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Summary

Density functional theory (DFT) and combined Molecular Mechanics/Quantum
Mechanics (MM/QM-MD) calculations have been applied to models of the cytochrome ¢
oxidase (CcO) including the Fe—Cug binuclear center, where dioxygen is bound and sub-
sequently reduced to water. The properties of several intermediates of the CcO dioxygen
reaction have been investigated by theoretical approaches. In this chapter, we investigate
the dynamics of the binuclear heme Fe—Cug throughout the O, catalytic cycle. We are
focused on the effects of the protein matrix and proton/water motion exerted on the heme
as group. For this, we have built models of CcO, which vary at the heme a; environment.
This variability is based on hydrogen bonding interactions and amino acid protonation
states. Different control points have been identified for the transition from one intermedi-
ate to the next. The hydrogen bonding networks in the proximity of heme a; area also
have consequences for the characteristics of the binuclear center. A theoretical frame-
work for the direct link between an H" delivery channel (termed D) and an accumulation
of waters, termed ‘water pool’ close to the active site, has been achieved at the QM/MM
level of theory. Two proton valves (E278 and His403) and an electron/proton coupling
site (propionate-A/Asp399) exist in this pathway for the aa; CcO from P denitrificans.
The ferryl intermediate, produced subsequent to the O—O bond scission, is found to have
characteristics highly dependent on the basicity of the proximal His411, in contrast to the
hydroxyl intermediate that is sensitive to distal effects.
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I. Introduction

Theoretical studies are routinely used to
probe complex biological systems in atomis-
tic details. These studies include, among
others, Density Functional Theory (DFT),
Molecular Mechanics (MM) and Molecular
Dynamics (MD), as well as combined
Molecular Mechanics/Quantum Mechanics
(QM/MM) methodologies. Cytochrome ¢
oxidase (CcO), a terminal respiratory enzyme
(see also Chap. 9), catalyzes the transfer of
electrons from the reduced cytochrome c to
the molecular oxygen and translocates pro-
tons vectorially across the mitochondrial
inner membrane. Four redox active metal
centers are present in the enzyme: two hemes
a and three associated copper atoms. In
eukaryotes, the electrons coming from the
substrate cytochrome c¢ enter the homo-
dinuclear copper center, Cu,. From there,
electrons are transferred, via the low-spin
heme a, to the bi-nuclear center containing a
high-spin heme a; and a Cug complex. The
latter two metal sites constitute the active
catalytic site, where oxygen is reduced to
water by four electrons and four protons
(Wikstrdom 1989; Babcock and Wikstrom
1992; Ferguson-Miller and Babcock 1996;
Gennis 1998; Michel 1998a, b). The function
and proposed mechanisms of action of CcO
enzymes have been reported before (Babcock
and Wikstrom 1992; Ferguson-Miller and
Babcock 1996; Michel et al. 1998; Belevich
and Verkhovsky 2008). Binding of O, to the

Abbreviations: BLYP — Functional to describe the
exchange and correlation part of the electron-electron
interaction energy in the theoretical calculations
based on Becke’s correlation functional; Lee, Yang,
Parr exchange terms; CcO — Cytochrome ¢ oxidase;
DFT — Density functional theory; MD — Molecular
dynamics; MM — Molecular mechanics; OPLS —
Optimized potentials for liquid simulations force field;
QM — Quantum mechanics; riBLYP — Resolution of
identity (ri) methodology is an approximation to the
computation of two-electron four-center integrals with
significantly improved time efficiency; TZVP — Triple-
zeta basis sets, TZVP contains a set of d-functions
on the heavy atoms and one set of p-functions on
hydrogen atoms
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heme a;-iron leads to the first oxy intermediate
Fe(II/11I),,;—0,|Cug(I), which subsequently
is converted to the peroxy Fe(Ill),;—O—
O—|Cug(II) species. Reduction by the third and
fourth electrons yields the ferryl Fe(IV),;=
O|Cupg(I)-OH and hydroxyl Fe(IIl),;—
OH|Cug(IT)-OH intermediates, respectively
(Wikstrom 1989; Babcock and Wikstrom
1992; Ferguson-Miller and Babcock 1996;
Gennis 1998; Michel 1998a, b).

The ferryl intermediate has gained a lot
of attention by several research groups (see
literature from Babcock, Gennis, Ferguson-
Miller, Michel, Varotsis, and Wikstrom
groups), as it presents a key structure produced
immediately after the O—O bond cleavage, a
step not yet characterized mechanistically in
atomistic detail. There was an initial assign-
ment based on the Optical Absorption spec-
tra of the species with a major peak at 580 nm
to an oxyferryl (F) heme iron, while the
607 nm species to a ferric heme peroxide (P)
structure, and they were named F and P,
respectively (Wikstrdm 1981). Later studies
attributed an oxo-ferryl character to both
species (Varotsis and Babcock 1990; Ogura
etal. 1996; Hanetal. 2000). The 804/790 cm™!
V(Fe—O) modes in the resonance Raman
spectra have been theoretically attributed to
the same oxidation level with oxo-ferryl
character (Py) in the CcO dioxygen reaction
(Daskalakis et al. 2008). The protonation
state of the propionate-A/Asp399 (prop-A/
D399) pair seems not to influence signifi-
cantly the location of the 804/790 cm™! bands
but only their intensities. Thus, different
protonated/deprotonated states of this pair
vary the intensity of one band over the other
and their contribution to the experimental
spectra. This results in the appearance of one
or two prominent positive bands in the dif-
ference spectra of isotopically-substituted
species such as the ferryl-oxo intermediates
in the CcO dioxygen reaction (Daskalakis
et al. 2008). Moreover, for the enhancement
of the §(His—Fe=0) ferryl bending mode,
we have identified crucial resonances, and
linked them to conformational/structural
changes during enzymatic turnover, including
the Fe—Cug distance, which is controlled by
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Fig. 10.1. Cytochrome c oxidase from P, denitrificans. (a) Active site with His403 conformations are shown in the
inset. Most important surrounding amino acids are also visible. GIu278 is depicted as part of the proton delivery
channel termed D-pathway. (b) Proton delivery channels (K- and D-pathways), as well as some waters in the

water pool can be seen in the structure.

electrostatic interactions in the active site and
especially in the area of the heme a; propio-
nates (Daskalakis et al. 2011). The position
of Cug in respect to the heme a; plane appears
also sensitive to the protonation events in the
propionates. In addition, we have proposed
that conformational changes in the region
of the ring A propionate of heme a;, due to
protonation events, are communicated via
the Asp399/His403 pair to Gly386/Thr389
in the proximal area, thereby altering the
Hydrogen bonding networks in the region.
This, in turn, controls the effect of proximal
ligand His411 to the frequency of the ferryl
Fe=0 bond.

In order to identify the key effects of the
protein matrix on the CcO active site, we
start by studying several crystal structures of
the aa;—CcO solved to date (Iwata et al. 1995;
Tsukihara et al. 1995; Ostermeier et al.
1997; Yoshikawa et al. 1998; Koepke et al.
2009). The fifth axial ligand of heme a;—Fe is
a histidine, termed His proximal. In this
proximal area, Gly and Thr residues are also
found in the crystal structures of aa; from
Paracoccus denitrificans (Ostermeier et al.
1997) and bovine heart (Koepke et al. 2009),

while the ba; from Thermus thermophilus
lacks the Thr residue; instead, a second Gly
is located at the proximal site (Soulimane
et al. 2000; Hunsicker-Wang et al. 2005).
Oxygen binds as the sixth axial ligand, distal
to heme a; area, between heme a; and the
Cug metal. The latter is coordinated to three
His residues. One of the unique properties of
the binuclear center, determined by the crys-
tal structures and conserved among different
CcOs (Rauhamaiki et al. 2006), is the cova-
lent link between a Tyr residue and one of the
three His ligands of Cug. The cross-linked
Tyr forms an hydrogen bonding interaction
with the hydroxyethyl-farnesyl side chain of
heme a;. This cross-linked Tyr is also in
hydrogen bonding distance to the substrate
oxygen in the distal area. Figure 10.1a shows
the heme a;—Fe site of CcO from P, denitrifi-
cans (Koepke et al. 2009) indicating the
proximal and distal regions, as well as the
most important amino acids in the vicinity of
the active site.

It has been previously reported that hydro-
gen bonding networks affect the basicity of
the axial to the heme iron ligand to support
oxidation states of heme iron greater than III
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(Goodin and McRee 1993; Vogel et al. 1999).
Cytochrome ¢ oxidase, sulfite reductase and
the carbon monoxide-sensing heme protein
(CooA) exhibit such proposed hydrogen
bonding networks (Goodin and McRee 1993;
Crane et al. 1997; Vogel et al. 1999). In the
case of CcO, a proton movement through
hydrogen bonding networks also induces
changes in the vibrational spectroscopic
characteristics (Daskalakis et al. 2008,
2010). Moreover, hydrogen bonding to the
N6-H hydrogen (Fig. 10.1a) of the proximal
His is the crucial step in understanding how
reactivity of the heme-iron is controlled
proximally in proteins (Decatur et al. 1999).
On the other hand, protonation of the sub-
strate oxygen, which is achieved most likely
through hydrogen bonding interactions at the
distal site, is crucial for the H,O production
in the CcO/O, reaction. Thus, it is of great
importance to probe the sites proximal and
distal to heme a; that are influential during
the reduction of O, by CcO. Hydrogen bond-
ing networks can be altered by proton and
water motion throughout the catalytic cycle
of the CcO enzyme. The transfer of a proton
(H*) from E278 (P, denitrificans numbering)
to an unknown residue above hemes a/a; is
the first step mediated by CcO that leads to
the translocation of protons across the mito-
chondrial membrane. During the P — F tran-
sition, E278 is protonated via the D-pathway.
This proton is subsequently transferred to
the active site and E278 is re-protonated,
while another proton is released to the P-side,
as indicated in Fig. 10.1b (Bellevich et al.
2006), as it can be seen in Fig. 10.1b. Several
approaches have been used to predict either
long distance (QM/MM, MD) or short dis-
tance (DFT) effects in models of CcO from
proton and electron transfer processes.

Il. The Dioxygen Activation Models

Theoretical studies of electron and proton
transfer events in the CcO enzyme are a cru-
cial tool for elucidating the interactions
between metals, prosthetic groups, ligands
and the protein matrix. In addition to insights
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specifically relevant for the CcO enzymes,
these studies also elucidate important aspects
into the action mechanisms of other heme
proteins involving proximal and distal to
heme interactions.

Hydrogen bonding networks, like electron
transfer pathways, play a significant role in
the double function of heme-copper oxidases:
(a) to reduce molecular oxygen to water and
(b) to pump protons across the inner mito-
chondrial membrane. DFT, MD, QM/MM
calculations on heme-copper center models
provide profound insight into the structural,
electronic and dynamic properties of several
intermediates throughout the catalytic cycle
of O, reduction in cell respiration (Blomberg
et al. 2000a, b, 2003; Bassan et al. 2006;
Kozlowski et al. 2006).

In this chapter we elucidate the heme
proximal and distal dynamics and quantify
the effects of hydrogen bonds in the regions
around the active site for several intermedi-
ates in the dioxygen activation catalytic
cycle. Experimental quantification would be
difficult, as only overall differences in the
hydrogen bonding networks could be mea-
sured. Furthermore, atomistic details of such
reaction dynamics are accurately probed by
theoretical calculations.

The crystal structure of aa; cytochrome ¢
oxidase from P denitrificans (PDB 1AR1)
provides the initial x, y, z Cartesian coordi-
nates for the atoms of each model studied.
The size of the model depends on the
theoretical methodology used. In DFT
calculations we restrict our systems to the
active site including the first coordination
sphere for each metal (Fe,;—Cug) and some
of the hydrogen bonding networks in the
proximal region, while QM/MM-MD calcu-
lations encompass the whole protein in a
water solvent.

DFT calculations were performed to
probe the proximal and distal effects on the
CcO heme a; active site. For the DFT, ethylic
acids can be used in the proximal region,
near heme-iron axial ligand, to reproduce the
hydrogen bonding network found in the area,
thereby substituting the Gly and/or Thr resi-
dues. Carbonyl groups of the peptidic bonds
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in the enzyme, found near the proximal His,
are in this way represented by carboxyl
groups donating the electronegative atom in
the hydrogen bonding network. Ethylic acids
are found to be quite convenient small mol-
ecules for the study that do not introduce
unwanted hydrogen bonds or other interac-
tions in the proximal region. For each struc-
ture considered, a full geometry optimization
was performed on riBLYP/TZVP level of
theory using the Turbomole V.5-8-0 software
package (Turbomole 2005). For metals (iron
and copper) an effective core potential (ECP)
is applied (termed “ecp-10-mdf” for iron
and “ecp-18 arep” for copper atom), as
implemented in Turbomole software pack-
age. Moreover, we have implemented the
computational advantage of the RI-J
(Resolution of the Identity) approximation
(Billingsley and Bloor 1971; Eichkorn et al.
1995), as defined in Turbomole with the
default parameterization. Geometry optimized
DFT models of the active site of CcO with
relevant vibrational frequencies are pre-
sented in Fig. 10.2.

A mixed quantum mechanics/molecular
mechanics (QM/MM) approach was used to
probe protonation/deprotonation and water
motion events near the active site of CcO.
QM/MM calculations can seamlessly join
together QM and MM representations of a
complex system. The fundamental idea is to
divide a large, condensed phase system into
two regions; the reactive chemical event is
contained within the QM region (which
includes the active site as in the DFT calcula-
tions), while the surrounding condensed
phase is modeled via molecular mechanics.
The DFT/MM calculations were performed
using the QSite module of Schrodinger 2010
Suite of Programs (Schrodinger). B3LYP
functional and lacvp* basis set was used for
the QM part, while the OPLS2005 force field
(FF) was used for the MM part throughout
this work.

We prepared initial structures for the QM/
MM calculations, by varying the protonation
state of propionate-A and Asp399 carboxylic
groups. We have built complete models of
the solvated CcO protein by adding missing
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hydrogen atoms and a water buffer of more
than 14 A (T3P FF) between the protein
matrix and the boundaries of the simulation
box. Crystallographic waters, inside the pro-
tein structure, were retained before and after
the solvation. An initial minimization/relax-
ation process was performed by the Desmond
Software of Schrodinger Suite 2010, before
each QM/MM calculation. The relaxation
was based on the default protocol proposed
in the Desmond manual. This included stages
of solute-restrained minimization, no restrain
minimization, NVT simulation of 24 ps,
10 K, NPT simulation of 10 K, 1 atm, NPT
simulation of 24 ps, 300 K and 1 atm with
non-hydrogen solute atoms restrained and a
final NPT 24 ps simulation at 300 K and
1 atm (Schrodinger). For the QM/MM geom-
etries after the minimization/relaxation, we
reduced the water buffer significantly by
excluding every solvent molecule beyond a
distance of 8 A away from the protein matrix
and restrained to their coordinates those
waters beyond a 20 A layer around the heme
iron according to their minimized positions.
A cutoff distance of 100 A was also set for
the Coulombic interactions. The hydrogen-
cap approach was used for the covalent
QM-MM boundary region, where hydrogen
atoms are used to “cap” the QM-cut/unsatu-
rated bonds. Gaussian charges were imple-
mented to provide the electrostatic
contribution from the MM part to the QM
Hamiltonian. Figure 10.3 depicts a typical
QM/MM system under study.

lll. Proton and Water Motion Drives
the CcO Dioxygen Reaction

A.The Oxy Intermediate

In the oxy intermediate, DFT calculations
show that the O—O bond strength is not at all
affected by the proximal hydrogen bonding
network (Fig. 10.2, models 5-6/5w). The
0-0 weakening in this phase of the catalytic
cycle is not favored by either the proximal,
nor by the distal interactions. So how does the
enzyme proceed to the next intermediate?
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Fig. 10.3. QM/MM model used for the highly elaborate QM/MM calculations, including the whole protein and
the water solvent. The active site is represented in QM (DFT) level of theory, while the rest of the protein, as well
as the solvent are represented by the OPLS2005/TIP3P Force Fields, respectively. The active site, that is probed
at the B3LYP/tzvp* (DFT) level of theory at different protonation states of the Asp399/propionate-A pair, is
enlarged on the bottom right side of the figure. Cu is optimized at a closer distance to the heme a; iron, in the case
where the negative charges increase on the Asp399/propionate-A pair.

Waters are possible sites for the accommo-
dation of a proton in the form of transient
hydronium (H;0%) species, acting as proton
carriers. Interestingly, a single water mole-
cule is highly conserved in the crystal struc-
tures of bacterial and mammalian CcOs,
between the heme a; propionates. If such a
hydronium molecule interacts with the pro-
tein matrix in the area of the heme a; propio-
nates, its proton is transferred to the heme a3
ring A propionate in our QM/MM simula-
tions. This implicates a propionate-D/Arg —
prop-A/D399 proton transfer via the con-
served water molecule in the cases where a
single proton is shared between prop-A and
Asp399 (Daskalakis et al. 2011). Figure 10.4

illustrates a schematic mechanism of action
involving the early stages of dioxygen activa-
tion by CcO. In this model the His403 residue
plays the role of a valve, controlling the flow
of protons in the region. By substantially
changing the pKa values of the prop-A or
Asp399, a proton is trapped or released by
prop-A. In the closed conformation (strong
hydrogen bonding between prop-A and
Asp399), the proton is trapped on the prop-A
site (Daskalakis et al. 2011). Starting from a
structure where a single proton is shared
between the latter prop-A/D399 pair (in the
oxy intermediate, and the closed His403 con-
formation), the proton resides ‘locked’ on the
prop-A side. Active site oxidation will trigger
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Fig. 10.4. Early stages of CcO dioxygen reaction. The intermediate’s oxy are depicted with arrows to point the
proton (blue) and electron (red) movement in critical sites around the active site.

the release of that proton as it becomes
loosely bound (between prop-A/Asp399) in
the rest of the oxidation states and the His403
closed conformation. A water molecule in the
area could easily abstract that labile proton.
Deprotonation of the prop-A/Asp399 pair
increases the presence of negative charges in
the area, reallocating Cug closer to heme a;
iron, accommodating also a half spin in
prop-A. The heme a; Fe(I) is oxidized to Fe(III)
upon protonation of the prop-A/Asp399 pair
via the D-pathway (Daskalakis et al. 2011).
Electron transfer should occur from heme a,
concurrently to the previous proton transfer,
so that the half spin population on prop-A is
quenched. This should eventually trigger
the further oxidation of the active site to the
peroxy and ferryl intermediates. Protonation
should change the His403 conformation as
discussed previously, thereby trapping the
proton on the Asp399 site (His403 open con-
formation). Another release of a proton to the
heme a; propionates area via the D-pathway
is able to neutralize the prop-A/Asp399
charges and as a consequence His403 residue
changes conformation with the protons to
become loosely attached to the pair (His403
closed conformation). A water molecule that is
leaving the active site can be a possible proton
carrier, as well as a trigger for the neutralization

of the prop-A/Asp399 pair and the His403
conformational change. In each case, a
loosely bound carboxylic proton residing on
prop-A/Asp399 is released to the water pool
via the Mg that is coordinated to His403
(Schmidt et al. 2003). From the water pool the
proton reaches to the solvent immediately, or
after His403 changes conformation from
open to closed.

B.The Ferryl and Hydroxyl Intermediates

A distal hydrogen bond is the cause ofa 20 cm™
shift in (Fe—O) for the hydroxyl intermediate
(Fig. 10.2, models 7-8). This distal effect
appears significantly enhanced, having twice
the amplitude of the proximal effect (Fig. 10.2,
models 9-10), partly justifying the proposal of
an hydrogen bond in distal region being the
cause of the two experimentally observed
Y(Fe—0O) modes at 450 and 475 cm™! (Han et al.
1989, 2000) for the hydroxyl intermediate.

It is worth noting that the same distal inter-
action on the ferryl species was calculated to
be only 6 cm™! (riBLYP/TZVP level of theory)
(Fig. 10.2, models 3—4). The proximal effect
on bimetallic (Fe/Cug) ferryl complexes
accounts for a shift of up to 20 cm™' at the
same level of theory (riBLYP/TZVP) and
under the same hydrogen bonding network
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Fig. 10.5. Late stages of CcO dioxygen reaction. The intermediates ferryl and hydroxyl are depicted with arrows

indicating the proton (blue) movement in critical sites around the active site. Red arrows are designed to show
the effect of the propionate-A site on ferryl heme a; Fe=O bond and proximal area characteristics. The arrow

outlined in black depicts the product water movement out of the active site towards the water pool.

models (Fig. 10.2, models 1-2) (Pinakoulaki
et al. 2013). This pronounced distal effect of
the hydroxyl species, is in fact consistent with
the advancing of the catalytic cycle. The pro-
tonation at the distal site is the key step for the
CcO cycle to proceed further, leading to the
formation of water molecules at the active site.
The presence of H* in the distal area should
thus immediately affect the hydroxyl Fe(IIl)—
OH moiety and easily induce the transition
towards the next step of the catalytic cycle. On
the other hand, the presence of H* in the distal
site at the ferryl intermediate stage does not
influence the chemistry of that intermediate.
It is proposed that the protonation(s) near the
active site (at the heme a; propionates area,
Fig. 10.3) are communicated to the proximal
His (Daskalakis et al. 2008).

Figure 10.5 depicts a schematic view of
the last stages of dioxygen activation cycle in
CcO. Different protonation states of the
prop-A/Asp399 pair control the intensities of
the v(Fe—O) bands (Daskalakis et al. 2008).
His403 and Asp399 are connected to Gly386/
Thr389 by a short chain of amino acids.
Thus, protonation/deprotonation events in the
prop-A/Asp399 pair, as well as the His403
conformational changes are communicated

via these connecting amino acids to the
proximal site of His411. Changes in the
hydrogen bonding strengths in the proximal
region (Fig. 10.2, models 1-2) are able to
control the His411 basicity and thus the
v(Fe—O) modes via resonances (Daskalakis
et al. 2010). Glu278 resides at the entrance
of the D-pathway. It has been proposed that
water molecules are present in the hydro-
phobic cavity near Glu278, connecting it to
the heme a; propionate-D and Cug (Puustinen
et al. 1997; Riistama et al. 1997; Zheng et al.
2003; Olkhova et al. 2004).

In this model, Glu278 has the role of a
proton shuttle and/or a valve, mediating the
flow of protons towards Cug/Fe,; and the
propionate-D/Arg salt bridge (Olkhova et al.
2004; Xu and Voth 2005). The propionate-D/
Arg salt bridge has been proposed to be in a
redox-dependent thermal equilibrium, acting
as a gate for a proton or a protonated water
molecule (Wikstrom et al. 2005). As discussed
in a previous study (Daskalakis et al. 2011)
the Cug position is extremely sensitive to
the protonation states of the heme a; pro-
pionates. This thermal equilibrium and
proton transient gate should alter the
Fe,;—Cug distance, which in turn may trigger
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vibrational resonances in the His—FeV=

ferryl moiety of the active site that are detect-
able as different bands in resonance Raman
spectra (Daskalakis et al. 2010).

IV. Conclusions

We propose the presence of three important
aspects in the O, reduction cycle in the heme
a; Fe/Cug binuclear center of CcO: (1) The
effect from the hydrogen bonding networks
proximally to heme a; is significantly
enhanced only at the ferryl oxidation state.
(2) The distal to heme a; effect is calculated
to be important at the hydroxyl oxidation
level. (3) The presence of charges in the
vicinity of the active site is crucial to the
action mechanism of CcO dioxygen reaction,
as it controls the Cug position, the His403
conformation (aa; from P denitrificans
numbering) and consequently the release
of protons.

In this chapter we link water and proton
motion to spectroscopic characteristics of
the active site of CcO. A concerted proton
(water mediated) and electron motion has
been identified in the case of the oxy inter-
mediate. In hydroxyl and oxy species, the
proximal region or the axial His basicity
induces extremely weakened changes for
the Fe—O/O-O bonds and the respective
spectroscopic characteristics. We propose
that water and proton motion affect the
intensities of the v(Fe—0)/6(His—Fe=0)
vibrational frequencies and alters the
His403 conformation to enable the release
of waters/protons out of the heme a;/Cug
active site.
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