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Abstract
The homoprotocatechuate 2,3-dioxygenase from Arthrobacter globiformis (MndD) catalyzes the
oxidative ring cleavage reaction of its catechol substrate in an extradiol fashion. While this
reactivity is more typically associated with nonheme iron enzymes, MndD exhibits an unusual
specificity for manganese(II). MndD is structurally very similar to the iron(II)-dependent
homoprotocatechuate 2,3-dioxygenase from Brevibacterium fuscum (HPCD), and we have
previously shown that both MndD and HPCD are equally active towards substrate turnover with
either Fe(II) or Mn(II) [J P Emerson, et al. (2008) Proc Natl Acad Sci USA, 105: 7347–7352].
However, expression of MndD in E. coli under aerobic conditions in the presence of excess iron
results in the isolation of inactive blue-green Fe-substituted MndD (BG-FeMndD). Spectroscopic
studies indicate that this form of Fe-substituted MndD contains an Fe(III) center with a bound
catecholate, which is presumably generated by in vivo self-hydroxylation of a second-sphere
tyrosine residue, as found for other self-hydroxylated nonheme iron oxygenases,. The absence of
this modification in either the native Mn-containing MndD or Fe-containing HPCD suggests that
the metal center of Fe-substituted MndD is able to bind and activate O2 in the absence of its
substrate, employing a high-valent oxoiron oxidant to carry out the observed self-hydroxylation
chemistry. These results demonstrate that the active site metal in MndD can support two
dramatically different O2 activation pathways, further highlighting the catalytic flexibility of
enzymes containing a 2-His-1-carboxylate facial triad metal binding motif.
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Introduction
Mononuclear nonheme iron enzymes that activate O2 have attracted recent interest,
primarily as a consequence of the large range of metabolically and environmentally
important transformations that they catalyze [1–4]. This superfamily of enzymes almost
universally shares a common iron(II) binding site referred to as the 2-His-1-carboxylate
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facial triad [5]. This binding motif provides three adjacent sites on the metal center to bind
substrate, cofactor, and/or O2 in proximity to one another in order to tune and direct the
desired oxidative outcome. Mechanistic studies [1, 2, 5, 6] have suggested a common
framework for O2 activation by this enzyme superfamily that involves initial formation of a
metal-superoxo species upon O2 binding to the iron(II) center that gives rise to one of
several possible oxidants, depending on the specific enzyme in question. For instance, the
ultimate oxidant for -ketoglutarate(KG)-dependent dioxygenases is an oxoiron(IV) species
capable of attacking strong substrate C–H bonds [2, 5, 7–10]. On the other hand, the
oxidative cleavage of aromatic rings catalyzed by extradiol cleaving catechol dioxygenases
involves lower-valent metal-superoxo and metal-peroxo moieties [4, 6, 11, 12]. Direct
support for the extradiol dioxygenase reaction pathway has been obtained by Kovaleva and
Lipscomb from X-ray crystallographic studies of the iron(II)-dependent
homoprotocatechuate 2,3-dioxygenase (HPCD) from Brevibacterium fuscum. Using an
electron-deficient 4-nitrocatechol (4NC) substrate, they found direct evidence for the
formation of both the iron(II)-superoxo-semiquinone and iron(II)-alkylperoxo species in
crystallo [13, 14], yielding the first structurally characterized intermediates for this family of
enzymes.

We have had a long-standing interest in the homoprotocatechuate 2,3-dioxygenase from
Arthrobacter globiformis (MndD), an extradiol dioxygenase that exhibits an unusual
preference for divalent manganese, rather than the more common iron(II) cofactor found in
HPCD [15–17]. Both enzymes catalyze oxidative C–C bond cleavage of
homoprotocatechuate (HPCA) to 5-carboxymethyl-2-hydroxymuconic semialdehyde (5–
CHMSA) (Scheme 1). Surprisingly, MndD and HPCD share 82% sequence identity [18,
19], and X-ray crystallographic studies established that the two enzymes are isostructural in
both their as-isolated forms and in complex with substrate (HPCA) [20]. We later found that
substitution of the nonnative metal into both MndD and HPCD, giving Fe(II)-MndD and
Mn(II)-HPCD, resulted in enzyme preparations having steady-state activities towards HPCA
cleavage identical to those of the native forms, along with spectroscopic properties that
suggested that metal exchange did not appreciably alter the active site structure. These
striking observations led to a proposed mechanism in which the Mn(II) and Fe(II) centers of
MndD and HPCD, respectively, act as conduits for electron flow between O2 and the HPCA
substrate [21]. This mechanism is further supported by our recent discovery that Co(II)-
substituted HPCD is comparably active in HPCA ring-cleavage chemistry [22]. The
accumulated experimental data reported to date for HPCD and MndD collectively suggests
that this pair of homologous enzymes represents an attractive platform for obtaining further
molecular-level insights into the factors that modulate O2 activation chemistry at transition
metal centers.

In this work, we describe the generation of a unique blue-green form of Fe-substituted
MndD (BG-FeMndD) generated in vivo under aerobic expression conditions in E. coli.
Characterization of this species using several spectroscopic techniques suggests that the
chromophore arises from a post-translationally generated self-hydroxylated form of
FeMndD, indicating that the active center of Fe(II)-MndD can support oxygen activation
chemistry that is clearly different from that of the typical extradiol dioxygenase chemistry.
This unexpected reactivity provides further evidence for an altered, lowered reduction
potential for the metal center in Fe(II)-MndD compared to Mn(II)-MndD.

Materials and Methods
Reagents and General Procedures

Reagents and buffers were of the highest grade commercially available and were used as
received. All solutions and media were prepared using water purified by a Millipore
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Ultrapurification system. E. coli DH5 cells harboring the pYB2 plasmid [16] for the A.
globiformis MndD were cultured in media containing 100 mg/L ampicillin.

Preparation of Fe-MndD
Fe-substituted MndD was over-expressed and purified as described previously [21], with
some modifications. 4 – 5 mL of LB media containing 100 mg/L ampicillin were inoculated
with a single colony from a fresh LB/agar plate of E. coli DH5 harboring the pYB2 plasmid
for A. globiformis MndD and allowed to grow at 37 °C with shaking for ca. 5 hours. This
culture was then transferred to 4 × 75 mL M9 minimal medium (100 mg/L ampicillin) and
allowed to grow overnight at 37 °C with shaking for periods of 12 to 16 hours. BG-FeMndD
was generated by transferring the overnight cultures to 4 × 1 L of M9 minimal medium (100
mg/L ampicillin) and allowing the cultures to grow aerobically with shaking at 37 °C until
OD600 reached 0.5 – 0.7. At this point, 50 mg/L of isopropyl -D-1-thiogalactopyranoside
(IPTG) and 30 mg/L of Fe(NH4)2(SO4)2 were added, and the culture was allowed to grow
for periods of up to 24 hours prior to harvesting by centrifugation. The colorless form of
Fe(II)-MndD (Fe(II)-MndDcolorless) was obtained using a similar approach, except that the
large scale growths were carried out anaerobically. Specifically, the overnight culture was
transferred to 4 L of M9 minimal medium (100 mg/L ampicillin) in a 5 L fermenter
(Bioflow 2000 Fermentor, New Brunswick Scientific) which had been thoroughly sparged
with N2 and the entire growth was carried out under a low flow of N2 gas (less than 0.5 L/
min) to exclude O2. Anaerobic cell cultures were allowed to grow for 24 hours past
induction to ensure a good yield of the colorless enzyme before being harvested via
centrifugation. Isolation and purification of both the blue-green and colorless forms of Fe-
substituted MndD was carried out aerobically using previously described methods [19].

Metal and Protein Analysis
The metal content of all proteins was determined by Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) performed at the Soils Research Analytical Laboratory
(University of Minnesota, St. Paul). Protein concentrations were determined using the Bio-
Rad protein assay (Bio-Rad Laboratories, California), with bovine serum albumin (BSA) as
a standard. Samples were prepared as described previously [17]. The molar absorptivity at
280 nm of BG-FeMndD preparations was found to be 40000 M−1cm−1, and this value was
routinely used to quantify BG-FeMndD concentrations in subsequent studies.

Enzyme Assays and Activation/Inactivation Studies
Activity studies were conducted using spectroscopic changes associated with the rate of
formation of 5-CHMSA, the HPCA ring cleavage product, which has a molar extinction
coefficient of ε380 ~ 36000 M−1cm−1 in MOPS buffer (pH 7.5). All measurements were
carried out at room temperature (23 °C) on a Beckman DU 640 spectrophotometer. All
assays employed 100 – 300 nM enzyme in air saturated 50 mM MOPS buffer (pH 7.5)
unless stated otherwise. The steady-state kinetic parameters were determined by using non-
linear regression techniques to fit a Michaelis-Menten curve to the experimentally derived
initial velocities of 5-CHMSA formation plotted versus the concentration of HPCA in the
assay mixture.

EPR and Resonance Raman Spectroscopy
EPR samples were prepared by adding 300 L of the as isolated enzyme (200 – 300 M)
solution in quartz tubes with an inner diameter of 3 mm, which were subsequently frozen by
slow immersion in liquid nitrogen. X-band EPR spectra (9.64 GHz) were measured at liquid
helium temperature (4 K) in perpendicular applied magnetic fields on a Bruker E-500
spectrometer equipped with an Oxford ESR-10 cryostat.
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Resonance Raman spectra were collected on an Acton AM-506 spectrometer (1200 groove
grating) using Kaiser Optical Systems holographic supernotch filters and a Princeton
Instruments liquid N2-cooled CCD detector (LN-1100 PB) with 4 cm−1 spectral resolution.
Laser excitation lines at 100 mW power were obtained with a Spectra Physics 2060-KR-V
krypton ion laser or a Spectra Physics 2030-15 argon ion laser and a 375B continuous wave
dye (Rhodamine 6G). Raman spectra were collected at room temperature by 90° scattering
from a spinning flat-bottomed NMR tube, and the Raman frequencies were referenced to
indene with an accuracy of ± 1 cm−1. For each sample the entire spectral range was obtained
by collecting spectra at two different frequency windows, each containing the nonresonance
enhanced 1005 cm−1 band corresponding to a phenylalanine ring mode [23]. Laser exposure
totaled 60 to 90 min. for each window. In each spectral window, the fluorescent background
was subtracted prior to normalizing the intensity of the 1005 cm−1 bands and splicing the
spectra together. Baseline corrections (polynomial fits) and curve fits (Gaussian functions)
to ascertain peak positions were performed using Grams/32 Spectral Notebook
(ThermoGalactic). Excitation profiles were generated by comparing peak intensities to that
of the nonresonance enhanced vibration at 1005 cm−1.

Results
Properties of Aerobically Grown Fe-Substituted MndD

We previously obtained Fe-substituted MndD by growing E. coli DH5 [pYB2] cells in iron-
enriched minimal media under anaerobic conditions. Isolation and purification afforded
colorless Fe(II)-MndD enzyme preparations that were readily inactivated by air exposure to
afford Fe(III)-MndD (Fe(III)-MndDcolorless), which could be fully reactivated by treatment
with appropriate reductants such as ascorbate [21]. Conversely, growth of E. coli DH5
[pYB2] cells in iron-enriched minimal media under aerobic conditions leads to isolation of a
bluish-green colored protein (BG-FeMndD). BG-FeMndD exhibits a broad visible
absorption centered at 675 nm with a molar extinction coefficient of approximately 750
M−1cm−1 on a per monomer basis (Figure 1). Interestingly, while the blue green enzyme can
be obtained from cells harvested four hours after induction with IPTG, the yield of this form
is maximized for cells grown up to 24 hours following induction, implying that the
biochemical process generating the green protein occurs fairly slowly in vivo. We have been
unable to identify conditions under which BG-FeMndD can be generated in vitro; extended
exposure of fully reduced Fe(II)-MndD to air simply results in oxidation of the iron center to
iron(III), but without any apparent color change.

ICP-AES metal analyses indicate that our preparations of BG-FeMndD typically contain ca.
0.6 equiv of iron and trace amounts of manganese. BG-FeMndD exhibits weak steady-state
reactivity towards HPCA, with a turnover number (kcat) of ca. 10 min−1 on a per metal per
monomer basis, considerably lower than the value of 420 min−1 previously reported for
fully reduced Fe(II)-MndD, but comparable to the value of 29 min−1 obtained for Fe(III)-
MndDcolorless (the residual activity observed for typical Fe(III)-MndDcolorless preparations
can be assigned to residual Fe(II)-MndD that was not air-oxidized) [21]. Unlike Fe(III)-
MndDcolorless, treatment of BG-FeMndD with 20-fold excesses of ascorbate or the strong
reductant dithionite results in only modest increases in HPCA cleavage activity, affording
kcat values of ~ 20 – 30 min−1. Pre-treatment of stock solutions of BG-FeMndD with 20
equiv. of H2O2 resulted in further diminution of as-isolated enzyme activity by about 30%.
These observations strongly suggest that the majority of enzyme-bound iron is in the form of
iron(III), and we may further conclude that the modest amount of activity observed for BG-
FeMndD arises from small amounts of enzyme-bound iron(II), as was the case for Fe(III)-
MndDcolorless, as well as contaminating Mn(II)-MndD. However, our inability to reduce the
iron center of BG-FeMndD points either to an active site that is no longer accessible to small
molecule reductants, or else to an iron(III) site possessing a significantly depressed
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reduction potential relative to the colorless form, perhaps as a consequence of changes in
iron-binding ligands. Treatment of the as-isolated enzyme with exogenous anions such as
cyanide, azide, or fluoride did not perturb either the position or intensity of the green
chromophore centered at 675 nm, consistent with the notion of a coordinatively saturated or
inaccessible iron center.

The green color and depressed reactivity of BG-FeMndD are reminiscent of other
mononuclear nonheme iron enzymes that have been shown to oxidatively inactivate
themselves via hydroxylation of a protein derived aromatic amino acid in close proximity to
the active site [24]. We therefore resorted to EPR and resonance Raman spectroscopies to
further characterize the putative Fe(III) center in BG-FeMndD.

Spectroscopic Studies of BG-FeMndD
Electron paramagnetic resonance (EPR) spectroscopy is an obvious technique to test for the
presence of iron(III) in our preparations of BG-FeMndD. The X-band EPR spectrum of BG-
FeMndD at 4K in perpendicular applied fields exhibits prominent absorption features at g =
8.3, 7.8, and 5.6, a derivative-shaped feature at g = 4.3, and an extremely broad depression
centered at g = 2.8 (Figure 2). These EPR features arise from moderately axial high spin
Fe(III) (S = 5/2) centers present in the sample with transitions involving both the ground and
first excited Kramers doublet. Both the g = 8.3 feature and g = 7.8 feature correspond to
ground state transitions involving two different S = 5/2 centers having E/D values of 0.12
and 0.085, respectively, while the asymmetric g = 5.6 feature is associated with transitions
in the first excited Kramers doublet for both of the E/D = 0.12 and 0.085 species. We note
that the intensity of the g = 4.3 signal is weak, indicating that BG-FeMndD does not contain
a significant quantity of a highly rhombic (E/D ~ 0.33) Fe(III) center. Fe(III)-MndDcolorless
exhibits a similar EPR spectrum with features at g = 8.4, 8.3, 6.5, 5.6, 4.3, and 2.0 consistent
with the presence of multiple S = 5/2 Fe(III) centers in the enzyme, though Fe(III)-
MndDcolorless exhibits a much more intense g = 4.3 feature than BG-FeMndD (Figure 2),
pointing towards a greater fraction of rhombic (E/D = 0.33) Fe(III) [21]. The EPR properties
of BG-FeMndD are reminiscent of those reported for iron-substituted phosphomannose
isomerase (blue PMI) [25], which contains a dihydroxyphenylalanine (DOPA) residue
chelated to the oxidized Fe(III) center, as well as to those of oxidized tyrosine hydroxylase
(TyrH) [26] and oxidized phenylalanine hydroxylase (PheH) [27] in the presence of
catecholamines such as dopamine. For example, EPR studies of blue PMI revealed the
presence of at least three distinct high-spin Fe(III) centers with E/D values of 0.064, 0.135,
and 0.33, similar to our BG-FeMndD observations.

Resonance Raman studies of BG-FeMndD provided compelling evidence for self-
hydroxylation of an aromatic amino acid in the Fe-substituted MndD active site. Laser
excitation into the 675 nm chromophore afforded a set of resonance enhanced vibrations at
530, 569, 586, 646, 666, 1161, 1271, 1318, and 1423 cm−1 (Figure 3a) that gain intensity as
the excitation wavelength approaches the absorption maximum (Figure 3b) The pattern of
vibrations is evocative of those observed previously for the F208Y variant of RNR R2 [28],
blue PMI [25], (S)-2-hydroxypropylphosphonic acid epoxidase (HppE) [29], and taurine/-
ketoglutarate dioxygenase (TauD) [30–32], all of which were shown to contain DOPA
moieties chelated to Fe(III) centers, as well as ferric TyrH in complex with dopamine and
other catecholamines [33, 34] (Table 1). The vibrations in the 500 – 670 cm−1 region can be
assigned to metal-ligand vibrations associated with the iron(III)-catecholate chelate, while
features between 1100 and 1500 cm−1 reflect catecholate ring deformation modes. The
pattern of vibrations is distinct from those observed for uteroferrin [35, 36] or the W48F/
D84E mutant of RNR R2 [37], both of which contain iron(III)-phenolate moieties (derived
from self-hydroxylation of a Phe residue in the case of W48F/D84E RNR R2), as well as
that of the 2,4-dichlorophenoxyacetate/KG dioxygenase (TfdA), which contains a self-
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hydroxylated Trp residue (Table 1) [38]. This distinction can be made from the presence of
multiple vibrations in the 500 – 670 cm−1 region, whereas iron(III) adducts with phenolates
and hydroxylated Trp residues will give only a single (Fe–O) mode. Similarly, the feature at
1318 cm−1 has been shown to be uniquely associated with a catechol ring vibration [34], and
is not observed in resonance Raman studies of chromophores containing phenolates or
hydroxylated Trp. The excitation profiles obtained for BG-FeMndD also closely resemble
those reported earlier for other examples of iron(III)-catecholate moieties in enzymes,
including the TyrH-dopamine complex [34] and self-hydroxylated HppE [29].
Unfortunately, our inability to identify conditions for the preparation of BG-FeMndD in
vitro precluded the use of oxygen isotope (H2

18O, 18O2) labeling methods to gain further
insight into the vibrational properties of the bound DOPA moiety. Nonetheless, our
resonance Raman data provide strong evidence for self-hydroxylation of a tyrosine residue
in MndD to yield an Fe(III)-DOPA adduct.

Consideration of the X-ray crystal structures of nonheme iron oxygenases in which self-
hydroxylation has been shown to occur shows that the modified residue is typically within
10 Å of the iron center, presumably reflecting the importance of proximity to the incipient
iron-based oxidant [24, 39]. The crystal structure of as-isolated Mn(II)-MndD (1F1U.pdb)
reveals three tyrosine residues, Tyr255 (8.3 Å distant), Tyr257 (5.2 Å), and Tyr269 (7.2 Å)
within 10 Å of the Mn(II) center [20]. We have attempted LC-ESI-MS/MS mass
spectrometry studies of trypsin digests of BG-FeMndD to determine whether one of these
three residues, or another tyrosine elsewhere in the protein, is the target for self-
hydroxylation chemistry. Unfortunately, we have been unable to obtain convincing evidence
for the site of modification, as the digested fragment of interest is either not observed or else
its signal intensity is extremely weak.

Discussion
In this work, we have shown that expression of the normally manganese(II)-dependent
extradiol dioxygenase MndD under aerobic conditions in the presence of excess iron(II) in
E. coli leads to isolation of an inactive greenish blue protein, BG-FeMndD. Based on our
spectroscopic results, this chromophore can be attributed to self-hydroxylation of one of the
tyrosine residues near the active site, affording an Fe(III)-DOPA adduct. Fe-substituted
MndD thus represents a new addition to a growing collection of nonheme iron enzymes that
can self-hydroxylate an endogenous aromatic amino acid close to the active site in the
absence of their prime substrate [24].

Our results suggest that only a portion of the protein contains hydroxylated Tyr residues.
The strongest evidence for this comes from the extinction coefficient associated with
Fe(III)-bound DOPA, which we found to be approximately 750 M−1cm−1 at the 675 nm
absorption maximum on a per monomer basis. Given that this feature is a LMCT transition
specifically associated with the Fe(III) center, correcting for our typical metal occupancy of
0.6 equiv iron per monomer would afford an 675 value of 1250 M−1cm−1 on a per iron, per
monomer basis, assuming that all iron is present as iron(III) with bound DOPA. This value
is approximately half that of the values of 2000 – 2500 M−1cm−1 that have been reported for
iron(III) model complexes containing a single catecholate ligand [40]. The incomplete
modification suggested by our UV/Vis absorption data is consistent with the presence of
multiple S = 5/2 Fe(III) centers as shown by EPR spectroscopy. Indeed, the majority of self-
hydroxylated nonheme iron enzymes reported to date show only partial modification, based
primarily on the lower extinction coefficients associated with their LMCT transitions and
mass spectrometry results [24, 41]. For example, in vitro self-hydroxylation of Tyr73 of
TauD affords chromophores with extinction coefficients ranging from 300 – 700 M−1cm−1

depending upon the reaction conditions employed [30–32], and a significant fraction of
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enzyme activity can be restored simply by treating self-hydroxylated TauD with dithionite
[31]. The only examples where the iron(III)-catecholate absorptivity approaches the
expected values are those where the transformation occurs in vivo, including F208Y RNR
R2 ( 720 = 2500 M−1cm−1) and iron-substituted PMI ( 680 = 2100 M−1cm−1). It is, however,
simplistic to attribute this to a distinction between in vivo and in vitro conditions, as
illustrated by the observation that the in vivo generated chromophore of HppE exhibited a
molar absorptivity at 680 nm of 680 = 450 M−1cm−1 [29].

An alternate, and perhaps more plausible, explanation is that the extent of modification will
be related to the distance of the target residue from the iron center and the dynamic
flexibility of the protein. This is nicely illustrated by a structural analysis of unmodified
forms of F208Y RNR R2 and HppE. The crystal structure of diiron(II) R208Y RNR R2
shows direct ligation of the mutant Tyr208 residue to Fe1 of the active site [42], assuring
that the target residue is close to the diiron cluster during the entire chemical cycle leading
to formation of DOPA208 [28, 43]. Studies of HppE showed that both Tyr103 and Tyr105
could be modified [29], and X-ray crystallographic analysis of the unmodified HppE
indicated that Tyr105 is 8.7 Å away from the iron(II) center, while Tyr103 is even more
distant at 10.8 Å [44], thus suggesting that HppE must rearrange itself more extensively than
F208Y RNR R2 to self-hydroxylate the target amino acids. Although a crystal structure of
Fe-substituted MndD has not been reported to date, the near identity of the reported Fe(II)-
HPCD, Mn(II)-HPCD, and Mn(II)-MndD structures to one another [20–22] suggests that the
Fe(II)-MndD structure should be quite similar to that of Mn(II)-MndD. Although we were
unsuccessful in identifying the site of self-hydroxylation in BG-FeMndD via mass
spectrometry methods, there are at least three tyrosine residues, Tyr255, Tyr257, and
Tyr269, within 10 Å of the metal center of MndD that could potentially be self-hydroxylated
without requiring a substantial protein backbone rearrangement. Indeed, self-hydroxylation
of more than one of these residues is an attractive rationale to account for the multiplicity of
S = 5/2 Fe(III) centers observed by EPR, as well as the fact that the intensity of the green
chromophore in BG-FeMndD is greater than those observed for other self-hydroxylated
enzymes aside from F208Y RNR R2 and PMI. Also, the resonance Raman spectrum of BG-
FeMndD is considerably more complex in the 500 – 700 cm−1 region than expected (Figure
3), as there are at least five distinct resonance-enhanced vibrations as opposed to the three
vibrations expected for a typical Fe(III)-DOPA adduct (Table 1) [34]. This is reminiscent of
earlier observations for self-hydroxylated TauD generated by reaction of Fe(II)-TauD-
succinate with H2O2, in which the addition of bicarbonate anion was shown to result in the
appearance of a new feature in the low-frequency region of the resonance Raman spectrum
[32]. This was attributed to a downshift of the Fe–O4 vibration of the bound DOPA residue
caused by bicarbonate modulation of the Lewis acidity of the Fe(III) center in modified
TauD [31, 32]. A similar effect may also be operant in BG-FeMndD, such that there are two
(or more) Fe(III)-DOPA adducts in slightly different environments giving rise to different
Raman vibrations.

With the notable exception of iron-substituted PMI, ordinarily a zinc(II)-dependent
isomerase, all reported instances of aromatic self-hydroxylation have involved nonheme iron
enzymes known to employ a high-valent iron oxidant in their catalytic cycles. Although no
such intermediate has been directly detected during enzyme self-hydroxylation, the oxygen-
isotope incorporation patterns observed by resonance Raman spectroscopy [28–32, 37, 38]
and the EPR characterization of a tyrosyl radical + Fe(III) combination in TauD in the
course of self-hydroxylation [31] strongly imply the involvement of high-valent iron-oxo
centers as the oxidant in these reactions [24]. How then might this chemistry occur in Fe-
substituted MndD, which employs a very different O2 activation pathway for extradiol
cleavage of the catechol ring [11, 12, 21]? We have found that self-hydroxylation does not
occur in the native Mn(II) form of MndD, nor has it been observed to date in Fe(II)-HPCD,
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which exhibits a highly similar sequence and active site structure [19, 20]. The metal-
substitution studies of HPCD and MndD showed that the as-isolated forms of Fe(II)-HPCD
and Fe(II)-MndD were susceptible to inactivation by oxidants such as H2O2 and
ferricyanide, while their Mn-substituted congeners were not oxidized. These observations
logically imply that the FeIII/II reduction potentials of Fe(II)-HPCD and Fe(II)-MndD are
lower than the MnIII/II potentials of the Mn(II)-HPCD and Mn(II)-MndD enzymes. This can
be expected, given that the structural congruence of Fe(II)-HPCD and Mn(II)-HPCD
suggests that the protein environment should alter the intrinsic aqueous FeIII/II (Eo = +0.77
V) and MnIII/II (Eo = +1.56 V) reduction potentials [45] to a comparable degree for both
metal centers; this notion presumably applies to Mn(II)-MndD and Fe(II)-MndD as well.
Fe(II)-MndD may also have a lower FeIII/II reduction potential relative to Fe(II)-HPCD,
based on its increased susceptibility to air oxidation [21] and the generation in vivo of the
self-hydroxylated BG-FeMndD described herein. The fact that BG-FeMndD is only
generated during aerobic growths implies that an O2-derived oxidant is likely to be involved
in effecting self-hydroxylation of Fe-substituted MndD. Similarly, as anaerobically-grown
Fe(II)-MndD does not convert to the blue-green form during aerobic purification or
incubation, a simple combination of iron and O2 is insufficient to catalyze self-
hydroxylation. We therefore propose that intracellular biological reducing cofactors play a
role in the in vivo O2 activation process that leads to BG-FeMndD. Iron-substituted PMI
[25], HppE [29], and the DNA repair enzyme AlkB [46] provide precedent for this proposal,
as all three have been found to self-hydroxylate in vivo, and only AlkB utilizes a well-
defined biologically available cofactor ( KG). We favor the involvement of a high-valent
iron-oxo intermediate in the self-hydroxylation of Fe-substituted MndD, by analogy to past
examples of this transformation that suggest a potent oxidant is required to carry out this
modification (Scheme 2). The lack of self-hydroxylation in Mn(II)-MndD implies that the 2-
His-1-carboxylate facial triad may not be able to support analogous O2 activation chemistry
at a Mn(II) center that would lead to a putative high-valent manganese-oxo oxidant. This is
consistent with observations on several KG-dependent dioxygenases, in which Mn(II) was
found to be unable to support substrate turnover [47, 48]. Indeed, Mn(II) substitution has
frequently been used as a means to obtain crystal structures of several mononuclear
nonheme oxygenase enzyme-substrate complexes such as isopenicillin N-synthase and AlkB
under aerobic conditions, further highlighting the lack of O2 reactivity of Mn(II)-substituted
Fe(II)-dependent oxygenases [48–50].

In closing, we have shown that substitution of iron into the manganese(II)-dependent
extradiol dioxygenase MndD can result in the self-hydroxylation of one or more endogenous
Tyr residues under in vivo conditions. This unexpected reactivity requires O2 activation to
occur in the absence of its catecholic substrate, leading to the formation of a high-valent
iron-oxo species capable of Tyr hydroxylation. This O2 activation mechanism differs from
that associated with extradiol ring cleavage of catechols [4, 13], a reaction that the iron(II)
form of FeMndD can nonetheless catalyze. The two modes of reactivity observed for Fe(II)-
MndD (Scheme 2) provide a striking illustration of the diverse O2 activation processes that
can be supported by the 2-His-1-carboxylate facial triad metal binding motif in a single
enzyme.
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Abbreviations

KG -ketoglutarate

BG-FeMndD blue-green iron-substituted MndD

5-CHMSA 5-carboxymethyl-2-hydroxymuconic semialdehyde

DOPA dihydroxyphenylalanine

EPR electron paramagnetic resonance

HPCA homoprotocatechuate or 3,4-dihydroxyphenylacetate

HPCD Fe(II)-dependent homoprotocatechuate 2,3-dioxygenase from
Brevibacterium fuscum

HppE (S)-2-hydroxypropylphosphonic acid epoxidase

LC-ESI-MS/MS liquid chromatography-electrospray ionization-mass spectrometry/
mass spectrometry

MndD Mn(II)-dependent homoprotocatechuate 2,3-dioxygenase from
Arthrobacter globiformis

4NC 4-nitrocatechol

PheH phenylalanine hydroxylase

PMI phosphomannose isomerase

RNR R2 R2 subunit of ribonucleotide reductase

TauD taurine/KG dioxygenase

TfdA 2,4-dichlorophenoxyacetate/KG dioxygenase

TyrH tyrosine hydroxylase
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Figure 1.
UV-Vis absorption spectrum of blue-green iron-substituted MndD (BG-FeMndD). The inset
shows an expansion of the visible region of the spectrum.
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Figure 2.
Perpendicular-mode X-band EPR spectra of as-isolated BG-FeMndD (top) and air-oxidized
Fe(III)-MndDcolorless (bottom) (data for air-oxidized Fe(III)-MndDcolorless is from reference
[21]). Conditions: temperature, 4 K; microwave frequency, 9.64 GHz; microwave power,
0.2 mW (BG-FeMndD) or 1.0 mW (Fe(III)-MndDcolorless).
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Figure 3.
(a) Resonance Raman spectrum of BG-FeMndD obtained with 632.8 nm laser excitation. (b)
Excitation profiles for selected bands as a function of excitation wavelength. The intensities
are relative to the normalized intensity of the non-resonance enhanced 1005 cm−1 band
corresponding to a phenylalanine ring mode [23].
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Scheme 1.
Extradiol catechol cleavage reaction catalyzed by homoprotocatechuate 2,3-dioxygenase
from Arthrobacter globiformis (MndD).
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Scheme 2.
Two distinct O2 activation pathways in Fe-substituted MndD. The iron coordination sites X
and Y in the structures on the right may be vacant or consist of ligands derived from solvent
or some other unidentified source.
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