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Abstract: Spectroscopic and electronic structure studies of the class | Escherichia coli ribonucleotide
reductase (RNR) intermediate X and three computationally derived model complexes are presented,
compared, and evaluated to determine the electronic and geometric structure of the Fe''—FeV active site
of intermediate X. Rapid freeze—quench (RFQ) EPR, absorption, and MCD were used to trap intermediate
X in R2 wild-type (WT) and two variants, W48A and Y122F/Y356F. RFQ-EPR spin quantitation was used
to determine the relative contributions of intermediate X and radicals present, while RFQ-MCD was used
to specifically probe the Fe''/Fe!V active site, which displayed three FeV d—d transitions between 16 700
and 22 600 cm™%, two Fe'V d—d spin-flip transitions between 23 500 and 24 300 cm™?, and five oxo to Fe'V
and Fe" charge transfer (CT) transitions between 25 000 and 32 000 cm~?. The Fe'V d—d transitions were
perturbed in the two variants, confirming that all three d—d transitions derive from the d-z manifold.
Furthermore, the Fe'V d-z splittings in the WT are too large to correlate with a bis-u-oxo structure. The
assignment of the Fe'!V d—d transitions in WT intermediate X best correlates with a bridged u-oxo/u-hydroxo
[Fe'(u-O)(u-OH)Fe'V] structure. The u-oxo/u-hydroxo core structure provides an important o/ superex-
change pathway, which is not present in the bis-u-oxo structure, to promote facile electron transfer from
Y122 to the remote Fe'V through the bent oxo bridge, thereby generating the tyrosyl radical for catalysis.

1. Introduction of stable tyrosyl radicalht1* Current research centers on
. ) o ) . understanding the structural and electronic features of the
. Binuclear non-heme iron-containing active SIFES are fogpd binuclear iron clusters that govern the diverse reactivity of these
in a large number of enzymes that perform highly specific en,ymes with @ Crystal structures exist for many proteins in

oxidation reactions involving binding and activation of ihis class in oxidized and/or reduced fortfisl? Each protein

dioxygenl—3 This class of enzymes includes hemerythrin
(reversible @ binding)#® soluble methane monooxygenase
(SMMO, hydroxylation of methané)! stearoyl acyl carrier
proteinA®-desaturaseA°D, fatty acid desaturatior),1° and the

contains carboxylate and histidine ligands that coordinate the
binuclear iron core responsible for the reductive activation of
0O,, generating similar peroxo-diferric and high-valent iron-oxo
intermediates that have been observed and characterized in some

R2 subunit of class | ribonucleotide reductase (RNR, generation 5 these enzymes$-23
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Ribonucleotide reductase catalyzes the rate-limiting step in

DNA biosynthesis in all organisms, the reduction of ribonucle-
otides to their corresponding deoxyribonucleoti¢fed. The R1
subunit of the Escherichia coliRNR holoenzyme RéR2

Reaction Mechanism of O Activation and Tyrosyl Radical (Y122¢) Generation from the E. coli Class | RNR R2 Binuclear Iron

Y122°

Intermediate X

D84
HY, e
[ ]

Y122-0°

Major efforts have been directed toward defining the structural
and electronic properties of high valent iron-oxo intermediates,
specifically in sMMO and R2:5:32-34 sMMO catalyzes the two-
electron oxidation of methane to methanol, and both intermedi-

complex contains the ribonucleotide catalytic active site, whereasates P or Igeroxo (PErOX0 F&', complex) and Q (F#; species)

the R2 subunit contains the binuclear'Factive site, which
(along with an exogenous electron) reductively activates O

have been trapped and kinetically characterized in sMIU.
The methane-hydroxylating intermediate, Q, characterized by

resulting in one-electron oxidation of an endogeneous Y122 Mdssbauer and EXAFS spectroscopies, exhibitsSas 0

residue to form a tyrosyl radical and an oxo-bridged diferric

diamagnetic ground state and is thought to contain ange

cluster, as shown in Scheme 1. The generation of this stablecore structure with two antiferromagnetically coupled’Fens

Y122 makes R2 active to initiate a long-range35 A) proton

at an Fe-Fe distance of 2.46 & For R2, there is evidence for

coupled electron transfer (PCET), between the two subunits, tothe formation of acis-u-1,2-peroxo F¥; intermediate similar

the catalytic active site in the R1 subuffitThis leads to the
formation of a thiyl radical on C439 of R1 and ultimately
nucleotide reductiof?

to P in D84E variants of thE. coli protein and the WT protein
from mous€*3-3¢ During the assembly of the R2 binuclear iron
in the presence of Han intermediatX (an oxo-bridged P&-

Crystal structures of both reduced and oxidized R2-WT and FéV species) has been identified kinetically and spectroscopi-
several variants combined with spectroscopy have greatly cally (by stopped-flow, EPR, ENDOR, EXAFS, and RFQ-
contributed toward the understanding of the binuclear non-hemeMCD).19.28:3741 The |atter decays to give the stable Y12ad

iron active site’>15The active site structures of both diferrous
and diferric R2-WT are shown in Figure 1. In the fully reduced
form of R2-WT (see Figure 1A), the two iron centers are

oxo-bridged diferric cluster. NMgsbauer spectroscopy was
consistent withX containing two inequivalent iron sites, a high-
spin Fé' (S= %/,) antiferromagnetically coupled to a high-spin

separated by a distance of 3.9 A, with the Fel being 4C and FeV (S= 2) yielding a resultan®q = - spin systent®2This

Fe2 being 5C, as supported by MCD spectrosc8pgyThe two

magnetic coupling between the two iron atoms is also evident

carboxylate residues, Glu115 and Glu238, bridge the two Fe from a nearly isotropiS = 1/, EPR signal ag = 2. The short

centers in au-1,3 fashion, and the rest of the coordination is

distance between the two iron atoms in intermediai@.5 A)

completed by His118 and monodentate Asp84 on Fel anddetermined from EXAFS results in combination with’O and
bidentate Glu204 and His241 on the Fe2 center. Tyr122, which 12H ENDOR spectroscog$-“°indicated the presence of at least

gets oxidized to the stable radical, % A away from Fel and

is H-bonded to Asp84%-30 The major change during the
conversion of the binuclear iron cluster from diferrous to diferric
form involves a significant reorganization of two carboxylates,
Glu238 and Asp84. In oxidized R2-WT (see Figure 1B), both
Fe centers become 6C with an-Fee distance of 3.3 A. There
is one bridgingu-1,3 carboxylate from Glul15 and a single
u-oxo bridge (from Q)3! between the two Fé centers. Fel is

coordinated to His118, bidentate Asp84, and a terminal solvent

oneu-oxo bridge, with the second oxygen atom being coordi-
nated to the P& site as a terminal water or hydroxide. The
presence of two additional bridging ligands (carboxylates) in
either au-1,1 oru-1,3 bridging mode has also been inferred.
The spectroscopic data on both intermediétand Q are of
high interest as both have distinctly short-Hee distances with
the spectra implicating a different number of bridging oxo
ligands. Alternatively, a number of computational analy$és 52
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Wild type (WT) R2 from E. coli
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(B)
Wild type (WT) R2 from E. coli
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Figure 1. Crystal structures of the (A) reduced binuclear active site of
R2-WT (1XIK) and (B) oxidized binuclear active site of R2-WT (1RIB)
from E. coli. Specific H-bonding interactions that are crucial for R2 reactivity

WA48A. In R2-WT, X forms in a second-order reaction between
the biferrous active site and>@vith a rate constant dform =
2.14 0.2 x 10® mol~! s71 and decays with a rate constant of
Kdecay= 1.0+ 0.2 slat5°C, whereas, in R2 Y122F/Y356F,

X had a formation rate constantlgf,, =5+ 1 x 10* mol~!

st and Kgecay = 0.3 &+ 0.1 st at 11 °C54%5 Thus, the
replacement of easily oxidizable Y122 and Y356 residues with
phenylalanines leads to high yields of pi¢€up to 1.4 equiv)
with increased lifetime. The decay ¥fin the R2-Y122F/Y356F
variant generates a tyrosyl radical from one of the nearby
tyrosine residues in the protein, as it cannot oxidize F122. The
crucial role of W48 in the ET process of R2 has been recently
investigated*~57 In both W48F and W48A variants of R2, a
diradical intermediate species containing both intermedfate
and Y122 (X-Y122) is formed from a preceding F®, complex
with a kiorm = 7.5+ 2.5 st and with akgecay= 0.18+ 0.04

s 15457 The kinetic parameters and the Y212@roduction
stoichiometry for the R2-W48A variant are very similar to those
reported earlier for R2-W48%. These experimental data
presented here are complemented by DFT, TD-DESCF,

and Slater transition state calculations to examine the ligand
field transition energies of the Fesite to correlate to three
possible model core structures fr monowu-0xo, ©-0xo/u-
hydroxo, and bige-0xo (vide infra). This study correlates the
experimental spectroscopic data with DFT calculations to
elucidate the fundamental features of thé'Fexo bond inX,
understand the effects of the geometric perturbations on the

are shown in purple (dotted line). The structures were generated using theFe€!' —O—Fé&V unit, and evaluate its geometric and electronic

crystallographic coordinates from the indicated PDB files.

including the most recent study by Noodleman and co-wofers,
have concluded thaX contains a bigs-0xo core structure,
similar to the proposed structure of intermedigén sMMO.
Thus, the structure ok remains to be determined, and the
geometric and electronic description & is required to
understand the mechanism of tyrosyl radical formation in RNR.

structural contributions to the formation of Y122

2. Experimental Section

All commercial reagents of the highest grade were used as obtained
without further purification: enzyme grade 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (Aldrich), ferrous ammonium
sulfate (Mallinckrodt), glycerol (Aldrich)ds-glycerol (98 atom % D,
Cambridge Isotope Laboratories), and deuterium oxide (99.9 atom %

Recently, we developed a rapid-freeze-quench magnetic circularp, Aldrich). HEPES buffer (100 mM, pH 7.6) was degassed with at

dichroism technique (RFQ-MCD) to probe electronic and
structural properties of intermediaXg utilizing a double variant
of RNR (Y122F/Y356F), which allowed for the generation of
up to 1.4 equiv ofX.3® These MCD data permitted direct
detection of the high-spin Pe spin-allowed and forbidden
ligand field transitions.

In the present study RFQ-MCD is used in combination with
low temperature (LT) absorption, VTVH MCD, and EPR

least three freezepump-thaw cycles at 1 Torr, while the apo
protein samples (on ice) were degassed by gentle flushing with O
scrubbed argon gas on the Schlenk line for at least 30 min°&t. 4
Solid ferrous ammonium sulfate was made anaerobic by pumping at
1072 Torr for 30 min.

2.1. Preparation of apo R2-WT, R2-Y122F/Y356F, and R2-
WA48A. The apo form of R2-WT, Y122F/Y356F, and W48A variants
was overexpressed, purified, and characterized as previously repotted.

spectroscopies to obtain a detailed experimental description of _ 2-2- Preparation of Intermediate X RFQ-MCD and RFQ-EPR

the ligand-metal bonding in the catalytically active 'ffe-FeV
binuclear site ofX in the R2 subunit of RNR in WT and two
variants, a double variant Y122F/Y356F and a single variant

(45) Torrent, M.; Musaev, D. G.; Basch, H.; Morokuma, X .Comput. Chem.
2002 23, 59-76.

(46) Han, W. G.; Lovell, T.; Liu, T. Q.; Noodleman, Inorg. Chem2003 42,
2751-2758.

(47) Liu, T. Q.; Lovell, T.; Han, W. G.; Noodleman, Inorg. Chem2003 42,
5244-5251.

(48) Siegbahn, P. E. MQ. Re. Biophys.2003 36, 91—145.

(49) Han, W. G.; Lovell, T.; Liu, T. Q.; Noodleman, Ilnorg. Chem2004 43,
613-621.

(50) Liu, T. Q.; Lovell, T.; Han, W. G.; Noodleman, lnorg. Chem2004 43,
6858-6858.

(51) Han, W. G; Liu, T. Q.; Lovell, T.; Noodleman, LJ. Am. Chem. Soc.
2005 127, 15778-15790.

(52) Han, W. G; Liu, T. Q.; Lovell, T.; Noodleman, 0. Inorg. Biochem2006
100, 771-779.

(53) Han, W. G; Liu, T. Q.; Lovell, T.; Noodleman, Inorg. Chem200§ 45,
8533-8542.

Samples.The preparation of the differous R2 cluster was carried out
under strictly anaerobic conditions in an argon filled Vacuum Atmo-
spheres Company (Hawthorne, CA) glovebexl(ppm Q). Once apo
protein samples (1:01.6 mM) were deoxygenated on a Schlenk line
at 4 °C, they were preloaded with 3-:3.5 equiv of Fé& (ferrous
ammonium sulfate) dissolved in an anaerobic solution of 5 mM H
SO, (neutralized with excess buffer), both with and without 5 mM

(54) Baldwin, J.; Krebs, C.; Ley, B. A.; Edmondson, D. E.; Huynh, B. H.;
Bollinger, J. M., Jr.J. Am. Chem. So200Q 122 12195-12206.

(55) Krebs, C.; Chen, S. X.; Baldwin, J.; Ley, B. A.; Patel, U.; Edmondson, D.
E.; Huynh, B. H.; Bollinger, J. M., Jd. Am. Chem. So200Q 122, 12207
12219.

(56) Saleh, L.; Krebs, C.; Ley, B. A.; Naik, S.; Huynh, B. H.; Bollinger, J. M.,
Jr. Biochemistry2004 43, 5953-5964.

(57) Saleh, L.; Kelch, B. A.; Pathickal, B. A.; Baldwin, J.; Ley, B. A.; Bollinger,
J. M., Jr.Biochemistry2004 43, 5943-5952.

(58) Parkin, S. E.; Chen, S. X.; Ley, B. A.; Mangravite, L.; Edmondson, D. E.;
Huynh, B. H.; Bollinger, J. M., JrBiochemistry1998 37, 1124-1130.
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ascorbate. The samples were allowed to equilibrate for 5 min prior to in figure legends. Spin quantitation of EPR samples was determined
loading into an RFQ syringe. The second RFQ syringe was loaded from integrated EPR signal intensities using 1 mM copper perchlorate
with an Q-saturated 100 mM HEPES buffer (1.5 mM,@& °C). as a standard.

All RFQ samples were prepared using an Update Instruments System 2.4. RFQ-MCD Spectroscopy.MCD spectra were recorded on
1000 (Madison, WI) equipped with a Wiskind Grid Mixer and a JASCO J810 (UV-visible region) and J200 (NIR region) spectropo-
spraying nozzle. Intermediabé was generated by quenching-280 larimeters, each equipped with an Oxford Instruments SM4-7T super-
ulL of the anaerobic diferrous R2-WT, R2-Y122F/Y356F, and R2- conducting magnetocryostat capable of magnetic fields up to 8 and 7
WA48A enzyme against an equal volume of-@turated 100 mM T, respectively, and temperatures down to 1.4 K, using an S-20
HEPES buffer, pH= 7.6. This step was repeated multiple times to photomultiplier tube (UV-vis, 900-300 nm) and a liquid-nitrogen-
accumulate enough sample for MCD and EPR. The samples werecooled InSb solid-state detector (NIR, 266800 nm). All MCD
freeze-quenched by spraying directly into liquid nitrogen or into liquid samples were checked for light depolarization effects by comparing
nitrogen cooled isopentane-afl40°C using appropriate reaction times  the CD signal of a nickel)-tartrate solution placed before and after
(100-125 ms for R2-WT at 3C, 70-100 ms at 1PC for R2-Y122F/ the sample. The depolarization was% at 1.8 K for all samples. All
Y356F, and 356-450 ms at 5C for R2-W48A). These aging reaction LT absorption and MCD spectra were simultaneously fit to Gaussian
times used for trapping were chosen based on previous stopped- band shapes using the program PeakFit version 4 (AISN Software Inc.).
flow kinetic studie$’-5° The samples of the R2-WA48A variant also VTVH MCD data were fit using an in-house program, which minimizes
contained 10% glycerol. The best results were achieved by freeze-the x? value by fitting the effective transition moment products with
quenching~20-50 uL of the reaction mixture (diferrous protein  either a Simplex or a Levenbergfarquadt algorithm with a spin
samples and @saturated 100 mM HEPES buffer, pH 7.6). A wide Hamiltonian for the ground state Kramer's doubet= 1/,.%0
mouth shallow liquid nitrogen container was used for quenching the  2.5. LT Absorption Spectroscopy.Low-temperature absorption
samples directly in liquid nitrogen by placing the spraying nozzte spectra were collected on a Cary-17 double-beam spectrometer equipped
mm above the surface of the liquid nitrogen. The reaction was initiated with a Janis Super Vari-Temp liquid helium cryostat at 10.0 K.
immediately upon placing the spraying nozzle in its position. After 2.6. Computational.All density functional theory (DFT) calculations
mixing, samples were ejected rapidly from the spray nozzle, freezing were performed on dual-CPU Pentium Xeon 2.8 GHz work stations
before rising to the surface of the liquid nitrogen (the samples came employing spin-unrestricted (SU) and broken symmetry (BS) methéds
into contact with the walls of the dewar only after freezing). The frozen to allow for a reasonable description of the electronic structure of
samples are small, flat ice crystalsZ—3 mm in size; in contrast antiferromagnetically coupled systems. All three models were geometry
samples frozen in chilled isopentane formed a slurry). Higher ram optimized using the Amsterdam Density Functional (ADF) program,
velocities (up to 3.2 cm/s) produced the best quality crystals. The version 2003.01 developed by Baerends et*&.A triple-¢ Slater-
reproducibility was verified by repeating the experiment for each sample type orbital basis set (ADF basis set TZP) with a single polarization
numerous times (all the spectra shown are a result of at least eightfunction at the local density approximation of Vosko, Wilk, and Ni¥8air
independent experiments). Freezing samples of R2 in chilled isopentanewith nonlocal gradient corrections of Becke and Perdew (BP86)
(—140°C) led to the formation of poor glasses (with light depolarization were employed. The molecular orbitals were plotted using gOpenMol
of ~10—15%) that limit the measurements of quantitative MCD spectral version 2.32 and Molden version 4ASCF and Slater transition state
data. However, MCD spectra collected for corresponding samples frozenmethods were employed using ADF. The Mulliken population analyses
in liquid N2 and isopentane were identical (see Figures S3 and S4 in were performed using the AOMi%and PyMOlyz&° programs. Time-
the Supporting Information). RFQ frozen samples required for EPR dependent DFT (TD-DFT) calculations were performed with the
analysis were packed into 4 mm quartz EPR tubes using long packers.Gaussian 03 packagéA 6-311G* basis set was used for all atoms
The protocol for generation of an RFQ-MCD sample was described with the local density approximation of Vosko, Wilk, and Nu&&nd
previously® In brief, the frozen crystals of the intermediate were the nonlocal gradient corrections of Becke and Perdew (BPg8)n
crushed into a fine powder in a container immersed in liquid nitrogen all models, the high-spin Fe antiferromagnetic (AF) state was initially
and then mixed thoroughly with glycerol (premeasured volume) at converged with smaller basis sets (i.e., 3-21G*), which was used as
—30 °C in dry icel/ethanol bath until a homogeneous sample was the initial guess for larger basis sets (i.e., 6-311G*). The high-spin AF
obtained. To ensure homogeneity of the RFQ-MCD samples, the light state for all models was found to be lower in energy than the low-spin
beam in the MCD experiments was focused on at least 10 different AF state. Complete coordinates of all the geometry-optimized models
regions of each MCD sample glass, and independent spectra werediscussed in the text are included in the Supporting Information (Tables
recorded. The MCD cell was carefully assembled on dry ice (two brass S1-S3).
pieces with the 3.2 mm neoprene spacer and two infrasil quartz disks)
with the intermediate frozen ice crystals/glycerol mixed paste being 3. Results

distributed evenly over the quartz disk of the MCD cell. The paste of 3.1. EPR Characterization of RFQ SamplesAll the RFQ-

intermediateX was then sandwiched between the two quartz disks, . . .
and the cell quickly froze in liquid nitrogen. All RFQ-MCD samples MCD samples o used in the analysis were characterized by

of intermediateX contained~60—70% glycerol, and the final samples RFQ-EPR spectroscopy to establish theXand % Y122
ranged in Fe concentration from 0.3 to 0.8 mM. The whole MCD

sample preparation took on average®min. The stability ofX in (€0) gg/‘orlngogné i"fgggf"@% G.; Loeb, K. E.; CampochiaroCGord. Chem.
R2-WT and the two R2 variants was tested by monitoring the EPR (61) Noodleman, L.; Case, D. A.: Aizman, A. Am. Chem. Sod.988 110,

signal of X over a 2-15 min time course at-30 °C since all RFQ- 1001-1005.

: (62) Noodleman, LJ. Chem. Phys1981, 74, 5737-5743.
MCD samples were prepared at this temperature. (63) Noodleman, L.; Davidson, E. Rehem. Phys1986 109, 131—143.

3
2.3. RFQ-EPR Experiments.All X-band (9.3 GHz) EPR spectra  (64) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41-51.
6

)
)

were obtained with a Bruker ER 220-D-SRC spectrometer equipped Egsg velde, G. T.; Baerends, E. . Comput. fg@g%s%gggﬁgg@lm_
)
)

with an Air Products Model LTR Helitran liquid helium transfer  (67) Becke, A. D.J. Chem. Physl986 84, 4524-4529.

] i (68) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.
refrigerator and a Lake Shore erotromcs temperature cont_roller model (69) (a) Gorelsky, S. IAOMIX program revision 6.04 (http:/www.sg-chem.net/
DTC-500 and an ESR-900 helium flow CI’yOStat The EPR S|gnals were ). (b) Gorelsky, S. I.; Lever, A. B. PJ. Organomet. Chen001, 635,
monitored at different temperatures ranging from 103 K using an 70 _1r87al9r?-l A LPYMOI o 1.04. htto/] | .
ESR-900 cryostat and an external vacuum pump for temperatures below{72) fact 5. ot atsbuscian O3revision C.02: Gaussian. mes Wallngiord.
4.2 K. Specific sample conditions and spectrometer conditions are given CT, 2004.
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[ T ' ' quality optical samples ok. The X intermediate was found to

decay faster in the R2-WT enzyme than in the two R2
variants.

A Figure 2A shows the EPR spectrum of in R2-WT
containing 62%t 2% X and 38%=+ 2% Y122. The 10-min
time point of the reaction was used as a reference spectrum of
magnetically isolated Y12Zsee Figure 2B). A freeze-quenched

B sample from the reaction of the double variant with Was
used as a reference sample foas its kinetics oX formation
and decay are such that pdteaccumulates in high yields (1.4

equiv) without contamination from Y122Figure 2C). A slight

excess of dithionite was used to eliminate any W4ecies,
which can accumulate by supplying an additional electron to
C form X under reductant-limiting conditions. The EPR spectrum
of decayedX in the double variant is characteristic of a tyrosyl
radical (Figure 2D). Finally, the EPR spectrum Xfin the
WA48A variant exhibits a unique feature with a broager 2.0
signal (Figure 2E). This EPR signal is attributed to a coupled
biradical species containing botd and Y122. This EPR

spectrum is not the same as that of magnetically isolated
intermediateX or isolated Y122indicating a weak interaction

D
of the two paramagnetic speciééand Y122.5472Subsequent
decay ofX-Y122 in W48A gives an EPR spectrum character-
E istic of isolated Y122 (Figure 2F). EPR spin quantitation for
the W48A variant indicates that0.25 equiv of stable Y122
is formed at the end of the reaction.
3.2. Low-Temperature Absorption and MCD Spectros-
copy of Intermediate X. The low-temperature (LT) absorption
MV/\/W spectra ofX in R2-WT, R2-Y122F/Y356F, and R2-W48A are

shown in Figure 3. The predominant spectral features of
intermediateX in the 10 K absorption spectrum occur in the
high-energy region centered a27 800 cnT! (¢ ~ 2800 M1
cm™1) with a steep increase in intensity starting-é1 000 cn1!

(e ~ 4000 M1 cm™). There is also a rather weak tailing
absorption feature at20 000 cnT! (e &~ 900 M1 cm™Y). In

3200 3250 3300 3350 3400 3450 the case of the R2-WA48A variant, there is also a sharp feature
Field (Gauss) in the absorption spectrum at24 000 cnt! (Figure 3C)
Figure 2. RFQ-EPR spectra of (A) the intermediatén R2-WT (relative indicative of the presence of Y12that is weakly spin coupled
ratio of X and Y122 0.62:0.42), (C) in R2-Y122F/Y356F (98L00%X), to X (vide suprg. A smaller similar sharp feature is present in

and (E) theX—Y* (79%) diradical species, formed in the reaction of apo . .
enzymes with Peand Q, in comparison with EPR spectra of decayed the absorption spectrum of R2-WX'{Figure 3A), but here the

intermediateX in R2-WT, R2-Y122F/Y356F, and R2-W48A (B, D, and amount of Y122species correlates with the amount of decayed
F). The EPR spectra of decayXdwere obtained by allowing the samples X quantitated by EPR. Consistent with the EPR results in Figure

of X to thaw at room temperature for 10 min prior to freezing in liquid 2, no sharp Y122feature is present in the absorption spectrum
nitrogen. The spectrometer conditions for data acquisition were as follows: ™’

microwave frequency 9.38 GHz, temperature 3.0 K, microwave power 10 Of X for the R2-Y122F/Y356F variant.
uW, modulation frequency 100 kHz, modulation amplitude 4 G, and receiver ~ The 10 K absorption spectra of decay¥din the R2-WT

gain of 2.24x 10% reaction and the two R2 variants are shown in the Supporting
Information (Figure S1). Decay of generates a-oxo bridged

present. Figure 2 shows the comparison of the EPR spectra Ofdlferrlc cluster (broad absorption bands-&1 250 and~27 000

; . cm~1) and the tyrosyl radical characterized by a sharp feature

\)/(Vztlrg,f\)ped'tlhn EZW T and the ;YVO vgrlantséglzzF/;(?;StEth and at~24 330 cnt. The high-energy absorption featuresxoére

h » WITh Their Ic;;rezpon Igg bect?yRZ Vs_lpfelcz_ra' 2,‘?\ difficult to differentiate from those attributed to decay#d
characteristic signal ot observed Int ot el (Figure ) (particularly in WT) since botlX and the diferric cluster absorb
and the double variant (Figure 2C) is typical of a system with in the region~27 000-28 000 cnit and the primary difference

— 1 H H —

the ground stat&,: = /> and nearly isotropig = 2.0 value.  jioq i the Kinetics of the band formation and disappearance.
The aging times (116125 ms) used for the formation &f in However, MCD spectroscopy allows for a complete differentia-
the RZ'W_T enzyme allowed for maximum amount%f_o be tion of these bands, as the diferric cluster is not paramagnetic
formed with as little of decayed products as possible, but

; ; and will not exhibit intense LT MCD feature€{terms). Since
variable amounts of the reaction product Yi2fere also

; ) intermediateX is paramagnetic, it shows an intense VTVH
detected (from 28 to 42%). This was unavoidable for the R2- \,~p signal.

WT reaction since the MCD sample manipulations were carried
out at—30 °C following RFQ trapping in order to obtain good  (72) J~ 0.1 cnrt.
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Figure 4. Low-temperature RFQ-MCD (1.8 K, 7 T) spectra of intermediate
X in (A) R2-WT, (B) R2-Y122F/Y356F, and (C) R2-W48A including
simultaneous Gaussian fitting with their respective absorption spectra.
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Figure 3. Low temperature (10 K) absorption spectra of intermedkate
in (A) R2-WT, (B) R2-Y122F/Y356F, and (C) R2-W48A including
simultaneous Gaussian fitting with their respective MCD data.

Figure 4 displays the low-temperature MCD spectrah
R2-WT, R2-Y122F/Y356F, and R2-W48A. Figures 3B and 4B
reproduce the absorption and MCD data obtained previously

Table 1. Experimental Transition Energies (cm™1), Co/Do Ratio,
and Assignment of Intermediate X Transitions in (a) Wild-Type, (b)
Y122F/Y356F, and (c) W48Aa

on R2-Y122F/Y356FX. There is a good correlation of band (@) wild-type  (b) Y122F/Y356F  (c) W4BA

signs, energies, and shapes between the three MCD spectra oband vy, (cm™) Vnax (€M) V€M) ColDy assignment
intermediateX, and these can be correlated to the features 1 17 630 16 700 19680 0.0062 'Fe—d
observed in the absorption spectra. The simultaneous Gaussian2 20 080 19 460 21590 0.0117 'Fel—d
fitting of the MCD with the LT absorption data results in 10 3 gg ggg gé 61388 ;g ggg 8-8‘1“7)3 :Eg”g
electronic transitions in the region from 5000 to 33 300 &m ’ spin flip
(Table 1; note that no transitions are observed in the NIR region 5 24 320 24 270 24360 0.0502 'Fel—d
below 14 000 cm?! associated with intermediad¢). The LT- spin flip
MCD data show an apparent large deviation from the MCD 6 25110 25080 25280 0.0040  oxoFe’
“ le” (equal and opposite signed LT-MCD intensity) and ! 26 830 26 730 26770 00055 oxeFe
sum rule”(equal and opposite signe ! Yy 8 28 540 28 340 27840  0.0069 oxeFeY
the deviation requires spitorbit coupling of low-lying excited 9 30 020 29 820 29370  0.0110 oxoFé"
states into the ground state. The MCD and absorption spectra or Fev )
have been divided into three regions based on the intensities 10 31840 31350 30670  0.0092 orgz\?':é

andCy/Dg ratios forX in R2-WT and the two R2 variant€y/
Do ratios Co/Do = ks T/ugB (Ae/€)max Wherekg is Boltzmann’s
constantug is the Bohr magnetorkg/ug = 1.489 K1 T71), T
is the temperature in Kk, is the molar absorptivity in M cm™2,

aFit parameters were determined using simultaneous Gaussian resolution
of the LT absorption and MCD spectra, from Figures 3 and 4.

centered on the B¢ of intermediateX.”374 Region | (bands

. . . . . n
andAe is the MCD intensity maximum in M cm™* recorded 4 _ 4, Figures 3 and 4) displays the most intense features in

in the linear 1T region) are used to differentiate a metal-based the MCD spectrum oK, with high Cy/Dq ratios from 0.012 to
ligand field (d— d transitions) from ligand-based charge transfer 0.050 (i.e., high MCD' but weak absorption intensi.ty) Thus
(CT) transitions. Since the sp#orbit coupling constant for the ) o ' ' '

FeV is much higherrJV = 520 cnt?) than that for the oxygen
(60—70 cntY) or nitrogen (50 cm?) ligands, the d— d LF
transitions are expected to have higlafDg ratios as they are

(73) Solomon, E. I.; Hanson, M. A. Iitnorganic Electronic Structure and
SpectroscopySolomon, E. I., Lever, A. B. P., Eds.; John Wiley & Sons:
New York, 1999; Vol. 2, pp +129.

(74) The high-spin P& d—d LF transitions are all spin-forbidden.
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these three bands (bands-3) can be assigned as the spin-
allowed ligand field transitions of the high-spin'Fesupporting
significant F&’ character in the paramagnetic centeixof
Region Il (bands 4 and 5) involves spin-forbidden LF
transitions AS= 1 spin-flip transitions). These sharp but weak
MCD bands are observed between 23 000 and 24 500 and
do not vary over any of the MCD spectra f&rin R2-WT and

the two variants. Based on the energy and bandwidth these

transitions could be assigned to a spin flip on either tHe: &e
FeV center. The ligand field independent spin-forbidden transi-
tions gain some intensity in coupled dimers through the
exchange interaction associated with the bridging ligardie(
infra). The ligand field independent spin flips of an''Feenter
(involving the ®A; — 4A,, “E transitions) are well-known to
occur in the region o#~21 000 cm? in monow-oxo ferric
dimers and in the region 17 76A9 100 cm? for bisu-oxo
ferric dimers’> Bands 4 and 5 are too high in energy to be
attributed to F# spin flips and are thus assigned as ligand field
independent spin-forbidden transitior?& (— 3T;) on FéV.
Region Il (bands 6-10) involves transitions at 25 000 cn!
with low Cy/Dg ratios from 0.004 to 0.011 (i.e., weak MCD,
but strong absorption) and are thus assigned as oxoYcaRd
oxo-to-Fé! CT transitions. Oxo—~ F€V transitions are antici-
pated to be at a lower energy relative to oxa~e€" CT due to
the increased.s. Modestly intense oxe~ Fe!l CT transitions
in monowu-oxo ferric dimers are observed a8 000 cnTt.”>
Jorgensen’s optical electronegativity differences between the
donor and acceptor orbitals can be used to estimate charge
transfer transition energié&Using rough estimates of optical
electronegativitiesyp) for high-spin F& (yop(FeV) = 2.8—
3.2) and a bridging oxo ligand,{O?") = 3.6-3.8) in the
following expression:

Ver = 30000 f,,(O7) = yop(FEY)] cm ™ (LMCT)

calculates the oxe> FeV CT transitions in the range 24 080
28 000 cm. The same expression for high-spin'Fgop(Fe'')
= 2.5-2.7) gives oxo— Fé' CT transitions in the range
27 000-33 000 cn1t. Therefore, it is reasonable to assume that
bands 6 and 7 and possibly 8 in the MCD spectrunXafan
be assigned as oxe- F€V CT transitions and that the higher
energy transitions could correspond to oxoFe! CT transi-
tions. However, this approach assumes th#-Bgo and the
FéV-oxo bonding are mutually exclusive and neglects covalency
effects over the entire te-O—FeV dimer unit @ide infra).

The absorption and MCD spectra of decayedn R2-WT
and the two variants are given in the Supporting Information
(Figure S1 and S2). These spectra are distinctly different from
those of intermediateX in Figure 4 and provide additional

evidence for the assignment of the spectral features in Figure 4

as due solely tX. The tyrosyl radical and-oxo bridged diferric
cluster are the major decay products<ofvith the tyrosyl radical
being the primary paramagnetic component. The MCD spectrum
of decayedX in R2-WT enzyme exhibits a feature a4 300
cm ! due to tyrosyl radical formation (note that this feature is
different from that observed in this energy regionXgr There

is also a broad negative feature observed2® 000 cn! which

(75) Brown, C. A.; Remar, G. J.; Musselman, R. L.; Solomon, Exdrg. Chem.
1995 34, 688-717.

(76) Jorgensen, KOxidation Numbers and Oxidation Stat&pringer-Verlag:
New York, 1969.
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Figure 5. VTVH MCD data of X in R2-Y122F/Y356F variant showing
unnested saturation behavior within experimental standard deviation: (A)
band 2 at 19 230 cm, (B) band 3 at 22 220 cm, (C) band 7 at 26 810
cm™1, and (D) band 8 at 28 740 crhat 1.8, 3.0, 5.0, 10, 20, and 40 K.
The magnetization data were fit with a spin Hamiltonian for &Y/,
ground state Kramer's doublgt.

is due to some paramagnetic decay contribution, not yet
identified. The high-energy band at30 000 cnt! is temper-
ature independenBfterm MCD intensity) and arises from the
‘diamagnetic contribution of the oxo-bridged diferric cluster. The
decayed X of the R2-Y122F/Y356F variant exhibits the
characteristic tyrosyl radical feature a24 300 cn?! (Figure
S2B) and the high-energy band-a80 000 cn which is also
temperature independetit.3°

The decayeX in the R2-W48A variant is characterized by
a broad negative feature at 15 6620 000 cnT! and a broad
positive, temperature independent feature at 250000
cm~ ! which is associated with the diamagnetic decayed diferric
cluster. The tyrosyl radical feature is not obvious in this
spectrum as it is very weak and masked by the broad negative
and positive features. Importantly, the MCD spectra of decayed
X in Figure S2 clearly display different features from those
attributed toX. Given that the spirtorbit coupling constant for
the tyrosyl radical is small, this at most contributes a small
feature to the MCD spectrum of decay¥dThe MCD features
of intermediateX assigned as spin flips (bands 4 and 5) in Figure
4 are present even after subtraction of the tyrosyl radical
contribution in R2-WT enzyme and are present in the MCD
spectrum of Y122F/Y356B, which does not contain a
contribution from the tyrosyl radical (from EPR).

Finally, it is important to note for Figures 3 and 4 that while
R2-WT-X and R2-Y122F/Y356F% exhibit similar energies for
the three spin allowed-ed transitions of the Fé center, the
d—d transitions in R2-W48AX (Figure 4C) are shifted to higher
energy and display a smaller energy separation of bands 1

3.3. Variable Temperature Variable Field (VTVH) MCD.
VTVH-MCD data were collected for R2-WT and the two variant
forms of intermediat&X. R2-Y122F/Y356FX displays the most
well resolved MCD transitions for VTVH analysis, Figure 4.
The VTVH-MCD data for R2-Y122F/Y3568 were collected
at four different bands as presented in Figure 5. All the saturation
magnetization curves (MCD intensity as a functiorpbf/2kT)
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50 on absorption and MCD data from mono- and hisxo
w0 binuclear Mn system&.~7°
g This study extends the initial ligand field analysis to include
g 30 covalency effects and- as well asr-bonding interactions from
E 20 the bridging oxo ligand(s) through the use of DFT calculations
§ combined with perturbations on the spectral dat&Xah the
€ 10 two variants and WT (section 5). This computational approach
S o was used to explore the electronic and geometric structure
= differences between three possible structural modelX fgthe
-10 monowu-0Xxo, u-0xofu-hydroxo, and big¢-oxo bridged species).
20 Furthermore, TD-DFT, Slater, andSCF transition state

18000 20000 22000 24000 26000 28000 30000 32000
Energy (cm™)

Figure 6. Temperature dependence of MCD signal of intermediaie
R2-Y122F/Y356F. All MCD bands decrease in intensity with increase in
temperature indicative dE-term MCD behavior.

recorded at various magnetic fields and at a series of temper-

atures from 1.8 to 40 K overlay within standard deviation and

thus do not display any nesting behavior. These isotherms are,

dependent on th&; of the ground state and were fit using the
EPR parameters of (g, = 2.006 andgy = 1.994), resulting

in spin Hamiltonian parameters characteristic for an isotropic
ground state with an isolatesl= Y/, for all bands.

The temperature dependence of the full MCD spectrX of
for both the R2-Y122F/Y356F and R2-WA48A variants, ranging
from 1.8 to 170 K at high field (7 T) were collected. Figure 6
shows the 7-T MCD spectrum of intermediatein the R2-
Y122F/Y356F variant over the energy region of 17 633 000
cm~! between 1.8 and 115 K. The variable temperature MCD
data exhibit typicalC-term behavior with the signal intensity
decreasing as T/with increasing temperature. This behavior
is observed for all the spectral features of intermedkate

methods were used to calculate thé'F-d transitions within
these three models and correlate their energies and intensities
to those observed by RFQ-MCD for intermediatén the WT
R2, as well as the structurally perturbed formsxoin the two
variants (section 5).

4.1. DFT: Geometry Optimizations. Previous structural
assignments for intermedia¥ehave primarily focused on either
a mono- or bist-oxo core structure, based on EPREN-
DOR2%40 EXAFS 37 MGssbhauef® and MCD*® spectroscopies
as well as DFT calculatiori§:42-49.5:-5380The y-oxoju-hydroxo
core structure is also included here, as it has been generated in
diferric model complexéd as well as explored by DFT but
has not been considered thus far as a viable structure for
intermediateX. This structure would have one strong oxo bridge
but a short FeFe distance associated with two monoatomic
bridging ligands, as observed in EXAESThe tops of Figures
7—9 display the three possible geometric core structures of
intermediateX evaluated here: mone-oxo, [Fé! (u-O)FeV];
u-oxoju-hydroxo, [Fé' (u-O)(u-OH)FeV]; and bist-oxo, [Fé" (u-
O).FeV], respectively.

While there is a small number of high-valent binuclear iron
oxo model systems available, only one has been structurally

Since the MCD signal intensity of all bands decreases linearly characterized and none of these models has the correct high-

as 1T for temperatures up to 115 K, it can be concluded that
there is no thermally accessible low-lying excited sublevel of
the Sot = Y/, ground state of intermedia¥e The energy splitting

spin state for each iron as found in intermedi4teTherefore,
the computational models presented here were based on similar
diferric and dimanganese model structures, with an effort to

of the ground state is described by a phenomenological spinkeep the non-oxo ligands identical. The man@xo structure

Hamiltonian,H = —2JS;-S,, whereS represents the spin on
each iron and is the exchange coupling constant. A two-level
Boltzmann distribution yields AE > 110 cnT? between the
two levels with a population of20% population of the excited

was based on the structurally characterized '|(fz:-O)([9]-
aneN)2(u-CHsCO,)5]3" complex of Wieghardt et & The
electronic structure of this complex consists of two high-spin
Fe!' (S= %) atoms antiferromagnetically coupled to yield an

state, at a temperature of 115 K. The lack of an observable overallS= 0 ground state. The DFT geometry optimization of

thermally accessible (at 115 1§ = %/, excited state indicates
a strong antiferromagnetically coupled'FeO—F€V dimer,
giving a lower limit on the magnitude of the exchange coupling
of —3J > 110 cnrt.

4. Analysis

Our preliminary report on the RFQ-MCD of in Y122F/
Y356F used a quantitative assessment of tHé Fgand field
to support that intermediaté¢ contained a single oxo bridgé,
consistent witht’0O—0, and HO ENDOR dat#? The ligand
field analysis argued against the possibility of a fsiexo core
structure due to the larger equatorial ligand field oxo bonds
which leads to a larger splitting of the Fed—d transitions
compared with the monp-oxo splitting. The larger splitting
of the bisx-oxo would shift the F¥ d—d transitions to higher
energy than the relatively low-energy-d transitions observed
in intermediateX. These LF calculations were calibrated based
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this complex led to a final structure that paralleled the geometric
and electronic structure of the actual complex. However, upon
the computational removal of one electron from the geometry
optimized Fé';, complex, the oxidized complex reoptimized to
a low-spin F&' S= 1/, and low-spin F& S= 1 antiferromag-
netically coupled system. This result is consistent with the

(77) Brunold, T. C.; Gamelin, D. R.; Solomon, E.J. Am. Chem. So200Q
122 8511-8523.

(78) Brunold, T. C.; Gamelin, D. R.; Stemmler, T. L.; Mandal, S. K.; Armstrong,
W. H.; Penner-Hahn, J. E.; Solomon, EJI.Am. Chem. S0d.998 120,
8724-8738.

(79) Gamelin, D. R.; Kirk, M. L.; Stemmler, T. L.; Pal, S.; Armstrong, W. H.;
Penner-Hahn, J. E.; Solomon, EJI.Am. Chem. S0d.994 116, 2392-
2399.

(80) Han, W. G.; Liu, T. Q.; Lovell, T.; Noodleman, 1. Comput. Chen2006
27, 1292-1306.

(81) Stubna, A.; Jo, D. H.; Costas, M.; Brenessel, W. W.; Andres, H.; Bominaar,
E. L.; Munck, E.; Que, LInorg. Chem.2004 43, 3067-3079.

(82) Hsu, H. F.; Dong, Y. H.; Shu, L. J.; Young, V. G.; Que,J..Am. Chem.
Soc.1999 121, 5230-5237.

(83) Wieghardt, K.; Pohl, K.; Gebert, WAngew. Chem., Int. EA983 22, 727—
727.
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Figure 8. Energy level diagram of th&c = Y/, unrestricted DFT geometry
Figure 7. Energy level diagram of th8c: = /> unrestricted DFT geometry  optimizedu-oxo/u-hydroxo, [Fé! (u-O)(u-OH)FéY] core structure. The top
optimized mong+-oxo, [Fé'(u-O)F€"] core structure. The top portion  portion displays thet-oxofu-hydroxo structure with FeO and Fe-Fe
displays the mong-oxo structure with FeO and Fe-Fe distance and angle  distance and angle data. Local coordinate frames are displayed for each
data. Local coordinate frames are displayed for each iron. Ligand hydrogensiron. Non-oxo ligand hydrogens are omitted for clarity.

are omitted for clarity.

to a high-spin F& S= 2 to yield Sot = ¥/, ground states. The
experimental electrochemical results for this oxidized complex, MONOx-0xo structure was the only complex which needed to

which yielded a 35:65 mixture &= 1/, andS= 3, specie$? be geometry optimized to the ferromagnegig = 9, state first
The Massbauer and EPR results from this complex were and then reoptimized under broken symmetry (BS) to converge
ambiguous as to the nature of the\spin state. to the lower energy antiferromagnetically coupled high-spin
The u-oxoju-hydroxo and big¢-oxo models were based on ~ State. The other structures were also geometry optimized to
the structurally characterized [Migu-O),Mn" ([9]aneNs)(u- ferromagnetically coupleiq; = %/, states, which were at higher

CH3CO,)]2+ complex and differ by one proton bound to an oxo €nergy than th&q = /2 state for all three complexes.

bridge’® Similar spin-state issues (these complexes energetically 4.2. DFT: Ground State Geometric and Electronic
optimized to a low-spin state on each iron) were also encoun- Structure. Figures 7-9 display a geometry optimized structure
tered for these models. The'Eespin state plays an important ~ and energy level diagram for each of the three possible structural
role in defining the geometric and electronic structure of the models of intermediatX. The comparison of these calculated
complex, which determines its reactivity. Therefore, a weaker Structures to the experimental data of intermedkierovides
ligand set was chosen for all three structures to maintain high- & reasonable basis for the evaluation of the geometric and
spin states on both irons and to preserve their structural €lectronic structure oX.

consistency. The nitrogen-based[9]apétand set was replaced While all three structures maintain a high-spif'F& = 5/,)

with a weaker oxygen-based 9-crown-3 ether ligand set. This and F&' (S= 2) antiferromagnetically coupled to yield &
ligand change resulted in the three computational models shown= ¥, ground state, their geometric and electronic structures vary.
in Figures 79. With this ligand modification, all three models The monox-oxo and u-oxoju-hydroxo structures display a
geometry optimized to minimum energy complexes, which shorter F&—0q,, distance of 1.70 A, while the bjs-oxo
maintained high-spin BeS= %, antiferromagnetically coupled  structure displays two Be—O,y, distances of 1.73 A. However,

all three bridged structures have longer distances than the

(84) Slep, L. D.; Mijovilovich, A.; Meyer-Klaucke, W.; Weyhermuller, T.; Bill, ; _defi _ pPe= —
E.; Bothe, E.; Neese, F.; Wieghardt, B. Am. Chem. So2003 125 experlmen_tally We”_ defined (T_MC NCMe) g Y (S 1)
15554-15570. complex with a terminal oxo, which has a relatively shot Fe
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1-0X0 structures, respectively. Importantly, the energy splittings
of the F&Y d-7* manifold decreased significantly from the
MOoNowu-0X0 tou-oxofu-hydroxo to bisx-oxo structures: 8100,
3500, and 2300 cn respectively.

{ ;"l‘\92?] ?3 X The Fé' d-manifolds displayed similar energy changes among
' ' the three structures. Interestingly, thé'Fend F&/ d-manifolds
je—2.63— appear in nearly the same energy region for all three structures,
which reflects a significant amount of covalency within the
Fe'l Fe'v Fell—O—FéV unit (vide infra).
o B o B The Fé¥ d-manifold energy differences reflect changes in
the bonding interactions between théFand the core oxo and
—_—y hydroxo ligand(s). Due to a significant amount of spin polariza-
XY — tion in the-occupied F¥ d-orbitals, these differences are most
Zh— easily correlated in ther-unoccupied P¥ d-orbitals, which
reflect the uncompensated bonding interactions of th& Fe
pB-occupied orbitals. Figure 10 summarizes these energy differ-
. —xy ences; also see Tables 2 and 3. Supporting Information Figures
—1 S5 and S6 include contours that further dissect tHé-F@oxo
bonding interactions that give rise to these energy differences.
Figure 10 and Tables 2 and 3 also include a hypothetical
Unoccupied mononuclear Fé=0 high-spinS= 2 system as a referent&’
Occupied Figure 10 displays the large energy splitting between the
mononuclear Pé d-o manifold. This is due to dominant Fe-
Ooxo 0-bonding along thez-axis versus the relatively weaker
equatorial ligand field along theandy axes. This is reflected
in the large amount of oxo character in theXlprbital, Tables
yz —_— 22 2 and 3. In Figure 10bd and S5, all three binuclear models
B pp= yz display a smaller splitting between their 'Fel-o* orbitals,
Xz consistent with their longer Pe—O,y, bond lengths. Also, the

- T P R bent F&'—O—F€Y angle of 123 in the monox-oxo and 104
Figure 9. Energy level diagram of th&c; = > unrestricte geometry . . ; |
optimized bisu-oxo, [Fé'(u-O),FeV] core structure. The top portion in the-oxoju-hydroxo dimers weakens the'FeO,, bond and

displays the big+-0x0 structure with FeO and Fe-Fe distance and angle  l0Wers the energy of the ) orbital in both structures relative
data. Local coordinate frames are displayed for each iron. Ligand hydrogensto the mononuclear case. (Note that different axis systems are
are omitted for clarity. used for the different structures. Thexis is directed along

the Fé¥-oxo bond in the mononuclear, binuclear manoxo,
Ooxo distance of 1.65 A° The Fé'—O—Fe" angle decreases  gnq binuclear-oxofu-hydroxo cases. Theaxis in the binuclear

191173
N 2927 A

9 —

-10 —

Energy (eV)
|
it

.
5
]

g
l\|.M

from the monau-oxo to theu-oxoju-hydroxo to the big¢-oxo bis-0xo case is perpendicular to the'fe(O), plane. Thex
structures: 123 104, and 92 respectively. The Fe—FeV andy axes bisect the liganeFe bonds in the binuclear systems.)
distance also decreases from the maroxo to theu-oxoju- The bisg-oxo structure has two oxo ligands that impose a
hydroxo to the bige-oxo structures: 3.12, 2.82, and 2.63 A gronger equatorial ligand field and increase the energy of the
respectively. Parallel to the Fe-Oqx, distance, the F&—Ooxo d(xy) orbital. Overall, the P¥ d-o* splitting is smaller for the
distance also lengthened from the manoxo to theu-oxo/u- binuclear complexes due to the bridged bonding of the oxo that
hydroxq to the big¢-oxo structures: 1.85, 1.87, and 1.91 A, results in a weaker Be—Op, bond. The bent nature of the'lre-
respectively. O—F&V unit also weakens the Fe-Op, bond in the monqe-

The geometric differences among the three structures areoxo and theu-oxoju-hydroxo complexes.

.reflgcted in their electronic strgctures. Each electronic structure Figures 10a and S6a display the large energy splitting of the
is given by the energy level diagram at the bottom of Figures ononyclear P¥=0 d<* orbitals. This is due to the large
7-9. Th_ese flgur_es display the ground stfate occupied and 5mount of oxo Ry 7 character in the d@) and dg2) orbitals
unoccupied d-orbital energy levels for each iron. ThE'B@s yith none in the cy) orbital. Note the mononuclear Wed(x2)
flve_a unoccupied, foup3 occupied, and ong unoccupied d and dg2) orbitals lie close in energy due to the cloga,
orbitals. The F& 10Dq values (based on the average energy symmetry resulting in similar oxe character. However, the
separation between thead-(xy, Z’) and dsr* (xz yz andx*— d(x2) and d/2) d-7* splitting greatly increases, and their average
y?) manifolds for the F& f-orbitals) are 16 100, 14 100, and  energy decreases in the binuclear maroxo F&Y structure.

13 000 cm* for the monox-0x0, u-oxoju-hydroxo, and the bis- T is primarily due to the sharing of oxo character within the

#-0x0 structures, respectively. The threeDtpvalues vary by gl _o—FgV ynit, which elongates the Fe-Ooyo bond and
only ~3000 cnT?. The energy splittings of the Fed-o* orbitals

are also fairly similar with energies of 11 300, 11 300, and (86) Decker, A.: Clay, M. D.; Solomon, E. Il Inorg. Biochem200§ 100,

11 500 cm?! for the monaoe-0x0, u-oxoju-hydroxo, and bis- 697—706.

(87) The high-spinS = 2 mononuclear F¢=0 structure used here is a six-
coordinate structure (as in the activated non-heme iron enzymes), consisting

(85) Rohde, J. U.; In, J. H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M. R.; of two amines which model histidines, one formate which models glutamate
Stubna, A.; Munck, E.; Nam, W.; Que, Bcience2003 299, 1037-1039. or aspartate, one hydroxide, and one water.
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(@) (b) (c) (d)
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Figure 10. Comparison of the unoccupied F€V d-orbital energy levels between the (a) mononucledY=F® S = 2; (b) monog-0x0, Sot = Y2; (C)
u-oxofu-hydroxo, Sot = Y2; and (d) bisu-0x0, Sot = Y2 structures.
causes both the ®f) and d¢2) orbitals to lower in energy. transition energies and intensities of the three pos3ibieodels
Furthermore, while bending in the=plane has little effect on ~ were correlated to the experimental data of intermedkate
the energy of the g orbital, the dk2) orbital losesr overlap The TD-DFT F¢&' d—d transitions originate from the promo-
but gainso overlap from the @ orbital. This causes an energy tion of an electron from one of the foys-occupied F&
stabilization of the d(2 orbital, while the dy¢2) orbital lowers d-orbitals to theS-unoccupied P¥ d-orbital in Figures 79.
in energy and results in a larger splitting between the two Figure 11 displays the TD-DFT calculated'¥d—d transitions
d-orbitals. The P¥ d(x*>—y?) orbital in the monq¢-0xo structure in blue for each structure and an overlay of the WT intermediate
has no oxo overlap and thus no energy change.Fbgoju- X FeV d—d transitions in red as identified from RFQ-absorption
hydroxo structure displays a somewhat smaller total energy and MCD spectra, in Figures 3 and 4. The results from the
splitting within the F& d-7* manifold, which results from the  excited state analysis were consistent with the ground state
added interaction between the hydroxoand the d{*—y?) splittings described above.
orbital. This is due to a butterfly distortion of the [Fg:-O)- In general, the experimental and calculated spectra can be
(u-OH)FEV] unit, which offsets the oxoymrbital and introduces  divided into two energy regions. The lower energy region,
some oxo character into thexd{y?) orbital, as shown in Figure ~ <15000 cm?, contained a single spin-allowed 'Fed—d
S6c¢. The most dramatic energy change occurs within the bis-transition in all three calculated structures near 12 000¢cm
u-oxo FéV d-* orbitals (Figure 10d and Tables 2 and 3). In  which was attributed to the strong oxo axial ligand field and
the bisu-oxo case, there is less mixing of the'\Fd-orbitals the relatively weak equatorial ligand field of the mon@xo
with Fd' relative to the previous structures and the combined andu-oxoju-hydroxo models and the weak axial/strong equato-
oxo character in the Péincreases, which increases the overall rial ligand field of the bisu-oxo model that significantly split
d-7* energy. More importantly, th€,, symmetry of the bis- the do* orbitals and the transition energy between these orbitals.
1-0x0 complex provides similar oxe-contributions to allthree  This d—d transition (the P& d-o* — d-o* Jahn-Teller
d-7* orbitals (from Table 2, the percent oxo character in each transition) was not observed in the experimental absorption or
of the dst* orbitals ranges from 26, 20, and 23 in the |nis- MCD data of the WT and both variants, which could reflect a
oxo structure to 21, 20, and O in the mon@xo structure), weak absorption and very low MCD intensity as it is well
resulting in similar dz* energies and thus a much smaller separated from the CT transitions and will not mix by spin
splitting within the bisu-oxo FéV d-z* manifold, relative to orbit coupling, which is required for low-temperature MCD
the monox-oxo andu-oxofu-hydroxo bridged structures. intensity. Also note that related hisoxo and mongt-oxo Mn

4.3. TD-DFT: Spectral Assignments. Time-Dependent dimers display MH (high-spin d, Set = 2) d-o* — d-o* Jahn—
Density Functional Theory (TD-DFT) provided a quantitative Teller transitions at 11 000 and 14 500 chrespectively, as
prediction of transition energies and intensities, which was determined by absorption, CD, and MCD spectroscofié%,
applied to all three proposed intermediatemodels, and the  which are close to the calculated'¥el-o* splitting of 12 000
results for the P¥ ligand field transitions are summarized in cm™ for all three model structures studied here.
Figure 11 and Table 4. Slater and som8CF transition state Three spin-allowed Fé d—d transitions are observed in the
energies, which converged to the spectral excited states, werenigher energy regiort; 15 000 cnt? for both experimental and
also calculated for the three binuclear structures (Table 5) andcalculated spectra, and they exhibit an energy trend consistent
provided energies similar to the TD-DFT results. The TD-DFT with the ground state analysis. While electronic relaxation effects

J. AM. CHEM. SOC. = VOL. 129, NO. 29, 2007 9059



ARTICLES

Mitic et al.

Table 2. Energies (eV) and Compositions (%) of the o
Unoccupied Fe'V d-Based MOs for Mono- and Binuclear Fe'V (a)
Mono-u-oxo, (b) u-Oxolu-Hydroxo, and (c) Bis-u-oxo Structures

Table 3. Energies (eV) and Compositions (%) of the f Occupied
and Unoccupied Fe'V d-Based MOs for Mono- and Binuclear Fe'V
(a) Mono-u-oxo, (b) u-Oxo/u-Hydroxo, and (c) Bis-u-oxo Structures

Mononuclear Fe

Mononuclear F

e

MO no. orbital E(ev) FeV 0 MO no. orbital E(ev) FeV o]
unoccupied unoccupied
a51 2 —1.40 53 17 B51 2 —2.70 45 26
a 50 x2—y2 —2.20 74 3 .
@49 xz ~2.80 62 33 , .,  occupied
B50 x2—y 4.60 47 9
o 48 yz —2.90 62 32 B
47 “330 o1 o B 49 xz 5.00 34 58
o Xy : B 48 yz -5.10 35 52
Binuclear Fe p a7 Xy —5.60 33 1
(a) MON0-11-0%0 Binuclear Fe
MO no. orbital E(eV) Fe!l FelV Oa (@) mono-u-0xo
unoccupied MO no. orbital E(eV) Fell FeV On
2 —
a1 xy % 0 0 unoccupied
—1o. 2 _
@135 Xz ~14.33 10 53 21 p138 z 14004022 18
o134 yz —14.55 2 71 20 occupied
a 133 x2—y2 —14.76 0 82 0 p131 Xy —15.40 4 37 0
B 130 Xz —16.20 1 8 4
(b) p-oxolu-hydroxo B 124 (126,122) yz —16.68 5 10 13
—_— 2__\2 —
MO no. orbital E@)  Fe" Fe¥ OH O p121 Xy 17.20 3 19 2
unoccupied (b) e-oxo/u-hydroxo
a 126 2 —13.31 1 62 2 16 IV , " W
0 125 Xy 1364 0 72 7 0 MO no. orbital E(eV) . Fe Fe OuH Og
al24 Xz —14.67 7 57 0 21 unoccupied
123 yz —14.87 3 69 0 22 p 124 2 —14.32 30 30 0 21
122 xX—y2  —15.04 3 75 7 7 occupied
" B 120 Xy —15.72 6 39 12 1
(©) bisu-ox0 5119 Xz -1656 1 12 1 5
MO no. orbital E(eV) Felll Fel Oa Og £ 116 (115) yz —16.74 5 8 2 8
- B 114 (112) xX2—y2  —16.99 1 12 8 5
unoccupied
a 126 Xy —9.35 0 60 14 15 (©) bise-0x0
a 125 2 —9.92 0 68 4 3 _
a 124 Xz —10.75 2 67 4 22 MO no. orbital E(eV) Fe! FeV Oa o
a 123 x2—y2 —-10.82 3 67 12 8 unoccupied
al22 yz -1089 1 o u 6 f 124 Xy -1052 11 37 18 22
occupied
Lo S B 120 2 —11.95 12 31 3 3
can be significant, in this case, they Were'small. The ground B119 %z —12.70 4 25 10 40
state DFT calculations showed that the hisxo FéV d-r* £118 x2—y? -12.87 6 24 25 4
B-occupied orbitals were relatively close in energy (split by B117 yz —12.98 3 25 13 12

~2300 cn?), whereas the monpe-oxo Fé¥ d-7* 5-occupied
orbitals were further split in energy~8100 cnt?), with the
u-oxofu-hydroxo orbitals between the twe-8500 cn?)(Figures
7—10). This same trend was displayed in the TD-DFT calcula-
tions (Figure 11 and Table 4). These threeddtransitions are
thus assigned as Fed-7* — d-o* transitions, all originating
from the dsv* manifold. The calculated big-oxo structure
displayed three d&* — d-o* Fe'V d—d transitions all within a
1800 cn1? region (at 17 500, 18 660, and 19 280 Tin The
calculated moneg~oxo structure displayed its threexd-— d-o*
FéV d—d transitions over a 7500 crhregion (at 18 020, 21 400
and 25560 cm'). The u-oxoju-hydroxo structure displayed
d-r* — d-o* Fe'V d—d transitions over a range of 3800 tin
(at 17 900, 19 510, and 21 730 chy. Importantly, the experi-
mental RFQ-MCD determined Fed—d transitions for WT
intermediateX were all within a 4600 cm! region (at 17 630,
20 080, and 22 260 cm).

The Fé d—d transition assignment is a crucial step in the

containing the P& Jahn-Teller do* — d-o* transition, not
observed experimentally, and the higher energy region contain-
ing the three P¥ d-7* — d-o* transitions. Furthermore, the
experimental d=* splittings observed have the best correlation
to the dsz* splittings of the calculated-oxo/u-hydroxo model.

In addition to the calculated energies, the TD-DFT results
provide oscillator strength information, which can help identify
transitions as well as correlate them to the experimental data
on intermediateX. While the experimental RFQ-absorption and
MCD spectra did not display a low-energy'¥@&-0* — d-o*
Jahn-Teller transition at<15 000 cn?, the spectra did display
three reasonably intense 'Fed-z* — d-o* transitions in the
region >15000 cntl. Also, while MCD is important for
identifying transitions, the TD-DFT oscillator strengths should
be correlated to the absorption intensities. However, the
experimental absorption intensities of WT intermedidteas
shown in Figure 3A and indicated by the red lines in Figure

correlation of the computational models to the experimental data, 11, are not well resolved, and hence the intensities given are
and our assignments differ from those presented by Noodlemannot a unique fit. Nevertheless, MCD still has the resolving power
and co-worker§?3 In the assignment presented here, the spectra to identify and assign bands and give their quantitative energies;

are divided into two energy regions: the lower energy region
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Table 4. TD-DFT Calculated Transition Energies vcae (cm™1),
Oscillator Strength (f), Composition (%), and Dominant
600 — (2) mono--oxo One-Electron Excitation of Relevant Fe'V d—d Transitions in (a)
i W'['-x” Mono-u-oxo, (b) u-Oxolu-Hydroxo, and (c) Bis-u-oxo Structures
E 400 — (8 maroge oxo
- Veac (CM™Y) f % Fe'v one-electron excitation
> T 11871 0.0010 62  xy(B131)— (8 135)
200 — 18 021 0.0017 41 xz(B 130)— 2 (3 135)
21404 0.0008 69 yz(B 124)— 22 (8 135)
- u 25562 0.0007 55 X2—y? (f 121)— 22 (3 135)
0 ] T [ [ T [ T | (b) u-oxolu-hydroxo
600 — Veae (€M™ f % Fe'v one-electron excitation
(b) p-oxo/p-hydroxo 11 946 0.0027 64  xy(B120)— 2 (B 124)
. . WT-X 17 905 0.0011 46 xz(B 119)— 2 (B 124)
E 400 — 19512 0.0053 55  yz(B 116)— 2 (8 124)
S 4 21730 0.0022 18 x2—y2 (5 114)— 2 (8 124)
pt (c) bis-u-oxo
200 — Veae (CM™Y) f % Fe one-electron excitation
= 11858 0.0003 83 2 (8120)— xy(B 124)
17 507 0.0017 42 xz(8119)— xy (5 124)
0 L T 17 T 1 18 660 0.0001 83 yz(f 118)— xy (5 124)
19 283 0.0005 76 X—y2 (B 117)—xy (8 124)
600 — .
(c) bis-p-oxo
. WT-X . .
= Table 5. Calculated Slater and ASCF Transition Energies vcaic
E 400 — (cm™1) and Designated Fe!V d—d Transition in (a) Mono-u-oxo, (b)
E, u-Oxolu-Hydroxo, and (c) Bis-u-oxo Structures
Pt (@) mono-u-oxo
200 — Slater, veae (cm™) ASCF, g (cm™?) Fel d—d excitation
= 13187 12918 Xy (8 131)— 2 (8 135)
| 19 664 19 222 xz(B 130)— 2 (8 135)
0 T ] T 1 T 1 21349 21053 yz(f 126)— 2 (§ 135)
2__\2 — 2
10000 15000 20000 25000 30000 24 479 unconverged x2—y? ( 125)— 22 (5 135)
Energy (cm™) (b) -0x0lu-hydroxo
Figure 11. FéV d—d transition comparison between the experimental Slater, veqs (cm?) ASCF, veae (cm™?) Fe" d—d excitation
WT—X data (red) and the computational TD-DFT data (blue) of the (a) 2
monowu-0xo, (b)u-oxoju-hydroxo, and (c) big~oxo model structures. Each ié Sig E 4212? gg ﬁgga ; g igi))
stick represents an Med—d transition. 20 253 19983 yz(8 116)— 2 (8 124)
22 696 unconverged X2—y? (8 114)— 22 (8 124)
reasonable estimate and follow the absorption spectrum for WT ~_ (¢) bisu-oxo
intermediatexX (Figure 3A). Slater, ey, (cm™) ASCF, v (cm™) Fe d—d excitation
It should also be noted that there were many low-energy 13437 13 350 2 (B 120)— xy (B 124)
MMCT (metal-to-metal charge transfer) transitions in the TD- ig 3% 18 469 § ng ﬁg;_’ Xyg igjg
. . . . . unconverge yz — Xy
DFT calculations; see Table S4 in Supporting Information. 20333 unconverged Xy (B 117)— xy (8 124)

These transitions are not observed experimentally and would
not contribute to the MCD intensity, as MMCTs are unidirec-
tional while MCD requires two perpendicular transition dipole
moments. Thus, these transitions are not displayed in Figur
1188

The TD-DFT results displayed some agreement with the
intensities of the higher energy ed-r* — d-o* transitions.
However, the mong~oxo and u-oxofu-hydroxo structures
displayed unreasonably large low-energyVFé-o* — d-o*
Jahn-Teller transition TD-DFT intensities due to borrowing
from nearby intense MMCT transitions that strongly contribute

to the calculated absorption intensities. Therefore, we turn to
egroup theory to gain insight into the ®ed—d transition
intensities for the different possible structures XorFigure 12
gives the predicted intensities for the mom@xo andu-oxo/
u-hydroxo structures. Both structures follow a similar dissent
in symmetry starting from a mononuclear high-spiiFa Ox
symmetry that is lowered 16,4, due to the strong Fé-oxo bond
(in an oxo monomer or a linear Fe-O—Fe" dimer). InCy,
symmetry only one F¥ d—d transition is orbitally allowed,
5A1 — 5E(e — &), and should have significant absorption
. . . o .
(88) While the bis#-oxo andu-oxofu-hydroxo structures displayed dominant intensity. Upon bending of the Fe-O-Fe dlm.er’ the effective
and clear F¥ d—d transitions in the TD-DFT and Slater transition state Symmetry is lowered toCs and all four spin-allowed €d
calculations, the mong-oxo structure had larger spin-polarization effects  transitions become orbitally allowed; however the most intense
that complicate the assignment of specific transitions. However, analysis . " R ’5
of the individual molecular orbitals and transitions for the mgmroxo transitions will arise from théA; — 5E(e — &) Cq, parent
structure allowed the identification of all four ed—d transitions. In the transition. Thus, group theory predicts the maroxo and the

cases where spin polarization had mixed af Feorbital into several . ) . .
transitions, an average energy is given for these transitions, Table 3.  u-0xoju-hydroxo cases will display four orbital- and spin-
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0, C, C, In summary, the energy and intensity comparison of the TD-
DFT calculated P¥ d—d transitions (blue) with the RFQ-
a' 72 absorption and MCD spectra of WX (red) in Figure 11 and
_5_'_1 .............. A Tables 1 and 4 best correlate with and strongly support the
e ='=::-- """"" u-oxoju-hydroxo structure for intermediatX. The Slater
£ b ____________________ a'y transition energies in Table 5 are consistent with the TD-DFT
1 a’ | N 4 results and also agree with theoxoju-hydroxo model. This is
e T 1 Xz further supported by the structural perturbations as described
b %‘::z:::j _______ — i I below.
b, T e Ei'_t" xty? 5. Structural Perturbations of X
o The variations of the P& d—d transitions in the RFQ-MCD
| _ / {\ spectra of Figure 4 from the WT and the two variants further
— FelV— Felll— O — FelV Felll Felv support theu-oxoju-hydroxo model and indicate that the Fe

|
X

Figure 12. Qualitative splitting of F& d-orbitals monq+¢-oxo andu-oxo/

u-hydroxo under dissent in symmetry. There are four spin-allowed d

transitions. The thick red arrows representFe-d transitions which are

predicted to be more intense than theddtransitions with thin red arrows,

due to the lowering of symmetry.

o)

— FC[V@
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X

Figure 13. Qualitative splitting of bisz-oxo Fé¥ d-orbitals under dissent
in symmetry. There are four spin-allowed-d transitions. The thick red
arrows represent Bed—d transitions which are orbitally allowed i@y,
The thin red arrow becomes allowed, due to the lowering of symmetry.

allowed d-d transitions, with the two inner d* transitions
being more intense (Figure 12).

The bisg-oxo case is given in Figure 13, with the two cis
oxo ligands that lower the Be symmetry toC,, and the
d-orbitals split accordingly. Group theory predicts three orbitally
allowed transitions in the big-oxo structure, one d@* and two
d-7* — d-o*. If the symmetry is further lowered, the fourth
spin-allowed dr* transition can borrow intensity, yielding three
moderately intense-ed transitions with a weaker transition in
the middle.

While the lowest energy JahiTeller transition, F& d-o*

— d-o*, was not experimentally observed, group theory predicts
the lowest energy JahiTeller transition, F& d-o* — d-o*, to
have significant intensity in the big-oxo structure but little
intensity in the monas-oxo andu-oxolu-hydroxo structures

remote to Y122 is the Pé center. Previous Mesbauet and
MCD?¢ studies also suggested that thé'Fis remote to Y122.

The calculated TD-DFT and Slater transition energy separa-
tion between the two lowest energy'¥e—d transitions (the
Jahn-Teller do* — d-o* transition and the lowest d* —

d-o* transition) was~6000 cnt? for all three structures. This
large energy separation does not correlate to the WT or any
variant F& band I-band 2 energy separation and further
substantiates that the three observed RFQ-MCD transitions all
originate from the P¥ d-z* manifold. Furthermore, Figure 4
shows that all three Bed—d transitions shift in unison, which
would not be possible if band 1 in the RFQ-MCD spectra was
assigned as the Jahiieller transition. As the @*—d-o*
splitting increases, the a* —d-7* splitting would also increase.
Thus, if band 1 was the d* transition and band 2 was the
lowest energy de* transition, the splitting between bands 1
and 2 would decrease, which is not observed between the WT
and variant RFQ-MCD spectra. Therefore, the three identified
spin-allowed F& d—d transitions in the RFQ-MCD spectra of

X for the WT and the W48A and Y122F/Y356F variants directly
reflect the splitting of the Fé d-z* manifold. The total F&

d-7* manifold splitting is 4630 cm! for the WT—X (bands
1-3 at 17 630, 20 080, and 22 260 th whereas the manifold
decreases to 2980 crhin the W48A variant (19 680, 21 590,
and 22 660 cmb) and increases to 5400 cin the Y122F/
Y356F variant (16 700, 19 460, and 22 100 & The TD-
DFT calculated energy separation of the'tdmanifold is ~7400
cm~1 for the monog-0xo structure;~3800 cnT? for the u-oxo/
u-hydroxo structure, and~1900 cnt! for the bisu-oxo
structure. In addition, while the W48A variant exhibited the
smallest splitting of the Fé d-7* manifold, it was still
significantly larger than the splitting calculated for the bis-
oxo model.

These large changes in the "Fed-7* manifold can be
correlated to perturbations &f through structural changes that
occur in response to the substitutions. Figure 14 displays the
proposed structural perturbations Xfthat correlate with the
FeV d-w* manifold splitting for the WT and two variants. The
proposed structure for WT intermediaXeis shown in Figure
14B with the u-oxoju-hydroxo core structure with the e
coordinated by a terminal hydroxide and a monodentate D84
that H-bonds to the-OH of Y122. However, in the proposed
structure for Y122F/Y356FX (Figure 14A), the replacement

(Figures 11 and 12). Thus, the group theory intensity prediction of tyrosine with phenylalanine disrupts this H-bonding network,

is also consistent with the-oxoju-hydroxo but not the big-
0Xo structure.
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which would result in the D84 carboxylate and the terminal
hydroxide donating more charge to thé'F&his in turn would
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making correlation to the WX FéV d—d transitions worse
and explanation of the largersd- splitting in the Y122F/Y356F
X variant even more problematic.

Thus, from these correlations, it appears that the substitutions
of Y122F/Y356F and W48A directly perturb the 'Fesite of
X, which indirectly perturbs Fé through the oxo bond. This
V129F E238 analysis supports the Msbauer and MCD results that'Fés

W48 the remote iron center located distal to Y122 and further supports

the u-oxoju-hydroxo core structure for intermediaXe It also
raises important mechanistic implications for the geometric and
electronic structure oK, as discussed below.

A.

D&4

D84 6. Discussion

Through the correlation of EPR, absorption, MCD, and

‘ VTVH MCD spectroscopies with DFT and TD-DFT calcula-
i tions, we have determined that theoxoju-hydroxo core

Y122—0[:I E238 structure [F# (u-O)(u-OH)F&V] best correlates to the experi-
W4 mental data for the electronic and geometric structupé.dfhe
variants perturb the Fe closest to Y122, in a manner which is
opposite to what is observed in the spectral changes ¥t Fe
This supports a structure where'fé remote to Y122 and is
perturbed through the mono-oxo bridge. The geometric and
electronic structure characterization of intermedéterovides
a greater understanding of its reactivity in RNR and further
insight into the factors that tune its,@eactivity relative to the
other binuclear non-heme iron enzymes.
WARA E238 The R2 binuclear non-heme ferrous site reacts witht®

Figure 14. Proposed structural perturbationsfin (A) Y122F/Y356F, ultimately generate a radical on Y122 through intermedate

(B) WT, and (C) W48A variants. The-oxofu-hydroxo core structure of Scheme_z presents two possible mechanigtic pathways by which
is composed of oxygen atoms that derive fromoBlored red and a proton  the previously establishegis-u1,2-peroxo diferric structufé3®

colored green. could convert to intermediab¢. These two pathways both result
in cleavage of the ©0 bond; however, the upper pathway is
triggered by the protonation of the peroxide. Past studies on
the cisul,2-peroxo diferric structure show it is activated for
protonatior?38°Once protonated, the hydroperoxo would raise
the potential of the complex and lower the energy of the peroxo
o* orbital, activating it to oxidize one electron from the remote
Fe! and the other from the tryptophan residue (W4&ircoli
R2) to promote the two-electron reduction and cleavage of the
O—0 bond, thus forming a-oxoju-hydroxo [Fé!' (4-O)(u-OH)-
FeV] core structure for intermediaté. If the peroxo was not
protonated, it is possible that it could rearrange te-g%n?
structure and undergo homolysis of the-O bond to form the
bis-u-oxo structure. Our experimental results strongly support
a u-oxofu-hydroxo core structure with the protonation step
activating O-O bond cleavage.

Our data and structural assignmentXofare in reasonable
agreement with previous?H and’O ENDOR studies oK by

D84
C.

Y122-0°

weaken the PEé—0O,,, bond and thus strengthen thg,@-FeV
bonding, which would result in a larger splitting of the'Fe
d-7* manifold, as observed in the MCD spectrum in Figure
4B. It is important to note that if the Fe closest to Y122 were
the FéY, then the predicted trend would be opposite to what is
experimentally observed.

The WA48A variant formsX by oxidizing Y122 to Y122
which would also disrupt the H-bonding network (Figure 14C)
but by a different mechanism than in the case of the Y122F/
Y356F variant. In this case, the proton from Y122H could
be transferred in a PCET process either to the terminal hydroxide
or to the D84 carboxylate and result in the donation of less
charge to the P& bond by these ligands. This change would,
in turn, strengthen the Fe-O,y, bond and weaken the Q—

FeV bonding, which would result in a smaller splitting of the
FeV d-z* manifold, as observed in the MCD spectrum in Figure

4C. Again, the opposite trend would be observed i’ Feas the Hoffman and Stubbe groups that display two diffedet

proximal to Y122. 7 12 1.2
The structural and related spectroscopic perturbations associ-'oeaks from?'0; (and a’*H peak from’#H,0) that have been

ated with these substitutions also help in the evaluation and asﬁ'g:ﬁ)d to a single oxo bridge and a terminal hydroxo on
exclusion of the possibility of a big-oxo structure for Fell 39.40However, our RFQ-MCD data are more consistent with

intermediateX. The bisg-0xo0 structure is relatively symmetric ;2;5%2?!::2?: thﬁ‘qnts;eé)n:;;éhgggog%’tg]hég? évg:?s?;? be
and thus would maintain a reasonably small splitting of it¥ Fe . ! Wi ' : : .
d-7* manifold. Previous studies on a related pisxo Ml — with our MCD results, the ENDOR data do not support a bis-

Mn'V dimer suggest that core bending or butterfly distortion ”'?QXO d'ﬁ‘m?\lnd glore struc(tjure fOX'k d b
reduces Mn-oxo overlap as observed in its absorption spec-, "~ cCeNty, Noodieman and co-WOrkers proposed a/axo

. . \ |
trum® Therefore, an increased butterfly distortion of thé' Fe diamond core” structure faX based on the correlation of ¥e

_ —EdV hi - -
(,u 0)2 Fe bIS-/u oxo core would dec_rgase the Fe OXO_ overlap, (89) Brunold, T. C.; Tamura, N.; Kitajima, N.; Moro-oka, Y.; Solomon, El.I.
which would further decrease the splitting of thertimanifold, Am. Chem. Sod 998 120, 5674-5690.
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Scheme 2. Possible O, Cleavage Pathways to Generate the High-Valent Intermediate X2

cis-pu-1,2-hydroperoxo

Fe(IIl)
+

P
N

cis-p-1,2-peroxo

Fe(lly Fe(IT)

712: rzz-peroxo

Fe(II)

p-oxo/hydroxo

-
Fe) —— ™  Fe(l Fe(TV)

bis-p-oxo

.-
Fell) ——> P%w

a(Top) Proton-triggered and (bottom) non-proton-triggered. Both pathways derive one electron from an exogenous source and the other eléetron from t

remote Fe.

d—d transitions calculated froddSCF and Slater transition state
methods of four possible models with a truncated binuclear iron
active site and the experimentally determinedY e-d transi-
tions from our RFQ-MCD spectrum of in the Y122F/Y356F
variant>® This variant displays three Fespin-allowed d-d
transitions with the largest-ed energy splittings of the three
investigated species of intermediae. A comparison of
Noodleman’s Slater transitions to our TD-DFT and Slater
transitions show similar energy splittings for the mqnoxo,
u-oxoju-hydroxo, and bige-oxo structures, despite ligand
differences between their structures relative to those used here
(Figures 79). They correlate the lowest energy Jafireller
d-o* — d-o* transition to band 1 in our MCD spectrum.
However, all three observed MCD bands shift in unison from
the WT transitions to the perturbed W48A and Y122F/Y356F
variant transitions. Since the Jahfeller transition would shift

in a manner opposite to thesd- manifold, this means that all
three experimentally observed'Fe&—d transitions must arise
from the dsv* manifold. Alternatively, the energy differences
for the higher energy @ transitions of theiu-oxofu-hydroxo
and monax-0xo models in ref 53 correlate much closer (than
the dst* transitions of their bigt-oxo structure) to the RFQ-
MCD spectrum of WT intermediatX.

The electronic and geometric structuresXfn Figures 15
and 16, respectively, are well tuned to oxidize Y122 by one
electron, likely via a proton-coupled electron transfer (PCET)
process. Figure 16 shows the H-bonding interaction between
D84 and Y122-OH, which would provide a superexchange
pathway to the proximal P& The electron would then transfer
to the lowest energy unoccupied orbital or"F&he monaoa-
oxo bridge would then play an important role in electron transfer
from Fé' to the remote P¥. Figure 15B shows the LUMO
(B-124) of theu-oxofu-hydroxo core structure [MEu-O)(u-

(a) bis-p-oxo

T opeey)
Fe' d(xz) § }Fc‘v d(xy)

O p(y+x)

(b) p-oxo/hydroxo
)

Fe' d(xz) FeV d()

O p(2)

Figure 15. Electron-transfer pathways for the LUM@-124) of both the

OH)F€V], which displays a good/o superexchange pathway  (A) bis-u-oxo and (B)u-oxolu-hydroxo structures. The bjg-0xo structure

between the P& d(xz) and the P¥ (dz?). This bentu-oxo

does not show a good ET pathway, whereastloxo/«-hydroxo structure

superexchange pathway provides an efficient and favorable pathfisPlays a goodr/o superexchange ET pathway.

for the electron transfer from Y122 through the''Féo the
remote F¥, as shown in Figure 16.

atom abstraction from Y122. In contrast to fh@xof«-hydroxo,

In addition, there would be fundamental reactivity differences the bisu-0xo structure contains an extremely poor ET pathway

between theu-oxofu-hydroxo and big¢-oxo structures in H
9064 J. AM. CHEM. SOC. ® VOL. 129, NO. 29, 2007

within the Fé/' (u -O),F€V unit to transfer an electron from Y122
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n/c ET pathway

Figure 16. Proposed ET pathway from Y122 to the remoté’Rarough
the /o superexchange pathway of theoxo bridge.

to the remote P¥, as shown in Figure 15A. In contrast to the
u-oxoju-hydroxo structure, which has a highly delocalized
orbital pathway between Beand Fé&”, the bisg-oxo structure
localizes the LUMO on the remote ¥eand provides a poor
superexchange pathway between Y122 nedl RBad the
remote F¥.

It is interesting to compare the reactivity of R2 to that of
another binuclear non-heme iron protein, hemerythrin. In
hemerythrin, Qreversibly binds to one Fe, yet there is ET from
the second Fe through a bent man@xo bridge*® Again, it
has been shown that tho superexchange pathway associated
with the bent oxo bridge allows ET to the remote Fe. The bent
u-0xo bridge also plays a dominant role in the exchange
coupling of bent ferric oxo dimer sites in both proteins and

model complexes, and these studies connectritheexchange
coupling in the homo dimers to the superexchange pathway for
ET through the bent-oxo bridge’> 77

In summary, the spectroscopic and computational studies
presented here supportuaoxofu-hydroxo [Fé' (4-O)(u-OH)-
FeV] core structure for intermediaté and the fact that this
core structure is well tuned to provide an efficient and favorable
stlo superexchange pathway for PCET from Y122 to the remote
FeV to generate the catalytically essential tyrosyl radical in class
I RNR.
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