADH to NAD™ with the subsequent reduction of ubiquinone (Q) to
ubiquinol (QH.) (reviewed in [1]). This redox reaction is coupled by NADH dehydrogenase
to transfer of protons across the membrane by a yet unknown mechanism. The lipid-soluble
Q-pool present in the membrane may aso receive electrons from membrane bound
dehydrogenases, e.g. succinate dehydrogenase (Complex 11). Succinate dehydrogenase, a
FAD-containing flavoenzyme, oxidizes succinate to fumarate and transfers the electrons to
Q (reviewed in [2]). The subsequent enzyme in the respiratory chain, the cytochrome bc;
complex (Complex IllI), extracts two electrons from QH, in a step-wise manner and
transfers them to the water-soluble one-electron carrier cytochrome c. The electron transfer
reaction is coupled to trandocation of two protons across the membrane by the Q-cycle

mechanism (see [3] for review).

Inner mitochondrial
space (P-side)

Complex V:
ATP synthase
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Succinate dehydrogenase

Matrix (N-side)

Figure 1. The electron transfer chain and ATP synthase of the inner mitochondrial membrane. Electrons are
donated to the chain from NADH or succinate and are thereafter transferred via the Q-pool in the membrane to
the bc,-complex, and from there via cytochrome ¢ and cytochrome c oxidase to the final electron acceptor, O..
The flow of electrons through the chain is associated with proton transfer across the membrane, resulting in an
electrochemical proton gradient. The flow of protons down their concentration gradient through Complex V:
ATP synthase drives the production of ATP from ADP and P..



Cytochrome c carries electrons to the last enzyme in the respiratory chain, cytochrome c
oxidase (Complex V), which reduces the ultimate electron acceptor, dioxygen, to water.
The redox reaction is coupled by cytochrome ¢ oxidase to translocation of protons across
the membrane. The redox-linked proton transfer by complexes I, Il and 1V of the
respiratory chain results in a pH (DpH) and charge (Dy) difference, called the
electrochemical proton gradient (Dmy.), between the two sides of the lipid membrane. The
Dmy. is a form of potential energy that can be utilized by different energy-demanding
processes in the cell, such as ATP production by ATP synthase, through a controlled flow of
protons down their concentration gradient (for review see [4]). The concept of energy
conservation through a proton gradient across the membrane was described by Peter
Mitchell in 1961 in the chemiosmoatic theory [5].

1.2 The family of heme-copper oxidases

Cytochrome c oxidase belongs to the vast family of termina heme-copper oxidases, which
reduce molecular dioxygen to water. All heme-copper oxidases contain alow-spin heme and
an oxygen-reducing binuclear center, constituted of a high-spin heme and a copper ion. The
redox-active metal centers are found in subunit I, where they are ligated by six strictly
conserved histidine residues (reviewed in [6]).

The members of the superfamily of heme-copper oxidases can be divided into three
main groups (Type A, B and C) based on common structural features in subunit | [7]. Type
A oxidases include the mitochondrial cytochrome ¢ oxidase and heme-copper oxidases of
high similarity. The group is divided further into two subgroups based on the presence (type
A1) or absence (type A2) of aconserved glutamate in transmembrane helix V1. Examples of
heme-copper oxidases that belong to subgroup Al are the mitochondrial cytochrome c
oxidase and the closely related enzymes from bacteria such as Paracoccus denitrificans and
Rhodobacter sphaeroides, as well as the ubiquinol oxidase from Escherichia coli. Subgroup
A2, which lack the glutamate in helix V1, can be exemplified by the cytochrome ¢ oxidases
of caas-type from Rhodothermus marinus and Thermus thermophilus. Heme-copper
oxidases that are classified as type B are found in bacteria and archaea. Type B oxidases are
a heterogeneous group, which have low sequence homology with the mitochondrial

cytochrome ¢ oxidase. A characteristic heme-copper oxidase of type B is the bas oxidase



from T. thermophilus. The third group, Type C, differs substantially from both other types
of heme-copper oxidases with respect to the amino acid composition. The group consists
only of cbb; oxidases.

The heme-copper oxidases demonstrate a large flexibility in terms of their electron
donors and their heme composition. The prokaryotic oxidases can aternatively contain
heme A, B or O or derivatives of heme A and O [8]. In addition, the number of subunits
forming the holoenzyme can vary in the prokaryotic oxidases from three to five, whereas the
number of subunits in the eukaryotic oxidases is normally higher. Despite large variationsin
structure, members of al three groups of heme-copper oxidases have been reported to

function as proton pumps.

1.3 The terminal oxidases of Paracoccus denitrificans

Paracoccus denitrificans is a Gram-negative facultative anaerobic bacterium encountered in
soil, sludge and sewage. It belongs to the a subdivision of purple bacteria [9], which are
thought to be the precursors of today’s mitochondria [10]. The respiratory chain of P.
denitrificans is very similar to the one found in the mitochondrion [11]. However, on the
contrary to the linear respiratory chain of mitochondria (Figure 1), the counterpart in P.
denitrificans is branched, forming a complex respiratory network [12,13]. The versatility
enables P. denitrificans to grow on a large variety of different carbon sources aerobicaly,
using oxygen as the terminal electron acceptor or anaerobically, using nitrate, nitrite or
nitrogen oxide as the final electron acceptor. Moreover, the flexibility of its respiratory
network enables P. denitrificans to adapt itself to changes in the oxygen tension of the
environment.

P. denitrificans expresses three different oxygen reducing terminal oxidases. One of
these is a bas-type quinol oxidase [14,15] whereas the other two are cytochrome ¢ oxidases.
The dominating cytochrome ¢ oxidase in P. denitrificans is of aas-type and is a close
structural and functional relative to the mitochondrial cytochrome c oxidase [16]. The other
cytochrome c oxidase is of cbbs-type, and is expressed only at low oxygen concentrations
[17]. All terminal oxidase present in P. denitrificans have been shown to pump protons

across the plasma membrane [14,18,19].



2. THE STRUCTURE AND FUNCTION OF CY TOCHROME C OXIDASE

Cytochrome c oxidase is the termina enzyme in the electron transfer chain of mitochondria
and many aerobic bacteria. The enzyme catalyzes the reduction of molecular oxygen to
water. At the same time, cytochrome ¢ oxidase exploits the energy liberated by dioxygen
reduction for tranglocation of protons across the membrane, against the proton concentration
gradient [20]. A total of four protons are pumped per reduced dioxygen molecule, from the
matrix or, in case of bacteria, the cytoplasm (the negative or N-side of the membrane) to the
intermembrane space or the bacterial periplasm (the positive or P-side of the membrane).
The catalytic reaction in itself contributes moreover to the electrochemical proton gradient,
since electrons and protons used for water formation are taken up from opposite sides of the
membrane. The overall reaction catalyzed by cytochrome c oxidase can be described as:

4 Cyt ¢ psgey + Oz + 8 H' (nsicy ® 4 Cyt € (psigg + 2 H0 + 4 H pge

2.1 Overall structure of cytochrome c oxidase

The crystal structure of cytochrome ¢ oxidase from P. denitrificans was unraveled in 1995
[21]. Simultaneoudly, the x-ray structure of the 13-subunit cytochrome ¢ oxidase from
bovine heart mitochondria was solved [22]. Although much different in total size, the core
part of the two enzymes are structurally much alike. The mammalian oxidase is a large
multi-subunit complex with a size of approximately 220 kDa. The core of the enzyme is
encoded by the mitochondrial DNA and consists of subunits I-11l. The remaining ten
subunits are dl small globular or transmembrane polypeptides that are encoded by the
nucleus. The function of the additional subunits is not completely known, but they may
stabilize and protect the catalytically active part of the enzyme [23]. In addition, several
binding sites for adenine nucleotides have been found in these subunits, which may imply a

regulatory role [24].



Cytochrome c oxidase from P. denitrificans (Figure 2) consists of four subunits with a tota
molecular mass of approximately 130 kDa [21]. Three out of the four redox-active metal
centers present in cytochrome ¢ oxidase are located in subunit |, namely the low-spin heme
a, the high-spin heme az and the copper ion, Cug. Subunit | (Figure 2, in iceblue) is the
largest subunit consisting of 12 transmembrane helices. The helices are arranged in groups
of four into three semicircles, creating three separate pore-like structures, which extend
through the membrane. The low-spin heme, the binuclear center and aromatic residues
block the pores, respectively, and prevent free contact between the separate sides of the
membrane. All three redox centers of subunit | lie embedded in the intramembrane moiety
at a depth of approximately 15 A from the periplasmic surface and 30 A from the
cytoplasmic surface. The hemes are located in close proximity, where the shortest distance
between them is about 4.7 A [21]. The distance between the heme irons is longer due to the
interplanar angle of 108° between heme a and heme a; [21]. Both hemes are positioned with
their propionates facing the P-side of the membrane. Heme a isin alow-spin state, where it
is ligated by two conserved histidines, His94 from helix 11 and His413 from helix X. Heme
az isin a high-spin state, ligated by His411 from helix X, whereas the sixth coordination
position is open. The iron of heme ag can, in addition to oxygen, bind various ligands such
as carbon monoxide, nitric oxide, cyanide or azide. Heme a3 is separated from Cug by
approximately 5 A, and together they form the active site of oxygen reduction. Cug is held
in position by three conserved histidine ligands (His276, His325 and His326). The
imidazole side chain of one of these, His276, is covalently bonded to the phenol ring of a
nearby tyrosine, Tyr280 [25]. The covaent bond between Tyr280 and His276 has a key role
in the oxygen splitting mechanism and will be further discussed in chapter 2.6.2.

Subunit | contains in addition two non-redox-active metal centers. A binding site for Mg®*
or aternatively Mn®" is located at the interface between subunit | and 11, approximately 12
A above the binuclear center [26-28]. The bound metal is ligated by amino acids from both
subunit | and 11, as well as three water molecules [26-28]. The Mg** site is not essential for
proton pumping [29], but is likely part of an exit path for water molecules produced at the
binuclear center, discussed further in chapter 2.4 [22,30]. The other non-redox-active metal
center is found in the external part of subunit I. The binding site is formed by the
periplasmic end of helix | and the subsequent loop (loop I-11) together with the loop between
helices X and X11. The siteisin P. denitrificans and R. sphaeroides occupied by a Ca®* ion,

while the corresponding site in the mitochondrial cytochrome ¢ oxidase houses a Na' ion
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[26-28]. The physiological role of the bound metal is unclear, but may be related to enzyme
stability and regulation [31]. Mutations targeting the Ca®* ligands have revealed that the
metal is not necessary for catalytic activity and proton pumping [32,33].

Cytochrome ¢
binding site

Subunit I

P-side

N-side

Subunit IV

Figure 2. The four-subunit structure of cytochrome c oxidase from P. denitrificans (Protein Data Bank entry
1QLE, [34]). The subunits are color-coded as follows; subunit | iniceblue, subunit Il inred, subunit 111 inlime
and subunit 1V in mauve. The redox-active heme groups (yellow) and Cug (red sphere) are located
approximately 15 A from the P-side and 30 A from the N-side of the membrane. The redox-active Cu, site in
subunit 11 is shown in blue, whereas the non-redox-active Ca?* and Mg?* sites are shown in cyan and pink,
respectively. The picture were prepared using the Visual Molecular dynamics software (VMD) [35].

Subunit Il (Figure 2, in red) consists of two transmembrane helices and a ten-stranded C-
termina betabarrel, which islocated on the P-side of the membrane on top of subunit I. The
large periplasmic domain contains one redox-active metal center, a dinuclear copper site
called Cua, which functions as the primary electron acceptor of cytochrome c oxidase. The
two copper ions lie at an interatomic distance of ~2.5 A [26] and are bridged by two
cysteins (Cys 216 and Cys 220), and ligated by two histidines (His181 and His 224), one
methionine (Met 227) and the carbonyl oxygen of a glutamate (Glu 218). When oxidized,
Cua isin amixed-valence [Cu(1.5)-Cu(1.5)] state, and upon reduction the two copper atoms



will equally share the electron [36,37]. The docking site for the electron donor, cytochrome
c, islocated at the interface between subunit 11 and the external surface of subunit | [38].

Subunit 111 (Figure 2, in lime) comprises seven transmembrane helices without any redox-
active centers. Helix | and 11 of subunit 111 are separated from the remaining five helices
through a V-shaped cleft, which is occupied by lipid(s) in both cytochrome ¢ oxidase from
P. denitrificans and bovine heart [21,22]. The reason for this structural arrangement is not
obvious. It is plausible that the intramembrane lipids facilitate oxygen entry to the binuclear
center [39]. Subunit 111 is not involved in the redox events of cytochrome ¢ oxidase, but is
important for the stability of the enzyme [40,41]. In the absence of subunit 111, increasing
amounts of inactive enzyme will appear during catalytic turnover [40,42]. Subunit 111 may

in addition be important for efficient proton uptake viathe D-pathway [43,44].

Subunit 1V (Figure 2, in mauve) is composed of only one single transmembrane helix. Its
function remains a mystery, especially since it bears no significant homology with any other
known peptide or protein [21,45]. Deletion of the gene encoding subunit IV has no effect on

enzyme expression and activity [45].

2.2 Electron pathways and kinetics of electron transfer

Cytochrome ¢ oxidase is reduced by four consecutive one-electron transfer events from
cytochrome c. The rate-limiting step in the reduction is the formation and dissipation of a
complex between the electron donor and acceptor [46]. The interaction between the two is
of an electrostatic nature and will strongly depend on the ionic strength of the media [47].
When a stable complex is formed an electron is rapidly transferred from cytochrome c to
Cua of cytochrome c oxidase (time constant ~15 ps) [48,49]. The reduction of Cup isapure
electron transfer reaction and is not linked to protonation of the enzyme from the agueous
phase [50].

The distance between Cun and the iron of heme a (Fe,) is 19.5 A, whereas the
distance between Cua and the iron of heme as (Feas) is 22.2 A [26]. In spite of the almost
equal distance from Cua to heme a and heme ag, electrons are solely transferred from Cup

to heme a, and from thereon to the binuclear center. The rates of electron transfer (eT)



between the redox centers of cytochrome ¢ oxidase can be studied by several techniques
(see e.g. chapter 4.3). The physiological rate of €T can be studied with photoactivatable one-
electron donors that bind to the surface of cytochrome ¢ oxidase and promptly release an
electron upon the flash of alaser [51]. An electron that is injected this way into the oxidized
cytochrome c oxidase will reach heme a, via Cua, within ~10 us[52]. The flow of electrons
in the reverse direction, away from the binuclear center, can be examined by the electron
backflow measurement (see chapter 4.3). Two optically distinct phases of €T from the
binuclear center to heme a and Cup appear after dissociation of CO from the mixed-valence
enzyme [53,54]. The first phase, which has a time constant of about 3 s, is accompanied by
optical changes at 445 and 605 nm and has thus be ascribed to eT between heme az and
heme a [54,55]. The second phase, which appears within ~50 us, has been spectrally
assigned to reduction of Cup by heme a and heme a3 [54,55].

The three factors that control electron transfer between two different redox-active sites are
described by the Marcus theory (reviewed by [56]). These are; 1) the driving force, i.e. the
difference in redox potential between the two sites, 2) the distance between them, and 3) the
re-organization energy, i.e. the energy needed to alter the structure in response to the change
in charge. At the moment, there are at least two different models, which describe how
electrons are transferred in proteins. One of these models favor a structural control of the
rate of eT, which would accordingly occur through specific electron transfer pathways [57].
The other model postulates that the rate of eT between two redox centers is determined
solely by their edge-to-edge distance [58,59]. An extensive study of enzymes, which contain
multi-redox centers, supports mainly the latter model [59]. One of the quoted exceptions to
the model has been the 3 ns heme az—heme a €T in cytochrome c oxidase, which is
approximately 1000 times slower than what would be expected based on the edge-to-edge
distance between the hemes [59]. Recently, Pilet et al. was able to detect an ultrafast eT
between heme a; and heme a of cytochrome ¢ oxidase using femtosecond absorption
spectroscopy [60]. The partial €T between the hemes appears within approximately 1.4 ns
after CO-photolysis from the mixed-valence cytochrome ¢ oxidase [60]. Thisis close to the
calculated eT rate based on the distance between the two hemes and supports the model
where €T is purely limited by distance. The major electron transfer event between the hemes
takes neverthel ess place within the slower 3 ns phase. The complete oxidation of heme ag is

probably regulated by diffusion of CO out of the enzyme from Cug, where it transiently



binds upon dissociation from heme as [60,61]. The rapid nanosecond electron equilibration
between the hemes precedes by far the eT that occur during the catalytic cycle (see chapter
2.6), which islimited by internal proton transfer reactions [62].

2.3 Proton input pathways

2.3.1 Proton migration through hydrogen-bonded networks

The conductivity of protons in water is extremely high. The phenomenon originates from
the great ability of the water molecule to form hydrogen-bonded networks. In ice, each
water molecule is coordinated by hydrogen bonds to four neighboring water molecules,
whereas the liquid water molecule participates in three to four hydrogen bonds with its
closest neighbors. The structure of bulk water is constantly changing. The fluctuation is due
to the reorientation of each water molecule on average every picosecond. As a consequence,
the hydrogen bonds between adjacent water molecules are continually broken up and
reformed. The result is a rapid proton migration between adjoining water molecules. The
mechanistic basis for the proton transfer is explained by a modern version of the Grotthuss
mechanism, which was originally described in 1806 [63,64]. A schematic presentation of

the mechanismis seen in Figure 3 and it can be briefly described the following way.

An additional proton is at first present a one end of a water chain in the form of a
hydronium ion (HsO"). Rearrangement of hydrogen bonds moves a proton from this H;O" to
an adjacent water molecule, which thus forms a new HzO". Subsequent reshuffling of the
hydrogen bonds then transfers another proton from the recently formed HzO" to one of its
neighboring water molecule. In this way, protons hop along a hydrogen-bonded chain of
water molecules from a proton donor to an acceptor. The proton migration is unidirectional,
and a specific proton is not moved per se, but due to the reshuffling of hydrogen bonds a
proton will ultimately be transferred from one place to another. Before another proton can
move in the same direction as the previous one, all water molecules in the chain must

reorient themselves to their original position.
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Figure 3. A schematic presentation of proton transfer through a chain of water molecules via a Grotthuss-type
of mechanism. An additional proton is present in the form of aHsO" at one end of the water chain. The proton
is seemingly transferred from one water molecule to its neighbor, through breakage and formation of new
hydrogen bonds, until it finally reaches the proton acceptor (A-) at the other end of the water chain. In order
for another proton to be transferred in the same direction the water molecules will have to revert to their
original conformation. In the figure, the formation of new hydrogen bonds is marked with white and grey
arrows, whereas the reorientation of the water molecules is marked with thin black arrows.

A mechanism similar to the above described Grotthuss mechanism can most likely be
applied to intraprotein proton conduction. The hydrophobic nature of the protein interior
makes it unsuitable for proton transfer. Instead, protons may be transferred through proton-
conducting pathways, which can consist of a single file of hydrogen-bonded water
molecules stabilized by protonatable and polar amino acids. This type of proton wire has the
potential to transfer protons extremely fast using a Grotthuss-like mechanism [65],
especially when the hydrogen-bonded chain is constrained to a narrow hydrophobic space
[66].
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2.3.2 The K-pathway

The K-pathway is one of the two structurally resolved proton-conducting channels in
subunit | of cytochrome c oxidase from P. denitrificans (Figure 4). It is named after a highly
conserved lysine (Lys354), which is essentia for the function of cytochrome c oxidase [67-
69]. The K-pathway leads from the surface of the membrane on the N-side to the vicinity of
the binuclear center. Protons enter the channel, presumably, via an invariant glutamate
(Glu78) in subunit Il and continue via Lys354, a threonine (Thr351) and the
hydroxyethylfarnesyl group of heme az up to a tyrosine (Tyr280), located in close contact
with the binuclear center. The pathway involves two structurally resolved water molecules.
Y et, a hydrogen-bonded network extending all the way from the surface to the active site of
cytochrome c oxidase is not present without transient structural changes of residues in the
channel or movement of internal water molecules [70-72].

The role of Glu78 in the K-pathway is still under debate. Electrostatic calculations
have shown that Glu78 alters its protonation state upon reduction of the binuclear center
[73]. Mutation of the glutamate in the ubiquinol oxidase from E. coli and the cytochrome c
oxidase from R. sphaeroides confirmed a role in proton conduction through the K-pathway
[74-76], but the results were contradicted by proton translocation experiments and FT-IR
spectroscopy with Glu78 mutants from P. denitrificans [77]. Recent electrostatic
calculations have confirmed a functional role of Glu78 through its strong e ectrostatic
interactions with Lys354 [78].

The K-pathway is important during the initial reduction of the binuclear center,
which precedes binding of dioxygen. Unless accompanied by proton uptake through the K-
pathway, electrons will not be transferred to the oxidized binuclear center [79,80]. The K-
pathway is not essential for the oxidative part of the catalytic cycle (see chapter 2.6.2)
[79,81], but movement of Lys354 may compensate for the additional negative charge at the
binuclear center present in the Pr intermediate [72]. According to recent electrostatic
calculations, Lys354 is protonated at neutral pH [78]. Moreover, the pKj of the residue is
raised upon uncompensated reduction of the binuclear center. This implies that the K-
pathway is not merely a proton-conducting pathway, but also functions as a “dielectric

well”, which can stabilize uncompensated electron transfer to the binuclear center [69].
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Figure 4. The redox-active centers of cytochrome ¢ oxidase together with key residues lining the K- and D-
pathways of proton transfer (PDB entry 1IM56, [28]). Structurally resolved water molecules in the channels are
depicted as red spheres. The picture were prepared using VMD [35].

2.3.3 The D-pathway

The entrance of the D-pathway (Figure 4) is located on the N-side of the membrane in the
loop between helices 11 and 111. The loop is rich in charged residues and contains the highly
conserved and functionally essentia aspartate, Asp124, from which the channel received its
name. Mutation of Aspl24 to an asparagine abolishes proton translocation and lowers the
enzymatic activity dramatically [82-84]. The D-pathway continues from Aspl24 via a
cluster of conserved asparagines (Asnl1l3, Asnl131l and Asnl199), a tyrosine (Tyr35) and
several serines (Ser 189, Ser192 and Ser193) up to a highly conserved and mechanistically
very important glutamate (Glu278). The D-pathway is filled with water molecules, all the
way from the protein surface to Glu278 [28], which can facilitate fast proton transfer
through a Grotthuss-type of mechanism.

Glu278 is located approximately 10 A from the active site in a hydrophobic cavity
predicted to transiently contain several water molecules [85-87]. The residue is essential for
both oxygen reduction and proton translocation [88,89]. The D-pathway is intriguing from a

mechanistical point of view, since it conveys two out of the four protons that are consumed
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in the formation of water, as well as al four protons that are translocated across the
membrane during a single turnover [80,88,90]. Glu278 is believed to be the branching point
from where protons are either transferred to the catalytic site (chemical protons) or towards
the heme propionates and eventually across the membrane (pumped protons) [21,70,91,92].
Proton transfer via Glu278 is likely to involve movement of its side chain from the
downward position in the static crystal structure to an upward position towards the hemes
[70,85,92].

2.3.4 The H-pathway

An additiona proton-conducting pathway has been proposed based on structural analysis of
the mitochondria cytochrome c oxidase from bovine heart [22,27,93]. The so-called H-
pathway consists of residues in helices X1 and XII of subunit I, and is named after a
partially conserved histidine (His448) located close to the channel entrance. The proton
route through the H-pathway involves an aspartate (Asp51, bovine numbering), which has
no counterpart in the bacterial oxidases. Mutationa studies with cytochrome ¢ oxidase of
bacterial origin do not support a functional role of the H-pathway in the prokaryotic
oxidases [94,95].

2.4 Exit paths for protons and water molecules

The area above the heme propionates is rich in structurally resolved water molecules and
contains in addition to the previously described Mg®* site (chapter 2.1) two highly
conserved arginines, Arg473 and Arg474, which are thought to stabilize the propionates in
their deprotonated state [22,26,73]. Mutations of the arginine residues have implicated the
A-propionate of heme az as the beginning of an exit path for pumped protons [91].
Alternative exit paths for protons that involve the A-propionate of heme a [96] and
propionate A of heme az [97-99] have also been proposed. The hydrophilic region above the
hemes is presumably in rapid equilibrium with the P-side of the membrane. Several possible
proton exit points may exist at the interface between the membrane and the external part of

the enzyme, identified by continuum electrostatic calculations [100]. Of these, the one that

14



involves Lys171 and Aspl73 in subunit 11 of the mitochondrial cytochrome c oxidase is
supported by a recent study in which the exposure of backbone hydrogens to the bulk phase
in different parts of cytochrome c oxidase was investigated by amide H/D exchange

detected by mass spectrophotometry [101].

Rapid freeze-quench EPR experiments have revealed that water molecules produced at the
binuclear center propagate via the Mg®" site on their way to the P-side of the membrane
[30,102]. The exact exit path of the water molecules is not resolved, but it is presumably

located at the interface between subunit | and I1.

2.5 Oxygen channels

Structural and computational analysis of cytochrome ¢ oxidase have identified putative
channels through which molecular oxygen can access the active site [22,28,39,70]. For the
mitochondrial cytochrome c oxidase three different oxygen pathways were proposed based
on the structure [22]. One of the channels propagates to the active site via the
hydroxyethylfarnesyl group of heme az and another channel approaches via Cug. The third
proposed oxygen channel of the bovine cytochrome c oxidase starts at the V-shaped cleft in
subunit 111 and enters subunit | between helices IV and V at the level of the hemes. This
channel coincides with the one suggested based on the structure of cytochrome ¢ oxidase
from P. denitrificans [39]. An alternative starting point for the channel was however
proposed for the oxidase from R. sphaeroides [28]. The channel is lined by hydrophobic
aromatic residues and is hence highly suitable for oxygen diffusion. At its most narrow
point, the channel passes between Phe274 and Trpl64 [70]. Mutation of a conserved valine
(Va279 to lle mutation) located in this oxygen path dramatically increased the Ky of
oxygen compared to wild-type (WT) enzyme, while the Vs Of the oxygen reaction was
essentially the same [39]. In the same V2791 mutant, the rate of formation of the oxygen
bound intermediate A was decreased substantially compared to WT, as well as the
subsequent steps of O, reduction [103]. The result was interpreted as a partial blockage of
oxygen diffusion to the binuclear center by the isoleucine side chain and perturbation of
water structure located close to the catalytic site, and supports O, delivery to the catalytic

site through a specific route.
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2.6 The catalytic cycle

The steady-state turnover rate of cytochrome c oxidase is very rapid. Cytochrome ¢ oxidase
consumes on average 300 molecules of oxygen per second and one single turnover of the
enzyme is normally completed within five milliseconds. The fully reduced state of the
enzyme is unlikely to exist at physiological conditions. Instead, the oxygen reaction is
presumably initiated immediately upon oxygen binding to the two-electron reduced enzyme.
The full reduction of molecular dioxygen involves four consecutive one-electron transfer
steps from the electron donor cytochrome ¢ on the P-side of membrane to the active site
located in the membrane domain. Each electron addition to the active site is charge
compensated by the uptake of a proton from the N-side of the membrane according to the
principle of electroneutrality [104,105]. Consequently, one charge is separated across the
membrane per electron transferred to oxygen. In addition, the coupled proton pumping by
cytochrome c¢ oxidase adds to the charge separation, which therefore amount to two charges
transferred across the membrane per electron delivered to dioxygen.

The catalytic cycle of cytochrome ¢ oxidase is shown in Figure 5. For simplicity,
only the redox state of the catalyticaly active site is shown, which in addition to the
binuclear heme az-Cug center also include Tyr280. The catalytic cycle is usually divided
into two parts. The reductive phase (O—R), where the active site of cytochrome c oxidase
receives electrons, and an oxidative phase (R—0), where oxygen binds and is reduced to
water, with the concomitant oxidation of the enzyme. The cycle involves severa
intermediate states of the active site, which are commonly denoted by one-letter codes. The
intermediate states will be separately described on the following pages.

2.6.1 The reductive phase

The introduction of the catalytic cycle starts with the oxidized and resting state of
cytochrome c oxidase referred to as inter mediate O. At this stage, the binuclear center isin
aferric-cupric state and Tyr280 is presumably protonated. The oxidized state of the enzyme
exists in different isoforms, which are recognized by their specific absorption spectrum in
the Soret region and their diverging EPR signals (reviewed by [106]). The isoforms differ in

their rate of reduction as well as their reactivity towards externa ligands e.g. cyanide,
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hydrogen peroxide and carbon monoxide [107-110]. The as-isolated cytochrome ¢ oxidase
is sometimes referred to as the slow (or resting) form of the enzyme (O) (but see e.g. [111]).
The slow isoform can be converted to a fast (or activated) form by full reduction followed
by complete oxidation of the enzyme. The formed Oy intermediate is presumably a
metastable state of high energy [112,113]. The energy stored in the Oy state can be rel eased
upon immediate re-reduction of the active site, and will then drive proton pumping across
the membrane [112,113]. If the enzyme is not re-reduced within a reasonable time the
energy will be lost as the Oy state decays into the O state. The active site in the O and Oy
states are thought to differ in their redox properties and bound ligands [112]. Presumably, a
water molecule ligates Fe,s in the O intermediate, whereas Fe,s in the recently oxidized Oy

intermediate is ligated by a hydroxide anion.
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Figure 5. The intermediate states of the catalytic cycle of cytochrome ¢ oxidase. The structure of the active
site, consisting of heme ag, Cug and Tyr280, at each state of the reaction cycle is shown in boxes. If the two-
electron reduced enzyme is allowed to react with O,, the reaction will follow the outer circle, going from the
R—A—Py—F intermediate. If the fully reduced (four-electron reduced) enzyme is incubated with O, the
reaction will proceed from the A state via Py to the F state.



Intermediate E is formed upon arrival of the first electron into the active site. The rate by
which an electron arrives from heme a is limited by the uptake of a proton from the N-side
of the membrane to the active site through the K-pathway [52,62]. The incoming electron
reduces Cug with simultaneous protonation of its bound hydroxide ion, which is
concomitantly released as a water molecule [114]. The transition between the oxidized and
one-electron reduced state of the catalytic cycle is associated with proton translocation
across the membrane only when the enzyme is reduced shortly after its oxidation (the
Op—Ey transition) [112,113].

Reduction of the active site by a second electron yields the ferrous-cuprous R
inter mediate. The reduction of heme az is accompanied by protonation of the hydroxide ion
bound to Fe,3, which is then released as a water molecule. Formation of the R intermediate
is coupled to proton translocation across the membrane only when the acceptor of the
second electron is the Ey state of the binuclear center, formed from the recently oxidized
Oy state [113,115].

2.6.2 The oxidative phase

The oxidative phase of the catalytic cycle is initiated by the binding of dioxygen to the
reduced binuclear center. The formed ferrous-oxy adduct of the active site is called
intermediate A. In an O, saturated environment (~1.2 mM Oy), intermediate A is detected
by a characteristic absorption peak at 595 nm that appears within ~10 ns after mixing with
the fully reduced cytochrome c oxidase [116,117].

In the subsequent reaction step, the O-O bond of the bound dioxygen molecule is
broken and two incompletely protonated water molecules are formed in a concurrent four-
electron reduction step. The produced state of the binuclear center is caled the P
intermediate. The name originates from the previous notion that heme az in this
intermediate was in a peroxy state (Fess>-O=0%) with an intact dioxygen bond [118,119].
However, it is now well established by various experimenta studies that the active site in
the P intermediate is an oxo-ferryl state (Fe.s**=0?) with an hydroxide ion bound to Cug®*
[120-123]. Since formation of the P intermediate is not associated with proton uptake from
the bulk solution the proton required for hydroxide formation must be extracted within
cytochrome ¢ oxidase [124-127]. Two out of the four electrons that are needed for the

scission of the dioxygen bond are derived from heme agz by its oxidation from ferrous to
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ferryl state (heme az®* ® heme ag*"). One is derived from Cug by its oxidation from
cuprous to cupric state (Cug™* ® Cug®). The origin of the fourth electron can be either

heme a or Tyr280 depending on theinitial redox state of the enzyme (see below).

A mixed-valence state of cytochrome c oxidase, where the binuclear center is reduced and
heme a and Cua are oxidized, is produced by incubation of the oxidized enzyme with
carbon monoxide. Laser flash mediated dissociation of the CO bound to the reduced
binuclear center allows O, to bind, whereafter an intermediate state called Py spontaneous
appears (time constant ~150 ps) [128,129]. The fourth electron required for the splitting of
the dioxygen bond upon formation of Py, as well as the proton needed for hydroxide
formation at Cug, are presumably extracted from Tyr280, which turns into a neutral tyrosyl
radical [130-132]. The radica formation is favored by the unusual crosslink between
Tyr280 and His276, one of the ligands of Cug [25-27].

If the fully reduced cytochrome c oxidase is alowed to react with O, formation of
intermediate A isfollowed by afast (time constant ~20 ) transition in which an electron is
transferred from heme a to the binuclear center with the simultaneous scission of the
dioxygen bond [129]. The formed state of the binuclear center is called Pg, where R refers
to the fully reduced nature of the enzyme at the start of the reaction [128]. The proton
consumed upon formation of the Cug-bound hydroxide ion is presumably extracted from
Tyr280.

The Pr and Py intermediates have the same absorption spectra, which is
characterized by an absorption peak at 607 nm in the alpha region [128,133]. Yet, the Py
intermediate has, in comparison to the Pr intermediate, one less electron at its catalytically
active site. The Py intermediate is long-lived and will exist until cytochrome ¢ oxidase
receives additional electrons [129]. The Pg intermediate is on the contrary unstable and will
quickly decay into the subsequent F intermediate without additional electron transfer to the

binuclear center.

Intermediate F appears (time constant ~50 ps) upon protonation of the P state by a proton
arriving from Glu278 in the end of the D-pathway [88]. The proton acceptor at the active
site is most likely the tyrosinate (Y 280) formed in the preceding step of the catalytic cycle
[132,134]. Proton transfer to the active site is accompanied by the partial transfer of the last
electron from Cup to heme a [135] and reprotonation of Glu278 via the D-pathway [136].
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The appearance of intermediate F can be detected optically by a broad, absorption peak at
580 nm in the alpha region [118]. The transition from the P state to F is associated with
pumping of one proton across the membrane [137,138].

The Py intermediate, formed from the mixed-valance enzyme, will turn into the F
state when cytochrome ¢ oxidase receives an additional electron that is transferred into the
active site. The electron will presumably reduce the neutral tyrosyl radical present in the Py
state, which is simultaneously protonated from the D-pathway via Glu278 [129,139]. The
transition from Py to F is accompanied by translocation of a proton across the membrane.

The final step in the catalytic cycle, F—Oy transition (time constant ~1.5 ms),
occurs with the transfer of the fourth electron into the active site and the simultaneous
uptake of a proton viathe D-pathway [81,140]. This transition is coupled to proton pumping

across the membrane [137,138].

2.7 Proton transfer across the membrane

2.7.1 Requirements of aredox-linked proton pump

There are two ways to couple exergonic electron transfer to active proton translocation
across a lipid membrane. One way is by a redox loop mechanism, where the redox center
that is reduced by an electron simultaneously accepts a proton. The proton is then co-
transported with the electron across the membrane, and is released on the other side upon
the oxidation of the redox center. The other way is by a proton pump mechanism, where the
redox center that accepts an electron not necessarily also accepts a proton. The minimum
requirement of a redox-linked proton pump is, in addition to a redox center, a protonatable
group that can bind a proton from one side (input side) and release to the other side of the
membrane (output side). The protonatable group, hereafter referred to as the pump site, has
to control or gate proton access to the different sides of the membrane, since uncontrolled
diffusion of protons would short-circuit the electrochemical proton gradient [105,141,142].
Proton translocation by a proton pump can be divided into four elementary steps; 1)
uptake of a proton to the pump site from the N-side of the membrane, 2) establishment of a
protonic connection between the pump site and the P-side of the membrane, 3) release of the

proton to the P-side of the membrane, and 4) re-establishment of a protonic connection
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between the pump site and the N-side of the membrane. The uptake and release of protons
by the pump site can be regulated by changes in its proton affinity (pKs) or in its
conformation. In a redox-linked proton pump, the proton translocation across the membrane
is linked to the redox reaction at the redox center. The coupling can be thermodynamic,
where protonation of the pump site is coupled to the reduction of the redox center [143,144].
This means that the pK, of the pump site is modulated by the redox state of the redox center,
and reciprocally, the midpoint potential of the redox center is modulated by the protonation
state of the pump site. The other aternative is a kinetic coupling, where the pK, of the pump
site is not necessarily regulated by the redox state of the redox center. A state where the
redox center is reduced and the pump site is protonated may in this scenario be present in
only afraction of the enzyme population. The transition from the proton input to the output
state may still be kinetically favored by arapid rate constant [145].

2.7.2 Mechanisms for proton translocation by cytochrome c oxidase

The exact mechanism by which cytochrome c oxidase couples O, reduction to translocation
of protons across the membrane remains ambiguous despite aimost 30 years of extensive
studies. During the years, several different coupling mechanisms have been proposed and

later discarded. Only afew of the recent theories will be mentioned below.

Throughout the 1990s, cytochrome ¢ oxidase was believed to pump protons only during the
oxidative part of the catalytic cycle [146]. The assumption was based on the fact that only
the P—F and F—O transitions are associated with a large enough energy release to drive
protons across the membrane [147]. The P—F and F—O steps were believed to pump two
protons each based on the equal amount of charge moved relative to the membrane in each
transition in electrometrical measurements [148]. In 1999, Michel questioned this idea and
suggested that one proton is pumped during the reductive phase of the catalytic cycle [149].
Concomitantly, Verkhovsky and co-workers showed by time-resolved measurements of
membrane potential (AW) generation that protons are translocated both in the reductive and
oxidative phase of the catalytic cycle [112]. The reductive phase is however only coupled to
proton pumping if it occurs directly upon enzyme oxidation. A high-energy oxidized state of
the binuclear center, caled O~ and later Oy, was proposed that would preserve the energy
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from O, reduction in the oxidative phase to be used for proton pumping in the subsequent
reductive phase [112].

The proton pumping steps of cytochrome ¢ oxidase is outlined in Figure 6. Each electron
addition from cytochrome c, via heme a to the binuclear center is accompanied by the
uptake of one substrate proton to the active site and the translocation of another proton
across the membrane (the Oy—Ey, En—R, Pur—F and F—O transitions) [112,113,115].
The mechanism of vectorial proton transfer is presumably the same in each proton-pumping
step, and will consequently be repeated four times during each enzymatic turnover. Proton
pumping coupled to the Pr—F transition has gained particular interest when possible
mechanisms for proton translocation are discussed, since formation of the F state is not
linked to electron transfer to the binuclear center, which occurs already in the preceding

A—Pg transition.

Pur

Figure 6. The proton pumping steps in the catalytic cycle of cytochrome ¢ oxidase during continuous
enzymatic turnover. The Oy—Ey, Ey—R, Pyr—F and F—O transitions are each coupled to translocation of
one proton across the membrane.

All recently proposed proton-pumping mechanisms are in compliance with the principle of
electroneutrality, according to which introduction of an electron into the low dielectric
membrane environment is energetically costly, and must be charge compensated by the
uptake of a proton [105]. Michel and Papa et al. suggest mechanisms where electron arrival
to heme a is coupled to uptake of a proton to the pump site [149,150]. Y oshikawa et al.
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propose a mechanism where the pump site is protonated upon oxidation of heme a [93].
Severa groups argue that proton pumping is coupled to reduction of the binuclear center
instead of heme a. Based on electrostatic calculations, Stuchebrukhov and co-workers
introduce a proton pumping mechanism that involves redox-state dependent
protonation/deprotonation of one of the histidine ligands of Cug [97]. Brzezinski et al. have
proposed a model for proton pumping that originates from structural differences between
the WT and the Glu278GIn mutant of R. sphaeroides [138,142]. In their view, deprotonation
of Glu278 upon proton transfer to the binuclear center leads to structural changes around
Glu278, which will propagate through the protein and alter the pK, and proton accessibility
of an accepting group located close to the heme propionates. According to their model, the
substrate proton will move to the binuclear center prior to protonation of the pump site.
Wikstrom and colleagues have presented a mechanism whereby proton translocation is
gated by the distinct behavior of water molecules in hydrophobic cavities [151]. In their
model, the orientation of the water molecules in the cavity next to the binuclear center are
affected by the redox-state dependent electric field between heme a and heme as/Cug. When
heme a is reduced, the pump site, which is located somewhere in the vicinity of the A-
propionate of heme as, will be protonated from Glu278 via a chain of hydrogen-bonded
water molecules. Upon electron transfer to the binuclear center, the waters in the cavity will
change their orientation, allowing a substrate proton to enter the catalytic site. The
protonation of the binuclear center will subsequently expel the proton at the pump site out of
the enzyme [151]. It has been argued that this model cannot explain proton pumping in the

Pr—F transition, which merely involves protonation of the active site.
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3. AIMSOF THE STUDY

The D-pathway of cytochrome ¢ oxidase conducts all pumped protons and two out of the
four chemical protons that are consumed at the catalytically active site, from the bulk on the
N-side of the membrane to the vicinity of the binuclear center. In many enzymes of the
heme-copper oxidase family, the D-pathway ends at a highly conserved glutamate (Glu278)
that is essential for the oxygen reaction and the uptake and translocation of protons.
However, not al members of the heme-copper oxidase family have a glutamate at this
location. There are examples of heme-copper oxidase that lack a corresponding glutamate
and nevertheless function as true proton pumps.

One of the goals of this thesis was to investigate the role of Glu278 in proton
conduction and to explore the possible differences in proton translocation mechanisms

between different subgroups of heme-copper oxidases.

The other main focus of this thesis has been to study the beginning of a possible exit
pathway for pumped protons and water molecules produced at the binuclear center.
Molecular dynamics simulations have shown that redox-changes of the hemes determine the
directionality of a hydrogen-bonded water chain, which is located in the cavity between
heme a and the binuclear center. The chain of water molecules will alternatively conduct
protons from Glu278 to the binuclear center or to the D-propionate of heme as. In the latter
configuration, the chain of water molecules is supported by the invariant Trpl64, which is
hydrogen bonded to the D-propionate of heme az.

The role of Trpl64 in proton translocation was studied both experimentally and
theoretically by mutating it to a phenylalanine. In addition, the properties of the salt bridge
between the D-propionate of heme a; and the highly-conserved Arg473 were studied by

molecular dynamics simulations.
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4. METHODOL OGY

4.1 Isolation of cytochrome c oxidase

The ctaDIl gene encoding subunit | of cytochrome c oxidase from P. denitrificans has
previousy been isolated and cloned into a derivative of the broad-host strain expression
plasmid pBBR1IM SC [94,152,153]. The expression plasmid was transformed into the E. coli
strain SM 10, which was then conjugated with the P. denitrificans strain AO1, from which
the chromosomal copies of the ctaDIl gene and its isogene ctaDI were deleted, but where
the genes encoding the additional subunits of cytochrome c oxidase are still present [94]. In
the present study, a six-histidine long tail was attached in the end of the ctaDIl gene to
facilitate enzyme purification through affinity chromatography. Mutants of cytochrome c
oxidase were made by the previously described site-directed mutagenesis protocol [32] and
verified by DNA-sequencing (ABI PRISM 310 Genetic Analyzer, Applied Biosystems)
during all individual steps of the production. In addition, the DNA sequence of cell samples
of fermentor cultivations and smaller cultivations used for proton pumping measurementsin
whole cells where aways examined. Bacteria growth conditions and isolation of
cytochrome ¢ oxidase from bacterial membranes was performed as earlier described [32],
with the exception of the additional Ni**-NTA affinity chromatography (paper 1V). The
steady-state oxygen reducing activity of the isolated cytochrome c oxidase was determined
polarographically using a Clark-type oxygen electrode. The electron donor, cytochrome ¢
was kept in its reduced state by ascorbate plus TMPD. A more specified description of the
experimental conditions is found in Paper | and Paper 1V. The activities of the different

mutants were compared to that of WT enzyme.

4.2 Multi-turnover proton pumping measurements

Multi-turnover proton pumping was measured with isolated cytochrome c oxidase
incorporated into proteoliposomes, or with whole cell preparations (sphaeroplasts), using
the oxidant pulse method described below [154,155]. Reconstitution of the isolated enzyme

into proteoliposomes was achieved by slow removal of detergent from an enzyme-
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detergent-lipid mixture using increasing amounts of BioBeads (Bio-Rad Laboratories)
[137,156]. The procedure for incorporation of cytochrome c oxidase into vesicles was the
same for proton pumping experiments and for electrometry (see below). The enzyme
concentration in the initial mixture was 0.5 uM in the reconstitution for pumping
experiments and 6.5 uM in the reconstitution for electrometry. The proton permeability of
the formed proteoliposomes was determined by the respiratory control ratio (RCR), i.e. the
ratio between enzyme activity in the presence and absence of Dny., and was typically 3-9
for vesicles used in proton pumping experiments and 2-5 for vesicles used in electrometry.
The sphaeroplasts used for proton translocation measurements were prepared by lysozyme
treatment and kept in a hypertonic medium [14]. In the proton pumping measurement,
proteoliposomes (or sphaeroplasts) were kept in an anaerobic container under constant
argon flow in the presence of excess reductant plus valinomycin, which dissipates the Dy.
Known amounts of oxygen were added as small volumes of air-saturated water, which
resulted in enzyme turnover. Proton gjection to the outside of the vesicles (sphaeroplasts)
was detected by a sensitive pH-meter. The H'/e" pumping stoichiometry was calibrated by
addition of anaerobic HCl of known concentration. The specific conditions used for
pumping experiment in sphaeroplasts are described in ref [32], and for proteoliposomes in

Paper | and Paper 111.

4.3 Flash-photolysis measurements

Incubation of oxidized cytochrome c oxidase with carbon monoxide in an anaerobic
environment results in formation of the 2e reduced, mixed-valence state (COMV). Binding
of CO to heme az of the binuclear center increases its midpoint potential and traps heme ag
and Cug in a reduced state, while heme a and Cua are oxidized. Upon laser flash mediated
photolysis of CO, the apparent midpoint redox potential of heme ag decreases. The electron
situated at heme az quickly redistributes to heme a followed by eectron equilibration to
Cua. The redistribution of electrons between the redox centers of cytochrome ¢ oxidase can
be time-resolved by optical spectroscopy using a single-wavelength spectrophotometer as
described in ref [54]. From the obtained data, the rate of electron transfer between heme as,
heme a and Cua, can be extracted, as well as information of their relative midpoint

potentials. See paper 1V for experimenta conditions.
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4.4 Time-resolved optical and electrometrical flow-flash measurements

The flow-flash technique, invented by Gibson and Greenwood in 1963 [157], enable us to
optically detect and distinguish different intermediates of the catalytic cycle of cytochrome
c oxidase. As previously mentioned, the reaction between reduced cytochrome c oxidase
and O, is very rapid. This means that when enzyme and oxygen is mixed together in a
normal stopped-flow apparatus, the first steps of the oxygen reaction will be over aready
during the dead time of the instrument. This obstacle can be circumvented by the flow-flash
technique, where reduced and CO-inhibited cytochrome c oxidase is mixed with excess O,
in the dark. A strong laser pulse is thereafter used to dissociate CO from the enzyme. The
reduced enzyme molecules will now bind O,, and the oxygen reaction will simultaneously
start in al cytochrome ¢ oxidase molecules present. The oxygen reaction can be recorded
optically at the wavelength of choice. For experimental details see paper V.

A combination of the flow-flash technique with measurements of electric potential
generation was developed by Drachev and co-workers in 1974 [158]. The electrometric
flow-flash technigue has been successfully applied in Helsinki Bioenergetics Group and has
been thoroughly described by Jasaitis et al. [137]. In brief, the proteoliposomes containing
reconstituted cytochrome c oxidase are attached to one side of a lipid-impregnated Teflon
membrane, which separates two secluded compartments of the electrometric cell. The
enzyme is thereafter degassed, reduced and kept CO inhibited in the dark. The oxygen
reaction starts when an oxygen-saturated buffer is injected very close to the vesicles
followed by flash photolysis of CO. The generation of electric potential during enzyme
oxidation, i.e. the movement of electrons, protons and/or charged amino acid residues, can
be kinetically resolved as a voltage change by Ag/AgCI electrodes positioned on separate
sides of the Teflon membrane. The voltage detected by the electrodes is proportional to the
voltage generated over the proteoliposome membrane. The experimental conditions used are
described in Paper 1V.
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4.5 The reaction of cytochrome ¢ oxidase with H,0,

The reaction between oxidized cytochrome ¢ oxidase and H,O, produces species equivalent
to the Py and F intermediates of the catalytic cycle. The product of the reaction depends on
the pH of the medium (see chapter 5.5). In paper IV, cytochrome c oxidase in 100 mM
MES, pH 6.5 or CHES, pH 9.5, supplemented with 0.02% DM was reduced with a small
concentration of dithionite and kept in an oxygen free environment under constant nitrogen
flow, in one chamber of a stopped-flow apparatus (Unisoku Instruments, Kyoto, Japan). The
fully reduced cytochrome c oxidase was then mixed in a 1:1 ratio with aerated buffer
containing 20 mM H,0,. Instantly upon mixing, the oxygen in the second chamber
consumed the excess dithionite and oxidized the enzyme, resulting in an activated
cytochrome c oxidase. Shortly thereafter, the freshly oxidized enzyme reacted with H,0O»
present in the same solution. The absorption changes that followed were recorded using a

diode array kinetics spectrophotometer (Unisoku Instruments).

4.6 Transmittance and attenuated total reflection FT-IR spectroscopy

Fourier transform infrared spectroscopy (FT-IR) detects vibrational motions within the
chemical bonds of a molecule, by measuring the change in intensity of the infrared light
before and after it interacts with the sample. The collected FT-IR spectrum of a biomolecule
provides information about the protein secondary structure and structural interactions, and
can even pinpoint specific bond vibrations. The CO photolysis difference FT-IR
spectroscopy exploited in paper 1V detects changes in bond vibrations of cytochrome c
oxidase, which occur when CO bound to the reduced Feys is dissociated and transiently
binds to Cug. Comparison between CO difference FT-IR spectra of WT at different pH
values or of WT and specific cytochrome ¢ oxidase mutants can reveal changes in the
structural conformation of the binuclear center or for example changes in hydrogen bonding
or protonation state of specific functional groups within the enzyme. The experimental
protocol for the FT-IR measurementsin paper 1V was essentially as described in ref [86].
Attenuated total reflection (ATR) FT-IR spectroscopy is a technique, which enables
fast collection of IR spectra with a good signa-to-noise ratio from only a few micrograms of
protein. In addition, the ATR FT-IR technique alows variations of the pH, salt
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concentration or redox-conditions during the measurement. The infrared beam in the ATR
FT-IR measurement is directed onto a silicon microprism of high refractive index (SenslR
Technologies), on top of which the studied protein sampleis applied. Above acritical angle,
the light beam is totally reflected from the surface of the ATR microprism, and an
evanescent wave is established at the interface between the prism and the protein sample.
Formation of a dehydrated protein film on top of the silicon microprism was in paper 1V
insured by removal of detergent from the enzyme sample essentially according to Iwaki et
al. [132]. After application on top of the microprism, the enzyme was gently dried using a
flow of nitrogen. Once a stable protein film had formed, the enzyme was rewetted with 200
mM potassium chloride and 200 mM potassium phosphate, pH 6.5 and covered with a
protecting lid. The lid is equipped with in and out ports, which allows a constant flow of
buffer on top of the sample. In the experiment performed in paper 1V, cytochrome c
oxidase was oxidized by a buffer containing 1 mM ferricyanide and thereafter reduced by a
buffer containing 3 mM anaerobic dithionite, in repeated cycles, to improve the signal-to-
noise ratio of the measurement. The redox state of the enzyme was monitored throughout
the experiment via an optical fiber connected to the lid, which covers the sample (DH-2000,
Micropak and Oceans Optics Inc.). The resulting reduced-minus-oxidized difference FT-IR
(detected by a Bruker |SF 66/S spectrometer equipped with a liquid nitrogen-cooled MCT-
A detector) spectra may provide information about changes in bond vibrations, which occur
upon transition between the oxidized and reduced state of cytochrome c oxidase.

4.7 Molecular dynamics simulations

Molecular dynamics (MD) simulations provide an efficient tool for theoretica time-
dependent studies of conformational changes and thermodynamics of biological molecules.
The MD simulations in paper | and paper Il were performed using the AMBER force
field and program (AMBER99, University of California, San Francisco [159,160]) after
energy minimization of the bovine cytochrome ¢ oxidase structure (PDB entry 10CC, [22]

and 154 [93]). For a detailed description of the simulation see paper | and paper 111.
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5. RESULTS AND DISCUSSION

5.1 Therole of Glu278 in water-mediated proton transfer

5.1.1. Heme-copper oxidases can have alternative proton-conducting pathways

Collective experimental data have established that Glu278 has an essentia role in oxygen
reduction and proton translocation by cytochrome c oxidase [88,89,161]. Yet, Glu278 is not
a totally conserved residue among the family of heme-copper oxidases (see chapter 1.2).
There are examples of oxidases that lack an equivalent of Glu278, which nevertheless pump
protons across the membrane [162-164]. These include heme-copper oxidases that lack most
of the conserved residues of the D- and K-pathways of cytochrome c oxidase. Clearly,
alternative proton conducting pathways must exist in these heme-copper oxidases or, more
unlikely, these oxidases translocate protons across the membrane by a different mechanism
from the mitochondrial-like cytochrome ¢ oxidases (discussed in chapter 5.7.2). Three
examples of heme-copper oxidases with modified proton pathways relevant to the present
study are briefly described below.

The first example is the proton pumping caaz oxidase from Rhodothermus marinus (R.
marinus), which has a high sequence homology with the cytochrome c oxidase from P.
denitrificans. All key residues of the K- and D-pathways are conserved, with the only
exception of Glu278 in helix VI [165]. According to a homology model between subunit |
of the R. marinus caag and P. denitrificans aag oxidases, the phenol group of atyrosine in
the caag oxidase occupies the same spatial position as the carboxylic side chain of Glu278 in
the aag oxidase [165]. The tyrosine is the only protonatable residue close to the position of
Glu278 in P. denitrificans and was proposed to be involved in proton translocation by the R.
marinus caaz oxidase [165]. An additional structural difference between the R. marinus and
P. denitrificans oxidases is found at the position of a conserved glycine (Gly275) located
three residues upstream from the Glu278 locus in the aaz oxidase. The glycine at this locus
is substituted by a serine in the caaz oxidase from R. marinus. The structural combination of

a tyrosine and a serine (a YS motif) close to the binuclear center instead of a glutamate
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seems to be a general feature within the A2-subgroup of heme-copper oxidases, which the
caag oxidase from R. marinus represents.

Another example of a heme-copper oxidase that differs substantially from the main group of
heme-copper oxidases with respect to its proton pathways is the bag oxidase from Thermus
thermophilus (T. thermophilus) [166]. The bas oxidase has a very low sequence identity
with the canonical oxidases (less than 20%) [167], and most of the amino acid residues
common to the D- and K-pathways of cytochrome ¢ oxidase are absent in the bag oxidase.
The atomic structure of the bag oxidase from T. thermophilus was solved in 2000 [166]. The
crystal structure shows the presence of three possible proton pathways, which consist of
polar residues and crystallographically detected water molecules and lead from the N-side
of the membrane to the vicinity of the binuclear center [166]. The bag oxidase trand ocates
protons across the membrane during catal ytic turnover [163]. The reported proton pumping
efficiency of the T. thermophilus baz oxidase is though lower than for cytochrome ¢ oxidase
(~0.5 H*/e), which has led to the speculation of a diverging proton pumping mechanism in
the bag oxidase [163].

The third example of a heme-copper oxidase with modified proton pathways is the aas
quinol oxidase from Acidianus ambivalens (A. ambivalens), which was studied in paper I1.
A. ambivalens is a thermoacidophilic archaeon, which expresses only one terminal oxidase,
the aaz quinol oxidase [168]. Investigation of its amino acid sequence shows that most of
the conserved residues of the K- and D-pathways of the cytochrome ¢ oxidase are absent in
the aaz quinol oxidase [169]. In paper |1, the isolated quinol oxidase from A. ambivalens
was reconstituted into vesicles and shown to pump 1 H*/e across the membrane. At present,
no crystal structure of the aaz quinol oxidase is available. Sequence alignment and structura
homology modeling was therefore explored to find possible functiona substitutions of the
non-existing D-pathway residues in the aaz quinol oxidase (paper 11). Based on a 3D
model, a glutamate (Glu80 in A. ambivalens) was found in helix Il of the aag quinol oxidase,
which is located near to the position of Glu278 in P. denitrificans. Although Glu80 (A.
ambivalens numbering) is located further way from the binuclear center than Glu278 it
could functionally substitute the latter and take part in proton transfer from the bulk phase to
the binuclear center via water molecules. The locus that corresponds to GIu80 in A.
ambivalens isin cytochrome c oxidase from P. denitrificans and R. sphaeroides occupied by

an isoleucine (11€104). Mutation of this isoleucine to a glutamate in aag oxidase from R.
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sphaeroides in the background of a Glu278 to alanine mutation (the double mutant
E286A/I112E in R. sphaeroides) has been done to mimic the structure of the aaz quinol
oxidase from A. ambivalens [170]. The resulting R. sphaeroides mutant retain the capability
to trandlocate protons although the turnover activity was lowered substantially [170]. This
supports the idea that Glu80 (A. ambivalens numbering) can functionally replace Glu278 as
part of an alternative proton pathway in the aag quinol oxidase from A. ambivalens.

5.1.2 Glu278 is not required for proton translocation by cytochrome ¢ oxidase

For a long time Glu278 has been considered an essential amino acid for the function of
cytochrome c oxidase [88,89,161]. Its carboxylic side chain is expected to rotate from a
downward position, where it is in contact with the D-pathway, to an upward position
towards the binuclear center during proton transfer [70,85,92]. The intriguing observation
that some proton pumping heme-copper oxidases like the caag oxidase from R. marinus are
short of an equivalent of Glu278 close to the binuclear center challenged this view. In paper
|, we performed site-directed mutagenesis on cytochrome c oxidase from P. denitrificansin
order to find out how essential Glu278 is for the function of cytochrome c oxidase and
whether it could be functionally substituted by another residue or alternatively several
residues. The structure of cytochrome c oxidase in the area around Glu278 was changed to
mimic that of the caag oxidase from R. marinus. Based on the sequence alignment (Figure
7), Glu278 was mutated to an alanine, Gly275 to a serine and Phe274 to a tyrosine, both as
single mutations and in different combinations. The E278A mutation alone rendered the
enzyme highly inactive (~1% of WT activity) and abolished proton translocation, in
agreement with previously published data [161]. Exchange of Gly275 to a serine resulted in
a drastically lowered catalytic activity (~3% of WT) and inhibition of proton transl ocation.
One possible explanation for the observed effects in the G275S mutant is that the hydroxyl
group of Ser275 interacts with the side chain of Glu278 at its putative upward position and
affects its ability to conduct protons. Gly275 is situated at a narrow point of a possible O,
channel, which intersects the hydrophobic cavity located between Glu278 and the binuclear
center [28]. Mutation of Gly275 to avaline in the aaz oxidase from R. sphaeroides has been
reported to limit the access of O, to the active site [171]. Another explanation for the low
oxygen consumption activity in the G275S mutant can thus be that the mutation has affected

the access of O, to the binuclear center.
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274 275 278

Paracoccus denitrificans aa; WFIIGHPIE VY
Bovine heart aa: WFIFI|GHPIEVWVY
Rhodobacter sphaeroides aas W EFI|FIIGHPIEVY
Escherichia coli bo; WAWI|GHPIEVY
Rhodothermus marinus cads FIY|I|SSH P AV

Thermus thermophilus caa; W EF[YISHPTVY
Thermus thermophilus bas WWw|TI|GHTPI|I VY

Figure 7. Sequence comparison between cytochrome aaz from P. denitrificans and other representatives of the
Al-subgroup of heme-copper oxidases, with oxidases from the A2-subgroup and the B-type of heme-copper
oxidases (see chapter 1.2). The highly conserved Glu278 found in P. denitrificans is substituted by an alanine
in R. marinus caas, athreonine in T. thermophilus caa; and an isoleucine in T. thermophilus bas. Moreover,
Phe274 and Gly275 in P. denitrificans are substituted by other amino acid residues in the distantly related
heme-copper oxidases.

When the two single mutants are combined into a double mutant, G275S/E278A, a stable
enzyme is formed with practically no oxygen reducing activity (<0.1% of WT activity).
Clearly, the small remaining activity in the single mutations strongly depends on the
presence of the other amino acid. Introduction of a tyrosine at the Phe274 locus into the
G275S/E278A double mutant (i.e. the triple F274Y/G2755E278A mutant) has astonishing
effects. The triple mutant, which mimics the structure of the caaz oxidase from R. marinus,
has ~10% of WT activity and transocates protons across the membrane with WT-like
efficiency (paper 1). The triple mutant is the first example of a non-conservative mutation at
the Glu278 locus, which sustains proton-pumping ability. Previously, only a very
conservative mutation of Glu278 to an aspartate maintained proton pumping by cytochrome
c oxidase [89]. The general assumption was therefore that a carboxylic acid is essentia at
the 278 locus in order for cytochrome ¢ oxidase to pump protons. This is clearly not the
case. Introduction of a hydrogen-bonding amino acid at a key position in the structure seems
to be enough to maintain the proton pumping capability. In paper | and Il we show that in
fact severa aternative structural solutions in the area around Glu278 can support proton

transfer in cytochrome c oxidase. These include in addition to the triple mutant, a
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F274T/E278] motif, which mimics the bag oxidase from T. thermophilus [166] and a
F274Y/G2755/E278T motif, which mimics the caas oxidase from T. thermophilus [164]
(Figure 7). The implications of these results on the general mechanism whereby heme-

copper oxidases translocate protons are discussed in chapter 5.7.2.

The structural basis for proton translocation by cytochrome ¢ oxidase in the absence of
Glu278 was studied in the triple mutant, F274Y/G275S/E278A, by molecular dynamics
(MD) simulations (paper 1). The area between Glu278 and the binuclear center is, as
previously mentioned, hydrophobic and does not contain any structurally detected water
molecules. In addition, it is proposed to be part of a channel for O, diffusion to the active
site [28,39]. Still, at least a transient presence of water molecules in the hydrophobic cavity
isvery likely, since a constant production of water molecules occurs at the binuclear center.
The presence of water molecules in the cavity is supported by theoretical calculations as
well as FT-IR spectroscopy [70,85-87,172,173]. Our MD simulations with the triple mutant
included consequently six theoretically predicted water molecules [85]. A model of the
triple mutant structure was made based on the 3D structure of bovine cytochrome c¢ oxidase
(PDB entry code OCC, ref. [27]) and subjected to energy minimization. An area with a
diameter of approximately 15 A around Tyr274 was then used in the MD simulations

(paper 1).

The MD simulations started with a one picosecond (ps) equilibration at 150 K followed by
100 ps at 300 K. Within 3 ps of the start of the MD simulations, a transient hydrogen-
bonded water chain was formed, which connected Ser193 in end of the D-pathway to the
binuclear center and lasted for the whole duration of the simulation (paper 1). The four
water molecules present in the cavity between Tyr274 and His326, one of the ligands of
Cug, repositioned themselves so that a hydrogen-bonded connection was formed between
Tyr274 and the Ne of His326. In addition, the two water molecules present between Tyr274
and Ser193 in the end of the D-pathway linked the serine to Tyr274. In this way, a long
chain of water molecules was formed that is anchored by the OH group of Tyr274.
Formation of the water chain depends critically on support from the structure. No
corresponding chain of water molecules was formed in control simulations with the WT
enzyme, where Glu278 is situated with its carboxylic side chain pointing downwards.
Results similar to ours have recently been reported from independent MD simulations of the
F274Y /G2755/E278A triple mutant by Sharpe and co-workers [174]. In their simulations,

34



Tyr274 is positioned with its phenol group in hydrogen bonding distance to a water
molecule [174].

The distance between Tyr274 and the closest proton acceptor on the exit side of cytochrome
c oxidase is approximately 10 A. Due to the large separation in space, it is inconceivable
that protons could be transferred to the active site without the recruitment of water
molecules. The phenol group of tyrosine has a pK; of ~10.5 in an agueous solution. The pKy
value of Tyr274 is expected to be higher due to the hydrophobic environment that surrounds
the residue [73,175]. A high pK, value would disfavor deprotonation of Tyr274 in the triple
mutant and Tyr274 might instead merely stabilize water molecules involved in proton
transfer. Transient deprotonation of Tyr274 during catalytic turnover cannot still be
excluded. A recent FT-IR spectroscopy study of the R. marinus caas oxidase suggests that a
tyrosine residue is deprotonated upon formation of the Py intermediate of the catalytic cycle
[176]. The authors suggest that the deprotonated tyrosine is the functional counterpart of

Glu278in R. marinus, i.e. equivaent to Tyr274 in our simulation.

The MD simulations with the F274Y/G275S/E278A triple mutant showed that proton
transfer from the end of the D-pathway to the binuclear center is mediated through a six-
membered hydrogen-bonded water chain, which is supported by the OH group of Tyr274. In
WT enzyme, the presence of Glu278 instead of Tyr274 will effect the local environment
differently. Glu278 is on the contrary to Tyr274 an acidic residue. This property may divide
the proton-conducting path between the D-pathway and the binuclear center into two
separate entities and favor independent formation of two shorter water chains. A water chain
consisting of only a few molecules will form with much higher probability that one with
several contributing water molecules. The location of Glu278 in between two short water
stretches may improve the rate and probability of proton transfer in cytochrome c oxidase. It
is feasible, that Glu278 will function as an actual proton donor and acceptor between these
separate water chains, whereas Tyr274 will merely stabilize the formation of a longer water
chain.
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5.2 Arg473 and the A-propionate of heme az regulate the access of pumped
protonsto the P-side of the membrane

The identity of the primary acceptor of pumped protons on the output side of the membrane
is still disputed. A FT-IR spectroscopy study indicates that at least two out of the four heme
propionates change their protonation state or experience changes in their hydrogen bonding
environment upon reduction of the hemes [177]. It was proposed that the D-propionate of
heme a is the group that will accept a proton when cytochrome ¢ oxidase is reduced, while
the D-propionate of heme az was suggested to change its conformational state or possibly
act as a proton donor [96]. The report is contrasted by a mutagenesis study, which indicates
that the primary proton acceptor of pumped protons is the D-propionate of heme ag
[91,151,178)].

Figure 8. The redox-active centers of cytochrome c oxidase and key amino acids in the area surrounding the
A-propionate of heme a;z (PDB entry code 1AR1, [21]). The heme a; A-propionate is hydrogen bonded to
Trpl64 and Arg473, and is stabilized in its anionic state by charge interactions with Arg473 and Arg474. The
picture was prepared using the VMD software [35].
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The heme az D-propionate is stabilized in its anionic state by charge interactions with
Arg473 and Arg474, and through hydrogen bonds to Arg4d73 and Trpl64 (Figure 8). The
close distance between Arg473 and the D-propionate of heme ag in the static crysta
structure implies that a strong electrostatic interaction exists between these two. The high
stability of such an ion bond has been used as an argument that the propionate cannot accept
aproton [93]. The existing 3D structures are however merely snap-shots of the enzyme and
cannot reveal structural fluctuations that may occur during catalytic turnover. We therefore
decided to investigate the stability of the ion pair between Argd73 and the heme az A-
propionate using MD simulations (paper I11).

Our MD simulations included most of subunit | and Il as well as four water molecules that
were modeled into the hydrophobic cavity near the binuclear center. Cug was ligated by a
hydroxide, and Asp399 and Glu278 were protonated whereas all heme propionates were
deprotonated. The simulation was set up to mimic electron transfer from heme a to the
binuclear center in such a way that heme a was initially reduced whereas the binuclear
center was oxidized, followed by the opposite redox configuration. The resulting system
was very stable, with very small variations in interatomic distances. Yet, one thermal
fluctuation was noteworthy. The hydrogen-oxygen distance (2HH2-O2D) between Arg473
and the D-propionate of heme a3 oscillated transiently from its equilibrium position of about
2 A to morethan 4 A (paper 111). The complete oscillation from opening of the arginine/D-
propionate ion pair until it returned to its initial position lasted 0.4-0.8 ps. In the MD
simulations the ion pair was fully dissociated, defined as a separating distance of more than
4 A, for approximately 0.1 ps. According to quantum mechanical simulations with
bacteriorhodopsin, proton transfer via a preformed water path can occur through a
Grotthuss-type of mechanism with a rate of 0.05 ps [179]. The thermal fluctuation of the
arginine/D-propionate ion pair exhibited a strong dependence on the redox-state. It occurred
only when the water molecules in the hydrophobic cavity connected Glu278 with the
propionate (i.e. heme a reduced/binuclear center oxidized). No fluctuation of the distance
was observed in the absence of water molecules in the cavity or when the hydrogen bond
from Trpl64 was removed [151]. Destabilization of the ion pair will thus depend both on a
specific dipole moment of the water molecules in the cavity, as well as the hydrogen bond
from Trpl64.
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The MD simulations were verified experimentally by proton translocation experiments with
the Trpl64 to phenylalanine mutant in P. denitrificans (paper 111). By this mutation the
hydrogen bond to the D-propionate of heme a; is abolished. As aresult, the proton pumping
stoichiometry of the W164F mutant decreased to about ~0.5 H*/e compared to 1 H'/e" in
WT. The data show that Trp164 has arole in proton pumping by cytochrome c oxidase. The
W164F mutant was though able to translocated protons across the membrane with about
half of WT efficiency. This implies that the hydrogen-bonded water chain present in the
cavity between heme a and heme a; is the primary modulator of the stability of the ion pair

between Arg473 and the heme ag D-propionate.

We suggest that the Arg473/A-propionate ion pair is the long-sought gate that regulates the
access of protons between the P- and N-side of the membrane. Dissociation of theion pair is
likely to raise the pK, of the propionate considerably. We may envision one of the following
scenarios. The raised pK, of the propionate will attract a proton from Glu278, which is
transferred via the hydrogen-bonded water chain that connects Glu278 to the A-propionate.
The arriving proton will raise the electron affinity of heme ag, resulting in fast eT from
heme a to the binuclear center, which will ultimately trap the proton at the propionate. In the
other scenario, the A-propionate is transiently protonated by the proton arriving from
Glu278. Simultaneously, Arg473 releases a proton to an acceptor (the pump site) located
somewhere above the hemes. The ion pair is thereafter renewed when the proton residing of
the propionate is moved to the arginine. Reduction of the binuclear center will reorientate
the water dipoles in the hydrophobic cavity so that a hydrogen-bonded link is formed
between Glu278 and the active site. Glu278, which have been reprotonated via the D-
pathway, will then donate a substrate proton to the binuclear center. As a consequence, the
proton at the A-propionate or the alternative pump site will be expelled to the P-side of the
membrane through electrostatic repulsion. A role for the A-propionate of heme az and
Arg473 in proton translocation by cytochrome ¢ oxidase has recently been supported by
several papers[178,180,181].
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5.3 The influence of water molecules on the open and closed state of the

Arg4d73/heme az A-propionate gate

More than 600 water molecules per second are produced at the active site of cytochrome c
oxidase during cataytic turnover. The exit of these product water molecules to the bulk
phase must be controlled in both time and space. Free diffusion of water could be
devastating for cytochrome ¢ oxidase by allowing uncontrolled proton leakage across the
membrane [63,65]. Both experimental and computational data have shown that the water
molecules produced at the binuclear center are fundamental for the proton-conducting
mechanism [70,85,87,151] (paper 1). The water molecules may aso be involved in the
regulation of different electron transfer steps within the enzyme [182]. The removal of
product water molecules is hence of key importance when the function of cytochrome ¢

oxidase is considered.

The exit of product water molecules to the P-side of the membrane occurs viathe Mg®* site,
which is located above the binuclear center [27]. EPR studies using labeled O, and D,O
have shown that the Mg?* site is in rapid equilibrium with the external water phase [30] as
well as with the binuclear center [102]. Most likely, the water molecules exit via a specific
pathway, although such a path leading from the binuclear center to the Mg?* site has not yet
been localized.

Our MD simulations revealed that the ion pair formed by Arg473 and the A-propionate of
heme a3 can function as a gate, which regulates proton access between the different sides of
the membrane (paper 111). In addition to this, the MD simulations shows that when an
additional water molecule is added to the cavity between the hemes (a total of five H,O
molecules) the gate opens and a water molecule located in the cavity can escape towards the
Mg?* site and from there on presumably towards the P-side of the membrane. Removal of
the crystallographically detected water molecules above the hemes also trigger opening of
the gate and allows a water molecule to exit the cavity. However, with no water molecules
present in the cavity, the Arg473/propionate gate remains shui.

As previously mentioned, dissociation of theion pair critically depends on the dipole
moment of the water molecules in the cavity, which is determined by the redox-state of the

hemes. An excess of water molecules in the cavity results however in opening of the
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Arg473/A-propionate gate that is not controlled by the redox state of the hemes. This
scenario is most unwanted, since opening of the gate in a state where heme a is oxidized and
the binuclear center is reduced, could lead to backleak of protons from the outside to the

binuclear center.

Mutation of Arg473 to a lysine results in an enzyme with proton pumping efficiency and
catalytic activity under steady-state conditions that is equal to WT enzyme [183]. In the
presence of a membrane potential the turnover activity of the R473K mutant decreases
substantially in comparison with WT. The low activity in the presence of an electrochemical
gradient can be interpreted as a decrease in the rate by which protons leak from the P-side of
the membrane to the binuclear center. Recent MD simulations indicate that exchange of
Arg473 to a lysine will increase the positive charge density around the A-propionate of
heme a3 [180]. A change in the electrostatic charge distribution can lead to a more tightly
shut arginine/propionate ion pair in the R473K mutant, which would explain the decrease in
proton |eakage from the P-side of the membrane.

The proton affinity of the group(s) that regulates proton backleak into cytochrome c
oxidase appears aso to be affected by the W164F mutation (paper 1V). The amplitude of
electric potential generated across the membrane when fully reduced WT cytochrome ¢
oxidase in vesicles reacts with O, is pH dependent. In alkaline conditions, a decrease in
amplitude is detected, which is not caused by an increase in the proton permeability of the
liposomes, and which is reversed when the pH is lowered. The decrease in generated
amplitude in high pH conditions in WT can be explained by leakage of protons from the P-
side of the membrane [183]. The pH dependence can be fitted to an apparent pK, of ~9.9.
Interestingly, the W164F mutant exhibits a different pH dependence of the generation of
electric potential from that of WT (paper 1V). In the mutant the decrease in the amplitude
of membrane potential appears already at a lower pH. The pH dependence for the W164F
mutant can be fitted to an apparent pK, of ~9.0. The result can be interpreted as a decrease
in the apparent proton affinity of the group(s) that regulates proton leakage from the P-side
of the membrane caused by the W164F mutation. The MD simulations in paper |11 showed
that the hydrogen bond between Trpl64 and the A-propionate of heme as is an important
factor that regulates the stability of the Arg473/A-propionate ion pair. We can therefore
speculate that opening of the Arg473/propionate gate occasionally allows leakage of protons
back to the binuclear center, especially at high pH conditions. A controlled backleak of

protons from the outside to the binuclear center has been proposed to regulate the efficiency
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of energy transduction by cytochrome c oxidase [183]. Our MD simulations indicate that the
proton leakage is ultimately controlled by the activity and presence of the water molecules
in the hydrophobic cavity between the hemes. In simulations where the water molecules in

the cavity were removed, the Arg473/propionate gate remained firmly shut.

5.4 The reprotonation rate of Glu278 is affected by the W164F mutation

Glu278 functions as the immediate proton donor to either the binuclear center or the pump
site six times during one catalytic turnover. Upon deprotonation Glu278 is normally quickly
reprotonated via the D-pathway. Certain mutations in the D-pathway, such as the D124N
mutation at the entrance of the channel, will however block proton transfer and ultimately
lead to slowed or inhibited reprotonation of Glu278 [136]. It has been shown that the partial
oxidation of Cup during Pr—F transition depends on proton uptake to Glu278 through the
D-pathway [88,135].

. . i : i - Figure 9. The flow-flash reaction of fully

Wit : 820 nm reduced WT and W164F cytochrome ¢
e ; oxidase with oxygen recorded at 820 nm,
which is the optima wavelength for
detection of oxidoreduction of Cus. The
traces are normalized to the total enzyme
concentration. The inset shows the
absorption changes that occur during the
R first 750 us after the enzyme has been
] allowed to react with O,.
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In paper 1V, the rate of oxidation of the Cua center in the W164F mutant was investigated
by time-resolved optical flow-flash and compared to WT cytochrome c oxidase. In WT, the
initial formation and decay of intermediate A is followed by a biphasic increase in
absorbance at 820 nm (Figure 9). The first phase (t ~50 us) corresponds to the partia
oxidation of Cup by heme a during the Pr—F transition, whereas the second (t ~1 ms)

corresponds to the final oxidation of Cua upon the complete oxidation of the enzyme. In the

41



W164F mutant (Figure 9), the fast electron equilibration between heme a and Cup was
absent and only a much slower Cua oxidation was detected (t ~3.5 ms).

A decrease in the rate of Cua oxidation in the W164F mutant was confirmed by flow-flash
measurements at 445 nm (paper 1V). At this wavelength, re-reduction of heme a by Cua is
observed in WT as a plateau in the absorption (t ~60us), whereas no corresponding phase of
heme a reduction was detected in the W164F mutant. A decrease in the rate of electron
transfer from Cua to heme a can be caused by a shift in the redox equilibrium between heme
a and Cup (however see below). The rate and extent of eT between the different redox
centers of cytochrome ¢ oxidase will depend on the relative midpoint potentials of these
centers. In W164F, electron backflow experiments together with an investigation of the rate
of CO recombination to the enzyme reveal that the E,, of heme ag has decreased by ~50 mV
compared to WT. Backflow experiments did not indicate any change in the E;, of neither
heme a nor Cua. We therefore interpret the effect of the W164F mutation on the rate of Cua
oxidation as a decrease in the rate whereby Glu278 is protonated via the D-pathway (paper
V). Such an effect could be expected if the mutated residue resided in the D-pathway
below Glu278. Trp164 is however located approximately 5 A to the P-side of Glu278. The
carboxylic side chain of Glu278 points down towards the entrance of the D-pathway in the
resolved X-ray structures. Both experimental and theoretical data have however implied that
the side chain rotates to an upward position in order to fast deliver protons for both
chemistry and pumping [70,85,92] (and see paper 1). In our opinion, the effect of the
W164F mutation on the reprotonation rate of Glu278 seems very unfeasible without rotation
of the side chain of Glu278. The benzoid ring of Phel64 is likely to take the same position
as the pyrrol ring of Trpl64. In doing so, additional space will appear near the upward
position of the carboxylic side chain of Glu278. Small structural rearrangements may also
appear in the area, as the enzyme adopts itself to a different amino acid composition.
Changes like these may affect the hydrogen-bonding environment around Glu278. Indeed,
comparison of the ATR FT-IR spectra of W164F and WT enzyme indicates that changes in
the environment around Glu278 have occurred (paper 1V). Most likely, Glu278 will favor a
different conformation in the W164F mutant from that in WT enzyme. In this conformation
Glu278 will not be in rapid contact with the D-pathway. These results indicate that the
reprotonation rate of Glu278 in cytochrome c oxidase is not only determined by the
availability of protons from the D-pathway. It also depends highly on the correct

conformation of Glu278.

42



5.5 The reaction of oxidized cytochrome ¢ oxidase with H,O,

The reaction between oxidized cytochrome c oxidase and H,O, produces intermedi ate states
of the binuclear center, which can be recognized by their characteristic absorption spectrum
[184-188]. When the reaction occurs at high pH (pH ~9) it results in the quick formation of
the Py intermediate (absorbing maximally around 609 nm), which thereafter decays into the
F intermediate (absorbing maximally around 580 nm). In low pH (pH ~6.5), a mixture of
the Py intermediate and an F-like intermediate is instantly formed, which eventualy decays
into the F intermediate. The relative extent of the two intermediates in the mixture is pH-
dependent and titrated with an apparent pK, of about 7 for WT cytochrome ¢ oxidase from
P. denitrificans (paper V). Previoudly, the corresponding phenomenon in the bovine
enzyme was described with an apparent pK, of 6.7-7.3 [184,189]. The F-like intermediate is
called F or F or dternatively “fast F” and has an absorption maxima around 575 nm. The F’
specie contains, on the contrary to the F intermediate, only two reducing equivaents in the
binuclear center and is hence isoelectronic with Py. The F* and Py intermediates are yet
likely to differ in their Cug ligation, which is assumed to be a water molecule in F* and a
hydroxidein Py.

When oxidized W164F enzyme is allowed to react with H,O, a substantial amount
of F" isformed also at high pH (pH 9.5) (paper V). The apparent pK, of the ratio between
the Py and F~ intermediates is approximately 2 pH units higher for W164F compared to
WT cytochrome ¢ oxidase from P. denitrificans. Konstantinov and co-workers have
reported that the pH dependence of the formation of Py and F~ is mediated from the N-side
of the membrane [189] and can be abolished by mutations in the K-pathway [185]. It was
shown that the reaction of the K354M mutant with H,O, at low pH produces solely the Py
intermediate [185]. To explain this observation, Pecoraro and co-workers proposed a
branched reaction scheme of the reaction between oxidized cytochrome ¢ oxidase and
hydrogen peroxide, where the Py and F"states are not in rapid equilibrium [185] (see aso
[184,190]). According to Pecoraro and co-workers, the reaction between oxidized enzyme
and hydrogen peroxide produces transiently a common “peroxy intermediate” (Po), from
which two competing pathways lead to formation of either Py or F". The rate constant for
formation of the F intermediate is dependent of pH. One prerequisite of their model is that
the observed pKj, of the Py/F" ratio is only apparent and is determined by the relative rates

of the two competing reactions. Several weak points however exist in this reaction scheme.
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Following the model of Pecoraro and co-workers, one has to assume that formation of Pg is
the rate-limiting step in the reaction. The formation of Py and F* must therefore be faster
that the maximum rate of ~50 s estimated for Po formation based on the observed
bimolecular reaction rate and the used H,O, concentration [184,185]. If we assume a rate of
100 s* for the formation of Py, the proton-dependent rate constant for formation of F* has
to be 10° M's? to give an apparent pKa. of ~7 for the relative amplitudes of Py and F’
formation. This appears quite fast for proton uptake through the K-pathway. Y et, splitting of
the dioxygen bond with the formation of the Py intermediate has a rate of more than 5000
s [119], which means that a rate of only 100 s™ for the formation of the Py stateis a clear
underestimate. To explain the observed 2 unit increase in pK, of the peroxide reaction in the
W164F mutant the rate of formation of Py would have to decrease 100 times due to the
mutation.

In paper 1V, we propose an dternative reaction model (paper 1V, scheme 2) where
the observed pK, is real and reflects the pH dependence of the protonation of peroxide
bound to heme a; (in the Po state). At the start of the reaction, H,O, binds to the binuclear
center, which is ligated by two OH™ groups, one bound to Fe,s>* and the other to Cug®*. A
transient Po intermediate is formed with the production of two water molecules and a
deprotonated peroxide bridge ligating the iron and copper. If the bound hydroperoxide has a
pKa of ~7, it may be protonated via the K-pathway at pH values < 7, resulting in a transient
pH-dependent mixture of peroxide and hydroperoxide bound to heme az. Upon breakage of
the peroxide O-O bond, the bound peroxide will form Py (with an OH" bound to Cug) and
the bound hydroperoxide will form F~ (with an H,O bound to Cug). Once heme az isin the
ferryl state, proton exchange between Py and F* is no longer possible, since both products
block the K-pathway [185]. In this scenario, the peroxide itself is the protonatable site that
determines the outcome of the reaction. We have shown that the W164F mutation lowers
the midpoint potential of heme as (paper 1V). It istherefore highly possible that the W164F
mutation causes an increase in of the pK, of the iron-hydroperoxide (Feas**-OOH) structure
by two pH units. As a result, the hydroperoxide ligand dominates and the F~ intermediate
will be formed at pH values well above 7.



5.6 Loading of the pump site in the A— Pk transition

The electrometric technique is a powerful tool for studying charge translocation across the
membrane in real time. In paper 1V, the generation of membrane potentia (AY) in the
reaction of fully reduced W164F oxidase with oxygen was studied and compared to WT.
The photo-dissociation of CO from the fully reduced WT cytochrome ¢ oxidase in the
presence of O,, leads to instant (t ~10 us) formation of the oxygen adduct, intermediate A,
followed by €T from heme a into the binuclear center, which breaks the O-O bond and
generates Pr (t ~20 ps). Theinitia steps R—A—Pgr have been considered electrically silent
and were assigned to the initial lag in the electrometic response [137]. A fast phase of
membrane potential generation develops thereafter (t ~50 us), which corresponds to the
optically recorded Pr—F transition. This step is electrogenically associated with the uptake
of a substrate proton into the binuclear center and the simultaneous eectron equilibration
between Cua and heme a. In addition, the Pr—F transition is coupled to pumping of one
proton across the membrane in WT enzyme. In the subsequent step, the F—O transition (t
~200 pus and t ~1.3 ms), afourth electron is delivered to the binuclear center, which together
with the arrival of a second substrate proton completes the oxygen chemistry. The F—O

transition is also linked to pumping of one proton across the membrane in WT enzyme.

Two interesting features are observed when the el ectrometric response of the W164F mutant
is compared to WT cytochrome ¢ oxidases (Figure 10). First, the fast phase of membrane
potential generation (t ~100 ps) account for only ~12% of the total AY in W164F. Thisisin
contrast to WT, where the generated electric potential is equally split between the Pr—F
and F—O reaction steps. Second, the initial lag appears to be shorter for the mutant than for
WT, corresponding to mean values of 12 and 30 us, respectively. The double mutant
D124N/W164F, in which the entrance of the D-pathway is blocked [82,83], has the same
electrometric feature as the W164F single mutation, i.e. only ~12% of the total AY is
generated in the fast electrometic phase. If a partial backleak of protons from the P-side of
the membrane would occur in the W164F mutant it would, in combination with the D124N
mutation, lower the amplitude of the fast phase further or even reverse its sign. The
observed decrease in amplitude of the fast phase of the W164F mutant is therefore real and
not an artifact of protonic leakage from the P-side of the membrane, which can occur at

alkaline pH (see chapter 5.3). The amplitude of the fast phase in W164F corresponds to the
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movement of one charge approximately 30% of the membrane dielectric (paper 1V). The
distance from the N-side of the membrane to the binuclear center corresponds to ~0.7 of the
membrane dielectric. This means that the amplitude of the fast phase of W164F cannot
account for the uptake of a substrate proton from the bulk solution to the binuclear center

nor be associated with proton pumping across the membrane.

Figure 10. The generation of electric potential
by WT and the W164F mutant after addition of
oxygen to the fully reduced enzyme. At the
start of the reaction, oxygen binds to the
enzyme forming compound A, which is
followed by splitting of the O-O bond and
formation of compound Pr. The first steps of
the reaction (R—A—PR) have previously been
attributed to the initial lag in the electrometric
trace. Electric potentia (AY) then develops in
three phases in WT. The first phase equals the
Pr—F transition (t ~50 ps) and constitutes
~50% of the total amplitude generated for WT
(=70 mV). The second two phases equal the
F—O transition in WT (t ~200 ps and ~1.3 ms)
and constitute together ~50% of total AW. In
W164F, the first phase corresponds to only
~12% of the total AY generated and has a time
time (ms) constant of ~100 ps. It is followed by two
slower phases with time constants of 5-7 ms
and 14-20 ms, which together constitute ~35
mV.

Ly (MY)

In order to determine the state of the binuclear center in each electrometric transition, time-
resolved optical flow-flash of the fully reduced oxidase with O, was used. Optica changes
at 580 nm are mainly associated with the appearance and decay of the ferryl intermediate F
[118], but aso reflect the kinetics of formation of intermediate A [191]. In the W164F
mutant, intermediate A appeared at 580 nm with roughly the same kinetics as in WT,
whereas the decay of A, which is normaly associated with formation of Pgr, was
approximately twice slower (paper 1V). In WT, a subsequent increase in absorbance at 580
nm was detected (t ~40 ps), which corresponds to the formation of the ferryl state of the
binuclear center. No corresponding phase was detectable in W164F with the time-resolution
of the flow-flash experiment. However, intermediate F eventually forms in the W164F
mutant, albeit on a much slower time scale (>5 ms), since the fina oxidation of the enzyme
together with the decay of F is detected optically with a slower flow-flash measurement.
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The opticaly detected decay of F in the W164F mutant (>5 ms) coincides with the
development of two slow phases (t ~5 ms and t ~20 ms) in electrometry, which are
associated with generation of Ay of the same magnitude as in the F—O transition of WT.
The slow phases of electric potential generation in W164F are likely to comprise many
electrogenic events, i.e. a) the uptake of two substrate protons to the binuclear center, one
for formation of the F state and one for F—O transition, b) electron transfer from Cua to

heme a and c) uptake of proton(s) that are pumped across the membrane.

The results from the optical and electrometrical flow-flash experiments appear at first sight
inexplicable. The fast phase of electric potential generation in the W164F mutant (in WT
corresponding to Pr—F transition) is only twice slower than WT. Yet, optically no F
intermediate develops with the same kinetics. The logical conclusion is that the small fast
electrometric phase does not include formation of the F intermediate, but reflects another
vectorial charge translocation in the W164F enzyme. In WT, the amplitude of the fast phase
(Pr—F transition) includes a small contribution from the partial €T between Cua and heme
a. The electron equilibration between Cu, and heme a is dramatically slowed in the W164F
mutant (Figure 9) and would not attribute to the fast electrometic response. In the fast
optical flow-flash measurement, formation of the F state was not detected in the W164F
mutant during the time-resolution of the experiment. This means that the fast electrometric
phase in W164F precedes by far the formation of intermediate F in W164F. Part of the
explanation for the decrease in amplitude is hence alack of proton uptake into the binuclear
center for the formation of F. Nevertheless, the origin of the small fast amplitude is W164F
cannot be explained by this observation.

As previously mentioned, there is a large separation in time between the fast electrometric
phase of W164F and the opticaly detected transition of P state to F. Moreover, the initia
lag phase of membrane potential generation in W164F is shorter than in WT. When this is
considered, the kinetics of the development of the initial amplitude in the W164F mutant
actually coincides with the first step of the catalytic reaction in WT, the A—Px transition.
Pr formation is associated with transfer of an electron from heme a to the binuclear
center. This eT occurs in the plane of the membrane and does not contribute to the
generation of membrane potential. Only electrons and protons that move perpendicular to
the membrane will give rise to an electrometrically detectable signal. Since the oxidation of

Cu, in W164F has a time constant of milliseconds, it is safe to assume that no electron
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transfer events occurs perpendicular to the membrane during the fast electrometric phase.
Instead, the amplitude must originate from a vectorial proton transfer, which occurs
simultaneously with the eT from heme a to heme a;. A likely proton donor could be
Glu278, which is known to be involved in the transfer of both chemical and pumped protons
many times during enzyme turnover. The target of the proton transfer cannot be the
binuclear center. Proton delivery to the active site would immediately yield the F
intermediate, but according to our data, F is formed on a much slower time scale in the
mutant. The observed amplitude (equivalent to ~30% of the membrane dielectric) is
moreover too large to account for proton movement from Glu278 to the binuclear center,
which lay close to each other with respect to the membrane dielectric. We propose therefore
that the origin of the fast amplitude in W164F is a vectorial proton movement from Glu278
to a pump site at or above the heme propionates and that this proton movement occurs

simultaneously with the A—Pg transition of the cataytic cycle.

If the proton transfer that we see in the W164F mutant is associated with loading of the
pump site in the A—Pg transition, it should also occur in the wild-type enzyme. In WT,
such an event may be undetectable during normal experimental conditions due to the large
electrometric response of the Pgr—F transition. However, it could be revealed when
formation of the F state is dramatically slowed, as in the W164F mutant. Recently, Belevich
and co-workers [192] studied the generation of electric potential in WT cytochrome ¢
oxidase at akaline conditions, were the Pr—F and F—O transitions are slowed down
[178]. They noticed an acceleration of the rate of the fast electrometric phase and a
shortening of the initial lag, similar to our results with the W164F mutant. A comparison
with optical datarevealed that the fast electrometric phase develops simultaneously with the
optically recorded A—Pr transition, which occurs when the electron at heme a is
transferred to the binuclear center. A previous study has shown that the reaction between
mixed-valence cytochrome c oxidase (where heme a and Cua are oxidized) and O, does not
generate a membrane potential [137]. We can therefore conclude that the fast electric
amplitude generated in the W164F mutant, as well as in wild-type at high pH, is a result of
proton transfer from Glu278 to a proton acceptor above the hemes, and that this proton-

transfer iskinetically linked to electron transfer into the binuclear center.
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5.7 A possible mechanism for redox-linked proton transfer

A molecular mechanism of proton translocation by cytochrome ¢ oxidase can be proposed
based on the work presented in this thesis in combination with recent results from the
Helsinki Bioenergetics group (paper 111, paper 1V and [113,151,192]). The model, which
is schematically presented in Figure 11 relies heavily on the unique properties of water
molecules enclosed in hydrophobic cavities, such as the ones located between heme a and
the binuclear center. The proton pumping is initiated by loading of the pump site with a
proton, which enables the simultaneous electron transfer from heme a to the active site. Full
reduction of oxygen to water involves the step-wise transfer of four electrons to the
binuclear center. Each of these electron transfer steps are linked to proton pumping across
the membrane, which presumably occurs by the same mechanism four times during one
catalytic turnover. The details of the proposed mechanism are presented below, and are for

simplicity divided into different steps:

A. An electron isinitialy transferred from Cua to heme a. The reduction of heme a
raises the pK, of the pump site that is located presumably somewhere in the vicinity of heme
asz. The additional negative charge at heme a affects moreover the dipoles of the putative
water molecules in the cavity between heme a and the binuclear center. The water
molecules reorient themselves as a consequence of the electric field and form a hydrogen-
bonded water chain that connects Glu278 with the A-propionate of heme az. The strong salt
bridge between the A-propionate and Arg473 is weakened by the influence of the water
chain and dissociates. The result is an increase in the pK, of the propionate that attracts a
proton from Glu278. The arriving proton can either stay on the propionate or alternatively

be further transferred to a pump site somewhere close.
B. The additional positive charge (the proton) at or near the propionate raises the

electron affinity (Eq) of heme ag/Cug, after which the electron located at heme a is quickly

transferred to the binuclear center.
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C. Glu278 is reprotonated from the bulk via the D-pathway. The change in the
orientation of the electric field between heme a and the binuclear center is sensed by the
water molecules in the cavity, which reorient themselves and form a hydrogen-bonded chain
that extend towards the active site. A proton can thereafter be transferred from Glu278 to

the active site.

D. Glu278 is again reprotonated from the D-pathway. This proton uptake together
with the neutralization of the negative charge at the binuclear center with the arrival of a
substrate proton in the previous step ultimately repels electrostatically the preloaded
pumped proton located at or near the heme az A-propionate towards the P-side of the

membrane.

Heme as/Cug

—<'f' D124

Figure 11. A schematic presentation of the proposed proton pumping mechanism. Electron transfer from heme
a to the binuclear center is linked to proton transfer from E278, via water molecules, to a pump site located at
or near the A-propionate of heme a; (A). Arg473 and the heme a; A-propionate form together a gate, which
regulates the access of protons to the P-side of the membrane. When the electron reaches the catalytic site it
reverses the electric field between heme a and heme as/Cuz (B). The inverted field is sensed by the water
molecules, which are located in the hydrophobic cavity close by. Rearrangement of the water dipoles then
allows a proton to be transferred from Glu278 to the catalytic site (C). Upon its deprotonation, Glu278 is
rapidly reprotonated via the D-pathway. The reprotonation of Glu278 after transfer of a substrate proton to the
binuclear center expels the pumped proton to the P-side of the membrane (D).
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5.7.1. The presented mechanism in relation to existing experimental data

In the above presented mechanism of proton transfer the pumped proton is transferred to the
pump site concurrently with the transfer of an electron from heme a to the active site. It has
been argued, that this type of mechanism cannot account for proton pumping in the Pr—F
transition of the catalytic cycle, since the Pr—F transition is not coupled to eT to the
binuclear center, which occurs aready in the preceding A—Pg transition. Our study of the
generation of membrane potential in the W164F mutation revealed however a previously
undetected electrogenic event, which became visible due to the slow formation of the ferryl
state in the W164F mutant. This electrogenic event, which occurs kinetically simultaneous
with the optically detected A—Pr transition, was identified as loading of the pump site with
a proton (paper V). The corresponding phase of charge transfer goes undetectable in WT
cytochrome c oxidase, due to the large generation of membrane potential in the subsequent
Pr—F transition [192]. But, in the W164F mutant, as well asin WT at high pH and in the
D124N mutant, a small electrometic phase becomes visible, which corresponds to transfer
of a charge about 30% of the membrane dielectric. This phase is absent in the Glu278 to
glutamine mutant, and may thus represent proton transfer from Glu278 to the A-propionate
of heme az [192]. The discovery of this elementary step of the proton pumping machinery
shows that a common proton pumping mechanism can be applied to all proton-transferring
steps of the catalytic cycle, including the Pr—F transition, since a proton is already present
at the pump site at the onset of the transition.

During the reductive phase of the catalytic cycle two substrate protons are taken up
to the binuclear center via the K-pathway [79,80,90]. This observation is fully compatible
with our model of proton pumping. In the model, electron arrival at heme a results in the
formation of a hydrogen-bonded water chain that connects Glu278 to the A-propionate of
heme a3 and allows proton transfer via a Grotthuss-type of mechanism. Next, the electron is
transferred to the active site, after which the arrival of a substrate proton to the active site
and the reprotonation of Glu278 expels the proton at the pump site. According to the model,
all pumped protons are donated from Glu278 and the D-pathway, whereas the substrate
protons can optionally be transferred via the D- or the K-pathway.

Mutation of amino acid residues in the D-pathway may create mutants, which lose
their ability to trandlocate protons across the membrane, but sustain varying degrees of O,
consumption activity. The D124N mutation for example severely impair catalytic activity
and abolishes proton pumping [82,83]. The catalytic cycle of D124N halts at the F
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intermediate, since proton uptake through the D-pathway from the bulk is blocked. In the
recent electrometric study by Belevich and co-workers, a fast phase of membrane potential
generation was observed in the D124N mutant, equivalent to the one detected at pH 10.5 for
WT enzyme. The electrogenic phase was interpreted as proton transfer to the pump site
located close to the A-propionate of heme az [192]. According to this interpretation, a proton
is initially transferred to the pump site aso in the non-pumping D124N mutant. However,
since additional protons are not available, this proton is transferred to the binuclear center
and used for water formation. The lifetime of the protonated pump site in D124N is
presumably very short, since experimental data indicate that the Pr—F transition of the
D124N mutant occurs with the same rate as for WT [136]. The protonation state of the heme
ag A-propionate has been shown to influence the rate of €T from heme a to the binuclear
center [178]. A transient protonation of the A-propionate of heme az in D124N would hence
insure fast eT from heme a to the active site.

Another example of a mutant in the D-pathway, which has lost its ability to
tranglocate protons across the membrane is the N131D mutant [193-195]. Quite contrary to
the D124N mutation, the N131D mutation yields an enzyme with higher O, consumption
activity than WT. The high turnover activity of the N131D mutant does not necessarily
mean that the mutation has not affect the rate whereby protons are transferred through the
D-pathway. Another interpretation of the observed phenomenon may be that the N131D
mutation has affected the rate (increased) of a limiting step during catalytic turnover, for
example by un-coupling proton translocation from the chemical reaction. It is conceivable
that a proton is initialy transferred to the pump site also in N131D, where after it is
instantly re-routed to the active site, due to a for instance a slowed down reprotonation of
Glu278. In the N131D mutant, the Pr—F transition shows WT transition rates, while the
rate of the F—O transition is increased compared to WT enzyme [194]. We have shown
that loading of the pump site occurs aready during A—Pr transition, which may be why
un-coupling of proton pumping from oxygen reduction does not affect the rate of Pr—F
transition in the N131D mutant. However, if the proton pumping is abolished in the
subsequent step, upon O formation, it can lead to an increased F—O transition rate, even

though the rate of proton transfer viathe D-pathway may be affected by the mutation.
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5.7.2 Is the proton pumping mechanism common to all heme-copper oxidases?

It is appealing to think that the mechanism by which protons are pumped across the
membrane would be common to all heme-copper oxidases. The thought of a general
pumping mechanism is not far fetched considering that the genes encoding the heme-copper
oxidases have evolved from the same ancestor. The structural homology between the
mitochondrial-like cytochrome ¢ oxidases and the more distantly related heme-copper
oxidases, such as the bag oxidase from T. thermophilus and the aa; quinol oxidase from A.
ambivalens is however poor (discussed in chapter 5.1.1). A common pumping mechanism
would consequently have to be independent from protein structure and involve other
elements, such as water molecules. The importance of structurally conserved water
molecules in proton transfer has recently been discussed by Sharpe and co-workers [174].
Their comparison of the existing 3D structures of heme-copper oxidases revealed that
although only one amino acid residue from the D-pathway of the R. sphaeroides aa; oxidase
is preserved in the T. thermophilus bas oxidase, both oxidases contain similar water
formations. An important role of water molecules in proton translocation is supported by
our results in paper | and I, were we showed that different structural motifs maintain
proton translocation in cytochrome ¢ oxidase by providing the scaffold for formation of a
hydrogen-bonded water chain through which fast proton conduction can occur.

It is not unrealistic that the mechanism of proton transfer outlined in chapter 5.7 may
be generally applied to all heme-copper oxidases. The common structural feature of this
super family is a low-spin heme, a high-spin heme and a copper ion located close to each
other (see chapter 1.2). The near proximity of the redox centersin the heme-copper oxidases
insures fast electron delivery to the binuclear center, but may also be a criterion for redox-
linked proton translocation. In addition to the six histidine residues that ligate the redox
centers, only three amino acid residues seem to be totally conserved in subunit | of the
heme-copper oxidases [7]. Among these three residues are Arg474, which forms hydrogen
bonds to both propionates of heme a, but not Arg473, which forms a tight ion bond with the
A-propionate of heme as. Arg473 is however totally conserved amongst al other heme-
copper oxidases, but the cbbs oxidases. The presence or absence of an arginine in the cbbs
oxidases that corresponds to Arg473 in cytochrome ¢ oxidase from P. denitrificans may
perhaps be rethought by alternative sequence alignments. A mutational study targeted at
Arg473 have indicated that proton pumping by cytochrome c oxidase is sustained as long as

the A-propionate of heme ag receives a hydrogen bond from the surrounding protein [91]. A
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recent homology model of the cbbs oxidase from R. sphaeroides implies that alysine and a
tryptophan residue are in hydrogen bonding distance of the high-spin heme [196].

A key role for water molecules in the proton pumping of the heme-copper oxidases
is supported by the structure of the bag oxidase from T. thermophilus, where one of the
proposed proton pathways ends at an internal cavity close to the binuclear center [166]. The
cavity contains structurally detected water molecules, which may take part in proton
transfer. Whether similar structural features are present in other heme-copper oxidase
remain to be seen with the appearance of x-ray structure of other non-canonical oxidases,

hopefully in the near future.
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6. SUMMARY

This thesis is focused on three important aspects of the redox-linked proton transfer by
cytochrome ¢ oxidase, namely a) the gating mechanism, whereby proton access to the
different sides of the membrane is regulated, b) the role of water molecules and the
conserved Glu278 in proton conduction, and c) the timing of proton transfer to the pump
site, located somewhere in the vicinity of the heme as.

Theoretical calculations in combination with experimental data presented here
pinpointed the salt bride formed by the Arg473/heme az A-propionate pair as a possible gate
that regulates proton access to the positively charged side of the membrane. Opening of the
gate is determined by the redox-state between heme a and the binuclear center and occurs
when the dipole moment of the water molecules in the cavity points towards the propionate
of heme az. Dissociation of the Arg473/A-propionate pair is dependent on the hydrogen
bond between the A-propionate and Trp164, but will not occur without the presence of water
molecules in the cavity. In addition, the electrometric measurements with the W164F
mutant revealed a new, undetected step in the proton pumping mechanism of cytochrome c
oxidase, i.e. loading of the pump site, located at or near the A-propionate of heme ag, in the
A—Pg transition of the catalytic cycle.

Glu278, an invariant amino acid among the mitochondrial-like cytochrome c
oxidases, was shown to be dispensable for proton translocation, when other structura
solutions were present that could support a long, hydrogen-bonded chain of water through
which proton transfer by a Grotthuss-type of mechanism can occur.

Finally, a possible mechanism of proton transfer across the membrane was presented
in which proton transfer isinitiated by the protonation of the pump site and the simultaneous
electron transfer between heme a and heme as. It was speculated that a common proton
pumping mechanism could be applied to al heme-copper oxidases and that the mechanism
could be similar to the one presented in this thesis. A common proton pumping mechanism
is very likely to involve structural water molecules, since the protein structure of different

heme-copper oxidases can vary substantially.
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