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Abstract: Analysis of the spectroscopic signatures of the R2-W48F/D84E biferric peroxo intermediate
identifies a cis u-1,2 peroxo coordination geometry. DFT geometry optimizations on both R2-W48F/D84E
and R2-wild-type peroxo intermediate models including constraints imposed by the protein also identify
the cis u-1,2 peroxo geometry as the most stable peroxo intermediate structure. This study provides
significant insight into the electronic structure and reactivity of the R2-W48F/D84E peroxo intermediate,
structurally related cis u-1,2 peroxo model complexes, and other enzymatic biferric peroxo intermediates.

1. Introduction Fex(Glu)s(Asp)(His) site?10D84 is located adjacent to radical-
forming Y122. The similarities in coordinating residues in RR,
MMO, and A9D do not extend to the second coordination
sphere, with the hydrogen-bonding residues that orient the
coordinating residues in specific geometries differing between
these three proteirfd1-12Thus, while the general structural motif
of the diiron active site is preserved, the relative energetics of

tyrosyl radical, Y122 which, in turn, accepts an electron from . . .
the active site of R1 in the first step of nucleotide reduction. g:fze;rir:etsoxygen intermediate structures may vary between these

Other members of the class of binuclear non-heme iron enzymes . . )
activate Q in order to perform a wide range of oxidation To better unders'_tand the_ origins of the reactivity of wild-
chemistries, including methane monooxygenase (MMO), which YP€ (Wi) RR and its relationship to other members of the
oxidizes methane to metharfodnd stearoyl-acyl carrier protein binuclear non-heme iron class, a series of amino acid substitu-
A°-desaturaseX9D), which inserts a double bond into stearoyl- tions were made to residues surrounding the R2 active site or
ACP between gand G during fatty acid biosynthesfs involved in the electron-transfer pathway linking the catalytic

' active site in R1 to the binuclear iron site in 21 Two of

The binuclear iron sites in biferrous RR, MMO, at®D
) ) . : . _ K 8
are quite similar. MMQ®7 and A9D® possess two bridging Epﬁse .perltaln to thtls ?Udy' Rti D84§and .TZIWiSF/[:SA'bE'
glutamates, as well as a terminal histidine and bidentateh € sllnge V?r't?]n ¢ inl\%f/lso € aE'VIS S'Gel |gla_1|'|on ohllecome
glutamate residue coordinating each of the irons (f&la)s- omologous to those o a (Fe( . 9)4( '3)2)’.W e
the double variant also changes an additional residue in the

(His), site), while RR has one of the terminal glutamates lectron-t fer chain linking th fi it f R1 and R2
replaced by a chemically similar aspartate (D84) to create an electron-transfer chain finking the active sites o an
and is believed to alter the reaction kinetics of the enzyme, as

described below.

Ribonucleotide reductase (RR) performs the final step in
deoxyribonucleotide biosynthesis, catalyzing the reduction of
ribonucleotides to deoxyribonucleotides and is thus essential
to DNA biosynthesig:? Subunit R2 of this protein contains a
diiron center which activates dioxygen to produce a long-lived
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A biferric peroxo intermediate has not been definitively
identified in R2-wt. Upon addition of ©to biferrous R2-wt, a
“diradical state” forms, consisting of W48(a tryptophan cation
radical) and th&= 1/, high-valent iron-oxo intermediat,.1>1°
Formation ofX involves cleavage of the ©0 bond and forms
what is described as an'FE€V dimer in either a bige-0xc?°
or, more likely, a mong¢-oxo 2! terminal OH, structure?®-22X
decays to form Y122and au-oxo-biferric iron site. The R2-
D84E variant forms a biferric peroxo intermediatg,(= 0.7 s
at 5°C) when oxygen is added to its biferrous fotfiillhe R2-
D84E peroxo intermediate does not lead to accumulatiof of

this species would be @&7r%#,? peroxo intermediate similar to
that of MMO28 The R2-D84E peroxo intermediate has an
absorption peak at 700 nma£ 1500 Mt cm™1) and Mssbauer
parameters similar to those of the MMO peroxo intermediate
(0 =0.63 mm s, AEqg = 1.58 mm s%).17 Corresponding data
for the R2-W48F/D84E peroxo intermediate are absorption (
= 700 nm,e = 1800 M1cm™1)33 and Massbhauerd = 0.65
mm s%, AEg = 1.63 mm st andd = 0.61 mm s, AEg =
1.48 mm s1).34 R2-wt and R2-D84E have parallel reactivities,
with both forming Y122, while the similarities in the biferrous
crystal structures of R2-D84E and R2-W48F/D84E and spec-

but instead generates the signatures of a biferric iron site andtroscopic signatures of their peroxo intermediates suggest that
tyrosine radical, suggesting that the D84E substitution has these two species have the same active site structure. Clearly,
changed the kinetics of the enzyme to allow the peroxo to spectroscopic data are best obtained on the R2-peroxo inter-

accumulate, but nof, in contrast to R2-wt. The double variant,
R2-W48F/D84E, also forms a biferric peroxo intermediate (
= 2.7 s at 5°C) but forms neitheiX nor Y122.18 R2-W48F/

mediate of the variant that accumulates the most peroxo
intermediate, which prompted us to select the R2-W48F/D84E
peroxo intermediate as the focus of this study.

D84E is observed to self-hydroxylate at F208, a reaction that Ever-increasing computational power has allowed progres-
is believed to be a consequence of both the D84E mutation, sively larger models of protein active sites to be constructed to
which changes the coordinating ligand set to match that of investigate enzymatic catalysis. In recent studies o#f Rad
MMO, and the W48F mutation, which blocks electron transfer \MMO,27:36this has allowed the diiron active site to be modeled
from the binuclear site and, thUS, prevents the formatioK.of by truncating the six iron_coordinating residues at thetarbon

The partially activated oxygen adduct (i.e., the peroxo inter- positions and including models of the second coordination
mediate) is then able to react along a different, slower pathway, sphere residues that interact most strongly (both electrostatically

possibly analogous to that of MMO, to self-hydroxylate.
The first step in oxygen activation in binuclear non-heme

and sterically) with the coordinating residues. These additions
greatly improved the agreement between geometry optimized

iron enzymes is dioxygen reacting with a biferrous site to form pjferrous and biferric computational models and the correspond-
a biferric peroxo intermediate. The peroxo intermediate of jng X-ray crystal structures.

MMO, P, displays an intense absorption feature-@00 nm ¢
= ~2000 Mt cm1)2324and a M@sbauer doublet)(= 0.67
mm s!, AEg = 1.51 mm s?) consistent with a biferric

specieg>26 The most recent computational studies propose a

wu-n%n? peroxo coordination geometry for this intermedité?
A9D-peroxo is more stable, allowing absorptidr= ~700
nm, e = 1200 M~1 cm1),22 Méssbauer (two doublets identified;
0 =0.68 mm s, AEg = 1.90 mm s!andd = 0.64 mm s?,
AEqg = 1.06 mm s%)30 and resonance Raman (rR)fFe—0)
= 442 cnrl, »(O—0) = 898 cnT!)3! data to be obtained.
Analysis of these data suggesteg-4,2 peroxo coordination

mode based upon comparison to spectroscopic features of well

characterized model complex&s.

Although no experimental evidence exists for a peroxo

The results of parallel spectroscopic and computational
investigations have defined the geometries of the biferrous R2-
WA48F/D84E (Chart 1a) and R2-wt (Chart 1b) proteihBoth
possess one four-coordinate (4C) and one five-coordinate (5C)
iron, although the identity of the 5C iron changes between the
two proteins. For R2-W48F/D84E, Fel is 5C, singly coordinated
to E115, H118, and E238 and bidentate to E84. Fe2 is 4C and
is singly coordinated to E115, E204, E238, and H241. The R2-
wt has similar ligation, except D84 is monodentate to Fel and
E204 is bidentate to Fe2, resulting in the change from (5C, 4C)
in the R2-W48F/D84E variant to (4C, 5C) in R2-wt. This change

‘is due to the lengthening of the R-group of residue 84 in the

R2-W48F/D84E variant by one methylene unit relative to R2-
wt which forces the E84 carboxylate into a bidentate coordina-

intermediate in R2-wt, computational studies have proposed that;ion, mode. This change in coordination number on Fel
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propagates through the1,3 carboxylate bridges leading to a
monodentate coordination mode of E204 and a 4C Fe2. The
two models are consistent with the experimental data from CD/
MCD studies and illustrate that changes in metal-coordinating
residues can propagate throughout the active site.

This study investigates the absorption spectrum and rR data
of the peroxo intermediate of R2-W48F/D84E. The geometric
and electronic structure of this intermediate is determined via
analysis of these data (normal coordinate analysis (NCA) of
frequencies and time dependent Heller simulations of rR
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Chart 1. Spectroscopically calibrated DFT optimized structures of
the biferrous site of (a) R2-W48F/D84E and (b) R2-wt. (ref 35)2

a.
H118(rear)
2 H241(rear)
Y122
E238
b.
H118(rear) H241(rear)

a Hydrogens and hydrogen-bonding elements of the model are omitted
for clarity. Y122 is modeled by bO in each case, and “TIP93” is a water
molecule. Hydrogen bonds are indicated by dashed lines.

excitation profiles and absorption data), comparison to previ-

camera (Princeton Instruments ST-135). Raman intensities were quanti-
fied relative to the ice scattering peak at 228 éntach data point
included in the rR excitation profiles presented represents the average
of at least 5 independent measurements on three different samples. Each
of these independent measurements varies by less than 5% from the
reported mean values.

2.3. Computational. Density functional theory (DFT) calculations
were carried out on an SGI 2000 computer using the Jaguar 4.1 package
for geometry optimizations of the models described below. All
calculations were spin-unrestricted (SU), broken symmetry (BS),
allowing for an accurate description of the electronic structure of
antiferromagnetically coupled systems. Preliminary calculations were
performed on a model of the crystallographic&#llgnd spectroscopi-
cally®? characterizedcis u-1,2 peroxo [F&#], model complex,
[FE"5(O2)(0OBz){ HB(pZ)3} 2]. A truncated computational model of this
species, [F(O,CH)(NH3)g]?", was used to compare to previous DFT
descriptions? The model was geometry optimized using both the BP86
and B3LYP density functionals with an LACVP* basis set. The BP86
calculation reproduced a biferric peroxo species, while B3LYP predicted
a weakly bound P&€'—dioxygen complex, inconsistent with experi-
ment (vide infra). This suggested that the BP86 functional is better
suited for investigation of biferric peroxo species and, hence, was
selected for this study. Geometry optimizations were performed on
models of the R2 active site derived from the crystal structures of R2-
WA48F/D84E and R2-wt protein, respectively. Optimizations utilized
the default geometry optimization criteria of Jaguar®The R2 active
site model includes the six coordinating residues (D/E84, E115, H118,
E204, E238, H241) truncated at thecarbon positiof? and analogues
of the principle residues involved in hydrogen-bonding to the coordinat-
ing residues (Q43, Q87, W111, S114, Y122, D233s described
previously for a study of the biferrous state of R2-W48F/D84E and
wt.% This resulted in a model consisting of 93 (R2-W48F/D84E) and

DFT geometry optimizations of large models (95 atoms) of the |

R2-W48F/D84E active site. DFT is used to explore the relative
energies of various peroxo intermediate structures within the
constraints of the protein pockets of both R2-W48F/D84E and
R2-wt. These results are discussed in relation to other biological
biferric peroxo intermediates.

2. Experimental Section

2.1. Protein Samplesintroduction of the W48F substitution into
the Eschericia coli nrdBgene that encodes the R2 protein was
accomplished as previously descridédThe D84E mutation was
introduced separately, following the procedure outlined in ref 18.

To prepare samples of the R2-W48F/D84E peroxo intermediate
suitable for rR studies, an Qaturated solution of apo-proteir2 mM
in concentration (in 100 mM Hepes buffer, pH 7.6) was mixed &t 5
2 °C in a rapid-flow unit with an equal volume of an,@aturated
solution containing 4 equiv of Re relative to apo-R2 (in 0.005 N
H,SQy). The reaction mixture was guided into an open-ended glass
capillary tube (1 mmx 4 cm) that was immersed in cold isopentane
(123 K) ~1 s after filling to obtain frozen samples exhibiting the
greenish-blue color characteristic of the R2-W48F/D84E peroxo
intermediate.

2.2. SpectroscopyAbsorption data of the R2-W48F/D84E variant
were obtained at 5 2 °C using a HP8453 diode array spectropho-
tometer. Raman spectra were recorded upon excitation with Kr
(Coherent 190€G-K) and Art (Coherent Sabre 25/7) ion lasers with
incident power in the 2630 mW range using arr135° backscattering
arrangement. The glass capillary tubes containing the frozen protein
intermediate were immersed in a liquid-Nlled EPR quartz dewar
(Wilmad glass) at 77 K. The scattered light was dispersed by a triple

monochromator (Spex 1877 CP, equipped with 1200, 1800, and 2400(33)

grooves/mm gratings) and detected with a back-illuminated CCD

8844 J. AM. CHEM. SOC. = VOL. 126, NO. 28, 2004

included in the Supporting Informatiof).The H-bonding residues
included correlate well with those identified as having strong interac-
tions with the six iron-coordinating residues from combined QM/MM
calculations? For geometry optimizations, the iron atoms were
described by the LACVP* doublé-basis set? atoms within three
bonds of the iron atoms used 6-31G*, and all others used 6-31G. The
basis set size was increased to triplsr determining energies, using
the LACV3P* basis set. Electronic structure descriptions were obtained
using the Amsterdam Density Functional (ADF) 2000 software package
developed by Baerends et &4* ADF calculations were performed
with an integration constant of 4.0 and the Vostwilk —Nusair local

(37) Kim, K.; Lippard, S.J. Am. Chem. S0d.996 118 4914-4915.

(38) Geometry convergence criteria were as follows: change in total energy,
AE < 5e-5 Hartrees, maximum local energy gradie¥/0S < 4.5e-4
Hartrees/A 0E/0S(RMS) < 3e-4 Hartrees/AAS < 1.8e-3 A, ASRMS)

< 1.2e-5 A. Frequency calculations to verify that true minima had been
attained were not possible as Jaguar 4.1 and subsequent Jaguar 5.0 have
not implemented parallelized analytical frequency determination. Such
calculations will be performed once this functionality has been added.
The residue truncation was performed as followsptioarbon was replaced

by a hydrogen atom with concommitent shortening of ¢h€—-C bond

to 1.08 A, with thes-C retaining its original position. This hydrogen was
then frozen in all geometry optimizations.

The hydrogen bonding residues were truncated to the smallest reasonable
models providing similar hydrogen bonding interactions as observed in the
protein. These were as follows: Q43; formamide, COHNDB7; ammonia,

NHs3, W111; ammonia, Nl S114; water, kO, Y122; water, HO, D237,
formate, CHQ". The positions of the heavy atoms (C, N, O) were frozen
along with the positions of hydrogens replacing carbon atoms. Q43 and
Q87 were modeled differently (as formamide and ammonia, respectively)
as the R-group nitrogen of Q43 was located 2.8 A from a carboxylate
oxygen on D237 suggesting hydrogen bonding between these two residues
which may have been of importance to the geometry of the active site.
WI/F48 residue, the second mutation from wt, was not included in the model
as it does not coordinate to either iron or iron-coordinated residues.

The atom count differs between the two calculations due to the addition of
a methylene { CH,—) by the D84E mutation and the introduction of a
water molecule which is coordinated to E84 in the mutant.

2) Hay, P.; Wadt, WJ. Chem. Phys1985 82, 299-310.

Baerends, E. J.; Ellis, D. E.; Ros, P.Chem. Physl1973 2, 42.

(44) te Velde, G.; Barerends, E. lait. J. Comput. Physl992 99, 84.

(39)

(40)

(41

—
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density approximaticft in conjunction with the nonlocal gradient M LA R
corrections of Becke and Perdé®#’ A triple-¢ Slater-type orbital basis ®y(Fe-0) OVFO-O)
set with a single polarization function (ADF basis set IV) was used for
each atom. Core orbitals were frozen through 1s (C, N, and O) and 2p
(Fe). The ADF calculations were performed on a truncated (64 atom) =~ 3
version of the geometry optimized model, removing hydrogen-bonding _5
residues more than two bonds separated from the diiron center (Q435 ,
and D237) and replacing propanoate groups with acetate and 2—methyl—§
imidazole with imidazole to improve the speed of calculations. Orbital
occupation tables were generated using AOMI* Complete coor-
dinates of all the geometry optimized models discussed in the text are
included in Supporting Information. 0
2.4. Normal Coordinate Analyses.Normal coordinate analyses
(NCAs) of the vibrational data of the R2-W48F/D84E peroxo inter-
mediate were performed on the,Pg cores of the three hypothetical 6
active-site models generated using Jaguar 4.1 geometry optimizations —~
The analyses were based on the Wilson FG matrix method using a_§

" WA4SF/DS4E R2

peroxo intermediate

absorption

\\\\||\\\‘||\\‘JI!\‘\II

(0}
-00—0-0-e

W-1,2 peroxo complex

absorption

Urey—Bradley force field, as implemented in a modified version of = 4
the Schachtschneider progra®®* All input coordinates used in the :E;
NCAs are included in the Supporting Information. )

2.5. Excited-State AnalysisSimultaneous fits of the absorption and
rR excitation profile data of the R2-W48F/D84E peroxo intermediate
were performed using the time-dependent theory of electronic spec- 0
troscopy implemented in a script for Mathcad PLUS 6.0. A direct
modeling approach was used to search for the set of excited-state
parameters that produce the best simultaneous fit of the absorption and
IR profile data.>? 0.6

(¢}
s 2~
®y(Fe-0) Ov(0-0) 1? peroxo complex
46 459 776 816 I.
!
!

absorption

3. Results and Analysis

3.1. SpectroscopyElectronic absorption and rR data were
collected for the peroxo-R2-W48F/D84E species and analyzed
within the framework of the normal coordinate analysis (NCA
Raman spectrum simulation) and time-dependent Heller theory
(rR profile and absorption spectrum simulation). Three peroxo- 0T — T T T T
biferric coordination modescis u-1,2-, trans u-1,2- and 10000 20000 30000
u-nZ%n?-peroxo) identified by DFT geometry optimizations (vide Energy (cm™)
infra) were evaluated on the basis of the experimental data to Figure 1. (Top) Absorption spectrum and IR profiles of the R2-W48F/
assess the core structure of the peroxo-R2-W48F/D84E speciesD84E peroxo species. (Inséf0 (solid) and™O (dashed) rR spectra (647

. nm excitation wavelength). (Middle) Absorption spectrum and rR profiles

3.1.1. ResultsThe low-temperature absorption and rR data of [Fell ,(0,)(0OBz){ HB(pZ)s} 2] from ref 32. (Inset)O (solid) and®O
for the R2-W48F/D8A4E peroxo species are shown in Figure 1, (dashed) rR spectra (647 nm excitation wavelength). (Bottom) Absorption
top. For comparison, Figure 1 also shows spectroscopic dataSPectrum and rR profiles of [F4O-)EDTAJ*" from ref 53. (Inset)°O
from two model complexes; [E&(0,)(OBz){ HB(pZ)s} o] 2 (solid) and®0 (dashed) rR spectra (530 nm excitation wavelength). Note

. : p ’ 2)\ PZ)3;2 the differences in extinction coefficient scales for the three compounds.
(Figure 1, middle), a crystallographically characterZeds
//{_172 peroxo [Fw]2 model Complex Wlth each ferrlc |on Capped Chart 2. Schematics of the Coordination Environment of the cis
by a tridentate N-donor ligand and bridged by two carboxylates #-1.2-Peroxo [Fe!], Dimer, [Fel2(02)(0Bz){HB(pz')s}2] (Left), and
(Chart 2, left), and [P&(EDTA)(O.)]*~ (Figure 1 bottom), an  the Side-On 2-Peroxo Fe! Monomer, [Fe'(O2)EDTAF", (Right)
n?-coordinated ferric peroxo complex bound to a tetradentate
EDTA ligand (Chart 2, right). Both the R2-W48F/D84E peroxo
species and [F&;(0,)(0OBz){ HB(pZ)3} 7] exhibit a prominent
absorption band in the visible spectral region and the onset of
more intense features in the UV. Additionally, both species
display similar rR enhancement of two vibrations near 450 and

870 cnr118labeledv(Fe—0) andv(O—O) in the insets in Figure

Ejgg \égf(lj(g Sj HF'ﬁ \/\(/:ilhkénla-:Ff,\lhusselligg,8%/!g?z:m%-3 832-2Physl980 58, 1200. 1, upon excitation into the broad band centered-a# 000
(47) Becke, A. D.J. Chem. ph§51985 84 4524, cmL. These vibrations have been assigned to the Gand

(48) Gc]gtrVE\:llskx;. S. I_A;DMiX Program revision 5.69, http://www.obbligato.com/  O—O stretches, respectively, on the basis of their shifts to lower
software/aomix/. . . . o

(49) Gorelsky, S. I.; Lever, A. B. Rl. Organomet. Chen2001 635 187— frequencies uport®0—180 isotopic substitution. The same
196. itati i i

(50) Schachtschneider, J. H. Technical Report No. 57-65, Shell Development .features are also obser\{ed for excitation in resonance with the
Company: Emeryville, CA, 1966. intense near-UV absorption features, but the degree of enhance-

(51) Fuhrer, H.; Kartha, V. B.; Kidd, K. G.; Kreuger, P. J.; Mantsch, H. H. i itati i H H
Computer Programs for Infrared Spectroscopy, Bulletin No. 15, National mentis greaﬂy reduced (Cf' .I’R excitation prpfll?S n F'g”re l)'
Research Council of Canada, 1976. o The fact that the absorption and rR excitation profile data

(52) Myers, A. B.; Mathies, R. A. InBiological applications of Raman for the R2-W48F/D84E peroxo species and ¢feu-1,2 peroxo

spectroscopySpiro, T. G., Ed.; John Wiley & Sons: New York, 1987 N T
Vol. 2. [F€', model complex are qualitatively very similar suggests
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133 A structure. Normal coordinate analysis (NCA) is ideally suited
1.87 for differentiating such structure®. A Urey—Bradley force field
1.92 1.92 1.36 . . .
- was chosen to facilitate comparison with the results from an
1.89 NCA performed on theis u-1,2 peroxo [F&], model complex,
a 0=51° b, o =155° [Fe'5(02)(0OBz){ HB(pZ)3} 2].22

In the cis andtransu-1,2 peroxo complexes, the two +©
bonds are of equal length (Figure 2), permitting the-Be
stretches to be modeled by a single force constant in the NCA
(Table 1). In each model, the F©—0 bending force constant
) was fixed at 0.3 mdyne/A, consistent with published values for
Figure 2. Geometry optimized R0, core models for normal coordinate end-onu-1,2 peroxo [F#]; dimers?” while a suitable Urey
analysis. (a)is u-1,2-peroxo from the R2-W48F/D84E model, (iodns Bradly nonbonded interaction constakg) was also included
#1-1,2-peroxo from the R2-WA8F/DB4E model, andye)*#,?> peroxo from for the bending modes. Then2:x?2 peroxo core has significantly
;hrz izé%smt?:rilsl,lg):ulissstr;]%m::nolrg %g?;r;,nagrc]igcl)g}/gen, in red. Bond lengths different Fe-O bond lengths (Figure 2c), requiring three

different force constants to be used for the 1.96 A, 2.01 A, and
that the two chromophoric units possess similar geometric and2.11/2.12 A Fe-O bonds, with shorter bond lengths correlating
electronic structures. In comparison, absorption and rR datawith a larger stretching force constant (Badger's Tttd.
reported for then?-O,2~ complex, [F&'(EDTA)(O.)]3",%3 Kre-0—0 and kyg are not included in thei-p%n? and 52 Fe"
(Figure 1, bottom) are strikingly different: (i) rR spectra identify model complex NCAs, as these geometries allow the vibrational
an O-0 stretch at 816 crt, much lower in frequency than  modes to be modeled most easily in terms of stretching motions
the R2-W48F/D84E peroxo species (868 dmand an FeO along the G-O and Fe-O bonds. These force constants were
stretch at 459 cmt (457 cn! in protein); (ii) the absorption  then fitted to the experimental frequencies u«ffFe—0) and
spectrum exhibits a prominent feature~&&1 500 cnt?, carrying v(O—0) obtained for thé®0 and'®0 isotopomers.
about 30% of the intensity of the14 000 cm! band in the The results of this analysis are summarized in Table 1 along
spectrum of the R2-W48F/D84E peroxo species, and an with the previously published NCA parameters of '[R€0,)-
approximately 1& more intense feature in the near UV centered (OBz),{ HB(pZ)s}2] and [Fd'(EDTA)(O,)]3~ for comparison.
at~30 000 cmt. rR spectra obtained upon excitation into the Thecisu-1,2 R2 peroxo model fits the experimental data using
visible band of [F¥ (O,)EDTA]®" are dominated by the ©0 Fe—0O and OG-0 stretching force constants consistent with those
stretch, whereas excitation in resonance with its UV feature previously determined for [F&(O,)(OBz){ HB(pZ)s}2]. In
gives rise to almost exclusive enhancement of the@®stretch. contrast, the FeO stretching force constant for th@nsu-1,2
Importantly, the rR enhancementigfFe—0O) for UV excitation peroxo kre-o = 1.11 mdyne/A) angdi-n2,2 peroxo kre-o ~
greatly exceeds that ®{O—O0) for visible excitation, which is 3.72 mdyne/A) structures are inconsistent with the values
markedly different from the rR excitation profile data of the previously reported for ferric ironperoxo complexes. Nwans
R2-W48F/D84E peroxo species and the synthetg u-1,2 u-1,2 biferric-peroxo complexes have been previously identi-
peroxo [Fd'], complex (Figure 1). Previous studié8 have fied in the literature, bukre_o for such a molecule would be
shown that spectral differences between theu-1,2 peroxo expected to be similar to that observed in end-on bridgjed
[F€"]> dimer and the side-om? peroxo F&' monomer are  u-1,2 complexeskre-o = 1.99 mdyne/A for [F¥ »(0,)(OBz)-
directly related to the different electronic structures associated { HB(pZ)s}]. However, this is 80% greater than that required
with the different binding modes of peroxide in these two by thetransu-1,2 peroxo structure of Figure 2¢ withymre-o)
species. Thus, the striking correlation of the spectroscopic data= 457 cntl. A biferric u-7%»? peroxo structure would be
in Figure 1 to thecis «-1,2 model complex suggests that in the expected to have an F© stretching force constant lower than
R2-W48F/D84E peroxo species the peroxide moiety bridges thethat of thez? side-on monomerkée-o = 1.55 mdyne/A) as the
two ferric centers in an end-an-1,2 binding mode. peroxo charge donation per metal would be lower in the dimer

3.1.2. Fe-O and O—0O Force Constants.Previous vibra- due to the peroxo ligand now being shared between two ferric
tional studies observed that the modal energies of the R2-W48F/ions, weakening individual FeO bonds. However, with
D84E peroxo intermediate are most consistent with symmetric veymre 0y = 457 cnt?, the average calculated force constant
u-1,2 peroxo model complex¥swhile the most recent DFT  for theu-727?2 structure ikre—o ~ 3.72 mdyne/A. This analysis
geometry optimizations of peroxo models based on the R2 ligandindicates that only theis u-1,2 peroxo model of R2-W48F/
set favor a distortegi-272 peroxo structuré* The energies  D84E yields reasonable F&© and O-O force constants, while
of vibrational modes are sensitive to the geometry of the speciesthe trans u-1,2 and u-%n? geometries give NCA results
under investigatiof allowing these geometrically dissimilar  inconsistent with the experimental data.
structures to be evaluated in light of the experimental data. DFT  The Fe-O and O-O stretching force constants for tloés
geometry optimizations (vide infra) have identified three ;-1 2 R2 peroxo structure, 2.08 and 3.09 mdyne/A, respectively,
coordination geometries (Figure 2) with similar constituents (a are similar to those calculated for the [F£€0,)(OBz){ HB-
peroxo ligand bridging a biferric active site) but very different (pz)s},] model complex, 1.99 and 3.07 mdyne/A. This small
geometries. They are @is u-1,2 peroxo (Figure 2a), &rans difference in stretching force constants does not cause the
u-1,2 peroxo (Figure 2b), and @n?n? peroxo (Figure 2¢)  striking 36 cnt? difference in the frequency of the symmetric
Fe—O stretch (457 vs 421 cm) between the protein intermedi-

(53) Neese, F.; Solomon, H. Am. Chem. S0d.998 120, 12829-12848.
(54) Siegbahn, PChem. Phys. Let2002 351, 311-318.
(55) Wilson, E. B. J.; Decius, J. C.; Cross, P.Nblecular Vibrations Dover (56) Badger, R. MJ. Chem. Phys1934 2, 128-131.

Publications: New York, 1980. (57) Herschbach, D. R.; Laurie, V. W. Chem. Physl961, 35, 458-463.
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Table 1. Results from NCAs of the Vibrational Data of the R2-W48F/D84E Peroxo Intermediate, Obtained Using the Fe,O, Core Structures
of the Three Active Site Models in Figure 2, and the Experimental Frequencies and NCA Results of the [Fe!',(02)(OBz)>{ HB(pz')s} 2] and
[Fe"((EDTA)(O2)]*~ Model Complexes (Force Constants in mdyne/A, and Frequencies in cm~1)

experimental
cis u-1,2 experimental
experimental R2 cis u-1,2 R2 trans u-1,2 R2 u-nxn? Fe", model 7? Fe'" model
normal mode 1602 1802 1602 1802 1602 1802 1602 1802 1602 1802 1602 1802
vr(0—0) 868 821 870 821 869 819 867 822 876 828 816 776
vadFe—0) 567 540 398 381 910 870
vsym(Fe—0) 457 442 458 439 461 437 455 447 421 409 459 446
0as(Fe—0—0) 275 262 160 156 805 761
0 (Fe-0-0) 142 136 134 130 429 408
Force Constant
ko-o 3.09 3.42 2.89 3.07 3.02
Kre-0 2.08 1.11 3.92 1.99 1.55
3.74
3.51
Kee-0-0 0.30 0.30 0.30
kus 0.10 0.10 0.1

akee-o for the r(Fe—0) = 1.96 A bond (Figure 2c) kre_o for the r(Fe—0) = 2.05 A bond.c kre_o for the r(Fe—0) = 2.11 andr(Fe-0) = 2.12 A
bonds.

ate and the model. Rather, this difference in frequency arisesour analysis does not support a short (2.5 Ay-Fe distance
from different bond angles in the two models which result in in the R2-W48F/D84E peroxebiferric species.

different degrees of mechanical coupling between the Ge 3.1.3. Peroxide~Fe Charge Donation.A crucial property
and O-0 stretching motions. The FEO—0 angles are 125 of the peroxo [F#], intermediates of non-heme iron enzymes
and 12% in the DFT-optimizedcis u-1,2 R2 peroxo structure is charge distribution, as this determines the strength of metal

and 129 in the crystallographically characterizegis u-1,2 ligand interactions and the activation of the;®g unit toward
model complex. Previous NCA simulations on bifeisu-1,2 transformation to subsequent high-valent Fe-oxo species. The
peroxo structures have shown that such a difference in geometrydonor strength of a given ligand can be estimated from the sum
would result in the symmetric FeO stretch changing by30 of the integrated absorption intensities of all CT transitions
cm~1,32 accounting for the observed difference in the frequency associated with this ligand. While absorption band overlaps in
of the symmetric FeO stretch. the near-UV spectral region complicate quantification of the

A recent study has assigned a short-Fe separation of 2.5  total donor strength of the peroxide ligand nl,2 peroxo
A to the EXAFS data from the R2-W48A/D84E peroxo [Fe'], dimers, thew-charge donation from the peroxide:
intermediate®® This species is proposed to be analogous to the donor orbita}® into the Fe 3d acceptor orbitals.C,, .54
R2-W48F/D84E peroxebiferric species analyzed above. To (corresponding to the square of the orbital mixing coefficient),
test this proposed geometric constraint against the availablecan be estimated from the intensity of the prominent peroxide-
vibrational data, NCA simulations were performed. These to-Fe CT absorption feature in the visible region (Figure 1):
used a symmetricis u-1,2 peroxo coordination geometry with
r(Fe—0O) = 1.88 A andr(O—0) = 1.40 A, consistent with the Cogg = K;
[FE"5(O2)(OBz){ HB(pZ)3} 2] crystal structuré! and varied the T Vinad [
Fe—O—0O—Fe torsion angle through the full range of possible
values from O (planar) to 91.5 (a butterflyu-52:5?2 structure). i is a constant (9.2 1072 A), f andvmaxare the oscillator
This range varied the FeO—0 angle from 107 (planar) down strengtR® and transition energy of the CT transition under
to 68 (butterfly). The results (Supporting Information) found investigation, and is the transition vector, which is assumed
that the O-O stretching force constarke_o, ranged from 3.48 10 coincide with the peroxideFe bond vector. While the
to 3.23 mdyne/A along the progression from planar to butterfly calculated value o,y is not a quantitative measure of
structures and thatee o varied from~1.63 mdyne/A at the bond covalency, it permits a useful comparison between similar
planar/butterfly extrema to 1.51 mdyne/A at & 48rsion angle. complexes.
This requires thakee o be 20-25% smaller ancko_o be The values of andvnyax for the protein peroxo intermediate
5—13% larger in the double variant peroxo than in tie-1,2 and [Fé'5(0,)(OBz){HB(pZ)s}.] were determined from the
model complex. This result is inconsistent with the decrease in Gaussian-fit area and peak energy (Figure 3, Table 2) of the
peroxo donation identified by the decreased intensity of the ~14 000 cni* feature in their absorption spectra (Figure 1, top
~14 000 cn! charge-transfer transition in the protein inter- @nd middle panels). The transition vector lengths the length
mediate relative to the model complex (see section 3.1.3). of the Fe-O bond. This analysis reveals that thedonor
Electron density in the peroxide’ donor orbital weakens the strength of the peroxide in the R2-W48F/D84E protein relative
0—0 bond due to the antibonding nature of this orbital. Thus, t0 thecis u-1,2 peroxo [F&], model complex is reduced by
lowering the donation frone" would result in a weaker ©0 44% E7%) 5% In contrast with the sharp Gaussian band shape
bond in the protein peroxo intermediate relative to the model
complex, opposite that predicted by the vibrational data. Thus,

)

(59) An* orbital of the peroxo unit, &, is labeledr, if it has o-overlap with
the metal andz’, for z-overlap with the metal.

(60) Hitchman, M. A.; Riley, M. J. Inlnorganic Electronic Structure and

(58) Baldwin, J.; Krebs, C.; Saleh, L.; Stelling, M.; Huynh, B.; Bollinger, J.; SpectroscopySolomon, E. I., Lever, A. B. P., Eds.; John Wiley & Sons:
Riggs-Gelasco, PBiochemistry2003 42, 13269-13279. New York, 1999; Vol. 2.
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Figure 3. Gaussian fit to the-14 000 cnt? feature in the R2-W48F/D84E Figure 4. Comparison of the absorption spectrum (solid line) and rR
peroxo intermediate and the-1,2-peroxo complex, [F&(O2)(OBz)- profiles of the 868 cm! (O) and 457 cm' (®) modes of the R2-W48F/
{HB(pZ)3}2]. D84E peroxo species (solid line) with simulated absorption (e¢asiited
line) and rR excitation profiles (dashed lines) obtained using the fitted
Table 2. Gaussian Fit Data for the ~14 000 cm~! Band of the excited-state parameters listed in Table 3.
R2-WA48F/D84E Peroxo Intermediate and the u-1,2-Peroxo
Complex, [Fe'"'2(02)(0OBz){ HB(pz')s} 2] Table 3. Excited-State Parameters from Simultaneous Fits of the
Absorption and rR Excitation Profile Data of the R2-W48F/D84E
V”‘ixl . Peroxo Intermediate and the Synthetic cis u-1,2 Peroxo [Fe'"],
em?  f(x10%  r(A)  CpolCooe Dimer (the Same Signs of the A’s Were Used as in Ref 32)
R2-W48F/D84E proteinint. 14150 411 102 056 R-WASF/DBAE [Fe', cis 1-1,2-Peroxo
u-1,2-peroxo complex 14 400 7.20 1.88 :
Eo, et 8500 10 000
a Average Fe-O bond distance of the DFT-calculated R2-W48F/D84E A(Fe-0) 3.75 3.68
u-1,2-peroxo model. A(C-0) —2.25 —1.98

at 14 400 cm* for the model complex, the absorption feature  rapje 4. Normal Mode Descriptions for the cis u-1,2 Fe,0, Model
at 14 100 cm? for the protein intermediate tails away to higher of Figure 2a

energy. This behavior commonly occurs due to intensity sharing normal eigenvectors® potential energy distribution®
with weaker transitions at similar energy, leading to a smeared e 0-0y FeOy Fe-O-Opg OOy Fe-Oy Fe-O—Ommg
out absorption envelope. If this mechanism is invoked for the =) 0-0) 035 -013 —0.06 83 16 1
protein intermediate and the oscillator strength is instead taken y,(Fe-0) 0.07 0.15 —0.10 12 80 5

to be the integrated intensity of the absorption spectrum over _ _ _
the 8006-20 000 cm interval, the relative donor strength is ~_ *Mass weighted eigenvectorts,.  Average values: the model is not

o o . strictly of C; symmetry. However, this asymmetry leads to the eigenvectors
70 AJ. #11%), a Va'“? that reprgsgnts an upper limit for the ang potential energy distributions differing 6% from the average value
relative peroxo donation. As a similar reduction occurs for the reported in the table.
o-donor strengths (see section 3.1.4), the total peroxidee
charge donation is reduced in the protein intermediate, indicating

that the charge on the ferric iron is decreased in the protein dueSpll_n_:)rbt'tﬂ:mX'nlgtW'th nearby CT gxmted tstateti. in the R2
to the presence of additional anionic ligands (i.e., terminal o testine relaliver vs o peroxo donor strengtns in the Rz-

carboxylatef2 The mechanistic implications of this result with WABF/DBAE peroxo intermediate, an analysis of the excited-

respect to the enzymatic conversion of peroxo intermediates to;tate distortions associated with the peroxide-to-Fe CT transition

high-valent Fe-0x0 species will be discussed. Comparedl 1o he fesulte of & Silr anayis repoed for the
3.1.4. Excited-State AnalysisThe nature of excited state P y P

distortions associated with electronic transitions can be extractedsyntheticﬂ -1,2 model complex. The nuclear distortions of the
. o ) - Fe0, unit can be estimated using the following relationship
from absorption and rR excitation profile data through applica- - . . -
. . - between internal coordinate chang@s;, and dimensionless
tion of time-dependent Heller Theory. Figure 4 shows the normal coordinate displacements,:
simulated absorption and rR excitation profile data obtained with '
the fitted excited-state parameters listed in Table 3. While the A,
correspondence between the experimental and simulated absorp- Ar; = 5.80652Li‘n— 2
tion spectra is relatively poor, the experimental rR excitation n
profiles are very well reproduced by the simulation. This result
suggests that additional transitions contribute to the absorptionwhereL,; , is theith element of the mass-weighted eigenvector
spectrum between 15 000 and 20 000 &npresumably Lapofte L, for the nth normal mode. Using the eigenvectors from the
NCA on thecis u-1,2 peroxo [F&], protein model (Table 4)
(61) The uncertainty in the percentage peroxo donation decrease is due tognd theA, values determined from simultaneous fits to the
uncertainty in the extinction coefficient of the protein peroxo intermediate. N .
This is due to the difficulty of calculating the proportion of a short-ived ~absorption and rR data of the R2-W48F/D84E peroxo interme-
intermediate accumulated at any moment during a stopped flow experiment. gjgte (Table 3), the distortions depicted in Chart 3 are obtained.
(62) This may appear inconsistent with the protein and model having similar . s . . .
ko-o and kee-o values (Table 1). However, & Shange in the Fe(2) This analysis reveals that the major distortion occurs along the
O—0 bond angle (within anticipated error of the geometry optimized model) Fe—O coordinates, whereas the-@ bond length change is

changes the stretching force constants required to fit the experimental data N X .
by ~0.1 mdyne/A. relatively small. The large increase in+@ bond length by

forbidden d-d transitions that acquire their intensity through

Vn
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Chart 3. Experimental Excited-State Distortion of the Fe,O, Core
in the R2-W48F/D84E Peroxo Intermediate Associated with the
Peroxide-to-Fe CT Transition at 13 900 cm—! (Figure 1)

-0.08 A
o

13900 cm™! e.s.

+0.21 A demonstrates that a dominant Fe-peroxide bonding

interaction has been disrupted in the corresponding excited state:

Virtually identical results were obtained for this «-1,2 peroxo
[F€"]2 model complexAr(Fe—0) = 0.20 A, Ar(O—0) = 0.06
A, AB(Fe—0—0) = 5°) where the large increase in+© bond
length was attributed to an almost complete elimination of the
Fe—peroxides-bond. Thus, in both cases the relatireon-
tribution to the Fe-peroxide bonding interaction must be similar
and less important than the-contribution; otherwise the
distortions along the FeO coordinates would be considerably
smaller.

3.2. Computational. 3.2.1. Density Functional Selection:
The cis u-1,2 Biferric Peroxo Model Complex. The density

functional used in this study (BP86) was chosen based upon

correlation with the geometric and electronic structure of the
previously studiedu-1,2 biferric peroxo model complex,
[FE" 2(O2)(OBz)x{HB(pZ)3s}2]. The same computational model
used in previously published ADF DFT calculatio®s,
[Fex02(O,CH)(NH3)g)2t, was geometry optimized in Jaguar 4.1
using the LACVP* basis set and the BP86 and B3LYP density
functionals (Chart 4). The geometry optimized cores obtained
from the two functionals are shown in Figure 4, and the energies

Table 5. Energies (eV) and Compositions of Relevant MOs from
an SU-BS Calculation on [Fe,0,(HCO,)2(NH3)s]2* Using the BP86
Functional, Jaguar 4.1, and the LACV3P* Basis Set®3

peroxo
E (eV) orb? N', O Fel 03 04 orb Fe2 N,O
—9.21 2 15 71 9 4 o 1 0
—9.76 Xy 23 7% 0 O 0 2
—10.82 yz 2 64 21 11 o 2 1
—10.98 X—y? 4 87 5 3 & 1 1
—11.12 LUMO xz 3 82 5 4 a* 2 4
total peroxo character in Fe 3d-based MOs 402 =62%

a Coordinate systemz = Fe—Operoxobond vectorx ~ Fe—Ocarmoxylate 1
bond vectory ~ Fe—0 carhoxylate 200Nd vector.

Table 6. Energies (eV) and Compositions of Relevant MOs from
an SU-BS Calculation on [Fe,O,(HCO,)2(NH3)s]?* Using the
B3LYP Functional, Jaguar 4.1, and the LACV3P* Basis Set

peroxo
E(eV) orb? N,O' Fel 03 04 ob Fe2 N,0O
-6.71 X2—y? 11 8 2 1 0 0
—7.54 2 14 81 1 O 0 3
—8.52 yz 4 94 0 O 0 2
—8.58 Xz 3 93 1 1 0 3
—10.25 LUMO «xy 1 22 43 29 n* 3 2
—12.53 HOMO «xy 5 73 6 11 =x* 3 3
total peroxo character in Fe 3d-based MOs 103 =3%

a Coordinate systemx = Fe—Operoxobond vectory ~ Fe—Ocarboxylate 1
bond vectorz ~ Fe—0 carhoxylate 2b0ONd vector.

Table 7. Compositions of the Fel 3d-Derived Unoccupied MOs
from an SU-BS Calculation for the [Fe202(HCO2)2(NH3)e]?t Model
of [Fe'';(02)(OBz){ HB(pz')s} 2] Calculated Using the ADF
Package?d63

and compositions of the Fel 3d-based unoccupied molecular

orbitals (MOs) are shown in Tables 5 and 6.

The orbital compositions given in Tables 5 and 6 show that
the BP86 functional predicts a biferriperoxo complex (five
singly occupied Fe 3d-orbitals on each metal), while B3LYP
predicts a weakly bound biferrouslioxygen complex (one
occupied minority-spin Fe d-based orbital, the HOM@)(on
both Fel and Fe2). The BP86 calculation is consistent with the

Chart 4. Geometry Optimized Cores of an
[Fe202(HCO2)2(NH3)s]%" Model Using BP86 (Left) and B3LYP
(Right) Density Functionals

BPS6 B3LYP
202 A
1.88 A ‘-83 A. ‘w—.
132A 1.28A
0=37° 0=71°

electronic nature of the [[&(O,)(OBz){HB(pZ)s}2] model

complex, while B3LYP has a markedly different geometric and
electronic description of this complex, indicating that BP86 is
a more suitable functional than B3LYP for this study. This
calibration has led to the use of the BP86 density functional in

peroxo
E(eV) orb N,0" Fel 03 04 ob Fe2 N, O
—8.834 2 9 70 8 4 a, O 0
—9.308 Xy 15 74 0 0 0 0
—10.312 yz 0 60 22 12 #a* 2 0
—10.606 X2—y? 1 8 4 1 0 0
—10.729 LUMO xz 1 78 7 4 o+ 3 0
total peroxo character in Fe 3d-based MOs 421 =62%

2 The orbital contributions in this table differ slightly from those in Table
5 as the basis sets used are different (Jaguar calculations were performed
using LACV3P*, and ADF calculations used ADF Basis Set IV).

DFT geometry optimization of hypothetical active-site models
of the R2-W48F/D84E peroxo intermediate.

The most notable difference between the geometry of the
BP86 optimized structure (Figure 4a) and the crystal structure
is that the calculated ©0 bond length (1.32 A) is shorter than
that in the crystal structure (1.40 A). Superficial analysis of such
a bond length would suggest that the oxygen ligand is a
superoxide. However, analysis of the calculated MO description
reveals five unoccupied minority-spin d-orbitals on each iron
and no unoccupied £r*), indicating that the electronic
structure of the BP86 optimized [F@x(HCO,)2(NH3z)g)2" model
is that of a biferric peroxo. These results suggest that the
double¢ LACVP* basis set underestimates the-O bond
length in biferric peroxo complexes, an observation that will
need to be recalled during the remainder of this study.
The d-orbital occupations for an ADF calculation on the
[Fe02(HCO,)2(NH3)e]2+ model using the coordinates from the
Jaguar BP86 geometry optimization are given in Table 7 and
will be used to correlate differences between the spectra of the
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Table 8. Key Structural Features and Total Energies of the DFT Geometry Optimized Active Site Models of the R2-wt and R2-W48F/D84E
Peroxo Intermediate

R2-W48F/D84E R2-wt

cis u-1,2 [Fe', trans u-1,2 [Fe"], cis u-1,2 [Fe', wnEn? [Fe',
Fel-Fe2 3.68 4.28 3.68 3.67
03-04 1.33 1.36 1.32 1.44
Fel-03 1.92 1.87 191 1.96
Fel-04 2.89 2.76 291 2.01
Fe2-03 2.84 2.53 2.82 2.11
Fe2-04 1.92 1.89 1.93 2.12
Felan,D/Egz; 2.18 2.24 2.10 2.28
Fel-Op,p/esa 2.25 2.16 2.40 2.15
Fe2-0a k204 2.28 2.10 191 1.93
FeZLOb,Ezm 2.13 2.36 3.18 3.44
E(rel to [Fe']2) (kcal/mol) —24.6 —14.4 —26.0 -15.9

R2-W48F/D84E peroxo intermediate and the'[B©,)(OBz),- .

{HB(pZ)s} 2] model complex.

3.2.2. R2-WA48F/D84E Peroxo Modelslo evaluate possible
peroxide binding modes of the R2-W48F/D84E and R2-wt
peroxo species, spin-unrestricted broken-symmeity € 0) H118(rear)
DFT geometry optimizations were performed on several hypo-
thetical active site models that were based on the X-ray structure
of reduced R2-wt and the R2-W48F/D84E vari&hGeometry Y122
optimizations utilizing a variety of initial geometries resulted v
in two distinct peroxo binding geometries for both the W48F/
D84E- and R2-wt models. The R2-W48F/D84E model generated
either acis u-1,2 peroxo [F&#], dimer or atransu-1,2 peroxo
[FE"]2 structure depending on the starting geometry used in
the optimization (Figure 5). Total energies and key structural
features of the geometry optimized models are summarized in
Table 8, and the compositions of the Fe 3d-based unoccupied
molecular orbitals (MOs) are given in Tables 9 and 10. Both
irons are 6C with bidentate terminal carboxylates.

Fe—peroxide bonding is spread among four MOs in the R2-
W48F/D84Ecisu-1,2 peroxo [F#], complex, with the occupied
peroxos;, ands, orbitals overlapping with the iron d-orbitals.

7, is the dominant donor, forming a-overlap with two of
these orbitals:yz (Figure 6b, 25%r;) andx* — y? (Figure 68,  Figure 5. Geometry optimized structures. (@ -1,2-peroxo [Fé], and

11%ux). Thesx, forms ao-bond with thez? orbital (Figure 6c, (b) trans u-1,2-peroxo [F#], structures of R2-W48F/D84E. Hydrogens

0 ¢ i oy i ; i and some hydrogen-bonding residues are omitted for clarity (full model in
1.1 /.0 ,) and xz (Figure 6b, 9%z,). This bonding motif is the Supporting Information). S114 is included in all computations but only
similar to that computed for the [fe(O,)(OBz){ HB(pZ)3} 2] shown in part b for clarity.

model complex (Table 7). This indicates that the bonding in
Table 9. Compositions of the Unoccupied Fel 3d-Derived MOs

CIS”,u-l,Z peroxo ,[Fé']z com.ple?(es IS d(,)mmated b,y peroxo- for the R2-W48F/D84E cis u-1,2-Peroxo; Model Obtained from
Fe'' bonding. While the qualitative bonding pattern is the same spin-Unrestricted BS (Ms = 0) Calculations®?

for both the synthetic model complex and the double variant peroo
cis u-1,2 peroxo structure, there is an important quantitative gevy o no. ob  N.O' Fel 03 04 ob Fe2 N,O
difference. The total peroxo donor strength in the R2-W48F/ 5176 2 32 49 6 2 = 0 o0
D84E cis u-1,2 structure is 6% less than that calculated for —2.796 Xy 20 75 0 O 0 o0
[FE"5(0,)(OBz){ HB(pZ)3}2]. This difference is attributed to ~ —3.401 yz 1 57 20 11 =, 2 0
the different terminal ligands present in the two species; ~3.553 Xy 4 8 4 3 2. 0 0
[FE"5(0,)(OBz){ HB(pZ)3} 2] is modeled with amine ligands 372 LMo e 0 8 6 8, 0 0
A2 PZ )32 g ' total peroxo character in Fe 3d-based MOs 1381 =57%

while the R2-W48F/D84Ecis u-1,2 peroxo is capped by a
histidine and an anionic carboxylate residue. As a result, the  acoordinate system (for Fely = Fe2-Operoxobond vectorx ~ Fe2-
relative amount of endogenous ligand donation in the two Oagessbond,y ~ Fe2-Oy gss bond.

(63) Fel-based unoccupied 3d-orbitals are shown, Fe2-centered are sigttar ( Structures is 11% greater for the protein model (36% vs 25%).

difference) and are found in the Supporting Information. . Experimental support for these computational results comes from
(64) It is of interest to note that reduced R2 under crystallization conditions P . .
will react with Q.. In contrast, biferrous MMO crystal structures are of the the lower Q- charge-transfer intensity and weaker—2

hydroxylase protein (MMOH) which reacts haltingly with, @lative to i i in i i i
when the effector protein, MMOB, is also present. Thus. the structure of stretching force constant in the protein intermediate relative to
the reactive biferrous MMO species remains unknown. the model complex.
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Table 10. Compositions of the Unoccupied Fel 3d-Derived
Unoccupied MOs for the R2-W48F/D8AE trans u-1,2-Peroxo;
Model Obtained from Spin-Unrestricted BS (Ms = 0) Calculations®3

peroxo

E (eV) orb no. orb N,O" Fel 03 04 ob Fe2 N,O
—2.780 Xz 12 66 9 4 a0 0
—3.695 yz 10 69 7 4 a0 0
—3.965 Xy 3 68 15 8 a* O 0
—4.290 X2—y? 8 81 0 O 0 0
—4.477 LUMO 2 0 79 5 3 =&t 0 0

a

total peroxo character in Fe 3d-based MOs 369 =55%

a Coordinate systemz ~ bisects Fe-Operoxoand Fe-Nyis bond vectors,
andx ~ bisects Fe-Operoxo and Fe-Oae238bond vectors.

The FeO, core geometry of the R2-W48F/D84dts u-1,2
peroxo [F&'], model is also similar to that of the geometry
optimized truncated model of the synthetic [R60,)(OBz)-
{HB(pZ)3} 2] complex. They have similar ©0O bond lengths,
1.33 and 1.32 A, respectively, while theF@ bond lengths of
the protein structure are slightly longer than those of the model
complex (1.92 A vs 1.88 A). The model complex core is
flattened relative to the protein structure, with thefe-0O
angle increasing from 1230 129, and the FeFe distance
increasing from 3.68 to 4.00 A in the [F@2(02CH)2(NHa3)e]2*
model. This angular change results in a lowgro stretching
frequency without changingo-o due to different mechanical
coupling of the Fe-O and O-O motions in the two geometries.

The second peroxo structure identified using the constraints
of the R2-W48F/D84E protein pocket hasransu-1,2 peroxo
[FE"], structure (Figure 5b). Unlike theis u-1,2 structure
(Figure 5a), for which the endogenous ligand coordination is
similar to that of the biferrous species (Chart 1a),tthesu-1,2
peroxo is greatly distorted, with the two bridging carboxylate
ligands changing to a terminal monodentate coordination on
different irons. The F€, core is expanded to accommodate
thetrans-peroxo ligation ((Fe—Fe)= 4.28 A, as compared to
r(Fe—Fe)= 3.68 A for the R2-W48F/D84Eis u-1,2 peroxo),
resulting in the two previously bridging carboxylates becoming
monodentate to Fel (E238) and Fe2 (E115). The loss of two
coordination bonds to the biferric center from E238 and E115
is compensated for by the two terminal carboxylates forming
strong bidentate interactions with the metals. The resulting
structure has two 5C irons in a highly distorted square pyramidal
ligand field dominated by the FeOperoxo @and adjacent Fe
Oterminal carboxylate iNteractions. Both the peroxarl and 7,
orbitals are involved in bonding to the iron, and each d-orbital

has a combination of peroxo and endogenous ligand contribu-

tions, resulting in a complicated bonding scheme and reflecting
the asymmetric coordination environment.

AE for the binding of dioxygen to the biferrous R2-W48F/
D84E structure identified previousfy(Chart 1a) is calculated
to be —24.6 kcal/mol for thecis u-1,2 peroxo [F&], model
and—14.4 kcal/mol for theransu-1,2 peroxo [F#], structure,
resulting in a 10.2 kcal/mol energetic preference fordise:-1,2
structure. This energy difference is related to differences in the
number and relative strengths of bonds in the two structures.
The bonding in the F©, core is stronger in theisu-1,2 model
as reflected in the total peroxo donation (60%cisu-1,2 and
52% intransu-1,2 (average per iron)). In addition, this u-1,2
model consists of two 6C ferric irons, whileansu-1,2 peroxo
contains two 5C centers. This net loss of two bonds acts to

2k
zim*

(o0

“/

Figure 6. Surface plots of the peroxide bonding orbitals from a truncated
version of the R2-W48F/D84&is u-1,2-peroxo model (Figure 5a) obtained
from an SU-BS ADF calculation. (af/x; (Inset: cartoon of Fe coordi-
nation for reference), ()}, (c) xylz;, and (d)xzz;. Coordinate system
(for Fel): z= Fel—Operoxobond vectorx ~ Fe2-0j, e204bond,y ~ Fe—

Oby Ezo4b0nd.

destabilize the latter model as the charge on the ferric irons is
less well distributed over the ligands, although this effect is
somewhat reduced by the shorter F€lg,35 and Fe2-Og;1s
bonds relative to theis 4-1,2 model. These structural differ-
ences have energetic consequences, which makeithel,2
peroxo structure a much more favorable R2-W48F/D84E peroxo
intermediate model. This conclusion is supported by our
experimental data on the protein intermediate, astthas
structure requires an unreasonably wedak o in order to
reproduce the observed rR spectrum.
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Table 12. Compositions of the Unoccupied Fe 3d-Derived
Unoccupied MOs for the R2-wt u-1%:n7? Peroxo Model Obtained
from Spin-Unrestricted BS (Ms = 0) Calculations (Both the Fel-
and Fe2-Based Orbitals Are Shown Due to the Marked Asymmetry
in the Bonding)

Fel-based d-orbitals

peroxo
E (eV) orb no. orb? N,O" Fel 03 04 ob Fe2 N,O
—2.831 x2—y?2 7 61 14 14 o O 0
-3.021 2 14 7% 3 0 0 0
—3.950 Xy 2 77 1 2 0 0
—4.073 Xz 2 70 9 2 a0 0
—4.281 LUMO yz 2 74 4 13 a0 0
total peroxo character in Fe 3d-based MOs +331 =62%
average peroxo donation over dimer 22152/2= 42% per iron
Fe2-based d-orbitals
peroxo
E (eV) orb no. orb? N,O Fel 03 04 oh Fe2 N,O
—2.944 7 0 0 7 0 &, 69 11
—3.041 x2—y2 0 0 3 9 m, 68 7
-3.975 Xy 0 0 1 0 80 9
—4.126 XZ 0 0 0 0 81 9
—-4.216 LUMO vz 0 0 0 2 81 8
total peroxo character in Fe 3d-based MOs 111 =22%

Figure 7. Geometry optimized structures. @} u-1,2-peroxo [F&], and .
(b) u-n2n? peroxo [Fé'], structures of R2-wt. Hydrogens and some 2 Coordinate system (for Felx ~ Fel-O4 bond vectory ~ Fel-03
hydrogen-bonding residues are omitted for clarity (full model in the Pond vectorz = perpendicular to Fefplane. Fe2:x ~ Fel-O3 bond
Supporting Information). S114 is included in all computations but is only Vector,y ~ Fel-04 bond vectorz = perpendicular to Fefplane.
shown in part b for clarity. Carboxylate oxygen atom labels are the same

as those shown in Figure 5a. cis u-1,2 peroxo: 57%(Fel} 56%(Fe2)= 113%. R2-wtcis
Table 11. Compositions of the Unoccupied Fel 3d-Derived u-1.2 peroxo. 62%(Fe1—} _57%_(':82):_119%_)' RZ'_Wt peroxo
Unoccupied MOs for the R2-wt cis u-1,2-Peroxo; Model Obtained has three principle bonding interactions, involvirg (11%
from SU-BS (Ms = 0) Calculations®® %), ¥z (32% %) and 22 (12% x). Theyz and 22 orbitals are
Peroxo similar in appearance to those of the R2-W48F/D&#:-1,2
EV) orb no. ob*  N,0" Fel 03 04 ob Fe2 N,O' peroxo shown in Figure 6. The distribution of peroxo donation
—2.160 z 15 63 7 4 a5, 0 O into the Fe d-manifold differs from that in the R2-W48F/D84E
:g-gg% Xy 18 7(7) 20 0 X 0 0 structure as the coordination geometry at Fe2 in the R2isvt
3804 izz_yz 0 28 g 15’ Ta 30 00 u-1,2 peroxo is 5C trigonal bipyramidal, while the corresponding
—-3.876 LUMO xz 0 75 7 5 a, 2 0 R2-W48F/D84E species is 6C octahedral.
total peroxo character in Fe 3d-based MOs 4384 =62% R2-wt u-n*n?> peroxo (Figure 7b) is a distorted butterfly
structure with short FeO bonds to Fel (1.96 and 2.01 A) and
2 Coordinate system (for Fely = Fel-Operoxobond vectorx ~ Fel- long Fe-O bonds to Fe2 (2.11 and 2.12 A). During the

Oae115bond,y ~ Fel—0, pgs bond. convergence to the butterfly structure, the F&L15 bond

3.2.3. R2-wt Peroxo ModelsThe same approach as that length gradually increases, which allowed E115 to swing out
outlined in section 3.2.2 was used to explore geometries of and hydrogen bond with the hydroxide of S114. In the final
peroxo structures using the constraints of the R2-wt protein. geometry, each iron is 6C. Fel is monodentate coordinated to
The R2-wt model converged to eithecia u-1,2 peroxo [F&], H118 and E238, while D84 and the peroxide are bidentate. Fe2
dimer similar to that obtained for the R2-W48F/D84E variant also forms two bonds to the peroxide and coordinates the four
or a side-onu-n%n? peroxo [Fé'], dimer (Figure 7). Total adjacent residues (E115, E204, E238, and H241) in a mono-
energies and key structural features of the geometry optimizeddentate configuration. This geometry differs from ttrans
models are summarized in Table 8, and the compositions of #-1,2-peroxo structure obtained using the R2-W48F/D84E
the Fel 3d-based unoccupied molecular orbitals (MOs) are givenprotein constraints and a similar ((6C,6G);%7?) starting
in Table 11. geometry (Figure 5b). The presence of significant steric strain

The cis u-1,2 peroxo [F&#], model (Figure 7a) generated in this geometry is evidenced by the butterfly (nonplanar)
using the protein constraints for R2-wt is similar to that from structure. With R2-W48F/D84E constraints, this strain is large
R2-W48F/D84E in terms of both its geometry and electronic enough to break the Fe@g,35bond, allowing the F£, core
structure description. Fel is labeled as 6C due to an asymmetricto expand to the finakansu-1,2-peroxo structure. The stronger
bidentate D84 carboxylate ligation (F®ps4 distances of 2.09  bonding between the peroxo and Fel than Fe2 is reflected in
and 2.40 A), while Fe2 is 5C with E204 clearly monodentate the total peroxo donation to each metal (Table 12). Fel has
with one 1.91 A and one 3.81 A F&g,pdistance. The RO 62% peroxo character, while Fe2 has 22%. The primary bonding
cores in R2-wt and R2-W48F/D84E peroxo intermediates have interaction between peroxide and Fel involves sigma overlap
nearly identical FeO and O-O bond lengths (Table 8), and between the?—y? and i, orbitals (thex andy axes point
the calculated total peroxide donation is similar (R2-W48F/D84E roughly along the two FeOperoxobonds). There is also overlap
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Chart 5.  Oxygen Activation Pathway Involving Asymmetric Cleavage of O—O Bond to Form a High-Valent u-Oxo Structure

p-1,2 peroxo

p-1,1 hydroperoxo

mono-oxo Fe,(IILIV), X

OH*t e
e —> Fe(l) —» Fe(IV)
- Fe(Ill) m%d ) FME(

between Fel and the peroxd. orbital. Fe-O bond length
asymmetry results in the peroxd, donation being distributed
among the d-manifold, with one atom (O3) donating to yae
orbital, while the other (O4) donates xa For Fe2, however,
the longer Fe-O bonds result in net peroxo donation being much
smaller, with the only significant interaction being peraxp
donation to the FeX2—y? orbital.

The optimized G-O distance inu-p%n? peroxo is much
longer (1.44 A) than that obtained for thel,2 structures (1.32

The peroxo charge donation in the [E£0,)(OBz)-
{HB(pZ)3} 2] model complex is similar to that gf-1,2 peroxo
Cw?* dimers®2 The peroxide in these copper dimers was shown
experimentally to be relatively basiéjndicating that the peroxo
of the R2-W48F/D84E peroxo intermediate, with its smaller
peroxo donation, is even more basic. This suggests that the
peroxo becomes more nucleophilic in the protein environment
and is activated for attack by adjacent electrophiles. The prime
candidate for such a reaction is water, which could donate a

A). This lengthening derives from the decreased peroxo donationproton to the peroxo unit to form a hydroperoxide. There are
into the Fe d-manifold, as the total peroxo donation per iron is 10 water molecules identified to be within 10 A of the binuclear
42%, significantly less than the 57% observed for the R2-wt iron center in the crystal structure of oxidized R2, indicating

cisu-1,2 peroxo. This decreased donation from the peragxo
orbitals weakens the ©0 bond and results in a longer bond
relative to theu-1,2 coordination mode.

The calculated energetics of biferric peroxo formation from
biferrous R2-wt are-26.0 kcal/mol for the R2-wtis u-1,2
peroxo structure (Figure 7a) ane15.9 kcal/mol for the
w-n%n? peroxo (Figure 7b), resulting in thes u-1,2 peroxo
being —10.1 kcal/mol more stable. This energy difference is

that water is not excluded from the active site environment and
is available to react with the peroxo intermediate. Hydroperoxo
is a weaker donor than peroxo, which would weaken tHe-Fe
bond on the protonated end of the hydroperoxide bridge. Such
a species may be activated to undergo isomerizationitd &
hydroperoxo (Chart 5) followed by cleavage of the O bond,
generating a high-valent monoeoxo-bridged species similar

to that anticipated by ENDOR and consistent with MCB

due to steric strain, weak peroxo donation, and breaking of the stydies of intermediatX.

Fel-Og115 bond. Placing au-n%n? FeO, unit within the

4.2. Relationship of Spectroscopically Calibrated DFT

protein-constrained active site pocket of R2 results in a steric Structures to Protein Intermediates. 4.2.1. R2-wt Peroxo

clash between the two iron atoms and the terminal ligands. To

relieve this strain, the typically planar;?,? F&O, coré®® bows
to form a butterfly structure (Figure 7b), bringing the two irons

closer together. This butterfly distortion also leads to poor net
overlap between the iron d-orbitals and the peroxo orbitals,
which results in the decrease in net peroxo donation. The third

factor is the loss of the FeiOg;;5 bond upon adopting a
butterfly structure. This results in tleés u-1,2 peroxo coordina-

tion mode being the most energetically favorable for this model

of the constraints of the R2-wt active site pocket.
4. Discussion

4.1. Relationship of R2-W48F/D84kEcis u-1,2-Peroxo to
the [Fe" 5(02)(0OBz){ HB(pz')3} 2] Model Complex. Analysis

This study reveals that only @s u-1,2-peroxo coordination
geometry is compatible with the experimental data for the R2-
WA48F/D84E peroxo intermediate. This structure is geometrically
and electronically analogous to the R2-wit u-1,2-peroxo
model identified computationally. A peroxo intermediate has
not been definitively characterized in stopped-flow experiments
using R2-wt, suggesting that kinetic masking of this intermediate
may be occurring, where its decay is much faster than its
formation. The product of the R2-wt reaction pathway, the stable
tyrosine radical, Y122 is also formed in the R2-D84E variant.
The crystallographically defined active site of R2-D84E closely
overlays that of the R2-W48F/D84E double variant, with the
mutated residue, 48, locatedd A from the binuclear iron

of absorption and rR spectra along with R excitation profiles Center- The WA8F substitution does not perturb the geometry
reveal that only thesis u-1,2 peroxo structure is compatible of the bmucl_ear active s!te appre_(:lably_, Ieadm_g to formation of
with our experimental data, whereas other coordination motifs N€arly identical peroxo intermediates in the single and double
can be discounted on the basis of our NCA. While the R2- variant. Thus, a-1,2-peroxo intermediate is also generated in
WA48F/D84E peroxo intermediate and [E£0,)(OBz){ HB- R2-D84E,.a protein that.forms Fhe same ultimate product as
(pZ)3}2] are qualitatively similar, analysis of the relative R2-wt. This hypothesis is consistent with the results of the
intensities of the~14 000 cnT! peak in their absorption spectra Modeling study presented above, suggesting that the initial
indicates that the ratio of peroxo charge donation in the protein P€roxo intermediate of R2-wt also hascis u-1,2-peroxo
relative to the model is 0.56 (Table 2). This reduced donor 9€ometry.

strength of the peroxo ligand in the protein environment is  Other geometries have been advocated for the putative R2-
consistent with DFT calculations, which show that the lower peroxo intermediate based upon DFT geometry optimizations
peroxo charge donation to iron is accompanied by an increaseusing a variety of DFT methods and active site models. Some
in the endogenous ligand donation in the protein site (25% vs propose au-7%n? peroxo coordination geomet#>* while

36% endogenous ligand contribution to the Fe d-manifold).

(66) Fox, S.; Karlin, K. D. InActive Oxygen in Biochemistryalentine, J. S.,

(65) Henson, M. J.; Mukherjee, P.; Root, D. E.; Stack, T. D. P.; Solomon, E. I.
J. Am. Chem. S0d.999 121, 10332-10345.

Foote, C. S., Greenberg, A., Liebman, J. F., Eds.; Blackie Academic &
Professional: Glasgow, 1995.
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others favor &isu-1,2 geometny’ The computational approach  tyrosine radical, Y122 upon CMET. Additionally, the R2-
used in these studies differs from that utilized in this paper W48A/D84E biferricu-1,2-peroxo intermediate converts to a
(section 2.3) in two major respects: (i) the coordinating amino species that forms Y122upon CMET. These observations,
acid residues are not constrained at tearbon positions and  combined with the present study, suggest that the reaction
(ii) the hydrogen-bonding residues in the second coordination mechanisms of variants with the R2-wt iron-coordinating
sphere with high protein field interaction enerdfesere not residues or the D84E mutation are similar, but that there are
included, thus ignoring the limitations on ligand position different relative rates between individual reaction steps in R2-
imposed by the tertiary protein structure. These steric and W48A/D84E and R2-W48A/Y122F. The biferric1,2-peroxo
electrostatic constraints have been shown to be required in ordelintermediate of R2-W48A/Y122F may form an initial biferric
to reproduce the active site geometry of the biferrous sites of u-1,2-peroxo intermediate as identified by the calculations and
binuclear iron enzyme%:3536Although freezing atomic coor-  be rapidly protonated before freeze-quenching, forming the
dinates removes any flexibility in the protein tertiary structure, intermediate observed by Bollinger and co-work&rghe R2-

this constrained approach is excellently suited to the investiga- W48A/D84E variant also forms&1,2-peroxo intermediate as
tion of oxygen activation in R2 as evidenced by the fact that described in this manuscript, but this intermediate is relatively
the lowest energy peroxo intermediate structure agrees well with long-lived, and the formation of is not greatly accelerated by
spectroscopic data. However, it is important to note that results the addition of rescuing agent. This transformation is proposed
gained from truncated computational models including those to be the same peroxide protonation step which is rapid in R2-

presented in this study should be considered only with close W48A/Y122F but greatly slowed in R2-W48A/D84E due to

reference to experimental observables.

Studies of the early oxygen activating intermediates in R2-
WA48A/D84E (a variant that has the same iGtermediates as

structural differences within the active sites in the two variants.
4.2.2. MMO—P. As described in section 1, the spectroscopic
signatures of intermediafe of MMO are very similar to those

R2-W48F/D84E) have been performed using chemical media- Of the peroxo intermediates of R2-D84E, R2-W48F/D84E, and

tion of electron transfer (CMET) by substituted indoté§?
These have found that CMET of the R2-W48A/D84E peroxo
intermediate results in formation of Y12but that this increases

A9D, which have been shown to possessu-4,2-peroxo
geometry. In contrast, repeated DFT investigations of the
reaction mechanism of £activation in MMO have presented

the rate of peroxo decay by only 20%. This suggests that an@ variety of structures foP, depending upon the size of the

additional transformation of the biferric peroxo intermediate is
required prior to CMET (i.e., reduction) and formation Xf
Similar experiments on R2 variants with the R2-wt iron-
coordinating ligand set (R2-W48A/Y122F) identify an inter-
mediate that exists prior to the formationX#869This species
displays M@sbauet® and absorptioft features different from
those of a biferrig:-1,2-peroxo geometry. As an initial proposal,

model and the level of theory usédProposed core structures
include theu-r%,25476 the u-n*:n?,2838 the trans u-1,2°8 and
the cis u-1,2 geometrie$’-’8 The currently preferred structure
for P is theu-1%n? biferric peroxo structuré’->*a starting point
from which homolytic cleavage of the-@D bond forms the
experimentally supported hjs-oxo FéVFeV structure that has
been proposed fap.28 These calculations are based upon X-ray

we suggest that this may be a protonated peroxo species. Therystal structures of biferrous MMOH (the hydroxylase com-

weak absorption features relative to the bifepid,2-peroxo

ponent of MMO), which is observed to have limited oxygen

are consistent with the changes observed between Cu(ll)-peroxof€activity’® and to change structure once MMO component B

Cu(ll)-hydroperoxo, where protonation weakens the electron
affinity of the peroxide and reduces its donor strengti¢ A
simulation of the Mgsbauer data had fit parameters consistent
with an asymmetrig-1,2-hydroperoxo geometry where one iron
is coordinated to the oxo, while the other is coordinated to the
more weakly coordinating hydroxo end of the hydroperoxo
ligand’®

Thus, R2 variants with the W48A substitution and either the
wild-type iron-coordinating ligand set (R2-W48A/Y122F) or the
D84E substitution (R2-W48A/D84E) are competent to form the

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

(68) Saleh, L.; Kelch, B.; Pathickal, B.; Baldwin, J.; Ley, B.; Bollinger, J.
Biochemistry submitted.

(69) Saleh, L.; Krebs, C.; Ley, B.; Naik, S.; Huyhn, B.; Bollinger, J.
Biochemistry submitted.

(70) A broad doublet at-0.3 and 0.8 mm/s and a sharper doublet-at0.3
and 1.2 mm/s.

(71) A low intensity peak at-500 nm ¢ < 100/M/cm).

(72) Solomon, E.; Lowery, M.; Root, D.; Hemming, Blech. Bioinorg. Chem.
1995 246 121-164.

(73) Solomon, E.; Tuczek, F.; Root, D.; Brown, Chem. Re. 1994 94, 827—
856

(74) Root, D.; Mahroof-Tahir, M.; Karlin, K.; Solomon, Eorg. Chem1998
37, 4838-4848.

(75) This fit identified two intermediate species in equilibrium prior to formation
of X, one with inequivalent irons and one with equivalent irons. Their
parameters were as follows: inequivalenBEq(1) = 1.53 mm/sg(1) =
0.45 mm/s) and AEq(2) = 0.53 mm/s,6(2) = 0.60 mm/s); equivalent
(AEq = 0.55 mm/s,0 = 0.43 mm/s).
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is permitted to bind%8! Although the u-#%#%? coordination
geometry is energetically disfavored in our computational model
of the R2-WA48F/D84E active site, it is not definitively
eliminated as a candidate fé® as hydrogen-bonding from
residues in the second coordination sphere are vital to reproduc-
ing the active site geometry observed crystallographiéafi§2°
and these hydrogen-bonding interactions differ between MMO
and R2!2 However, it is difficult to rationalize the strikingly
similar electronic absorption spectra andddbauer parameters
of P and the R2-W48F/D84E peroxo intermediate if the peroxide
binding mode were fundamentally different.

4.2.3. Hemerythrin. Hemerythrin (Hr) is a binuclear non-
heme iron oxygen transport protein found in invertebréiés.
has two physiologically relevant forms, the biferrous (deoxyHr)
and the hydroperoxide biferric (oxyHr). deoxyHr has one 5C
(Fel) and one 6C (Fe2) iron linked by twel,3 carboxylate

(76) Yoshizawa, K.; Ohta, T.; Yamabe, T.; Hoffmann, R.Am. Chem. Soc.

1997 119 12311-12321.

(77) Torrent, M.; Musaev, D. G.; Morokuma, K. Phys. Chem. R001 105,
322-327.

(78) Yoshizawa, K.; Yokomichi, Y.; Shiota, Y.; Ohta, T.; Yamabe,Theor.
Chem. Lett1997 587—591.

(79) Lipscomb, J. D.; Que, L. Biol. Inorg. Chem1998 3, 331-336.

(80) Pulver, S.; Froland, W.; Lipscomb, J.; SolomonJEAmM. Chem. So&997,
119 387-395.

(81) Pulver, S.; Froland, W.; Fox, B.; Lipscomb, J.; Solomon).EAm. Chem.
So0c.1993 115 12409-12422.

(82) Stenkamp, R. EChem. Re. 1994 94, 715-726.
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bridges and one:-OH ligand that faces the oxygen binding 5. Summary
pocket. The remaining three ligands on the 6C iron and the two
other ligands on the 5C are all histidif€90, binding begins
with one oxygen coordinating to Fel of deoxyHr to form a (6C,
6C) binuclear site. A proton coupled electron transfer (PCET)

then occurs along the reaction coordinate with the proton of X . S .
the bridging hydroxide tunneling to the uncoordinated oxygen on the R2-W48F/DBAE active site ligand set, which identify a

atom coupled to electron transfer through a superexchangeCiS/"l’z peroxo as the most stable peroxo intermediate structure.

pathway from Fe2 to oxygen via the nascent oxo britfgehe Applying this active site modeling approach to the putative
second electron is transferred to ®om Fel, generating a peroxo intermediate of R2-wt finds that the preferred structure

hydroperoxo ligand bound to the exchange-coupling stabilized s alsocis 41,2 with a similar electronic structure 1o the

u-0xo Fé'l, unit. The two-electron reduction of Qo peroxide expetlrrﬁ_entt)a_ltljy _valldatzd stlrluctur:e of tTe tRZ'WA'dSF/EME pgr-
via a monodentate, nonbridging coordination mode is thus oxo. This bridging mode allows two-electron reduction of

achieved through the presence of the oxo bridge which allows bty thte bmu}?fa{h I\:\?tn czn;er. b'll'he ggorpgc imzd electronic
for strong superexchange pathways between the two metal>" UCtUres of bo - and double-vanant-gié y-1,2 peroxo
centers. Electron transfer dominantly occurs through this models suggest that the presence of anionic iron-coordinating

pathway as the-1,3 carboxylate bridges form weak superex- ligands in the active site decreases the peroxo charge donation
change pathwa%;‘ and the FetFe? distance. 3.50 A is too and enhances peroxo nucleophilicity for subsequent reactivity

large for direct electron transfer. AIthough the data_for MMQR resemble those f_or the R2 variant
. ) . . ) peroxo intermediates, the presence of different hydrogen-
The biferrous site of R2 and its variants are bridged by tWo 1), ing residues in the second coordination sphere prevent
#-1,3 carboxylates, but unlike deoxyHr, it is not believed 10 yonerajization of our results to other proteins. In contrast, the
form an oxo bridge a_'°”9 the reactpn coordinate de_'ng differing functions of the oxygen transport protein, Hr, and the
to form the peroxe-biferric intermediate. The coordination of oxygen activating enzymes are understood by noting the lack
dioxygen to one iron could result in. the transfer of one electron of an oxo bridge in the peroxo biferric intermediate species in
from Fel to Q to form a superoxide, but there would be a 5 5 strycture that contributes to the driving force for the

sizable .kinetic barrier to transfer the second electron from the generation of high-valent oxo-bridged intermediates for reactiv-
remote iron to @as the carboxylates are poor electron-transfer ;;,,

conduits and the long FeFe distance+£3.90 A) prevents direct

electron transfer. In contrast to deoxyHr, however, the biferrous  Acknowledgment. Financial support by the NSF-Biophysics

state of the binuclear non-heme iron enzymes contains two Program Grant MCB 9214214 (E.I.S.), NIH GM55365 (J.M.B.,

coordinatively unsaturated ferrous ions (a (5C, 4C) site in the Jr.)

case of R2-wt). This permits theis x«-1,2 peroxo bridging

coordination observed experimentally in the binuclear non-heme  Supporting Information Available: NCA model coordinates,

iron enzymes, with one electron being transferred directly from 2.5 A Fe-Fe separatiortis u-1,2 model NCA results, DFT

each iron to Qto form a br|dg|ng peroxide and initiate oxygen calculation COOTdinateS, full WA8F/D84E-R2 model figure, Fe

activation for catalysis. d-orbital compositions not included in main body of manuscript.
This material is available free of charge via the Internet at

The coordination geometry of the R2-W48F/D84E peroxo
intermediate has been experimentally shown to possess a biferric
cis u-1,2 peroxo core structure. This assignment is supported
by DFT geometry optimizations using the constraints imposed
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