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Abstract
Methylamine dehydrogenase (MADH) requires the cofactor tryptophan tryptophylquinone (TTQ)
for activity. TTQ is a posttranslational modification that results from an 8-electron oxidation of
two specific tryptophans in the MADH β-subunit. The final 6-electron oxidation is catalyzed by an
unusual c-type di-heme enzyme, MauG. The di-ferric enzyme can react with H2O2, but atypically
for c-type hemes the di-ferrous enzyme can react with O2 as well. In both cases, an unprecedented
bis-Fe(IV) redox state is formed, composed of a ferryl heme (Fe(IV)=O) and the second heme as
Fe(IV) stabilized by His–Tyr axial ligation. Bis-Fe(IV) MauG acts as a potent 2-electron oxidant.
Catalysis is long-range and requires a hole hopping electron transfer mechanism. This review
highlights the current knowledge and focus of research into this fascinating system.

Introduction
Posttranslational modification of proteins evokes images of glycosylation, membrane
anchors and signalling events, such as phosphorylation and methylation. However, it is
becoming clear that the variety of posttranslational modifications extends far beyond these
well-known examples. One such class is enzyme cofactors synthesized from amino acids
within the active site.1–4 Many of the modifications involve residue crosslinking and/or
oxidation to generate additional chemical reactivities beyond those of unmodified amino
acids. Multiple examples of these enzymes also have transition metals in their active site,
and many of the cofactors likely arose due to a side-reaction from activated species formed
at the metal sites. Subsequently, some of these modified proteins evolved catalytic functions
that required the chemically modified amino acids. This idea is borne out by the current crop
of such modifications, which range from those that are not conserved with an unclear
functional role (e.g. tyrosinase5–7), to those that have become a major player in the catalytic
chemistry (e.g. KatG catalase activity8–13, copper amine oxidase14, 15) (Fig. 1). As would be
expected, most of these are self-processed modifications that require the presence of the
bound active site metal.8, 16–20 However, there are a few examples where the mature
enzyme contains a protein-derived cofactor but no active site metal or other redox
cofactor.21–23

One such example is methylamine dehydrogenase (MADH) that contains the tryptophan
tryptophylquinone cofactor (TTQ) (Fig. 1).22 MADH is a periplasmic enzyme found in a
range of methylotrophic/autotrophic bacteria that can grow on methylamine as a sole source
of energy and carbon. The enzyme catalyzes the 2-electron oxidation of methylamine to
formaldehyde and ammonia.24 In Paracoccus denitrificans MADH is a 114 kDa α2β2
heterotetramer with two independent active sites, each containing a TTQ cofactor

aTel: +1 (612) 624-2406; wilmo004@umn.edu
bTel: +1 (612) 625-2109; etyukl@umn.edu

NIH Public Access
Author Manuscript
Dalton Trans. Author manuscript; available in PMC 2014 March 07.

Published in final edited form as:
Dalton Trans. 2013 March 7; 42(9): 3127–3135. doi:10.1039/c2dt32059b.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



biosynthesized from βTrp57 and βTrp108 of the β-subunit.25, 26 TTQ biosynthesis is an 8-
electron oxidation that adds two carbonyl oxygens to adjacent carbons in the indole ring of
βTrp57, and covalently crosslinks βTrp57 to βTrp108. In P. denitrificans the methylamine
utilization (mau) gene cluster contains 11genes, two of which encode the 42.5 kDa α-
(mauB) and the 14.2 kDa β-subunits (mauA) of MADH.27 In knock-out studies, four genes
were shown to be required for MADH maturation. The genes mauF28 and mauE29 are
membrane proteins with no homology to characterized proteins, and are thought to be
involved in transport of MADH subunits into the periplasm. Knocking out either gene leads
to no detectable β-subunit in the periplasm, and an unusual β-subunit leader sequence is
consistent with it being trafficked by a specific transporter. The loss of mauF and mauE
additionally leads to a drastic reduction in α-subunit. The third gene, mauD, is homologous
to di-sulfide isomerases, and is likely specific to the MADH β-subunit, which has six di-
sulfides.29 In the absence of mauD, periplasmic α-subunit levels are close to normal, but
again there is no detectable β-subunit implying that the di-sulfides are key to β-subunit
stability. When the final required gene, mauG, is knocked out, there are normal levels of
MADH α- and β-subunit in the periplasm, but no methylamine dehydrogenase activity is
present.27 This has focused attention on the mauG gene product as a likely participant in
TTQ biosynthesis.30, 31

MauG
MauG is undetectable in the P. denitrificans periplasm upon growth on methylamine, but
can be homologously over-expressed.32 MauG contains two c-type heme binding sequence
motifs (Cys-X-X-Cys-His) and the purified recombinant protein indeed contains two hemes.
The enzyme is monomeric, with a molecular weight of 42 kDa. The EPR spectrum of di-
ferric MauG shows the presence of equal amounts of low-spin (LS) and high-spin (HS)
heme.32 Reduced di-ferrous MauG is able to form a stable complex with CO and reoxidizes
in the presence of oxygen.32 This is surprising, as very few reduced c-type hemes react with
exogenous, gaseous ligands. The MauG oxidation–reduction midpoint potentials (Em) for
the addition of one electron and then a second are −159/−244 mV.33 However, resonance
Raman and UV-visible absorbance demonstrated that both hemes reduce and oxidize
simultaneously. Therefore, the hemes of MauG have similar Em but exhibit negative redox
cooperativity, such that the first electron equilibrates between the two hemes making the
addition of a second electron more difficult. As electrons are rapidly and efficiently
transferred between hemes, MauG has a single di-heme redox cofactor and not two distinct
sites of oxidation–reduction.

MauG catalytic activity
Recombinant and active MADH can be heterologously overexpressed in Rhodobacter
sphaeroides by co-expression of the MADH structural genes, mauAB, in the presence of
mauDEFG, the four genes required for MADH maturation.34 However, if mauAB are co-
expressed with only mauDEF, α2β2 MADH protein is obtained that has no catalytic
activity.35 Mass spectrometry demonstrated that this protein contains all six β-subunit di-
sulfides, but has a partially synthesized TTQ cofactor with only a single –OH group added
to the indole of βTrp57 (βTrp57-OH). Isotope labelling studies demonstrated that the
hydroxyl group is at the C7 position on the indole ring.36 This precursor form of MADH is
known as preMADH and the partially formed cofactor as preTTQ. The initial βTrp57
hydroxylation is a 2-electron oxidation, and the mechanism of this posttranslational
modification is currently unknown.

C-type hemes are primarily involved in electron transfer (ET) processes through the use of
the Fe(II)/Fe(III) redox couple. Some, such as the bacterial di-heme peroxidases that are
MauG homologs, can catalytically use H2O2 in oxidative chemistry.37 However, MauG is
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highly unusual in that the di-ferrous c-type heme redox state can also bind and activate O2.32

Mixing preMADH with either di-ferric MauG and H2O2 or di-ferrous MauG and O2, leads
to fully active MADH.38, 39 Thus, MauG represents the final enzyme in MADH maturation,
catalyzing a 6-electron oxidation to complete TTQ biosynthesis (Fig. 2).

Upon reaction of di-ferric MauG with H2O2, an unprecedented high-valent species is
formed, which Mössbauer spectroscopy showed contains both MauG hemes in the Fe(IV)
oxidation state.38 This bis-Fe(IV) redox form of MauG contains an Fe(IV)=O generated at
the former HS heme (isomer shift = 0.06 mm/s, quadrupole splitting parameter = 1.70 mm/
s), and an Fe(IV) heme coordinated by two amino acid ligands (isomer shift = 0.17 mm/s,
quadrupole splitting parameter = 2.54 mm/s). Bis-Fe(IV) MauG decays slowly in air (k =
0.0002 s−1), but when mixed with preMADH it rapidly returns to the di-ferric state (k = 0.8
s−1).40 Furthermore, EPR shows the formation of a radical species concomitant with loss of
bis-Fe(IV).38 The radical species is surprisingly long-lived, such that the reaction mixture
can be resolved chromatographically, and the radical associated with the MADH protein.
Further addition of H2O2 equivalents leads to TTQ formation, demonstrating that the bis-
Fe(IV) MauG is catalytically competent. As bis-Fe(IV) MauG is reduced back to the di-
ferric state by preMADH, this represents a 2-electron redox event. As MauG-dependent
formation of active MADH is a 6-electron oxidation, there are three cycles of 2-electron
oxidation events to complete TTQ biosynthesis requiring a total of three moles of either
H2O2 or O2 plus reducing equivalents. These must equate to (1) insertion of a second –OH
into βTrp57-OH, (2) crosslinking of βTrp57 and βTrp108, and (3) oxidation of the quinol to
the quinone.

Although the order of the three 2-electron modifications is unknown, on the way to steady
state an absorbance at 330 nm is transiently observed.41 This matches the λmax of the quinol
form of MADH.42 Quinol can be generated by addition of dithionite to mature MADH, and
further addition of stoichiometric bis-Fe(IV) MauG causes rapid oxidation to the quinone-
containing resting state MADH.41 This provides evidence that oxidation of the quinol to the
quinone is likely the last step in MauG-dependent TTQ formation.

Crystal structure of MauG in complex with preMADH
The crystal structure of MauG in complex with its protein substrate has been solved to 2.1 Å
resolution (Fig. 3).43 As preMADH has two sites of TTQ formation, two MauG are
symmetrically bound to each αβ heterodimer of the tetramer. PreMADH has essentially the
same structure as mature MADH, with preTTQ βTrp108 coincident with its position in
TTQ, and the plane of the βTrp57-OH indole rotated about 20° from its position in TTQ
(Fig. 4). MauG consists of two structurally related domains, each of which contains a c-type
heme. The heme closest to the interface is low-spin 6-coordinate with two amino acid
ligands; the expected histidine axial ligand (His 205) from the CXXCH sequence motif of c-
type hemes, and Tyr294 (Fig. 5A). The heme furthest from the interface is high-spin 5-
coordinate with the expected histidine axial ligand (His 35) (Fig. 5B). The heme is
accessible via a solvent channel, as would be expected for the site of H2O2/O2 binding. In
addition, a recent molecular dynamics study using CO as a gas surrogate, suggests that there
are multiple other paths for gas entry and exit at the distal side of the HS heme.44, 45

However, the distance between the preTTQ site and the iron of the HS heme is > 40 Å (Fig.
6), suggesting that either the structure is of an inactive form, or that the oxo of the bis-
Fe(IV) MauG ferryl heme is not the source of the second TTQ oxygen. The latter was
confirmed when H2O2 was added to the crystals and preTTQ was observed to convert to
TTQ. Therefore, the crystal structure represents the catalytic enzyme-substrate complex, and
the MauG catalytic mechanism must be very different from that of oxygenases and
peroxidases.
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The MauG hemes have similar oxidation-reduction midpoint potentials, and so the redox
cofactor is actually the entire di-heme unit. A conserved tryptophan (Trp93) is likely a key
component of the highly efficient ET between the hemes, enabling rapid equilibration of
electrons (Fig. 6). A small organic radical-like EPR signal (~ 1% of the protein) is
associated with bis-Fe(IV) MauG that could represent oxidation of Trp93.38 Because the
MauG redox cofactor is the entire di-heme unit, this reduces the distance between the potent
MauG bis-Fe(IV) oxidant and preTTQ (19.4 Å from LS heme iron to closest preTTQ atom;
15.5 Å from LS heme porphyrin ring to preTTQ).43

When H2O2 was added to the MauG–preMADH crystals, electron density appeared at the
open distal coordination site of the HS heme, further corroborating that this was the site of
H2O2 binding and O2 activation.43 The crystal structure of the O2 structural mimic NO in
complex with di-ferrous MauG–preMADH crystals confirmed that the distal side of the HS
heme, which is furthest from the interface with preMADH, must be the site of O2/H2O2
binding and ferryl heme in bis-Fe(IV) MauG (Fig. 5B).45, 46 In the HS heme distal pocket,
Glu113 is the only acid-base residue within a reasonable distance of the heme Fe, making it
a likely candidate for the proton donor required for O-O bond cleavage. In support of this,
the NO complex crystal structure shows that Glu113 directly interacts with the distal oxygen
atom of the NO ligand, as well as a network of water molecules leading to bulk solvent.
Gln103 also interacts with NO, donating a hydrogen bond to the proximal N atom. Based on
its position and quantum chemical investigations,47 it is likely that Gln103 also interacts
with the oxo ligand in the bis-Fe(IV) state, enhancing its stability. Finally, Pro107 has been
shown to be important in maintaining the structure of the distal pocket in MauG, with
mutations causing heme ligation by other residues and increased susceptibility to
oxidation.48

MauG and bacterial di-heme cytochrome c peroxidases
It was already known from sequence alignments that MauG is related to bacterial di-heme
cytochrome c peroxidases (bCCP).32, 37, 49 The closest bCCP sequence homolog to MauG
that has been characterized is from Nitrosomonas europea (NeCCP), which shares 28%
sequence identity with P. denitrificans MauG (Fig. 7).50, 51 However, the properties of the
bCCP hemes differ significantly from those of MauG. In the bCCPs, the equivalent heme to
the MauG LS heme (designated E-heme in bCCPs) has His–Met axial ligation rather than
the His–Tyr ligands of MauG (Fig. 7B).37 In the oxidized form, most bCCPs are inactive
and have His–His ligation at the equivalent MauG HS heme site (designated P-heme in
bCCPs). The EPR spectrum of di-ferric MauG shows the presence of equal amounts of LS
and HS heme, whereas most bCCPs are purely LS at 10K, due to the bis-His and His-Met
coordination of their Fe(III) hemes. Reduced MauG is able to form a stable complex with
CO that is observed to reoxidize in the presence of oxygen, but reduced bCCPs do not, the
latter being typical behavior for c-type hemes.32 The oxidation–reduction midpoint
potentials of MauG, which are very close and negative (−159/−244 mV),33 are also
significantly different from those of the bCCPs, which are widely separated (−320/+320 mV
for Pseudomonas aeruginosa).52 This reflects the fact that most bCCPs are only active in a
mixed-valence state, where reduction of the His–Met ligated heme causes the His blocking
the H2O2/O2 binding site to dissociate from the His–His ligated heme, converting it to HS
and priming it for reaction with H2O2.53, 54 The Fe(III)/Fe(II) reacts with H2O2 to give
ferryl heme, but the second oxidizing equivalent is stored as Fe(III) at the His–Met ligated
heme. In MauG, however, a mixed-valence state is unobtainable, and the hemes act as a
single redox unit.

NeCCP is unique among the studied bCCPs in that both the di-ferric and mixed-valence
states are active by virtue of the P-heme, which is HS and coordinated by a single His in
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both states (Fig. 7C).50, 51 The high-valent oxidant in the case of di-ferric NeCCP is
Compound I, i.e. ferryl heme with the second oxidizing equivalent stored as a porphyrin-
based radical cation. The distal residues of the HS heme are conserved between MauG and
bCCPs, reflecting their common function in the binding and reduction of H2O2, and ability
to stabilize Fe(IV)=O.

The major distinguishing feature of MauG that accounts for its unusual properties is found at
the LS heme. This heme is ligated by His205 and Tyr294, and is the only example of a c-
type heme with such a ligand set (Fig. 5A).43 This probably accounts for the dramatic
decrease in reduction potential relative to bCCPs, as the incorporation of an anionic
tyrosinate ligand would be expected to favor higher oxidation states. As such, it is also
required to stabilize the Fe(IV) oxidation state of the heme in the MauG bis-Fe(IV)
intermediate. In support of this, the mutation of Tyr294 to His in MauG converts the LS
heme to bis-His coordination, altering the reduction potentials of both hemes and making it
unable to form the bis-Fe(IV) intermediate upon reaction with H2O2.55 Rather, a Compound
I-like species is formed, indicating that all oxidizing potential is centered on the HS heme
and heme cooperativity is effectively severed.

A final difference is that bCCPs are active as homodimers, but MauG is monomeric.37

Dimerization and activation of bCCPs are often linked to calcium binding, with a conserved
calcium site present in all bCCPs and MauG (Fig. 7A). This sits at the interface of the two
heme-bearing domains near Trp93 of MauG, which lies equidistant between the hemes (this
Trp is also strictly conserved in bCCPs). In addition, bCCPs have a second Ca2+ binding site
formed at the dimer interface. In MauG, when Ca2+ is depleted circular dichroism shows
that the secondary structure remains intact.56 Depletion of Ca2+ from MauG leads to altered
heme properties and inactive enzyme that cannot form bis-Fe(IV). This effect is completely
reversible upon addition of calcium. Therefore, the Ca2+ seems to be important for
maintaining close association of the hemes through restriction of domain-domain dynamics.
Resonance Raman and EPR spectroscopies show that the HS heme of MauG is converted to
LS in Ca2+-depleted MauG,56 and EPR and Mössbauer spectroscopies show the axial ligand
orientation at the His–Tyr LS heme changes.57 Ca2+-depleted MauG can still effect a non-
physiological, but thermodynamically favorable, ET reaction from di-ferrous MauG to
MADH, which does not require the bis-Fe(IV) redox state, to yield quinol MADH and di-
ferric MauG, demonstrating that Ca2+-depleted MauG can still bind to MADH (Fig. 8C). 56

MauG kinetics
To complete TTQ synthesis from preTTQ, MauG must undergo three cycles of 2-electron
oxidation events using the bis-Fe(IV) intermediate to oxidize preMADH. The order of
modifications brought about by the 2-electron oxidations is unknown, these being crosslink
formation, –OH insertion and oxidation of quinol to quinone. The catalytic competence of
the MauG–preMADH crystals means that MauG-dependent synthesis of TTQ is processive
(MauG does not need to dissociate between the 2-electron oxidations) and that no significant
conformational changes occur during turnover.43

A number of different steady state and single turnover reactions have been studied
kinetically. The overall reaction has steady state parameters of kcat = 0.2 s−1 and Km = 6.6
μM, irrespective of whether H2O2 or O2 plus reductant is used as a substrate (Fig. 2).58 The
initial 2-electron oxidation has also been studied in single turnover experiments (Fig. 8A).40

Making use of the unusual longevity of the bis-Fe(IV) state of MauG (rate of formation >
300 s−1; rate of spontaneous decay = 0.0002 s−1) and the ability of di-ferric MauG to form a
complex with preMADH (Kd ≤ 1.5 μM), it was shown that the order of addition of substrate
preMADH or stoichiometric addition of H2O2/reductant + O2 made no difference to the
kinetic parameters of the initial 2-electron MauG-dependent oxidation (limiting first-order
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rate constant (klim) = 0.80 s−1), indicating a random order mechanism. This is unusual as
other reactions that make use of high-valent hemes, such as Compound I of cytochromes
P450, have ordered mechanisms in which the heme cannot activate O2 until the organic
substrate is bound.59–61 This has likely evolved due to the normally rapid decay of high-
valent species that often leads to free radical-initiated oxidative damage. Although the
spontaneous decay of MauG bis-Fe(IV) is slow, the enzyme does inactivate upon repeated
rounds of bis-Fe(IV) formation and decay (i.e. in the absence of preMADH), and MauG is
essentially inactive after 4 cycles of treatment.62 The presence of hydroxyurea, a radical
scavenger, protects MauG from inactivation, with little loss of activity after 12 cycles of bis-
Fe(IV) formation and decay, consistent with a free radical mechanism leading to oxidative
damage.

As mentioned earlier, the final 2-electron oxidation is thought to be the quinol to quinone
oxidation, as a transient intermediate is observed during attainment of steady state with an
absorbance equivalent to dithionite reduced mature MADH (λmax = 330 nm).41, 42 Mature
MADH reduced by dithionite is a substrate of MauG in the presence of H2O2, with steady
state parameters of kcat = 4.1 s−1 and Km = 11.1 μM (Fig. 9).63 This reaction can also be
studied under single turnover conditions through stoichiometric reduction of MADH by
dithionite followed by mixing with preformed bis-Fe(IV) MauG (Fig. 8B). In this case the
reaction exhibits a klim = 20 s−1 and Kd = 11.2 μM.63 The kcat for this reaction and the klim
under single turnover conditions are both over 20-fold higher than for the overall reaction
and the first 2-electron oxidation event, suggesting that this oxidation is not rate-limiting in
MauG-dependent TTQ biosynthesis.40, 58 MauG-dependent quinol to quinone oxidation in
MADH also requires formation of the MauG bis-Fe(IV) redox state, as shown by studies
involving mutation of the unusual LS heme ligand Tyr294 to His.55 Upon addition of H2O2,
this MauG variant forms an Fe(V)-equivalent intermediate, but resonance Raman and UV-
visible absorption spectroscopies show that the second oxidizing equivalent is restricted to
the area of the ferryl heme, and Y294H MauG cannot catalyze TTQ formation from either
preMADH or quinol MADH.

Figure 10 summarizes the current knowledge regarding MauG-dependent TTQ maturation.

MauG-dependent completion of TTQ biosynthesis requires a hole hopping electron
transfer mechanism

The oxidation of di-ferrous MauG by mature quinone MADH is thermodynamically
favorable, and mixing of these two species leads to rapid formation of di-ferric MauG and
quinol MADH (klim = 0.7 s−1, Kd = 10.1 μM) (Fig. 8C).63 This non-physiological, single
turnover ET reaction, which does not involve the MauG bis-Fe(IV) redox state, has been
used to check whether MauG loss-of-function perturbations, such as variants resulting from
site-directed mutagenesis55, 64 or Ca2+ depletion56, are a consequence of disrupted binding
between MauG and preMADH/quinol MADH.

In the case of the MauG Y294H variant, the inability to catalyze TTQ biosynthesis was not
the result of the proteins being unable to interact, as MADH could oxidize di-ferrous Y294H
MauG (klim = 0.21 s−1, Kd = 9.4 μM) (Fig. 8C).55 As the Y294H MauG high-valent species
is restricted to the vicinity of the heme furthest from preMADH, successful MauG catalysis
must depend on the formation of the bis-Fe(IV) redox state. Although the site of the
Fe(IV)=O is 40.1 Å from the closest atom of preTTQ, the redox cooperativity between the
hemes means that the distance between the bis-Fe(IV) oxidant and the closest preTTQ atom
is effectively reduced to 15.5 Å (to the LS heme porphyrin; 14.0 Å to the closest LS heme
atom) (Fig. 6). Thus, MauG provides a long-range driving force, and the chemistry at the
preTTQ site is being directed by the MADH active site residues, which are identically
arranged to that seen in mature MADH (Fig. 4). Thus, these residues likely play a role in
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two very different chemistries: TTQ biosynthesis and methylamine oxidation. This multi-
functionality is also a common theme in self-processed protein-derived cofactor
biosynthesis.65 As the catalysis is long-range, the source of the second TTQ oxygen is
probably solvent, unlike other Fe(V)-equivalent heme-based oxidant systems, such as
cytochromes P450 and peroxidases, where it is the oxo of ferryl heme.61, 66 In MauG, the
ferryl oxo is more than 40 Å from the site of oxygen addition to preMADH βTrp57-OH.

However, the distance is still significant between the LS heme and preTTQ, and the kcat for
TTQ biosynthesis (0.2 s−1) is too fast for a mechanism involving ET tunneling across such a
distance. However, there is a MauG Trp residue (Trp199) equidistant between the LS heme
of MauG and preTTQ of preMADH (Fig. 6). This residue was mutated to Phe and Lys,
neither of which can be oxidized.64 Both W199F and W199K MauG can form the bis-
Fe(IV) intermediate, but neither can carry out TTQ biosynthesis with preMADH as
substrate. This strongly suggested that the distance between the LS heme and preTTQ was
being bridged by hole hopping through Trp199, effectively shortening the ET distance. As
Trp199 lies at the interface between MauG and preMADH, it was particularly important to
demonstrate that the W199F/K MauG variants could still bind to preMADH with minimal
perturbation of the interprotein interaction. This was demonstrated to be the case both by the
oxidation of di-ferrous W199F/K MauG by MADH, and the determination of crystal
structures of the variants in complex with preMADH that were essentially identical to the
wild-type MauG–preMADH complex, except at the site of mutation. Furthermore, although
addition of H2O2 to crystals of wild-type MauG–preMADH crystals leads to TTQ
biosynthesis in crystallo, this does not occur in the case of the Trp199 variant-containing
crystals. Interestingly, the MauG-dependent 2-electron oxidation of quinol to quinone
MADH was supported, although with a kcat/Km value an order of magnitude lower than
wild-type MauG (W199F MauG: kcat = 0.55 s−1, Km = 25.6 μM) (Fig. 9). It appears that in
this case, the driving force created by the bis-Fe(IV) is strong enough to enable this
oxidation to proceed by long-range electron tunneling, whereas it cannot for the first 2-
electron oxidation of MauG-dependent TTQ biosynthesis (Fig. 8A). These results have
recently been corroborated by temperature dependence kinetic studies on the single-turnover
rates of ET from preMADH to wild-type MauG bis-Fe(IV) and from di-ferrous wild-type
MauG to preMADH, coupled to Marcus analysis.67, 68 In conclusion, both Trp93 and
Trp199 of MauG decrease the ET distance between the ferryl heme and preTTQ, the former
through enabling redox cooperativity between the MauG hemes to effectively give a di-
heme redox cofactor, and the latter by supporting a multistep hole hopping mechanism
between the LS heme of MauG and preTTQ.

Conclusions
The MauG posttranslational machinery gives remarkable insight into how a protein matrix
controls the stabilization of Fe(V)-equivalent heme-based oxidants and long-range
interprotein electron transfer. In particular, there are few biological systems where good
evidence for a multistep ET hopping mechanism has been obtained. These include DNA,69

Zn-substituted cytochrome c peroxidase,70 ribonucleotide reductase,71 DNA photolyase72

and a Rh-labeled azurin73. The stabilization of the Fe(V)-equivalent MauG bis-Fe(IV) is
unprecedented, and enables the study of free radical pathways and oxidative damage
mechanisms within a protein matrix. The ability to probe distinct ET reactions within the
same protein system is leading to general rules regarding electron movement in biology.
There are exciting times ahead with regard MauG research, as we increase our
understanding of ET within proteins (the basis of metabolism), oxidative damage and
stabilization of high-valent iron species.
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Fig. 1.
Posttranslationally modified amino acids found in four enzymes. Red indicates the
modifications.
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Fig. 2.
Paracoccus denitrificans MauG catalytic reaction.
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Fig. 3.
Overall fold of the complex between MauG (pink) and preMADH α-(blue) and β-subunits
(green). Only half of preMADH is drawn. Heme porphyrins are drawn in grey stick with
irons as orange spheres. PreTTQ is drawn in space-filling.
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Fig. 4.
Key features of the preTTQ site (light green colored by atom). TTQ (carbon, dark green)
from mature MADH is overlaid). MADH active site residues are drawn in stick colored by
atom. The red sphere represents the only ordered water close to preTTQ. The dashed black
line indicates a hydrogen bond.
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Fig. 5.
MauG hemes. (A) The 6-coordinate low-spin heme. (B) The 5-coordinate high-spin heme
following reduction and complexation to nitric oxide. Heme porphyrins, amino acid ligands,
residues in the HS heme distal pocket and NO are drawn in stick colored by atom. Irons are
drawn as orange spheres. Solid black lines indicate axial iron ligation, and dashed lines
indicate hydrogen bonds.
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Fig. 6.
Proposed hole hopping pathway from preTTQ to the MauG hemes. Interaction distances in
Angstroms are indicated by solid black lines. Molecular coloring as in Fig. 3. Heme
porphyrins, Trp93, Trp199 and preTTQ are drawn in stick colored by atom. Irons are drawn
as orange spheres. Calcium is drawn as a green sphere.
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Fig. 7.
Overlays of the structures of MauG (magenta) and NeCCP (blue) comparing (A) the overall
fold, (B) the LS heme and (C) the HS heme. Numbering for NeCCP is given in parentheses.
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Fig. 8.
Single turnover reactions of MauG that have been kinetically characterized.
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Fig. 9.
Steady state reaction of MauG-dependent oxidation of quinol to quinone MADH thought to
be the final step in TTQ maturation.
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Fig. 10.
Current reaction scheme for MauG-dependent TTQ biosynthesis.
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