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15.1 TWO OXIDIZING EQUIVALENTS STORED AT A FERRIC HEME

Heme (iron protoporphyrin IX) proteins play important roles in a wide array of biological functions, including single-
electron transfer mediation, oxygen transport and storage, redox reactions, detoxification, and transcription regulation.
Heme proteins are also known to play a key role in many metabolic processes involving oxidation reactions to satisfy the
needs required for sustaining life. Redox reactions involve the transfer of electrons to and from a heme and thus produce
heme intermediates with distinct oxidation states of the iron ion, some of are which are high-valent Fe intermediates. The
term “high valent” is defined here as the iron ion with an oxidation state exceeding III. The most common heme Fe
oxidation states found in biological chemical reactions are the ferrous, ferric, and ferryl species [1–4]. M€ossbauer
spectroscopy, which can detect and characterize Fe species in all forms, is thus an indispensable tool for understanding
the fundamental aspects of heme chemistry in enzymology. In the past decades, the high-valent Fe chemistry developed
from biochemical, spectroscopic, and modeling studies has provided key insights into numerous essential biological
processes that involve enzymes with Fe cofactors [5]. Thus, the importance of high-valent Fe intermediates in heme and
nonheme systems has become widely appreciated.

Since theoxidationoroxygenation reactions involvingmolecular oxygenare generally two-or four-electronprocesses,
an important piece of chemistry is to understand how the metal centers store and stabilize the oxidizing equivalents.When
two oxidizing equivalents are stored at a heme center, the most common form of the heme intermediate is known as
compound I (cpd I), which is a classical intermediate with a ferryl ion, that is, Fe(IV)����O, coupled with a p-cation radical
located on the porphyrin ring (Por) (Fig. 15.1) . Such a heme Fe intermediate transiently stabilizes two oxidizing equivalents
above the resting Fe(III), and is chemically equivalent to an Fe(V) species. Until now, Fe(V) intermediates have not yet been
observed in any biological reaction.Compound I appears to be themost popular natural evolution of the strategy for storing
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oxidizing power on a hememoiety. Similar to an Fe(V) species, the two oxidizing equivalents in cpd I are stored in the heme
cofactor. However, cpd I is a much more manipulable system than Fe(V) due to its higher chemical stability gained from the
charge distribution to the porphyrin ring. This is a great advantage for promoting biological reactions because the organic
substrates need to bind to the enzyme active site and orientate properly. At the same time, the enzyme active site often
needs reorganization and conformational changes in order to activate substrates or stabilize transient intermediates. The
oxidative heme intermediate should not be too reactive to accommodate the required substrate orientation and active site
reorganization. Another common form of the high-valent Fe species in heme proteins is compound ES (cpd ES), which is
composed of an Fe(IV)����O heme and amino acid-based cation radical in close proximity to the high-valent heme. The
compound ES description is based on the initial characterization from cytochrome c peroxidase (CCP) [6]. In cytochrome c
peroxidase, compoundES is derived from the transfer of theporphyrin cation radical of a compound I-type intermediate to a
nearby tryptophan (Trp) residue. Likewise, cpd ES is also an intermediate state with two oxidizing equivalents above the
original ferric state. In the following, we will review the discovery of a third high-valent Fe heme intermediate termed
compound G (cpd G), which carries the two oxidizing equivalents in two discrete hemes and presents a bis-Fe(IV)
intermediate (Fig. 15.1). Cpd G is an unprecedented Fe species. This intermediate was found from a diheme enzyme that
oxidizes tryptophan residues in the substrate protein. The spatial separation of the twooxidizing equivalents found in cpdG
results in unique consequences in stability and chemical properties of the intermediate. This chapterwill review its discovery
and discuss its biological and general chemical significance.

15.2 OXIDATION OF L-TRYPTOPHAN BY HEME-BASED ENZYMES

L-Tryptophan is an essential amino acid for humans. The majority of the dietary supply of Trp is metabolized in the
kynurenine pathway in which tryptophan 2,3-dioxygenase (TDO), the enzyme that converts Trp to N-formylkynurenine
(NFK), catalyzes the first and committed step. In addition to being an important metabolite, Trp is also involved in various
biochemical activities. When cross-linked and oxygenated, two Trp residues can serve as cofactors for amine oxidations
in several enzymesQ1 [8,9]. Furthermore, Trp plays many indirect biologically significant roles. In the kynurenine pathway,
several metabolites generated from Trp oxidation are known to display neuroactive properties [10,11]. Kynurenic acid is
a neuroprotectant and endogenous antagonist at N-methyl-D-aspartic acid (NMDA) receptors, while quinolinic acid is an
agonist of these receptors. L-Tryptophan is also an endogenous source of NAD production, and the kynurenine pathway

FIGURE 15.1

Nature’s strategies to store two
oxidizing equivalents in heme
proteins. The inset shows a
M€ossbauer spectrum of a bis-
Fe(IV) intermediate in MauG [7].
The hashed marks are the
experimental data of diferric
MauG reacting with 1 equiv of
H2O2 for 45 s. The noisy line
indicates the contribution of
ferric heme (�34% of total Fe).
The simulated smooth solid line
represents two Fe(IV) species. See
the text for details.
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constitutes the major part of the de novo biosynthetic route of NAD [10–12]. The oxidation of the amino acid tryptophan
is thus an important biological event.

Recent reports have linked the oxidation/oxygenation of free and protein-bound Trp to heme-based proteins, that
is, TDO (Fig. 15.2) and MauG (Fig. 15.3), respectively. The oxidation of free Trp is carried out by TDO, which inserts two
oxygen atoms into Trp in a four-electron oxidizing process by utilizing a b-type heme cofactor (Fig. 15.4a). This enzyme is
representative of a potentially new hemoprotein dioxygenase superfamily whose oxygenase mechanism remains poorly
understood. It should be noted that dioxygenase activity is typically accomplished by nonheme metalloenzymes. The
nonheme iron active sites generally have two histidines, one carboxylate, and two or three solvent-derived metal ligands,
which allow simultaneous binding of both substrate and dioxygen by replacing the solvent-derived labile ligands. The
primary substrate and O2 bind to a nonheme metal ion and thus both become activated. The metal ion functions as a
conduit so that the electrons of the primary substrate move to O2 through the metal ion. In some cases, such as
a-ketoglutarate-dependent dioxygenases, a cosubstrate is needed for production of an oxygenated intermediate
followed by attack of the primary substrate. In contrast, the heme cofactor does not allow binding of the primary
substrate and O2 because porphyrin and the proximal ligand are not labile. In TDO, after binding of O2 the heme Fe
becomes coordination saturated; therefore, the primary substrate must bind to a pocket adjacent to the Fe ion [13].
Thus, the Fe ion cannot function as a bridge in between the primary substrate andO2. The oxygen activation and insertion
of TDOmust proceed with a distinct mechanism relative to the well-characterized nonheme Fe-dependent dioxygenase
enzymes. The oxidation of protein-bound Trp residues is catalyzed by a novel enzyme MauG, which utilizes two c-type
hemes to catalyze a posttranslational modification of a 119 kDa protein and is an example of an enzyme that oxidizes
protein-bound tryptophan residues. The reaction is a six-electron oxidation, and the utilization of two c-type hemes by
MauG to perform the hydroxylation and subsequent oxidation reactions is unprecedented (Fig. 15.3).

FIGURE 15.2

The ligand-bound structure of
tryptophan 2,3-dioxygenase
(PDB: 2NW7). (See the color ver-
sion of this figure in Color Plates
section.)

FIGURE 15.3

The structure of the diheme
cofactor in MauG (PDB code:
3L4M). (See the color version of
this figure in Color Plates
section.)
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15.3 THE CHEMICAL REACTION CATALYZED BY MauG

While TDO oxidizes free Trp in a fast reaction, MauG oxidizes specific tryptophan residues within a large protein in a
relatively slower catalytic process [14]. In methylamine dehydrogenase (MADH) from Paracoccus denitrificans, the
catalytic center is a tryptophan tryptophylquinone (TTQ) cofactor, present on each b subunit of the 119 kDa
heterotetrameric a2b2 protein [15,16]. The TTQ cofactor is derived from Trp57 and Trp108 in a posttranslational
process. The biogenesis of TTQ requires incorporation of two oxygen atoms into Trp57 and cross-linking of the indole
rings of Trp57 and Trp108 of the b subunits (Fig. 15.4b) [17]. Such a biosynthesis is, however, not a self-processing event
but an enzyme-mediated posttranslational process that requires the action of at least one processing enzyme encoded in
the methylamine utilization (mau) gene cluster [18,19]. It has been shown that MauG, the 42.3 kDa mauG gene product,
is the crucial enzyme for TTQ biogenesis [20,21]. MauG catalyzes the second oxygenation (at C6 of the Trp57 phenyl
ring), the cross-linking of the two tryptophan residues (Trp57 and Trp108), and the oxidation of the semiquinone
intermediate during the TTQ biogenesis [22]. Deletion of mauG in the mau gene cluster causes an accumulation of a
119 kDa biosynthetic precursor of MADH in which Trp57 is monohydroxylated at C7 and the cross-link is absent [23].
This 119 kDa protein precursor of MADH is the natural substrate of MauG. The TTQ biosynthesis from the precursor is
achievable in vitro using either O2 plus electrons from an external donor or H2O2.

MauG is the first enzyme described that utilizes c-type hemes to carry out oxygenase activity (Fig. 15.3). This enzyme
exhibits sequence homology to bacterial diheme cytochrome c peroxidase, but it possesses negligible peroxidase activity
[21]. The initial characterization of MauG by EPR spectroscopy suggests that this diheme enzyme is similar to heme-based
oxygenase enzymes such as heme oxygenase (HO) and P450 with bound inhibitors [21]. Subsequent biochemical and
mass spectrometry studies establish that MauG performs an unusual six-electron oxidation reaction, presumably two per
step in three successive steps, to insert an oxygen atom into a Trp residue on the substrate protein and remove four
protons from the oxygenated Trp and another adjacent Trp residue to produce a cross-linked TTQ cofactor on the
substrate protein (Fig. 15.4b). Such a quinone cofactor is the catalytic center for MADH. The MauG-mediated reaction is
essentially the terminal step of the MADH cofactor biogenesis.

The unique utilization of two c-type hemes to perform oxygenation and subsequent oxidation reactions contrasts
other hemoproteins that generally utilize b-type hemes, such as P450 [5,24,25], for their oxygenase activity. Most
recently, a few other enzymes have also been found to utilize c-type hemes to perform similar reactions. For instance,
RoxA is a rubber oxygenase that utilizes two c-type hemes for an oxidative cleavage of poly(cis-1,4-isoprene) [26]. As the
best characterized protein in this potential new group of hemoproteins, MauG is an ideal model for studying the catalytic
mechanisms of those covalently bound c-type heme cofactors. Another special aspect of MauG is that its substrate is a
pair of protein-bound tryptophan residues inside a protein, which is about threefold larger in size than the enzyme itself.
The characterization of MauG-catalyzed TTQ biosynthesis is carried out with the expectation to expand the existing
knowledge about protein evolution, protein structure–function relationships, and protein engineering strategies for
introducing new functional groups into proteins.

FIGURE 15.4

The chemical reactions catalyzed
by TDO (a) and MauG (b),
respectively.
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Sequence alignment, biochemical, and EPR study of MauG reveals that the two ferric hemes are present in a distinct
spin state [21]. The high-spin ferric heme is ligated with a histidine (His35) ligand. The low-spin ferric heme is six-
coordinate with two protein ligands, one of which is His205 [21]. The two His ligands, one for each heme, are confirmed
to provide the proximal axial heme ligands by the X-ray structural study of the enzyme [27]. The EPR and intrinsic
oxidation–reduction midpoint potential studies of MauG reveal a redox cooperativity, that is, facile equilibration of
electrons, between the two hemes [28,29]. However, EPR studies show that the two hemes are not spin coupled [7,21].
Therefore, the two hemes must be distantly located even though they efficiently share electrons. The physical separation
of the two hemes was later verified by the crystal structure of the enzyme in complex with its substrate protein at 2.1 A

�

resolution [27]. The two Fe ions are �21A
�
apart although the heme edges are within 10A

�
of each other and are

connected through H-bonds by Trp93 [27]. A recent spectroscopic study also shows that the His–Tyr ligation remains
unchanged at the fully reduced diferrous state [29]. At both the diferrous and diferric oxidation states, only the five-
coordinate heme reacts with exogenous molecules such as O2 and nitric oxide (NO). The six-coordinate heme does not
directly react with exogenous molecules. The distal Tyr ligand appears to remain bound to the heme during the chemical
reaction of the five-coordinate heme [29].

15.4 A HIGH-VALENT BIS-Fe(IV) INTERMEDIATE IN MauG

Upon mixing MauG with stoichiometric amounts of H2O2, a new intermediate is formed. This species is stable and is
characterized in UV–Vis by a Soret peak shift from 405 to 407 nm. The X-band EPR spectrum of MauG displays two heme
signals, a high-spin signal (g¼ 5.57, 1.99) and a low-spin signal (g¼ 2.54, 2.19, 1.87). After mixing with H2O2, both high-
and low-spin signals disappear and a new radical signal can be observed at g¼ 2.003 with a peak-to-peak width of 1.3mT
[7]. The EPR characterization of the g¼ 2.003 radical suggests that it is an organic free radical. However, quantitation
from spin double integration is that the radical signal represents 1% of the protein and cannot compensate for the loss of
the two ferric heme EPR signals.

When 57Fe-labeled MauG is treated with H2O2, the resultant M€ossbauer spectra show two sharp lines (intermedi-
ate) and an additional broad, magnetically split feature associated with ferric heme [7]. Upon subtraction of the ferric
species, the resulting spectrum is fitted by two quadrupole doublets with the following parameters: isomer shift (d1) of
0.06mm s�1 and quadrupole splitting parameter (DEQ1) of 1.70mm s�1, and d2¼ 0.17mm s�1 and DEQ2¼ 2.54mm s�1

(Fig. 15.1, inset). The isomer shift values are typical of Fe(IV) [30] species and the quadrupole splitting parameter of
species 1 is in the range typically observed for ferryl and protonated ferryl species [31]. The quadrupole splitting
parameter of species 2 is unusually large (DEQ2¼ 2.54mm s�1) and is likely due to the proposed six-coordinate heme
with two axial amino acid ligands. The detailed spectral characterization of this intermediate is reported in Ref. 7.
A recent quantum chemical study found that the unusual M€ossbauer properties of both Fe(IV) species originated from
novel structural features of the enzyme [32].

To our knowledge, the spin-uncoupled bis-Fe(IV) species found in MauG is an unprecedented Fe intermediate that
represents a novel natural strategy to oxidize a large substrate (Fig. 15.5).Q2 We therefore named it cpd G. This species is
analogous to the bis-ligated high-valent inorganic porphyrin model compounds that were generated previously. In all such
cases, only a small isomer shift (d) and a large quadruple splitting (DEQ) parameter were observed from those model
compounds [33,34]. Compound G also contains a six-coordinate Fe(IV) heme species with two axial amino acid ligands in

FIGURE 15.5

The reaction of diferric MauG
with 1 equiv of hydrogen
peroxide generates a catalytic
bis-Fe(IV) intermediate [7].
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protein. In the previous Fe(IV) intermediates characterized, an exogenous oxygen is attached to the Fe(IV) ion as an oxo
ligand to effectively stabilize the high-valent charge. In contrast, this role is fulfilled by the distal Tyr ligand and a Trp
residue rests in between the two hemes.

15.5 A HIGH-VALENT Fe INTERMEDIATE OF TRYPTOPHAN 2,3-DIOXYGENASE

While hemoproteins perform a wide range of biological functions, they rarely express a dioxygenase activity as the native
biological function. TDO is the first enzyme known to utilize a heme cofactor to express dioxygenase activity [35]. TDO
catalyzes the oxidative cleavage of the indole ring of L-tryptophan, converting it to NFK in the absence of a coenzyme or
an external electron donor (Fig. 15.4a). This activity is the initiating and the committing step for Trp to enter into the
kynurenine pathway [12]. In mammals, TDO is responsible for oxidizing over 99% of the free Trp in intracellular and
extracellular pools of this amino acid; hence, it is a biologically significant enzyme [10]. TDO is a tetramer composed of
identical subunits with a total mass of 134 kDa. Each subunit contains a b-type heme cofactor. However, the four heme
cofactors display two types of spectroscopic properties upon substrate binding despite the a4 subunit structure [36]. The
discovery of the inequivalent hemes in the enzyme–substrate complex is consistent with the cooperative binding of
substrate [37].

The high-valent Fe(IV) intermediate of TDO has been proposed in computational studies but has not yet been
directly observed in the catalytic cycle [38]. However, such a high-valent Fe(IV) heme has been observed by stopped-flow
resonance Raman spectroscopy in its sister enzyme, indoleamine 2,3-dioxygenase (IDO) [39]. IDO and TDO are
evolutionally related enzymes that catalyze the same chemical reaction. IDO is a monomeric protein existing in all human
tissues except the liver. The lack of substrate binding cooperativity in IDO results in a slower chemical reaction and thus
affords a great opportunity to directly trap the reactive intermediates. The IDO Fe(IV)����O intermediate is shown to
display a characteristic 799 cm�1 for nFe����O stretching mode with histidine as a proximal ligand of the heme [39].

Although a similar Fe(IV)����O intermediate of IDO has not yet been directly observed in the catalytic cycle of TDO,
it has been trapped and characterized in the enzyme reactivation study. The ferric form of TDO can be reactivated by
H2O2 in the presence of Trp through a complexmechanism [40].When Fe(III)-TDO reacts with H2O2 in the absence of
Trp, the Fe ion becomes EPR-silent and a protein-based radical is observed (Fig. 15.6). The free radical decays over time,
while the EPR signal of the high-spin ferric heme restores. The ferric ion is shown by M€ossbauer spectroscopy to
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FIGURE 15.6

The formation and decay of the compound I-type ferryl intermediate in the reaction of 150 mM tryptophan 2.3-
dioxygenase with 900 mM hydrogen peroxide monitored by EPR spectroscopy at 10 K. (a) Seven representative EPR
spectra (traces A to G) are shown in a 2D plot for the reaction of 0, 12, 30, 60, 90, 240, and 600 s in the parallel samples.
(b) The high spin EPR signal of TDO (A), H2O2 treated TDO at 30 s (B).
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become a ferryl intermediate [40]. The M€ossbauer parameters of the Fe(IV)����O intermediate are nearly identical to
those found for the Fe(IV)����O heme in cpd G (Table 15.1). The similar Fe(IV)����O intermediates exhibited by two
structurally diverse heme containing enzymes are intriguing. Given the similarity of the catalytic function of the two
enzymes, that is, oxidizing either free or protein-bound tryptophan, the striking similarity in the key intermediates is not
very surprising.

The proposed protonated state of heme-based ferryl species has been studied in systems such as chloroperoxidase
(CPO), cytochrome c peroxidase, cytochrome P450, catalase, horseradish peroxidase (HRP), and myoglobin (Mb) and is
still under investigation [4]. Indeed, both cysteine and tyrosine (donating anionic ligands) are able to stabilize multiple
forms of a ferryl species. In both cases, the equilibrium between the two seems to favor the deprotonated forms at
physiologically relevant pH [31,43]. In addition, the presented histidine-ligated ferryls have a quadrupole splitting, the
value of which is far less than the anticipated value for a protonated ferryl species (>2mm s�1) [45]. Thus, if the values of
the quadrupole splitting parameter of TDO and MauG do represent protonated species, then there must be other
contributing factors that can lower the value for these intermediates. Due to the nature of the reaction, it is possible that
these enzymes are using secondary ligands to fine-tune the properties of the high-valent Fe intermediates. This can
already be seen in the DFT calculations that predicted hydrogen bonding interactions from secondary ligands in the
enzyme active site [32].

15.6 CONCLUDING REMARKS

The molecular biochemistry exhibited by two structurally diverse heme-containing enzymes that oxidize either free or
protein-bound tryptophan residues is fascinating. Mono- and bis-Fe(IV) intermediates have been trapped and character-
ized by EPR and M€ossbauer spectroscopy from these enzymes [7,40]. In particular, the bis-Fe(IV) intermediate (cpd G)
found in MauG is unprecedented. The target Trp residues of substrate are remotely located from the hemes,�40A

�
from

the heme that reacts with exogenous molecules. Thus, a long-range remote catalysis must take place in MauG. Recently,
the cocrystal structure of MauG and its substrate protein preMADH has been reported. When the crystal is soaked in a
solution containing H2O2, the TTQ product is formed in the substrate protein [27]. Thus, the proposed long-range
remote catalysis is validated [46]. It should be noted that one of the indelible stories about spatial separation of the
catalytic center and the site that stores oxidizing equivalent(s) is described in ribonucleotide reductase [47]. In that case,
the catalytic center is located in the R1 subunit, while the oxidizing power, a protein-bound Tyr radical, is generated and
stabilized by a metal center in the R2 subunit. When the substrate is loaded properly in the active site of R1 subunit, a
long-range radical transfer takes place and a thiol-based transient radical is generated at the expense of the Tyr radical for
the nucleotide reduction. The chemistry found in MauG is much like that found in ribonucleotide reductase and is more
straightforward in terms of the nature of remote catalysis [46]. The diheme cofactor in MauG reacts with exogenous
oxidants, generates high-valent Fe intermediate, and then transmits oxidizing equivalents to the substrate protein.
Unquestionably, cpd G or bis-Fe(IV) is a new natural strategy discovered thus far for harnessing the problem of substrates
way too large for an enzyme to accommodate. In this case, a remote catalysis must take place. Thus, the unprecedented
bis-Fe(IV) intermediate found in MauG occupies an entry position for future study of long-range remote catalysis by
metalloenzymes.

TABLE 15.1 M€ossbauer Parameters of Selected Heme-Based Fe(IV)����O Species

Intermediate Iron Species trans Ligand Spin d (mm s�1) DEQ (mm s�1)

TDO [40] Fe4þ����O2
� Histidine S¼ 1 0.055 1.755

MauG [7] Fe4þ����O2
� Histidine S¼ 1 0.06 1.70

HRP-I [41] Fe4þ����O2
� Histidine S¼ 1 0.08(1) 1.25(1)

HRP-II [42] Fe4þ����O2
� Histidine S¼ 1 0.03 1.61

CPO-II [31] Fe4þ����O2
� Cysteine S¼ 1 0.11(3) 1.59(5)

CCP [6] Fe4þ����O2
� Histidine S¼ 1 0.05 1.55

Catalase II [43] Fe4þ����O2
� Tyrosine S¼ 1 0.07(2) 1.47(2)

CPO-I [44] Fe4þ����O2
� Cysteine S¼ 1 0.15 1.02
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