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Abstract

The multiheme enzyme hydroxylamine oxidoreductase from the autotrophic bacteria Nitrosomonas europaea catalyzes the conversion
of hydroxylamine to nitrite, with a complicate arrangement of heme groups in three subunits. As a distinctive feature, the protein has a
covalent linkage between a tyrosyl residue of one subunit and a meso carbon atom of the heme active site of another. We studied the
influence of this bond in the catalysis from a theoretical perspective through electronic structure calculations at the density functional
theory level, starting from the crystal structure of the protein. Geometry optimizations of proposed reaction intermediates were used
to calculate the dissociation energy of different nitrogen containing ligands, considering the presence and absence of the meso tyrosyl
residue. The results indicate that the tyrosine residue enhances the binding of hydroxylamine, and increases the stability of a FeIIINO
intermediate, while behaving indifferently in the FeIINO form. The calculations performed on model systems including neighboring ami-
noacids revealed the probable formation of a bidentate hydrogen bond between the FeIIIH2O complex and Asp 257, in a high-spin aquo
complex as the resting state. Characterization of non-planar heme distortions showed that the meso-substituent induces significant ruf-
fling in the evaluated intermediates.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Hydroxylamine (NH2OH) is a natural product found in
mammalian cells and bacteria. In the former, NH2OH may
be formed from decomposition of nitrosothiols [1]. In bac-
teria, it is related to the nitrogen cycle as starting material
for nitrite and ammonia formation or as a critical interme-
diate in their interconversion [2,3]. The catalytic dispropor-
tionation of NH2OH is known to be mediated by
hemoglobin, forming equal amounts of ammonia (NH3)
and nitrous oxide (N2O) [4–6], by myoglobin [7], and also
by non-heme transition metal complexes, where the distri-
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bution of nitrogen products depends on the metal, the
ligands, the pH, and the reaction medium [8,9].

With a complicated arrangement of heme groups, the
multiheme enzyme hydroxylamine oxidoreductase (HAO)
from the autotrophic bacteria Nitrosomonas europaea, cat-
alyzes the two step conversion of NH2OH to nitrite (NO�2 )
[10]. It was purified to homogeneity more than 20 years ago
and its crystal structure at 2.8 Å resolution has been pub-
lished [11]. It is one of the most complex heme containing
enzymes known to date. The distinctive feature of this peri-
plasmic protein is that it has three subunits [12] linked with
each other through a covalent bond between a C3 of a tyro-
syl residue of one subunit and a 5-meso carbon atom of c-

type heme of another, to form a homotrimer shaped like a
garlic head with a total of 24 heme groups [11,13]. The lin-
ker meso-substituted heme group is called P460, due to the
absorbance of the ferrous form; the other seven hemes
per subunit are common c-type hemes.
iochem. (2008), doi:10.1016/j.jinorgbio.2008.01.032
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The iron atom of the P460 heme has been described as
pentacoordinated (5c) in the ferric state with a vacant
coordination site available for the substrate, though
seemingly exposed to solvent ligation [11]. By combina-
tion of Mössbauer and EPR spectroscopies, pioneering
studies suggested that the heme active site in the fully oxi-
dized HAO could be in a high-spin (hs) state [14–17]. The
other c-type hemes are in the low-spin (ls) ferric state,
hexacoordinated (6c) to two histidines each, forming an
extraordinarily optimized electron transfer chain [18,19].

The energy derived from the overall process is critical
for bacterial growth and consequently of enormous ecolog-
ical and economic relevance. Special focus has been placed
on the electron transfer process and the electrostatic influ-
ence of neighboring heme groups. Particularly, theoretical
calculations and careful experimental measurements sug-
gested that the difference between the redox potential of
the solvent exposed heme P460 and heme 2 results in reten-
tion of the electrons generated in the oxidation of NH2OH,
and they are only injected into the electron transfer chain
when cytochrome c554, HAO’s physiological electron
transfer partner, is attached to HAO shifting P460 potential
to a more positive value [19].

The nitrogen containing intermediates of the catalytic
conversion of NH2OH to NO�2 are subject of active debate,
particularly the formation of the FeIIINO/FeIINO+ and
FeIINO P460 complexes ({FeNO}6 and {FeNO}7 respec-
tively, according to the Enemark–Feltham notation [21]).
Hendrich and co-workers showed that the reaction of fully
oxidized HAO with 1 atm of nitric oxide (NO), yields a sur-
prisingly stable {FeNO}6 species (Keq aprox. 105 M�1 or
higher) [22]. In the same direction, Cabail and co-workers
obtained an equilibrium binding constant for the net nitro-
 c-type heme P460 heme

a 

Fig. 1. Optimized structure
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sylation reaction, Keq = (7.7 ± 0.6) � 104 M�1 [23,24], a
value about five times greater than that obtained for met-
myoglobin or methemoglobin, but orders of magnitude
smaller than the corresponding Keq for ferrous hemepro-
teins (1011 M�1) [25,26]. In general, the ferric hemeproteins
exhibit fast dissociation rates for NO (kdiss=0.65 to 40 s�1)
leading to small binding constants Keq = 103–105 M�1,
while nitrosyl ferrous hemeproteins show slow dissociation
rates (kdiss = 4 � 10�4 s�1), and consequently large
Keq = 1011–1012 M�1 [27–29]. The presence of a stable
{FeNO}6 moiety in proteins finds a precedent in nitropho-
rins, where the stability of the {FeNO}6 form is attributed
to a pH-dependent conformational change that traps the
NO in the active site, and to a ruffled conformation of
the heme active site [30–32].

Non-planar distortions of heme prosthetic groups
exert a direct influence in the catalytic activity of the
hemeproteins. As a very general starting point, the
asymmetric pattern of b substitution of the majority of
porphyrin cofactors in natural compounds (protoporphy-
rin IX, chlorophyll or bacteriochlorophyll derivatives) is
capable of mild out-of-plane deviations in the porphyrin
macrocycle (aprox. 0.5 Å) [33]. More dramatically, the
effect of metal coordination, non covalent and covalent
bonds to aminoacid residues, and the conformational
constraints imposed by the different apoproteins result
in stronger non-planar, mixed-mode deviations. Such
deviations explain the wide spectra of catalytic reactions
and physicochemical processes that can be performed by
the same prosthetic group [34–36]. In the last 20 years
meso-substituted synthetic porphyrins and metallopor-
phyrins have been extensively used to study the
relationship between planarity deviations, physicochemi-
cb
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Fig. 2. Putative N-containing intermediates at the P460 active site of hydroxylamine oxidoreductase in the conversion of NH2OH into NO�2 .
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Fig. 3. Optimized structures of the extended model systems.
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cal properties and chemical reactivity. Aside from the
P460 in HAO, mono meso-substitution has only been
found in nature in cytochrome P460 of N. europaea, as
a crosslink between a c-type heme and a lysine residue
[37–39,20].

Focusing on the binding site, we performed quantum
computations on three model systems (the P460 heme, a
c-type heme and a planar iron porphine) in order to ana-
lyze the influence of the covalent meso-substituent and
the non-planar heme deviations on the catalytic reaction
(Fig. 1). The metal–ligand binding energy, the differences
in charge distribution and in geometrical parameters of
FeIIIANH2OH, FeIIIAHNO, {FeNO}7, {FeNO}6, which
are the currently accepted reaction intermediates [24],
were calculated for the hypothetical scenarios, to deter-
mine the influence of the meso-substituent on the conver-
sion of NH2OH to NO�2 (Fig. 2). Computations on
extended model systems provided a deeper insight into
the participation of relevant aminoacids of the active site
(Asp 257, His 258, Tyr 334), both on the spin state of the
resting form and on the specific characterization of the
coordination status on the catalytic activity of heme
P460. To improve the description of the system from this
theoretical point of view, we considered the absence or
presence of a water molecule as a sixth ligand in the rest-
ing form (hs, pentacoordinated FeIII or hs, FeIIIAH2O,
respectively), a feature that could not be unequivocally
deduced from the crystal structure. Calculations on
extended model systems were also applied to the study
of the participation of the tyrosyl residue in the putative
Please cite this article in press as: M.L. Fernández et al., J. Inorg. B
last steps of the catalytic process: {FeNO}6 in the pres-
ence of the aminoacidic environment, its hydration to
FeIIAHNO2, and the final formation and cleavage of
the product NO�2 (Figs. 2 and 3).
iochem. (2008), doi:10.1016/j.jinorgbio.2008.01.032
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2. Experimental

2.1. Model systems and computational methods

The initial structure representing the HAO active site
was constructed from a theoretical 3D structure obtained
from the crystallographic data1 (pdb code: 1FGJ) [11].
2.1.1. Heme model systems

Fig. 1 depicts the three heme model systems designed for
the calculations: P460 model (Fig. 1a), c-type heme model
(Fig. 1b) and Fe-porphine model (Fig. 1c). The proximal
histidine of the heme active site was introduced as an imid-
azole. In the P460 and c-type heme model systems, both
propionate side chains and methyl substituents were
replaced by hydrogens, and the covalent bonds to cysteine
residues were simplified as methylthioether groups. In the
P460 model system, the covalent meso-linked tyrosyl residue
was represented by an o-phenyl residue.

Extended model systems, including a classical description
of relevant aminoacids (Asp 257, His 258 and Tyr 334) of the
active site, were optimized to shed light on their direct partic-
ipation on the description of the catalytic activity (Fig. 3).

The conversion of NH2OH to NO�2 , was analyzed in
these models from a theoretical perspective considering
reaction intermediates proposed on the basis of previous
literature [3,24] (Fig. 2).
2.1.2. Computational methods

All the calculations were performed in vacuo. Calcula-
tions for the heme model systems were performed at the
DFT level, using the SIESTA code as described previously
[40,41]. Briefly, the SIESTA method uses standard norm-
conserving pseudopotentials [42], to avoid the computation
of core electrons, while simultaneously smoothing the
valence charge density. Also a nonlinear partial-core cor-
rection was applied to iron [43]. The generalized gradient
approximation functional proposed by Perdew et al. [44],
already validated for heme models [45,46], was used to per-
form the calculations. Investigation of heme systems using
DFT yielded reasonable results for structural parameters,
and greatly contributed to the interpretation and under-
standing of the functional aspects of the active site of
hemoproteins at the molecular level. However, attempts
to predict the ground state multiplicity of these systems
soon made apparent that an accurate description of the
spin state might require more sophisticated techniques
[47]. This fact can be tracked down to the fact that it has
been systematically observed that Hartree-Fock favors
high-spin electronic configurations while DFT exhibits a
preference for low-spin states [48,49]. These well known
DFT flaws, however, are not expected to affect the compar-
1 The predicted tridimensional structure of the homotrimer (subunit 0, 1
and 2) was sent to us by Dr. Igarashi and Dr. Tanaka, as the crystals
isolated were composed by two independent subunits.
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ative analysis performed in this work between different P460

model systems.
The geometry optimizations for the extended model sys-

tems (Fig. 3) were performed using a conjugate gradient
scheme and a hybrid approach in which the ligand, the heme,
and the proximal aminoacid were treated quantum mechan-
ically, and the distal aminoacids were described using the
Amber 99 force field parametrization [50]. Restricted opti-
mizations for the residues Asp 257, His 258 and Tyr 334 were
performed by anchoring points to their original position
within the protein crystallographic structure.

Effects of the zero-point energies were neglected through-
out. This choice was motivated by the fact that, in many
cases, we were interested in computing binding energies from
single point calculations at selected non-minimum structures,
for which this kind of computations is not possible. Basis set
superposition errors were not considered, since these errors
are supposed to cancel in the comparisons performed.

2.1.3. Calculations

The calculations on the pentacoordinated (5c) ferrous
heme model system were performed on the high-spin mul-
tiplicity, the experimental spin state of the fully reduced
HAO [16]. The 5c ferric heme model systems, as putative
resting forms, were calculated as high-spin states [11]. All
the ferric reaction intermediates (hexacoordinated nitrogen
containing ligands) were modeled in the low-spin multiplic-
ity. The hexacoordinated (6c), aquo ferric complexes, as
alternative resting forms, were modeled in the high and
low-spin states (see below).

The Fe-ligand dissociation energies (DEL) for the fer-
rous intermediates were calculated as:

DEL ¼ ðEFe–His þ ELÞ � EHis–Fe–L

The Fe-ligand dissociation energies (DEL) for the ferric
intermediates were computed considering three possible
resting forms:

1. Pentacoordinated, high-spin resting form:

DEL ¼ ðEFe–His þ ELÞ � EHis–Fe–L

2. Hexacoordinated, high/low-spin aquo complex as the
resting form:

DEL ¼ ðEHis–Fe–H2O þ ELÞ � ðEHis–Fe–L � EH2OÞ

For each model system, EFe–His is the energy of 5c, high-
spin porphyrin-imidazole complex, EL are the energies of
the isolated ligands (L = NH2OH, HNO, NO, HNO2,
NO�2 ), and EHis–Fe–L is the energy obtained for each 6c,
low-spin complex. EHis–Fe–H2O is the energy obtained for
the 6c, high-spin or low-spin aquo complexes, and EH2O

is the energy of a H2O isolated molecule.

2.1.4. Heme geometric distortions
Characterization of the heme distortions (saddling, ruf-

fling, doming, waving [wav(x), wav(y)] and propellering)
iochem. (2008), doi:10.1016/j.jinorgbio.2008.01.032
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for all model systems was obtained using the normal-coor-
dinate structural decomposition (NSD) method [34].

2.1.5. Single point analysis

The optimized geometry of each intermediate of the cat-
alytic process derived from the P460 model system was used
to calculate the energy in a single point after the replace-
ment of the tyrosyl residue by a hydrogen atom. The Fe-
Ligand dissociation energies (DEL) were calculated as:

1. Pentacoordinated, high-spin resting form:

DEL ¼ ðEFe–HisðSPÞ þ ELÞ � EHis–Fe–LðSPÞ

2. Hexacoordinated, high/low-spin aquo complex as the
resting form:

DEL ¼ ðEHis–Fe–H2OðSPÞ þ ELÞ � ðEHis–Fe–LðSPÞ � EH2OÞ
3. Results and discussion

3.1. Heme-Ligand dissociation energies in the heme model

systems

The resting state of HAO has been previously described
as pentacoordinated from the 2.8 Å crystal structure [11],
with a significant exposure to the water environment. The
spin state of the resting form of HAO has not been
unequivocally assessed yet [14,16,52]. Accordingly, in our
calculations the resting state was considered as 5c, high-
spin or as a 6c, high or low-spin aquo complex. The 6c,
ls aquo complex showed that the calculated distance
FeAH2O was identical in the presence or absence of the
tyrosyl residue (2.07 Å), while in the 6c, hs aquo complex
were 2.41 Å and 2.40 Å, respectively. This observation sug-
gested that the longer FeAH2O bond could enable a stabi-
lizing hydrogen bond (H-bond) to proximal aminoacids.
Calculations including a classical description of three rele-
vant neighboring aminoacids provided a deeper insight
into this issue. This configuration was previously described
for metmyoglobin, where a hs aquo complex was favored
by stabilization with a proximal histidine [53,54].

The binding of the substrate NH2OH was found to be
enhanced in the presence of the tyrosyl residue only when
Table 1
Dissociation energies for the catalysis intermediates proposed for HAO
activitya

Heme model DELIGAND
b DELIGAND

c

P460 c-Type Planar P460 c-Type Planar

FeIIIANH2OH �42.5 �33.2 �33.0 �33.4 �26.2 �26.0
FeIIIAHNO �55.9 �42.9 �41.7 �46.7 �36.0 �34.7
{FeNO}6 �56.1 �47.7 �49.2 �46.9 �40.7 �42.2
{FeNO}7 �50.4 �48.8 �50.1

a Energies in kcal/mol.
b Vs. pentacoordinated, high-spin resting form.
c Vs. hexacoordinated, high-spin resting form.
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calculations were performed on the 6c, hs aquo configura-
tions. Thus we considered the 6c, hs or the 5c, hs forms of
the resting state to evaluate the effect of the presence or
absence of the tyrosyl residue.

The meso-covalent linked tyrosyl residue enhanced the
binding of the natural substrate hydroxylamine by
9.3 kcal/mol considering the 5c, hs resting form and by
7.2 kcal/mol for the 6c, hs aquo as the resting form (Table
1). The presence of the meso-substituent also enhanced the
stability of the FeIIIAHNO and the {FeNO}6 intermediates
(13.0 and 8.4 kcal/mol, and 10.7 and 6.2 kcal/mol for the
hs 5c- and 6c-resting forms, respectively). On the contrary,
meso-substitution was seen to behave indifferently in the
{FeNO}7 intermediate, suggesting a strategy against the
autoinhibition of the enzyme by a highly stable {FeNO}7

form. The comparison with the minimal and planar iron
porphine provided an adequate reference to our
calculations.

3.2. Heme-ligand dissociation energies in the extended model

systems

Calculations on the extended model systems showed a
relevant interaction, specifically a bidentate hydrogen bond
between Asp 257 and the coordinated water molecule, sup-
porting the presence of a 6c, hs aquo complex as the resting
state (Fig. 4). This result can be regarded as a new starting
point to the theoretical study of the hydroxylamine oxido-
reductase. As an additional effect, the Asp 257 residue crit-
ically constrained the orientation of the natural substrate in
our calculations (Fig. 4).

Table 2 shows the dissociation energies for the extended
models, for the different proposed intermediate complexes.
The natural substrate NH2OH, and the intermediate
ligands HNO and NO showed a significantly stronger
FeAN bond in the extended models, when considering
the 5c, hs resting form, while the presence of the distal ami-
noacids did not show a relevant effect in the ferrous inter-
mediate {FeNO}7. Results are in good accordance with the
calculations on the corresponding heme models, taking
into account the incidence of a more stabilized resting
state, traced to H-bonding stabilization.

Considering the 6c, hs aquo resting state, only the natu-
ral substrate followed a similar trend in the extended mod-
els and in the reduced ones. In fact, the calculations on the
extended model systems for the FeIIIAHNO and {FeNO}6

intermediates suggest lower dissociation energies, only
reflecting the increased stabilization of the resting form.

The extended model systems were also used to calculate
the dissociation energy for FeIIAHNO2 and FeIIIANO�2 in
order to shed light on the last step of the catalytic cycle.
Hydration followed by a one electron oxidation of the
FeIIANO+ intermediate promoted the lability of the
desired product NO�2 , and gave back the resting state for
a new catalytic cycle. Table 2 shows that the tyrosyl residue
in the P460 weakens the FeIIAN bond for the HNO2 ligand
in comparison to the c-type heme (�33.5 vs. �37.3 kcal/
iochem. (2008), doi:10.1016/j.jinorgbio.2008.01.032
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Fig. 4. H2O or NH2OH as sixth ligands of the binding site of HAO.

Table 2
Dissociation energies for the catalysis intermediates proposed for HAO
activity in the extended model systemsa

Heme model DELIGAND
b DELIGAND

c

P460 c-Type P460 c-Type

FeIIIANH2OH �74.3 �69.1 �42.4 �36.8
FeIIIAHNO �73.5 �66.7 �41.3 �34.4
{FeNO}6 �66.2 �61.8 �34.3 �29.3
{FeNO}7 �51.9 �53.0 – –
FeIIAHNO2 �33.5 �37.3 – –
FeIIIANO�2 �87.0 �94.9 �55.1 �54.8

a Energies in kcal/mol.
b Vs. pentacoordinated, high-spin resting form.
c Vs. hexacoordinated, high-spin resting form.

Table 3
Calculated total out-of plane distortions (Å)

Heme model P460 c-Type Planar

FeIIIANH2OH 2.15 1.11 0.14
FeIIIAHNO 2.18 1.05 0.09
{FeNO}7 1.93 0.84 0.08
{FeNO}6 2.00 0.98 0.18

6 M.L. Fernández et al. / Journal of Inorganic Biochemistry xxx (2008) xxx–xxx

ARTICLE IN PRESS
mol, respectively) in the extended models, exhibiting an
opposite behavior in comparison to the other nitrogenated
species considered in the catalytic cycle. Similar calcula-
tions for NO�2 , suggest that the presence of the meso-substi-
tuent does not favour the binding of the desired reaction
product.

According to Mülliken populations, the net charge on
the NO moiety of the intermediate {FeNO}6 adopts a
higher positive value in the presence of the neighbouring
aminoacids, implying the FeIIANO+ resonance structure
is favored (qNO = 0.380 and qNO = 0.240, for the
extended and the isolated P460 model systems, respectively).
The tyrosil residue does not exert a significant effect on the
net charge on the NO moiety (data not shown).

3.3. Analysis of the heme distortion

Characterization of the non-planar heme distortions for
the wild type (P460), the heme without the covalent tyro-
sine-C3 bond (c-type heme), and a planar porphine were
performed using the normal-coordinate structural decom-
position procedure [34,51]. This method allowed to evalu-
ate the displacements of our optimized model systems
from the normal geometries, described by six out-of-plane
normal deformations.
Please cite this article in press as: M.L. Fernández et al., J. Inorg. B
Table 3 shows that the tyrosyl residue induces a severe
distortion in the heme model systems, and that the magni-
tude of the deformation is conserved in the intermediates
evaluated. Previous research using crystallographic data
indicates that macrocycle deformations of c-type hemes
are characterized by highly ruffled macrocycles (total dis-
tortion ranging from 0.7 to 1.2 Å); the saddling and waving
(x,y) deviation modes are also present to a lesser extent
[55]. The magnitude of global distortion observed in the
modeled P460, ca. 2 Å, was observed previously in synthetic
nickel porphyrins [34,56].

The combination of the ruffling and the wav(x) and
wav(y) deformations resulted in an asymmetric ruffling dis-
tortion, where the meso carbon (C5) bound covalently to
the tyrosyl residue of the heme active site was highly dis-
torted in comparison with the other meso carbons, in good
agreement with the observed trends on the ferrocyto-
chrome c and its mutants [54]. The decomposition data
obtained for our optimized models shown in Table 4 indi-
cate that the meso-substitututed P460 model system is even
more ruffled than the regular c-type hemes. Recent research
based on the crystal structure of cytochrome P460 of N.
europaea [20], where a lysine residue is covalently attached
to a c meso position of a heme group, indicates sp3 hybrid-
ization at this cross-linking point. The calculated bond
length Ca�C5 (Ca � a meso) in the optimized P460 model
system is intermediate (1.46 Å) between the homologous
in a porphodimethene structure (dCa�C5 = 1.50 Å, sp3-
C5) [57] and in a c-heme moiety (dCa�C5 = 1.41 Å), sug-
gesting the possibility of conservation of the porphyrinic
aromatic system even in this severely distorted macrocycle.
iochem. (2008), doi:10.1016/j.jinorgbio.2008.01.032
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3.4. Single point determinations for NH2OH and NO binding

The dissociation energies of NH2OH and NO were cal-
culated as previously stated (see above), but replacing the
tyrosyl residue by a hydrogen atom in the highly distorted
optimized structure of the P460. These single point calcu-
lations allow discrimination between conformational and
electronic effects induced by the meso tyrosyl residue.
Table 5 shows that in both heme types the binding of
the natural substrate and of the NO to the FeIII form
exhibit a dominating, stabilizing, conformational effect
over a destabilizing electronic effect. The sole presence
of the conformational effect of the tyrosyl residue did
not significantly modify the binding of the NO to the oxi-
dized form (�56.1 vs. �58.9 kcal/mol). On the contrary,
the tyrosyl residue in the FeII state had a relevant negative
electronic effect on the binding of NO; since its absence
significantly enhaced the binding energy (�50.4 vs.
�56.0 kcal/mol). The stability of the {FeNO}7 form is
particularly disfavoured by the tyrosyl residue, preventing
its role as dead end in this distorted heme catalytic site
and allowing the desired evolution of the catalytic
reaction.

After deprotonation to its conjugate base, the
FeIIIAHNO form has been postulated to yield the {FeNO}7

complex. The presence of the tyrosyl residue revealed an
active participation in the destabilization of this intermedi-
ate, both preventing a dead end for the catalytic cycle and
enabling the oxidation to {FeNO}6. The stability of this elu-
sive complex is enhanced by the presence of the tyrosyl res-
idue, and the highly ruffled conformation it induces. The
enhanced stabilization of {FeNO}6 forms induced by ruf-
fling deformations finds a precedent in the nitrophorins
[30–32].

Theoretical calculations suggest that the presence of the
meso tyrosyl residue in the P460 active site of the HAO of N.
europaea positively cooperates with the currently accepted
catalytic cycle, on the basis of a 6c, hs aquo resting state
as the starting point.
Table 5
Single point calculations for the binding of NH2OH and NO

DELIGAND
b DELIGAND

c

Binding of NH2OHa FeII FeIII FeIII

P460 hemed – �42.5 �33.4
SP – �47.9 �37.3
c-type hemed – �33.2 �26.2

Binding of NOa

P460 hemed �50.4 �56.1 �46.9
SP �56.0 �58.9 �48.3
c-type hemed �48.8 �47.7 �40.7

a Energies in kcal/mol.
b Vs. pentacoordinated, high-spin resting form.
c Vs. hexacoordinated, high-spin resting form.
d Data from Table 1.
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4. Abbreviations

DFT density functional theory
HAO hydroxylamine oxidoreductase
NSD normal-coordinate structural decomposition
ls low-spin
hs high-spin
5c pentacoordinated
6c hexacoordinated
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