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Abstract: The outcome of O2 activation at the diiron(II) cluster in the R2 subunit ofEscherichia coli(class
I) ribonucleotide reductase has been rationally altered from the normal tyrosyl radical (Y122•)1 production to
self-hydroxylation of a phenylalanine side-chain by two amino acid substitutions that leave intact the (histidine)2-
(carboxylate)4 ligand set characteristic of the diiron-carboxylate family. Iron ligand Asp (D) 84 was replaced
with Glu (E), the amino acid found in the cognate position of the structurally similar diiron-carboxylate protein,
methane monooxygenase hydroxylase (MMOH). We previously showed that this substitution allows
accumulation of aµ-1,2-peroxodiiron(III) intermediate,2,3 which does not accumulate in the wild-type (wt)
protein and is probably a structural homologue of intermediateP (Hperoxo) in O2 activation by MMOH.4 In
addition, the near-surface residue Trp (W) 48 was replaced with Phe (F), blocking transfer of the “extra”
electron that occurs in wt R2 during formation of the formally Fe(III)Fe(IV) clusterX.5-7 Decay of theµ-1,2-
peroxodiiron(III) complex in R2-W48F/D84E gives an initial brown product, which contains very little Y122•

and which converts very slowly (t1/2 ∼ 7 h) upon incubation at 0°C to an intensely purple final product. X-ray
crystallographic analysis of the purple product indicates that F208 has undergoneε-hydroxylation and the
resulting phenol has shifted significantly to become a ligand to Fe2 of the diiron cluster. Resonance Raman
(RR) spectra of the purple product generated with16O2 or 18O2 show appropriate isotopic sensitivity in bands
assigned to O-phenyl and Fe-O-phenyl vibrational modes, confirming that the oxygen of the Fe(III)-phenolate
species is derived from O2. Chemical analysis, experiments involving interception of the hydroxylating
intermediate with exogenous reductant, and Mo¨ssbauer and EXAFS characterization of the brown and purple
species establish that F208 hydroxylation occurs during decay of the peroxo complex and formation of the
initial brown product. The slow transition to the purple Fe(III)-phenolate species is ascribed to a ligand
rearrangement in whichµ-O2- is lost and the F208-derived phenolate coordinates. The reprogramming to
F208 monooxygenase requires both amino acid substitutions, as very littleε-hydroxyphenylalanine is formed
and pathways leading to Y122• formation predominate in both R2-D84E and R2-W48F.2,7

Structurally characterized members of the diiron-carboxylate
family of oxidases and oxygenases include the R2 subunit of
ribonucleotide reductase (R2, fromEscherichia coli8,9 and
mouse10), the hydroxylase component of soluble methane
monooxygenase (MMOH, fromMethylococcus capsulatus
Bath11,12andMethylosinus trichosporiumOB3b13), and stearoyl
acyl carrier protein∆9-desaturase (∆9D, from castor seed14).
These proteins have similar tertiary structures15,16 and contain
nearly identical (histidine)2(carboxylate)4-coordinated dinuclear

iron clusters, which function in reductive activation of O2.17-21

Despite these similarities, the outcomes of their reactions with
O2 range from alkane hydroxylation in MMOH,18 to fatty acid
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(1) Abbreviations used: R2, R2 subunit of ribonucleotide reductase;
Y122•, neutral tyrosyl radical in R2 derived from one-electron oxidation of
tyrosine number 122; MMOH, hydroxylase component of methane mo-
nooxygenase;P, the putative peroxodiiron(III) complex that accumulates
during O2 activation by MMOH;X, the formally Fe(III)Fe(IV) cluster that
accumulates during oxygen activation by R2; RR, resonance Raman;
EXAFS, extended X-ray absorption fine structure;∆9D, stearoyl acyl carrier
protein ∆9 desaturase; wt, wild-type; equiv, equivalents; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; EMTS, ethyl mercurithiosal-
icylic acid; MES, 2-(N-morpholino)ethanesulfonic acid; PEG, poly(ethylene
glycol); δ, Mössbauer isomer shift;∆EQ, quadrupole splitting parameter;
GC/MS, gas chromatography/mass spectrometry; W+•, tryptophan cation
radical; Q, the formally diiron(IV) intermediate that accumulates during
O2 activation by MMOH and is thought to hydroxylate methane.

(2) Bollinger, J. M., Jr.; Krebs, C.; Vicol, A.; Chen, S.; Ley, B. A.;
Edmondson, D. E.; Huynh, B. H.J. Am. Chem. Soc.1998, 120, 1094-
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desaturation in∆9D,19 to formation of a stable tyrosyl radical
by one-electron oxidation of an endogenous tyrosine residue in
R2.22 An understanding of the structural basis for the “tuning”
of the (histidine)2(carboxylate)4-diiron unit for this array of
reactions might impact current efforts to develop biomimetic
diiron catalysts. It should also permit the reprogramming of the
reactivity of a given diiron protein by modification of its
structure through site-directed mutagenesis or other protein
engineering methods. Conversely, the ability to rationally alter
reactivity should be considered a criterion for demonstrating
true understanding of the structural determinants thereof.

Sjöberg, Nordlund, and co-workers contributed two studies
in which the outcome of theE. coli R2 reaction was altered
from the normal one-electron oxidation of Y122 to hydroxy-
lation of a different residue. In the first, phenylalanine (F) 208,
which is close to the diiron center and is part of a hydrophobic
“pocket” that surrounds the Y122•, was replaced with Y, and
the resulting protein was shown to undergo primarilyε-hy-
droxylation of the Y208 side chain upon reaction with O2.23-25

In the second, replacement of cluster ligand glutamate (E) 238
with alanine was shown to alter the reaction outcome to
primarily ε-hydroxylation of F208, with the resultingε-hydroxy-
phenylalanine side chain becoming coordinated by an Fe ion
of the cluster.26 These seminal studies established the ability of
the R2 active site to support a two-electron oxidation outcome
and identified residue 208 as a target for the altered reactivity.

More importantly, the potential for detailed mechanistic char-
acterization of these R2 variants to yield insight into the
divergent tuning of diiron cluster reactivity by the natural
proteins seemed very high. Unfortunately, this potential has gone
largely unfulfilled, as detailed understanding of the reaction
mechanisms has not been forthcoming. Our own efforts in this
regard have been hindered by our failure to identify reaction
conditions under which oxidized diiron intermediates ac-
cumulate. In our hands, the diiron(II) clusters of both proteins
react with O2 much less rapidly than does the cluster of wild-
type R2 (unpublished data), a condition that disfavors ac-
cumulation of intermediates. Thus, the extent to which the
mechanism of either reaction is similar to that of an authentic
diiron monooxygenase such as MMOH remains unknown.
Indeed, in perhaps the most important mechanistic observation
on these reactions to date, it was shown that the O-atom
transferred to Y208 in the R2-F208Y reaction originates from
H2O rather than O2.27 This result allows for the possibility that
the hydroxylation proceeds by sequential one-electron oxidations
of the Y208 phenol and subsequent hydration of the carbocation
rather than by an O-atom transfer mechanism, as one would
expect of a monooxygenase. For hydroxylation of F208 in the
R2-E238A reaction, it seems very likely that an O-atom transfer
mechanismis operant, but this possibility has not been verified
experimentally. Further motivation for the present study was
our concern that, even if the structural and mechanistic bases
for the effects of the F208Y and E238A substitutions on the
R2 reaction outcome were to be elucidated, neither mutagenesis
experiment could be considered to have recapitulated the
divergent tuning of the (histidine)2(carboxylate)4-diiron unit by
the natural proteins (R2, MMOH, and∆9D), for the simple
reason that neither variant contains the conserved ligand set. In
R2-F208Y, the phenol side chain introduced by mutagenesis
(the target of the hydroxylation) is a ligand to Fe1 in the diiron-
(II) reactant form,26 whereas the natural proteins are devoid of
phenol ligands.15,21 R2-E238A lacks a carboxylate ligand that
bridges the Fe(II) ions in the reactant state of wild-type R2.28

MMOH and ∆9D also have E residues at the corresponding
positions,11,14 and their carboxylates are also bridging ligands
in the reactant clusters.12,14 It is evident that introduction of
ligands not present in the natural proteins (the Y208 phenol) or
removal of conserved ones (E238) could alter cluster reactivity
in ways that might not be relevant to the tuning of reactivity
by the natural proteins with their conserved ligand set.

In this work, we have sought to more accurately recapitulate
Nature’s tuning of the (histidine)2(carboxylate)4-diiron unit by
engineering an R2 variant (R2-W48F/D84E) that mediates a
two-electron oxidation outcome but retains the conserved ligand
set. Structural and mechanistic studies have revealed that, like
the aforementioned R2-E238A, R2-W48F/D84E also undergoes
self-hydroxylation at theε-carbon of F208Y upon reaction of
its diiron(II) cluster with O2. In addition, the results show that
a stoichiometric quantity of a MMOH-like intermediate (the
previously characterizedµ-1,2-peroxodiiron(III) complex3) ac-
cumulates on the pathway to F208 hydroxylation and that the
reaction proceeds by an O-atom transfer mechanism that one
expects of a “true” monooxygenase. As this variant protein has
beendesignedto have a two-electron oxidation outcome on the
basis of specific structural and mechanistic rationales (described
in the Discussion section), the confirmation of a hydroxylation
outcome by an oxygen transfer mechanism provides support
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for the guiding hypotheses concerning reactivity control by wild-
type R2.

Materials and Methods

Preparation of Apo R2-W48F/D84E.The construction of plasmid
pR2-W48F/D84E has been reported.3 Overexpression and purification
of apo R2-W48F/D84E protein was performed as previously described.5

Additional purification steps to obtain protein suitable for crystal growth
were performed as previously reported.29 Protein concentration was
determined byA280 using the value of 109 mM-1 cm-1 for ε280 calculated
according to the method of Gill and von Hippel.5,30

Spectrophotometry and Stopped-Flow Spectrophotometry.All
standard absorption spectra were acquired on a Hewlett-Packard
HP8453 spectrophotometer. Stopped-flow measurements were carried
out as previously described.6 The experiment of Figure 1 employed
the HP8453 spectrophotometer and Hi-Tech SFA-20 Rapid Mixing
Accessory. All other stopped-flow experiments were carried out with
the KinTek SF-2001 apparatus housed in the anaerobic chamber.6 The
reactive Fe(II)-R2-W48F/D84E complex was prepared as reported.5

Specific reaction conditions are given in the appropriate figure legend.
Freeze-Quench Mo1ssbauer Experiments. The apparatus and

procedure for preparation of freeze-quenched Mo¨ssbauer samples6,31

and the Mo¨ssbauer spectrometer32 have been described. Specific sample
attributes and spectrometer conditions are given in the appropriate figure
legend.

Preparation of Samples for Resonance Raman Spectroscopy.16O2

samples were prepared by squirting (with a gas-tight Hamilton syringe)
200µL of O2-saturated Fe2+ solution (containing 3.1 equiv relative to
R2 dimer) into 200µL of a stirred, O2-saturated∼2 mM protein
solution. The early product sample (brown in color) was incubated for
40 h at 4°C (to allow the purple complex to form) prior to freezing.
The 18O2 samples were prepared by initially removing atmospheric
oxygen from the protein and iron solutions as previously described.5

The O2-free solutions were then evacuated to 25 Torr (as measured by
a Cole-Parmer digital manometer) and refilled to∼ 850 Torr with18O2

gas (95% isotopic enrichment; from Icon Services, Mt. Marion, NY).
The reaction vessels were sealed and allowed to stir on ice for 1 h
prior to mixing (as described above for the16O2 samples). The mixture
was incubated for 40 h at 4°C prior to freezing.

Resonance Raman Spectroscopy.Resonance Raman spectra were
obtained with a custom McPherson 2061/207 spectrograph (set to 0.67
m) and a Princeton Instruments (LN-1100PB) liquid-N2-cooled CCD
detector. Rayleigh scattering was attenuated with Kaiser Optical
supernotch filters. A krypton laser (Coherent Innova 302) provided
excitation at 568 and 647 nm. Relative to the nonresonant vibrational
mode of phenylalanine residues at 1004 cm-1, the resonance enhance-
ment of Fe-coordinated phenolate modes was found to be similar at
these two excitation wavelengths. Spectra were collected in a 90°-
scattering geometry on solution samples at room temperature with a
collection time of 20 min. The laser power at the sample was maintained
below 50 mW, and the integrity of the Raman samples, before and
after laser illumination, was confirmed by direct monitoring of their
UV-vis spectra in the Raman capillaries.33 Frequencies were calibrated
relative to indene and CCl4 standards and are accurate to(1 cm-1.

Preparation of Crystals of Purple R2-W48F/D84E.Purified apo
R2-D84E/W48F was diluted to 10 mg/mL with 100 mM HEPES (pH
7.6) and reacted by addition to the air-saturated protein solution of 6
equiv of Fe(II), which was added from a standardized stock solution
of Fe(NH4)2(SO4)2‚6H2O in 5 mN H2SO4. The protein solution turned
a pale yellow-brown color, and was placed in a refrigerator at∼0 °C.
Within 16 h, some protein samples had become purple and were selected
for crystallization. After the addition of 1 mM ethyl mercurithiosalicylic

acid (EMTS), crystallization was carried out at 37°C by the hanging
drop method. Hanging drops composed of 5µL of protein solution
and 5µL of precipitant solution were suspended on the lid of a sealed
Petri dish containing 5 mL of precipitant solution. The precipitant
solution contained 50 mM MES (pH 6.0), 200 mM NaCl, 20% PEG
4000, 0.3% dioxane, and 1 mM EMTS.34 After equilibration for 7 d,
small crystals appeared and were harvested into 750µL of precipitant
solution and homogenized into a suspension of microseeds. The
microseed solution was then used in a second round of identical
crystallization trials, in which each 10µL hanging drop was streaked
with microseeds by using a cat whisker. Large crystals (0.20× 0.20
× 0.75 mm3) suitable for data collection appeared within 2 d ofseeding.
Crystals were harvested and placed in a cryosolvent consisting of
precipitant solution with 20% glycerol. After 3-5 min, the crystals
were mounted in rayon loops and immediately frozen in liquid nitrogen.
The crystals belong to the space groupP212121 with unit cell dimensions
a ) 74.1,b ) 83.1, andc ) 114.7 Å.

X-ray Diffraction Data Collection and Model Refinement.
Diffraction data to 1.83-Å resolution were collected at-160°C at the
Dupont-Northwestern-Dow Collaborative Access Team (DND-CAT)
beamline at the Advanced Photon Source using a 2k × 2k Mar CCD
detector, and were processed with the programs DENZO and
SCALEPACK (Table 1).35 The structure was refined with CNS36 using
the refined coordinates of oxidized R2-D84E29 without solvent mol-
ecules as a starting model. The model was first refined as a rigid body,
and then further refined by iterative cycles of positional and simulated
annealing refinement, individualB-factor refinement, and model
rebuilding with the program O.37 Solvent molecules were modeled into
peaks>3σ in Fo - Fc electron density maps, and were retained if the
B-values refined to<65 Å2. The progress of the refinement was
monitored by theR-free, which was calculated using 5% of the data
(Table 1). A Ramachandran plot calculated with PROCHECK38 shows
that 94.1% of the residues in the structure fall in the most favored
regions, with 5.9% in the additionally allowed regions. The average
error in coordinate positions was estimated to be 0.21 Å by a Luzzati
plot, and to be 0.15 Å byσ-weighted calculations. Figure 6A was
generated with BOBSCRIPT39 and Figures 6B and 6C were generated
with MOLSCRIPT40 and RASTER3D,41 respectively.

(29) Voegtli, W. C.; Khidekel, N.; Baldwin, J.; Ley, B. A.; Bollinger, J.
M., Jr.; Rosenzweig, A. C.J. Am. Chem. Soc.2000, 122, 3255-3261.
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P.; Grosse-Kunstleve, R. W.; Jiang, J.-S.; Kuszewski, J.; Nilges, M.; Pannu,
N. S.; Read, R. J.; Rice, L. M.; Simonson, T.; Warren, G. L.Acta
Crystallogr.1998, D54, 906-921.
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Table 1. Data Collection and Refinement Statistics

Data Collectiona

resolution range (Å) 30-1.83
no. of total observations 559 295
no. of unique observations 62 044
completeness (%)b 97.0 (94.4)
Rsym

c 0.060 (0.240)

Refinement
resolution range (Å) 30-1.83
no. of reflections 59 536
R-factord 0.204
R-free 0.242
no. of nonhydrogen protein atoms 5568
no. of solvent atoms 316
rms bond length (Å) 0.006
rms bond angles (deg) 1.0
avB value (Å2) 30.47

a Data collected at-160 °C using a 2k × 2k Mar CCD detector at
the DND-CAT beamline at the Advanced Photon Source. Wavelength,
1.000 Å.b Values in parentheses are for the highest resolution shell:
1.86-1.83 Å. c Rsym ) ∑|Iobs- Iav|/∑Iobs, where the summation is over
all reflections.d R-factor ) ∑|Fobs - Fcalc|/∑Fobs. Five percent of the
reflections were reserved for calculation ofR-free.
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Gas Chromatographic/Mass Spectral (GC/MS) Analysis for
ε-Hydroxyphenylalanine Production in R2-W48F/D84E and Other
R2 Variants. Protein samples (0.5 mg) for mass spectroscopy were
precipitated with 0.2 volumes of 50% (w/v) aqueous trichloroacetic
acid, and the pellet was washed with 500µL of distilled deionized
water. The protein precipitate was resuspended in 200µL of 6 N HCl
and incubated under nitrogen for 24 h at 100°C. The hydrolyzed
samples were dried by evaporation on a Speed-Vac concentrator (Savant
Instruments). The lyophilized products were converted totert-butyldi-
methylsilyl derivatives by addition of 100µL of (N-methyl-N-tert-
butyldimethylsilyl)trifluoroacetamide (Regis Technologies, Inc., Morton
Grove, IL) followed by incubation at 60°C for 1 h. Aliquots of 1.0µL
were analyzed by GC/MS using a model 5890 Series II gas chromato-
graph coupled to a model 5972 mass spectrometer (Hewlett-Packard,
Palo Alto, CA) using 70 eV electron ionization. Splitless injection was
made onto a 30 m DB-1 column (J&W Scientific, Folsom, CA) with
0.25 mm inner diameter and 0.25µm film with the injector held at
250°C. Helium was used as carrier gas at a linear velocity of 35 cm/s,
and the column temperature was programmed from 80°C (4 min hold)
to 285°C at 8 deg/min, with a final 10 min hold at 285°C. Selected
ion monitoring ofm/z 466 and 302 was performed with a dwell time
of 100 ms for each channel. Retention times were determined for
standards of tyrosine andδ- and ε-hydroxyphenylalanine (Sigma
Chemical Co., St. Louis, MO), and quantitative analyses were performed
based on experimental relative response factors for peak areas form/z
466, which corresponds to the abundant [M- tert-butyl]+ peak for
each isomer.

Reduction of the Peroxo Intermediate/Interception of the Hy-
droxylating Intermediate by Dithionite. Reactant solutions were
mixed (as described in the legend to Figure 9) with an Update
Instruments System 1000 Ram Drive.6 Samples of∼500 µL were
prepared. Dithionite was rapidly removed by gel filtration on a 2 mL
Sephadex G-25 “spin column” centrifuged at 1500× g for 2 min. The
samples were then incubated for 35 h at 4°C prior to acquisition of
their absorption spectra.

X-ray Absorption Spectroscopy.X-ray absorption spectra of four
brown and four purple samples were acquired on beamline 7-3 at SSRL
(3.0 GeV, 100 mA) using a Canberra 13 element Ge solid-state detector
to monitor Fe KR fluorescence and an Oxford continuous flow liquid
Helium cryostat to maintain sample temperature at 10 K. Equal volumes
of O2-saturated solutions of Fe(II) (in 5 mN H2SO4) and apo R2-W48F/
D84E (Fe(II)/R2) 3.1) were mixed at 5°C, and the solutions were
allowed to react on ice for<30 min (brown) or for 40 h (purple) prior
to freezing for transport. Samples were thawed briefly to load into a
Lucite EXAFS cell with a polypropylene window. Alternatively,
samples were quenched at the appropriate reaction time into liquid
isopentane at-140 °C and packed into a dual Mo¨ssbauer/EXAFS
sample cup.42 On the basis of the molar absorptivity (ε550 nm) of the
purple complex reported below, between 18 and 32% of the Fe in the
EXAFS samples underwent the brown-to-purple transition.

k3 weighted EXAFS spectra were Fourier transformed over a range
from 1 to 13 or 14 Å-1. The first shell was simplified for fitting by
back-transformation. Quality of fit was judged by two parameters,F
and ε′; the latter corrects the goodness of fit,F, for the number of
variable parameters used. Both are defined elsewhere.42,43The absorber-
scatterer distance,R, and the root-mean-squared deviation in bond
length,σ, were varied for each shell. The remaining details of the data
collection and reduction were as previously described.42,43

Results

Characterization of O2 Activation in R2-W48F/D84E by
Stopped-Flow Absorption and Freeze-Quench Mo1ssbauer
Methods. Mixing of apo R2-W48F/D84E with Fe(II) in the

presence of O2 (Figure 1) or of the preformed Fe(II)-R2-W48F/
D84E complex with O2-saturated buffer (not shown) leads to
development of the intense 700-nm absorption characteristic of
the µ-1,2-peroxodiiron(III) intermediate. Under the conditions
employed in the experiment of Figure 1 (see legend), this feature
develops and decays with apparent first-order rate constants of
2.3( 0.3 and 0.26( 0.03 s-1, respectively. Component analysis
of the Mössbauer spectra (Figure 2) of a series of freeze-
quenched samples prepared under identical reaction conditions
demonstrates that, as expected, the 700-nm feature is temporally
correlated (Figure 3) with the Mo¨ssbauer quadrupole doublet
features that were previously ascribed to the peroxo intermedi-
ate.2 The fraction of the total iron absorption contributed by
these features reaches a maximum of 57( 3% (in Figure 2,
spectrum B), which corresponds to 1.8( 0.2 equiv of Fe or
0.9 ( 0.1 equiv of peroxodiiron(III) complex (the Fe/R2 ratio
was 3.1( 0.1 in this experiment). Because the rate constant
for decay of the intermediate (0.26 s-1) is not negligible with
respect to the rate constant for its formation (2.3 s-1), <1 equiv
is expected to accumulate per equivalent of reactant. In fact,
from kinetic simulations it can be determined that accumulation
of 0.9 equiv of an intermediate that forms and decays with these
rate constants requires∼1.2 equiv of reactant, implying that
2.4 ( 0.3 equiv of Fe(II) reacts through the pathway in which
the peroxodiiron(III) complex is an intermediate. Given that the
dimeric apo protein can incorporate 2.5-3.0 equiv of added
Fe(II),44 it is clear that this mechanistic pathway is the
predominant one. The data of Figure 3 permit the molar
absorptivity at 700 nm of the peroxo intermediate to be estimated
as 1800( 300 M-1 cm-1.45

Decay of the peroxo species is associated with the formation
of a mixture of products. The absorption spectrum after decay
of the intermediate (Figure 1, solid trace) exhibits the sharp
409-nm feature of the Y122• (marked by the downward arrow),
but the height of this peak and the value ofε409 - (ε403 + ε415)/2

(39) Esnouf, R. M.J. Mol. Graphics & Modell.1997, 15, 132-134.
(40) Kraulis, P. J.J. Appl. Crystallogr.1991, 24, 946-950.
(41) Merritt, E. A.; Bacon, D. J.Methods Enzymol.1997, 277, 505-524.
(42) Riggs-Gelasco, P. J.; Shu, L.; Chen, S.; Burdi, D.; Huynh, B. H.;

Que, L., Jr.; Stubbe, J.J. Am. Chem. Soc.1998, 120, 849-860.
(43) Riggs-Gelasco, P. J.; Mei, R.; Yocum, C. F.; Penner-Hahn, J. E.J.

Am. Chem. Soc.1996, 118, 2387-2399.

(44) The reason that the protein takes up less than its theoretical
complement of 4 Fe per dimeric subunit is not clear, but very similar (less-
than-theoretical) stoichiometries have been determined for the wild-type
protein and all other variants prepared by our group and others.

(45) Preliminary results with a related R2 variant (W48A/D84E) indicate
that the peroxo complex accumulates to an even greater extent during O2
activation by this protein. The current best estimate ofε700 of the complex
from these results is 2100 M-1 cm-1. It is not yet clear whether the
difference from the value calculated from the R2-W48F/D84E data reflects
experimental uncertainty or real variation inε700 from one R2 variant to
another.

Figure 1. O2 activation by R2-W48F/D84E monitored by stopped-
flow spectrophotometry. Development of the absorption spectrum was
monitored after equal-volume mixing at 5°C of O2-saturated solutions
of 0.14 mM apo protein in 100 mM Na-Hepes (pH 7.6) and 0.41 mM
FeSO4 in 5 mN H2SO4. The spectra shown were acquired immediately
after mixing (dotted trace; estimated deadtime is 0.1 s), 1.1 s after
mixing (dashed trace), and 20 s after mixing (solid trace).
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(which we determined as previously described46 to be 2150(
50 M-1cm-1) indicate that only∼0.17 equiv Y122• is produced
under these conditions.47 The features characteristic of the
normalµ-oxodiiron(III) cluster (shoulder at 325 nm and broad
peak at 365 nm) are also less prominent than those for the
products of either the wt R2 reaction or the R2-D84E reac-
tion.2,46 These observations indicate that altered products pre-
dominate in the R2-W48F/D84E reaction. A shoulder at∼490
nm (upward arrow in Figure 1), which is absent in the spectra
of product samples from the reactions of other R2 variants
(including the wt protein), is apparent in the spectra of the R2-
W48F/D84E early product samples. Along with other absorption
features, this shoulder contributes to the brown tint of the early
product samples. Logan et al. ascribed a similar feature in the

spectra of the products of O2 activation by R2-Y122F/E238A
to a complex resulting from coordination of the F208-derived,
neutral phenol to Fe2 of the cluster.26 Given that F208 is also
hydroxylated in the R2-W48F/D84E reaction, the assignment
of Logan et al. is possibly applicable here as well.

The Mössbauer spectrum of the early (brown) product of the
R2-W48F/D84E reaction (Figure 2, spectrum D) corroborates
the conclusion that altered diiron products predominate. The
spectrum reflects the presence of both diamagnetic and para-
magnetic species. The paramagnetic features contribute 33(
3% of the total absorption area attributable to iron (Figure S1A,
Supporting Information). The diamagnetic portion of the
spectrum is complex. For this reason, its deconvolution into
component subspectra is subject to some uncertainty. Neverthe-
less, the diamagnetic region can be decomposed into five
quadrupole doublets having isomer shift (δ) and quadrupole
splitting (∆EQ) parameters that are characteristic of high-spin
Fe(III) complexes (Figure S1B and Table S1, Supporting
Information), and by summation of these doublets together with
the spectra of the Fe(II) reactant and the peroxodiiron(III)
intermediate (each with an appropriate weighting factor), all
spectra from a complete reaction timecourse can be satisfactorily
reproduced. The multiplicity of Fe(III) products in the R2-W48F/
D84E reaction contrasts with the outcome of the wild-type R2
reaction, in which theµ-oxodiiron(III) cluster is produced almost
exclusively.

Slow Conversion of the Early Product to a Purple
Complex. Upon prolonged (many hours) incubation at 0°C,
the brown early product samples become intensely purple due
to the development of a broad absorption band centered at∼550
nm (Figure 4). This feature develops with a rate constant of
0.10 ( 0.02 h-1 (inset to Figure 4). The final absorbance at
550 nm was observed to vary significantly (from 1.0 to 2.1
mM-1 cm-1 on the basis of protein concentration), even for
samples prepared by very similar reaction protocols. Less
absorption develops when incubation of the brown product is
carried out at higher temperatures, and in this case, subsequent
incubation at 0°C does not result in development of additional
absorption. These observations suggest that alternative pathways
(other than that leading to the purple product) for decay of the
brown precursor become accessible at higher temperatures and
that these pathways are not reversible.

Characterization of the Purple Product by Resonance
Raman (RR) Spectroscopy.The expectation that R2-W48F/
D84E would mediate a two-electron oxidation reaction, the

(46) Bollinger, J. M., Jr.; Tong, W. H.; Ravi, N.; Huynh, B. H.;
Edmondson, D. E.; Stubbe, J.J. Am. Chem. Soc.1994, 116, 8015-8023.

(47) Somewhat greater quantities of Y122• can be obtained under different
reaction conditions. For example, a lower ratio of Fe(II)/R2 favors formation
of more radical, leading to as much as∼0.25 equiv. We do not yet
understand this behavior.

Figure 2. Mössbauer spectra of freeze-quenched samples from the
reaction of 0.56 mM apo R2-W48F/D84E, 1.7 mM Fe(II), and 1.9 mM
O2 at 5°C in 50 mM Na-Hepes (pH 7.6). The samples were quenched
at reaction times of 0.025 (A), 0.80 (B), 3.0 (C), and 60 s (D). The
spectra were acquired at 4.2 K with a magnetic field of 50 mT applied
parallel to theγ-beam. In spectra A-C, the solid trace plotted over
each experimental spectrum is a theoretical spectrum of the peroxo
intermediate (two doublets withδ(1) ) 0.60 mm/s,∆EQ(1) ) 1.48
mm/s andδ(2) ) 0.66 mm/s,∆EQ(2) ) 1.67 mm/s) plotted at the
appropriate fraction of the total iron absorption. The features of the
intermediate overlap with those of a major product. Consequently, the
peroxo spectrum appears to underestimate the area attributable to the
intermediate in the later spectra when more of the overlapping product
has formed. Detailed component analysis of all the spectra from the
timecourse determines the percentages of the peroxo intermediate.

Figure 3. Kinetics of formation and decay of the peroxo intermediate
as deduced by component analysis of the Mo¨ssbauer spectra (circular
points, left axis) compared to the kinetics of absorbance at 700 nm
(solid trace, right axis). The reaction conditions are given in the legend
to Figure 2. The path length on the KinTek stopped-flow apparatus
used to acquire the absorbance data is 0.5 cm.
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seminal studies of Sjo¨berg, Nordlund, and co-workers marking
F208 as a potential target,23,24,28 and the knowledge that
(inorganic and protein) Fe(III)-phenolate complexes exhibit
absorption features in the 550-nm region (due to phenolate-to-
Fe(III) charge-transfer transitions)48 led us to suspect that the
purple product might be a complex between an Fe(III) ion of
the cluster and a phenolate derived from hydroxylation of F208.
Indeed, excitation within the 550-nm absorption band leads to
the appearance of a manifold of vibrational frequencies (Figure
5, spectra A and B), from which the nonresonant Raman signals
of the protein matrix may be removed by subtraction of the
spectrum of the apo protein (spectrum C) to leave the series of
bands at∼600, 1300, 1500, and 1600 cm-1 (spectra D and E)
that constitute the signature of metal-coordinated phenolates.48

These difference spectra not only establish the presence of a
phenolate-metal ion (presumably Fe(III)) complex in purple
R2-W48F/D84E but also rule out the possibility that this
complex results from coordination of a preexisting tyrosine
residue. Theν(CdC) phenolate modes at 1484 and 1580 cm-1

(Figure 5, spectra D and E) are∼20 cm-1 downshifted from
the frequencies of iron-tyrosinate chromophores found in
several other proteins.48-52 These frequency shifts may be
rationalized (as confirmed by the crystallographic data presented
below) by the meta-substitution of the F208-derived phenolate
as opposed to the para-substitution of normal tyrosine. More
definitively, in samples for which the reaction was carried out
in the presence of18O2, multiple shifts are observed in the RR
difference spectra (Figure 5, spectrum E vs spectrum D). The
bands at 1281 and 615 cm-1 show the largest18O-downshifts
(8 and 18 cm-1, respectively) owing to their significantν(Cs
O) andν(FesO) character, respectively. The 1273 and 597 cm-1

bands of the product prepared with18O2 show at most weak
“shoulders” from the corresponding bands of the16O-containing

product. From a simple line shape analysis of these features,
an upper limit of 30% can be set for the contribution of16O-
containing product to the spectra of the sample prepared with
18O. Given that the bands in question are associated with coupled
vibrational modes, the actual contribution from16O-containing
product is likely to be much smaller than this. Thus, the O-atom
in the Fe-phenolate complex in purple R2-W48F/D84E origi-
nates from molecular oxygen and loss of the18O label to solvent
(“wash-out”) occurs to a minor extent, if at all. These RR data
demonstrate that the protein effects a self-hydroxylation reaction
by an oxygen-atom-transfer mechanism.

Structural Characterization of the Purple Product by
X-ray Crystallography. More detailed structural insight,
including the identity of the aromatic side chain that is
hydroxylated, was sought by X-ray crystallography. Diffraction
data for two particularly purple crystals were used for two
independent structure determinations (as described in Materials
and Methods). The better of these yielded a 1.83-Å resolution
structure, which is discussed below and summarized in Tables
1 and 2. No qualitative structural differences were observed in
the second independent determination. After the initial refine-
ment cycle, a strong peak in theFo - Fc difference electron
density map was observed between Fe2 and theε-carbon of
F208 (Figure 6A) at a location appropriate for an oxygen atom
bonded to both. When considered with the absorption (Figure
4) and resonance Raman data (Figure 5) and the aforementioned
precedent,26 this observation indicates that F208 has undergone
hydroxylation at theε-carbon and the inserted oxygen has
become coordinated by Fe2. Residue 208 was therefore assigned
as ε-hydroxyphenylalanine in subsequent refinement cycles.
Occupancy refinement and inspection of difference Fourier maps
indicate that all residues ligating the diiron cluster and all iron
ions are>95% occupied in both subunits. There is no evidence

(48) Que, L., Jr. InIron Carriers and Iron Proteins; Loehr, T. M., Ed.;
VCH Publishers: New York, 1989; pp 467-524.

(49) Que, L., Jr.; Heistand, R. H., II; Mayer, R.; Roe, A. L.Biochemistry
1980, 19, 2588-2593.

(50) Averill, B. A.; Davis, J. C.; Burman, S.; Zirino, T.; Sanders-Loehr,
J.; Loehr, T. M.; Sage, J. T.; Debrunner, P. G.J. Am. Chem. Soc.1987,
109, 3760-3767.

(51) Siu, D. C.; Orville, A. M.; Lipscomb, J. D.; Ohlendorf, D. H.; Que,
L., Jr. Biochemistry1992, 31, 10443-10448.

(52) Waldo, G. S.; Ling, J.; Sanders-Loehr, J.; Theil, E. C.Science1993,
259, 796-798.

Figure 4. Changes in the absorption spectrum of R2-W48F/D84E
associated with conversion of the initial brown product to the purple
product. The initial product sample was prepared by equal-volume hand
mixing at∼5 °C of O2-saturated 1.5 mM apo R2-W48F/D84E (in 100
mM Na-Hepes, pH 7.6) with O2-saturated 4.5 mM FeSO4 (in 5 mN
H2SO4). The spectra were acquired 1 min (dashed trace), 4 h (dotted
trace), 21 h (dot-dashed trace), and 33 h (solid trace) after the solutions
were mixed. The inset shows a plot of absorbance at 550 nm as a
function of time. The solid trace is a fit of the equation for a first-
order growth to the data points. It corresponds to a rate constant of
0.10 h-1.

Figure 5. Resonance Raman spectra of purple R2-W48F/D84E
obtained with 647-nm excitation. Samples were prepared (as described
in Materials and Methods) by reaction of the apo protein with Fe(II)
in the presence of16O2 (trace A) or18O2 (trace B). Traces D and E are
the difference spectra obtained by subtraction of the spectrum of the
apo protein (trace C) from spectra A and B, respectively.
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for structural heterogeneity in the electron density maps. In the
refined structure, the hydroxylatedε-carbon is shifted 1.6 Å
relative to its position in oxidized R2-D84E (Figure 6C),29

allowing the inserted O-atom to coordinate to Fe2 with an
average Fe-O bond distance of 2.38 Å. The phenolate oxygen
occupies essentially the same site as a bound H2O molecule in
the structure of reduced R2-D84E29 and N3

- in the structure of

the azide complex of R2-Y122F/F208A.53 The displacement of
the phenyl ring relative to its position in R2-D84E is achieved
by a 0.9 Å shift at the Cγ position combined with a 30° ring
plane rotation toward Fe2 about the Câ-Cγ bond. Theε-hy-

(53) Andersson, M. E.; Ho¨gbom, M.; Rinaldo-Matthis, A.; Andersson,
K. K.; Sjöberg, B.-M.; Nordlund, P.J. Am. Chem. Soc.1999, 121, 2346-
2352.

Figure 6. Crystal structure of the purple product in R2-W48F/D84E. (A) Stereoview of the final 1.83-Å resolution 2Fo - Fc electron density map
at the diiron center (green, contoured at 1.1σ). TheFo - Fc difference electron density map showing the hydroxylation of F208 at theε carbon is
superimposed (gold, contoured at 3σ). The iron ions are in yellow. The orientation is the same as in parts B and C. (B) Stereoview of the diiron
center. The two active sites in the dimer exhibit the same coordination geometry. (C) Stereosuperposition of the diiron centers in the R2-D84E/
W48F purple product (blue) and in reduced R2-D84E (red).
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droxyphenylalanine thus occupies a position similar to that of
the same ligand in the self-hydroxylating R2-Y122F/E238A
protein,26 though the Fe-Ophenolate distance is significantly
shorter in R2-W48F/D84E. This short distance implies that the
phenolic O-atom is deprotonated.

The geometry of the diiron center (Figure 6B) is very similar
to that observed in the structure of reduced R2-D84E.29 The
average Fe-Fe distance is 3.42 Å (compared to the 3.5 Å
determined for reduced R2-D84E), and there is no evidence in
the electron density maps for an oxo bridge (Figure 6A). The
two irons are bridged by E238 in aµ-(η1,η2) mode, and E84 is
bidentate to Fe1. E204 adopts an anti-monodentate, terminal
coordination mode like that observed in R2-D84E. Fe1 is five
coordinate and Fe2 is six coordinate. The fact that the cluster
more closely resembles that inreducedR2-D84E than that in
oxidizedR2-D84E might be taken as evidence that the R2-
W48F/D84E purple product is in the II,II or II,III oxidation state.
However, the Mo¨ssbauer and X-ray absorption data clearly
indicate that all the Fe in the purple sample is in the III oxidation
state (vide infra). It appears that the coordination of the
phenolate ligand is sufficient to cause a coincidental structural
similarity of this diiron(III) product to the diiron(II) form of
R2-D84E.

In reduced wt R2, a hydrogen bond links the uncoordinated
side chain oxygen atom of D84 to the phenolic hydroxy group
of Y122.28 In reduced R2-D84E, this hydrogen bond is broken
due to a 1 Åshift of the phenolic hydroxy group of Y122 away
from Fe1 and to the bidentate coordination mode of E84.29 The
distance from the closest oxygen atom of E84 to the phenolic
hydroxy group of Y122 is 4.50 Å. In “purple” R2-D84E/W48F,
the positions of both E84 and Y122 are nearly identical with
those in reduced R2-D84E. However, an additional water
molecule, not observed in reduced R2-D84E, is hydrogen
bonded to both E84 and the phenolic hydroxy group of Y122.
Although replacement of W48 with a phenylalanine residue
removes a hydrogen bond between residue 48 and D237, the
remainder of this hydrogen bonding network, connecting D237
to iron ligand H118, remains intact.

Timing and Yield of the Hydroxylation Reaction. The
remarkably slow formation of the purple Fe(III)-phenolate
product raises the question of whether F208 hydroxylation
results directly from the primary O2 activation pathway (through
the peroxo intermediate) or from some slow, “adventitious” (i.e.,
uninteresting) side reaction. Two lines of chemical evidence
unequivocally establish that the hydroxylation takes place during
the decay of the peroxo intermediate andnot during the very
slow transition to the purple species. In the first,ε-hydroxyphen-
ylalanine was quantified in both brown and purple samples by
total hydrolysis of the protein and GC/MS analysis of thetert-
butyldimethylsilyl derivatives of the free amino acids. Apo R2-

W48F/D84E was mixed in the presence of O2 with Fe(II), and
the reaction was allowed to proceed at 5( 2 °C for ap-
proximately 60 s. A portion of the brown product was
“quenched” as described in the Methods section by addition of
trichloroacetic acid. The remainder of the sample was incubated
on ice for 48 h to allow for conversion to the purple complex
prior to precipitation of the protein with trichloroacetic acid.
Following acid hydrolysis and derivatization, identical quantities
of ε-hydroxyphenylalanine derivative (0.35 equiv) were found
in the brown and purple R2-W48F/D84E samples, whereas less
than 0.004 equiv was detected in analysis of unreacted apo R2-
W48F/D84E. The identical analysis applied to the apo and
Fe(II)/O2-reacted forms of wt R2, R2-W48F, and R2-D84E in
all cases revealed less than 0.012 equiv ofε-hydroxyphenyl-
alanine derivative (less than 4% of theminimum quantity
detected in reacted R2-W48F/D84E). These results demonstrate
that the initial brown product has already undergone hydroxy-
lation of F208 and that both substitutions (W48F and D84E)
are required for this outcome.

With the absorption spectrum of the purple product taken
prior to its preparation for GC/MS analysis and the quantity of
ε-hydroxyphenylalanine determined by this analysis, the molar
absorptivity of the Fe(III)-phenolate species can be calculated
(ε550 ) 4200 ( 600 M-1 cm-1). An assumption of this
calculation is that all of theε-hydroxyphenylalanine becomes
part of the Fe(III)-phenolate complex. By using this value of
ε550, it may be calculated that the highest yield ofε-hydroxy-
phenylalanine among all samples was 0.5 equiv. This is less
than the 1.25-1.5 equiv that could theoretically form from the
2.5-3.0 equiv of Fe(II) that the apo protein can incorporate.
Thus, F208 hydroxylation is a major product, but not the
exclusive product, of O2 activation in R2-W48F/D84E. The
substoichiometric yield ofε-hydroxyphenylalanine seems in-
compatible with the homogeneity of the crystalline purple
product indicated by the X-ray diffraction data. This apparent
discrepancy may be rationalized quite simply (albeit tentatively)
by the proposal that the Fe(III)-phenolate-containing product
crystallizes selectiVely due to enhanced stability or differences
in surface characteristics with respect to the other species present
in the heterogeneous product solution.54

The conclusion that F208 hydroxylation occurs during
formation of the initial brown product and not during the slow
conversion to the purple product is corroborated by results of
experiments in which the hydroxylating intermediate was
intercepted with the strong and facile one-electron reductant,
dithionite. Sequential-mixing stopped-flow experiments revealed
that decay of the peroxo intermediate is accelerated by dithionite
(Figure 7). The observed rate constant for decay “saturates” with
increasing [dithionite] at a value of 1.0( 0.1 s-1 (inset to Figure
7). This modest and saturable acceleration suggests that the
peroxo complex is relatively (or perhaps completely) unreactive
toward reduction by dithionite and that a unimolecular step (e.g.,
conversion to a more reactive diiron complex or a protein
conformational change) rate-limits reduction at high dithionite
concentrations. By the following Mo¨ssbauer experiment, it was
verified that the products resulting from decay of the intermedi-
ate in the presence of “saturating” dithionite contain Fe(III)
rather than Fe(II). For one sample (Figure 8, spectrum A) the
peroxo intermediate was allowed to reach its maximum con-

(54) There is anecdotal evidence that this sort of selective crystallization
occurs for the wild-type R2 protein. For example, an Fe per R2 stoichiometry
of 2.8-3.2 has been reported by three different groups, who purified the
protein by three distinct procedures. Nevertheless, when the protein has
been subjected to crystallographic analysis, full occupancy of the iron sites
has invariably been observed.

Table 2. Interatomic Distances (Å) in “Purple” R2-D84E/W48F.

atom atom monomer A monomer B av

Fe1 Fe2 3.43 3.40 3.42
Fe1 Glu84 Oε1 2.25 2.24 2.25

Glu84 Oε2 2.41 2.39 2.40
Glu115 Oε1 2.21 2.26 2.24
His118Νδ1 2.20 2.25 2.23
Glu238 Oε1 2.27 2.40 2.34

Fe2 Glu115 Oε2 2.27 2.09 2.18
Glu204 Oε1 2.23 2.29 2.26
Glu238 Oε1 2.31 2.38 2.35
Glu238 Oε2 2.22 2.29 2.26
His241 Nδ1 2.31 2.29 2.30
Phe208mO 2.30 2.45 2.38
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centration (at 0.9 s) and the sample was then freeze-quenched
to trap the intermediate for quantitation. Analysis of its spectrum
indicates that 0.9( 0.1 equiv of peroxo species was trapped in
this sample along with 1.3( 0.2 equiv of unreacted Fe(II) (solid
line plotted over data). For a second sample (Figure 8, spectrum
B), the intermediate was allowed to accumulate for 0.9 s prior
to mixing with dithionite (final concentration of 10 mM). Decay
of the intermediate was allowed to proceed to completion (∼
20 s) before the sample was frozen for analysis. The Mo¨ssbauer
spectrum of this sample shows that no additional Fe(II) ion is
generated upon decay of the peroxo complex in the presence
of dithionite. Thus, dithionite accelerates conversion of the
peroxo complex to Fe(III) products. The simplest interpretation
is that the intermediate satisfies one or both of its oxidizing
equivalents by reaction with the strong, exogenous reductant.
Decay of the complex under these conditionsshould not,
therefore, lead to hydroxylation of F208Y, which is atwo-
electron oxidation. Indeed, the presence of dithionite during
decay of the intermediate prevents development of the 550-nm
absorption of the Fe(III)-phenolate product upon subsequent
removal of the reductant and incubation at 0°C (Figure 9,
dashed trace). By contrast, addition of dithionite immediately
after decay of the peroxo complex (at a reaction time of 2 min)
does notreduce the quantity of the Fe(III)-phenolate product
that develops upon subsequent removal of the reductant and
incubation at 0°C (Figure 9, dotted trace). Thus, dithionite can
apparently prevent the hydroxylation outcome, presumably by
enforcing sequential one-electron reduction of the hydroxylating
intermediate, but can do so only when presentduring decay of
the peroxo complex. Together with the GC/MS quantitation of
ε-hydroxyphenylalanine in the brown and purple species, these
observations establish that F208 hydroxylation takes place
during decay of the very relevant peroxo intermediate and not
during the slow conversion of the brown species to the purple
species.

Nature of the Slow Conversion to the Purple Product.The
demonstration that F208 hydroxylation has already occurred in
the initial brown product raises the question of what chemical
steps the very slow conversion to the purple Fe(III)-phenolate
species comprises. Combined Mo¨ssbauer and EXAFS data on
the brown and purple species strongly suggest that the conver-
sion involves a ligand rearrangement in which a bridging oxygen
(most likely aµ-oxo) is lost. Formation of the purple product
is associated with the disappearance of Mo¨ssbauer quadrupole
doublets and the development of paramagnetic features (Figure
10). Subtraction of the experimental spectrum of the purple
species (spectrum B) from that of the brown species (spectrum
A) removes the contributions of components that do not undergo
change in this conversion and resolves the features of only those
species that form (spectrum C, downward features) or decay
(upward features). (Note that, because spectrum C is a subtrac-
tion result, the experimental uncertainty in each data point is
twice that for the experimental spectra.) The features that are
lost can be simulated with three quadrupole doublets. The vast
majority of the lost intensity (28%) comprises two equally
intense doublets having quadrupole splittings of 1.72 and 2.15
mm/s. In addition, a small fraction (corresponding to 3% of
the total iron absorption) of the component having∆EQ ) 0.57

Figure 7. Acceleration of decay of the 700-nm absorption of the peroxo
complex by dithionite. An air-saturated solution of 0.36 mM apo R2-
W48F/D84E (in 100 mM Na-Hepes, pH 7.6) was first mixed at 5°C
with an equal volume of an air-saturated solution of 1.3 mM Fe-
(NH4SO4)2 (in 5 mN H2SO4), the reaction was allowed to proceed for
1.35 s, and the reaction solution was then mixed with 0.5 equivalent
volume of sodium dithionite (varying concentration in O2-free 100 mM
Na-Hepes, pH 7.6) immediately prior to acquisition of data. The
dithionite concentrations after mixing were 0 (circular points), 0.1
(triangular points), 0.5 (square points), and 10 mM (× points). The
solid traces are fits of the equation for a first-order decay to the data.
The inset shows the rate constants obtained from these fits plotted versus
dithionite concentration. The solid trace in the inset is a fit of the
equation for a hyperbola to the data.

Figure 8. Mössbauer spectra of a 0.9-s freeze-quenched sample (A)
and a “dithionite-quenched” sample (B) from the reaction at 5°C of
apo R2-W48F/D84E with Fe(II) and O2. In preparation of the sample
for spectrum A, equal volumes of O2-saturated solutions of 1.45 mM
apo R2-W48F/D84E (in 100 mM Na-Hepes, pH 7.6) and 4.9 mM Fe-
(NH4SO4)2 (in 5 mN H2SO4) were mixed, and the reaction was freeze-
quenched after 0.9 s. In preparation of the sample for spectrum B, the
first mix was as for spectrum A, but after the 0.9-s aging period the
reaction mixture was subsequently mixed with 0.5 equivalent volume
of 30 mM sodium dithionite (in O2-free 100 mM Na-Hepes, pH 7.6).
This solution was allowed to age for 20 s before being frozen by manual
immersion in liquid N2. The solid line in each case is the experimental
reference spectrum for unreacted Fe(II) plotted at 42% for spectrum A
and 43% for spectrum B of the total iron absorption area. This spectrum
was generated from the spectrum of the 0.025-s sample in Figure 2
(spectrum A) by subtraction of the small contribution (7%) of the peroxo
intermediate.
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mm/s is lost. The subtraction result of spectra of the brown and
purple species acquired with a strong (8 T) applied field
demonstrates that the decaying Fe(III) species are diamagnetic
(Figure S2, Supporting Information). Because the two major
decaying doublets are of equal intensity, have parameters
characteristic of high-spin Fe(III) ions, and arise from diamag-
netic species, they are almost certainly associated with an
antiferromagnetically coupled diiron(III) cluster in which the
individual Fe(III) ions have different Mo¨ssbauer parameters (as
is the case for the normalµ-oxodiiron(III) cluster in wild-type
R2). The parameters of these two Fe(III) ions are similar to
those of the normalµ-oxodiiron(III) cluster. Most revealingly,
the large values of∆EQ strongly suggest the presence of an
oxo bridge. The paramagnetic features that develop may be
analyzed as originating from a single slowly relaxing high-spin
Fe(III) site with a small value of the zero-field parameter,D
(|D| ∼ 0.5 cm-1).55-57 The fractional area undergoing change

in the brown-to-purple transition was observed to vary signifi-
cantly (18( 4 and 32( 4% in two trials), but was closely
correlated withA550 at completion. Under the assumption that
the absorption area undergoing change reflects the quantity of
the purple diiron(III)-phenolate product formed, one would
calculate that 0.5 equiv (32%× 3.1 equiv of Fe÷ 2 Fe/product
) 0.5 equiv of product) was formed in the sample of Figure
10. By comparison of this value with the optical absorption data,
one would calculateε550 ) 4200( 600 M-1 cm-1. The precise
agreement of this value with that calculated from the GC/MS
data validates the assumptions used in both calculations. The

(55) Although the paramagnetic features that develop can be analyzed
as originating from a single site, they must be associated with two Fe ions,
as they are the only features to develop upon decay of diamagnetic diiron-
(III) precursors. On the basis of this conclusion, which is consistent with
the crystal structure, we have analyzed the paramagnetic Mo¨ssbauer
component by assuming that it arises from two adjacent Fe(III) ions.
Preliminary analysis indicates that coupling between the Fe(III) ions must
be extremely weak. A coupling interaction (exchange or dipolar) between
the two Fe(III) ions would be expected to affect the paramagnetic Mo¨ssbauer
component in the following way. Electronic states that would in a completely
uncoupled system exhibit isotropic spin expectation values (e.g., the first
excited Kramers’ doublet) would be perturbed by the coupling such that
their expectation values would no longer be isotropic. As a consequence,
Mössbauer peaks from these states would be broadened and their field-
orientation dependencies diminished with increasing magnitude of|J|. To
the contrary, the peaks at-3.25 and+4.45 mm/s (marked by arrows in
Figure 10), which originate from the first excited Kramers’ doublet, are
quite sharp and show a dependence on the orientation of the applied field
relative to theγ-beam, as expected for an isotropic doublet (ref 56). From
simulations of the spectra according to our present understanding we
conclude that|J| must be less than∼10-4 cm-1 to account for the data.
This weak interaction seems incompatible with the expected∼3.4 Å
separation of the Fe(III) ions, for which dipolar couplings on the order of
10-2 cm-1 would be expected (ref 57). Thus, the paramagnetic features
associated with the purple Fe(III)-phenolate complex are not yet satisfac-
torily explained. Nevertheless, we tentatively conclude that the features
reflect two Mössbauer-indistinguishable and essentially uncoupled Fe(III)
sites.

(56) The paramagnetic feature must haveE/D ) 1/3, as the EPR spectra
of the purple samples show the characteristicg ) 4.3 signal, and this signal
forms concomitantly with the 550-nm absorption.

(57) Bencini, A.; Gatteschi, D.EPR of exchange coupled systems;
Springer: Berlin, Germany, 1990.

Figure 9. Suppression of subsequent development of the purple
complex upon reduction of the peroxo intermediate by dithionite. Equal
volumes of O2-saturated solutions of 0.72 mM apo R2-W48F/D84E
(in 100 mM Na-Hepes, pH 7.6) and 2.5 mM FeSO4 (in 5 mN H2SO4)
were mixed at 5°C, and the mixture was allowed to age for 0.83 s
prior to being mixed with 0.5 equivalent volume of either 30 mM
sodium dithionite (dashed trace) or O2-free Na-Hepes buffer (solid
trace). Alternatively, the reaction solution from the first mix was aged
for 120 s prior to being mixed with dithionite (dotted trace). In each
case, the protein was rapidly (after∼1 min reaction time) desalted, as
described in Materials and Methods, and then incubated on ice to allow
for conversion to the purple complex.

Figure 10. Mössbauer spectra of products from the reaction at 5°C
of apo R2-W48F/D84E with Fe(II) and O2 frozen 1 min (A) or 48 h
(B) after initiation of the reaction. The spectra are from the same sample,
which was initially frozen after 1 min and characterized completely
by Mössbauer, then thawed and incubated on ice for 48 h prior to re-
freezing and re-characterization. The reaction conditions are given in
the legend to Figure 2. Both spectra were recorded at 4.2 K with a
field of 50 mT applied parallel to theγ-beam. Spectrum C was
generated by subtracting spectrum A from spectrum B. The features
pointing upward are associated with the species that convert into the
purple complex, whereas the downward features are associated with
the purple complex itself. The solid line plotted over the data in part
C is a simulation of the difference spectrum. The decaying features
were simulated as three quadrupole doublets with the following
parameters:δ(1) ) 0.52 mm/s,∆EQ(1) ) 2.20 mm/s, 14%;δ(2) )
0.55 mm/s,∆EQ(2) ) 1.72 mm/s, 14%; andδ(3) ) 0.48 mm/s,∆EQ-
(3) ) 0.54 mm/s, 3%. The developing paramagnetic features were
simulated with the following parameters:S ) 5/2, D ) -0.5 cm-1,
E/D ) 1/3, δ ) 0.55 mm/s,∆EQ ) - 0.5 mm/s,η ) -3 A/gnân )
(-215,-222,-228) kG. The paramagnetic features are plotted at an
intensity corresponding to 26% of the total. The arrows in spectrum C
indicate the peaks from the excited state (see text).
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simplest interpretation of the observed conversion of diamag-
netic diiron(III) species to paramagnetic diiron(III) species is
that a bridging ligand that mediates efficient antiferromagnetic
exchange coupling in the brown product is lost upon conversion
to the purple Fe(III)-phenolate species. This conclusion is
consistent with the crystallographic data indicating that the Fe
ions in the purple complex are bridged only by carboxylates,
which are poor mediators of electron exchange. Given the
aforementioned large∆EQ values of the decaying Fe(III) species,
the most obvious candidate for the displaced bridging ligand is
a µ-oxo.

The conclusion that the brown-to-purple conversion involves
a redox-neutral ligand rearrangement that includes the loss of a
µ-oxo is supported by the X-ray absorption spectra of both
species. Comparison of the Fe absorption edges for the brown
and purple samples with those for the diiron(III) forms of wild-
type R2 and R2-D84E (Figure 11, inset) reveals no significant
differences in the edge energies, confirming the conclusion from
the Mössbauer data that all (or at least the vast majority) of the
Fe in the inhomogeneous brown and purple samples is in the
III oxidation state. Filtered first shell fits to data from four
different brown samples all indicate the presence of a short
Fe-O vector. For the brown samples that, after incubation, gave
the highest yield of purple species (0.5 equiv on the basis of
the change in the Mo¨ssbauer spectrum), the average Fe-O
distances are 1.75(.0.01 and 2.00( 0.01 Å (Table 3). For the
brown sample with the lowest percentage of reactive species
(18%), the shorter of the two refined distances is skewed to
1.87 Å, suggesting that the short Fe-O interaction is associated
with the reactive species rather than with the other Fe(III) species

in the heterogeneous samples. In the data for the four purple
samples, the first shell is statistically best modeled with a single
shell of Fe-O/N scatterers at 1.99(.0.01 Å (Table 3). If the
purple samples’ first shells are modeled with two Fe-O/N
interactions, the short Fe-O distances refine to 1.95( 0.03 Å
and the longer distances refine to 2.06( 0.02 Å. Thus, the
short Fe-O interaction detected in the brown product is no
longer detectable after conversion to the purple complex. The
loss of this interaction can be seen clearly in the Fourier
transform of the EXAFS data (Figure 11).

Discussion

Rationale for Reprogramming R2 into a Monooxygenase.
Reaction of the diiron(II) form of wild-typeE. coli R2 with O2

results in rapid accumulation of a stoichiometric quantity of
the one-electron oxidized (formally Fe(IV)Fe(III)) cluster
X,32,46,58-62 which can generate the tyrosyl radical (Y122•) by
one-electron oxidation of Y122 as it converts to the product
µ-oxodiiron(III) cluster.46,63,64The oxidation state ofX and the
fact that it precedes Y122• in the reaction sequence imply that
the “extra” electron, which is required to balance the four-
electron reduction of O2 with the 3 electrons obtained by
conversion of the diiron(II)-Y122 reactant to the diiron(III)-
Y122• product, is transferred to the cluster during formation of
X. Stoichiometry measurements indicate that this electron can
be provided by excess Fe(II) in solution or exogenous reductants
such as ascorbate.46,65-67 Attempts to expose the two-electrons-
oxidized diiron precursor(s) toX by carrying out the reaction
with limiting Fe(II) in the absence of reductant to slow the
electron injection step resulted instead in the detection of a
transient tryptophan cation radical (W+•) on the protein.6,63,68

More recent results have shown that the W+• forms concomi-
tantly with X without significant accumulation of prior inter-
mediates, and that the W+• is efficiently reduced by a variety
of one-electron donors.6 X-ray crystallographic characterization
of R2 identified the near-surface residue, W48, which is
connected to the buried diiron cluster by a hydrogen bond chain
involving D237 and Fe1 ligand H118, as the most likely site of
the W+•,8 and recent experiments have confirmed that electron
transfer to the cluster is blocked by substitution of this residue
with F.7,69These results suggest that the network involving W48
functions to split the two oxidizing equivalents of an early diiron
intermediate by shuttling 1 equiv to the surface of the protein
(the W+•), where it can be efficiently quenched by an exogenous

(58) Bollinger, J. M., Jr.; Stubbe, J.; Huynh, B. H.; Edmondson, D. E.
J. Am. Chem. Soc.1991, 113, 6289-6291.

(59) Sturgeon, B. E.; Burdi, D.; Chen, S.; Huynh, B. H.; Edmondson,
D. E.; Stubbe, J.; Hoffman, B. M.J. Am. Chem. Soc.1996, 118, 7551-
7557.

(60) Willems, J.-P.; Lee, H.-I.; Burdi, D.; Doan, P. E.; Stubbe, J.;
Hoffman, B. M.J. Am. Chem. Soc.1997, 119, 9816-9824.

(61) Burdi, D.; Willems, J.-P.; Riggs-Gelasco, P.; Antholine, W. E.;
Stubbe, J.; Hoffman, B. M.J. Am. Chem. Soc.1998, 120, 12910-12919.

(62) Burdi, D.; Sturgeon, B. E.; Tong, W. H.; Stubbe, J.; Hoffman, B.
M. J. Am. Chem. Soc.1996, 118, 281-282.

(63) Bollinger, J. M., Jr.; Edmondson, D. E.; Huynh, B. H.; Filley, J.;
Norton, J. R.; Stubbe, J.Science1991, 253, 292-298.

(64) Tong, W. H.; Chen, S.; Lloyd, S. G.; Edmondson, D. E.; Huynh,
B. H.; Stubbe, J.J. Am. Chem. Soc.1996, 118, 2107-2108.

(65) Ochiai, E.; Mann, G. J.; Gra¨slund, A.; Thelander, L.J. Biol. Chem.
1990, 265, 15758-15761.

(66) Elgren, T. E.; Lynch, J. B.; Juarez-Garcia, C.; Mu¨nck, E.; Sjöberg,
B.-M.; Que, L., Jr.J. Biol. Chem.1991, 266, 19265-19268.

(67) Miller, M. A.; Gobena, F. T.; Kauffmann, K.; Mu¨nck, E.; Que, L.,
Jr.; Stankovich, M. T.J. Am. Chem. Soc.1999, 121, 1096-1097.

(68) Bollinger, J. M., Jr.; Tong, W. H.; Ravi, N.; Huynh, B. H.;
Edmondson, D. E.; Stubbe, J.J. Am. Chem. Soc.1994, 116, 8024-8032.

(69) Schmidt, P. P.; Rova, U.; Katterle, B.; Thelander, L.; Gra¨slund, A.
J. Biol. Chem.1998, 273, 21463-21472.

Figure 11. Fourier transforms of EXAFS data for representative brown
(top frame) and purple (bottom frame) samples. The vertical line at
1.2 Å marks the short 1.75 Å Fe-O distance in the brown sample and
indicates that this feature disappears upon conversion to the purple
species. The inset shows the X-ray absorption near edge spectra for
four product samples: wild-type R2, R2-D84E, brown R2-W48F/D84E,
and purple R2-W48F/D84E. All of the edges are superimposed at an
energy characteristic of Fe(III). A dip in the edge at 7130 eV is seen
in the samples with short Fe-O distances (wild-type, thinner dotted
line; R2-D84E, thinner solid line; brown R2-W48F/D84E, thicker dotted
line).

Table 3. EXAFS First Shell Fitting Analysis

Fe-O Fe-O

model R (Å) cn σ2 × 103 R (Å) cn σ2 × 103 F ε′
Brown: FT from 1 to 13 Å-1; Backtransform from 0.95 to 1.95 Å

O 2.01 3 2.8 0.717 0.0918
O, O 1.75 1 1.9 2.00 5 6.2 0.523 0.0760

Purple: FT from 1 to 14 Å-1; Backtransform from 1.0 to 1.90 Å
O 1.98 5 9.6 0.497 0.0457
O, O 1.97 4 7.7 2.08 1 5.8 0.447 0.0588
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reductant. The second equivalent is retained on the buried diiron
cluster (X) for conversion of Y122 to the radical.

The probable importance of this structural adaptation for
directing the mechanism (and therefore the outcome) of the R2
reaction is emphasized by contrast with the mechanism of O2

activation in MMOH, which lacks a comparable hydrogen bond
chain between the diiron cluster and a near-surface tryptophan.11

The MMOH reaction proceeds sequentially through the per-
oxodiiron(III) complexP and the formally diiron(IV) complex
Q, which are both more oxidized than the product diiron(III)
cluster bytwoelectrons.4,70-76 Thus, the absence of the electron-
transfer step in MMOH allows two-electron-oxidized diiron
species to persist, and a two-electron-oxidation outcome (hy-
droxylation) results. On the basis of this information alone, one
might postulate (1) that the most crucial distinction between
the R2 and MMOH reaction mechanisms is the electron-transfer
step and (2) that the primary structural determinant of their
divergent outcomes is the presence or absence of the electron-
shuttling H-bond chain. Indeed, it was recently shown that such
“outer sphere” controlcanbe sufficient to distinguish hydroxy-
lation from tyrosyl radical production in the O2 reaction of the
aforementioned R2-F208Y protein.5 This reaction actually
partitions between Y208 hydroxylation and Y122• formation.24

The former predominates under standard reaction conditions (as
noted above), but the partition ratio can be influenced in favor
of the latter by inclusion of a facile one-electron reductant such
as ascorbate.5 Disruption of the H-bond chain by the W48F
substitution renders Y208 hydroxylation the exclusive outcome,
even in the presence of high concentrations of ascorbate. Thus,
at 0.11 M ascorbate, R2-F208Y effects primarily one-electron
oxidation of Y122 while R2-W48F/F208Y effects almost
exclusively Y208 hydroxylation.5 These results seem to validate
the notion that the network involving W48 might be sufficient
to distinguish the wild-type R2 mechanism and outcome from
that of a monooxygenase.

However, recent kinetic and spectroscopic characterization
of O2 activation by R2-W48F suggests that control of the
reaction by the protein is multifactorial.7 The rapid accumulation
of a coupled diradical intermediate containing bothX and Y122•

(hereafter denotedX-Y•) implies that Y122• is produced in the
mutant protein at an earlier step in the mechanism. Rather than
obtaining the “extra” electron via W48 (as occurs in wt R2),
the precursor toX abstracts an electron directly from Y122.

The Y122 radical is produced 10-fold more rapidly by this
altered mechanism than byX in the normal mechanism.7 This
result underscores the considerable reactivity of theX precursor
toward one-electron reduction. Furthermore, kinetic evidence
implies that theX precursor accumulates. Although technical
difficulties have thus far thwarted its unambiguous spectroscopic
characterization, it lacks the absorption signatures of MMOH
intermediatesP andQ.7 On the bases of the hypothesis that the
W48 chain is solely responsible for distinguishing the R2
mechanism from that of MMOH and the assumption that the
W48F substitution affects only the electron-transfer step, one
would have predicted that aQ-like species would accumulate
in R2-W48F. One possible interpretation of the observation to
the contrary is that the R2 cluster is “tuned” to form an
intermediate that is structurally distinct from the MMOH
intermediates and inherently more reactive toward one-electron
reduction. Such tuning would most likely result from differences
in the coordination sphere of the R2 diiron(II) cluster relative
to the MMOH reactant cluster.

In contemplating possible structural bases for this tuning, we
noted (as others did before) that there is a single nonidentity
among the amino acid iron ligands of R2 and MMOH: the
counterpart of R2 ligand D84 is E114 in MMOH.8,9,11,12,15Each
of these is monodentate to a single Fe ion in the diiron(II) form
of the protein and extends away from the cluster roughly along
the Fe- Fe axis. Perhaps partly as a consequence of the extra
methylene unit in the MMOH ligand, the Fe- Fe distance in
its diiron(II) form is 0.6 Å shorter than that in R2 (3.3 Å in
MMOH versus 3.9 Å in R2), as determined from crystal-
lographic studies on the two proteins.12,28 In light of recent
evidence for marked changes in this distance during the reaction
sequences of both proteins,42,74 we postulated that the “linker
length” of this carboxylate ligand might be important for tuning
the reactivity of the clusters. To test this notion, we replaced
D84 with E inE. coli R2. Nearly 1 equiv of a relatively slowly
decaying (t1/2 ∼ 0.7 s at 5°C) µ-1,2-peroxodiiron(III) complex,
which has spectroscopic properties similar to those of MMOH
P, was shown to accumulate upon reaction of O2 with the diiron-
(II) protein.2 Subsequent crystallographic characterization of
reduced R2-D84E revealed that several adjustments in coordina-
tion render its diiron(II) cluster more similar to that in reduced
MMOH than to that in reduced wt R2.29 Despite this greater
structural and mechanistic similarity to MMOH, R2-D84E does
not effect a monooxygenase outcome: the variant protein still
generates 1.1( 0.1 equiv of Y122• (compared to 1.2( 0.1
equiv in wt R2) upon reaction of its diiron(II) form with O2.2

On the basis of this result, we reasoned that D84 and W48 may
function somewhat redundantly in control of O2 activation, and
correctly predicted that a hydroxylation outcome might occur
if the MMOH P-like intermediate were made to accumulate in
an R2 variant also defective in the electron injection step.

Summary of the Mechanism of the R2-W48F/D84E
Reaction. The combined chemical, kinetic, and spectroscopic
data on the R2-W48F/D84E reaction support the pathway

(70) Lee, S.-K.; Nesheim, J. C.; Lipscomb, J. D.J. Biol. Chem.1993,
268, 21569-21577.

(71) Lee, S.-K.; Fox, B. G.; Froland, W. A.; Lipscomb, J. D.; Mu¨nck,
E. J. Am. Chem. Soc.1993, 115, 6450-6451.

(72) Liu, K. E.; Valentine, A. M.; Wang, D.; Huynh, B. H.; Edmondson,
D. E.; Salifoglou, A.; Lippard, S. J.J. Am. Chem. Soc.1995, 117, 10174-
10185.

(73) Nesheim, J. C.; Lipscomb, J. D.Biochemistry1996, 35, 10240-
10247.

(74) Shu, L. J.; Nesheim, J. C.; Kauffmann, K.; Mu¨nck, E.; Lipscomb,
J. D.; Que, L., Jr.Science1997, 275, 515-518.

(75) Valentine, A. M.; Stahl, S. S.; Lippard, S. J.J. Am. Chem. Soc.
1999, 121, 3876-3887.

(76) Lee, S.-K.; Lipscomb, J. D.Biochemistry1999, 38, 4423-4432.

Scheme 1.Reaction Sequence Leading to Formation of the Purple Fe(III)-Phenolate Complex in R2-W48F/D84E
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illustrated in Scheme 1. The MMOHP-like peroxodiiron(III)
intermediate accumulates in near stoichiometric yield, and one
significant pathway for its decay leads to incorporation of one
of its oxygen atoms at theε-position of F208. We propose that,
in this pathway, the second peroxide O-atom of the intermediate
becomes aµ-oxo ligand. The basis for this hypothesis is 2-fold.
First, it has been shown that the oxo bridge in the diiron(III)
cluster of R2-Y122F originates from O2.27 Second, the Mo¨ss-
bauer and EXAFS data in this work, when considered with
extensive model studies,77,78 provide strong evidence for the
presence of aµ-oxo in the brown product. The primary species
that decays in the transition to the purple product contains high-
spin Fe(III), is diagmagnetic, and has large quadrupole splitting
parameters (1.72 and 2.15 mm/s). These characteristics, when
they are associated, are unmistakable hallmarks of theµ-oxo-
diiron(III) unit. (For comparison, the∆EQ values for the two
resolved Fe sites of the diamagneticµ-oxodiiron(III) cluster in
wild-type R2 are 1.6 and 2.4 mm/s.17,46,79) Even more defini-
tively, the Fe-O distance of 1.75 Å measured by EXAFS is
slightly shorter than the Fe-µ-oxo distance found for wt R2
(1.80 Å42) and is identical with that found for oxidized R2-
D84E (not shown), in which previous crystallographic studies
clearly revealed the presence of aµ-oxo.29 It is somewhat
noteworthy that this short Fe-O interaction can even be detected
in the brown R2-W48F/D84E samples, given that meaningful
EXAFS characterization of heterogeneous samples is notoriously
difficult. Two factors make this detection possible. First, EXAFS
spectra of diiron complexes are remarkably sensitive to the
presence of these shortµ-oxo interactions.78 Second, potentially
interfering first shell interactions at short distances are apparently
absent in the remaining Fe in the heterogeneous brown samples.

To complete the pathway in Scheme 1, the initialµ-oxo-
containing (brown) species, in which the phenolic O-atom may
or may not be weakly coordinated by Fe2, reacts very slowly
to lose of its O-atom bridge as the phenolic proton is lost and
the phenolate coordinates to Fe2. This step rationalizes the
conversion of a diamagnetic diiron(III) species into a paramag-
netic species observed by Mo¨ssbauer and the loss of the short
Fe-O interaction observed by EXAFS. This scheme is also
consistent with results from previous studies on the R2 protein
and variants thereof. For example, the product cluster in the
self-hydroxylated R2-Y122F/E238A protein was shown by
X-ray crystallography to have a structure with marked similari-
ties to that proposed for the initial brown product of the R2-
W48F/D84E reaction.26 An O-atom bridge (of undetermined
protonation state)wasobserved, and an Fe-Ophenolatedistance
of 2.8 Å was reported (compared to 2.38 Å in the present
structure). This somewhat long Fe-Ophenolatedistance in R2-
Y122F/E238A was interpreted as a reflection of a protonated
(neutral) phenol weakly coordinated to Fe2. Consistent with this
notion, no phenolate-to-Fe(III) charge-transfer band was ob-
served. Only a weak feature at 490 nm, very similar to the
feature exhibited by the initial brown product of the R2-W48F/
D84E reaction, was detected.26 The striking analogy between
the structurally characterized R2-Y122F/E238A product and the
brown R2-W48F/D84E product lends additional credence to our
hypothesis concerning the nature of the brown-to-purple transi-
tion. In addition, the proposal of a complex ligand rearrangement
can rationalize the extreme sluggishness of the brown-to-purple
transition. This rearrangement should require coupled deproto-

nation of the phenol oxygen, protonation of the bridging ligand,
net displacement of the bridging ligand by the phenolate, and
perhaps release of the displaced ligand as hydroxide or water.
Even the much simpler exchange of the oxo bridge with solvent
is quite slow, requiring several minutes in both wt R2 and R2-
Y122F.80

It is clear that the substoichiometric yield ofε-hydroxyphen-
ylalanine in the R2-W48F/D84E reaction reflects the existence
of alternative pathways for decay of the peroxo intermediate.81

Among these pathways, a minor one leads to formation of a
small quantity of Y122•. This pathway presumably involves
conversion of the intermediate to the diiron(III) product(s) by
sequential one-electron reduction steps. Other pathways involv-
ing initial one-electron reduction of the peroxo species (or some
isoelectronic successor) might also be anticipated. It is therefore
noteworthy that no evidence for accumulation of anX-like
species (X is one-electron more reduced than the peroxo
complex) is observed in the Mo¨ssbauer spectra of the freeze-
quenched samples. Thus, if the alternative mechanistic pathways
involve a diiron species that is isoelectronic withX, this species
must either have significantly different Mo¨ssbauer characteristics
or decay rapidly relative to its formation (so as not to
accumulate). By contrast, every R2 variant with the wt iron
ligands that we have studied in detail (including the wt protein,
R2-W48F, R2-Y122F, and R2-W48F/Y122F) accumulates a
significant quantity ofX in its reaction sequence.7,46,63,82

Possible Mechanistic Implications of the D84E Require-
ment for F208 Hydroxylation. The observation of differences
in the products and the accumulating intermediates of the R2-
W48F and R2-W48F/D84E reactions underscores the existing
uncertainty regarding the importance of subtle adjustments in
cluster coordination for the divergent control of O2 activation
by R2 and the other diiron-carboxylate proteins. The popular
presumptions that the R2 cluster with its wild-type ligands reacts
with O2 to form the MMOH P-like µ-1,2-peroxodiiron(III)
complex21,53,83and that the mechanism is subsequently distin-
guished from that of MMOH by the electron-transfer step imply
that the subtle differences in cluster coordination that are
observed in these two proteins are of (at most) secondary
functional importance. Subscribing to these presumptions, one
might mistakenly have expected the electron-transfer-disabling
W48F substitution to be sufficient to change the reaction
outcome. One possible interpretation of the present results to
the contrary, which could rationalize both the D84E requirement
for F208 hydroxylation and the accumulation ofX in R2 proteins
with the wild-type ligands but not in R2 proteins with the D84E
substitution, is that the structure of the R2 cluster with its wild-
type ligand set favors formation of an adduct that is distinct in
structure and reactivity from the peroxodiiron(III) complex that
accumulates in both MMOH and R2-D84E. In the absence of
definitive experimental evidence that an equivalent peroxo
complex is an intermediate in the reaction of wild-type R2 or

(77) Kurtz, D. M.Chem. ReV. 1990, 90, 585-606.
(78) Hedman, B.; Co, M. S.; Armstrong, W. H.; Hodgson, K. O.; Lippard,

S. J.Inorg. Chem.1986, 25, 3707-3711.
(79) Lynch, J. B.; Juarez-Garcia, C.; Munck, E.; Que, L., Jr.J. Biol.

Chem.1989, 264, 8091-8096.

(80) Backes, G.; Loehr, T. M.; Sjo¨berg, B.-M.; Sahlin, M.; Sanders-
Loehr, J.Biochemistry1989, 28, 1923-1929.

(81) One conceivable alternative pathway for decay of the peroxo species
would lead toú-hydroxylation of F208. This outcome would escape our
detection if the resulting tyrosine were (due to geometric constraints) unable
to coordinate strongly to the diiron cluster to produce an RR-active species.
Thus, the possibility remains that F208 hydroxylation is the vastly
predominant outcome of the reaction, with bothε- andú-derivatives being
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that the peroxo complex that accumulates in D84E variants is
chemically and kinetically competent to produceX, this
hypothesis remains viable.
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