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Mechanism of Dioxygen Activation in 2-Oxoglutarate-Dependent Enzymes:

A Hybrid DFT Study

Tomasz Borowski,* Arianna Bassan, and Per E. M. Siegbahn'®!

Abstract: The reaction mechanism for
dioxygen activation in 2-oxoglutarate-
dependent enzymes has been studied
by means of hybrid density functional
theory. The results reported here sup-
port a mechanism in which all chemical
transformations take place on a quintet
potential-energy surface. More specifi-
cally, the activated dioxygen species at-
tacks the carbonyl group of the co-sub-
strate producing the Fepersuccinate—
CO, complex, which readily releases

in which the Fe'-peracid-CO, complex
is formed is found to be rate-limiting
and irreversible. Subsequent heterolysis
of the O—O bond in the Fe"-persucci-
nate complex proceeds in two one-elec-
tron steps and produces the high-valent
iron-oxo species Fe''=0, which is most
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likely to be responsible for oxidative
reactions catalyzed by 2-oxoglutarate-
dependent enzymes. The concerted
pathway for simultaneous O—O and C—
C bond cleavage on the septet poten-
tial-energy surface is found to be less
favorable. The relative stability of dif-
ferent forms of the active iron—-oxo spe-
cies is assessed, and the quintet five-co-
ordinate complex is found to be most
stable.

the carbon dioxide molecule. The step

Introduction

Non-heme iron enzymes dependent on 2-oxoglutarate (o-
ketoglutarate, abbreviated here as a-KG) constitute a large
class of oxygenases that play key roles in a broad range of
primary and secondary metabolic pathways. For example,
prolyl hydroxylases take part in post-translational processing
of collagen in animals and in the hypoxia induced factor
(HIF)-mediated pathway for dioxygen sensing;!? thymine
7-hydroxylase is a pivotal enzyme in pyrimidine metabolism;
clavaminic acid synthase (CS) participates in clavulanic acid
biosynthesis in Streptomyces clavuligerus bacteria; finally
the newly discovered AlkB repair enzymes catalyze deme-
thylation of alkylated DNA and RNA.F! All a-KG-de-
pendent non-heme iron enzymes require ferrous ion, a-KG,
and O, for catalytic activity. The majority of them catalyze
hydroxylation of an unactivated C—H bond coupled with an
oxidative decarboxylation of the co-substrate a-KG. A
number of excellent reviews on these enzymes are available
in the literature, and interested readers are referred to them
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for further information regarding the biological functions of
a-KG-dependent non-heme iron enzymes.*

Several crystal structures of a-KG-dependent enzymes
have been reported (clavaminic acid synthase,!”l proline-3-
hydroxylase (P-3-H),!' anthocyanidin synthase (ANS),™
deacetoxycephalosporin C synthase (DAOCS),'*'"! and the
related 4-hydroxyphenylpyruvate dioxygenase (HPPD)!)
all of them reveal a common 2-His-1-carboxylate facial-triad
iron-binding motif characteristic of a broad group of non-
heme iron enzymes.[w] In the native ferrous-ion-bound form,
the remaining three coordination positions are occupied by
water molecules, as exemplified by the crystal structure of
the DAOCS-Fe" complex®! (PDB access code: 1RXF); this
arrangement is supported by spectroscopic studies on
CS.2%211 4K G binds to iron in a bidentate fashion, which
means that two of the three water ligands initially bound to
iron are displaced by the co-substrate. Crystal structures of
CS-Fe'-a-KG complexes™ (with N-o-L-acetyl arginine,
1DRY; with proclavaminic acid, 1DRT) together with spec-
troscopic results® ! indicate that the remaining water mole-
cule is displaced from the CS-Fe"-a-KG complex upon pri-
mary substrate binding. These observations have led Solo-
mon and co-workers to propose a general mechanism de-
picted in Scheme 1,222 which is composed of three steps A,
B, and C: step A, during which the a-KG co-substrate
enters the first coordination sphere of iron, is followed by
substrate binding in the vicinity of the non-heme complex
(step B). Notably, the substrate perturbs the ferrous site and
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Scheme 1. Mechanisms proposed for the catalytic reaction mechanism of a-KG-dependent enzymes.

causes the displacement of the water ligand, leading to a
five-coordinate iron complex. The vacancy on iron, which is
necessary for O, activation (step C), is formed only if the
substrate and co-substrate are already bound at the active
site. It follows that the nonproductive so-called “uncoupled”
reaction, in which oxidative decarboxylation of a-KG is not
tied with oxidation of primary substrate, is greatly reduced.

As the hydroxylation reaction of an unactivated C-H
bond and a broad repertoire of other reactions catalyzed by
a-KG-dependent enzymes (i.e., epoxidation of olefins, oxi-
dation of sulfides to sulfones and sulfoxides and oxidation
of substituted methylamines)?! mirror the chemical behav-
ior of cytochrome P-450, it is now widely accepted that a
ferryl-oxo species (Fe'Y=0), similar to compounds I and II
characterized for heme proteins,?*! is formed upon the di-
oxygen activation step(s) of the catalytic cycle (see
Scheme 1). Indeed, a high-valent iron intermediate pro-
duced in the reaction of taurine/a-KG dioxygenase has been
recently identified by means of absorption, Mossbauer and
EPR spectroscopy,” supporting a mechanism in which the
ferryl species plays a key role in catalysis. Although the
actual structure of this intermediate still needs to be deter-
mined, the spectroscopic results indicate that this is a high-
spin (§=2) complex with formal oxidation state of iron
equal to four.

In spite of the scarce experimental evidence about the
oxygen activation process, a few mechanisms have been pro-
posed in the literature and they are presented in Scheme 1.
In the concerted mechanism (steps D and E), the carbon-
carbon and oxygen—oxygen bonds in a superoxo-bridged in-
termediate (5a in Scheme 1) are cleaved simultaneously
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producing the ferryl-oxo intermediate (6 in Scheme 1),
while in the step-wise mechanism (steps F and G) these two
bonds are cleaved in two consecutive steps.” First the C—C
bond is broken generating a Fe"-peracid complex and CO,
(step F); in the second step (step G) the O—O bond heterol-
ysis leads to the active ferryl-oxo intermediate. With respect
to this pathway, there is some experimental evidence sug-
gesting that persuccinic acid does not bind to the a-KG-de-
pendent enzymes.”?*! However, this observation does not
necessarily rule out the Fe"—persuccinate complex as an en-
zymatic intermediate.””! One possible reason could be a high
pKa of a peracid making the binding to the enzyme thermo-
dynamically unfavorable, while the Fe'persuccinate com-
plex may be efficiently produced and consumed during the
catalytic cycle. The third plausible route for dioxygen activa-
tion involves an FeY—peroxo intermediate (step H) which
decomposes into the active species (step I).**! All these
mechanisms are in accord with the results of isotope-label-
ing experiments, which have shown that one oxygen atom
originating from dioxygen is incorporated into the decarbox-
ylation product (succinate), while the second oxygen derived
from O, is found in the hydroxylation product. Once the C—
C and O—O bonds are cleaved, carbon dioxide can either
dissociate from iron (6a in Scheme 1) or may stay in its first
coordination sphere either in the “native” form (6b)"” or as
an anhydride with succinate (6¢).'*?! Oxidation of the pri-
mary substrate (step J) followed by product release (step K)
completes the catalytic cycle.

Clavaminic acid synthase (CS) is one of the best charac-
terized and most fascinating proteins from the group of a-
KG-dependent enzymes. It catalyzes three separate oxida-
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Scheme 2. The role of CS in clavaminic acid biosynthesis.
tive reactions in the biosynthesis of clavulanic acid—a
potent inhibitor of serine (-lactamases that is commonly
used with B-lactam antibiotics in antibacterial treatment. As
shown in Scheme 2, the first hydroxylation reaction is sepa- A
rated from the subsequent cyclization and desaturation by Tvr 299
hydrolysis of the guanidino group, which is catalyzed by pro- r
clavaminate amidinohydrolase (PAH). & Arg 297
The crystal structure of CS has been solved for several A 9@ < 9
different forms: the apo form (PDB access code: 1DS0), the s a:%
CS-Fe'-0-KG complex (1DS1), the CS-Fe"-a-KG-PC e N
v (C

complex (PC=proclavaminic acid; 1DRT), the CS-Fe"-a-
KG-N-a-NAA complex (NAA=N-a-L-acetyl arginine;
1IDRY), and the CS-Fe"-0-KG-NO-DGPC complex
(DGPC =deoxyguanidinoproclavaminic acid; 1GVG). The
active site region of the CS—Fe'-a-KG-NAA complex is de-
picted in Figure 1. Note that the ferrous ion is coordinated
by six atoms in a roughly octahedral arrangement. His 144
and His279 together with Glu146 supply three atoms for
one face of the octahedron, while a-KG and water487 fill
the three remaining positions. Two second-shell ligands,
Tyr299 and Arg279, form hydrogen bonds with the carbox-
ylic groups of Glul46 and a-KG. The water ligand bound
trans to His279 is supposedly replaced by O, after binding
of the primary substrate. Therefore, after dioxygen activa-
tion, the oxo group would occupy this position, which is
ideal for performing further catalytic steps. However, the
structure of the CS-Fe"-0-KG-NO-DGPC complex
(DGPC =deoxyguanidinoproclavaminic acid, substrate for
the hydroxylation reaction shown in Scheme 2) reveals that
nitric oxide binds to iron at the position trans to His144,
while the 1-carboxylic group of a-KG occupies a position
opposite to His279.5 Thus, at the present time, the precise
location of O, binding in the iron complex of CS remains
obscure, as either NO may be an imperfect analogue of di-
oxygen, or some rearrangement may take place after the
oxygen activation.

Model systems mimicking the chemistry of a-KG-depend-
ent enzymes have been synthesized. Comparison of coordi-
natively saturated and unsaturated model systems has
showed that the latter react with dioxygen much faster,
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Figure 1. The X-ray structure (1IDRY) of the active site of CS (A) and
the model used in the calculations (B). Atoms marked with an asterisk
have had fixed positions in the optimizations.
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demonstrating the importance of a vacant position at the
ferrous ion.*"* In line with this experimental evidence, it
has been proposed that dioxygen binds at this vacant posi-
tion to iron and forms a ferrous-superoxo species (Fe’*-
O,7), which then performs a nucleophilic attack on the car-
bonyl carbon of the a-keto acid. The nucleophilic character
of this reaction is supported by kinetic measurements per-
formed for various derivatives with different substituents in
the a-keto acid moiety.’>*! The more electron withdrawing
the group bound in this fragment is, the faster is the reaction
between the complex and dioxygen. In line with this argu-
ment there is experimental evidence showing that superox-
ide is a potent nucleophile®! capable of cleaving a-keto car-
boxylic acids.’ As the biomimetic complexes catalyze
olefin epoxidation® and aryl hydroxylation,***”! the ferry-
l-oxo intermediate has been proposed to be responsible for
the oxidative chemistry in these non-heme iron systems. In-
terestingly, such a ferryl-oxo non-heme iron species has re-
cently been synthesized and characterized by Que, Jr. and
co-workers.[*¥

In this work, hybrid density functional methods have been
used to elucidate the mechanism of oxygen activation utiliz-
ed by a-KG-dependent enzymes. The clavaminic acid syn-
thase (CS) has been chosen as a system of interest, because,
firstly, several high resolution crystal structures are available
for various forms of this enzyme (vide supra), and secondly,
because the spectroscopic measurements done for CS have
clearly demonstrated that the active site iron becomes five-
coordinate upon binding of the primary substrate. The steps
following five-coordinate Fe™ site formation and leading to
the active ferryl-oxo species (steps leading from species 3 to
6 in Scheme 1) have been studied and the results are report-
ed in the following subsections.

Computational Methods

In the present work, a model based on the crystal structure of the CS—
Fe'"-0-KG complex (PDB access code: 1DS1) was employed (see Fig-
ure 1B). This particular crystal structure was chosen, since it has been
solved to the highest resolution (1.08 A) among all structures of a-KG-
dependent enzymes.'¥ In the initial model used in the calculations, the
water molecule (Wat487 in Figure 1A), which coordinates the ferrous ion
in the crystal structure, was removed. This structural change was intro-
duced in order to model a five-coordinate non-heme iron active site,
which is capable to react with dioxygen. In this way the influence of the
substrate on the geometry of the iron site was indirectly taken into ac-
count. Notably, the crystal structure of the enzyme-Fe"-a-KG-substrate
analogue complex indicates that only the chemically inert C—H bond of
the substrate points in the direction of the putative dioxygen binding site.
Therefore, the substrate does not seem to play any active role in dioxy-
gen activation (steps D-1, Scheme 1) and it was not included in the calcu-
lations. The model was composed of a ferrous ion together with groups
modeling the most relevant first and second coordination shell ligands
(see Figure 1). Specifically, the co-substrate was modeled by pyruvate,
histidines by imidazole rings, glutamate by acetate, while the second shell
ligands tyrosine and arginine were represented by phenol and methylo-
guanidino groups, respectively. In order to prevent unrealistic geometry
changes during the geometry optimizations some constraints were im-
posed on the residues. More specifically, the atoms marked with an aster-
isk in Figure 1B were fixed to their positions in the X-ray structure. This
procedure should guarantee that the optimized structures have reasona-
ble geometries. Previous studies have indicated that this approach gives
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reliable results as the constraints introduce only a small energy correction
(less than 2 kcalmol™) in comparison to the fully optimized models.*”)
Since the applied constraints made an harmonic analysis not rigorously
valid, a second, much smaller model was used to assess the thermal ef-
fects of the reactions. In the small model, histidines were replaced by am-
monia molecules, and glutamate by formate, while the second shell li-
gands were omitted.

All calculations were performed by employing hybrid density functional
theory (DFT) with the B3LYPU*#!l exchange-correlation functional. Two
programs, Gaussian'*’! and Jaguar,*’! were used to investigate the chemi-
cal transformations occurring in the active site of a-KG-dependent en-
zymes during O, activation. Geometry optimizations and molecular Hes-
sian calculations were performed with a valence double-zeta basis set
coupled with an effective core potential, describing the innermost elec-
trons on iron. This particular basis set is labeled lacvp in Jaguar. For the
optimized structures the electronic energy was computed with a bigger
basis set of triple-zeta quality with polarization functions on all atoms (la-
beled lacv3p** in Jaguar). The solvent corrections were calculated with
the self-consistent reaction field method implemented in Jaguar.***1 A
dielectric constant of 4 with a probe radius of 2.5 A were assumed. All
transition-state optimizations and Hessian calculations were performed
with Gaussian 98 and the thermal corrections were calculated for the
temperature of 298.15 K.

Finally, a comment should be made about the reference system chosen
for the energetic considerations. Previous theoretical studies on hemery-
thrin have implicated that an accurate calculation of the dioxygen bind-
ing energy is a very demanding task."® It has been found that a QM/MM
approach is necessary to estimate the O, binding energy with satisfactory
agreement with experimental data. A detailed theoretical analysis has
shown that the free energy of the binding of O, to hemerythrin (non-
heme iron enzyme) is significantly affected by van der Waals and electro-
static contributions from the protein environment. These two types of in-
teractions, which cannot be described by the models used in this work,
contribute almost —10 kcalmol™' to the free energy of O, binding, and
almost cancel the significant entropy effects due to the trapping of molec-
ular oxygen by the metal complex. In the present study, the binding of
O, to the iron center of 0-KG-dependent enzymes was computed to be
endergonic by 9.3 kcalmol™ (without solvent effects), and it was assumed
that, in analogy to the hemerythrin case, this energy is cancelled by the
van der Waals and electrostatic effects in the protein, leading to a ther-
moneutral or only slightly endergonic O, binding. Accordingly, the free
energy of the triplet Fe—O, complex serves as a reference point, and all
energies reported in this work, if not stated otherwise, are relative free
energies calculated with respect to this structure.

Results and Discussion

The present study focuses on dioxygen activation by the
non-heme iron enzymes from the group of a-KG-dependent
dioxygenases. The dioxygen activation process, which leads
from structure 3 to 6 in Scheme 1, is formally a four-electron
reduction of O, by the Fe"-a-KG complex. Two electrons
necessary for this reaction are supplied by iron, which
changes its oxidation state from +2 to +4, while the re-
maining two electrons originate from the co-substrate under-
going oxidative decarboxylation. Because several different
scenarios seem plausible for this process, the theoretical in-
vestigation was undertaken with the hope of gaining further
insight into this intricate redox process. Thus, in the follow-
ing subsections the results obtained for the elementary steps
comprising the O, activation process are described with spe-
cial emphasis on the electronic structure changes taking
place along the reaction coordinate. Specifically, the proper-
ties of the five-coordinate ferrous active complex and bind-
ing of dioxygen to iron are discussed in the first two subsec-
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tions. Then, the co-substrate decarboxylation is addressed
and is followed by a subsection devoted to the O—O bond
heterolysis. Finally, the stability of different forms of the
high-valent iron-oxo species is discussed.

Five-coordinate iron site: Since spectroscopic studies on
CSP211 and model systemst**! have indicated that the iron
complex must be five-coordinate to bind dioxygen efficient-
ly, the five-coordinate complex, corresponding to species 3
in Scheme 1 and depicted in Figure 1B, has been chosen as a
starting point for the calculations. The optimized structure

Figure 2. Optimized structure for the quintet ground state of the penta-
coordinate ferrous complex with a-KG in the first coordination shell.

of this species is shown in Figure 2, in which the spin popu-
lation on iron and the most relevant interatomic distances
are also presented. In Figure 2 it is apparent that the co-sub-
strate binds to iron in a bidentate manner. However, the dis-
tance between iron and the a-keto oxygen atom increases
upon water ligand release (the Fe—O3 distance is 2.21 A in
the crystal structure of the six-coordinate species and 2.40 A
in the optimized five-coordinate species; for atoms number-
ing see Scheme 1). This iron—-carbonyl-oxygen bond elonga-
tion is in agreement with the crystallographic data obtained
for CS-Fe'"-a-KG-substrate complexes, in which the water
ligand binding is either perturbed (1IDRY) or the water is
completely displaced from the coordination sphere of iron
(1DRT). In these two crystal structures the Fe—O3 distance
amounts to 2.25 A and 2.54 A, respectively, and the latter
value is close to that from the optimized model complex
(2.40 A). It seems probable, that the Fe—O3 bond elongation
is caused by a trans-effect due to a stronger interaction be-
tween Glu146 and Fe" in a five-coordinate species. All the
other metal-ligand distances change only slightly upon
water release, and the geometry of the complex is best de-
scribed as square pyramidal
with His279 as an axial ligand.
The ferrous ion is in a quintet

Dioxygen binding to the non-heme iron site: All mecha-
nisms proposed in the literature for a-KG-dependent en-
zymes suggest that dioxygen binds to iron and becomes acti-
vated for further catalytic steps (species 4 in Scheme 1).
Oxygen activation might, for example, involve an electron
transfer from iron(ir) leading to a ferric-superoxide species.
Due to the open-shell character of the iron site and dioxy-
gen, several spin states are possible for the Fe—O, complex,
and this diversity has to be taken into account when model-
ing the catalytic reaction of a-KG-dependent enzymes. Spe-
cifically, the septet, quintet, and triplet spin states for the
iron—dioxygen complex have been explored. The relative en-
ergies and most interesting spin populations and bond
lengths obtained for these complexes are gathered in
Table 1, and the structure of the quintet complex is present-
ed in Figure 3. Inspection of Table 1 reveals that for the Fe—

Figure 3. Optimized structure for the iron-dioxygen complex in the quin-
tet spin state.

O, complex three different spin states lie close in energy.
The triplet state has the lowest energy and also the longest
iron—-oxygen bond length. The spin distribution for that com-
plex reveals that the iron is in a ferrous high-spin state,
while the loosely bound dioxygen retains its triplet charac-
ter. Excitation to the septet and quintet spin states promotes
some charge shift from iron to dioxygen. From the spin pop-
ulations reported in Table 1 it can be inferred that for these
two spin states, iron is in a ferric oxidation state and the di-
oxygen fragment gains superoxide character. It is also inter-
esting to note, that the amount of charge transfer from iron
to dioxygen, as shown by the spin distribution, increases in
the order: triplet, septet, quintet and follows the increase of
the O—O bond length and the decrease of the Fe—O bond
length. Moreover, the largest negative charge accumulated
on the iron-bound dioxygen in the quintet complex is also

Table 1. Relative energies and chosen metric parameters for optimized iron—dioxygen complexes.

high-spin state, which is typical =~ Multiplicity =~ AG AH —TAS Fe-O1 01-02  Spin Spin Spin

for non-heme iron enzymes [kcalmol™']  [kcalmol™']  [kcalmol™']  [A] [A] onFe onOl onO2

usually providing ligands pro-  septet 22 0.9 13 2.28 1.31 4.06 0.76 0.76

ducing a weak ligand field on quintet 5.8 1.8 4.0 2.09 1.34 4.17 —0.22 —0.52
11 [12 triplet 0.0 0.0 0.0 2.30 1.26 371 —-0.92 —-0.97

Fell.[12] p
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reflected by the sum of the Mulliken charges on the two
oxygen atoms, which amounts to: —0.28, —0.44, and 0.00, for
the septet, quintet, and triplet states, respectively.

Attack of the activated oxygen species on the a-keto group
of the co-substrate: As has already been indicated, in the
quintet state of the Fe—O, complex the dioxygen fragment
attains the largest negative partial charge, and the electronic
structure of this complex is best described by the Fe’*—0,~
formula. It is interesting to note that there is experimental
evidenceP *! indicating that the superoxide ion is a potent
nucleophile capable of oxidative decarboxylation of a-keto
acids. In addition, studies on model systems®"*! support a
nucleophilic character of the rate-limiting step in the oxida-
tive decarboxylation of the a-keto acid. Taking this into ac-
count, the quintet spin state of Fe—O, seems to be the most
appropriate starting point for the next elementary step in
the catalytic reaction. Therefore, the quintet potential-
energy surface (PES) has been explored first, and the fol-
lowing scenario for dioxygen activation has emerged from
the computational results (see Figure 11, vide infra, for the
free-energy profile along the reaction coordinate). Reduc-
tion of dioxygen by the co-substrate starts with the attack of
the ferric—O,"~ species on the carbonyl group of the a-keto
acid. In this step, a new C—O bond is formed, while simulta-
neously the C—C bond of a-KG is cleaved. Notably, all at-
tempts to optimize the structure of an intermediate with
either a superoxo or a peroxo bridge between iron and the
co-substrate (5a and 5S¢ in Scheme 1) failed for the quintet
PES. It follows that the elementary step F in Scheme 1,
which leads to the Fe"-peracid intermediate (5b), has been
found to be the most plausible route for the productive
decay of the iron-oxygen complex.

The structure of the optimized transition state leading to
the iron(1u)-peracid intermediate is shown in Figure 4, in
which the most relevant spin populations and bond lengths
are reported. The spin on iron (4.20) is only slightly in-
creased, while the spin polarization on the dioxygen frag-
ment is reversed with respect to the preceding iron—dioxy-
gen complex in Figure 3. Some transient spin also builds up

Figure 4. Optimized structure for the quintet transition state leading to
the formation of the ferrous—peracid complex.
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on the carbonyl oxygen of the co-substrate. As regards the
geometry of this transition state, comparing the bond
lengths in Figures 3 and 4, we notice that the iron-oxygen
and carbon-carbon bonds are significantly elongated with
respect to the Fe’*—O,~ structure. Notably, the carbon—
oxygen bond, which is formed in this step, has already a
length characteristic of a single C—O bond. The critical bond
lengths and spin populations for the transition state indicate
that at this point on the potential-energy surface the dioxy-
gen fragment still has a superoxide character, while iron is
in the ferric oxidation state. Therefore, the chemical charac-
ter of the process leading from the Fe—O, complex to this
transition state is best described as a nucleophilic attack of
the superoxide species on the a-keto group of the co-sub-
strate. This observation is in agreement with experimental
data obtained for biomimetic complexes.*>*! Once the tran-
sition state is passed, the electronic structure rearranges as
the oxidative decarboxylation of a-KG supplies two elec-
trons needed for the reduction of Fe’*—O, to the Fe?*-
peroxo species. The calculated free energy for this transition
state is 16.1 kcalmol ™!, which partitions into an enthalpy of
9.7 kcalmol ! and a —TAS term of 6.4 kcalmol ' This theo-
retical estimate of the activation free energy compares fa-
vorably with the experimental kinetic data obtained for
taurine/a-KG dioxygenase.”! In that case the rate constant
for the reaction between the enzyme-Fe-a-KG-taurine
complex and dioxygen is 4249 s™', which corresponds to a
barrier of 15.2 kcalmol™. A slightly larger activation free
energy (18.8 kcalmol™) has been found for a model
system,™ in which the major contribution to the activation
energy originates from the entropy term (AH=6.0kcal-
mol™, —TAS=12.8 kcalmol™!). The transition state shown
in Figure 4 decays to the Fe'-peracid-CO, complex (see
Figure 5), which lies 41.1 kcalmol ' (AH = —40.7 kcalmol !,
—TAS=—0.4 kcalmol™) below the reactant. The high exer-
gonicity of this reaction shows that this catalytic step is irre-
versible at physiological temperatures.

The spin distribution and bond lengths for the iron(1r)-per-
acid intermediate (Figure 5) indicate that the C—C bond
cleavage leads to the reduction of the ferric-superoxo
moiety to the ferrous—peroxo one. The structural arrange-
ment of this intermediate shows a distance between the fer-
rous ion and carbon dioxide significantly longer than that

Figure 5. Optimized structure for the quintet ground state of the Fe'—per-
acid-CO, complex.
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corresponding to a usual coordination bond. This observa-
tion suggests a weak interaction between CO, and the fer-
rous center. In fact, when carbon dioxide is removed from
this complex, the calculated free energy for CO, release is
—9.7 kcalmol™'  (AH=-15kcalmol™, —TAS=-8.2 kcal
mol ). Therefore, it seems very likely that carbon dioxide
produced in the first irreversible step is liberated from the
active site at this stage of the catalytic cycle. It is interesting
to note that this proposal could provide an explanation for
experimental evidence indicating that CO, is the first prod-
uct released from the active site of a-KG-dependent en-
zymes.[*¥! Consequently, following the assumption that in the
next catalytic steps carbon dioxide is not present in the
active site, CO, has been excluded from the model. Howev-
er, since it has been proposed in the literature that succinate
and CO, could form an anhydride coordinated to iron(1v),
the stability of that CO,-bound form is addressed in the sub-
section dedicated to the ferryl-oxo species.

Arg297

Figure 6. Optimized structure for the triplet superoxo bicyclic complex.

By exploring the triplet potential-energy surface a stable
superoxo-bridged structure corresponding to the species Sa
in Scheme 1 has been found. In this complex, shown in
Figure 6, three unpaired d electrons on Fe" are antiferro-
magnetically coupled with one unpaired electron on the di-
oxygen fragment. The calculated free energy of this complex
is, however, quite high (AG=24.0kcalmol™', AH=
17.1 kcalmol ™, —TAS=6.9 kcalmol™!), which means that
this intermediate lies 7.8 kcalmol ! above the quintet transi-
tion state for the first irreversible step. At this stage it is
worthwhile to compare the structures obtained for the quin-
tet and triplet potential-energy surfaces. More specifically,
inspection of Figure 4 and Figure 6 reveals that the transi-
tion state leading to the Fe"—peracid complex on the quintet
PES resembles the stable triplet superoxo bicyclic inter-
mediate. In both cases the dioxygen fragment resembles a
superoxide radical both concerning the O—O distance and
the spin populations on the oxygen atoms. Therefore, it
seems that the electronic configuration of iron governs the
stability of these species. In the triplet complex, depicted in
Figure 6, one of the 3d orbitals on iron is empty and may
form a relatively strong dative bond with an oxygen atom

Chem. Eur. J. 2004, 10, 1031 -1041 www.chemeurj.org
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(03, for numbers see Scheme 1), which becomes negatively
charged upon a nucleophilic attack of the superoxo species
on the a-keto carbon. In contrast, for the quintet spin state
all 3d orbitals on iron are singly occupied, and, therefore,
the transition metal (TM) stabilizes the tetrahedral (at C4)
intermediate to a lesser extent. Indeed, comparing Figures 4
and 6 we notice that the Fe—O3 distance is notably shorter
for the triplet intermediate than for the quintet TS (1.92 A
vs 1.98 A) This weaker stabilization effect of the TM to-
gether with the high exothermicity of the decarboxylation
step (see Figure 11, vide infra) results in a spontaneous oxi-
dation of a-KG once the system has achieved the transition-
state geometry. Finally, as a comparison, in the catalytic
cycle of the radical enzyme pyruvate formate lyase (PFL), a
similar tetrahedral intermediate is formed after the attack of
a cysteinyl radical on the carbonyl carbon atom of pyru-
vate.[*>*l However, there is a subtle difference between PFL
and the system studied here. In PFL a radical attack of
Cys—S' on the carbonyl group leads to a tetrahedral inter-
mediate with a covalent S—C bond and an unpaired electron
on the oxygen atom. In contrast, in a-KG-dependent en-
zymes the superoxide species performs a nucleophilic
attack, which means that the O—O fragment retains its su-
peroxide character and the negative charge builds up on the
oxygen atom (previously a carbonyl oxygen). Thus, the cata-
lytic role of iron is threefold at this stage of the catalytic
cycle of a-KG-dependent enzymes. Firstly, the ferrous ion is
necessary to produce the superoxo species. Secondly, the
ferric ion seems to stabilize the tetrahedral intermediate
with a negative charge accumulated on the oxygen atom
originating from the carbonyl group. Finally, the ferric ion is
a sink for one of the two electrons released from co-sub-
strate during the C—C bond cleavage, while the second elec-
tron reduces the superoxide species to a peroxo moiety.

Starting from the triplet intermediate shown in Figure 6
and following the triplet potential-energy surface a transi-
tion state leading to the Fe—peracid-CO, complex was
found. In this Fe"—peracid-CO, intermediate the ferrous ion
is in the triplet spin state. The transition state lies 8.8 kcal -
mol™! (AH=7.8kcalmol™!, —TAS=1.0kcalmol™!) above
the superoxo-bridged structure, which means that this triplet
transition state lies 16.6 kcalmol ™' higher than the quintet
counterpart. Taken together, the results obtained for the
triplet and quintet spin states demonstrate that decarboxyla-
tion on the latter PES involves the lower barrier.

For the septet spin state, the oxidative decarboxylation of
a-KG would have to proceed directly from the septet Fe—O,
complex to the high-valent iron—oxo species for two reasons.
Firstly, the computational results indicate that the superoxo-
bridged septet species (corresponding to 5a in Scheme 1)
does not form. Secondly, a septet spin state for the Fe'-per-
acid complex will imply that the O—O fragment is in a trip-
let excited state, and this electronic configuration is most
likely at quite high energy. Accordingly, the transition state
for the C—C and O—O concerted bond cleavage on the
septet PES lies 6.4 kcalmol™' higher (AH=8.9 kcalmol™,
—TAS=-2.5kcalmol™) than the first transition state on
the quintet PES. In conclusion, a comparison of the compu-
tational results obtained for septet, quintet, and triplet spin
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states suggests that on the quintet PES is dioxygen most ef-
ficiently activated for oxidative decarboxylation of a-KG.

O—-O bond cleavage in the iron(i)—peracid intermediate:
The results discussed in the previous subsection support oxi-
dative decarboxylation of a-KG leading from the Fe—-O,
complex directly to the Feperacid intermediate. Thus, in
order to generate the high-valent iron(1v) species the O—O
bond in the peracid fragment needs to be cleaved. The het-
erolytic cleavage of the O—O bond is equivalent to a two-
electron reduction of the peracid oxygen atoms associated
with ferrous ion oxidation to the +4 oxidation state. On the
quintet potential-energy surface this process proceeds in two
one-electron steps separated by an intermediate character-
ized by half a bond between the two oxygen atoms. This
mechanism has previously been observed for similar systems
such as cytochrome ¢ oxidase,”!! a biomimetic iron cata-
lystt? and tetrahydrobiopterin-dependent amino acid hy-

C
His279

Figure 7. Optimized structure for the first transition state on the quintet
potential-energy surface for the O—O bond cleavage.

droxylases.” The transition state leading to the intermedi-
ate in which the O—O bond has not been completely cleaved
is shown in Figure 7. The spin on iron is somewhere between
the values for the reactant and product of this step (see Fig-
ures 5 and 8) and indicates that one electron is being moved
from iron to the O—O o* orbital. The activation free energy
for this step amounts to 5.8 kcalmol™ (AH =4.9 kcalmol ',
—~TAS=0.9 kcalmol ™) and the process is exothermic by
2.3 kcalmol™ (without thermal effects, since for the small
model the intermediate with half a O—O bond is unstable).
The structure of the resulting intermediate is depicted in
Figure 8. Interestingly, the carbon-oxygen distances in the
peracid fragment for the intermediate and the transition
state are almost interchanged. Thus, the bond which had
previously a double bond character now becomes elongated,
while the original single bond shortens. The O—O bond
length (2.11 A) in this intermediate is considerably longer
than for the Fe'—peracid complex (1.52 A), but it still indi-
cates a bonding interaction between the two oxygen atoms.

The second electron transfer proceeds even more readily
as the calculated activation energy (without solvent and
thermal corrections) amounts to only 0.5 kcalmol ™. The op-

1038
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5= 0.09 persuccinate

Figure 8. Optimized structure for the quintet intermediate with half a
bond between the oxygen atoms.

timized geometry of the second transition state for O—O
bond cleavage is shown in Figure 9. Notably, the Fe—O dis-
tance increases from 1.78 to 1.83 A going from the inter-

Figure 9. Optimized structure for the second transition state on the quin-
tet potential-energy surface for the O—O bond cleavage.

mediate with half a O—O bond to the second transition state
of O—O heterolysis. Moreover, comparing the spins on O1
in Figures 8-10 one can notice that a remarkable negative
spin builds up on this atom at the transition state, and then
it changes sign and increases at the expense of the spin on
iron. In addition, comparison of Figures 8-10 reveals that
the second shell arginine facilitates the O—O bond cleavage.
At the transition state the arginine is involved in a bifurcat-
ed hydrogen bond with both oxygen atoms of the O-O
bond, while in the final structure of the high-valent Fe'" spe-
cies it forms a network of hydrogen bonds with three
oxygen atoms. The small activation energy for the second
electron transfer causes the process to become activationless
when the solvent corrections are added. The second electron
transfer is exothermic by 14.2 kcalmol™', while the whole
two-electron process is exergonic by 19.7 kcalmol ™ (AH=
—20.3 kcalmol ™!, —TAS=0.6 kcalmol™'). Thus, the O—O
bond cleavage process is fast (small activation free energy)
and it is irreversible (high exergonicity). The cleavage of the
O-O bond leads to the ferryl-oxo quintet species depicted
in Figure 10. The short Fe=O bond of 1.65 A matches very
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Figure 10. Optimized structure for the quintet ground state of the high-
valent iron species Fe'Y=0 proposed to be involved in oxidative reactions
catalyzed by a-KG-dependent enzymes.

well the one observed in the crystal structure of the non-
heme iron(1v) complex (1.646(3) A).** The electronic struc-
ture and relative stability of various possible forms of the
high-valent iron—oxo species is discussed in the next subsec-
tion.

High-valent iron-oxo species: As described above, the O—O
bond heterolysis leads from the peracid intermediate to the
high-valent Fe!™ species. As for the loosely bound dioxygen
complexes, there are also in this case several possible spin
states. Additionally, the possibility of CO, binding to iron,
either in the “native” form or as an anhydride with succi-
nate, complicates the picture further. In an attempt to gain
some insight into the relative stability of various forms of
high-valent Fe'" intermediates the structures of the septet,
quintet, and triplet complexes without CO,, with CO, bound
to iron, and with the CO,-succinate anhydride were opti-
mized. Only the structure with the “native” CO, bound to
iron in a triplet spin state turned out to be impossible to op-
timize. In this case, the optimization leads directly to the
C1-02 bond formation (for atom numbering see Scheme 1),
which means that for the triplet spin state CO, binds to iron
only in the form of an anhydride with succinate. It seems
likely that this behavior, peculiar to the triplet spin state, re-
flects the electronic structure of the iron complex. For that
spin multiplicity Fe' has one empty d orbital, and this orbi-
tal participates in a dative bond from the anionic anhydride
stabilizing the structure with a covalent bond between CO,
and succinate. The energies and most relevant geometrical
parameters for the optimized forms of the ferryl-oxo species
are gathered in Table 2. Analysis of the data in Table 2 re-
veals that the quintet five-coordinate complex is the ground
state for the high-valent iron—oxo species in the active site
of clavaminic acid synthase. Binding of carbon dioxide to
the Fe'v site is endergonic, and anhydride formation does
not stabilize it. Thus, the conclusion that CO, leaves the
active site soon after it is formed (vide supra) gains further
support here. Neither the Fe" nor the Fe! species formed
along the catalytic reaction path bind carbon dioxide. The
crystal structures obtained for ANS-a-KG-substrate com-
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Table 2. Relative energies and chosen metric parameters for optimized
forms of the high-valent iron-oxo complexes.

Species AG AH —TAS Fe— Fe— Fe— Cl-

Ol 04 03 O2
[kcalmol™'] [kcalmol™'] [kcalmol™'] [A] [A] [A] [A]

septet —57.2 —47.4 -9.8 195 - 191 -
quintet —70.6 —62.6 -8.0 1.65 - 192 -
triplet —52.5 —46.6 -59 1.63 - 195 -
septet— —43.8 —44.0 0.2 1.93 295 1.94 2.80
CO,

quintet-  —49.8 —51.1 1.3 1.66 2.61 193 2.71
CO,

septet— -35.1 —38.1 3.0 1.95 1.98 227 151
anhydride

quintet—  —44.2 —48.1 39 1.65 2.00 222 155
anhydride

plex before and after dioxygen exposure are consistent with
this conclusion.!” In the latter case, the product and the suc-
cinate are bound to iron, while carbon dioxide has been sub-
stituted by a water molecule. In contrast, the crystal struc-
ture of the DAOCS ARO7A mutant (1IESH)!'" reveals a
CO, bound to the ferrous site, in which a succinate is also
found in the first coordination sphere of iron. However, this
complex has not been obtained as a product of the catalytic
reaction, and, therefore, it may have limited relevance in
the discussion of the species formed along the catalytic reac-
tion path.

Finally, a note about the electronic structure of the high-
valent Fe! species. Taking into account only the most rele-
vant atomic orbitals of the Fe=O fragment (2p on oxygen,
3d on iron), eight molecular orbitals can be constructed for
this fragment: o, ¥, two &, two mt*, and two non-bonding &
orbitals localized on iron. These orbitals accommodate ten
electrons leading to the following electronic configurations
for the three multiplicities: triplet (0)*(rm,)*(m,)*(8,)*
(%) (%), quintet () (.Y (m,)(8,)'(8)'(%,) (%), and
septet (0)%(7,)(m,)'(8.)'(8,)'(7v*,)'(7*,)'(*)". Notably, the
triplet and quintet spin states differ only in the pairing of
the electrons occupying the non-bonding d orbitals on iron.
Therefore, the Fe—O bond length in these two species is
very similar (1.63 A for the triplet, 1.65 A for the quintet),
as is the spin on the oxygen atom (0.86 for the triplet, 0.72
for the quintet). The formal Fe—O bond order amounts to
two for the triplet and quintet species. As regards the septet
spin state, the m—o* triplet excitation, which formally leads
from the quintet to the septet state, leads to a Fe—O bond
elongation (1.95 A). This significant bond length increase
can be rationalized by a formal Fe—O bond order equal to
one, as calculated from the above electronic configuration.
Since for the septet state twice as many (alpha) unpaired
electrons occupy the Fe—O bonding and antibonding molec-
ular orbitals as in the quintet and triplet states, the spin on
oxygen almost doubles (1.30 for the septet vs 0.72 for the
quintet).
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Conclusions

The results of hybrid density functional calculations that are
reported here show that dioxygen activation in o-KG-de-
pendent enzymes proceeds most efficiently on the quintet
potential-energy surface. The energetics of the proposed re-
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Figure 11. Free-energy profile for the suggested mechanism of dioxygen
activation in a-KG-dependent enzymes.

action mechanism are summarized in Figure 11. Briefly, con-
sistent with the experimental data, the decarboxylation reac-
tion is found to be irreversible and CO, leaves the active
site once it is produced, that is, it is the first product re-
leased. Moreover, this step, in which the Fe"peracid inter-
mediate is formed and a-KG is oxidatively decarboxylated,
is found to be rate-limiting. This finding together with the
small activation barriers for the following steps explain why
the peracid intermediate is not observed experimentally.
The O—O bond cleavage in the Fe'-peracid intermediate
takes place in two one-electron steps, and produces the
high-valent iron-oxo species. The low calculated activation
free energy and significant exergonicity of this step imply
that the O—O bond breaking is very quickly completed
under ambient temperatures. Finally, the ground state for
the ferryl-oxo species has been found to be a pentacoordi-
nate quintet complex. On the septet potential-energy sur-
face the dioxygen activation process is less efficient (a barri-
er higher by 6.4 kcalmol™") and proceeds through a transi-
tion state for a concerted O—O and C—C bond cleavage.
The mechanism of dioxygen activation that is suggested
here for a-KG-dependent enzymes has striking analogies to
the catalytic process of dioxygen cleavage in tetrahydrobiop-
terin-dependent amino acid hydroxylases.”® In both cases
the reaction advances on the quintet potential-energy sur-
face and the process starts with dioxygen binding to the fer-
rous five-coordinate active site. Furthermore, in both cases
dioxygen bound to the iron site is reduced to the peroxo
species in a rate-limiting step, and the O—O bond cleavage
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passes through two one-electron steps both in a-KG- and
tetrahydrobiopterin-dependent enzymes. Thus, despite the
different chemical character of the cofactors, a common
theme for dioxygen activation has been found for these two
classes of non-heme iron dioxygenases.
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