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Abstract: The dinuclear Fe-center in the R2 protein of ribonucleotide reductase catalyzes oxygen activation
chemistry leading to generation of the essential stable tyrosyl radical. Related oxygen reactions occur in several
other diiron-containing enzyme systems where highly oxidative reaction intermediates are required to activate
the substrates. Two such examples are methane monooxygenaststedroyl-acyl carrier protein desaturase
where oxygen activation takes place at Fe-centers whose structures are similar to the Fe-center in R2. In an
attempt to structurally characterize the nature of the
we have determined the crystal structures of two different forms of the diferrous R2 protein in the presence
of azide, a potential Fe ligand. In crystals of the wt protein no azide binding was detected. The mutant protein
F208A/Y122F has a larger hydrophobic pocket around the Fe-center and in the structure of this protein azide
bind as any-terminal ligand to Fe2, the Fe ion farthest away from the tyrosine residue to be oxidized in the
radical generation reaction. Glu 238, the Fe ligand most exposed into the hydrophobic pocket, coordinates the
Fe-center in a novek-(32,%) bridging mode with one of the carboxylate oxygen atoms forming a bridge
between the two iron ions and the other oxygen being coordinated to Fe2. Through this bridging-Ee Fe
distance is shortened to about 3.4 A as compared to
basis of the novel carboxylate shift and recent data on the spectroscopic properties of the key intermediate X
we propose a unique structure for intermediate X and a detailed mechanism for dioxygen cleavage. This
mechanism suggests an asymmetric oxygen cleavag
responsible for substrate activation.

Introduction Scheme 1.The Fe-Center in RNR R2

The R2 protein of ribonucleotide reductase (RNR) fr&m
coli contains az-oxo bridged dinuclear iron center coordinated
by carboxylate and histidine residdg@cheme 1). This Fe-
center is essential for generation and stabilization of the tyrosyl
radical needed for the reduction of ribonucleotides to deoxyri-
bonucleotides performed by this enzy#1é The ribonucleotide
substrates are bound to the R1 sublmitwhich the radical is
transferred to initiate the substrate reduction reaction. Transfer
of the radical between R2 and R1 during catalysis has been
proposed to occur via an array of conserved amino acids that
form a hydrogen-bonded path, connecting the tyrosyl radical
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2The ligands to the Fe-center, the radical-harboring tyrosine 122,

part of the hydrophobic pockeit234), and the coupled proton/electron
transfer pathway (D237 and W48) are shown.

in R2 with the active site in R%8° This proposed radical-
transfer pathway is not only important for radical transfer to

© 1999 American Chemical Society

Published on Web 03/04/1999



Crystal Structure of an Azide Complex J. Am. Chem. Soc., Vol. 121, No. 11, 2989

Table 1. The Various Intermediates Isolated in R2 and MMO and  observation of the highest number of intermediates (Table 1).

Their Key Features For a recent review, see ref 18. The reaction cycle starts when
R2 redox state of diiron core MMO the diferrous Fe-center binds one molecule of oxygen. The first
Red F&' Fe ed suggested intermediate in the MMO reaction, termed O, is
oxygen complex P& Fe?* thought to consist of an oxygen molecule bound at or near the

(P) peroxide complex Fé Fe** diferrous Fe-cente® The next intermediate formed, called P,

R
O
P
Fet Fet* Q has been interpreted as being a peroxide bound to the diferric
R
T

X Few Fer Fe-centel’ After O—O bond cleavage an intermediate termed
substrate radical complex FeFe*" is f @829 Th t ic ch teristi f thi
enzyme-product complex F& Fe Q is formedt e spectroscopic characteristics of this

active Tyr radical, F& Fe¥* intermediate have led to suggestions that it has d¥F©,

Met Fet Fet Hox “diamond core” structure with a short F&e distance of about

2.46 A2° Intermediate Q is the activated form of the enzyme,
. . . . which is believed to react with substrate. Despite extensive
the R1 subuniti®**butis also essential in the radical generation yinetic structural, and spectroscopic studies, a detailed under-
reactpn%“ Y ) . . standing of the mechanism of,Cactivation and substrate
Radical generation occurs when the reduced diiron center in oyiqation by diiron sites is still missing. Several mechanisms
the R2 protein reacts with dioxygen. The oxygen molecule is ¢, dioxygen cleavage have been suggested, but the lack of
cleaved to generate high-valent Fe intermediates that oxidizejntormation regarding the initial ©binding makes it difficult
the Y122, producing the essential radical. To fully reduce {5 getermine which of these is the most likely reaction Fatf
dioxygen and generate the diferric, radical-containing protein, o, goal was to study the earliest steps of this reaction using
one proton and one electron are supplied via the radical transfergmaii-molecule ligands. These ligands might mimic oxygen
pathway. Other enzyme systems use similar Fe-centers topinging and thereby define possible @teractions with the
perform other kinds of dioxygen dependent redox chemistry. ge_center and map structural changes at the Fe-center that could
Methane monooxygenase (MMBRNdA? stearoyl-acyl carrier  pg jnduced by @binding. In diferrous R2 and related proteins
protein desaturase\{ desaturasé} are two examples both  the azide complex formed in the presence of high concentrations
using dioxygen to generate highly activated diiron sites. The ot a7ide induce ferromagnetically coupled iron as observed by
R2 protein was the first protein with this type of Fe-center to EPR, MCD, and magnetic susceptibility measurem@hnts.
be studied by X-ray crystallograpty.ater studies of the crystal s is probably due to direct binding of azide to the iron cluster
structures of MM@G! and A® desaturasé confirmed that the as indicated by integer spin ESEEM and MCD studfeX.
Fe-center environments in these proteins have many similarities. The availability of high-resolution crystal structures of several
Time-resolved spectroscopic techniques have allowed theéforms of the R2 protein and the possibility of directed
isolation and characterization of several reaction intermediatesmutagenesiS and high overexpression of recombinant protein
in the dioxygen activation reaction (Table 1). The only relatively makes this system a particularly good candidate as a model
well-characterized intermediate isolated in the wild-type R2 gystem to study the oxygen activation mechanism. In this work
system is intermediate %2 having a formally Fé—FeV we have used X-ray crystallographic methods to investigate the
center with an FeFe distance of about 2.5 A. This intermediate binding of azide to the diferrous centers of the wild-type form
is proposed to be the precursor to the tyrosyl radical containing g5 well as one mutant form of the R2 protein. The mutant used
diferric species. MMO is the system that has allowed the \yas F208A/Y122F, which was expected to have an unusually
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in coordination of the Fe-center, or other structural changes Table 2. Data Collection and Refinement Statistics

except for the large hydrophobic pocket formed by the removal data set

F208A/Y122F azide F208A/Y122F WT azide

of the F208 side-chain which makes the Fe-center more

. . data

accessible to small-molecule ligands. cell parameters

i ) a(A) 73.8 73.9 73.9
Experimental Section b (A) 84.2 83.2 84.9

Mutagenesis and Protein Preparation.All chemicals were pur- c(A) 1135 113.4 114.2
chased from Sigma. BsiWI restriction enzyme was from New England spacletgroug 2F51_2é26 FZ’%%Z;{ FZ%_ZéZi
Biolabs. The vector used for expressing F208A/Y122F mutant was resolution (A) - . ]
) . no. of observations 144767 138917 91571

constructed from the plasmld_pMKSa_ccordlng to the MUTA-GENE unique refins 43085 24934 28207
Phagemid in vitro mutagenesis kit (Bio-Rad Laboratories). The primer Riergd 0.063 0.101 0.098
used in the mutagenesis reaction had the sequensdG CGA TTC completeness (%) 88.7 88.7 94.8
GTG CGT ACG TCA GC-3 and was purchased from Scandinavian refinement
Gene Synthesis. The bold letters |nd|cate_ bases _that differ from tr_le on-H atoms 5925 5851 5902
wt-sequence. These bases were mutagenized to introduce the desire " 0.197 0.181 0.194
amino acid substitution and to generate a new restriction site for the refins used 40931 22412 26797
enzyme BsiWI (underlined) to facilitate screening for mutant colonies. R,,¢ 0.289 0.262 0.290
After transformation oE. coli with the mutagenesis mixture, bacterial reflns used 2154 2522 1410
colonies were suspended in water and the mutagenized R2 gene wasys (all datay 0.197 0.181 0.194
amplified by using the DNA Thermal cycler (Perkin-Elmer) with the meanB factor (A2) 39.2 36.2 33.8
primers Universal and Reverse (Pharmacia). The PCR products werermsd from ideal
cleaved with the BsiWI enzyme and analyzed on an agarose gel to  bond length (A) 0.020 0.007 0.014
detect mutant colonies (data not shown). Overexpression and purifica- Pond angles (deg) 16 15 12

tion of wt and mutant R2 proteins were done according to standard
methods for the wt-enzynfé.The wt- and the F208A/Y122F mutant-
proteins were prepared as Fe-containing proteins. The integrity of the
Fe-center and the expected absence of tyrosyl radical in the F208A/
Y122F mutant were confirmed with UV/vis light absorption spectros-
copy (data not shown). The wavelength range used was 250 nm

on a Lambda2 UV/VIS spectrophotometer (Perkin-Elmer).

Protein Crystallization and Crystal Soaking. Protein crystals were
grown by using the hanging drop method as described previdtsly.
The crystals belong to space gradep2:2; and attained a size of about
0.5x 0.2x 0.2 mm.

When Fe-containing crystals are grown in this way the Fe-center is
always in its met form upon crystallization. To reduce the Fe-center
the wt crystals were soaked infflushed mother liquor supplemented
with 0.5% Na-dithionite and 1 mM phenosafranin. Reaction volumes
were 1 mL in Falcon tissue culture plates sealed with a glass cover
slip. The wt crystals were soaked for 90 min in this solution. To keep

@ Rmerge= Yjxnlhj — In0VY; Y nljn wherely; is thejth observation of
reflectionh. ® Reryst = ¥ ||Fobs — Feaid /| Y obd, WhereFops and Fearc are
the observed and calculated structure factor amplitudes, respectively.
° Riree is equivalent toRcys: for a 5% subset of reflections not used in
the refinement.

Refinement of the structures was performed with TThe structures
were solved with molecular replacement methods, using the structure
of reduced wt R2 proteffiwith solvent molecules as a starting model.
During the initial rounds of refinement the starting model was used as
a rigid body and the resolution limits were gradually increased to the
final values. Electron density maps were calculated with TNT and
programs from the CCP#%suite. Interpretation of maps and model
building was done with QUANTA (Molecular Simulations). During
the progression of the positional refinement, water molecules with B
factors> 70 A2 were removed and new waters added at peaks in

the Fo-Fc maps in several cycles. Progress of the refinement was

the Fe-center reduced while binding azide, the crystals were soaked inmonitored by using the freB-value?” using 5% of the data as a test

Nz-flushed mother liquor supplemented with 0.5% Na-dithionite and
500 mM NaN for 30 min. The crystals were transferred to mother
liquor with 20% glycerol as cryoprotectant, 0.5% Na-dithionite, and
500 mM NaN and soaked for 422 min. Crystals were picked up in
rayon loops (Hampton Research) and flash frozen in liquid N

set. Once the refinements had converged one last round of refinement
was made with all the data included. For the wt data-set refinement
was continued until it was evident that no azide was bound to the Fe-
center in any of the subunits.

For the F208A/Y122F crystals the Fe-center was reduced and azideResults and Discussion

was bound in a soak with mother liquor containing 3% Na-dithionite,
1 mM phenosafranin, and 500 mM Nalfor 75 min. The freezing

In this paper we describe the X-ray crystal structures of two

procedure was the same as in the wt experiment, except for the Na-different forms of the diferrous R2 protein soaked in azide. In

dithionite concentration that was 3% in this case.
Data Collection and Refinement.Diffraction data for the azide-

the F208A/Y122F mutant azide binds to the Fe-center in one
of the subunits in the R2 dimer. This is the first crystal structure

soaked crystals were collected at the Swiss-Norwegian beam-line atof an azide complex of a diferrous protein of this class. We

the European Synchrotron Radiation Facility (ESRF), Grenoble, France.
The beam line was equipped with a 30 cm imaging plate (Mar Research)

and a cryosystem (Oxford cryosystems). The wavelength used was 1.00

A for both data sets. For the oxidized F208A/Y122F protein, diffraction

also determined the structure of the oxidized F208A/Y122F,
which revealed that the removal of the F208 side chain creates
a larger hydrophobic cavity around the Fe-center while leaving

data were collected on a MarResearch imaging plate mounted on athe rest of the protein unchanged. o
Siemens rotating anode. The wavelength used was 1.54 A and the Structure of the wt- and F208A/Y122F-Protein in the

crystal was frozen with a Siemens LC2 cryosystem. For details on data
collection and refinement, see Table 2. The Denzo and Scal&pack
programs were used for processing and scaling of the diffraction data.

(40) Karlsson, M.; Sahlin, M.; Sfeerg, B. M.J. Biol. Chem1992 267,
12622-12626.

(41) Sjdoerg, B.-M.; Hahne, S.; Karlsson, M.;dwall, H.; Gaansson,
M.; Uhlin, B. E. J. Biol. Chem.1986 261, 5658-5662.

(42) Nordlund, P.; Uhlin, U.; Westergren, C.; Joelsen, T:b8jg, B.
M.; Eklund, H.FEBS Lett.1989 258 251-254.

(43) Otwinowski, Z.Data collection and processing. Proceedings of the
CCP4 study weeken®ERC Daresbury Laboratory: Warrington, U.K.,
1993; pp 56-62.

Presence of AzideFrom Fo-Fc maps it was evident that the
wt protein did not have any azide bound to the Fe-center in
any of the two noncrystallographically related subunits (A and
B) in the R2 dimer. Both sites had the normal structure and
coordination of diferrous R2 (Figure 1a).

(44) Tronrud, D. EMethods Enzymoll997, 277, 306—-319.

(45) Logan, D. T.; Su, X. D.; Aberg, A.; Regnstmp K.; Hajdu, J.;
Eklund, H.; Nordlund, PStructure1996 4, 1053-1064.

(46) Collaborative computational project, no. 4cta Crystallogr. C
1994 50, 760-763.

(47) Bringer, A.Nature 1992 355 472-475.
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E204 E204
c)

Figure 1. (a, b) Stereoview of the residues around the Fe-center in the two azide soaked structures: (a) Reduced wt-protein soaked in azide; (b)
Reduced F208A/Y122F complexed with azide. An omit map for the azide molecule and-d&@Foap for E238 are shown. (c) Overlay of the
reduced wt-protein and the reduced F208A/Y 122Eide complex. (d) Met form of the wt-protein. This figure was generated with BOBSCRIPT,

a modification of MOLSCRIPT?

In the structure of the reduced F208A/Y122F protein soaked Scheme 2. Metal-Ligand Distances in the Azide
in azide, at the same conditions as wt R2, it is clear that azide COmplexed F208A/Y122F Protein
binds in an ordered manner to the Fe-center, seen as a clear N
positive elongated peak in the F&c maps into which an azide I\

X . ; ; D84 E238 N
molecule could easily be modeled (Figure 1b). This density was ~ \
present only in the A subunit in accordance with previous \C c-0 2,2’}_‘ 0
observations that diffusion into the B subunit is restricted in 770, 5, 6 \i” O’\C
this crystal fornt® Therefore we also obtained the structure of °© % /24 MZ 2 E204
the uncomplexed reduced F208A/Y122F protein in the B Fei ‘2—23-42_y’|:ez1
subunit, which revealed that the two mutations in this protein /2,1 b o' \2
had no significant effect on the structure of the Fe-center. In N ol N
the refined azide complex in the A subunit the azide molecule | > | <\ | H241
coordinates in an!-terminal fashion to Fe2 with a coordination H118 N/ E115 N

distance of 2.3 A (Figure 1b and Scheme 2). There is also a

change in coordination number on Fe2, which becomes 6-co-of 2.2 A. This is a new conformation of this residue that has
ordinate. The most interesting change that occurs apart fromnot been seen in any previous crystal structures of the R2
the azide binding is the carboxylate shift seen for residue E238. protein. Furthermore, the Fd-e distance is significantly shorter
The E238 adopts a nem(;72,7%) bridging conformation where  in this structure than is usually found in reduced R2 structures
one carboxylate oxygen is bridging the two Fe atoms at distances(Figure 1c), 3.4 A in the azide complex as opposed to 3.8 A in
of 2.4 and 2.3 A to Fel and Fe2, respectively. The second normal reduced R2. This shorterFEe distance is probably
carboxylate oxygen of E238 is coordinated to Fe2 at a distancedue to the extra bridging oxygen of E238. It should be noted
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that the bridging oxygen from E238 takes the place ofitfexo most interesting feature of this structure is the shift in bridging
bridge in the structure of the met R2 protein (Figure 1d). mode seen in the E238 residue where one of the carboxylate
In the wt-protein no azide binding could be detected. The 0xygens becomes a bridging ligand while the other oxygen
fact that azide was not visible in our electron density maps retains its coordination to Fe2. Strangely this residue has been
suggests that, if azide binds to the Fe-center, it has to bind inignored in most previous discussions on the mechanism of diiron
a disordered fashion or at low occupancy at the conditions used.0xygen proteins. We believe that this new carboxylate shift of
EPR and MCD studies show some binding of azide to wt E238 could be a key feature for understanding the oxygen
diferrous E. coli R2 in solution with two different affinity =~ activation mechanism at this kind of Fe-center. We have
constants withKq of 30—70 and 330 mMY while mouse R2 therefore outlined a detailed reaction mechanism (Figure 2a)
show azide interaction with a singk& around 46-50 mM 38 based on our azide structure, spectroscopic data on intermediate
The iron center in mouse B®is more open thar. coli wt X, and the following three assumptions: (I) The E238 retains
and its azide binding properties might be more similar to the its new bridging conformation throughout the oxygen activation
F208A/Y122F mutant. The observed structure in the F208A/ reaction. (Il) No protein- or dioxygen-derived ligands leave the
Y122F azide complex includes a single bridging carboxylate coordination sphere during the reaction. (lll) The Fe ions will
oxygen from E238, and this bridging oxygen corresponds well never have a coordination number higher tha 6.
to the weak ferromagnetic coupling observed by EPR, MCD,  The first two assumptions are based on the expectation that
and saturation magnetization measurements of the rfoaise the charge build-up on the iron ions during the reaction is
E. coli 3637 R2 in the presence of 0.5 M azide. A bridging unlikely to promote the release of coordinating polar ligands.
oxygen atom on E238 has been proposed as one possiblerhe shift in the E238 residue seen in the F208A/Y122F azide
explanation for the stronger coupling between the Fe ions structure would, in contrast to previously discussed mechanisms,
induced by azide binding, but it could not be definitively restrict the outcome of dioxygen cleavage toward the asymmetric
concluded. Thus, the observed structure of the azide complexstructure for intermediate X as proposed from spectroscopic
of F208A/Y122F explains very well the magnetic data from studies. The above assumptions and hence the suggested
both wtE. coliand wt mouse R2 and is also in agreement with mechanism could also be true for the MMO system. We suggest
the change in coordination number and the change in zero fieldthat, starting from the diferrous center, dioxygen bind in a
splitting parameters of the Fe-center. terminal fashion to Fe2, in the position of azide in our F208A/
Structure of the Oxidized F208A/Y122F Protein. The Y122F structure. The next intermediate in the cycle is the peroxo
larger hydrophobic pocket formed by the removal of the F208 form that has been detected in MMIGnd recently in the D84E
side chain in the F208A/Y122F mutant does not perturb the mutant of R4 The structure proposed here for the peroxo form
rest of the protein structure in any significant way and leaves would render the Fe2 ion coordinatively saturated by protein-
an “active site” pocket of similar size as the one found in MMO. and dioxygen-derived ligands and in the subsequent oxygen
The coordination environment of the Fe-center remains un- cleavage reaction leave one coordination position free on Fel.
changed compared to the oxidized wt-protein. This mutation, This would steer the outcome of the dioxygen cleavage reaction
in combination with other mutations around the Fe-center, may t0 & defined stereochemistry and direct the terminal, reactive
become a very useful model system to study hydroxylation 0xo/hydroxo ligand of X to Fel. We suggest the terminal oxygen
chemistry in this class of proteins. species on Fel to be the key reactive group on the activated

Comparison with Other Structures of Azide Complexes diiron site. Thi_s is_ consistent with Fel being plosest to th_e
of Iron Proteins. One complex of another diiron protein with ~ Substrate tyrosine in the R2 case. Another fact in favor of this
azide previously characterized by X-ray crystallography is the Suggestion is that if a highly reactive oxygen species is formed
azide complex of diferric (met) hemerythdR® In this case at the free coord_lnatlon site on Fel it would point t_owar_d a
azide binds terminally to one of the iron ions in the same SMall hydrophobic pocket made up mainly by the invariant
position as the oxygen molecule in oxy-Hr. Comparison between residuel 234 in R2, a residue that is conserved in all R2 afd
hemerythrin and R2 is complicated by the fact that the redox desaturase sequences.
state and coordination environment in the two proteins are Our conclusion that E238 is a key player in controlling the
different. Studies have been performed on Fe-porphyrin proteins0Xygen activation is further corroborated by the structure of
where azide is found to bind the ferrous state in a manner similar the oxidized E238A/Y122F mutant, which has been determined
to dioxygens152Both these cases support the use of azide as arecently>> This structure revealed that hydroxylation chemistry
model for the binding of dioxygen. Other X-ray crystallographic ©ccurs in this mutant and residue F208 becomes hydroxylated

studies of azide complexes of proteins more related to R2 haveat the meta position during the reaction with dioxygen. The
not been performed. phenolic oxygen formed ends up being coordinated to Fe2. This

Mechanistic Implications. In the F208A/Y122F mutant the ~ Nas not been seen in other R2 mutants where the Y122 and/or
azide molecule is bound in ayi-terminal mode to Fe2. This residues in the proton/electron-transfer pathway have been
may be of relevance to the reaction mechanism since this mode'€moved.

of binding could reflect the initial binding of dioxygen. The If we extrapolate the above suggestions regarding the
mechanism in R2 to the MMO system, we also find some

(48) Kauppi, B.; Nielsen, B. A.; Ramaswamy, S.; Larsen, |. K

Thelander, M.; Thelander, L.; Eklund, H. Mol. Biol. 1996 262, 706— (53) There are reports of seven-coordinate Fe ions in the literature, but
720. these usually involve ligand molecules with high covalent rigidity to place
(49) Stenkamp, R. E.; Seiker, L. C.; Jensen, L.JHMol. Biol. 197§ five of the ligating atoms in one plart&%° In the protein, steric effects
126, 457-466. would make it difficult to accommodate seven ligands to any of the Fe
(50) Holmes, M. A.; Stenkamp, R. B. Mol. Biol. 1991, 220, 723— ions. Furthermore, seven-coordinate Fe ions have never been proposed to
737. be involved in these reactions.
(51) Tarricone, C.; Galazzi, A.; Coda, A.; Ascenzi, P.; Bolognesi, M. (54) Bollinger, J. M.; Krebs, C.; Vicol, A,; Chen, S.; Ley, B. A;
Structure1997 5, 497-507. Edmondson, D. E.; Huynh, B. HI. Am. Chem. Sod 998 120, 1094
(52) Conti, E.; Moser, C.; Rizzi, M.; Mattevi, A.; Lionetti, C.; Coda, 1095.
A.; Ascenzi, P.; Brunori, M.; Bolognesi, Ml. Mol. Biol. 1993 233 498- (55) Logan, D. T.; deMdreF.; Persson, B. O.; Slaby, A.; $jerg, B.-

508. M.; Nordlund, P.Biochemistry1998 37, 10798-10807.
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Figure 2. Proposed detailed mechanism of diiron-catalyzed dioxygen activation. Boxed letters indicate experimentally studied intermediates. According
to our proposal, oxygen binding induces the conformational change in E238 rendering Fe2 6-coordinate. Two electrons are transferred from the
Fe-center to dioxygen to yield bound peroxide and a diferric Fe-center. Both Fe ions, from the peroxide form and onward, are 6-coordinate. From
the peroxide form (P), further cleavage of the-O bond gives one bridging and one terminal oxo group and a formally diferryl cente®. ibnd

cleavage is rapidly followed by, or concurrent with (dashed arrow), proton/electron transfer via the radical transfer pathway (Scheme 1) to yield
intermediate X. Only very small positional changes of the two oxygen atoms as well as of the protein-derived ligands are required throughout the
reaction.

interesting points. In the case of MMO the cleavage of the suggest that the formation of this species is steered in this
oxygen molecule leads to the formation of an intermediate reaction by E243 (the equivalent of E238 in R2) in a manner
termed Q c_on_talr_u_ng a (IWQZ speC|e§.8 On the basis of the (56) Valentine, A. M.; Tavares, P.; Pereira, A. S.; Davydov, R.; Krebs,
structural similarities between MMO and R2 and a recent ¢ . Hoffman, B. M.; Edmondson, D. E.; Huynh, B. H.; Lippard, SJJ.
observation that Q in MMO and X in R2 are simA&mwe Am. Chem. Soc1998 120, 2190-2191.
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similar to the R2 reaction. This postulates the formation of a coordination sphere during the reaction, in combination with
terminal F&/-coordinated oxo group on Fel and that both iron consideration of the possible coordination modes for Fe ions,
ions at the stage of Q are 6-coordinate with no coordination in effect restrict the possible structures for the different
positions free to coordinate water or to form the proposed®e  intermediates t@nly the ones outlined in this report. Further-
bond57:58 more, the mechanism proposed here excludes the presence of
In conclusion, the details of the mechanism for the dioxygen coordinating waters during the reaction, and although the present
cleavage reaction in diiron proteins presented here are new andstudy gives a likely scenario for the dioxygen cleavage reaction,
unique in that we have suggested possible detailed conforma-more detailed studies of the intermediates involved are required
tions of all Fe ligands for all observed intermediates. The to corroborate this hypothesis. However, if the structures of the
proposed structures appear to be in good agreement with earliehigh-valent intermediates presented here are correct, they
structural and spectroscopic data and with the placement of thesignificantly restrict the possible structures of the species
intermediates in their structural context in the protein. Further- jnyolved in the substrate oxidation steps of these reactions. The
more, an attractive point of this reaction pathway is that it yery detailed structures of the different intermediates presented
requires very small conformational changes after the oxygen here can now be directly used to simulate spectra for EPR,
molecule is bound to the Fe-center. This would be consistent ENDOR, and EXAFS data obtained for the various intermedi-

with the rapid kinetics seen for these reactions and would be ates and serve as a basis for theoretical calculations to test our
advantageous for controlling the reactive oxygen species during hypothesis.

the reaction to prevent destructive side reactions. This is a key
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