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Abstract
MauG is a novel 42 kDa di-heme protein which is required for the biosynthesis of tryptophan
tryptophylquinone, the prosthetic group of methylamine dehydrogenase. The visible absorption and
resonance Raman spectroscopic properties of each of the two c-type hemes, and the overall redox
properties of MauG are described. The absorption maxima for the Soret peaks of the oxidized and
reduced hemes are 403 nm and 418 nm for the low-spin heme, and 389 nm and 427 nm for the high-
spin heme, respectively. The resonance Raman spectrum of oxidized MauG exhibits a set of marker
bands at 1503 cm−1 and 1588 cm−1 which exhibit similar frequencies to the ν3 and ν2 band of c-type
heme proteins with bis-histidine coordination. Another set of marker bands at 1478 cm−1 and 1570
cm−1 are characteristic of a high-spin heme. Two distinct oxidation-reduction midpoint potential
(Em) values of −159 mV and −244 mV are obtained from spectrochemical titration of MauG.
However, the two ν3 bands located at 1478 and 1503 cm−1 shift together to 1467 and 1492 cm−1

upon reduction, as do the Soret peaks of the low- and high-spin hemes in the absorption spectrum.
Thus, the two hemes with distinct spectral properties are reduced and oxidized to approximately the
same extent during redox titrations. This indicates that the high- and low-spin hemes have similar
intrinsic Em values but exhibit negative redox cooperativity. After the first one-electron reduction of
MauG the electron equilibrates between hemes. This makes the second one-electron reduction of
MauG more difficult. Thus, the two Em values do not describe redox properties of distinct hemes,
but the first and second one-electron reductions of a di-heme system with two equivalent hemes. The
structural and mechanistic implications of these findings are discussed.

MauG is a 42 kDa di-heme protein (1) which is required for the biosynthesis of tryptophan
tryptophylquinone (TTQ) (2), the prosthetic group of methylamine dehydrogenase (MADH)
(3). TTQ is synthesized through post-translational modification of two endogenous tryptophan
residues. This modification involves two oxygenation reactions and one covalent cross-linking
reaction. It has been shown that the incorporation of the second oxygen into βTrp57 and the
covalent cross-linking of βTrp57 to βTrp108 are MauG-dependent processes (Figure 1). These
reaction steps are severely compromised in vivo when mauG is mutated or deleted. Mutation
of mauG in vivo leads to accumulation of a biosynthetic intermediate of TTQ in which
βTrp57 is monohydroxylated and the covalent cross-link between βTrp57 and βTrp108 is absent
(4). These steps may then be catalyzed in vitro upon addition of MauG to the isolated
biosynthetic intermediate. Incubation of this biosynthetic intermediate in vitro with purified
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MauG results in the incorporation of the second oxygen into βTrp57 and formation of the cross-
link with βTrp108 to form TTQ (5).

The genes that encode the MADH subunits, together with nine other genes that relate to MADH
expression and function, are clustered in the methylamine utilization (mau) locus (6,7). Four
genes, mauFEDG, were shown to be essential for MADH maturation 6,7). The MauG protein
is the only one of these gene products that has been expressed and characterized (1). It contains
two c-type hemes as predicted from its primary sequence, which contains two CXXCH motifs.
In contrast to typical c-type cytochromes, the reduced form of MauG binds CO and is oxidized
by O2. The electron paramagnetic resonance spectrum of oxidized MauG exhibits signals
corresponding to one high-spin heme and one low-spin heme. The g values exhibited by these
hemes are atypical of c-type cytochromes and much more similar to those of hemes that bind
and activate oxygen, such as ligand complexes of cytochrome P450CAM and the complex of
heme oxygenase with heme.

The description of MauG-mediated TTQ biosynthesis in vitro demonstrated a novel function
for this c-type heme protein, which is consistent with its physical properties that are atypical
for a c-type heme protein. In this paper we describe in detail the visible absorption and
resonance Raman (RR) spectroscopic properties of each of the two c-type hemes, and the redox
properties of MauG. The results indicate the high-spin heme and low-spin heme have very
similar oxidation-reduction midpoint potential (Em) values but exhibit negative cooperativity
such that two distinct Em values are obtained during the two-electron reduction of MauG. The
structural and mechanistic implications of this unusual redox behavior are discussed.

METHODS
Materials

Homologous expression of MauG in P. denitrificans and methods for its isolation and
purification have been described previously (1). All reagents were obtained from commercial
sources and used without further purification.

Redox Titrations of MauG
Stoichiometric reduction and oxidation of MauG were performed anaerobically using sodium
dithionite and potassium ferricyanide, respectively. Stock solutions of titrants were freshly
prepared in 50 mM potassium phosphate, pH 7.4, which had been previously de-gassed and
purged with nitrogen gas. The concentrations of titrants were standardized before and after
MauG titrations by anaerobic titration against amicyanin, a protein standard with established
redox properties (8) that is routinely used in our lab. The MauG sample was placed in a sealed
cuvette and made anaerobic by repeated cycles of evacuation and argon replacement.
Standardized solutions of titrants were quantitatively transferred with a gas-tight syringe and
the MauG sample was mixed with a stir bar at the bottom of cuvette. Absorption spectra were
recorded with a Multispec-1501 Shimadzu spectrophotometer.

Spectrochemical Titrations
The Em values of MauG were determined by spectrochemical titration. The ambient potential
was measured directly with a Corning combination redox electrode which was calibrated using
quinhydrone (a 1:1 mixture of hydroquinone and benzoquinone) as a standard with an Em value
of +286 mV at pH 7.0 (9). The reaction mixture contained 5.0 μM MauG in 50 mM potassium
phosphate buffer at pH 7.4 at 25°C. Flavin mononucleotide and safranin T were present as
mediators. The mixture was titrated by addition of incremental amounts of dithionite, which
was used as a reductant. The reaction was fully reversible. In the oxidative direction, titration
by addition of potassium ferricyanide was performed. The absorption spectrum of MauG and
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the ambient potential were recorded after each incremental addition of reductant or oxidant.
The concentrations of the oxidized and reduced MauG were determined by comparison with
the spectra of the completely oxidized and reduced forms of MauG after the absorbance of
mediators was subtracted from the recorded spectrum. Em values were obtained by fitting the
experimental data to the following equations which describe the redox behavior of a system
with either a single redox active component (eq 1) or two distinct redox-active components
(eq 2), where a is the fraction of the total absorbance change that is attributable to one heme
and (1-a) is the fraction of the total absorbance change that is attributable to the other heme.
Em values are reported versus the normal hydrogen electrode (NHE).

(1)

(2)

Direct Electrochemical Analysis
A CH Instruments model CHI 660A electrochemical workstation was used for recording cyclic
voltammograms (CVs) of MauG with a three-electrode cell consisting of a saturated Ag/AgCl
reference electrode (Ag/AgCl), a Pt wire auxiliary electrode, and a single-walled carbon
nanotube (SWNT) coated glassy carbon disk working electrode (CH Instruments, 3mm
diameter). The working electrode was modified with SWNT which are pre-treated with 3:1/v/
v solution of concentrated sulfuric acid (98%) and concentrated nitric acid (70%) as reported
in the literature (10). Em values are reported versus the NHE.

Resonance Raman Spectroscopy
Resonance Raman (RR) spectra were obtained using a Raman spectrometer consisting of a
Spex model 1877 triple spectrograph and a CCD detector as reported previously (11). The
protein solution was placed in a homemade flow system and maintained at a constant flow
during the experiment to avoid laser-induced damage. A 406.7-nm line from a argon-krypton
ion laser (Spectra-Physics BeamLokTM model 2080-KV) was used as the excitation source
and the Raman signal was collected in a 120° geometry. The laser power was adjusted to ∼6
mW at the sample. Each spectrum was recorded with a 30-s accumulation time, and 15
repetitively measured spectra were averaged to improve the quality of the final spectrum. The
frequencies of the Raman bands were calibrated using a standard argon lamp.

Resonance Raman Spectroscopy of Different Redox States of MauG
The RR spectra of oxidized MauG, cytochrome c and myoglobin are shown and compared in
Fig. 3. The RR spectrum of MauG much more closely resembles that of cytochrome c since
most of the major marker bands have similar frequencies and intensities. This result further
confirms that MauG is a c-type heme protein despite physical properties that are atypical of
cytochromes c and more typical of oxygen-binding hemes (1). With 406.7 nm excitation, the
spectrum of MauG obtained at pH 7.5 shows two ν3 bands at 1503 and 1478 cm−1, two ν2
bands at 1570 cm−1 and 1588 cm−1, and a ν4 band at 1374 cm−1. These marker bands, which
are sensitive to the spin and coordination states of the heme iron, along with the slightly broad
ν10 band at ∼1636 cm−1 reveal that MauG has two heme centers of different structure. The set
of marker bands at 1503 cm−1 and 1588 cm−1 exhibit very similar frequencies to the ν3 and
ν2 band of c-type heme proteins with bis-histidine coordination (12-16) and strongly suggests
that one heme center is a six coordinated low-spin species with histidines as the proximal and
distal axial ligands. The set of marker bands at 1478 cm−1 and 1570 cm−1 are suggestive of a
high-spin species. However, these bands are significantly lower in frequency than that of most
high-spin c-type heme centers, which are normally 5-coordinate (17). Since the ν3 band from
6-coordinate high-spin species normally appears at a lower frequency than that from 5-
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coordinated one (18,19), the ν3 band at 1478 cm−1 may indicate that the high-spin heme is a
6-coordinated species when oxidized.

When fully reduced by sodium dithionite, the RR spectrum of MauG (Fig. 4A) shows a ν4 band
at 1359 cm−1 and two ν3 bands at 1467 cm−1 and 1492 cm−1. The Raman band at 1492 cm−1

is coming from the reduced form of the low-spin heme center. The 1467 cm−1 band arises from
the high-spin heme center, however, the frequency of this band now suggests a 5-coordinate
heme center (17). This result suggests that, upon reduction, the high-spin heme center in MauG
undergoes a structural change that may involve displacement of a weak exogenous ligand such
as water. Such a structural change will result in a vacant distal pocket for the high-spin heme
in reduced MauG which may be important for substrate binding.

The results of the redox titration that was monitored by visible absorption spectroscopy (Fig.
2) indicated that the two hemes of MauG were reduced to approximately the same extent during
the reductive titration. This phenomenon was further investigated using another independent
spectroscopic technique, RR spectroscopy, to monitor the reduction of MauG. RR may be
performed in solution at ambient temperature so that the results can be directly compared and
correlated with those of the redox titrations described above. It was not possible to directly
monitor the potential and the RR spectrum simultaneously with our experimental setup. To
address the question of whether the two hemes titrate individually and sequentially, or together,
the overall redox state of MauG was referenced the changes in the ν4 band which shifts from
1374 cm−1 in oxidized MauG to 1359 cm−1 in fully reduced MauG. Figure 4B shows the RR
spectral changes which occur during a reductive titration with sodium dithionite. When MauG
is in intermediate stages of reduction, as judged by the shift and broadening in the ν4 band, the
ν3 bands from both heme centers at 1478 cm−1 and 1503 cm−1 shift to 1467 cm−1 and 1492
cm−1 at the same time during the reduction process. These data confirm that the two hemes of
MauG are reduced in concert rather than sequentially during the reductive titration.

Spectrochemical Redox Titrations
The results described above indicate that the two hemes of MauG have distinct absorption and
RR spectra but are reduced and oxidized together during the redox titrations. Intuitively, this
suggests that the Em values for the two hemes must be identical. To investigate this further,
spectrochemical titrations of MauG were performed to precisely determine the Em values
associated with the different redox couples of MauG. Titrations were performed using FMN
and safranine T as mediators (Fig. 5). The fraction of reduced MauG was determined by the
absorbance at either 550 nm or 406 nm.

Initial attempts to fit the data from spectrochemical titrations to the standard linear Nernst plot
according to (eq 3) consistently yielded plots which were slightly curved with slopes of

(3)

approximately 90 mV (i.e., n=0.67) (Fig. 6). This curvature, and a fitted n value much smaller
than the known value of n=1.0 for heme, suggested the possibility of negative cooperativity
between the hemes. As such the data were fit to eqs 1 and 2 which allow better visualization
of the validity of alternative fits to a system with a single component or two distinct
components. If the two hemes were equivalent and did not exhibit cooperativity, then the data
would fit well to eq 1 and a fit to eq 2 would yield identical values for Em1 and Em2. This was
not the case. As indicated in Table 1, essentially identical results were obtained from analysis
of the absorbance changes at either 550 nm or 406 nm, and in the presence or absence of
safranine T in addition to FMN. This shows that the experimentally determined Em values were
not influenced by the redox dyes or interference in the analysis from spectral overlap. Data
consistently yielded better fits to eq 2, which assumes an n value of 1.0 for each heme, with
Em values of −159 ± 10 mV and −244 ± 5 mV vs NHE (Fig. 7).
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Direct Electrochemistry of MauG
The redox properties of MauG were also analyzed by CV at a SWNT modified electrode (Figure
8A). The complexity of the system described in the spectrochemical studies is also evident in
these data. The asymmetric cathodic (upper) peak is also suggestive of negative cooperativity.
Computer simulations of the electrochemical data were performed to determine the basis for
this asymmetry. The simulation which was most consistent with the experimental data
describes a mechanism which occurs in three stages. The first step is an electrochemical process
which involves the transfer of an electron to the protein at the electrode surface. This gives rise
to a product which is converted into a second species which is itself electrochemically active
within the potential window used in the experiment. A model consistent with this mechanism
for MauG is shown in Fig. 9. It should be noted that it was only possible to obtain qualitative
support for this model using these data. A more quantitative simulation required knowledge
of parameters which could not be determined such as the surface concentration of the
electroactive proteins. Another problem is that theoretical models of electron transfer kinetics
that have been established for planar electrodes are not necessarily applicable to the surface of
the SWNT modified electrode.

Although it was not possible to distinguish the two individual Em values by this technique, a
single average Em value could be determined anaerobically at pH 7.5 of −198 mV versus NHE.
This correlates very closely with the results of the spectrochemical titrations as this value is
approximately equal to the average of the two Em values that were obtained in the
spectrochemical study.

In the presence of oxygen, the CV of MauG (Figure 8B) shows a catalytic reduction peak of
oxygen which is a characteristic of oxygen-binding heme proteins such as myoglobin and
hemoglobin. This provides additional evidence for the oxygen-binding property of MauG.

DISCUSSION
The data obtained during the spectrochemical titrations of MauG are clearly best fit to a two-
component model with Em values of −159 and −244 mV. If these Em values described each of
the two hemes of MauG in the absence of any cooperativity or interaction between hemes, then
at the midpoint in the overall redox titration one heme should be predominantly reduced and
the other predominantly oxidized. If the two hemes were reduced sequentially, then the
difference spectra for the first and second halves of the titration should only be identical if the
two hemes possess identical spectra. The high- and low-spin hemes of MauG have different
spectral properties (Figs. 2 and 4), yet the data for MauG do show that these two difference
spectra are essentially identical. Thus, the two hemes of MauG with distinct spectra appear to
be reduced simultaneously, despite the observation of two Em values for the overall oxidation-
reduction of MauG. This means that it is inappropriate to assign each of the Em values to one
or the other heme. Instead the Em values should be viewed as describing the first and second
one-electron reductions of an interacting di-heme system.

A model that describes the redox behavior of MauG under anaerobic conditions is given in
Figure 9. In this model the intrinsic Em value of each heme is very similar. The hemes are
designated H1 and H2 since it is not possible to distinguish which serves as the entry point for
the electron into MauG. After the first electron reduces the first heme of MauG, that electron
rapidly equilibrates between the two hemes. The Em value associated with this first one-electron
reduction of MauG is −159 mV. Once the first electron enters the system, this makes the further
reduction of MauG more difficult, possibly due to electrostatic considerations. The Em value
associated with the second one-electron reduction is −244 mV. Thus, the two redox potentials
do not describe redox properties of distinct hemes, but the first and second one-electron
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reductions of a di-heme system with two hemes with similar intrinsic redox properties. Such
behavior may be described as negative cooperativity.

The model in Figure 9 requires that the two hemes of MauG be well-coupled and suggests that
they are positioned or oriented such that rapid electron transfer from one heme to the other
may occur. This has mechanistic consequences. The mechanism by which MauG catalyzes the
incorporation of oxygen into the biosynthetic precursor of TTQ has not yet been determined.
A model for the activation of O2 by MauG that is based on the proposed mechanism of
cytochrome P-450 enzymes and other heme-containing oxygenases (20) is shown in Figure
10. The high-spin and low-spin hemes are designated HemeH and HemeL, respectively. The
reduced high-spin heme binds dioxygen and transfers an electron to it resulting in a covalent
ferric-superoxide intermediate. This is followed by intraheme electron transfer followed by
delivery of the second electron to this intermediate to form a ferric-peroxide intermediate. In
the presence of substrate it is possible that this intermediate is directly involved in the
oxygenation reaction required for TTQ biosynthesis (reaction A in Fig. 10). Alternatively this
intermediate may convert to an oxo-ferryl intermediate which is used for the biosynthetic
oxygenation reaction (reaction B in Fig. 10). Thus while oxygen is bound to the high-spin
heme, the strong interaction with the low-spin heme allows the oxygen-binding heme to
effectively function as a two-electron reductant. The ability to efficiently deliver the second
electron to the ferricsuperoxide intermediate may be important mechanistically for two reasons.
It prevents dioxygen from being released after reversible binding, thus effectively enhancing
the affinity of reduced MauG for O2. It also prevents the accumulation of the potentially toxic
superoxide intermediate which could potentially damage the host protein. In the absence of
substrate, fully oxidized MauG may be regenerated by reaction C in Fig. 10. This accounts for
the observation that reduced MauG is reoxidized by air (1).

In general, deviations from simple Nernstian behavior in a system with multiple redox centers
may be due to either intrinsic differences in Em values of the redox centers or cooperative
interactions between the redox centers. Evidence has been presented for cooperative
interactions in some proteins which possess multiple c-type hemes. Examples include the di-
heme cytochrome c4 (21) and the tetra-heme cytochrome c554 from Nitrosomonas europa
(22,23). In contrast to MauG, these multi-heme c-type cytochromes function solely as electron
transfer mediators. MauG exhibits some sequence similarity to di-heme cytochrome c
peroxidases (1). These proteins also possess both high- and low-spin c-type hemes (24,25). In
contrast to MauG, the Em values of these two hemes are not equivalent but are separated by
several hundred millivolts. Thus, among the multi-c-type heme proteins which have been thus
far characterized, MauG remains unique in that it seems to take advantage of redox
cooperativity between two c-type hemes to allow for activation of O2 by the high-spin heme.
This description of MauG does bear strong similarity to the redox cooperativity that has been
described for cytochrome c oxidase. Cooperative interactions between cytochrome a and
cytochrome a3 of cytochrome c oxidase have long been considered to play an important role
in the mechanism of that complex redox enzyme (26-28). In this case, rapid interheme electron
transfer is important for the catalytic reduction of O2 which occurs at the cytochrome a3/
CuB site. It has also been demonstrated that the relative timing of delivery of electrons and
protons to this site of reaction is critical to achieve catalysis rather than suicide inactivation
which likely results from damage from a reactive oxygen intermediate (29). Thus, the type of
redox cooperativity described in this study may be of general importance to cofactor-cofactor
interactions in enzymes which use a one-electron redox center to activate dioxygen.

The structure of MauG is not known but it is known from the sequence that each heme possesses
at least one His axial ligand. The sequence contains two CXXCH motifs which are diagnostic
of a c-type heme with covalent attachment via the two Cys residues and with the His following
the second Cys serving as an axial ligand. The RR spectrum and Em value for the low spin six-
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coordinate heme suggests that a second His serves as the second axial ligand. Em values for
most His-Met c-type hemes are greater than +200 mV, while those of His-His hemes are
negative (30). The previously published EPR data for MauG (1) are also consistent with an
imidazolate distal ligand. The Em value for the high-spin five-coordinate heme is somewhat
negative compared to other five-coordinate hemes with an axial His ligand which usually have
positive Emvalues (30). An exception is the 5-coordinate heme of di-heme cytochrome c
peroxidase which exhibits an Em of −260 mV (24). This suggests that in MauG the protein
environment of the proximal His ligand of the high-spin heme, and possibly hydrogen
interactions, are responsible for the relatively negative Em value. Oxygen activation by heme
proteins is typically catalyzed by cytochrome P450 enzymes. The heme cofactors of
cytochrome P-450 enzymes possess a single axial ligand that is provided by a Cys residue. In
MauG, the only Cys residues that are present in the sequence are those in the CXXCH motifs
which are predicted to be involved in the covalent thioether linkage between the protein and
the heme. Thus, it is not possible for Cys to provide an axial ligand for either heme of MauG.
The results of this study suggest that O2 activation by MauG is catalyzed by a 5-coordinate
high-spin c-type heme, with a single His axial ligand, which interacts closely with a second
c-type heme. This suggests an atypical mechanism for a heme-catalyzed oxygenation reaction.
Efforts to obtain the structure of MauG are in progress and additional studies are planned to
further elucidate the physical properties and catalytic mechanism of MauG.
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Figure 1.
Role of MauG in tryptophan tryptophylquinone (TTQ) biosynthesis. This scheme is based on
information presented in references (1,5).
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Figure 2.
Anaerobic reductive titration of MauG with sodium dithionite. A. Complete reduction by
dithionite. The sample contained 7.9 μM MauG in 50 mM potassium phosphate pH 7.4. Spectra
were recorded after incremental additions of sodium dithionite. The arrows indicate the
direction of the spectral changes during the titration. The change in absorbance at 550 nm on
addition of electron equivalents in the form of added dithionite are shown in the inset. B.
Reduced minus oxidized difference spectra. In this representation of the data shown in A, the
spectrum of the fully oxidized MauG was subtracted from each spectrum that was obtained
after each addition of dithionite. C. The individual components of the Soret peaks in the fully
reduced minus oxidized spectrum were deconvoluted by Gaussian fitting with Origin 7.0. Each
of the two fitted components is drawn under the original spectrum and the overall fit of the
sum of the two is drawn as a dashed line which overlays the original spectrum. D. Deconvoluted
spectra of the Soret peaks in reduced minus oxidized difference spectra shown in B.
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Figure 3.
Resonance Raman spectra of MauG (a), cytochrome c (b) and myoglobin (c). Protein
concentrations were 0.25 mM.
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Figure 4.
Resonance Raman Spectra of different redox states of MauG. A. Spectra of fully oxidized (a)
and fully reduced (b) MauG. B. Spectral changes occurring during reduction of MauG by
incremental additions of sodium dithionite: fully oxidized MauG (a), partially reduced MauG
(b and c), and fully reduced MauG (d). Protein concentrations were 0.25 mM.
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Figure 5.
Spectrochemical titrations of MauG (5.0 μM) in the presence of FMN (40 μM) as a mediator
(A) and in the presence of FMN (50 μM) plus safranin T (16 μM) as mediators (B). The arrows
indicate the direction of the spectral changes during the titration in the reductive direction.
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Figure 6.
Nernst plot for the reductive titration of MauG in the presence of FMN as a mediator.
Experimental points from the forward and reverse reductive (closed circles) and oxidative
(open circles) titrations are shown. Values of log MauGox/MauGred were obtained from the
absorbance changes at 550 nm. The straight line shows the fit of these data to eq 3 which yields
a slope 90 mV (n=0.67) and intercept of −193 mV.
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Figure 7.
Determination of Em values of MauG. In each experiment the MauG sample was fully reduced
by incremental addition of sodium dithionite (closed circles), then fully oxidized by
incremental addition of ferricyanide (open circles), then re-reduced by addition incremental
sodium dithionite (closed squares), and then re-oxidized by incremental addition of
ferricyanide (open squares). The sets of data from each of these four reversible titrations are
overlaid and were all included in the analysis. The fits of these data to equations 1 (red line,
one-component fit) and 2 (blue line, two-component fit) are shown. A. This titration was
performed in the presence of FMN as a mediator and Fraction reduced of MauG was calculated
from the spectral changes at 550 nm. B. This titration was performed in the presence of FMN
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plus safranine T as mediators and Fraction reduced of MauG was calculated from the spectral
changes at 406 nm.
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Figure 8.
A. CV of MauG on a SWCN modified electrode in pH, 7.5 buffer under anaerobic conditions
condition. B. CV of MauG on a SWCN modified electrode in pH, 7.5 buffer in the presence
of oxygen.
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Figure 9.
Model for cooperative redox behavior during the anaerobic reduction of MauG.
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Figure 10.
Possible reaction intermediates during the redox cycle of MauG in the presence of oxygen and
substrate. HemeH and HemeL designate the high-spin and low-spin heme, respectively. A-C
designate possible reactions involving intermediates which are described in the text.
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Table 1
Em values obtained from spectrochemical titrations of MauGa

Mediator present Wavelength (nm)b Em1 (mV) Em2 (mV)
FMN 550 −240 ± 4 −159 ± 9
FMN 406 −247 ± 5 −159 ± 14
FMN + safranine T 406 −246 ± 5 −159 ± 4
a
Em values were obtained by fitting the experimental data from titrations shown in Figure 7 and similar experiments to eq 2.

b
The concentrations of the oxidized and reduced MauG were determined by comparison with the spectra of the completely oxidized and reduced forms

of MauG at the indicated wavelength.
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