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ABSTRACT. A key step in generation of the catalytically essential tyrosyl radical (Y)li&2rotein R2 of
Escherichia colribonucleotide reductase is electron transfer (ET) from the near-surface residue, tryptophan
48 (W48), to a (Fg0.)*" complex formed by addition of £xo the carboxylate-bridged diiron(ll) cluster.
Because this step is rapid, the §9g)*" complex does not accumulate and, therefore, has not been
characterized. The product of the ET step is a “diradical” intermediate state containing the well-characterized
Fe(IV)Fe(lll) cluster, X, and a W48 cation radical (W48§. The latter may be reduced from solution to
complete the two-step transfer of an electron to the buried diiron site. In this study:GrFestate that

is probably the precursor to the—W48t* diradical state in the reaction of the wild-type protein (R2-wt)

has been characterized by exploitation of the observation that in R2 variants with W48 replaced with
alanine (A), the otherwise disabled ET step can be mediated by indole compounds. Mixing of the Fe(ll)
complex of R2-W48A/Y122F with @results in accumulation of an intermediate state that rapidly converts
to X upon mixing with 3-methylindole (3-Ml). The state comprises at least two species, of which each
exhibits an apparent Msbauer quadrupole doublet with parameters characteristic of high-spin Fe(lll)
ions. The isomer shifts of these complexes and absence of magnetic hyperfine coupling in"dstialo
spectra suggest that both are antiferromagnetically coupled diiron(lll) clusters. The fact that both rapidly
convert toX upon treatment with a molecule (3-MI) shown in the preceding paper to mediate ET in
WA48A R2 variants indicates that they are more oxidized %doy one electron, which suggests that they
have a bound peroxide equivalent. Their failure to exhibit either the long-wavelength absorption-at 650
750 nm) or Messbauer doublet with high isomer shift@.6 mm/s) that are characteristic of the putatively
u-1,2-peroxo-bridged diiron(lll) intermediates that have been detected in the reactions of methane
monooxygenaseP(or Hperoxo) @and variants of R2 with the D84E ligand substitution suggests that they
have geometries and electronic structures different from those of the previously characterized complexes.
Supporting this deduction, the peroxodiiron(lll) complex that accumulates in R2-W48A/D84E is much
less reactive toward 3-MI-mediated reduction than the@pé+ state in R2-W48A/Y122F. It is postulated

that the new (F€D,)*" state is either an early adduct in an orthogonal pathway for oxygen activation or,
more likely, the successor to a-(,2-peroxo)diiron(lll) complex that is extremely fleeting in R2 proteins
with the wild-type ligand set but longer lived in D84E-containing variants.

The R2 subunit oEscherichia coliribonucleotide reduc-  late-bridged diiron(ll) cofactors, which they employ to
tase (hereafter, simply RRis a member of the diiron-  reductively activate molecular oxygen for difficult oxidation
carboxylate family of oxidases and oxygenasés-3). reactions. The two most extensively studied family members
Proteins in this family have similar structures and carboxy- are R2 and soluble methane monooxygenase (SMMO). The
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reductase; sMMO, soluble methane monooxygenase; MMOH, the '€SPECtively) have been detected{18). P is thought to
hydroxylase component of SMMO; Y122yrosine 122 radical; ET, ~ be a ft-1,2-peroxo)diiron(l1l) complex3, 14, 1§ andQ a
electron transfer; wt, wildtype; W48 tryptophan 48 cation radical; bis-(u-oxo)diiron(IV) complex (5). Kinetic evidence indi-

vlv, volume/volume; buffer A, 100 mM Hepes buffer, 10% (v/v) hat thev f . d hvd |
glycerol, pH 7.6; RFQ-EPR, rapid freeze-quench EPR; RFQ@do  cates that they form in sequence and tQahydroxylates

rapid freeze-quench Msbauer; 3-Ml, 3-methylindole. methane 11, 12, 14-18). In the R2 reaction, only the
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Fe(IV)Fe(lll) cluster X, has been definitively detectetiq— Scheme 1: Mechanism of (Activation in R2-W48A/

27). It forms when the near-surface residue, W48, reduces Y122F in the Presence of 3-MI ET Mediator

an uncharacterized adduct (hereafter denotedQiF€) 0, 3MI 3-MI 3MI  3-MI

between @Qand the diiron(ll) clusterdl, 2§. Reduction of . .2 L._>(Fezoz)4+ AN TP . AP S

the W48 cation radical (W48) constituent of the resulting X product

X—W48" “diradical” state by a variety of reductants

(ascorbate, thiols, Fe(ly is facile 28), leaving clusterX periments on the reaction of this double variant revealed the

to generate Y122n the final and slowest step of the reaction rapid development and relatively slow decay of spectral

(20, 29. features not associated with either reactant or product(s), but
Electron transfer (ET) from W48 is sufficiently rapid to  unfortunately, the multiplicity of these features (a reflection

have prevented accumulation and detection of the@p&" of the presence of multiple species) and their poor resolution

oxidant @8). Consequently, it has not been possible to from those associated with downstream products prevented
establish with certainty whether the R2 and SMMO reactions unequivocal association of specific features with the reactive
proceed through one or more common intermediates or (Fe0,)*" intermediate.Moreover, even if such association
completely orthogonal pathways. Nevertheless, mounting had been achieved, proof of the chemical competence of this
indirect evidence has suggested that a common initial complex to be on the normal reaction pathway (i.e., to
pathway is more likely. This evidence includes (1) the generateX upon its reduction) would not have been possible
observations of aP-like peroxodiiron(lll) complex and  because electron transfer to the presumptive,@pé"
competing self-hydroxylation and Y122-oxidation reactivites complex is so slow in this protein that very littlX
in variants of R2 830—36), (2) the detection of common, accumulates, making it difficult to demonstrate a precursor
very short (2.5 A) Fe-Fe distances i andX (15, 27, product relationship.
(3) the demonstration gf-radiolytic cryoreduction of freeze- The development described in the preceding papdy (
trappedQ to an Fe(IV)Fe(lll) complex with marked spec-  of a method to reactivate ET by addition of a small molecule
troscopic similarity to clusteX (37), and (4) the assessment  (3-methylindole or 3-MI) suggested an approach to sur-
by computational methods that similar peroxodiiron(lll) mounting each of these technical obstacles. We envisaged
intermediates could form3g—40). Perhaps most compel-  that exposure of the (F®,)*" complex, preformed by mixing
lingly, a long-wavelength 4700 nm) optical absorption  the Fe(ll-R2-W48A/Y122F complex with @ to the ET
feature and one line of what could be a 84bauer quadru-  mediator might trigger conversion % (Scheme 1). This
pole doublet at a position consistent with an isomer shift of chemical triggering would simultaneously permit kinetic
0.66 mm/s were detected shortly (milliseconds) after initia- resolution of the features of the intermediate complex(es)
tion of the R2 reaction22). These features are similar to  specifically reactive toward 3-MI-mediated one-electron
those characterizin@ (13, 14, 16 and the peroxodiiron-  reduction and demonstrate its (their) chemical competence
(1) complex that accumulates in R2 variants with the D84E  to be on the pathway tX. In this article, we demonstrate
ligand substitution 30—32, 4). However, the modest the realization of this strategy and document that the
accumulation of the putative peroxodiiron(lll) complex made spectroscopic signatures of the {Bg*" state that is
it difficult to establish its competence to be the precursor to triggered to convert to clustet are distinct from those of
the X—W48" state, and a later kinetic study called into known peroxodiiron(lll) complexes (such @& and the
question whether the detected species could be on thediiron(IV) intermediate,Q, in the SMMO reaction. While
reaction pathway 22, 2§. Moreover, even under the cognizant that 3-MI may not be triggering ET according to
presumption that &-like complex is part of the R2 reaction  the intended mechanism (i.e., binding in the pocket created
sequence, the point of divergence from the SMMO mecha- by truncation of the indole side chain of W48) and that the
nism would not be obvious. No evidence has been obtainedw48A and Y122F substitutions potentially could alter the
for a Q-like species in the R2 reaction, leaving open the O, activation pathway, we nevertheless propose that the
alternative possibilities that the presumptRdike complex  detected state is identical to the kinetically masked precursor
in R2 might either undergo reduction itself by W48 to form  to the X —W48* state in the reaction of R2-wt. We suggest
X or isomerize to a distinct peroxodiiron(lll) complex prior  that it represents either an early adduct in a pathway for O
to the ET step. activation distinct from that beginning with the:-(,2-
Resolution of these issues by detection of the precursorperoxo)diiron(lll) complex or, more probably, a successor
to theX—W48* state in the R2 reaction has been a primary to the canonical peroxide complex.
objective of our studies. Initially, £activation was examined
in W48-substituted R2 variants in the expectation that the MATERIALS AND METHODS
“kinetically masked” intermediate would accumulate in the . . . .
absence of the electron-shuttiing resic® (Indirect, kinetic . Matenals.l\/!atenals were obtained from the sources listed
evidence for the accumulation of a ¢&B)*" species was in the precgdlng manuscvpﬂ).
found. It oxidizes Y122 (instead of W48) to formxa-Y122 Preparation and Quantitation of Apo RIVASA/Y122F.
diradical intermediate. The oxidation of Y122 by this species PR2-W48A/Y122F, the overexpression vector for R2-W48A/
is 10-fold faster than that by in the R2-wt reaction4?), Y122F, was prepared from pR2-Y 1220 29, pR2-W48F
underscoring the high intrinsic reactivity of the uncharac- (42), and pR2-W48A 43). The 358 base paihatll —Kpnl
terized (FeO,)*" complex toward one-electron reduction. To restriction fragment of pRZ-Y_122F was ligated vv_|th the large
confer even greater stability to this species and thereby (vector) fragment from digestion of pR2-W48F with the same
facilitate its characterization, the R2-W48F/Y122F variant
was prepared. Freeze-quench ddbauer (RFQ-NV&s) ex- 2 Unpublished data from our laboratories.
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restriction enzymes to yield pR2-W48F/Y122F. The 251 base
pair Bglll —Aatl restriction fragment (containing codons 0.8
1-52) from pR2-W48A was ligated with the large fragment A
from digestion of pR2-W48F/Y122F with the same endo-

nucleases to give pR2-W48A/Y122F. The sequence of the

o
coding region of each plasmid construct was verified to g
ensure that no undesired mutations had been introduced. s
DNA sequences were determined by the Nucleic Acid 504

Facility of the Pennsylvania State University Biotechnology
Institute.

The procedures used to isolate and quantify R2-W48A/
Y122F were as described in the previous artiel@)( The

value used for the molar absorption coefficient at 280 nm 300 400 500
(€280) for R2-W48A/Y122F was 107 mNt cm™?, as calcu- Wavelength (nm)
lated by the procedure of Gill and von Hippdi4j. Ficure 1: Light absorption spectra of the products of the reaction

. P of Fe(Il)-R2-W48A/Y122F (3.0 equiv of Fe) with excess @
Preparation and Quantitation of Apo R2VABA/D8AE the absence (dotted trace) and presence (solid trace) of 1 mM 3-MI.

Preparation of the expression vector for this protein is The final protein concentration was 0.095 mM.
described elsewhere4l). The protein was purified as §
described in the preceding manuscript. It was quantified («-oxo)diiron(lll) cluster at~325 and~365 nm @) can be

spectrophotometrically by assumiago= 109 mM* cm! discerned, but the shape of the spectrum indicates that the
(44). normal cluster is not the sole product. The features are more

Stopped-Flow Absorption SpectrophotometBtopped- prominent following addition of Fe(ll) to the apo protein in
flow absorption experiments were carried out with an the presence of 3-MI (solid trace), suggesting that ET
Applied Photophysics SX.18MV stopped-flow apparatus med|§1t|0r_1 is effec_tlve in this variant. Titration of the apo
equipped with a diode array detector and configured for Protein with Fe(ll) in the presence of 3-MI showed that2.0
sequential mixing (path length of 1 cm and dead time of 1.3 2-7 €quiV is required for completion in our best preparations
ms) or a Kintek Corporation model SF-2001 stopped-flow (used in this work). This stoichiometry is sqmewhat less than
spectrofluorimeter equipped with a Gilford model 240 light that for R2-wt 0) and several other variants (32 0.2
source and configured for sequential mixing (path length 0.5 €4uiv). In addition, the variation in this quantity from one
cm, dead time 3 ms). Both instruments were housed in anPreparation to another was greater than that for R2-wt or
anoxic chamber (MBraun). Constant temperature was en-other variants. .As was found for other variants _W|th the
sured with a Lauda K-4/R circulating water bath. Oxygen- W48A substitution 43), expression of the protein in 10%
free solutions of apo R2-W48A/Y122F in 100 mM Hepes (V/v) glycerol was found to be required for achieving
buffer, 10% (v/v) glycerol, pH 7.6 (buffer A), oxygen- Maximum Fe(ll)-uptake capacity. Subsequent purlflcatlon
saturated solutions of buffer A, and oxygen-free stock and maintenance of_the protein in 10% glycerol rende_red it
solutions of 3-MI in ethanol (typically 100-fold more complete}y stable Wlth. respect to Fe(ll)-uptake capacity.
concentrated than the final concentration in the reaction) were 10 Verify the capacity of R2-W48A/Y122F to undergo
prepared as described in the preceding pad@r Gtopped- ET mediation, the iron products formed upon addition of
flow measurements were carried out as previously described©z to the Fe(ll)-R2-W48A/Y122F complex in the presence

(28, 45. Specific reaction conditions are given in the (+3-Ml) and absence<3-Ml) of mediator were character-
appropriate figure legends. ized by Mssbauer spectroscopy (Figure 2). As suggested

Freeze-Quench Electron Paramagnetic Resonance (EPR)PY the optical absorption data, significantly (44%) mare (

and M@ssbauer Experiment$he apparatus and procedures oxo)diiron(lll) cluster is_formed in the presence of the
used to prepare the rapid freeze-quench EPR (RFQ-EPR)med'ator (0.84+ O..08 equiv, spectrum B) than in its apsence
and Mdssbauer (RFQ-Nks) samples have been described (0.58 + 0.06 equiv, spectrum A). The increase in yield of

; - ; ; : the normal product in the presence of the mediator is much
42, 4. Reaction conditions are given in the appropriate ) .
1£igure ?egends. The EPR and'm;ba%er spectrome?grs%ave less pronounced than is observed for the R2-W48A reaction

also been describe®§, 49. The spectrometer conditions (see Figure 4 of the precgedjng _manuscr@l. The primary
are given in the figure legends. reason isrotthat ET mediation is less efficient in the double
Kinetic Simulations The program KinTekSim (KinTek variant. Indeed, a product sample from the freeze-quench

. ; .~ . Mdssbauer (RFQ-Mss) studies described below was found
dC;r;., State College, PA) was used for simulation of kinetic to contain 82%+ 3% (u-oxo)diiron(lll) cluster (Figure 2,

spectrum C), nearly equivalent to the 8863% observed
RESULTS in a sample of R2-W48A prepared similarl¥3]. Instead,
the less drastic increase in yield of the normal product is a
Preliminary Characterization of R2ZW48A/Y122FPre- reflection of the fact that more is formed in the3-Ml
liminary characterization of the protein included determina- reaction of R2-W48A/Y122F than in the3-MI reaction of
tion of (1) the quantity of Fe(ll) that it can take up and (2) the single variant. A similar observation was made previously
whether the presence of ET mediator (3-Ml) affects the in comparison of the products of the R2-W48F and R2-
products of its reaction with © Addition of Fe(ll) to the WA48F/Y122F reactions. The normal-oxo)diiron(lll) cluster
apo protein in the presence of,@ads to formation of  represents only-25% of the products of the formed2)
absorbing products (Figure 1, dotted trace). Features of thebut nearly 60% of the products of the latfelt. seems that
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FiGure 2: Mossbauer spectra of the products of the reaction of
Fe(I)—R2-W48A/Y122F with excess {JA) in the absence of 3-Ml
and (B) and (C) in the presence of 3-Ml. For spectra A and B, the
Fe(I)—-R2-W48A/Y122F complex (2.3 equiv) was mixed atth

3 °C with an equal volume of @saturated buffer, the reaction was
allowed to proceed for 5 min, and the sample was frozen in a
Mdéssbauer cup. The final protein concentration was 0.50 mM.

Spectrum C is of a recovered product sample from the sequential-

mixing experiment described in the legend to Figure 5, in which
the Fe(ll)-R2-W48A/Y122F complex (2.2 equiv of Fe) was mixed
with O,-saturated buffer, allowed to react at 1 for 0.20 s, mixed
with an G-free solution of 3-MI (1 mM final concentration after
mixing), and then allowed to age for 5 min prior to being frozen in
a Muossbauer cell. The spectra were acquired at 4.2 K with a
magnetic field of 50 mT applied parallel to tebeam. The solid
lines plotted over the data in spectra A, B, and C are the
experimental spectrum of th@-pxo)diiron(lll) product from the
reaction of Fe(ll}-R2-wt with G, plotted at intensities correspond-
ing to 51%, 73%, and 82%, respectively, of the experimental
spectra.

the reaction pathway that precedes through XheY122
diradical species, which is operant in R2-W48F(A2) but
cannot be in R2-W48F(A)/Y122F, allows for more efficient
formation of the altered Fe(lll) products. In the absence of
the oxidizable Y122, the normal product can form in higher
yield even with the normal pathway for ET to the diiron
cluster @8) disabled by substitution of W483%, 42.

Saleh et al.
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Ficure 3: Kinetics of Q activation at 1T°C by Fe(ll)-R2-W48A/
Y122F monitored at 360 nm by stopped-flow absorption spectros-
copy. Fe(ll)-R2-W48A/Y122F (0.32 mM initial concentration, 3.0
equiv of Fe) was mixed in a volume ratio of 1:2 with either 100%
O.-saturated buffer (solid trace) or 50%-8aturated buffer (dotted
trace). The final concentrations of,@&ere 0.6 mM (dotted trace)
and 1.2 mM (solid trace).
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Ficure 4: UV-visible absorption spectrum of intermediate species

formed in the reaction of Fe(l)R2-W48A/Y122F with Q. Fe(ll)—

R2-W48A/Y122F (0.15 mM protein, 3.0 equiv of Fe) was mixed

at 11°C with an equal volume of @saturated buffer. The spectrum

is the change observed (i.e., a difference spectrum) during ac-

cumulation of the intermediate betweer 1.9 and 130 ms.

Fitting the equation for three parallel first-order processes
to these data gave rate constants of 0.6 and .1os the

two slower phases. The rate of the fastest phase is dependent
on the Q concentration (Figure 3, compare solid and dotted
traces), implying that it is in this fast phase that&lds to

the diiron(ll) cluster. Under the assumption that the slower
phases represent subsequent steps in a sequence, the fact that
the Q-dependent phase is much faster implies that one or
more intermediate species should accumulate to high levels.
The absorption spectrum of this inferred adduct, which is
obtained by subtraction of an early spectruai (9 ms) from

that corresponding to maximal accumulation of the inter-
mediate 130 ms), shows an absorption maximum at 310
nm and a shoulder at-500 nm (Figure 4). Notably,

Nevertheless, the demonstration in Figure 2 that more of theabsorption is not intense in the long-wavelength regime

normal product is produced in the3-MI reaction confirms
that the R2-W48A/Y122F reaction is indeed susceptible to
ET mediation.

Stopped-Flow Absorption and RFQ-Me Eidence for
Accumulation of an Intermediatdn the reaction of the
preformed Fe(l)-R2-W48A/Y122F complex with @at 11

(600—725 nm) in which inorganic diiron(lll) complexes that
are known to have and protein complexes that are believed
to haveu-1,2-peroxide bridgedo absorb intenselye(> 1000
M~1s1) (3, 13, 14, 16, 3632, 41, 47-56).

Mdossbauer spectra at 4.2 K in a weak magnetic field (50
mT parallel to they-beam) of samples freeze-quenched

°C in the absence of 3-Ml, three resolved kinetic phases canduring the fast, [@-dependent phase of the reaction confirm

be discerned in th&\ss nrversus-time trace (Figure 3).

the accumulation of an intermediate state. Features that are
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Q 00 Armwiihimtuitt -, I s toward 3-MI as shown by stopped-flow absorption spectroscopy.
5 C i oy Fe(Il)-R2-W48A/Y122F (0.38 mM, 3.0 equiv of Fe) in buffer A
% 10k . PR i was mixed at 1TC with an equal volume of @saturated buffer
o) ' .’..., " y A. The solution was aged for 0.12 s before being mixed with an
= o equal volume of either @free 2 mM 3-MI solution ) or Ox-free

buffer A (O). The solid fit lines are the best fits of the equation
y describing three parallel first-order processes to the data.
0.0 u“w'I""""""""‘w"".lnlh.mﬂ‘nwlnylw o .""""'Il'wﬁ,fw%wlwl 7
D x R i, I,“' X compounds such as 3-M48). The above product analysis
1ok NEARTURY 4 indicates that ET mediation is also effective in R2-W48A/
PN Y122F. We next sought to test whether the intermediate state
: suggested by the stopped-flow and RFQggloesults would
be induced to convert to clustef by exposure to 3-Ml.
. Fe(I)—R2-W48A/Y122F was mixed with § the solution
! ! I ! I ! ! was aged for sufficient time for the intermediate state to
) ) accumulate to near-maximum levels (0.12 s), and the reaction
VELOCITY (mm/s) solution was then mixed with an @ree solution of 3-MI
FIGURE 5. Mossbauer spectra from the reaction of Fe{R2- (final concentration of 1 mM) or with @free buffer
Wt48A/\:jl_2t2F V_vti;]h sf}Mallnd(}Se reacttion offthe resullting (zm)“*d ) (—3-MlI control). In the—3-MI control (Figure 6, circles),
Intermediate wi SN Spectrum Oor a sampie prepare ; H
mixing Fe(II)—R2-W48A/Y122|F:) (1.8 mM, 2.2 equpiv of Fg) a1l glf increase in absorbance at 360 nm correspands to the two
°C with an equal volume of @saturated buffer and freeze- wer k|rjet|c pha;es obsgrved in Figure 3, with the majority
quenching 0.20 s after mixing; (B) spectrum of the intermediate Of intensity associated with the faster of the two phases
obtained by removing the spectral contributions from contaminating (apparent first-order rate constant of 0:8)sIn the +3-Ml
species (50% Fe(ll) reactant, dashed line plotted over data; 5% experiment (Figure 6, squares), the increase in absorbance

clusterX, solid line plotted over data; 3%-{oxo)diiron(lll) product, : : :
dotted line plotted above data) from spectrum A. The reference is much faster, and the amplitude is greater. An apparent

spectrum for the Fe(ll) reactant was of unreacted FeRQ-WA48A/ first-order rate constant of 3.6 Sis obtained by regression
Y122F complex, and the reference spectr&aind the g-0xo)- analysis, suggesting that 3-MI accelerates the reaction by
diiron(lll) product were derived from experimental spectra of more than a factor of 5. Analysis of RFQ-EPR and RFQ-

sbamples frotm th‘fa reactiortl_olf F‘?(“RZ'WIt with G;. Sp(;a%tra C a:‘_d (Moss data imply, however, that the reaction is accelerated
are spectra of sequential-mix samples prepare Yy reaction o

Fe(I)—R2-W48A/Y122F with Q (as in spectrum A), aging for to an even greater extent (See_ below). .

0.20's, mixing of the resulting solution in a 2:1 volume ratio with ~ RFQ-EPR was used to verify the capacity of 3-MI to
either (C) Q-free buffer or (D) Q-free 3 mM 3-MlI, and freeze- accelerate decay of the putative intermediate. A sequential-

quenching 0.18 s after mixing. The spectra were acquired at 4.2 K mixing protocol essentially identical with that in the stopped-

with a magnetic field of 50 mT applied parallel to thebeam. ; .

The leftward and rightward slanting arrows below spectrum D point fl(t)VVZ(SX[?(erlr?eS;[S was employte(lj. The XI bar|1:d EPR spectliy dm
to the features of clusteX and the g-oxo)diiron(lll) product, a of the experimental sample (Figure 7, soli
respectively. spectrum), which was quenched 0.11 s after the preformed

intermediate was mixed with 3-MlI, exhibits the sharp,

not attributable to the reactant diiron(Il) protein, clusker isotropic,g = 2 singlet characteristic of clustet (19, 20,
or the Fe(lll) products develop rapidly (Figure 5, spectrum 23, 29. A much weaker signal<{20% of the integrated
A) with kinetics consistent with those of the fast phase intensity) was observed for the-3-MI control sample
observed by stopped-flow. Following subtraction of the quenched 0.11 s after a second mix with buffer (Figure 7,
spectral contributions from the known species (solid, dashed,dashed spectrum). Kinetics of formation and decaX after
and dotted reference spectra plotted over and above the datéhe mix with mediator (solid circles in Figure 8) orn@ee
in spectrum A), it can be seen that the rapidly developing buffer (triangles in Figure 8) were obtained (as previously
new features are dominated by peaks at 0.3 and 0.8 mm/sdescribed Z0)) by double integration of the derivative EPR
with less intense peaks at approximatel.3 and 1.2 mm/s  spectra of samples with varying second aging time.
(spectrum B). More definitive derivation of the spectrum of ~ The 3-MI-mediated conversion of the intermediate state
the intermediate state and analysis to extractsébauer  to clusterX was further verified by RFQ-NV&s. As before,
parameters are presented below. the intermediate was allowed to accumulate after the first

Evidence for Comersion of the Intermediate to Clustir mix of Fe(Il)—R2-W48A/Y122F with Q (aging time= 0.20
Mediated by 3-MI The preceding paper demonstrates that s), and the reaction solution was then mixed withf@e
ET can be mediated in W48A-containing variants by indole 3-Ml (experiment) or Qfree buffer 3-MI control),

A\
A\

A\
A\
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FIGURE 7: Reactivity of the putative (R8,)*" intermediate species
toward 3-MI as shown by sequential-mixing RFQ-EPR. Fe(ll)
R2-WA48A/Y122F (1.1 mM, 2.5 equiv of Fe) in buffer A was mixed
at 11 °C with an equal volume of @saturated buffer A. The
solution was aged for 0.12 s before being mixed with an equal
volume of either @free 2 mM 3-MI solution (solid line) or
O,-free buffer A (dashed line). This solution was then aged for

0.11 s before being freeze-quenched. The spectra were acquired at

20 K. The spectrometer conditions were as follows: microwave
frequency, 9.47 GHz; microwave power, 6.8V, modulation
frequency, 100 kHz; modulation amplitude, 4.0 G; scan time, 330
s; time constant, 81 ms.
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Ficure 9: Kinetic resolution of the Mssbauer spectrum of the
(FeO,)*" intermediate. The two overlaid spectra in A are—€8-
MI control (solid line) and+-3-MI experimental (hatches) samples

prepared by the same procedure used to prepare those of Figure 5,
spectra C and D, but with second aging times of 0.020 s. Spectrum
B is the difference spectrum obtained by subtracting the spectrum

0.3

" Time (s) '

Ficure 8: Quantities ofX and the g-oxo)diiron(lll) cluster as
functions of time in reaction of the putative @&g)** intermediate
species with 3-MI © andO) or buffer (a). The data are from

spectra of samples prepared as in the legends to Figures 5 and

(with varying second aging times). The circles and triangles depict

the guantities oK and the squares the quantities @fdxo)diiron-

quantities oX and -oxo)diiron(lll) cluster, respectively, according
to Scheme 1, an initial quantity of the (&)*" intermediate of

0.6 equiv and rate constants given in the text. The dashed line
plotted over the triangles is a simulation corresponding to 0.6 equiv

of (Fe0,)*" and rate constants of 0.6 and & $or formation and
of X and g-oxo)diiron(lll) cluster formed in the first aging time,

as indicated by the Masbauer and EPR spectra of single-mix
samples.

guenched. The weak-field/4.2 K 'Msbauer spectra of control

of the experimental sample from that of the control sample. The

solid line plotted over spectrum
contributions fromX and the -

B is the summed (upward pointing)
oxo)diiron(lll) cluster (23% and

4%, respectively). Spectrum C is the result of removing these

contributions from spectrum B

and represents the contributions of

the (FeO,)*" state that decays upon mixing with 3-MI. The spectra
were acquired at 4.2 K with a magnetic field of 50 mT applied

parallel to they-beam.

paramagnetic signature of clus¥((leftward slanting arrows
. (19, 23, 49) and the pair of quadrupole doublets character-
analysis of M@sbauer (open symbols) and EPR (closed symbols) jstic of the {-oxo)diiron(lll) product (rightward slanting

Grrows @, 20). As importantly, the features of the interme-

diate state are absent, indicating that it decays in formation

(1) cluster. The solid and dotted lines are simulations of the Of X and the g-oxo)diiron(lll) product. From analysis of
spectra of samples with second aging times of 0.020 (see

Figure 9), 0.050, 0.10, and

0.18 s, the kinetics of the 3-MI-

mediated conversion of the intermediate state to cluster
(open circles in Figure 8) and the subsequent conversion of
decay ofX. Both simulations take into account the small quantities X to the {-oxo)diiron(lll) product (open squares in Figure

8) were defined. The data

(open symbols) are plotted in

Figure 8 along with the quantities &f obtained by RFQ-
EPR (solid symbols). All the kinetic data can be accounted
allowed to react for a second aging time, and then freeze-for by assumption of rate constants of 22 for conversion

of the (FeO,)*" intermediate

state to clust¥rand 8 s for

and experimental samples for which the second aging time conversion ofX to the {-oxo)diiron(lll) product (Scheme
was 0.18 s are shown in Figure 5 (spectra C and D, 1) and an initial concentration of 0.6 equiv of (Eg)**
respectively). Comparison of the spectrum of the sample thatrelative to R2 dimer (solid and dotted traces in Figure 8).
was freeze-quenched after the initial accumulation phase of The magnitude of the rate constant for decayXofo the
(u-oxo)diiron(Ill) product, 8 s%, is perhaps larger than would
have been expected. Decay X¥fin R2-Y122F has a rate
10% decay in the intensity of the features attributable to the constant of~0.3 s at this temperaturé The comparison
intermediate) in 0.18 s in the absence of 3-MI. This result suggests that 3-MI acceleratédscayof X in addition to its
formation from its precursor. If this likelihood is neglected
decay of the intermediate state in the absence of mediator.and it is assumed that decay ¥fin the absence of 3-Ml
The spectrum of the experimental sample (D) exhibits the also has a rate constant of 8'sthen the kinetics of its

0.20 s (A) to that of the sequential-mix3-MI control (C)
reveals that the reaction progresses to a minor extent(

allows a rate constant of 0-4.6 s to be estimated for the
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formation and decay in the absence of mediator can be
accounted for reasonably well with a formation rate constant
of 0.6 st (Figure 8, dashed trace), consistent with the rate-
constant estimated from the stopped-flow and RFGs#$/10
data. Assumption of a smaller rate constant for deca¥ of

in the absence of 3-MI would require an even smaller rate
constant for its formation from the (F8,)*" species to
account for the failure oKX to accumulate to a greater extent.
Thus, 3-MI accelerates decay of the intermediate by at least
37-fold (22 s%/0.6 s1).

As indicated in Scheme 1, the 3-MI-mediated reduction
of the (FeO,)*" complex toX should also produce a 3-Ml
radical. In principle, this might be detectable either by
absorption at 310 and 510 nm (for a neutral radical) or at
335 and 560 nm (for a cation radicaB?) or by ag ~ 2
EPR signal. Attempts to detect spectral signatures of a , , . , .
transient 3-MI radical were unsuccessful. This observation 3002 A 0 1 2 3
suggests that, if a 3-MlI radical forms in reduction of the VELOCITY (mm/s)

(Fea)*" complex toxX, its decay is suffisienty rapid to. e o e tbtraction anwlysis of
: : . analysis 0
prevent it from accumulating to a detectable Ievel.. experimental spectrﬁ)’:\ as described in theytext and the Ieggnds to

Nature of the Precursor tX as Reealed by RFQ-Nss. Figures 5 and 9. The green and black spectra are from the
The single- and sequential-mixing SF-Abs, RFQ-EPR, and intermediate’s formation phase (aging times of 0.020 and 0.20 s,
RFQ-Moss data establish that an intermediate state ac-respectively) and the blue and red spectra are from the decay phase
cumulates upon reaction of Fe@R2-W48A/Y122F with (secondaging times of 0.020 and 0.050 s, respectively).

O, and that this state is induced to convert rapidly to cluster , ) , .

X by the ET mediator, 3-MI. These results set the stage for of the weaker dqublet is s_omevyhat more variable in position,
the primary objective of this work, to obtain insight into the extent of_ re_solupon, a_md mtensny.than the three other peaks.
nature of the precursor to clustéf by resolution of its This variation is attrlbutaplg to imperfect removal of the
Méssbauer spectrum. The spectrum of this state was deduceg@ntribution of Fe(ll)-containing reactant, a problem that also
by two independent “kinetic-difference” treatments. In the Ieads toa smalllderlvatwe—type artifact in the spectra at the
first, contributions of known “contaminants” (primarily ~POSition of the higher energy line of the Fe(ll) complexd
diiron(ll) reactant) to spectra of single-mix samples contain- MM/s). Nevertheless, the four independent spectra obtained
ing the intermediate were removed by subtraction of refer- PY two independent kinetic-resolution analyses agree quite
ence spectra for these species. This treatment amounts to ¥€ll. This agreement is notable because the spectra from
kinetic resolution of the features of the species that form the formation phase were generated by removing contribu-
(the intermediate state) in the first mix of Fe(HR2-WA48A/ tions almost exclusively of Fe(ll) reactant, whereas th_e
Y122F with O, (the formation phase). An example was spectra f_rom the de_cay phase were generated__by removing
shown previously (Figure 5, spectrum B). In the second, contributions exclusively fronX and the f-oxo)diiron(lIl)

ABSORPTION (%)

subtraction of the spectrum of an experiment&3{MI) product. The agreement proves that the intermediate state
sequential-mix RFQ-Mss sample (Figure 9, spectrum A, that converts tX by_ reacuo_n.\(wth 3—MI is a!so the primary
hatches) from the spectrum of the correspondir@MI state that forms during the initial reaction with.®oreover,

control sample (spectrum A, solid line) generated a kinetic- the similarity of the kinetically resolveq spectra construct_ed
difference spectrum (B) of the 3-MI-mediated reaction (the from samples quenched garly or late in either the formaﬂpn
decay phase) with downward features from species that decay’" the decay phase est_abllshes that the complexes associated
(the intermediate state) and upward features from speciesVith the two sets of Mesbauer features form and decay
that form (X and the g-oxo)diiron(lll) cluster). Removal of ~ together with complete kinetic correlation.

the upward contributions to this difference spectrum (solid  To decrease uncertainty in the spectrum of the intermediate
line plotted over the data in spectrum B) then resolved the state, the four independent, individual spectra from Figure
features of the species that decay (spectrum C). Two spectralO were averaged. In the averaging procedure, each spectrum
from the formation phase (one derived from a sample with was weighted according to the product of the relative
an aging time of 0.020 s, which is early in this phase, and contribution of the intermediate state to it and the baseline
one derived from a sample with an aging time of 0.20 s, counts of the experimental spectrum used to generate it. The
which is essentially after completion of formation) and two resulting spectrum was analyzed according to two alternative
from the decay phase (second aging times of 0.020 and 0.05Gssumptions (Figure 11). Analysis of the spectrum by
s) are shown in Figure 10. The spectra are qualitatively very assumption of one inner and one outer quadrupole doublet
similar. Each exhibits a broad central doublet with peaks at yielded a relative intensity ratio of approximately 3:1 with
~0.3 and~0.8 mm/s and a less intense but sharper outer Mossbauer parameters éf= 0.52 mm/s, and\Eq = 0.55
doublet with peaks at approximatety0.3 and 1.2 mm/s.  mm/s for the central doublet anii= 0.45 mm/s,AEq =
Differences among the spectra can be attributed to uncertain-1.53 mm/s for the outer doublet (solid line plotted over the
ties in the analysis and random error in the experimental data in Figure 11A). This analysis implies that the intermedi-
spectra (of the samples and the “contaminating” species thatate state comprises primarily two distinct diiron complexes,
must be accounted for). For example, the low-energy line with each complex containing two Mebauer-equivalent iron
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FiGure 12: Inertness toward 3-MI-mediated reduction of the (
1,2-peroxo)diiron(lll) complex that accumulates in the reaction of
L L L L L L L Fe(Il)-R2-W48A/D84E with Q. Fe(ll)~R2-W48A/D84E (0.35
6 4 2 0 2 4 6 mM, 3.5 equiv of Fe) was mixed at PC with an equal volume of
VELOCITY (mm/s) O-saturated buffer. This solution was aged for 0.17 s prior to being
mixed with an equal volume of either,@ree buffer (solid line) or
O,-free 4 mM 3-MI solution (dotted line). The inset shows
absorption spectra for the3-MI control reaction shortly (3.2 ms)
after the second mix (solid trace) and after completion (50 s, dotted

Ficure 11: Analysis of the average derived spectrum of the
(FeO,)*" intermediate. The spectrum was analyzed using two
alternative assumptions. The solid line shown in spectrum A is a

least-squares fit of the spectrum assuming one outer and one inne|Er : : .

: o ace) to illustrate the intense 700-nm absorption feature ofithe (
quadrupole doublet. The parameters obtained\iig = 1.53 mm/ 1,2-peroxo)diiron(lll) complex that forms in the reactions of all
s,0 = 0.45 mm/s (full width at half-maximum)= 0.28 mm/s, R2 variants with the D84E substitution

and percent absorptior 23% for the outer doublet andEq =

0-5657[;‘%?‘2; ?ﬁﬁgr"é%%{et: $h4e85n3{%/slilnaen(sjh%?/\r/ﬁeirr]1t sé’:gtrr%tr'g“B be made. The 3:1 intensity ratio of the central and outer
= 0 . . . . . .

is a least-squares fit of the spectrum assuming one outer and tWOdOUbIEj\ts indicates that the intermediate state is heter_oge-
inner quadrupole doublets. The outer doublet and one of the innerNeous: at least two Fe complexes are present. The invariance
doublets are constrained to have the same percent absorption andf the relative intensity of these doublets with time in both
line width to represent a diiron complex with inequivalent iron sites. formation and decay phases of the reaction suggests that the
The parameters obtained for the asymmetric complexAdig(1) two (or more) complexes exist in a rapid (with respect to

= 1.53 mm/s,6(1) = 0.45 mm/s,AEq(2) = 0.53 mm/s,d(2) = . : . .
0.60 mm/sI" 2(0?32 mm/s, and a pg(rc)em absorption og 2)7% for formation and 3-MI-mediated decay) equilibrium. The $de

each doublet. The parameters for the unpaired inner doublet arebauer parameters suggest that these complexes are composed
AEq = 0.55 mm/sp = 0.43 mm/sT" = 0.42 mm/s, and a percent  of high-spin Fe(lll) ions, and the lack of observed magnetic

absorption of 36%. hyperfine interactions indicates that they are antiferromag-
) ) ) ) . netically coupled diiron(lll) clusters. Complexes either with
sites. In consideration of the fact that the intermediate nearly equivalent Fe(lll) sites or with inequivalent, resolved
complexes are most likely peroxodiiron(lll) species (vide Fe(lll) sites are equally possible.
infra) and that asymmetric oxygen binding has been observed Reactiity of the g-1,2-Peroxo)diiron(lll) Complex that
for oxyhemerythrin §8), the peroxodiiron(lll) intermediate  Accumulates in D84E R2 Variants Toward 3-MI-Mediated
in stearoyl acyl carrier protein®-desaturase5@), and several  Reduction.Peroxodiiron(lll) complexes believed to have
inorganic peroxodiiron(lll) model complexesg, 60, we ;.1 2-peroxide bridges have been detected in reactions of
also examined the possibility that the presence of asymmetrico, with the reduced forms of a number of diiron-carboxylate
peroxide coordination leads to inequivalent Fe(lll) sites in proteins (MMOH (L3, 14, 16, variants of R2 containing the
the intermediate state. The spectrum was thus least-squarepg4E substitution§0—32, 41), chemically reduced stearoyl
fitted with one outer and two inner doublets. The outer acyl carrier proteim\®-desaturases(l, 52, and ferritin 63—
doublet and one of the inner doublets were paired to represents)). These complexes are distinguished by their intense
an asymmetric complex and were therefore constrained tolong-wavelength absorption (65025 nm,e > 1000 M
have the same intensity. Regardless of whether the linecm™) and their unusually high (for high-spin Fe(lll) species)
widths of each doublet were constrained to be equal or Mgssbauer isomer shifts (0.58.68 mm/s). As previously
allowed to vary independently, the analysis yielded a rather noted, observation of both optical and Mbauer features
constan® of 0.6 mm/s and a narrow range AEg, 0.43— potentially indicative of a similar complex in the reaction
0.53 mm/s for the inner doublet that was paired with the of Fe(ll)-R2-wt with O, was reported in an earlier study
outer doublet. The parameters of the outer doublet and second22). On this basis and the expectation that the structurally
(unpaired) inner doublet were changed to a minor extent from similar proteins would react with OQhrough common early
those obtained in the simpler two-doublet fit. The solid line intermediates 61), a («-1,2-peroxo)diiron(lll) complex has
plotted over the data in Figure 11B is a least-squares fit been proposed as an early intermediate in the R2 reaction
resulting from such an analysis. On the basis of the above(1, 22, 38, 39, 48, 6263). Direct reduction of this complex
spectral and kinetic analyses, the following conclusions can by injection of the extra electron has also been involk3s] (
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Scheme 2: Proposal That the §Pg)*" Intermediate State Is a Successor to tie 2-Peroxo)diiron(lll) Complex in the
Reactions of (A) R2-wt, (B) R2-W48A/Y122F, and (C) R2-D84E and R2-W48F/B84E

A) Y122

— Snp-lel =400- -1
pe2t pe2r KI2IXIOMsl - 0—o  ko=40040Q0s (Fe,0p* ks ha X o

\ L~ .
Fe** Fe’* w4s* Fe3+/ \Fe3+
0, W48
B) k 04 1.-1 k>=400-4000 -1 4+ k b =22$-1 k, b =85-1 0
~1.5x10°M7 s - 2=400-4000s"" (Fe,O %S o0
Fe2t Fe2* S 3;O O\ . (Fex0,) —-7T> X ———/—_\—> Fe3+/ \Fe3+
~ Fe Fe 3-MI 3-MI-  3-MI 3-MI
02
" Y122¢
/ (FeyO) — 3 — 3 0
AN
C) w48 Fe3+ Fe3+
Fe2* Fe¥t —— 3 0—0
/7 RSt Fe>*
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0, o, %
%J}n %
(SN
aKinetic constants are from réf8 (A) and this work (B).
62). To test the reactivity of a knowni{1,2-peroxo)diiron- rapidly oxidize W48 or (2) because the amino acid substitu-

(111 complex toward 3-MI-mediated reduction, sequential- tions perturb the structure or dynamics of the protein, altering
mixing stopped-flow experiments were carried out with R2- the reaction pathway. The issue of whether an intermediate
W48A/D84E. As noted above, the D84E substitution causes detected in a variant protein is on the normal (wt) pathway
the («-1,2-peroxo)diiron(lll) complex to accumulate to is a general concern and was in this case the primary
stoichiometric levels30—32, 41). Evidence presented inthe motivation for seeking a strategy to trigger the reactivity of
preceding paper establishes that this protein is also suscepthe (FeO,)*" state that was previously inferred in the
tible to ET mediation by 3-MI 43). Perhaps surprisingly, reactions of R2-W48F and R2-W48F/Y122F. With this
exposure of theu-1,2-peroxo)diiron(lll) complex, formed  strategy, the “chemical competence” of the ABg*" state
in an initial incubation of Fe(lh-R2-W48A/D84E and @ to convert toX has been unequivocally established. On this
(inset to Figure 12), to 1 mM 3-MI accelerates decay of the basis, we strongly disfavor the first possibility. Second, the
700-nm absorption of the complex by less than 20% (main state may comprise rapidly interconverting diirond,
panel of Figure 12), despite the fact that the presence of thecomplexes that form early in a pathway fop @ctivation
mediator results in formation of 2.2 times as much stable that is orthogonal to that beginning with the-{,2-peroxo)-
Y122 (43). This result suggests that the {,2-peroxo)diiron-  diiron(lll) complex (as in SMMO and D84E R2 variants).
(1) complex itself is unreactive toward 3-MI-mediated This possibility would imply that the D84E substitution in
reduction and that 3-MI-mediated ET can occur only after R2 fundamentally changes the @ctivation mechanism by
the relatively inert complex decays to a more reactive species.causing an initial adduct with different geometry and
Thus, both the spectroscopic properties of thé 2-peroxo)-  reactivity to form. Under the assumption that the AB2*"
diiron(ll1) complex and its reactivity contrast markedly with  state formed with the wt ligands is reactive specifically
those of the (F€,)*" intermediate state in R2-W48A/  toward one-electron reduction whereas thel(2-peroxo)-
Y122F. diiron(lll) complex is less reactive in this manner but more
reactive toward O-atom transfer (either directly or after
DISCUSSION conversion to, for example, a diiron(lV) complex), this
The complexes that accumulate in the reaction of R2- scenario would rationalize the observations that hydroxyla-
W48A/Y122F and convert to clustét upon exposure to  tion of the nearby F208 phenyl ring occurs in R2-W48F/
3-MlI are clearly distinct from intermediates characterized D84E (even though Y122 is still present), whereas F208
to date in Q activation by diiron-carboxylate proteins. They hydroxylation does not occur in R2-W48F/Y122F (even
have isomer shifts squarely in the range of high-spin Fe(lll) though both residues that are facile donors of one electron
species, ruling out the possibility that they are Fe(lV) to the (FeO,)*" state are absent)3%). However, this
complexes related to SMM@ (11, 13, and also lack the  possibility would not accommodate the previous evidence
Mdssbauer signature and intense low-energy optical absorpfor aP-like complex in the reaction of R2-w2g), nor would
tion characteristic of /(-1,2-peroxo)diiron(lll) complexes it rationalize simply the observation that tRdike complex
such ad (13, 14, 16, 36-32, 49-54, 5. Three possibilities ~ decays to form Y122n the reaction of R2-D84E3(). For
must be considered concerning the relationship of the these reasons, we favor the third possibility: that the detected
(FeO,)* state to the normal (wt) R2 reaction sequence. First, intermediate state is auccessorto the P-like complex
the state may comprise off-pathway complexes that ac- (Scheme 2) in the R2-wt reaction pathway. This hypothesis
cumulate either (1) because the ET pathway is blocked andcan accommodate all the available data. With the measured
they are more stable than the complex that would otherwiserate constant for addition of n the R2-wt reactionk =
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2.1x 1 M~1tstat5°C) (28), an appropriately large rate
constant ; ~ 400-4000 s?) for conversion of the initial
P-like adduct to the (F€,)*" intermediate state detected
herein, and a still larger rate constaks)(for oxidation of
W48 by the (FgO,)*" state, the accumulation of low levels
of the P-like complex but none of the successor {Bg*"
state would be rationalized (Scheme 2A). In the reactions
of W48 variants, the observed10-fold slowing of Q
addition (presumably due to a secondary effect of the
substitution on protein or cluster dynamicg®)(would cause
the (u-1,2-peroxo)diiron(lll) complex to be kinetically
masked, and the block in ET would allow the successor
(Fe0,)*" complex to accumulate (Scheme 2B). The effect
of the D84E substitution would then be explained in terms
of a retardation of the conversion of tielike complex to

the (FeO,)*" state, an effect on the equilibrium for this
conversion, or both (Scheme 2C). Reversibility in this
conversion could rationalize the fact that decay of the (
1,2-peroxo)diiron(lll) complex in D84E variants can lead
either to Y122 formation (with the electron-shuttling W48
present) or to F208 hydroxylation (with W48 replaced by
F). If isomerization of theP-like complex to the (Fg,)*"
state is still faster than the competing step that commits the
reaction to O-atom transfer (F208 hydroxylation), efficient
one-electron reduction of the (J&)*" state by W48 (upper
pathway in Scheme 2C) would make the one-electron-
oxidation outcome predominant. In the absence of efficient
reduction, the (F€,)*" state would partition back to the
(u-1,2-peroxo)diiron(lll) complex, which would persist long
enough to enter the O-atom transfer pathway (lower pathway
in Scheme 2C). The very modest effect of 3-MI on the
kinetics of decay of theu-1,2-peroxo)diiron(lll) complex

in the R2-W48A/D84E reaction would be explained by the
fact that prior isomerization to the (F®)*" state is required
and is relatively slow. Thus, our working hypothesis is that
the (FeO,)*" state is part of the R2-wt reaction pathway
and is a successor to the expected.(2-peroxo)diiron(lIl)
complex. This hypothesis would imply that the point of
divergence of the R2 and sSMMO mechanisms is in the fate
of the commong-1,2-peroxo)diiron(lll) adduct: ©0 bond
cleavage to generate the methane-hydroxylating diiron(IV)
complex,Q, in sMMO as opposed to isomerization to the
one-electron-oxidizing (R©,)*" state in R2. The presence

of aspartate at position 84 in R2 (as opposed to glutamate at

the corresponding position of MMOH) would be seen as an
adaptation to favor the conversion of the initial intermediate
to the complex that is more reactive for one-electron
reduction.

At present, it is impossible to say what the structures of
the complexes in the (F®,)*" intermediate state might be.
The deduced Mssbauer parameters do not match those of
any structurally characterized complex of which we are
aware. Complicating the situation further is the fact that it

is impossible to choose between the two alternative analyses

corresponding to (1) two diiron complexes with relative
abundance-1:3 (outer doublet/inner doublet) and unresolved
Fe sites or (2) two complexes, one with inequivalent and

resolved Fe sites (the outer doublet and paired inner doublet)
and one with unresolved Fe sites (the second inner doublet),
at relative abundances of 1.5:1. There is ample precedent

for the site inequivalency required by the latter analysi (
58-60), but the absence of either spectral or kinetic

Saleh et al.

resolution of the presumed two doublets constituting the
broad inner features precludes an unambiguous choice of
the correct analysis. In principle, application of additional
spectroscopic methods (e.g., resonance Raman or extended
x-ray absorption fine structure (EXAFS)) could yield more
detailed structural insight, but its lack of a strong visible
chromophore and the heterogeneity of the state will mitigate
against these approaches. Synthetic inorganic chemistry and
density functional theory (DFT) calculations are perhaps
more likely to yield greater structural insight. These studies
should seek to identify a pair of peroxodiiron(lll) complexes
that are distinct from th&-like (presumably-1,2-peroxo)-
diiron(lll)) structure and that have similar free energies and
a low barrier for interconversion. Arguably, the complexes
should be favored thermodynamically over tlelike
complex for the case of addition ob@ the diiron(ll) cluster

with the wt ligand sphere but disfavored relative to Fhkke
complex in R2 variants with the D84E substitution. Cor-
relation of experimental Mesbauer parameters with those
determined for model complexes or calculated for the
computationally derived structures might then be used to
validate candidate structures. We are pursuing these and other
strategies to clarify the nature of the (Eg)*t state.
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