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Models for the Mn-Fe active site structure of ribonucleotide reductase (RNR) from pathogenic bacteria Chlamydia
trachomatis (Ct) in different oxidation states have been studied in this paper, using broken-symmetry density functional
theory (DFT) incorporated with the conductor like screening (COSMO) solvation model and also with finite-difference
Poisson-Boltzmann self-consistent reaction field (PB-SCRF) calculations. The detailed structures for the reduced
Mn(II)-Fe(II), the met Mn(III)-Fe(III), the oxidized Mn(IV)-Fe(III) and the superoxidized Mn(IV)-Fe(IV) states
are predicted. The calculated properties, including geometries, 57Fe M€ossbauer isomer shifts and quadrupole
splittings, and 57Fe and 55Mn electron nuclear double resonance (ENDOR) hyperfine coupling constants, are
compared with the available experimental data. The M€ossbauer and energetic calculations show that the (μ-oxo,
μ-hydroxo)models better represent the structure of the Mn(IV)-Fe(III) state than the di-μ-oxo models. The predicted
Mn(IV)-Fe(III) distances (2.95 and 2.98 Å) in the (μ-oxo, μ-hydroxo) models are in agreement with the extended
X-ray absorption fine structure (EXAFS) experimental value of 2.92 Å (Younker et al. J. Am. Chem. Soc. 2008, 130,
15022-15027). The effect of the protein and solvent environment on the assignment of the Mn metal position is
examined by comparing the relative energies of alternative mono-Mn(II) active site structures. It is proposed that if the
Mn(II)-Fe(II) protein is prepared with prior addition of Mn(II) or with Mn(II) richer than Fe(II), Mn is likely positioned at
metal site 2, which is further from Phe127.

1. Introduction

Ribonucleotide reductase (RNR) catalyzes the reduction
of ribonucleotides to their 20-deoxyribonucleotide counter-
parts which are the precursors required in the initial step in
DNA biosynthesis.1,2 Different RNR classes differ in com-
position and cofactor requirements. However, they display a
reaction mechanism with a common theme using metals and
free radical chemistry.
The class I RNRs consist of two dissimilar protein sub-

units, R1 and R2, each a homodimer in an overall R2β2
tetramer. Subunit R1 contains the substrate binding site, and
catalyzes the dehydroxylation of the 20-hydroxyl group of the
ribose ring. Subunit R2 contains a binuclear iron cluster. In a
conventional class I RNR-R2 from eukaryotes, some pro-
karyotes and viruses,3 a tyrosine (Tyr122 in Escherichia coli)
is found to be close to the diiron center. This tyrosine is crucial

since it can bear a radical generated by the R2 diiron cluster.
The tyrosine radical functions as a “pilot light” which begins
the catalytic reaction by a long-range radical transfer (or pro-
ton coupled electron transfer) to generate a thiyl radical on
cysteine 439 (in E. coli) of subunit R1, which then performs
the nucleotide reduction.4,5 This tyrosine radical has been
identified in the oxidized deprotonated form and is stable for
days at room temperature.1Once this radical is lost, the enzyme
becomes inactive. The active form can be regenerated by a
complicated sequence of steps involving changes in oxidation
state and structural rearrangementwith coupled electron and
proton transfers. First the resting oxidized diferric met form
ofR2 is reduced by 2 electrons froma reductase protein to the
diferrous form,R2red.Next, amolecular oxygen (O2) binds to
the diiron center of R2red and an electron is transferred from
Trp48 (in E. coli) to one of the iron sites. Afterward, a tran-
sient high-oxidationR2 intermediate state, namedX, is kineti-
cally and spectroscopically observed. X is evidently the species
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which regenerates the tyrosine radical. RNR-X has captured
the attention of many researchers over the past 20 years to
elucidate its chemical and structural nature.4,6-30A combina-
tion of Q-band electron nuclear double resonance (ENDOR)
andM€ossbauer data on Y122F-R2 indicates the iron centers
ofXarehigh spinFe(III) (S=5/2) andhigh spinFe(IV) (S=2)
sites that antiferromagnetically couple to give an Stotal=1/2
ground state.4

The radical bearing tyrosine is conserved amongmore than
200 sequenced R2s, andmutants with a phenylalanine in this
position are enzymatically inactive.31,32 However, an excep-
tion was found recently in the RNR-R2 from the pathogenic
bacteria Chlamydia trachomatis (Ct), where a phenylalanine
(Phe127) resides in place of the tyrosine residue which bears
the radical in conventional RNRs.33 Further this sequence is
similar to that in a number of other pathogenic bacteria.33

The X-ray structure (1SYY)33 obtained for Ct-R2 contains
a Fe(III)-Fe(III) diiron center which is very similar to the
diferric center of the hydroxylase component of solublemethane
monooxygenase (MMOH). Similar to R2, the reduced difer-
rous center ofMMOHalso reactswithO2. Instead of yielding
the intermediateXwithFe(IV)-Fe(III) center, the interaction

withO2 inMMOHyields anFe(IV)-Fe(IV) intermediate,Q,
which can then oxidize methane to methanol.1,34-37

Later the Bollinger/Krebs group discovered that the Ct-
RNR-R2 contains aMn-Fe center rather than a diiron center
in its functional form, and uses the Mn(IV)-Fe(III) cofac-
tor (intermediate X) for radical initiation.38,39 The high-spin
Mn(IV) (SMn=3/2) antiferromagnetically (AF) coupleswith
the high-spin Fe(III) (SFe=5/2) to give Stotal=1. Unlike the
conventional RNR, but similar to MMOH, during the reac-
tion between O2 and the reducedCt-R2, another superoxidized
state, Mn(IV)-Fe(IV), was kinetically and spectroscopically
observed,40 in whichMn(IV) (SMn=3/2) and Fe(IV) (SFe=
2) AF-couple to give Stotal=1/2. The Mn(IV)-Fe(IV) state
thendecays byone-electron reduction of theFe(IV) site to the
active form ofMn(IV)-Fe(III). This reduction was found to
bemediated by residueTyr222which resides on the surface of
protein Ct-R2.41

Currently, a variety ofM€ossbauer, hyperfine, and EXAFS
data are available for the Ct-R2 center in different oxidation
states.38,40-44 Roos and Siegbahn have performed B3LYP
hybrid density functional theory (DFT) calculations for
geometries and energies on Ct-R2 active site models which
contain the first shell ligands and Phe127.45 They found the
Mn(IV)-Fe(III)-Phe active center to be an equally strong
oxidant as the active state inE. coliR2 with a tyrosyl radical.
Younker et al. also performed DFT calculations on the Ct-
R2 first-shell ligand models to discover the active-site struc-
ture of the Mn(IV)-Fe(III) state.42 Both theoretical studies
proposed that the Mn(IV)-Fe(III) active site contains a ter-
minal water or hydroxo ligand, one bridging μ-oxo, and one
bridging μ-hydroxo. However, it is not known which metal
site is Mn or Fe, and the detailed structures of the Mn-Fe
center in other oxidation states are not well understood. In
the calculations byRoos and Siegbahn, themodel withMn(IV)
connecting to Glu89 and His123 (site 1, which is closer to
Phe127) was predicted to be about 1kcalmol-1 lower in energy
than the model with Fe(III) at site 1.45 However, the stable
positions ofMnandFe centers are probably determined at an
early stage of the protein sample preparation. If theMn(II)-
Fe(II) state is prepared by adding firstMn(II) and thenFe(II)
to themetal-depletedR2,38 theMnandFepositions resulting
from this sequence will likely be locked during the whole
activation and catalytic process.
In this paper, we present DFT calculations on large active

site quantum cluster models for Ct-R2. We first compare the

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

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

(8) Bollinger, J. M., Jr.; Edmondson, D. E.; Huynh, B. H.; Filley, J.;
Norton, J. R.; Stubbe, J. Science 1991, 253, 292–298.

(9) Bollinger, J. M., Jr.; Tong,W. H.; Ravi, N.; Huynh, B. H.; Edmondson,
D. E.; Stubbe, J. InMethods in Enzymology; Klinman, J. P., Ed.; Academic Press:
New York, 1995; p 258.

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

(11) Ravi, N.; Bollinger, J. M., Jr.; Huynh, B. H.; Edmondson, D. E.;
Stubbe, J. J. Am. Chem. Soc. 1994, 116, 8007–8014.

(12) Ravi, N.; Bominaar, E. L. Inorg. Chem. 1995, 34, 1040–1043.
(13) Burdi, D.; Sturgeon, B. E.; Tong, W. H.; Stubbe, J. A.; Hoffman,

B. M. J. Am. Chem. Soc. 1996, 118, 281–282.
(14) Veselov, A.; Scholes, C. P. Inorg. Chem. 1996, 35, 3702–3705.
(15) Willems, J. P.; Lee, H. I.; Burdi, D.; Doan, P. E.; Stubbe, J.;

Hoffman, B. M. J. Am. Chem. Soc. 1997, 119, 9816–9824.
(16) Riggs-Gelasco, P. J.; Shu, L. J.; Chen, S. X.; Burdi, D.; Huynh, B. H.;

Que, L.; Stubbe, J. J. Am. Chem. Soc. 1998, 120, 849–860.
(17) Burdi, D.; Willems, J.-P.; Riggs-Gelasco, P.; Antholine, W. E.;

Stubbe, J.; Hoffman, B. M. J. Am. Chem. Soc. 1998, 120, 12910–12919.
(18) Shanmugam, M.; Doan, P. E.; Lees, N. S.; Stubbe, J.; Hoffman,

B. M. J. Am. Chem. Soc. 2009, 131, 3370–3376.
(19) Miti�c, N.; Saleh, L.; Schenk, G.; Bollinger, J. M. J.; Solomon, E. I.

J. Am. Chem. Soc. 2003, 125, 11200–11201.
(20) Baldwin, J.; Krebs, C.; Ley, B. A.; Edmondson, D. E.; Huynh, B. H.;

Bollinger, J. H. J. Am. Chem. Soc. 2000, 122, 12195–12206.
(21) Krebs, C.; Chen, S. X.; Baldwin, J.; Ley, B. A.; Patel, U.; Edmondson,

D.E.;Huynh,B.H.; Bollinger, J.M. J.Am.Chem.Soc. 2000, 122, 12207–12219.
(22) Siegbahn, P. E. M. Inorg. Chem. 1999, 38, 2880–2889.
(23) Siegbahn, E. M. Q. Rev. Biophys. 2003, 36, 91–145.
(24) Han, W.-G.; Lovell, T.; Liu, T.; Noodleman, L. Inorg. Chem. 2003,

42, 2751–2758.
(25) Han, W.-G.; Lovell, T.; Liu, T.; Noodleman, L. Inorg. Chem. 2004,

43, 613–621.
(26) Han, W.-G.; Liu, T.; Lovell, T.; Noodleman, L. J. Am. Chem. Soc.

2005, 127, 15778–15790.
(27) Han,W.G.; Liu, T. Q.; Lovell, T.; Noodleman, L. Inorg. Chem. 2006,

45, 8533–8542.
(28) Han, W.-G.; Liu, T.; Lovell, T.; Noodleman, L. J. Inorg. Biochem.

2006, 100, 771–779.
(29) Han, W.-G.; Noodleman, L. Theor. Chem. Acc. 2010, 125, 305–317.
(30) Han, W.-G.; Noodleman, L. Dalton Trans. 2009, 6045–6057.
(31) Larsson, A.; Sj€oberg, B. M. EMBO J. 1986, 5, 2037–2040.
(32) P€otsch, S.; Lendzian, F.; Ingemarson, R.; Hornberg, A.; Thelander,

L.; Lubitz, W.; Lassmann, G.; Graslund, A. J. Biol. Chem. 1999, 274, 17696–
17704.

(33) H€ogbom,M.; Stenmark, P.; Voevodskaya, N.;McClarty, G.; Graslund,
A.; Nordlund, P. Science 2004, 305, 245–248.

(34) Solomon, E. I.; Brunold, T. C.; Davis, M. I.; Kemsley, J. N.; Lee,
S. K.; Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y. S.; Zhou, J.Chem. Rev.
2000, 100, 235–349.

(35) Jin, Y.; Lipscomb, J. D. J. Biol. Inorg. Chem. 2001, 6, 717–725.
(36) Han, W. G.; Noodleman, L. Inorg. Chim. Acta 2008, 361, 973–986.
(37) Han, W.-G.; Noodleman, L. Inorg. Chem. 2008, 47, 2975–2986.
(38) Jiang, W.; Yun, D.; Saleh, L.; Barr, E. W.; Xing, G.; Hoffart, L. M.;

Maslak, M. A.; Krebs, C.; Bollinger, J. M. Science 2007, 316, 1188–1191.
(39) Jiang, W.; Bollinger, J. M.; Krebs, C. J. Am. Chem. Soc. 2007, 129,

7504–7505.
(40) Jiang, W.; Hoffart, L. M.; Krebs, C.; Bollinger, J. M. Biochemistry

2007, 46, 8709–8716.
(41) Jiang, W.; Saleh, L.; Barr, E. W.; Xie, J. J.; Gardner, M. M.; Krebs,

C.; Bollinger, J. M. Biochemistry 2008, 47, 8477–8484.
(42) Younker, J. M.; Krest, C. M.; Jiang, W.; Krebs, C.; Bollinger, J. M.;

Green, M. T. J. Am. Chem. Soc. 2008, 130, 15022–15027.
(43) Jiang, W.; Yun, D.; Saleh, L.; Bollinger, J. M.; Krebs, C. Biochemistry

2008, 47, 13736–13744.
(44) Voevodskaya, N.; Lendzian, F.; Sanganas, O.; Grundmeier, A.;

Gr€aslund, A.; Haumann, M. J. Biol. Chem. 2009, 284, 4555–4566.
(45) Roos, K.; Siegbahn, P. E. M. Biochemistry 2009, 48, 1878–1887.



7268 Inorganic Chemistry, Vol. 49, No. 16, 2010 Han et al.

relative energies of the Mn1(II)-Fe2(II) (Mn(II) on site 1
and Fe(II) on site 2) and Fe1(II)-Mn2(II) structures. Then
deleting Fe(II) from the Mn(II)-Fe(II) models and reopti-
mizing the structures with onlyMn(II) on either site 1 or site 2,
we examine without the presence of Fe(II), if there is signi-
ficant energy preference from the protein and solvent environ-
ment for the specific site where Mn(II) will bind. The idea is
that if Mn(II) is added to the apo Ct-R2 prior to Fe(II) in
preparation of the Mn(II)-Fe(II) protein,39,42,46 it should
bind to the site with higher Mn(II)-binding affinity (lower
energy). Fe(II), which is added later, would then either bind
to the other empty site or replace the Mn(II) in the other site
which has lower Mn(II)-binding affinity. As indicated by
Jiang et al.,39,42,46 their best procedure to prepare theMn(II)-
Fe(II) Ct-R2 protein involves prior addition of 1.5 equiv of
Mn(II) per monomer to apo-R2, and slow addition of 0.75
equiv of Fe(II), to prevent the formation of the inactive form
of Fe(II)-Fe(II). Next, by comparing the calculated struc-
tures, M€ossbauer, and hyperfine properties of the Mn(III)-
Fe(III),Mn(IV)-Fe(IV), andMn(IV)-Fe(III) states in both
Mn1-Fe2 and Fe1-Mn2models, we further examine which
models and site placement lead to calculations that most
closely reproduce the available experimental data. Because
of the similarity of the residues around the metal centers in
E. coliRNR,Ct-RNR, andMMOH, the well studiedmodels
forE. coliRNR22,23,26,30 andMMOH22,36,37,47-49 in different
oxidation states become the best candidates for studying
similar states of Ct-RNR.

2. Comparisons of the Diferric Active Site Structures of
Ct-R2, E. coli R2, and MMOH

In the available X-ray structure (1SYY, resolution 1.7 Å)
of Ct-R2, the enzyme is in the inactive diiron form.33 The
diiron center and the main H-bonding residues around the
center are shown in Figure 1. The first shell ligands include
two histidine and four glutamic acid residues, one terminal

oxygen species binding to Fe1, and two O(H) bridges. The
first shell composition and coordination environment is exac-
tly the same as that found in the diferric center of MMOH
from Methylosinus trichosporium (Mt) OB3b protein (X-ray
crystal structure 1MHY, see Figure 2).50

Previous studies have shown that the three oxygen species
in theMMOHdiferric center are one terminal water and two
bridging hydroxo ions.49-53 According to the Fe-O dis-
tances observed from the crystal structure, theCt-R2 diferric
center should also contain a terminal water and two μ-OH-

bridges as shown in Figure 1. The active site structure of the
Ct-R2 Mn(III)-Fe(III) state is still unknown. Recent EX-
AFS experiments on Ct-R2 lead to a short Mn(III)-Fe(III)
distance of 2.9 Å,44 which is similar to the Fe(III)-Fe(III)
distance inMMOH,50,54 indicative of theMn(III)-(μ-OH-)2-
Fe(III) center in active form of Ct-R2 as well.44

The first shell ligands in the diferric center of E. coli R2
(Figure 3) are similar to those inCt-R2 (Figure 1). However,
in E.coli R2, where an aspartic acid (84), rather than a glu-
tamic acid residue binds to Fe1, there is only one bridging
oxygen (μ-oxo) in the position between the two histidines, and
the other solvent type oxygen betweenAsp84 andGlu204 is a
terminal water binding to Fe2 andH-bonding to both Asp84
and Glu238. In the outer shell H-bonding network, the carb-
oxylate group in Asp237 H-bonds to His118, and a neutral
Gln43 side chain H-bonds to both His241 and Asp237. A
positively chargedArg236 side chain, which lies on the surface
of the protein, indirectly interacts with Asp237 through
H-bonding with a water molecule (w727). Also H-bonding
toAsp237 isTrp48,which is close to the protein surface and is
proposed to be the residue that transfers an electron to the
diiron center after O2 binding when X is formed.
In Ct-R2, the H-bonding patterns and residues along the

Fe1-His123 direction (His123 3 3 3Asp226 3 3 3Trp51(w9 3 3 3
Arg225)) match exactly with those along the Fe1-His118
direction in E.coli R2 (His118 3 3 3Asp237 3 3 3Trp48(w727 3 3 3
Arg236)).MMOHhas theAsp residue in this pattern (Asp242),

Figure 1. Active site of Ct-R2 in the diferric form. Taken from PDB
X-ray structure 1SYY.33 Protons not involved inH-bonds are suppressed
for clarity.

Figure 2. Active site of the diferricMMOH fromMt (PDBX-ray struc-
ture 1MHY).50.
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but the positively charged Arg146 is in the position of the
tryptophan in RNR-R2 (Trp51 in Ct and Trp48 in E. coli).
Another arginine (Arg245) directly H-bonds to Asp242 in
MMOH as well as to the carboxylate group of Asp143.
Asp143 then H-bonds to His246. In Ct-R2, the carboxylate
group of Glu119 is analogous in position and charge to
Asp143 in MMOH. There is also another arginine (Arg115)
in Ct-R2 which H-bonds to Glu119. Therefore, along the
Fe2-His230 direction, H-bonding interactions (His230 3 3 3
Glu119 3 3 3Arg115) in Ct-R2 are more like those in MMOH
(His246 3 3 3Asp143 3 3 3Arg245) than those in E. coli RNR.
The active sites of these three proteins share many simila-

rities. Especially for Ct-R2 and MMOH, they both have the
same kinds of first shell residues, and two negatively charged
and two positively charged residues in the second and third
shell combined. These similar electrostatic interactions lead
to very similar first-shell structures in their diferric state.
To study the active form ofCt-R2 active site structures, we

will start from the diferric stateX-ray structure (Figure 1) and
replace one of the Fe sites with Mn. Because of all the struc-
tural similarities among the three proteins compared above,
the previous structural models for MMOH-Q and E. coli
RNR-X may also represent the Ct-R2Mn(IV)-Fe(IV) and
Mn(IV)-Fe(III) active site structures. Some structural re-
arrangements are needed for the initial geometries of the
Mn(II)-Fe(II) state models according to the reduced difer-
rousE. coliR2 andMMOHX-ray crystal structures.56,57We
will examine these structures by geometry optimization for
both Mn1-Fe2 and Fe1-Mn2 alternatives (switching Mn
and Fe positions), and using M€ossbauer and hyperfine pro-
perty calculations. The calculated properties will be com-
pared with available experiments.

3. Computational Methodology

3.1. Models. For the Mn(III)-Fe(III) state, the initial posi-
tions of the active site side chains and water or hydroxo groups
in the model cluster were taken from chain A of the diferric Ct-
R2 X-ray crystal structure (PDB code: 1SYY) (Figure 1),33 by
breaking theCβ-CRorCγ-Cβbonds and adding a linking hydrogen

atom to fill the open valence of the terminal carbon atom.58 The
model inwhichFe1 is replacedwithMn is denoted asMn1(III)-
Fe2(III), while Fe1(III)-Mn2(III) denotes themodelwithFe2 is
replaced by Mn. The overall active site model of M1(III)-
M2(III) (M1 and M2 represent either Mn or Fe) in the current
study is shown in Figure 4. The difference between this structure
and the one shown in Figure 1 is that more water molecules
observed in the X-ray structure and the side chain of Asn50 are
included so as to explicitly represent the H-bonding interactions
near the active site. The details of the H-bonding network in the
lower part of this cluster, which includes Asp226, Glu119, Arg225,
Arg115, and Asn50 side chains, and 11 water (w) molecules, is
shown in Figure 5.

Figure 3. Diferric (met) active site ofE. coliR2. Taken fromX-ray PDB
structure 1RIB.55.

Figure 4. Mn1(III)-Fe2(III) or Fe1(III)-Mn2(III) quantum cluster
model of Ct-R2 active site in the current study. M1 and M2 represent
eitherMnorFe. The details of theH-bonding network in the lower part of
this cluster is shown in Figure 5.

Figure 5. DetailedH-bondingnetwork in the lowerpart of the active site
model in Figure 4, from a different perspective.
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On the basis of theoretical/computational DFT models and
spectroscopic evidence (optical, EPR/ENDOR, and M€ossbauer),
the currently proposed MMOH-Q in Fe(IV)-Fe(IV) state and
E. coliRNR-X (class Ia) in Fe(III)-Fe(IV) state have very similar
first shell structures as shown in Figure 2 (and also in Figures 1
and 4), but with a di-μ-oxo center (for Q andX) or with one μ-oxo
and one μ-hydroxo bridge (for X), rather than the di-μ-hydroxo
bridge seen in theCt-R2 Fe(III)-Fe(III) structure.30,36,37,48,49,59

Therefore, our Ct-R2Mn(IV)-Fe(IV) state active site model is
constructed from the Mn(III)-Fe(III) structure by deleting both
“H” protons from the di-μ-hydroxo bridge shown in Figure 4.
Such a di-μ-oxo structure will also be studied for the Mn(IV)-
Fe(III) state, and be compared with another Mn(IV)-Fe(III)
structure with the (μ-oxo, μ-hydroxo) center.

CurrentlynoX-ray crystal structurehas beenobtained for either
theMn(II)-Fe(II) or theFe(II)-Fe(II) state ofCt-R2.Oneobser-
ved structural result is the long Mn(II)-Fe(II) distance of 4.15 Å
reported from EXAFS experiments.44 However, the samples used
in these experiments were mixtures of different oxidation states,
which makes the evaluation of structures for specific oxidation
states difficult. Also, because of inelastic scattering, long metal-
metal distances are hard to determine accurately by EXAFS.
The Fe(II)-Fe(II) distances in diferrous state X-ray crystal
structures are 3.94 Å for E. coli R2 and 3.28 Å for MMOH.56,57

The ligand pattern in the reduced state of theE. coliR2 active site
(Figure 6) differs from that of the diferric state (Figure 3) in that
the carboxylate groups of both Glu115 and Glu238 are in a bi-
dentate bindingmode, there are nobridging or terminally bound
oxygen species, and bothFe1 andFe2 have coordinationnumber
4. In the reduced MMOH active site (Figure 7), the carboxylate
group of Glu243 changes to the monodentate bridging position.
This differs both from the diferrous structure of E. coli RNR,
and from diferric MMOH. Two water molecules are coordinated
to Fe1. However, the water which H-bonds to Glu114 only
weakly interacts with Fe1 (with longO-Fe1 distance of 2.63 Å).

The reduced state of Ct-R2 may have a closely related active
site structure to either the diferrous E. coli R2 or MMOH. We
will therefore study the two forms of Mn(II)-Fe(II) models by
deleting O1, deleting or changing O2 to a terminal water, and
changing the orientation of Glu227 in the Mn(III)-Fe(III)
(Figure 4) model according to the relative positions of Glu238
andGlu243 in reducedE. coliR2 andMMOH (Figures 6 and 7),
respectively. Again, both the Mn1(II)-Fe2(II) and Fe1(II)-
Mn2(II) forms will be studied to compare their relative energies.
Themodels constructed according to the active site structures of
reducedE.coliR2andMMOHwill bedenoted [Mn1(II)-Fe2(II)-E
and Fe1(II)-Mn2(II)-E] and [Mn1(II)-Fe2(II)-M and Fe1(II)-
Mn2(II)-M], respectively (Figure 8).

3.2. DFT Calculations. All density functional spin-unrestricted
calculations have been performed using the Amsterdam Density
Functional (ADF) packages.60-63 For a simplified representation
of the stabilizing effects of the protein and solventwhich generate a
polar environment, the geometries of the model clusters were
optimized using the COSMO (conductor-like screening model)
solvation model in ADF.64-67 The COSMO model is a dielectric
solvent continuummodel inwhich the solutemolecule is embedded
in a molecular shaped cavity surrounded by a dielectric medium
with a given dielectric constant. Our recent studies show that
certain calculated Fe-ligand distances are significantly influenced
by the size of the quantum cluster and the dielectric constant
ε chosen for the COSMO solvation calculations.29 However, for
large quantum clustermodelswhich include themain polar groups
up to the fourth coordination shells of the residues from the iron
centers, changing the dielectric constant (ε) in COSMO in the
range of [4, 20] changes the main Fe-ligand distances, M€ossbauer,
and hyperfine properties very little.30 On the other hand, the rela-
tive energies and thus the pKa’s predicted by the COSMO calcula-
tions are highly dependent on the dielectric constants. Choosing
the dielectric constant to best predict the pKa’s is system and site
dependent.30 In our current study, we will calculate the acidity of
the bridging oxygen (site O2, in the position between Glu89 and
Glu193) in the Mn(IV)-Fe(III) state. Our recent E. coli RNR-X
studies30 show that ε=4 in COSMO is the best for large quantum
models in reproducing the pKa value of site O2 obtained from the
Poisson-Boltzmannself-consistent reaction field (PB-SCRF)30,68-76

calculations which include both the protein field and the

Figure 6. Active site structure of reduced diferrous state ofE. coliR2.56.

Figure 7. Active site structure of reduced diferrous MMOH.57.
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reaction fields. Therefore, we will use ε=4 in theMn(II)-Fe(II),
Mn(III)-Fe(III), Mn(IV)-Fe(IV), and Mn(IV)-Fe(III) state
large model COSMO calculations. The van der Waals radii for
atomsFe,C,O,N, andHare takenas 1.5, 1.7, 1.4, 1.55, and1.2 Å,
respectively. The probe radius for the contact surface between the
cluster and solvent was set to 2.0 Å.

In all calculations, the parametrization of Vosko, Wilk, and
Nusair (VWN)27 was used for the local density approximation
term, and the OPBE77-79 functional is used for the nonlocal
exchange and correlation terms. OPBE is the combination of
Handy’s optimized exchange (OPTX)79 and PBE correlation
(PBEc) functionals.77,78 This potential correctly predicts the
spin states for several iron complexes.80-82 We have applied
this potential in our E. coli RNR-X and MMOH intermedia-
tes Q and P studies, and compared the results with our previous
PW9183 calculations.29,30,36,37 Triple-ζ polarization (TZP) Slater-
type basis sets with frozen cores (C(1s), N(1s), O(1s), and Fe-
(1s,2s,2p) are frozen) are applied for geometry optimizations.
The linking H atoms on the outer shell residue fragments Phe127,
Trp51, Asp226, Glu119, Arg225, Arg115, and Asn50 are fixed
during the geometry optimizations.

M€ossbauer parameter and hyperfineA-tensor calculationswere
then performed on the optimized geometries using TZP basis set
for all atoms without freezing the core electrons. The accuracy
parameter for the numerical integration grid was set to 4.0.

Usually the AF spin-coupled state cannot be obtained di-
rectly from the normalDFT calculations inADF.As in previous

work,we represent theAFspin-coupled state inDFTbya“broken-
symmetry” (BS) state,84-86 where a spin-unrestricted determi-
nant is constructed in which the Fe site has spin-up electrons as
majority spin and the Mn site has spin-down electrons. To obtain
this broken-symmetry solution, first we construct a ferromag-
netically (F) spin-coupled determinant, where the spins on both
Fe and Mn are aligned in a parallel fashion. Then we rotate the
spin vector located on the Mn site by interchanging the R and
β fit density blocks onMn from the output file TAPE21 created
by this F-coupled calculation inADF.Using themodifiedTAPE21
as a restart file and reading the starting spin density from there,
we then obtain the expected BS state through single-point energy
calculation or geometry optimization.

The BS state obtained from DFT calculations is a mixture of
pure spin states. When the following Heisenberg Hamiltonian
H (with Heisenberg coupling J) is applicable,

H ¼ - 2JS1 3S2 ð1Þ
the energy difference between the F-coupling (Stotal=Smax=S1þ
S2) and the BS (Stotal= Smin= |S1 - S2|) states can be descri-
bed by

EF -EBS ¼ - 4JS1S2

ð¼ - 20J for MnðIIÞ-FeðIIÞ and MnðIIIÞ-FeðIIIÞ statesÞ
ð¼ - 12J for MnðIVÞ-FeðIVÞ stateÞ
ð¼ - 15J for MnðIVÞ-FeðIIIÞ stateÞ

ð2Þ
(Note that for a completely delocalized-mixed valence dimer, a
more general spinHamiltonian isH=-2J0S1 3S2(B(Stotalþ 1/2),

Figure 8. Mn-Fe andmainmetal-ligand distances in theDFT(OPBE) optimizedCt-R2Mn1(II)-Fe2(II)-E, Fe1(II)-Mn2(II)-E,Mn1(II)-Fe2(II)-M,
and Fe1(II)-Mn2(II)-Mmodel structures (the endings E andM refer to the models constructed according to the reduced diferrous active site structures of
E.coli R2 (Figure 6) and MMOH (Figure 7), respectively). The residues in the outer shells of the active site models are shown in Figures 4 and 5.
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where B is the resonance delocalization parameter.87,88 If the
total spin Stotal is small and B is not large, the resonance stabi-
lization energy -B(Stotal þ 1/2) is often neglected. In this case,
this term is largely quenched by vibronic effects or other envi-
ronmental effects, including solvation, and it is reduced by the
intrinsic site inequivalence betweenMn and Fe.) J is then obtai-
ned from eq 2, and the pure-spin ground state energy E0 for the
particular spin state (S1, S2) coupled to Smin according to the
broken-symmetry geometry is estimated as:

E0 ¼ EF þ JSmaxðSmax þ 1Þ- JSminðSmin þ 1Þ
ð¼ EF þ 24J for MnðIIÞ-FeðIIÞ and MnðIIIÞ-FeðIIIÞ statesÞ
ð¼ EF þ 15Jfor MnðIVÞ-FeðIVÞ stateÞ
ð¼ EF þ 18J for MnðIVÞ-FeðIIIÞ stateÞ

ð3Þ
Formore accurate calculations, both BS and F-coupled high-

spin state geometries need to be optimized. The structure with
the minimum E0 can be obtained by extrapolating the geome-
tries between the optimized BS and F-coupled geometries. For
currentCt-R2models, since the J coupling constant is small, the
Mn-Fe centers are weakly coupled, and the BS and F-coupled
states do not differ much. For simplicity, the model geometries
are only optimized at the BS state, and an F-coupled high-spin
single-point energy calculation is performed at the BS optimized
geometry to get the EF energy. The J and E0 values are then cal-
culated from eqs 2 and 3.

3.2. M€ossbauer Isomer Shift and Quadrupole Splitting Calcu-

lations.These properties require all-electron (i.e., without frozen
core approximation) calculations. After geometry optimization,
ahigh-spinF-coupled single-point energy calculation (inCOSMO)
with all-electron TZP Slater-type basis sets is performed at the
BSoptimizedgeometry, and the energyEF isobtained. ItsTAPE21
file fit density section is then modified by interchanging the
R and β fit density blocks on theMn site. Starting from themodi-
fied TAPE21, a BS state single-point energy calculation inCOSMO
again with all-electron TZP Slater-type basis sets is then per-
formed to obtain the electron density (F(0)) and the electric field
gradient (EFG) at the Fe nucleus, the hyperfine A-tensors, and
the BS state energy EBS.

The M€ossbauer isomer shifts δ are calculated based on F(0):

δ ¼ RðFð0Þ-AÞ þ C ð4Þ
In our previous studies,36,51 the parameters R and C have been
fitted separately for the Fe2þ,2.5þ and Fe2.5þ,3þ,3.5þ,4þ com-
plexes for PW91, OPBE, and OLYP, with all-electron TZP
Slater type basis sets. For the Fe2.5þ,3þ,3.5þ,4þ complexes, we
have obtained A=11877.0, R=-0.312, and C=0.373 mm s-1

for OPBE potential.
For calculating the M€ossbauer quadrupole splittings (ΔEQ),

the EFG tensors V are diagonalized, and the eigenvalues are
reordered so that |Vzz| g |Vyy| g |Vxx|. The asymmetry para-
meter η is defined as

η ¼ ðVxx -VyyÞ=Vzz ð5Þ
Then the ΔEQ for 57Fe of the nuclear excited state (I=3/2) can
be calculated as

ΔEQ ¼ 1=2eQVzzð1þη2=3Þð1=2Þ ð6Þ
where e is the electrical charge of a positive electron, Q is the
nuclear quadrupole moment (0.15 barns) of Fe.89

3.3. HyperfineA-TensorCalculations.The 57Feand 55Mnhyper-
fine coupling constants are predicted based on theA-tensor calcula-
tions in ADF (the spin-orbit coupling contributions to the A-
tensorsareneglected),whichaccounts foronly the total (net) number
of unpaired electrons (nR- nβ) in the system. This algorithm acts as
if we had a simple uncoupled system of spin Stotal. For the present
systems with high spin AF coupled sites, we need to rescale the
ADF-obtained A-tensors by the spin projection coupling factors
|KiStotal/Si| (i=Fe or Mn).

In different Mn-Fe states, according to90

KFe þ KMn ¼ 1 ð7Þ
and

Ki ¼ ÆS i 3Stotalæ=ÆStotal 3Stotalæ ð8Þ
one can deduce that, forCt-R2 in theMn(III)-Fe(III) state, we
have (KFe=7/3,SFe=5/2,Stotal=1/2) forFe(III) site, and (KMn=
-4/3, SMn=2, Stotal=1/2) forMn(III).25,26,91,92 For the cluster
in the Mn(IV)-Fe(IV) state, we have (KFe=2, SFe=2, Stotal=
1/2) for Fe(IV) site, and (KMn=-1, SMn=3/2, Stotal=1/2) for
Mn(IV). For theMn(IV)-Fe(III) state, we have (KFe=7/4,SFe=
5/2,Stotal=1) for Fe(III), and (KMn=-3/4, SMn=3/2,Stotal=1)
forMn(IV). Absolute values of the coupling factors will be used,
since the broken symmetry state carries the proper A-tensor sign.

3.4. pKa Calculations. Debate still exists over whether the
E. coli RNR-X diiron center contains two μ-oxo bridges (μ-O)2
or one bridging oxo and one bridging hydroxo (μ-O)(μ-OH-).
In this paperwewill studywhich of the two forms is energetically
more favored for theCt-R2Mn(IV)-Fe(III) state. This requires
calculation of the pKa value for the bridging siteO2 (seeFigure 4,
the bridging oxygen site positioned between Glu89 andGlu193)
with O1 deprotonated.

In general, for the following process (M represents “Model”),

MðprotonatedÞ f Mðnon-protonatedÞþHþ ð9Þ
the pKa value for the protonated group can be calculated by

1:37pKa ¼ E0½Mðnon-protonatedÞ�-E0½MðprotonatedÞ�
þEðHþÞþΔGsolðHþ, 1atmÞ-TΔSgasðHþÞþΔZPE

þ 5=2RT ð10Þ
For calculating the pKa of siteO2,E0[M(nonprotonated)] and

E0[M(protonated)] represent the energies (including COSMO
solvation) of the Mn(IV)-(μ-O)2-Fe(III) and Mn(IV)-(μ-O)-
(μ-OH-)-Fe(III) models, respectively. The final spin projected
energies (E0) obtained fromtheall-electronTZPsingle-point energy
high-spin and broken-symmetry calculations are used here. E(Hþ)
=12.6416 eV is the calculated energy of a proton with respect to a
spin restricted hydrogen atom obtained from gas-phase OPBE
calculation.ΔGsol(H

þ,1 atm) is the solvation free energyof aproton
at 1 atm pressure. We will use-263.98 kcal mol-1 30,93-95 for this
term since so far it is the best measured value (previously we have
used -262.11 kcal mol-1 which was obtained from experimental
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and theoretical analysis26). The translational entropy contribution
to the gas-phase free energyof aproton is takenas-TΔSgas(H

þ)=
-7.76 kcal mol-1 at 298 K and 1 atm pressure.96 The zero point
energy difference term ΔZPE is estimated as -7.29 kcal mol-1

taken from previous frequency calculations for small E. coli
RNR-X models.30

3.5. Finite-Difference Poisson-Boltzmann Self-Consistent Reac-

tion Field (PB-SCRF)Calculations.The PB-SCRF30,62,68-76 cal-
culations are applied only in section 4.2, to see if the protein and
solvent environment shows any preference between the two
metal binding sites for Mn(II) binding when Fe(II) is absent.

Three dielectric regions are defined in the PB-SCRF calcula-
tions: the quantum cluster region (ε=1), the protein region
(ε=4), and the solvent (water) region (ε=80). The diferricCt-R2
X-ray crystal structure (1SYY)33 is used for the geometry of the
protein environment. The PARSE97 atomic radii and charges
are assigned to atoms in the protein which generate the protein
field. During PB-SCRF, the active site model is computed by
DFT calculation in the presence of the protein field and reaction
field. The protein field acts as a fixed potential. The reaction field
is evaluated from a finite-difference solution to the Poisson-
Boltzmann (PB) equation, and self-consistency between the reac-
tion field and the electronic structure of the quantum cluster is
achieved by iteration.

TheDFT/PB-SCRFprocedure is described briefly as follows.
(1) A gas-phase DFT single-point energy calculation is per-
formed at the COSMO-optimized geometry. (2) The CHELPG
algorithm98 combined with singular value decomposition87 is
then used to fit the point charges of each atom (charges for the
linking H atoms are set to zero) from the molecular electrostatic
potentials (ESP) calculated by ADF. (3) The interaction energy
of the active site (ε=1)with theprotein (ε=4) and solvent (ε=80)
environment is estimated by solving the Poisson-Boltzmann
equation using the MEAD (Macroscopic Electrostatics with
Atomic Detail) program developed by Bashford.99-102 (4) The
reaction field plus protein field potential obtained from step 3 is
then added to the Hamiltonian of the DFT single-point energy
calculation. The iteration of 1-4 continues until self-consistency
between the reaction field potential and the electronic struc-
ture of solute is achieved. This DFT/PB-SCRF procedure has
been recently implemented into a developmental version of
ADF2009 following up on ourwork using earlier ADFprogram
versions.30,62,63,68-76

4. Results and Discussion

4.1. Mn(II)-Fe(II) state: Mn1(II)-Fe2(II)-E, Fe1(II)-
Mn2(II)-E, Mn1(II)-Fe2(II)-M, and Fe1(II)-Mn2(II)-M.
As mentioned above, four Mn(II)-Fe(II) Ct-R2 active
site models are studied here. The initial geometries of
Mn1(II)-Fe2(II)-E and Fe1(II)-Mn2(II)-E are construc-
ted according to the Fe(II)-Fe(II) active site structure
of E. coli R2 (Figure 6), and Mn1(II)-Fe2(II)-M and
Fe1(II)-Mn2(II)-M are established based on the Fe(II)-
Fe(II) structure of MMOH (Figure 7).
All themodel geometries are optimizedwithinCOSMO

solvation model. Our previous studies on the reduced
diferrous active sites of E. coliR2 andMMOH show very

similar structural, energetic, and M€ossbauer properties
for F- and AF-coupled Fe(II)-Fe(II) spin states.51 To be
consistent with the calculations in other states, here we will
only present theAF-coupled calculations for theMn(II)-
Fe(II) state. The main bond lengths around the metal
centers at the optimized geometries are given in Figure 8.
Other calculated properties including the M€ossbauer
isomer shifts (δ) and quadrupole splittings (ΔEQ), net
spin populations (NSP), Heisenberg J coupling con-
stants, and spin projected energies are given in Table 1.
The very small J coupling constants calculated for the
four models do show the similar energies of the F- and
AF-coupled reduced Ct-R2 states.
The net spin populations are the main indication of the

high-spin or intermediate-spin character of the metal sites.
In the ideal ionic limit, the net unpaired spin populations
are 5 and 4 for the high-spinMn(II) (five d-electrons) and
Fe(II) (six d-electrons) sites, respectively. The absolute
calculated net spins from Mulliken population analysis
given in Table 1 for the four model clusters are very close
to the ionic limit, indicative of the high-spin Mn(II) and
Fe(II) solutions. The opposite signs for the spin densities
just indicate the AF-coupling.
The OPBE potential predicts very long Mn(II)-Fe(II)

distances (Figure 8) for theMn1(II)-Fe2(II)-EandFe1(II)-
Mn2(II)-E models. The Mn(II)-Fe(II) distances predic-
ted for the Mn1(II)-Fe2(II)-M and Fe1(II)-Mn2(II)-M
models are shorter and closer to the 4.15 Å reported from
EXAFS experiment. Since the first-shell ligand compo-
nents and the diferric state structures are similar for Ct-R2
and MMOH active sites, it is more likely that the first-
shell ligand structureof reduced stateCt-R2 is also similar to
the diferrous center of MMOH. During geometry optimi-
zation inbothMn1(II)-Fe2(II)-MandFe1(II)-Mn2(II)-M,
as the Mn(II)-Fe(II) distance elongates, the monobrid-
ging oxygen atom of the Glu227 side chain and one of the
terminalwatermoleculesmoveawayfromsite1. InMn1(II)-
Fe2(II)-M these O-Mn1 distances are 2.54 (for O-Glu227)
and 2.62 (for H2O) Å. In Fe1(II)-Mn2(II)-M both of
these are even further from Fe1, and the water molecule
H-bonds with one of the oxygen atoms of the Glu120 side
chain with 2.47 Å (O 3 3 3Odistance). Therefore, this water
molecule may not be present in the active site. We note
also that for every coordination site in Figure 8, Fe(II)
displays shorter bond lengths to ligands than Mn(II) in
the same site. Also the highest coordination number for
Mn(II) is 5 in Fe1(II)-Mn2(II)-M (not counting long
Mn(II)-ligand bonds >2.5 Å).
No 57Fe M€ossbauer experiments are available for the

reduced Ct-R2 state. The calculated M€ossbauer isomer
shifts (Table 1) are almost the same for the four models
and close to the experimental data of 1.26 and 1.3 mm s-1

observed for reduced E. coli R2 and MMOH, respec-
tively.103-105 When Fe is at site 1, its calculated quadru-
pole splitting value is about 0.5 mm s-1 smaller than the
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value with Fe at site 2. This may help us to distinguish the
metal sites once experimental M€ossbauer data are avail-
able for the reduced Ct-R2 state.
The relative energies are a potentially important indi-

cator whether Mn1-Fe2 or Fe1-Mn2 metal setting is
favored. However, the calculated energies for Mn1(II)-
Fe2(II)-E and Fe1(II)-Mn2(II)-E models are essenti-
ally the same. The energy of Fe1(II)-Mn2(II)-M is only
1.7 kcal mol-1 lower than that of Mn1(II)-Fe2(II)-M,
which cannot lead to a definitive conclusion that the redu-
ced Ct-R2 is in Fe1(II)-Mn2(II) form.
From the energetic point of view, the Mn1(II)-Fe2(II)

and Fe1(II)-Mn2(II) active site structures may coexist.
However from a kinetic point of view, a predominance of
one over another, can be determined by the protein envi-
ronment at the metal insertion stage and by the metal
insertionmechanism.As Jiang et al. pointed out,39 experi-
mentally it is a challenge to prepare the pure active form
of Ct-R2 samples with only the Mn(II)-Fe(II) but not
Mn(II)-Mn(II) and Fe(II)-Fe(II) active sites. Once the
Fe(II)-Fe(II)-Ct-R2 is formed, it is quite reactive to O2,
and produces the Fe(III)-Fe(III)-Ct-R2,39 which is the
diiron inactive form that was characterized crystallogra-
phically (PDB code: 1SYY).33 With an excess of Mn(II),
the Mn(II)-Mn(II)-Ct-R2 complex can be formed, but
this complex is labile and unreactive to O2.

39 Therefore,
use of excess Mn(II) does not prevent formation of the
active Mn(II)-Fe(II) cofactor.39 The current procedure
of Jiang et al. and Younker et al.,39,42,46 for preparing the
activeprotein is toadd1.5 equivofMn(II) toanair-saturated
solution of 370 μM (monomer concentration) apo-R2 at
5 �C, and then to slowly add 0.75 equiv per monomer
Fe(II) (either natural abundance or∼95% 57Fe-enriched)
over a period of 20 min.39,42,46 Their earlier publications
mention a different procedure, which includes premixing
ofMn(II) andFe(II) ions before being added to themetal-
depleted R2.40 In that case, Mn(II) is also 2-fold excess
(1.0 equiv) over Fe(II) (0.5 equiv).
If themetal-bindingaffinityofoneof the twosites is higher

than the other because of the local and the extended pro-
tein environment, then Mn(II) will bind there preferen-
tially when it is added prior to Fe(II). (Note that even
when Mn(II) and Fe(II) are added together, Mn(II) is in
2-fold excess over Fe(II).) Later when Fe(II) is added, it
will bind to the other site which is still open, or, if Mn(II)
is present in both sites, displace the Mn(II) in the site of
lower metal-binding affinity. (Recall that the Mn(II)-
Mn(II)-Ct-R2 complex is labile.) To test this idea, we
deleted the Fe1 or Fe2 in the four Mn1(II)-Fe2(II)-E,
Fe1(II)-Mn2(II)-E, Mn1(II)-Fe2(II)-M, and Fe1(II)-
Mn2(II)-Mmodel structures, and calculated their relative

energies. The four structures with Fe(II) deleted are called
Mn1(II)-E, Mn2(II)-E,Mn1(II)-M, andMn2(II)-M, cor-
respondingly. The detailed calculations for these mono-
Mn(II) structures are given in section 4.2.

4.2. Mono-Mn(II) State:Mn1(II)-E,Mn2(II)-E,Mn1(II)-
M, and Mn2(II)-M. Currently no crystal structure of
Ct-R2 with only one bound metal ion (Fe orMn) is avail-
able. There is a crystal structure (PDB code: 1XSM, reso-
lution 2.3 Å) of mouse RNR-R2 which contains one iron
ion bound at metal site 2 (see Figure 9).106 This structure
is very similar to the reduced diferrous form of E. coliR2,
but with site 1 open and with Glu267 (analogous to Glu238
in E. coli R2 and Glu227 in Ct-R2) binding to Fe2 in
bidentate mode.
Previous wild-type and mutant apo E. coli R2 crystal

structures show that the iron-free proteins do not undergo
any major structural changes compared with the iron-
containing R2.107,108 Without iron ions, some of the poten-
tial unfavorable carboxylate interactions caused by elec-
trostatic repulsion at the site are probably shielded by
carboxylate-carboxylate hydrogen bonds (a proton may
be shared by two adjacent carboxylate groups) or by the
introduction of an intervening water molecule.108 Also
the two active site histidinesmay be in the protonated imi-
dazolium form. However, the relevant crystallization ex-
periments for apoE. coliR2were performed at acid pH=6,
which favors protonation. In the mouse R2 single-Fe
crystal structure, no water molecules were reported with-
in the first coordination spheres of the iron sites.106 The
side chain ofAsp139 (see Figure 9) (analogous toGlu89 in
Ct-R2) at site 1was seen further away from themetal site.106

There is no direct evidence to show whether His173 and
Asp139 (corresponding to His123 andGlu89 inCt-R2) in
the open site 1 are protonated or not. Even if His173 and
Asp139 were protonated in the crystal structure, noting
that these crystals were prepared at pH 4.7, these groups
may not remain protonated at neutral pH. Therefore in
the current study for the mono-Mn(II) states of Ct-R2
generated by the Fe(II) deletions described above, we
treat both sites equally, and do not add extra explicit water
molecules or change the protonation state of the residue
side chains in the open site. First we deleted the Fe(II)
from theMn(II)-Fe(II) optimizedmodel geometries. Since
one of the water molecules in the optimized Mn1(II)-
Fe2(II)-M and Fe1(II)-Mn2(II)-M structures is very far

Table 1.Calculated FeM€ossbauer Isomer Shifts (δ, mm s-1), Quadrupole Splittings (ΔEQ, mm s-1), η, Net Spin Populations (NSP), JCoupling Constants (cm-1), and Spin
Projected Energies (E0, eV) for the Active Site Models of Mn1(II)-Fe2(II)-E, Fe1(II)-Mn2(II)-E, Mn1(II)-Fe2(II)-M, and Fe1(II)-Mn2(II)-Ma

Mn1(II)-Fe2(II)-E Fe1(II)-Mn2(II)-E Mn1(II)-Fe2(II)-M Fe1(II)-Mn2(II)-M

δ(Fe) 1.15 1.13 1.15 1.10
ΔEQ(Fe) 3.00 2.48 3.13 2.50
η 0.53 0.37 0.15 0.70
NSP(Mn) -5.02 -4.92 -4.97 -4.93
NSP(Fe) 3.80 3.81 3.81 3.82
J -3 -1 0.1 -2
E0 -1043.9741 -1043.9576 -1072.9992 -1073.0718

aThe endings E and M refer to the models constructed according to the reduced state active site structures of E.coli R2 and MMOH, respectively.

(106) Kauppi, B.; Nielsen, B. A.; Ramaswamy, S.; Larsen, I. K.; Thelander,
M.; Thelander, L.; Eklund, H. J. Mol. Biol. 1996, 262, 706–720.

(107) Aberg, A.; Nordlund, P.; Eklund, H. Nature 1993, 361, 276–278.
(108) Andersson, M. E.; Hogbom, M.; Rinaldo-Matthis, A.; Blodig, W.;

Liang, Y. H.; Persson, B. O.; Sjoberg, B. T.; Su, X. D.; Nordlund, P.
Biochemistry 2004, 43, 7966–7972.
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from the metal site 1 and may not be present in the active
site (see Figure 8), we also deleted this water molecule
from theMn(II)-Mmodels. COSMOgeometry optimiza-
tions were then performed on these mono-Mn(II) models
by the samemethods as for the originalMn(II)-Fe(II) struc-
tures. However, the COSMO geometry optimizations on
these large single-Mn(II) models proved computationally
extremely slow for rearrangement of the residue side
chains around the site where Fe(II) was removed. There-
fore, the quantum cluster size was reduced by deleting the
components of Arg225, Arg115, Asn50, and their sur-
roundingwatermolecules (Figure 5), while the polarity of
the dielectricmedium inCOSMOcalculationswas increa-
sed. The dielectric constant ε=32.6 (for methanol) was
chosen for COSMO geometry optimizations, since it is
somewhat in between the low dielectric (ε=4.0) and water
(ε = 80.0) environment. Note that only in this subsec-
tion, the quantum clusters are smaller and the dielectric
constant used in DFT-COSMO geometry optimizations
is 32.6.
The optimized structures of Mn1(II)-E, Mn2(II)-E,

Mn1(II)-M, and Mn2(II)-M are shown in Figures 10-13,
respectively. We note that structures Mn1(II)-M and
Mn2(II)-M contain one more water molecule than Mn1(II)-
E and Mn2(II)-E. Therefore, direct energy compari-
sons can be made within the Mn(II)-M set and within
theMn(II)-E set, but not betweenMn(II)-M andMn(II)-E
structures.
During the optimization in Mn1(II)-M, the side chain

of Glu227 moved closer and bonded toMn1, and the other

oxygen atomofGlu227H-bonded to the ligandwatermole-
cule. The corresponding water molecule in Mn2(II)-M
was moved between Glu89 and Glu120 since this struc-
ture had lower energy. The electronic energies of the four
solvated mono-Mn(II) models after COSMO geometry
optimizations are given in the last row of Table 2. The
cluster Mn2(II)-E is by 0.54 eV (12.45 kcal mol-1) lower
thanMn1(II)-E. This is probably because theGlu227 side
chain in Mn2(II)-E is nearly in the bidentate binding
position, which is similar to Mn2(II)-M. Note that the
corresponding carboxylate group (Glu267) in the single-
Fe mouse R2 crystal structure (Figure 9) also has the
bidentate binding position to Fe2.106 The overall positions
of the first shell ligand sidechains inouroptimizedMn2(II)-E
andMn2(II)-M structures are very similar to those in the
Fe2-bound mouse R2. The Mn(II)-ligand coordination
numbers in both Mn1(II)-M and Mn2(II)-M are 5, and

Figure 9. Active site of the crystal structure (PDB code: 1XSM) of
mouse RNR-R2 with one iron ion bound at metal site 2.106.

Figure 10. Optimized structure of Mn1(II)-E.

Figure 11. Optimized structure of Mn2(II)-E.

Figure 12. Optimized structure of Mn1(II)-M.

Figure 13. Optimized structure of Mn2(II)-M.
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their COSMO energies are essentially the same, with
Mn1(II)-M lower thanMn2(II)-Mby less than 1 kcalmol-1.
Therefore it is hard to determine whether Mn(II) favors
binding at site 1 or site 2 by the calculations on the small
active site clusters with continuum solvent models. The
asymmetric protein environment should play an impor-
tant role in this determination.
Before performing the protein plus solvent PB-SCRF

calculations, we first performed a PB-SCRF calculation
on the COSMO optimized structure of Mn1(II)-M (as an
example) with only the reaction field (without protein)
and with ε = 32.6. The final DFT/PB-SCRF energy is
-728.34 eV, which is almost the same as the correspond-
ing COSMO energy of -728.38 eV. Therefore the solva-
tion effect in COSMO calculations is very similar to that
in the DFT/PB-SCRF calculations (without protein field).
Similar results were also observed previously.71 Now the
protein plus solvent PB-SCRFcalculations are applied on
the four mono-Mn(II) COSMO optimized geometries, as
described in section 3.5.
The energy terms obtained from the PB-SCRF calcula-

tions are given in Table 2. (Some further protein and
reaction field energy breakdowns are given in the Sup-
porting Information, Table S1.) The definitions of these
energy terms are given in the footnotes under Table 2. The
initial gas-phase electronic energy (Ei

0, eV) of Mn2(II)-E
is lower thanMn1(II)-E. After polarization by the protein
and solvent, the final electronic energies Ef

0 of Mn1(II)-E
and Mn1(II)-M are lower than the corresponding energies
of Mn2(II)-E andMn2(II)-M by 0.39 eV (9.0 kcal mol-1)
and 0.73 eV (16.8 kcal mol-1), respectively. However, the
protein field charges strongly favorMn(II) binding at site
2, since the Ef

protein’s of Mn2(II)-E and Mn2(II)-M are
lower than those of Mn1(II)-E and Mn1(II)-M by 39.3
and 20.8 kcalmol-1, respectively. TheEf

reaction’s ofMn1(II)-
E and Mn2(II)-E are almost the same. For Mn1(II)-M
and Mn2(II)-M, the Ef

reaction further stabilizes Mn(II)
binding at site 2. Finally, the total energiesEPB-SCRF(total)=
Ef

0þEf
proteinþEf

reaction (eV) ofMn2(II)-E andMn2(II)-M

are lower than Mn1(II)-E and Mn1(II)-M by 1.30 eV
(30.0kcalmol-1) and1.45 eV(33.4kcalmol-1), respectively.
Since the protein structure is obtained from the diferric

Ct-R2 state, and the four optimized active site structures
here are only our best estimates of how Mn(II) binds to
one of the two metal sites in Ct-R2, we cannot be sure if
themono-Mn(II) binding at site 2 is really lower by nearly
30 kcal mol-1 in energy compared to binding at site 1.
However, such a large energy difference does indicate that
the protein environment favors the mono-Mn(II) binding
to site 2. Later when Fe(II) is added, Fe(II) then will bind
to site 1, or replace the Mn(II) at site 1 if Mn(II)-Mn(II)
complex is formed. We therefore propose that, if the
Mn(II)-Fe(II) Ct-R2 protein is prepared with prior
addition of Mn(II) or with Mn(II) excess over Fe(II),
the active site is likely in the Fe1(II)-Mn2(II) form. The
conclusion that site 2 has higher metal binding affinity in
Ct-R2 is consistent with the observation in the single-Fe
mouse R2 crystal structure where Fe binds at site 2.
Very recently, a protein Rv0233 dimer from Mycobac-

terium tuberculosis was solved by X-ray crystallography
(PDB ID: 3EE4).109 This protein was found also contain-
ing a Mn-Fe center which is similar to Ct-R2. The
function ofRv0233 is still not known. TheX-ray structure
was probably determined in the Mn(III)-Fe(III) state.
A striking difference compared to R2 proteins is that
there is a bound ligand in Rv0233 that coordinates direc-
tly to the metal site and is modeled as myristic (C14) acid.

109

A tyrosine(162)-valine(71) cross-link is also found in the
Rv0233 active site, which is likely generated during one of
the first redox cycles of the metal site.109 According to the
first and second ligand-shell similarities on the residue
types, the metal sites 1 and 2 in Rv0233 also relate to
the sites 1 and 2 in Ct-R2, respectively. In Rv0233, the
anomalous diffraction difference maps show that the Mn
ion specifically occupiesmetal site 1, which is the opposite
of what we have just proposed for the metal binding
assignment for Ct-R2. However, even though there are
structural similarities between the active sites of Rv0233
and Ct-R2, the site of metal binding is highly dependent
on the longer-range protein and solvent environment (as
studied above), and on the metal insertion process. One
cannot simply draw the conclusion that Mn will also
occupy metal site 1 in Ct-R2 solely on the grounds that
Mn was found to be at site 1 in Rv0233. It is another
challenge to understand why Mn1-Fe2 is specifically
formed in Rv0233. In principle we can perform similar
calculations on Rv0233 to those we have performed on
Ct-R2. However, additional uncertainties exist for the
reduced state active site structure of Rv0233. For exam-
ple, we do not know if the myristic acid ligand also binds
to the Mn(II)-Fe(II) center, what the states are corres-
ponding to the positions of Tyr162 and Val71 prior to
their two electron oxidation reaction and cross-linkage,
or how to construct the Mn(II)-Fe(II) active site of
Rv0233 based on its Mn(III)-Fe(III) X-ray structure.
Therefore in the current study, we only focus on the Ct-
R2 active site calculations.
Once the Fe and Mn positions are determined in the

Mn(II)-Fe(II) state, they are likely to be locked during

Table 2. DFT/PB-SCRF Calculations at the COSMO Optimized Geometries of
the Mono-Mn(II) Models Mn1(II)-E, Mn2(II)-E, Mn1(II)-M, and Mn2(II)-Ma

Mn1(II)-E Mn2(II)-E Mn1(II)-M Mn2(II)-M

Ei
0
b -693.78 -694.13 -709.48 -708.68

Estrain
c 1.47 2.21 1.81 1.74

Ef
0
d -692.31 -691.92 -707.67 -706.94

Ef
protein

e 0.3 -39.0 -7.2 -28.0
Ef

reaction
f -454.4 -454.0 -423.0 -452.6

EPB-SCRF(total)
g -712.00 -713.30 -726.33 -727.78

ECOSMO
h -713.45 -713.99 -728.38 -728.35

aFigures 10-13. b Initial (i) gas-phase electronic energy (eV) of the
quantum cluster from DFT at the COSMO optimized geometry. cThe
electronic energy change (eV) during thewhole SCRFcycle,Estrain=Ef

0-
Ei

0, which is the energy cost of cluster polarization. dThe quantum
cluster electronic energy (eV) from DFT at the end of the DFT/PB-
SCRF cycle, where the electron orbitals and density are polarized by the
protein and solvent (f denotes final orbitals). eThe final protein field
energy (kcalmol-1), obtained from the charge-charge interactionsbetween
the active site and the protein charges, screened by the different dielectric
media (ε = 1.0 in quantum cluster, ε = 4.0 in protein, and ε = 80 in
solvent). fThe final reaction field energy (kcal mol-1), obtained from
the interaction between the active site charges (where ε = 1.0) and
the dielectric solvent (ε = 80.0) and protein (ε = 4.0) environment.
g EPB-SCRF(total) = Ef

0 þ Ef
protein þ Ef

reaction (eV).
h ECOSMO (eV) is the

energy obtained from the COSMO geometry optimization (with ε =
32.6) including solvation.

(109) Andersson, C. S.; H€ogbom, M. Proc. Natl. Acad. Sci. U.S.A. 2009,
106, 5633–5638.
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the whole catalytic process. Next we will see if the Fe1-
(II)-Mn2(II) assignment in Ct-R2 is supported by the
M€ossbauer and hyperfine calculations on other higher
oxidation states.

4.3. Mn(III)-Fe(III) State:Mn1(III)-(μ-OH
-)2-Fe2(III)

and Fe1(III)-(μ-OH-)2-Mn2(III). Mn1(III)-(μ-OH-)2-
Fe2(III) and Fe1(III)-(μ-OH-)2-Mn2(III) models are
shown in Figures 4 and 5. The main bond lengths around
the metal centers of the optimized geometries are given in
Figure 14. Other calculated properties are given in Table 3.
Similar to the Mn(II)-Fe(II)-M model calculations,

the spin-projected energy of Fe1(III)-(μ-OH-)2-Mn2(III)
model is also lower than Mn1(III)-(μ-OH-)2-Fe2(III) by
about 1.8 kcal mol-1.
The reported 57FeM€ossbauer isomer shift 0.43 mm s-1

was measured at 190 K.38 We now shift it to 0.51 mm s-1

at the common temperature of 4.2K, by taking account of
the second-order Doppler effect (0.43 þ 0.12(190 - 4.2)/
(300 - 4.2) mm s-1).51,110,111 The calculated isomer shift
0.53mm s-1 for Fe on site 1 in Fe1(III)-(μ-OH-)2-Mn2(III)
is by 0.03 mm s-1 closer to the experimental value of
0.51mms-1 than theMn1(III)-(μ-OH-)2-Fe2(III)model.

The calculated quadrupole splitting 0.60 for Fe1(III)-
(μ-OH-)2-Mn2(III) is much closer to the observed value
of 0.81 mm s-1 than that (0.37 mm s-1) of the Mn1(III)-
(μ-OH-)2-Fe2(III) structure. The standard deviation
(SD) of ΔEQ for OPBE on the test set of synthetic
complexes is 0.25 mm s-1,51 so the first calculated value
(0.60mm s-1) is less than 1 SD from experiment, while the
second (0.37 mm s-1) is nearly 2 SD from experiment.
Therefore, both the energetic andM€ossbauer calculations
favor the active site of theMn(III)-Fe(III) state ofCt-R2
being represented by the Fe1(III)-(μ-OH-)2-Mn2(III)
model structure.
Both experimental 57Fe and 55 Mn hyperfine coupling

constants are available for Ct-R2 in Mn(III)-Fe(III)
state.38 The measured 57Fe hyperfine A-tensor is very
isotropic (-64.5, -64.5, -64.5 MHz), typical for Fe(III)
site. The calculated A-tensors for Fe1 in Fe1(III)-(μ-
OH-)2-Mn2(III) and Fe2 inMn1(III)-(μ-OH-)2-Fe2(III)
are almost the same, and also very isotropic. Theoretically it
is very difficult to predict the absolute value of the isotropic
hyperfine coupling constants of metal centers.26,92,112,113

Normally the anisotropic components (Aaniso) can be
more accurately predicted by the DFT calculations. Our

Figure 14. Main metal-ligand distances in the DFT(OPBE) optimized Ct-R2 Mn1(III)-(μ-OH-)2-Fe2(III) and Fe1(III)-(μ-OH-)2-Mn2(III) model
structures. The residues in the outer shells of the active site models are shown in Figures 4 and 5.

Table 3.CalculatedM€ossbauer Isomer Shifts (δ, mm s-1), Quadrupole Splittings (ΔEQ, mm s-1), η, Hyperfine Coupling Constants (A,MHz),aNet Spin Populations (NSP),
J Coupling Constants (cm-1), Spin Projected Energies (E0, eV), and Mn-Fe Distances (r, Å) for the Active Site Models of Mn1(III)-(μ-OH-)2-Fe2(III) and Fe1(III)-
(μ-OH-)2-Mn2(III), and Compared with Experimental (Exp) Results

Mn1(III)-(μ-OH-)2-Fe2(III) Fe1(III)-(μ-OH-)2-Mn2(III) expb

Mn1 Fe2 Fe1 Mn2 Mn Fe

δ 0.56 0.53 0.51c

ΔEQ 0.37 0.60 0.81
η 0.66 0.74
A1 84.02 -55.96 -55.23 93.40 269 -64.5
A2 193.62 -55.56 -54.52 198.18 392 -64.5
A3 133.27 -54.35 -52.86 138.93 314 -64.5
Aiso 136.97 -55.29 -54.20 143.51 325 -64.5
A1

aniso -52.95 -0.67 -1.03 -50.10 -56 0.0
A2

aniso 56.65 -0.27 -0.31 54.67 67 0.0
A3

aniso -3.70 0.94 1.34 -4.57 -11 0.0
NSP -4.03 4.16 4.18 -4.03
J -30 -35
E0 -1079.3002 -1079.3773
r(Mn-Fe) 3.14 3.09 2.90

aDFT-calculated A-tensors were rescaled by the spin coupling factors (see text). Aiso represents the isotropic A-tensor, and Aaniso stands for the
anisotropic A-tensor component. bM€ossbauer and hyperfine experimental data are from ref 38, and the EXAFSMn-Fe distance is taken from ref 44.
cThe reported experimental isomer shift is 0.43mm s-1 obtained at 190K.38Wehave shifted it to 0.51mms-1 at 4.2K taking account of the second-order
Doppler effect.

(110) Fee, J. A.; Findling, K. L.; Yoshida, T.; Hille, R.; Tarr, G. E.;
Hearshen, D. O.; Dunham,W.R.; Day, E. P.; Kent, T. A.;Munck, E. J. Biol.
Chem. 1984, 259, 124–133.

(111) Liu, T. Q.; Lovell, T.; Han, W. G.; Noodleman, L. Inorg. Chem.
2003, 42, 5244–5251.

(112) Noodleman, L.; Baerends, E. J. J. Am. Chem. Soc. 1984, 106, 2316–
2327.

(113) Neese, F. J. Chem. Phys. 2003, 118, 3939–3948.
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previous PW91 calculated 57Fe isotropic hyperfine coup-
ling constants (Aiso) are less than half of the observed
ones.26CurrentOPBEcalculated 57FeAiso’s for bothmodels
are much closer to (about 85% of) the experimental data.
The almost zero anisotropic components of the 57Fe
A-tensors are very well reproduced in both structures.
The predicted Aiso forMn2 site (143.51MHz) is by about
7MHz larger than forMn1 (136.97MHz).However, both
values are still small (about 42-44%) compared with the
measured one (325 MHz). The two models yield almost
the same predicted anisotropic components of the 55 Mn
A-tensors, which are also in very good agreement with the
corresponding experimental values.
The diiron center in the diferric Ct-R2 X-ray crystal

structure (resolution 1.7 Å) is very symmetric, with 2.1 Å
for Fe1-O1 and Fe2-O1 distances, and 2.2 Å for Fe1-O2
andFe2-O2.However, with one of the iron sites replaced
byMn, the center core is more asymmetric (less rhombic),
with Mn-O1 and Fe-O2 shorter than Mn-O2 and
Fe-O1. The very shortMn-Odistance∼1.65 Å reported
fromEXAFS44 is not reproduced. The shortest calculated
Mn-Odistances here are 1.86 Å forMn1-O1 and 1.89 Å
for Mn2-O1. The calculated Mn-Fe distances for the
Mn1-Fe2 and Fe1-Mn2 models are almost the same
(about 3.1 Å), with only 0.05 Å difference. These calculated
Mn-Fe distances are a little shorter than the Fe-Fe dis-
tance (3.3 Å) in the diferricCt-R2 X-ray crystal structure.
Summarizing the Ct-R2 Mn(III)-Fe(III) state cal-

culations, the relative energies, M€ossbauer isomer shifts
and quadrupole splittings favor the Fe1-(μ-OH-)2-Mn2
structure over the Mn1(III)-(μ-OH-)2-Fe2(III) model,
which supports the proposed metal assignment made in
section 4.2.

4.4. Superoxidized Mn(IV)-Fe(IV) State: Mn1(IV)-(μ-
O)2-Fe2(IV) and Fe1(IV)-(μ-O)2-Mn2(IV). The main me-
tal-ligand distances in the first shell of the optimized
Mn1(IV)-(μ-O)2-Fe2(IV) and Fe1(IV)-(μ-O)2-Mn2(IV)
structures are given in Figure 15. So far there are no EX-
AFS experimental data available for theMn(IV)-Fe(IV)
state of Ct-R2. Comparing with the calculated Mn(III)-
Fe(III) state, theMn(IV)-Fe(IV) distance is much short-
er (by about 0.3 Å). The shortest metal-ligand distance is
Fe(IV)-O1, 1.76 Å for Fe1-O1 and 1.78 Å for Fe2-O1.
Other calculated properties including the M€ossbauer

isomer shifts and quadrupole splittings, hyperfine coup-
ling constants, and spin projected energies for these two
Mn(IV)-Fe(IV) models are given in Table 4. Unlike the
Mn(III)-Fe(III) state, the Fe1(IV)-(μ-O)2-Mn2(IV) model
is now in higher energy than theMn1(IV)-(μ-O)2-Fe2(IV)

structure by 1.7 kcal mol-1. However, the metal sites in
the superoxidized state are not expected to be labile.
The calculated M€ossbauer isomer shifts for 57Fe in the

two Mn(IV)-Fe(IV) models (0.24 and 0.23 mm s-1) are
almost the same and close to the experimental value of
0.17 mm s-1, representing the high-spin Fe(IV) sites. The
experimentally reported ΔEQ is -0.75 mm s-1 with η=
-10. If we trace back to reorder the eigenvalues as |Vzz|g
|Vyy| g |Vxx|, we will have ΔEQ=0.75 mm s-1 and η=
0.64. The predicted ΔEQ for the two models are very
different. The predicted ΔEQ = 0.47 mm s-1 for Fe2 in
Mn1(IV)-(μ-O)2-Fe2(IV) is much smaller than the experi-
mental result, 0.75 mm s-1. By contrast, the predicted
ΔEQ=0.76 mm s-1 for Fe1 in Fe1(IV)-(μ-O)2-Mn2(IV)
almost exactly reproduces the experimental value, 0.75 mm
s-1. Therefore the M€ossbauer property calculations for
the Mn(IV)-Fe(IV) state also favor the proposition that
Fe is located at site 1.
Similarly to the Mn(III)-Fe(III) state, switching the

Mn and Fe positions in Mn(IV)-Fe(IV) state does not
make a significant change in the calculated hyperfine
A-tensor. The predicted anisotropic components of the
57Fe A-tensor of both models are in good agreement with

Figure 15. Main metal-ligand distances in the DFT(OPBE) optimized Ct-R2Mn1(IV)-(μ-O)2-Fe2(IV) and Fe1(IV)-(μ-O)2-Mn2(IV) model structures.
The residues in the outer shells of the active site models are shown in Figures 4 and 5.

Table 4. Calculated M€ossbauer Isomer Shifts (δ, mm s-1), Quadrupole Splittings
(ΔEQ, mm s-1), η, Hyperfine Coupling Constants (A, MHz),a Net Spin Popula-
tions (NSP), J Coupling Constants (cm-1), and Spin Projected Energies (E0, eV)
for the Active Site Models of Mn1(IV)-(μ-O)2-Fe2(IV) and Fe1(IV)-(μ-O)2-
Mn2(IV), and Compared with Experimental (Exp) Results

Mn1(IV)-(μ-O)2-Fe2(IV) Fe1(IV)-(μ-O)2-Mn2(IV) exp b

Mn1 Fe2 Fe1 Mn2 Mn Fe

δ 0.24 0.23 0.17
ΔEQ 0.47 0.76 0.75
η 0.43 0.79 0.64
A1 130.10 -35.25 -33.53 135.84 247-55.9
A2 113.38 -38.83 -39.08 120.98 216-59.3
A3 122.41 -20.32 -19.69 125.54 243-40.5
Aiso 121.97 -31.47 -30.76 127.45 235.3-51.9
A1

aniso 8.14 -3.78 -2.76 8.39 11.7 -4.0
A2

aniso -8.59 -7.36 -8.31 -6.48 -19.3 -7.4
A3

aniso 0.45 11.14 11.07 -1.91 7.7 11.4
NSP -2.95 3.25 3.22 -3.00
J -232 -226
E0 -1070.4874 -1070.4144

aDFT-calculated A-tensors were rescaled by the spin coupling
factors (see text). Aiso represents the isotropic A-tensor, and Aaniso

stands for the anisotropic A-tensor component. bM€ossbauer and hyper-
fine experimental data are from ref 40. The original experimental 57Fe
M€ossbauer quadrupole splitting was reported as ΔEQ =-0.75 mm s-1

with η=-10. The data shown in the table are obtained after reordering
the eigenvalues of the V tensors.
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experiment. However, the experimental anisotropic com-
ponents of the 55Mn A-tensor, especially A2

aniso and
A3

aniso are not well reproduced by the two models. This
may be because the models deviate from the real Ct-R2
Mn(IV)-Fe(IV) structure, or simply because of the ac-
curacy limitation of our A-tensor calculations for Mn-
(IV). Notice that experimentally the largest Aaniso value
for Mn(IV) is less than 10% of the isotropic value, while
for Fe(IV) Aaniso(largest) is about 20% compared to Aiso.
Therefore, computationally it is easier to predict more
accurately the Aaniso values for Fe(IV) than for Mn(IV).

4.5. Oxidized Mn(IV)-Fe(III) state: Mn1(IV)-(μ-O)2-
Fe2(III), Fe1(III)-(μ-O)2-Mn2(IV), Mn1(IV)-(μ-O)(μ-
OH-)-Fe2(III), andFe1(III)-(μ-O)(μ-OH-)-Mn2(IV).Very
recently,wehave studied the feasible active site structures for
the Fe(IV)-Fe(III) intermediate X state of E. coli RNR.30

Calculations show that the di-μ-oxo model of Fe1(III)-(μ-
O)2-Fe2(IV) ismore consistentwithENDORexperiments.17

However, energetically the bridging oxo and hydroxo form
ofFe1(III)-(μ-O)(μ-OH-)-Fe2(IV) is favored for someactive
site models. Further calculations show that if a sulfate ion
(taking sulfate as anexample, since sulfate ions certainly exist
in the buffer of the ENDOR experiment) interacts with
Arg236 (see Figure 3), the carboxylate group of Asp237
tends to be protonated, and once Asp237 is protonated, the
Fe(III)Fe(IV) center in E. coli RNR-X favors the di-μ-oxo
structure. In the present case, by comparing the calculated
properties with experiment, we will also analyze whether the
di-μ-oxo or the (μ-oxo)(μ-hydroxo) form is likely to repre-
sent the Mn(IV)Fe(III) active site center of Ct-R2.
Two different Mn(IV)-Fe(III) distances, 2.75 Å44 and

2.92 Å,42 were reported fromEXAFS experiments by two
research groups. Younker et al.42 also reported the pre-
sence of a short 1.74 Å Mn(IV)-O bond length from the
Mn edge data. The calculated (Figure 16) Mn(IV)-Fe-
(III) distances (2.76 and 2.71 Å) in the di-μ-oxo models
Mn1(IV)-(μ-O)2-Fe2(III) and Fe1(III)-(μ-O)2-Mn2(IV)
are short, and are consistent with the 2.75 Å EXAFS

result. On the other hand, the Mn1(IV)-(μ-O)(μ-OH-)-
Fe2(III) andFe1(III)-(μ-O)(μ-OH-)-Mn2(IV)models yield
longer Mn-Fe distances (2.95 and 2.98 Å, respectively),
which agree with the experimental 2.92 Å very well. In the
optimized Mn1(IV)-(μ-O)2-Fe2(III) and Fe1(III)-(μ-O)2-
Mn2(IV) structures, bothMn-O1 andMn-O2 are short
and have about the same bond lengths (1.74-1.76 Å). In
models Mn1(IV)-(μ-O)(μ-OH-)-Fe2(III) and Fe1(III)-(μ-
O)(μ-OH-)-Mn2(IV), only one Mn-O1 bond is short
(1.72-1.74 Å), which agrees with the Mn EXAFS data
fromYounker et al. where only a singleO scatterer at 1.74 Å
was found.42 Therefore, Mn1(IV)-(μ-O)(μ-OH-)-Fe2-
(III) or Fe1(III)-(μ-O)(μ-OH-)-Mn2(IV) is more like
the active site structure observed from the latter EXAFS
experiment.42

Other calculated properties of these four Mn(IV)-
Fe(III) models are given in Table 5. The Mn1(IV)-(μ-O)2-
Fe2(III) model has a slightly larger predicted 57Fe
M€ossbauer isomer shift value, 0.58 mm s-1, than the other
three models, which are all close to the observed value of
0.52 mm s-1.38 The calculated Fe quadrupole splitting
values of the (μ-oxo, μ-hydroxo) models (-1.23 and
-1.38 mm s-1) are much larger than the corresponding
results for the di-μ-oxo models (-0.82 and -0.78 mm
s-1), and much closer to the experimental observation
(-1.32 mm s-1) (note that the standard deviation ofΔEQ

from fit is 0.25 mm s-1). The calculated pKa’s of site O2
also show that the (μ-oxo, μ-hydroxo) models are en-
ergetically far more stable than the corresponding di-μ-
oxo models. Therefore, the (μ-oxo, μ-hydroxo) models
are more likely to represent the active site structure of
Mn(IV)-Fe(III) state of Ct-R2. Both theoretical studies
by Roos and Siegbahn, and by Younker et al. have
proposed that the Ct-R2 Mn(IV)-Fe(III) state has (μ-
O) and (μ-OH-) bridges.42,45 Our combined results for
geometries, energies, and protonation states of bridging
oxygens support this proposed active site composition
and the EXAFS result from Younker et al.42 On purely

Figure 16. Main metal-ligand distances in the DFT(OPBE) optimized Ct-R2 Mn1(IV)-(μ-O)2-Fe2(III), Fe1(III)-(μ-O)2-Mn2(IV), Mn1(IV)-(μ-O)(μ-
OH-)-Fe2(III), andFe1(III)-(μ-O)(μ-OH-)-Mn2(IV)model structures.The residues in the outer shells of the active sitemodels are shown inFigures 4 and5.
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experimental grounds, the Mn(IV)-Fe(III) complex
from Younker et al.42 is about 85-90% pure based on
their M€ossbauer analysis (10-15% Fe(III)-Fe(III) con-
taminant). These samples are preferable to the physical
mixtures ofMn-Fe oxidation states used for the EXAFS
analysis of Mn(IV)-Fe(III) in ref 44.
Again as in the Mn(III)-Fe(III) and Mn(IV)-Fe(IV)

calculations, the predicted 57Fe A-tensor values for the
fourMn(IV)-Fe(III) models are also very similar to each
other, and all the predictedAaniso’s are in good agreement
with experiment. The absolute values of the Aiso’s obta-
ined from our current OPBE calculations are similar to
and some are even larger than those obtained byYounker
et al. for their Mn(IV)-Fe(III) model A-tensor calcula-
tions using the B3LYP functional.42

As in the calculations performed by Younker et al.,42 it
is hard to determine whetherMn resides on site 1 or site 2
in the Mn(IV)-(μ-O)(μ-OH-)-Fe2(III) state. If we have
to choose one of the two, the Fe1(III)-(μ-O)(μ-OH-)-
Mn2(IV) model’s 57Fe quadrupole splitting property is a
little closer to experiment.The calculations ofYounker et al.
using the B3LYP method always predict better isomer
shifts whenFe is at site 1 for their differentMn(IV)-Fe(III)
models.42

5. Conclusions

The R2 unit of Chlamydia trachomatis RNR contains a
Mn-Fe active site and a phenylalanine (Phe127), rather than
a diiron center and a tyrosine as found in conventional class-I
RNRs. The first-shell ligand residue types and oxygen species
of Ct-R2 are more like those of the diiron active site of
MMOH. In the current paper, we have performed DFT
broken-symmetry calculations on several Ct-R2 active site
models, to discover which metal site is Mn versus Fe, to
analyze potential protonation states of bridging oxygens,
and to study the Mn-Fe active site structures, energetics,
M€ossbauer, and hyperfine properties of Ct-R2 in different
oxidation states. Thesemodels are constructed for the reduced
Mn(II)-Fe(II),metMn(III)-Fe(III), superoxidizedMn(IV)-

Fe(IV), and oxidizedMn(IV)-Fe(III) states according to the
available diironCt-R2, E. coliR2 andMMOHX-ray crystal
structures and previous intermediate state calculationmodels
for E. coli R2 and MMOH. Both Mn1-Fe2 (site 1 is the
metal site closer to Phe127) and Fe1-Mn2 structures for
each model are studied.
The positions of Mn and Fe sites are very probably fixed

during the sample preparation in the reduced state (by adding
Mn(II) and Fe(II) into the metal-depleted R2).38 Then they
are not likely to switch positions based on the poorer lability
ofM(III) andM(IV) compared toM(II) for bothMnandFe.
It is therefore more important to compare the relative
energies of theMn1(II)-Fe2(II) and Fe1(II)-Mn2(II) struc-
tures. Our calculations show that for the reducedCt-R2 struc-
tures which were established according to the diferrous active
site ofMMOH, the Fe1(II)-Mn2(II) active site is by 1.7 kcal
mol-1 lower in energy than the corresponding Mn1(II)-
Fe2(II) structure. On the basis of this energy difference, one
cannot drawadefinite conclusion thatFe is positioned on site 1.
Since the current best procedure for preparing the Mn(II)-
Fe(II) Ct-R2 sample is to add 2-fold excess Mn(II) to
apo-R2 prior to adding Fe(II), to limit the formation of the
Fe(II)-Fe(II) complex,46 Mn(II) should bind first to the
metal site which has highermetal-binding affinity determined
by the local and the extended protein and solvent environ-
ment. We therefore studied how the protein and solvent
environment influence the binding of mono-Mn(II) to site 1
or site 2 byperforming thePoisson-Boltzmann self-consistent
reaction field calculations on four mono-Mn(II) active
site structures. Our current calculations indicate that the
protein environment stabilizes the structures with mono-
Mn(II) binding at site 2. We therefore propose that Mn(II)
occupies site 2 and Fe(II) will occupy site 1 when it is added
later. This Fe1-Mn2 assignment is supported by further
M€ossbauer calculations on other higher oxidation state
active site models. The conclusion that site 2 has a higher
metal binding affinity in Ct-R2 is consistent with the single-
Fe containing crystal structure ofmouseR2where the Fewas
found bound at site 2, and also consistent with the higher Fe(II)
affinity at site Fe2 in E. coli R2 found by Bollinger et al.

Table 5. Calculated FeM€ossbauer Isomer Shifts (δ, mm s-1), Quadrupole Splittings (ΔEQ, mm s-1), η, Fe Hyperfine Coupling Constants (A, MHz),aNet Spin Populations
(NSP), J Coupling Constants (cm-1), Spin Projected Energies (E0, eV), the pKa of the Bridging OH-, and Mn-Fe Distances (r, Å) for the Active Site Models of Mn1(IV)-
(μ-O)2-Fe2(III), Fe1(III)-(μ-O)2-Mn2(IV), Mn1(IV)-(μ-O)(μ-OH-)-Fe2(III), and Fe1(III)-(μ-O)(μ-OH-)-Mn2(IV), and Compared with Experimental (Exp) Results

Mn1(IV)-(μ-O)2-
Fe2(III)

Fe1(III)-(μ-O)2-
Mn2(IV)

Mn1(IV)-(μ-O)(μ-OH-)-
Fe2(III)

Fe1(III)-(μ-O)(μ-OH-)-
Mn2(IV) exp b

δ(Fe) 0.58 0.53 0.54 0.49 0.52
ΔEQ(Fe) -0.82 -0.78 -1.23 -1.38 -1.32
η 0.93 0.74 0.24 0.83 0.11
A1 -42.86 -41.14 -39.99 -36.35 -55.3
A2 -41.33 -39.94 -38.08 -34.56 -53.5
A3 -40.32 -38.32 -37.20 -32.95 -52.3
Aiso -41.50 -39.8 -38.42 -34.62 -53.7
A1

aniso -1.36 -1.34 -1.57 -1.73 -1.6
A2

aniso 0.17 -0.14 0.35 0.06 0.2
A3

aniso 1.18 1.48 1.22 1.66 1.4
NSP(Mn) -2.88 -2.91 -2.91 -2.97
NSP(Fe) 4.06 4.04 4.08 4.09
J -153 -125 -160 -181
E0 -1074.4391 -1074.3623 -1075.0395 -1074.9881
pKa(OH-) 20.30 20.73
r(Mn-Fe) 2.76 2.71 2.95 2.98 2.75, 2.92 c

aDFT-calculated A-tensors were rescaled by the spin coupling factor (see text). Aiso represents the isotropic A-tensor, and Aaniso stands for the
anisotropic A-tensor component. bFe M€ossbauer and hyperfine experimental data are from refs 39 and 42. The original experimental 57Fe M€ossbauer
quadrupole splitting was reported asΔEQ= 1.32 mm s-1 with η=-2.6.39 The data shown in the table are obtained after reordering the eigenvalues of
the V tensors.42 cThe EXAFS Mn-Fe distance 2.75 Å is taken from ref 44, and 2.92 Å from ref 42.
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based on their two-iron-isotope reaction and M€ossbauer
spectroscopy experiments.114 In future work, we plan to
analyze the likely protonation states of the apo-Ct-R2
structure, and the comparative energies of single-Mn(II)
binding with associated proton exchange at alternative metal
binding sites. Our calculations also support the conclusion
that the Mn(IV)-Fe(III) active site contains μ-oxo and
μ-hydroxo bridges, rather than two μ-oxo bridges.
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