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Abstract: Low-temperature (77 K) radiolytic reduction of the diferric cluster in the met R2 subunit of
Escherichia colribonucleotide reductase yields an antiferromagnetically coupled mixed-valence Fe(ll)Fe(lll)
cluster ([RZe{mv1/2). Annealing the radiolytically reduced sample at 180 K converts the mixed-valence cluster
in [R2memv1/2into a ferromagnetically coupled cluster having@es 9/, ground state (R29/2). We have used
Mdossbauer and EPR spectroscopy to study the electronic and magnetic propertigsof R2e Méssbauer

data, recorded over wide ranges of temperature and applied field, indicate that the mixed-valence cluster in
R2m9121s valence localized. The spectra can be deconvoluted into two spectral components, of which analysis
yields parameters)(= 1.25 mm/sAEq = —2.80 mm/sy; = 1.30, andw/g8n = —(13.5, 10.8, 20.3) T for site

1; andé = 0.53 mm/sAEqg = —0.57 mm/sy = —3, anda/gn = —(22.1, 22.0, 22.0) T for site 2) that are
characteristic of high-spin ferrous (site 1) and high-spin ferric (site 2) ions with octahedral O/N coordination.
The spin-spin interaction between the two valence localized iron sites is ferromagnetic and the effective
exchange coupling constardk in the exchange HamiltoniahyS;+S,) is estimated to be ca=12 cnt! from

the high-temperature strong-field data. Taking into consideration the various factors that control the electronic
properties of a mixed-valence Fe(ll)Fe(lll) compound and comparing the observed spectroscopic properties of
R2mv92 With those of model complexes, a core structure with two single-oxygen bridges is proposedfgs. R2

It is suggested that conversion of [Rdmviz t0 R2nv92 Mmay involve a carboxylate shift of E238 from a
monodentate terminal chelating mode to a monodentate bridging and chelating mode, in addition to protonation
of the oxo bridge. RR,9/2 displays EPR signals gt= 14—15, 6.6, and 5.4. Analysis of the data indicates that
these features can be properly simulated by assuming an®, center with a centrak/D of 0.05 and a
distribution inE/D (ogp = 0.023). Effects ofe/D distribution on the EPR spectrum are discussed.

Introduction R2 with ferrous ions and £ The mechanism of this cofactor
assembly has been the subject of extensive investigatids.
The tyrosyl radical of RZ;can be reduced chemically leaving
the diiron cluster in the diferric form (R2). The structure of
the diferric cluster in Rge has been determined by X-ray
crystallograph$® and is similar to other carboxylate-bridged
diiron clusters found in various proteins, including the soluble
methane monooxygenakt ! stearoyl-acyl carrier protein®

Ribonucleotide reductases (RNRs) catalyze the reduction of
ribonucleotides to the corresponding deoxyribonucleotides, the
rate-limiting step in DNA biosynthesis. According to their
cofactor compositions, RNRs may be divided into four clas3es.
Aerobic RNR fromE. Coli belongs to class |, and comprises
two homodimeric subunits, R1 (2 86 kD) and R2 (2x 43
kD). The R1 subunit contains redox active cysteines for substrate
reduction, and binding sites for substrate and allosteric effectors.™ ) akin, C. L.; Thelander, L.; Reichard, P.; Lang, G.Biol. Chem.
The active form of the R2 subunit, B2 harbors a catalytically =~ 1973 248 7464-7472.

essential tyrosyl radical located at residue 122, in close proximity _ (7) Bolinger, 3. M., Jr.; Tong, W. H. Ravi 4’\1-1?6"'8“8’1”3_'85-23”-?
. _ . . 5 . mondson, D. E.; upbbe, J. Am. em. S0 .
to a carboxylate bridged-oxo diferric cluste#5 The diiron (8) Ravi, N.; Bollinger, J. M., Jr.. Huynh, B. H.: Stubbe, J.. Edmondson,

cluster-Y122 cofactor in R3¢can be generated by reacting apo D. E. J. Am. Chem. Sod.994 116 8007-8014.
(9) Parkin, S. E.; Chen, S.; Ley, B. A.; Mangravite, L.; Edmondson, D.
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T Emory University. (10) Bollinger, J. M., Jr.; Stubbe, J.; Huynh, B. H.; Edmondson, D. E.

§ Northwestern University. J. Am. Chem. S0d.991 113 6289-6291.

* Pennsylvania State University. (11) Ochiai, E.; Mann, G. J.; Gstaund, A.; Thelander, LJ. Biol. Chem.

(1) Reichard, PScience (Washington, D.C1p93 260, 1773-1777. 199Q 265 15758-15761.

(2) Stubbe, J.; van der Donk, W. AZhem. Re. (Washington, D.C.) (12) Krebs, C.; Huynh, B. H. Iiron Metabolism: Inorganic Biochem-
1998 98, 705-762. istry and Regulatory MechanisiBerreira, G. C., Moura, J. J. G., Franco,

(3) Sahlin, M.; Petersson, L.; Gstand, A.; Ehrenberg, A.; Sierg, B. R., Eds.; Wiley-VCH: Weinheim, Germany, 1999; pp 255/3.
M.; Thelander, L.Biochemistryl987, 26, 5541-5548. (13) Fontecave, M.; Eliasson, R.; ReichardJPBiol. Chem1989 264,

(4) Nordlund, P.; Eklund, HJ. Mol. Biol. 1993 232 123-164. 9164-9170.
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desaturas&, hemerythrint® purple acid phosphatastsand (IFe(1N) cluster with —d® high-spin configuration are results
ferritin.29-24 It has been shown that R& can be reduced by  of a sensitive interplay of the following factors: (1) the

one electron to a mixed-valence Fe(ll)Fe(lll) state (&) Heisenberg Dirac van Vleck (HDvV) exchange interaction, (2)
by low-temperature radiolys®: 28 The initial [R2ne{mv gENET- double exchange interaction, (3) vibronic coupling, and (4) the
ated at low temperature (77 K), termed [R&nwa12 exhibits asymmetry of the ligand environments of the two iron ses.

EPR signals ag < 2 (g = 1.936 andy, = 1.818§5 28 typical In general, the HDvV exchange interaction dominates in a

of an antiferromagnetically coupled mixed-valence Fe(ll)Fe- wu-oxo, u-hydroxo, oru-sulfido binuclear Fe(ll)Fe(lll) cluster,
(1) cluster with anS = 1/, ground state. This result has been resulting in theS = 1/, ground state observed for the majority
explained® by the fact that [RRefmviz generated at low  of model compounds and proteins. TBe= %, ground state is
temperature is trapped in the equilibrium geometry of the less common, although it has been observed for several model
oxidized Fe(lll)Fe(lll) cluster in RRe, in which the two ferric compound®—3* and site-specific mutants of a 2Fe-2S ferre-
ions are antiferromagnetically coupled via an oxo briéige. doxin35-37 Protein R2 is the only wild-type protein that affords
Annealing the irradiated sample at temperatures higher than 160anS= 9, ground state for its diiron cluster in the mixed-valence
K converts [RZe{mv12 iNto a species with as = 9, ground form. To provide better insight into the electronic properties of
state, designated R, which displays EPR signals gt~ this interesting complex, we have applied 88bauer spectros-
14-15, 6.6, and 5.4527 The signal atg ~ 14-15 was copy to investigate a low-temperatyrérradiated R2eSample
attributed to the lowest Kramers doublet of tBe= 9, state that has been annealed at 180 K. The results reveal a valence
and the signals a3 = 6.6 and 5.4 to the excited doublet. These localized R2.w9/2 suggesting that double exchange may not be
observations reveal that an interesting structural change isthe dominating factor for stabilization of th& = 9, ground
taking place at temperatures above 160 K, and causes a switctstate but that other factors are also important in determining
of the electronic ground state of [Rdmy from S = %; to the electronic properties of R We have also studied this
9,. Protonation of the oxo bridge has been suggested as aR2n., State using EPR spectroscopy. It has been noted
possible cause for this swit@h.Annealing at temperatures previously that the EPR features git= 6.6 and 5.4 are not
higher than 230 K results in an EPR silent state suggesting thatpredicted by a simplistic description of &= %, center?> We
R2mvor2 is unstable with respect to disproportionatf§rrhe found that these features can be properly simulated by assuming
presence of Y122and the mutation of Y122F have been shown anS= 9, center with a distribution in the zero-field splitting
to affect noticeably the EPR properties of the initially generated parameteE/D. Effects ofE/D distribution on the EPR spectrum
cryoreduced mixed-valenc®@= 1/, species, indicating that the  are presented and discussed.
structure of the diiron site is sensitive to the nature of the Y122
site?” Methods

Mixed-valence Fe(ll)Fe(lll) compounds have attracted the

interest of many bioinorganic investigators. This is because ; . . o
. . . glycerol was prepared as described in the literatfieradiation of

polynuclear iron clusters are prevalent in metalloproteins, and . samples was carried out at 77 K using@o source. The low-
binuclear iron clusters represent the simplest unit for studying emperature irradiated samples were annealed at 180 K4anin in
metal-metal interactions within an Fe cluster. In particular, the 4 |iquid-nitrogen chilled isopentane bath.
mlxeld—ve.llence. state Is paramagnetic, making it QCCESS'F)'e for  spectroscopic MeasurementsMéssbauer spectra were recorded
detailed investigation by a variety of spectroscopic techniques. in either a weak-field spectrometer equipped with a Janis 8DT variable-
The electronic and magnetic properties of a mixed-valence Fe-temperature cryostat or a strong-field spectrometer furnished with a

(15) Rosenzweig, A. C.- Nordlund, P.: Takahara, P. M.: Frederick, C. Janis CNDT/SC SuperVaritemp cryostat encasing an 8-T supercon-

Sample Preparation. R2ye; in @ 1:1 (v/v) mixture of buffer and

A.; Lippard, S. J.Chem. Biol.1995 2, 409-418. ducting magnet. Both spectrometers operate in a constant acceleration
(16) Elango, N.: Radhakrishnan, R.; Froland, W. A.; Wallar, B. J.; mode in a transmission geometry. The zero velocity of the spectra refers

Earhart, C. A.; Lipscomb, J. D.; Ohlendorf, D. Rrotein Sci.1997, 6, to the centroid of a room-temperature spectrum of a metallic iron foil.

556-568. ) . EPR spectra were recorded in a Bruker ER-200D-SRC spectrometer
(17) Fox, B. G.; Shankiin, J.; Somerville, C.;Mck, E.Proc. Natl. Acad.  equipped with an Oxford Instruments ESR 910 continuous-flow

Sci. U.S.A1993 90, 2486-2490.

(18) Stenkamp, R. E.; Sieker, L. C.; Jensen, L.JHAm. Chem. Soc. cryostat. . . )
1984 106, 618-622. Spectral Analysis.In analyzing the low-temperature idsbauer and
(19) Straer, N.; Klabunde, T.; Tucker, P.; Witzel, H.; Krebs, 8cience EPR spectra of the mixed-valence Fe(ll)Fe(lll) cluster inf82 the
1995 268 1489-1492. following spin Hamiltonian Ks) was used to describe the electronic

Artg/zrgi)utegp?t?aRcijéeP'DD'i/\;('e\llzvgrad“' é é Ze:;rnriigér?' Ffz';h'fll_él‘\\/,lv(;orgi(l)jl. M. properties of the groun8= 9, state and the hyperfine interactions of
1997 26é 424" 448, ’ ’ ’ ’ the two iron nuclei with their surrounding electrons.

(21) Mo&ane-Loccoz, P.; Krebs, C.; Herlihy, K.; Edmondson, D. E.;

Theil, E. C.; Huynh, B. H.; Loehr, T. MBiochemistry1999 38, 5290~ Hs=H,+ Hy; Q)
5295.

(22) Pereira, A. S.; Tavares, P.; Krebs, C.; Huynh, B. H.; Rusnak, F.;
Moura, I.; Moura, J. J. GBiochem. Biophys. Res. Commu®99 260, (30) Blondin, G.; Girerd, J. hem. Re. 199Q 90, 1359-1376.
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whereH. describes the energy levels of tBe= %, multiplet

Ss

H,= D[S§ -3, B ﬁ)] +pSgH ()

andHys describes the hyperfine interactions
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For analysis of the high-temperature’ 8bauer data, the excited spin
multiplets need to be considered, and the Hamiltortiknused to
describe the electronic part of the spin Hamiltonian can be rewritten
as
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whereS, = 2 and$; = %, are the intrinsic spins of the ferrous and
ferric sites, respectively. The intrinsic zero-field splitting parameters
D, andD; for the ferrous and ferric sites, respectively, are related to
the zero-field splitting parameter of ti&= %, ground state b
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In general, the zero-field splitting parameters of ferric sites are smaller
than that of ferrous sites. For simplicity, we have assubgd 0 and
definedD; = 6D. The hyperfine interactions are expressed as
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2 Tz _ 2
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2

(S-a-li — gfH 1) (6)

wherea; anda; are the intrinsic magnetic hyperfine coupling tensors
for the ferrous and ferric sites, respectively. They are related to the
effective A tensors of eq 3 by the following equations.

4.
o™

5

A= 9

A,= )

Analysis of the low-temperature spectra in terms of an isol8ted
9, multiplet is valid for |J| > |Dj|. With the J value determined for
R2m92 (see Results), this condition does not strictly hold. We have
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Figure 1. 5 K EPR spectrum of RRe. The spectrum was recorded
with the following instrumental settings: microwave frequency, 9.655
GHz; microwave power, 0.2 mW; modulation frequency, 100 kHz;
modulation amplitude 1 mT. The dashed line plotted over the data is
a theoretical simulation using eq 2 with parametgrs %,, D = 1.5
cmi, E/D = 0.05, andogp = 0.023.

distribution with a standard deviatiemp. Contributions of/D within
6 ogp were considered.

Results

EPR Spectroscopy. In agreement with the previous
finding,25-27 irradiation of R2, at low temperature yields a
species ([RRelmvi2) that exhibits ar§ = 1/, axial EPR signal
atg < 2 (data not shown), typical of an antiferromagnetically
coupled Fe(Il)Fe(lll) species. Upon annealing at 180 K for 4
min, [R2me]mv1/2 converts to RRve2 of which the spectrum is
shown in Figure 1. Theg < 2 signal of [RZe{mvie has
disappeared, and several resonance signals in the low-field
region have appeared: (i) a broad, asymmetric, absorption-like
signal atg ~ 14, for which the low-field side is considerably
steeper than the high-field side, (ii) an absorption like signal at
g = 6.6, and (iii) an almost isotropic derivative-type signal at
g = 5.4. These features were previously attributed toShke
9/, ground multiplet of R2voz, and based on a study of
temperature dependence, the signa at 14 was asigned to
the lowest Kramers doublet of tie= 9, multiplet, and the
signal atg = 5.4 to the first excited Kramers doubF&tlt was
noted by Hendrich et &F that the feature aj = 6.6 also arises
from an excited doublet, but the resonance position does not

therefore checked the validity of our approach by comparing spectra conform to “the simplistic assumptions of & 9/, center.”

simulated with and without the excited spin states (i.e., eq 4 vs eq 2).
We found that the spectra are only slightly perturbed by the relatively
low-lying S= 7/, multiplet.

Figure 2 illustrates this point by showing the effective principal
g values as a function d&/D for the ground (panel A) and first
excited (panel B) doublet calculated according to eq 2. Figure

Méssbauer spectra were simulated using the program WMOSS 3 shows the corresponding simulated EPR spectra within a range
(WEB Research), and EPR spectra were simulated using the programgf £/p yalues between 0.015 and 0.125. The theoretical spectra

by Gaffney and Silverston®,which has been modified fd = 9/,.4°

For simulations assuming a distribution in the rhombi&tp, spectra
were calculated for various values BfD (the step width was 0.001
and 0.005 for the EPR and 'Msbauer simulations, respectively) and
added together according to the probability factor from a Gaussian

(38) Bencini, A.; Gatteschi, DElectron paramagnetic resonance of
exchange coupled systen@pringer-Verlag: Berlin, Germany, 1990.

(39) Gaffney, B. J.; Silverstone, H.Biol. Magn. Resonl993 13, 1-57.

(40) Krebs, C. Ph.D. Thesis; Ruhr-UniversiBochum, Germany, 1997.

for the excited doublet shown in Figure 3B indicate that,
although an isotropic derivative-type signalgat- 5.4 can be
simulated withE/D = 0.055, the signal ag = 6.6 is not
reproduced with this parameter. An effectiygalue of 6.6 ¢)

can be reproduced with aB/D = 0.075, but the other two
principal g values @x = 6.3 andg, = 5.0) are different from
5.4, resulting in a rhombic EPR spectrum that is distinct from
the spectrum observed for R@/. In other words, the features
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Figure 3 (panels C and D). In comparison with spectra simulated
with discreteE/D values (Figure 3, panels A and B), pronounced
effects are observed. For the ground doublet, only one prominent
EPR feature is observed. Depending on the ceiif@lvalue,
an absorption-like broad and asymmetric signal is observed
A betweerg = 10 and 17 (Figure 3C). This signal originates from
molecules that have theaxes of theiig tensors oriented parallel
to the applied magnetic field. Due to the distributionBrD,
there is a spread igy. The shape of the observed signabat
14 can then be understood as a result of the weighted
superposition of these distributgglsignals. Signals for the other
two principal componentgy andg,, are not observed. For the
12+ Ox signal, this is because in the conventional derivative
&y representation of an EPR spectrum tfesignal is of the
derivative type (see spectra for the discrete valug/Bfshown
in Figure 3A), and superposition of a continuous spread of
g B derivative-type signals caused by t&éD distribution results
Eeff q in cancellation of the signals. For tlgg signal, the resonance
is outside of the experimental range. Also, superposition of a
spread of they, signal is expected to generate an extremely
& broad signal becaus&H/Ag is much larger at the high-field
region. For the excited doublet, the distributionBfD results
0 ol 02 03 in two observable features: an absorption like signaj at
ED 6.6 and an |_sotrop|c_der|vat|ve-type s_|gnag_a1= 5.4 (a shoulder

at the low-field region of the 6.6 signal is also observed for
Figure 2. Effective principalg values for the ground (A) and first  centralE/D values greater than 0.08). Most interestingly, the
excited (B) Kramers doublet of #= %, system as functions d&/D. positions of these two features are in agreement with the
Th?fe values are calculated by using eq 2 and assubindw (~0.3 experimentally observed values and are almost independent
cm™! for X-band EPR). L o

of the centralE/D value. The relative intensities of these two

Eefr

0 T T T T T

Table 1. Spin Hamiltonian Parameters Used for Simulations of features, on the other hand, are very sensitive to the céfial
Massbauer Spectra of Ré:" value. A centralE/D value of 0.05 yields a spectrum that
Fe site 1 F& 2: Fe+ reproduces very well the intensity ratio of the two signals
local spin 2 5/, observed for Rgvas.
0 (mm/s) 1.25 053 On the basis of the above analysis, we conclude that a
AEq (mm/s) —2.80 -0.57 S - . .
n 1.30 3 distribution inE/D may be sufficient to explain all the major
AlgeBa (T) —(6.0,4.8,9.0) —(12.3,12.2,12.2) EPR features observed for R3,». We have therefore analyzed
algBa (T) —(13.5,10.8, 20.3) —(22.1,22.0,22.0) the EPR data assuming &= 9/, state with a distribution in
- — - E/D and using eq 2. Parameters obtained from the analysis are
a Spin Hamiltonian parameters used for the electronic ground state . . . . . ]
of the system arés = %, D = 1.5 cn1%, E/D = 0.05, andogp = listed in Table 1 and given in the caption of Figure 1. A
0.023.° The hyperfine tensor of the Fesite is rotated with respect to theoretical spectrum simulated with these parameters is plotted
the electronicD tensor by an Euler angjé = 15°. in Figure 1 as a dashed line. It can be seen that major features
. . of the experimental data are reproduced in the simulated
observed afj = 5.4 and 6.6 cannot be simultaneously simulated spectrum.

with a discreteE/D value. Also, a discret&/D value cannot
reproduce the asymmetric shape of the signal observgd-at
14. For example, as shown in Figure 2A, even though an
effective principalg value of ~14 can be generated for the
ground doublet withE/D = 0.045, the simulated spectrum
(Figure 3A) shows that the signal is symmetric in shape. To
reproduce the resonance position and shape @ thd4 signal,
Hendrich et aPf> assumed a Gaussian distribution for the
rhombicity E/D. Effects of theE/D distribution on the EPR
signals originating from the excited doublet, however, were not
investigated.

To examine the effects &/D distribution, we have simulated
the EPR spectra for both the ground and first excited Kramers
doublets assuming a varied centED value and a Gaussian
distribution inE/D with aogp = 0.021% (For these simulations,
we have used ® value of 1 cntl.) The results are plotted in

Mdossbauer SpectroscopyEffects of low-temperature (77
K) irradiation and high-temperature annealing on a&2ample
have been monitored by Nebauer spectroscopy. Before
irradiation, the Rge Sample exhibits a Mgsbauer spectrum
(Figure 4A) that consists of two quadrupole doublet&g(1)
= 1.64 mm/s and(1) = 0.54 mm/sAEq(2) = 2.41 mm/s and
0(2) = 0.45 mm/s) indicative of the antiferromagnetically
coupled diferric cluster in R27:42 Data recorded at strong
applied field indicate that the RR: sample also contains &
= 5/, monoferric impurity accounting for (1@ 2)% of the total
iron. The spectrum recorded after irradiation shows that a
majority of the clusters (54 3)% of the total iron) have
converted to a paramagnetic species exhibiting magnetic hy-
perfine features extending from4 to +5 mm/s (Figure 4B).
Spectra recorded at 4.2 K with a 50-mT applied field indicate
that this paramagnetic spectral component displays a strong
(41) We are aware of the fact that the assumption of a Gaussian dependence on the orientation of the magnetic field with respect
distribution inE/D is too simplistic and cannot reproduce all the fine details 1 the direction of the-rays, as expected for &= Y, system.
observed. However, this approach introduces only one additional parameter. . . - .
(0e0) for spectral simulation. As all major features can be reproduced well 1€ hyperfine features and the field orientation dependence of

by this approach, we did not attempt to further improve the quality of the
simulation by introducing further parameters such as considering distribu-  (42) Lynch, J. B.; Juarez-Garcia, C.; Mk, E.; Que, L., JrJ. Biol.
tions inD (op) andE (og) independently. Chem.1989 264, 8091-8096.
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Figure 3. Effects of E/D distribution on the simulated EPR spectra for the ground (A and C) and first excited (B and D) Kramers doublet of an
S = 9, system. The ordinates in panels C and D show the ceBfalvalues. These spectra were calculated ilite= 1 cnm ™.

this spectral component are consistent with a valence-localizedindicative of high-spin Fe(ll) (doublet 1) and high-spin Fe(lll)
antiferromagnetically coupled Fe(ll)Fe(lll) species and the (doublet 2) ions with 5 or 6 O/N ligands. Consequently, this
component is assigned to [Rdmvi2 The irradiation process  high-temperature spectrum demonstrates unambiguously that
has also reduced &= 5/ ferric impurity into anS= 2 ferrous R2mw912 is a valence-localized Fe(Il)Fe(lll) species.

impurity, of which the spectrum is a quadrupole doublet at 4.2  Figure 6 shows the 4.2 K field-dependent $4bauer spectra
Kina 50 mT applied field. The high-energy line of this ferrous of R2y,.92 These spectra were prepared by removing the
quadrupole doublet can be seen in Figure 4B as a resolved peakontribution of the diamagnetic diferric cluster (32% of total
at+2.7 mm/s (marked by an arrow). A spectrum recorded after iron absorption) from the raw spectra of the annealed sample.
the irradiated sample had been annealed at 180 K for 4 min isFor the 50-mT spectrum (Figure 6A), the contribution from the
shown in Figure 4C. The annealing process has no effect onferrous impurity AEq = 2.78 mm/s and = 1.31 mm/s at 4.2

the spectrum of either the diferric cluster or the ferrous impurity. K) has also been removed. It is not possible, however, to remove
However, the process converts tBe= 1/, spectral component  the ferrous contribution from the strong-field data—@ T)

to a different paramagnetic spectrum with a much larger because the field dependence of the ferrous impurity is not
magnetic hyperfine splitting (having resonance absorptions known. Fortunately, the ferrous impurity is only a minor
between—8 and+8 mm/s). This increase in magnetic splitting contribution and should not have a significant effect on the data
is consistent with a$ = /, to %, conversion and the observed analysis.

spectral change indicates a quantitative conversion QfdiR<1/2 On the basis of the above EPR analysis and a previous EPR
to R2mver2. In the following, a detailed Mesbauer characteriza-  study?® a distribution in the rhombicityE/D in R2myop is
tion of the R292 is described. concluded. This distribution ifE/D is also reflected in the

A spectrum of the annealed sample recorded at 120 K (Figure M&ssbauer spectrum recorded at 50 mT (Figure 6A). Most
5A) displays only quadrupole doublets, indicating that the notably, the two outermost lines at7 and+8 mm/s are very
electronic relaxation of Rz is fast, which results in cancel-  broad. The broadening of these peaks is a consequence of a
lation of the internal fields at the diiron sites. Removal of the distribution in the spin expectation value caused by the
contributions of the diferric cluster (32% of the total iron distribution inE/D. At applied fields stronger than 1 T, however,
absorption) and of the ferrous impuritlEq = 2.70 mm/s and the effect ofE/D distribution on the Mesbauer spectrum was
0 = 1.27 mm/s; 10%) reveals a high-temperature spectrum of found to be insignificant. Particularly, sharp and well-resolved
R2mn912 (Figure 5B). Two equal-intensity well-resolved quad- peaks are observed for the 4- and 8-T spectra (Figure 6, panels
rupole doublets are observed. A least-squares fit of the dataC and D, respectively). This observed field-dependent behavior
yields parameterdEq = 2.80+ 0.04 mm/s and = 1.22 £ of the Mssbauer spectra indicates that the electronic Zeeman
0.02 mm/s for doublet 1 andEg = 0.57+ 0.04 mm/s and interaction becomes comparable to the zero-field splitting at a
= 0.50 + 0.02 mm/s for doublet 2. These parameters are field of abou 1 T and dominant at fields larger than 4 T,
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. Figure 5. High-temperature Mssbauer spectrum of the annealed
L o sample shown in Figure 4C (A) and the prepared spectrum gfoR2
12 -8 4 0 4 3 12 (B). Spectrum B was prepared by removing the contributions of the

diferric cluster (32%) and the ferrous impurity (10%) from spectrum
A. The data were recorded at 120 K and in the absence of an applied
field. The solid line in B is the result of a least-squares fit to the data
assuming two equal-intensity quadrupole doublets, parameters of which
are given in the text.

VELOCITY (mm/s)

Figure 4. Mdssbauer spectra of a Rf sample recorded prior to
irradiation (A), after irradiation at 77 K (B), and after annealing the
irradiated sample at 180 K (C). The data were recorded at 4.2 K with
a magnetic field of 50 mT applied parallel to therays. The arrows
indicate the position of the high-energy line of a quadropule doublet
assigned to the ferrous impurity.

suggesting @ value on the order of about 1 crhfor the S=
9, ground state. Consequently, analysis of the strong-field
spectra (+8 T) can be performed with a discref#D, which

is plotted above the 50-mT spectrum (Figure 6A). While the
assumption of a distribution i&/D allows the broad experi-
mental features to be reproduced well, the theoretical simulation
with a discreteE/D value displays sharp absorption peaks.
In an effort to gain information on the effective spin coupling
is fixed at the centraE/D value (0.05) determined from the  Strength {er) between the two valence-localized iron sites, we
EPR study. recqrded spectra of the annealed sample at high temperatures
The analysis of the 4.2 K data has been performed in the and in strong fields. Figure 7 shows the_ 120_(spectrum_A) and
slow relaxation limit using egs-13. A pureS = %, ground 60 K (spectrum B) spectrum_rec_orded with aflequoT _applled
state is assumed in the calculation. Similar to the 120 K Parallel to they-rays. Contributions from the diferric cluster
spectrum, these 4.2 K spectra (50 mT to 8 T) can also be have been removed for the spectra shown. Analysis of thgse
deconvoluted into two components with parameters (listed in Nigh-temperature strong-field spectra has been performed using
Table 1) typical of high-spin Fe(ll) and Fe(lll) sites. This €dS 4-7. Except fqueﬂ, all other parameters in t"hese equations
observation corroborates the high-temperature finding that Nave been determined from the low-temperaturesshauer and
R2mver2is a valence-localized species. The magnetic hyperfine EPR studies presented above. Consequently, &plis varied
A tensor determined for the Fe(ll) site is anisotropic while that in the analysis of the high-temperature strong-field data and it
of the Fe(lll) site is isotropic, as expected for the high-spin states IS found that the major features observed in these spectra may
of these oxidation levels. The signs of tAetensors are both e reproduced with de value between-15 and—10 cni™.
negative, indicating parallel spin orientation and consistent with Theoretical simulations using parameters listed in Table 1 and
the S= 9, assignment. The magnitudes of the intrirstensors Jeff = —12 cnt! are plotted over the experimental data in F|gure_
are characteristic of O/N ligand environments. Theoretical /- The agreement between the theory a_nd experiment is
simulations for R@ve» using the parameters listed in Table 1 acceptable in view of the fact that the contributions from the
are plotted over the experimental data in Figure 6. To show ferrous impurity have not been removed from the data.
that the two components corresponding to the Fe(ll) and Fe- Discussion
(1) sites are distinct, simulations for the individual components
are plotted in Figure 6 for the 8-T spectrum. As mentioned  Low-temperature (77 K) radiolytic reduction of metal clusters
above, the strong-field spectra (1 to 8 T) have been simulatedin proteins generally generates a reduced cluster trapped in the
with a discreteE/D value. For the 50-mT spectrum, however, equilibrium geometry of the oxidized cluster. Annealing at
a distribution inE/D with ogp = 0.023 (as determined from  higher temperature may relax the reduced cluster from the
the EPR study) has been used in the simulation. To illustrate constrained oxidized geometry. In the case ofn,R2low-
the effects ofE/D distribution on the weak-field spectrum, a temperature-irradiation yields an antiferromagnetically coupled
theoretical spectrum simulated with a discret® = 0.05 also mixed-valence Fe(ll)Fe(lll) species, [Rdmviz of which the
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Figure 6. Field-dependent M&sbauer spectra of Rg,. The data were
recorded at 4.2 K with a field of 50 mT (AL T (B), 4 T (C), and 8
T (D) applied parallel to the-rays. Contributions from the diferric

cluster have been removed from the raw data. For the 50-mT spectrum,

the ferrous impurity contribution also has been removed. The solid lines
overlaid with the experimental spectra are theoretical simulations using
parameters listed in Table 1. For the 8-T spectrum, individual
components corresponding to the ferrous and ferric sites gfsRare
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Figure 7. High-temperature strong-field Msbauer spectra of Ray..

The data were recorded in a parallel field of 80 T and at a temperature
of 120 (A) or 60 K (B). The contributions from the diferric cluster
have been removed from the raw data. The solid lines are theoretical
simulations usinglet = —12 cnm! and the parameters listed in Table

1.

also used Mesbauer spectroscopy to investigate in detail the
electronic and magnetic properties of J3g.. Spectra were
recorded over wide ranges of temperatures{420 K) and
applied magnetic fields (08 T). The data show unambiguously
that RZno2 is a valence-localized Fe(ll)Fe(lll) mixed-valence
species; the spectra can be deconvoluted into two components

also shown above spectrum D as a dashed and a solid line, respectivelywith parameters that are typical for high-spin ferrous and ferric

For the simulation of the 50-mT spectrum, a distributiorEi® (oep

= 0.023) has been used. For comparison, a simulation of the 50-mT
spectrum with discret&/D = 0.05 is shown above spectrum A as a
solid line.

ground state has the minimum spin vak}e With the presence
of the bridging oxo group in RZ; the antiferromagnetic
coupling observed for [Re{mvi/2 iS not surprising since the

ions with octahedral O/N coordination. The observed field-
dependent spectral properties are consistent with the finding by
EPR that the magnetic interaction between the two iron sites is
ferromagnetic. Furthermore, analysis of the high-temperature
strong-field spectra indicates that the effective coupling constant,
Jefr, is @bout—12 cntl,

It has been proposed previously that protonation of the

oxo group has been observed to mediate antiferromagneticbridging oxo group may be the cause for the change of magnetic

coupling for Fe(lll)Fe(lll) and Fe(ll)Fe(lll) speci¢§-47 An-
nealing at 180 K converts [RR{mvi2 t0 RZmnygp Low-

interaction observed in the conversion of [R@mai2 toO
R2mv0/2.26 While protonation of the oxo group may be expected

temperature EPR investigations indicate that the ground stateto occur since Ry is one-electron reduced from R&

of R2nyo/2 has the maximum spin value #$. This observation

evidence accumulated so far indicates that this process alone

indicates that the structural relaxation taking place at 180 K may not be sufficient to switch the exchange interaction from
causes a switch of the magnetic interaction between the two antiferromagnetic to ferromagnetic. Order-of-mangnitude reduc-
metal centers from antiferromagnetic to ferromagnetic. We have tion in the antiferromagnetic exchange interaction caused by
used M@sbauer spectroscopy to monitor this annealing processprotonation of the bridging oxo group is well established for

and found that the conversion of [Remviz t0 R2nverp is
stoichiometric and complete within a few minutes. We have

(43) Kurtz, D. M., Jr.Chem. Re. 1990 90, 585-606.

(44) Davydov, R. M.; Meage, S.; Fontecave, M.; Giand, A.;
Ehrenberg, AJ. Biol. Inorg. Chem1997, 2, 242—-255.

(45) Davydov, R. M.; Smieja, J.; Dikanov, S. A.; Zang, Y.; Que, L., Jr.;
Bowman, M. K.J. Biol. Inorg. Chem1999 4, 292-301.

(46) Miller, M.; Bill, E.; Weyhernilier, T.; Wieghardt, K.Chem.
Commun. (Cambridge)997, 705-706.

(47) Solomon, E. |.; Brunold, T. C.; Davis, M. |.; Kemsley, J. N.; Lee,
S.-K.; Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y.-S.; ZhoChkem.
Rev. 200Q 100, 235-350.

diferric complexeg348But, ferromagnetic coupling has not been
reported for diiron complexes with a single hydoxo bridge. To
our knowledge, all Fe(ll)Fe(lll) species havimme bridging
oxygen group (oxo, hydroxo, phenoxo or alkoxo) known to date
display S = %, ground states, of which many are generated by
cryoreduction of diiron proteins and model complexes of known
structure$8-28.44.45495jgnificantly, annealing af > 220 K, a
cryoreduced mixed-valence mouse?Raffords a stables =

(48) Armstrong, W. H.; Lippard, S. J. Am. Chem. Sod 984 106,
4632-4633.
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1/, species that displays an EPR spectrum characteristic of
u-hydroxo Fe(Il)Fe(lll) center$>%° Also, the only known
synthetic mixed-valence Fe(ll)Fe(lll) complex with a single
hydroxo bridge (plus two additional carboxylate bridges)
exhibits antiferromagnetic couplirf§.On the basis of these
observations, it is suggested that protonation of the oxo group
may not switch the magnetic interaction from antiferromagnetic
in [R2medmvi2 to ferromagnetic in Rav92. Additional changes

in conformation that promote ferromagnetic interaction are
required.

The magnetic interaction between two paramagnetic centers
of spinsS; andS; is usually described by the HDvV Hamil-
tonianH = J $;-S,, in which the exchange coupling constdnt
is a measure of the strength of the interaction. A negative value
of J corresponds to ferromagnetic coupling and yields a parallel
alignment for the two spins$; andS,, in the ground state. A
positiveJ value is associated with antiferromagnetic coupling,
which favors an antiparallel alignment of the spins. This
treatment is valid for systems in which the valence electrons
are localized on the metal sites. For mixed-valence compounds,
however, this treatment does not necessarily hold because
electrons may delocalize over the two metal centers. An
electronic configuration for a mixed-valence binuclear com-
pound with the excess electron localized on one of the metal
sites can be described d&lt! or d"1d". It has been recognized
that mixing of these two configurations (i.e., delocalization)

HO%
A

£
(S

YN
/\ A~
SO GRS
\ (6) /O N\./O\.—/N
E N\A_/N F OAc OH,

through a resonance interaction splits the statesB(5+ 1/5),
where S is the system spin an® is the energy parameter
describing the strength of this electron-transfer interaciéiar

a binuclear complex, each possible spin valueccurs twice

Figure 8. Schematic drawing of the core structures of compoundE
listed in Table 2.

Hamiltonian with an effective coupling constaly given by?°

(due to the presence of the two alternately localized configura-
tions) and thet sign indicates that the two states with the same
S are split by B(S + ;) by this so-called double exchange
interaction. Thus, it can be seen that double exchange interaction
is spin dependent: the larger the spin value, the bigger the Equation 9 indicates that effective ferromagnetic interactigs (
energy separation. Consequently, the state with the largest< 0) can be observed for localized mixed-valence compounds
system spinS gains the maximum energy by the double with antiferromagnetic exchange coupling ¥ 0), provided
exchange interaction. In other words, double exchange tendsthat the double exchange interaction overcomes the exchange
to stabilize a parallel alignment of the spins of the two metal coupling. In the following, we discuss examples in model
sites. Generally, whether the compound is valence delocalizedcompound studies that suggest such a situation may apply to
or valence localized depends on the relative magnitudes of thethe valence-localized Rge>. The examples discussed below
double exchange interaction, which tends to delocalize the also present an alternative possibility in which both double
excess electron, and factors that favor localization of the excessexchange B) and ferromagnetic exchangé € 0) contribute
electron. Examples of the latter factors are (1) vibronic coupling, to the observed ferromagnetic coupling.

which is a measure of ligand reorganization in response to In studies on inorganic model complexes, several oxygen-
transfer of the excess electron, and (2) the energy differencebridged Fe(Il)Fe(lll) compoundsA(to F) have been found to
between the two localized electronic structurgettt and d1d" exhibit S= 9, ground stated!~34405-54 A common structural

as a consequence of asymmetric ligand environments. Considerfeature shared by these compounds is the presence of (two or
ing only the effect of vibronic coupling, it has been shown that three) single-oxygen bridges (Figure 8), resulting in relatively
the criterion for delocalization 8 short Fe-Fe distances (Table 2). For compouriso C, the
valences are delocalized and their double exchange parameters,
B, have been determined from the intervalence bahtfs>3A
strong correlation between F&e distance and is observed;

The value ofB decreases from 1350 crhfor compoundA,
which has an FeFe distance of 2.51 A, to 690 and 944 ¢m
respectively for compoundB and C, which have an FeFe
distance of about 2.74 A. This correlation has been explained

2B

A3k

eff

9

IB(S+ ') > A%k (8)
whereA is the vibronic constant that reflects the difference in
vibrational energy associated with one of the monomeric iron
sites caused by the addition of the excess electron on that site
andk is the force constant for the out-of-phase combination of
the breathing motions of the two iron sites. If this criterion is
not met, the system is Iocal!zed and the magnetlc interactio (52) Gamelin, D. R.; Bominaar, E. L.: Mathoniere, C.. Kirk, M. L.:
between the two localized spins may be described by the HDvV Wieghardt, K.; Girerd, J. J.; Solomon, Elhorg. Chem 1996 35, 4323

4335.

(53) Gamelin, D. R.; Bominaar, E. L.; Kirk, M. L.; Wieghardt, K;
Solomon, E. 1.J. Am. Chem. S0d.996 118 8085-8097.

(54) Dutta, S. K.; Ensling, J.; Werner, R.;'Bte, U.; Haase, W.; Glich,
P.; Nag, K.Angew. Chem., Int. Ed. Endl997, 36, 152—-155.

(51) Snyder, B. S.; Patterson, G. S.; Abrahamson, A. J.; Holm, R. H.
n Am. Chem. Sod 989 111, 5214-5223.

(49) Davydov, A.; Davydov, R.; Gsgund, A.; Lipscomb, J. D.;
Andersson, K. KJ. Biol. Chem1997, 272, 7022-7026.

(50) Bossek, U.; Hummel, H.; Weyhefitier, T.; Bill, E.; Wieghardt,
K. Angew. Chem., Int. Ed. Engl996 34, 2642-5.
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Table 2. Selected Physical Properties of So®ie= °/, Mixed-Valence Oxygen-Bridged Fe(ll)Fe(lll) Compounds

Fe-Fe valence
compd distance (A) localization B (cm™) J(cm™?) A2k (cm™) ref

A 2.51 delocalized 1350 <70 2590 32,52,53

B 2.74% delocalized 690 90 40

C 2.741 delocalized 943 100 33

D 2.624 delocalized 34
2.749 localized 34

E 3.081 localized —-17.% 7720 31,51
3.116

F 3.03 localized —34.0 8620-9010 54

aA: [LLFe(u-OH)]?" with LY = N,N',N"-trimethyl-1,4,7-triazacyclononand: [PhB{Fe.dfmps}BPh] with Hdfmp = 2,6-diformyl-4-
methylphenoldioximC: [L2Fe(u-OAC),] " with HoL? = tetraiminodiphenolD: [L 3Fe(OCHMey);] with L3 = 2,6-dimesitylbenzoaté: [L*Fex(u-
OAC)(OAC)(H:0)]* with H,L* = tetraaminodiphenoF: [Fex(salmp}]*~ with salmp= 2-bis(salicylideneamino)methylphenolate(3 ® Wieghardt,
K., unpublished result Effective exchange coupling constaht. ¢ Estimated from an analogue Fe(lI)Ni(ll) compound.

as a consequence of direct metaietal orbital interactions that Exsg
are present in these compourt@8® As the Fe-Fe distance D )\ Eso4
decreases, the inter-metal orbital overlap increases, which in 84

localization in a mixed-valence compound depends on the @

strength of double exchange (eq 8), and siBces strongly

correlated with the metalmetal distance, a sensitive dependence N Y N

of valence localization on FeFe distance may be expectéd. E

Recently, this sensitivity of valence localization to-Hee 1

distance has been clearly demonstrated in comp&ymwhich "
2H,0

. . - >Q O on
turn promotes double exchange interaction and facilitates d OH; : )\o
electron delocalizatioP? Since the characteristic of valence @ o

O,

exists in two conformations with two Fd-e distances differing
by about 0.12 A (see Table 2). Compoubdwith the shorter
Fe—Fe distance is valence delocalized while compoDnalith

the longer Fe-Fe distance displays trapped valedtd-or
R2nvor2 the valences are localized. In other words, the criterion

for delocalization (eq 8) is not met. This would linBtto less Dgy Easg Ez04

than a few hundreds of a cth(10B < A%Kk). Thus, an FeFe >0 }\o )\

distance significantly longer than 2.74 A is expected for32 0 . o ©
For compoundsE and F, the valences are localiz&4>* @ @

CompoundE crystallizes into two independent molecules in a 0

unit cell®! The Fe-Fe distances are 3.08 and 3.11 A, and the N 0;/0

Fe—O—Fe angles are about 96The observed ferromagnetic H Eys Houy

interaction ofE has been attributed to the presence of afr Fe ) . _ }
O—Fe angle close to 965! Such an angle would make F_lgure 9. Possible con'formatlonal changes taking p_lace at the diiron
orthogonal the magnetic orbitals between the two iron atoms S't€s at 180 K, converting [R2{m.2t0 R2nsr. The diiron structure
that interact via the p orbitals of the bridging oxygen atoms, Of [R2nelmuz is assumed to be the same as that ohdz2
and would thus diminish the superexchange pathways and leavefor R2mve2. Thus, a configuration with multiple single-oxygen
the exchange interactions to be dominated by the ferromagneticbridges is proposed. However, since.f2is valence localized,
potential exchange. Since two-center, two-electron potential @ triply bridged configuration is unlikely because such config-
exchange integrals are small, the resulting ferromagnetic uration tends to shorten the +Ee distance to the extent of
interaction is expected to be weak (on the order of a few:ff delocalizing the valences. Consequently, a core structure with
With the relatively short FeFe distance irE, it is possible two single-oxygen bridges, similar to those of compoufds
that double exchange may also contribute to the observedandF, is a likely candidate for R/ It should be noted that
ferromagnetic couplinglés = —17.2 cnml). With the assump-  the strength of the ferromagnetic couplidgs ~ —12 cnm?, in
tion of an exchange interaction of aboufl0 cn? (i.e.,J = R2mvar2is on the same order of magnitude as those ahdF.
—10 cnTY), aB value of~170 cntlis estimated according to  To form such a structure, we suggest that the conformational
eq 9. Although this estimate is rather arbitrary, the order of change taking place upon 180 K annealing may involve shifting
magnitude foB appears to be reasonable for an-fFe distance of the carboxylate E238 from a monodentate terminal binding
of ~3.1 A53 Similar arguments may also be applied to mode to a monodentate bridging and chelating mode, in addition
compoundF. to the expected protonation of the bridging oxo group (Figure
On the basis of the above understanding, it may now be 9). The proposed binding mode for E238 has been observed in
possible to propose a structure forRg- that is consistent with an azide complex of R2 and in the R2-D84E mutaft,and
the observed electronic and magnetic properties. For mixed-has been proposed for the Fe(lll)Fe(IV) compoutidf R25°

va_Ien_ce Fe(ll)Fe(lll) compounds, a configuration with a §|ngle (57) Andersson, M. E.; Fgbom, M.; Rinaldo-Matthis, A.; Andersson,

bridging hydroxo group is expected to have weak antiferro- . k.; Sjoberg, B. M.; Nordlund, PJ. Am. Chem. Sod999 121, 2346-

magnetic interactidf¥>°and therefore is not a likely structure  2352.

(58) Voegtli, W. C.; Khidekel, N.; Baldwin, J.; Ley, B. A.; Bollinger, J.
(55) Saal, C.; Bbm, M. C.; Haase, WInorg. Chim. Actal999 291, M., Jr.; Rosenzweig, A. CJ. Am. Chem. So200Q 122 3255-3261.

82—-90. (59) Riggs-Gelasco, P. J.; Shu, L.; Chen, S.; Burdi, D.; Huynh, B. H.;
(56) Weihe, H.; Gdel, H. U.Inorg. Chem.1997, 36, 3632-3639. Que, L., Jr.; Stubbe, J. Am. Chem. S0d.998 120, 849-860.
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Protonation of the oxo group should reduce the antiferromag-

netic coupling while shifting of the E238 binding mode should
decrease the Fd~e distance and the F©—Fe angles, which

Krebs et al.

study, it is likely that these features are results of a distribution
in the zero-field splitting. In metalloprotein§ = 9/, systems
are rare. However, many proteins contain mononuclear high-

should reduce further the kinetic exchange, sustain the potentialspin ferric centers§= %/,) which display a derivative-type EPR
exchange, and increase the double exchange, resulting in thesignal atg = 4.3 arising from the first excited Kramers doublet.
observed ferromagnetic coupling. Obviously, these detailed Observation of such a signal is usually attributed toEAD

suggestions require further experimental validation.

Another interesting observation resulting from this study is
the effect of zero-field-splitting distribution on EPR spectra.
Although the presence of zero-field-splitting distribution in
proteins has been recognized by many investig&tgi% e the
distribution is generally used to explain only the broadening of
EPR line shape through the creation of a distributiog alues.

In this study, we show that distributions in zero-field splitting

value of/3. The common occurrence of such a signal raises
the question of whether tH&/D value correlates with the local
iron environment. On the basis of the current studg,a 4.3
signal may arise from superposition of a spreadyofalues
caused by zero-field-splitting distribution (as for the= 5.4
signal observed for Rge») and the centrat/D value may not

be %3. EPR spectra of several proteins that contain high-spin
ferric ions have been analyzed wite/D distributions3?:62

may also have a pronounced effect on the nature of the spectrumAlthough it was not emphasized in the reports describing the

and on the apparenf values that are observed. For example,
for an S = 9/, system withD > 0 a discrete value of/D =
0.05 yieldsg values at 5.1, 5.0, and 5.4 for the first excited
Kramers doublet. Thegpvalues are incompatible with the EPR
features observed gt= 6.6 and 5.4 for Rg,9/> On the other

analysis?? central E/D values of 0.2 and 0.1, significantly
different from%3, were obtained for several ferric components
of these proteins, including transferrin and phenylalanine
hydroxylase.
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