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Abstract: The Fe(ll)- and o-ketoglutarate (aKG)-dependent dioxygenases activate O, for cleavage of
unactivated C—H bonds in their substrates. The key intermediate that abstracts hydrogen in the reaction
of taurine:aKG dioxygenase (TauD), a member of this enzyme family, was recently characterized. The
intermediate, denoted J, was shown to contain an iron(IV)-oxo unit. Other important structural features of
J, such as the number, identity, and disposition of ligands in the Fe(IV) coordination sphere, are not yet
understood. To probe these important structural features, a series of models for J with the Fe(IV) ion
coordinated by the expected two imidazole (from His99 and His255), two carboxylate (succinate and
Aspl101), and oxo ligands have been generated by density functional theory (DFT) calculations, and
spectroscopic parameters (Mossbauer isomer shift, quadrupole splitting, and asymmetry parameter, 5’Fe
hyperfine coupling tensor, and zero field splitting parameters, D and E/D) have been calculated for each
model. The calculated parameters of distorted octahedral models for J, in which one of the carboxylates
serves as a monodentate ligand and the other as a bidentate ligand, and a trigonal bipyramidal model, in
which both carboxylates serve as monodentate ligands, agree well with the experimental parameters,
whereas the calculated parameters of a square pyramidal model, in which the oxo ligand is in the equatorial
plane, are inconsistent with the data. Similar analysis of the Fe(IV) complex generated in the variant protein
with His99, the residue that contributes the imidazole ligand cis to the oxo group, replaced by alanine
suggests that the deleted imidazole is replaced by a water ligand. This work lends credence to the idea
that the combination of Mdssbauer spectroscopy and DFT calculations can provide detailed structural

information for reactive intermediates in the catalytic cycles of iron enzymes.

Introduction

oxygen insufficiency (hypoxiall~1” and the regulation of gene

The Fe(ll)- andu-ketoglutarate-dependent oxygenases are a €XPressiort> 2 They couple the reductive activation of dioxy-

large family of enzymés# that catalyze steps in, among other
processes, the biosyntheses of antibiétarsd collager§;” the
repair of alkylated DNA° the detection of and response to
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Scheme 1. Proposed Mechanism of the Fe(ll)- and a-Ketoglutarate-Dependent Dioxygenases
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gen to the oxidation of their substrates and the decarboxylationtermedJ, contains an Fe ion in th&lV oxidation state and the
of the cosubstratey-ketoglutarate KG), to succinate. In most  unusual high-spin§= 2) configuratior?® Demonstration of a
of the reactions, the substrate is hydroxylated, but other large kinetic isotope effect on decay dfupon substitution of
outcomes, including desaturation, cyclization, and halogenation,the H-atoms bonded to C1 of the substrate, taurine, with deuteria
also occuft—321.22|n each case, the reaction is carried out at a proved thatl is the species that initiates C1 hydroxylation by
mononuclear non-heme Fe center, which (with the exception abstracting hydrogefi.In the consensus mechanism, this species
of the absence of the carboxylate ligand in the halogenases) isis an Fe(IV)-oxo (ferryl) complex. The presence of the ferryl
always facially coordinated by a conserved (HH&sp/Glu) unit in J was demonstrated by two independent spectroscopic
motif.23.24 studies. Using low-temperature continuous-flow resonance Ra-
Itis believed that these enzymes follow a conserved chemical man spectroscopy, Proshlyakov et al. detected a band at 821
mechanism, which was formulated more than 20 years ago bycm™ that downshifted to 787 cm upon use of180,.28
Hanauske-Abel and Gizler® (see Scheme 1j:# Although this Subsequently, freeze-quench X-ray absorption spectroscopy was
mechanism had been supported by a large number of experi-used to demonstrate thhexhibits a short (1.62 A) ironligand
mental studies (see refs-B and references cited therein), prior interaction, which was attributed to the oxo ligadidVhereas
to 2003 none of the proposed intermediates following the the results provided definitive proof for the presence of the ferryl
addition of oxygen had been directly detected. Recent investiga-unit in J, they could not reveal other important structural
tions of taurinex-ketoglutarate dioxygenase (TauD) led to the features, such as the number, identity, and disposition of ligands
detection of two accumulating, kinetically competent intermedi- in the Fe(IV) coordination sphere.
ate states upon reaction of the TaB(ll)eaKGstaurine Almost all ferryl complexes studied prior td, including
complex with Q.26 A combination of M@sbhauer and EPR  heme-enzyme intermediates, synthetic models thereof (see ref
spectroscopies revealed that the first intermediate, which was30 and references cited therein), and synthetic non-heme ferryl
complexes!-34 haveS = 1 electronic ground states. Only the
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[Fe(1V)(O)(H20)s]2" complex reported by Pestovsky efaand
a dinuclear complex reported by Zheng et%have the high-
spin configuration. Subsequent to the discovery,dfigh-spin
Fe(IV) intermediates that exhibit similar spectroscopic param-

computational/spectroscopic approach to defining the structures
of fleeting intermediates in the reactions of iron enzymes.

Materials and Methods

eters and presumab'y also contain the ferryl unit have been Construction of His99Ala-TauD OVereXpreSSiOn Strain. The

detected in two other Fe(ll)- anaKG-dependent oxygenases,
prolyl-4-hydroxylasé’ and the halogenase Cyt€8The unusual
S= 2 ground state o was previously rationalized by density
functional theory (DFT) calculations on a model with trigonal
bipyramidal geometry? This geometry was chosen because,
in a trigonal bipyramidal ligand field, the d-orbitals split into a
high-energya; orbital and two sets of lower-lying orbitals.
The e orbitals could accommodate four unpaired electrons,
resulting in the experimentally observ&d= 2 ground state.
More recently, experimental and theoretical studies on the
octahedral [Fe(IV)(O)(kD)s]?" complexX® and computational
studies on the hypothetical, octahedral [Fe(IV)(O)@¥H"

genetic change specifying the His99Ala substitution was introduced
by PCR amplification of thetauD gene in two fragments. The
previously described plasmid containing the wild-tyeD gene in
pPET22b was used as the templ#tePrimers 1 (5GGAGAAGT-
CATATGAGTGAACG-3) and 2 (3GCCCCGGCCGGTGGCGTTT-
CAATAAATGTCACATCGGTAGCCCAGTTGTCG-3) amplified a
348 base-pair fragment encoding the N-terminus of TauD, with primer
1 containing arNdd site (underlined) for ligation with pET22b and
primer 2 specifying both the desired amino acid substitution (comple-
ment of bolded triplet) and new, unigéd restriction site (underlined)
for internal ligation. Primers 3 (BCGACAACTGGGCTACCGAT-
GTGACATTTATTGAAACGCCACCGGCCGGGGC-3 and 4 (3
CCGTCCACTCTCGAGTTACCCC-3 amplified a 586 base-pair
fragment encoding the C-terminus of TauD, with primer 3 encoding

complex® demonstrated that the high-spin ground state can also the desired substitution (bolded triplet) dBag site for internal ligation

be stabilized in an octahedral ligand field, provided that the
ligands in thexy-plane are weak donors (the F6,y, bond
defines thez-axis).

Recent developments have made it possible to calculate

electronic structure parameters (e.g., 9dlbauer isomer shift,
0; Mdssbauer quadrupole splitting parameteEy; Méssbauer
asymmetry parameter;; 5'Fe hyperfine coupling tensoA;
zero-field splitting parameteD; rhombicity, E/D; and g-tensor,
g) for structural models of iron complexes derived by DE147

(underlined) and primer 4 containing a unigdkd site (underlined)

for ligation with pET22b. The two PCR fragments were purified by
agarose gel electrophoresis, restricted wiag, and ligated. The
ligation mixture was used as a template for PCR amplification of the
entire variant gene with primers 1 and 4. The resulting 880 base-pair
fragment was restricted withidd and Xhd and ligated with vector
(PET22Db) that had been restricted with the same two enzymes. The
ligation solution was used to transforB coli DH5a to ampicillin
resistance. The entire coding sequence was verified. The plasmid was
then used to transform the expression str&incoli BL21(DES3).

Very recently, the approach of comparing parameters calculated Protein Expression and Purification: Wild-type (wt) and His99Ala-

for a series of DFT-derived models to the experimentally

TauD were expressed and purified as previously descfbed.

measured values was used to provide insight into the structure Sample Preparation: Samples suitable for Misbauer spectroscopy

of the diiron(lll/1V) intermediate X from E. coli class |
ribonucleotide reductasé: In this work, we have used this
approach to define the geometric structurd af greater detail.

were prepared by the freeze-quench method, as previously destibed.

Experimental conditions are given in the figure legends.
Spectroscopic Experiments: The spectrometers have been de-

scribed?® Analysis of the Mesbauer data was performed with the

By inclgding a si.milar analysis OT the spgctroscopically Qistinct program WMOSS (Web Research, Edina, MN). The simulations are
Fe(IV) intermediate that forms in a variant of TauD with the based on the following spin Hamiltonian, in which the first three terms

His99 ligand replaced by alanine, we have added a third describe the electron Zeeman effect and zero-field splitting oSthe
dimension (perturbation by mutagenesis) to the combined 2 ground state, the fourth term represents the interaction between the

(33) Lim, M. H.; Rohde, J.-U.; Stubna, A.; Bukowski, M. R.; Costas, M.; Ho,
R. Y. N.; Minck, E.; Nam, W.; Que, L., JProc. Natl. Acad. Sci. U.S.A.
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electric field gradient and the nuclear quadrupole moment, the fifth
term describes the magnetic hyperfine interactions between the
electronic spin and th&’Fe nucleus, and the last term represents the
nuclear Zeeman interaction.

H=ﬂS-g-B+D(S§—¥)+E(§—§)+

e%{s@—l(l+1)+n(li—'§>l+S'A" ~GhB (1)

Computational Details: All calculations were performed with the
program package ORCA.

Geometry Optimizations. Intermediate) was modeled as an iron-
oxo complex coordinated by two methyl imidazole ligands and two
carboxylate ligands. Several initial structures that differ in their metal
ligand distances, ligand conformations, and spin states were generated
and completely geometry optimized with the BP86 density functiénzl.
The TZVP* (Fe, O, and N) and SV(P) basis $étfther elements)
were applied, in combination with the auxiliary basis sets TZV/J (Fe,
O, and N) and SV/3%8 All basis functions were taken from the
Turbomole basis set libra®:%° The resolution of the identity (RI)
approximation was used to accelerate the calculafibis.

(51) Neese, FORCA - an ab initio, Density Functional and Semiempirical
Program Packageversion 2.4; Miheim an der Ruhr, Max-Planck Institut
fur Bioanorganische Chemie: 2004.
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Spectroscopic ParametersThe spectroscopic data were obtained due to Pederson and Kharihaghat employed the BP86 density
from additional single-point calculations. For that purpose, the B3LYP functional and the following uncoupled equation for the SOC contribu-
hybrid density function&%® and the BP86 density functional (only  tion to the zero-field splitting tensor:
for zero-field splitting parameters) were applied in combination with

the CP(PPP) basis set for4tand the TZVP basis set for the N and O (- 1)0+a' @qlhsoqwm “’lhsoﬂwf’tl

atoms. The justification for this mixed BP86/B3LYP approach hasbeen p — _ Z M Z te taray

presented The SV(P) basis sets were used for the remaining atéms. " =g 4 S & €20 — €ig

The TZV/J (Fe, N, and O) and SV/J (H, C) auxiliary basis ¥éts

from the Turbomole 5.3 basis set library were emploffed. (For an alternative approach based on a different philosophy, see refs

Quadrupole splittingAEq were obtained from electric field gradients
Vi (i = x, y, 2 by employing a nuclear quadrupole mome@¢>’Fe),
of 0.16 barr®

44, 73, and 74). HereSis the ground state spin” are the occupied

MOs of sping = a, 8 with orbital energies,; y° are the virtual

MOs of sping’ = «, § with orbital energiesa,. The operator&S°c

are the spatial parts of the effective one electron SOC operators

AEQ _ %eQ- v, /1 + %7]2 @) calculate_d as described in ref 75. It was shpwn that a con_siderable
underestimation o must be expected from this approach, mainly due
to the lack of accurate energy denominators and incorrect spin-flip
Here,7 = (Vx — V,)/V; is the asymmetry parameter of the nuclear prefactors in eq 44 Although not listed explicitly, our calculations also
quadrupole tensor. Isomer shifts, were calculated from the electron  jncluded the spirrspin contribution to the ZFS (see refs 73 and 76)

densities at the Fe nucled, by employing the fit equation which is, however, less important in the present case due to the large
SOC contribution.
0=a-(pp—C)+p 3) Total energy calculations were performed with the B3LYP hybrid
functional in combination with large basis sets for all elements (TZVP
Cis a constant of 11 800 ag anda. = —0.367 ad-mm/s ands = for hydrogen and TZVPP for all other elements; 8eexponents of
+6.55 mm/s are the fit parameters from our previous v#éikshould polarization functions were taken from the TurboMole libf8yy

be noted that these fit parameters strongly depend on the chosen ) )

functionals and basis sets. Here, the same approach was used as in odfesults and Discussion

previous work. The magnetic hyperfine data were calculated by Computational Studies on Intermediate J from Wild-Type
employing the scalar relativistic zero-order regular approximation TauD. Complete geometry optimizations were performed for
(ZORA) in combination with the B3LYP functionét.¢” The suitability model systems containing the Fe(IV)-oxo moiety coordinated

of this approach for the calculation of accurate hyperfine data was L . Lo .
demonstrated in recent studf8$? In our implementation, Gaussian- by two methyl imidazoles to mimic the two histidine ligands

type orbitals were used and a model potential derived from atomic (His99 and His255) and two propionates to mimic the aspartate

ZORA calculations was applied, based on the work of vall&hii® (Asp101) and succinate ligands (see structline Scheme 1).
Here, the magnetic hyperfine paramet@rgsn (i = X, y, 2) of the The succinate is formed by decarboxylation of the coordinated

57Fe center were calculated by taking into account the isotropic Fermi aKG during formation ofJ. Two possible spin stateS & 2
contact term, the first-order traceless dipolar contribution, and the andS= 1) and several different coordination geometries were
second-order nontraceless sporbit contribution. The Fermi contact  considered. A subset of the investigated structures is shown in
contributions were scaled by a factor of 1.69, according to our previous Figure 1. The Mulliken spin populations and important geo-
study** Spin-orbit contributions to the hyperfine tensors were \harical parameters of the various model structures are com-
calculated as second-order properties by employing the coupled- 5 o jn Table 1, and calculated spectroscopic parameters are
perturbed (CP) KohnSham theory? . .

compared to the experimentally measured values in Table 2.

Due to the present limitations of the ZFS theory in a DFT framework, . . ; S
the ZFS paramete® and E/D were calculated in an approximation The Structu.res differ mainly in the binding mode of the two
carboxylate ligands. For th& = 1 structures,6—8, both

(52) Becke, A. DPhys. Re. A: At., Mol., Opt. Phys1988 38, 3098-3100. carboxylate ligands are monodentate, with the uncoordinated
Egig perdew, J- iﬂﬁ Re.2 iggg S S ssa. O-atoms more than 3.4 A away from the Fe. The binding modes
(55) ?gg’éer, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100, 5829- of the two carboxylates vary fronsyn anti) in 6, to (anti, anti)
(56) Schifer, A.: Horn, H.: Ahlrichs, RJ. Chem. Phys1992 97, 2571-2577. N 7, t0 (Syn syn) in 8. The coordination environment -8
(67) lEé%gkg;n,llig_ Vilzeéllgend, F.; Treutler, O.; Ahlrichs, Rheor. Chem. Acc. s best described as square pyramidal with the oxo ligand in
(58) Eichkorn, K.; Treutler, O." @m, H.; Hzser, M.; Ahlrichs, R Chem. Phys. the equatorial plane. 18, one of the carboxylate ligandsasti-

Lett. 1995 240, 283-290. ) o monodentate, whereas the second carboxylate chelates the Fe-
(59) Ahlrichs, R. et alTurbomolg(5.3); Quantum Chemistry Group, University . .

of Karlsruhe: Karlsruhe, Germany, 2000. center almost symmetrically (difference between the twe®Ge

(60) The basis sets can be downloaded from the ftp server of the Turbomole honds @) of 0.02 A) resumng in a distorted octahedral
home page: http://www.turbomole.com. !

(61) Eichkorn, K.; Treutler, O.; @m, H.; Haser, M.; Ahlrichs, RChem. Phys. coordination environment.
Lett. 1995 242 652—-660. imi iahility i iah-ani
(62) Becke. A D.J. Chem. Phys1993 98, 5648-5652. Similar structural variability is obs_erved for the high-spin
(63) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785-789. models,1—5. Two of the structures witl$ = 2 ground state4
(64) Neese, FJ. Biol. Inorg. Chem2006 11, 702—711. i ;
(65) van Lenthe, E.; Baerends, E. J.; Snijders, JJ.Gohem. Phys1993 99, and5, have two monodentate carboxylate ligands in te(
4597-4610.
(66) van Lenthe, E.; Baerends, E. J.; Snijders, JJ.GChem. Physl994 101, (72) Pederson, M. R.; Khanna, S. Rhys. Re. B: Condens. Mattet999 60,
9783-9792. 9566-9572.
(67) van Lenthe, E.; van Leeuwen, R.; Baerends, E. J.; Snijders, htG. (73) Neese, FJ. Am. Chem. So@006 128 10213-10222.
J.Quantum Chenl996 57, 281-293. (74) Ray, K.; Begum, A.; Weyherifiar, T.; Piligkos, S.; Van Slageren, J.;
(68) van Lenthe, E.; van der Avoird, A.; Wormer, P. EJSChem. Physl998 Neese, F.; Wieghardt, KI. Am. Chem. So2005 127, 4403-4415.
108 4783-4796. (75) Neese, FJ. Chem. Phys2005 122 034107.
(69) Belanzoni, P.; van Lenthe, E.; Baerends, El. Lhem. Phys2001, 114, (76) Sinnecker, S.; Neese, F.Chem. Phys. 2006 110, 12267-12275.
4421-4433. (77) The computed principal components of theensor are similar to the free
(70) van Willen, C.J. Chem. Phys1998 109 392-399. electrong-value, as was observed previously. Théddloauer spectra are
(71) Neese, FJ. Chem. Phys2003 118 3939-3948. insensitive to moderate anisotropy of tigensor.
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Figure 1. Geometry optimized models of intermediakdrom wild-type TauD. Structures through5 are quintet states, and structu@shrough9 are

triplet states. Color code: iron (magenta), oxygen (red), nitrogen (blue), carbon (green), hydrogen (gray). The dotted &nd8 irepresent the longer
Fe—O bond of the chelating carboxylate ligand.

Table 1. Mulliken Spin Populations p and Geometrical Parameter of Structures 1—9 from Figure 1 as a Model for J from Wild-Type TauD?2

S rel. energy (kcal/mol) Pre Poxo Fe=Ouxo Fe=Ocarbox” Fe=Ocarbox” Fe—Neq Fe—Nay
1 2 0 3.14 0.60 1.64 1.93/3.71 2.12/2.26 2.11 2.13
2 2 0.9 3.17 0.60 1.65 1.90/4.08 2.18/2.20 2.15 2.14
3 2 2.2 3.18 0.60 1.65 1.89/4.07 2.09/2.29 2.18 2.14
4 2 1.3 3.13 0.64 1.65 1.96/3.40 2.05/2.41 2.11 2.12
5 2 1.3 3.13 0.61 1.65 1.89/3.81 1.89/3.74 2.13 2.13
6 1 26.3 1.53 0.54 1.62 1.92/4.05 1.89/3.44 2.04 2.11
7 1 17.9 1.47 0.59 1.61 1.94/4.05 1.95/3.42 1.93 2.12
8 1 18.6 1.31 0.76 1.62 1.92/3.43 1.96/3.63 1.91 2.14
9 1 7.0 1.24 0.84 1.65 1.92/4.06 2.04/2.06 1.96 2.16

aAll bond distances are given in R.Distances to the two oxygen atoms of the carboxylate ligands.

Table 2. Spectroscopic Parameters Calculated for 1—9 and Experimentally Determined Parameters for J from Wild-Type TauD

S 0 (mmis) AEq (mmis) 7 Adgwpn (T) AlgnBn (T) AdgBu (T) D(em™) ED
1 2 +0.27 —0.65 0.40 —22.2 —21.4 —34.4 +3.34 0.02
2 2 +0.26 —0.72 0.10 —20.6 —18.7 —31.9 +3.57 0.10
3 2 +0.24 —0.71 0.25 —18.4 —15.3 —28.7 +3.34 0.14
4 2 +0.27 —0.82 0.52 —215 —19.6 —33.5 +3.74 0.09
5 2 +0.17 —0.77 0.59 —22.5 —14.8 —-9.5 +2.39 0.25
6 1 +0.13 —2.15 0.93 —13.6 —11.3 +4.8 +5.22 0.11
7 1 +0.07 +1.90 0.92 —16.9 —14.8 +2.9 +5.84 0.05
8 1 +0.13 —1.39 0.83 —18.0 —19.6 +0.5 +10.85 0.03
9 1 +0.15 +0.61 0.44 —22.0 —24.4 —-3.5 +7.75 0.01
expmt3? 2 +0.31 —0.88 0 —18.0 —18.0 —18.0 +10.5 <0.03
reeval 2 +0.307 —0.907 0 —18.4 —17.6 —31.0 +10.5 0.01

anti) and @nti, anti) binding mode4 has a trigonal bipyramidal ~ octahedral coordination geometry that is similar to tha®of
Fe-center with an axial oxo ligand and is almost identical to except for the longer FeO bonds of the chelating carboxylate.
the model that we reported previoushss is similar to7 and Finally, in 3 the bidentate carboxylate coordinates the Fe center
also best described as a five-coordinate, square-pyramidalasymmetrically &4 = 0.20 A), but in contrast to structurk
complex with an equatorial oxo ligand. For the remaining high- the shorter Fe O bond istransto the monodentate carboxylate,
spin structures1—3, one carboxylate coordinates the Fe as a and the longer FeO bond is approximatelytrans to the
monodentate ligand in thenti coordination mode, whereas the equatorial imidazole. All nine structures are nearly isoenergetic
second carboxylate serves as a chelating, bidentate ligandand have similar FeO.x bond lengths, which are all in
resulting generally in a distorted-octahedral geometry. For  agreement with the experimentally determined-Bgx, bond

the chelating carboxylate coordinates asymmetrically=(0.14 length of 1.62 A2° The calculated energies of the structures lie
A), with the short Fe-O bond bisecting the angle defined by  within 2—6 kcal/mol of one another, which is within the range
the other two Fe ligand bonds of the equatorial plane. The long of error typically quoted for the B3LYP method applied to
Fe—-O bond istrans to the monodentate carboxylate. These transition metal complexé§ Additional, larger uncertainties that
geometries are best described as distorted trigonal bipyramidal.arise with respect to spin-state energetics determined by DFT
In structure2, the chelating carboxylate coordinates the Fe center
nearly symmetrically &4 = 0.02 A), resulting in a distorted  (78) Siegbahn, P. E. M. Biol. Inorg. Chem2006 11, 695-701.
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methods are discussed in, for example, ref 64 and referenceshe calculated values @f/gnySn andAy/gysn for 6—9 (average
therein. Finally, the neglect of the protein environment intro- ~ —19 T) are close to the Fermi contact term, and the absolute
duces another source of error in the calculated total energies.magnitude is too small to explain the experimentally observed
What the calculations confirm is that total energy cannot, by internal magnetic field. Thus, the calculation provides strong
itself, be used as a basis to distinguish the correct structure fromevidence against the triplet structures. In addition, the calculated
among a family of closely related candidates. However, as hasisomer shifts are significantly (on average, 0.19 mm/s) less than
been emphasized recenflythe calculation of spectroscopic the experimental value and outside of the typical range of
parameters that are sensitive to differences in electronic structureuncertainty (0.1 mm/s). Finally, except for that 8f the
caused by relatively subtle differences in geometric structure quadrupole splitting parameters do not agree with the experi-
may be used to provide more stringent geometrical constraints.mental value.

As shown below, the comparison of the spectroscopic param-  For the quintet structures, the five-coordinate comids
eters predicted by computation for each structure to thoseruled out as a model fat, because (1) the isomer shift is 0.13
experimentally determined by \sbauer spectroscopy does mm/s less than the experimental value, (2) the anisotropy of

indeed provide insight into the structure &f the x- and y-component of theA-tensor is much greater than
Comparison of the Calculated and Experimental Spec- the experimentally observed value, and (3) the calculated
troscopic Parameters of Intermediate J from Wild-Type rhombicity is much greater than the experimental value. For

TauD. To choose the best model fal from among the the remaining quintet structurels;-4, the predicted Mssbauer
isoenergetic structure$—9, spectroscopic parameters were isomer shifts and quadrupole splittings are in agreement with
calculated for each model and compared to the measured valueshe experimental valueé.For all four structures nearly axial
The isomer shift and quadrupole splittingbiave experimental ~ A-tensors are calculated, of which tkeandy-components are
uncertainties 0f~0.02 mm/s and-0.03 mm/s*® Computational close to the Fermi contact terni/gnSn ~ AJgnSn ~ —20 T.
uncertainties of~0.1 mm/s §)* and~0.5 mm/s AEq)’® have The z-component is predicted to be approximately 12 T more
been estimated from studies of a large number of structurally negative than thg- andy-components:A/gnSn ~ —32 T. The
defined Fe complexes spanning a wide variety of coordination D-values calculated by the BP86 functional in combination with
geometries and oxidation states. Experimentajlydoes not the Pederson and Khanna metfodre consistently less than
affect the simulated spectra dkignificantly, becausAEqg and the experimentally observed valu® (= 10.5 cnt?). We
thus all three components of the EFG are small. Consequently,therefore undertook the significant computational effort to apply
it could not be determined and was, as in our previous analysis,the SORCI method, a simplified multireference configuration
assumed to be zero due to the strongly donating axial oxo ligand.interaction variant described in ref 83. We applied the thresholds
Thex- andy-component of thé/gnSn-tensor were determined  Tpe = 1 x 1074, Tee = 1 x 1076, Thae= 1 x 107° together
with good precision experimentally (the uncertainty is ap- with the SOC treatment of ref 81 to our favorite structutes
proximately 0.3 T and is caused by the uncertainti/in, which and 2. The obtainedD-values (8.6 cm! and 8.7 cmi! for 1
in turn results in uncertainty of the spin expectation valiBs and 2, respectively) are indeed in good agreement with the
and[§,0), due to the large spin expectation value of the a8ial  experimental value. The major contribution Boarises from
= 2 ground state in the- andy-directions, but the-component the interaction with the low-lying triplet state, as discussed in
was not determined, due to the small magnitude of the spin detail previously*®4* The remaining computed parametess,
expectation value[$[F° Computationally, the anisotropic and E/D, vary significantly for 1—-4. Experimentally, the
contribution to theA-tensor can be determined with accuracy, Maossbauer spectra are not sensitive to variationg tecause
whereas the isotropic Fermi contact term is typically signifi- AEq is small, and consequently, the principal components of
cantly underestimatetf. However, a correction factor of 1.69 the electric field gradient are small. The other paraméiD,
for the Fermi contact contribution was previously shown to was determined experimentally to be less than 0.03. Taking the
provide results that are in good agreement with a large body of predictedE/D values at face value, only/is compatible with
experimental dat& The zero-field splitting parameteB and the field-dependent Nasbauer spectra, but given the uncertainty
E/D have been determined accurately from the field-dependentin predicting this parameter computationally, we cannot rule
spectra ford.?° The calculated-values are significantly less  out structure2—4 as reasonable models fdr
than the experimental value of 10.5 tmThis underestimation For structuresl—4, the calculations predict that the
of D was also found in previous work on heme Fe(IV)-0xo component of thé\/gySn-tensor should be 213 T more nega-
species with a$= 1 ground staté?**7>%More accurate values tive than thex- andy-components. As was noted previously,
for D can be obtained from correlataed initio calculations’3.81 AdgnSn cannot be determined from the field-dependent 4.2-K
Structures6—9 with a triplet ground state are ruled out as M®d&ssbauer spectra, because the lowest-energy state of the nearly
candidates for the structure of because their predicted axial integer-spin system witD > 0 exhibits only a small
spectroscopic parameters are clearly incompatible with the [$,[F>3° The excited states of th® = 2 manifold, however,
experimental data. As we reported previously, the large internal exhibit large|[E,0 values, which, in the slow relaxation limit,
magnetic fields observed experimentally focan be simulated  will result in magnetically split spectra that would allow for
with anS= 1 spin Hamiltonian with unusually large, negative determination ofA/gySn. Spurred by the prediction that
hyperfine couplingsAx/gnSn ~ AjlgnSn ~ —33 T) 26 However, AJongn for model structuresl—4 is considerably larger in

(79) Godbout, N.; Havlin, R.; Salzmann, R.; Debrunner, P. G.; Oldfield. E. (82) Structuret is similar to the trigonal bipyramidal model reported previod8ly.

Phys. Chem. A998 102 2342-2350. The larger isomer shift of (0 = 0.27 dmm/s) compared to that reported
(80) Reviakine, R.; Arbuznikov, A. V.; Tremblay, J.-C.; Remenyi, C.; Malkina, before = 0.22 mm/s) is caused by slightly longer (on average 0.07 A)
0. L.; Malkin, V. G.; Kaupp, M.J. Chem. Phys2006 125 054110. Fe—Ocarboxylatedistances, as noted befofe.
(81) Ganyushin, D.; Neese, B. Chem. Phys2006 125 024103. (83) Neese, FJ. Chem. Phys2003 119, 9428-9443.

J. AM. CHEM. SOC. = VOL. 129, NO. 19, 2007 6173



ARTICLES Sinnecker et al.

VELOCITY (mm/s) VELOCITY (mnys)
] i . ) Figure 3. Spin density ofl. Positive spin densities are displayed in red,
Figure 2. M6ssbauer spectra of intermedidterecorded &1 T (left) and and negative spin densities, in yellow. The greatest spin density was found
1.5T (right) at 4.2 K (top) and an elevated temperature (12 K/1 T and 9 gt the iron centers, followed by the,@atom, and by the other O-atoms in

K/1.5 T). The contribution of the reactant complex (20% of the total decreasing order. A cutoff of 0.01 au was employed for the spin density
intensity) acquired under the same conditions has been removed from thep|ot,

experimental spectra (not shown). Solid lines are simulations according to

the spin Hamiltonian formalism in the slow-relaxation limit and parameters o
in Ta‘éle 2. P ground state€2°1Within a few degrees, the short+6,,, bond

defines thezaxis of the electric field gradient, zero-field

magnitude than that for structurés-9, potentially providing ~ splitting, and*’Fe hyperfine tensors. As expected, the spin
an additional basis for discriminating among the models, we populations at the Fe and.(Q atoms are large;-3.14 and
attempted to resolve this parameter by acquiringsshmuer ~ —0.60, respectively (Figure 3). They compare nicely with the
spectra of a sample containing 80% of intermediatad 20% results on the hypothetical high-spin Fe(lV)-oxo species obtained
of the reactant complex at various temperatures and magneticdy Ghosh, et at? The molecular orbital (MO) diagram for the
fields. Spectra in external fields @ T (left) and 1.5 T (right) complex (Figure 4) closely resembles results obtained elsewhere
at 4.2 K (top) and a temperature sufficiently high to populate (refs 40, 44, 91, and 93 and references cited therein). In order
excited states with great&,[Jbottom) are shown in Figure 2.  of decreasing orbital energy, the MO diagram displays an empty
These were obtained after removal of the contribution of the antibondings* orbital that consists primarily of the ironAl
spectrum of the reactant complex under the same conditions.atomic orbital (AO) and an oxoAAO. The next lowest MOs

As indicated by the arrows, new features frdmppear at higher ~ are singly occupied and are formed by the ¢ orbital, by
temperature. The splitting of the excited state is proportional antibondingz*-combinations of the g or d,;and oxo Ry-AOs,

to AJgnSn (B and because onlB,depends on the magnitude and by the ¢ metal AO. Selected doubly occupied ligand
of the externally applied magnetic field, it is, in principle, orbitals are also displayed in Figure 4.

possible to determine both quantitiel/gnSn and [S,0] from Oxygen Activation by His99Ala-TauD. Substitution of iron
spectra recorded at two magnetic fiel@8L] in turn, depends ligands potentially affords a tool to perturb both the structure
strongly on the rhombicitye/D (Figure S1). However, spectra  and the spectroscopic parameters of an iron site and thereby to
at elevated temperatures (Figures 2 and S2) suggest thaprovide additional constraints for deducing its structure. Sub-
relaxation of the electronic states is not strictly in the slow- Stitution by alanine or glycine has been used to open a site into
relaxation regime. For the spectra shown, this is evident from which small-molecule ligands can insert, thereby enabling more
the broadening of the features associated with the electronicsubtle variation of the nature of the ligand. Substitution of His99,
ground state at the elevated temperature (compare top anch ligand anticipated to bes to the oxo group irJ, by alanine
bottom spectra). Although the intermediate relaxation regime was attempted with this rationale. Surprisingly, His99Ala-TauD
precludes an accurate determinatione#D and AJ/gnSn, the is catalytically active, even in the absence of imidazole. The
magnitude of the splitting clearly corroborates the prediction turnover number of 0.573 (at 5 °C with other conditions as

of the DFT calculations thak/gnSn is large and negative, thus ~ previously described) is less than the value of 1.3%for the
supporting the notion that models-4 more closely mimic the

structure ofJ than do5—9. Spectral simulations based on the (84) Eeg“egg'\f}Q”lJMEB"gl‘é"ﬁugyLT ér(ff/ee’;”ngMS:&?;oﬁrg‘zwsﬁo'ag;ﬂe
parameters given in Table 2 and the assumption of slow K. O.J. Biol. Chem.1983 258 12761-12764.

relaxation (solid lines in Figure 2) can account reasonably wel| (8%) Chance, B, Powers, L; Ching, Y., Poulos, T Schonbaum, G. R

Yamazaki, |.; Paul, K. GArch. Biochem. Biophy4.984 235 596-611.

for both the new field- and temperature-dependent spectra and(86) Penner-Hahn, J. E.; Smith Eble, K.; McMurry, T. J.; Renner, M.; Balch,

the field-dependent spectra reported previously. fgé‘g ﬁg’vfgigi%‘zg awson, J. H.; Hodgson, K. D.Am. Chem. Soc.

The best agreement between theory and experiment was found87) Wolter, T.; Meyer-Klaucke, W.; Nther, M.; Mandon, D.; Winkler, H.;
. . . . Trautwein, A. X.; Weiss, RJ. Inorg. Biochem200Q 78, 117—122.
for the six-coordinate, high-spin structue The calculated (88) Stone, K. L.; Behan, R. K.; Green, M. Proc. Natl. Acad. Sci. U.S.A.

)
. . : )

Fe—Ogyo distance of 1.65 A is close to the experimental value ) 2005 102, 16563-16565.
)

. K . 89) Nam, W.; Choi, S. K.; Lim, M. H.; Rohde, J.-U.; Kim, |.; Kim, J.; Kim,
of 1.62 A obtained by extended X-ray absorption fine structure ( C.: Que, L., JrAngew. Chem., Int. EQ003 42, 109-111.

i imi -Fo, (90) Rohde, J.-U.; Torelli, S.; Shan, X.; Lim, M. H.; Klinker, E. J.; Kaizer, J.;
(EXAFS) spectroscopy, and is 5|m|.Ialr to the %0 bono! Chen, K.; Nam, W.; Que, L., Jd. Am. Chem. So@004 126, 16750~
distances observed in Fe(lV)-containing heme enzyme inter- 16761.
mediates, inorganic heme comple®és3® and nonheme OV (3'39970"%6’*? Clay, M. D.; Solomon, E. I. Inorg. Biochem2006 100,
models32-3489.90Although all of those species have &n= 1 (92) Ghosh, A.; Tangen, E.; Ryeng, H.; Taylor, PERr. J. Inorg. Chem2004
4555-4560.

ground state, it was recently recognized that the g, bond

. X § (93) Conradie, J.; Tangen, E.; Ghosh,JA.Inorg. Biochem2006 100, 707—
length is comparable for ferryl species with= 1 andS= 2 715.
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Figure 4. Schematic MO diagram df. Quasi restricted orbitals were employed. Cutoffs of 0.05 au were used.
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Figure 5. Reaction of the His99Ala-TawBe(ll)saKGetaurine complex V !
with O, monitored by absorbance at 318 nm. A solution of the quaternary e R \‘. .
complex (prepared with either unlabeled taurine (thin line) or 4Hl.f 2 0 2 -2 0 2
taurine (bold line)) was reacted with an equal volume of ars&@urated VELOCITY (mm/s) VELOCITY (mnv/s)
buffer solution at 5°C. Concentrations after mixing were as follows:
[His99Ala-TauD]= 0.5 mM; [Fe]= 0.4 mM, [0KG] = 5 mM, [taurine] Figure 6. 4.2-K/53-mT M@ssbauer spectra of selected samples prepared
=1 mM; [O;] = 0.6 mM. by the freeze-quench method. A solution of the quaternary His99Ala-
TauDsFe(Il)}saKGetaurine cqmplex (prepared with either unlal_)eled taurine
wild-type enzyme. Addition of the cosubstrateKG, to a (left panel) or 1,14H],-taurine (right panel)) was reacted with an equal

. T . . . volume of an G-saturated buffer solution at 8C. Concentrations after
solution containing equimolar His99Ala-Taub and Fe(ll) elicits  iin“were as follows: [His99Ala-TauDE 2.0 mM: [Fe]= 1.7 mM,

the characteristic metal-to-ligand charge transfer (MLCT) band [¢KG] = 7.5 mM, [taurine]= 7.5 mM; [O,] = 1.0 mM. Reaction times
at 530 nm, indicating tha&KG binds to the Fe(ll) center of  are indicated at the respective spectrum.

the His99Ala-TaulFe(ll) complex in the usual chelating mode  yegyits in a much greater amplitude and much slower decay of

(Figure S3y* Titrations allowed a dissociation constaiio] this transient feature (Figure 5, bold line), indicative of a large
for aKG of 30uM to be estimated. Upon rapid mixing at& g pstrate deuterium kinetic isotope effect on decay of the
of the His99Ala-TaulsFe(l)eaKGetaurine complex with @ associated complex. This interpretation was verified by freeze-

saturated buffer, an absorption feature centered at 318 nm, Whichquench Mssbauer experiments with both unlabeled (Figure 6
in_the reaction of the wild-type pr(_)tein is kno_wn_ to be associated |t panel) and deuterated taurine (Figure 6, right panel). A
with J, develops and decays (Figure 5, thin line). Use of 1,1- ansjent absorption line at 0.9 mm/s (indicated by arrow) is
[2H],-taurine as a substrate under identical reaction conditions observed in the 4.2-K/53-mT Nsbauer spectra. This new peak
(94) Pavel, E. G.: Zhou, J.; Busby, R. W.; Gunsior, M.; Townsend, C. A persists longer in the reaction with deu_tergted substrate (com_pare
Solomon, E. I.J. Am. Chem. S0d.99§ 120, 743-753. spectra of 750-ms samples), establishing that the associated
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Figure 7. 4.2-K/53-mT Mssbauer spectra of the quaternary His99Ala- VELOCITY (mm/s) VELOCITY (mm/s)
TauDsFe(ll)saKGe1,1-PH],-taurine complex (top) and a sample that was
freeze-quenched 300 ms after mixing this complex &C5with a double Figure 8. 4.2-K/variable-field M@sbauer spectra of the Fe(IV) intermediate
volume of an @-saturated buffer solution. Concentrations after mixing were in His99Ala-TauD. Left panel: Spectra of the 300-ms sample described in
as follows: [His99Ala-TauD}= 1.6 mM; [Fe]= 1.3 mM, [aKG] = 5 Figure 7 (hashed marks) and the reactant complex (solid lines, scaled to
mM, [taurine]= 5 mM; [O;] = 1.3 mM. 50% of the intensity). Right panel: spectra of the Fe(lV) intermediate in

His99Ala-TauD (hashed marks) and simulations according to the spin

. Hamiltonian formalism and parameters given in Table 4 (solid lines).
complex abstracts hydrogen. The analogy of these observations P g ( )

to those onJ in the reaction of the wild-type protein implies jeft panel). The heterogeneity in the reactant and different reac-
that the transient species in His99Ala-TauD is also a ferryl ity of its component complexes introduce greater-than-usual
complex. Its Mgsbauer spectroscopic properties (see below) yncertainty in the subtraction analysis. However, because the

are consistent with this assignment. spectra of the Fe(ll)-containing reactant species in externally
Characterization of the Fe(IV) Intermediate in His99Ala- applied magnetic fields are broad, whereas the Fe(IV) interme-

TauD by Mtssbauer SpectroscopyThe 4.2-K/53-mT Mgs- diate exhibits much sharper features, the analysis suffices to

bauer spectrum of the reactant His99Ala-TakgXll)e reveal the magnitude of the magnetic hyperfine splitting in the

aKGetaurine complex (Figure 7, top left) consists of two broad  spectrum. The magnitude of the splitting observed for the 8-T
quadrupole doublets with parameters typical of high-spin spectrum is comparable to that fdrindicating that the Fe(IV)
Fe(ll) sites: 6(1) = 1.26 mm/s,AEq(1) = 3.44 mm/s, 85+ intermediate in His99Ala-TauD also has a high-sgiH 2)
3% of total intensity and(2) = 1.21 mm/s,AEq(2) = 2.10 ground state. The 0.5 dril T spectra exhibit greater splitting
mm/s, 15+ 3% of total intensity. The presence of (at least) than do the corresponding spectralpf behavior that can be
two quadrupole doublets indicates that at least two distinct rationalized by comparing thB-values of the two complexes.
complexes are present and contrasts with the situation for wild- For the variant, the small@-value results in larggfs, [ values
type TauD, for which only one quadrupole doublet is observed. in external fields of 0.5 and 1 T, but the differencel8Llis
Subtraction of the spectrum of the reactant complex from the diminished by increasing magnetic field. The peaks (in partic-
spectrum of a sample freeze-quenched 300 ms after this complexlar, those indicated by arrows) are also broader than those of
was mixed with @-saturated buffer reveals that the intermediate J. This is indicative of greater anisotropy within tkg-plane
exhibits a quadrupole doublet (Figure 7, bottom spectrum in for the Fe(IV) intermediate in the variant. This behavior is re-
left panel). The isomer shifé = 0.31 mm/s, is not significantly  flected in the simulation parameters, in particular the signifi-
different from that ofJ, whereas the quadrupole splitting cantly greater rhombicityg/D) of 0.07. The solid lines in the
parameter AEq = 1.17 mm/s, is significantly greater. The right panel are simulations according to the spin Hamiltonian
similarity of the Mssbauer features (see Figure 7, right panel) formalism in the slow relaxation limit and the parameters given
suggests that the intermediate in His99Ala-TauD is a ferryl in Table 4. Thez-component of thé\-tensor was fixed at-30
complex similar tal but perturbed by the absence of the His99 T, a value 13 T more negative than the average ofxthend
ligand. This species forms at the expense of two distinct Fe(ll) y-component, on the basis of the computational results (see
species with parameted$l) = 1.26 mm/SAE(1) = 3.56 mm/s below).
ando(2) = 1.20 mm/s AEq(2) = 2.08 mm/s. The lost intensity Computational Studies of the Fe(lV) Intermediate in
from these Fe(ll) species corresponds to23B% and 17+ His99Ala-TauD. DFT calculations were carried out to rational-
3%, respectively, of the total intensity of the spectrum of the ize the perturbations to the electronic structure and spectroscopic
reactant complex. Notably, the Fe(ll) complex denoted 2 (with parameters of the Fe(lV) intermediate caused by the ligand
smaller AEq) disappears entirely within the 300-ms reaction substitution. For the model structures, the deleted imidazole
time, whereas species 1 does not, suggesting either that 2 igigand was replaced with either water or hydroxide, the most
somewhat more reactive than 1 or that 2 is exclusively reactive |ikely candidates to coordinate to the Fe center in lieu of His99.
and 1 converts to 2 prior to reaction with.O Structures with a quintet ground state and either a water ligand
Mossbauer spectra of the His99Ala-TauD Fe(lV) complex (10—13) or a hydroxide ligandi4 and15) were calculated. In
in externally applied fields of 0.5, 1, dr8 T (Figure 8, right addition, structures with a triplet ground state and a water ligand
panel) were generated from the field-dependent spectra of thewere calculatedl(6 and17). The structures are shown in Figure
300-ms sample (Figure 8, left panel) by subtracting the 50% 9. Mulliken spin populations and important geometrical param-
contribution of the remaining reactant complex (solid lines in eters for10—17 are compared in Table 3, and calculated and
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Figure 9. Geometry optimized models of the Fe(lV) intermediate in His99Ala-TauD. Struclilrégough15 are quintet states, and structufiésand17
are triplet states. Color code: iron (magenta), oxygen (red), nitrogen (blue), carbon (green), hydrogen (gray). The red dott2@ éind4 Irrepresent the
longer Fe-O bond of the chelating carboxylate ligand. The cyan dotted lines represent hydrogen bonds.

Table 3. Mulliken Spin Populations p and Geometrical Parameter of Structures 10—17 from Figure 9 as a Model for the Fe(lV) Intermediate
from His99Ala-TauD?

S rel. energy (kcal/mol) Ore Poxo Fe—0oxo Fe—0caro’ Fe—0carbo’ Fe—Nay Fe—Oua
10 2 0 3.17 0.62 1.64 2.08/2.22 2.03/3.27 2.10 2.08
11 2 0.7 3.16 0.64 1.64 2.10/2.20 2.17/3.29 2.10 1.95
12 2 2.7 3.13 0.69 1.65 1.94/3.19 1.93/3.19 2.10 2.09
13 2 47 950 3.19 0.62 1.65 1.95/3.19 2.04/3.26 2.09 2.09/2.31
14 2 338.7 3.21 0.52 1.65 2.00/4.00 2.04/3.28 2.14 1.86
15 2 339.4 3.22 0.51 1.66 2.06/3.42 1.97/4.18 2.13 1.87
16 1 5.8 1.23 0.84 1.65 2.00/2.03 1.96/3.20 2.11 1.99
17 1 11.4 1.53 0.50 1.61 1.98/3.15 1.97/3.15 2.07 1.88

aAll bond distances are given in R.Distances to the two oxygen atoms of the carboxylate ligands.

Table 4. Spectroscopic Parameters Calculated for 10—17 and Experimentally Determined Parameters for J from His99Ala-TauD

S 0 (mmis) AEq (mmls) n Adgwbn (T) AJgnbn (T) AdgBu (T) D(em™) ED
10 2 +0.29 —1.24 0.52 —19.9 —21.9 —34.0 +3.54 0.08
11 2 +0.24 —-1.27 0.50 —14.8 —18.5 —29.1 +3.79 0.12
12 2 +0.17 —1.36 0.42 —6.9 —13.9 —21.0 +2.99 0.29
13 2 +0.25 —-1.21 0.26 —15.9 —20.1 —30.3 +3.90 0.16
14 2 +0.15 —-0.31 0.77 —14.4 —-17.2 —26.8 +2.71 0.19
15 2 +0.16 —0.32 0.84 —13.7 —16.8 —26.0 +2.54 0.24
16 1 +0.19 +0.29 0.43 —21.7 —23.5 —-3.1 +8.80 0.01
17 1 +0.08 +2.14 0.24 —7.6 —-12.6 +6.6 +3.22 0.10
expmt 2 +0.31 —-1.17 0.75 —18.1 —16.1 —31 +8.0 0.07

experimentally determined spectroscopic parameters are com{ive-coordinate, square pyramidal, with the water ligand in the
pared in Table 4. apical position and the oxo ligand in the equatorial plane. In
All structures have in common that the imidazole ligand structurel3, a second water ligand was added to structize
representing His255 isansto the oxo group. 110, the ligands resulting in a distorted octahedral complex. The structures with
in the equatorial plane are an asymmetrically coordinated, a hydroxide ligand serving as the exogenous “rescue” ligand,
bidentate carboxylate ligandA\(= 0.14 A), a monodentate 14 and15, are best described as trigonal bipyramidal complexes
carboxylate in thesynmode, and the water ligand. One of the with apical oxo and imidazole ligands and the hydroxide and
H-atoms of the coordinated water is engaged in a hydrogen bondtwo carboxylate ligands (one coordinating in §ygxmode and
with the uncoordinated oxygen of the monodentate carboxylate the other in thenti mode) in the equatorial plane. Interestingly,
ligand. The geometry ofl0 is best described as distorted the proton of the hydroxide ligand fails to form a H-bond
octahedral. The coordination environmentidf is similar to with a carboxylate, resulting in a dihedral angle-8nydroxs—
that of 10, but 11 is effectively a tautomer 0f0 in which the Fe—0oxo Of approximately 0. One of the key structural features
proton of the H-bond between the coordinated water and the of both 14 and 15 is the shorter Fe Onydroxo boONd.
monodentate carboxylic acid is closer to the carboxylic acid.  Triplet structures16 and 17 are similar to10 and 12,
Consequently, the FeOH bond shortens by 0.05 A. In structure  respectively. As was observed for the model structures of the
12, both carboxylate ligands coordinate the Fe-centersgra wild-type intermediate], structuresl0—17 have similar total
monodentate fashion, and the uncoordinated O-atoms of theenergies, thus precluding use of total energy alone as a criterion
carboxylate groups are involved in hydrogen bonds with the for choosing the most likely structure for the Fe(IV) intermediate
coordinated water. The resulting structure is best described asin His99Ala-TauD.
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values obtained fod, our preferred model for the wild-type
intermediateJ.

Comparison of the Structures of the Fe(IV)-oxo Interme-
diates The structures that match the experimental data of the
Fe(IV) intermediates in wild-type and His99Ala-TauD best are
the distorted octahedral complexeand10, respectively. Other
distorted octahedraP( 3, 11, 13) and trigonal bipyramidal4)
structures are consistent with the experimental data, but the
agreement is not as good. Square pyramidal complexes with
an equatorial oxo groupb( 12) are not compatible with the
experimental data. The spectroscopic parametets aid 10
have been recognized as typical for high-spin Fe(lV)-oxo
Figure 10. Spin densities inl0. Positive spin densities are displayed in complexes?? (l) a rather high isomer shift of .appro>§|ma.tely
red, and negative spin densities, in yellow. The greatest spin density was0-3 Mm/s, which is a consequence of a weak ligand field in the
found at the iron center, followed by the,@atom, and by the other O-atoms  Xy-plane, (2) a negative quadrupole splitting of approximately
in decreasing order. A cutoff of 0.01 au was employed for the spin density —1 mm/s, (3) a nearly axig-tensor withx- andy-components
plot close to the Fermi contact termy (—20 T) and a more negative
z-component £ —32 T), (4) a positive zero-field splitting
parameterD, and (5) a fairly small rhombicityg/D. In addition,
the calculations reproduce the more negative quadrupole splitting
for the His99Ala-TauD complex and also reproduce the correct
trend for the rhombicity. However, we note that prediction of
zero-field splitting parameterd(and E/D) is currently still
associated with relatively large uncertainties. More detailed
studies of structurally well-defined model systems with known
D andE/D values will be required to calibrate computation of
these parameters. The good agreement of the experimental data

v ~

Comparison of the Calculated and Experimental Spec-
troscopic Parameters of the Fe(lV) Intermediate in His99Ala-
TauD. As for the model structures fal, triplet structuresl6
and 17 can be ruled out on the basis of (1) their low isomer
shifts (0.12 and 0.21 mm/s less than the experimental value,
respectively); (2) their quadrupole splittings, which deviate by
more than 1.3 mm/s from the experimental value; and (3) the
excessively large values-(—33 T) for thex- andy- components
of their A/gnSn-tensor that would be required to account for

tsr:fulc?lrﬁgsrphﬁ?g\'/ceSap:]'tt('jnr?)x'irég:ie a8n-(li— rsepelgirilrjlm.'_"il'he ?]l("j'met with structuresl and10 supports the view that a water molecule
y g P g Hid9% .replaces the equatorial histidine ligand in His99Ala-TauD.

(1)?’(;)61 ?hz:f?oaei;gﬁzro:r:igz ﬁ;iif?z Satrgi(;t:crte ibsget(;]ueeggzlsAlthough we have conside_red only the first coordination sphere

. ’ . of the iron in the calculations, there are subtle changes upon
of their shorter Fe Onyaroxice boNds, and (2) their quadrupole replacement of imidazole with water. For example, the
splittings, which are approximately 0.8 mm/s more positive than binding mode of the monodentate carboxyléte changes bécause
the experimental value. The remaining structures have aquintetthe noncoordinating O-atom is involved in a hydroge,n bond
ground state and a water ligand replacing the imidazole of His99.

Of th iruct b luded didat with the coordinated water. Other factors, such as subtle
ese structures, (_)nlyz can be exciuded as a candidate, on - yieances in the geometry of the active site or the presence of
the basis of its low isomer shift and excessively anisotropic

S . CO,, the byproduct of the decarboxylation ofKG, could
A-tens_or (which is a consequence of its l_JnusuaI square- conceivably perturb the Fe site and result in different calculated
pyramlglal structure with the equatorial ox0 Ilgand): For the spectroscopic parameters. These factors have not been consid-
remaining three model4,0, 11, and13, the isomer sh|fts_ ar€  ered thus far because of the significantly increased complexity
sufficiently large 6 > 0.20 mm/s), the quadrupole splittings

S . and longer computation times.
are all~ —1.2 mm/s, theA-tensors are axial with large negative 1 and 10 have comparable spin pooulations on the Fe and
z-components, th® values are positive, and the rhombicities P SPin popula
. Ooxo atoms. The orbitals with predominantlyy,dand d,
E/D are moderate, ranging from 0.08 to 0.16. The parameters o . .
. . ) . character, which interact with the pnd p orbitals of the Qo
predicted forlO are in best agreement with the experimental . : . . .
. atom in ar-bond, are singly occupied, as in the ferryl species
values, and we considé0 to be the best model for the Fe(IV) . _ do.o1 .
intermediate in His99Ala-TauD. We disfavéB as a model with anS =1 ground staté:*" Thus, the electronic structure
because the agreement betweén theory and experiment ,is no?f the ferryl group and possibly its reactivity, which involves
as 0ood as thgt for our preferred struc%/ute Morgover 13 in many cases (including TauD) abstraction of hydrogen from
go our p i " " an aliphatic carbon of the substrate, may be sinfi&f.
containstwo water ligands, which we consider less likely
because this would require either that both water ligands be Conclusions and Outlook
present in the starting complex or that the second water molecule . .
coordinate the Fe-center during the conversion of the reactant Calculation by DFT of a variety of models for the ferryl
complex to the Fe(IV)-oxo intermediate. Of the two tautomers Ntermediates in wild-type TauD and its His99Ala ligand variant,
10and11, 10 has the greater isomer shift as a consequence of prediction of the spectroscopic parameters of each model, and
the Ionger Feowater bon.d’ the smaller difference betwee.n .the (95) Neidig, M. L.; Decker, A.; Choroba, O. W.; Huang, F.; Kavana, M.; Moran,
x- andy-components of ité\-tensor, and the lesser rhombicity. G. R.; Spencer, J. B.; Solomon, E Aroc. Natl. Acad. Sci. U.S./2006
All three parameters thus fava0 relative tol1 as a model for (96) %Oeiklezr%A‘?ég?ggbn E. Angew. Cherint, Ed. 2005 44, 2252-2265
the Fe(IV) intermediate in His99Ala-TauD. The spin populations (97) More accurate determination of the isomer shift and quadrupole splitting
on the Fe and , atoms of10 are large,+3.17 and—0.62, parameter from a spectrum of a sample containing 80% of intermetliate

. . ! . yields values that are slightly different but are within the experimental
respectively (Figure 10), and agree with the corresponding uncertainty of our previously reported values.
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good agreement with the experimental data. The results validate

the emerging approach of using a combination of spectroscopy Supporting Information Available: Complete references 12

gnd DFT_ calculations to deduce structural details of reaction and 59; a figure displayings,Jof the first excited state of an

|nterme_d_|ate_s. ) S = 2 system withD = 10.5 cnm! as a function of the mag-

. Ident|f|_cat|on of structures f_or theQ—|-cIeavmg F_e(IV)-oxo netic field for variousE/D values; a figure showing Mssbauer

intermediate), th.at are consistent V.V'th the exper!mental dqta spectra of intermediaté from wild-type TauD recorded in

lays the foundatlgn for more de.tt?uled compgtatlonal studies an 8-T external field aT = 4.2 K andT = 20 K: a comparison

Sland the reaction Steps between the adition of oxygen to the®!, 1e UV-visible absorpton spectra of the  quaterary
P Y9 TauDsFe(ll)eaKGsetaurine complexes of wild-type TauD and

reactant complex_ a_md formation of anql (2) quantitatively His99Ala-TauD; and tables comparing salient bond angles of
evaluate the reactivity of toward abstraction of hydrogen from ! o .
the structured—17. This material is available free of charge

the substrate. The TauD system is ideal for the latter endeavor, . .

L . AT via the Internet at http://pubs.acs.org.
because the intrinsic deuterium Kkinetic isotope effect on
hydrogen abstraction has been measured. These studies are
ongoing. JA067899Q
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