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High-valent iron species are powerful oxidizing agents in chemical
and biological catalysis. The best characterized form of an Fe(V)
equivalent described in biological systems is the combination of a
b-type heme with Fe(IV)�O and a porphyrin or amino acid cation
radical (termed Compound I). This work describes an alternative
natural mechanism to store two oxidizing equivalents above the
ferric state for biological oxidation reactions. MauG is an enzyme that
utilizes two covalently bound c-type hemes to catalyze the biosyn-
thesis of the protein-derived cofactor tryptophan tryptophylqui-
none. Its natural substrate is a monohydroxylated tryptophan
residue present in a 119-kDa precursor protein. An EPR-silent
di-heme reaction intermediate of MauG was trapped. Mössbauer
spectroscopy revealed the presence of two distinct Fe(IV) species.
One is consistent with an Fe(IV)�O (ferryl) species (� � 0.06 mm/s,
�EQ � 1.70 mm/s). The other is assigned to an Fe(IV) heme species
with two axial ligands from protein (� � 0.17 mm/s, �EQ � 2.54
mm/s), which has never before been described in nature. This
bis-Fe(IV) intermediate is remarkably stable but readily reacts with
its native substrate. These findings broaden our views of how
proteins can stabilize a highly reactive oxidizing species and the
scope of enzyme-catalyzed posttranslational modifications.

ferryl � posttranslational modification � spectroscopy �
tryptophan tryptophylquinone (TTQ) � free radical

Tryptophan tryptophylquinone (TTQ) (1, 2) is the protein-
derived catalytic cofactor of methylamine dehydrogenase

(MADH) from Paracoccus denitrificans, a 119-kDa heterotet-
rameric �2�2 protein with a TTQ present on each � subunit (3,
4). TTQ biosynthesis requires incorporation of two oxygens into
�Trp-57 and cross-linking of the indole rings of �Trp-57 and
�Trp-108 (Scheme 1). This event is not self-processing but
requires the action of at least one processing enzyme. Deletion
of mauG, a gene in the methylamine utilization (mau) gene
cluster (5, 6), causes accumulation of a biosynthetic precursor of
MADH in which �Trp-57 is monohydroxylated at C7 and the
cross-link is absent (7, 8). MauG-dependent TTQ biosynthesis
from the precursor was achieved in vitro by using either O2 plus
electrons from an external donor, or H2O2 (9–11).

MauG is a 42.3-kDa enzyme containing two covalently bound
c-type hemes, one low-spin and one high-spin (9). The EPR
parameters of oxidized MauG are atypical of c-type cytochromes
but similar to those of the noncovalently bound b-type hemes in
oxygen-binding proteins and oxygenases (9). The two hemes have
similar intrinsic redox potentials but exhibit cooperative redox
behavior, indicating that facile equilibration of electrons between
the two hemes occurs (12), even though no spin coupling is evident
from the EPR spectrum (9). On the basis of the CXXCH c-type
heme-binding motifs in the sequence, each heme is expected to use
a histidine for the proximal axial ligand with the heme vinyl groups
covalently attached to the two cysteine sulfurs (13). No additional
cysteines are present in the MauG sequence, so it is not possible for
cysteine to provide an axial ligand for either heme as is seen in
cytochrome P450s. EPR and resonance Raman studies suggested
that the high-spin heme possesses a single histidine axial ligand (9,
12). The resonance Raman spectrum exhibited marker bands

associated with the low-spin heme at frequencies similar to those of
c-type hemes with the axial coordination of histidines (12). How-
ever, on the basis of existing data the possibility of another amino
acid residue providing the distal axial ligand cannot be excluded.

For heme and nonheme iron enzymes, it is generally believed that
the O2-dependent and H2O2-dependent oxygenation mechanisms
each proceed via a ferric hydroperoxy intermediate (14, 15), which
may then lose water to yield a high-valent Fe(IV)�O (ferryl)
species (16, 17). Ferryl heme species with a �-porphyrin or amino
acid radical (known as Compound I) have been observed in several
enzymes (for review, see refs. 14, 18, and 19). Here, we report EPR
and Mössbauer spectroscopic analysis of MauG oxidized by H2O2
in the absence and presence of its natural substrate (i.e., the isolated
biosynthetic precursor of MADH). In each case, it was possible to
trap and characterize an unprecedented intermediate species. For-
mation of mature MADH with TTQ from the biosynthetic pre-
cursor is a six-electron oxidation process: two for insertion of the
second oxygen, two for formation of the cross-link, and two for
oxidation of the quinol to quinone. After stoichiometric addition of
H2O2 (i.e., one-third of the total requirement) to oxidized MauG
alone, a high-valent bis-Fe(IV) intermediate is trapped. When the
biological substrate of MauG is mixed with this MauG-based
di-heme bis-Fe(IV) intermediate, the di-ferric MauG is regener-
ated, and a new protein-based free radical species is concomitantly
observed from the substrate. These results reveal strategies for
enzyme-catalyzed and heme-dependent protein posttranslational
modification reactions and for stabilization of protein-based reac-
tive intermediates.

Results
Characterization of the Product of the Reaction of MauG with H2O2 by
Visible and EPR Spectroscopy. To investigate the mechanism of
oxygen activation by MauG, the di-heme enzyme was mixed with
stoichiometric H2O2. Changes in the absorption spectrum of
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Scheme 1. MauG-dependent TTQ biosynthesis.
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MauG occurred within 15 ms with a decrease in intensity of the
Soret peak and a shift in its maximum from 405 to 407 nm (data
not shown). The spectrum slowly returns to one very similar to
the ferric MauG but with a slight increase and red shift in the
Soret peak relative to the original ferric MauG. Parallel changes
were observed in the X-band EPR spectra (Fig. 1). The ferric
MauG exhibits high-spin (g � 5.57, 1.99) and low-spin (g � 2.54,
2.19, 1.87) heme signals. A minor low-spin component with g
values of 2.89, 2.32, and 1.52 is also apparent that was previously
assigned to a small fraction of nonreactive low-spin heme iron (9)
that remains unchanged during the course of the experiment.
After addition of H2O2 to ferric MauG, the reaction was
quenched at various times by rapid freezing. Both hemes become
EPR-silent in the first sample (2-s reaction time). No signal
characteristic of Compound I, the spin-coupled Fe(IV)�O (S �
1) and porphyrin cation radical (S � 1/2) (16, 20, 21) was
observed. A weak radical-like EPR signal was observed at g �
2.003 that exhibits a peak-to-peak width of 1.3 mT. At 10 K,
microwave power at half-saturation (P1/2) was estimated to be 9
�W. The combined EPR linewidth, g value, and P1/2 indicate that
the g � 2.003 species is an organic free radical. This signal
overlaps with the spectrum of the high-spin ferric heme at the g �

2 region, which hinders precise spin quantitation for the radical
component. The best estimation derived from spin double
integrations of the g � 2 region on the intermediate samples is
that the radical-like signal represents �1% of the protein, which
is far from compensation for the loss of the two ferric heme EPR
signals. This strongly suggests that the majority of both the high-
and low-spin heme iron was oxidized to the EPR-silent Fe(IV)
state. With time the high- and low-spin Fe(III) signals returned
concomitant with the disappearance of the weak radical signal.
Thus, the observed g � 2 signal is not a nonspecific side product
of peroxidation but an uncoupled MauG-based cation radical
that is likely in equilibrium with the two hemes (Fig. 2).

Identification of Two Distinct Fe(IV) Heme Species in the MauG
Reaction Intermediate by Mössbauer Spectroscopy. The H2O2-
generated MauG species was further characterized by Mössbauer
spectroscopy. Because MauG possesses covalently bound c-type
hemes, it was not possible to reconstitute purified protein with 57Fe,
but necessary to isolate MauG from cells grown on 56Fe-depleted
minimal medium supplemented with 57FeCl2. Fig. 3 shows 4.2 K
Mössbauer spectra of ferric 57Fe-labeled MauG before (a) and 45 s
after the addition of H2O2 (b). The dashed and solid lines in a are
spin Hamiltonian simulations for the high- and low-spin hemes with
typical parameters, respectively (22). The high- and low-spin hemes
in ferric MauG are present in an �1:3 ratio rather than 1:1, which
is likely caused by a freezing artifact often seen in which the
high-spin heme converts to low-spin on freezing (9, 23). It should
be noted that heme quantitation, mass spectrometry, and redox
titrations of MauG indicated full presence of both hemes (9, 12).
The spectrum of the H2O2-treated sample (hashed marks in Fig. 3b)
contains several sharp lines that can be attributed to the interme-
diate, in addition to the broad, magnetically split features associated
with the ferric hemes (solid line in Fig. 3b). There is also a small
fraction of nonreactive ferric species present in both the resting and
intermediate states of the enzyme, as was seen in the EPR
experiment (Fig. 1). Removal of these ferric heme signals from Fig.
3b yields the spectral features of the EPR-silent MauG intermediate
(Fig. 3c), which can be analyzed with two quadrupole doublets using
the following parameters: isomer shift (�1) of 0.06 mm/s and
quadrupole splitting parameter (�EQ1) of 1.70 mm/s (15% of total
Fe) and �2 � 0.17 mm/s and �EQ2 � 2.54 mm/s (35% of total Fe).
The isomer shift values are typical of Fe(IV) species (22). The
quadrupole splitting parameter of species 1 is in the range typically
observed for ferryl and protonated ferryl species (24). The quad-
rupole splitting parameter of species 2 is unusually large (�EQ2 �
2.54 mm/s) and likely describes the Fe(IV) state of the proposed
six-coordinate heme with two axial amino acid ligands. Such a
spin-uncoupled bis-Fe(IV) species has not been described. It is an

Fig. 1. EPR analysis of the formation and decay of the intermediate formed by
reaction of di-ferric MauG with a stoichiometric amount of H2O2. After mixing
EPR spectra were recorded at time intervals of 0 (a), 0.03 (b), 2 (c), 8 (d), and 20 (e)
minutes. Each sample contained 200 �M MauG. EPR parameters were tempera-
ture 10 K, microwave power 1 mW, modulation amplitude 5 G, time constant
40.96 ms, and sweep time 83.89 s. Each spectrum is the average of five scans.
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Fig. 2. Proposed mechanism for the formation of the bis-Fe(IV) intermediate formed by reaction of di-ferric MauG with a stoichiometric amount of H2O2.
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