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We present here the first quantum mechanical/molecular mechanics (QM/MM) studies of taurine/R-ketoglutarate
dioxygenase (TauD) enzymes. Our studies are focused on the chemical properties of the oxo-iron species
and the effect of the protein environment on its structural and electronic behavior. Although the active site
region of TauD is very polar with many key hydrogen bonding interactions and salt bridges, the actual effect
of the protein environment on the ordering and relative energies of the possible spin state structures is found
to be quite small. Optimized geometries are very close to ones observed with density functional theory models
that did not take the protein environment into consideration. The calculations show that protonation of the
histidine ligands of iron is essential to reproduce the correct electronic representations of the enzyme.
Hydroxylation studies of taurine by the oxo-iron active species predict that it is a very efficient catalyst that
reacts with substrates via low reaction barriers.

Introduction

Two classes of enzymes that utilize molecular oxygen on an
iron center are dioxygenase and monoxygenase enzymes.1,2

Dioxygenases use both oxygen atoms of O2 and donate them
to substrate(s), but monoxygenases use only one oxygen atom
of O2 whereas the other oxygen atom leaves the process as
water. Another important difference between monoxygenase and
dioxygenase enzymes is the fact that dioxygenases lack a
cofactor, which makes their application interesting from a
biotechnological point of view. A large class of dioxygenase
enzymes is theR-ketoglutarate dependent dioxygenases (RKGD)
of which taurine/R-ketoglutarate dioxygenase (TauD) is the most
thoroughly studied one in that category. These enzymes perform
critical tasks in biosystems and have been implicated in the
antibiotic fosfomycin biosynthesis, vancomycin synthesis, as
well as in herbicide degradation.3 In addition, in, e.g., humans,
AlkB repair enzymes have been shown to belong to theRΚGD
family and are able to demethylate methylated DNA and RNA
bases.4

Scheme 1 shows the active site region of the substrates bound
complex ofE. coli TauD as taken from the crystal structure.5,6

The enzyme has a central iron atom that is linked to the protein
backbone through interactions with two histidine (His99 and
His255) and an aspartic acid (Asp101) side chain. This typical
2His/1Asp motif is a common feature in nonheme enzymes and
has been implicated with the activity of the catalyst.1b,7 In the
resting state the remaining three binding sites of iron are
occupied with water molecules, but binding ofR-ketoglutarate
disposes two of those and the third water molecule is expelled
when molecular oxygen binds to the iron center. The other
substrate (taurine) does not directly bind to the iron center but
rather in its vicinity. As can be seen from Scheme 1, taurine
due to its polar nature is held in position by a series of strong
hydrogen bonding interactions. The sulfonate group of taurine
forms a salt bridge with the side chain of Arg270 and is also
hydrogen bonded to the imidazole side chain of His70. Therefore,

the sulfonate group of taurine will be locked in its position and
will be quite rigid. The amine group of taurine is located in a
more flexible region and forms hydrogen bonds with a nearby
crystal water molecule (W). A nearby tyrosinate residue (Tyr73)
is locked in hydrogen bonding interactions, with, e.g., an aspartic
acid side chain of Asp94. It has been shown that in the absence
of taurine substrate a self-hydroxylation reaction converts Tyr73

into a catecholate system.8

TauD enzymes undergo a catalytic cycle that starts with
binding of the substrateR-ketoglutarate and O2 to the iron active
center, and taurine in its direct neighborhood.9 At the active
centerR-ketoglutarate is first oxidized to succinate (Succ) and
CO2 whereby an oxo-iron active species is formed. The oxo-
iron species subsequently abstracts a hydrogen atom from taurine
and rebounds the hydroxyl group to form products. This oxo-
iron (FeO) species has a lifetime that is long enough to be* Corresponding author. E-mail: sam.devisser@manchester.ac.uk.

SCHEME 1: Active Site Structure of TauD As Taken
from the 1OS7 pdb Filea

a Amino acid residues are labeled according to the pdb file and W
is a water molecule.
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spectroscopically characterized.10 Thus, the16O2/18O2 difference
spectrum gave a specific Fe-O vibration at 821 cm-1 that down-
shifted by 34 cm-1 after substitution of molecular oxygen with
18O2.10b Furthermore, Mo¨ssbauer studies identified the system
as a quintet spin ground state.10d Theoretical modeling of the
oxo-iron active species of TauD confirmed the catalytic cycle
of the enzyme and the spin state identification.11 These
calculations, however, employed small active site models of the
enzyme and did not take the protein surrounding into account.
To gain insight into the effect of the protein environment on
the spin state ordering and optimized geometries of the oxo-
iron species of TauD enzymes, we present here the first quantum
mechanical/molecular mechanics (QM/MM) studies of TauD
and make a direct comparison with small model calculations
and published experimental data.

The application of the QM/MM technique to bioinorganic
problems has recently been reviewed and shown to be able to
accurately reproduce enzymatic systems, although the technique
has many pitfalls and difficulties.12 QM/MM studies on Iso-
penicillin N Synthase showed that the protein perturbs the
energetics of the dioxygen binding step by 8-10 kcal mol-1

with respect to density functional theory (DFT) calculations on
small active site model complexes.13 In cytochrome P450
enzymes the substrate conformation due to hydrogen bonding
interactions was found to be strongly influenced by the protein
environment.14 The electronic properties of the oxo-iron active
species of P450 enzymes were found to be extremely sensitive
to the protein environment, so that hydrogen bonding interac-
tions toward the cysteinate group changed the system from a
thiolate radical into a heme cation radical or vice versa.15

However, detailed studies of a series of different P450 isozymes
showed that all of those had similar charge and spin distribu-
tions, so that these spin and charge distributions in the case of
the P450s seem to be dependent on the active site atoms and
are little influenced by long-range perturbations.16 Therefore,
to find out what the effect of the protein surrounding is on the
oxo-iron active species of TauD enzymes, we present here
results of a series of QM/MM calculations on this enzyme and
give a direct comparison with active site DFT models and
experimental data.

Methods

QM/MM Methods. We performed QM/MM calculations on
an active site model of TauD using the ONIOM program
package as implemented in Gaussian-03.17,18 We used a two-
layer ONIOM whereby the inner layer was treated with
UB3LYP/LANL2DZ and the outer layer with a UFF force
field.19-21 In a QM/MM calculation, three energies (E1, E2, and
E3) are calculated. Thus, a single point calculation on the inner
layer with the MM method gives energyE1, and a calculation
with UB3LYP/LANL2DZ gives energyE2. Finally, an MM
calculation on the complete system produces energyE3. The
total energy of the QM/MM calculation is then

All energies referred to in this work areEQM/MM energies and
have been corrected for zero-point energies unless specifically
notified. Single point calculations using an LACVP** basis set
have also been performed and confirmed the spin state ordering.

We started our work from the 1OS7 pdb file,5 which is a
substrates bound crystal structure ofE. coli TauD, replaced
R-ketoglutarate by succinate and added the oxo group to the
iron center. Subsequently, hydrogen atoms and solvent water

molecules were added and the system was equilibrated. We
selected a 56 atom QM region containing the oxo-iron group,
taurine, the imidazole groups of His99 and His255, acetate for
succinate and Asp101, and methylguanidinium for Arg270. All
histidine amino acids in the model were in their protonated states
unless otherwise mentioned. The border region was described
with the link atom approach as implemented in Gaussian.
Because Gaussian has a maximum number of atoms for QM/
MM calculations of 20 000, we were unable to calculate the
complete enzyme monomer plus 15 Å of solvent layer as is
commonly done in QM/MM calculations.15,16 Therefore, we
truncated the system to an area containing all amino acids with
at least one atom within a 10 Å radius of the transition metal.
To prevent the system from undergoing unnatural changes
during the geometry optimizations, we fixed allR-carbons
except the ones of the amino acids bound to the metal. Full
geometry optimizations in default settings followed by an
analytical frequency calculation were performed and all struc-
tures reported here had real frequencies only. We calculated
the oxo-iron species in the lowest lying singlet, triplet, quintet
and septet spin states. For the lowest three spin states (triplet,
quintet and septet), we subsequently ran geometry scans for the
hydrogen abstraction of taurine by the oxo group. This was done
by a full geometry optimization with one extra degree of
freedom frozen, namely the O-H distance.

DFT Methods. In addition to the QM/MM work, we ran
density functional theory (DFT) calculations on model com-
plexes.22 Full geometry optimizations (without constraints) were
initially performed with Jaguar 5.5.23 Subsequently, the struc-
tures were transferred to Gaussian-03, reoptimized and subjected
to an analytical frequency calculation. That way, a direct
comparison between the QM/MM and DFT models can be made
because all calculations use the same optimization procedures
and methods. The Jaguar and Gaussian optimized geometries
are very similar. The calculations utilized the UB3LYP proce-
dure similarly to the QM/MM work in combination with an
LANL2DZ basis set on iron and 6-31G on the rest of the
atoms.19,20These calculations were performed on an active site
model containing oxo-iron, the imidazole groups of His99 and
His255, acetic acid for succinate and Asp101, carbon dioxide, and
substrate propene. No constraints were used in the geometry
optimizations.

Results and Discussion

Figure 1 displays optimized geometries and group spin
densities of the oxo-iron species of TauD in the quintet, septet,
triplet, and singlet spin states as calculated with our QM/MM
model, and DFT optimized geometries and group spin densities
are shown in Figure 2. On the left-hand-side of Figure 1 we
show a 3D-drawing with the QM region highlighted with tubes
whereas the dashed amino acids in the background are part of
the MM region. The right-hand-side of Figure 1 gives a
schematic representation of the active region with critical bond
lengths identified. The optimized geometries are close to the
ones we obtained before for a small DFT model; cf. Figures 1
and 2.22 For instance, the small model calculations predicted
Fe-O bond lengths of 1.653, 1.785, and 1.906 Å for5FeO,
3FeO, and7FeO, respectively, and with QM/MM methods values
of 1.656, 1.781, and 1.949 Å were obtained. Similarly, good
agreement is also obtained for the Fe-NHis99, Fe-NHis255, Fe-
OAsp101, and Fe-OSucc bond distances; see Figures 1 and 2.
Therefore, the extra hydrogen bonding interactions of, e.g., the
protons of Arg270 with the oxo and succinate groups within the
active site pocket have only little effect on the optimized

EQM/MM ) E2 + E3 - E1 (1)
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geometries of TauD. Moreover, perturbations due to the protein
environment do not seem to affect the optimized geometries of
the active species of TauD. Note that one of the protons of the
amine group of taurine has formed an intramolecular hydrogen

bond with one of the oxygen atoms of the sulfonate group. In
the quintet and septet spin states this hydrogen atom is located
closer to the sulfonate group than to the amine group so that an
intramolecular hydrogen atom transfer has taken place. This
hydrogen bond is obtained because we did not have a hydrogen
bond acceptor in the QM region in the vicinity of the amine
group. Nevertheless, the electronic properties of the oxo-iron
species are not influenced by this hydrogen bond.

To test the accuracy of our chemical system, we checked the
vibrational frequencies and compared those with experimental
data from the literature. Thus, Hausinger et al. determined an
Fe-O frequency of 821 cm-1 for the oxo-iron species.10b For
other heme and nonheme systems similar values of the Fe-O
stretch vibration have been measured.24 Our frequency calcula-
tion of 5FeO predicts this vibrational mode at 849 cm-1, which
is somewhat higher than the experimental datum. However,
theoretical procedures tend to overestimate vibrational frequen-
cies significantly. Therefore, we scaled this frequency with a
factor of 0.9614 as recommended by Scott and Radom for this
type of method.25 A scaled value of 816 cm-1 for the Fe-O
frequency is then obtained, which is in perfect agreement with
the experimentally determined value of Hausinger et al.10b

Table 1 gives relative energies of the low lying spin states
of the oxo-iron species as obtained with the various methods
and techniques. In agreement with previous studies and experi-
mental observations10d,11,22 the quintet spin structure is the
ground state. The septet spin state is higher in energy by 7.6
kcal mol-1, and the triplet and singlet states are 8.3 and 18.9
kcal mol-1 above the quintet spin state at the∆E + ZPE level
of theory. These relative energies and spin state orderings are
similar to the ones observed for small DFT model complexes,
where relative energies of 0.0 (5FeO), 3.8 (7FeO), and 12.1
(3FeO) kcal mol-1 were obtained. Therefore, small model
complexes reproduce the spin state ordering and the energy
differences between the various low-lying states very well.

Figure 1. QM/MM optimized geometries of low-lying spin state structures of the oxo-iron species of TauD enzymes. Bond lengths are given in
angstroms and group spin densities (F) in au.

Figure 2. DFT optimized geometries of low-lying spin state structures
of the oxo-iron species of TauD enzymes. Bond lengths are given in
angstroms and group spin densities (F) in au.
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To check whether the ordering and relative energies are
influenced by the protein environment, we also show the QM
energy difference (∆E2) and the MM energy difference (∆E3

- ∆E1) of the total QM/MM energy. Thus, the QM energy
difference (∆E2) reproduces the spin state ordering of the total
∆EQM/MM. The singlet and triplet spin states are stabilized by
only 1.6 kcal mol-1 due to the protein environment, and the
septet spin state is stabilized by 3.2 kcal mol-1. Therefore, for
the description of the oxo-iron species apparently the effect
of the protein environment is small as it does not create extra
dipole or electrostatic interactions that influence low-lying
electronic states. This is in sharp contrast to the cytochromes
P450, where an axial bound sulfur atom is involved in hydrogen
bonding interactions.15,26 Inclusion of these hydrogen bonding
interactions into the model or through QM/MM changes the
electronic properties of the thiolate considerably and changes
the system from a sulfur radical into a heme radical. Single
point calculations on the oxo-iron species of TauD with an
LACVP** basis set stabilize the triplet spin state considerably
but the quintet spin state remains the ground state.

In TauD enzymes, all unpaired electrons in the quintet spin
state are metal based with occupation:π* x2-y21 π* xz

1 π* yz
1 σ* xy

1

σ* z20.22b,27The lowest lying orbital of those is theπ* x2-y2 orbital
that represents a nonbonding orbital in the plane of His99, Asp101,
and succinate. Theπ* xz and π* yz orbitals are the antibonding
orbitals along the Fe-O bond and represent combinations of
the mixing of a 3dxz,yz orbital on iron with 2px,y on the oxygen
atom. Finally, theσ* xy and σ* z2 orbitals give the antibonding
interactions of the metal with the His99, Asp101 and succinate
groups (σ* xy) or along the O-Fe-His255 axis (σ* z2). Although,
these orbitals represent interactions of the metal with its ligands,
the group spin density on the ligands is small. As a result of
that, a stabilizing protein environment has only a minor effect
on the group spin densities that are virtually identical in Figures
1 and 2. Furthermore, the oxygen atom of the FeO group in the
QM/MM calculations forms a hydrogen bond with two NH
groups of Arg270, which we included in our QM region in the
QM/MM but left out of our DFT model. This Arg270 residue is
also involved in hydrogen bonding interactions with the
sulfonate group of taurine and therefore is important in the
orientation and stability of taurine binding to the active region.
Obviously, the behavior of the heme cation radical in heme
enzymes is more sensitive to the protein surrounding as the
charge and spin is smeared out over a larger surface and because
the electron affinities of the heme and cysteinate ligands are
different and will affect the group spin densities of heme
enzymes.15,26,28

As the protein environment around His99 does not give a clear
indication whether the imidazole group is protonated or not,
we ran some additional QM/MM test calculations with the
imidazole group of His99 deprotonated, while His255 was
protonated. These calculations were performed using the same

model as described above in Figure 1 except for one lesser
proton. Full optimizations with ONIOM in the quintet, triplet,
and septet spin states were performed. These calculations
predicted that the quintet, triplet and septet spin states would
be of similar energy:∆E + ZPEdeprotonated His99) 0.0 (5FeO),
-0.4 (3FeO), and-0.1 (7FeO) kcal mol-1. These relative
energies are in contradiction with the systems described above
in Figure 1 and with experimental Mo¨ssbauer spectra that
identified the ground state as a quintet spin state.10d Further
support that it is unlikely that His99 is deprotonated follows from
the calculated group spin densities. The group spin densities
on the oxo-iron group are similar to the model with protonated
His99 as shown in Figure 1 withFFe ) 2.92 andFO ) 0.83.
Thus, the charge and spin density on the oxo-iron center is
not influenced by the protonation state of one of the ligands
bound to iron. However, the calculations show that an electron
transfer from Asp101 to His99 has occurred in the calculations
with deprotonated His99, whereby spin densities ofFAsp101 )
1.02 andFHis99 ) -0.96 are obtained. Needless to say, at neutral
pH, the aspartic acid group should be anionic and deprotonated
and contain little spin density. Attempts to swap electrons back
to an aspartate anion and neutral histidine failed. Therefore, the
system with deprotonated His99 is not a realistic representation
of the enzyme. Furthermore, these test calculations show that
protonation of His99 is essential to give the ligand the correct
charge and spin distribution and removal of this proton creates
an artificial state with a radicalar carboxylic acid group rather
than a carboxylate anion. Similar electronic states were obtained
for the singlet, septet and triplet spin states. Thus, these test
calculations with deprotonated His99 show that the choice of
the active site region and the protonation state of the various
subgroups are crucial for the correct description of the chemical
system in QM/MM calculations. As a result of this, we believe
that the model with deprotonated His99 is not a correct
representation of TauD enzymes, but the one with protonated
His99 is. Therefore, we continued are studies with the model
that contains protonated imidazole groups for His99 and His255.

Subsequently, we studied the hydrogen abstraction reaction
of taurine by the oxo-iron active species of TauD using the
protonated His99 model as shown in Figure 1. The results are
depicted in Figure 3 and show that the reaction is concerted
via an initial hydrogen abstraction barrier (TSH) that directly
leads to products. Earlier studies of alkane hydroxylation

TABLE 1: Relative Energies of Optimized Geometries of
the Oxo-Iron Species of TauD As Calculated with QM/MM
or DFT Model Complexesa

QM/MM DFT

∆EQM/MM
b ∆E + ZPE ∆E2

c ∆E3 - ∆E1
d ∆E ∆E + ZPE

1FedO 19.3 (32.2) 18.9 20.9 -1.6 - -
3FedO 9.3 (1.7) 8.3 10.9 -1.6 12.8 12.1
5FedO 0.0 (0.0) 0.0 0.0 0.0 0.0 0.0
7FedO 8.4 7.6 11.6 -3.2 4.8 3.8

a Relative energies in kcal mol-1 with respect to5FedO. b Values
in parentheses obtained with an LACVP** basis set.c QM contribution
to the relative energy.d MM contribution to the relative energy.

Figure 3. Reaction mechanism of taurine hydroxylation by the oxo-
iron species of TauD enzymes as obtained with QM/MM. Energies
obtained from geometry scans with fixed O-H distance.
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reactions by heme and non-heme catalysts showed that these
systems generally react via stepwise mechanisms with an initial
hydrogen abstraction leading to a radical intermediate followed
by hydroxyl rebound to the radical to form hydroxylated
products.29 Nevertheless, with these heme and nonheme systems
the rate determining step in the reaction mechanism is also the
initial hydrogen abstraction, and because the subsequent barrier
leading to products is usually quite small, these intermediates
will have a very short lifetime. In the case of the TauD QM/
MM work, however, we were unable to locate a stable
hydroxyl-iron complex. All attempts to optimize this structure
led to formation of a product complex instead. Therefore, it is
concluded that the hydroxyl-iron intermediate complex is not
a stable intermediate here and immediately collapses to products
(Figure 3) and that the reaction proceeds fully concerted. The
exothermicity of the overall reaction is 56.8 kcal mol-1 in the
quintet spin state. This value is in good agreement with DFT
calculations of propene hydroxylation by a TauD model where
an exothermicity of 52.7 kcal mol-1 was obtained. Therefore,
the hydrogen abstraction barrier and the reaction exothermicity
of QM/MM and DFT models are at par and predict the same
conclusion: TauD is a very efficient catalyst of hydrogen
abstraction reactions.

Detailed geometry scans (with one degree of freedom fixed,
i.e., the O-H distance) predicted hydrogen abstraction barriers
of 6.7 (5TSH), 10.5 (7TSH) and 12.3 (3TSH) kcal mol-1 for the
lowest lying spin states. These barriers are similar to the
hydrogen abstraction barrier of the methyl group of propene of
5.4 kcal mol-1, which we observed with the DFT model shown
in Figure 2.22b Consequently, the protein environment in TauD
enzymes has only a small effect on the reaction mechanism and
chemical properties of the active species of TauD. The conclu-
sions drawn from model calculations are supported by QM/
MM and show that the oxo-iron active species of TauD
enzymes is an extremely efficient oxidant that can abstract
hydrogen atoms of substrates with very low barriers. These
barriers are significantly lower than ones observed for the oxo-
iron species of P450 enzyme models and QM/MM.15,29,30

Conclusion

In summary, comparative DFT and QM/MM calculations on
the oxo-iron species of TauD enzymes have been performed.
Generally, the DFT optimized geometries and electronic proper-
ties are reproduced with QM/MM. The effect of the protein
surrounding is found to be very small, although the protonation
state of His99 is found to be crucial for a correct description of
the active species. Geometry scans reveal that the oxo-iron
species of TauD is an efficient oxidant of hydroxylation
reactions, as already predicted with DFT models.
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