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High-valent iron-oxo species are important intermediates in the

catalytic cycles of many heme enzymes, and there have been num-
erous reports describing their geometric and electronic structures,

spectroscopic properties, and associated biochemical reaktidns.
Many of these studies have focused off 0O systems containing
either histidine or cysteine as the sixth ligand, as found in
peroxidases® and cytochromes P4%08 but there is still no
consensus picture of their structures. For example, theCFbond
lengths found vary from 1.64 to 1.75 38 while the (optimized)
Fe—S bond lengths in a P450 £ reaction intermediate (P450-
RI) vary from 2.37 to 2.71 K-8 There is thus considerable interest

in investigating, both experimentally and theoretically, the structures
of much smaller model systems, and recently the crystallographic

structure of a non-heme Fe(I¥0O complex was reportedits
Fe—0 bond length is 1.646 A, a little shorter than that found in a
putative P450-RI protein structure (1.669 AJhere is also debate
about the spin state for the P450-RI: does it consist of antiferro-
magnetically (or ferromagnetically) coupled Fe@#@Q (S= 1) and
porphyrin § = 1/,) radicals®=8 or is an amino acid residue of the
protein involved® Questions as to the protonation state of the axial
cysteine and dynamic proton transfer have also been réised.
Based on our work with FeCO and Fe-NO bonding in heme
proteinst?a.it seemed possible that the origins of some of these
uncertainties might be related to the difficulties in obtaining accurate
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Figure 1. Frontier orbital occupancy from the crystal field analysis for
a-spins (A) andg-spins (B) together with (C) frontier MOs from DFT
calculations for both spins of [Fe(O)(TMC)(NCGJ#". The iso-surface
values in (C) aret0.2 au.
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Calculations using an alternative spin stafe=< 2) resulted in a
much smalleAEqg: 0.42 (BPW91) or 0.53 (B3LYP) mnr4. The
predicted isomer shifts were also inferior to e 1 results: 0.13
(BPW91) or 0.097 (B3LYP) mms. Moreover, theS = 2 state
was less stable than ti&= 1 state by 103.76 (BPW91) or 64.70
(B3LYP) kJ molL. So, these DFT calculations strongly support a

bond length and bond angle results in large proteins. We preViOUSWdesignation ofS = 1 in this F&=0 system, consistent with

found that while the Mssbauer spectr@’Fe quadrupole splittings,
AEg, and isomer shiftsjre) of small model compounds could be
well predicted by using density functional theory (DF¥)the

expectatiort. Similar results were obtained using a geometry
optimized structure (Table S1, Supporting Information). The frontier
molecular orbitals (MOs) from a crystal field analysis are shown

spectra of some proteins could not be accurately predicted, unless, Figure 1A and 1B (for thex and 3 orbitals, respectively), and

geometry optimization techniques were u$e@e have therefore
now applied the DFT approach to investigate tffee Méssbauer
spectra of both a model Fe=O system, [Fe(O)(TMC)(NCCHJ]-
(OTf), (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetrade-
cane, OTf= CRS0;7), as well as a P450-RI. Unlike our previous
studies of Fe-CO and Fe-NO bonding in heme proteins, there

the DFT MO results, Figure 1C, generally support this analysis.
However, there is also a significant covalent contribution from the
oxo group interacting with the iron 3¢ 3d,, and 3¢ orbitals
(Figure 1C). The calculated spin densities for iron and oxygen are
1.2 and 0.8 au, respectively, in good accord with previous DFT
calculations on P¥=0 porphyrins*’-8 These results serve to

are many more possibilities for spin state, oxidation state, proto- yalidate the use of DET methods in predicting $8bauenEg and
nation state and geometry in the P450-RI, but DFT methods enableg, results in this F¥=0 model system and supplement hEo,

the investigation of each effect dxEq anddge and, when compared

Ore results on other model systems reported previotfsliyNext,

with experiment, give important clues as to the nature of structure we investigated the prediction of th&e MéssbauerEg anddge

and bonding in this system.

We first investigated the Be=0O model system, [Fe(O)(TMC)-
(NCCHg)]?*, using a recently published high-resolution X-ray
structuret Calculations were carried out using basically the same
basis set scheme as reported previotsiand both BPW91 and
B3LYP functionals were investigatéfl For the spin-stat& = 1,
the predicted\Eq anddge values were 1.24 (1.25) and 0.20 (0.13)
mm s ! using the BPW91 (B3LYP) functional, basically the same
as observed experimentally: 1.24Hg) and 0.17 mm st (dgg).!
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results for the P450-RI. The experimental détéor the P450-RlI
detected during an 8-ms reaction time @&Eq = 1.94 mm s?
andore = 0.13 mm s, and the ESR results indicated &= 1
species? In our calculations, however, we investigated a variety
of spin states§= 1/, 1,%/,) as well as iron and porphyrin oxidation
states, together with the protonation states of the coordinated
cysteine (Table 1,1-7). For convenience, we use th€YZ
designation: P& 0% (Por)~(Cysy—, withX=4or5Y=1or2,
andZ = 0 or 1 (CHSH or CHS™). For clarity, we include only

10.1021/ja030664j CCC: $27.50 © 2004 American Chemical Society



COMMUNICATIONS

Table 1. Computational Results for FeXtO2~(Por)¥~(Cys)?~ Complexes Using a BPW91 Functional
Reeo 0O-Fe-S Rees E¢ o™ Pog° Pop® AEq Ore

system (X,Y,2) A (deg) R (kJ mol-%) (e) (e) (e) (mms™Y) (mms?)
expt2 1.669 165.8 2.271 1.94 0.13
1S=1Yp 4,1,1 1.655 167.4 2.364 1632.62 0.95 0.77 —0.51 —1.08 0.08
c (1724.68) 0.77) (0.85) ~0.53) -1.37) (0.08)
2S=3/p 4,1,1 1.673 172.4 2.477 1649.18 1.26 0.92 0.57 0.35 0.18
c (1748.17) (1.36) (1.02) (0.55) —(1.08) (0.14)
3S=1° 4,2,1 1.699 176.9 2.439 1395.31 1.16 0.87 0.05 0.12 0.26
c (1493.14) (1.12) (0.88) (0.11) —0.67) (0.23)
4S5=1° 511 1.648 172.3 2.356 2270.89 0.90 0.81 —0.51 —1.04 0.06
c (2364.84) (0.77) (0.91) ~0.55) (-1.25) (0.09)
5S=1/p 4,1,0 1.632 1715 2.602 627.93 1.05 0.75 -0.09 1.79 0.08
c (756.20) (1.00) (0.88) +0.05) (0.72) (0.15)
6S=73/p 4,1,0 1.654 175.1 2.621 626.72 1.39 0.91 0.03 0.59 0.09
c (764.55) (1.23) (1.04) (0.01) —~0.60) (0.16)
7S=1° 4,2,0 1.650 176.0 2.708 0.00 1.19 0.86 —0.02 1.69 0.17
c (136.28) (1.08) (0.99) +0.01) (0.64) (0.19)

aThe experimental X-ray structure and S&bauer data are from refs 2 and 10a, respectiVéiully optimized geometry (BPW91}.Experimental
geometry (PDB file 1DZ9)9 Energies are referenced to the most stable spetjes2766.32510 au) for convenience.

the BPWO1 calculated properties in Table 1, but B3LYP results geferences

(Table S2) are very similar. When using the coordinates of a P450-
RI structureéZ none of the DFT calculations yielded accurate
predictions forAEg, as shown by the data in parentheses in Table

1. We therefore next used a series of geometry optimized structures

(1—7, Supporting Information), since, in previous work with-Fe
CO and Fe-NO systems, we have found that this approach enables
the accurate prediction of Msbauer, as well as NMR and EPR
observable$? As shown in Table 1, none of th&Eq predictions

for the thiolate Z = 1) species 1—4) are consistent with the
experimentaAEqg value. The closest result is 0.35, to be compared
with the experimental result &Eq = 1.94 mm s%.1%aSince these
four species encompass all of the commonly proposed spin/
oxidation states (including porphyrin radials), we next considered
the possibility of a protonated cysteifgjith all three spin states:

S = 1Y,, 3,, for the porphyrin radical cation§,6; S= 1 for the
FeV—porphyrin dianion,7; Table 1. TheAEq results are now all
much larger, and, for, the lowest energy thiol species which also
hasS= 1, as indicated experimentallythe predicted results using
both BPW91 (Table 1) and B3LYP (Table S2) are, within the
expected uncertainti€s(AEq error ~0.3 mm s?, dge error ~0.1

mm s1), the same as those found experimentally. Fprthe
computedReeo of 1.650 A is essentially that found in the model
complex (1.646 A), as are the-Fe—X bond angles (1760 00—
Fe-S, 7; 178.9, O—Fe—N, model compleX. The Rees value

is, of course, considerably larger than that reported crystallographi-
cally; however, the short value reported may be due, at least in
part, to refinement using a thiolate ligahdnd indeed our geometry
optimization result or8 (Rees~ 2.4 A) is close to that reportéd
(Rres~ 2.3 A, Table 1). Neutral sixth ligands are favored irFe

O model complexes and peroxidases with posith,,**! and a
protonated (or strongly hydrogen bonded) cysteine may help explain
the redox potential in P458.Moreover, our results do not rule
out the possibility of an additional thiolate reaction intermediate
(e.g.,3), arising from a dynamic proton transf&rput this species
does not appear to give rise to the experimentasdbauer results
observed by Sclmemann et al%ab

Acknowledgment. This work was supported in part by the
United States Public Health Service (NIH grant EB-00271-25).

Supporting Information Available: Computational results for
optimized [Fe(O)(TMC)(NCCH)]?" (S= 1), B3LYP-calculated prop-
erties for different P450-RI models, and the geometries of all optimized
structures (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.

(1) Rohde, J.-U.; In, J.-H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M.
R.; Stubna, A.; Muck, E.; Nam, W.; Que, L., JiScience2003 299,
1037-10309.

(2) Schlichting, I.; Berendzen, J.; Chu, K.; Stock, A. M.; Maves, S. A.; Benson,
D. E.; Sweet, R. M.; Ringe, D.; Petsko, G. A.; Sligar, SS8ience2000
287, 1615-1622.

(3) Deeth, R. JJ. Am. Chem. S0d.999 121, 6074-6075.

(4) Kuramochi, H.; Noodleman, L.; Case, D. A. Am. Chem. Sod.997,
119 11442-11451. Antony, J.; Grodzicki, M.; Trautwein, A. ¥. Phys.
Chem. A1997, 101, 2692-2701.

(5) Loew, G. H.; Herman, Z. S1. Am. Chem. Sod.98Q 102 6173-6174.

(6) Green, M. T.J. Am. Chem. S0d.999 121, 7939-7940.

(7) Kamachi, T.; Yoshizawa, KI. Am. Chem. So@003 125 4652-4661.
Sharma, P. K.; Visser, S. P.; de Shaik,2803 125 8698-8699.

(8) Harris, D. L.; Loew, G. HJ. Am. Chem. Sod.998 120, 8941-8948.
Harris, D. L.; Loew, G. H.; Waskell, LJ. Am. Chem. Sod.998 120,
4308-4318.

(9) (a) Dokoh, T.; Suzuki, N.; Higuchi, T.; Urano, Y.; Kikuchi, K.; Nagano,
T. J. Inorg. Biochem200Q 82, 127—-132. (b) Collman, J. P.; Sorrell, T.
N.; Hodgson, K. O.; Kulshrestha, A. K.; Strouse, C. E.Am. Chem.
So0c.1977, 99, 5180-5181.

(10) (a) Schimemann, V.; Jung, C.; Trautwein, A. X.; Mandon, D.; Weiss, R.
FEBS Lett.200Q 179 149-154. (b) Schnemann, V.; Jung, C.; Terner,
J.; Trautwein, A. X.; Weiss, RJ. Inorg. Biochem2002 91, 586-596.

(11) Debrunner, P. G. livon Porphyrins Lever, A. B. P., Gray, H. B., Eds.;
VCH Publishers: New York, 1989; Vol. 3, pp 13234.

(12) (a) McMahon, M.; deDios, A. C.; Godbout, N.; Salzmann, R.; Laws, D.
D.; Le, H.; Havlin, R. H.; Oldfield, EJ. Am. Chem. Soc998 120,
4784-4797. (b) Zhang, Y.; Gossman, W.; Oldfield, EAm. Chem. Soc.
2003 125 1638716396.

(13) zZhang, Y.; Mao, J.; Oldfield, EJ. Am. Chem. SoQ002 124, 7829~
7839. Zhang, Y.; Mao, J.; Godbout, N.; Oldfield, £.Am. Chem. Soc.
2002 124, 13921-13930. Zhang, Y.; Oldfield, El. Phys. Chem. B003
107, 7180-7188. Zhang, Y.; Oldfield, EJ. Phys. Chem. 2003 107,
4147-4150.

(14) A Wachters basis set for Fe, 6-311G* for other heavy atoms and 6-31G*
for hydrogens. Wachters, A. J. B. Chem. Physl97Q 52, 1033-1036.
Basis sets were obtained from http://www.emsl.pnl.gov/forms/basisform-
.html. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A,;
Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.;
Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J.
A. Gaussian 98revision A.9; Gaussian, Inc.: Pittsburgh, PA, 1998.
AIM2000, Version 1.0, written by Biegler-Kug F., University of Applied
Science, Bielefeld, Germany.

(15) Becke, A. D.Phys. Re. A 1988 38, 3098-3100. Perdew, J. P.; Burke,
K.; Wang, Y. Phys. Re. B 1996 54, 16533-16539. Becke, A. DJ.
Chem. Phys1993 98, 5648-52.

(16) Grodzicki, M.; Flint, H.; Winkler, H.; Walker, F. A.; Trautwein, A. X.
Phys. Chem1997, 101, 4202-4207. Zakharieva, O.; Schamann, V.;
Gerdan, M.; Licoccia, S.; Cai, S.; Walker, F. A.; Trautwein, A.JXAm.
Chem. Soc2002 124, 6636-6648.

(17) Woggon, W. D.; Wagenknecht, H. A.; Claude JCInorg. Biochem2001,

83, 289-300.

JA030664J

J. AM. CHEM. SOC. = VOL. 126, NO. 14, 2004 4471



