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Activation of O, and NO in heme-copper
oxidases — mechanistic insights from
computational modelling

Margareta R. A. Blomberg

Heme-copper oxidases are transmembrane enzymes involved in aerobic and anaerobic respiration. The
largest subgroup contains the cytochrome ¢ oxidases (CcO), which reduce molecular oxygen to water.
A significant part of the free energy released in this exergonic process is conserved as an
electrochemical gradient across the membrane, via two processes, electrogenic chemistry and proton
pumping. A deviant subgroup is the cytochrome ¢ dependent NO reductases (cNOR), which reduce
nitric oxide to nitrous oxide and water. This is also an exergonic reaction, but in this case none of the
released free energy is conserved. Computational studies applying hybrid density functional theory to
cluster models of the bimetallic active sites in the heme-copper oxidases are reviewed. To obtain a
reliable description of the reaction mechanisms, energy profiles of the entire catalytic cycles, including
the reduction steps have to be constructed. This requires a careful combination of computational results
with certain experimental data. Computational studies have elucidated mechanistic details of the
chemical parts of the reactions, involving cleavage and formation of covalent bonds, which have not
been obtainable from pure experimental investigations. Important insights regarding the mechanisms of
energy conservation have also been gained. The computational studies show that the reduction
potentials of the active site cofactors in the CcOs are large enough to afford electrogenic chemistry and
proton pumping, i.e. efficient energy conservation. These results solve a conflict between different types
of experimental data. A mechanism for the proton pumping, involving a specific and crucial role for the
active site tyrosine, conserved in all CcOs, is suggested. For the cNORs, the calculations show that the
low reduction potentials of the active site cofactors are optimized for fast elimination of the toxic NO
molecules. At the same time, the low reduction potentials lead to endergonic reduction steps with high
barriers. To prevent even higher barriers, which would lead to a too slow reaction, when the electrochemical
gradient across the membrane is present, the chemistry must occur in a non-electrogenic manner. This
explains why there is no energy conservation in cNOR.

The NORs are found in denitrifying bacteria and reduce
nitric oxide to nitrous oxide as one of the steps in the nitrogen

An important group of enzymes involved in cellular energy
conservation is the superfamily of heme-copper oxidases. The
superfamily is defined by amino acid sequence homology in a
core subunit, and it contains both cytochrome c oxidases (CcO)
and the divergent nitric oxide reductases (NOR)." The CcOs are
found in mitochondria and bacteria, and use electrons from
soluble cytochrome ¢ to reduce molecular oxygen to water as
the last step in the respiratory chain in aerobic organisms
according to eqn (1):

0, +4H" + deeye — 2H,0 (1)
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cycle. The best characterized NORs use electrons from soluble
cytochrome ¢ (¢NOR), with a reduction reaction described in

eqn (2):

2NO + 2H' + 2ecye” — N,O + H,0 (2)

One of the most intriguing issues in the field of bioenergetics
concerns when and how the free energy released in exergonic
reactions is conserved, to be used at a later stage by the
organisms. The overall exergonicities of the reduction processes
described above are determined by the difference in reduction
potential (midpoint potential) between the electron donor, soluble
cytochrome ¢, and the electron acceptor, molecular oxygen or nitric
oxide. The reduction potential of soluble cytochrome ¢ is 0.25 V,
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Fig. 1 Overview of the overall main reactions in CcO (left, showing the
situation in the A family) and cNOR (right), with the binuclear active site
(BNC) and the other redox-active cofactors indicated. The electron and
proton uptake to the BNC is indicated with arrows, as well as the proton
pumping across the membrane in CcO. The figure is reprinted from ref. 12.
Copyright (2018), with permission from Elsevier.

the potential for the reduction of molecular oxygen to water is 0.8 V
(per electron) and the reduction of nitric oxide to nitrous oxide and
water has a potential of 1.177 V (per electron). This means that
both reactions are quite exergonic, eqn (1) by 50.7 kcal mol "
(2:2 V), and eqn (2) by 42.8 keal mol ™" (1.854 V). A significant part
of the free energy in the oxygen reduction process is conserved as
an electrochemical gradient across the mitochondrial or bacterial
membrane, in which the CcO enzymes are located.” The gradient
is used by the enzyme ATP-synthase to make ATP, the energy
currency of the cell. In contrast, it has been found that none of
the free energy is conserved in the reduction of nitric oxide
taking place in the bacterial membrane.®*> An interesting
observation is that in some of the heme-copper oxidases there
is a cross-reactivity, which means that they can reduce both
substrates, O, and NO.*™*

In Fig. 1 an overview is given of the two types of heme-copper
oxidases to be discussed in the present review, CcO and ¢NOR.
The active site, where the reduction chemistry takes place,
is similar in all heme-copper oxidases, and it is referred to
as the binuclear center (BNC). The BNC is composed of two
redox-active metal ions: a high-spin heme iron and a non-heme
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Fig. 2 Sketch of the redox-active cofactors in the BNC active sites of the
heme-copper oxidase subfamilies, indicating the type of high-spin heme
group (az or bs) and the type of non-heme metal (Cug or Feg) in each
subfamily. The tyrosine in the CcOs is cross-linked to one of the histidine
ligands on Cug. The A, B and C families are denoted by the CcO subindices.

metal. The CcOs have a copper ion as the non-heme metal, Cug,
and in the ¢tNORs the copper ion is replaced by a non-heme
iron, Feg, see Fig. 1 and 2. The reduced soluble cytochrome c,
located on the positive side of the membrane, delivers the
electrons to the BNC via a number of cofactors, which are
Cu-complexes and/or low-spin heme groups. Regarding the
protons needed for the chemistry there is an important difference
between the types of heme-copper oxidases. In the CcOs the
chemical protons are taken from the opposite side of the membrane,
compared to the electrons, the negative side, which means that the
chemical process corresponds to a charge separation across the
membrane, referred to as an electrogenic reaction. In the cNORs, on
the other hand, the protons are taken from the same side of the
membrane as the electrons, the positive side, the chemistry is
non-electrogenic. In the CcOs there is also a second process that
contribute to the charge separation, the chemistry is coupled to
a translocation of protons across the entire membrane, referred
to as proton pumping.? Thus, in the CcOs there are two processes
contributing to the energy conservation in terms of building up
an electrochemical gradient across the membrane, electrogenic
chemistry and proton pumping. In the ¢tNORs there is neither
electrogenic chemistry nor proton pumping, i.e. no energy conserva-
tion, compare Fig. 1. The most essential questions concerning the
heme-copper oxidases include how the proton pumping is achieved,
i.e. how one electron can trigger the uptake of two protons, but also
why there is no energy conservation in the cNOR enzymes.

A large amount of knowledge about the structure and function
of the heme-copper oxidases has been obtained from experimental
investigations, both for the CcOs“*™'® and the ¢NORs.'”™*°
However, many questions regarding the details of the reaction
mechanisms and the energetics of particular reaction steps are
better answered by computational studies, or rather by a combi-
nation of experimental and computational data. Quantum
mechanical calculations (using hybrid density functional theory)
on cluster models of the BNC active site in the heme-copper
oxidases are well suited for investigation of the mechanisms for
cleavage or formation of covalent bonds, the structure of different
intermediates and the energetics of individual steps in the
catalytic cycles, but also certain aspects of the mechanisms for
the coupling between electron and proton transfer. In this review,
results from such studies will be discussed. The purpose is to
illustrate how quantum chemical studies can contribute to a
better understanding of this family of enzymes.

This journal is © The Royal Society of Chemistry 2020
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The discussion about the heme-copper oxidases is divided in
five main sections. A short description of the quantum chemical
methodology is given in the first section. In the second section
different aspects of the oxygen reduction reaction in the CcOs
are presented, and in the third section the reduction of nitric
oxide in the cNORs is discussed. In the fourth section results for
the cross reactions are presented, and finally in the last section
the main conclusions are summarized.

2. Methods and models

In the present review mechanistic insights regarding the heme-
copper oxidase family of enzymes gained from density functional
theory (DFT) cluster calculations are presented. In the cluster
approach to enzyme modeling a limited number of atoms are
selected from the enzyme to represent the active site, using
available crystal structures. All atoms in the selected cluster are
treated quantum mechanically at the highest possible level.
Cluster models of the heme-copper oxidases contain the two
metal complexes with coordinated amino acids constituting the
BNC active site, plus occasionally a few nearby amino acids,
which means 150-200 atoms. For this size of the cluster model,
density functional theory is the only possible choice. In recent
years the accuracy of density functional theory methods have
developed to a stage where the accuracy in relative energies in
most cases is good enough, also for transition metal systems. In
particular the introduction of fractions of exact exchange was a
major improvement, resulting in so-called hybrid density func-
tional methods.>® As shown in a recent review the hybrid DFT
cluster approach is the most common methodology used to study
reaction mechanisms of redox-active metalloenzymes.>"

The cluster approach implies that the protein surrounding
the chosen model is not described at an atomistic level. With
the large cluster models that are possible to use today, the
major effects from the omitted protein are normally of steric
and electrostatic character. Those effects are still described in
the cluster approach, but in a simplified way. The steric effects
are taken into account by fixing the coordinates of some atoms
near the truncations to their positions in the crystal structure, a
procedure that has been tested carefully for a large number of
cases.”” Polarization effects from the surrounding protein on the
calculated relative energies, also referred to as solvent effects, are
obtained using the self-consistent reaction field method. The
dielectric constant is set to 4.0.>> For relative energies between
intermediates with the same charge it has been found that the
solvent effects usually are small, and therefore the choice of
dielectric constant is not very crucial.

Furthermore, zero-point corrections are obtained from the
calculated Hessians, using the harmonic approximation. The
fixation of certain atomic coordinates during the geometry
optimization prevents calculating accurate entropy effects from
the Hessians. However, by projecting out the frequencies
corresponding to the fixed coordinates it is possible to obtain
approximate estimates of the entropy difference between different
intermediate structures. In most cases the entropy effects on
relative energies are found to be small, and can therefore often
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be neglected. The exception is for small molecules (like O, and
NO) entering or leaving the active site of the enzyme, which leads
to large changes in entropy, and which can be approximated by the
translational entropy of the free molecule in gas phase (on the
order of 10 kcal mol™* at room temperature). It is also a general
experience that computational studies using the cluster
approach yield total free energies that agree better with experi-
ments, as compared to the partitioning into enthalpy and entropy
contributions. The reason for this is possibly that the source for
this partitioning is not always located in the active site.”"***>

The DFT functional most used in studies of metalloenzymes
is the B3LYP functional by Becke.” It is a hybrid functional,
which in addition to the normal exchange-correlation part of DFT
functionals, contains a fraction (20%) of exact exchange. It has been
found that a decrease of the fraction of exact exchange to 15% often
improves the redox energies,*® generating the B3LYP* notation. A
recent study varying the amount of exact exchange indicates that the
B3LYP* functional describes the heme-copper oxidases most
accurately.”” An important improvement of the DFT methodology
made it possible to include also dispersion effects in a simple way
for the energies, giving rise to functionals like B3LYP-D3.>®

To obtain an energy diagram for the full catalytic cycle of the
reduction processes in the heme-copper oxidases, the energetics
of the reduction steps has to be calculated, which means that
the energy cost of the electron and proton uptake from the
donors has to be estimated. Since calculated absolute reduction
potentials would not be accurate enough, a procedure has been
developed where the overall exergonicity of one catalytic cycle
as obtained from the experimental reduction potentials is
reproduced.” > The energy cost of each reduction step (transfer
of one electron from cytochrome ¢ and one proton from the bulk)
is set to a value which, in combination with the free energy for the
chemistry occurring in the reduction process, reproduces the
experimental overall exergonicity. With this procedure the rela-
tive energies for each of the reduction steps in the catalytic cycle
can be obtained, in combination with the calculated energies of
the different intermediates. If the individual energy costs for
the electron and the proton are needed, a parameter can be
introduced, chosen to fit some other experimental information
about the reduction process, apart from the overall energy.

As mentioned above, the accuracy of results from the B3LYP-
type of hybrid functionals is high enough for the description of
most transition metal containing enzyme active sites. However,
there are a few well known cases for which an independent
theoretical description of the energetics is not possible, because
the accuracy is not high enough. A carefully combination of the
calculated results with experimental information is therefore
needed. One such case concerns certain properties of heme-
groups, which are known not to be accurately reproduced by
DFT, e.g. state-splittings.**® In line with this experience, it has
been found that the reduction potential of the ferric heme
comes out significantly too small in the DFT calculations on
both CcO and ¢cNOR.***” Therefore a correction (about 9 kecal mol %)
has been introduced for the Fe(m)OH to Fe(u)OH, reduction
potential in the more recent studies on both CcO and ¢NOR
reactions, to obtain an overall description that agrees with

Chem. Soc. Rev., 2020, 49, 7301-7330 | 7303
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Fig. 3 Models of the BNC active sites in as (A and B family) and cbbs (C family) oxidases, respectively. For the az model the optimized structure of the I,
state is shown, and for the cbbz model the optimized structure of the Py, state is shown.>®

experimental information. Notably, the calculations reproduce
the difference between CcO and ¢NOR for this reduction
potential, which means that the same correction works for both
systems. Obviously, when the ferrous heme iron is oxidized, i.e.
when the hyponitrite is formed in ¢NOR and the superoxide in
CcO, a corresponding (but opposite) correction has to be applied.

Examples of models of the BNC active site in the heme-
copper oxidases used in hybrid DFT cluster calculations are
shown in Fig. 3 and 4. Fig. 3 shows a model of the BNC in the A
family CcOs based on the X-ray coordinates for the Rhodobacter
sphaeroides aa; CcO,*® and a model of the C family CcOs based
on the X-ray coordinates for the Pseudomonas strutzeri cbbs
Cc0.*® Fig. 4 shows a model of the BNC in ¢NOR based on
the crystal structure from Pseudomonas (Ps) aeruginosa.”® All
models include the high-spin heme as/b; group, the non-heme
metal, Cug or Feg, plus four histidines, one coordinated to the
high-spin heme and three coordinated to the non-heme metal.
The CcO models include the redox-active tyrosine residue that
is cross-linked to one of the histidine ligands on Cug. The cNOR
model includes a glutamate coordinated to Feg plus another
glutamic acid hydrogen bonding to the glutamate. For the C
family CcO model, the negatively charged glutamate, which is
hydrogen bonding to the proximal histidine is included. To
avoid artificial effects from a negative group on the border of
the model, a tryptophan that is also hydrogen bonding to the
glutamate, is included as well. The number of substituents kept
on the high-spin heme varies between models used in different
applications. The models shown in Fig. 3 and 4 include all
substituents, except the propionate groups plus the long tail of
the farnesyl group on heme a;. The models described so far
correspond to basic requirements for modeling the BNC active
site in the heme-copper oxidases.
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Fig. 4 Model of the BNC active site in cNOR showing the cis:bs hypo-
nitrite intermediate.

In certain applications it has been found that a conserved
valine near the active site in the CcO plays a role for the reaction
energetics, therefore a valine is included in all models shown in

This journal is © The Royal Society of Chemistry 2020
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the figures. The coordinates of a few atoms near the truncations
are fixed from the crystal structures during optimization of the
geometries of the different intermediates. The fixed atoms are
typically the alpha carbons on all amino acids, together with
the hydrogen atoms replacing the peptide bonds. The proximal
histidine in the C family CcO model is an exception. Since the
position of this histidine is fixed by its hydrogen bonding to the
glutamate, no coordinates are fixed. To make the CcO model for
the A family more equivalent to the C family model, a glycine
hydrogen bonding to the proximal histidine was included in
some cases, as shown in Fig. 3, such that the proximal histidine
coordinates could be left unfixed also in the A family model.
Finally, if proton transfer within the active site is studied, one
or more water molecules must be added. The basic models
shown in the figures contain no water molecules (apart from
those formed during the reactions), since the number and
positions of water molecules within the active site are uncertain
and difficult to determine with the methods described here.

The purpose of the present review is to demonstrate that the
computational approach described here can produce interesting
and reliable information about complicated enzymatic reaction
mechanisms. As pointed out in several places, above and below,
there are still uncertainties in the obtained results. Clearly, limita-
tions in both the models and the methods used may create
inaccuracies in the results. The limitations in the models mainly
affect which types of questions that can be attacked. As long as the
chemistry occurring in the active site of an enzyme is studied, the
cluster approach, omitting large parts of the protein, is expected to
give reliable results. With the presently available computational
tools, large enough cluster models can be handled, ensuring that
all amino acids affecting the energetics of the chemistry can be
included in the model. The limitations in the accuracy of the
methods used also affect which problems can be approached,
mainly meaning that very small energy differences can normally
not be expected to be reproduced by the calculations. As discussed
above, recent improvements of the DFT methods, mainly inclusion
of fractions of exact exchange and dispersion, have increased the
accuracy in calculated relative energies, such that differences in
calculated barrier heights on the order of 5-10 kecal mol™* can be
considered as quite safe for judging which mechanism is the most
likely one. In this context it is important to note that different DFT
functionals may give very different relative energies. However, a
consistent application of the same functional in a large number of
studies, together with a systematic variation of single parameters
within the same type of functional, provide a possibility to assess the
accuracy of the calculated relative energies. A careful combination
with experimental data can then be used to correct for inevitable
errors in the calculated results.

3. Oxygen reduction in cytochrome ¢
oxidases

The oxygen reducing heme-copper oxidases can be classified in
three main subfamilies, A, B and C. The subfamilies differ in
structural details, such as the number and type of proton

This journal is © The Royal Society of Chemistry 2020
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channels, but also in the number and type of electron transfer
cofactors.*’** The A family includes mitochondrial and bacter-
ial cytochrome ¢ oxidases (CcOs) and the quinol reducing
oxidases (such as boj). The A family CcOs is the largest of the
CcO subfamilies, and also the most studied, both experimentally
and computationally. The most investigated member of the
B-family is the ba; CcO from Thermus thermophilus. The C-family
is represented by the chb; oxidases, which are the most distant and
least understood CcOs.

The BNC active site of all CcOs comprise a high-spin heme
group, a copper complex, which is referred to as Cug, and there
is also a redox-active tyrosine, which is cross-linked to one of
the Cugp histidine ligands, see Fig. 2. The reduced soluble
cytochrome c is located on the positive side of the membrane,
and it delivers the electrons one by one to the BNC via a set of
cofactors, which are low-spin heme groups and/or Cu-complexes.
For an overview see Fig. 1. The protons needed for the chemistry
are transferred via one or two proton channels from bulk water
on the negative side of the membrane to the BNC. The A and B
family CcOs have a high-spin heme a; in the BNC (Fig. 2), and the
structure of the active site is very similar in these two families, as
shown by the different crystal structures. The C family (cbbz
oxidases) has a high-spin heme b; in the BNC (Fig. 2), and
another difference, compared to the A and B families, is that
the proximal histidine on the high-spin heme is hydrogen
bonding to a negatively charged glutamate. In the A family there
are two proton channels, labeled the D and K channel, leading
from the negative side of the membrane to the BNC. The D
channel ends near the center of the BNC, and the K channel ends
at the redox-active tyrosine. The B and the C families have only
one proton channel, ending at the redox-active tyrosine, and
referred to as the K analogue. The protons to be pumped are all
transferred from the negative side to a pump-loading site near
the BNC, and there are no well defined pathways from the pump-
loading site to the positive side of the membrane. In the A family
all protons to be pumped are transferred via the D channel, while
one or two of the chemical protons are transferred to the BNC via
the K channel.

A number of intermediates appearing during the catalytic
cycle of oxygen reduction have been observed, and the general
view of the entire reduction process is depicted in Fig. 5.
Molecular oxygen binds to the reduced BNC, the O-O bond is
cleaved in one of the steps, borrowing electrons from the BNC
cofactors, and the rest of the catalytic cycle consists of four proton
coupled reduction steps, reducing the BNC cofactors. The exact
structures of the different intermediates are not known. Using
spectroscopic methods it is easier to determine the positions of the
electrons than those of the protons.' Energy conservation occurs in
each reduction step via the electrogenic chemistry, and also via
proton pumping. It is generally agreed that the A family CcOs have
an efficient energy conservation, which means that four protons
are pumped per oxygen molecule, one per electron.'* A remaining
issue concerns the efficiency of the energy conservation in the B
and the C families of CcOs, for which there are different opinions
on the efficiency, corresponding to either two or four protons
pumped per oxygen molecule.’>**

Chem. Soc. Rev., 2020, 49, 7301-7330 | 7305
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Fig. 5 General view of the catalytic cycle in the CcO enzymes, indicating the one-letter notation used for the spectroscopically observed intermediates,

together with the proposed oxidation states of the BNC cofactors.

Computational studies, using hybrid density functional cluster
calculations, have been performed to investigate a number of
different issues regarding the mechanisms for oxygen reduction
in different families of CcOs. There are many crystal structures
available for different types of CcOs, the first ones for the A family
appeared already in 1995, both bovine®® and bacterial,*®**® and
later also for the B’ and the C* families. As an example, the
structure of the Rhodobacter sphaeroides aa; CcO,*® which is used
to construct the model used in several computational studies
reported here, is shown in Fig. 6. Based on crystal structures,
models of the BNC active site have been built, including the high-
spin heme, Cug, the cross-linked tyrosine and a varying number of
other amino acids in the vicinity. As mentioned above, the BNC

His-tag

Fig. 6 Structure of aas CcO from Rhodobacter sphaeroides. The figure is
reproduced from ref. 38. Copyright (2006) National Academy of Sciences.
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active sites are essentially identical for the A and B families, which
means that the same model is expected to describe both these
families, while the C family needs a different model. The results
obtained from such computational studies will be discussed in
three different subsections below. In the first one the details for
the O-O bond cleavage step are reported. In the next subsection
the reduction potentials for the active site cofactors and the
corresponding energy profiles for the entire catalytic cycle
(Fig. 5) are discussed. In the third subsection some aspects of
the proton pumping mechanism are discussed.

3.1 Mechanism for O-O bond cleavage in CcOs

Molecular oxygen binds to the R state, which is the reduced
form of the BNC with a ferrous high-spin heme and a cuprous
Cug, forming a new complex labeled A, see Fig. 5. The first
intermediate observed after compound A was labled P because
it was considered to be a peroxide, until it was finally shown
experimentally that the O-O bond is actually cleaved in the P
intermediate.”®*® A number of computational studies have
investigated the details of the mechanism for the O-O bond
cleavage steps, and the results from some of the more recent
ones will be described below. The early experiments were
performed on the A family of CcOs, but it has generally been
assumed that the first step in the oxygen reduction process is
the same in all oxidase families."> The computational results
give a different picture, indicating that the O-O bond cleavage
in the C family proceeds in a different way.’® Therefore the A
and the B families are discussed in the first subsection below
and the C family is discussed in a separate subsection.

3.1.1 A and B CcO families. In Fig. 1 an overview of the A
family CcOs is given, showing that apart from the BNC active
site with a high-spin heme a; and Cug, there are two electron
transport cofactors between the ultimate donor soluble cyto-
chrome ¢ and the BNC, Cu, (which is a di-copper complex) and
a low-spin heme a. Regarding the cofactors, the B family CcOs
are similar to the A family, the only difference is that the low-
spin heme is here of b type. The A family is also referred to as
aaz CcOs and the B family as ba; CcOs, and the notation a; may
be used for both families when only the active site is considered.
Most experimental investigations have been performed on the
so called fully reduced state, or four-electron reduced state,
which means that not only the BNC is in the reduced form (with
Fe,3(un) and Cug(1)) but also that the Cu, complex and the low-
spin heme (a or b) are reduced. It is possible, however, to
prepare a state in which only the BNC cofactors are reduced,
referred to as the mixed-valence state, and which is considered
to be the most likely form of the reduced state during catalytic
turnover. Experiments on the mixed-valence form of the bovine
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enzyme (A family) definitely showed that the O-O bond was
cleaved in the P state,"®*® which has later been labeled P To
cleave the O-O bond four electrons are needed, two can be
delivered by the high-spin iron forming Fe,;(vJ—O and one by
Cug, going from cuprous to cupric, and it was suggested that the
fourth electron is delivered by an amino acid, presumably the
tyrosine cross-linked to one of the histidine ligands on Cug.***">
Thus, the O-O bond cleavage step can be described by the
following equation:

Feg3(1)-Cup(1)-TyrOH + O, — Feg3(1v)—0-Cup(u)OH-TyrO*

Based on the experimental data it was originally suggested that
the O-O bond cleavage occurs via a hydrogen atom transfer from
the cross-linked tyrosine, yielding oxoferryl, Cug(u)-hydroxyl and a
tyrosyl radical.*® Early computational studies using hybrid density
functional calculations and rather small models indicated that
such a hydrogen atom transfer from the tyrosine to the heme
coordinated O, molecule, although thermodynamically feasible,
would not be kinetically possible, due to a too high energy
barrier.> Instead it was suggested that a Fe,;(m)OOH-Cug() type
of intermediate had to be formed before the actual O-O bond
cleavage could take place.*>* Those early studies involved an
initial activation of an active site water molecule,> which was not
in accordance with experimental data. Somewhat later calculations
suggested a more realistic mechanisms, in which the O-O bond
cleavage is initiated by proton transfer from the cross-linked
tyrosine, via one or two water molecules, to form the type of
peroxide intermediate labeled Ip in Fig. 7, followed by the actual
0-O bond cleavage in a second step.”>> This type of two-step
mechanism with small variations is the one that is still proposed,
and it will therefore be discussed more in detail below.

Experimentally the binding of molecular oxygen to the
reduced active site (R to A step) has been found to be fast,

AG kcal/mol AG#EXP(A»PM) = 11.0-12.6 kcal/mol
J
TSH+ TS.Q‘O
Cu(ll)-Tyr0
o
I / . —FeadIV)—
0 A e IPi
Cu(l)- TyrOH Cu(lin)-Tyro” N
0x HO.o Py

—Fe(lll)- —Fe,q(lll)-

Ip

Fig. 7 Sketch of the energy profile for the suggested two step mechanism
for the O-O bond cleavage in A and B family CcOs. Starting from the
observed compound A with molecular oxygen bound to the high-spin
heme asz a proton is transferred from the active site tyrosine, together with
an electron, to form the hydroperoxo intermediate labeled Ip. The electron
is taken either from the tyrosine or from Cug. In the mixed-valence
enzyme the O-0O bond is cleaved forming the observed Py intermediate.
In the fully reduced enzyme an electron is transferred from the low-spin
heme forming I~ with a tyrosinate, from which the O-0O bond cleavage
yields the observed Pg intermediate, with a tyrosinate.
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and at least for the A family it is faster than the following O-O
bond cleavage step (A to P).”*® For the A family the R to A step
is reversible, indicating a low binding energy of the oxygen
molecule, while for the B family the O, molecule is stronger
bound.’®”® The experimental life-time of compound A in the
mixed-valence form of the enzyme is found to be 200-300 ps for
the A family’” and 18-140 ps for the B family.”>®° These life-times
correspond to rate-limiting barriers of 11.0-12.6 kcal mol * for
the A to Py reaction step, using transition state theory. Although
the differences in life-time appear large from an experimental
point of view, the corresponding differences in barrier heights of
less than two kcal mol " is small from a computational point of
view, and it would not be meaningful to try to explain those
differences on the basis of density functional cluster calculations.

A number of quantum chemical calculations have been
performed on the A to Py, reaction step, and they all give a qualitative
picture that agrees with the sketch in Fig. 7.°>?*°%°1763 The A
intermediate is often referred to as oxy-ferrous, but according to the
calculated electronic structure it should rather be described as a
ferric-superoxide complex. Its ground state is singlet, with antiferro-
magnetic coupling between Fe,s(m) in a low-spin state, and the
superoxide.”’>>* In the first step the proton on the cross-linked
tyrosine moves, via one or more water molecules to the superoxide,
forming a hydroperoxide, Fe,3(1)OOH, labeled Ip in Fig. 7. The
proton transfer is coupled to an electron transfer from the
Cug-tyrosine complex, and as indicated in the figure the electronic
structure of Ip can be either Cug(n) in combination with a
tyrosinate, or Cug(i) in combination with a tyrosyl radical, or a
mixture of the two. The exact electronic structure depends on the
model and the computational level, which indicates that the
reduction potentials are rather similar for Cug and the cross-linked
tyrosine.>>® In the second step the O-O bond is cleaved and the
Py, intermediate is formed, with Fe;(1v}=0 plus Cup(un)OH-TyrO".
The oxo-ferryl has a triplet ground state, but the coupling between/
to the other two unpaired electrons (one on Cug(r)OH and one on
the tyrosyl radical) is weak, why the total spin of the Py, inter-
mediate is not well determined by calculations, ie. the energy
difference between the singlet, triplet and quintet states is so small
that it is within the uncertainty of the calculations.

As mentioned above, most experiments have been performed
on the so-called fully reduced state of CcOs, which means that
when O, binds to the reduced active site, there are two more
electrons available, in the low-spin heme and in Cu,. In this
case the Py, intermediate is never observed, instead electron
transfer from the low-spin heme into the BNC takes place and
an intermediate labeled Py is formed, with a tyrosinate instead
of the tyrosyl radical in Py. The rate of Pz formation from
compound A is slightly higher than that of Py formation,
with barriers about 10.2 kcal mol ™" for the B family,>>*® and
11.8 keal mol ™" for the A family.>” A recent combined experi-
mental and computational study of the fully reduced state of the
ba; oxidase, confirms the picture of the O-O bond cleavage
reaction shown in Fig. 7.>° The calculated electron affinities of
the A and I states indicate that the electron transfer from the
low-spin heme to the BNC cannot occur until the Ip state is
formed, and the experiments show that at low temperature the
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oxidation of the low-spin heme (i.e. electron transfer to the BNC)
occurs faster than the formation of the Py intermediate.?” These
results indicate a two-step procedure, where an Iy~ intermediate
is formed before the O-O bond cleavage. An exergonic electron
transfer from the low-spin heme to Ip, forming a lower lying Ip~
intermediate would also explain the experimental observation
that the O-O bond cleavage is faster in the fully reduced enzyme
than in the mixed valence enzyme.’”*® The calculations show
that the intrinsic O-O bond cleavage barrier is about the same
from the Ip and Ip~ intermediates, see Fig. 7. These results
also indicate that the second step is rate limiting for the entire A
to Py, reaction step, at least at low temperature. However, this
latter conclusion is in contrast to recent computational results
indicating that the proton transfer barrier is higher than the
actual O-O bond cleavage barrier.®*

A recently calculated value of the overall barrier for the bond
cleavage step, i.e. the energy of TSq_o relative to A (see Fig. 7), is
16.8 kcal mol ™, using the model shown in Fig. 3.°° This value
is thus 4.2-5.8 kcal mol " higher than the experimental values
of 11.0-12.6 kcal mol . In another recent computational study
by Schaefer et al., a significantly lower value of 11.6 kecal mol ™
is reported for the same barrier.®> The model used by Schaefer
et al. is similar to the one shown Fig. 3, the most important
difference is that there is an extra water molecule added to the
BNC. Some details of the energetic results obtained in the two
studies are given in Table 1.°>°* From the table it can be seen
that the water molecule is reported to lower the barrier for the
0-0 cleavage step from 16.2 to 11.6 kcal mol ', and that
the effect of the water molecule is to lower the relative energy
of the I state (called H in that study) by 4.0 kcal mol~". The
intrinsic barrier from I is essentially unchanged by the water
molecule, which means that the intrinsic barrier from I, to
TSo_o is similar in the two studies included in Table 1, about
8 kecal mol *.°*%* In both the initial O, bound complex and in
the TSo_o the extra water molecule binds only to the cross-
linked tyrosine (according to the supporting information in
ref. 62), and it was not shown that this is the optimal position

Tablel Calculated O-O bond cleavage energetics in CcO using different
BNC models. The energies are calculated relative to the A intermediate for
each model, except for the 4 column, which reports the energy difference
between the Ip state and TSo_o

I A TSo.0 Py
Model (kcal mol™")  (kcal mol™")  (kcal mol™")  (kcal mol )
A and B family
% 8.3 +8.5 16.8 ~6.8
{arY 3.8 +7.8 11.6 —11.4
{0} 7.8 +8.4 16.2 —-9.6
C family
chbs™ 12.4 +12.8 25.2 3.7
chbsw*  11.7 +13.0 24.7 —3.7

@ Model shown in Fig. 3.°° ® Model with an extra water molecule.®?

¢ Model without extra water.®> ? Model shown in Fig. 3 plus an extra
water molecule.*® ° It should be noted that in ref. 50 an empirical correction
of —4.4 kecal mol™" is added to the reported energies for I and TSp. o to
make the a; results agree with experiments./ In this case the energies are
relative to a peroxide intermediate formed from the A state.
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of a single water molecule for each structure. It is quite possible
that water molecules in the BNC active site are important for
the overall O-O bond cleavage barrier, but it should be noted
that it is difficult to estimate the effects of water molecules on
the energetics in this type of calculations, and artificial effects
can easily be obtained. Clearly there are water molecules
present, but different crystal structures have a varying number
and positions of water molecules in the active site.®

For the proton transfer barrier TSy (see Fig. 7) a mechanism
was suggested by Schaefer et al., where the proton on the cross-
linked tyrosine is first moved, via a water molecule, to the
oxygen atom closest to Fe,; in the initial complex with O,
bound to the heme, and thereafter moved further to the other
oxygen atom, which is closest to Cug, to form the I intermediate
(labeled H in that study).®* The total barrier for the proton
transfer was calculated to be 13.7 kcal mol™ !, as compared to
11.5 keal mol ™" for the actual O-O bond cleavage, making the
proton transfer rate limiting for the entire A to Py step in Fig. 7.°>
This result is also in accordance with the experimental observations
of a slowing down of the rate of Py formation in D,0.>” A similar
result was obtained in another quantum chemical study using non-
hybrid DFT functionals, in which very low barriers were found for
both steps in the A to Py reaction, with a rate limiting proton
transfer barrier of 7-9 kecal mol "%

Finally, the exergonicity of the A to Py step was calculated to
be 6.8 kcal mol " using the model in Fig. 3,>° and 11.4 kecal mol *
in the study by Schaefer et al. using a similar model but with an
extra water molecule (as reported in supporting information in
ref. 62), see Table 1. It is noted that in the Schaefer et al. study the
starting structure for the O-O bond cleavage is described as a
peroxide,®” and the energy difference between compound A and
the peroxide is not discussed. In a computational study by
Sharma et al. a value of 26 kcal mol~" was obtained for the
exergonicity of the A to Py step.®® Such a large exergonicity does
not seem plausible, considering the efficiency in energy con-
servation in the A family of oxidases.

3.1.2 C family CcOs. The C family of CcOs is the most
distant one, and compared to the overall picture of the A family
in Fig. 1 there are several differences. First, the high-spin heme
in the BNC is of b type (Fig. 2), the immediate low-spin heme
electron donor to the BNC is also of b type, and instead of the
Cu, complex in the A and B families, there are three more low-
spin hemes, all of ¢ type, between the ultimate donor soluble
cytochrome ¢ and the immediate donor low-spin heme b. These
enzymes are therefore often referred to as chb; oxidases, and
they are the least studied of the CcOs. There is no experimental
information on the details of the O-O bond cleavage in the chb;
oxidases. There seem to be no experiments performed on the
mixed-valence state, and since the fully reduced enzyme con-
tains as many as six electrons, there seem to be no observations
of the Py type of intermediate either. As mentioned above, it
has still been expected that all CcO families have a similar O-O
bond cleavage step.'® Surprisingly, a recent quantum chemical
study gave a different picture.’® Using the model for cbb;
shown in Fig. 3, the overall barrier for O-O bond cleavage,
relative to the O, bound state A was found to be 25.2 kcal mol™*,
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although the product Py, intermediate was found to be exergonic
by 3.7 keal mol " relative to the A state.>® The most significant
result is that this barrier is as much as 8.4 kcal mol " higher than
the calculated value for the a; oxidases in the same study.>® The
increased barrier for cbb; consists of about equal parts from an
increase in the relative energy of the Ip state, which is about
4 keal mol™* higher in cbb; as compared to a;, and of the intrinsic
barrier from Ip to TSo_o, which is also about 4 kcal mol ™" higher in
cbbs, see Fig. 7 and Table 1. Several modifications of the model
were introduced, but the results were essentially the same, includ-
ing when the negatively charged glutamate hydrogen bonding to
the proximal histidine was replaced by a neutral glutamine or
when a water molecule was added.” Since the main focus of the
paper was a comparison between the chb; and a; oxidases, an
empirical correction was introduced (lowering the Ip state by
4.4 kecal mol ™' in both systems), to make the barrier for the a;
oxidase model agree with an experimental value of 12.4 kcal mol ™.
Assuming that the same correction would apply for the chb;
oxidases, the barrier would still be as high as 20.8 kcal mol *.*
There is no experimental value for the O-O bond cleavage rate, but
it is known that the turnover rate of the enzyme corresponds to a
barrier of 14-15 kcal mol™", and the oxidation of the low-spin
hemes in experiments on the reaction of the fully reduced
enzyme with molecular oxygen, corresponds to a barrier of
about 13 keal mol~".° The much higher calculated barrier for
the O-O bond cleavage was therefore taken to indicate that the
reaction proceeds in a different way.>®

An alternative scenario for the C family of oxidases could be
that a proton coupled reduction step occurs before the O-O
bond cleavage takes place. In this case a hydroperoxide inter-
mediate is formed without using the electron and proton from
the tyrosine, given the notation Pp,. Such a mechanism was
investigated using the model in Fig. 3 (showing the Py, inter-
mediate), and it was estimated that the overall barrier for the
0-0 bond cleavage may be about 6 kcal mol * lower than if the
O-O bond cleavage takes place from the A state without
preceding reduction.>® Including the same empirical correction,
the estimated barrier would be 14.8 kcal mol™%, in reasonable
agreement with the experimental observations for the turnover
rate, and the rate of oxidation of the low-spin hemes. The initial
product of the O-O bond cleavage occurring after a reduction step
would be Fe;3(tv—0-Cug(u)OH-TyrOH, which would gain some
10 keal mol ™" by rearranging to Fe(iv)=0-Cug()OH,-TyrO®, the
normal form of the F intermediate,* see further below.

The A to Py energy profile for the cbb; oxidase has also been
investigated in a computational study by Sharma et al®® In
contrast to the results described above, Sharma et al. found the
I, intermediate to be about 6 kecal mol™* lower in ¢hb, than in
the a; enzyme.® In the same study the Py, intermediate was
found to be 26 kcal mol~" below compound A for both chb; and
as, and no O-O bond cleavage barriers were reported.®

3.2 Reduction potentials and catalytic cycles of CcOs

To understand the mechanisms for energy conservation in the
CcO families, including the mechanisms for proton pumping, it
is necessary to know the details of the entire catalytic cycle of
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oxygen reduction, including the reduction steps. A description
of the catalytic cycle includes a characterization of each inter-
mediate in the reaction scheme in Fig. 5 in terms of geometric
and electronic structures, but also the energetics of the individual
reaction steps. The difference in reduction potential between the
active site cofactor that is reduced in a specific step and the
ultimate electron donor, soluble cytochrome ¢ with a potential of
0.25 V, determines the driving force of each of the four reduction
steps. It was found for the A family that the experimental
reduction potentials for the BNC cofactors are quite different,
two are in the range 0.8 to 1.0 V, and the other two between
0.3 and 0.4 V.°° If these experimental potentials are used to
determine the exergonicity of each of the four reduction steps,
the exergonicity of the entire catalytic cycle, including also a
calculated value for the exergonicity for the O-O bond cleavage
step, will be significantly smaller than the expected 50.7 kcal mol *
(2.2 V), with as much as about 0.6 V missing."® Furthermore, the
electrochemical gradient across the membrane, created by the
electrogenic chemistry and proton pumping, has the effect that
charge motion against the gradient becomes less exergonic, or
even endergonic, and the proton transfer barriers become higher.
Thus, each step of electrogenic chemistry and proton pumping
during the reduction process contribute to make the reaction less
exergonic when the gradient is present. The low experimental
reduction potentials for two of the BNC cofactors, 0.3-0.4 V for
Cug() and Fe,;(m),*® would make the corresponding reduction
steps significantly endergonic when the electrochemical gradient
is present during catalytic turnover. Together with the barrier
present for each proton coupled reduction step this would make
the overall reaction too slow, in particular if there is proton
pumping in all four reduction steps, which is found to be the case
in the A family, also at a high gradient.”*® Thus, there seem to be
severe unsolved conflicts between different experimental data.

The question is if quantum chemical calculations may shed
some light on these puzzles. The proton coupled reduction
potentials of the active site cofactors are directly related to the
chemistry that take place in the BNC. Starting from the Py,
state, Fe,3(1v)—0-Cug(un)OH-TyrO®, each reduction step, uptake
of one electron and one proton, corresponds to the formation
of an O-H bond in the active site, finally resulting in a neutral
tyrosine and two water molecules. Furthermore, in connection
with the formation of each of the O-H bonds, one of the active
site cofactors is reduced. This means that an excellent way to
estimate the reduction potentials of the different cofactors in
the CcO active site is to use the quantum chemical cluster
approach to calculate the strength of each of the different O-H
bonds. Since the total charge does not change when an O-H
bond is formed, satisfactory results can be obtained using
cluster models of a feasible size (150-200 atoms). An advantage
with the computational approach is that the oxygen reduction
chemistry is followed step by step during the catalytic cycle.
This means that the structure of the different intermediates
used to estimate the reduction potentials is most likely the ones
occurring during catalytic turnover, with respect to both the
ligands on the metals and the protonation state. In contrast,
experimental measurements of the different reduction potentials
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Fig. 8 Optimal structures of each intermediate in the catalytic cycle of CcOs used to calculate the proton coupled reduction potentials. The proton and
the oxidation state in red indicate the changes that occurred in the preceding reduction step.®®

are made under conditions that differ from the working enzymes
during oxygen reduction. Therefore, may the experimental mid-
point potentials obtained not correspond to the cofactors in the
form they have in the relevant reduction steps during catalytic
turnover.

Using the models shown in Fig. 3 the reduction potentials
involved in the oxygen reduction process have been calculated
for both the a; and cbb; type of CcOs. The schematic structures
of the optimized intermediates are shown in Fig. 8, and the
corresponding calculated proton coupled reduction potentials
are summarized in Table 2.% It is first noted that for three of
the cofactor potentials, Fe(v), Tyr* and Fe,s(m) (A and B
families) the calculations agree very well with the experimental
values of 0.8-1.0 V and 0.3-0.4 V, respectively.'*®® The most
interesting result in Table 2 is for Cug, with a calculated
potential of 1.0 V, as compared to the experimental values of
0.3-0.4 V, which thus can be used to explain the missing 0.6 V in
the sum of reaction energies of the catalytic cycle. The calculated
Cug potential is furthermore supported by more reliable CCSD(T)
calculations on a smaller model of the copper-complex.®* The
calculations thus indicate that three of the BNC reduction
potentials are in the range 0.8-1.0 V, which seems to solve the
problem with the missing energy in the overall energetics and
also, at least partly, the problem with the too low exergonicity for
proton pumping. The latter issue will be discussed further below.

The large calculated Cugp potential indicates that the real
problem is not that the Cug reduction potential is too low during
catalytic turnover, but rather how to explain the low potential
obtained in experimental measurements. In an attempt to solve
the puzzle with the low experimental reduction potentials for the
oxidized O state, it was postulated that there exists a “high-energy”
metastable state called Oy, and that some of the energy from the
previous two reduction steps was conserved in this state.”® It was
further suggested that the Oy state was formed immediately after
the F state was reduced, and that after a certain time it would relax
to the O state, for which the low Cug(u) and Fe(ur) potentials have
been observed.”" It was finally suggested that Oy state differs in
geometrical structure from the relaxed O state, resulting in an

Table 2 Calculated proton coupled reduction potentials (E,,7) for all
cofactors involved in the catalytic cycle of CcOs, using the models shown
in Fig. 3, with as corresponding to the A and B families, and cbbs
corresponding to the C family®®

Transition in the BNC Reduction process E,,; (V) a; E, 7 (V) chb;
Py - F Cu() —» Cu(i) 1.0 1.0
F - Oy Fe(v) — Fe(m) 0.8 0.9
Oy — E Tyr* — Tyr 0.8 0.8
E->R Fe(m) — Fe(u) 0.3 0.3
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elevated midpoint potential of Cug(). Computational studies were
also interpreted to support the suggestion of a structurally meta-
stable “high-energy” Oy state, suggesting a water molecule in a
non-optimal position.”>”* In contrast, the results for the reduction
potentials discussed above, and also a more recent computational
investigation of possible structures of the oxidized intermediate
show that the geometrically relaxed O state actually has a high
reduction potential.*>”* However, relative to the observed oxidized
O state with a low experimental Cug reduction potential, the O
state involved during catalytic turnover, with a high reduction
potential, could still be considered as activated. It should therefore
be appropriate to use the Oy notation for this state, as in Fig. 8 and
Table 2. However, the “deactivation” of the Oy state that occurs
during relaxation to the O state must be of a more chemical
nature, rather than a pure structural relaxation. One suggestion
that has been put forward is that there is a slow proton transfer,
possibly internal, into the BNC occurring when the turnover
electron flow has ceased.”*”” Calculations show that with an extra
proton in the active site the proton coupled reduction potential of
Cug decreases significantly. The calculations also show that the
O-0 bond cleavage creates several sites with a high proton affinity,
which may be filled via proton transfer from the surrounding
protein, slowly enough not to interfere during the catalytic
turnover.”*”” This suggestion remains to be confirmed experimen-
tally, which apparently is not an easy task. Several experimental
investigations on different A-type of CcOs, designed to prepare the
Oy state, could not find an increase in the Cug(u) midpoint
potential as compared to the resting O state.”®”®

The discussion so far has mainly been concerned with the
reduction potentials in the A family. Another puzzling experi-
mental result is the very low Fe,s(m) reduction potentials
observed for the cbb; type of CcOs.” For the chb; C family
there is much less experimental data available for the BNC
cofactors, but for the Fe,s(m) midpoint potential there are a
number of experimental values, varying between —0.12 and
0.27 V.”° It has been suggested that a lower Fe3(m) potential in
the C family compared to the Fe,;(m) potential in the A and the
B families, may be a result of changing the high-spin heme in
the BNC from a; type to b; type, and comparisons have been
made to the cNORs, which also has a heme b; in the active site
(Fig. 2), with a rather low midpoint potential of 0.06 V.”>"%' As
shown in Table 2, the calculations indicate that there is no big
difference between the CcO families, the Fe,3(m1) and Feps(u)
potentials are about the same.®® Furthermore, as will be dis-
cussed below, the same type of calculations reproduces the
lower potential in ¢cNOR. It was therefore concluded that the
type of non-heme metal in the BNC is more important for high-
spin heme Fe(m) potential than the type of heme.®® Again an
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explanation for a low experimental reduction potential is
needed. A possible explanation could again be a proton motion
into the BNC, this time into the one electron reduced E state.
Calculations show that for this intermediate in the C family, a
proton is moving from the high-spin heme b; proximal histidine
to the negatively charged glutamate (see Fig. 3), and that the
negative charge thus created on the histidine increases the
proton affinity in the BNC.*° Also this extra proton in the BNC
would decrease the reduction potential, since the next reduction
would not correspond to the full formation of a O-H bond.

With the structures of the intermediates in the catalytic cycle
at hand, together with the energetics of all reaction steps it is
possible to construct energy profiles for the entire catalytic
cycles.***® The suggested energy profiles will be discussed
separately for each family below.

3.2.1 Catalytic cycle for the A family CcOs. The structures
of the intermediates in the catalytic cycle shown in Fig. 8 are
the most stable type of structures, and thus the ones relevant
for calculation of the reduction potentials. However, for three
of the intermediates, the F, Oy and E states, two different types
of structures can be obtained, since one of the protons can be
placed either in the center of the BNC or on the tyrosine. For
both the F and the Oy states the calculations show that it is
energetically most favorable to place the proton in the center of
the BNC, as shown in Fig. 8.°* For the E state, on the other
hand, the opposite is true, it is more favorable to put the proton
on the tyrosine. Trying to solve the problem with the low
reduction energy for the E to R step, it is suggested that the E
intermediate is formed in an ‘“‘activated” form, labeled Ey, and
for which the last proton is not put on the energetically most
optimal place, the tyrosine, but rather in the center of the BNC,
forming the second water molecule.>®>>%* In this way the Ey
state mixes the low Fe,3(m) reduction potential with the higher
potential of the tyrosyl radical, and the exergonicity becomes
large enough to allow proton pumping at a high gradient also in
the Ey to R step. Fig. 9 shows a suggested reaction mechanism
for the A family, including the O-O bond cleavage, and the
reduction steps with electron and proton transfer.*® To form
this type of high-energy Ey state, the proton must be taken up
via the D channel, which ends in the center of the BNC, and not
via the K channel, which ends at the tyrosine, see Fig. 10.
Therefore it was suggested that the barrier for proton transfer
in the K channel is higher than the barrier in the D channel, and
that there is a high barrier for proton transfer within the BNC at
the stage of Oy to Ey transition.**°®®* A high barrier in the
center of the BNC at this stage of reaction is supported by
results in a recent experimental mutation study.® Based on
experiments it has been concluded that one or two of the
chemical protons are taken up to the BNC via the K channel,
and the mechanism in Fig. 9 indicates that it should be only
one.*® It is only the A family that has two proton channels as
indicated in Fig. 10, the B and C families have only one,
corresponding to the K channel. An important aspect of the
reaction mechanism shown in Fig. 9 is that all intermediates
except A and R has an unprotonated tyrosine, shown as a tyrosyl
radical in the product states after each full reduction step.*®
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Fig. 9 Suggested reaction mechanism during enzyme turnover for the
aaz A family oxidases, showing that the initial electron transfer to the BNC
reduces the tyrosyl radical into tyrosinate in every reduction step. The
channel suggested to be used for the following proton uptake is indicated
with a D or K subindex on the protons.*® The electronic structure of the
activated Ey state has a fraction of tyrosinate plus Fe(i) mixed in.
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Fig. 10 Active site of the aaz A family oxidases showing the two proton
channels from the N-side of the membrane to the active site. The D
channel ends near the center of the BNC and the K channel ends at the
redox-active tyrosine. The B and the C families have only one proton
channel, the K analogue, located in a similar position as the K channel.

The exact electronic structure is not important, as mentioned
above in connection with the discussion of the I, state involved
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in the O-O bond cleavage, it may as well be a tyrosinate in
combination with Cug(u), or a mixture of the two. Another
important feature of the mechanism is that the electron enters
the active site before the chemical proton in all reaction step.
Both these aspects of the reaction mechanism are important for
the proton pumping mechanism discussed below.?® The type of
mechanism for the reduction steps indicated in Fig. 9 is
supported by an experimental study, showing that the F to Oy
transition occurs via formation of a state corresponding to the
Fr state which still has a ferryl high-spin heme, and that
the reduction to ferric iron occurs when the proton arrives in
the BNC.*

Fig. 11 shows an energy profile for the A family, including
both the O-O bond cleavage and the reduction steps, following
the mechanism described above.®* The energy diagram in
Fig. 11 is taken from an earlier study yielding similar but
slightly different energetics compared to the reduction poten-
tials discussed above.®* The calculated black curve in Fig. 11
corresponds to the situation without any gradient across the
membrane, and each reduction step is shown as a single step,
including both electron and proton transfer. Since the low-spin
heme a has a reduction potential close to that of the ultimate
cytochrome ¢ donor,’® the electron transfer step from cyto-
chrome ¢ to low-spin heme a is not shown separately, but
included implicitly in each reduction step, with electron trans-
fer from cytochrome ¢ to the BNC. All barriers associated with
the reduction steps are mainly due to proton motion through
the protein, and in each reduction step the transfer of both
chemical and pumped protons are shown as one single barrier.

View Article Online
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Experimental rate data is used to estimate the height of these
rate limiting barriers. The black curve in Fig. 11 shows that the
reaction mechanism in Fig. 9 makes all reduction steps signifi-
cantly exergonic when there is no gradient present. An estimate
of the effects of the gradient on the energy profile can be
obtained in a simple way by just adding the endergonicities of
moving charges against the gradient to the calculated energy
profile. This yields the orange energy profile in Fig. 11, showing
that even with a significant gradient present there are no
prohibitively high barriers.®* Thus, the mechanism for oxygen
reduction depicted in Fig. 9 and 11 allows for efficient energy
conservation with proton pumping in all four reduction steps,
also at a high gradient, in line with experimental
observations.®”**® An important characteristic of this mecha-
nism is that the redox-active tyrosine is unprotonated (possibly
a tyrosyl radical) in all intermediates except R and A, which will
be further discussed below in connection with the proton
pumping mechanism.

3.2.2 Catalytic cycle for the C family CcOs. As mentioned
above the C family is the least understood of the CcO families,
and it is also the most aberrant one. The calculations show that
there are both similarities and differences between the
families. Table 2 shows that all the calculated BNC reduction
potentials are similar for all CcO families, which indicates that
they are not affected by the differences in the BNC itself
between the families. On the other hand, it was shown above
that the O-O bond cleavage step seems to be different from the
other families, which will change the energy profile for the C
family compared to the one for the A family discussed above.
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Fig. 11 Calculated energy profile for one catalytic cycle in aas A family oxidases.®* The black curve corresponds to the situation without gradient. The
barriers for proton and electron transfer into the BNC are estimated from experimental data, and the TSo_o barrier is adjusted to experimental rate
information. The notation Hp* corresponds to pumped protons. The orange curve include estimated effects on the energetics from a gradient of 170 mV
(85% of maximum?®?) present across the membrane. The figure is reprinted from ref. 64. Copyright (2015), with permission from Elsevier.
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Another difference to the A family is that in the C family there is
only one proton channel from the N-side of the membrane to
the BNC, the K analogue, which ends at the redox-active
tyrosine. This means that the low energy E intermediate cannot
be avoided, and the activated Ey state cannot be involved. This
leads to the suggested mechanism for oxygen reduction in the
C family CcO summarized in Fig. 12, where a comparison is
made to the A family. Furthermore, the reduction potential of
the immediate electron donor, low-spin heme b (0.415 V’°), is
significantly different from that of the ultimate donor cyto-
chrome ¢ (0.25 V), which means that the intermediates formed
when the electron has moved from cytochrome c to the low-spin
heme b should be shown separately in the energy profile. An
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energy profile corresponding the mechanism in Fig. 12 is
shown in Fig. 13. To construct the energy profile it was
assumed that the electrons are delivered to the BNC active site
one by one from soluble cytochrome ¢ via first the three low-
spin heme ¢ cofactors, and then the low-spin heme » immedi-
ate donor, implying that the cbb; oxidases behave in a similar
way as the other families.’® Apart from the fact that the chbs;
energy profile in Fig. 13 is slightly more detailed than the aas;
energy profile in Fig. 11 due to the presence of one more
intermediated in each reduction step, there are two more
qualitative differences between the families. First, the O-O
bond is not cleaved from the A state but only after one
reduction step, which means that the Py, state is never formed.
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Fig. 13 Calculated energy profile for one catalytic cycle in cbbs C family oxidases.>® The notation c”b means that the ultimate donor, the soluble
cytochrome c is reduced. The cb™ notation means that the electron has moved to the low-spin heme b, the immediate donor to the BNC. The oxygen
binding barrier is obtained from experiment.®® The barriers for the proton and electron transfer steps are only sketched, in accord with general
experimental data. The figure is reprinted from ref. 50. Copyright (2020), with permission from Elsevier.
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Second, since the Ey state can never be formed, the E to R step
is not exergonic enough for proton pumping, and for the C
family only two of the intermediates have an unprotonated
tyrosine (possibly tyrosyl radical), not four as the A family. This
will possibly affect the proton pumping stoichiometry and the
efficiency of the energy conservation, as will be discussed below.

3.2.3 Catalytic cycle for the B family CcOs. For the B family
there is no energy profile of the same kind as for the A and C
families discussed above published. A few comparisons to the
energy profiles in Fig. 11 and 13 can still be made. First, it
seems to be possible that the O-O bond cleavage can occur
from the A state, both according the calculations on a model
that is common for the A and the B families, and according to
the experiments showing formation of the Py, state in the mixed
valence enzyme.>® For this part of the catalytic cycle the energy
profile for the B family should be similar to the A family and
not to the C family. However, the B family is similar to the C
family in the sense that there is only one proton channel from
the N-side to the BNC, the K analogue. This means that the
energy profile for the B family should be similar to the C family
in the sense that the activated Ey state cannot be involved.
Another factor that may affect the energy profile for the B
family is the value of the reduction potential of the immediate
electron donor, the low-spin heme b.

A rather different quantum chemical study of the catalytic
cycle in the baz; B family oxidase has been performed by
Noodleman et al.*® In that study a catalytic reaction wheel diagram
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Fig. 14 Calculated free energy plot for a detailed reaction mechanism

from the R state (2H) to the O state (1) in the bas B family using two

different DFT functionals.8® The upper curves, A, are from an earlier

study,®” and the lower curves, B, are from a more recent study.®® The
figure is reprinted from ref. 86 with permission from ACS.
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is constructed using large models of the BNC active site, including
parts of the surrounding suggested to be involved in the proton
pumping. A few DFT functionals were used to calculate the
structures and free energies of at least 14 different intermediates
in the catalytic cycle, yielding the energy profiles shown in Fig. 14B.
The pump-protons are explicitly included in the calculations,
which means that each intermediate included in the energy
profiles for the A and C families discussed above, are in Fig. 14
described by several points in the energy profile. The profiles in
Fig. 14 show the energetics from the R state (2H in the figure) to
the O state (13, 14 and 1 in the figure). The effects of the gradient
are included in the energetics of the intermediates, but the
kinetics, in terms of transition states, have not been addressed in
detail.®® The study is built on an earlier similar study, see
Fig. 14A,% and it is concluded that a new improved reaction path
is found by modifying the sequence of proton uptake and proton
transfer events, leading to a smoother energy pathway for the
catalytic reaction cycle in Fig. 14B.%

3.3 Energy conservation and proton pumping mechanism in
CcOs

In the previous section, suggested mechanisms for the entire
catalytic cycle of oxygen reduction in different CcO families
were presented. An important prerequisite for efficient energy
conservation was discussed, namely the exergonicity of the
individual reaction steps. The energy conservation occurs via,
electrogenic chemistry and proton pumping. Although consider-
able knowledge has been achieved about these processes, the
detailed mechanisms are still not fully understood."'* 66488
Both the electrogenic chemistry and the proton pumping imply
that charges (mainly protons) have to move against the electro-
chemical gradient across the membrane in the working enzyme.
One important mechanistic aspect pertaining to both the chemical
and the pumped protons concerns how to prevent the protons
from moving in the wrong direction. Such a gating of the protons
must be achieved by flexible barriers outside the BNC active site,
which means that it cannot easily be studied by quantum chemical
methods, too large and unmanageable models would be needed. A
few computational studies have still been performed to evaluate
certain aspects of different suggested gating mechanisms, and
most of them were reviewed already in 2012.%° The other impor-
tant mechanistic aspect concerns the driving force for the pumped
protons: How can the transfer of one single electron to the BNC
active site be coupled in a secure way to the uptake of both the
chemical proton and the proton to be pumped? It is generally
believed that there exist a so-called pump loading site (PLS) located
inside the protein, where the proton to be pumped is temporarily
stored. In the most accepted scheme there is an initial coupling
between the transfer of an electron into the BNC and the transfer
of a proton to the PLS,**" see the left panel in Fig. 15. The electron
in the BNC, triggers the uptake of the chemical proton, and
electrostatic repulsion between the two protons results in the
ejection of the proton in the PLS,°>* see the right panel in
Fig. 15. This mechanistic suggestion is in accord with the
mechanism for oxygen reduction suggested in Fig. 9 above,
with electron transfer to the BNC occurring before proton

This journal is © The Royal Society of Chemistry 2020
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transfer to the BNC. Each reduction step is initiated by electron
transfer into the immediate electron donor to the BNC, the low-
spin heme, from soluble cytochrome c. To achieve the first part
of the pumping mechanism, it is suggested that the negative
charge in the low-spin heme increases the proton affinity of a
site located close to both the low-spin heme and the BNC, the PLS,
which induce the uptake of a proton to the PLS, from the N-side of
the membrane. With a positive charge in the PLS the electron
affinity of the BNC increases and the electron moves from the low-
spin heme into the BNC (see the left panel in Fig. 15). The exact
position of the PLS is not known but it is generally considered to
be close to the propionates of the high-spin heme.

The timing of the two reaction steps shown in the left panel
in Fig. 15, the electron transfer into the BNC and the proton
transfer into the PLS, is not well determined, but a few crucial
points can be made regarding the requirements on the energetics.
First, it should not be possible for the electron to move into the
BNC before the proton moves into the PLS, because then there
would be no need for the pump-proton. This means that the
electron affinity of the BNC must not be too high before the PLS is
loaded. Second, the structure of the active site in the CcOs implies
that the PLS and the BNC electron acceptor cannot be located very
close to each other. From this follows that the suggested electro-
static effects between the BNC and the PLS most likely are rather
small, on the order of a few kcal mol™'. This means that the
electron affinity of the BNC must not be too low before the pump-
proton arrives. Third, the combined energetics of the proton
transfer into the PLS and the electron transfer into the BNC must
be exergonic. Otherwise both the electron and the proton may
return back before the chemical proton arrives in the BNC, which
would prevent a stable proton pumping mechanism. It can be
concluded from these points that the electron affinity of the BNC
must not be much lower than that of the low-spin heme, since in
such case the chemical proton must be taken up to the BNC
(endergonically) before or concerted with the electron transfer
into the BNC, and there would be no proton pumping. Such
a mechanism has been suggested for the ¢NOR reduction
reaction, where no proton pumping occurs, and also for NO
reduction in Cc0.">*"%*

Heme a BNC,:
EA=101 H,0-Cu(T)-TyrO*
keal/mol Fe(IV)=-0

EA=103 kcal/mol

BNCg:
HO-Cu(II)-TyrOH
Fe(IV)=0

EA=83 kcal/mol

N-side
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The considerations above imply that electron affinities of the
BNC at different stages are important for the proton pumping
mechanism, and this is where quantum chemical calculations
can play a role. As discussed in the previous section, two types of
structures with, the same number of electrons and protons, can
be constructed for most of the intermediates in the catalytic
cycle. One of the transferred chemical protons can be placed
either on the redox-active tyrosine, or in the center of the BNC,
as exemplified in the left panel in Fig. 15 for the F intermediate.
In a study of the A family aa; oxidase it was found that the two
types of structures have quite different affinities for the next
electron to be transferred into the BNC,*® as summarized in
Table 3. The BNC electron affinity was in all cases found to be
significantly higher for the structures with an unprotonated
tyrosine as compared to those where the tyrosine is protonated,
with a difference in the range 10 to 20 kcal mol *.>® The high
electron affinity is due either to the presence of a tyrosyl radical,
or to the presence of an extra proton in the center of the BNC for
the cases where the electronic structure is rather to be described
as tyrosinate in combination with Cug(u). It was suggested, that
only for the intermediates with the higher electron affinity will
the electrostatic effect from the proton in the PLS be enough to
trigger the electron to move from the low-spin heme into the
BNC. In the reaction mechanism suggested on an energy basis
for the A family, and shown in Fig. 11, most intermediates have
a tyrosyl radical (or unprotonated tyrosine), which means that
the succeeding reduction step can be coupled to proton
pumping.*® This means that for the aa; CcOs it is possible to
pump one proton in each reduction step, in agreement with
experimental information on the aa; oxidases.”®”* Furthermore,
the suggested role for the redox-active tyrosine is in line with its
conservation in all types of CcOs.”®

As mentioned above, there is no consensus among researchers
about the stoichiometry of the proton pumping in chb; C family of
oxidases. Experiments on chb; from a number of different species
led to the conclusion that only two protons are pumped per oxygen
molecule in the chb; oxidases.'>® In contrast, it was later claimed
that four protons per oxygen molecule are pumped also in the c¢bb;
oxidases, at least when the enzyme is fully reduced, which was

Pside e s
BNC,:
H,0-Cu(T)-TyrO*
Fe(III)-OH

g e

Fig. 15 Proton pumping mechanism suggested for aaz A family CcOs.® Electron transfer from the soluble cytochrome ¢, via the low-spin heme a to the
BNC is coupled to proton uptake from the N-side to a pump loading site (PLS) close to the active site. This occurs only for the structure of the BNC with a
tyrosyl radical, i.e. the one that has the higher electron affinity (left side of the figure). The electron in the BNC triggers the uptake of the chemical proton
from the N-side and the proton in the PLS is expelled to the P-side (right side of the figure).
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Table 3 Calculated electron affinities (EA) and relative energies for different intermediates in aas CcO,*® and cbbs CcO.%° The bold faced values
correspond to the intermediate structures that have been suggested to be involved during catalytic turnover for each subfamily

aas A family

chb; C family

State Relative energy (kcal mol™) EA (kcal mol™) Relative energy (kcal mol ™) EA (kcal mol™)
A (O,-TyrOH) 0 — 0 64.4
Py (TyrO*) —5.2 102.0 ~3.7 92.9
F' (TyrOH) 7.6 82.6 5.9 71.9
F (TyrO*) 0 102.7 0 92.9
Oy’ (TyrOH) +5.2 89.7 +2.4 71.6
Oy (Tyro®) 0 102.6 0 89.6
Ey (Tyro0*) +4.9 99.7 +7.2 90.6
E (TyrOH) 0 86.2 0 75.7

based on a set of experiments on cbb; oxidase from Rhodobacter
sphaeroides.***” 1t is therefore interesting to apply the same type of
criteria for proton pumping described above for the A family also
to the cbb; C family, which was done in a recent computational
study.”® The calculated electron affinities for the two types of
intermediates in the chb; C family are also summarized in
Table 3. The Table shows that the same difference in electron
affinity between the two types of structure is obtained for the cbb;,
the lower absolute values in this case are mainly due to the
difference in total charge of the two BNC models used in
the calculations.® The type of structures with a tyrosyl radical
(unprotonated tyrosine) have a calculated electron affinity that is
15-20 kecal mol " larger than those where the tyrosine is proto-
nated. However, according to the mechanism for oxygen reduction
in the C family suggested above, see Fig. 12 and 13, only two of the
intermediates with a tyrosyl radical are involved during the
catalytic cycle. The Py, state is not involved due to a too high
barrier for O-O bond cleavage from the A intermediate. Instead the
first reduction step occurs starting from the A intermediate, which
according to Table 3 has a very low electron affinity. Furthermore,
since the only proton channel leading from the N-side to the BNC
in the C family is the K-analogue, ending at the tyrosine, the Ey
state can not be involved, instead the reduction leading to the R
state has to start from the E state, with a low electron affinity. It
was therefore concluded that the computational results indicate
that the cbb; enzymes most likely has a proton pumping stoichio-
metry that is lower than four per oxygen molecule.*® The reason for
this conclusion is that the calculations indicate that less than four
of the intermediates in the catalytic cycle has an unprotonated
tyrosine, ie. an intermediate that has an electron affinity high
enough to enable a stable proton pumping.

4. NO reduction in cytochrome ¢
dependent NO reductases

Bacterial NO reductases (NOR) catalyse the reduction of nitric
oxide (NO) to nitrous oxide (N,O). This is the N-N bond
forming step in the denitrification pathway, in which nitrate
(NO;37) is transformed to dinitrogen (N,). This is also denoted
anaerobic respiration. The product of the NO reduction, the

7316 | Chem. Soc. Rev., 2020, 49, 7301-7330

nitrous oxide, which can be released from the cells due to
incomplete denitrification is a potent greenhouse gas, and the
radical nature of the NO molecule itself makes it a potent
cytotoxic that can harm all cell types. It is thus of great interest
to thoroughly understand the NO reduction process in the
NORs. At least three different subgroups of NORs belonging
to the heme-copper oxidases have been identified: the cyto-
chrome ¢ dependent NORs (¢cNOR), the quinol dependent NORs
(gQNOR) and a group reported to be dependent on electrons
from menaquinol or cytochrome css; (qQCusNOR).?® The cNORs
have been extensively studied experimentally, and it seems to
be the only type of NOR for which there are computational
(quantum chemical) investigations published. Therefore, only
the ¢cNORs will be discussed in this review. There are also other
types of NO reductases, such as flavodiiron NORs (FNOR) and
P450NORs, which do not belong to the heme-copper oxidases.

As shown in Fig. 2 the BNC active site in the ¢cNORs has a
high-spin heme b3, like the C family CcOs, and a non-heme iron,
Feg, instead of Cug in the CcOs. The chemistry occurring in the
¢NORs is slightly more complicated than the O, reduction in the
CcOs, since it includes both bond formation (N-N) and bond
cleavage (N-O). Three types of reaction mechanisms have been
suggested for ¢cNORs, which mainly differ in the way that the
N-N bond is formed,'”'® see Fig. 16. The first mechanism is
labeled cis:b3, in which the first NO molecule binds to the high-
spin heme b; iron. The second NO molecule attacks the bound
NO molecule, directly forming the N-N bond. The second
mechanism is labeled trans, and the two NO molecules bind
more or less simultaneously, one to each of the two iron-ions in the
BNC. The N-N bond is formed by coupling the two coordinated NO
molecules. The third mechanism is labeled cis:Feg, and in this case

\l \I

~_|

/FeB< /F?B< /F?B<NO
O-N N)‘O ON-
\-v N’O O\N
—Fg g —Fe g —Fe =
cis:bs trans cis:Feg

Fig. 16 Suggested mechanisms for N-N bond formation in cNOR.
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both NO molecules are initially bound to Feg. Historically the cis:
Fez-mechanism seems to be the first one suggested,’® the trans-
mechanism was suggested a few years later,’® and the cis:
bymechanism is the most recently suggested type of mechanism.*
None of the early experimental studies giving rise to the suggested
mechanisms contained any clear information about the structure of
the initial intermediates. The first explicit structural information
was reported in 2004 based on a time-resolved EPR spectrum. The
spectrum was considered to show that an intermediate was initially
formed, in which one NO molecule is bound to each of the two
metal ions in the BNC.'®" This result has been considered to
support the suggested trans-mechanism.">'*"***

A description of the reaction mechanism for NO reduction
in ¢(NOR, summarized in eqn (2), must include both a specification
of how the bond formation (N-N) and bond cleavage (N-O) steps
occur, and a description of the reduction steps, ie. the electron
and proton uptake to the BNC. As mentioned in the introduction
the electrons for the reduction are delivered by reduced cyto-
chrome c located on the N-side of the bacterial membrane, via a
low-spin heme b as the immediate donor to the BNC, and the
protons are taken up from the same side as the electrons, from
bulk water on the N-side, see Fig. 1. The result of this non-
electrogenic organization of the electron and proton transfer to
the BNC is that no energy is conserved. The lack of energy
conservation is surprising, since the reaction is quite exergonic,
in fact more exergonic per electron than the oxygen reduction in
CcO, for which a significant part of the free energy is conserved, via
both electrogenic chemistry and proton pumping.®~

It has not been possible to determine neither the mechanism
for the chemical part of the reaction nor why none of the released
free energy is conserved in cNOR on the basis of pure experi-
mental results. On the other hand, computational studies using
density functional cluster calculations on models of the BNC, in
combination with certain basic experimental information, have
suggested a detailed mechanism for NO reduction in ¢NOR that
agrees well with a major part of the experimental information
available, and also an explanation for the non-electrogenicity of
the reduction part. The report of the ¢cNOR crystal structure in
2010,*° see Fig. 17, was important for the computational studies,

Met112

Heme ¢

d \xsss

NorB

Fig. 17 Structure of cNOR from Pseudomonas (Ps) aeruginosa. From
ref. 40. Reprinted with permission from AAAS.
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since it made it possible to construct reliable active site models
for the calculations. The results from the computational studies
on the ¢cNOR reaction will be discussed in two subsections below,
the first one presents results for the chemical part with bond
formation and bond cleavage, and the second one presents
results for the entire catalytic cycle and a discussion on the lack
of energy conservation.

4.1 Mechanism for N-N bond formation and N-O bond
cleavage in ctNORs

A number of computational studies using density functional
theory have been performed to investigate the mechanism for
the bond formation and bond cleavage in ¢cNOR.**?719371%7 1p
fact all these computational studies favor various forms of the
cis:h;-mechanism. Before any cNOR crystal structure was avail-
able, BNC models for quantum chemical calculations had to
rely on information from enzyme models based on the sequence
homology between the ¢cNOR and CcO enzymes to construct
BNC models, and already a study using such models indicated
that a cis:h;-mechanism was most favorable energetically.'®®
When the crystal structure appeared in 2010, better BNC models
could be constructed, and the type of cis:b;-mechanism shown
in Fig. 18 was identified.>* The first NO molecule binds to the
high-spin heme b; in the reduced BNC, and this mono nitrosyl
complex is taken as the starting point in the energy profile in
Fig. 18. The second NO molecule approaches the nitrogen atom
of the bound NO molecule forming an N-N bond and dianionic
hyponitrite, via electron transfer from both metal ions in the
BNC. The barrier for this step is mainly due to the entropy loss
of the originally free second NO molecule. The most stable
structure for the hyponitrite intermediate is a five-membered
ring with the two negatively charged oxygens coordinating to
Feg, as shown in Fig. 18. To cleave one N-O bond directly from
this intermediate is not possible since it would lead to a too
high barrier. Instead a rotation of the hyponitrite has to occur,
making one of the oxygen atoms bridging between the two
metals, as shown in the figure. The barrier for rotation of the
hyponitrite is not very high, on the order of 11-12 kcal mol ™.
From the structure with a rotated hyponitrite, one N-O bond
can be cleaved with a low barrier, yielding free nitrous oxide,
together with the oxidized form of the BNC with a bridging oxo
group and two ferric ions.*>*”'°® Interestingly, in a later com-
putational study a similar type of hyponitrite rotation has been
found to be essential in the reaction mechanism for a model
system mimicking a flavindiiron NO reductase.'*®

Results from a recent experimental study on Fep depleted
¢NOR can be taken to support the mechanism for N,O for-
mation described in Fig. 18.'% The NO binding to the fully
reduced wild-type cNOR was observed to occur in two phases,
and the rate of the second phase corresponds to the barrier for
binding of the second NO in the energy profile in Fig. 18, i.e.
the overall barrier for N,O formation.'® Furthermore, in the
Fep depleted variant, there was only one phase of NO binding,
illustrating the involvement of Feg in the N-N bond formation.

Two computational studies of QM/MM type (using DFT for
the QM part) on ¢NOR also support a cis:bs-type of mechanism,
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Fig. 18 Calculated energy profile for the suggested cis:bz-mechanism for N-N bond formation in cNOR with the mono nitrosyl complex as the starting
point. The energetic positions of a few structures supposed to be involved in other suggested mechanisms for N—N bond formation are also shown. The

energy values in the graph are obtained from a combination of results from a few different studies.

but argue that the five-membered ring structure of the hyponitrite
intermediate must be avoided because it is too stable, and they
propose a more open structure with only one oxygen atom
coordinating to Feg.””'®” However, it was not demonstrated how
the unstable structure should be prevented from falling down to
the five-membered ring structure, which is some 20 kcal mol ™
lower in energy than the open structure.'®® Results from a
combined experimental and computational UV-resonance Raman
study on ¢cNOR were interpreted to show the presence of a
hyponitrite intermediate."'® The calculations were focused on
the vibrational spectroscopy and not on the energetics, why no
conclusions could be drawn about the actual structure of the
detected hyponitrite intermediate."® However, since the reported
N-N frequency, including isotope effects, agrees very well with
the calculated harmonic frequencies of the five-membered ring
hyponitrite intermediate, the results may be taken as support for
the cis:b;-mechanism.>”

In the study where the cis:b;-mechanism shown in Fig. 18
was first suggested, it was also shown that a hyponitrite
intermediate corresponding to the trans-mechanism was on
the order of 30 kcal mol™ " higher in energy, i.e. too high to be
involved in the catalytic reaction, and also that the first NO
binds much weaker to Feg than to heme b,.>? still, the cNOR
reaction mechanism continued to be highly debated, and the trans-
mechanism was strongly advocated for ¢tNOR, in particular on the
basis of experimental results obtained for engineered NOR-models,
constructed by insertion of a non-heme iron into myoglobin.'****
Furthermore, some publications reporting electrochemical
measurements on ¢NOR favoured the cis:Feg-mechanism.'**'*

7318 | Chem. Soc. Rev., 2020, 49, 7301-7330
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This situation urged a new more comprehensive computational
investigation, in which a large number of possible intermediate
structures with one or two NO molecules in the cNOR BNC.'® A
few of the results from that study are indicated in Fig. 18. First, the
suggested precursor for the N-N bond formation in the trans-
mechanism, the structure with one NO molecule bound to each
iron was shown to be 19.2 kcal mol™" higher in energy than the
mono nitrosyl structure, and also significantly higher than the
transition state for N-N bond formation in the cis:b;-mechanism,
see Fig. 18. Such an iron-nitrosyl dimer is therefore highly unlikely
to be an intermediated in the catalytic reaction in ¢tNOR, and it was
suggested that the EPR signals interpreted to show such a
structure, and which has been taken as support for the trans-
mechanism,'”" most likely should be reinterpreted.' Interestingly,
a very recent experimental study utilizing time-resolved spectroscopy
rejects the iron-nitrosyl dimer as an intermediate in the NO
reduction in ¢NOR."® The trans-hyponitrite intermediate was
found to be as much as 35.4 kcal mol ' above the cis:
bs-hyponitrite with a five-membered ring structure. In fact, this
result is not surprising from a chemical point of view consider-
ing the simple hyponitrite molecule itself. The negative charge
on the hyponitrite dianion is to a large extent located on the
oxygen atoms, and both in an ionic and a covalent picture,
bonds to the oxygens give much more stable structures than
bonds to the nitrogens.'® Also intermediates related to the
cis:Feg-mechanism were found to be too high in energy to be
involved in the catalytic reaction mechanism. Binding the single NO
molecule to Fep instead of Fe,; was found to be 12.5 keal mol *
higher in energy, and the best possible hyponitrite intermediate that

This journal is © The Royal Society of Chemistry 2020
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could represent the cis:Feg-mechanism was found to be
24.2 keal mol ™" above the cis:b3-hyponitrite, see Fig. 18.'%

In summary, all computational data on the ¢cNOR reaction
strongly supports the cis:b;-mechanism and speaks against the two
other mechanisms. Interestingly, in a recent combined experi-
mental and computational study on a mono-nuclear heme system
it was concluded that the results provide support for the cis:
bs;-mechanism in ¢NOR.''” Furthermore, results from a recent
experimental study on NOR-models obtained by engineering a
zinc ion as the non-heme metal into myoglobin was interpreted
to be more in line with the cis:b;-hyponitrite than with the trans-
mechanism.'"®

4.2 The catalytic cycle and the lack of energy conservation in
¢NORs

To describe reaction mechanisms in redox-active enzymes, such
as the heme-copper oxidases, it is not enough to characterize
only part of the reaction, as was done in the previous section,
but a complete and realistic picture of the entire catalytic cycle
has to be obtained. As noted above in the section on methods
and models, it is a challenge to obtain accurate results for these
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transition metal containing systems, and the only possibility is a
careful combination of computational and experimental data.
In particular this is true for heme-containing systems, since it is
well-known that density functional theory, the only choice for
the large models needed, has limitations with regard to accuracy
in certain cases. A number of energy profiles for the entire
catalytic cycle of NO reduction in ¢tNOR have been published,
and the main reason for the changes introduced into the newer ones
is a better understanding of how to combine computational data
with experimental data to give the most reliable picture,'>3>371937105
There were also improvements in the pure computational
methodology, but with smaller effects on the results.’” A scheme
for the suggested mechanism for NO reduction in ¢NOR is
shown in Fig. 19, and a corresponding calculated energy profile
for the entire catalytic cycle is shown in Fig. 20. A model of the
BNC active site in ¢NOR used in some of the calculations is
shown in Fig. 4.

The mechanism shown in Fig. 19 suggests that the NO
reduction reaction in ¢NOR can be divided into two parts, with
two proton coupled reduction steps in one part, and the chem-
istry with bond formation and bond cleavage in the second part.

NO reduction in cNOR

Feg(lll) ver +H* Feg(ll) s Fes() .NO Feg(ll)
N0 T KO — HO0 —— O

" N0 M * THO N

—Fepg(ll)= —Feu(ll)=  —Fepg(ll)= —Fepg(ll)=

Fig. 19 Suggested catalytic cycle for NO reduction in cNOR following the cis:bz-mechanism.
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Fig. 20 Calculated energy profile for one catalytic cycle of NO reduction in cNOR, with energetics relative to the immediate electron donor low-spin

heme b with a reduction potential of 0.345 V. The profile is constructed using results from a few different studies.
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This is in contrast to previous suggestions that proton uptake
to the BNC is essential for the N-O bond cleavage,'®'*"1>
but the calculations indicate that the mechanism shown in
Fig. 19 and 20 is the most likely one.??*”'% Results from flow-
flash experiments performed on the four-electron reduced
¢NOR supply important information for comparisons to the
calculated results.'™ In those experiments the reaction with NO
is initiated from the reduced intermediate Feg(1)-H,0-Fe;(n),
which also has two electrons in the low-spin hemes. When the
oxidized state Feg(u)-O-Fejs(m) is reached after reaction with
two NO molecules, there are two more electrons available to
start a new cycle. The rates of oxidation of the low-spin hemes,
corresponding to the two reduction steps in the next catalytic
cycle are observed.''® The starting point of the mechanism
described in Fig. 19, and for the calculated energy profile in
Fig. 20, is the resting oxidized state, in which two high-spin
ferric irons are antiferromagnetically coupled into a singlet
state, via an oxo-bridge, Feg(u)-O-Fe,(m), in accordance with
experimental observations for the resting oxidized state in
cNOR."*'?! The reaction of the oxidized state starts with two
reduction steps, and the calculations show that both steps are
initiated by endergonic rate limiting proton transfer followed
by exergonic electron transfer.*>*” This result is in agreement
with the flow-flash experiments on the four-electron reduced
¢NOR showing that the oxidations of both low-spin heme
cofactors are pH dependent."'® The barriers for the reduction
steps can also be determined from the observed rates for the
oxidation steps."*® The second reduction step, which is the
slowest one, has a barrier estimated to 17.5 kecal mol™* from
the calculations, in good agreement with the experimental
rate corresponding to a barrier of 16-17 kecal mol *.*”'*® The
organization of the reduction steps in ¢NOR, with proton
uptake to the BNC before (or possibly concerted with) the
electron transfer to the BNC, is in contrast to the CcOs,
where, in general, the electron transfer to the BNC precedes
the proton transfer. The arrangement in the CcOs was found to
be important for the proton pumping, and it was found to
depend on the involvement of the redox-active tyrosine in
the BNC.**

The second part of the reaction mechanism shown in Fig. 19
and 20 starts with the reduced BNC with a water molecule
bound, Feg(un)-H,O-Feys(u). The first step is to replace the
water molecule with an NO molecule, yielding the mono
nitrosyl complex used as starting point for the discussion in
the previous section, and for the energy profile in Fig. 18. In the
flow-flash experiments starting from the reduced ¢cNOR it was
observed that there is no proton uptake during the first part of
the reaction,''® which supports the type of reaction mechanism
shown in Fig. 19 and 20, where the reduction steps occur
separately from the chemistry. The experiments also show that
there is substrate inhibition in ¢NOR,''® and the calculations
suggest that NO may react with the oxidized state to form nitrite
(NO, ™), which could explain the inhibition.?

The energy profile in Fig. 20 shows that the reduction steps
are rate determining for the entire catalytic cycle, with a barrier of
about 17 keal mol ! for formation of the reduced state, starting
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from the oxidized state, as compared to about 12 kcal mol™" for
the formation of N,O, starting from the reduced state. It is also
noted that the reduction steps are endergonic, which is a result
of the low reduction potentials of the BNC cofactors. The
experimental midpoint potentials are 0.320 V for Feg(u) and
0.06 V for Feys(m), which should be compared to 0.345 V for
the low-spin heme b, since the energy profile in Fig. 20 is
constructed relative to the immediate electron donor."** Relative to
the low-spin heme b, the two reduction steps should be endergonic
by 0.6 keal mol ™" and 6.6 kcal mol ™", respectively, which is close to
the computational results of 1.1 kecal mol ™" and 6.9 kcal mol ,
respectively.’” As discussed in the methods section, a correction
is introduced for the Feps(m) potential to obtain agreement
with experiment for the overall energetics, and the same
correction, but in opposite direction, is applied when Fey;(u) is
oxidized.*”

The energy profile in Fig. 20, constructed on the basis of the
computational results, corresponds to the situation without any
gradient across the bacterial membrane in which the ¢cNOR
enzymes are located. Since other processes creates an electro-
chemical gradient across the membrane, also the cNOR enzymes
have to work with a gradient present during catalytic turnover.
This means that if the reaction occurred in an electrogenic way,
the two reduction steps, endergonic already without gradient,
would become even more endergonic. Furthermore, the proton
transfer barriers connected with the reduction steps are high
already without the gradient, and if the protons would have to
move against the gradient these barriers would become even
higher. Thus, both the increased endergonicity and the raised
intrinsic barriers would contribute to increase the overall rate
limiting barriers for the entire reduction process, if the reaction
was electrogenic. The conclusion is therefore that the low
reduction potentials of the BNC makes it necessary for the
reduction process to occur in a non-electrogenic way, since with
an electrogenic reaction the rereduction, and thereby the entire
cycle, would become too slow.'® On the other hand, the
exergonicity and most likely also the rate of the chemical part
of the reaction, increase by the low reduction potentials, which
secures a fast quenching of the toxic NO molecules. These
results indicate that the reduction potentials of the cNOR BNC
cofactors are quite optimal, making the entire catalytic cycle as
fast as possible. If the reduction potentials were higher, the
reduction steps would be faster, but the driving force for the
chemical steps would become lower, which most likely would
make these steps slower. If the reduction potentials of the BNC
were even lower, this would probably increase the rate of the
chemical steps, but it would make the reduction steps too slow.

In contrast, the situation is quite different for the oxygen
reduction reaction in the CcOs, in particular for the A family,
where not only the chemistry is electrogenic, there is also
proton pumping in all four reduction steps. As shown in
Fig. 11, the much larger reduction potentials of the BNC
cofactors in CcO make all four reduction steps significantly
exergonic without gradient, which means that the energy cost
of charge motion against the gradient due to both electrogenic
chemistry and proton pumping can be afforded.

This journal is © The Royal Society of Chemistry 2020
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5. Cross-reactivity in heme-copper
oxidases

Some of the heme-copper oxidases has a so-called cross-reactivity,
which means that both O, and NO can be used as substrate in the
reduction reaction, which offers a possibility for further mecha-
nistic insights. Comparative computational studies where different
members of the heme-copper oxidase family react with both
substrates are informative, and they have the potential to elucidate
which enzyme properties are crucial for efficient cellular energy
conservation. The experimental information about these cross-
reactivities is essential for the evaluation of the computational
results. In the case of the ¢NORs, they have been found to be
capable of oxygen reduction,” and in the case of the CcOs, it has
been found that some CcOs are capable of NO-reduction, while
others are not. For the largest CcO subfamily, the A family,
enzymes from several different species have been found not to
reduce NO with a measurable rate,'*® while at least one member
has been shown to reduce NO at a slow rate.'® At least one member
of each of the B and the C families have also been shown to slowly
reduce NO.>'>"" Computational results for the cross-reactivity are
discussed in two subsections below, the first one dealing with
oxygen reduction in ¢NOR, and the second one with NO reduction
in the different CcO families.

5.1 O, reduction in c(NOR

One computational study using the DFT cluster approach has
been performed on the reduction of molecular oxygen in ¢cNOR.**
The purpose of the study was to explain the observations
obtained in a flow-flash experiment on the fully reduced cNOR®
and to elucidate the mechanism for oxygen reduction in cNOR.
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Furthermore, comparing the O, reduction mechanisms in the
two enzymes, CcO and ¢NOR, allows for a better understanding of
the mechanisms for cellular energy conservation.

The energy profile for one catalytic cycle of O, reduction in
¢NOR was constructed from a combination of computational
and experimental results, see Fig. 21.°* To simplify the comparison
to the same reaction in CcO, this energy profile is calculated
relative to the ultimate donor cytochrome ¢, which is in contrast
to the energy profile for NO reduction in ¢cNOR discussed above.
The energy profile in Fig. 21 agrees well with the experimental
observations. For example, the experimental rate of oxygen
reduction in ¢NOR (2-10 electrons per second’) corresponds to a
barrier of about 17.5 kcal mol ', which compares well with the
overall rate-limiting barrier, the first proton uptake after oxygen
binding, of 18.5 (16.9 + 1.6) kcal mol " in the energy profile.
Furthermore, a recent experimental study showed that in the
reaction of O, with a fully reduced Fep depleted variant of
¢NOR, oxidation of the low-spin hemes occurred with a small
amplitude.’®® This observation supports the mechanism in
Fig. 21, in which molecular oxygen binds to the high-spin heme
and one reduction step occurs without involvement of Feg.

A scheme for the reaction mechanism for oxygen reduction
in ¢tNOR as elucidated from the energy profile is given in
Fig. 22, which includes also the oxygen reduction mechanism
in the A family CcOs for comparison.’® The most apparent
difference between the two schemes concerns the involvement
of the redox-active tyrosine in the CcO mechanism. The active site
tyrosine is lacking in ¢NOR, which causes several differences in
the reaction mechanisms. First, after the binding of molecular
oxygen to the BNC in ¢NOR, one of the reduction steps has to
occur, forming a hydrogen peroxide intermediate, before the O-O
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Fig. 21 Energy profile for one catalytic cycle of reduction of molecular oxygen in cNOR, obtained from a combination of experimental and
computational data. Under each intermediate the accumulated number of electrons transferred into the BNC is indicated. The letters ct and b denote
cytochrome ¢ and low-spin heme b, respectively. The figure is reprinted from ref. 94. Copyright (2017), with permission from Elsevier.
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Fig. 22 Suggested mechanisms for oxygen reduction in the A family CcOs and in cNORs. The notations for the intermediates in the cNOR reactions was

introduced to simplify the comparisons to the CcO reaction.®*

bond can be cleaved with a low enough barrier. In CcO the
tyrosine can deliver the electron and the proton needed. However,
as discussed in Section 3.1 above, it is suggested that the O-O
bond cleavage in CcO occurs in a two-step manner, with a
hydrogen peroxide intermediate labeled I (Fig. 7), which resem-
bles the Py intermediate in the scheme in Fig. 22, before the O-O
bond cleavage occurs. It can also be noted that the local barrier
for the O-O bond cleavage relative to the hydrogen peroxide
is similar in the two cases, 9.4 kcal mol " in ¢cNOR (Fig. 21) and
8.5 keal mol ™" in a; CcO (Table 1).

As shown in Fig. 22 the lack of a tyrosine in the ¢NOR active
site results in an important difference between all intermediates
in the catalytic cycles for the two enzymes. In the CcO reduction
process the tyrosine plays a large role, since it is suggested to
stay unprotonated until the last reduction step before the next
0, molecule enters. This form of the intermediates makes it
possible for each reduction step to start by electron transfer to
the BNC, followed by proton uptake to the BNC, which was
suggested to be crucial for the proton pumping, i.e. for efficient
energy conservation.’® In contrast, for oxygen reduction in
cNOR, it is suggested that the reduction steps are initiated by
proton transfer to the BNC, followed by electron transfer, which
is similar to the situation for NO reduction in ¢NOR discussed
above. In fact, the two reduction steps from Oy to Ry in Fig. 22
are more or less identical to the corresponding steps for the NO
reduction in cNOR, see Fig. 19, which means that, due to the low
reduction potentials of the BNC cofactors they are endergonic,
and also that they have high barriers. This is also at variance with
oxygen reduction in CcO, where the corresponding reduction
steps are significantly exergonic, compare Fig. 11.

In summary, from the computational study on oxygen reduction
in the ¢cNOR enzyme, which is known not to contribute to cellular
energy conservation, some mechanistic insights can be derived.
First, the low reduction potentials of the cofactors in the BNC of
¢NOR prevents energy conservation via electrogenic chemistry, as
occurs in CcO, since some of the reduction steps are quite slow
already without an electrochemical gradient present. Second, due to
the lack of a tyrosine in the active site of cNOR, the mechanism for
the proton coupled reduction steps is different compared to in CcO.

7322 | Chem. Soc. Rev., 2020, 49, 7301-7330

This shows how important the redox-active tyrosine in the CcO
active site is for energy conservation via proton pumping.*®

5.2 NO reduction in CcOs

In a computational study from 2013 it was concluded that the
difference in the reduction potentials of the BNC cofactors
between CcO and cNOR was decisive for the difference in their
capability for energy storage.'®* The low potentials of the cNOR
cofactors secure a fast reaction with the toxic NO molecule, to
the price of endergonic reduction steps, while the larger
potentials of the CcO cofactors secure exergonic reduction steps
and efficient energy storage in the reaction with 0,.>”'** Those
conclusions suggest that NO should react slower or not at all
with CcO, which is in line with experimental observations. The
mitochondrial (bovine) enzyme and several other CcOs from
bacteria belonging to the A family have been shown not to
reduce NO with a measurable rate,'®® while it has been shown
that one member of the A family, the Thermus (T.) thermophilus
caas, reduce NO at about 30 mol NO/(mol caa; x min).'° Among
the B-type oxidases, at least the T. thermophilus basz, has been
shown to slowly reduce NO, about 3 mol NO/(mol ba; x min)."°
The fastest NO reduction in a CcO has been found to occur in
the C-type chb; enzymes, with a rate of about 100 mol NO/(mol
chb; x min).*'" The NO reduction in ¢NORs is much faster
300-4500 mol NO/(mol enzyme x min).'® On the other hand,
computational studies have shown that the proton coupled
reduction potentials for all different CcOs families are quite
similar,®® which makes it more difficult to explain the variation
in reactivity with NO among CcOs from different species.

Two computational studies have been performed on NO
reduction in different types of CcOs with the purpose of com-
paring possible mechanisms both between cNOR and CcOs, and
between the different CcOs.'>'*® One of the computational
studies used a BNC model taken from a CcO from the A family,
but since the BNC active site is essentially identical in the A and
the B families, this model was assumed to represent both
families, and referred to as the a; model."> The other study
used a model of the BNC active site from a chb; oxidase.** Two
different mechanisms were investigated, labeled mechanism I

This journal is © The Royal Society of Chemistry 2020
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Fig. 23 Possible mechanisms for NO reduction in CcO. The upper scheme describes mechanism I, which is identical to the cis:bs-mechanism in cNOR
as suggested from computational studies (see Fig. 19). Mechanism I, bottom scheme, is an alternative mechanism for NO reduction in CcO. The
subindex “x3" on the heme-iron denotes “a3” for the A and B families and “"b3" for the C family.

and II, shown in Fig. 23. Mechanism I is identical to the cis:b;
mechanism, which was previously found to be the most likely
mechanism for NO reduction in ¢tNOR (see Fig. 19, which starts
from the oxidized state),***”'** and in mechanism II a proton
coupled reduction step occurs after formation of the hyponitrite
intermediate, and before the N-O bond cleavage. The descrip-
tion of the mechanisms and the energy profiles in this section
use the reduced BNC active site as starting point, in congruence
with the experimental investigations on these reactions.

In Fig. 24 the calculated energy profile for reduction of NO
in the chbs-type of CcO following mechanism I, i.e. the cis:bs-
mechanism, is compared to the corresponding energy profile

for NO reduction in ctNOR."** The energy profile for chh; shown
in the figure, furthermore, was found to be very similar to the
corresponding energy profile obtained for the a; model describing
the A and B families in the other study.'” Therefore, Fig. 24 shows
that the energy profiles for NO reduction in all CcOs are quite
different from the corresponding profile for the cNOR reaction. In
¢NOR the formation of the hyponitrite intermediate is exergonic
with a low barrier for N,O formation, and the rate-limitation for
turnover is the succeeding reduction steps, while in the CcOs the
formation of hyponitrite is endergonic with a high barrier for N,O
formation. The low reduction potentials of both Feg (0.32 V) and
the high-spin heme Fe (0.06 V) contribute to the exergonicity of the

AG kcal/mol
TS,
-H,0+NO rot
a5 ol 2':._._‘ (209 Tsy 4
+9.3\ +NO
o + 0 : 15 Upper curve: cbby
M) |2 fe
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—Feps(i)— 7 ‘N-O
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b3! >
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Fig. 24 Calculated free energy profile for one full catalytic cycle of NO reduction in cNOR'? and in cbbs CcO using mechanism I. The notation M¥ is

used for Feg(il) in the cNOR case and for Cug(l) in the cbbs case, while the notation M

g+ is used for Feg(in) and Cug(i), respectively. The dashed parts of

the curves were not studied. The cNOR curve is here calculated relative to the ultimate electron donor cytochrome ¢, which is different from Fig. 20. The
figure is reprinted with permission from ref. 125. Copyright (2020) American Chemical Society.
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Fig. 25 Rate determining steps for N,O formation in the catalytic cycle of NO reduction following mechanism | (left part) or mechanism Il (right part) in
cbhbs CcO (green curve), compared to as CcO (black curve). The calculated energies are given relative to the lowest previous point, the nitrosyl complex.
The subindex “x3" on the heme-iron denotes “a3" for the A and B families and “b3" for the C family.

hyponitrite formation in ¢tNOR, while the high reduction potentials
of both Cug (1.0 V) and high-spin heme Fe (0.3 V) results in
endergonic hyponitrite formation in the CcOs. In addition, a valine
near the active site in the CcOs was found to have an effect,
increasing the barriers for N,O formation a few keal mol ™!, while
no such effect was found from a valine in a similar position in
¢NOR." These results, showing a large difference in NO reactivity
between CcO and ¢NOR, are thus in accordance with the expecta-
tions, the high barriers for N,O formation in the CcOs result in
slow or non-observable reduction of NO.

To understand the experimental result that the various CcOs
react differently with NO, a closer comparison of the computa-
tional results for the different CcOs is needed. Since the CcO
with the fastest NO reduction, the chb; oxidases, is the CcO that
is most similar to the ¢tNORs, it has been speculated that the
higher rate of NO reduction in the ¢bb; oxidases may be due to
structural similarities of the BNC to the ¢NORs, and that the
properties of the high-spin heme determines the NO reactivity
in the CcOs (compare Fig. 2)."'** In Fig. 25 (left part) the
energy profile for mechanism I in cbb; oxidases is compared to
the corresponding profile for the a; oxidases, starting from the
nitrosyl complex."*® As was shown in Fig. 24 there is no
particular similarity in the energy profiles for the chb; oxidases
and the cNORs, and in contrast, Fig. 25 emphasize the similarity
in the energy profiles for all CcOs. There is, however, a small
difference in the heights of the rate determining barriers, with
the chb, barrier 2.6 kcal mol™* lower than the a; barrier, which
may explain the faster reaction, although the difference is
within the uncertainty of the calculations.

If the energy profile to the left in Fig. 25 may explain the
slightly faster rate of NO reduction in chb; compared to other
CcOs, it cannot explain the differences among the various a;
oxidases. Therefore mechanism II was introduced, which coin-
cides with mechanism I until formation of the hyponitrite
intermediate, but involves a proton coupled reduction before
the N-O bond cleavage, see Fig. 23. The energy profiles for

7324 | Chem. Soc. Rev., 2020, 49, 7301-7330

mechanism II are compared in Fig. 25 (right side), and again it
can be seen that the CcOs have very similar energy profiles. In
mechanism II for NO reduction, the rate limiting step for N,O
formation is the proton transfer into the BNC as part of the
reduction step, which means that properties outside the BNC
determine the reduction rate.">™> The barriers for proton
transfer cannot be calculated, and therefore they are only
sketched in Fig. 25. This suggests that for some CcOs the
proton transfer barrier is too high to give any observable NO
reduction, while in other CcOs the proton transfer barriers are
lower, and of slightly varying heights, resulting in slow NO
reduction with slightly different rates. For the non-reacting
CcOs the barrier is about 21 kcal mol" or higher,"” and for
the ones actually reducing NO, the barriers vary between 17 and
19 kecal mol ™, with the lowest value for chb;. Considering the
differences in the protein structures surrounding the BNC
active site in the various oxidases, including differences in
the number and structure of the proton pathways, this should
be a reasonable explanation to the variation in NO reactivity
among the CcOs."*>'*?

The calculations indicate that the chb; oxidases may follow
the same cis:b; mechanism as ¢NOR, although with a very
different shape of the energy profile. However, the experimental
observation that, contrary to the ¢NOR reaction,""® the NO
reduction in chb; oxidases is not substrate-inhibited,** indicates
that the fully oxidized state with an oxo-bridge is not involved
when NO is reduced in chb; oxidases, which supports mecha-
nism II going directly to the one-electron reduced hydroxyl-
bridged intermediate after the N-O bond cleavage, see
Fig. 23."*® A computational study on NO reduction in ¢NOR
suggested that the substrate-inhibition is caused by a reaction of
the NO molecules with the oxidized BNC with an oxo-bridge,
while the same study showed that no reaction occurs with the
hydroxyl-bridged one electron reduced intermediate.** It is
furthermore known that NO is a potent inhibitor of the oxygen
reaction in both the bovine CcO, which do not reduce NO,'?°

This journal is © The Royal Society of Chemistry 2020
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and chb; CcO which do reduce NO.'*” This observation can be
explained by NO reacting with the oxidized BNC active site, which
is an intermediate in all CcOs during the reaction with O,.

The computational results indicate that the main features of
the mechanism and the energetics of NO reduction in heme-
copper oxidases are determined by the type of non-heme metal,
Cug in CcOs or Fep in ¢NOR, resulting in a large difference
between CcO and cNOR. The difference in the type of high-spin
heme (a; or b3) among the CcOs may lead to small differences
in energetics, but the main differences in the reaction rates for
NO reduction in the various CcOs, including those that are too
slow to be observed, are most likely explained by differences in
the protein surrounding the BNC active site, including the
number and composition of proton pathways.

6. Conclusions

Computational studies of O, and NO reduction in heme-copper
oxidases are reviewed. The main approach in the studies is to
apply hybrid DFT calculations to cluster models of the BNC
active sites, and to describe entire catalytic cycles, including the
reduction steps with electron and proton transfer from donors
outside the protein. To achieve a reliable overall picture of the
reactions, the computational results are combined with certain
experimental information. Mechanistic understanding has
been obtained of the bond cleavage and bond formation parts
of the reactions, as well as of the energy conservation.

For O, reduction in CcO, the O-O bond cleavage occurs in a
two-step reaction. In the first step after O, binding to the reduced
BNC, a hydrogen peroxide bound to the high-spin heme is
formed. Normally this step is endergonic and the peroxide
intermediate is not observable. The O-O bond is cleaved in the
next step forming an oxoferryl at the high-spin heme, a cupric
hydroxide and a tyrosyl radical in the A and B family CcOs, where
the conserved active site tyrosine supplies the electron and the
proton for the peroxide formation. The calculations indicate that
for the C family CcOs the same reaction mechanism leads to a too
high overall O-O cleavage barrier, and an alternative process is
suggested, where one proton coupled reduction step occurs to
form the hydrogen peroxide intermediate, followed by the O-O
bond cleavage. A similar mechanism as in the C family is used in
¢NOR, which is known to reduce also molecular oxygen, and
where there is no tyrosine available in the active site. Thus, in all
cases of oxygen reduction in the heme-copper oxidases a hydrogen
peroxide intermediate is formed before the O-O bond cleavage.

For the NO reduction to N,O the chemistry is slightly more
complicated, with both bond formation (N-N) and bond cleavage
(N-O) before the N,O product is released. The calculations show
that the so-called cis:b; mechanism is the only one of the suggested
mechanisms for NO reduction in ¢NOR that is energetically
feasible. The so-called trans mechanism, which has been strongly
favored by experimentalists, involves unfavorable energetics. In the
cis:b; mechanism the first NO molecule binds to the high-spin
heme b; in the reduced BNC, and the second NO molecule forms
an N-N bond with the first NO. The two BNC metals are oxidized

This journal is © The Royal Society of Chemistry 2020
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and a hyponitrite dianion is formed in an exergonic step. Rotation
of the hyponitrite and cleavage of one of the N-O bonds result in
release of N,O. This part of the reaction is found to have a rather
low barrier (calculated to be about 12 keal mol ') and this step is
not rate-limiting for the entire catalytic cycle. In contrast, NO
reduction in CcO following the same mechanism would lead to a
much higher barrier, which makes this mechanism less likely as
an explanation of the actually observed NO reduction in some CcO
species. The high barrier is caused by the significantly larger
reduction potentials of the BNC cofactors in the CcOs, compared
to ¢NOR, in particular for the non-heme metal. An alternative
mechanism is suggested, in which a proton coupled reduction
step preceding the N-O bond cleavage is rate-limiting, implying
that differences in NO reactivity among the CcOs may be explained
by properties outside the BNC.

Regarding energy conservation in the heme-copper oxidases
there are several issues, on which the computational studies
have shed some light. The calculations on the CcOs show that
the proton coupled reduction potential of the non-heme metal
in the BNC, Cusg, is significantly larger during catalytic turnover
than equilibrium measurements indicate. This result solves a
problem with a discrepancy between the overall exergonicity of
the catalytic cycle, and the sum of exergonicites based on the
individual experimental reduction potentials. The result also
explains how the A family can afford to pump four protons per
oxygen molecule. The calculations further suggest a reaction
mechanism for O, reduction in CcO, in which the tyrosyl
radical formed in the O-O bond cleavage step remains in
several intermediates during the catalytic cycle. The tyrosyl
radical is suggested to be crucial for the proton pumping, since
it ensures the coupling between the transfer of one single
electron into the active site and the uptake of two protons,
one to the BNC for the chemistry and one to be pumped. The
function of the tyrosyl radical is to adjust the electron affinity of
the BNC in each intermediate, such that a proton must be
transferred to a pump-loading site before the chemical proton
arrives in the BNC. The calculations further indicate that the
oxygen reduction mechanism in the C family of CcOs involves
fewer intermediates with a tyrosyl radical, implying a lower
stoichiometry of proton pumping in line with some experi-
mental observations.

Finally, the calculations show that the proton coupled
reduction potentials of the BNC cofactors in ¢tNOR, which are
significantly lower than the corresponding ones in CcO, are
optimized for a fast elimination of the toxic NO radical, which
leads to endergonic reduction steps. Together with high barriers,
the endergonic proton coupled reduction steps would make
electrogenic chemistry, i.e. taking electrons and protons from
opposite sides of the membrane, too slow when there is a
gradient present across the membrane. Therefore, no energy
conservation can be accomplished in ¢cNOR.
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