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ABSTRACT: The catalytic mechanism of reduction of NO to N,O in the bacterial enzyme nitric oxide reductase has been
investigated using hybrid density functional theory and a model of the binuclear center (BNC) based on the newly determined
crystal structure. The calculations strongly suggest a so-called cis:b; mechanism, while the commonly suggested trans mechanism
is found to be energetically unfavorable. The mechanism suggested here involves a stable cis-hyponitrite, and it is shown that
from this intermediate one N—O bond can be cleaved without the transfer of a proton or an electron into the binuclear active
site, in agreement with experimental observations. The fully oxidized intermediate in the catalytic cycle and the resting form of
the enzyme are suggested to have an oxo-bridged BNC with two high-spin ferric irons antiferromagnetically coupled. Both steps
of reduction of the BNC after N,O formation are found to be pH-dependent, also in agreement with experiment. Finally, it is
found that the oxo bridge in the oxidized BNC can react with NO to give nitrite, which explains the experimental observations
that the fully oxidized enzyme reacts with NO, and most likely also the observed substrate inhibition at higher NO

concentrations.

he membrane-integrated enzyme nitric oxide reductase

(NOR) catalyzes the reduction of nitric oxide (NO) to
nitrous oxide (N,O) as one of the steps in the denitrification
pathway, transforming nitrite (NO;~) to dinitrogen (N,). The
NOR enzyme belongs to the heme-copper oxidase superfamily,
together with cytochrome ¢ oxidase (CcO), the terminal
enzyme in the aerobic respiratory chain. In both NOR and
CcO, the catalytically active site is a binuclear center with a
heme group and a non-heme metal ion, which is copper (Cug)
in CcO and iron (Fey) in NOR. Until recently, the crystal
structure of NOR was not known, and the organization of the
active site could only be guessed on the basis of the homology
with CcO, for which crystal structures have been known for
several years for different species. On the basis of such a
tentative structure of the active site and different types of
experimental and computational information, possible mecha-
nisms for the catalytic reaction have been suggested.'™ In
2010, the crystal structure was finally determined for the
bacterial cNOR of Pseudomonas aeruginosa at 2.7 A resolution, ™
with an active site as shown in Figure 1A. With the crystal
structure at hand, it is possible to construct reliable models for
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quantum chemical calculations, and the different suggestions
for the catalytic mechanism can be evaluated on the basis of
energetics. In this study, we show that only a so-called cis:b;
mechanism is energetically feasible, and the suggested
alternative trans mechanisms most likely have to be rejected
as energetically unfavorable.

The chemical reaction occurring in NOR is a two-electron
reduction of nitric oxide to nitrous oxide and water, which can
be written

2NO + 2H" + 2¢” = N,O + H,0 (1)

In cNOR, the electrons are delivered by reduced cytochrome ¢
from the outside of the enzyme, and the protons are taken up
from bulk water. In contrast to the situation in CcO, there is no
electrochemical gradient built up over the membrane in NOR,
implying that the electrons and the protons are taken from the
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Figure 1. (A) X-ray structure of the binuclear center in NOR from P. aeruginosa."® (B) Model used in the calculations, showing the optimized
structure of the one-electron-reduced and protonated state (2, quartet). The atoms with red circles are fixed from the X-ray structure during the
geometry optimization of all structures. A few interatomic distances are given (in angstroms), as well as the most important spin populations.
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Figure 2. Two suggested mechanisms for the catalytic reaction starting from the oxidized binuclear center of NOR. Mechanism I is an example of a

cis:b; mechanism and mechanism II an example of a trans mechanism.

same side of the membrane."'* Similar to CcO, there are four

redox active metal centers in NOR, which in cNOR consists of
three heme groups and one non-heme iron, Fep. As mentioned
above, one of the heme groups, a heme b;, and Fey constitute
the catalytically active binuclear center (BNC). The two other
heme groups, heme ¢ and heme b, also termed low-spin hemes,
are used to transport the electrons from cytochrome c to the
BNC. Because there are four redox centers available, and only
two electrons are needed for the formation of one molecule of
N,O, the fully reduced enzyme can perform two turnovers,
which is used in experiments with this form of the enzyme. The
catalytic reaction thus occurs in several steps, involving the
formation of an N—N bond, cleavage of an N—O bond, and
two steps each of electron and proton transfer, which in
principle can be organized in several ways, with respect to both
the order of the individual steps and the structure of the
intermediates formed. In Figure 2, two different mechanisms
are sketched; mechanism I is an example of a so-called cis:b,
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mechanism, where the two NO molecules bind in a cis manner
to the heme b; iron, and mechanism II is an example of a so-
called trans mechanism in which the two NO molecules bind in
a trans manner to the two iron ions in the BNC. A cis:by
mechanism has previously been suggested for NOR on the
basis of a computational investigation using tentative models of
the BNC, performed before the crystal structure was known.”
Also, in analogy with results obtained for NO reduction in
bacterial cytochrome c oxidase,*® cis:b, mechanisms have been
identified as a possibility for NOR.® There are also suggestions
for cis mechanisms in which NO binds to Feg (see, for example,
ref 8 and references cited therein). Trans mechanisms for NO
reduction in NOR have been suggested by several authors on
the basis of different types of experimental data.'”>>*'* The
specific form of the trans mechanism illustrated in Figure 2 is
built on the mechanism sketched in ref 13.

A large amount of experimental data has been collected to
understand the properties and the mechanisms of NOR. Before
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Figure 3. Calculated free energy profile for mechanism I starting from the oxidized binuclear center of NOR (black curve). The red curve
corresponds to a side reaction between oxidized NOR and NO leading to nitrite (see the text).

the X-ray structure of the enzyme was published, several
experimental studies using different spectroscopic techniques
were conducted to elucidate the structural properties of the
active site, in particular of the BNC itself.'>'* This type of
study can still provide important information about the
stuctural details of intermediates at different reduction levels.
In other types of studies, the redox properties of the cofactors
have been studied, to shed light on the ordering of the electron
and proton transfer steps in relation to the substrate-binding,
bond-forming, and bond-cleavage steps.'>'® Another set of
experiments were concerned with the transfer of the protons to
the active site.'”'® This is of particular interest because it has
been found that in contrast to the homologous enzyme CcO,
the reaction in NOR is nonelectrogenic, and no protons are
pumped,'™'* although the NO reduction in NOR has an
exergonicity similar to that of the O, reduction in CcO. The
reasons for this difference are still under debate. The scope of
this study is limited to the investigation of the catalytic reaction
mechanism at the BNC, including the identification of the
stages for the transfer of protons and electrons to the BNC.
Some of the experimental data obtained can be understood on
the basis of the computational findings, as will be discussed
below. One of the more intriguing experimental observations is
substrate inhibition, i.e.,, a decreased catalytic activity for higher
NO concentrations has been observed."'® Apart from
suggesting a likely catalytic mechanism, the computational
results present a plausible new explanation for the substrate
inhibition.

As mentioned above, the BNC of NOR is quite similar to the
BNC of CcO. The main difference is the coordination of the
non-heme metal ion, where Fey in NOR, apart from the three
histidines present also as ligands to Cug in CcO, has a
glutamate (Glu211) in the first coordination shell.'® This was
actually predicted in the early computational study where it was
shown that a negatively charged ligand at Feg, such as Glu211,
was needed to give an energetically feasible mechanism.”
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Glu211 has also been shown to be essential for enzyme
activity”® and has been proposed to be a possible ligand of Feg,
even if it was placed too far from Fey in the model structure
constructed by Zumft in 2005.>" The model of the BNC used
in this study is shown in Figure 1B. One difference compared to
the model used in the previous computational study” is that in
the previous study a water molecule was added as a ligand to
Fey to yield an octahedral coordination, which was not done in
this study. In the crystal structure, there is no such water ligand,
and in this study, we found that adding a water ligand to Fey is
endergonic (see below). Another difference is that in this study,
coordinates for certain atoms are fixed to keep the structure
similar to the crystal structure, which obviously could not be
done in the previous study. Minor differences are that slightly
larger models for the amino acids are used in our study and that
one neutral second-shell glutamic acid ligand (Glu280) is now
included. The main conclusion, that the catalytic reaction
mechanism most likely is of the cis-heme b type, is the same in
the old and new studies. However, there are several important
differences making this study more informative, and also more
reliable, as will be discussed below. The most important results
from this study are summarized in the free energy diagram in
Figure 3, and the most likely catalytic mechanism emanating
from those results is sketched as mechanism I in Figure 2.

B COMPUTATIONAL DETAILS

A model of the BNC was constructed starting from the crystal
structure’® (see Figure 1). The model contains heme b,
modeled as an unsubstituted porphyrin, and its proximal
His347, and Fey with its first-shell ligands, His258, His259,
His207, and Glu21l, together with one second-shell ligand,
Glu280. The latter is included because the crystal structure
shows that it forms a hydrogen bond to the unprotonated
Glu211, and it could be expected to have some effects on the
flexibility of the Fe coordination. It can be noted that there is
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no choice for the protonation state of Glu280, because the
hydrogen bonding to Glu211 forces Glu280 to be protonated.
In the model used, the proton is free to move between Glu211
and Glu280, but as it turns out, it stays on Glu280; the
omission of Glu280 from the model is expected to have an only
weak effect on the results. In fact, also for the determination of
one of the transition states (TS,_,), a smaller model without
Glu280 was used, yielding a barrier height within 2 kcal/mol of
the value obtained for the main model. Furthermore, in the
crystal structure, Fey is essentially five-coordinate (distorted
trigonal bipyramidal), because Glu211 is mainly coordinating
with only one of its oxygens. With a ferric iron, a regular
octahedral coordination with six ligands could be expected, and
therefore, the addition of a water molecule as a ligand to Fey
was tested in those cases. It was found, however, that in all
cases the water molecule was less bound to Fey than to bulk
water, and therefore, in the results reported here, no such extra
water ligand is included. All amino acids are truncated at the a-
carbon, which is fixed to the X-ray coordinates during geometry
optimizations to maintain some of the constraints from the
surrounding protein. The peptide bonds are replaced by C—H
bonds, with the hydrogen atoms fixed. The two carbon atoms
on the porphyrin ring where the propionate groups would be
linked are also fixed. The model is depicted in Figure 1B, where
the fixed atoms are marked by red circles. The model has ~130
atoms, with the exact number depending on the stage of the
reaction. The total charge of the model is +1 in most states
considered, with the exception of a few states in which proton
transfer but not electron transfer has occurred. The non-heme
iron is always in a high-spin state, while the heme iron is mostly
in a low-spin state, with some exceptions discussed in the text.
In most cases, spin coupling between the two iron ions in the
BNC is weak and the energy difference between ferromagnetic
and antiferromagnetic coupling is small. In only one case, in the
resting state with an oxo bridge, the splitting between the
ferromagnetic and antiferromagnetic coupled states is large
enough to cause the introduction of a broken symmetry
correction® (see below).

Quantum mechanical calculations were performed on the
BNC model employing the hybrid density functional B3LYP.>®
There are indications that the reparametrized B3LYP*
functional, which uses 15% Hartree—Fock exchange as
compared to the 20% exchange used in the original functional,
gives a better description of relative energies in transition metal-
containing systems.”* In particular, the discrepancy in
calculated relative energies obtained with the two functionals,
B3LYP and B3LYP#*, gives an indication of the reliability of the
results. Therefore, both the B3LYP functional and the B3LYP*
functional were used to calculate the final relative energies. All
structures were fully optimized, except for some atoms fixed
from the crystal structure as discussed above, using the B3LYP
functional and the double- basis set labeled lacvp in Jaguar.*®
Single-point calculations were performed in the optimized
structures using the large cc-pvtz(-f) basis set plus lacv3p+ for
the iron ions with both B3LYP and B3LYP* functionals. Single-
point dispersion effects are included using the empirical
formula by Grimme,”® because it has been shown that the
lack of dispersion in DFT theory may lead to large errors when
molecules are forced closer to each other.***” Solvent effects
from the surrounding protein were included using the self-
consistent reaction field (SCRF) approach as implemented in
Jaguar with a dielectric constant of 4, in accordance with
previous work.”® The dielectric calculations were performed for
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the optimized structures using the B3LYP functional and the
lacvp* basis set, which has polarization functions on all second-
row atoms. The solvent effects on relative energies are quite
small in this study, typically not more than 1-2 kcal/mol,
comparing systems with the same charge. For the calculated
proton and electron affinities, the effects are obviously much
larger (see below). Jaguar version 7.6 was used in all
calculations described so far.

Several benchmark tests of the accuracy of the B3LYP
functional have been performed,”® and on the basis of those
results, an average error of 3—5 kcal/mol is expected for the
computed relative energies for transition metal-containing
systems.30

For the bond formation and bond cleavage reaction steps,
approximate transition states were determined by constrained
optimization at different bond distances. The structures of the
approximate transition states obtained in this way were used in
full transition state optimizations with an explicitly calculated
Hessian matrix, ie, second derivatives of the energy with
respect to the nuclear coordinates. The calculation of the
Hessian matrices as well as the full transition state
optimizations were performed using the Gaussian 03 package®'
at the same level of calculation as the rest of the geometry
optimizations [B3LYP/lacvp (imported from Jaguar into
Gaussian)]. The Hessians were calculated for the optimized
minima as well, yielding zero-point corrections for all relative
energies. Because of the fixed coordinates in the geometry
optimizations, entropy effects would not be reliable and could
not be taken from the Hessian calculations (see below).

To obtain an energy diagram for a full catalytic cycle of
NOR, one must calculate the energetics of the reduction steps.
This means that the redox potentials of the active site have to
be compared to the redox potential of the electron donor, and
the pK, values of the active site have to be compared to the pK,
value of the proton donor, i.e., bulk water. Because it is difficult
to calculate accurate absolute redox potentials and pK, values, a
different procedure has been developed and used in several
similar cases.”**™** Using quantum chemical methods to
calculate redox potentials and pK, values corresponds to the
calculation of electron and proton affinities, properties that are
strongly dependent on the surroundings because the charge is
changed. Therefore, the SCRF approach, which works very well
for calculation of relative energies with a constant charge, is not
sufficiently accurate to give absolute electron and proton
affinities. However, relative redox potentials and pK, values for
the same site (such as the BNC) can be calculated with much
higher accuracy, because the surroundings are the same in all
steps. By adjusting the calculated energetics of the entire
catalytic cycle to the total reaction energy obtained from
experimental reduction potentials, we can obtain accurate
energy diagrams, where every second step in the reduction
procedure is determined. Via the introduction of one
parameter, the relative electron and proton affinities can be
used to describe the individual steps of transfer of electrons and
protons to the BNC.

As mentioned above, the entropy changes during the
reaction, which are needed to obtain free energies, cannot be
obtained from the calculated Hessians because of the fixing of
certain coordinates. The entropy changes within the BNC itself
can rather safely be assumed to be small and therefore
neglected. The main entropy changes occur when molecules
enter or leave the system, and these have to be estimated in
some way. For the gaseous molecules (NO and N,0), it is
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Figure 4. Optimized structures of (A) the oxidized binuclear center (1, singlet) and (B) the two-electron-reduced binuclear center with one water
bound (3, quintet). A few interatomic distances are given (in angstroms), as well as the most important spin populations.

assumed that the entropy lost (on binding) or gained (when
released) is equal to the translational entropy for the free
molecule (10.8 kcal/mol for NO and 11.1 kcal/mol for N,O at
room temperature). For the binding of a water molecule to
bulk water, a standard value of 14 kcal/mol is used.

The relative energies reported below are termed free energy
values, with entropy effects estimated as described in the
previous paragraph. The enthalpy values are obtained from the
large basis set calculations using the B3LYP* functional,
including zero-point effects, dispersion, and solvent effects. If
the B3LYP results are used instead of the B3LYP* results, a
similar picture is obtained and most relative energy values differ
by <1 kcal/mol. Somewhat larger differences between the
functionals (2—4 kcal/mol) are obtained in a few situations,
involving the relative reduction potentials of the BNC, the
binding of NO or a water molecule to the reduced BNC, and
the relative energies between different spin couplings on the
heme iron.

B RESULTS AND DISCUSSION

Using the model of the BNC and the procedures described
above, the structures and the energetics of all intermediates and
transition states of the entire catalytic cycle were determined. In
this section, the results are presented and discussed. In the first
subsection, the experimental information explicitly used will be
discussed, i.e., the structure of the BNC and the reduction
potentials used to obtain the overall exergonicity. In the next
three subsections, different segments of the catalytic cycle will
be discussed, ie., the reduction steps, N—N bond formation,
and N—O bond cleavage. After that, the energetics of possible
trans mechanisms will be presented in one subsection. Some
experimental results will be discussed in light of our
calculations, and a possible explanation of the observed
substrate inhibition will be presented in the following
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subsections. Finally, possible modifications of the suggested
mechanism will be discussed.

Experimental Information: Overall Energy and Struc-
ture of the BNC. As mentioned above, to obtain the overall
exergonicity of the catalytic cycle, we used experimental
reduction potentials. The immediate electron donor to the
BNC is heme b, with a midpoint reduction potential of 0.345
V." It is furthermore known that the potential for reduction of
two molecules of nitric oxide to nitrous oxide and water is
1.177 V relative to the standard hydrogen electrode (SHE) at
pH 7.0. This gives an experimental exergonicity of 38.4 kcal/
mol for the reaction in eq 1 when the electrons are delivered by
heme b. Using the calculated free energy for the chemistry in eq
1, the cost of each reduction step (transfer of one electron from
heme b and one proton from the bulk) can be set to yield a
total exergonicity of 38.4 kcal/mol for reaction 1. This
determines the energetics for each of the two reduction steps
in the catalytic cycle. Via the introduction of one parameter, the
energetics of the individual proton and electron transfer steps
can also be calculated (see the next subsection).

The BNC model used in the calculations is described in
Computational Details, and it is based on the crystal structure
reported for the bacterial cNOR of P. aeruginosa at 2.7 A
resolution.'® The crystal was prepared in a purified ferric resting
form,'° and the BNC was found to have a bridging oxide ligand
as expected for the fully oxidized resting state. However, the
calculated distances indicate that the BNC in the crystal
structure most probably is a one-electron-reduced form with
Fejp in the ferrous state. In the X-ray structure, shown in Figure
1A, the distances from the bridging oxygen to Fep and the
heme iron are 2.03 and 1.85 A, respectively. In the singly
reduced (and protonated) state, shown in Figure 1B, the
distances are 2.10 and 1.93 A, respectively, ie., reasonably
similar to those of the crystal structure, while they are quite
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Figure S. Optimized structures of (A) the two-electron-reduced binuclear center without ligand (4, triplet) and (B) the two-electron-reduced
binuclear center with one NO bound (S, quartet). A few interatomic distances are given (in angstroms), as well as the most important spin

populations.

different in the fully oxidized state [1.78 and 1.89 A,
respectively (shown in Figure 4A)]. In particular, the Fe—Fe
distance is 3.82 A in the crystal structure, 3.85 A in the
optimized singly reduced state, and only 3.60 A in the
optimized fully oxidized state. Thus, the structure of the singly
reduced state agrees better with the crystal structure than that
of the resting oxidized state. Such a reduction of a crystal is
known to be a rather common consequence of X-ray
irradiation.>®

Reduction Steps. Experimental observations show that the
BNC in the resting oxidized state of NOR is EPR-silent, which
is interpreted to be due to an antiferromagnetic coupling of two
high-spin ferric irons via an oxo bridge.” Furthermore,
resonance Raman studies of the oxidized enzyme indicate
that the high-spin heme b, is pentacoordinate.” In the
calculations on the oxidized BNC with an oxo bridge (1),
two states are found to be close in energy, a singlet state
involving two high-spin ferric iron ions and a quintet state
involving a high-spin Feg and a low-spin heme b;, in both cases
with antiferromagnetic coupling. The singlet state, with a high-
spin heme b; has a long Fe—N distance of 2.31 A between the
heme iron and the proximal His347, while with a low-spin
heme by, the corresponding distance is only 2.03 A. Thus, the
singlet state, with an optimized geometry shown in Figure 44,
together with the most important spin populations, fits well
into the experimental observations for both an EPR silent BNC
and a five-coordinate heme b;. Also, Fey is essentially five-
coordinate (distorted trigonal bipyramidal), because Glu211 is
mainly coordinating with only one of its oxygens. A regular
octahedral coordination with six ligands was tried via addition
of a water ligand to the ferric Fep, but the water ligand was
found to be unbound relative to bulk water and was therefore
not included. Using the B3LYP functional, the singlet state
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(with a high-spin heme iron) is the ground state, with the
quintet state (with a low-spin heme iron) 3.8 kcal/mol higher,
while the B3LYP* functional gives two essentially isoergonic
states (the singlet state 0.4 kcal/mol higher than the quintet
state). For the singlet state (involving high-spin heme b;), a
broken symmetry correction”® (~1.5 kcal/mol) is applied,
while when the low-spin heme b is involved, antiferromagnetic
coupling and ferromagnetic coupling yield essentially the same
energy and no correction is needed. It can be noted that the
amount of exact exchange has little effect on the spin coupling
between two metal centers; in particular, the splitting between
antiferromagnetic and ferromagnetic coupling between the
high- and low-spin irons is very close to zero (<0.3 kcal/mol)
for the B3LYP and B3LYP* functionals. In the energy diagram
in Figure 3 and in the following discussion, the singlet coupled
oxidized state is used as the reference state.

Adding a proton leads to the oxidized state with a hydroxo
ligand, which has a low-spin heme b; and a high-spin Feg, with
antiferromagnetic and ferromagnetic coupling being essentially
degenerate. The experimental information indicates that the
resting state of the enzyme is the oxo-bridged state discussed in
the preceding paragraph, which means that the state with a
hydroxo bridge should be at least 3 kcal/mol higher in energy
(yielding an occupancy of at most 1%). This information,
together with the calculated proton affinity of the oxo state, can
be used to determine the parameter for the proton cost
discussed above, making it possible to include the individual
steps of proton and electron transfer in the energy diagram.
The transfer of the first electron gives the singly reduced state
(2) shown in Figure 1B, here suggested to be the state present
in the crystal structure. The ground state has a high-spin ferrous
Fey antiferromagnetically (or ferromagnetically) coupled to a
low-spin ferric heme b;. The entire first reduction step is
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Figure 6. Optimized structures of (A) the cis-hyponitrite intermediate (6, quintet) and (B) the transition state for rotation of the hyponitrite (TS4_,
triplet). A few interatomic distances are given (in angstroms), as well as the most important spin populations.

calculated to be exergonic by 5.7 kcal/mol relative to the
oxidized state with an oxo bridge, which is used as the reference
in the energy diagram shown in Figure 3. The energy level of
the singly reduced hydroxo state is fully determined by the
restriction that the experimental exergonicity of the entire cycle
should be reproduced, and is independent of the choice of the
parameter for the cost of proton uptake discussed above.

The second proton affinity, yielding a water molecule at the
BNC, is smaller than the first by 11.9 kcal/mol. This means that
with the parametrization of the proton cost introduced above,
making the first proton uptake endergonic by 3 kcal/mol, the
second proton uptake is endergonic by 14.9 kcal/mol. The
electron transfer is slightly endergonic, yielding a total
endergonicity for the entire second reduction step of 16.4
kcal/mol. The large endergonicity of the second reduction step
is in agreement with experimental indications that the reduction
potential of heme b is low and that heme b; therefore is more
difficult to reduce than Fe.'® At variance with the calculations
and also with the previous experiment,'® a more recent
experiment indicates that the reduction potentials of the two
iron centers are very similar.' Apparently, it is rather difficult
to determine the reduction potential of Fez, and our
calculations actually indicate that at least one of the
assumptions used in the recent experiment'® might not be
fulfilled, namely that heme bj stays in the high-spin state when
Fey becomes reduced. As mentioned above, when Fey is
reduced, heme b; switches to a low-spin state (see Figure 1B).
The optimized structure of the doubly reduced BNC with the
water molecule still bound (3) is shown in Figure 4B. The
ground state is a quintet with no spin on the low-spin ferrous
heme b;. The water molecule turns out to be bound by 3.4
kcal/mol, which makes the empty doubly reduced BNC (4) the

highest point on the energy surface, yielding a total activation
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energy of 19.8 kcal/mol relative to the lowest previous point,
which is also the largest activation energy in the entire catalytic
cycle (see below). In the empty reduced BNC, the ferrous
heme b; has an intermediate spin, which can be either
antiferromagnetically or ferromagnetically coupled to the high-
spin ferrous Fey (see Figure SA). The calculated activation
energy of 19.8 kcal/mol is somewhat too high, compared to the
experimental value of 15.9 kcal/mol, obtained from the
turnover rate of NOR in Paracoccus denitrificans® using
transition state theory, but still within the uncertainty of the
calculations. It should also be noted that it might not be
necessary to fully release the water molecule before the first
NO molecule enters, which could lower the barrier somewhat.
Extensive calculations were performed to investigate such a
scenario, but it was not possible to find a structure of that type
with a lower energy, partly because of the difficulties in
accurately determining the entropy for a state with two loosely
bound molecules (water and NO). Another possibility is that
the binding energy of the water molecule in the reduced BNC
is overestimated by the B3LYP* functional, which is indicated
by the fact that with the B3LYP functional the water molecule
is essentially unbound. In fact, using the B3LYP functional, a
lower value for the total barrier for this part of the energy
profile is found, close to the experimental value of 16 kcal/mol.
The lowering compared to the B3LYP* value is a result not
only of the decreased water binding energy but also of a change
in the relative reduction potentials of the two metal centers.
In the energy profile in Figure 3, the solid lines correspond to
explicitly calculated values adjusted only to reproduce the
experimental exergonicity of the entire catalytic cycle. As
mentioned above, via the introduction of one parameter, the
energetics of individual proton and electron transfer steps can
also be calculated, and the corresponding energy levels are
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Figure 7. Optimized structures of (A) the intermediate with rotated hyponitrite (7, quintet) and (B) the transition state for N—O bond cleavage
(TS,_y, quintet). A few interatomic distances are given (in angstroms), as well as the most important spin populations.

shown as dashed curves in the energy profile to indicate that
they are less well determined by the calculations than the rest of
the diagram. In the same way, possible barriers for proton and
electron transfer are shown as dashed lines in the energy
profile. Obviously, those cannot be calculated using our model,
and therefore, approximate values for these barriers are taken
from experimental information. The barrier for the first proton
transfer can be estimated from an experiment with fully reduced
NOR to be discussed below'” and is set to ~14.5 kcal/mol.
Because the second proton transfer is calculated to be
endergonic by 14.9 kcal/mol with the present parametrization,
there is no barrier apart from the endergonicity for this step,
assuming that the barrier is the same as for the first proton
transfer. The transfer of an electron from heme b to the BNC is
assumed to be very fast, and therefore, the electron transfer
barriers are indicated to be only a few kilocalories per mole in
the energy diagram.

N—-N Bond Formation. NO binds to the fully reduced
BNC with a structure (5) shown in Figure SB; ie., it binds with
the nitrogen to heme b; and with the oxygen coordinating to
Feg. The ground state is a quartet, with a sextet state ~2 kcal/
mol higher in energy, and with a binding energy of 7.0 kcal/mol
relative to the empty two-electron-reduced BNC (4). An
alternative way to reach this point, which is 12.8 kcal/mol
above the lowest previous point on the energy profile, would be
to bind the NO molecule to the singly reduced BNC, which
would increase the affinity for the second electron. However,
one still has to pay the cost of the proton transfer (14.9 kcal/
mol) and the release of the water molecule (bound by 4.4 kcal/
mol to the singly reduced BNC). Furthermore, NO is unbound
by 5.5 kcal/mol to the singly reduced BNC, and the NO
molecule binds with nitrogen to the reduced Feg, which for the
fully reduced BNC is an excited state (by 9.3 kcal/mol); a
rotation of the NO molecule therefore has to occur. Taken
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together, this means that the barrier for reaching state 5 this
way would be higher than the reaction path shown in Figure 3.
When a second NO molecule approaches the BNC, the lowest-
energy path is obtained by just letting the nitrogen of the
second NO approach the nitrogen of the already bound NO. In
this way, the N—N bond is formed with essentially no barrier at
all, and the stable cis-hyponitrite (6) shown in Figure 6A is
formed —10.3 kcal/mol below the initial oxo state. Thus, the
barrier for the formation of this intermediate is determined by
the position of the two-electron-reduced BNC (4). Both irons
are now oxidized, and the ferric high-spin Fey can be either
ferromagnetically or antiferromagnetically coupled to the ferric
low-spin heme b;. The spin populations (0.24 and 0.25) on the
two oxygens of the hyponitrite dianion, both coordinated to
Feg, are typical for ligands to high-spin ferric non-heme iron
with a high degree of spin delocalization.

N—O Bond Cleavage. The most complicated part of the
reaction path turned out to be the cleavage of the N—O bond
starting from the stable hyponitrite intermediate 6. Trying to
just increase the N—O distance to form an oxo-group at Fep
with N,O coordinating to the heme b; iron, gave very high
energies, making such a reaction path inaccessible. Instead it
was found that if the hyponitrite is rotated in the BNC such
that the Fe—N bond is cleaved and oxygen coordinates to both
irons, see Figure 7A, then the N—O bond can be cleaved with a
reasonable barrier. The transition state for rotation of the
hyponitrite, labeled TSs_, and shown in Figure 6B, has the
same length for the Fe—N bond to be cleaved and the Fe—O
bond to be formed, 2.67 A, and the ferric heme iron has
intermediate spin coupling, because of the long distance
between the iron and the distal ligand. The calculated barrier
for the rotation is 14.7 kcal/mol, significantly lower than the
calculated barrier of 19.8 kcal/mol to reach the stable
hyponitrite intermediate from oxidized state 1, and in good
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agreement with an experimental value of 13.3 kcal/mol
estimated from an experiment on the fully reduced enzyme'
(see below). The new intermediate with a rotated hyponitrite,
7, is shown in Figure 7A, and it is 2.6 kcal/mol higher in energy
than the originally formed hyponitrite, 6. The length of the N—
O bond to be cleaved in the next step has increased from 1.37
Ain 6 to 1.48 A in 7, and the barrier for cleaving this bond is
7.0 kcal/mol relative to the rotated hyponitrite intermediate,
which means that it is 9.6 kcal/mol relative to the lowest
previous point, 6. The optimized transition state TS,_, is
shown in Figure 7B, and it leads directly to oxo intermediate 1
and free N,O in a very exergonic step, ending at —38.4 kcal/
mol relative to the starting point and thereby closing the
catalytic cycle.

An important structural point to note here is that both cis-
hyponitrite structures, 6 and 7, have two bonds between Fey
and the substrate, in contrast to the rest of the intermediates in
the catalytic cycle, which have only one. Therefore, the Fey
coordination has to change from a trigonal bipyramidal to an
octahedral coordination when the cis-hyponitrites are formed.
This structural change occurs essentially through a rotation of
Glu211 such that only one of the carboxylate oxygens is left in
the equatorial plane. The structural change turns out to be most
important in intermediate 7, which apparently has the strongest
bonds between Fey and the substrate, and it leads to an energy
decrease of 7 kcal/mol, while the energetic effect in 6 is <1
kcal/mol. Both transition states surrounding intermediate 7,
TS¢_, and TS,_,, are lowered by 3—4 kcal/mol by the
structural change, i.e., approximately half the effect in 7. It can
be noted that in this model the rotation of the Glu21l
carboxylate group does not occur automatically, because there
is a small barrier involved, and therefore, calculations on a
much smaller model were very helpful when searching for the
optimal structure along this part of the reaction path. In
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transition state TS4_, there is a second aspect to be noted,
apart from the important change in the coordination structure
of Feg. Because of the long distance between the heme iron and
the distal ligands (2.67 A), intermediate spin coupling at the
heme iron was found to give an energy for the transition state
lower than that for the low-spin coupling present in most of the
intermediates of the catalytic cycle. With an antiferromagnetic
coupling between the irons, this means that the spin state
changes from a quintet to a triplet. At the B3LYP* level, this
spin change lowers the barrier by ~2 kcal/mol, giving a final
value of 14.7 kcal/mol. At the B3LYP level, the effect is
somewhat larger, as expected, giving a barrier of only 12.8 kcal/
mol. The high-spin coupling at the heme iron, which is involved
in oxo intermediate 1, was found to have a higher energy for
transition state TS4_.

It can be noted that this part of the catalytic cycle, N—O
bond cleavage, is somewhat different from that suggested in the
previous study,” in which a ferryl intermediate was first formed
when the N—O bond is cleaved. This difference between the
two studies is probably caused by the water molecule
coordinating to Fey in the model used in the previous study.
The extra ligand makes the hyponitrite intermediate much less
stable,” thereby making the N—O bond easier to cleave. In this
study, we show that a water ligand at Fey would be unbound
relative to bulk water. Furthermore, relative to the lowest
previous intermediate (which is not the cis-hyponitrite in that
study), the energy of the N—O bond cleavage was actually quite
high (21.3 kcal/mol).

Trans Mechanisms. As mentioned in the introductory
section, several authors have suggested a trans mechanism
involving an intermediate in which a trans form of the
hyponitrite is coordinated to the BNC with two Fe—N bonds,
12 in Figure 21735913 Therefore, such a mechanism was also
probed by calculating the relative energy of an intermediate
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Figure 9. Calculated free energy profile for the two cycles of the four-electron-reduced NOR (black curve). In this diagram, 4 is used as a reference
point for the relative energies. The numbers in parentheses refer to the energy values given in Figure 3, which used a different reference point (1).
The red curve corresponds to a side reaction between oxidized NOR and NO leading to nitrite (see the text).

with a trans-hyponitrite. However, the optimized trans
intermediate (12) (Figure 8A) was found to be very high in
energy, 16.9 kcal/mol above the reference point for the energy
in Figure 3, 1, which means that it is 22.6 kcal/mol higher than
the lowest previous point, 2, on the energy surface. The high
energy of this intermediate makes it unlikely to be involved in
the reaction mechanism of NOR, and in particular, the low-
energy reaction path from the doubly reduced BNC 4 to the cis-
hyponitrite 6 makes it impossible to prevent the system from
going to 6 rather than to 12. The cis-hyponitrite 6 is found to
be as much as 27.2 kcal/mol lower in energy than the trans-
hyponitrite 12. One reason for the high energy of the trans
intermediate 12 is probably that Fey is still reduced and what is
formed is a hyponitrite radical ion with a single negative charge
(see Figure 8A). Apparently, without the stabilizing coordina-
tion between the positively charged Feg ion and the two oxygen
atoms, which is present in the cis intermediate 6, the transfer of
an electron from the ferrous Fey to the hyponitrite is too
unfavorable in the trans intermediate 12. A similar effect is
obtained if O2 in the cis-hyponitrite structure 6 in Figure 6A is
rotated 180° around the N—N axis into a trans structure where
the oxygen atom is no longer coordinating to Fep. As a result,
the energy is increased by 12.9 kcal/mol, the spin on the
hyponitrite is increased, and Fep reaches an oxidation state
intermediate between ferrous and ferric. A possible stabilization
of the trans-hyponitrite structure 12 via addition of a water
molecule was also tried, making the Fep six-coordinate and
thereby promoting the transfer of an electron from Fep. A
slightly increased level of electron transfer was indeed observed;
however, the water ligand was not bound relative to bulk water,
and no stabilization of the trans intermediate was therefore
obtained.

Experiments with the Fully Reduced Enzyme. As
mentioned in the introductory section, the NOR enzyme can
be prepared in a fully reduced form, with all four metal
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cofactors reduced, which allows the study of two turnovers of
the NO reduction reaction according to eq 1. In a recent study,
the “flow-flash” technique was used to follow the reaction of the
four-electron-reduced NOR from Pa. denitrificans," and several
results from that study can be compared to the energetics
calculated here. To simplify this comparison, we have drawn a
new energy profile (Figure 9), in which the empty two-
electron-reduced BNC, which is the starting point for the NO
reduction in the experiment, is used as the reference point for
the energy. Furthermore, the energy diagram is extended to
cover the full reaction that the four-electron reduced enzyme is
capable of performing. The experiment shows that the reaction
of the reduced BNC with NO is fast (1 us), which is in
agreement with the essentially barrierless binding of NO to the
two-electron-reduced BNC obtained in the calculations, i.e.,
going from 4 via § to 6 in the energy profile in Figure 9, where
a possible barrier due to the entropy loss during the NO
binding process is ignored. The experiment furthermore shows
that the first NO turnover, producing the first N,O, occurs
without the uptake of protons, and it was concluded that the
protons must be taken up internally from the protein.'” The
mechanistic scenario proposed here is in agreement with the
experimental observation but gives a different explanation,
namely that no protons are needed for the production of the
first N,O, going from 4 to 1 in the energy profile in Figure 9.

In the flow-flash experiment, the uptake of protons from
solution was observed on the same time scale as the oxidation
of the low-spin hemes (heme b and heme c),"® which is also in
accordance with the mechanistic scheme in Figure 9, where the
reduction of the BNC in both the step from 1 to 2 and the step
from 2 to 3 is coupled to proton uptake. The rate constant for
the first low-spin heme oxidation was found to be 50—120 s/,
depending on the NO concentration,"” which corresponds to a
barrier of 14.6—15.1 kcal/mol using transition state theory.
Furthermore, the rate of this reaction step was found to be pH-

dx.doi.org/10.1021/bi300496e | Biochemistry 2012, 51, 5173-5186



Biochemistry

dependent, decreasing the barrier by 0.6—0.8 kcal/mol when
the pH was decreased from 7.5 to 6.0. These observations
imply that the rate-limiting step for the first oxidation to occur
is the uptake of the proton by the oxo bridge in 1, which was
also mentioned above to be used here to set an approximate
barrier for the proton transfer step of 14.5 kcal/mol. These
experimental observations also indicate that the barrier for N—
O bond cleavage is lower than the barrier for the first oxidation
step, i.e., lower than ~14 kcal/mol. A similar conclusion was
reached in a previous study of the fully reduced enzyme,
indicating that the first turnover occurs with a rate constant of
1000 s™*, corresponding to a barrier of 13.3 kcal/mol.'* On the
calculated energy profile, the rate-limiting transition state for
N—O bond cleavage, when starting from the reduced BNC 4, is
TS¢_,, the rotation of hyponitrite, corresponding to a barrier of
14.7 kcal/mol, thus in good agreement with the experimental
observations, considering the uncertainty in the calculations.
Experimentally, the second step of low-spin heme oxidation
was found to be slower than the first, with rate constants of 3—
12 57, depending on the NO concentration.'” These rates
correspond to a barrier of 16.0—16.8 kcal/mol, which is also in
agreement with the turnover rate of the enzyme®’ mentioned
above, corresponding to an overall barrier of 15.9 kcal/mol. In
the calculations, the second reduction of the BNC (2 to 3) is
found to be endergonic by 16.4 kcal/mol (including both
proton and electron transfer), very close to the experimental
barrier. However, for this reduction step to occur, it has to be
followed by water release and NO binding to reach, in the first
instance, the low-lying hyponitrite compound 6, and eventually
the final product 1. This adds up to a calculated barrier of 19.8
kcal/mol for the second reduction step. Thus, the calculations
agree with the experimental observation that the rate for the
second reduction of the BNC is slower than the first one, even
if the calculated barrier is 3—4 kcal/mol too high. As already
mentioned above, one explanation for the high calculated
barrier could be that the first NO molecule actually starts to
bind to the BNC before the water molecule is fully released, a
situation that cannot be easily described by the calculations.
Another possibility is that there is an error in the calculated
relative reduction potentials for the two iron centers, which is
indicated by the large difference in electron affinity between Fey
and the heme iron obtained in the calculations, 10.2 kcal/mol,
while the experimental reduction potentials correspond to a
difference of 6.0 kcal/mol'® or are even found to be
isopotential'® (see also above). Either the electron affinity of
the ferric heme iron should be larger, or the electron affinity of
Feg should be lower. A correction of such an error would in
either case shift the energy of 2 to a higher level and thereby
decrease the barrier for the entire second reduction step. It is
interesting to note that a similar problem was encountered in a
computational study of the catalytic cycle of cytochrome ¢
oxidase, in which the calculated exergonicity of reduction of
terric heme was found to be too low compared to those of the
other reduction steps, and a correction was introduced to
improve the shape of the energy profile.*® As mentioned above,
using the B3LYP functional instead of the B3LYP* functional
gives a lower barrier for the second reduction step, indicating a
sensitivity to the functional. Finally, in the experiment, the
second low-spin heme oxidation step was also found to be
sensitive to pH, decreasing the barrier by 0.3—1.3 kcal/mol
when the pH was decreased from 7.5 to 6.0."” This is in
agreement with the calculated energy profile in Figure 9, where
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the endergonic uptake of the proton by the bridging hydroxide
2 is part of the barrier for the second reduction of the BNC.

In another experimental study, an NO-saturated solution was
mixed with the fully reduced NOR from P. aeruginosa, and the
EPR spectrum obtained was interpreted to show that two
molecules of NO were bound to the BNC, one to the ferrous
Fey, and one to the pentacoordinate ferrous heme by;” this was
suggested to be an intermediate during the catalytic reaction.>"?
Calculations were performed to investigate such a structure, but
it was rather difficult to obtain a structure in which the N—N
bond was not already formed. One such structure was
eventually found, shown in Figure 8B (labeled 11, because
it is one-electron-reduced compared to 11 in mechanism II in
Figure 2), but it is 8.2 kcal/mol higher in energy than the
reduced starting point of the experiment, 4, and should
therefore not be observable. Thus, the calculations indicate that
the EPR signals observed do not correspond to an intermediate
in the catalytic cycle for NO reduction. In the same study, it
was also found that after the completion of the NO reaction
with the fully reduced NOR an EPR signal corresponding to a
terric high-spin heme b; could be observed, in contrast to the
EPR silent oxidized resting state.” It was therefore concluded
that the fully oxidized BNC with an oxo brigde is not part of
the catalytic cycle during turnover, and a mechanism with an
empty oxidized BNC was suggested.>"> This is in contrast to
our calculations, which definitely show that the diferric state
with an oxygen bridge is involved in the catalytic cycle of NO
reduction. A likely explanation for the observed high-spin heme
b; EPR signal in the final product of the single-turnover cycle’
is that the oxidized BNC with an oxo bridge undergoes some
further reactions, possibly with remaining NO molecules in the
saturated buffer, finally resulting in an empty BNC with an
oxidized high-spin heme b, (see below). Such a form of the
BNC would, however, not be involved in the normal catalytic
cycle of the enzyme.

NO Binding to Oxidized NOR and Substrate Inhib-
ition. Bacterial NOR is known to exhibit substrate inhibition
during steady state turnover' with a maximal activity for
micromolar NO concentrations. In the flow-flash study
discussed above, it was shown for the first time that substrate
inhibition occurs during a single oxidative cycle.'® It was found
that the rate of oxidation of the low-spin hemes depends on the
NO concentration, with higher rates for 75 gM NO than for 1.5
mM NO; i.e., an overly high concentration of NO inhibits the
reduction of the BNC. It was furthermore found that the
substrate inhibition was stronger for pH 6.0 than for pH 7.5."
It has also been observed in several studies that NO binds to
oxidized NOR,"** and it has therefore been natural to suggest
that the cause of the substrate inhibition is that NO binds to
the oxidized BNC."'® However, there is no specific mechanism
suggested for how NO bound to the oxidized BNC could lead
to substrate inhibition. The calculations indicate that a very
weak complex might be formed between NO and the oxidized
BNC with the oxo bridge still present. Such a complex could be
photolabile, as observed,'* but in contrast to the suggestion
based on the experimental observations that NO binds to heme
b; in the oxidized BNC,'* the calculations indicate that the
most likely site for NO binding is Fe, which then becomes six-
coordinated with the oxo bridge still present. As noted in ref 14,
the observed Fe—NO stretch frequency actually also fits well
with previously observed frequencies for non-heme NO
complexes. More interestingly, the calculations also show that
NO can react quite readily with the oxo bridge in the oxidized
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Figure 10. Optimized structures for (A) the transition state for nitrite formation from the oxidized intermediate 1 (TS,_g, quartet) and (B) the
nitrite product (8, quartet). A few interatomic distances are given (in angstroms), as well as the most important spin populations.

BNC, 1, to form a nitrite molecule, NO,™. The calculated
barrier for the reaction is 14.3 kcal/mol, and the exergonicity
for this reaction step is 8.7 kcal/mol (red curve in Figures 3 and
9). The low barrier can be explained by the radical character of
the oxygen in the oxo bridge, which easily reacts with the
radical NO. The optimized transition state, TS;_g, is shown in
Figure 10A and the nitrite product 8 in Figure 10B, where it
can be seen that Fey is reduced to the ferrous form by an
electron from the substrate. Interestingly, in one of the
experimental studies of the NO reaction with oxidized NOR,
it is noted that the observed spectrum suggests the presence of
a fraction of reduced low-spin hemes in the NO-bound
complexes,” which might indicate an equilibration of the
electron in Fep (see below). It should be mentioned that the
reaction of NO with a hydroxo bridge in the oxidized BNC
does not lead to a stable product and is therefore less likely.
Nitrite formation by the reaction of NO with the oxo bridge
in the BNC is thus one plausible explanation for the observed
reaction between NO and the oxidized NOR. It is possible that
a weakly bound photolabile NO complex might also be
observable and spectroscopically characterized, but such a
complex cannot explain the substrate inhibition. Nitrite
formation, on the other hand, can explain the observed
deceleration of the catalytic reaction rate at higher NO
concentrations if it is noted that the barrier for this side
reaction is similar in height to the barrier for the forward
catalytic reaction (see Figure 9), and if it is considered that the
transition state TS;_g will be lowered at higher NO
concentrations because of an increased entropy contribution.
Thus, with a lower barrier for nitrite formation at high NO
concentrations, this side reaction will compete with the forward
catalytic reaction. Because the catalytic reaction after several
steps is more exergonic than the side reaction (see Figure 9),
the nitrite product 8 will eventually go back to 1 and then
continue forward to the final product, but with a slower rate
because 8 is lower in energy than both 1 and 2, making the

5184

barriers higher for both reduction steps. It should be noted,
though, that, even if the energy diagram in Figure 9 can give a
simplified mechanism for the observed substrate inhibition, it
cannot give a detailed description of substrate inhibition,
indicating that the real situation is more complicated. For
example, the experiments indicate that the substrate inhibition
is stronger at low pH,'® which could be explained if protonation
of the nitrite would stabilize the nitrite product of the side
reaction and thus further increase the barriers for the forward
reaction steps, and if such a protonation was possible only at
lower pH. However, the calculations indicate that the proton
affinity of the nitrite is too low to support such an explanation.

This seems to be the first time that nitrite formation is
suggested to occur in the reaction between NO and oxidized
NOR. However, it has previously been shown that one possible
mechanism for NO inhibition in cytochrome ¢ oxidase is the
formation of nitrite in the reaction between NO and oxidized
cytochrome ¢ oxidase, and that this reaction is coupled to
reduction of the low-spin heme.***'

Modifications of the Mechanism. The different mecha-
nisms that have been suggested for the catalytic NO reduction
in NOR are normally classified as trans or cis mechanisms,
depending on whether a trans- or cis-hyponitrite is involved as
an intermediate (see Figure 2). As discussed above, the model
calculations presented here strongly disfavor a trans mechanism
on an energy basis and instead present a likely cis:b;
mechanism. However, there are also other differences between
the two mechanisms presented in Figure 2 that deserve to be
investigated. One difference concerns whether NO binds to the
BNC before or after the second electron enters, which was
discussed above. The calculations indicate that the total barrier
for the second reduction of the BNC would be higher if NO
enters into the singly reduced BNC; therefore, it is most likely
that NO enters into the two-electron-reduced BNC, as
suggested in mechanism I in Figure 2. Another difference
between the two mechanisms concerns whether protons enter
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the BNC before the N—O bond is cleaved (compare the step
from 6 to 1 in mechanism I in Figure 2 with the step from 12 to
13 in mechanism II). Partly connected to this protonation issue
is the question of whether the fully oxidized BNC has an oxo
bridge during turnover (compare intermediates 1 and 9 in
Figure 2). The calculations have shown that it is possible to
cleave the N—O bond with a reasonable barrier without
protonation of the cis-hyponitrite (see Figure 3 or 9). However,
the possibility that the barrier would be even lower for a
process in which the hyponitrite is protonated before the N—O
bond cleavage cannot be excluded. The proton affinity of the
cis-hyponitrite structure 6 is calculated to be ~14 kcal/mol
lower than that of the singly reduced hydroxo intermediate 2,
which was already very low. On the other hand, it was also
found that in the protonated cis-hyponitrite the N—O bond can
be cleaved with essentially no extra barrier. The barrier for the
N-O bond cleavage in the protonated hyponitrite is therefore
determined by the cost of the uptake of a proton from the bulk
and can therefore not be definitely determined from the
calculations because it depends on the parametrization.
However, considering the very low proton affinity of the
hyponitrite, it is not likely that the barrier for protonation of the
hyponitrite is lower than the barrier for N—O bond cleavage in
the unprotonated hyponitrite, which was calculated to be 14.7
kcal/mol. Furthermore, after an N—O bond cleavage in the
protonated hyponitrite, the N,O molecule formed is strongly
unbound and would leave the BNC with a fairly stable diferric
hydroxo-bridged BNC. The uptake of a second proton by the
fully oxidized and already protonated BNC, needed to form a
water molecule that could leave, would be considerably more
endergonic than the first. Therefore, the formation of an empty
oxidized BNC without an oxygen ligand during the catalytic
turnover is extremely unlikely. Thus, an unlikely but not
impossible alternative to the oxo bridge in the oxidized BNC is
a hydroxy bridge, while the possibility of an empty BNC seems
to be excluded. In a scenario with protonation of the
hyponitrite before N—O bond cleavage, the first reduction of
the BNC can occur at different stages, either before the N—O
bond cleavage or after it, and with electrons available, the
product of the N—O bond cleavage would be the singly
reduced BNC with a hydroxo ligand 2, i.e., the same as in the
mechanism suggested here (with electrons available).

B SUMMARY AND CONCLUSIONS

A model of the diiron active site (BNC) in NO reductase was
built on the basis of the first crystal structure of NOR published
in 2010" and used in hybrid density functional theory
calculations to explore the mechanisms of the catalytic reaction,
the two-electron reduction of nitric oxide to produce nitrous
oxide and water. The calculations result in a free energy profile
that agrees well with experimental information and suggests a
catalytic mechanism of the so-called cis:b; type (see Figures 3
and 9). The fully oxidized state with an oxo bridge (1) is
reduced and protonated twice to eliminate a water molecule
and to form the empty diferrous BNC (4) that can react with
NO. The first reduction step is found to be exergonic and the
second one endergonic, as is the release of the water molecule.
Both the first and second molecules of NO, on the other hand,
are exergonically bound to the reduced BNC, with essentially
no extra barrier on top of the endergonic reduction. The
product is a dianionic cis-hyponitrite, coordinating to two ferric
irons in a quite stable intermediate (6), calculated to be 10.3
kcal/mol more stable than the initial oxidized state (1). The
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highest point on this part of the energy profile is the empty
reduced BNC (4), 14.1 kcal/mol above the initial oxidized state
and 19.8 kcal/mol above the lowest previous point (the singly
reduced and protonated BNC, 2). Thus, the barrier for
formation of the cis-hyponitrite intermediate starting with the
oxidized BNC is calculated to be 19.8 kcal/mol, which is 4
kcal/mol higher than the value of ~16 kcal/mol obtained from
experimental estimates.'”>” Considering the expected uncer-
tainty in this type of calculation, this should be considered as a
satisfactory agreement between experiment and theory.
Possible sources of error are discussed in the text.

After reduction of the BNC and the formation of the N—N
bond described in the previous paragraph, one of the N—O
bonds should be cleaved to form the product N,O. This is
found to occur in a quite exergonic reaction step, resulting in
the oxo-bridged diferric BNC (1) and a free N,O. The
calculated barrier of 14.7 kcal/mol (TS¢_,) is in good
agreement with exPerimental estimates of 13.3 kcal/mol for
this reaction step. > During this reaction step, a structural
rearrangement at the Fep is found to occur and to be
energetically important. It is furthermore shown that the
formation of a trans-hyponitrite intermediate is energetically
much less favorable than the formation of a cis-hyponitrite,
indicating that the so-called trans mechanism for the catalytic
reaction in NOR can be discarded. Finally, it is shown that the
oxo bridge in the fully oxidized state (1) can react with NO to
form nitrite (8), explaning the experimentally observed reaction
of the oxidized enzyme with NO, and possibly also the
observed substrate inhibition at higher NO concentrations.

To obtain the energy profile for the entire catalytic cycle, we
adjusted the calculated energetics of the reduction steps to
reproduce the overall exergonicity of the catalytic reaction
obtained from experimental reduction potentials. This gives a
higher accuracy than if calculated absolute reduction potentials
and pK, values of donors and acceptors would be used.
Comparing calculated relative reduction potentials and pK,
values of the same site (such as comparing the two reduction
steps of the BNC) is more reliable than comparing values of
different sites having different surroundings [such as comparing
the donor sites (heme b and bulk water) with the acceptor sites
(different parts of the BNC)]. The same procedure has been
used in investigations of other similar reactions in which
electrons and protons enter or leave, such as cell respiration
and photosynthesis.>*>*
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