1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

S

A &
R eSS

NIH Public Access

Author Manuscript

Published in final edited form as:
Annu Rev Biochem. 2013 ; 82: 531-550. doi:10.1146/annurev-biochem-051110-133601.

Post-translational biosynthesis of the protein-derived cofactor
tryptophan tryptophylquinone

Victor L. Davidson® and Carrie M. Wilmot#

*Burnett School of Biomedical Sciences, College of Medicine, University of Central Florida,
Orlando, FL 32827, U.S.A.

#Department of Biochemistry, Molecular Biology and Biophysics, University of Minnesota,
Minneapolis, MN 55455, U.S.A. wilmo004@umn.edu.

Abstract

Methylamine dehydrogenase (MADH) catalyzes the oxidative deamination of methylamine to
formaldehyde and ammonia. Tryptophan tryptophylquinone (TTQ) is the protein-derived cofactor
of MADH that is required for these catalytic activities. TTQ is biosynthesized through the post-
translational modification of two Trp residues within MADH, during which the indole rings of two
Trp side chains are cross-linked and two oxygen atoms are inserted into one of the indole rings.
MauG is a c-type diheme enzyme that catalyzes the final three reactions in TTQ formation. In
total, this is a six-electron oxidation process requiring three cycles of MauG-dependent two-
electron oxidation events using either HyO, or O,. The MauG redox form that is responsible for
the catalytic activity is an unprecedented bis-Fe(IV) species. The amino acids of MADH that are
modified are ~ 40 A from the site where MauG binds oxygen, and the reaction proceeds by a hole
hopping electron transfer mechanism. This review will address these highly unusual aspects of the
long range catalytic reaction that is mediated by MauG.
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1. Introduction

Many enzymes are initially synthesized as an inactive form that requires an exogenous
cofactor for activity. Only after the inactive apoprotein combines with the cofactor does it
become active holoenzyme. A cofactor may be a metal (e.g., iron), an organic compound
(e.g., flavin), or an organometallic compound (e.g., heme). These exogenous cofactors may
be dissociable, tightly or covalently bound. However, there are a number of enzymes that
have evolved an alternative method to introduce new catalytic functional groups into their
active sites, circumventing the need for exogenous cofactors. These enzymes utilize protein-
derived cofactors, which are catalytic or redox-active centers that are formed by post-
translational modification of one or more amino acid residues (1, 2). These types of post-
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translational modifications are different from the more widely recognized modifications that
primarily serve to regulate the biological activity of the protein or its localization (e.g.,
phosphorylation, methylation, glycosylation, prenylation, and cleavage of a signal or
localization pre-sequence). Protein-derived cofactors are irreversible chemical modifications
that include oxygenation of residues, peptide cyclization, side-chain dehydration, cross-
linking of residues and internal proteolytic cleavage. These cofactors typically function at
the enzyme active site, either by altering active site electrophilicity or by stabilizing free
radical intermediates.

1.1 Methylamine dehydrogenase

Methylamine dehydrogenase (MADH) (3) catalyzes the oxidative deamination of
methylamine to formaldehyde and ammonia, and transfers two electrons from the substrate
to amicyanin, a type 1 copper protein (4). In doing so, MADH allows the host organism to
use methylamine as a sole source of carbon, nitrogen and energy. Both MADH and
amicyanin are localized in the periplasmic space of the bacterium. MADH catalysis requires
the protein-derived cofactor tryptophan tryptophylquinone (TTQ; Figure 1) (5). The enzyme
is a heterodimer of two 45 kDa a subunits, and two 14 kDa 3 subunits that each possess a
TTQ (6) (Figure 2). TTQ is critical for both the catalytic and redox properties of MADH, as
it performs active site chemistry and physically bridges this to surface mediated electron
transfer to amicyanin. Crystal structures have been determined of MADH alone (6), MADH
in complex with amicyanin (7), and MADH in complex with amicyanin and cytochrome
C-551i (8), the electron acceptor of amicyanin (9).

1.2. Quinone cofactors generated by post-translational modification of enzyme active sites

TTQ is not the only quinone cofactor formed through post-translational modification of
enzyme active site residues. Some of the best characterized protein-derived cofactors are
quinone derivatives of tyrosine or tryptophan residues (Figure 1). Tyrosine-derived quinone
cofactors have been found in oxidases from bacterial, mammalian and plant sources (10).
Topaquinone (2,4,5-trihydroxyphenylalanine quinone, or TPQ) (11) is the protein-derived
cofactor of the copper amine oxidases, which utilize a wide range of substrates and are
involved in diverse physiological functions (12). The biosynthesis of TPQ requires the
insertion of two oxygens into a specific tyrosine residue, and has been shown to be a self-
processing event that is O, and copper-dependent (13, 14). Lysine tryptophylquinone (LTQ)
is the protein-derived cofactor of mammalian lysyl oxidase, the key enzyme in cross-linking
of elastin and collagen within connective tissue (15). Like TPQ, LTQ is a self-processed
cofactor requiring copper and O, in which one atom of oxygen is incorporated into the
tyrosine ring, and a covalent bond is formed between the C5 carbon of the tyrosine ring and
the side chain nitrogen of a lysine residue (16, 17).

Tryptophan tryptophylquinone (TTQ) (5) and cysteine tryptophylquinone (CTQ) (18-20) are
the protein-derived cofactors of two distinct classes of amine dehydrogenases. TTQ is
formed by post-translational modification of two tryptophan residues of the polypeptide
chain. Two atoms of oxygen are incorporated into the indole ring of one Trp, and a covalent
bond between the indole rings cross-links the two Trp residues. CTQ differs in that the
tryptophylquinone is cross-linked with Cys through a thioether bond rather than another Trp.
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In contrast to the TPQ and LTQ cofactors, the biosynthesis of TTQ is not a self-processing
event, but requires the action of at least one other enzyme. This review will focus on MADH
from Paracoccus denitrificans, where an unusual diheme enzyme, MauG (21), plays a role
in catalyzing the post-translational modifications that yield TTQ. As discussed in this
review, MauG-dependent TTQ biosynthesis involves a previously uncharacterized
mechanism for oxygen activation, and remote mechanism of enzyme catalysis in which long
range electron transfer is required for the radical-mediated catalytic reactions.

2. General features of MADH biogenesis

2.1. The methylamine utilization gene cluster and MauG expression

The biogenesis of MADH requires not only the post-translational modifications to generate
TTQ, but also formation of six disulfide bonds in the 3 subunit, export of subunits to the
periplasm, and their assembly into the a,fp, quaternary structure. The genes encoding the a
and B subunits of MADH are located in the methylamine utilization (mau) gene cluster (22).
The mau cluster of P. denitrificanshas 11 genes with a gene order of mauRFBEDACJGMN
(Figure 3) (23). The a and § subunits of MADH are encoded by mauB and mauA,
respectively, and mauC (24) encodes amicyanin. Four other genes were shown to be
essential for MADH biogenesis in P. denitrificans. Deletions of either mauF (25), mauD
(26), maukE (26) or mauG (23) result in loss of MADH activity and the ability of the
bacterium to grow on methylamine. In the first three deletions, no MADH f subunit could
be detected in cell extracts, and the levels of MADH a subunit were significantly decreased.
However, while cells with the mauG deletion are lacking in MADH activity and unable to
grow on methylamine, it was shown by Western blot analysis that near wild-type levels of
the MADH a and P subunits are expressed (23). This suggested that MauG might play a role
in TTQ formation.

The sequence of mauG contains two CXXCH c-type heme binding motifs in which the Cys
residues form thioether bonds that covalently attach the heme to the protein, with the His
acting as an axial ligand to the iron. While c-type hemes typically mediate electron transfer,
they can also catalyze oxidative chemistry. When P. denitrificansis grown with
methylamine as the sole carbon source, the cells are induced to produce large amounts of
MADH and amicyanin (4, 27). However, the MauG protein has never been detected in
extracts of these cells, consistent with it being involved in a maturation event. A
recombinant MauG was isolated and purified after homologous expression of mauG in P.
denitrificans (21). MauG was shown to be a 42.3 kDa monomer that does possess two
covalently bound c-type hemes, as predicted from the gene sequence (21).

In order to precisely determine the role of MauG in TTQ biosynthesis, a recombinant
expression system for MADH was developed (28). A plasmid containing mauFBEDACJG,
which includes the MADH structural genes and those required for MADH biogenesis, was
placed in Rhodobacter sphaeroides, a bacterium that does not produce MADH. Active
recombinant MADH, with the correctly synthesized TTQ cofactor, was isolated from these
cells. The mauG gene was then inactivated in this expression system with the hope that this
would result in accumulation of the natural substrate for the mauG gene product, MauG. The
substrate protein isolated from the periplasm is a a,f, heterodimeric MADH protein that is
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inactive towards methylamine and lacks the visible absorption spectrum characteristic of the
TTQ cofactor. Analysis of this biosynthetic intermediate of MADH by proteolysis and mass
spectrometry reveals that BTrpS57 is monohydroxylated and that the covalent cross-link to
residue PTrp108 has not been formed (29). Using 180, labeling studies it was determined
that the biosynthetic MADH intermediate is hydroxylated at the C7 position of BTrp57, and
thus insertion of the second oxygen must be at the C6 position (30). This species is
designated preMADH. In order to demonstrate that preMADH was indeed the substrate for
Maug, it was incubated in vitro with purified MauG and oxidation equivalents provided
either by O, plus an electron donor, or by HyO, (31). This resulted in completion of TTQ
biosynthesis and formation of active MADH. Thus, while the mechanism by which the first
oxygen is inserted into residue fTrpS57 remains to be elucidated, these results demonstrate
that the final steps of TTQ biosynthesis are catalyzed by MauG.

2.3. Steady-state assays of MauG-dependent TTQ biosynthesis

Steady-state kinetic studies have exploited the fact that the preMADH substrate has no
visible absorption, whereas the mature TTQ cofactor does. As TTQ is a two-electron redox
cofactor, it can assume three different redox states. The oxidized quinone exhibits a broad
absorbance centered at 440 nm, the one-electron reduced semiquinone exhibits an
absorption maximum at 428 nm, and the two-electron reduced quinol exhibits an absorption
maximum at 330 nm (32). When diferric MauG was incubated with excess preMADH, and
the reaction initiated by addition of oxidizing equivalents [O], either as a reductant plus O,
or as H,O», an increase in absorbance centered on 440 nm was observed (33, 34). This
corresponds to the steady- state formation of the fully oxidized quinone form of TTQ in
MADH (Figure 4A). The reaction exhibits a k., of 0.2 s™! and a K, of 6.6 uM. Upon
reaction completion, the product was shown to possess MADH activity through addition of
methylamine to the reaction mixture that caused disappearance of the quinone peak at 440
nm and appearance of a quinol peak at 330 nm, as expected for substrate reduction of mature
TTQ-containing MADH in the absence of amicyanin.

A transient intermediate with a A;,x at 330 nm was observed early in the steady-state TTQ
biosynthesis reaction with preMADH as a substrate (34). From this spectral feature, it was
postulated that the quinol form of TTQ was an intermediate in TTQ biosynthesis from
preMADH. To test this hypothesis, quinol MADH was formed in vitro by reduction with
dithionite, and then tested as a substrate for MauG. Quinol MADH was not oxidized by
H»0O, alone, but in the presence of MauG, H,O,-dependent oxidation of the quinol to TTQ
was observed, suggesting that this is likely the final step in TTQ biosynthesis in vivo. In
light of these observations, a second steady-state assay was established that used quinol
MADH as a substrate (35) (Figure 4B). Since quinol MADH lacks absorbance at 440 nm,
the formation of product could again be monitored by the appearance of the peak at this
wavelength. This reaction exhibited a ko of 4.2 s~1 and a K, of 11.1 uM.

Given this knowledge, it is possible to propose two alternative chemical routes for MauG-
dependent TTQ biosynthesis (Figure 5). This model has provided a framework for the
design of experiments to elucidate the precise kinetic and chemical mechanism for TTQ

biosynthesis.
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3. Spectroscopic and redox properties of MauG

In order to understand the mechanism by which MauG is able to catalyze the complex six-
electron oxidation required for TTQ biosynthesis, it is necessary to fully understand its
redox properties. The visible absorption spectra of diferric and diferrous MauG are typical
of those of c-type cytochromes (Figure 6A). In contrast, the electron paramagnetic
resonance (EPR) spectra of the ferric hemes of oxidized MauG are atypical of c-type
cytochromes (21). One heme exhibits a high-spin heme EPR signal that is similar to those of
myoglobin and the heme oxygenase-heme complex. The other heme exhibits a low-spin
heme EPR signal that is similar to those of complexes of cytochrome P450cam with an
exogenous axial sixth ligand. Resonance Raman spectroscopy of MauG also indicated the
presence of a low-spin six-coordinate heme and a high-spin five-coordinate heme in both the
diferric and diferrous states (36).

Redox titrations of MauG demonstrated that the two hemes were simultaneously reduced
and oxidized rather than sequentially. This indicates that the intrinsic oxidation-reduction
midpoint potential (E;,,) values for the Fe(III)/Fe(II) couple of each of the two hemes are
equivalent. MauG exhibits two E;;, values of -159 and -254 mV (36) for the inter-conversion
between diferric and diferrous states, which correspond to the sequential addition or removal
of the first and second electrons from the diheme system. This was described as negative
redox cooperativity, and indicates that facile equilibration of electrons occurs between the
two hemes. From a catalytic standpoint, this means MauG contains a diheme two-electron
redox cofactor, rather than two independent hemes.

It is evident from the nature of the chemistry catalyzed by MauG that the reaction
mechanism requires the generation of a high-valent iron species to drive the oxygenation
and cross-linking reactions required for TTQ formation. Heme-containing oxygenases and
peroxidases often use a high-valent Fe intermediate known as Compound I, which is a ferryl
species (i.e., Fe(IV)=0) coupled to a m-cation radical located on the porphyrin ring.
Compound ES is a variation of Compound I, in which the Fe(IV)=0 heme is coupled to an
amino acid-based cation radical in close proximity to the heme. MauG displays a new
natural strategy for stabilizing an Fe(V)-equivalent within a protein through utilization of a
previously undescribed bis-Fe(IV) redox state (37). This redox state can be formed either by
addition of O, to diferrous MauG, or addition of H,O, to diferric MauG (38). It is unknown
whether O, or H>O5 is the physiological oxidant, however the same bis-Fe(IV) product
results from either, and for quantitative control, HyO, has been the preferred method for
generating the bis-Fe(IV) state. When diferric MauG is mixed with excess H,O, the reaction
is complete within the dead time of mixing (i.e., k > 300 s~1) (38). The absorption spectrum
of this redox form exhibits a decrease in intensity of the Soret peak of MauG relative to the
diferric spectrum and a shift in its maximum from 405 to 407 nm (Figure 6B). As expected
for two Fe(IV) hemes, the EPR spectrum of this intermediate is EPR-silent (37). Mossbauer
spectroscopy of this intermediate revealed the presence of two distinct Fe(IV) species (37).
One was consistent with an Fe(IV)=0 species (8 = 0.06 mm/s, AEq = 1.70 mm/s). The other
was assigned to a unprecedented Fe(IV) species with two axial ligands from protein (8 =
0.17 mm/s, AEq = 2.54 mm/s) (37). The bis-Fe(IV) species is relatively stable, as it
spontaneously decays back to the diferric state over several minutes. Proof of the catalytic
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competence of this bis-Fe(IV) intermediate was demonstrated by mixing this species with
preMADH (37). This results in rapid return of MauG to the diferric state, as judged by UV-
vis absorbance and EPR spectroscopy. A new organic radical EPR signal is present after the
reaction, which was shown to be on preMADH (37). This demonstrated that the initial
reaction in MauG-dependent TTQ biosynthesis involves oxidation of amino acid residues on
preMADH.

4. Structure-function studies of MauG and preMADH

4.1. Structure of MauG

Although MauG alone has not been crystallized, the X-ray crystal structure of its complex
with the preMADH substrate has been determined to 2.1 A resolution (39). MauG contains
two protein domains, each containing one of the hemes (Figure 7A). Both hemes of MauG
have the expected proximal axial His ligand (His35 and His205, respectively) from the c-
type heme sequence motif CXXCH. The two domains are topologically equivalent, and
likely arose through a gene duplication event. The N-terminal domain heme, which is
furthest from preMADH in the complex, has an open coordination site and a distal pocket
that is solvent accessible. As it is five-coordinate, this makes it the spectroscopically
characterized high-spin heme (21). The coordination of the C-terminal domain heme, which
lies closest to the preMADH interface, is completed by a tyrosine (Tyr294) identifying it as
the low-spin heme. Tyrosine is relatively rare as a heme ligand, and this is the first example
involving a c-type heme. This heme is more sequestered from solvent than the high-spin
heme, and spectroscopic studies are consistent with retention of the His-Tyr ligation in all
three MauG redox states (21, 36, 37, 40). At the MauG domain interface between the hemes
lies a conserved tryptophan (Trp93). A calcium ion is also bound between the domains, and
is ligated by four water molecules and two amino acids that are strictly conserved (side-
chain of Asn66 and main-chain carbonyl of Pro277) (41).

4.2. Long range MauG-dependent TTQ biosynthesis in crystallo

The structure of preMADH is essentially identical to that of mature MADH, with
differences localized to the preTTQ site. MauG binds at the same site on MADH as
amicyanin, the physiological electron acceptor for methylamine turnover (7). While there is
no homology between amicyanin and MauG, they are similar in that amicyanin accepts
electrons from the reduced and semiquinone forms of TTQ during catalysis and MauG
accepts electrons from preTTQ during biosynthesis. Prior to the structure, it was
hypothesized that MauG catalysis involved a heme-generated reactive oxygen species that
directly attacked the C6 of preTTQ. So it was a surprise when the structure revealed that
neither MauG heme is in direct contact with preMADH (Figure 7B). In addition, the
preTTQ residues are not at the preMADH surface, but buried and in a similar position to
those of mature TTQ. In fact, the through-space distances are substantial: the MauG heme
porphyrin nearest to the interface with preMADH is 15.5 A to the closest preTTQ atom, and
separated from the other MauG porphyrin by 14.5 A.

The catalytic relevance of this structure was demonstrated through addition of H,O, to the
MauG-preMADH crystals that led to TTQ formation in crystallo (Figure 7C). The structure
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has a number of ramifications: (i) there are no significant conformational changes during
MauG turnover, (ii) the reaction is processive, and does not require dissociation of the
complex between each two-electron oxidation event, (iii) the reaction involves long range
electron transfer, (iv) the oxygen inserted into preTTQ at C6 is likely solvent-derived, and
(v) the same amino acids and chemical environment in (pre)MADH support two very
different chemistries; conversion of preTTQ to TTQ and mature MADH amine
dehydrogenase activity. This latter point is interesting in a broader evolutionary sense, as it
suggests that a protein environment which supports the synthesis of Tyr and Trp-derived
quinone cofactors is inherently conducive to the oxidation of primary amines to aldehydes
following cofactor formation. Currently, there are four enzymes known to have
independently evolved this linked chemistry: MADH and its homologs, quinohemoprotein
amine dehydrogenase, copper amine oxidase and lysyl oxidase, whose cofactors were
discussed earlier (see Figure 1).

4.3. The distal pocket of the high-spin five-coordinate heme of MauG

The crystal structure of MauG identified a number of conserved residues in the distal pocket
of the high-spin five-coordinate heme; GIln103, Pro107 and Glul13 (Figure 8) (39). X-ray
absorption spectroscopy of HyO, treated MauG coupled to density functional theory
modeling demonstrated that the high-spin heme is the site of the Fe(IV)=0 in bis-Fe(IV)
MauG (40). This is also consistent with electron density observed in H,O, treated MauG-
preMADH crystals (39). Therefore, this is the heme that reacts with HyO, or O,. Addition of
NO to diferrous MauG also shows exclusive binding to the high-spin heme, as demonstrated
in solution by EPR spectroscopy (42) and in crystallo through addition of NO to diferrous
MauG-preMADH crystals (Figure 8) (43). Based on the NO-MauG-preMADH crystal
structure, Glul13 may be important in promoting cleavage of the O—O bond through
protonation of oxygen intermediates bound to heme. The structure suggests that GIn103 may
be important in stabilizing the Fe(IV)=0 by hydrogen bonding to the oxo, and is consistent
with a quantum chemical investigation that explored the unusual Mossbauer spectroscopic
parameters of the bis-Fe(IV) MauG (44). For the assigned Fe(IV)=0 species, the AE() value
of 1.70 mm/s lies between the average experimental AE( values in heme proteins for
protonated and unprotonated forms. The model that best fit the observed parameters
suggested that the Fe(IV)=0 species is stabilized by a hydrogen bond to an active site
residue, which based on the NO-MauG adduct crystal structure is likely GIn103, and this
would account for the AEq value lying between the average experimental AE( values of the
different protonated states.

Perhaps the most intriguing conserved residue is Pro107, which has been suggested to keep
the site primed for HyO, binding and O, activation (39). The residue changes conformation
from upPro to downPro (45) upon binding of NO, and helps position the distal atom of NO
so that it points towards Glul13, consistent with the proposal that Glul13 may play an acid /
base role in bis-Fe(IV) formation. Pro107 has been mutated to Val, Ser and Cys (46). P107C
is inactive, and the crystal structure and mass spectrometry show that Cys107 has been
oxidized to sulfinic acid and become a heme ligand. The P107V MauG-preMADH crystal
structure shows that P107V leads to minimal structural perturbations in the distal pocket,
and the mutant has a similar catalytic activity to wild-type MauG, with k., =0.10 s~! and
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K,=1.3 uM. However, the P107V MauG enzyme is more susceptible to oxidative damage
than wild-type, suggesting that the rigidity of Pro may be important in controlling reactive
oxygen species at the high-spin heme. Surprisingly, the P107S MauG-preMADH crystal
structure shows that Glu113 has moved 3.1 A into the distal pocket so that it is now
coordinated to the heme. This mutant is inactive in TTQ biosynthesis, and the K4 for HyO,
increases by at least 1000-fold, presumably because of Glul13 blocking access to the heme.
The P107S variant is even more susceptible to protein oxidation than P107V following
reaction with HyO,, including evidence of heme degradation, further underscoring the role
of Pro107 in protecting MauG from oxidative damage.

4.4. The role of calcium in MauG

The crystal structure of the MauG-preMADH complex reveals the presence of a Ca* in
proximity to the two hemes, connecting to both via hydrogen bond networks (see Figure
7A). This Ca* does not readily dissociate from MauG; however after Ca2* removal by
extensive treatment with chelators, MauG is no longer able to catalyze TTQ biosynthesis
and exhibits altered absorption, resonance Raman and EPR spectra (41, 47). The circular
dichroism spectra of native and Ca2*-depleted MauG are essentially the same, consistent
with CaZ*-induced conformational changes involving domain or loop movements rather than
general unfolding or alteration of secondary structure. This is consistent with the crystal
structure, in which the Ca2* is bound between the N- and C-terminal domains. Increased
domain dynamics is also suggested by the fact that it has not been possible to crystallize the
Ca?*-depleted MauG. However, spectroscopic studies have given insight into the effect
Ca2* has on the structure. Addition of H,O, to the CaZ*-depleted MauG did not yield
spectral changes characteristic of formation of the bis-Fe(IV) state, as seen for native MauG.
Removal of CaZ* alters the EPR signals of each ferric heme, such that the intensity of the
high-spin heme is decreased and the low-spin heme is significantly broadened. It was shown
that in the Ca2*-depleted MauG the original high-spin heme is converted to low-spin, and
the original low-spin heme exhibits a change in relative orientations of its two axial ligands.
EPR and Mossbauer spectroscopic results (47) show that the two hemes are present as
unusual highly axial low-spin (HALS)-like hemes (48, 49) in Ca%*-depleted MauG, with a
smaller orientation angle between the two axial ligand planes. The effects of CaZ*-depletion
are completely reversible. After addition of CaZ* to the Ca2*-depleted MauG, full TTQ
biosynthesis activity and reactivity towards H,Oj is restored, and the spectral properties
return to those of native MauG. Kinetic and equilibrium studies of Ca2* binding to CaZ*-
depleted MauG indicates a two-step mechanism, where Ca2* initially reversibly binds to
CaZ*-depleted MauG, followed by a relatively slow, but highly favorable, conformational
change, yielding an apparent equilibrium Kg value of 5.3 uM (41). These findings provide
insight into the correlation of the enzyme activity with the orientation of axial heme ligands,
and describe a role for the calcium ion in maintaining a structural orientation that is required

for activity.
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5. Role of MADH active site residues in the MauG-independent
hydroxylation to form preMADH

Whereas MADH is an a,f, heterotetramer, the CTQ enzyme quinohemoprotein amine
dehydrogenase is an afy trimer with no significant structural or sequence homology.
However, the actives sites of the enzymes are very similar. Each has two spatially conserved
Asp residues in the active site (50) (Figure 9). When the Asp residues in MADH were
mutated to test their roles in MADH-dependent amine oxidation, barely detectable levels of
inactive protein were obtained. Analysis by mass spectrometry revealed that mutation of
MADH BAsp76 to Asn leads to protein with no fTrp57 or fTrp108 modifications at all,
meaning that this residue is absolutely required for the first fTrp57 hydroxylation that
occurs prior to MauG-catalyzed chemistry. When mutated to Asn, BAsp32 also affects the
efficacy of the first BTrp57 hydroxylation, but does not significantly interfere with MauG-
catalyzed chemistry, leading to a mix of unmodified and mature MADH upon expression.
Although the mechanism by which the initial Trp hydroxylation occurs in MADH is
currently unknown, these data suggest that the MADH active site structure plays a role in
this initial modification of TTQ biosynthesis.

6. Electron transfer reactions between MauG, preMADH and MADH

Three single-turnover reactions have been described that involve MauG and preMADH or
different redox forms of MADH (Figure 10, Table 1). In contrast to the steady-state
reactions that monitored the rate of TTQ formation, these single-turnover reactions are
electron transfer reactions monitored through the changes in the absorbance of MauG or
MADH that are associated with changes in redox state.

6.1. The initial two-electron oxidation of preMADH

The initial two-electron oxidation of preMADH was studied by mixing preMADH with bis-
Fe(IV) MauG, which was pre-formed by mixing with stoichiometric HO, (38) (Figure
10A). The reaction kinetics of this two-electron oxidation fit to a single exponential
relaxation. This suggests a kinetic mechanism with a relatively slow one-electron transfer
followed by a faster one-electron transfer. As such, no intermediate state accumulates. The
observed rate in this case is that of the slower initial electron transfer event in which an
electron is transferred to bis-Fe(IV) MauG from either Trp108 or OH-Trp57 of preMADH to
generate a radical species. The subsequent faster electron transfer results in loss of a second
electron from these Trps, likely generating a diradical species. The dependence of the
observed rate of reaction on preMADH concentration exhibits saturation behavior, with a
limiting first-order rate constant for the reaction of ki;;, =0.80 s~!, which is orders of
magnitude faster than the spontaneous rate of decay to the diferric state. The Ky for complex
formation is relatively low, and determined to be <1.5 uM (38). Identical values of kj;;, and
K4 were determined when the reaction was initiated by mixing the pre-formed complex of
preMADH and diferric MauG with H,O,, identifying the MauG catalytic mechanism as
random order. These results are in contrast to those typically observed with other enzymes
that utilize high-valent heme species, such as Compound I, which undergo rapid
spontaneous decay that can cause oxidative damage. For example, cytochrome P450
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enzymes that utilize Compound I are unreactive toward oxygen until organic substrate binds,
at which point the high-spin heme becomes capable of binding and activating O,, leading to
the high-valent species being directed towards productive catalytic chemistry (51). As the
ferryl heme oxo group directly attacks organic substrate in this case, this would facilitate the
evolution of an ordered mechanism. In contrast, the MauG ferryl heme is 40.1 A from
preTTQ, which likely favored the evolution of increased high-valent oxidant stability as a
strategy to minimize oxidative damage.

While the presence or absence of preMADH has no influence on the reactivity of MauG
towards oxidation equivalents, repeated formation of bis-Fe(IV) followed by spontaneous
decay to the diferric state in the absence of preMADH leads to loss of catalytic activity (52).
Mass spectrometric analysis of MauG after incubation with excess H,O, provided evidence
that oxidative damage had occurred (46). The radical scavenger hydroxyurea protects
against inactivation, consistent with a free radical damage mechanism (52). Thus, the kinetic
mechanisms, and mechanisms of avoidance and susceptibility to suicide inactivation
exhibited by MaugG, are distinct from those of other heme-dependent and non-heme Fe-
dependent enzymes that activate O,.

6.2. The two-electron oxidation of quinol MADH

To study the final two-electron oxidation step in TTQ biosynthesis, electron transfer from
quinol MADH to bis-Fe(IV) MauG was characterized (Figure 10B). Quinol MADH was
generated by stoichiometric reduction of native MADH by dithionite (53), and this was then
mixed with pre-formed bis-Fe(IV) MauG. The resulting reaction exhibited a kj;,, =20 s~
and a K4 of 11.2 uM (35). Comparison of these results with those of the initial oxidation of
preMADH, suggests that the initial two-electron oxidation of preMADH may be the rate-
limiting step in the overall six-electron oxidation process (Table 1), as the rate constant for
that reaction is much closer to the steady-state k., value than is the rate of this final two-
electron oxidation. It is also noteworthy that the K4 value for the complex with quinol
MADH is about ten-fold greater than that for the complex with preMADH. It is not
surprising that quinol MADH dissociates from MauG more readily than does preMADH, as
at this point the cofactor has been assembled and requires only oxidation to yield TTQ.
Should release of quinol MADH from MauG occur in vivo prior to the final oxidation step,
quinol MADH could alternatively be oxidized to the quinone by its natural electron acceptor
amicyanin, as occurs in the catalytic cycle of mature MADH (4).

6.3. Electron transfer from diferrous MauG to quinone MADH

Single-turnover kinetics were used to study another electron transfer reaction, that from
diferrous MauG to the oxidized TTQ of MADH (Figure 10C). This reaction is not involved
in TTQ biosynthesis, but it is thermodynamically favorable and may be monitored
spectroscopically (35). The reaction exhibits a kjj, =0.07 s~! and a K4 of 10.1 uM. The
similarity of this K4 value to that for the quinol MADH and bis-Fe(IV) MauG reaction,
which is much greater than that for the MauG-preMADH complex, indicates that the extent
of TTQ maturity rather than its redox state is a major determinant in the affinity of MauG
towards different forms of MADH. As this reaction does not involve the formation of the
bis-Fe(IV) species, the ability to monitor this reaction has proven to be a useful tool in
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separating mutations of MauG residues that destabilize the bis-Fe(IV) state from those that
disrupt electron transfer between the two proteins (discussed later).

7. The importance of Tyr294 of MauG to the bis-Fe(lV) redox state

MauG is the first example of a c-type heme with axial ligation by tyrosine, and Tyr294 is a
conserved residue in the known MauG sequences (39). This heme is also the first example
of a protein-bound heme that is able to stabilize an Fe(IV) state without an exogenous
ligand. Quantum chemical modeling indicates that the His-Tyr ligand set determines the
unusually large Mossbauer AEq parameter of the Fe(IV) heme (AEq = 2.54 mm/s) (37, 44).
To probe the significance of Tyr294, it was replaced with His by site-directed mutagenesis
(54). The crystal structure of Y294H MauG-preMADH shows that the heme now has His-
His axial ligation, and functional analysis indicates that this variant is unable to catalyze
TTQ biosynthesis.

Several results indicated that the mutation of the Tyr294 axial ligand affects not only the
properties of that heme, but also those of the five-coordinate heme, despite the fact that the
two heme irons are separated by 21 A. The Y294H mutation causes significant changes to
both E;,, values, —17 mV and —377 mV for Y294H MauG (54) compared to —158 mV and
—246 mV for native MauG (36). Diferrous Y294H MauG binds CO, but with a K value that
is 14-fold less than that for native diferrous MauG (54). Spectroscopic analysis of the
reaction of Y294H MauG with H,O, suggests that the six-coordinate His-His heme of
Y294H MauG cannot stabilize an Fe(IV) state. Instead, after addition of H,O, to Y294H
MaugG, an alternative Fe(V)-equivalent state forms with spectral features characteristic of an
Fe(IV)=0 with an accompanying w-cation radical present solely at the N-terminal heme
(54).

It is proposed that a critical role of the bis-Fe(IV) state is not only to provide a strong
oxidant, but to significantly shorten the distance required for the catalytic long range
electron transfer from preTTQ (40.1 A to the Fe(IV)=0 compared to 15.4 A to the Fe(1V)
porphyrin of the six-coordinate heme). Similar to the bis-Fe(IV) redox state of wild-type
MauG, this Compound I-like state of Y294H MauG is relatively stable. However, it does not
react with preMADH, and Y294H MauG cannot catalyze TTQ biosynthesis from either
preMADH or quinol MADH. In contrast, the non-physiological electron transfer reaction
from diferrous Y294H MauG to quinone MADH, which is not involved in TTQ biosynthesis
and does not require the bis-Fe(IV) state, is not negatively impacted by the mutation. The X-
ray crystal structure of the Y294H MauG-preMADH complex shows that the inability to
catalyze TTQ biosynthesis is not a consequence of significant alteration of the protein
structure, the protein-protein interface, or the heme environment beyond the replacement of
the Tyr axial ligand with His. Thus, the electron transfer path is operative, but generation of
a high-valent state that is confined to the more distant N-terminal heme is not sufficient for
MauG-dependent TTQ biosynthesis.
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8. Tryptophan mediated hole hopping during the long range electron

transfer required for TTQ biosynthesis

The importance of minimizing the distance for the long range electron transfer reactions
required during MauG-dependent TTQ biosynthesis was highlighted by the study of Y294H
MauG described above (54). However, the distance from preTTQ to the heme porphyrin of
the six-coordinate heme (15.4 A) is still rather long for efficient electron transfer.
Furthermore, the rate of the electron transfer reaction from preMADH to bis-Fe(IV) MauG,
which is believed to be approximately isoenergetic, is approximately ten-fold greater than
the rate of the electron transfer reaction from diferrous MauG to quinone MADH, which is
energetically favorable. Site-directed mutagenesis and kinetic and thermodynamic studies
have demonstrated that the former reaction occurs via a hole hopping mechanism, while the
latter occurs by a single-step electron tunneling mechanism (35). During long range electron
tunneling through proteins, the amino acid residues that mediate electron transfer simply
serve as a conduit, and do not undergo changes in redox states (55). In contrast, in a hopping
mechanism certain intervening amino acid residues are reversibly oxidized and reduced, and
serve as intermediate points in a multi-step process (56). In hole hopping, the electron
acceptor oxidizes the intermediate, which in turn oxidizes the electron donor. This means
that the electron that leaves the electron donor (in this case, preTTQ) is not the same as the
electron that enters the electron acceptor (in this case, bis-Fe(IV) MauG), but an electron
displaced from the intervening amino acid. This allows the overall electron transfer reaction
to occur more rapidly than via single-step long range electron tunneling between donor and
acceptor, as the rate of the slowest hop will be much faster than that for electron tunneling
over the entire distance.

8.1. Identification of Trp199 of MauG as a hopping intermediate

Residue Trp199 of MauG resides at the MauG-preMADH interface, and is positioned
midway between the residues that are modified and the nearest heme (see Figure 7B). It was
postulated that Trp199 could be reversibly oxidized and reduced, thus serving as a hopping
intermediate between preTTQ and the Fe(IV) His-Tyr ligated heme. The idea of Trp199-
mediated hole hopping during electron transfer was tested by site-directed mutagenesis (57).
Mutations of Trp199 do not affect the spectroscopic and redox properties of MauG, nor its
ability to stabilize the bis-Fe(IV) state. Crystal structures of complexes of these MauG
variants with preMADH show no significant perturbation of the MauG-preMADH structure
or protein interface. However, the MauG variants are not able to synthesize TTQ from
preMADH. In contrast, the electron transfer reaction from diferrous MauG to quinone
MADH that does not involve the bis-Fe(IV) intermediate, and is believed to occur via
single-step electron tunneling, is minimally affected by the mutations.

8.2. Characterization of tunneling and hopping reactions through MauG using electron
transfer theory

The dependence on temperature of the rates of electron transfer from diferrous MauG to
quinone MADH and from preMADH to bis-Fe(IV) MauG were analyzed by Marcus theory
and compared (58). While these reactions occur over the same distance, analysis of the two
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reactions yielded different values of electronic coupling and electron transfer distance. The
experimentally-determined distance for the reaction from diferrous MauG to quinone
MADH matched the distance in the crystal structure between TTQ and the nearest heme of
MaugG. In contrast, the experimentally-determined distance for the reaction from preMADH
to bis-Fe(IV) MauG was much shorter, being consistent with the distance from Trp199 to
either the nearest heme or the residues on preMADH that form TTQ and a hopping
mechanism. These results together with those of the site-directed mutagenesis study show
that Trp199 plays a critical role in mediating hole hopping from preMADH to bis-Fe(IV)
MauG during the long range electron transfer required for TTQ biosynthesis.

8.3. Does Trp93 also mediate hopping during electron transfer between hemes?

The hemes of MauG function as a diheme system rather than two independent hemes,
despite their physical separation (36, 37). This suggests that the strictly conserved Trp93,
which resides midway between the hemes (see Figure 7A), may mediate electron transfer
between them. It has not been possible to directly measure the rate of this reaction, or to
generate mutants of Trp93 that can be used to directly address this issue. However, it was
noted that the EPR spectrum of the bis-Fe(IV) MauG, while primarily EPR silent, did
display a signal that was attributed to an organic radical which represented about 1% of the
protein (37). This was proposed to be a cation radical in equilibrium with the two hemes in
the high-valent state. This observation is consistent with Trp93 mediating hole hopping
between the two hemes, in which the initial transient Fe(V) equivalent formed on the high-
spin heme oxidizes Trp93, which in turn oxidizes the low-spin heme to yield the bis-Fe(IV)
species.
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Acronyms and definitions
MADH methylamine dehydrogenase, a periplasmic enzyme found in some
gram-negative methylotrophic and autotrophic bacteria.

TTQ the tryptophan tryptophylquinone enzyme cofactor consists of two Trp
covalently cross-linked, with two keto groups added to one Trp.

Quinone a benzene derivative in which two ring C-H have been replaced by
C=0 (diketobenzene derivative).

PreM ADH precursor form of methylamine dehydrogenase that is the substrate for
MauG containing a monohydroxylated Trp.

Diferrous MauG in which both hemes are in the Fe(II) redox state.
MauG
Diferric MauG MauG in which both hemes are in the Fe(III) redox state.
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where the iron retains its unpaired electrons upon axial coordination,
indicative of weak ligand(s) binding.

where the iron has fewer unpaired electrons upon axial coordination,
indicative of strong ligand(s) binding.

precursor form of the tryptophan tryptophylquinone cofactor in which
one —OH group has been added to one Trp.

The two puckered forms of the prolyl ring (direction of CP and Cy
displacement from the mean ring plane), and defined by the
endocyclic dihedral angles (45).

%0 ~ +6° (CB-Ca—N—C8), y1 ~ —28° (N=Ca~CB~Cy), 12 ~ +39° (Cay
~CB-Cy=C8), ¥3 ~-35° (CB-Cy-C——N), 74 ~ +18° (Cy-CS-N-Cav).
DownPro: y0 ~ —10° (C—Ca—-N-C89), x1 ~ +27° (N-Ca—Cp-Cy), x2
~ —36° (Ca—CR—-Cy—C8), 13 ~ +29° (C-Cy—C8-N), x4 ~ —12° (Cy
—C8-N-Ca).

Fe(V)-equivalent redox state composed of a ferryl (Fe(IV)=0) heme
and an Fe(IV) heme with two amino acid axial ligands.

Fe(V)-equivalent redox state composed of ferryl (Fe(IV)=0) heme
with a porphyrin cation radical.

a benzene derivative in which two ring C-H have been replaced by C-
OH (dihydroxybenzene derivative).

a catalytic reaction in which the order of addition of substrates to the
reaction mix does not matter.

a catalytic reaction in which one substrate must bind or react before
another for catalysis to occur.

a single-step charge transfer process dependent on donor/acceptor
composition and environment, distance and composition of the
intervening medium.

a multi-step charge transfer process in which single electron tunneling
events occur concurrently through oxidation of intervening amino
acids.
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Figurel.
Protein-derived quinone cofactors. TPQ, 2,4,5-trihydroxyphenylalanine quinone; LTQ,

lysine tyrosylquinone; CTQ, cysteine tryptophylquinone; TTQ, tryptophan
tryptophylquinone.
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Figure 2.
Crystal structure of methylamine dehydrogenase (MADH). The overall fold of MADH

(PDB code: 2bbk) (6) is represented in cartoon (MADH a-subunit, blue; MADH f-subunit,
green) with TTQ drawn in stick colored by atom. Figure produced using PyMOL

(www.pymol.org).
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Figure 3.
The mau gene cluster of P. denitrificans. Of these genes only the gene products of mauB,

mauA, mauC and mauG have been isolated and characterized. For the other genes
assignment of structure or function is based on sequence similarity to other genes of known
function. The information in this figure is based on data presented in references (23, 24, 26).

Annu Rev Biochem. Author manuscript; available in PMC 2014 July 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Davidson and Wilmot Page 24

A
Trp108
N\ _NH [o1, N\ _NH
MauG
\ B
” Trp57 o ”
O

OH
preMADH quinone (TTQ) MADH

quinol MADH quinone (TTQ) MADH

Figure4.
Reactions catalyzed by MauG that have been monitored by steady-state kinetics. (A) MauG-

dependent TTQ biosynthesis from preMADH. (B) MauG-dependent oxidation of reduced
quinol MADH to TTQ.
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A model for MauG-dependent TTQ biosynthesis from preMADH. As the order of the cross-
linking and hydroxylation steps are not known, the two alternative possible routes to form
the quinol TTQ are presented. The post-translational modifications are shown in red.
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Figure®6.
UV-visible absorption spectra of different redox states of MauG. (A) diferric (black) and

diferrous (red). (B) Diferric (black) and bis-Fe(IV) (red).
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Figure7.
Crystal structures of MauG in complex with precursor methylamine dehydrogenase

(preMADH). (A) Overall fold of MauG colored by domain (PDB code: 314m) (39). (B) Key
components of electron transfer between preMADH and MauG. (C) PreTTQ site before (left
panel) and after (right panel) addition of H,O, to MauG-preMADH crystals (PDB codes:
314m (left) and 3140 (right)). The proteins are represented in cartoon (MADH a-subunit,
blue; MADH f-subunit, green; panel (B), MauG, pink). Hemes, Trps, TTQ and preTTQ
drawn in stick colored by atom (panel (B), carbon, color of associated protein chain cartoon;
panel (C), preTTQ, light green, TTQ, dark green). Irons and calcium are drawn as orange
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and green spheres, respectively. 2Fo-Fc electron density (blue) contoured at 1.00. Figure
produced using PyMOL (www.pymol.org).
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|

Figure8.
Crystal structure of nitric oxide in complex with diferrous MauG-preMADH (PDB code:

2pxw) (43). NO binds to the heme that lies furthest from the MauG-preMADH interface.
Colors and representation are as in Figure 7. Hydrogen bonds are indicated by dashed lines.

Figure produced using PyMOL (www.pymol.org).
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Figure9.
The preTTQ site of the preMADH f subunit showing Asp residues that are critical for the

hydroxylation of 3Trp57 to form preTTQ (PDB code: 314m) (39). Colors and representation
are as in Figure 7. Figure produced using PyYMOL (www.pymol.org).
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Electron transfer reactions that have been characterized by single-turnover kinetics. (A) The
initial two-electron oxidation step in TTQ biosynthesis from preMADH to bis-Fe(IV)
MauG. (B) The final two-electron oxidation step in TTQ biosynthesis from quinol MADH
to bis-Fe(IV) MauG. (C) The non-biosynthetic electron transfer reaction from diferrous

MauG to quinone MADH.

Annu Rev Biochem. Author manuscript; available in PMC 2014 July 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

Davidson and Wilmot

Table 1

Kinetic parameters for steady-state and single turnover reactions.

Steady state TTQ formation from preM ADH

Kear ™

0.20 £ 0.01

K (UM)

6.6£0.6

Steady state TTQ formation from quinol MADH

Keat ™

42+0.2

K (M)

11.1+1.3

Electron transfer from preMADH to bis-Fe(IV) MauG

k(s™h

0.8+0.1

Kq (1M)

<15

Electron transfer from quinol MADH to bis-Fe(IV) MauG

k(sh

20+1.3

Kq (1M)

11.2+23

Electron transfer from diferrous MauG to quinone MADH

k(™

0.07 £0.01

Ky (M)

10.1+1.6

Data are taken from references (34, 35, 38)
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