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Binuclear, non-heme iron-containing proteins, including the R2 5000 . . . A
subunit of ribonucleotide reductase (RNRyethane monooxyge- 2000 - Abs A |
nase hydroxylase (MMOHM)? and stearoyl acyl carrier proteikP- 27800 cm”! 10
desaturase A°D),* all contain similar carboxylate/histidine- —~ 3000 - “‘“‘*? 8 i
coordinated diiron active sites that are responsible for dioxygen _.5
activation and mediation of a broad spectrum of oxidation reactions. < 2000 7 ) , . i

Whereas oxygen activation by MMOH leads to the hydroxylation 1000 - 1 4 -
of methane to methanol, in R2 it leads to a one-electron oxidation
of an endogenous tyrosine residue (Y12Z)he latter reaction

produces the tyrosyl radical (Y192in R2 that is necessary for 10 | | ; ;

1
ribonucleotide reduction by the RNR holoenzyme {R2) complex. ’ _-g_v'm'{at'zzzdoc i I vivi at fozo0 em” [, |
High-valent oxygen intermediates have been trapped in the reactions Elak LK a0k LK
of MMOH (compoundQ which is thought to be an F&) O, bis- _ s i
u-o0xo diamond coré)and R2 (intermediateX,” an oxo-bridged ig 15 -_§ L T
FeEMF species, formally the one-electron reduced forn@Qyf S oL Rk 12 0 0, af ]
Intermediate X is responsible for the oxidation of Y122 to the 4 F200em 3 7

19200 cm™_ 2
1

radical, which is approximately 5.3 A away from the diiron cluster. 3

Earlier spectroscopic studies (by stopped-flow measureniénts, I eseS

EPR}® Mdéssbauet? ENDOR13 and EXAFS4) have indicated s ;

that X is a spin-coupled F&)Fe"") center with one or tw@i-oxo 16000 20000 24000 28000 32000
bridges present. Energy (cm™)

To elucidate the geometric and electronic structure of intermedi- Figure 1. Intermediate R2-Y122F/Y356K-(A) Gaussian resolved 10 K
ateX, a protocol has been developed to perform low-temperature absotrption_spetctrur:n and \(/BT)Vﬁal\lleCSSrc; fte‘SOWded l-Wg'sg':te}MﬁD
magnetic circular dichroism (LT-MCD) measurements on a strain Zfi%g“;}é'g%snfn ‘;‘;‘”1”% 30, 5.0, 10, :n% ‘?2% Kg)foun 21its
free optical sample generated by using the rapid-freeze-quench
(RFQ) method (see Supporting Information). This study examines
the electronic and structural propertiesXin the double mutant
Y122F/Y356F of R2 by variable-temperature, variable-field MCD
(VTVH MCD), combined with LT-absorption, EPR, and ligand
field (LF) calculations, allowing us to distinguish between the bis-
u-oxo, u-oxo, and other bridge possibilities for the active site
structure of the important intermediate.

MCD data were collected on the double mutant R2-Y122F/
Y356F, in which up to 1.4 equiv ok can be accumulated due to
its favorable kinetics® These first measurements of the MCD

spectrum oX were enabled by our novel RFQ-MCD methodology,
modified from the method used to trap the native intermediate in (1) Proad, low-energy bands-B at 16 700, 19 400, 22 100 cth

the multicopper oxidase§.RFQ was carried out as described in  With 1argeCo/Do ratios (0.12-0.50) are d-d in character with low
previous R2 studié{see Supporting Information). Intermediate associated absorption intensity and are the first spin-allowed LF
was quantified in all samples by EPR spectroscopy (see Supportingtransitions of an F&) to be observed (all ¢ d—d transitions
Information). are spin-forbidden and weak even in exchange-coupled systems),
The LT absorption and MCD spectra of intermedixtén R2- (2) sharp and weak bands 4 and 5, which repreA&w= 1 spin-
Y122F/Y356F are displayed in Figure 1. The LT MCD spectrum flip transitions within the F&”), and (3) bands 610, which have
of X in wt R2 is very similait’ Past studies have reported only a 10w Co/D ratios (0.004-0.011) and are assigned to oxe Fe&")
broad absorption feature at27 800 cm for X (e ~ 2700 M1 CT transitions. The LF (e d) transitions have high&2y/D, ratios
cm1).7 The 10 K absorption spectrum consists of a weak, broad as compared to the CT transitions because they are centered on
feature centered at20 000 cnT! (e ~ 900 M~ cm™1), and two the FéV) atom with a much higher spirorbit coupling constant
major bands in the UV region at27 700 cn! (e ~ 2800 M1 (&) = 520 cn1?) than the oxo groupip = 60—70 cnrt). Spin—
t Stanford University. orbit coupling leads to the excited state mixing responsible for
#The Pennsylvania State University. C-term intensity.

cm1) and~31 000 cm? (e ~ 4000 M1 cm™1). Low-temperature
MCD data demonstrate that the broad absorption features can be
resolved into at least 10 electronic transitions. Simultaneous
Gaussian fitting of the LT-Abs and LT-MCD spectra %r(Figure
1) is summarized in Table S1 (see Supporting Information). The
ratio of the relative band intensities observed in MQDy)(and
absorption spectraDp) is used to differentiate metal-based ligand
field (LF) and charge transfer (CT) transitions.

The electronic spectrum of valence localizéddentifies three
regions from 12 000 to 32 000 crhbased upon th€y/Dy ratios:

11200 = J. AM. CHEM. SOC. 2003, 125,11200—11201 10.1021/ja036556e CCC: $25.00 © 2003 American Chemical Society
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Figure 2. Ligand field splitting diagram indicating-éd transitions and
their calculated energies for & in bis-«-oxo and mong+-oxo environ-
ments.

It is important to note that the VTVH MCD data (inset in Figure

with the monox-0xo0 but not bisu-oxo structure forX. The bis-
u-0x0 structure is predicted to have transitions at much higher
energy than observed, because the bis-oxo LF greatly destabilizes
the dy acceptor orbital.

In summary, we present the first RFQ-MCD data on the transient,
high-valent iron-oxo intermediatX. F€) LF transitions are
observed for the first time. The spin-allowed'Ped — d transitions
are analyzed using LF theory based on our past studies on
isoelectronic Mfi") sites in monaz-oxo and bist-0xo environ-
ments. The analysis favors the mom@xo model forX, where
the reductive cleavage of the-<® bond generates an oxo bridge
and HO.
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Supporting Information Available: One table with electronic
transition energies, MCD, LT-Abs, Gaussian fit intensities, gDy

1) give the same spin Hamiltonian parameters as the ground_statefatios for X, four tables with LF parameters used in calculations,

EPR signal = %) for intermediateX, which confirms that these

experimental and predicted d-orbital energy levels, experimental and

are associated with the same species. With respect to the ground@lculations details, EPR spectra (PDF). This material is available free
state, there has been some debate concerning the localization off charge via the Internet at http://pubs.acs.org.

the oxidation on the iron center versus the oxo bridge. The large
Co/Dy ratios for the LF region (0.120.50, which is 45 times
larger than for the CT regio#strongly support significant ¥
character in the paramagnetic centeixXof

Previous LF analyses of the isoelectronicMrion in x-0x0'%20
and bisu-0x0? environments are used as a basis for the analysis
of the MCD data for the F®&) site in intermediateX. High-spin
octahedral F&) (3d* configuration) has four of the five d orbitals
half-occupied and only one spin-allowed-d transition $£5 —
5T,g). However, the reduced symmetry of the site (dominating due
to the strong oxo bridge(s)) leads to more than one spin-allowed
d—d transition. Figure 2 shows the inferred d-orbital splitting pattern
for FEV) in both monosr-oxo and bis¢-oxo environments. The
presence of a single oxo bridge lifts the degeneracies of the five d
orbitals of FéV), leaving the ¢ orbital unoccupied Z axis is
oriented toward the FeO bond), while for the big~oxo case the
dyy is the highest unoccupied orbital (the two oxo bridges define
thexy plane). We combine the spectral RFQ-MCD dataXawith
LF calculations to predict the splitting pattern of d-orbital energies
for the F&V) center for both the mong-oxo and the bige-0xo
possible structures of intermediate

The d-orbital energy levels and wave functions were calculated
using the method of Companion and Komarynskiigand field
radial parametersog and o) are obtained experimentally using
crystallographically characterized octahedral Mn model com-
plexes?3-26 A range ofa, anda, were used to predict the shift in
energies of e-d transitions for F&) relative to MA'") for both
monowu-0xo and bisx-oxo bridged dimers (see Supporting Infor-
mation). Because of the increaség in F&!V), d—d transitions are
expected to shift to higher energies relative to those observed for
Mn( . Calculated e-d transition energies for B® (X having
monowu-0xo and bisz-0xo structures) are shown in Table S5 (see
Supporting Information). For a range af, values (16-20%
increase) andy (40—50% increase) in going from a trivalent to a
tetravalent metal centéf?® Fe!V) d—d transition energies for a
monowu-0xo bridged structure are relatively low as compared to
the bisg-oxo structure (transition energies at 11 500, 19 800, and
26 300 cntt as compared to 14 900, 25 300, and 29 100 %9m
The three LF bands at 16 700, 19 500, and 22 100'¢cobserved
for X (Figure 1), are all low-energy transitiofThis is consistent
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