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The diheme enzyme MauG utilizes H2O2 to perform oxidative posttranslational modification on a protein sub-
strate. A bis-Fe(IV) species of MauG was previously identified as a key intermediate in this reaction. Heterolytic
cleavage of the O\\O bond of H2O2 drives the formation of the bis-Fe(IV) intermediate. In this work, we tested a
hypothesis that a glutamate residue, Glu113 in the distal pocket of the pentacoordinate heme ofMauG, facilitates
heterolytic O\\O bond cleavage, thereby leading to bis-Fe(IV) formation. This hypothesis was proposed based on
sequence alignment and structural comparison with other H2O2-utilizing hemoenzymes, especially those from
the diheme enzyme superfamily that MauG belongs to. Electron paramagnetic resonance (EPR) characterization
of the reaction betweenMauG andH2O2 revealed thatmutation of Glu113 inhibited heterolytic O\\Obond cleav-
age, in agreementwith our hypothesis. This resultwas further confirmed by the HPLC study inwhich an analog of
H2O2, cumene hydroperoxide, was used to probe the pattern of O\\O bond cleavage. Together, our data suggest
that Glu113 functions as an acid-base catalyst to assist heterolytic O\\O bond cleavage during the early stage of
the catalytic reaction. This work advances our mechanistic understanding of the H2O2-activation process during
bis-Fe(IV) formation in MauG.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Hydrogen peroxide (H2O2) is produced in a rich array of biological
processes, including respiration and peroxisomal β-oxidation [1]. It
serves as a transmitter of cellular redox signals [2], while being a biolog-
ical reactive oxygen species [3]. Although H2O2 is a strong oxidant, it is
unreactive with most biological molecules because of the high activa-
tion energy barrier. Hemoenzymes play an important role in utilizing
and detoxifying cellular H2O2. There are three major types of H2O2-uti-
lizing hemoenzymes: peroxidases, peroxygenases, and catalases (Fig.
1). Notably, the Fe(III) state is the catalytically active form of these en-
zymes. Unlike most Fe(II)-dependent hemoenzymes, such as cyto-
chrome P450s, which require external electron sources to regenerate
the Fe(II) heme from the Fe(III) state at the beginning of each reaction
c peroxidase; EPR, electron
drogenase; TTQ, tryptophan
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cycle, these H2O2-utilizing hemoenzymes work independently and re-
turn to the resting Fe(III) state after each turnover [4,5]. As a result,
the two oxidizing equivalents from H2O2 are both utilized to oxidize
the substrate. Although H2O2-utilizing hemoenzymes catalyze a wide
variety of chemical transformations, a common high-valence heme in-
termediate, namely compound I, which is an Fe(IV)-oxo species coupled
with a porphyrin cation radical, is involved in these enzymatic reactions
(Fig. 1) [4,5]. Compound I is generated via heterolytic O\\O bond cleav-
age, which transfers both oxidizing equivalents from H2O2 to the pro-
tein-bound heme moiety.

In H2O2-utilizing hemoenzymes, it is frequently reported that a polar
amino acid residue located in thedistal hemepocket facilitates the bind-
ing and activation of H2O2. This residue functions as an acid-base cata-
lyst to promote heterolytic O\\O bond cleavage for compound I
production (Fig. 1) [6]. Our survey of the literature shows that the
most common polar amino acid used in this case is histidine, which is
found in the distal heme pocket of catalase [7], peroxidase [8–11], cata-
lase-peroxidase [12], and prostaglandin synthase [13] (Table 1). Anoth-
er commonly used amino acid is glutamate. The examples include
fungal peroxygenase [14,15], chloroperoxidase [16], and bacterial
diheme cytochrome c peroxidase (bCcP) [17] (Table 1). Interestingly,
such polar residues are usually placed in the optimal position for catal-
ysis via an H-bonding interactionwith another polar residue or through
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Fig. 1. General reaction mechanism of H2O2-utilizing hemoenzymes. “B:” represents the deprotonated state of the acid-base catalytic residue in the distal heme pocket.
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a salt bridge with an adjacent charged residue (Table 1). For instance, in
Pseudomonas aeruginosa bCcP, an asparagine residue forms an H-bond-
ing interaction with the distal glutamate residue [17].

MauG is a diheme enzymebelonging to the bCcPdihemeenzyme su-
perfamily. The two ferric hemes inMauG are in different spin states: one
is high-spin pentacoordinatewith an axial histidine ligand and the other
is low-spin hexacoordinate with an axial histidine-tyrosine ligand set
(denoted as Heme5C and Heme6C, respectively, as shown in (Fig. 2A)
[22,24]. MauG catalyzes the final stage of the biosynthesis of a pro-
tein-derived redox cofactor, tryptophan tryptophylquinone (TTQ),
which functions as the catalytic center of methylamine dehydrogenase
(MADH) [25]. During this cofactor biogenesis process, H2O2 is utilized
as an oxidant tomodify two adjacent tryptophan residues of the precur-
sor protein, preMADH, through a radical mechanism (Fig. 2B) [26]. This
process is a three-step, six-electron oxidation reaction; each step con-
sumes one equivalent of H2O2 and delivers two oxidizing equivalents
to preMADH (Fig. 2B) [27,28]. A unique bis-Fe(IV) intermediate of
MauG, in which Heme5C is present as Fe(IV) = O and Heme6C as
Fe(IV) with the axial histidine-tyrosine ligand set retained, is involved
in each oxidation step (Fig. 2C) [29–32]. This intermediate is electroni-
cally equivalent to compound I, with two oxidizing equivalents above
the resting ferric state.

Similar to compound I, the bis-Fe(IV) intermediate is generated
via heterolytic O\\O bond cleavage of H2O2. The formation process
of bis-Fe(IV) is complete within the dead-time of stopped-flow
mixing of diferric MauG and H2O2 [33], suggesting that the heterolyt-
ic O\\O bond cleavage is effectively facilitated by the protein matrix
in the heme center. Notably, Heme5C is the reactive center that binds
and activates H2O2 during catalysis, because of its coordination va-
cancy [34]. A survey of the binding pocket of Heme5C reveals a gluta-
mate residue, Glu113, which is 5.6 Å from the iron ion of Heme5C
(Fig. 2A). Previous studies showed that mutation of Glu113 resulted
in no detectable TTQ biosynthesis activity from steady-state reac-
tions, but the mutant enzyme achieved partial synthesis of TTQ
from in crystallo reactions [35]. Herein, we took a closer look at the
Table 1
H2O2-utilizing hemoenzymes and their corresponding acid-base catalytic residues for heteroly

Enzyme Heme ligand Acid-base ca

Fatty acid hydroxylase Cysteine fatty acid car
Fungal peroxygenase Cysteine Glutamate
Chloroperoxidase Cysteine Glutamate
Catalase Tyrosine Histidine
Prostaglandin synthase Histidine Histidine
KcatG Histidine Histidine
Horseradish peroxidase Histidine Histidine
Cytochrome c peroxidase Histidine Histidine
Ascorbate peroxidase Histidine Histidine
Dye-decolorizing peroxidase (B-type) Histidine Arginine
Dye-decolorizing peroxidase (D-type) Histidine Aspartate
Bacterial di-heme cytochrome c peroxidases (Heme5C) Histidine Glutamate
MauG (Heme5C) Histidine Glutamate
RoxAd (Heme5C) Histidine N/A

a The carboxylate group belongs to the fatty acid substrate.
b The H-bonding interaction between the glutamate residue and the threonine residue is w
c The asparagine residue is not strictly conserved.
d RoxA is an O2-utilizing enzyme in the bCcP superfamily.
catalytic role of Glu113 and tested a hypothesis that Glu113 facili-
tates the activation of H2O2 by driving the heterolytic O\\O bond
cleavage during bis-Fe(IV) formation.

2. Experimental

2.1. Reagents

Sodium dithionite (85%), cumene hydroperoxide (80%), cumyl alco-
hol (97%), acetophenone (99%), and phenethyl alcohol (99%) were pur-
chased from Sigma-Aldrichwithout further purification. H2O2 (30% v/v)
waspurchased fromFisher Scientific. The concentration ofH2O2wasde-
termined based on themolar absorptivity of 43.6 M−1 cm−1 at 240 nm.

2.2. Sequence alignment

Sequence alignment of the bCcP superfamily, including MauG and
bCcP fromdifferent organisms,was performed using theMolecular Evo-
lutionary Genetics Analysis (MEGA) software. The alignment output
was further edited using ESPript [36] for better illustration.

2.3. Protein expression and purification

Recombinant wild-type (WT) MauG and the E113Q mutant were
expressed in Paracoccus denitrificans and isolated in the periplasmic
fraction as described previously [24,35]. The protein concentration
was determined using the extinction coefficient of the heme Soret
band as described previously [29,35]. All experiments on purified
MauG were performed in 50 mM potassium phosphate buffer, pH 7.5.

2.4. Electron paramagnetic resonance (EPR) characterization

EPR experiments were performed using methods described previ-
ously [37,38]. Briefly, X-band EPR spectra were recorded in the perpen-
dicularmode on a Bruker ER200D spectrometer coupledwith a 4116DM
tic O\\O bond cleavage.

talyst Salt-bridge residue H-bond partner PDB ID Ref.

boxylate groupa Arginine N/A 1IZO [6,18]
Arginine Threonineb 2YP1 [14,15]
N/A Histidine 2CPO [6,16]
N/A Serine 1QQW [7]
N/A Threonine 1DIY [5,13]
N/A Asparagine 1MWV [12]
N/A Asparagine 1ATJ [6,9]
N/A Asparagine 2CYP [8,11]
N/A Asparagine 1APX [10]
Heme propionate N/A 3QNR [19]
Arginine N/A 2D3Q [20,21]
N/A Asparaginec 2VHD [17]
N/A Asparagine 3L4M [22]
N/A N/A 4B2N [23]

eak.

pdb:1IZO
pdb:2YP1
pdb:2CPO
pdb:1QQW
pdb:1DIY
pdb:1MWV
pdb:1ATJ
pdb:2CYP
pdb:1APX
pdb:3QNR
pdb:2D3Q
pdb:2VHD
pdb:3L4M
pdb:4B2N


Fig. 2. Diheme enzyme MauG and its catalytic reaction. (A) The diheme cofactor of MauG and the distal Glu113 residue at the Heme5C site (PDB entry: 3L4M). The distance between the
carboxylate group of Glu113 and the iron ion of Heme5C is 5.6 Å. The distance between the two heme iron ions is 21.1 Å. A tryptophan residue, Trp93, is located between the hemes and
mediates inter-heme electron transfer. (B) The chemical reaction catalyzed by MauG. The bis-Fe(IV) intermediate of MauG is involved in all three two-electron oxidation steps of the
reaction. Posttranslational modifications on the two tryptophan residues of preMADH are shown in red. H2O2 serves as a co-substrate to provide oxidizing equivalents. (C) Chemical
conversion between diferric and bis-Fe(IV) MauG.
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resonator at 100 kHzmodulation frequency. Themeasurement temper-
ature was maintained at 10 K using an ESR910 liquid helium cryostat
and an ITC503 temperature controller from Oxford Instruments (Con-
cord, MA). The protein concentration of each EPR sample was 200 μM.
The sample volume of each EPR sample was 200 μL. The dithionite-
treated samples were prepared by adding ten equivalent of dithionite
(from a 20-mM stock solution) to the diferric enzyme. After 10 min in-
cubation, the samples were transferred into EPR tubes via a syringe and
flash-frozen in liquid nitrogen. The elapsed time of the freezing process
was estimated to be less than 10 s. The H2O2-treated samples were pre-
pared by adding one equivalent of H2O2 (from a 2-mM stock solution)
to the diferric enzyme. After vigorous hand-mixing, the samples were
quickly transferred into EPR tubes via a syringe and then flash-frozen
in liquid nitrogen. The total sample handling time prior to the freezing
process was estimated to be 20–30 s. All EPR measurements were per-
formed in triplicate.

2.5. HPLC analysis of the degradation products of cumene hydroperoxide

WT and E113Q MauG (10 μM) was individually mixed with
cumene hydroperoxide (250 μM). The reaction mixture was then in-
cubated on ice for 4 h. This long incubation period was needed be-
cause cumene hydroperoxide is a sluggish reactant to MauG. The
reaction was terminated by removing the protein with an Amicon
Ultra centrifugal filter unit (0.5 mL volume, 10 kDa nominal molecu-
lar weight limit). Aliquots of the protein-free fraction was analyzed
using an Agilent 1200 HPLC system coupled with a C18 reverse-
phase column. The column was initially equilibrated with 15% aceto-
nitrile in water. After sample injection, a gradient elution process
(from 15% to 80% acetonitrile) was initiated at a flow rate of
1.5 mL/min. The UV absorbance of eluted components was moni-
tored at 210 nm. Assignment of individual components on the
HPLC chromatograms was performed based on comparison of their
retention times with those of standard compounds, including
cumene hydroperoxide, cumyl alcohol, and acetophenone.
Phenethyl alcohol (250 μM) was used as an internal standard for
quantitative analysis. It was added to the protein-free fraction prior
to the HPLC analysis. All HPLC measurements were performed in
triplicate.

3. Results and discussion

3.1. Sequence alignment and structural analysis

Fig. 3 shows the result of our sequence alignment analysis on the
bCcP superfamily, including MauG and bCcP from different organisms.
It is evident that Glu113 is highly conserved inMauG.More importantly,
it is located in a position that is analogous to the position of the afore-
mentioned glutamate residue that functions as an acid-base catalyst
during the activation of H2O2 in bCcP (Fig. 4). An asparagine residue,
Asn110, is also highly conserved inMauG (Fig. 3) and forms anH-bond-
ing interaction with Glu113 (Fig. 4A). This asparagine residue is



Fig. 3. Sequence alignment of the bCcP superfamily. Highly conserved residues are shownwith red text and boxed in blue; strictly conserved residues are shown in a red background; the
conserved glutamate residue located at the distal pocket of Heme5C is highlighted in a yellow background; the asparagine residue that is H-bonded to the conserved glutamate residue is
shown in a green background.
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proposed to optimize thephysical position and orientation of Glu113 for
H2O2 activation. A similar asparagine residue is present in some bCcPs
but is not strictly conserved (Figs. 3 and 4).
Fig. 4. Structural comparison of the Heme5C sites of (A) Paracoccus denitrificans MauG (PD
pantotrophus bCcP (PDB entry: 2C1V), and (D) Xanthomonas sp. RoxA (PDB entry: 4B2N). Th
matrix is shown as cartoons in blue white.
It should be noted that another member of the bCcP superfamily,
rubber oxygenase A (RoxA) [23], does not contain a corresponding glu-
tamate residue in the distal pocket of Heme5C (Fig. 4D). A phenylalanine
B entry: 3L4M), (B) Pseudomonas aeruginosa bCcP (PDB entry: 2VHD), (C) Paracoccus
e heme cofactor and key residues in the heme pocket are shown as sticks. The protein
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residue occupies the corresponding position. Interestingly, RoxA is the
onlymember in the bCcP superfamily that utilizesmolecular oxygen in-
stead of H2O2 as the oxidizing agent [23,25]. Thus, it is not surprising
that the corresponding glutamate residue is absent in the distal pocket
of Heme5C in RoxA as the reaction is completely different from those
catalyzed by other enzymes in the bCcP superfamily. Table 1 summa-
rizes the acid-base catalytic residues for heterolytic O\\O bond cleavage
and their interacting partners in the bCcP superfamily and other H2O2-
utilizing hemoenzymes.

3.2. EPR characterization of the redox reactions of MauG

Fig. 5 shows the EPR spectra of WT and E113QMauG. The EPR spec-
trum of diferricWTMauG reveals the presence of three ferric heme spe-
cies: a high-spin heme at g=5.57 and 2.00 (Heme5C, S=5/2), a major
low-spin heme at g = 2.54, 2.19, and 1.87 (Heme6C, S = 1/2), and a
minor low-spin heme at g = 2.89, 2.32, and 1.52 (S = 1/2), which
was previously attributed to a freezing-induced artifact originating
from a minor fraction of the high-spin Heme5C species (Fig. 5A, black
trace) [29,32,39]. The identity of this freezing-induced artifact is
assigned as a hydroxide-bound hexacoordinate low-spin Heme5C spe-
cies, based on the similarity of its g-values to those of the hydroxide-
bound hexacoordinate low-spin heme species reported in other hemo-
proteins [40,41]. The hydroxide ligand is believed to be derived from a
Heme5C-bound water molecule shown in the crystal structure of
MauG [22]. This EPR spectral assignment is further supported by our
previous Mössbauer data [29,39] and by the fact that the freezing-in-
duced low-spin species is completely absent in P107S MauG, a mutant
in which the sixth coordination position of Heme5C is occupied by
Glu113 [42]. In P107S MauG, the heme-bound Glu113 residue cannot
be readily replaced by a solvent molecule and hence the minor low-
spin species at g = 2.89, 2.32, and 1.52 cannot be observed.

Addition of an excess amount of dithionite to diferric MauG caused
simultaneous reduction of both hemes, generating an EPR-silent
diferrous species (Fig. 5A, blue trace). Upon addition of a stoichiometric
amount of H2O2 to diferric MauG, the bis-Fe(IV) species was produced
[29], and a substantial decrease in the EPR signals of both Heme5C and
Heme6C was observed (Fig. 5A, green trace). Our previous Mössbauer
study showed that there is no Fe(II) species in the diferric MauG sam-
ples treated with H2O2 [29]. Therefore, the observed decrease in the
EPR signal upon addition of H2O2 to the diferricMauG samplewas solely
caused by the formation of Fe(IV) species. Given that the heme concen-
tration was kept the same among different samples and that the EPR
measurement condition remained unaltered, we were able to quantify
Fig. 5. EPR spectra of (A) WT and (B) E113Q MauG. Black: diferric MauG; blue: diferric MauG+
signals are labelled.
the percentage decrease of the Fe(III) species caused by the reaction
with H2O2. The percentage decrease of the Fe(III) species corresponded
to the percentage formation of the Fe(IV) species. The high-spin signal
(Heme5C) decreased to ca. 13% of its original intensity, and the major
low-spin signal (Heme6C) decreased to ca. 25% of its original intensity,
suggesting that the percentage of Fe(IV) was ca. 87% and 75% for
Heme5C and Heme6C, respectively. As summarized in Table 2, this
H2O2-treated MauG sample was composed of (1) the bis-Fe(IV) species
(75.0%), (2) the diferric species (13.1%), and (3) a mixed-valence
Fe(IV)/Fe(III) (Heme5C/Heme6C) species (11.9%). The diferric species
might be composed of unreacted protein and the decay product of the
bis-Fe(IV) species. The mixed-valence species was generated possibly
via homolytic cleavage of the O\\O bond of H2O2, which allowed the in-
corporation of only one oxidizing equivalent to the diheme system of
MauG. A portion of the mixed-valence species might be a decay inter-
mediate of the bis-Fe(IV) specieswith one oxidizing equivalent retained
in the diheme system and the other oxidizing equivalent translocated
elsewhere [29]. Nonetheless, the ratio between heterolytic and homo-
lytic O\\O bond cleavage was close to 6.3 for WT MauG (Table 2).

Mutation of Glu113 to a glutamine eliminated the minor low-spin
ferric species from the EPR spectrum and caused an increase in the
EPR signal of the high-spinHeme5C species (Fig. 5B, black trace). The ob-
servation further confirms our aforementioned assignment of theminor
low-spin species as a derivative of the high-spin Heme5C species. The
crystal structure of WT MauG shows that Glu113 forms an H-bonding
interaction with the Heme5C-bound water molecule by serving as an
H-bond acceptor [22]. During the sample freezing process, the
Heme5C-bound water molecule might become deprotonated with
Glu113 as a proton acceptor, thereby generating the hydroxide-bound
hexacoordinate Heme5C species in the WT enzyme. Due to the fact
that hydroxide is a stronger field ligand than water for the heme iron,
spin transition can be triggered upon deprotonation of the Heme5C-
bound water molecule, thereby rendering the hydroxide-bound
hexacoordinate Heme5C species to be in a low-spin state. In the E113Q
variant, the Gln113 residue can potentially maintain the H-bonding in-
teraction with the Heme5C-boundwater molecule but cannot serve as a
proton acceptor. Therefore, the hydroxide-bound low-spinHeme5C spe-
cies cannot be generated during the sample freezing process. Addition
of an excess amount of dithionite to diferric E113Q MauG led to reduc-
tion of Heme5C as the high-spin EPR signal completely disappeared (Fig.
5B, blue trace). However, the low-spin EPR signal remained unchanged,
suggesting that an Fe(II)/Fe(III) (Heme5C/Heme6C) mixed-valence spe-
cies was present in the dithionite-treated EPR sample. This result indi-
cates that electron transfer from Heme5C to Heme6C was inhibited
ten eq. sodium dithionite; green: diferric MauG + one eq. H2O2. The g values of the EPR



Table 2
The ratios of heterolytic O\\O bond cleavage to homolytic O\\O bond cleavage in WT and E113Q MauG.

EPR study (hydrogen peroxide) HPLC study (cumene hydroperoxide)

bis-Fe(IV)
(heterolytic)a

Fe(IV)/Fe(III)
(homolytic)

Ratio
(hetero/homo)

Chance of heterolytic cleavage Chance of a successful turnoverb Cumyl alcohol
(heterolytic)

Acetophenone
(homolytic)

Ratio
(hetero/homo)

WT 75.0 (4.7) %c 11.9 (0.7) % 6.3 86% 64% 85.1 (0.3) % 14.9 (0.4) % 5.7
E113Q 53.8 (3.3) % 41.4 (2.6) % 1.3 57% 18% 74.9 (0.4) % 25.1 (0.7) % 3.0

a Note that the bis-Fe(IV) species and the Fe(IV)/Fe(III) mixed-valance species did not account for 100% of the enzyme because there was a small portion of the enzyme in the diferric
state.

b A complete turnover of MauG takes three rounds of H2O2-activation.
c The numbers in parentheses are standard errors.
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uponmutation of Glu113. After adding a stoichiometric amount of H2O2

to diferric E113Q MauG, the high-spin signal decreased to ca. 5% of its
original intensity, and the low-spin signal decreased to ca. 46% of its
original intensity (Fig. 5B, green trace), suggesting that the percentage
of Fe(IV) was ca. 95% and 54% for Heme5C and Heme6C, respectively.
As shown in Table 2, this H2O2-treated E113Q MauG sample was com-
posed of (1) the bis-Fe(IV) species (53.8%), (2) the diferric species
(4.8%), and (3) themixed-valence Fe(IV)/Fe(III) (Heme5C/Heme6C) spe-
cies (41.4%). The ratio between heterolytic and homolytic O\\O bond
cleavage was ca. 1.3 for E113Q MauG (Table 2). Therefore, it is evident
that mutation of Glu113 caused a significant increase in the percentage
of the mixed-valence Fe(IV)/Fe(III) species, revealing the acid-base cat-
alytic role of Glu113 in facilitating heterolytic cleavage of the O\\Obond
of H2O2.

3.3. HPLC study of the degradation products of cumene hydroperoxide

In order to further examine the effect of Glu113 on the O\\O bond
cleavage pattern, we performed reactions of WT and E113Q MauG
with cumene hydroperoxide. As shown in Fig. S1, heterolytic cleavage
of the O\\O bond of cumene hydroperoxide by ferric hemoproteins
leads to the production of compound I (chemically equivalent to the
bis-Fe(IV) species of MauG) and cumyl alcohol, whereas homolytic
cleavage of the O\\O bond generates compound II (chemically equiva-
lent to the oxidized mixed-valence species of MauG, i.e., Fe(IV)/Fe(III)
(Heme5C/Heme6C)) and PhC(CH3)2O•, which subsequently decays to
acetophenone via the release of a methyl radical [43–46]. The degrada-
tion products of cumene hydroperoxide in reactions with WT and
E113Q MauG were analyzed by HPLC using a reverse-phase C18 col-
umn. Cumene hydroperoxide was eluted at 9.7 min and the internal
standard, phenethyl alcohol, was eluted at 6.9min; the two degradation
products of cumene hydroperoxide, cumyl alcohol and acetophenone,
were eluted at 8.3 min and 8.8 min, respectively (Fig. S2).

The reaction between cumene hydroperoxide andWTMauG caused
degradation of cumene hydroperoxide and simultaneous formation of
both cumyl alcohol and acetophenone (Fig. S2). No other degradation
products of cumene hydroperoxide were identified (Fig. S2). At the
HPLC signal detection wavelength, i.e., 210 nm, cumyl alcohol and
acetophenone have almost the same molar absorptivity. A comparison
of the peak areas of these two products revealed a ratio of 5.7 between
cumyl alcohol and acetophenone, suggesting that the ratio between
heterolytic and homolytic O\\O bond cleavage catalyzed by WT MauG
was 5.7 (Table 2). In the reaction between cumene hydroperoxide and
E113QMauG, this ratio was decreased to 3.0 (Table 2). Thus, the muta-
tion of Glu113 inhibited heterolytic O\\O bond cleavage and promoted
homolytic O\\O bond cleavage, consistent with the EPR result. Notably,
the ratios between heterolytic and homolytic O\\O bond cleavage de-
termined by the HPLC experiments were not the same as those deter-
mined by the EPR experiments, despite exhibiting the same trend of
change following the mutation of Glu113. This observed inconsistency
in the ratios from these two sets of experiments might be caused by
the difference in the chemical structures of the peroxides used in the
studies. Compared to hydrogen peroxide, cumene hydroperoxide con-
tains a bulky substitution group,whichmay facilitate a different binding
conformation in the Heme5C site of MauG, thereby altering the process
of O\\O bond cleavage and causing a change in the hetero/homo ratio.

3.4. Comments on the catalytic role of Glu113

Fig. 6 summarizes the redox events that occurred to WT MauG and
the E113Q mutant in this study. Based on our results, we conclude
that Glu113 plays a structural and electronic role in controlling the reac-
tivity of Heme5C. In the resting diferric state, Glu113 forms an H-bond-
ing interaction with the Heme5C-bound water molecule and makes it a
stronger field ligand to the heme iron (Fig. 6). This interaction may
help to stabilize Heme5C and prevent it from non-productive binding
and redox events. InWTMauG, the two hemes share electrons efficient-
ly, despite being physically separated [34]. They exhibit redox
cooperativity and behave as a single diheme unit rather than as inde-
pendent hemes [47]. The mutation of Glu113 disrupted the redox equi-
librium between the two hemes and cut off electron transfer from
Heme5C to Heme6C. As a result, addition of dithionite to diferric E113Q
MauG generated the reduced mixed-valence species, i.e., Fe(II)/Fe(III)
(Heme5C/Heme6C), which had never been observed in WT MauG or
other MauG mutants under similar reaction conditions (Fig. 6) [47].

During the reaction with H2O2, Glu113 facilitates the activation of
H2O2 by functioning as an acid-base catalyst to drive the heterolytic
O\\O bond cleavage that is critical for bis-Fe(IV) formation (Fig. 6).
The presence of Glu113 in WT MauG enabled heterolytic O\\O bond
cleavage to be the dominating reaction pathway. It is believed that bind-
ing of the primary substrate ofMauG, preMADH,may trigger conforma-
tion changes that further promote heterolytic O\\O bond cleavage by
improving the catalytic efficiency of Glu113. In E113Q MauG, there
were similar probabilities for homolytic O\\O bond cleavage and het-
erolytic O\\O bond cleavage to occur during the reaction with H2O2 in
the absence of preMADH (Table 2). The former scenario led to produc-
tion of the Fe(IV)/Fe(III) (Heme5C/Heme6C) mixed-valence species and
a hydroxyl radical, and the latter resulted in generation of the bis-
Fe(IV) species (Fig. 6).

3.5. Comments on the catalytic behavior of E113Q MauG

Interestingly, previous studies on the E113Q mutant revealed some
surprising catalytic behaviors: it displayednodetectable TTQbiosynthe-
sis activity in aqueous solution under steady-state reaction conditions,
but X-ray crystallographic studies showed that this mutant achieved
partial synthesis of TTQ from in crystallo reactions, in which H2O2 was
added to the co-crystals of the E113Q MauG-preMADH complex [35]
Extended exposure of these crystals to H2O2 resulted in hydroxylation
of Pro107 in the distal pocket of Heme5C [35]. Herein, our results provide
a reasonable explanation for the abnormal activity of this mutant. In
E113QMauG, each round of H2O2 activation has a ca. 43% chance to gen-
erate the Fe(IV)/Fe(III) (Heme5C/Heme6C) mixed-valence species via
homolytic O\\O bond cleavage (Table 2). Although this number may
vary in cases when the primary substrate, preMADH, is bound to
E113Q MauG prior to the binding event of H2O2, the probability of ho-
molytic O\\O bond cleavage is increased in this mutant compared to
the WT enzyme. It is unclear whether the Fe(IV)/Fe(III) mixed-valence



Fig. 6. Redox events of (A) WT MauG and (B) E113Q MauG. Different redox states revealed from the EPR study are illustrated. In WT MauG the pathway “a” is the dominating reaction
pathway, whereas in E113Q MauG the two pathways have similar possibilities to occur.
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species is capable of remotely oxidizing preMADH. Nonetheless, the
overall TTQ biosynthesis is expected to be hampered in E113Q MauG
because of the uncoupling of the two oxidizing equivalents and the ox-
idative damage caused by the non-productive hydroxyl radical generat-
ed as a result of homolytic O\\O bond cleavage.

As shown in Fig. 2B, a complete cycle of TTQ biosynthesis requires
three rounds of H2O2 activation, and the bis-Fe(IV) species is generated
in each round and subsequently consumed to complete one of the three
consecutive two-electron oxidation steps on preMADH [25,27]. In fact,
this unique nature of theMauG-catalyzed reaction (i.e., multiple rounds
of H2O2 activation are required for each turnover) pronouncedlymagni-
fied the effect of the Glu-to-Gln mutation on the success rate of the
overall reaction. As shown in Table 2, with a homolytic O\\O cleavage
rate at 43%, the probability of a successful MauG turnover is calculated
to be only 18%. Therefore, it was possible for E113Q MauG to catalyze
limited rounds of productive H2O2 activation, resulting in partial TTQ
biosynthesis from in crystallo reactions. During these in crystallo reac-
tions, the dissociation of the protein complex was inhibited, thereby
allowing the visualization of the chemical modifications on preMADH.
In contrast, the E113Q mutant was incapable of multiple turnovers in
aqueous solution under steady-state conditions. After several rounds
of H2O2 activation, E113Q MauG would eventually become oxidatively
modified around the Heme5C site and thus lose activity because of the
inevitable homolytic O\\O bond cleavage.
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