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a b s t r a c t

In this review paper theoretical insights obtained through studies of non-heme iron-containing enzymes
are discussed. In particular, research on oxygen-utilizing enzymes with a 2-His/1-Asp or 3-His structural
motif is the focus of this work with recent examples from studies of cysteine dioxygenase (CDO) and
taurine/�-ketoglutarate dioxygenase (TauD) enzymes. Thus, theoretical modeling can be extremely use-
ful in the characterization of short-lived intermediates which either cannot be detected experimentally
or have a lifetime that is too short to enable spectroscopic characterization. This paper gives an overview
of the knowledge of the catalytic cycles of CDO and TauD with particular emphasis on the processes
obtained after dioxygen binding. CDO uses molecular oxygen and transfers both oxygen atoms to cysteine
to form cysteine sulfinic acid products. By contrast, in TauD the first oxygen atom of O2 is donated to
�-ketoglutarate to give succinate, carbon dioxide and an oxo–iron active species. The latter is the oxi-
dant that is able to abstract a hydrogen atom from a substrate and rebounds the hydroxyl group to form
hydroxylated products. The theoretical (density functional theory (DFT)) studies show that the first step
in this dioxygen activation process is the rate-determining step and that the reactions leading to products
are highly exothermic as would be expected from an efficient catalytic cycle of an enzyme. Furthermore,
theory predicts TauD to be a much more aggressive and efficient catalyst then for instance monoxyge-
nase enzymes such as the cytochromes P450 (P450s). Non-heme enzymes generally react with substrates

via single-state reactivity (SSR) patterns on a dominant quintet spin-state surface. Theory has found no
evidence of possible alternative oxidants in the reaction mechanisms. The theoretical studies give fun-
damental insight into processes that proceed too fast to be experimentally studied and give answers to
questions regarding the efficiency and nature of the oxidizing species of this fascinating class of enzymes.

© 2008 Elsevier B.V. All rights reserved.
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Tyr157, Cys93 and His155 have been implicated in stabilizing the
reaction process through a tight hydrogen bonding network [16].
Indeed, the carboxylic acid group of substrate cysteine is locked in
a salt bridge with the side chain of an arginine amino acid (Arg60),
which will fix the substrate in a constraint orientation, presumably
S.P. de Visser / Coordination Che

. Introduction

Dioxygenase enzymes are important enzymes in nature that
tilize molecular oxygen and transfer both oxygen atoms to sub-
trate(s) [1]. By contrast, monoxygenase enzymes also utilize
olecular oxygen but transfer only one oxygen atom originating

rom molecular oxygen to a substrate whereas the other oxygen
tom leaves the process as water [2]. Monoxygenase enzymes, such
s the cytochromes P450 (P450s) are a versatile group of enzymes
nvolved in important biochemical processes in the body ranging
rom detoxification of organic substrates in the liver, the biosyn-
hesis of hormones and drug metabolism [3]. The P450s undergo a
omplicated catalytic cycle where substrate and molecular oxygen
ind to the heme center, which triggers a series of events leading to
wo reduction and two protonation steps and the formation of an
xo–iron species [4]. This oxo–iron species (Compound I, CpdI) in
450 enzymes is the elusive oxidant that never has been detected
xperimentally, but indirect evidence from product distributions
nd kinetic isotope effects implicate this oxidant to be the key
pecies that abstracts a hydrogen atom from substrates [5]. Despite
he fact that CpdI of P450 is elusive, the oxo–iron active species
f other enzymes such as peroxidases has been fully characterized
ith crystallography, EPR and vibrational spectroscopy [6]. Apart

rom peroxidases, an oxo–iron active species also has been observed
or the non-heme dioxygenase enzyme taurine/�-ketoglutarate
ioxygenase (TauD) [7]. This leads to the question, what distin-
uishes the oxo–iron active species of P450 and TauD enzymes and
hy is one of these elusive while the other is long-lived? More-

ver, why has nature developed two enzymes for essentially similar
asks: the hydroxylation of substrates? Detailed density functional
heory (DFT) studies have highlighted the electronic differences
nd comparisons of heme and non-heme iron catalysts [8,9]. In
his review we will give an overview on these and other theoretical
tudies on dioxygenase enzyme systems and compare the potential
atalytic power of dioxygenases with monoxygenases. These theo-
etical studies are mainly aimed at the ‘grey’-zone of the catalytic
ycles of enzymes where intermediates are short-lived and cannot
e characterized and studied experimentally.

A key property that distinguishes dioxygenase from monoxy-
enase enzymes is the fact that dioxygenases lack a cofactor. This
akes the class of enzymes very suitable for commercial applica-

ions especially in comparison to monoxygenases as it will increase
heir stability and lifetime. Two important dioxygenase enzymes
ith important functions for human health are TauD and cysteine
ioxygenase (CDO), which will be the main focus of this review
aper. Both enzymes are involved in the metabolism of cysteine in
he body but catalyze different substrate oxidations, see Scheme 1
10]. Cysteine is a non-essential amino acid that is synthesized
n the body from methionine, but is toxic in high concentrations.
herefore, a series of enzymes are involved in the metabolism of
ysteine to regulate its concentration in the body. The first step in
he metabolism of cysteine is performed by the enzyme cysteine
ioxygenase that catalyzes the conversion of cysteine into cysteine
ulfinic acid. A subsequent decarboxylation step gives hypotaurine
ollowed by oxygenation to form taurine product. The TauD enzyme
atalyzes the hydroxylation of taurine, which thereafter splits off
he sulfonate group to give amino-ethanol.

The TauD enzyme is part of the class of �-ketoacid dioxygenases,
hich is a large class of enzymes with a variety of biochemi-

al functions, such as the synthesis of collagen in mammals, the

iosynthesis of antibiotics in bacteria as well as DNA and RNA base
epair [11,12]. TauD and CDO both utilize molecular oxygen and
ncorporate both oxygen atoms into substrate(s), which contrast
he behavior of monoxygenase enzymes that use only one atom
f molecular oxygen to hydroxylate substrates, while the second
Reviews 253 (2009) 754–768 755

xygen atom leaves the process as water [1,2]. Theoretical stud-
es that focus on short-lived intermediates can give fundamental
nsight into the electronic and catalytic properties of the cata-
yst and predict spectroscopic parameters and rate constants for
roduct formation. This knowledge then feeds back into experi-
ent where the predictions and hypothesis are tested and verified.
nderstanding the catalytic mechanism of these enzymes is impor-

ant as it may lead to the development of synthetic catalysts for the
iosynthesis of fine-chemicals such as drugs [13]. Here we will dis-
uss results of theoretical modeling into the catalytic mechanisms
f TauD and CDO enzymes and compare their activity with other
on-heme and heme enzymes.

. The catalytic cycle of cysteine dioxygenase

CDO is an essential enzyme in the human body involved in the
etabolism and bioconversion of toxic cysteine [10]. This is a vital

rocess in human health that regulates the cysteine concentration
n the body. In cases where the enzyme loses its efficiency this has
een correlated to diseases such as Alzheimer’s and Parkinson’s
14]. Furthermore, a decline in CDO activity has been linked with

neurological disorder associated with iron accumulation [15].
nderstanding the catalytic mechanism by which CDO metabolizes
ysteine to cysteine sulfinic acid is important for the develop-
ent of inhibitors and drugs. However, as the catalytic cycle of the

nzyme proceeds very fast most intermediates do not accumulate
nd only limited information regarding its mechanism is known.
urprisingly, only one theoretical study has been reported so far
n this enzyme of such importance to human health and only a
ew experimental studies on intermediates of the catalytic cycle
ave been reported [16,17]. In particular, experimental work failed
o establish a conclusive mechanism after dioxygen binding, there-
ore, to gain insight into how cysteine is metabolized on an iron
enter we started our studies on CDO enzymes with establishing
he catalytic cycle of the enzyme after dioxygen binding leading
ventually to cysteine sulfinic acid products.

CDO is a non-heme enzyme that contains an active center with
n iron that is connected to the protein backbone via three histidine
onds of His86, His88 and His140 (Fig. 1) [16,18]. As follows from the
rystal structure the substrate (cysteine) binds as a bidentate lig-
nd via the sulfide and amide groups. The sixth ligand site of iron
s reserved for molecular oxygen binding. Studies with isotopically
abeled O2 showed that both oxygen atoms are incorporated into
ysteine sulfinic acid products [19]. The second sphere amino acids
Fig. 1. Extract of the active site of CDO as taken from the 2IC1 pdb.
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Scheme 1. The metabolism of cysteine in the body and th

or ideal oxygen abstraction. The carboxylic acid group is further
tabilized due to hydrogen bonding of a nearby tyrosinate side chain
hat in itself is locked in position through an accepting hydrogen
ond of His155 and a covalent linkage with the side chain of Cys93.
his network of hydrogen bonding appears to be important for sub-
trate binding and oxygen transfer mechanisms and also prevents
inding of inhibitors.

Recently density functional theory calculations on the catalytic
ycle of CDO enzymes have been performed in our group [17].

large active site model was set-up containing the iron atom
ith its first and second coordination sphere amino acids that

re highlighted in Fig. 1. The four histidine amino acids (His86,
is88, His140 and His155) were abbreviated to imidazole, as it was

hown to be a more faithful mimic of the ligands bound to the
xo–iron species of peroxidases and the TauD enzyme in compari-
on to imidazolate [20,21]. The side chain of Arg60 was abbreviated
o methylguanidinium, Tyr157 to phenol and its covalently linked

ys93 group to methylmercaptane. The starting coordinates from
he 2IC1 pdb were used with constraints on one of the atoms of
rg60, His155 and Tyr157 to keep these amino acids close to their
ositions in the X-ray structure. Subsequently, molecular oxygen
nd hydrogen atoms were added to create a model with stoi-

F
b
e
m
b

ig. 2. Catalytic cycle of CDO enzymes starting from the dioxygen bound complex leading
n the quintet spin state (5A). Highlights of the optimized geometries of the local minima
tion steps in which CDO and TauD enzymes are involved.

hiometry FeC24N12H37S2O5
+. Full geometry optimizations were

erformed for the dioxygen bound complex (A) in the quintet spin
tate and a mechanism was found leading to cysteine sulfinic acid
roducts, see Fig. 2. The dioxygen activation starts with attack of the
erminal oxygen atom of the O2 group in A on the sulfur atom of
ysteine via a barrier TSA of 10.0 kcal mol−1 to form a ring-structure
B) with an Fe–S–O–O ring. This barrier is the rate-determining
tep in the catalytic cycle. The ring structure has a considerably
eakened O–O bond of 1.513 Å compared to 1.338 Å in 5A. This
ioxygen bond breaks in the next step of the catalytic cycle to gen-
rate cysteine sulfoxide with significant radical character on the
ubstrate. In the subsequent step the sulfoxide group performs an
nternal rotation to produce structure D whereby the oxygen atom
as formed a covalent bond with iron and at the same time the
ulfur atom is accessible to the other oxygen atom. In the final step
f the catalytic cycle the second oxygen atom is transferred to the
ubstrate to generate cysteine sulfinic acid. As can be seen from

ig. 2 the catalytic cycle is exothermic in each step and the lowest
arrier is the first one via TSA. All subsequent barriers are lower in
nergy than their precursor. Therefore, it will be difficult to experi-
entally trap and characterize intermediates in the catalytic cycle

eyond the dioxygen bound complex. The catalytic cycle devised

to products. All energies are in kcal mol−1 relative to the dioxygen bound complex
with bond lengths in Å and dihedral angles (d) in degrees are also shown.
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rom DFT calculations supports experimental studies, namely both
toms originating from molecular oxygen are incorporated in cys-
eine sulfinic acid products and no intermediate obtained after
ioxygen binding appears to have a lifetime that is long enough
o be experimentally detected. Theory also provides new insights
uch as the formation of a ring-structure, a biradical cysteinyl sul-
oxide and an oxo–iron species. In summary, theory predicts most
ntermediates after dioxygen binding to be short-lived. Dioxygena-
ion of cysteine is a fast process that is efficiently performed by
DO enzymes with a small rate-determining barrier for dioxygen
ctivation.

. DFT studies on taurine/�-ketoglutarate dioxygenase
TauD)

.1. Background

CDO enzymes are closely related to the �-ketoacid dioxyge-
ases, such as the �-ketoglutarate dioxygenases (�KGD), which
re non-heme enzymes with a common 2-His/1-Asp bound motif
22]. These enzymes are involved in e.g. the biosynthesis of collagen
n mammals and antibiotics in microbes [12]. Moreover, the AlkB
epair enzymes that also fall into this class of enzymes catalyze
he demethylation reaction of methylated DNA and RNA strands
23]. Thus, �-ketoacid dioxygenase enzymes catalyze essential and
mportant biochemical processes.

An extensively studied �KGD enzyme is E. coli TauD that con-
ains a non-heme iron with a common 2-His/1-Asp bound motif
hat utilizes molecular oxygen [11]. The enzyme transfers one oxy-
en atom from O2 to �-ketoglutarate (�KG) while the second one is
sed to hydroxylate taurine. TauD, similarly to CDO enzymes does
ot require a cofactor, but is able to catalyze oxygenation reac-
ions without external electron donation. Both enzymes contain

non-heme iron center, and in TauD the metal is bound to the
rotein backbone via linkages of two histidine groups (His99 and
is255) and one aspartic acid residue (Asp101) via a 2-His/1-Asp
otif (Fig. 3) [24,25]. This is a common motif among dioxygenase

nzymes and it has been proposed that this motif determines its
atalytic properties [26]. As such many synthetic catalysts with a
-His/1-Asp type motif have been prepared and some indeed show

imilarities in catalytic properties [1c,27]. In this sense it is surpris-
ng that CDO enzymes have a slightly different active site with the

etal bound to three histidine groups. In many examples of heme
nd non-heme catalysis it has been shown that ligands are non-
nnocent and can actively participate in catalysis so that the 3-His

ig. 3. Extract of the active site of TauD as taken from the 1OS7 pdb with substrates
-ketoglutarate (�KG) and taurine bound in the active site [25].
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igand motif in CDO versus the 2-His/1-Asp motif in TauD might
ead to catalytic differences [28]. Thus, the heme group was shown
o actively participate in arene hydroxylation reactions by shuttling
rotons [29]. Moreover, in P450 enzymes it was shown that the
xial ligand trans to the oxo group in oxo–iron heme environments
ntices a push-effect that is crucial for the catalytic properties of
he heme center [30]. Accordingly, a thiolate anion of a cysteinate
esidue, as e.g. appears in the cytochrome P450s, induces a push-
ffect of electrons and thereby makes the oxo–iron group more
lectronegative, whereas the histidine group in peroxidases pulls
lectrons away from the active center. As a consequence of this the
450 active center is a monoxygenase oxidant, whereas peroxidases
nd catalases convert molecular oxygen into peroxides [31].

Fig. 4 shows the catalytic cycle of TauD as based on experimen-
al observations with the important residues highlighted. The cycle
tarts from the resting state (F), where the active center is a six-
oordinated iron ligated to two histidine side chains (His99, His205),
carboxylic acid group from Asp101 and three water molecules

11a,24]. The initial step in the cycle is binding of �KG, which is
bidentate ligand that displaces two water molecules of the rest-

ng state to form complex G. This complex has been isolated and
ound to give an absorption band at 530 nm representing a FeII-�KG
hromophore [32]. The next step in the catalytic cycle is substrate
taurine) binding and although taurine does not bind directly to
he iron, its entering into the active site releases the remaining
ater molecule from the iron complex whereby a five-coordinated

omplex (H) is formed that gives an absorption band at 520 nm
32]. Indeed, magnetic circular dichroism (MCD) studies on the
KG and taurine-binding steps indicated that the system changes

rom a six-coordinated to a five-coordinated iron system [33]. Upon
ioxygen binding (intermediate I) the catalytic cycle enters a grey
one, where the intermediates react fast and limited information
bout the individual intermediates is known. It has been postulated
hat the dioxygen molecule attacks the �KG group to form ring-
tructure J, followed by decarboxylation to form succinate and an
xo–iron species (complex K) [11b,24]. The oxo–iron species sub-
equently abstracts a hydrogen atom from taurine (complex L) and
ebounds the hydroxyl group to the rest group to form the product
omplex (M). Release of products (succinate and hydroxylated tau-
ine) and rebinding of water molecules to the active center brings
he catalytic cycle back into the resting state. This mechanism has
een corroborated with oxygen isotope studies, which revealed that
uccinate and hydroxylated taurine both carry one oxygen atom
riginating from molecular oxygen [34]. Stopped-flow experiments
n intermediates obtained after dioxygen binding were performed
nd evidence of at least two stable intermediates was collected [24].
he first stable intermediate is the oxo–iron complex that absorbs at
18 nm and develops after 20–25 ms, but decays after 600 ms. This
omplex results in the loss of the charge-transfer band of the reac-
ant complex and was identified as containing a quintet spin state
ith the metal in oxidation state FeIV [7,35]. Exploratory density

unctional theoretic calculations on a model system confirmed that
he ground state has a quintet spin [35]. Further evidence for the
xo–iron species came from oxygen isotope studies using 16O ver-
us 18O which gave a downshift of the Fe–O frequency by 34 cm−1,
hereas typical values for peroxy and hydroperoxo species are

5 cm−1 [34]. Hydrogen/deuterium isotope effect studies using tau-
ine and taurine-d2 proved that this complex is responsible for the
ydrogen abstraction step [36]. In the process a second intermedi-
te was identified that occurs after the oxo–iron species and it was

ssigned as the product complex M [37].

Mutation studies of the active site of TauD showed no solvent
inetic isotope effect, which implies that during the catalytic cycle
o protons are relayed [38]. Moreover, oxygen binding was found to
e the rate-determining step in the catalytic cycle, although it was
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Fig. 4. Catalytic cy

cknowledged that the ring structure (J, Fig. 4) may have difficult
ssignable features which cannot be detected. Several crystal struc-
ures of intermediates in the catalytic cycle of TauD are available,
uch as the taurine bound structure (H) determined at 1.9 Å resolu-
ion and an earlier one at 3.0 Å resolution [25,39]. Upon dioxygen
inding no evidence of intermediates except the oxo–iron species

s obtained, which means that decarboxylation happens prior to
xo–iron formation. If succinate is added to the enzyme instead of
-ketoglutarate this leads to self-hydroxylation of a tyrosine amino
cid or an uncoupling reaction [40].

Despite many experimental studies currently little is known of
he process starting with dioxygen binding up to the formation of
he oxo–iron species. For the analogous enzyme clavaminic acid
ynthase (CAS) theoretical studies were reported on the possible
ntermediates of the catalytic cycle [41]. However, there are some
eometric differences between CAS and TauD enzymes which may
nfluence the dioxygen-binding process. Theoretical studies on the
atalytic cycle of TauD have been reported [9,41–43] and focused
n the following issues: (a) what is the rate-determining step in
he dioxygen activation process, (b) are there intermediates with a
ifetime that is long-enough to be trapped experimentally, (c) can
heory make predictions of spectroscopic features that character-
ze these short-lived structures, and (d) what is the active oxidant
hat performs catalysis? In the next few sections answers to these
uestions will be discussed.

.2. The catalytic cycle of TauD
Although theoretical calculations on the catalytic cycle of TauD
ave been reported in several works [41–43], we will follow the
ycle described in Ref. [42] in detail as it essentially follows the
echanism of Fig. 4 where a dioxygen bound species (similar to

m
[
a
m
a

the TauD enzyme.

tructure I in Fig. 4) leads via a bicyclic ring-structure into an
xo–iron active species. The studies in Refs. [41,43] did not incorpo-
ate a stepwise mechanism via ring-structure J but a synchronous
ecarboxylation step from the dioxygen bound species. Detailed
eometry scans [42], however, showed a local minimum for a
icyclic ring structure, so are more in line with the experimentally
roposed mechanism. Therefore we will focus on the mechanism
resented in Ref. [42]. Nevertheless, as will be shown below the
icyclic dioxygen complex is a short-lived intermediate and does
ot play a crucial step in the reaction mechanism. Furthermore,
ll theoretical studies essentially lead to the same conclusions
egarding the catalytic cycle although slightly different methods
nd models were used.

In TauD the iron is bound to the protein environment via linkages
ith two histidine and one aspartate group via a typical 2-His/1-
sp motif (see Fig. 3) that appears in many non-heme enzyme
ystems [1]. Usually in theoretical modeling this motif is abbrevi-
ted by imidazole groups for the histidine side chains and acetate
or the aspartate side chain [9,44]. Similarly, all studies used �-
etopropionate for �KG with the purpose of keeping the overall
harge of the system neutral. In order to obtain accurate energies
or the potential energy profile, the number of atoms during the
eaction process is retained and as a consequence only the cat-
lytic cycle mechanism is studied starting from the dioxygen bound
omplex (1) until the formation of the oxo–iron species (4). Fig. 5
hows the basic reaction mechanism for dioxygen activation on
he active center of TauD as identified by these calculations. The
echanism shown in Fig. 5 follows a multistate reactivity pattern
45] on competing spin-state surfaces. The general reaction mech-
nism is similar to that presented in Refs. [41,43] although the
odels studied in Ref. [41] also contained two secondary sphere

mino acid groups, e.g. an arginine and tyrosine side chain, which
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ig. 5. Potential energy surface for the oxygen activation of the TauD enzyme on the tr
evel of theory with ZPE corrections using an LACVP basis set, are reported in kcal m

re missing in the studies of Ref. [42]. However, detailed quan-
um chemical/molecular mechanics (QM/MM) studies showed that
econd sphere amino acids as well as the rest of the protein sur-
ounding in this particular system have little effect on the spin-state
rdering and relative energies of the oxo–iron intermediate [21].
herefore, the differences obtained are not due to the choice of the
odel but more likely the result of basis set and the way zero-point

nergy and entropy contributions are evaluated.
Let us start with summarizing the complete dioxygen activation

echanism of the TauD model as described in Ref. [42]. The reaction
tarts from the dioxygen bound complex (1) with attack of the ter-
inal oxygen atom in 1 on the �-keto carbon atom of �KG to form
ring-structure (2) via a barrier TS1,2. In a subsequent decarboxy-

ation step, the ring-structure splits off carbon dioxide via a barrier
S2,3 to form the peroxo acid–iron complex (3). The peroxo-bond in
he peroxo acid–iron complex thereafter breaks via a barrier TS3,4
nd a carboxylic acid (succinate) and the oxo–iron species (4) are
ormed. As is the case in most transition metal complexes, the sys-
ems appear in many close lying spin states, therefore the complete
otential energy surface is described in Fig. 5 on the quintet, triplet
nd septet spin states as identified with a superscript next to the
abel of the structure.

The potential energy surface for the dioxygen activation of a
odel of the active center of TauD on the lowest lying triplet, quin-

et and septet spin states are shown in Fig. 5 [42]. These studies
dentified two stable intermediates in between the dioxygen bound

omplex (1) and the oxo–iron species (4) with a finite lifetime,
amely a bicyclic ring-structure (2) and a peroxo acid-complex (3).
s can be seen, initially the septet spin state is the lowest lying, with

he triplet and quintet spin states higher by 3.3 and 9.7 kcal mol−1,
espectively. At the free energy level the triplet and quintet spin

a
q
i
a
i

uintet and septet spin-state surfaces. All energies are obtained at UB3LYP/LACV3P+*
nd calculated relative to 51.

tates are higher in energy by 4.2 and 12.7 kcal mol−1. By contrast,
iegbahn et al. find the triplet spin state to be the ground state with
he septet and quintet states �G = 2.2 and 5.7 kcal mol−1 higher in
nergy. It appears, therefore, that small differences in molecular
eometry and choice of the model change the ordering and relative
nergies of the various spin states of the dioxygen bound complex.
ioxygen binding studies of isopenicillin N synthase (INS) showed

hat small gas-phase models cannot predict the correct spin-state
rdering of this complex and full quantum mechanics/molecular
echanics (QM/MM) studies are necessary to predict the correct

round state [46]. Similarly, in the case of TauD to resolve the correct
pin-state ordering of the dioxygen bound species a full QM/MM
tudy will be required. By contrast, QM/MM studies on the oxo–iron
pecies of TauD showed little effect of the protein surrounding on
he spin-state ordering and relative energies (see Section 3.4) [21].
t appears, therefore, that each intermediate in the catalytic cycle of
auD is influenced differently by the protein environment. Despite
his, all model studies on TauD show that the dominant reaction

echanism takes place on the quintet spin-state surface and none
f the other spin states play a role of importance in the rest of the
echanism [41,42].
The spin-state ordering of the dioxygen bound species in Fig. 5

s very similar to the one observed for the dioxygen bound species
f CDO enzymes [17], which indicates that replacement of the car-
oxylic acid group in TauD with a histidine group in CDO does not
ffect spin-state ordering and oxygen binding. However, dioxygen

ctivation to form the ring-structure (2) considerably stabilizes the
uintet spin state, which comes within 1.5 kcal mol−1 of 72 and
s now well separated from 32. As a matter of fact, on the triplet
nd septet spin states the initial reaction step, i.e. from 1 to 2,
s endothermic whereas the process is exothermic on the quin-
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et spin-state surface. Therefore, based on the relative energies
etween 1 and 2 a thermal equilibrium between the two structures
ay be expected.
Only a small barrier (TS2,3) of 3.6 (quintet) and 2.4

septet) kcal mol−1 is required to break the ring-structure (2) into
arbon dioxide and the peroxo–acid complex (3). This implies
hat the ring-structures on the quintet and septet spin states will
ave short lifetimes and almost instantaneously react to form 3.
specially, since the energy difference between 5TS1,2 and 52 is
5.9 kcal mol−1. Interestingly, the subsequent barrier (3TS2,3) on the
riplet spin-state surface is much higher than the oxygen activation
arrier (via 3TS ) and is 10.3 kcal mol−1 above 32, which implies
1,2
hat the triplet reaction will be an energetically difficult process.

oreover, on the triplet surface 3TS2,3 is the rate-determining step,
hereas the initial oxygen activation barriers via 5,7TS1,2 are the

ate-determining steps on the high-spin surfaces. Carbon dioxide

i
t
(
i

ig. 7. Optimized geometries of the transition states in the quintet spin state as obtained
ata from Ref. [41b]. All bond lengths are in Å and the imaginary frequency is in cm−1.
rfaces of 1–4. First row data are from Ref. [42] and the second row data from Ref.
7 pdb.

elease (via TS2,3) is an irreversible process whereby the system
ains more than 50 kcal mol−1 of energy to form the peroxo–acid
omplex (3). This huge exothermicity was not obtained in any of
he catalytic steps of CDO enzyme (see Fig. 2) [17], which appears
o be a more subtle reaction process where each individual step
s accomplished with a small exothermicity. The decarboxylation
tep in TauD releases a large amount of energy that is necessary
o break the peroxide bond to form the oxo–iron active species.
his oxo–iron active species of TauD is highly reactive and able
o break the aliphatic C–H bond of the substrate and to give
ydroxylated products. The peroxosuccinate complex splits into
he oxo–iron and carboxylic acid products via a barrier 5TS that
3,4
s 17.6 kcal mol−1 above the energy of 53. The most stable struc-
ure on each spin-state surface in Fig. 5 is the oxo–iron species
3,5,74). Indeed, the oxo–iron complex was trapped and character-
zed experimentally [7,11b,24,34]. The relatively large O–O bond

with Jaguar at UB3LYP/LACVP. First row data are from Ref. [42] and the second row



mistry

b
l
t
a
m
c
e
a
s
w
t
h
s
d
t
o
r
w
t
m

g
s
a
p
p
n
7

3
d
i
a
c
o
o
s

a
m
i
s
i
g
g
i
t
u
d
fi
s
s
7

f
d
i
l
a
q
o
w
s

v
c
e

e
s
f
d

a
a
T
I
m
g
o
w
a
o
f
q
i

l
e
s
p
5

o
s

o
i
n
(
t
c
r
p
e
a

t
b
r
o
t
n
b
t
c
T
d

3

m
c
t
[
o
a
s
3
our calculated absorption spectrum against this Fe–O frequency of
S.P. de Visser / Coordination Che

reaking barrier (5TS3,4) indicates that 53 may have a relatively long
ifetime, which may be long enough to detect and trap it experimen-
ally. In the next section we will discuss its spectroscopic properties
nd how it can be distinguished from other oxygen binding inter-
ediates in the catalytic cycle. Moreover, structures 53 and 54 are

lose in energy and breaking of the O–O bond leads to only a small
xtra stabilization. As reasoned before [9], the oxo–iron species
ppears in a quintet spin ground state with the triplet and septet
pin states well higher. As a result, the oxo–iron species will react
ith substrates via single-state reactivity (SSR) on a dominant quin-

et spin-state surface. This is in contrast to the oxo–iron species in
eme-enzymes which contain close-lying quartet and doublet spin
tates leading to two-state reactivity (TSR) patterns [45] whereby
ifferent reaction mechanisms and rate constants are observed on
he two spin-state surfaces. Detailed test calculations on the effect
f a dielectric constant of ε = 5.7 and 10.65 on the energetics of the
eaction mechanism from 1 to 4 were done but most data remained
ithin 1 kcal mol−1 from the data of Fig. 5 which indicates that

he potential energy profile is not sensitive to an external dipole
oment or hydrogen bonding interactions.
Early studies of the catalytic cycle of TauD implicated a septet

round state for the dioxygen bound structure that would lead via a
pin state crossing to the quintet spin-state surface prior to oxygen
ctivation [41]. The calculations shown in Fig. 5 indeed support a
ossible septet/quintet spin state crossing. However, these studies
ropose the crossing to be somewhat later in the reaction mecha-
ism, namely in or just after the ring structure (2). Structures 52 and
2 have the same electronic configuration with the complete metal
d block singly occupied together with an unpaired electron in a
ioxygen �* orbital; the latter electron is either antiferromagnet-

cally or ferromagnetically coupled to the metal electrons and as
result these two intermediates are degenerate. The subsequent

arbon dioxide release, however, leads to a change in spin-state
rdering whereby the quintet spin state is considerably stabilized
ver the septet spin state. Therefore, the expected septet/quintet
pin state crossing will be closely coupled to carbon dioxide release.

Fig. 6 shows the optimized geometries of the critical points
long the oxygen activation pathway, whereas Fig. 7 gives the opti-
ized transition states on the quintet spin-state surface. Although,

n the gas-phase the ground state of the dioxygen bound and ring-
tructure species (1 and 2) appears to be the septet spin state, close
nspection of the geometries show that they have strongly distorted
eometries with respect to the X-ray structure [25]. The septet
eometries are also completely different from the ones obtained
n the triplet and quintet spin states. In particular, in 73 and 74
he imidazole groups have shifted to the same plane perpendic-
lar to the oxo–iron bond. Since, the septet geometries are very
isplaced with respect to the X-ray structure the model may not
t the actual enzyme active site anymore and consequently the
eptet spin mechanism is unlikely in the enzyme and possibly con-
iderably destabilized with respect to the energetics in Fig. 5. In
1 the dioxygen moiety is located at a very large distance (3.189 Å)
rom the iron center, which implies that 71 is essentially a triplet
ioxygen molecule nearby a quintet iron center. Another interest-

ng feature of this complex is the fact that �KG is not a bidentate
igand but a monodentate ligand since the �-keto group is 3.295 Å
way from the iron. By contrast, the optimized structures in the
uintet and triplet spin states have the oxygen molecule bound by
ne atom and the �KG group as bidentate ligand. For completeness
e also show optimized geometries from Ref. [41b] in Fig. 6, which

how good similarities with the ones from Ref. [42].

Carbon dioxide, once formed quickly dissipates, but stays in the

icinity of the complex (at ≈3.2 Å). Conversion of �KG into suc-
inate (Succ) and CO2 gives the system a tremendous amount of
nergy, more than 50 kcal mol−1 in the quintet spin state. This is as

H
o
m
f
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xpected since �KG acts as a cofactor for the reaction process and
hould give the system sufficient energy so that it is able to per-
orm hydroxylation reactions. Therefore, the dissociation of carbon
ioxide from the ring-structure is an irreversible process.

The DFT calculations on the catalytic cycle of TauD are in good
greement with the experimental proposed mechanisms [3] and
lso with theoretical studies on the dioxygen activation in INS [46].
he latter studies differ from the TauD ones, since the active site of
NS contains residues that form hydrogen bonds with the oxygen

oiety. Although, these studies used a somewhat larger model for
eometry optimizations they were done with several constraints
n the geometries. Moreover, the entropic corrections to the energy
ere based on small models, whereby histidine was abbreviated to

mmonia and aspartate by formic acid. Therefore, the spin-state
rdering and reaction energies differs somewhat from the ones
rom Ref. [42]. Nevertheless, the overall reaction barrier on the
uintet spin surface leading to decarboxylation is 10.4 kcal mol−1,
dentical to the one obtained in Ref. [41].

Dioxygen binding to the iron center gives access to several close-
ying spin states, namely in the case the spins of the unpaired
lectrons on the oxygen moiety are aligned with the four unpaired
pins on iron. Thus, dioxygen binding gives a ferric–superoxo com-
lex (FeIII–O–O•−) in the quintet spin state with orbital occupation:
1 : �∗

x2−y2
1�∗

xz
1�∗

yz
1�∗

xy
1�∗

z2
1�∗

OO
1. The five 3d-type metal

rbitals split into a set of 3 t2g and 2 eg orbitals of which the t2g
et are of �* type (labeled as �∗

x2−y2 , �*
xz and �*

yz) and the eg

nes of �* type (�*
xy and �∗

z2 ). This complete block of orbitals
s singly occupied in the quintet spin state and is antiferromag-
etically coupled to an unpaired electron on the dioxygen moiety
�∗). Subsequent oxygen activation of �KG and the generation of
he ring-structure (2) retain this orbital occupation, but the radi-
al on the ligand weakens the C–C bond enticing carbon dioxide
elease. Indeed a small barrier leads to the conversion of �KG into
eroxo acid (3) and CO2. This process involves the simultaneous
lectron donation of the metal to the peroxo acid ligand and gives
n orbital occupation �∗

x2−y2
1�∗

xz
1�∗

yz
1�∗

z2
1 for 53.

The potential energy surface as shown in Fig. 5 predicts that
here are at least two stable intermediates separating dioxygen
inding and the formation of the oxo–iron complex, namely the
ing-structure (2) and the peroxo–acid structure (3). The former
ne is separated by a small barrier leading to the peroxo–acid struc-
ure that is also significantly stabilized in energy. Therefore, we do
ot expect the ring-structure to have sufficiently long lifetime to
e detected experimentally. The peroxo–acid structure (53) in its
urn is separated by a reasonably large barrier from the oxo–iron
omplex. Moreover, 53 is only 8.1 kcal mol−1 less stable than 54.
herefore, 53 may very well have sufficiently long lifetime to be
etected experimentally.

.3. Spectroscopic predictions

In order to find spectroscopically identifiable features of inter-
ediates in the catalytic cycle of TauD we investigated the

alculated absorption spectra of 16O2 and 18O2 containing spec-
ra of intermediates 1, 2, 3 and 4 [47]. Hausinger and co-workers
34] recently published the 16O2/18O2 difference spectrum of the
xo–iron species (4) in the catalytic cycle of TauD and located char-
cteristic frequencies at 583, 821 and 859 cm−1 for 16O2. The Fe–O
tretch vibration was predicted to be at 821 cm−1 and downshifts by
4 cm−1 after isotopic substitution of 16O2 with 18O2. We calibrated
ausinger and co-workers by scaling all vibrations with a factor
f 0.9257. A total of seven bands that contain oxygen vibrational
odes have been identified for the oxo–iron species in the range

rom 200 to 900 cm−1 (Fig. 8). The lowest three vibrational frequen-
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Table 1
Calculated vibrational frequencies of catalytic cycle intermediates and their fre-
quency shifts due to 18O2 substitution

Species Frequency 16O–16Oa 18O2 shifta,b

1 �O–O 979 −48
2 �O–O 1027 −61
3 �FeOO,bend 379 −11
3 �OFeO,bend 439 −15
3 �O–O 770 −40
3 �C–C,Succ 877 −27
4 �OCO,2 568 −6
4 �OCO,1 583 −6
4 �Fe–O 821 −35
4
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t
nificant larger isotopic shifts for the bending vibrations (474 and
ig. 8. Vibrational spectrum of oxygen-containing frequencies of the oxo–iron
pecies (54). All frequencies scaled with a factor of 0.9257.

ies in Fig. 8 are bending vibrations in the iron–succinate groups.
he frequency located at 853 cm−1 represents the C–C stretch vibra-
ion of the OOC–CH3 group of the succinate residue, which is close
o a peak in the spectrum of Hausinger and co-workers at 859 cm−1.
he calculations predict two carboxylate bending vibrations in
he succinate group at 568 cm−1 (out-of-plane) and 583 cm−1 (in-
lane). These three bands together with the �Fe–O frequency shift
fter isotopic substitution of oxygen with a heavier isotope and
ive the system its characteristic 16O2/18O2 difference spectrum,
hich is in perfect agreement with the experimentally obtained

ne from Ref. [34]. The experimental difference spectrum obtained
y Hausinger and co-workers [34] identified oxygen sensitive vibra-
ions at 583, 821 and 859 cm−1 but failed to identify whether those
ands were from the oxo–iron species or from another structure in
he reaction mixture. Our DFT studies clearly show that all three
ands are due to the oxo–iron species and characterize the vibra-
ional modes of these individual bands as arising from the oxo–iron
nd succinate groups. The calculations, however, provide additional
nformation that cannot be obtained from the experiment, such as
he characterization of the frequencies and their individual shifts

ue to isotopic substitution of O2.

Subsequently, we calculated the vibrational spectra of 16O2 and
8O2 containing intermediates 1, 2 and 3 and the results are shown
n Table 1. The dioxygen bound species (1) only has one vibra-

4
u
e
u

Fig. 9. Molecular orbitals of the oxo–iron species of TauD (left-hand-side) a
�OOC–C,Succ 853 −11

a In cm−1; all frequencies scaled with 0.9257.
b Difference between 16O2 and 18O2 vibrational frequencies.

ion that is influenced by isotopic substitution and is located at
79 cm−1. Also the ring-structure (2) has a single dioxygen fre-
uency but it is at a significantly higher value of 1027 cm−1. The
trongest vibrational shift observed for the peroxosuccinate com-
lex (3) is for the O–O stretch vibration in the peroxo group, which
rops from 831 to 789 cm−1 (−42 cm−1). The calculations, how-
ver, predict this vibration to have quite small intensity, so it may
e difficult to experimentally identify this vibration. Similarly, to
he oxo–iron complex discussed above the C–C stretch vibration
n the peroxosuccinate is downshifted significantly from 947 to
18 cm−1 (−29 cm−1). In the oxo–iron species all bending vibra-
ions in which the two 18O atoms are involved are located in
etween 300 and 650 cm−1 and showed little change after isotopic
ubstitution. By contrast, in the peroxosuccinate complex a con-
iderable change in the OFeOO bending vibration is found, which
rops from 474 to 458 cm−1 (−16 cm−1). Another bending vibration
rops by 11 cm−1 from 409 cm−1. In summary, the peroxosuccinate
ystem has a unique O–O stretch vibration that shifts from 831 to
89 cm−1 after isotopic substitution. Moreover, in comparison to
he oxo–iron species the Fe–O stretch vibration is missing and sig-
09 cm−1) are observed. Therefore, isotopic substitution of molec-
lar oxygen should give a characteristic absorption spectrum of
ach intermediate (1, 2, 3, and 4) in the catalytic cycle of TauD with
nique 16O2/18O2 shifts that should enable experimental detection

nd the orbital occupation in the quintet spin state (right-hand-side).



mistry

o
n

3

s
s
t
h
s
o
i
t
o
3
o
(
s
q

s
t
o
p
(
o
g
m
l
a
5

o
c
s
c
t
t

r
a
o
l
f
o
b
s
l
T
t
o
a

a
s
[
p
a
t
s

3

a
c
i
d
c
fi
s
o

S.P. de Visser / Coordination Che

f intermediates in the catalytic cycle of TauD as well as in other
on-heme enzymes and biomimetic model complexes.

.4. The oxo–iron species of TauD

The hydroxylation reaction mechanism by the oxo–iron active
pecies of TauD requires the transfer of two electrons from the
ubstrate into the iron system. To understand these relevant elec-
ron transfer processes, we will start with a description of the
igh-lying occupied and low-lying virtual orbitals of the oxo–iron
pecies. Fig. 9 shows the high-lying occupied and low-lying virtual
rbitals of the oxo–iron complex of TauD. The five orbitals depicted
n Fig. 9 all originate from the metal 3d-orbitals and split into a
ypical 3-below-2 (t2g–eg) set of orbitals. The three t2g orbitals are
f �* type and reflect the antibonding interactions of the metal
d-orbitals with 2p-orbitals on the oxo-group, while the eg set of
rbitals are �*-type orbitals. These �* orbitals are along the z-axis
His255–Fe–O) and for the interactions in the xy-plane. Mössbauer
pectra and DFT calculations predicted the ground state to be a
uintet spin state [35].

Because different models and methods of the dioxygen bound
pecies of TauD give differences in spin-state ordering and rela-
ive energies, it was decided to do a series of QM/MM calculations
n an active site model of TauD. These calculations were com-
ared to the small model complexes and tested the effect of the
protein) environment on the optimized geometries and spin-state
rdering of the oxo–iron species. Two computational methodolo-
ies were investigated and compared: (a) DFT modeling using the
odel discussed in the previous section and (b) QM/MM calcu-

ations on a large active site region of TauD containing over 650
toms [9,21]. Model (a) is labeled here as 54DFT and model (b) as
4QM/MM in the following. Fig. 10 displays optimized geometries
f the oxo–iron species of TauD in the quintet spin states as cal-

ulated with the QM/MM model of Ref. [21] and compared to the
mall DFT model of Ref. [42]. The QM region in the QM/MM cal-
ulations used apart from the atoms of the small DFT model also
he methylguanidinium group of Arg270 and taurine substrate. On
he left-hand-side, a 3D-drawing is shown that highlights the QM

v
n
t
t
i

Fig. 10. QM/MM and DFT optimized geometries of the ox
Reviews 253 (2009) 754–768 763

egion with tubes while the dashed amino acids in the background
re part of the MM region. The QM/MM geometries are close to the
nes obtained before using small DFT complexes. The Fe–O bond
engths obtained for the DFT models are 1.649, 1.785 and 1.906 Å
or 54, 34 and 74, respectively while with QM/MM methods values
f 1.656, 1.781 and 1.949 Å were obtained. Thus, the extra hydrogen
onding interactions of e.g. the protons of Arg270 with the oxo and
uccinate groups within the active site pocket seem to have only
ittle effect on the optimized geometries of the oxo–iron species of
auD. Therefore, inclusion of second sphere amino acids, as done in
he work of Ref. [41], does not change the spin state ordering. More-
ver, perturbations due to the protein environment do not seem to
ffect the optimized geometries of the active species of TauD.

The Fe–O distance of TauD is typical for oxo–iron complexes
nd matches the experimentally obtained distances of the oxo–iron
pecies of horseradish peroxidase (HRP) and catalase excellently
6,48]. DFT calculations on the oxo–iron species of HRP and P450
redicted Fe–O distances of 1.621 and 1.651 Å, respectively, which
re values very close to the ones shown here [44a]. The Fe–NHis dis-
ances of the oxo–iron species of TauD are between 2.05 and 2.10 Å,
imilarly to the one in HRP [44a].

.5. Catalytic properties of the oxo–iron species of TauD

TauD is not the only enzyme that possesses an oxo–iron
ctive center that activates aliphatic C–H bonds. In particular, the
ytochromes P450 are heme enzymes involved in many biochem-
cal processes ranging from detoxification processes in the liver,
rug metabolism and the biosynthesis of hormones [2]. To test the
atalytic properties of the oxo–iron active species of TauD and to
nd out how it compares to the oxo–iron species of heme enzymes
uch as the cytochromes P450, we ran detailed DFT calculations
n models of TauD and P450 and studied the reactivity patterns

ersus a common substrate (propene). Although propene is not the
atural substrate of these enzymes, it will give insight into the rela-
ive capabilities of substrate hydroxylation and epoxidation of these
wo enzymes. Thus, to find out what the fundamental differences
n catalytic properties of heme and non-heme oxo–iron oxidants

o–iron species of TauD with bond lengths in Å [21].
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ig. 11. Reaction profile of the epoxidation and hydroxylation of propene by the oxo
ll energies (in kcal mol−1) are at the LACV3P+* level of theory with ZPE correction

n Å.

re, the competitive epoxidation and hydroxylation of propene was
tudied [9]. Earlier work on this reaction by an oxo–iron model of
450, HRP and some synthetic oxo–iron oxidants versus propene
howed that it reacts via multistate reactivity patterns on compet-
ng doublet and quartet spin-state surfaces [49]. Moreover, subtle
nvironmental perturbations were shown to influence the regios-
lectivity of reaction and thereby the product distributions. Fig. 11
hows the potential energy profile of propene epoxidation and
ethyl group hydroxylation by the oxo–iron species of TauD. The

poxidation reaction mechanism is stepwise via a radical inter-
ediate (IE) that is separated from reactants via an initial C–O

ond activation barrier TS1 and from epoxide products (PE) via a
ing-closure barrier TS2. Due to extra exchange stabilization of the
ransition state and the intermediate complex in the quintet spin
tate the rate-determining step is only 4.8 kcal mol−1. The forma-
ion of the radical intermediate is an extremely exothermic process
y 15.8 kcal mol−1 and is separated by a small ring-closure barrier
of 2.6 kcal mol−1) leading to products. We also tested the mecha-

isms on the lowest lying triplet and septet spin states but found
hem much higher in energy so that the reaction will take place
ia single-state reactivity on a dominant quintet spin-state surface.
he hydroxylation follows a stepwise mechanism as well with an
nitial hydrogen abstraction barrier (TS3) leading to a hydroxo–iron

o

r
t
(

species of TauD (54DFT) as obtained from UB3LYP/LACVP optimizations in Jaguar [9].
ded. Also shown are optimized geometries of the local minima with bond lengths

omplex (IH) that rebounds the hydroxyl group to the substrate via
rebound transition state TS4 to form propenol product complex

PH). The hydroxylation barrier is only 5.4 kcal mol−1, which is just
.6 kcal mol−1 higher than the epoxidation barrier, so that it may
e assumed that in the gas-phase the two processes will be com-
etitive. The process from 5IH to 5PH encounters a small rebound
arrier of 3.5 kcal mol−1, and therefore the radical intermediate will
ave sufficient lifetime to undergo rearrangement.

The reaction barriers of 4.8 (TS1) and 5.4 (TS3) kcal mol−1

btained for propene epoxidation and hydroxylation by the
xo–iron species of TauD are well lower than those calculated for
he same reaction with models of HRP and P450 CpdI where bar-
iers (TS1) of 8.5 and 12.3 kcal mol−1, respectively were obtained
sing the same methods and basis sets [49]. These barriers imply
hat the oxo–iron species of TauD will be a much more efficient
xidant than heme-enzymes and should be able to hydroxylate
trong C–H bonds. Our calculations have identified some criti-
al and fundamental differences between heme and non-heme

xo–iron oxidants that may determine these reactivity differences.

The oxygenation reaction of substrates involves a two-electron
eduction of iron, which in the epoxidation and hydroxyla-
ion mechanisms follow the same electron transfer mechanisms
Fig. 12). The systems starts from an oxo–iron(IV) species with
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by about 0.6–1.2 kcal mol−1 in the gas-phase. The only exception
to this rule is Fe O(TMCS)+ where the approach of substrate is
sterically hindered by the TMCS ligand, which destabilizes the
epoxidation barrier more than the hydroxylation barrier [51].

Table 2
Reactivity differences of different oxo–iron speciesa

TS1b TS3b SSR/TSRc Heme Reference

TauD 4.8 5.4 SSR No [9]
Fe O(TMCS)+d 17.9 15.0 SSR No [51]
HRP 9.7 (8.5) 10.9 (9.7) TSR Yes [49c]
Catalase 10.3 (9.7) 12.0 (11.3) TSR Yes [52b]
CpdI-Cl 12.7 (11.7) 14.8 (12.9) TSR Yes [52a]
P450 12.8 (12.3) 14.0 (13.0) TSR Yes [49b]
CpdI(ImH(P))e 13.6 (12.4) 19.1 (13.0) TSR Yes [52c]

a Energies in kcal mol−1 obtained at UB3LYP/LACVP with ZPE included at
ig. 12. Orbital occupation of reactants, intermediates and products during the epox
howing the iron, oxo and propene groups.

our electrons occupying the lowest four metal 3d-orbitals:
∗

x2−y2 , �∗
xz, �∗

yz, �∗
xy (Fig. 9). Approach of the substrate leads

ither to a hydrogen abstraction from the substrate to form the
ydroxo–iron complex (5IH) or a C–O bond formation gives a rad-

cal 5IE. In both cases this reaction is accomplished by an electron
ransfer from the substrate into the virtual �∗ orbital to create a
ully exchange coupled 3d-system on the metal coupled to a radi-
al (with opposite spin) on the substrate rest-group (in orbital �L).
his exchange stabilized metal system will lower the energy of the
adical intermediate with respect to reactants as indeed observed
n the reaction mechanism. In the subsequent radical rebound or
ing-closure step via TS4 or TS2 a second electron is transferred
rom the substrate into the iron 3d-system that fills one of the �*

rbitals with a second electron. Due to transfer of the oxygen atom
o the substrate the three �* orbitals become nonbonding orbitals
nd hence are labeled as 3dx2−y2 , 3dxy and 3dyz in the product com-
lexes. Thus, during the reaction the metal changes oxidation state
rom FeIV in reactants to FeIII in intermediates to FeII in the product
omplexes.

Non-heme oxidants such as the oxo–iron species of TauD have
different electronic ground state to P450 systems and also show
ifferent electron transfer processes during monoxygenation reac-
ions. Thus, the oxo–iron active species of P450 has an electronic
round state with close lying doublet and quartet spin states [50],
hile the oxo–iron species of TauD has a quintet spin ground state.

urthermore, P450 has an extra oxidation equivalent on the heme
a radical) that can abstract one of the electrons during the monoxy-
enation process so that the metal only needs to take a single
lectron and is reduced from FeIV to FeIII in the reaction process. Due
o differences in these electron transfer processes also the approach
f the substrate on the catalyst is different. Thus, in TauD the sub-
trate approaches from the top to get ideal orbital overlap with the
∗ orbital, while in P450 the substrate approaches side-ways and
n electron is transferred to the heme [51].
Table 2 summarizes the different properties of several heme
nd non-heme oxidants, such as TauD, P450 and HRP, with
espect to monoxygenation of propene as revealed by DFT cal-
ulations on model complexes [9,49,51,52]. In Table 2, CpdI-Cl
epresents a biomimetic oxo–iron porphyrin model with a chlo-

U

p

n and hydroxylation reactions. Below are shown extracts of the relevant structures

ide axial ligand, while Fe O(TMCS)+ is a non-heme oxo–iron
xidant with a TMCS = 1-mercaptoethyl-4,8,11-trimethyl-1,4,8,11-
etraazacyclotetradecane ligand [51,52a]. Propene hydroxylation
nd epoxidation by heme enzymes, such as P450, HRP or synthetic
iomimetics, takes place on competing doublet and quartet spin-
tate surfaces via two-state reactivity patterns. However, this is not
lways the rule as for instance sulfoxidation and arene hydroxy-
ation were shown to appear on one dominant spin-state surface:
ulfoxidation on the quartet spin surface and arene hydroxylation
n the doublet spin surface [28ab,53] Moreover, it should also be
oted that in some cases it was shown that side reactions lead-

ng to by-products only are possible on one of the two spin-state
urfaces [43c,54]. Examples of these by-products in epoxidation
eactions are suicidal complexes and aldehydes [55]. In TauD the
uintet spin state is the sole oxidant so all products originate from
he same species in the quintet spin state. Interestingly all oxo–iron

odels catalyze propene epoxidation favorably over hydroxylation
B3LYP/LACV3P+*.
b Low-spin barriers in parenthesis, high-spin barriers out of parenthesis.
c Single-state reactivity (SSR) or two-state reactivity (TSR).
d Non-heme oxo–iron model with cyclamen ligand.
e CpdI(ImH(P)) is a peroxidase mutant with one of its nitrogen atoms replaced by

hosphorus.
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Recently, trends of hydrogen abstraction bond strengths of
xo–iron oxidants, were explained with a valence bond (VB) model
nd we applied this also to the oxo–iron species of TauD [9,56,57].
hus, if we assume that an oxo–iron species reacts with an alkane
Alk–H) by a hydrogen abstraction reaction to form a hydroxo–iron
omplex and an Alk radical (Eq. (1)), it follows that the reaction
nergy or enthalpy of Eq. (1) is the energetic difference of the dis-
ociation of the C–H bond (Eq. (2)) and the formation of the FeO–H
ond (Eq. (3)). Indeed, experimental studies on hydrogen abstrac-
ion mechanisms of non-heme biomimetic oxidants showed that
he rate constants of C–H hydrogen abstraction reactions by vari-
us oxo–metal systems give a linear correlation with the strength
f the C–H bond that is broken in the process. In other words, the
eaction exothermicity of the hydrogen abstraction reaction corre-
ates with the bond dissociation energy BDEC–H of the C–H bond of
he substrate that is broken as well as to the strength of the newly
ormed FeO–H bond, Eqs. (2) and (3) [58]. In particular, the stud-
es of Kaizer et al. showed that non-heme oxo–iron complexes are
ble to hydroxylate alkane C–H bonds with a BDEC–H as high as
9.3 kcal mol−1 [59].

e O + Alk–H → FeO–H + Alk• (1)

lk–H → Alk• + H• + BDEC–H (2)

eO–H → Fe O + H• + BDEO–H (3)

The reaction enthalpy (�Hr) for the hydrogen abstraction reac-
ion (Eq. (1)) is then essentially the difference in energy between
he bond dissociation energy of the broken C–H bond (BDEC–H) and
he newly formed O–H bond (BDEO–H):

Hr = BDEC–H − BDEO–H (4)

Thus, for a series of reactions with the same substrate but dif-
erent oxo–iron oxidants the value of BDEC–H is a constant and �Hr

hould correlate linearly with BDEO–H. In the past we studied the
atalytic properties of many oxo–iron systems versus a range of sub-
trates. As an example we will compare the ones with propene as
substrate here that has a BDEC–H of 82.6 kcal mol−1 [57]. We have

tudied propene hydroxylation by models of TauD, P450, HRP, CpdI-
l, catalase, cytochrome c peroxidase (CcP) and several inorganic
xidants [9,49,52]. From these studies, we estimated values for
DEO–H of the oxo–iron oxidants and the results are schematically
epicted in Fig. 13. Thus, the oxo–iron active species of TauD creates
he strongest FeO–H bond with a strength of 98.3 kcal mol−1, while

ypical heme systems, such as P450, HRP and CpdI-Cl, give much
maller values in the range of 87.4–88.7 kcal mol−1. The FeO–H
trength is almost identical to the one obtained for a synthetic
xo–iron oxidant with a polyoxometallate (POM) structure [60]. It
ay be anticipated, therefore, that POM and heme systems will give

ig. 13. FeO–H bond dissociation energies (BDEO–H) of several oxo–iron complexes
s calculated with DFT UB3LYP/LACV3P+* with ZPE corrections at LACVP level of
heory.
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1 to 54 in TauD. The electrons next to iron represent the 3d-orbitals as depicted in
ig. 9 and the ones next to oxygen are electron occupying the �O orbital along the
e–O bond. Reprinted with permission from Ref. [9b]. Copyright 2006 the American
hemical Society.

imilar reaction patterns with substrates. The only heme-system
ith a much weaker FeO–H bond is the oxo–iron species of CcP, so

hat it is expected to be a much less efficient oxidant. This is pre-
umably due to the fact that CcP has a protein radical rather than a
eme radical and the transfer of the electron will take place over a
uch larger distance.
In order to establish why TauD has a much larger BDEO–H value

han related oxidants, we created a valence bond electron trans-
er mechanism for the hydrogen abstraction reaction from 54 to
IH, see Fig. 14 [9]. As shown in Fig. 9 the oxo–iron active species
as orbital occupation �∗

x2−y2
1�∗

xz
1�∗

yz
1�∗

xy
1, which essentially

orresponds to four unpaired electrons on the metal. These four
npaired electrons are identified with a dot next to the iron atom.

n addition, the oxo–iron species of TauD also has a lone-pair on the
xygen atom and two electrons in the C–H bond of the substrate
hat play a role in the reaction mechanism and we have identi-
ed these separate electrons in Fig. 14 with a dot and an arrow
ith the spin direction. The electronic ground state of the oxo–iron

pecies is the reactant state wave function, 5�R. In the hydroxo–iron
omplex (the radical intermediate) the system is characterized by a
∗

x2−y2
1�∗

xz
1�∗

yz
1�∗

xy
1�∗

z2
1 configuration on iron, which is iden-

ified with five dots next to the metal representing the quintet
ituation on iron. In addition this complex has a spin-paired couple

n the O–H bond and an unpaired electron with �-spin on the car-
on atom of the substrate to give the radical intermediate with an
verall wavefunction 5�I. This wavefunction extrapolates to 5�R*
hat represents wavefunction 5�I in the reactant geometry. Upon
ntermediate formation the system crosses from wavefunction 5�R
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ig. 15. Potential energy profile for the competitive epoxidation by the peroxosucci-
ate intermediate (3) and the oxo–iron species (4) of the TauD enzyme. All energies
re obtained at the UB3LYP/LACV3P+* level of theory with ZPE at LACVP level.

o 5�I, thereby giving rise to a transition state for the hydrogen
bstraction process. It has been shown that the barrier height for
he crossing point (i.e. the transition state) between 5�R and 5�I
s a fraction (f) of the vertical excitation energy (G) from 5�R to
�R*. This excitation energy (G) corresponds to the difference in
nergy between singlet-paired and triplet-coupled electrons in the
–H bond in the reactant geometry. In addition, G contains a con-
ribution for the excitation energy of an electron from the lone-pair
n the oxygen atom (�O) to the �∗

z2 orbital. As the singlet-triplet
nergy gap for the C–H bond is proportional to BDEC–H it is evident
hat the excitation energy G and hence the height of the barrier
transition state) will also be proportional to BDEC–H [57,61]. Thus,
he barrier height is dependent on the energy level of 5�I, and if
his wavefunction can be lowered in energy this should result in
owering of the barrier height of the hydrogen abstraction reaction.
he formation of a strong O–H bond in non-heme complexes such
s TauD means that the wavefunction 5�I is low in energy and con-
equently the hydrogen abstraction reaction is highly exothermic
nd the reaction barrier is small. As a consequence of this five-
oordinated oxo–iron complexes as appear in the TauD enzyme
ave stronger O–H bonds and react with lower barriers with respect
o corresponding heme enzymes. Therefore, there are fundamental
ifferences in reactivity patterns of heme and non-heme oxidants.

.6. Alternative oxidant hypothesis

As was shown in Fig. 5, the most stable intermediate after
ioxygen binding is the oxo–iron species. However, its precur-
or in the catalytic cycle (the peroxosuccinate complex, 3) is only
.1 kcal mol−1 less stable and encounters a barrier of 17.6 kcal mol−1

or the dioxygen bond breaking to form the oxo–iron species. As
consequence, the peroxosuccinate complex may have a reason-

ble lifetime during which it may be detected experimentally, but
lternatively may be able to act as an oxidant side-by-side with the
xo–iron species. In order to test this hypothesis, further DFT calcu-
ations on substrate epoxidation by 53 and 54 in the catalytic cycle
f TauD with respect to a common substrate were performed [42].
n the previous section the reactivity of 4 with respect to propene
as discussed in detail and for simplicity the same substrate was
sed for the studies of the alternative oxidant hypothesis. Thus, 4
eacts with propene with low reaction barriers of 4.8 kcal mol−1
o give epoxide product complexes [9]. Fig. 15 gives the potential
nergy surface starting from the peroxosuccinate complex (3) as
btained with DFT calculations. The direct epoxidation barrier is
igh (24.6 kcal mol−1) and is well higher in energy than the dioxy-
en cleavage leading to the oxo–iron species. Even the subsequent
Reviews 253 (2009) 754–768 767

poxidation barriers for the oxo–iron complex are well below this
ioxygen cleavage barrier so that epoxidation will happen instan-
aneous as soon as the oxo–iron species is formed. Moreover, the
alculations show that the oxo–iron species is the sole oxidant of the
auD enzyme and that its precursor cannot compete in the reactions
ith substrates. This is in line with DFT and experimental studies

n heme model complexes that also showed that the precursor of
he oxo–iron species (in that particular case the hydroperoxo–iron
omplex) is a sluggish oxidant in epoxidation reactions [62].

. Conclusions

DFT calculations on the catalytic cycles of two dioxygenase
nzyme systems (CDO and TauD) have identified short-lived inter-
ediates that are difficult to trap and characterize experimentally

r are impossible to stabilize experimentally. The studies have given
nsight into how oxygen is activated on a nonheme iron center
nd the factors that stabilize and characterize the reactivity pat-
erns. Important outcomes of the work are that these non-heme
ioxygenases appear to be efficient oxidants that react with sub-
trates with small barriers and therefore high reactivity. As such
hey should be able to catalyze hydroxylation of strong C–H bonds
ith even better efficiency than the cytochromes P450 for instance.

hus, it may very well be that nature has created two types of oxi-
ants: one group (like the P450s) that are subtle and gentle and
ble to catalyze regioselective and stereospecific reaction mecha-
isms whereas the other group (like TauD) contain more aggressive
xidants that hydroxylate almost any C–H bond. Further research
o establish the differences and comparisons of heme and non-
eme enzyme oxidants is ongoing. Furthermore, the knowledge of
nzyme catalysis is being transferred to the synthesis of non-heme
iomimetics that can catalyze efficient monoxygenation reactions
ith high regioselectivity.
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Biol. 6 (2002) 556;
(c) D. Kumar, S.P. de Visser, S. Shaik, Chem. Eur. J. 11 (2005) 2825.

46] M. Lundberg, K. Morokuma, J. Phys. Chem. B 111 (2007) 9380.
47] S.P. de Visser, L.M. Mirica, unpublished results.
48] P. Andreoletti, A. Pernoud, G. Sainz, P. Gouet, H.M. Jouve, Acta Cryst. D 59 (2003)

2163.
49] (a) S.P. de Visser, F. Ogliaro, P.K. Sharma, S. Shaik, Angew. Chem., Int. Ed. 41

(2002) 1947;
(b) S.P. de Visser, F. Ogliaro, P.K. Sharma, S. Shaik, J. Am. Chem. Soc. 124 (2002)
11809;
(c) D. Kumar, S.P. de Visser, P.K. Sharma, E. Derat, S. Shaik, J. Biol. Inorg. Chem.
10 (2005) 181.

50] (a) M.T. Green, J. Am. Chem. Soc. 121 (1999) 7939;
(b) S. Shaik, D. Kumar, S.P. de Visser, A. Altun, W. Thiel, Chem. Rev. 105 (2005)
2279.

51] S.P. de Visser, J. Am. Chem. Soc. 128 (2006) 15809.
52] (a) S.P. de Visser, J. Biol. Inorg. Chem. 11 (2006) 168;

(b) R. Wang, S.P. de Visser, J. Inorg. Biochem. 101 (2007) 1464;
(c) S.P. de Visser, Inorganic Biochemistry Research Progress, Novascience, New
York, 2008;
(d) S.P. de Visser, J. Phys. Chem. B 111 (2007) 12299.

53] P.K. Sharma, S.P. de Visser, S. Shaik, J. Am. Chem. Soc. 125 (2003) 8698.
54] D. Kumar, S.P. de Visser, P.K. Sharma, S. Cohen, S. Shaik, J. Am. Chem. Soc. 126

(2004) 1907.
55] (a) S.P. de Visser, F. Ogliaro, S. Shaik, Angew. Chem., Int. Ed. 40 (2001) 2871;

(b) S.P. de Visser, D. Kumar, S. Shaik, J. Inorg. Biochem. 98 (2004) 1183.
56] S. Shaik, D. Kumar, S.P. de Visser, J. Am. Chem. Soc. 130 (2008), in press.
57] S.P. de Visser, D. Kumar, S. Cohen, R. Shacham, S. Shaik, J. Am. Chem. Soc. 126

(2004) 8362.
58] J.M. Mayer, Acc. Chem. Res. 31 (1998) 441.
59] J. Kaizer, E.J. Klinker, N.Y. Oh, J.-U. Rohde, W.J. Song, A. Stubna, J. Kim, E. Münck,

W. Nam, L. Que Jr., J. Am. Chem. Soc. 126 (2004) 472.

60] D. Kumar, E. Derat, A.M. Khenkin, R. Neumann, S. Shaik, J. Am. Chem. Soc. 127

(2005) 17712.
61] S. Shaik, A. Shurki, Angew. Chem., Int. Ed. 38 (1999) 586.
62] (a) F. Ogliaro, S.P. de Visser, S. Cohen, P.K. Sharma, S. Shaik, J. Am. Chem. Soc.

124 (2002) 2806;
(b) M.J. Park, J. Lee, Y. Suh, J. Kim, W. Nam, J. Am. Chem. Soc. 128 (2006) 2630.


	Elucidating enzyme mechanism and intrinsic chemical properties of short-lived intermediates in the catalytic cycles of cysteine dioxygenase and taurine/alpha-ketoglutarate dioxygenase
	Introduction
	The catalytic cycle of cysteine dioxygenase
	DFT studies on taurine/alpha-ketoglutarate dioxygenase (TauD)
	Background
	The catalytic cycle of TauD
	Spectroscopic predictions
	The oxo-iron species of TauD
	Catalytic properties of the oxo-iron species of TauD
	Alternative oxidant hypothesis

	Conclusions
	Acknowledgement
	References


