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. Introduction

It is generally admitted that about half of all enzymes require
metal ion to function [1] and the emergence of bioinformatic

echniques has allowed one to delineate the main features of the
etallome [2]. In this context the first row transition metals, i.e.
anganese, iron, cobalt, nickel and copper, occupy a critical posi-

ion, being involved in many essential hydrolytic and/or redox
nzymatic systems. In many cases this function is associated with
specific property of the metal ion, i.e. its redox potential, so its

eplacement by any other metal ion will lead to the loss of the
unction. As a consequence, delivering the right metal to the right
rotein is generally an issue of utmost importance [1,3]. It has been
hown that the concentration of free Cu2+ ion is maintained at an
xtremely low value [4], and this is probably the case for other
etals. It is now recognized that all metal ions are taken charge of

y sophisticated sensor, transport and storage systems, that fulfill
he requirements of the cells by regulating the availability of the
ecessary metals and expelling the toxic ones [3].

The duality of iron and manganese is especially interesting.
ndeed both metals are of utmost biological importance and pos-
ess very similar charges and ionic radii (Table 1). As a consequence,
n non-heme enzymes they have highly similar coordination envi-
onments, mainly composed of combinations of histidines and
spartates/glutamates. On the other hand, whereas very specific
unctions are associated with each metal, i.e. O2 production for

n and O2 transport and reduction for Fe, they fulfill a few com-
on ones. This complex duality is illustrated by comparisons of

he recently described Fe- and Mn-dependent homoprotocatechu-
te 2,3-dioxygenases [5] and of superoxide dismutases (SOD) [6].
he former enzymes have been shown by X-ray crystallography to
ave identical active site structures whatever the metal involved.
oreover, it was recently shown that a reconstitution of the Fe

nzyme with Mn or the reverse gave an enzyme with similar activ-
ty [5]. This unsensitivity of the catalyzed reaction to the involved

etal has been assigned to the fact that whereas the overall reac-
ion implies O2 activation and electron transfers, the metals do not
hange oxidation state and operate through their acidic properties
nly [5].

The situation of the SOD enzymes is more complicated. Indeed,
hile both Fe- and Mn-SOD have been shown by X-ray crystallog-

aphy to possess identical active sites, in most cases replacing Fe
y Mn in a Fe-SOD (or the reverse) leads to an inactive enzyme. In

act, this substitution preserves the activity only in the so-called
ambialistic SOD family, and understanding these differences has
een attracting active research for many years [6]. The generally
ccepted mechanism states that during catalysis the metals shut-

able 1
onic radii of biologically important first row transition metals (high-spin state).

Ion Electronic configuration Coordinance Ionic radii

Mn2+ 3d5 6 0.83
Mn3+ 3d4 6 0.645
Fe2+ 3d6 6 0.78
Fe3+ 3d5 6 0.645
Co2+ 3d7 6 0.745
Co3+ 3d6 6 0.61
Ni2+ 3d8 6 0.69
Cu2+ 3d9 5 0.65
ver the more classical diiron center are considered.
© 2010 Elsevier B.V. All rights reserved.

tle between the oxidation states +II and +III in the superoxide
reduction to peroxide and back in the oxidation of superoxide to
dioxygen. Of course in this case, the overall reaction is more sensi-
tive to the redox potentials of the metals and to the H-bond network
involved in the proton transfers to the active site [6].

This Fe/Mn duality leads to an even more complicated situa-
tion for dinuclear metal sites. Indeed, in this case apart from the
two homonuclear dimetal sites, FeFe and MnMn, a third possibility
exists to have an heterodimetal site, FeMn. Structural characteri-
zation of numerous diiron [7,8] and dimanganese [9,10] enzymes
has shown that they use the same combinations of histidines and
aspartates/glutamates to hold the two metals in close proximity
(ca. 2.5–4.0 Å, depending on their oxidation states). Controversies
have arisen at times concerning the true nature of certain enzyme
active sites, especially some purple acid phosphatase, ribonu-
cleotide reductase and arylamine oxygenase. For the former two
enzymes, the existence of the heterodimetal site FeMn has been
definitely established [11,12], while for the latter it was proposed
[13] but experimental evidence gathered afterwards strongly sup-
port a diiron active site [14]. The aim of this review is to analyze
the currently available data on FeMn enzymes with a particular
emphasis on their specific physical properties. In addition the very
few available model compounds reported so far will be presented.
Finally, possible reasons for the choice of the peculiar heteronuclear
active site over the more classical diiron center will be considered.

2. The FeMn purple acid phosphatase

2.1. Presentation

Purple acid phosphatases (PAP) belong to the large family of din-
uclear metallohydrolases that encompasses diverse phosphatases,
RNA and DNA polymerases and peptidases to mention a few
[15,16]. Metallohydrolases assemble at their active sites various
homometallic pairs Zn2, Ni2, Co2, Fe2, Mn2 and Mg2 and even a few
heterometallic ones FeZn and FeMn. The PAPs’ active site comprises
a ferric ion associated with a divalent metal that is FeII for mam-
malian enzymes and ZnII, FeII or MnII for those of plant origin. They
owe their name to the fact that their phosphatase activity maxi-
mizes at acidic pH and that they exhibit a purple color attributed
to a tyrosinate → FeIII charge transfer transition. While the FeIII ion
is strongly bound, the MII ion is more labile and can be exchanged
easily in uteroferrin without a significant loss of activity [17].

2.2. Structural and physical characterization

X-ray structures of PAP enzymes of mammalian [18] and plant
[19,20] origins have been reported and reveal a high degree of
homology of the active site whatever the metal pair involved
FeIIIFeII, FeIIIZnII or FeIIIMnII. Most plant PAPs are homodimers with
a monomer subunit of ∼55 kDa. It is common that several PAP
isoforms exist within an organism and sweet potato possesses
three isoforms with the three types of dimetal centers FeIIIFeII,
FeIIIZnII or FeIIIMnII [11,21,22]. The presence of FeIIIMnII center in

isoform 2 was demonstrated by Schenk et al. [11] and a similar
center was reported very recently in diphosphonucleotide phos-
phatase/phosphodiesterase from yellow lupin [23]. Fig. 1 depicts
the structure of the active site of the PAP from sweet potato iso-
form 2 with a FeMn pair complexed by a phosphate anion [20].
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he active site is assembled by seven residues that are strictly con-
erved in PAPs of all origins (Table 2) while structural differences
an exist in other regions of the proteins.

The Fe and Mn ions are hexacoordinated and terminally bound
y three residues, Tyr166, His324, Asp134 for Fe and His285,
is322, Asn200 for Mn. In addition, the metals are triply bridged
y an aspartate (Asp163) and an exogeneous phosphate. The lat-
er is supposed to have displaced an oxygen bridge present in the
esting state of the enzyme. This solvent derived bridging ligand
as assigned as an oxide from magnetic susceptibility experiments

hat revealed a very weak magnetic contribution of the enzyme
reparation, that is consistent only with a strongly antiferromag-
etically coupled Fe–Mn pair (−2J � 140 cm−1) [11]. The validity
f this assignment was substantiated by recent DFT calculations
25]. As noted by the authors, this is the only example in the
iterature of a FeIII-(�-O)-MnII unit [11]. This strong antiferromag-
etic coupling differs from those estimated for FeIIIFeII centers in
ovine spleen (as-purified) and red kidney bean (reconstituted)
AP by magnetic susceptibility [26] and for uteroferrin by magnetic
usceptibility [27], Mössbauer [28] and MCD [29] spectroscopies.
ndeed, in the three proteins moderate antiferromagnetic exchange
nteractions (−2J ∼ 5–17 cm−1) were estimated. These values are

onsistent with an hydroxide bridge. In addition, it is well docu-
ented that MnII does not generally give high magnetic exchange

nteractions owing to its poor covalent bonding. Therefore, the pur-
orted FeIII-(�-O)-MnII unit does not appear fully ascertained yet

Table 2
Metal binding residues in PAPs of various
origins.

Rat PAP [18]
Fe: Tyr55, His223, Asp14, Asp52
Fe: His221, His186, Asn91, Asp52

Red kidney bean PAP [19]
Fe: Tyr167, His325, Asp135, Asp164
Zn: His286, His323, Asn201, Asp164

Sweet potato PAP [20]
Fe: Tyr166, His324, Asp134, Asp163
Mn: His285, His322, Asn200, Asp163
mistry Reviews 255 (2011) 186–202

and additional evidence to support it should be gained from MCD
or Mössbauer spectroscopies.

2.3. Functional aspects

A common important issue for metallohydrolases, that is a mat-
ter of debate, is the identity of the active nucleophile that attacks
the substrate phosphorus or equivalent atom. Indeed, while it is
generally admitted that the incoming substrate binds at the MII ion
by substituting a water molecule, whether it is then attacked (i)
by a terminal hydroxide on the FeIII ion or (ii) by a water molecule
H-bonded to it or (iii) by the bridging (hydr)oxide has not been
firmly established yet. As mentioned above, it was shown in utero-
ferrin [17] that the enzymatic activity is not much affected by the
exchange of the MII metal. This is understandable since the role of
this metal is confined to substrate binding. On the other hand, PAPs
of different origins or isoforms exhibit different reactivities in terms
of catalytic efficiencies and/or pH dependence. It is noteworthy that
the FeMn PAP appears the most active, a fact possibly linked to its
oxo bridge acting as a nucleophile or to the presence of second-
sphere residues favoring the elimination of the leaving group [16].
The latter view is supported by a very recent kinetic study com-
paring the activities of the FeFe and FeMn forms of uteroferrin that
concluded that both forms hydrolyze monoesters through mecha-
nism (ii). Nevertheless, this mechanistic question may not have a
unique answer since it was shown earlier that it may depend on
substrates (mono vs diesters) [30].

3. The FeMn ribonucleotide reductase

3.1. Presentation

Ribonucleotide reductases (RNR) are present in all cellular
organisms where they realize the synthesis of the four deoxyri-
bonucleoside triphosphates (dNTPs) by substitution of the 2′-OH
of a ribonucleoside di- or triphosphate by a hydrogen atom. The
activation of the ribonucleotide is achieved in all RNRs by abstrac-
tion of the 3′-hydrogen of the ribose by a transient thiyl radical
of the enzyme [31]. RNRs have been separated in three different
classes according to the way they interact with dioxygen and gen-
erate the thiyl radical [32]. Class I RNRs, that are of interest in the
present context, contain two non-identical dimeric subunits, R1
and R2, arranged as a R12R22 heterotetramer. The active thiyl radi-
cal is formed on an active cysteine in R1 through an electron transfer
over 35 Å to a tyrosyl radical located in R2 [31]. Most of class I RNRs
rely on a diiron site that uses dioxygen to generate the tyrosyl rad-
ical in R2. Indeed, reaction of dioxygen with the reduced diiron
center leads eventually to the formation of a FeIIIFeIV so-called “X”
species that is responsible for oxidation of the neighboring tyrosine
[33,34].

FeIIFeII· · ·Tyr + O2 + e− → FeIIIFeIV · · ·Tyr

FeIIIFeIV · · ·Tyr → FeIIIFeIII· · ·Tyr• (X)

Fig. 2 (top) illustrates the X-ray structure of the active site of
Escherichia coli RNR in its oxidized form [35,36]. The two ferric
ions are doubly bridged by an oxide and a glutamate (Glu115).
Fe2 is terminally bound by a histidine (His241), two glutamates
(Glu204, Glu238) and a water molecule making it hexacoordinated.
By contrast, Fe1 is only pentacoordinated being terminally bound

by histidine 118 and aspartate 84 in addition to a water molecule.
One hydrogen of this water molecule interacts with the hydroxyl
group of the active tyrosine Tyr122. This active site is embedded in
a four-helix bundle to which all iron ligands are bound. This over-
all arrangement of the iron ligands is a common feature of most
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ioxygen activating enzymes with a dinuclear active site (Table 3)
s shown for example for methane monooxygenase hydroxylase
MMOH) [37].

The X-ray structure of the active site of Methylococcus capsulatus
MOH in its oxidized form [37,38] is illustrated in Fig. 2 (bottom).

t bears a strong resemblance with that of RNR-R2 but significant

ifferences exist also. The two ferric ions are triply bridged by two
ydroxides and a glutamate (Glu144) and they are both hexacoordi-
ated. Fe2 is terminally bound by the same three protein residues
s in RNR-R2: a histidine (His246) and two glutamates (Glu209,

able 3
etal ligands in the active sites of oxidized M. capsulatus MMOH, E. coli RNR-R2, C.

rachomatis RNR-R2, S. thioluteus AurF and M. tuberculosis oxidase. Wat stands for a
ater molecule.

Protein Terminal ligands to Fe2 Bridging ligands Terminal ligands
to M1

a

Mc MMO H246, E209, E243 (�-OH)2, E144 H147, E114
Ec RNR H241, E204, E238, Wat (�-O), E115 H118, D84, Wat
Ct RNR H230, E193, E227 (�-OH)2, E120 H123, E89, Wat
St AurF H230, E196, E227 (�-O), E136 H139, H223, E101
Mt Oxidase H205, E167, E202 (�-O), E101 H104, E68

a M is Fe for all proteins except Mt oxidase.
MMOH (bottom, PDB code: 1MTY) from [35,37], respectively. The iron atoms are

Glu243). The coordination of Fe1 differs from that observed in RNR-
R2 and comprises a water molecule, a histidine (His147) and a
glutamate (Glu114). It is worth noting that the water ligand is H-
bonded to Glu114. By contrast, in RNR-R2 Glu114 is replaced by
Asp84 and the water ligand is H-bonded to the active tyrosine
Tyr122. The replacement of this glutamate by an aspartate is a
distinctive feature of class I RNRs that is functionally significant.

Class I has been subdivided in two subgroups, Ia and Ib, the latter
being identified by the presence in its genome of a redoxin and an
additional protein of still unknown function [32].

While a diiron center has been definitely associated with class
Ia RNRs, the nature of the metal cofactor of class Ib enzymes has
been a matter of controversy [39] and is still debated. Indeed, it
was reported that class Ib RNRs from Corynebacteriae possessed
a dimanganese cofactor [39] but this statement was contradicted
[40]. Nevertheless, experimental evidence for the occurrence of
such a cofactor in a class Ib enzyme from E. coli was very recently
advanced [41].

A new subclass Ic within class I RNRs was discovered recently

[42] and eventually shown to operate on a mechanism differ-
ent from classes Ia and Ib, that involves an FeMn cofactor [12].
The emergence of subclass Ic RNRs originated when sequence
alignments showed that in the RNR from the obligate pathogen
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ig. 3. X-ray structure of the oxidized active site of Ct RNR-R2 (PDB code: 1SYY)
rom [42]. The iron atoms are colored in purple.

hlamydia trachomatis a phenylalanine was found in place of the
ctive tyrosine [43]. This observation was surprising in view of
he fact that mutation of the active tyrosine by a phenylalanine
n mouse RNR-R2 abolished the activity [44]. This mutation is
resent in diverse organisms including various pathogens and
xtremophiles [42].

.2. Structural and physical characterization

.2.1. Experimental evidence supporting a diiron enzyme
The R2 subunit from C. trachomatis was expressed in E. coli [43]

nd crystallized. Its X-ray structure revealed an important overall
imilarity with class I RNR-R2 proteins, but even more, in some
espects, with M. capsulatus MMOH (Table 3) [42]. All the active
ite residues are located in a four-helix bundle in the core of the
rotein. The two Fe atoms are bridged by two hydroxides and a
lutamate (Glu120). Both Fe ions are hexacoordinated. Fe2 is bound
y a histidine (His230) and two glutamates (Glu193, Glu227) while
e1 is bound by a water molecule in addition to a histidine (His123)
nd a glutamate (Glu89). As mentioned above, residue Asp84 in E.
oli RNR-R2 is H-bonded to the active tyrosine Tyr122 and is crucial
or the protein activity (Fig. 3).

It is significant that in C. trachomatis that lacks the active tyro-
ine (replaced by phenyalanine Phe127), the aspartate is replaced
y a glutamate (Glu89) that is engaged in quite different H bonds.
further difference with E. coli RNR-R2 resides in the bridging pat-

ern of the two Fe ions. Indeed, it matches that of M. capsulatus
MOH with two hydroxides and a glutamate instead of the classi-

al (�-oxo)(�-glutamato) pattern associated with class Ia RNR-R2
ubunits.

The requirement for Fe was deduced from the observation that
he protein expressed in presence of EDTA contained 0.75 Fe per
olypeptide. Moreover, when the apoprotein was reacted with
hree equivalents Fe2+ under aerobic conditions, a singlet EPR sig-
al was detected (Fig. 4A) whose properties (g = 1.999, line width
a. 18 G) matched those of E. coli intermediate X [34]. In particular,
hen 57Fe was used in the reconstitution procedure, the EPR spec-

rum exhibited the 26 G hyperfine splitting (Fig. 4B) characteristic
f intermediate X. The intensity of this signal was clearly depen-
ent on the Fe content but never exceeded 1/3 of the polypeptide

oncentration.

The origin of this signal was thoroughly investigated through a
ombination of EPR and 57Fe-, 14N- and 1H-ENDOR studies [45].
ll these data point to a strong similarity with the correspond-
Fig. 4. EPR spectra of Ct RNR-R2 reconstituted with 56Fe (A) and 57Fe (B).
Reproduced with permission from [42].

ing parameters and therefore electronic structure of intermediate
X from E. coli RNR-R2 [34]. However, very different stabilities
were noted. While intermediate X of mouse RNR-R2 decays within
200 ms through electron abstraction from the active tyrosine [46],
C. trachomatis intermediate X may be stabilized for several seconds
and even minutes in certain conditions where excess R1 subunit
and substrate are present [45,47]. An increased stability of inter-
mediate X had been noted for mutants where the active tyrosine
was replaced by a phenylalanine [34,44]. The decay of this signal
does not generate an EPR active species. Moreover, this signal was
observed on samples frozen during catalysis. These data led Gräs-
lund et al. to suggest that an FeIIIFeIV intermediate X may be the
species responsible for generating the thiyl radical [48].

3.2.2. Experimental evidence supporting an iron–manganese
enzyme

The modest overall activity and the limited production of inter-
mediate X (≤30% of the total protein) led Bollinger, Krebs et al.
to reinvestigate the metal dependence of C. trachomatis RNR-R2
[12]. By combined reduction and EDTA chelation they were able
to almost totally deplete C. trachomatis RNR-R2 from Fe ions and to
reconstitute it. Interestingly, they found that the enzymatic activity
does not correlate to the iron content, enzyme preparations with
the same Fe content exhibiting activities differing by an order of
magnitude. By contrast, they observed that the simultaneous addi-
tion of Fe and Mn to apo-RNR caused a 50-fold enhancement of the
enzyme activity. Most importantly, they noted that the maximum
activity is obtained for a 1:1 Fe:Mn ratio, as illustrated in Fig. 5A.

Moreover, when this ratio is maintained constant at Fe:Mn = 1,
the enzyme activity is maximized at a metal:protein ratio of 2
(Fig. 5B). These observations clearly indicate the presence of a FeMn
pair at C. trachomatis RNR-R2 active site, that will be further proven
by spectroscopic studies.

The active form of the FeMn pair was generated by reacting the
reduced pair FeIIMnII with O2 and analyzed by EPR and Mössbauer
spectroscopies. No EPR signal could be detected. As shown in Fig. 6A
the 4 K Mössbauer spectrum of this species recorded in absence
of applied magnetic field consists in a quadrupole doublet with
parameters (ı = 0.52 mm/s, �EQ = 1.32 mm/s) that are characteris-
tic of a high-spin FeIII ion. The broadening of the signal recorded
under a small magnetic field indicates that this ferric ion belongs

to a paramagnetic species with an integer spin (Fig. 6B). The spin
Hamiltonian parameters of this species are listed in Table 4. These
spectroscopic data suggest that the active enzyme is a FeIIIMnIV

species.
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Fig. 5. Dependence of the catalytic activity of Ct RNR-R2 (A) on the Fe:Mn ratio at
metal:protein ratio = 2 and (B) on the metal:protein ratio at constant Fe:Mn = 1.
Reproduced with permission from [12].

Fig. 6. Mössbauer spectra of the active form of Ct RNR-R2 at 4 K without applied
magnetic field (A) and under a field of 53 mT applied parallel to the � beam (B) and
(C) at 190 K after dithionite reduction.
Reproduced with permission from [12].

Table 4
Spin Hamiltonian parameters of the various FexMny centers from C. trachomatis
RNR-R2.

FeIIIMnIII FeIIIMnIV FeIVMnIV

g 2.030, 2.020, 2.015 2.017, 2.030, 2.027
AFe (MHz) −64.5, −64.5, −64.5 −55.4, −53.6, −53.2 −55.9, −59.3, −40.5
AMn (MHz) 269, 392, 314 247, 216, 243

ı (mm/s) 0.50 0.52 0.17
�EQ (mm/s) 0.81 1.32 −0.75
� −10

Treatment of the active form of the FeMn pair with dithion-
ite does not change the oxidation state of the Fe ion as deduced
from its Mössbauer parameters (ı = 0.50 mm/s, �EQ = 0.81 mm/s;
Fig. 6C). By contrast, the species becomes EPR active in agreement
with an S = 1/2 state exhibiting 55Mn hyperfine coupling (Fig. 7A
and D). Simulation of these spectra revealed an anisotropic AMn
tensor consistent with a MnIII ion. Spectra B, E and G of Fig. 7 have
been recorded with 57Fe enriched samples and exhibit the expected
additional coupling resulting from the interaction of the electronic
spin with an I = 1/2 nucleus. Simulation of spectrum E revealed an
isotropic AFe tensor in agreement with a high-spin FeIII ion. The
spin Hamiltonian parameters of this species are listed in Table 4.
This spectroscopic analysis establishes that dithionite treatment of
the active enzyme produces a FeIIIMnIII species, in agreement with
the hypothesis that the active form involves an FeIIIMnIV center.

This conclusion was reached independently by Gräslund et al.
[49]. Indeed, these authors confirmed the higher activity of the
FeMn form of the enzyme (over the Fe2 form) observed by Bollinger
et al. [12]. Interestingly, they observed a linear dependence of the

activity on both the Fe and the Mn concentration.

Treatment of the active form of the FeMn pair with the substrate
analog N3-ADP, 2′-azido 2′-deoxy-adenosine 5′-diphosphate (N3-
ADP), generates spectra F and G of Fig. 7 that in addition to the

Fig. 7. EPR spectra of the active form of Ct RNR-R2 after dithionite reduction in the
absence (A, B) or presence (C–E) of R1, cytidine 5′-diphosphate (CDP) and ATP or
reaction with N3-ADP (F, G), at 4 K (A–C) or 14 K (D–G) (see text for conditions).
Reproduced with permission from [12].
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Fig. 8. DFT optimized model of the FeIVMnIII active form of Ct RNR-R2.
eproduced with permission from [51].

eatures of D and E exhibit resonances attributed to the nitrogen
adical formed from N3-ADP (see arrows in Fig. 7F and G). These
xperiments establish unequivocally that the FeIIIMnIV state of the
air is the active form of C. trachomatis RNR-R2.

This active form was further analyzed by Mössbauer and X-
ay absorption spectroscopies (XAS). A thorough Mössbauer study
sing strong applied magnetic fields showed that the spin state of
he FeMn pair is S = 1, in agreement with an antiferromagnetic cou-
ling of the high-spin FeIII (S = 5/2) and MnIV (S = 3/2) ions [50]. A
early isotropic AFe tensor was determined as expected. The spin
amiltonian parameters of this species are listed in Table 4. XAS

tudies were performed both at the Fe and Mn K-edges [51]. Key
tructural parameters deduced from this work include (i) a short
e–Mn distance 2.92 Å, (ii) an Fe environment with four O/N donors
t 1.96 Å and two at 2.11 Å and (iii) a Mn environment with a single
scatterer at 1.74 Å and four O/N donors at 1.95 Å.
These structural data and the Mössbauer parameters were used

o validate and discriminate DFT models built from the X-ray struc-
ure of the FeIIIFeIII species [42]. The resulting model, illustrated
n Fig. 8, involves a (�-oxo)(�-hydroxo)(�-1,3-carboxylato) core

here the bridging carboxylate is provided by E120. The combi-
ation of oxo and hydroxo bridges is the only one that fits the
xperimental FeMn distance, a result supported by the experimen-
ally determined structures of the corresponding diiron complexes
52,53]. A terminally bound water molecule complements the coor-
ination of site M1. However, the calculations could not assign the
etal occupancy (Fe vs Mn) of each site [51].

.2.3. Characterization of the activation and maintenance
echanisms of Ct RNR

Scheme 1 (top) illustrates the mechanism of activation of E. coli
NR that is believed to involve the formation of a peroxodiferric

ntermediate from reaction of dioxygen with the reduced FeIIFeII

orm of RNR-R2 [54]. One-electron addition to this species pro-
uces intermediate X, the nature of which is still under intense
crutiny using sophisticated spectroscopic methods [55]. The loss
f the active tyrosyl radical leads to an inactive oxidized enzyme
hat can be reactivated by reduction to the reduced state and fur-
her reaction with O2. It was recently shown that this maintenance
rocess was important for the regulation of RNR activity [56]. These

spects are out of the scope of the present review.

The occurrence of corresponding redox forms of the FeMn cen-
ers of C. trachomatis RNR was investigated by Gräslund et al. using
AS spectroscopy [59]. Two enzyme forms were specifically stud-
Scheme 1. Activation and maintenance mechanisms of Ec (top) and Ct (bottom)
RNR adapted with permission from [57,58].

ied: an oxidized form comprising a mixture of FeIIIMnIII (major
form), and FeIIMnII, FeIIMnIII, and FeIIIMnIV centers, and a reduced
form constituted by a mixture of FeIIMnII (major form), FeIIMnIII

and FeIIIMnIII centers.

All these redox forms were quantified by combining EPR
and XANES analyses. Tentative structures could be derived
from EXAFS data. A feature of specific interest is the derived
Fe–Mn distance that is characteristic of the bridging pattern.
As expected this distance shortens as the oxidation states of
the ions increase. For the FeIIIMnIV active state the obtained
2.75 Å distance is significantly shorter than that determined by
Green et al. (2.9 Å) [51]. It was proposed to be consistent with
a (�-oxo)(�-hydroxo)(�-1,3-carboxylato) core from the simi-
lar distance deduced from DFT calculations of E. coli RNR-R2
intermediate X [60]. Indeed these calculations estimate to 2.63
and 2. 82 Å the Fe–Fe distances in di(�-oxo)(�-1,3-carboxylato)
and (�-oxo)(�-hydroxo)(�-1,3-carboxylato) cores, respectively
[60]. X-ray structure determinations of model complexes estab-
lished for these cores significantly longer Fe–Fe distances:
2.71 and 2.84–2.89 Å for the di(�-oxo)(�-1,3-carboxylato) and
(�-oxo)(�-hydroxo)(�-1,3-carboxylato) cores, respectively [52].
Consequently, the structural meaning of the distance evaluated
by Gräslund et al. [59] is ambiguous. Moreover, this distance was
obtained from a sample where the FeIIIMnIV center weighed only
ca. 25%. Accordingly, the significance of these results may be ques-
tioned.

The lengthening of this distance (2.86–2.89 Å) in the FeIIIMnIII
center is proposed to be due to the introduction of a two-atom
bridging peroxide in a (�-oxo)(�-peroxo)(�-1,3-carboxylato) core.
Whereas introduction of such a peroxide into the core is likely to
produce the observed effect no experimental evidence supporting it
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as been provided [59]. It must be noted also that no accumulation
f a peroxide intermediate has been detected during reaction of the
ctive form either with dioxygen [61] or with hydrogen peroxide
62]. Consequently, the occurrence of a peroxo intermediate must
ot be considered as granted.

The increased 3.25 Å distance assigned to the FeIIMnIII center is
ttributed to the loss of a bridging ligand resulting in a (�-oxo)(�-
,3-carboxylato) core. Finally the long distance (4.25 Å) observed

n the reduced FeIIMnII center is consistent with the presence of
single carboxylate bridge. This hypothesis is supported by the

bservation that the EPR spectrum associated with this form con-
ists of a six-line typical MnII spectrum pointing to a very weak if
ny coupling with the neighboring FeII ion [59].

The EPR properties of the E. coli RNR-R2 reconstituted with a
eIIMnII pair have been thoroughly studied. Owing to the different
etal affinities of its two metal sites, E. coli RNR-R2 could be recon-

tituted by an heterometal pair and studied by MCD [63] and EPR
64,65] spectroscopies. Interestingly, it was shown that a MnII ion
ould be introduced only in the site equivalent to site 2 of Fig. 8.
he EPR signal of the resulting species strongly differs from that
entioned above [59] and shows the occurrence of a weak mag-

etic interaction (−2J = 1.8 cm−1) with the neighboring FeII ion [65].
different location of the Mn ion possibly related to the Glu vs Asp

oordination at metal site 1 might be responsible for this difference.
The reaction of the reduced FeIIMnII form of C. trachomatis

NR-R2 with O2 was investigated by stopped-flow and freeze-
uench techniques to trap a high-valent intermediate precursor of
he active FeIIIMnIV enzyme. The reaction produces an EPR active
pecies (Fig. 9) exhibiting a signal at g ∼ 2 with a six-line splitting ca.
0 G indicative of hyperfine coupling to a 55Mn nucleus [61]. This
extet is further split in samples prepared from 57Fe owing to the
yperfine interaction with the I = 1/2 nucleus. Simulation of the EPR
pectrum indicated a nearly isotropic AMn tensor in agreement with
he MnIV oxidation state. An extensive field-dependent Mössbauer
tudy revealed parameters (ı = 0.17 mm/s, �EQ = −0.75 mm/s) sup-
orting an FeIV formulation. This assignment was strengthened by
he determination of a spin value of S = 2 and the evaluation of
he intrinsic hyperfine tensor aFe whose values match those of the
igh-spin FeIV of intermediate X from E. coli RNR-R2 [34].

The rates of formation and decay of this intermediate were mon-
tored in UV–visible stopped-flow experiments through an intense
bsorption at 390 nm. The evolution of this band matched perfectly
he evolution of the EPR signal. Formation of the intermediate is
rst-order in [O2] and the second order rate constant amounts to
3 (±3) mM s−1. The addition of ascorbate does not influence the
ormation of the intermediate but accelerates its decay into the
ctive form in a concentration-dependent manner.

The reaction of the reduced FeIIMnII form was investigated also
ith hydrogen peroxide and shown to proceed in three sequen-

ial steps: fast oxidation to FeIIIMnIII, slower oxidation to FeIVMnIV

nd decay to FeIIIMnIV. It was further shown that the FeIIIMnIII

orm itself can be reactivated by H2O2 and that the active form
eIIIMnIV is stable to it [62]. All these transformations are included
n Scheme 1 (bottom).

.2.4. Summary and future work
The seminal work of Bollinger, Krebs et al. [57,58] has revealed

he general mechanism of C. trachomatis RNR-R2 activity. The obvi-
us question concerns the need for an FeMn center to replace the
sual Fe2 active site. The observation that these FeMn centers are
resent in pathogens led to the suggestion [42] that they may rep-

esent an adaptation to the defenses that the host mobilizes and in
articular to nitric oxide. Indeed, NO is a well known inhibitor of
NRs through attack of the tyrosyl radical [66]. This view is sup-
orted by the observation that Mn import is a key part of E. coli
esponse to oxidative stress that is related to Fe homoeostasis [67].
Fig. 9. X-band EPR spectra at 14 K of the of the FeIVMnIV intermediate of Ct RNR-R2.
Reproduced with permission from [61]. The delay before freezing of the sample is
given on each spectrum.

In addition, with its lower oxidation potential [68] the FeMn cen-
ter is intrinsically more stable. As far as further work is concerned,
the absence of the active tyrosyl radical makes the radical transfer
process to the active cysteine as well as activation, inhibition and
maintenance processes easier to follow than in class Ia RNRs and
opens the way to very detailed quantitative studies [58,69,70].

4. The arylamine oxygenase AurF

4.1. Presentation

This is a very recent and enlightening example of the difficulty in
assessing the right metal atoms of an enzyme active site. Although,
eventually, AurF is probably not an FeMn enzyme, it is included
in this review because (i) it is both structurally and functionally
related to RNR-R2 and MMOH and (ii) the lessons drawn from its
studies have probably a farther reaching importance.

The aurF gene was discovered [71,72] as part of the aur operon
of the fungi Streptomyces thioluteus HKI-227 that is involved in the
biosynthesis of the rare nitroaryl polyketide metabolite aureothin
(aur, Fig. 10).

It was shown to code for an N-oxygenase that is responsible
for the transformation of the amino group of p-aminobenzoic acid

(pABA) into the nitro substituent of p-nitrobenzoic acid (pNBA), a
quite remarkable six electron oxidation. The reaction was proposed
to occur as shown in Scheme 2 by sequential two-electron transfers
leading successively to the hydroxylamine (pHABA) and the nitroso
derivative [73].
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Scheme 2. Proposed biosynthetic pathway from
eproduced with permission from [74].

pHABA was detected in the reaction medium using a whole-cell
ssay and successfully used to produce pNBA, supporting that it is
n actual intermediate. Interestingly, formation of the nitro product
as five times faster starting from the hydroxylamine than from

he amine itself. This observation led to propose that the first of
he three oxidation steps (Scheme 2) is rate limiting. The nitroso
erivative was not detected in these experiments [73].

Two different pathways can be envisaged for its formation
Scheme 2): either a dehydrogenation of the hydroxylamine, or its
xygenation into a dihydroxy species that is then dehydrated. The
ehydrogenation pathway was shown to be operative through ele-
ant 18O labeling experiments [74]. Indeed, reacting the unlabeled
ydroxylamine with 18O2 would produce pNBA as a mixture of two
6O18O and 18O18O isotopomers if the reaction proceeded through
dehydration, whereas a single 16O18O monolabeled compound is
xpected for the dehydrogenation pathway. ESI-MS analysis of the
eaction mixture pointed to the formation of only the monolabeled
NBA ruling out the dehydration pathway [74].

The nitroso derivative was eventually detected in separate in
itro experiments relying on the use of a reconstituted AurF enzyme
xpressed in E. coli [14].

.2. Investigation of the nature of the metal site

.2.1. Early experimental evidence supporting a diiron enzyme

The nature of AurF active site was investigated initially through

equence alignments that revealed the conservation of several
etal binding residues: histidines and aspartic and glutamic acids.

nterestingly some of them were arranged as two copies of an
luX28–37Asp/GluX2His motif that is well conserved in several

ig. 10. Aureothin 1, antitumor and antifungal metabolite produced by Streptomyces
hioluteus.
A to pNBA via pHAB and p-nitrosobenzoic acid.

diiron oxygenases, thus suggesting that AurF is a diiron enzyme
[74]. This hypothesis was supported by two independent experi-
ments. Zhao et al. overexpressed AurF in E. coli and prepared several
site-directed mutants where each of the eight conserved residues
were mutated to alanine. In agreement with this hypothesis, none
of the mutants exhibited >1% activity of the wild type.

This hypothesis was further supported by iron titration that
indicated 2.18 Fe atoms per protein and the observation of a
rhombic EPR spectrum (gx, gy, gz = 1.94, 1.79, and 1.70) typical of
FeIIFeIII centers by dithionite reduction of the enzyme (Fig. 11B).
The enzyme studied was a recombinant AurF isolated from E. coli
and grown in Fe-supplemented minimal medium. Interestingly, the
same enzyme grown in a Luria–Bertani medium exhibited a mul-
tiline EPR spectrum (Fig. 11A) similar to that observed for E. coli
RNR-R2 containing a FeMn center [64].

4.2.2. Experimental evidence supporting a dimanganese enzyme
AurF was successfully expressed in E. coli as a fusion with a

maltose-binding protein that was later cleaved. The enzyme was
crystallized and the X-ray structure (Fig. 12) revealed that it is a
C2-symmetric homodimer containing 11 helices [75]. The active
site is located within a set of four helices, which is characteristic of
diiron proteins [8]. As in these proteins, each metal in AurF active
site is bound by a carboxylate-imidazole pair belonging to the con-
served sequence motif (Asp/Glu)X2His-Xn-(Asp/Glu)X2His with n
close to 100. In addition, a chain fold comparison identified E. coli
RNR-R2 as its closest relative.

The active site consists in a dimanganese center where the Mn
ions are distant from 3.6 Å and bridged by two glutamates (Glu136,
Glu227) and an oxygen ligand (H2O or OH−) [76]. The bridging
modes of the two glutamates differ: Glu136 bridges the Mn ions
in the �-1,3 mode through its two O atoms while Glu227 both
chelates Mn2 and bridges Mn1 and Mn2 through the �-1,1 mode.
Mn1 is terminally bound to two histidines (His139, His223) and a
glutamate (Glu101) while Mn2 is terminally bound to one histidine

(His230) and a glutamate (Glu196). While each metal is bound by
the consensus GluX2His motif Mn1 is bound by an additional histi-
dine (His223) that is strictly conserved in these enzymes. A BLAST
sequence search identified a dozen bacterial sequence-related pro-
teins that were still annotated “hypothetical”. All of these proteins
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ig. 11. EPR spectra of oxidized (A) and reduced (B) St AurF (see text for conditions).
eproduced with permission from [74].
ossess the additional histidine ligand corresponding to His223 in
urF, that is not present in dioxygen activating diiron enzymes

Table 3).
The influence of the Fe:Mn ratio in the culture medium on the

etal content and the enzymatic activity was studied systemat-

ig. 12. X-ray structure of the dimanganese active site of St AurF (PDB code: 2JCD)
rom [76]. The manganese atoms are colored in blue.
Fig. 13. Comparison of the EPR spectra of the MnIII/FeIII of Ct RNR-R2 and the oxi-
dized form of St AurF.
Reproduced with permission from [13].

ically. Metal titration showed that an enzyme grown at a Fe:Mn
ratio of 3:1 contained 15% of Fe. This translates into a 20-fold pref-
erence for Mn over Fe, which was attributed to the presence of
the additional histidine in AurF active site [75]. On the other hand,
variation of the Fe/Mn ratio over a 256 range did not result in sig-
nificant change of the enzymatic activity. The enzyme exhibited
the EPR signature of mononuclear Mn2+ that can originate from a
dinuclear center with a single carboxylate bridge [77]. This signal
disappeared upon reaction with H2O2 to give a sharp radical sig-
nal, thus suggesting that the Mn center is active. Nevertheless, the
possibility that the activity be associated with an Fe center was not
ruled out since the enzyme sample still contained 15% iron [75].

4.2.3. Experimental evidence supporting an iron–manganese
enzyme

Bollinger, Krebs et al. [13] analyzed in depth the Mn EPR
spectrum (Fig. 12A) detected by Zhao et al. [74]. Simulation of
the spectrum (Fig. 13) gave parameters (AMn (MHz) = (210, 270,
322 MHz) and g = 2.030, 2.014, 2.015) consistent with the values
expected for a MnIII ion antiferromagnetically coupled to a high-
spin FeIII ion, resulting in a S = 1/2 ground state. The derived intrinsic
hyperfine tensors (aMn (MHz) = (−158, −203, −242) of the MnIII

III III
ion are smaller than those of the Fe Mn form of C. trachomatis
RNR but very similar to those of the MnIIIMnIV form of Thermus
thermophilus catalase [78].

These authors performed an independent sequence search that
expanded the group of similar proteins identified by Zhao et al. [74]
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Fig. 15. Mössbauer spectra of as-isolated AurF (A); dithionite-reduced AurF (B);
dithionite-reduced AurF exposed 2 min to O2 and frozen (C) or reacted with
0.3 equiv. pABA before freezing (D). Solid lines are simulation. Color lines indicate the
ig. 14. X-ray structure of the diiron active site of St AurF (PDB code: 3CHI) from
14]. The iron atoms are colored in purple.

nd Hertweck et al. [75]. From these EPR and sequence data they
roposed that AurF is a FeMn enzyme and that the site bearing the
dditional histidine is that binding the Mn ion.

.2.4. Experimental evidence supporting a diiron enzyme
Zhao et al. reported a second crystallographic study of AurF

Fig. 14) that was performed on an oxidized diiron enzyme [14].
hile most structural features are conserved with the preceding

tructure, a few differences exist that deserve to be emphasized.
he two Fe ions are bridged by an oxo ligand (identified by short
e–O bond distances) and a single �-1,3 glutamate (E136). Indeed,
he �-1,1 glutamate bridge (E227) of the preceding structure has
ecome terminally bound to Fe2. The same kind of “carboxylate
hift” [79] occurs in MMOH: Glu243 that acts as bridging ligand and
erminal ligand on one Fe in reduced MMOH becomes terminal on
his Fe ion in the oxidized form [8].

At T = 4 K the fully reduced AurF exhibits an EPR signal in parallel
ode at g = 16 that is characteristic of a ferromagnetically coupled

iferrous pair as found in reduced MMOH [80].
Being able to obtain the reduced form allowed the authors to

tudy the enzymatic activity of reconstituted AurF. Of special inter-
st is the study of AurF activity when grown in minimal medium
ith different Fe:Mn ratios. These experiments clearly showed that

he maximum activity (0.13–0.16 units/mg AurF) is obtained in the
bsence of Mn. By contrast, the best activity reported for the diman-
anese enzyme is only 0.0032 units/mg AurF [75], or ca. 2–2.5%
f the diiron enzyme. This comparison leads credence to the fact
hat the reported activity of the dimanganese enzyme is due to the
emnant Fe ions and that a diiron pair is AurF physiological cofactor.

.3. Oxygen transfer mechanism

The pathway for the oxygenation of the amino group has been
airly well delineated with characterization of the two intermedi-
tes [73,74]. By contrast, the dioxygen activation process has just
tarted to be investigated, following the sound assignment of the

iiron cofactor. Bollinger, Krebs et al. [81] developed a combina-
ion of stopped-flow and Mössbauer freeze-quench experiments
o trap and characterize an active intermediate in the reaction of
educed AurF and O2. At first, these authors characterized the as-
solated diiron AurF overproduced in E. coli as a mixture of a �-oxo
deconvolutions into the different components: �-oxo (orange), �-hydroxo (green),
reduced (purple), peroxo (blue).
Reproduced with permission from [81].

and probably a �-hydroxo diferric centers, identified from their
Mössbauer parameters (�-oxo: ı = 0.54 mm/s, �EQ = −1.86 mm/s;
�-hydroxo: ı = 0.48 mm/s, �EQ = 0.80 mm/s; Fig. 15A). Dithionite
reduction gave the reduced enzyme with a symmetrical high-spin
ferrous pair (ı = 1.24 mm/s, �EQ = 3.06 mm/s; Fig. 15B). In this pro-
cess the 350 nm absorption of the �-oxodiferric species is bleached.

Exposure to dioxygen at 20 ◦C produces a new absorption at
500 nm that is fully developed in 0.01 s and does not decay appre-
ciably over 100 s. Mössbauer analysis of this species shows that
apart from the starting diferrous form (5%) and the �-oxodiferric
form (18%) the spectrum is constituted by a pair of doublets
with parameters typical of high-spin ferric ions (ı = 0.54 mm/s,
�EQ = −0.66 mm/s; ı = 0.61 mm/s, �EQ = 0.35 mm/s; Fig. 16C).
Mössbauer experiments under high magnetic field reveal that these
doublets are associated with a diamagnetic ground state, indicat-
ing that the ferric ions are antiferromagnetically coupled. They
are assigned to isomeric peroxodiferric species. Reactivity stud-
ies showed that while this species is stable ca. 7 min in absence
of substrate, it decays rapidly in presence of one equivalent pABA
(kobs = 150 ± 20 s−1), producing pNBA. The spectroscopic properties
of this active peroxo intermediate differ from those of the �-1,2-
peroxo and �-(�2,�2)-peroxo diferric species formed in RNR-R2
[82,83] or MMOH [83], respectively. By contrast, they appear sim-
ilar to those of toluene/o-xylene monooxygenase for which the

peroxo complex has been proposed to behave as an electrophile
attacked by the aromatic substrate [84]. This led to the sugges-
tion that AurF peroxo species could be attacked by the nucleophilic
aniline nitrogen. This electrophilic character of the peroxo species
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Fig. 17. X-ray structure of the active site of Mt oxidase showing the valine–tyrosine

ig. 16. X-ray structure of the active site of Mt oxidase (PDB code: 3EE4) from [85].
he iron and manganese atoms are colored in purple and blue, respectively.

ould be associated with a structure different from the above bridg-
ng ones and possibly involve a �-1,1-hydroperoxo arrangement.

.4. Conclusion

This survey has highlighted the difficulties encountered at times
o identify the physiological metal of an enzyme. Eventually, it
eems fairly well ascertained now that AurF possesses a diiron
ofactor. This raises the question as to why manganese could be
ound in place of iron [75]. The answer to this question may prob-
bly be found in the conditions of cell cultures, in particular the
se of large metal concentrations [75]. One can hypothesize that
uch high concentrations are akin to a metal stress and are likely
o disturb the metal homeostasis of the cell [3], eventually leading
o a non-physiological behavior.

. A new class of FeMn oxidases

Initial sequence alignments had identified a few proteins sim-
lar to C. trachomatis RNR and constituting the RNR Ic class [42].
his number has recently increased to ca. 50 allowing a more in-
epth phylogenetic analysis (see below) that led eventually to the
ecognition of a new protein family. Andersson and Högbom very
ecently reported the X-ray structure [85] of a protein of this new
amily that they isolated from Mycobacterium tuberculosis and pro-
osed to be an FeMn oxidase.

Importantly, when the Mn:Fe ratio in the expression media was
hanged from 1:10 to 100:1 the protein always contained close
o one equivalent of each metal, establishing that it is a true FeMn
rotein. Its structure, depicted in Fig. 16, reveals several interesting
nd novel features. The Fe and Mn ions are unambiguously located:
n is bound by two protein residues (Glu68, His104) whereas Fe

s coordinated by three residues (Glu167, Glu202, His205). The
wo metal ions are triply bridged by a glutamate (Glu101), a
ater derived ligand, and the carboxylate group of myristic acid
C13H27CO2H). This ligand is bound in a large cavity similar to that
ound in bacterial multicomponent monooxygenases [8].

Fig. 17 illustrates the second-sphere surrounding of the Fe ion,
hich shows a crosslink between Val71 and Tyr162 residues with

he phenolic oxygen bound to the secondary carbon of the iso-
crosslink (PDB code: 3EE4) from [85]. The iron and manganese atoms are colored in
purple and blue, respectively.

propyl group. Such a tyrosine–valine crosslink is unprecedented
and witnesses the occurrence of an oxidation reaction. Indeed,
this crosslink results from a two-electron oxidation removing two
hydrogen atoms.

This protein bears a strong sequence and structure resemblance
to class Ic C. trachomatis RNR-R2, however it failed to show any RNR
activity. On the other hand, the observed Val71–Tyr162 crosslink
indicates that it may perform oxidative transformations. In this
respect, it is of interest to note the presence as a second-sphere
residue of a tyrosine (Tyr175) that is H-bonded to Fe ligand Glu202
and situated at 4.9 Å from the Mn ion (Fig. 16). This tyrosine is close
to the metal center and H-bonded to its ligand, as the active tyro-
sine in RNR-R2 s. However, whereas in class Ia RNR-R2 this tyrosine
is protected from solvent in a hydrophobic pocket, in M. tubercu-
losis protein its oxygen lines the substrate-binding cavity, which
opens the possibility that its oxidation may initiate the reactivity.
Further work is needed to delineate the function of this novel class
of proteins that make the link between ribonucleotide reductases
[32] and bacterial multicomponent monoxygenases [8].

These structural results and a phylogenetic analysis of the 50
sequence-related proteins allowed Högbom [86] to discriminate
two subfamilies from a few key sequence determinants. These two
families were named R2c and R2lox from their respective parent
proteins C. trachomatis RNR-R2 and M. tuberculosis oxidase. Their
overall species distribution suggests that the FeMn cofactor is pre-
ferred by extremophiles and pathogens. This observation reinforces
the hypothesis that the FeMn cofator is a natural response to stress
conditions.

6. FeMn complexes

Heterodinuclear complexes have attracted interest either as
potential models for PAP active sites or as a means to tuning the
number of unpaired electrons involved in magnetic exchange inter-

actions. A few FeMn compounds have thus been reported [87–94].
In this section, we will concentrate on those involving either phe-
noxo [88,90–92] or oxo [87,89] bridging ligands [95] (Scheme 3).
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.1. Oxo-bridged complexes

The first FeMn complex was reported by Wieghardt et al. [87]

s part of their systematic investigation of oxo-bridged dinuclear
omplexes of first row transition metals aimed at rationalizing the
bserved magnetic exchange interactions [89].

The FeIII and MnIII ions were bridged by an oxide and two acetate
igands and capped by a 1,4,7-trimethyl-1,4,7,-triazacyclononane
of the ligands.

ligand (L′, Scheme 3) [87]. In addition unsymmetrical complexes
were prepared with either the iron or the manganese ion bound by
the unsubstituted 1,4,7,-triazacyclononane ligand (L, Scheme 3).
Fig. 18 illustrates the X-ray structure of the unsymmetrical com-
plex with Fe bound by 1,4,7-trimethyl-1,4,7,-triazacyclononane.
Short metal-oxo distances were noted as expected (Fe–O: 1.817 Å,
Mn–O: 1.782 Å). The magnetic properties of the complexes were
studied and indicated that the ferric ion is in the high-spin state.
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In order to mimic the binding of the terminal tyrosine of the
PAPs, Neves et al. [92] resorted to the usual replacement of one
pyridine of the H-bpmp ligand by a phenol group [99]. They thus
obtained the unsymmetrical ligand H-bpbpmp (Scheme 3), com-
Fig. 18. X-ray structure of the com
eproduced with permission from [89].

ery strong antiferromagnetic exchange interactions were found
−2J ∼ 240–300 cm−1) and attributed to strong overlap between the
alf-filled d orbitals on both Fe and Mn sites. A more elaborate
heoretical treatment reproduced the strong antiferromagnetic
nteraction and attributed it to dominant “non-crossed” interac-
ions dxz–dxz and dyz–dyz [96].

Oxidation of these compounds by peroxodisulfate was reported
o give FeIIIMnIV complexes. These compounds have not been fully
haracterized owing to the presence of substantial amounts of para-
agnetic impurities. However, their reported UV–visible spectra

esemble that of active Ct RNR-R2 thus leading credence to the
ssignment [61].

.2. Phenoxo-bridged complex

A few �-phenoxo FeMn complexes have been reported by
roups interested in modelling proteins possessing a dimetal
ctive site [88,90,92,97,98]. They were based on heptadentate lig-
nds bearing multiamine donors on the ortho-phenolic positions
s illustrated in Scheme 3. All these complexes possess a (�-
henoxo)bis(�-carboxylato) core. Que et al. were the first to report
he synthesis of heterobimetallic complexes of this kind using the
eptadentate ligand (H-bpmp) providing four terminal pyridines
o the metal pair (Scheme 3) [90,97]. The FeIIIMnII compound was
ot structurally characterized. The high-spin nature of the ferric

on was deduced from its Mössbauer parameters (ı = 0.45 mm/s,
E = 0.49 mm/s) [97]. A magnetic susceptibility study evaluated to
2J = 23 cm−1 the magnetic exchange interaction [90]. The com-
lex can be reversibly reduced to the FeIIMnII state at the potential
= 0.024 V vs SCE (E = −0.36 V vs Fc/Fc+).

In their modelling studies of PAP active site, Buchanan et al.

eported the �-phenoxo FeIIIMnII complex of an analogous lig-
nd (H-bimp) having 1-methyl-imidazole groups in place of the
yridines (Scheme 3) [88]. Fig. 19 illustrates the X-ray structure of
he resulting complex. The charge balance and the structural data
ndicate that the FeMn pair is in the FeIIIMnII valence state.
cation [L′Fe(�-O)(�-OAc)2MnL]2+.

The physical properties of the complex were studied in the solid
state and in solution. Mössbauer spectroscopy showed that the fer-
ric ion is in the high-spin state (ı = 0.36 mm/s, �EQ = 0.65 mm/s).
Magnetic susceptibility measurements revealed a weak exchange
interaction (−2J = 16 cm−1).

The electronic spectrum of the complex is dominated by an
intense phenolate → FeIII charge transfer transition at 559 nm
(ε = 674 M−1 cm−1). The complex could be reversibly oxidized to
the FeIIIMnIII state at 0.69 V and reduced to the FeIIMnII state at
−0.49 V (vs Fc/Fc+). However, neither the oxidized nor the reduced
species were characterized.
Fig. 19. X-ray structure of the complex cation [FeMn(�-Bimp)(�-OAc)2]2+.
Reproduced with permission from [88].
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ig. 20. X-ray structure of the complex cation [FeMn(�-bpbpmp)(�-OAc)2]+.
eproduced with permission from [92].

ining three pyridines and a phenol, and synthesized a FeIIIMnII

omplex that reproduces the tyrosinate binding of the FeMn PAP.
he X-ray structure of the complex is illustrated in Fig. 20.

The physical properties of this compound are very similar
o those of Buchanan’s complex [88]. Mössbauer spectroscopy
ndicates the high-spin nature of the ferric ion (ı = 0.48 mm/s,

EQ = 1.04 mm/s). A weak antiferromagnetic exchange
−2J = 14 cm−1) is again evaluated by magnetic susceptibility.

Both a hypsochromic shift and a strong intensity increase are
oted in the phenolate → FeIII charge transfer transition that is
bserved at 544 nm (ε = 2680 M−1 cm−1). This reflects the presence
f the second phenoxo ligand. The complex could be reversibly
xidized to the FeIIIMnIII state at 0.44 V and reduced to the
eIIMnII state at −0.87 V (vs Fc/Fc+). Neither the oxidized nor the
educed species were investigated. Interestingly, this compound
roved active in the hydrolysis of the reference substrate 2,4-

is(dinitrophenyl)phosphate with a maximum efficiency at pH 6.7
nd Michaelis–Menten kinetics. However, owing to the fact that
oth metal ions are hexacoordinated in the compound, it is likely
hat dissociation of some ligand (probably acetate) must occur for
he catalysis to operate [92].

Fig. 21. X-ray structure of the complex cation [FeMn(�-bpmp)(�-OPr)2]+.
eproduced with permission from [90].
Fig. 22. X-ray structure of the complex cation [FeNi(�-mac)(�-OAc)(OAc)]+.
Reproduced with permission from [91].

A single FeIIMnII complex has been described by Que et al.
using the tetrapyridyl ligand H-bpmp [90]. The compound has been
structurally characterized (Fig. 21) but the two ions could not be
precisely located owing to their similar ionic radii (Table 1). Its mag-
netic and EPR properties were investigated. As expected, the two
ions were weakly antiferromagnetically coupled (−2J = 4–8 cm−1)
and this magnetic exchange interaction is of the same order of mag-
nitude as the zero-field splitting of the ferrous ion (|D| = 5–7 cm−1).

This complex was thoroughly studied by NMR. Indeed, owing
to the short electronic relaxation time of the FeII ion, it exhibits
sharp resonances over a 210 ppm range that could be fully assigned
[90,98].

Finally, a related FeIIIMnII complex was isolated with a diphe-
nol macrocyclic ligand (Scheme 3) by Nag et al. [91]. This complex
is isostructural with the FeIIINiII derivative whose X-ray structure
is depicted in Fig. 22. The rough planarity that is enforced by the
macrocyclic ligand causes a significant reduction in the antiferro-
magnetic exchange interaction (−2J = 4 cm−1). This lowering can be
attributed to a decrease in the Fe–O–Mn bridge angle from ca. 115◦

in the acyclic complexes [88,92] to ca. 90◦ in the macrocyclic one.

6.3. Summary and future work

This brief summary has stressed the paucity of FeMn complexes
described in the literature and in particular as potential models of
the enzymes active site. Moreover most studies have focused on
the physical properties of the systems and no redox reactivity data
are available yet.

7. Conclusions
This review has emphasized the emergence of a new class of
enzymes with a FeMn active site. While enzymes possessing an het-
erodimetal active site were known for some time, their biological
activities were restricted to hydrolytic reactions. The past few years
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ave seen the appearance of FeMn enzymes with redox activities:
he one-electron oxidation to generate a radical has been described
12] and a two-electron substrate oxidation [86] may follow in the
ear future.

While the active center is new, the functions are already per-
ormed by diiron enzymes. This rises the question of the special
eed for a FeMn active site. The observation that these proteins are

requently encountered in pathogens and extremophiles has led
o the interesting proposal that they constitute adaptation to the
eculiar conditions faced by these organisms, in particular in terms
f oxidative challenge [12,42].

Of course, changing the metal requirement of an enzyme will
equire the adaptation of the cofactor assembly machinery that
ay be more difficult to process and understand. These ques-

ions are generally overlooked when proteins are heterologously
xpressed and great care must be exercised “to ensure that the
etalloenzymes being examined in molecular detail are physio-

ogically relevant” [41].

ote added in proof

While the article was under review, two important articles were
ublished. Lubitz et al. [100] reported the X-ray structure and a
etailed EPR study of a dimanganese ribonucleotide reductase from
orynebacterium ammoniagenes. An oxo/hydroxo bridged diman-
anese center was located at ca. 7 Å from the tyrosine residue. A
ipolar magnetic interaction of the dimanganese center with the
yrosyl radical splitted the EPR spectra of the latter into five lines.
xtensive simulations of these spectra allowed to conclude that the
imanganese center was in the MnIIIMnIII oxidation state with the
igh spin MnIII ions weakly ferromagnetically coupled. A mecha-
ism is proposed to explain activation of Ca RNR-R2 by hydrogen
eroxide that is consistent with the earlier proposal of Stubbe [41].
oodelman et al. [101] have performed extensive DFT analyses of

tructure, energetics, and spectroscopy of the Mn–Fe active site of
hlamydia trachomatis ribonucleotide reductase in four oxidation
tates FeIIMnII, FeIIIMnIII, FeIIIMnIV and FeIVMnIV. The structural and
he Mössbauer parameters of the FeIIIMnIV active form could be
eproduced by (�-oxo)(�-hydroxo) bridged models, in agreement
ith the proposal of Green et al. [51]. A thorough investigation of

he location of the two metals led to propose that when the enzyme
s metallated with MnII in excess or prior to FeII addition Mn is
ositioned in the site further from Phe127.
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