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Using broken-symmetry density functional theory, we have studied an experimentally proposed model for ribonucleotide
reductase (RNR) intermediate X, which contains a single oxo bridge, one terminal H,O or OH™ ligand, a bidentate
carboxylate from Glul15, and a mono-oxygen bridge provided by Glu238. For the models proposed here, the
terminal H,O/OH™ ligand binds to site Fel which is closer to Tyr122. The diiron centers are assigned as high-spin
Fe(lll)Fe(lV) and antiferromagnetically coupled to give the Sy = Y, ground state. Calculations show that the
model with a terminal hydroxide in the antiferromagnetic {Sre1 = 2, Srer = %5} state (Fel = Fe(lV), Fe2 =
Fe(ll)) is the lowest energy state, and the calculated isomer shift and quadrupole splitting values for this cluster
are also the best among the four clusters studied here when compared with the experimental values. However, the
DFT-calculated *H proton and O hyperfine tensors for this state do not show good agreement with the experiments.
The calculated Fel-Fe? distances for this and the other three clusters at >2.9 A are much longer than the 2.5 A
which was predicted by the EXAFS measurements. The mono-oxygen bridge provided by Glu238 tends to be
closer to one of the Fe sites in all clusters studied here, and it does not function as a bridge in helping to produce
a short Fe—Fe distance. Overall, the models tested here are not likely to represent the core structure of RNR
intermediate X. The model with the terminal OH™~ hinding to the Fe1(lll) center shows the best calculated H proton
and Y70 hyperfine tensors compared with the experimental values. This supports the earlier proposal based on
analysis of ENDOR spectra (Willems et al.16) that the terminal oxygen group binds to the Fe(lll) site in RNR-X.

1. Introduction following reaction cycle (see Figure 1):

Ribonucleotide reductase (RNR) catalyzes the reduction _
of ribonucleotides to deoxyribonucleotides which are used Fe(llD(-O)(OH)Fe(lll)—Tyr122-OH + 2e + (4 —
in DNA biosynthesis:?“Class I” RNR contains a binuclear n)H" — Fe(ll)Fe(ll)~Tyr122—OH + 2H,0 (1)
iron cluster in subunit R2 that undergoes oxygen activation
t d f dical at ine 122 (Tyr122). Thi -
o produce a free radical at tyrosine (Tyrl22) IS Fe(I)Fe(ll)~Tyr122-OH + 0, + & +nH" —

radical functions as a “pilot light” which begins the catalytic B .
reaction by a long-range proton coupled electron-transfer Fe(lll)(u-O)(OH,Fe(IV)—Tyr122-OH (1)

process to generate a thiyl radical on cystein 439 in another

subunit R1, which then performs the nucleotide reduction, Fe(llD-O)(OH)Fe(IV)—Tyr122-OH —

Once the tyrosine radical is lost, the enzyme becomes Fe(ll)(u-O)(OH,)Fe(ll)—Tyr122—0" + H ()
inactive, but the active form can be regenerated through the

* Corresponding authors. E-mail: wengehan@scripps.edu (W.-G.H.); wheren=1or 2 in egs (I)—(HI)'. . .
tiovell@scripps.edu (T.L.); lou@scripps.edu (L.N.). Fax: (858) 784-8896. S0 far the structure for the active form of the protein with

(1) wallar, B. J.; Lipscomb, J. DChem. Re. 1996 96, 2625-2657. tyrosine radical is still unknown, but X-ray structures of RNR

gg g{fﬁgégdnB'BMES,-UESEGFCSF]I(r:]%j]g?'séshﬁigﬁlgh.- Edmondson. b. rom E. coliare available in both reduced and oxidized(met)

E.; Stubbe, J.; Hoffman, B. Ml. Am. Chem. S0d.996 118 7551—
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Aspgy;  Gluggg structure of intermediate X is still not cleafd 111418 A

OH.._ 7 o\(Glum combination of Q-band ENDOR and ‘dsbauer data indi-
Tyf1z /° o\/ __}0 cates the iron centers of X are high spin Fe(I§)= °5,)
Fe1{“) Ff/’z(")'" ] and high spin Fe(IV)$= 2) sites that antiferromagnetically
His;ig O O  Hiszg couple to give anSew = > ground staté. The best fit
R2req Mdssbauer isomer shifts and quadrupole splittings on Fe were
Glus1s redetermined on the basis of accurdke ENDOR hyperfine
O, & parameters as constraints. X is therefore presently described
w as a spin-coupled Fe(lll)Fe(IV) center without a radical, but
X {Fe(lll)}-O-Fe(IV)-Tyr;2,-OH} with significant spin delocalization onto the oxygen ligand-
(s)2 All experimental data support the existence of at least
l 22 one u-0xo bridge in the core structure of %:1° A short
R20x(activey  Fe(ll)-O-Fe(lll)-Tyr12,-0} Fe—Fe distance of 2.5 A for X is implicated by the EXAFS
He o measurements and data analysis in both wild-type and mutant
l Glugss Y122F proteins.” On the basis of this very short F&e
ASPB?_I o Gluzg, distance, several possible core structures for X were pro-
OH >:2=o----H20 o posed, each of which includes at least grexo bridge, and
Tyrim < /.0 o two monodentate or/and bidentate carboxylate bridges from
':/e‘(\'")\ /Fef("\') | Glu115 and Glu23871°Very recently, on the basis of their
R2ox(met) His11s o o Hisan CW and pulsed Q-banfO-ENDOR experiments and the
former ENDORS® and EXAFS7 observations, Burdi et af.
Glu1s proposed a structure for X, which contains two oxygen

Figure 1. Schematic of the reaction cycle of formation of the active diferric  gtoms. both initially derived from ©Qwith one present as a
cluster (R23xacive) (With tyrosyl radical) from the reaction of Qwith the ' y £ P

diferrous cluster (R2g. X is the intermediate state with Fe(H)D—Fe(IV) u-0X0 br'd99 and one as a te.rmmal aqua ligand bOL_md to
centers. Water ligands and protons may enter or leave the active site.  the Fe(lll) site; one or two additional mono-oxygen bridges

provided by the carboxylate oxygens of Glu115 and Glu238
forms (see Figure 19.° Here we assume that the first ligand may also be present.

shell structure of the active form of R2 is the same as that  og theoretical model of intermediate X has been proposed
of the diferric(met) form, but with some cluster rearrange- 4,4 examined by SiegbaRhwhich contains (see Figure 6
ment possible (and addition or Iqs_s of waters and prot_ons). in ref 20) oneu-oxo bridge, one hydroxo bridge, and two
Then in both the reduced and oxidized states, Fel (which iSpigentate carboxylates from Glu115 and Glu238. Following
close to Tyrl22) is ligated to the side chains of Asp84 and geometry optimization of thiSew = Y» model using the
His118, and the other Fe (Fe2) is ligated to Glu204 and g3 yp density functional theory (DFT) approaghan Fe-
His241. In the diferrous cluster, both carboxylate groups from o gistance of 2.61 A was obtained. Furthermore, spin
Glu238 and Glul15 exist in a bridging position between the populations of 0.99 ane-1.71 were noted for the two iron
two irons. Upon interaction with an mnolecule and the  gjtag 5y1ch small spin populations are more characteristic of
subsequent oxidation reaction, the carboxylate of Glu238 5, spin and intermediate spin Fe centers, rather than high
changes from the bidentate position to monodentate bindingspin Fe sites, and appear inconsistent with the ENDOR and

Wi'th Fe2. Mean_while, a water molecule binds to Fel, and \;ssshauer data for X. In our first study of proposed RNR-X
this H-bonds with Glu238. One oxygen atom from © type species, we have examined this and related models using

reduced to HO, and the other is incorporated as a bridging  poken-symmetry density functional theory and spin-projec-
oxo in the diferric form. In addition, the carboxylate of

C_%Iu2_04 undergoes a shift from bidentate to mqnodentate (10) Bollinger, J. M., Jr.; Edmondson, D. E.; Huynh, B. H.; Filley, J.;
ligation of Fe2. The carboxylate of Asp84 shifts from Norton, J. R.; Stubbe, Bciencel991, 253 292-298.

monodentate to approximate bidentate ligation of Fel with (11) Bollinger, J. M., Jr; Stubbe, J.; Huynh, B. H.; Edmondson, DU.E.
: ) Am. Chem. Sodl991, 113 6289-6291.
the production of Tyrl122radical, and Asp84 also H-bonds (12) Ravi, N.; Bollinger, J. M., Jr.; Huynh, B. H.; Edmondson, D. E.;

with a water molecule coordinated to Fe2. Stubbe, JJ. Am. Chem. Sod994 116 8007-8014.

; ; ; ; ; (13) Bollinger, J. M., Jr.; Tong, W. H.; Ravi, N.; Huynh, B. H.; Edmondson,
During the formation of active R2, a transient species D. E.. Stubbe, JJ. Am. Chem. 04994 116, 8015-8023: 8024

(intermediate X) is formed (reaction 1) which oxidizes 8032.
tyrosine to the stable radical form (reaction Ill), as shown (14) Burdi, D.; Sturgeon, B. E.; Tong, W. H.; Stubbe, J.; Hoffman, B. M.

, J. Am. Chem. Sod 996 118 281-282.
by ENDOR and Mssbauer hyperfine specti@!® Though  (15) Veselov, A.; Scholes, C. forg. Chem 1996 35, 3702-3705.
there has been a significant experimental attempt to elucidate(16) gV':&en}S'AJ' P-(::hee, Hé"&%é?"'ifg;ggc’f&g%ﬁ* Stubbe, J.; Hoffman,
. . . . . ML Jo AM. em. S0 f ) .
the structure of this short-lived catalytic species, the detailed (17) Riggs-Gelasco, P. J.. Shu, L. Chen, S.: Burdi, D.; Huynh, B. H.: Que,

L., Jr.; Stubbe, JJ. Am. Chem. Sod 998 120, 849-860.

(6) Nordlund, P.; Sjberg, B. M.; Eklund, H.Nature 1990 345 593— (18) Burdi, D.; Willems, J. P.; Riggs-Gelasco, P. J.; Antholine, W. E.;
598. Stubbe, J.; Hoffman, B. MJ. Am. Chem. Sod 998 120, 12910~

(7) Nordlund, P.; Eklund, HJ. Mol. Biol. 1993 232 123-164. 12919.

(8) Nordlund, P.; Eklund, HCurr. Opin. Struct. Bial1995 5, 758-766. (19) Hsu, H. F.; Dong, Y.; Shu, L.; Young, V. G., Jr.; Que, L.,JrAm.

(9) Logan, D. T.; Su, X. D.; Rerg, A.; Regnstmm, K.; Hajdu, J.; Eklund, Chem. Soc1999 121, 5230-5237.
H.; Nordlund, P.Structure1996 4, 1053-1064. (20) Siegbahn, P. E. Mnorg. Chem 1999 38, 2880-2889.
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Figure 2. The representative model for the quantum cluster with a termip@l (H;0).. The model with a terminal hydroxide (O is similar to this but
without the hydrogen that has no H-bonding interaction.

tion methodg?! By including some important second and is also examined here. The initial structures were set up
third shell H-bonding partners, thereby significantly increas- according to the RNR X-ray crystal structbiend then were
ing the size of the active site quantum cluster for the Fe(lll)- geometry optimized to see if the carboxylate mono-oxygen
Fe(IV)(u-O)(u-OH) coordination geometry related to Sieg- bridge would remain and the shortFEe= 2.5 A distance
bahn’s, both high spin and intermediate site spin states havecould be reproduced.

been examined, along with Fe(lli> Fe(lV) valence

interchange between Fel and Fe2. The lowest energy2. Quantum Mechanical Cluster Model

structure we obtained displays an-Hee distance of 2.708

A and intermediate spin AF-coupled Fe centers, correspond-
ing to site spins for Fel and Fe2 &fe; = %, andSex = 1,

The representative model with a terminabCH (or a
terminal OH" by deleting the proton which has no H-bonding

velv. The i di i AF i i interaction to Tyrl22) is shown in Figure 2. As proposed
respectively. The intermediate spin AF-coupling conflicts by Burdi et al.}8 there is au-oxo bridge and a terminal aqua

with the high spin Fe sites indicated by Fe hyperfine spectra. ligand in the core structure of X and no bridging® or

Also, Mossbauer property calculations for three different OH. Since thew-oxo bridge is between His118 and His241
spin-states of lowest energy for this model produce similar in the active site of R2(met), we retain this oxygen position
isomer shift values for Fel and Fe2. This contrasts with the in our model (O in Figure é) There are two terminaicH
expe rlm_ental situation in .Wh'Ch th_e two Iron sites can k_’e ligands found in the crystal structure of K2net) (see Figure
distinguished on the basis of their different isomer shift 1). One is between Asp84 and Glu204 and ligated to Fe2
_ -3 — : .
garan;eters._FlZJ rther,_fc;/r the AF co_urr]) Il{eﬁtel f2, Srez he According to our previous calculatioRsywhen keeping the
} and{See1 = 2, S = o} states with lowest energies, the carboxylates both bidentately ligated to the irons, this
calculated isomer shift and quadrupole spllttmg values of site prefers a bridging hydroxide rather than a termingdH
the Fe(IV) center are larger than the corresponding ones foror terminal hydroxide. We therefore choose to keep the other
the Fe(lll) site, which is also inconsistent with the experi- terminal HO which is ligated to Fel in this model. Both
mental data. On this basis, we therefore concluded that theterminal HO (denoted as (¥D)) and terminal OH.(as
mod_el \_/vhich contgins_two k_)identate carboxylate groups and(OH_)t) forms are studied in this paper. Burdi et'&lso
a l;)lrldgmg hydroxide is unlikely to be the core structure of suggested that intermediate X contains one or two mono-
X. : .
. . oxygen bridges provided by the carboxylate oxygens of
In this second paper on proposed_ RNR-X type SPECIES, G115 and/or GIu238. Since the coordination mode of the
we present the results Of. our propertlgs calculations on thecarboxylate of Glu115 remains the same in both the diferrous
model proposed by Burdi et &.In Burdi's model, there is and diferric centers, its bidentate coordination is kept in the

no hbricli)ging I—éO or OH §ince thishwoulcfi_ be incgzilstent model. Therefore only the carboxylate group of Glu238 is
with observed anisotropic proton hyperfine spectrane shifted to the position where Dis between the two iron

gf the oxygens of the carbox;Qe};e OfAGIUZ?’.S is thgﬁht to sites and opposite to the bridging oxygen (O) (see Figure
€ present as a mono-oxygen bridge. A termingD kdr 2). Since the Tyr122 is not in the radical form in intermediate

(21) Han, W.-G.; Lovell, T.: Liu, T.; Noodleman, llnorg. Chem 2003 X, the H-bonding pattern between Tyr122 and Asp84 may
42, 2751-2758. reasonably be assumed to remain the same as that in the

Inorganic Chemistry, Vol. 43, No. 2, 2004 615



Han et al.

diferrous centers. The terminab® or OH™ in our model is mizations on two kinds of spin states {d§, = %,, S, = —2} and

also H-bonded to § of Asp84. For an improved representa- {S. = =2, S = */3}, for the (HO) and (OH); clusters. (Note:

tion of the structural and energetic effects of the protein total spin quantum numbers cannot be negative. We use the negative
environment, the main H-bonding residue side chains in the Sign to simply denote the AF coupling arrangement.) ,

outer ligand shells are also included in the model. These , Ysually the AF spin-coupled state cannot be obtained directly
residues are Trplll, GIn43, Asp237, and Trp48. The from the normal DFT calculations in ADF. As in previous work,

. . : we represent the AF spin-coupled state in DFT by a “broken-
H-bonding interactions are (Trp111)M-+-O.(Glu204), symmetry” state, where a spin-unrestricted determinant is con-

(GIn43)Qy-+*HNy(His241), (Asp237)Gy-HNy(His118), structed in which one of the Fe site adopts spin-up electrons and
(Asp237)Qy-*HNex(GIn43), and (Trp48)NH-+-Os2(Asp237). the other site has spin-down electréfs®3 To obtain this broken-
The initial Cartesian coordinates of the model cluster are symmetry solution, we first construct a ferromagnetically (F) spin-
taken from chain A of the RNR X-ray crystal structure (PDB  coupled Gnax = Sota = %-) determinant, where the spins on both
code:1XIK)? The orientation of the carboxylate group of irons are aligned in a parallel fashion. Then we rotate the spin vector
Glu238 side chain was rearranged to a bridging monodentatelocated on either atom Fel or atom Fe2 by interchangingathe
ligating position. The bridging-oxo and terminal HO(OH") andg fit density blocks.on the site Fel or Fe2 frpm the output file
were incorporated according to the positions described above TAPE21 created by this F-coupled calculation in ADF. Using the
All side chain groups were extracted from the protein modl_fled TAPE21 as a restart fl_le and reading the starting spin
coordinates by breaking the;EC, or C,—C; bonds. Then density from there, we then obtain the expected broken-symmetry

L . state through single-point energy calculation or geometry optimiza-
a linking hydrogen atom was added to fill the open valence - 9 ger 9 g yop

of the ending carbon atof. More detailed information for obtaining isomer shift)(and
quadrupole splitting (QS) properties can be found in ref 34. The
correlation between isomer shiftsand Fe nuclear densitigg0)

All DFT spin-unrestricted calculations have been performed using is given by
the Amsterdam Density Functional (ADF, Version 2.3 and 2000.02)
package$32¢ The parametrization of Vosko, Wilk, and Nusair 0 =a(p(0) — 11884.0)+ C @
(VWN)?” was used for the local density approximation term, and
the corrections of Perdew and Wang (PW91yere used for the
nonlocal exchange and correlation terms. During geometry opti-
mizations in ADF2.3, basis set IV was applied for the two iron
sites (uncontracted triple-Slater-type orbitals (STO) for the 3s,
3p, 3d, and 4s valence orbitals along with a 4p polarization orbital) —
and basis set lll for other atoms (doulg&TOs for 2s, 2p valence X - It )
orbitals of C, N, O augmented with a 3d polarization orbital, and constants, we performed both S|mple_est|mat|ons (see Appendix)
double£ STO for 1s of H with a 2p polarization orbital). The inner @nd more accuraté tensor calculations based on computed
core shells of C(Ls), N(Ls), O(1s), and Fe(Ls,2s,2p) were treatedelectronlc spin dengltles using ADF2000332 In the esUr_na’uons,
by the frozen core approximation. For &bauer parameter and the ligand'H hyperfine coupling constants were dgterrpmed py the
hyperfine coupling calculations, the electronic densities were diStance between the proton and the closest Fe sité@hisotropic
obtained by single-point energy calculations on the optimized hyperfine coupling constants were calculated using Mulliken

geometries using basis set IV in ADF2000.02 for all atoms (triple- valence' O(2s) spin populations. Theten_sors obtained by ADF
STOs for 2s, 2p valence orbitals of C, N, O augmented with a 3d calculations were based on the assumption that there was only one

polarization orbital, and triplé- STO for 1s of H with a 2p unpaired electron in the system. For the present system with high

polarization orbital), and no frozen core approximation was applied. spin_AF coupled sites, we _therefore need to rescale the ADF-
The accuracy parameter for the numerical integration grid was SetobtalnedA tensors by the spin coupling factdfa/2S, for Fe(lll)
t0 4.0, (Ka =715, Sa = ®,) andKg/2S; for Fe(IV) (Kg = —%3, S = 2)3

Experimentally, X is assigned as an Fe(lll)Fe(I)a = Y» For the terminal OH or H,O group, the coupling factors are

ground state, and the two Fe sites are high spin and antiferromag-determmed by whether Fel is a ferric or ferrous center. For the
netically (AF) coupled. We therefore performed geometry opti-

3. Computational Methodology

wherea = —0.664, andC = 0.478 were obtained from a linear
correlation between measured isomer shifts and calculated electron
densities for a series of 15 dinuclear plus 6 polar mononuclear iron
complexes? The best fit equation gave a correlation coefficient (
—0.94) with a standard deviation of 0.11 mm/s.

For predicting the ligandH proton and’O hyperfine coupling

(29) Noodleman, L.; Case, D. Adv. Inorg. Chem 1992 38, 423-470.
(30) Mouesca, J.-M.; Chen, J. L.; Noodleman, L.; Bashford, D.; Case, D.

(22) Han, W.-G.; Tajkhorshid, E.; Suhai, &.Biol. Struct. Dyn1999 16, A. J. Am. Chem. S0d 994 116, 11898-11914.
1019-1032. (31) zZhao, X. G.; Richardson, W. H.; Chen, J.-L.; Li, J.; Noodleman, L.;
(23) (a)ADF 2.3.Q Theoretical Chemistry, Vrije Universiteit: Amsterdam. Tsai, H.-L.; Hendrickson, D. Nlnorg. Chem 1997, 36, 1198-1217.
(b) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 41-59. (32) Li, J.; Noodleman, L. InSpectroscopic Methods in Bioinorganic
(c) te Velde, G.; Baerends, E. J. Comput. Phys1992 99, 84—98. Chemistry Solomon, E. ., Hodgson, K. O., Eds.; ACS Symposium
(d) Guerra, C. F.; Visser, O.; Snijders, J. G.; te Velde, G.; Baerends, Series 692; American Chemical Society: Washington, DC, 1998;
E. J. In Methods and Techniques for Computational Chemiistry Chapter 9, pp 179195.
Clementi, E., Corongiu, G., Eds; STEF: Cagliari, 1995; p 305. (33) Case, D. A.; Noodleman, L.; Li, J. Metal-Ligand Interactions in
(24) ADF 2000.02 Theoretical Chemistry, Vrije Universiteit: Amsterdam. Chemistry, Physics and BiologjRusso, N., Salahub, D. R., Eds.;
(25) van Lenthe, E.; van der Avoird, A.; Wormer, P. EJSChem. Phys Kluwer Academic Publishers: Dordrecht, The Netherlands, 2000; pp
1998 108 4783-4796. 19-47.
(26) Te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Guerra, C. F.; van (34) (a) Lovell, T.; Han, W.-G.; Liu, T.; Noodleman, . Am. Chem. Soc
Gisbergen, S. J. A;; Snijders, J. G.; ZieglerJTComput. Chen2001, 2002 124,5890-5894. (b) Liu, T.; Lovell, T.; Han, W.-G.; Noodle-
22, 931-967. man, L.Inorg. Chem 2003 42, 5244-5251.
(27) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~ (35) Noodleman, L.; Chen, J.-L.; Case, D. A.; Giori, C.; Rius, G.; Mouesca,
1211. J.-M.; Lamotte, B. InNuclear Magnetic Resonance of Paramagnetic
(28) Perdew, J. P.; Chekavry, J. A.; Vosko, S. H.; Jackson, K. A.; Perderson, Macromolecules Kluwer Academic Publishers: The Netherlands,
M. R.; Singh, D. J.; Fioihais, GPhys. Re. B 1992 46, 6671-6687. 1995; pp 339-367.
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bridging oxo, the coupling factor was chosen depending on whether Table 1. Geometries (A), Net Spin Populations, Broken-Symmetry

the dominant coupling is due to Fe(lll) or Fe(lV).

To examine whether a terminal,& or terminal hydroxide is
favored in this model cluster, we need to calculate tg\mlues
for the —H,0 ligand (L) forms. The detailed procedure foK$
calculations can be found from our previous wéfie8 First we
used a modified version of CHELPG cdféo fit the point charges
from the molecular electrostatic potentials calculated by ADF. Then
for solvation energy calculations, we used the MEAD (Macroscopic
Electrostatics with Atomic Detail) program suite developed by
Bashford, to solve the PoisseBoltzmann equation using a finite-
difference method®41The solute is represented by a set of atomic

charges and Born radii. The dielectric constant in the solute region Fe2-0.1(Glu238)

is set toe = 1.0. Three kinds of conditions are considered for the

solvent environment. The first is to treat the solvent as water, that

is a continuous dielectric medium with= 80.0. The second is to
usee = 4 for the medium, representing the cluster within a low
dielectric protein environment. The third is to consider both the
protein field and reaction fieléf-38 The PARSE? charges and radii
were assigned to atoms in the protein field. Again the dielectric

constant in the protein region is set to 4.0, and that in the solvent o(Tyr122)--0;;,

water region is set to 80.0. Finally for the following process
L(H,0)— L(OH") + H* @)
the K, value for the L(HO) cluster can be calculated by
1.37K, = {E[L(OH )] + E[H"] — E[L(H,0)] + Ego} +
{Ggo[L(OH )] — G [L(H,0)]} — 268.26= PA +
AG(deproton)— 268.26 (3)
whereE[L(OH™)] andE[L(H,0)] represent the gas-phase energies
for the active site clusters with ligandOH~ and —H0O, respec-
tively; E[H"] = 12.6523 eV is the calculated ionization energy of
a spin restricted H atom obtained from DFT calculatiBgy is a
correction term to the proton affinity PA, including an estimate of
the zero point energyAZPE = —7.7 kcal/mol§® and®,RT work

term. The quantity-268.26 kcal/mol comes from the sum of the
solvation free energy of a protor-260.5 kcal/mofj®#4(using the

estimated value of Noyes), and the translation entropy contribution

to the gas-phase free energy of a proteTAS{H") = —7.76
kcal/mol at 298 K and 1 atm pressufé)Gs, represents solvation

State EnergiesHgs) (eV), Isomer Shiftd Values (mm/s), and
Quadrupole Splitting (QS) Values (mm/s) for the Model Clusters with
Terminal Hydroxide (OH); and Terminal HO (H.O) in Different

Spin States

(OH™ ) (H20)
S =%, §=-2 S =5, §=-2
$=-2 $=% S$=-2 $=%%
Geometry

Fel-Fe2 2.973 2.970 2911 3.105
Fel-O 1.773 1.729 1.823 1.734
Fe2-O 1.777 1.846 1.742 1.821
Fel-0.(Glu238) 2.534 2.552 2.350 1.942

1.912 1.985 2.001 3.126
Fe2-0.(Glu238) 3.321 3.441 3.397 2.101
Fel-O(OH" or H0) 1.790 1.781 2.114 2.255
Fel-0s1(Asp84) 2.013 1.973 2.051 1.981
Fel—Ny1(His118) 2.175 2.181 2.158 2.040
Fel-0.(Glull5) 2.080 2.032 2.027 2.093
Fe2-0.1(Glu204) 3.183 2.237 2.046 2.130
Fe2-0.(Glu204) 1.896 2.067 2.161 2.198
Fe2-Ny1(His241) 2.046 2.239 2.140 2.151
Fe2-0(CGlul15) 2.058 2.076 2.096 2.044

2.701 2.701 2.710 2.736
Os2°+*O(OH" or H,0) 2.706 2.704 2.553 2.576

Net Spin Populatich
Fel —-3.27 —2.91 3.67 —2.79
Fe2 —2.70 3.83 —3.19 3.70
O 0.06 —0.10 —0.06 —0.04
O(OH™ or H0) 0.32 —0.27 0.07 —0.07
0O.1(Glu238) 0.01 0.12 —0.02 —0.01
O.2(Glul1b) —0.12 0.09 —0.09 0.11
Ns1(His118) 0.11 —0.11 0.08 0.00
O2(Glu204) —0.02 0.15 —0.13 0.14
Egs —783.6290 —783.9357 —784.3001 —784.6581
O(Fep)P 0.17 0.05 0.33
O(Fey)P 0.34 0.65 0.72
QS(Fe)° —0.63 0.29 1.10
QS(Fe)° 2.0 —0.55 —1.10

aThe net spins on the ligated atoms which are larger than 0.10 in one of
the states are given hefeThe experimental isomer shift values are 0.56
(for Fe(lll)) and 0.26 (for Fe(lV)) mm/st The experimental quadrupole
splitting values are-0.90 (for Fe(lll)) and—0.60 (for Fe(IV)) mm/s.

for the (OH); and (HO): cluster models. The spil%
corresponds to that on site Fel nearer to Tyr122 (see Figure

energy, and it contains both the reaction and protein field energies 2). Mossbauer propertiedi proton hyperfine couplings on

in the third case.

4. Results and Discussion

Geometry optimizations for two kinds of spin state{ &
=5,%=-2} and{S, = —2,S = %} have been obtained

(36) (a) Richardson, W. H.; Peng, C.; Bashford, D.; Noodleman, L.; Case,
D. A. Int. J. Quantum Chent997, 61, 207—217. (b) Li, J.; Fisher,

C. L.; Konecny, R.; Bashford, D.; Noodleman,lbhorg. Chem1999
38, 929-939.

(37) Huang, H.; Han, W.-G.; Noodleman, L.; GrynszpanBleorg. Med.
Chem 2001, 9, 3185-3195.

(38) Han, W.-G.; Lovell, T.; Noodleman, llnorg. Chem2002 41, 205~
218.

(39) Breneman, C. M.; Wiberg, K. Bl. Comput. Cheml99Q 11, 361—
373.

(40) Bashford, D.; Gerwert, KJ. Mol. Biol. 1992 224, 473-486.

(41) Bashford, D. InScientific Computing in Object-Oriented Parallel
Environments Ishikawa, Y., Oldehoeft, R. R., Reynders, J. V. W.,
Tholburn, M., Eds.; Lecture Notes in Computer Science; Springer:
Berlin, 1997; Vol. 1343, p 233.

(42) Sitkoff, D.; Sharp, K. A.; Honig, BJ. Phys. Chem1994 98, 1978.

(43) (a) Noyes, R. MJ. Am. Chem. Sod 962 84, 512-522. (b) Reiss,
H.; Heller, A.J. Phys. Cheml1985 89, 4207.

(44) Tawa, G. J.; Topol, I. A;; Burt, S. K.; Caldwell, R. A.; Rashin, A. A.
J. Chem. Phys1998 109, 4852-4863.

(OH™), or (H.,O) clusters, and’O couplings are then
calculated at the optimized geometries. The bond lengths of
the core structure, net spin populations, broken-symmetry
state energiesgs), isomer shift §) values, and quadrupole
splitting (QS) values for the clusters are given in Table 1.
The estimations fotH proton hyperfine and’O isotropic
couplings using the simple methods in Appendix are given
in Table 2. The DFT calculatetd proton and’O hyperfine
couplings (rescaled by the spin coupling factors) are given
in Table 3.

4.1. (OH"); Clusters. The optimized structure for the spin
state{S, = -2, S = %} is of lower energy (by 7.1 kcal/
mol for the broken-symmetry energy) than §& = 5,, S
= —2} state. Therefore, site Fel with a hydroxide ligand is
the Fe(lV) center. During the geometry optimizations, the
oxygen Q; of Glu238 moved much closer to Fe2 than to
Fel. The distance between thg @Ilu238) and Fel is more
than 2.5 A in both the Fel(lll)Fe2(IV) and Fel(IV)Fe2(Ill)
states. The FeiFe2 distances in the two structures are quite
similar (2.973 and 2.970 A) and are much longer than the
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Table 2. Estimates of Ligand Hyperfine Coupling Constants (MHz)

calculations
(OHf)[ (Hzo)t
S=% S=-2 §=% S=-2

property S=-2 $=% S$=-2 S$=°% experiment
r(Fel—H)P 2.27 226 2.53,2.60 2.56,2.71
S () 29 —-17 21,19 -12,—10 20.5,17.B
ASY(Opy)d -6 +3 -2 -5 15.3
AS(Oy)e —22 —12 +10 +6 23.8
2s-net-spin(@)f 0.0024 0.0016 0.0013 0.0026
2s-net-spin(@? 0.009 —0.007 0.0042 —0.0033

aThe estimation methods are given in the Appenflikhe distances
(A) between Fel and the protons on the terminal Qi H,O groups.
¢ Proton hyperfine coupling constants (MHZ2"s{H) is the largest
principal value of the axial dipolar tensét1’O isotropic hyperfine coupling
constants (MHz) for the bridging oxygen atoft’O isotropic hyperfine
coupling constants (MHz) for the oxygen atom of the terminal Qs
H»0. f The net spin population for the 2s orbital of the bridging oxygen
atom.9 The net spin population for the 2s orbital of oxygen atom of the
terminal OH or H,O. " From ref 16. From ref 18.

Table 3. DFT-Calculated Ligand Hyperfine Coupling Constants (MHz)
Compared with Experimental Resdlts

calculations
(OH™ ) (H20)
S =% §=-2 S =-2
property S=-2 S=5%, S =5, experimertt
Proton Hyperfine Coupling Constants
AgnisqH) -14.0 5.9 2.6,1.9 —10.25,—8.8
AnisqH) -94 7.8 6.1,6.3 —10.25,—-8.8
AgnisqH) 23.4 —-13.7 —8.7,—8.2 20.5,17.6
Aso(H) 5.5 -25 1.6,0.8
170 Hyperfine Coupling Constants

A]_(Obr) —2.2 —-0.5 —-1.6 0
Ax(Opy) -9.2 -8.1 -6.7 22,5
As(Opr) —24.9 -19.9 -20.9 235
AiS(Op,)° -12.1 -9.5 -9.8 15.3
Ag2"sqO,) 9.9 9.0 8.1 —15.3
A" Opy) 2.9 1.4 3.0 7.2
Ag?S{Opy) -12.8 -10.4 -11.1 8.2
A(Oy) 2.3 -5.7 8.8 17
AO) -8.9 -1.1 9.0 20.5
As(Oy) —46.6 32.1 24.3 34.0
Ais(Oy) -17.7 8.4 14.0 23.8
Ag2NisqOy) 20.0 —-14.1 —5.2 —6.8
ANisqOy) 8.8 -95 -5.0 -3.3
Agis(Oy) —28.8 23.6 10.3 10.2

a DFT-calculated tensors were rescaled by the spin coupling factors (see
text). ° Proton hyperfine coupling constants are taken from ref 16. The
principal values of thé’O hyperfine coupling constants for the bridging
(br) and terminal (t) oxygen atoms are taken from ref 18. For the
experimental tensors, which are based on parameter fits to the observe
ENDOR spectra, the relative signs of the 3 principal values were determined,
but the absolute signs are not known. Therefore, at present, the overall
tensors may be:1 times the values giveld.The spin coupling model we

have used assumes that a dominant spin vector can be identified. This is

more problematic for the bridging O than for the terminal O&f H,O
ligands.

2.5 A indicated from analysis of EXAFS measurements. The
2.9 A value is also substantially larger than 2.76 A from
our previously calculated modél.In the Fel(IV)Fe2(lll)
state, both the oxygen atoms;@nd Q; in the carboxylate
group of the terminal Glu204 are coordinated to Fe2 with
the bonding distances of 2.237 and 2.067 A, respectively.
Atom O, of Glu204 is also H-bonding to the NH group

of Trp111 with Q;++-H distance of 1.970 A. By contrast,
for the Fel(lll)Fe2(lV) state, only @ of Glu204 is ligated
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to site Fe2 with a shorter distance of 1.869 A, and ©®
much farther from Fe2 (the distance of Fe2-® 3.183 A)

but still H-bonding to the NH group of Trpl11 with the
O.1++-H distance of 1.931 A. So, the nature of the spin and
oxidation state of Fe2 has a major effect on the coordination
mode of Glu204-Qatoms.

The net spin populations are the main indication of the
high spin or intermediate spin character of the Fe sites. In
the ideal ionic limit, the net unpaired spin populations are 5
and 4 for the high spin Fe(lll) (five d-electrons) and Fe(IV)
(four d-electrons) sites, respectively. The absolute calculated
net spins in Table 1 are smaller (by about)l#nan the ionic
limit, indicative of substantial Feligand covalency and
consistent with previous results in related complexes includ-
ing RZx(met)® The opposite signs for the spin densities of
Fel and Fe2 confirm the AF-coupling. Experimentally, it
has been observed that there is significant spin delocalization
onto the oxygen ligand($)The net spins on the bridging O
atom and the assumed mono-oxygen bridge of atepnoD
Glu238 are small in the Fel(lll)Fe2(1V) state, while in the
Fel(lV)Fe2(lll) state, there are larger amounts (around 0.1)
of spin delocalization onto the oxygen atoms, including the
bridging oxygen, O(OH), O.(Glu238), Q,(Glul15), and
O.2(Glu204).

Further we performed Mgsbauer property calculations on
the two broken-symmetry state optimized structures. The
experimental isomer shift)) for Fe(lll) and Fe(IV) sites
are 0.56 and 0.26 mm/s, respectively. Corresponding quad-
rupole splitting (QS) values are0.90 and—0.60 mm/s. For
the Fel(lll)Fe2(1V) state, our calculated isomer shift values
are 0.17 and 0.34 mm/s, and the quadrupole splitting values
are—0.63 and 2.0 mm/s, for Fel(lll) and Fe2(lV), respec-
tively (see Table 1). The calculated absolute isomer shift
and quadrupole splitting values for site Fel(lll) are smaller
than the corresponding ones for the Fe2(lV) site, which is
in contrast with the measured results that the valued of
and QS for Fe(lll) site are larger than for Fe(lV). For the
Fel(IV)Fe2(lll) state, the calculated isomer shifts @fieel)
= 0.05 mm/s and(Fe2)= 0.65 mm/s, and the quadrupole
splittings are QS(Fely 0.29 and QS(Fe2r —0.55 mm/s.
The ordering of these values and their magnitudes, while
showing far from perfect agreemeni(Fel) is too small),

dis consistent with the experimental values; i.e., the calculated

absolute values ab and QS for site Fe(lll) are larger than
the corresponding ones for site Fe(lV). In this model, both
the isomer shift and quadrupole splitting values for the two
iron sites are distinct from each other, so that one can clearly
distinguish the Fe(lll) and Fe(lV) centers. Our calculated
Fe(lV) site isomer shift of 0.05 mm/s is much closer to that
of AF coupled, valence localized fEe(lll)Fe(IV)Oy]3"
synthetic complexes (where £ 6-Me-tpa or 6-Me-tpa)
havingd[Fe(IV)] = 0.08, 0.10 mm/s smaller than the more
“covalent” Fe(IV) site in RNR-X where) = 0.26 mm/s*®
Very recently, we performed Misbauer property calcula-

tions on another Fe(llyO—Fe(IV) model which has a

(45) Que, L., Jr.; Tolman, W. BAngew. Chem., Int. EQ002 41, 1114~
1137.



p-1,1-Carboxylate Bridged Fe(lll}--O—Fe(IV) Complex

bridging hydroxide and two bidentate bridging carboxylate tions for the Fe(IV) dimer in our models of the high-valent
groups from Glull5 and Glu238. Both isomer shift and intermediate Q in methane monooxygenéskiotably, for
quadrupole splitting values for the two iron sites of {I& complex1 (OH™, § = %,, $ = —2) which has a higher

= —2,% = %3} (Fel(IV)Fe2(lll)) state of that model are calculated isomer shift for the Fe(lV) site compared to the
very close (witho(Fel)= 0.33,6(Fe2)= 0.29, QS(Fely Fe(lll) site, both Fe sites are strongly coordinated to the
—1.90 and QS(Fe2Fr 1.70 mm/sf! On the basis of these  bridging oxo group and 5 coordinate, and the spin population
calculations, it appears the model with a terminal hydroxide on Fe(lll) is comparatively low (3.3) compared to other
and Fel(IV)Fe2(lll) oxidation states yields a better descrip- Fe(lll) sites (3.73.8), suggesting some “mixed-valent”
tion for the M@ssbauer properties of the RNR intermediate character involving Fe(IV) (and perhaps also some fractional

X. intermediate spin Fe(lll) character). (See Fe(lll) and Fe(lV)
4.2. (HO); Clusters. As was found for the (OF); clusters, range in Gdlich and Ensling®)

the structure with a terminal J@ for the spin state ofS, = One cannot compare the absolute energies between the

—2,S = %} also has a lower energy (by 8.3 kcal/mol in  (HO) and (OH"), clusters because the clusters have different

broken-symmetry energy) than tfg, = %,, S = —2} state. numbers of protons. We then calculated tlg palues for

The Fel-Fe2 distances in the two spin states are again longerthe —H,O ligand forms in order to compare the relative
than 2.9 A. The terminal pD is predicted to be closer (by stability between the (40) and (OH); cluster forms. As
0.141 A) to the Fel center when Fel is the ferric site. Both described in section 3, three kinds of solvation environment
oxygen atoms @ and Q; in the carboxylate group of Glu204 are considered here. The first is a continuum dielectric
are ligated to the Fe2 site, and the bridging oxygen O is medium withe = 80 (water), the second is a medium with
closer to the Fe(IV) center in both ¢B) structures. In the  smaller dielectric constart= 4 (appropriate for a protein
{S =% S = —2} state, the bridging @ of Glu238 is environment), and the third is to consider both the protein
closer by 0.35 A to the Fe2 site, and the distance forFe2 and water environments with = 4 for the protein region
0O.2(Glu238) (3.397 A) is very long. For thHes, = -2, S, = (plus point charges in atomic positions) ang 80 for outer
5,} state, Q; of Glu238 is bonded to the Fel site alone, area. The threeky values for theS, = 5,, S = —2} state
while O., of Glu238 is bonded to Fe2 at a distance of 2.101 (H.O); cluster are 0.26, 6.80, and 5.71, and for the lower
A. energy{S. = —2, S = %,} (H,O), state these i, values
Since thg S, = —2, S, = %5} (H.O) cluster is much lower — are 2.41, 8.39, and 4.55. It is obvious that th€, palues
in energy than th¢S, = %,, S = —2} cluster, we performed ~ vary with the environment. The (Ohk cluster form is
Mossbauer property calculations only on the former. The favored in the very polar environment wigh= 80. The [K,
isomer shift values(Fel)= 0.33 and)(Fe2)= 0.72 mm/s values are increased to about 7 and 8 when usiagl, and
appear reasonably consistent with the experimental data ofthe (HO) and (OH), forms may coexist in this environment.
d(Fe(IV)) = 0.26 ando(Fe(lll)) = 0.56 mm/s. However, When both the protein and reaction fields are considered,
the absolute calculated quadrupole splitting values are thethe K, values are between the two extremes and are still
same (1.10 mm/s) for the two iron sites, which is inconsistent smaller than 7. Therefore, the (O} form of this model
with the experimental values of QS(Fe(I\&) —0.60, QS- cluster is energetically preferred to the corresponding(H
(Fe(lll)) = —0.90 mm/s. cluster within the protein and water environment. Overall,
Some more global observations can be made about theffom the energy, K., and M@sbauer properties analysis,
Mdssbauer isomer shifts we have calculated. Taking athe{S = —2, S = 3} state (OH): cluster gives a better
reasonable Fel coordination cutoff of FeL < 2.3 A, the description than the other three possibilities for the core
first, second, and fourth complexes in Table 1 have Fe(lll) Structure of RNR intermediate X. Its Fé€e distance (2.970
coordination numbers of 5, 6, and 6, respectively, and A), however, is much longer than the EXAFS value of 2.5
corresponding calculated isomer shifts of 0.17, 0.65, and 0.72A. The atom Q; of Glu238, which is supposed to be a
mm/s. Typical variation for experimental high spin Fe(lll) bridging oxygen, actually binds to Fe2 (1.985 A) and
ranges from 0.27 to 0.64 mm/s (corrected4 K for the ~ consequently is very far from Fel (2.55 A).
second order Doppler shift) on going from tetrahedral to ~ 4.3. Ligand Hyperfine Coupling. The estimates (see
octahedral coordination in an oxygen rich environmiéand ~ Appendix) of the'H proton hyperfine couplings on (Ob
six coordinate diferric peroxo complexes can have isomer Or (H:O) clusters and’O isotropic couplings are given in
shifts of 0.66 mm/48 Therefore, the same general trend with Table 2, and the more accurate DFT-calculatedoroton
increasing coordination number is shown for Fe(lll), and and*’O hyperfine couplings (rescaled by the spin coupling
these calculations match the experimental range to within factors) are given in Table 3 and compared with experimental
about one standard deviation (based on our prior linearvalues for RNR-X:%8 Comparing the two methods, the
correlation, SD= 0.11 mm/s for synthetic complexes). For Simple estimates predict reasonable values for the largest
high-spin Fe(lV) in synthetic iron dimer complexes and — _
proteins, experimental isomer shifts vary from 0.08 to 0.26 (“7) l\%t?{ob's’ ﬁ]r'éigﬁ‘ggé;;c%'ﬁénﬁi';t‘r’;'é'fgnnigﬂ" E: f'ﬁ%‘é‘?&?ﬁfﬁ%‘i
mm/s, which is similar to the range 0.66.34 mm/s¥’ found Eds.; ACS Symposium Series 692; American Chemical Society:

in our calculations in Table 1, and in our previ lcula- Washington, DC, 1998; Chapter 22, pp 37886.
previous caicula (48) Giilich, P.; Ensling, J. Inlnorganic Electronic Structure and
SpectroscopgySoloman, E. ., Lever, A. B. P., Eds.; John Wiley &

(46) Kim, K.; Lippard, S. JJ. Am. Chem. Sod 996 118 4914-4915. Sons: New York, 1999; pp 161211.
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axial dipolar tensor of théH proton hyperfine couplings,
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best agreement with the experimental values. However, the

but all are somewhat larger than the corresponding DFT- DFT-calculatedH proton and 'O hyperfine coupling
calculated values. These higher values for the simple constants on this model are not in agreement with the
estimates are caused by the assumption of purely localizedexperiments. This state is also inconsistent with the proposal
spin density at Fe(lll) or Fe(IV), and the use of the nearer that Fel (the site closer to Tyrl22) of X is in the3

Fe to the proton as the sole source of spin density (see refoxidation state, which was proposed on the basis of Bol-
16 and our Appendix for more details). The calculated DFT linger's selectiveé’Fe incorporation experiments and evalu-

spin density is more delocalized (see Table 1). Also'te

ation of which site is Fel based on the diferric $8bauer

isotropic couplings for the bridging (br) oxo predicted by spectrunt?® Further, the Fe Fe distances are all longer than
the Mulliken valence spin population estimates are too small 2.9 A in the (HO) and (OH), model clusters, a feature
comparing with the DFT-calculated and the experimental inconsistent with the very short distance of 2.5 A predicted

results.
Comparing the explicit DFT-calculatét proton and’O

by the EXAFS measurements. EXAFS is often quite accurate

for Fe—ligand and Fe-Fe distances; however, errors of up

hyperfine couplings with the experiments, none of the three to 0.2 A compared to subsequent X-ray structures have been
models reproduce all the experimental values. However, thefound for Fe-Fe distances in some synthetic systéfisven

first cluster, that is (OH), in the S, = %, S = —2) state,

is the best in reproducing the overall hyperfine couplings.

This model gives reasonable values¥drproton anisotropic
hyperfine couplings4u 2 £"{H)) and’O isotropic &(Oyy))
coupling for the bridging oxo, and thEO isotropic @is°-

by assigning a 0.2 A error bar to the EXAFS datum, the
2.97 A Fe-Fe distance still seems too long. The atom O
of Glu238, which is proposed to function as a bridging
oxygen, is always much closer to one of the Fe sites in the

four complexes and does not act as a mono-oxygen bridge

(Oy) coupling constant for the terminal oxygen. This seems to shorten the FeFe distance. By considering all these
to support the assumption that the terminal oxygen group is factors, the models studied here are still unlikely to be

ligated to the Fe(lll) site in RNR-X¢ Though the second
model ((OH); in (S = %,, $ = —2) state) gives the best

representative of the core structures of RNR intermediate
X.

Méssbauer parameters among these three models, it shows |t is well-known that there are two crystallized synthetic
very small absolute values for the hyperfine couplings of diiron systems which produce short-Fee distances. One

A2MsqH), A5(Oy,), andA(Oy), and a very large value for
Ag?sq0y), comparing with the corresponding experimental
data.

Conclusions

On the basis of experimental observatiét¥,Burdi et
al.*® proposed a structure for the diiron center of RNR

is the [Fe(ll)Fe(IV){-O)(5-Et-TPA),](ClO,); cluster (with

S =Y, S = 1, andSew = %>), which contains an Réu-

O), core, that results in an Fé e distance of 2.683 A.50-52
Our previous Fe(ll)-O—Fe(IV) model?! which contains two
bidentate bridging carboxylates from Glul115 and Glu238,
and a bridging hydroxide, also yields a short F&E2
distance of 2.561 A for the mixed valeft. = 3/ state.

intermediate X, which contains a single oxo bridge, one The corresponding high spin AF-couplé¢&, = %,, S =

terminal aqua ligand bound to Fe(lll), and one or two —2} and{S, = —2, S = %} states, however, yield longer
additional mono-oxygen bridges provided by the carboxylate Fe—Fe distances of 2.804 and 2.762 A, respectively. These
oxygens of Glull5 and Glu238. In this paper, we have are shorter than the FeFe?2 distances for the current model
developed a model for the structure of X by following the but are still much longer than the 2.5 A predicted by the
proposal of Burdi et al., such that the bidentate coordination EXAFS measurements. Another crystallized synthetic system

of Glul15 is maintained in our model. Only the carboxylate is the [Fe(ll)Fe(lll)(OH)}(tmtacn}]2" cluster, which contains
group of Glu238 was reoriented to a monodentate position three (OH) bridges with §, = 2, S = %5, andSa = 9/2)

with O, bridging between the two iron sites (see Figure 2).

The possibilities that BO and hydroxide are terminal ligands

state, and produces a short-Fee distance of 2.51 A354
Comparing with these two synthetic systems, it is difficult

bound to Fel, defined as the Fe closer to Tyrl22, areto see how our current model with an Fe(Hp—Fe(IV)

considered.

On the basis of Mssbauer and Q-band ENDOR spec-
troscopy? we have geometry optimized model clusters
containing iron centers that are high spin Fe(I®)= /5)
and high spin Fe(IV)$ = 2) sites that antiferromagnetically
couple to give argow = /> ground state. For both the {8);
and (OH), cases, thgS, = —2, S, = 55} state is lower in
energy than the correspondif§, = %,, S = —2} state. In
the lower energy state, the Otbr H,O is coordinated to
the Fe(lV) site.

From the energy andi analysis, th S, = -2, S =
5/,} state of the (OH), cluster is the most stable structure

among the four clusters studied here, and its calculated
isomer shift and quadrupole splitting values are also in the
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core, oneu-1,1 carboxylate, and one bidentate carboxylate
bridge will produce the 2.5 A FeFe distance in theg, =

(49) Bollinger, J. M., Jr.; Chen, S.; Parkin, S. E.; Mangravite, L. M.; Ley,
B. A.; Edmondson, D. E.; Huynh, B. HI. Am. Chem. Sod 997,
119 5976-5977.

(50) Dong, Y.; Fujii, H.; Hendrich, M. P.; Leising, R. A.; Pan, G.; Randall,
C. R.; Wilkinson, E. C.; Zang, Y.; Que, L., Jr.; Fox, B. G.; Kauffmann,
K.; Mulinck, E.J. Am. Chem. Sod 995 117, 2778-2792.

(51) Ghosh, A.; Alm1d, J.; Que, L., JrAngew. Chem., Int. Ed. Endl996
35, 770-772.

(52) Skulan, A. J.; Hanson, M. A.; Hsu, H. Que, L., Jr.; Solomon, B. I.
Am. Chem. So®003 125 7344-7356.

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

(54) Gamelin, D. R.; Bominaar, E. L.; Mathoniere, C.; Kirk, M. L,;
Wieghardt, K.; Girerd, J.-J.; Solomon, E.lhorg. Chem 1996 35,
4323-4335.
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2, S = 5,, andSea = ) state. Further experimental and depending on whether the Obbr H,O is coordinated to

theoretical studies, therefore, are still needed to provide moreFe(lll) or Fe(lV). All the spin density is assumed to be

structural information about X. localized at Fe(lll) or Fe(IV) and acts through space. These
The fact that the DFT-calculatetH proton and!’O are axial dipolar tensors of the form

hyperfine couplings for th¢ (OH™); (S1 = %, S = —2)}

model are the best among the models studied here inA3=7/3 (C/rf‘) orA3:—4/3 (C/r23) for

comparing with the experiments supports the earlier proposal ry=Fe(ll)—Horr,=Fe(IV)-H (A.2)

based on analysis of ENDOR spectra that the terminal

oxygen group is ligated to the Fe(lll) site in RNRIX. depending on which of; or r, is smaller. The factord/s

Without directlv ob ina th tor RNR-X and 45 are spin projection factors, ank is the largest
Ithout directly observing the structure for “%, one principal value of the hyperfine tensor directed alan@r

can only app(;ogchhthe correct s;ructur(;a by compl)_ans\gg ?(nd rp, respectively. The tensor is axial with other principal values
contrast, and in that context, this and our earlier wbor A= A, = —Ag2. The constan€ = 2gBegfin

represent the start of a SyStﬁ matic explorauohn of “kEIVI For our calculations of thEO isotropic coupling constants,
structures and properties. There may be other unusual . <ed the Mulliken valence 0O(2s) spin populatiods,

structures related to RNR-X not yet observed, potentially ¢ the broken symmetry wave functions rescaled by the
experimentally accessible by mutagenesis or irradiation. spin coupling factor&a/2Ss for Fe(lll) (Ka = /s, Sx = %)
Additional theoretical (computational) work is planned on _ 4 Ks/2Ss for Fe(IV) (Ks = —45, S5 = 2) an’d with the
alternative RNR-X structural models with evaluation of isotropic coupling constant for, one unpaired electfon

structures, energies, Fe'8kbauer parameters, and quantita- approximated agi(1e") = —5309 MHz fori70. Therefore
tive ligand hyperfine calculations.
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