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ABSTRACT: The biosynthesis of methylamine dehydrogenase (MADH) fromParacoccus denitrificans
requires four genes in addition to those that encode the two structural protein subunits. None of these
gene products have been previously isolated. One of these,mauG, exhibits sequence similarity to diheme
cytochromec peroxidases and is required for the synthesis of the tryptophan tryptophylquinone (TTQ)
prosthetic group of MADH. A system was developed for the homologous expression of MauG inP.
denitrificans. Its signal sequence was correctly processed, and it was purified from the periplasmic cell
fraction. The protein contains two covalentc-type hemes, as predicted from the deduced sequence. EPR
spectroscopy reveals that the protein as isolated possesses about equal amounts of one high-spin heme
with axial symmetry and one low-spin heme with rhombic symmetry. The low-spin heme contains a
major and minor component suggesting a small degree of heme heterogeneity. The high-spin heme and
the major low-spin heme component each exhibit resonances that are atypical ofc-type hemes and dissimilar
to those reported for diheme cytochromec peroxidases. MauG exhibited only very weak peroxidase activity
when assayed with eitherc-type cytochromes oro-dianisidine as an electron donor. Fully reduced MauG
was shown to bind carbon monoxide and could be reoxidized by oxygen. The relevance of these unusual
properties of MauG is discussed in the context of its role in TTQ biogenesis.

Paracoccus denitrificansis a Gram-negative bacterium that
is able to grow under a wide variety of conditions (1). When
grown on methylamine as a sole source of carbon and energy,
the initial step in the metabolism of methylamine is its
oxidative deamination by a periplasmic methylamine dehy-
drogenase (MADH)1 (2). MADH exhibits a heterotetrameric
R2â2 structure (3), and eachâ subunit of MADH possesses
a tryptophan tryptophylquinone (TTQ) cofactor (4) that is
formed by posttranslational modification. During this modi-
fication, two oxygens are incorporated intoâTrp57, and a
cross-link is formed betweenâTrp57 andâTrp108 (Figure 1).
It is believed that TTQ biogenesis is a multistep process that
involves oxygenation ofâTrp57 followed by cross-linking,
possibly by nucleophilic attack fromâTrp108 (4, 5). Studies
of model compounds revealed that it was possible to
synthesize TTQ by first forming a dioxygenated quinone and
then cross-linking (6). The biosynthesis of the TTQ cofactor
requires the action of at least one other gene product (7, 8).
This contrasts TTQ enzymes with the well-known class of

quinoprotein copper-containing amine oxidases in which the
posttranslational modification of tyrosine to form the topa
quinone (TPQ) cofactor is a self-processing mechanism
involving a bound copper and molecular oxygen (5, 9).

The genes encoding theR andâ subunits of MADH are
located in the methylamine utilization (mau) gene cluster
(10). Themaucluster ofP. denitrificanshas 11 genes with
a gene order ofmauRFBEDACJGMN(7). Themauclusters
that have been characterized from three other methylotrophic
bacteria have similar compositions (11-13). The first gene,
mauR, is a LysR-type transcriptional activator (14). The R
andâ subunits of MADH are encoded bymauBandmauA,
respectively, andmauC(15) encodes the blue copper protein,
amicyanin, which serves as the obligate electron acceptor
of MADH (16). Four other genes, which are conserved in
all maugene clusters, have been shown to be essential for
MADH biosynthesis inP. denitrificans. Deletions of either
mauF (7), mauD (8), mauE(8), or mauG(7) result in loss
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FIGURE 1: Structure of tryptophan tryptophylquinone (TTQ).
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of both MADH activity and the ability of the bacterium to
grow on methylamine. For the first three deletions, no
MADH protein was detected in cell extracts. In contrast, the
results ofmauGdeletion studies inP. denitrificanssuggested
that MauG is specifically involved in TTQ maturation. While
the cells with themauGdeletion were lacking in MADH
activity and were unable to grow on methylamine as the sole
carbon source, it was shown by Western blot analysis that
near wild-type levels of the MADHâ subunit were expressed
(7). Furthermore, upon the addition of methylamine these
cell extracts did not exhibit the characteristic fluorescence
associated with aminoquinol formation during catalytic
turnover in wild-type cells. This suggested that the quinone
cofactor was not fully biogenesized in themauG deleted
strain (7). Similar results were obtained frommauGdeletion
studies inMethylobacterium extorquensAM1 (11).

Analysis of the sequence ofmauGreveals a putative signal
sequence, consistent with the periplasmic location of MADH,
and two hemec binding motifs (CXXCH). The sequence
also shows about 30% similarity to those of bacterial diheme
cytochromec peroxidases. Although MADH and amicyanin
may be isolated in relatively large yield from the periplasmic
fraction ofP. denitrificansthat has been grown on methyl-
amine as a carbon source (17), it has not been possible to
isolate MauG from these cell extracts. In this paper, we
describe the design of a homologous expression system for
the purification of recombinant MauG fromP. denitrificans.
The physical, kinetic, and spectroscopic properties of MauG
are described. These results suggest that MauG represents a
unique class of diheme proteins with novel reactivity that is
consistent with a role in TTQ biogenesis.

EXPERIMENTAL PROCEDURES

Construction of Plasmids for MauG Expression. Routine
cloning steps were performed using restriction enzymes
purchased from New England Biolabs, plasmid miniprep kits
from Marligen Biosciences, Ready-to-Go T4 DNA ligase
from Amersham Pharmacia, and competent JM109 cells from
Promega.Escherichia colistrains were cultured in LB media
or on LB agar at 37°C. The plasmid pMAU38-2 was
provided by R. J. M. van Spanning (Vrije Universiteit,
Amsterdam), and pEC86 was provided by L. Thony-Meyer
(ETH Zurich).

The plasmid pMAU38-2 is derived from the pBluescript
II KS(+) vector (Stratagene). It containsmauGwith a point
mutation creating anNdeI site at the starting ATG codon to
allow fusion with the promoter region from thecycA
(cytochromec-550) gene ofP. denitrificans(18). A hexa-
histidine tag was inserted at the C-terminal ofmauGby site-
directed mutagenesis using the Stratagene QuikChange kit.
To introduce the insertion, the standard protocol was
modified by the addition of 10% DMSO and 2% dimethyl-
formamide to the polymerase reaction. In this reaction,
pMAU38-2 was used as the template, and the primers that
were used were 5′-CCGCTGCTGGAGGAAAGCCGCGC-
GGCGCAAAAGGACCACCACCACCACCACCACTGA-
CCAAGGGCCCCCGCCGGG-3′ and its complementary
DNA. The bases encoding the His6 tag are underlined. The
insertion was confirmed by DNA sequencing. ThecycApr-
mauG-6xHis segment was excised withXbaI and ligated into
pRK415-1, a broad-host-range vector of the P1 incompat-

ibility group (19) to create pMEG391. This plasmid was
introduced intoP. denitrificans by conjugation with the
mobilizing E. coli strain S17-1. Due to instability of the
plasmid in P. denitrificans (20), it was necessary to
reintroduce the plasmid into fresh cells every 6-8 weeks.

Purification of MauG. To express the MauG protein,P.
denitrificanscells (ATCC 13543) containing pMEG391 were
grown aerobically, at 30°C, in mineral salts medium (21)
supplemented with 0.6 mM NaHCO3, 1.6 µM CuSO4, 0.5
g/L yeast extract, 34 mM succinate, and 2µg/mL tetra-
cycline. After harvest of the cells by centrifugation, the
periplasmic cell fraction was isolated as described previously
using a lysozyme-osmotic shock method (22). The proce-
dure was modified as follows so that the His6-tagged protein
could be isolated directly from the periplasmic fraction
without dialysis or concentration of the periplasm. Cells were
suspended (5 mL/g wet weight cells) in 50 mM sodium
phosphate, pH 8.0, with 0.5 M sucrose and 0.67 mM EDTA.
The suspension was incubated with lysozyme (7.5 mg/g wet
weight cells) at 30°C for 15 min. The protease inhibitor
phenylmethanesulfonyl fluoride (0.15 mM) was added, and
the cells were subjected to a mild osmotic shock by addition
of an equal volume of water. After 45 min of further
incubation at 30°C, 0.5 mM MgCl2 (to chelate the EDTA)
and 300 mM NaCl were added, and the mixture was
centrifuged at 25000g for 35 min. To the supernatant
(periplasm) was added 20 mL of Ni-NTA Superflow resin
(Qiagen). This mixture was stirred slowly for 30 min at 4
°C and then poured into a chromatography column to isolate
the resin. The resin was washed with 50 mM sodium
phosphate, pH 8.0, containing 300 mM NaCl and then a
gradient of increasing concentration of imidazole in this
buffer. The His6-tagged MauG protein eluted from the
Ni-NTA resin in 70 mM imidazole. The average yield of
purified MauG is about 5 mg/100 g wet weight cells.

Electrophoretic Analysis. SDS-polyacrylamide gel elec-
trophoresis was performed by standard methods using 12.5%
gels. Gels were stained for protein with Coomassie Blue
G250. Specific staining of proteins with covalently bound
heme was performed according to the protocol of Francis
and Becker (23). Western blot analysis of these gels was
performed with monoclonal antibody to the His6 tag
(Clonetech).

N-Terminal Protein Sequencing. MauG samples were
electrophoresed on a NuPage 4-12% Bis-Tris gel (Invitro-
gen) and then blotted onto BioTrace PVDF membrane (Pall
Gelman Sciences) using an XCell II blot module (Invitrogen)
according to the manufacturer’s protocol. Protein was
visualized using 0.1% (w/v) amido black in 40% (v/v)
methanol, and the membrane was air-dried. N-Terminal
sequencing was carried out using an automated HP241
protein sequencing system (Hewlett-Packard).

Mass Spectrometry.MauG samples were desalted using
20µm Porus R2 resin (polystyrene divinylbenzene) [Applied
Biosystems, Inc. (ABI)] in a glass purification capillary. The
sample was loaded onto the R2 resin, washed three times
with ∼7 µL of 5% acetonitrile plus 0.5% formic acid, and
eluted with∼1.5 µL of 70% acetonitrile plus 0.5% formic
acid into a coated nanoelectrospray capillary.

Electrospray ionization (ESI) mass spectra were acquired
using a QSTAR pulsari (ABI) quadrupole-TOF (time of
flight) mass spectrometer equipped with a nano-ESI source
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(Protana Engineering, Denmark). The ESI voltage was 1000
V, the TOF region acceleration voltage was 4 kV, and the
injection pulse repetition rate was 6.0 kHz. External calibra-
tion was performed using human angiotensin II (monoiso-
topic mass [MH+] 1046.5417 Da; Sigma) and adrenocorti-
cotropin hormone fragment 18-39 (monoisotopic mass
[MH +] 2465.1989 Da; Sigma). Mass spectra were the
average of approximately 300 scans collected in the positive
mode over a 5 min acquisition period. The series of multiply
charged protein peaks were deconvoluted to provide protein
zero-charge mass using the Bayesian Reconstruct tool in the
ABI BioAnalyst software package, which is based on
maximum entropy theory.

UV-Visible Spectroscopic Analysis. UV-visible spectra
were obtained with a Shimadzu MultiSpec-1501 spectro-
photometer. Reduction of MauG was performed anaerobi-
cally by titration with sodium dithionite. CO binding to
reduced MauG was determined by recording the absorption
spectrum 2 min after CO was bubbled into the dithionite-
reduced solution of MauG. Extinction coefficients were
measured by the pyridine hemochrome method (24).

EPR Spectroscopic Analyses.First derivative EPR spectra
were collected at X-band microwave frequency and 100 kHz
field modulation with a Bruker E-500 spectrometer. A
calibrated frequency counter and a Bruker ER035M NMR
gauss meter were used for theg-value determinations. The
low-temperature (2-50 K) measurements were achieved with
an Oxford Instruments ESR-10 continuous flow liquid helium
cryostat and a digitalized temperature controller. Spin
quantitation was performed by double integration of each
of the resonances acquired under nonsaturating conditions
at 20 K using a Cu-EDTA standard (1 mM) for calibration.
The EPR relaxation behavior was studied by recording
spectra at different microwave powers and at different
temperatures. The microwave power at half-saturation
parameterP1/2 was obtained as described in the literature
(25, 26).

Kinetic Analysis. Dye-linked peroxidase activity was
assayed in 0.15 M citrate-phosphate buffer, pH 5. The
reaction mixture included 0.1 mMo-dianisidine and either
20 nM MauG or 0.3 nM horseradish peroxidase. The latter
was used as a positive control. Reactions were initiated by
addition of 1 mM H2O2. The reaction was monitored by the
increase in the absorbance at 460 nm caused by the oxidation
of o-dianisidine. Cytochromec peroxidase activity of MauG
was assayed in either 10 mM potassium phosphate buffer,
pH 7, or 5 mM MES-HEPES buffer, pH 6. Reactions were
assayed using commercial horse heart cytochromec (Sigma)
or P. denitrificanscytochromesc-550 or c-551i (27) as
electron donors. TheP. denitrificans cytochromes were
purified as described previously (27). The cytochromes were
reduced with ascorbate, and excess reductant was removed
by passage over Sephadex G-25. Reactions were initiated
by addition of 1 mM H2O2. The activity was monitored by
the decrease in the absorbance at theR-band caused by the
oxidation of the ferrocytochromec.

RESULTS

Expression of MauG. Attempts to express MauG in
heterologous expression systems usingE. coli andRhodo-
bacter sphaeroideswere made but met with very limited

success. These attempts will be briefly summarized. For
expression inE. coli, constructs containing the His6-tagged
mauGwere prepared using the commercial plasmids pET20b
and pBluescript II. Expression was tried in BL21(DE3) and
BL21-CodonPlus (DE3)-RP (Stratagene) cells. The maxi-
mum levels of protein that were isolated totaled less than 1
mg of His6-tagged MauG per 100 g wet weight of cells.
Expression ofc-type cytochromes inE. coli is known to be
problematic. Since MauG was believed to possess two
covalentc-type hemes, attempts were also made to express
mauG in E. coli cells that had been cotransformed with a
second plasmid, pEC86, which possesses genes that are
required for cytochromec maturation (28). However, this
gave no improvement. MADH has been successfully ex-
pressed inR. sphaeroidesin a pRK415-1 vector which
contains themaugenes necessary for MADH biosynthesis
under the control of thecoxII promoter from that bacterium
(29). An analogouscoxII promoter-mauG-His6 construct was
prepared in pRK415-1 and introduced intoR. sphaeroides.
Under growth conditions which have been used for heter-
ologous expression of MADH, there was no detectable His6-
tagged MauG.

Homologous expression of recombinant His6-tagged MauG
was achieved inP. denitrificansas described under Experi-
mental Procedures. Cells were grown on succinate as a
carbon source. Under these growth conditions, MADH is
not expressed (30). Using the method described under
Experimental Procedures, the purified MauG was isolated
from the freshly prepared periplasmic fraction in about 3 h.
The average yield was about 5 mg per 100 g wet weight of
cells. Attempts were also made to expressmauG in P.
denitrificans using an identical construct that lacked the
hexahistidine tag. It was not possible to identify or isolate
any untagged MauG from the periplasm of these cells. This
may be a reflection of the instability of MauG in crude
extracts during the purification process. This also may
explain why it has not been possible to isolate native MauG
from extracts ofP. denitrificansafter growth on methy-
lamine. It might be expected that a protein involved in
biogenesis of an enzyme would have a short half-life and
be rapidly degraded once it had completed its task. Consistent
with this notion is the observation that if the periplasm is
concentrated and dialyzed prior to addition of the affinity
resin, the yield is much less than when the resin is added
immediately in our modified protocol. The addition of the
His6 tag and the modified purification protocol have dramati-
cally improved the yield of MauG by allowing for more rapid
purification from cellular extracts and possibly also by
increasing the resistance of the protein to degradation.

Protein Analysis. The purified MauG protein migrates as
a single band during SDS-PAGE with an apparent mass of
42 kDa. The band stains positively for heme and exhibits a
positive reaction after Western blot and incubation with
monoclonal antibody to the His6 tag. N-Terminal amino acid
sequencing indicated that the first 10 amino acid residues
of this protein are EQARPADDAL. This sequence exactly
matches that predicted from themauG sequence after
removal of the putative signal sequence, which is also
predicted from the gene sequence. The exact mass of the
expressed protein was determined by mass spectrometry. The
predicted mass for the His6-tagged MauG polypeptide is
41087.7 Da. After covalent addition of two hemes, the mature
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protein is expected to have a mass of 42319.7 Da. ESI
yielded a mass of 42321.5( 0.7 Da. These data indicate
that the purified MauG protein has been correctly processed
and assembled, possesses two covalent hemes, and contains
no additional modifications.

UV-Visible Spectroscopic Properties. The UV-visible
absorption spectra of the fully oxidized and reduced forms
of MauG are shown in Figure 2. The protein as isolated was
in the oxidized form and exhibited a Soret band absorbance
maximum at 406 nm and a broad absorbance feature centered
at 526 nm. Incubation of the protein with ferricyanide caused
no change in the absorption spectrum. Anaerobic titration
with dithionite yielded the fully reduced MauG, which
exhibited absorbance maxima at 416, 524 (â), and 552 (R)
nm. Intermediate forms were difficult to distinguish during
the reductive titration with dithionite. The titration required
two electron equivalents for complete reduction. Isosbestic
points were maintained during the titration. The heme
concentration that was determined by the pyridine hemo-
chrome method was used to determine the following extinc-
tion coefficients. The value for oxidized MauG isε406 )
207.6 mM-1 cm-1. The values for reduced MauG areε416 )
232.9 mM-1 cm-1, ε524 ) 25.3 mM-1 cm-1, andε552 ) 31.6
mM-1 cm-1.

It was observed that reduced MauG was able to react
directly with molecular oxygen. Dithionite-reduced MauG
was reoxidized by exposing the protein solution to air. The
spectra in Figure 3 were obtained before and 2.5 h after
exposing the anaerobic solution of reduced MauG to room
air. The initial sample contained an excess of dithionite to
ensure complete reduction of MauG prior to exposure to air.
If air is introduced more rapidly into the solution, by
bubbling, then the spectral changes are complete within a
few minutes. The final reoxidized form of MauG shows the
same spectral features as the original MauG, as isolated,
except that the intensity of the Soret peak is diminished. The
reason for this is not clear.

The reduced form of MauG was also shown to bind carbon
monoxide. The spectral changes caused by CO binding are
shown in Figure 4. The Soret band blue shifts from 416 to
414 nm and exhibits an increase in extinction coefficient. In

the visible region, CO binding causes bothR- andâ-bands
(552 and 524 nm, respectively) to broaden. The reactivity
of CO-bound reduced MauG to oxygen was also examined.
After exposure to air, the spectrum of the CO-bound reduced
MauG was converted to that of the original oxidized protein
(not shown), indicating that air is able to fully reoxidize CO-
bound, reduced MauG. This reaction occurred on ap-
proximately the same time scale as the reaction of reduced
MauG with air.

Certain properties of the diheme cytochromec peroxidase
of P. denitrificansare affected by Ca2+ (31, 32). Possible
effects of Ca2+ on the spectral properties of MauG were
examined. A dithionite titration of MauG was performed in
the presence of 1 mM CaCl2. The presence of Ca2+ in the
system had no significant effect on the features of the initial
or final spectrum or on the rate of reduction.

EPR Spectroscopic Properties. EPR spectra of oxidized
MauG obtained at 10 and 40 K are shown in Figure 5. The
MauG EPR signals are comprised of two types of ferric
heme, with one high-spin and one low-spin state. Each of
the spin states accounts for about half of the total spin
concentration, consistent with MauG being a diheme protein
with two distinct hemes. The EPR spectrum at 10 K shows
three distinct spectral components. One set of resonances at
g⊥ ) 5.57 andg| ) 1.99 originated from a high-spin (S )

FIGURE 2: Absorption spectra of fully oxidized and reduced MauG.
MauG was present at a concentration of 3.0µM in 50 mM BTP
buffer (pH 7.5). The spectrum of the oxidized MauG (solid line) is
that of the protein as isolated, and the spectrum of the reduced
MauG (broken line) was obtained after addition of sodium
dithionite. The reduced minus oxidized difference spectrum is
shown in the inset.

FIGURE 3: Reoxidation of MauG by air. MauG was present at a
concentration of 0.8µM in 50 mM BTP buffer (pH 7.5). Absorption
spectra were recorded of dithionite-reduced MauG before (solid
line) and after (broken line) exposure to room air. A slight excess
of dithionite was present at the beginning of the experiment to
ensure full reduction of MauG. The air-oxidized minus reduced
difference spectrum is shown in the inset.

FIGURE 4: Absorption spectra of reduced MauG in the presence
and absence of CO. MauG was present at a concentration of 3.0
µM in 50 mM BTP buffer (pH 7.5). Spectra were recorded of
dithionite-reduced MauG before (solid line) and after (broken line)
equilibration with CO. The reduced plus CO minus reduced
difference spectrum is shown in the inset.

Properties of MauG Biochemistry, Vol. 42, No. 24, 20037321



5/2) ferric heme with nearly pure axial symmetry (species I).
Two sets of resonances characteristic of low spin (S ) 1/2)
ferric centers were also detected, corresponding to two
populations of rhombic low-spin heme. The major compo-
nent (species II) exhibits sharp resonances atgz ) 2.54,gy

) 2.19, andgx ) 1.87, and this is typical of hexacoordinated
low-spin heme with almost pure rhombic symmetry. A minor
component (species III) with axial-distorted rhombic sym-
metry that exhibits resonances atgz ) 2.89,gy ) 2.32, and
gx ) 1.52 (a broad feature; not shown) is also present in the
spectrum (species III). The ratio of concentrations of species
II to species III was estimated to be approximately 5 to 1
from the relative line intensity of the peaks at 20 K (not
shown). The three species have distinct temperature depend-
encies and relaxation properties. The high-spin species I was
best observed by EPR at low temperatures (i.e., 2-10 K),
and its signal intensity decreased as temperature increased.
The intensity of the EPR signal of the major low-spin
component (species II) was maximal around 20 K. The minor
species III was relatively insensitive to changes in temper-
ature. At 20 K, the high-spin species cannot be saturated by
microwave power readily available up to 200 mW, indicating
that the unpaired electron spins are mostly centered on the
ferric ion itself. In contrast, theP1/2 values of species II and
III are 0.7 and 0.08 mW, respectively. These results indicate
that the major and minor low-spin heme species are
experiencing different protein environments. This suggests
that a small percentage of the MauG population may be
present in a somewhat different conformation which alters
the environment of the low-spin heme.

Peroxidase ActiVity. Since the sequence of MauG shows
some similarity to those of diheme cytochromec peroxidases,
MauG was examined for peroxidase activities. Cytochrome
c peroxidase activity was assayed using three different
cytochromes as potential electron donors. No activity was
detected withP. denitrificanscytochromec-550. Very low
levels of activity were detected withP. denitrificansferro-

cytochromec-551i and horse heart ferrocytochromec, with
turnover numbers of 72 and 240 min-1, respectively. By
comparison,P. denitrificanscytochromec peroxidase ex-
hibits turnover numbers of 85000 and 62000 min-1 for the
reactions withP. denitrificansferrocytochromec-550 and
horse heart ferrocytochromec, respectively (32). MauG was
also assayed for general peroxidase activity witho-dianisidine
as an electron donor. Again, weak peroxidase activity was
observed with a turnover number of 64 min-1. For compari-
son, the reaction was repeated using horseradish peroxidase
as a positive control. The turnover number for that reaction
was 65000 min-1.

DISCUSSION

It has been known for several years thatmauGis required
for MADH biogenesis (7, 11). From analysis of its deduced
sequence, possible features of its structure and possible roles
in TTQ biosynthesis have been proposed. In this paper, we
report the successful expression and purification of MauG
and describe several of its fundamental properties. Two
important structural features that were predicted from the
sequence have been confirmed. The putative signal sequence
was correctly predicted, and it is processed at the predicted
site. Also, consistent with the sequence analysis is the
presence of two covalentc-type hemes. This is confirmed
by mass spectrometry and EPR spectroscopic analysis. MauG
also exhibits some unexpected properties which distinguish
it from otherc-type heme proteins. Despite its similarity to
diheme cytochromec peroxidases, MauG does not function
well as a peroxidase, although one cannot rule out the
possibility that it may possess a higher peroxidase activity
with its natural substrates. MauG also exhibits EPR properties
that are different from those of diheme cytochromec
peroxidases and fromc-type heme proteins in general. MauG
exhibits reactivity toward CO and molecular oxygen when
reduced, a property not typical ofc-type cytochromes. This
raises the possibility that MauG may be an oxygenase and
that the reduced form of the enzyme is involved in TTQ
biogenesis. This would fit with a role for MauG in oxygen
incorporation into the TTQ cofactor.

In Figure 6, the amino acid sequence of the MauG from
P. denitrificans(7) is compared with the deduced sequences
of MauG proteins fromM. extorquensAM1 (11) and
Methylophilus methylotrophus(12) and sequences of diheme
cytochrome c peroxidases fromP. denitrificans (33),
Pseudomonas aeruginosa(34), andNitrosomonas europaea
(35). In contrast to the high similarity of 61% between the
P. denitrificansandP. aeruginosacytochromec peroxidase,
the sequence similarity between MauG ofP. denitrificans
and other MauG proteins is low. However, the MauG
proteins from the more closely related methylotrophic
bacteria,M. extorquensAM1 andM. methylotrophus, show
a similarity of 53%. In general, the similarity between MauG
proteins and diheme cytochromec peroxidases is low. It is
also interesting to note that the conserved methionine and
histidine residues which are seen in the crystal structures to
serve as the sixth ligands for the hemes in the cytochromec
peroxidases (34, 36) are not in the corresponding positions
in the alignment with MauG sequences (Figure 6). This
sequence analysis suggests that MauG proteins should be
classified as a distinct class of diheme proteins rather than a
new class of cytochromec peroxidases.

FIGURE 5: X-band EPR spectra of oxidized MauG in its as-isolated
form at pH 7.5. A sample of the as-isolated MauG (120µM) in 10
mM potassium phosphate buffer (pH 7.5), plus 5% glycerol, was
transferred into a 4 mmquartz EPR tube and chilled by liquid
nitrogen prior to the EPR measurements. The solid trace was
obtained at 10 K, and the dotted line was obtained at 40 K. Each
of the traces is the average of three scans. Both the magnetic field
and g-scale are presented. For clarity, the high-spin resonances
(species I) are indicated with stars. The instrumental conditions
were 0.1 mW microwave power, 1 mT modulation, 0.082 s time
constant, and 3 mT/s sweep rate.

7322 Biochemistry, Vol. 42, No. 24, 2003 Wang et al.



EPR spectroscopy provides unequivocal evidence for a
diheme redox pair in Fe(III)2 MauG, one high-spin Fe with
axial symmetry and the other in low spin with predominantly
rhombic symmetry. The simultaneous EPR observation of
high-spin and low-spin ferric cytochromes, described for
oxidized MauG, is very unusual. In thec-type diheme
peroxidases that have been characterized, the majority of the
high-spin heme usually undergoes a temperature-dependent
high-spin to low-spin interconversion (spin transition). This
in turn results in an EPR spectrum dominated by only low-
spin ferric signals (Table 1) (37-40). Theg-values for the
EPR signals of the high-spin heme of MauG are also
dissimilar to those of the dihemec-type cytochromec
peroxidases (Table 1) and more similar to those of other types
of heme proteins (Table 2). A review of the literature reveals
that the high-spin heme signal of MauG is very similar to
that of the bound-heme substrate in the heme oxygenase-
heme complex (41) and more similar to myoglobin (42) than
to the diheme peroxidases.

The observation of two low-spin ferric centers reveals
some heme heterogeneity for the MauG low-spin heme. The
major low-spin component, species II, exhibitsg-values that
are unusual for ac-type heme (Table 1) and more similar to
those of other types of heme proteins (Table 2). These include
some ligand complexes of P450cam (43-46) and chloro-
peroxidase (47), the pyridoxal phosphate-dependent heme
enzyme human cystathionineâ-synthase (48), and the
verdoheme complex with heme oxygenase-1 obtained by
addition of H2O2 (49). The minor species III exhibitsg-values
that are nearly identical to those of the diheme cytochrome
c peroxidases (Table 1) and which may account for the
observed low level of peroxidase activity.

The characterization of MauG as an oxygen-binding
protein further distinguishes it from peroxidases and supports
an atypical role for at least one of thec-type hemes of MauG.
Oxygen binding is not a common feature for a protein that
contains c-type heme. Myoglobin and hemoglobin both
contain protoheme instead of ac-type heme. At least two

FIGURE 6: Comparison of the amino acid sequences of MauG fromP. denitrificans(MauG_Pa),M. extorquensAM1 (MauG_Me), andM.
methylotrophus(MauG_Mm) with sequences of cytochromec peroxidase fromP. denitrificans(Ccp_Pd),Ps. aeruginosa(Ccp_Pa), andN.
europaea(CCP_Ne). Alignment was done using the ClustalW program provided by European Bioinformatics Institute (EBI, http://
www.ebi.ac.uk/clustalw/); the matrix used is BLOSUM. Align parameters are as follows: gap open) 10, gap extension) 0.05, and gap
distance) 8. Residues are highlighted in yellow if they are identical in every sequence. If the residue is identical in 3-5 sequences it is
highlighted in green. The conserved cysteines and axial histidine that are predicted by the CXXCH binding motif are in red. The H and M
residues which provide sixth ligands in the crystal structures of CCP_Pa (34) and CCP_Ne (36) are also in red. The crystal structure of
CCP_Ne shows that His59 is not in a position for it to serve as a ligand. The authors argue that this sixth position is open in the oxidized
form, which is the reason this CCP is active in its oxidized form. In contrast, CCP_Pd is active in the mixed valence state.

Table 1: Comparison of EPR Parameters of MauG with Those of Diheme Cytochromec Peroxidases

enzyme (redox state)
high spin (S) 5/2)

gz, gy, gx

low spin (S) 1/2)
gz, gy, gx ref

P. denitrificansMauG (oxidized) 5.57, 5.57, 1.99 2.54, 2.19, 1.87 (major) this work
2.89, 2.32, 1.52 (minor)

P. denitrificansCCP (oxidized) 6, ?, ?a (minor species)b 3.00, 2.27, 1.44 38
P. denitrificansCCP (active+ Ca2+)c 2.89, 2.32, 1.51 38
Ps. aeruginosaCCP (oxidized) 3.00, ?, ? 39

3.27, ?, ?
Ps. aeruginosaCCP (active) 2.85, 2.36, 1.54 39

3.00, 2.26, ?
N. europaeaCCP (oxidized) 6.26, 5.75, 1.99 2.86, 2.38, 1.49 40

2.81, 2.38, 1.55
a ? indicates not reported.b The majority of the high-spin heme showed up as a low-spin heme at cryogenic temperature with an observedgz )

3.41 and estimatedgy ) 2.0 andgx ) 0.6 resonances. The weakg ) 6 resonance represents a minor ferric heme component (38). c Active refers
to the mixed valence form of CCP (37). TheP. denitrificansenzyme requires Ca2+ for this form to be active.
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other oxygen-bindingc-type heme proteins have been
characterized. These aresphaeroidesheme protein (SHP)
from R. sphaeroides(50) and oxygen-binding heme protein
from ChromatiumVinosum(51). The physiological signifi-
cance of oxygen binding toc-type cytochromes is not known.
For MauG, however, the fact that its heme binds oxygen is
consistent with its potential role in oxygen incorporation into
tryptophan during TTQ biosynthesis. Together with the
observation that MauG exhibits very low peroxidase activity,
these results suggest that MauG functions in TTQ biosyn-
thesis by a mechanism other than that of a typical peroxidase.

The biogenesis of TTQ in MADH requires insertion of
two oxygens intoâTrp57 and formation of a covalent cross-
link between the indole rings ofâTrp57 and âTrp108.
Mutational studies have indicated that MauG is required for
this process (7, 11). Although MauG has previously been
suggested to be a diheme cytochromec peroxidase, on the
basis of sequence similarity, it was not clear how such a
peroxidase activity would be applicable to reactions required
for the biogenesis of TTQ. An oxygenase activity would
seem to be more relevant. As such, the reactivity of MauG
with oxygen and the similarity of the EPR signals of MauG
with oxygen-binding proteins and oxygenases are intriguing.
More detailed spectroscopic and redox studies are planned
to more fully characterize this unusual diheme protein, and
attempts to crystallize MauG have been initiated.
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