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Abstract Density functional theory calculations were used
to investigate synthetic complexes with diiron dioxo diamond
cores and models for intermediates in the catalytic cycle of
methane monooxygenase (MMO). The synthetic complexes
share an antiferromagnetically coupled diiron dioxo/hydroxo
diamond core structure with the oxidized and reduced inter-
mediates (Hox and Hred, respectively) of MMO. The DFT
(B3P86) calculations on model complexes of the synthetic
models, with ferromagnetic coupling, reproduce the crys-
tal structure data to within 0.05 Å and 5◦ for the diamond
core parameters. The crystal structures of Hox extracted from
two different bacteria (Bath and OB3b) indicate that Hox has
either two bridging hydroxy ligands or one hydroxy and one
water bridge. The B3P86 calculations strongly suggest that
both bridging ligands in Hox are hydroxy groups. The car-
boxylate shift established in the crystal structures of Hred was
calculated to be a minimum at the BP86 level of theory.
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1 Introduction

Oxygen bridged dimetal complexes M2(µ-X)2 (X=O, OH
or OH2), with a diamond core structure play an important
role in a number of important enzyme and metalloprotein
systems, such as methane monooxygenase (MMO, M=Fe)
[1–6], ribonucleotide reductase (RNR, M=Fe) [5,7,8], pho-
tosystem II (PSII, M=Mn) [9,10], oxyhemocyanin (oxyHc,
M=Cu) [11,12], and tyrosinase (Ty, M=Cu) [13]. Although
synthetic manganese complexes with a Mn2(µ-O)2 diamond
core structure have been characterized with X-ray crystallog-
raphy [14–18], it has only been in the past several years that
iron [19–31] model complexes with a M2(µ-X)2 diamond
core structure have been prepared and characterized.

Crystal structures of the oxidized form of MMO, Hox, for
both Methylococcus capsulatus (Bath) [32–34] and Meth-
ylosinus trichosporium (OB3b) [35] have been determined
and were found to be very similar. Hred has been character-
ized by X-ray crystallography from the Bath bacteria [32,34].
MMO has been shown to have an Fe2(µ-X)2 (X = O, OH,
or OH2) diamond core structure at its active site for at least
three of the intermediates involved in the proposed catalytic
cycle shown in Scheme 1. The catalytic cycle begins with
a diiron(III,III) compound (Hox), which was the first form
characterized by X-ray crystallography. Mössbauer results
indicate that the irons in Hox are high-spin Fe(III) and Hox is
EPR silent; therefore, Hox is a diamagnetic compound with
antiferromagnetically couple Fe(III) atoms. In the catalytic
cycle, Hox is then reduced to a ferromagnetically coupled
high-spin diiron(II,II) compound (Hred). Hred then reacts
with molecular oxygen to form an antiferromagnetically cou-
pled diiron(III,III) compound (Intermediate P) [36], which is
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Scheme 1

proposed to be a peroxo complex. Intermediate P then rear-
ranges to form intermediate Q, which is thought to be a
high valent antiferromagnetically coupled Fe(IV)2O2 spe-
cies [37]. Very little is known about the structure of Q, but
extended X-ray absorption fine structure (EXAFS) [37]
results indicate that Q has an asymmetric diamond core struc-
ture with the oxygen ligands bound asymmetrically between
the two iron atoms. Finally, Q reacts with methane to produce
the product and reform Hox. The details about coordination
number of the iron centers and arrangement of the ligands
involved in P and Q are still ambiguous.

Que and co-workers [19–24] prepared and characterized
a number of iron dimers of the general formula Fe2(µ-X)

(µ-X′)(6-Me3-TPA)n+
2 (6-Me3-TPA = tris(6-methyl-2-pyri-

dylmethyl)amine); X = X′ = O, n = 2 (1a(III,III)); X = O,
X′=OH, n =3 (1b(III,III)); X=X′=OH, n = 2 (1c(II,II)); and
Fe2(µ-X)(µ-X′)(5-Et3-TPA)n+

2 (5-Et3-TPA=tris(5-ethyl-2-
pyridylmethyl)amine); X=X′=O, n = 3 (1a∗(III,IV)) that
exhibit a diamond core structure. These compounds have
structures that are closely related to the diiron diamond core
structures found in the metalloenzyme methane monoox-
ygenase [32–35,37]. In particular, the experimental model
compounds Fe2(µ-O)2(6-Me3-TPA)2(ClO4)2 and Fe2

(µ-O)2(5-Et3-TPA)2(ClO4)3, 1a(III,III) and 1a∗(III,IV), are
very similar to the proposed structure for Q in MMO; their
characterization with X-ray crystallography demonstrates an
asymmetric diamond core structure. The distortion (degree
of asymmetry) in the diamond core can be defined as the
difference in the oxygen bond distance to each of the iron
atoms. The difference in the two Fe–O bond lengths in the
diamond core of 1a and 1a∗ is 0.08 and 0.06 Å, respectively.
Distortions as large as 0.05 Å between M–O bond lengths
have been observed for Mn2(µ-O)2 compounds and as little
as 0.005 Å for Cu2(µ-O)2 compounds [38]. The Mössbauer

data [22] and silent EPR for Fe2(µ-O)2(6-Me3-TPA)2+
2 indi-

cate antiferromagnetically coupled high-spin Fe(III) atoms.
Qualitatively, each iron has five unpaired electrons, all spin
up on one iron and all spin down on the other iron, creating
an overall spin of zero (diamagnetic). As yet, it is unclear
whether the electrons are exchange coupled directly through
interaction between the iron atoms or indirectly through the
bridging ligands (super-exchange). The EPR and Mössbauer
data [23] for Fe2(µ-O)2(5-Et3-TPA)3+

2 , 1a*, indicates equiv-
alent low-spin Fe atoms with an overall spin of 3/2. The diiron
diamond core complex, Fe2(µ-O)(µ-OH)(6-Me3-TPA)3+

2 ,
1b, has also been structurally characterized through EXAFS
[39] and Mössbauer data and silent EPR indicates antifer-
romagnetically coupled high-spin Fe(III) atoms. Recently,
the complex Fe2(µ-OH)2(6-Me3-TPA)2+

2 , 1c, was synthe-
sized and characterized through X-ray crystallography [40];
it also exhibits an asymmetric diamond core structure like
that found in Hox. In contrast to 1a, and 1b, that have antifer-
romagnetically coupled Fe(III) atoms, 1c was determined to
have weak ferromagnetically coupled high spin Fe(II) atoms.
While the oxidation state of 1c is the same as that found in
Hred, the bridging ligands in the diamond core are very differ-
ent (Hred has one bridging H2O and a bridging oxygen from
a monodentate glutamate, whereas 1c has two bridging OH
groups) and, 1c is therefore not a good representative struc-
ture for Hred. The diiron diamond core complexes, 1a, 1b,
and 1c, represent an excellent opportunity to test DFT’s abil-
ity to model weakly coupled diiron diamond core compounds
and to probe the effect that protonation of the bridging oxo
groups has on the Fe–Fe bond distance.

Recently, there have been a variety of theoretical investi-
gations on dimetallic diamond-core biologically relevant sys-
tems, such as MMO, [41–55] oxyHc [56,57], Ty [58], RNR
[49,59,60], and PSII [61–63]. One of the difficulties with the
theoretically modeling of MMO, OxyHc, and PSII is giving
a proper description for the antiferromagnetic coupling of
the electrons between the metal centers. Previous theoretical
work has handled the antiferromagnetic coupling by sim-
ulating the antiferromagnetic coupling with ferromagnetic
coupling or the antiferromagnetic coupling was represented
through a localized projection approach [41,42,48,49,64,65]
A variety of theoretical models [41–53] for MMO have been
implemented with the largest model studied by Dunietz et al.
[41,42], which contained all first shell residues and two of
the second shell residues for a total of approximately 100
atoms. The large model study indicated that it was necessary
to include two of the second shell residues and two appropri-
ate constraints to achieve the appropriate orientation of the
ligands bound to the iron atoms and to properly describe the
carboxylate shift in the intermediate Hred.

In this study, the complexes of Que and co-workers will
be modeled using density functional theory and ferromag-
netic coupling. These calculations will be used to calibrate
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DFT’s ability to model antiferromagnetically coupled diiron
diamond core compounds, which are important in a number
of metalloenzymes. The relationship between the iron–iron
bond distance and the degree of protonation of the bridging
oxo ligands will also be investigated. Lastly, two of the inter-
mediates found in the catalytic cycle of MMO that contain a
diiron diamond core structure, Hox and Hred, will be studied
at the same DFT level of theory. The models used in this study
to model Hox and Hred do not include the protein backbone
or any constraints, therefore, these calculations should give
an indication of the degree of influence the protein backbone
has on the structure of the active site.

2 Computational details

Full geometry optimizations were performed using density
functional theory (DFT) [66] with the Becke three parameter
hybrid exchange functional [67–69] and the Perdew 86 corre-
lation functional [70] (B3P86) using the Gaussian 98/03 [71]
suite of programs. A Huzinaga/Dunning [72–75] valence
basis set of double-ζ quality was used for the C, N, O and
H atoms. A modified version of the Hay and Wadt basis
set with effective core potentials (ECP) was used for the Fe
atoms. Studies by Couty and Hall [76] have shown that the
correct (n + 1)p functions are important to achieve accu-
rate energies. Therefore, the basis set for the Fe atoms was
modified from a (341/311/41) contraction to a (341/341/41)
contraction. Ferromagnetic coupling was used to represent
the antiferromagnetic coupling found in the experimentally
prepared compounds by Que and co-workers, Hox and Hred.
Current implementations of DFT ordinarily do not represent
antiferromagnetic coupling properly [64,65], because for a
system with two iron atoms where each atom is d4 or d5 and
antiferromagnetically coupled there are a number of possi-
ble wavefunctions that DFT can converge to. This problem
can be resolved using ferromagnetic coupling which has been
shown to give only small differences in structure and energet-
ics for some systems when compared to the antiferromagnet-
ically coupled case [41,42,48,49,61–63]. Calculations were
performed on the computers at the Supercomputer Facility
of Texas A&M University, and on an SGI Altix 450 at the
Department of Chemistry, Texas A&M University.

3 Results and discussion

3.1 Model complexes

The theoretical models 2a, 2b, 2c, and 2d shown in Fig. 1,
were used to represent the experimental complexes of Que
and co-workers (1a, 1b, and 1c). Since we are only inter-
ested in studying the diamond core structure, we replaced the
experimental ligands with simpler ligands, shown in Fig. 1

Fig. 1 (1) Experimental complexes, 1a(III,III), 1b(III,III), and
1c(II,II), Fe2(µ-L)(µ-L′)(6-Me3-TPA)n+

2 (L=L′=O, n = 2; L=OH,
L′=O, n = 3; L=L′=OH, n = 2) and 1a∗(III,IV), Fe2(µ-L)(µ-L′)
(5-Et3-TPA)n+

2 (L=L′=O, n = 3) synthesized and characterized by
Que and co-workers. (2) Model compounds, 2a(III,III), 2b(III,III),
2c(III,III), and 2d(III,III), used for the B3P86 geometry optimizations

(the tertiary nitrogen of each 6-Me3-TPA ligand was replaced
with ammonia and the three pyridyl nitrogens were replaced
with HNCH2 groups) and fixed the bond lengths and
angles of the model ligands at the experimental values of the
6-Me3-TPA ligands. The angles were constrained to the
experimental values to emulate the rigidity of the 6-Me3-
TPA ligands. All other variables were optimized in the high
spin state (S = 5). To determine the effect that fixing the
bond distances of the ligands attached to the Fe atoms would
have on the parameters of the diamond core structure, the
bond distances were allowed to relax. As expected, without
the constraint of the 6-Me3-TPA ligand, the Fe–NH3 bond
distance increased dramatically (0.66 Å), but the parameters
of the diamond core varied by no more than 0.02 Å. There-
fore, all results are with the bond distances and angles of the
simplified 6-Me3-TPA ligands frozen at the crystal structure
values. Important bond distances and angles of the diamond
core from the optimized geometry of 2a, 2b, 2c, and 2d can
be found in Table 1.

Model 2a reproduces the Fe–Fe distance in 1a to 0.04 Å
and gives an asymmetric diamond core for the bridging oxo

123



470 Theor Chem Account (2008) 120:467–478

Table 1 Important bond distances (Å) and angles (◦) for [FeIII
2 (µ-L)(µ-L′)]n+ shown in Fig. 1

[L=L′=O]2+ [L=OH, L′=O]3+ [L=L′=OH]4+ [L=OH L′= OH2]5+

2a 1a 2b 1b 2c 1ca 2d 1d

Fe–Fe 2.75 2.71 2.93 2.91 3.10 3.19 3.71 –

Fe–L 1.97 1.92 2.13 1.99 1.94 1.97 2.23 –

Fe′–L 1.84 1.84 1.95 1.99 2.09 2.17 2.00

Fe–L′ 1.84 1.84 1.83 1.82 2.09 2.17 1.94 –

Fe′–L′ 1.97 1.92 1.91 1.82 1.94 1.97 2.59

Fe–L–Fe 87.7 92.5 91.5 94.0 100.6 100.6 122.5 –

Fe–L′–Fe 87.7 92.5 101.6 106.0 100.6 100.6 108.9 –

a [FeII
2 (µ-OH)2(6-Me3-TPA)2]2+ X-ray crystal structure data from Ref. [40]

ligands within 0.00–0.05 Å of the experimental structure. The
calculated asymmetry (0.13 Å between the short and long
Fe–O bond lengths) of the diamond core is considered fairly
large and may be attributed to a trans influence of the terminal
ligands combined with a second order Jahn–Teller distortion.
To determine if the symmetry was due entirely to a trans influ-
ence, a geometry optimization at the same level of theory was
performed on the model compound Fe2O2(NH3)

2+
8 , which

would not include a trans differential influence. The opti-
mized geometry of Fe2O2(NH3)

2+
8 has a symmetric diiron

diamond core structure with an Fe–Fe distance of 2.75 Å and
Fe–O bond distances of 1.89 Å, but the axial ammonia groups
form an N–Fe–Fe–N dihedral angle of −22.9◦ as shown in
Fig. 2. In this model it appears that the distortion of the ammo-
nia groups to break symmetry is favored over distorting the
diiron diamond core. In the experimental system, this distor-
tion may be prevented by the constraint of the 6-Me3-TPA
ligands; therefore, the diiron diamond core distorts instead.
The differential trans influence initiates an asymmetry which
allows stronger Fe–O π -bonding to one Fe that compensates
for the loss of Fe–O σ -bonding to the other Fe.

The diamond core parameters of the B3P86 optimized
geometry of 2b, EXAFS, and X-ray crystal structure data for
1b, are shown in Fig. 3. The optimized geometry of 2b also
has an asymmetric diamond core, in contrast to the results
of the EXAFS for 1b, which has both the oxo and hydroxy
bridge bound symmetrically with Fe–O bond distances of
1.82 and 1.99 Å, respectively. The X-ray crystal structure for
1b found an asymmetric diamond core structure with C2h

symmetry, but had disorder that could not be resolved. The
disorder was thought to be caused by having two unique mol-
ecules in one unit cell where each molecule had an inversion
center at the center of the diamond core and the inversion
symmetry in the unit cell. The Fe–O bond distances (1.91 and
1.98 Å) found in the crystal structure were thought to be an
average of the Fe–O and Fe–OH bond distances. The average
value for short Fe–O and Fe–OH and long Fe–O and Fe–OH

Fig. 2 B3P86 optimized structure of Fe2O2(NH3)
2+
8

bond distances of the B3P86 optimized structure of 2b are
1.89 and 2.02 Å, respectively, which is only 0.02 Å longer
than the short Fe–O bond distance, and 0.04 Å longer than
the long Fe–O bond distance in the crystal structure value.
The average bond distance of the bridging oxo and hydroxide
ligand with each iron in 2b is 1.87 and 2.04 Å, respectively,
which is only 0.05 Å longer than the EXAFS values of 1.82
and 1.99 Å. These results are a good indication that the asym-
metry obtained in the optimized geometry is not an artifact
of the level of theory or other approximations used. Com-
pound 2b has an asymmetry of 0.17 Å for the OH bridging
ligand and 0.08 Å for the O bridging ligand. The calculated
Fe–Fe distance (2.93 Å) of 2b is within 0.02 Å of the EXAFS
(2.91 Å) and X-ray crystal structure values (2.94 and 2.95 Å)
and is 0.18 Å longer than the Fe–Fe bond distance calculated
for 2a (2.75 Å).

The optimized geometry of 2c also has a significant asym-
metry in the diamond core structure with a difference of
0.15 Å for the Fe–OH bond distances and an Fe–Fe bond
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Fig. 3 Diamond core parameters for the: a B3P86 optimized structure
of 2b, b EXAFS analysis of the synthetic complex 1b, and c X-ray crys-
tal structure data that has unresolved disorder for the synthetic complex
1b

distance of 3.10 Å, which is 0.17 Å longer than the Fe–Fe
bond distance in 2b (2.93 Å). The X-ray crystal structure of
1c has an Fe–Fe distance of 3.19 Å and asymmetry of 0.20 Å,
but the Mössbauer for 1c indicates that the iron atoms are
in the +2 oxidation state, while 2c was calculated with the
iron atoms in the +3 oxidation state. It might appear that the
change in the oxidation state of the iron atoms (II or III) has
very little effect on the Fe–Fe bond distance and the asym-
metry of the diamond core. However, when this structure
was optimized with the iron atoms in the +2 oxidation state
the bridging hydroxide groups became almost symmetrically
bound to the iron atoms (Fe–L = 2.04 Å and Fe′–L = 2.07 Å)
but the Fe–Fe distance remained at 3.19 Å. In this structure
the Fe–Fe bond distances appear to be in good agreement,
but the presence or absence of the asymmetry is sensitive to
small differences in ligand environment and methodology.

Lastly, a fourth theoretical model with one hydroxide and
one water bridge, 2d, was investigated to observe the Fe–Fe
bond-lengthening trend with protonation of both bridging
oxo groups. This model is purely theoretical since an exper-
imental counterpart has not been characterized. Once again,
2d has an optimized geometry with a asymmetric diamond
core structure. The hydroxide bridge has an asymmetry of
0.23 Å and the water bridge has become almost terminal with
Fe–OH2 bond distances of 1.94 and 2.59 Å. The Fe–Fe bond
distance was calculated to be 3.71 Å, a value significantly
longer than the other models studied. The reason for the dra-
matic increase in the Fe–Fe bond distance of 2d is due to the

Fig. 4 The B3P86 optimized geometry of Fe2(µ-OH)2 (3a) model for
Hox

loss of a second bridging ligand that holds the iron atoms
closer together. A similar compound, Fe2O(TPA)2(H2O)4+
(TPA = tris(2-pyridylmethyl)amine) was characterized by
X-ray crystallography [24] and has an Fe–Fe distance of
3.57 Å, so our results appear to be reasonable.

Overall, the Fe–Fe distance increases 0.18 Å from 2a →
2b, 0.17 Å from 2b → 2c, and 0.61 Å from 2c → 2d. This
lengthening effect with protonation has also been shown to
occur in the series of manganese complexes [Mn2(µ-O)2

(salpn)2] (Mn–Mn = 2.7 Å, salpn=N ,N ′-propylenebis(sali-
cylidenimine)), [Mn2(µ-O)(µ-OH)(salpn)2]+ (Mn–Mn =
2.8 Å), [Mn2(µ-OH)2(salpn)2]2+ (Mn–Mn = 2.9 Å), where a
lengthening of 0.1 Å was observed in the Mn–Mn distance
with each protonation of the oxo bridge [77]. It is interesting
to note that the Fe–Fe bond distance increases twice as fast as
the Mn–Mn bond distance upon protonation of the bridging
oxo ligands.

4 Methane monooxygenase models

4.1 Oxidized form (Hox)

For this system, Hox was modeled by replacing the histidines
in the first coordination sphere with ammonias and the gluta-
mates in the first coordination sphere with formate ligands
(Fig. 4). The models were then fully optimized at the B3P86
level with S = 5 and compared with the available X-ray crys-
tal structure data. In all available crystal structures for Hox,
the first bridging ligand (on the side with the histidine ligands)
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Table 2 X-ray crystal structures determined for Hox

Bath Bath Bath Bath OB3b OB3b

Resolution (Å) 2.2a 1.7b 1.96c 1.96c 2.0d 2.7d

Temp. (◦C) 4 −160 −175 −175 18 18

Comp. B present NO NO NO NO NO YESe

Second bridging ligand Acetate H2O Formate OH OH OH

Fe–Fe (Å) 3.41 3.09f 3.2 3.2 2.99 3.07

a Ref. [78]
b Ref. [34]
c Ref. [32]
d Ref. [35]
e Crystals were grown in a solution containing MMOB in a molar ration 2MMOB:1 MMOH, but component B was not found in the resulting
crystals
f Average value for the Fe–Fe bond distance in protomer A and protomer B

was assigned as an hydroxide, but there was some question as
to whether the second bridging diamond core ligand in Hox

was a water or hydroxide. Six different crystal structures of
Hox have been determined (Table 2) and all are very similar
with the following four exceptions: (1) the hydroxylase com-
ponent (MMOH) of soluble MMO from OB3b crystallized
(Fig. 5a) as a monomer per asymmetric unit with a two-fold
axis, whereas MMOH from Bath crystallized (Fig. 5b) as a
dimer per asymmetric unit; (2) the original crystal structure
for MMOH from Bath [78] (Fig. 5f, g) had an exogenous
acetate as the second bridging ligand in the diamond core for
both protomer A and B; (3) a crystal structure for MMOH
from Bath [32] had an exogenous formate for the second
bridging ligand in protomer A; and (4) the identity of the
second bridging ligand in the diamond core (hydroxide or
water). The acetate ligand found in the earliest crystal struc-
ture for Hox is believed to come from the buffer solution and
illustrates that the active site is somewhat flexible.

To investigate the possible identity of the second bridging
ligand (OH or H2O) in both the Bath and OB3b crystal struc-
tures, two theoretical models (3a and 3b) were optimized in
the Fe(III)2 high spin state (S = 5). Compound 3a has two
hydroxide bridges, where 3b has an hydroxide bridge and a
water bridge on the side with the glutamate ligands. The opti-
mized geometry of 3a is shown in Fig. 4 and the pertinent
bond distances for 3a and 3b are given in Table 3. There
is an estimated standard deviation of 0.2 for the 1.7 Å Bath
structure, 0.29 Å for the 1.96 Å Bath structure, and 0.15 Å
for the OB3b structure bond distances according to a Luzzati
plot, but these estimates are often high. The Fe–Fe bond dis-
tance of 3a (3.06 Å) is within the experimental uncertainty
of the crystal structure values1 (3.04, 3.14, 3.18, 3.16, and

1 Photoreduction of the active site can occur during the protein structure
determination thereby effecting the Fe–Fe distance and other structural
parameters.

2.99 Å). The Fe–Fe distance for 3b (3.48 Å) is 0.30–0.48 Å
longer than the crystal structure results. It should also be
noted that the “bridging” water in 3b migrated to one of
the irons and became a terminal ligand with Fe–O distances
of 2.05 and 3.37 Å. The water molecule might be hydrogen
bonded to the protein backbone, which could keep it in the
bridging position, therefore, a second calculation was per-
formed (3b′) where the Fe–O bond distances for the bridg-
ing water ligand in 3b were fixed to the Bath 1.7 Å crystal
structure values (average between protomer A and B, 2.34,
2.55 Å). The resulting optimized structure had an Fe–Fe dis-
tance of 3.30 Å, which is still 0.16 Å longer than the crys-
tal structure value (3.09 Å). Our results for the calculated
Fe–Fe distance in the Que models also indicate that the Fe–
Fe distance would be too long with a bridging water mole-
cule unless the protein backbone is holding the iron atoms
together. Since a crystal structure of Hox was determined with
an exogenous acetate group as the second bridging ligand,
and an Fe–Fe distance of 3.46 Å (Protomer A) and 3.36 Å
(Protomer B) indicates that the active site is fairly flexible and
that the protein backbone is not holding the Fe atoms together
in Hox. The good agreement of the Fe–Fe distance between
the crystal structure of Hox and 3a along with the poor agree-
ment in 3b and 3b′, provides a strong argument that Hox has
a core structure of Fe2(OH)2 and not Fe2(OH)(OH2).

Compound 3a has an Fe–Fe distance of 3.06 Å which is
only 0.03 Å shorter than the Bath structure (3.09) and 0.07 Å
longer than the OB3b structure (2.99 Å), an error well within
the accuracy of the crystal structure. There are three main
discrepancies between the optimized geometry of 3a and the
crystal structures of Hox. The first difference is that the first
bridging ligand (µ-OH) in all of the crystal structures are
asymmetrically bound to the iron atoms, whereas in all the-
oretical models, the first hydroxide bridge is bound nearly
symmetric. In the crystal structures there is an interaction
between the bridging hydroxide hydrogen and the oxygen
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Fig. 5 a 2.0 Å resolution X-ray
crystal structure of Hox from
OB3b. b 1.7 Å resolution X-ray
crystal structure of Hox from
Bath, protomer A. c 1.7 Å
resolution X-ray crystal
structure of Hox from Bath,
protomer B. d 1.96 Å resolution
X-ray crystal structure of Hox
from Bath, protomer A. e 1.96 Å
resolution X-ray crystal
structure of Hox from Bath,
protomer B. f 2.2 Å resolution
X-ray crystal structure of Hox
with an exogenous acetate group
from Bath, protomer A. g 2.2 Å
resolution X-ray crystal
structure of Hox with an
exogenous acetate group from
Bath, protomer A

group of the Glu243 (Fig. 5) with O· · · O distances from 2.44
to 3.03 Å. In the theoretical models, there is an interaction
between the hydroxide hydrogen and the oxygen group of the
acetate representing Glu243 (Figs. 4, 6, and 7) with O· · · O
bond distances from 2.63–3.18 Å. It is plausible that the loca-
tion of Glu243 could effect the Fe–O bond distances of the
bridging hydroxide ligand, but a direct correlation between
the location of Glu243 and the OH ligand did not present
itself. Therefore, the origin of the asymmetric binding in the
crystal structures for the bridging hydroxide group, which
lies on the same side as the histidine ligands, is unclear. In
the Dunietz et al. work, the histidine ligands were included
(capped at the Cα with a hydrogen) in the theoretical model,
but their results also showed a symmetrically bound hydrox-
ide ligand. This result indicates that the histidine groups are

not responsible for the asymmetric binding of the hydroxide
ligand. Also, their work employed the 6-31G(d) basis set
on all heteroatoms attached to the iron atoms, therefore,
it appears that it is not the basis set causing this differ-
ence. The second difference between the optimized struc-
ture 3a, and the crystal structures for Hox, is the orientation
of formate ligand representing Glu209. In the crystal struc-
tures, Glu209 is oriented such that it is perpendicular to the
Fe–O1–Fe plane, whereas in all models, the formate rep-
resenting Glu209 rotates to lie in the Fe–O1–Fe plane, and
hydrogen bonds with the ammonia ligand or the second bridg-
ing ligand. Dunietz et al. concluded that the H-bonding net-
work is important to achieve the proper orientation of Glu209
ligand, but our results suggest that the orientation of the
Glu209 ligand does not appear to be important to reproduce
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Table 3 Important bond distances (Å) for Hox crystal structuresa and optimized structures (3a, 3b, 3c, and 3d)

Fe–Fe Fe1–O1 Fe2–O1 Fe1–O2 Fe2–O2

Bath

Protomer Aa (µ-OH2) 3.04 1.78 1.94 2.43 2.58

Protomer Ba (µ-OH2) 3.14 1.62 2.02 2.24 2.51

Avg. 3.09 1.70 1.98 2.34 2.55

Protomer Ab(µ-O(CHO)) 3.18 1.88 2.02 2.51 2.51

Protomer Bb(µ-OH) 3.16 1.81 1.95 2.71 2.79

OB3bc (µ-OH) 2.99 1.71 2.04 2.15 2.17

Fe2(µ-OH)2 3a 3.06 2.02 2.07 1.96 1.99

Fe2(µ-OH)(µ-OH2) 3b 3.48 1.97 1.93 2.05 3.37

Fe2(µ-OH)(µ-O(CHO)) 3d 3.12 2.03 2.05 2.04 2.05

Fe–Fe Fe1–O1 Fe2–O1 Fe1–O2 Fe2–O3

Bath

Protomer Ad(µ-OAc) 3.36 1.68 2.05 1.95 2.05

Protomer Bd(µ-OAc) 3.46 1.71 1.98 2.56 2.30

Avg. 3.41 1.70 2.02 2.25 2.18

Fe2(µ-OH)(OAc) 3c 3.53 1.96 2.05 2.02 2.05

a Values in parenthesis for each crystal structure indicate the assigned identity of the second bridging ligand. In all crystal structures of Hox, the
first bridging ligand is assigned as an hydroxy group
b X-ray crystal structure data for 1.7 Å resolution at −160 ◦C (Ref. [34])
c X-ray crystal structure data for 1.96 Å resolution at −175 ◦C (Ref. [32])
d X-ray crystal structure data for 2.0 Å resolution at 18 ◦C (Ref. [35])
e X-ray crystal structure data for 2.2 Å resolution at 4 ◦C w/ acetate ligand (Ref. [78])

the Fe–Fe bond distance or the diamond core structure. The
third difference, involves the orientation of the two ammonia
groups in the model compounds that are used to describe the
histidine ligands. In the crystal structures of Hox the histidine
ligands are “twisted” relative to one another. The N–Fe–Fe–
N dihedral angle is a good measurement for the magnitude
of “twisting” for the ammonia/histidine ligands. The “twist”
dihedral for the Hox crystal structures ranges from 18.0 to
28.2◦ whereas in the computed models, the “twist” dihedral
angles are less than 2◦. Apart from these three small differ-
ences, our model compound, 3a, is in good agreement with
the crystal structure of Hox for the Fe–Fe distance and in
qualitative agreement for the ligands even though it contains
only the local Fe environment.

As another test of DFT’s ability to accurately reproduce
the compounds of MMO, two other models were studied,
where the second bridging ligand was replaced with a for-
mate group, 3c and 3d, and compared with the X-ray crystal
structure of Hox with an exogenous acetate (Fig. 5f, g) or
formate ligand (Fig. 5d). The optimized structure of 3c can
be found in Fig. 6, and important geometrical parameters in
Table 3. The Fe–Fe distance in the optimized structure of 3c
(3.53 Å) is 0.17 Å longer than the Fe–Fe distance in protomer
A (3.36 Å) and 0.07 Å longer than the Fe–Fe distance found
in the protomer B (3.46 Å). The overestimation of the Fe–Fe

Fig. 6 The B3P86 optimized geometry of Fe2(µ-OH)(OAc) (3c)
model for Hox

bond distance in 3c is thought to be caused by the difference in
the “twist” of the formate ligand of the model compound, 3c.
As a measure of the “twist” of the exogenous formate/acetate
group, we can compare the “twist” dihedral angles Fe2–Fe1–
O2–C and Fe1–Fe2–O3–C. In the X-ray crystal structure of
Bath protomer A (Fig. 5f, g), the “twist” dihedral angles are
−17.5◦ and −38.0◦, (Fe2–Fe1–O2–C and Fe1–Fe2–O3–C,
respectively) and in Bath protomer B, 41.3◦ and 47.5◦. In 3c
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Fig. 7 The B3P86 optimized structure of Fe2(µ-OH)(µ-O(CHO)) (3d)
for Hox

the “twist” dihedral angles are −5.0◦ and −1.8◦. The limited
flexiblity of the active site could be restricting the Fe–Fe dis-
tance to approximately 3.5 Å, which could cause the acetate
ligand to twist to remain bridged to both iron atoms, but an
X-ray crystal structure of MMOH that was soaked in DMSO
showed an Fe–Fe distance of 3.7 Å [79]. In this case, it is
possible that the twist of the acetate ligand is due to the ori-
entation of the histidine ligands, which have N–Fe–Fe–N
dihedrals of 24.3◦ and 18.9◦ in the crystal structure (pro-
tomers A and B, respectively). For the oxygen atoms in the
acetate ligand to remain trans to the nitrogen atoms of the his-
tidine ligands, they would have to “twist”, which may cause
the Fe–Fe distance to be shorter. Therefore, the orientation
of the ammonia ligands, that represent the histidine ligands,
may be essential to reproduce the Fe–Fe distance found in
this crystal structure. While the orientation of the representa-
tive histidine ligands in 3a did not effect its Fe–Fe distance,
the orientation of the histidine ligands may have an effect
on the Fe–Fe distance of other species that contain a second
bridging ligand that prefers a position trans to the histidine
ligands. The optimized structure of 3d can be found in Fig. 7,
and important geometrical parameters in Table 3. The Fe–Fe
distance in the optimized structure of 3d (3.12 Å) is 0.06 Å
shorter than the Fe–Fe distance in protomer A (3.12 Å) and
0.04 Å shorter than the Fe–Fe distance found in the protomer
B (3.16 Å), in excellent agreement with the crystal structure
data. As with 3a and 3b, the Fe–O bond distances for the first
bridging ligand (µ-OH) are essentially symmetric (2.03 and
2.05 Å), whereas, they are asymmetric in the crystal structure

(1.88 and 2.02 Å, protomer A; 1.81 and 1.95 Å, protomer B),
but are still within reasonable error bounds. In 3d, the exog-
enous formate ligand rotates from the crystal structure orien-
tation (Fig. 5d) to allow the hydrogen to interact with the O
of Glu209. In the crystal structure, the terminal oxygen of the
exogenous formate is hydrogen bonded to a water molecule.

Overall, these results indicate that the second bridging
ligand in Hox (without exogenous ligands from the buffer
solution) is a hydroxide and not a water ligand. These results
also show that the protein backbone does not have a signifi-
cant effect on the Fe–Fe distance in Hox, where both bridging
ligands are of the form (µ-OX, X=H, or CHO), but may have
an effect on the Fe–Fe distance when an exogenous acetate
group replaces the second hydroxide group. The theoretical
model used in this study (3a) with ferromagnetic coupling at
the B3P86 level of theory was found to give reasonable results
for the antiferromagnetically coupled intermediate Hox.

4.2 Reduced form (Hred)

The intermediate Hred differs from Hox in that the first bridg-
ing ligand (µ-OH) of Hox is displaced by the β-oxygen atom
in Glu243 due to a carboxylate shift of Glu243 from a termi-
nal to a bidentate and bridging ligand (Fig. 8). The theoreti-
cal models for Hred, 4a and 4a′, have the histidines replaced
with ammonias, the glutamates with formates, and a water
as the first bridging ligand. The B3P86 optimized structure,
4a′, is shown in Fig. 9a. Upon optimization, the bidentate
carboxylate returns to a bridging conformation, the bridg-
ing water becomes terminal, one of the iron atoms becomes
5 coordinate, and the Fe–Fe distance increases to 3.87 Å,
as opposed to the X-ray crystal structure Fe–Fe distance of
3.28 Å. A variety of starting structures and orbital occupa-
tions were investigated and in all cases, the carboxylate shift
was lost. To ascertain how a carboxylate shift would change
the Fe–Fe bond distance, the bridging oxygen of the carbox-
ylate shift ligand was fixed at Fe–O bond distances of 2.2 Å
along with the axial Fe–OH2 bond distance2 and the rest of
the structure was optimized. The Fe–Fe bond distance did
decrease slightly (3.78 Å) but is still far too long. Dunietz
et al. also lost the carboxylate shift for their small model,
which only included the C-α capped first shell residues at
the B3LYP level of theory. The large model used by Dunietz
et al. added the second shell residues Asp143 and Asp242,
which are attached to Glu144 and Glu243. The β carbons
of the Asp143 and Asp242 were constrained to simulate the
effect of the four-helix bundle in the protein, and the terminal
oxygen to iron bond distance of Glu209 was constrained

2 The Fe–O bond distance of the terminal water ligand was frozen,
because it was found that during the geometry optimization large geom-
etry steps were taken that involved this bond distance changing by 0.1–
0.2 Å in one step.
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Fig. 8 a 1.7 Å resolution X-ray crystal structure of Bath active site for
Hred from protomer A. Protomer B was thought to be only partially
reduced to an Fe(II)–Fe(III) state and was found to closely resemble
the geometry found in Hox. b 2.15 Å resolution X-ray crystal structure
of Bath active site for Hred, protomer A and c protomer B

to the crystal structure value to simulate a hydrogen bond-
ing interaction between Glu209 and a previously unresolved
water molecule. With the large model and the aforementioned
constraints, they were able to obtain a carboxylate shift, and
an Fe–Fe distance of 3.5 Å. These authors concluded that the
hydrogen bonding network stablilized the carboxylate shift.
To investigate possible deficencies in the method and/or basis
set used, model 4a was fully optimized at the Becke Perdew
86 (BP86) [67,70] level of theory, with a double-ζ quality
basis set plus polarization [80] (6-31G(d’)) on C, O, and N, a
double-ζ quality basis set [81] (6-31G) for H, and the modi-
fied double-ζ basis set plus ECP as described in the theoret-
ical methods section for Fe. The fully optimized geometry
of 4a at the BP86 level of theory is shown in Fig. 9b, and a
carboxylate shift was maintained. The optimized Fe–Fe bond
distance in 4a is 3.50 Å, which is 0.19–0.23 Å longer than the
crystal structure data, but is within the Luzzati coordinate

Fig. 9 a B3P86 optimized structure of 4a′ and b BP86 optimized struc-
ture of 4a for Hred

error of 0.24 Å. Based on these results, it appears that the
protein backbone and the hydrogen bonding network are not
necessary to obtain a carboxylate shift.

5 Conclusions

Density functional theory calculations on the theoretical
models 2a, 2b, 2c, and 2d were compared to experimen-
tal complexes of Que and co-workers (1a, 1b, and 1c) and
showed that B3P86 calculations are capable of reproducing
the core parameters in antiferromagnetically coupled diiron
diamond core compounds. Models 2a, 2b, and 2c reproduced
the Fe–Fe distance in 1a, 1b, and 1c to within 0.02, 0.04, and
0.09 Å, respectively. All models optimized with an asymmet-
ric diamond core that may be attributed to a trans influence
of the terminal ligands combined with a second order Jahn–
Teller distortion. In the protonation series, the Fe–Fe distance
increases 0.18 Å from 2a → 2b, 0.17 Å from 2b → 2c, and
0.61 Å from 2c → 2d, where the dramatic increase in the Fe–
Fe distance from 2c → 2d is due to the water ligand moving
from a bridging to a terminal position.

Based on the excellent agreement of the Fe–Fe distance
for 3a and the poor agreement for 3b with the crystal struc-
ture, the second bridging ligand in Hox (without exogenous
ligands from the buffer solution) is a hydroxide and not a
water ligand. The results also indicate that the protein back-
bone does not have a significant effect on the Fe–Fe bond
distance in Hox, when both bridging ligands are of the form
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(µ-OX, X=H, or CHO), but may have an effect on the Fe–
Fe distance when an exogenous acetate group replaces the
second bridging group.

The BP86 optimized structure of 4a represents the first
simple theoretical model for Hred that maintains a carboxyl-
ate shift, has an Fe–Fe distance within the error of the crystal
structure, contains all first shell residues, is fully optimized,
and without any second shell residues or water molecules.
Thus, it may constitute one of the simplest models for use in
studying the remaining steps in the catalytic cycle of methane
monooxygenase.
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