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ABSTRACT: Soluble methane monooxygenase (sMMO) fromMethylococcus capsulatus(Bath) catalyzes
the selective oxidation of methane to methanol, the first step in the primary catabolic pathway of
methanotrophic bacteria. A reductase (MMOR) mediates electron transfer from NADH through its FAD
and [2Fe-2S] cofactors to the dinuclear non-heme iron sites housed in a hydroxylase (MMOH). The
structurally distinct [2Fe-2S], FAD, and NADH binding domains of MMOR facilitated division of the
protein into its functional ferredoxin (MMOR-Fd) and FAD/NADH (MMOR-FAD) component domains.
The 10.9 kDa MMOR-Fd (MMOR residues 1-98) and 27.6 kDa MMOR-FAD (MMOR residues 99-
348) were expressed and purified from recombinantEscherichia colisystems. The Fd and FAD domains
have absorbance spectral features identical to those of the [2Fe-2S] and flavin components, respectively,
of MMOR. Redox potentials, determined by reductive titrations that included indicator dyes, for the [2Fe-
2S] and FAD cofactors in the domains are as follows:-205.2( 1.3 mV for [2Fe-2S]ox/red, -172.4( 2.0
mV for FADox/sq, and-266.4( 3.5 mV for FADsq/hq. Kinetic and spectral properties of intermediates
observed in the reaction of oxidized MMOR-FAD (FADox) with NADH at 4 °C were established with
stopped-flow UV-visible spectroscopy. Analysis of the influence of pH on MMOR-FAD optical spectra,
redox potentials, and NADH reaction kinetics afforded pKa values for the semiquinone (FADsq) and
hydroquinone (FADhq) MMOR-FAD species and two protonatable groups near the flavin cofactor. Electron
transfer from MMOR-FADhq to oxidized MMOR-Fd is extremely slow (k ) 1500 M-1 s-1 at 25 °C,
compared to 90 s-1 at 4 °C for internal electron transfer between cofactors in MMOR), indicating that
cofactor proximity is essential for efficient interdomain electron transfer.

Methanotrophic bacteria serve an important role in the
carbon cycle by consuming methane produced in anaerobic
sediments and thereby limiting the flux of this greenhouse
gas into the atmosphere (1). The first step of the process,
which is catalyzed by the enzyme methane monooxygenase
(MMO),1 involves the conversion of methane to methanol
(eq 1). All methanotrophs express a membrane-bound

particulate MMO (pMMO), which contains copper (2). In
the few species of methanotrophic bacteria capable of
producing a second, soluble form of MMO (sMMO),
differential expression of the two enzyme systems is
regulated by the availability of copper ions. When the copper-
to-biomass ratio is low, sMMO activity is observed, whereas
pMMO is expressed at high copper-to-biomass ratios (3).

The sMMO complex fromMethylococcus capsulatus
(Bath) has been characterized extensively by a wide range
of reactivity, spectroscopic, crystallographic, and kinetic

methods (4-9). It comprises three proteins, a hydroxylase
(MMOH, 251 kDa), a reductase (MMOR, 38.5 kDa), and a
regulatory protein (MMOB, 15.9 kDa), all of which are
required for catalytic function (10, 11). Recent work
demonstrates that a fourth protein, MMOD, is also involved
in the sMMO system (12). The hydroxylase, a dimer of three
subunits (4) in an R2â2γ2 configuration, contains two
dinuclear carboxylate-bridged iron centers where dioxygen
activation and methane hydroxylation occur. MMOR is an
iron-sulfur flavoprotein that shuttles electrons from NADH
to the hydroxylase to prime the enzyme system for reaction
with dioxygen (13, 14). The MMOR [2Fe-2S] center is
located in the N-terminal portion of the protein and is
significantly homologous with ferredoxins of plants, cyano-
bacteria, and archaebacteria (15). The C-terminal domain
binds a single flavin adenine dinucleotide (FAD) molecule,
which accepts two electrons from NADH. Electrons are then
delivered one at a time to the [2Fe-2S] center for transfer to
the hydroxylase diiron site (11, 14, 16).

MMOR belongs to a class of modular flavoprotein electron
transferases (Figure 1), also called the ferredoxin:NADP+

oxidoreductase (FNR) family. These proteins contain a flavin
domain capable of accepting two electrons from a nicotin-
amide dinucleotide and a one-electron carrier domain, which
may be linked or dissociable (17-19). The ability to attach
the electron carrier domain to either the N- or C-terminal
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end of the core flavin/NAD(P) protein implies that this
domain is an independent modular unit. In accord with this
notion, the crystal structure ofBurkholderia cepaciaphthalate
dioxygenase reductase (PDR), a member of the FNR family,
reveals distinct flavin mononucleotide (FMN), NADH bind-
ing, and [2Fe-2S] domains (19). Removal of the PDR [2Fe-
2S] domain by fortuitous proteolytic cleavage produces a
stable, truncated form amenable to biochemical characteriza-
tion (20).

The highly modular nature of FNR family proteins
suggested that dividing MMOR into its component ferredoxin
(MMOR-Fd) and flavin/pyridine nucleotide (MMOR-FAD)
domains should be feasible. The separate domain proteins
were predicted to serve as useful models for studying the
intra- and intermolecular electron transfer reactions of
MMOR. In this paper, we report recombinantEscherichia
coli systems for the high-yield expression of the individual
MMOR domains. For both MMOR-Fd and MMOR-FAD,
spectroscopic properties and redox potentials are examined
and compared to those of MMOR. The kinetics of MMOR-
FAD reduction with NADH and interdomain electron transfer
reactions are described. An examination of the influence of
pH on MMOR-FAD optical spectra, redox potentials, and
NADH reaction kinetics is also presented. Ultimately,
characterization of the individual electron transfer steps in
the sMMO system, combined with the structures of MMOR
and MMOH, will provide the means for tracing the electron
transfer pathway from NADH through the flavin and [2Fe-

2S] cofactors of MMOR into the carboxylate-bridged diiron
active sites of MMOH.

MATERIALS AND METHODS

General Methods.The ferrozine method (21, 22) was used
to determine the iron content of MMOR-Fd; FAD determi-
nations were performed as described in ref16. UV-visible
spectra were obtained with an HP 8453 diode array spec-
trophotometer. Fluorescence excitation and emission scans
were recorded with a Hitachi F-3010 fluorescence spectro-
photometer.

MMOR Domain Selection.To define the Fd and FAD/
NADH domain boundaries ofM. capsulatus(Bath) MMOR,
sections of MMOR were aligned with the full-lengthB.
cepaciaPDR protein sequence (PDB entry 2PIA) by using
CLUSTAL W (23). In addition, the approximate MMOR
domain sequences (residues 1-114, Fd domain; and residues
89-348, FAD/NADH domain) were compared to and
aligned with other protein sequences in the nonredundant
National Center for Biotechnology Information protein
databases with the PSI-BLAST program. The C-terminal end
of the MMOR-Fd domain was selected as residue 98, and
the MMOR-FAD domain was designed to start at residue
99 after an obligatory methionine residue.

MMOR Domain Cloning.The Fd portion of themmoC
gene, which encodes MMOR (15), was amplified with
PfuDNA polymerase (Stratagene, La Jolla, CA) from pCH4
(24), obtained from J. C. Murrell (University of Warwick,
Warwick, U.K.), by using the following primers: 5′-CG-
GAATTC AACATTAAGGAGGTAAATTTATGCAG-
CGAG-3′ and 5′-CCTCTCCAAAGCTT ATGCGTCAAT-
GGGTATAG-3′. The primers 5′-CGAAGACCGACCTG-
GAATTC TAAGGAGGTTATAATATGTGCCGCATCA-
GTTTTGGTGAG-3′ and 5′-TCACAGTACTTAAGCTT T-
TCAGGCCGCCCCGGAC-3′ were used to amplify the
region ofmmoCcorresponding to the MMOR-FAD domain.
The resulting 344 (Fd) and 809 bp (FAD) fragments were
flanked byEcoRI andHindIII sites (boldface), which were
introduced by the forward and reverse primers, respectively.
The amplified DNA was purified from the PCRs by using
the QIAquick PCR purification kit (Qiagen Inc., Valencia,
CA). Both PCR products were digested with the restriction
enzymesEcoRI andHindIII (New England Biolabs, Beverly,
MA) by following the provided instructions. The high-copy
number plasmid pKK223-3 (Amersham Pharmacia Biotech,
Piscataway, NJ) was digested with the same restriction
enzymes, and then treated with alkaline phosphatase (AP,
Boehringer Mannheim, Indianapolis, IN) to prevent recir-
cularization in the subsequent ligation reaction. After inac-
tivating the AP by adding 20 mM EGTA and heating at 65
°C for 10 min, we isolated the DNA with the QIAquick PCR
purification kit. The AP-treated pKK223-3 digest andmmoC-
Fd ormmoC-FAD digest were ligated with T4 DNA ligase
(New England Biolabs); the resulting plasmid solutions were
transformed intoE. coli XL1-Blue cells and plated on LB-
ampicillin (Ap, 100 µg/mL) agar plates. Colonies with
ampicillin resistance were analyzed further by restriction
mapping of DNA obtained from plasmid minipreps. DNA
sequencing [Massachusetts Institute of Technology (MIT)
Biopolymers Laboratory] of positive pRED-Fd and pRED-
FAD clones confirmed that the inserted genes contained no
errors.

1 Abbreviations: MMO, methane monooxygenase; NAD+ and
NADH, oxidized and reduced forms, respectively, of nicotinamide
adenine dinucleotide; pMMO, particulate methane monooxygenase;
sMMO, soluble methane monooxygenase; MMOH, hydroxylase com-
ponent of sMMO; MMOR, reductase component of sMMO; MMOB,
coupling protein of sMMO; MMOD, fourth protein component of
sMMO; FAD, flavin adenine dinucleotide; FNR, ferredoxin:NADP+

oxidoreductase; PDR, phthalate dioxygenase reductase; MMOR-Fd,
ferredoxin domain of MMOR (residues 1-98); MMOR-FAD, FAD/
NADH domain of MMOR (residues 99-348); PCR, polymerase chain
reaction; AP, alkaline phosphatase; EGTA, ethylene glycol bis(â-
aminoethyl ether)-N,N,N′,N′-tetraacetic acid; LB, Luria-Bertani medium;
Ap, ampicillin; IPTG, isopropyl thio-â-D-galactoside; MOPS, 3-(N-
morpholino)propanesulfonic acid; DTT, 1,4-dithiothreitol; MMOR-Fdox

(or Fdox) and MMOR-Fdred (or Fdred), oxidized and reduced forms of
MMOR-Fd, respectively; MMOR-FADox (or FADox), MMOR-FADsq

(or FADsq), and MMOR-FADhq (or FADhq), oxidized, semiquinone,
and hydroquinone forms of MMOR-FAD, respectively; MMOR3e-,
fully reduced MMOR; MMOR-FADsq,max and MMORsq,max, MMOR-
FAD and MMOR, respectively, reduced such that the fraction of FADsq

is maximized; EFA, evolving factor analysis; TAPS,N-[tris(hydroxy-
methyl)methyl]-3-aminopropanesulfonic acid; AQ2S, anthraquinone
2-sulfonate; AQ2,6S, anthraquinone 2,6-disulfonate; AQ1,5S, an-
thraquinone 1,5-disulfonate; FADox/sq, midpoint potential of the FADox/
FADsq redox couple; FADsq/hq, midpoint potential of the FADsq/FADhq

redox couple; [2Fe-2S]ox/red, midpoint potential of the [2Fe-2S]2+/[2Fe-
2S]+ redox couple;Eh, solution potential; MES, 2-(N-morpholino)-
ethanesulfonic acid; FMN, flavin mononucleotide; CT1 and CT2, charge
transfer intermediates 1 and 2, respectively, for the reaction of MMOR-
FADox and NADH.

FIGURE 1: Examples of alternative connectivities between the one-
electron carrier and flavin/NAD(P) binding domains of flavoprotein
electron transferases.
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Expression and Purification of MMOR-Fd.The pRED-
Fd(2) expression plasmid was transformed intoE. coliJM105
cells. Cells were grown to saturation in 100 mL of LB-Ap
(100 µg/mL) medium at 37°C with 200 rpm shaking. To
each of six 1 L quantities of LB-Ap (100µg/mL) medium
were added 10 mL of freshly prepared filter-sterilized 10
mM Fe(NH4)2(SO4)2‚6H2O in 100 mM sodium citrate (pH
7.0) and 10 mL of the saturated JM105/pRED-Fd(2) starter
culture. When the OD660 reached 0.6, the cultures were
supplemented with 80µM Fe2+, added as 2 mL of a 40 mM
FeSO4‚7H2O solution in 12.5 mM H2SO4 per liter of cell
culture, and induction was started by adding IPTG to a final
concentration of 1.0 mM. After 3.5 h, the cells were collected
by centrifugation and then suspended in 100 mL of cold
cracking buffer [25 mM MOPS (pH 7.0), 1 mM DTT, 5
mM MgCl2, and 200µM Fe(NH4)2(SO4)2‚6H2O] containing
DNase (1.5 units/mL) and 1 mM Pefabloc SC. The cells were
sonicated on ice with three 2 min pulses at 40% output
(Branson Sonifier model 450 equipped with a3/4 in. horn)
and then centrifuged for 40 min at 98000g to separate the
soluble and insoluble material. The soluble cell extract was
filtered through a 0.2µm membrane and loaded onto a
DEAE-Sepharose CL-6B (Amersham Pharmacia) column
(2.6 cm× 15 cm) equilibrated with buffer A [25 mM MOPS
(pH 7.0), 1 mM DTT, and 50 mM NaCl]. After a 120 mL
wash with buffer A, proteins were eluted with a 740 mL
linear gradient from buffer A to buffer B [25 mM MOPS
(pH 7.0), 1 mM DTT, and 500 mM NaCl]. MMOR-Fd eluted
at approximately 370 mM NaCl. Fractions containing
MMOR-Fd were identified by optical spectroscopy and
SDS-PAGE and then pooled and concentrated by ultrafil-
tration. This crude Fd protein solution was filtered through
a 0.2µm membrane and applied to a Superdex 75 (Amer-
sham Pharmacia) size-exclusion column (2.6 cm× 60 cm)
equilibrated with 25 mM MOPS (pH 7.0) containing 1 mM
DTT and 150 mM NaCl. Fractions were pooled on the basis
of color and SDS-PAGE analysis. Typical preparations
yielded 12-14 mg of>98% pure MMOR-Fd (98 residues,
MW ) 10 931) per liter ofE. coli expression culture.

Expression and Purification of MMOR-FAD.A 100 mL
JM105/pRED-FAD(1) culture in LB-Ap (100 µg/mL)
medium was grown to saturation at 37°C with shaking at
200 rpm. Each of six 1 L quantities of LB-Ap (100 µg/
mL) medium was inoculated with 10 mL of the saturated
starter culture and transferred to a 37°C incubator set to
rotate at 200 rpm. When the OD660 reached ca. 0.6,
expression of the MMOR-FAD domain was induced with
1.0 mM IPTG. After 3.5 h, the cells were collected by
centrifugation, suspended in 100 mL of cracking buffer, and
sonicated as described above. The soluble cell extract was
obtained by centrifugation for 40 min at 98000g followed
by filtration through a 0.2µm membrane. The first chro-
matographic step, resolution on a DEAE-Sepharose CL-6B
anion exchange column, was performed exactly as described
for MMOR-Fd. Fractions containing the FAD domain, which
eluted at approximately 240 mM NaCl, were identified by
SDS-PAGE and pooled. Half of this crude material was
loaded onto a 5′-AMP Sepharose (Sigma, St. Louis, MO)
column (2.6 cm× 18 cm) equilibrated with buffer A. The
column was washed with 25 mM MOPS (pH 7.0), 1 mM
DTT containing 95 mM NaCl (70 mL), 410 mM NaCl (50
mL), and then 50 mM NaCl (175 mL) to remove protein

contaminants. The FAD domain was eluted with buffer B
containing 1 mM NADH. All of the fractions collected in
the NADH wash were combined as pure MMOR-FAD
domain and concentrated over a YM10 Amicon membrane.
The FAD domain was exchanged into 25 mM MOPS (pH
7.0) and 2 mM DTT with a Biogel P6 desalting column (Bio-
Rad, Hercules, CA). This procedure typically afforded 25
mg of >95% pure MMOR-FAD (250 residues, MW)
27 629) per liter of expression culture.

Expression and Purification of MMOR. Full-length MMOR
was prepared from a recombinantE. coli expression system
exactly as described previously (16), except that iron was
added to the medium as described for MMOR-Fd domain
expression.

Mass Spectrometric Analysis.Pure MMOR-Fd and MMOR-
FAD proteins in 25 mM MOPS (pH 7.0) were submitted to
the MIT Biopolymers Laboratory for analysis by electrospray
ionization mass spectrometry (ESI-MS). To remove cofactors
which separated from the proteins upon treatment with
ammonium acetate, formic acid, and acetonitrile, HPLC
purification was necessary. The protein component was
analyzed with a Sciex model API 365 triple-stage mass
spectrometer.

EPR Spectroscopy.MMOR-Fd and MMOR in 25 mM
potassium phosphate buffer (pH 7.0) were made anaerobic
by vacuum gas exchange with O2-free N2. In an anaerobic
chamber, protein, anaerobic buffer, and sodium dithionite
were combined to yield 258µM protein solutions containing
a 2-fold molar excess of dithionite (i.e., 500µM for MMOR-
Fd and 1.5 mM for MMOR). After equilibration for several
minutes, aliquots of the reduced protein samples were
transferred to EPR tubes and frozen in liquid nitrogen.

With estimates of the MMOR (and MMOR-FAD) mid-
point potentials of-174, -206 (MMOR only), and-265
mV (vide infra), the maximum amount of semiquinone
species that can be stabilized was calculated. Plots of species
concentration (FADox, FADsq, and FADhq for MMOR-FAD,
also Fdox and Fdred for MMOR) versus solution potential were
constructed with KaleidaGraph, version 3.0 or 3.51 (Synergy
Software, Reading, PA). Wavelengths (590 nm for MMOR-
FAD and 640 nm for MMOR) for monitoring the titrations
were selected such that the maximum absorbance and
maximum fraction of semiquinone species (0.75) coincided.
A 900 µL quantity of MMOR-FAD [159 µM in 25 mM
potassium phosphate (pH 7.0)] was made anaerobic in a
sealed quartz cuvette by vacuum gas exchange and titrated
with sodium dithionite (ca. 4 mM) to maximize the FADsq

species; this objective was achieved by reducing the sample
until A590 was maximal. In a similar fashion, the MMOR
protein [900µL of 170 µM protein in 25 mM potassium
phosphate (pH 7.0)] was reduced to the point of maximum
FADsq species by maximizingA640. After dithionite additions,
the MMOR-FAD and MMOR concentrations were calculated
as 148 and 153µM, respectively, of which∼75% of the
FAD cofactor (ca. 110µM) was expected to be in the
semiquinone oxidation state. In an anaerobic chamber,
aliquots of the semiquinone samples were transferred to EPR
tubes.

EPR spectra of the four samples (MMOR-Fdred, MMOR3e-,
MMOR-FADsq,max, and MMORsq,max) were recorded with a
Bruker EMX spectrometer fitted with an Oxford ESR 900
liquid helium cryostat. The temperature was maintained at
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10 K for the first two samples (reduced [2Fe-2S]) and 100
K for the latter two samples (FADsq). The power saturation
behavior of each protein sample was examined, and a high-
quality spectrum was collected at a power at which the signal
was not saturated.

Determination of the FADsq Optical Spectrum by EFA.
To examine the optical spectra of MMOR-FAD in various
oxidation states, anaerobic reductive titrations were per-
formed. A 1.00 mL aliquot of 90µM MMOR-FAD in 25
mM potassium phosphate (pH 7.0) was transferred to a sealed
quartz cuvette and made anaerobic with 10-12 cycles of
vacuum gas exchange with O2-free N2. Aliquots of 1-2 mM
sodium dithionite were added with a gastight Hamilton
titrating syringe. After each addition, optical spectra were
collected until no further changes were observed (usually
less than 5 min), and the final spectrum was saved for data
analysis. The temperature for the titration experiments was
held constant at 25°C with a circulating water bath.

After subtracting the average absorbance between 800 and
900 nm from each spectrum, we applied dilution corrections.
The evolving factor analysis (EFA) function resident in the
Specfit Global Analysis software suite (version 2.10U or
3.0.16, Spectrum Software Associates, Chapel Hill, NC) was
used to extract component spectra for the MMOR-FAD
domain, corresponding to the oxidized (FADox), semiquinone
(FADsq), and hydroquinone (FADhq) forms of the protein.
Noniterative EFA was performed for each data set to generate
extinction coefficient profiles for the three spectroscopically
distinct MMOR-FAD oxidation states. The extinction coef-
ficients were scaled such thatε458 ) 11 000 M-1 cm-1 for
FADox. To test the validity of this method, the individual
spectra collected during the reductive titrations were fit with
linear combinations of the oxidized, semiquinone, and
hydroquinone component spectra (KaleidaGraph).

pH Effects on the Optical Spectra of MMOR Domains.
To investigate the effects of pH on the optical spectra of the
MMOR-Fd and MMOR-FAD proteins, samples of the
oxidized and reduced domains were examined at varying pH
values. Fourteen buffers were prepared for these experi-
ments: 100 mM sodium citrate (pH 4.92, 5.06, 5.21, 5.47,
and 5.81), 100 mM potassium phosphate (pH 6.00, 6.49,
6.98, 7.50, and 8.02), and 100 mM TAPS (pH 8.07, 8.50,
8.98, and 9.10). MMOR-FADox (214 µM) in 1 mM potas-
sium phosphate (pH 7.0) was combined with each of these
buffers to yield∼40 µM protein solutions. Each solution
was allowed to equilibrate for∼2 min, and an optical
spectrum (300-900 nm) was recorded. The temperature was
maintained at 25°C with a circulating water bath. To
determine the pKa for the observed optical change, plots of
A450 or A500 versus pH were fit with the expressions shown
in eqs 2 and 3, respectively, by using the program Kaleida-

Graph. To yield∼45 µM MMOR-Fdox solutions, MMOR-
Fd in 1 mM potassium phosphate (pH 7.0) was mixed with
100 mM sodium citrate (pH 5.47), 100 mM potassium
phosphate (pH 6.00, 6.98, or 8.02), or 100 mM TAPS (pH

8.98). After a brief equilibration, optical spectra (300-900
nm) were collected at room temperature.

Fdred and FADhq samples were prepared at varying pH
values by reducing the proteins with sodium dithionite in
an anaerobic chamber, dialyzing away excess dithionite, and
combining aliquots of the reduced proteins with strong
buffers (same as those used for the Fdox experiment described
above). Sealed MMOR-Fdred and MMOR-FADhq samples
were removed from the box, and optical spectra (300-900
nm) were recorded. For all samples, the temperature was
held constant at 25°C with a circulating water bath.

To examine the effects of pH on the optical spectrum of
MMOR-FADsq, anaerobic reductive titrations of MMOR-
FAD were performed at varying pHs. The following buffers
were used in these experiments: 80 mM potassium phosphate
(pH 6.00), 60 mM potassium phosphate (pH 6.49), 75 mM
potassium phosphate (pH 6.98), 70 mM potassium phosphate
(pH 8.02), and 75 mM TAPS (pH 8.50, 8.98, or 9.31). The
MMOR-FAD domain (ca. 50µM) in a total volume of 1.00
mL was reduced with dithionite exactly as described above.
After each addition of reductant, equilibrium was usually
achieved in 5-10 min, but took as long as 40 min at high
pH values. Data were processed as described, and EFA
afforded FADox, FADsq, and FADhq component spectra for
each titration data set.

Redox Potential Determinations for the MMOR Domains.
The equilibrium midpoint potentials of the MMOR-Fd and
MMOR-FAD domains were determined by using a series
of reductive titrations. All of the titrations were performed
in 25 mM potassium phosphate (pH 7.0) buffer because
MOPS, the standard buffer used in sMMO studies, interferes
with electron equilibration. Each titration included one or
more redox active indicator dyes with known midpoint
potentials to permit calculation of the solution potential
throughout the titration. Dyes used for MMOR-Fd potential
determination included anthraquinone 2-sulfonate (AQ2S;E°′
) -226 mV), phenosafranine (E°′ ) -252 mV), and
anthraquinone 2,6-disulfonate (AQ2,6S;E°′ ) -184 mV)
in combination with phenosafranine (15-20% relative to
AQ2,6S).

The MMOR-Fd domain (ca. 40µM) and dye(s) (ca. 35
µM for AQ2S and AQ2,6S and ca. 12µM for phenosafra-
nine) in a total volume of 1.00 mL were placed in a sealed
quartz cuvette and made anaerobic with 12 cycles of vacuum
gas exchange with O2-free N2. A gastight Hamilton titrating
syringe was filled with a solution of sodium dithionite (1-2
mM) in phosphate buffer and then transferred to the cuvette
under positive pressure. After the solution had equilibrated
to 25 °C, an initial visible spectrum (300-900 nm) of the
oxidized material was collected. Dithionite was added to the
protein/dye solution in 5µL aliquots; the solution was mixed
thoroughly, and a spectrum was recorded. Multiple scans
were taken after each dithionite addition until the system
had reached equilibrium (usually 5-10 min, but as long as
40 min). The final spectrum was saved for data analysis.
This process was repeated until the protein and dye(s) were
reduced completely. In addition, the MMOR-Fd potential was
measured in the presence of MMOH (0.5 equiv) and/or
MMOB (1 equiv) with AQ2S as the solution potential
indicator.

The equilibrium midpoint potentials of the MMOR-FAD
domain were determined by using the same method. The

A ) Amax -
Amax - Amin

1 + 10pH-pKa
(2)

A ) Amin -
Amax - Amin

1 + 10pH-pKa
(3)
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indicator dyes AQ2S, anthraquinone 1,5-disulfonate (AQ1,5S;
E°′ ) -172 mV), phenosafranine, safranine O (E°′ ) -289
mV), and AQ2,6S in combination with phenosafranine (15-
20% relative to AQ2,6S) were used for the MMOR-FAD
domain reductive titrations. The MMOR-FAD protein (ca.
30 µM) and dye(s) (ca. 35µM for AQ2S, AQ1,5S, and
AQ2,6S and ca. 12µM for phenosafranine and safranine O)
were titrated at 25°C with sodium dithionite.

To obtain dye component spectra, an anaerobic solution
of each dye (1.00 mL, 65-70µM for the anthraquinone dyes
and 20µM for phenosafranine and safranine O) was titrated
with 1-2 mM sodium dithionite. The initial spectrum was
taken as the oxidized dye component spectrum. After baseline
and dilution corrections had been performed, the first
spectrum for which no optical changes were observed upon
dithionite addition was selected as the fully reduced dye
spectrum. The MMOR-Fd component spectra, Fdox and Fdred,
were also determined by titration with dithionite; the MMOR-
FAD component spectra, FADox, FADsq, and FADhq, were
obtained by EFA as described above. For each redox couple
(dyeox/dyered, Fdox/Fdred, FADox/FADsq, and FADsq/FADhq),
a difference spectrum,∆εi(λ), was calculated by subtracting
the extinction coefficients of the oxidized species from those
of the reduced species.

Dilution corrections were applied to each spectrum in a
titration data set. To eliminate any errors due to inaccurate
extinction coefficients, the initial species concentrations were
determined by fitting the initial oxidized spectrum with a
linear combination of oxidized protein and oxidized indicator
spectra (KaleidaGraph). A difference spectrum for each
titration point was generated by subtracting the starting
oxidized spectrum from each spectrum in the data set. These
difference spectra (350 nme λ e 800 nm) were then fit
with linear combinations of component difference spectra,
as shown in eq 4. The concentration differences,∆ci, returned

by fitting with eq 4 were readily converted to species
concentrations by comparison with the total concentrations
of protein and dye(s). The solution potential and MMOR
domain midpoint potentials were computed for each titration
point with modified Nernst equations (16). Average MMOR-
Fd and MMOR-FAD midpoint potentials were calculated by
including only those data for which the solution potential
was within 40 mV of both the approximate MMOR-Fd or
MMOR-FAD domain potential and the indicator potential.

Relative redox potentials were determined for the FAD
domain at varying pH values. For each MMOR-FAD
reductive titration (vide supra), a species fraction (FADox,
FADsq, or FADhq) versus percent reduction plot was con-
structed, where the latter was computed according to eq 5.

The FADsq versus percent reduction plots were fit manually
by generating a series of curves representing different∆E°
values (difference between the FADox/sq and FADsq/hqredox
potentials). First, given various∆E° values, theoretical
fractions of FADox, FADsq, and FADhq were calculated over
a range of solution potentials (Eh ) -500 to 100 mV) with

eqs 6-8, respectively.

For each Eh value, the percent reduction (eq 5) was
calculated. Finally, the theoretical mole fraction versus %
reduction curves were compared to the experimental data in
KaleidaGraph; the∆E° value used to generate the best-fitting
curve was taken as the difference in redox potentials at that
pH.

Isothermal Titration Calorimetry.A VP-ITC isothermal
titration calorimeter (MicroCal, Inc., Northampton, MA) was
used to measure the binding affinity of the FADox-NAD+

complex. All titrations were performed at 4.2°C in 25 mM
MOPS (pH 7.0). Titrant (1.89 mM NAD+) was injected in
10 µL aliquots from a 250µL stirred titration syringe into
the 1.430 mL sample cell containing 43µM MMOR-FAD.
Stirring was maintained at 310 rpm throughout the titrations.
To measure the heat of dilution for NAD+, the experiment
was repeated with buffer in the sample cell. Data were
integrated and fit with the MicroCal Origin version 5.0
software package.

MMOR-FAD Reaction with NADH.To examine intramo-
lecular electron transfer for the reduction of MMOR-FAD
with NADH, several stopped-flow experiments were per-
formed. A Hi-Tech Scientific SF-61 DX2 double-mixing
stopped-flow spectrophotometer configured for either single-
wavelength photomultiplier or multiwavelength diode array
collection was used for all experiments. Prior to use, the
stopped-flow apparatus was made anaerobic by flushing the
syringes and flow cell with a solution of ca. 5 mM sodium
dithionite. The dithionite was then flushed from the system
with anaerobic buffer. Oxidized MMOR-FAD protein in 25
mM MOPS (pH 7.0) was made anaerobic with 12-15 cycles
of vacuum gas exchange with O2-free N2. Anaerobic NADH
solutions were prepared by bubbling with nitrogen for at least
15 min. Concentrations of MMOR-FAD were 20-40 µM
after mixing; NADH concentrations were∼10 times that of
MMOR-FAD, except where noted. The MMOR-FAD reac-
tion with NADH was monitored at 458, 625, and 725 nm in

∆A(λ) ) ∑∆εi(λ)(∆ci) (4)

% reduction) 100(0.5[FADsq] + [FADhq]

[FAD]T
) (5)

Xox )
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[FAD]T

)

exp[- F
RT

(FADox/sq- Eh)]
exp[- F

RT
(FADox/sq- Eh)] + 1 + exp[ F

RT
(FADsq/hq- Eh)]
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[FAD]T

)

1

exp[- F
RT
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RT

(FADsq/hq- Eh)]
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Xhq )
[FADhq]
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)
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single-wavelength photomultiplier mode. Data points (512)
were collected in 1 s shots on a log time scale. The
experiment was repeated with the stopped-flow apparatus
in multiwavelength diode array mode. For each 1.4 or 2 s
shot, 160 spectra (295-705 or 370-740 nm) were recorded
with a logarithmic time base. The temperature was main-
tained at 4°C with a constant-temperature circulating water
bath for all experiments. Single-wavelength absorbance data
were fit to a sum of two or three exponential decays with
the program KinetAsyst 2, version 2.2 (Hi-Tech Limited,
Salisbury, England). The Specfit program was used to
analyze diode array data and second-order reaction data.

MMOR-FAD reduction with NADH was also investigated
over a range of pH values. For these experiments, the FAD
domain was prepared in 1 mM MOPS (pH 7.0) and 49 mM
NaCl and mixed with strongly buffered NADH solutions at
the desired pH. Buffers included were 50 mM MES (pH 5.47,
5.93, and 6.29), 50 mM MOPS (pH 6.70, 7.00, and 7.40),
and 50 mM TAPS (pH 7.77, 8.21, and 8.47). The ionic
strength was maintained at 50 mM by addition of appropriate
quantities of NaCl to each buffer. pKa values for pH-
dependent effects were calculated by using eqs 2 and 3.

Interdomain Electron Transfer Reactions.Electron transfer
reactions between (a) MMOR-FADhq and MMOR-Fdox, (b)
MMOR-FADhq and MMOR-FADox, and (c) MMOR-Fdox/
MMOR-FADox and NADH were investigated by stopped-
flow optical spectroscopy. All experiments were performed
in 25 mM MOPS (pH 7.0) or 25 mM potassium phosphate
(pH 7.0) at 4 and/or 25°C. Single-wavelength photomulti-
plier data collection was used for reactions b and c; the
multiwavelength diode array mode was employed for reac-
tions a and b. Protein concentrations after mixing were 20-
30 µM, except where noted.

RESULTS

General Characterization of MMOR Domains.Both
MMOR-Fd (MMOR residues 1-98) and MMOR-FAD
(MMOR residues 99-348) were prepared in good yield from
recombinant expression systems. Protein purity and cofactor
content were monitored effectively by examining absorbance
ratios. For MMOR-Fd, anA276/A332 ratio of 1.05 indicates
pure, fully complemented protein; pure MMOR-FAD has
anA270/A458 ratio of ∼6.7. Molecular weights within experi-
mental error of the calculated values for the apoproteins
(N-terminal methionine intact for the Fd domain and cleaved
for the FAD domain) were obtained by mass spectrometric
analysis (Table 1). Iron and FAD determinations were used

to calculate extinction coefficients for the domains, assuming
2.0 mol of Fe/mol of MMOR-Fd and 1.0 mol of FAD/mol
of MMOR-FAD. The EPR spectra of fully reduced MMOR-
Fd and full-length MMOR exhibit rhombic signals charac-
teristic of mixed-valent [2Fe-2S]+ centers with nearly
identicalg values. Although the EPR spectra of FADsq,max

and MMORsq,maxare essentially identical, the power satura-
tion behavior for these samples is somewhat different,
presumably due to the presence of EPR-active [2Fe-2S]+ (ca.
60% of total [2Fe-2S]) in the MMORsq,maxsample. The UV-
visible spectra for the MMOR domains can be added to yield
a spectrum identical to that of full-length MMOR (Figure
2). Full-length MMOR is not very fluorescent, which was
previously believed to be due to quenching of the FAD
fluorescence by the nearby [2Fe-2S] center. Fluorescence
studies of MMOR-FAD and free FMN demonstrated that
the FAD domain is also a weak fluorophore; therefore, the
protein environment around the FAD cofactor must quench
most of the flavin fluorescence.

EVolVing Factor Analysis for MMOR-FAD Component
Spectra. Selected spectra from a reductive titration of
MMOR-FAD at pH 7.0 are shown in Figure 3A. The FADox,
FADsq, and FADhq component spectra extracted by evolving
factor analysis are displayed in Figure 3B. The generated
component spectra fit the original titration data extremely
well; in addition, the total calculated concentration of
MMOR-FAD (the sum of the FADox, FADsq, and FADhq

concentrations) is constant for all of the titration spectra,

Table 1: Properties of MMOR-Fd, MMOR-FAD, and MMOR

MMOR-Fd MMOR-FAD MMOR

MW measured (Da) 10929.0a ( 1.1 27629.0b ( 2.4 38546.9( 3.9c

ε458 (M-1 cm-1) at pH 7.0 and 25°C 9550( 200 11000( 500 20800( 1000d

λmax (nm) at pH 7.0 and 25°C 332, 418, 467 394, 458 332, 394, 458c

g values (fully reduced)e 2.049, 1.958, 1.888 n/a 2.047, 1.958, 1.871
g values (maximum FADsq) n/a 2.004f 2.005g

FADox/sq (mV) at pH 7.0 and 25°C n/a -172.4( 2.0 -176( 7c

[2Fe-2S]ox/red (mV) at pH 7.0 and 25°C -205.2( 1.3 n/a -209( 14c

FADsq/hq(mV) at pH 7.0 and 25°C n/a -266.4( 3.5 -266( 15c

a Expected value of 10 931.3 Da for the apoprotein with the N-terminal methionine intact.b Expected value of 27 628.3 Da for the apoprotein
with the N-terminal methionine cleaved.c As reported in ref16. d As reported in ref11. e EPR recorded at 10 K and 500µW at 9.478 GHz, with
a modulation amplitude of 10.0 G.f EPR recorded at 100 K and 32µW at 9.478 GHz with a modulation amplitude of 2.0 G.g EPR recorded at 100
K and 127µW at 9.482 GHz, with a modulation amplitude of 2.0 G.

FIGURE 2: Optical spectra at pH 7.0 of MMOR-Fd (circles) and
MMOR-FAD (squares) in the fully oxidized (filled symbols and
solid lines) and fully reduced (empty symbols and dotted lines)
oxidation states. The sum of the two oxidized domain spectra
(dashed line) is superimposed on the MMOR optical spectrum
(triangles).
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showing that the component spectra are correctly scaled with
respect to each other.

Effect of pH on the Optical Spectra of MMOR Domains.
Below pH 5.5, the Fd and FAD domains precipitate from
solution, so the effective range for the pH investigations was
5.5-9.3. Over this pH range, the oxidized and reduced
MMOR-Fd spectra did not exhibit pH-dependent optical
changes. The UV-visible spectra of all three MMOR-FAD
chromophores (FADox, FADsq, and FADhq) are altered by
pH (Figure 4A). Data corresponding to the wavelengths at
which maximum absorbance changes occur reflect processes
having pKa values of 6.55( 0.05 (Figure 4B) and 7.1(
0.2 (Figure 4C) for FADox and FADhq, respectively. Above
pH 8.5, the FADsq spectra provide evidence for deprotonation
of the blue neutral semiquinone species to form a red anionic
semiquinone (25). There were not enough data to determine
an accurate pKa for this transition, but the value must be at
least 9.

Redox Potentials of MMOR-Fd and MMOR-FAD.Figure
5 shows selected difference spectra from a reductive titration
of MMOR-FAD in the presence of the indicator phenosaf-
ranine. To examine the accuracy of difference fitting, global
fits to both difference spectra and the original titration spectra
were performed for a reductive titration of MMOR-Fd and
AQ2S. The returned [2Fe-2S]ox/redE°′ values (-205.1( 1.3
mV for difference fitting and-208.3( 3.8 mV for direct
fitting) are essentially identical, except that direct fitting
results in a larger standard deviation. Difference spectra

emphasize the changes in a sample so that even small spectral
differences can be fit accurately when not obscured by much
larger (and unchanged) features. In addition, difference fitting
in many cases reduces the number of independent variables
in a fit so that a unique solution may be calculated. Therefore,
fitting difference spectra is the method used to calculate
component concentrations for all of the redox potential
determinations.

Plots of MMOR domain potential versus solution potential
were constructed to aid in selecting the data range included
in the overall midpoint potential averages. Only those titration
points that returned a relatively constant potential over a
range of solution potentials were selected. In general, this
linear range correlates well with the arbitrary selection of
data points with solution potentials within 40 mV of both
the estimated domain potential and indicator potential. It was
necessary to correct the safranine O range from the calculated
values of-250 to-304 mV to a range of-266 to-322
mV. The calculated midpoint potentials for MMOR-Fd
([2Fe-2S]ox/red) and MMOR-FAD (FADox/sqand FADsq/hq) are
displayed in Table 1. Within experimental error, addition of

FIGURE 3: Determination of the FADsq optical spectrum at pH 7.0.
(A) Selected spectra from an anaerobic reductive titration of 91
µM MMOR-FAD with ∼2 mM dithionite at 25°C. (B) Component
spectra, which correspond to the FADox (0), FADsq (4), and FADhq
(O) oxidation states, derived from evolving factor analysis of the
titration data.

FIGURE 4: Effect of pH on the MMOR-FAD optical spectra. (A)
FADox (0), FADsq (4), and FADhq (O) component spectra
determined at pH 6 (s) and 9 (- - -). (B) FADox absorbance at 450
(b) and 500 nm (9) as a function of pH. (C) Variation of FADhq
absorbance at 382 (O) and 490 nm (0) with pH. Solid lines in
panels B and C are fits to eqs 2 and 3.
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0.5 equiv of MMOH and/or 1 equiv of MMOB to MMOR-
Fd does not alter the Fd domain potential. MMOH forms
complexes with both MMOB (11) and MMOR-Fd (26); by
analogy to MMOR (11, 16, 27), MMOR-Fd is not expected
to bind MMOB.

Relative MMOR-FAD redox potentials were determined
by analyzing reductive titrations of the FAD domain
performed at varying pH values. Because no indicator dye
was included in these titrations, the solution potential at each
titration point is unknown, and only the difference between
the FADox/sq and FADsq/hqpotentials may be computed. Fits
to mole fraction versus % reduction plots generated∆E°
(FADox/sq - FADsq/hq) values for each titration, as shown in
Figure 6A. The MMOR-FAD∆E° values increase from 80
mV at pH 6.0, the lowest pH that was examined, to a
maximum of 94 mV at pH 7.0, and then decrease to 32 mV
at pH 9.0, the highest pH that was examined (Figure 6B).
Additional titrations to extend the pH range could not be
performed due to protein precipitation at low pH and
extremely slow equilibration at high pH.

To analyze these data further, it was necessary to account
for protons involved in the redox equilibria. For a reductive
reaction that includes a single proton, the measured midpoint
potential varies linearly with pH, as shown in eq 9.

Therefore, the redox potential for a one-electron (n ) 1),
one-proton process exhibits a pH dependence of-59 mV/
pH unit at 25 °C. Scheme 1 depicts the relevant redox
equilibria for MMOR-FAD. At pH values below the FADsq

pKa (>9), reduction of FADox to the neutral semiquinone
state requires a proton (eq 10); above this pKa value,
formation of anionic semiquinone is proton-independent (eq
11).

Thus, the FADox/sq redox potential should vary by-59 mV/
pH unit at low pH and not at all at high pH [Figure 6C
(‚‚‚)]. For semiquinone reduction to hydroquinone, there are
three possible redox equilibria (eqs 12-14).

At low and high pH values (eqs 12 and 14, respectively),
the redox reactions include protons. Between the FADhq and
FADsq pKa values (6.0 and>9, respectively, vide infra),
reduction proceeds without protonation (eq 13). Therefore,
the FADsq/hqpotential should be constant between pH 6 and
∼9 and vary by-59 mV/pH unit at low and high pH [Figure
6C (- - -)]. Combining these processes yields a∆E value
(FADox/sq- FADsq/hq) that is constant below pH 6, decreases
by 59 mV/pH unit between pH 6 and∼9, and increases by
59 mV/pH unit above pH∼9 [Figure 6C (s)].

To identify pH-dependent changes in MMOR-FAD redox
potentials due to the protein environment, the contributions
to ∆E° by the redox equilibria were subtracted from the∆E°
versus pH data. An appropriate∆E correction curve was
constructed with slopes of 0,-59, and 59 mV/pH unit at

Scheme 1

Em ) E°′ + RT
nF

ln[H+] ) E°′ - (2.303RT
nF )pH (9)

FAD + e- + H+ f FADH• (10)

FAD + e- f FAD•- (11)

FIGURE 5: Difference spectra for the reductive titration of a 1 mL
mixture of 30 µM MMOR-FAD and 11 µM phenosafranine by
dithionite at pH 7.0 and 25°C. Spectra 1-7 correspond to the
addition of 20, 30, 40, 50, 70, 90, and 110µL of ∼2 mM dithionite,
respectively. Fits (- - -) are superimposed on the difference spectra.

FADH• + e- + H+ f FADH2 (12)

FADH• + e- f FADH- (13)

FAD•- + e- + H+ f FADH- (14)
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low, middle, and high pH, respectively, with transitions
corresponding to pKa values of 6.0 andg9 (Figure 6C).

Because the precise FADsq pKa value is unknown, this
procedure was repeated for 13 pKa values between 9.0 and
11.4. Subtracting the∆E correction curves from the MMOR-
FAD ∆E° versus pH data yielded titration curves that reflect
a process with a pKa of 6.8 ( 0.1 and a redox potential
change of 119( 4 mV (Figure 6D).

Measurement of the MMOR-FADox-NAD+ Binding Con-
stant.The binding affinity of NAD+ for MMOR-FADox was
determined by isothermal titration calorimetry. Figure 7A
shows the power required to compensate for the exothermic
binding reaction after each addition of titrant to the sample
cell. By integrating these heat pulses with respect to time,
we calculated the incremental heat change for each injection.
A plot of these data as a function of the NAD+/MMOR-
FAD molar ratio is presented in Figure 7B. Fitting with the
one-site model resident in the Origin software yielded the
following thermodynamic parameters for the FADox-NAD+

binding reaction:Kd ) 43( 2 µM, N ) 1.00( 0.05 binding
sites per FADox molecule;∆G ) -5.5 kcal/mol;∆H ) -7.7
( 0.4 kcal/mol; andT∆S) -2.2 kcal/mol [Figure 7B (s)].

Kinetics of MMOR-FAD Reduction with NADH.Reduction
of the MMOR-FAD domain with NADH was studied by
diode array stopped-flow UV-visible spectroscopy. A typical
data set collected for this reaction at pH 7.0 and 4°C is
shown in Figure 8A. Spectra corresponding to four inter-
mediates were resolved with Specfit software by using a
sequential four-component model with a fixed FADox

spectrum as the initial species (Figure 8B). When NADH
binds to the MMOR-FAD domain, species CT1, which is

FIGURE 6: pH dependence of the relative redox potentials of
MMOR-FAD. (A) MMOR-FAD reductive titration data obtained
at pH 8.5 with fits (s) determined by using eqs 5-8: FADox (0),
FADsq (4), and FADhq (O). (B) Variation of the difference between
the two MMOR-FAD redox potentials with pH. (C) Theoretical
curves reflecting the pH dependence of FADox/sq (‚‚‚), FADsq/hq
(- - -), and∆E [FADox/sq - FADsq/hq (s)] due to the inclusion of
protons in some of the redox equilibria (Scheme 1). FADhq and
FADsq pKa values of 6.0 and 9.6, respectively, are shown. (D) pH
dependence of∆E° values after subtraction of redox equilibria-
related effects (C). The solid line represents a fit to eq 3.

FIGURE 7: Determination of the MMOR-FADox-NAD+ binding
constant by isothermal titration calorimetry. (A) Data recorded for
the formation of the complex between FADox (43 µM in the
calorimeter cell) and NAD+ (1.89 mM in a 250µL injection
syringe) at 4.2°C. Each heat pulse corresponds to a 10µL injection
into the 1.430 mL sample cell. (B) Integrated enthalpy data (O) fit
with a one-site binding model (s).
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characterized by a charge transfer interaction between the
NADH nicotinamide ring and flavin isoalloxazine group (λmax

≈ 570 nm), is formed. Hydride transfer from NADH to the
oxidized FAD produces intermediate CT2, which exhibits a
lower-energy charge transfer band (λmax > 700 nm) between
the NAD+ and reduced flavin (FADhq) groups. The CT2
species decays as NAD+ is released from the fully reduced
MMOR-FAD protein. The NADH reaction with the FAD
domain is summarized in Scheme 2.

Single-wavelength stopped-flow data collected at 458, 625,
and 725 nm were fit with sums of two or three exponential
decays (Figure 8C). CT1 formation is observed as an increase
in A625 at <7 ms; CT2 formation produces an increase in
A725 at <10 ms. Decreases in bothA625 andA725 at >10 ms
correspond to CT2 decay to FADhq. All three transitions are
reflected as decreases inA458. Rate constants of 350( 20
(vide infra), 188( 7, and 89( 4 s-1 were determined for
CT1 formation, CT1 decay/CT2 formation, and CT2 decay,
respectively, at pH 7.0 and 4°C.

To investigate NADH binding to MMOR-FAD, single-
wavelength stopped-flow experiments were performed with
varying concentrations of NADH. The rate of CT1 formation
increases hyperbolically with NADH concentration (Figure
9), which indicates that a spectroscopically silent intermedi-
ate, denoted MC1 for Michaelis complex 1, must precede
CT1, the first observed intermediate. By fitting these data
with a hyperbolic expression, aKd value of 25( 4 µM was
calculated for the FAD domain-NADH binding interaction
at 4°C. Under saturating NADH conditions, the rate constant
for CT1 formation,k1, approaches 350 s-1. In addition, at
low NADH concentrations, the rate of CT2 formation
converges with the slower CT1 formation rate (data not
shown), further substantiating the kinetic model.

Effect of pH on the Reaction of MMOR-FAD with NADH.
Reduction of MMOR-FAD with NADH was also investi-
gated at nine pH values in the range of 5.5-8.5. Reaction
rates were determined from single-wavelength stopped-flow
data collected at each pH value; these results are displayed
in Figure 10A. CT1 formation (k1) and CT2 formation (k2)
are somewhat faster at low pH; in addition,k1, and possibly
k2, may increase slightly at high pH. The variation ofk1 with
respect to pH reflects either two processes having pKa values
of 6.61( 0.07 and 7.09( 0.08 [Figure 10A (s)] or a single
process with a pKa of 6.2 ( 0.1 (fit not shown). The
minimumk1 value, 230 s-1, occurs near pH 7.0. At low and
high pH,k1 approaches 372 and 274 s-1, respectively. The
k2 data can also be fit fairly well with these pKa values. The
rate of CT2 decay,k3, is unchanged throughout this pH range.

Diode array stopped-flow experiments were performed for
this reaction at five pH values between 5.5 and 8.5. Spectra
corresponding to the FADox, CT1, CT2, and FADhq inter-
mediates were resolved with Specfit software by using a
sequential four-component model with a fixed FADox

FIGURE 8: Kinetics of MMOR-FAD reduction with NADH. (A)
Spectra recorded at∼3 ms intervals by diode array stopped-flow
spectroscopy in the first 67 ms after mixing 25µM FADox with
250 µM NADH at 4 °C and pH 7.0. (B) Spectra of intermediates
resolved by global analysis of the diode array kinetic data: FADox
(0), CT1 (4), CT2 (O), and FADhq (]). (C) Time-dependent
absorbance changes at 625 (bottom trace) and 725 nm for this
reaction. For clarity, the 725 nm trace was offset by 0.02 absorbance
unit. Dashed lines represent fits to the data.

FIGURE 9: Dependence of the CT1 formation rate constant,k1, on
NADH concentration for the reduction of MMOR-FAD with NADH
at 4°C and pH 7.0. The solid line represents a hyperbolic fit to the
data.
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spectrum (initial species) determined at the appropriate pH.
CT1 spectra are essentially unchanged over this pH range;
FADhq spectra vary as determined above (Figure 4A,C). The
CT2 intermediate spectrum, however, is significantly altered
as a function of pH, as shown in Figure 10B. Large increases
in CT2 absorbance between 400 and 500 nm accompany pH
decreases. Reducing the pH also converts the CT2 charge
transfer band from one characteristic of a FADH-NAD+

complex (λmax > 700 nm) to one very similar to the FAD-
NADH charge transfer band (λmax ≈ 570 nm) of CT1. In
fact, the CT1 and CT2 intermediates determined for data
sets collected at pH 5.47 have nearly identical charge transfer
bands; therefore, these data can be fit equally well with a
sequential three-component model. The changes in CT2ε470

andε700 values with pH reflect a pKa of 6.0 ( 0.1 (Figure
10C).

Interdomain Electron Transfer Reactions.Reduction of
full-length MMOR with NADH proceeds in exactly the same
manner described for MMOR-FAD, except that NAD+

release (CT2 decay) is accompanied by electron transfer from
the FADhq cofactor to the [2Fe-2S]2+ cluster, yielding the
FADsq and [2Fe-2S]+ oxidation states (11, 14, 16, 28).
Therefore, electron transfer between the MMOR domains
was investigated to determine the effects of separating the
domains. Electron transfer from MMOR-FADhq to Fdox at
25 °C can be fit as a second-order reaction (A+ B f C)
with an observed rate constantk of 1500 ( 100 M-1 s-1

(Figure 11A). Within a reasonable range of Fdox concentra-
tions (12.5-50 µM), the second-order rate constant for
electron transfer from 12.5µM MMOR-FADhq is unchanged.
A pseudo-first-order rate constant could not be determined
for this reaction due to the high concentration of MMOR-
Fd, estimated to be greater than 0.2 M, required to saturate
the MMOR-FAD binding site. To examine the possibility
that interdomain electron transfer is slow because MMOR-
FAD-MMOR-Fd binding is slow, the domains were pre-
complexed and allowed to react with NADH in a stopped-
flow experiment. Although the CT1 and CT2 formation and
decay rate constants are unchanged, electron transfer to the
Fd domain is still extremely slow, even at increased
temperatures. For the comproportionation reaction of MMOR-
FADox and MMOR-FADhq to form MMOR-FADsq at 4 °C,
there is a single observed step, which was fit with a second-
order model (Figure 11B). The observed rate constant for
electron transfer (k ) 100 ( 15 M-1 s-1) describes a slow
reaction that should not interfere with the NADH reaction
kinetics reported above for MMOR-FAD.

DISCUSSION

Recombinant MMOR Domains.High-yield recombinant
expression systems were developed for both the ferredoxin
and FAD/NADH domains of MMOR. The NMR solution
structure of the MMOR-Fd domain shows that this protein

adopts a compact three-dimensional fold similar to that of
other plant-type ferredoxins (29). Preliminary NMR studies
of the MMOR-FAD protein demonstrate that it too forms a
well-defined structure in solution.2 In nearly every respect

2 J. Müller, G. Wagner, and S. J. Lippard, unpublished results.

Scheme 2

FIGURE 10: Influence of pH on the reaction of MMOR-FAD with
NADH at 4 °C. (A) Variation ofk1 (CT1 formation) with pH. The
solid line is a fit of the type defined in eqs 2 and 3. (B) CT2 spectra
determined at pH 7.77 (0), 7.00 (4), 6.29 (O), and 5.47 (]). (C)
CT2 extinction coefficients at 470 (b) and 700 nm (0) with respect
to pH. Solid lines are fits to eqs 2 and 3.
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that has been examined, MMOR-Fd and MMOR-FAD are
extremely good models for these domains in the full-length
reductase. As judged by optical and EPR spectroscopy, the
domain cofactors are in protein environments nearly identical
to those of MMOR. By separation of the MMOR domains,
the complexity of the full-length protein is reduced without
compromising the integrity of most biochemical properties.
For some experiments, the domains afford more straightfor-
ward data interpretation when compared to the corresponding
MMOR study; for others, the MMOR domains provide data
that could not have been obtained with the full-length
reductase.

For example, the domains have been instrumental in
structurally characterizing MMOR. The solution structure of
the 10.9 kDa Fd domain was completed recently (29), a feat
that would have been far more challenging for the 38.5 kDa
MMOR. Determination of high-quality Fdox, Fdred, FADox,
FADsq, and FADhq component spectra required separation
of the [2Fe-2S] and flavin cofactors; these component spectra
were essential for accurate determinations of the MMOR
redox potentials (16). Furthermore, pH-associated optical
changes observed for MMOR could not be assigned to
individual chromophores without examining MMOR-Fd and
MMOR-FAD separately.

Redox Potentials of MMOR-Fd and MMOR-FAD.The
redox potentials measured for MMOR-Fd and MMOR-FAD
match closely those reported previously for full-length

MMOR (Table 1) (13, 16). Therefore, it appears that the
ferredoxin domain of MMOR exerts no effect on the FAD
midpoint potentials (or vice versa). Because data fitting for
the MMOR domains required fewer independent parameters
(two or three) than that for MMOR (four or five), the domain
potentials are more precise, as reflected by the significantly
smaller standard deviations. The FADox/sq potential for
MMOR-FAD (-172 ( 2 mV) agrees better with the value
reported recently for MMOR [-176( 7 mV (16)] than with
a previous determination [-150 ( 20 mV (13)], although
all three potentials are within experimental error of each
other. The method employed for the MMOR domain and
recent MMOR (16) redox potential studies has several
advantages, including the avoidance of dyes that bind to the
investigated proteins, simultaneous data fitting over the entire
visible region, the production of multiple potential measure-
ments for each experiment, and collection of all data at a
single regulated temperature. For these reasons, the lower
FADox/sq midpoint potential determined with this method is
probably more accurate.

Addition of MMOH or MMOB does not affect the
MMOR-Fd midpoint potential within experimental error. A
lag phase preceding Fd reduction was observed in titra-
tions that included MMOH, presumably due to electron
transfer to the MMOH diiron sites mediated by the Fd
domain. As found for the full-length reductase (26), the
lag phase appeared to be shorter when MMOB was also
included in the titration. If it is assumed that there is no
kinetic block to full electron equilibration, this result reflects
a shift in the MMOH midpoint potential, a thermodynamic
property. Therefore, the MMOH redox potential in the
MMOH-MMOB-MMOR-Fd complex appears to be lower
than that in the MMOH-MMOR-Fd complex, a difference
that agrees with measurements of theMethylosinus tricho-
sporium OB3b MMOH potentials in MMOH-MMOB-
MMOR and MMOH-MMOR complexes (30).

Reaction of MMOR-FAD with NADH.The following
kinetic model, which accounts for the results of stopped-
flow optical experiments, is proposed for the reduction of
the FAD domain with NADH at pH 7.0 and 4°C (Scheme
2). The chemistry for this reaction corresponds directly with
the first steps of the MMOR-NADH reaction (11, 16). In
the first step, NADH binds rapidly to MMOR-FAD, forming
a Michaelis complex, MC1, with an optical spectrum
identical to that of MMOR-FADox. The Kd value for this
interaction is 25( 4 µM (Figure 9). Isothermal titration
calorimetry experiments yielded aKd of 43 ( 2 µM for
NAD+ binding to FADox (Figure 7). MMOR binds NADH
significantly more tightly with a measuredKd value of 3.8
µM (16). This result suggests that the NADH binding site
of MMOR-FAD differs from that of full-length MMOR.
Possibilities for this reduced NADH-FADox binding affinity
include structural or hydrogen bonding perturbations near
the NADH binding site.

A conformational change, which occurs with an observed
rate constant of 350 s-1 at pH 7.0, gives rise to the FAD-
NADH charge transfer interaction of intermediate CT1.
Because of the relatively weak FADox-NADH binding (Kd

) 25µM), a 30-fold excess of NADH is required to approach
the 350 s-1 limit for CT1 formation. Since many experiments
were performed with only a 10-fold excess of NADH, the
observed rate constant for this step was typically 290( 20

FIGURE 11: Electron transfer from MMOR-FADhq to Fdox or
MMOR-FADox. (A) Diode array spectra collected during the first
380 s after mixing 30µM MMOR-FADhq and 30µM Fdox at 25
°C and pH 7.0. (B) Diode array spectra collected during the first
380 s after mixing 30µM MMOR-FADhq and 30µM MMOR-
FADox at 4 °C and pH 7.0. Second-order rate constants were
determined by fitting the data with second-order kinetic models in
Specfit.
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s-1 (Figure 8). In the MMOR-NADH reaction, CT1
formation proceeds at the same rate (k ) 350 s-1 at 4 °C)
with saturating NADH (16).

Hydride transfer from NADH to FAD produces the CT2
intermediate with a rate constant of 188 s-1. This species is
characterized by a FADH-NAD+ charge transfer band that
is more intense and lower in energy than the FAD-NADH
charge transfer band of CT1. Release of NAD+, yielding the
hydroquinone form of MMOR-FAD, occurs with a rate
constant of 89 s-1. The rate constants for the corresponding
steps of the MMOR-NADH reaction, 190 and 90 s-1,
respectively, are nearly identical (16). It appears that, once
NADH binds to MMOR-FAD, the electron transfer steps
proceed exactly as reported for MMOR. In full-length
MMOR, CT2 decay is accompanied by electron transfer from
the reduced flavin cofactor to the [2Fe-2S] cluster, generating
a species, SQ, comprising mainly FADsq and Fdred (11, 16).
Electron transfer between the two MMOR cofactors occurs
with a rate constant of 130 s-1, as measured in a pH jump
experiment (16). On the basis of this result, it was proposed
that the slower electron transfer rate constant (90 s-1)
observed in the MMOR-NADH reaction is limited by the
rate of NAD+ release. The CT2 decay rate constant reported
here for the isolated NAD+ release step in MMOR-FAD (89
s-1) supports this theory.

Influence of pH on MMOR-FAD Spectral, Redox, and
Kinetic Properties.The UV-visible spectra of FADox,
FADsq, and FADhq species all exhibit pH-dependent changes,
as depicted in Figure 4, with pKa values of 6.55( 0.05,
>9, and 7.1( 0.2, respectively. As observed by extinction
coefficient increases around 300 nm and decreases above
500 nm at high pH, the FADsq optical transition represents
deprotonation of the blue neutral semiquinone to form a red
species characteristic of anionic flavin semiquinone (Scheme
1). The macroscopic pKa values observed for the FADox and
FADhq chromophores are most likely associated with pro-
tonatable groups near or hydrogen bonded to the flavin
isoalloxazine moiety rather than direct protonation of the
flavin itself. Protonation of protein-bound flavins in the
hydroquinone oxidation state typically occurs with a pKa of
<6 (31), so the pKa of 7.1 noted for the FADhq optical
spectrum probably corresponds to a different protonation
event.

Equilibrium reductive titrations of MMOR-FAD at varying
pH values show that∆E° (FADox/sq- FADsq/hq) is maximized
near pH 7.0 (Figure 6B). Above or below this pH, the
difference in potentials is diminished. Via correction for the
flavin redox equilibria-linked∆E contributions, a protein-
dependent pKa of 6.8( 0.1 for the MMOR-FAD∆E° values
is revealed (Figure 6D). This pKa value may reflect the
combined effects of the two protein-associated pKa values
(6.6 and 7.1) determined for the MMOR-FAD optical spectra
and CT1 formation rate constant (vide infra). Because the
measured∆E° values reflect the difference between FADox/sq

and FADsq/hq, either or both potentials may be affected by
protonation of the protein environment. The corresponding
MMOR ∆E° values exhibit a similar trend, with reported
pKa values of 6.6( 0.5 and 7.6( 0.9 (16). Analyzing the
MMOR ∆E° versus pH data (Figure 8 in ref16) in the same
manner described here for MMOR-FAD yields a single pKa

of 6.5 ( 0.2 for ∆E° variation.3

Kinetic studies of the MMOR-FAD reduction with NADH
at varying pH values revealed several interesting pH-
dependent features of this reaction. The CT1 formation rate
constant,k1 in Scheme 2, increases at low pH and possibly
also at high pH. In addition, the CT1 decay/CT2 formation
rate constant exhibits a similar, but less pronounced, variation
with pH. Thek1 data could be fit as either one (pKa ) 6.2(
0.1) or two (pKa ) 6.61 ( 0.07 and 7.09( 0.08)
pH-dependent processes (Figure 10A). Compared to the
single-pKa model, the two-pKa model generates a better fit
to thek1 versus pH data and is therefore favored. Moreover,
the pKa values calculated for this fit exactly match those
determined for pH-dependent changes in the FADox (pKa )
6.55( 0.05) and FADhq (pKa ) 7.1 ( 0.2) optical spectra.
Formation of the CT1 intermediate is presumed to represent
a conformational change that orients the pyridine nucleotide
and flavin isoalloxazine groups for efficient electron transfer,
as indicated by the appearance of a FAD-NADH charge
transfer band. Such a conformational reorganization step
could easily be influenced by protonatable amino acid side
chains hydrogen bonded to or in the vicinity of the prosthetic
groups. The nature of these processes may be clarified when
the structure of MMOR-FAD is available. At pH<6, thek1

value for the MMOR-FAD reaction with NADH reaches the
value reported for this step (350 s-1) in the corresponding
MMOR reaction (16). The amino acid side chain responsible
for thek1 variation in MMOR-FAD may be protected from
deprotonation or have an altered pKa in MMOR. Alterna-
tively, a more extensive hydrogen bonding network in
MMOR, including contacts between the Fd and FAD
domains, may make this residue less relevant for orienting
the cofactors in MMOR. The weaker binding of NADH to
MMOR-FAD (25 µM) compared to the binding of MMOR
(3.8µM) may also arise from a slightly perturbed hydrogen
bonding network in the NADH binding cavity, possibly due
to the same side chain that affects the CT1 formation rate
constant. In fact, the variation ink1 with pH may simply
reflect differences in NADH binding affinity such that the
NADH binding site is saturated only at low pH.

Spectra corresponding to the kinetic intermediates ob-
served in the MMOR-FAD reaction with NADH were
resolved by global analysis of diode array stopped-flow data.
Over the pH range of 5.5-8.5, the CT1 spectrum is
unchanged; the CT2 intermediate, however, undergoes
significant optical changes that reflect a pKa of 6.0 ( 0.1
(Figure 10B,C). At pH 5.5, the CT2 optical spectrum closely
resembles the CT1 intermediate, particularly atλ > 530 nm.
The charge transfer bands for these two species are es-
sentially indistinguishable. This phenomenon arises from
protonation at flavin position N1 of anionic FADhq (FADH-)
to form FADH2 (Scheme 1). The charge transfer interaction
between neutral FADH2 and NAD+ is significantly weaker
than that between FADH- and NAD+ but quite similar to
the FAD-NADH charge transfer interaction of CT1. The
measured FADhq pKa for MMOR-FAD is within the range
of values determined by NMR for N1 protonation in other
flavoproteins (31). A similar pKa of 6.2( 0.1 was attributed
to protonation of the flavin N1 site in MMOR (16).

The pKa values of∼6.5 and 6.8 noted for the FADox

optical spectrum and∆E° values, respectively, may cor-

3 J. L. Blazyk, D. A. Kopp, and S. J. Lippard, unpublished results.
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respond to one or more carboxylate groups near the N1 and/
or N3 position(s) of the flavin isoalloxazine ring system.
Similar pKa values have been attributed to carboxylate
moieties near the flavin cofactors of other flavoproteins (32,
33). Deprotonation of the carboxylate(s) would destabilize
the anionic FADhq, thereby decreasing the FADsq/hqpotential
and increasing∆E° at high pH, as observed for MMOR-
FAD. In flavodoxin, neutralization of individual acidic
residues via amide substitution does not eliminate the redox-
linked pKa observed for the flavin semiquinone/hydroquinone
redox potential (34, 35). Increasing numbers of acid-to-amide
flavodoxin mutations, however, increase this potential in an
additive manner, with average contributions of∼15 mV per
substitution (36). Moreover, the pH dependence of the
semiquinone/hydroquinone potential decreases progressively
with the number of charge neutralizations (34). Thus, for
flavodoxin, modulation of this redox potential appears to be
controlled by the collective effect of multiple acidic residues
surrounding the flavin cofactor (34, 35). The pKa values
determined for MMOR-FAD may also be macroscopic
quantities that reflect multiple protonation events with similar
microscopic pKa values.

The MMOR-FADhq pKa of 6.0 is higher than that observed
in many flavoproteins, most of which exhibit a pKa of <5
for the hydroquinone oxidation state (31). Placement of a
negative electrostatic field near the flavin cofactor could
contribute to this phenomenon by destabilizing the anionic
hydroquinone species (Scheme 1). In addition, removing a
negative charge from this position in the flavodoxin E60Q
mutant produces an optical change for the oxidized protein
(33) very similar to that observed for FADox at low pH, where
the putative charge(s) would be neutralized by protonation.
The pKa of 7.1 observed for the FADhq optical spectrum
might even correspond to the same carboxylate group(s); the
presence of a negative charge on the flavin would be
expected to increase the pKa of nearby carboxylate groups,
as suggested for flavodoxin (32).

By comparison of the preliminary MMOR-FAD NMR
structure2 and the structures of homologous proteins, includ-
ing PDR (19), Alcaligenes eutrophusflavohemoglobin (37),
and AzotobacterVinelandii NADPH:ferredoxin reductase
(38), candidates for the negatively charged MMOR-FAD
residue(s) were identified as Asp52, Glu85, and Asp90. In
the other flavoproteins, these nonconserved residues are in
or near homologous sequences having atomse7 Å from the
isoalloxazine N1, N3, or N5 position. Addition or removal
of other charges near the flavin cofactor, or a conformational
change that alters hydrogen bonding or solvent accessibility
to the isoalloxazine ring system, may also contribute to the
pH dependence observed for the MMOR-FAD optical spectra
and redox potentials (33, 39-42). More definitive assignment
of the pKa effects to specific protein residues awaits
completion of the MMOR-FAD structure.

Interdomain Electron Transfer.Electron transfer from
MMOR-FADhq to either Fdox or MMOR-FADox occurs on a
very slow time scale (k ) 1500 M-1 s-1 at 25°C and 100
M-1 s-1 at 4 °C, respectively). It is particularly interesting
to compare the interdomain electron transfer rates for the
separated domains with the corresponding step in MMOR
reduction with NADH (k ) 90 s-1 at 4°C) (16). Presumably,
the [2Fe-2S] and flavin cofactors in MMOR are positioned
in an orientation amenable to electron transfer with minimal

structural reorganization. The large effective rate decrease
(at 25 °C) for the noncovalently linked domains suggests
that cofactor proximity is extremely important for efficient
electron transfer in MMOR.

In FNR (Figure 1), a flavoprotein electron transferase
protein with a dissociable one-electron carrier, ferredoxin,
transient noncovalent complexes between the flavin and [2Fe-
2S] proteins afford relatively fast electron transfer [k ≈
1500-7000 s-1 (19)] between cofactors. The X-ray structure
of a complex between maize leaf ferredoxin and FNR reveals
an intermolecular interface comprising mainly electrostatic
interactions in the form of salt bridges and a hydrophobic
region between the cofactors (43). Precomplexing MMOR-
Fd and MMOR-FAD before reduction with NADH did not
significantly increase the observed interdomain electron
transfer rates. This result implies that, unlike the ferredoxin-
FNR system, the separated MMOR domains do not form a
specific complex or that the complex that forms is unsuitable
for efficient electron transfer. For full-length MMOR, in
which the Fd and FAD domains are covalently tethered, high-
affinity interdomain interactions are apparently unnecessary.
Therefore, it appears that proximity rather than affinity
facilitates interdomain electron transfer in MMOR.

Conclusions.This work demonstrates that the modular
structure of MMOR can be exploited to simplify and extend
characterization of a complex protein. Except for interdomain
electron transfer, the separated MMOR-Fd and MMOR-FAD
proteins retain biochemical properties essentially identical
to those of the corresponding domains in MMOR. In
simplifying a complicated system, these domains have
already proved to be valuable for characterizing the structure
and intramolecular electron transfer properties of the full-
length reductase (16, 29). Via examination of electron
transfer to MMOH from both MMOR and MMOR-Fd,
elucidation of the carefully orchestrated intermolecular
electron transfer steps in the sMMO catalytic cycle will be
possible.
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