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ABSTRACT: Iron-sulfur ([Fe-S]) clusters are common in electron transfer proteins, and their midpoint
potentials (Em values) play a major role in defining the rate at which electrons are shuttled. TheEm values
of [Fe-S] clusters are largely dependent on the protein environment as well as solvent accessibility. The
electron transfer subunit (DmsB) ofEscherichia colidimethylsulfoxide reductase contains four [4Fe-4S]
clusters (FS1-FS4) withEm values between-50 and-330 mV. We have constructed anin silico model
of DmsB and addressed the roles of a group of residues surrounding FS4 in electron transfer, menaquinol
(MQH2) binding, and protein control of itsEm. Residues Pro80, Ser81, Cys102, and Tyr104 of DmsB are
located at the DmsB-DmsC interface and are critical for the binding of the MQH2 inhibitor analogue
2-n-heptyl-4-hydroxyquinolineN-oxide (HOQNO) and the transfer of electrons from MQH2 to FS4. Because
the EPR spectrum of FS4 is complicated by spectral overlap and spin-spin interactions with the other
[4Fe-4S] clusters of DmsB, we evaluated mutant effects on FS4 in double mutants (with a DmsB-C102S
mutation) in which FS4 is assembled as a [3Fe-4S] cluster (FS4[3Fe-4S]). The DmsB-C102S/Y104D and
DmsB-C102S/Y104E mutants dramatically lower theEm of FS4[3Fe-4S] from 275 to 150 mV and from
275 to 145 mV, respectively. Mutations of positively charged residues around FS4[3Fe-4S] lower its Em,
but mutations of negatively charged residues have negligible effects. TheEm of FS4[3Fe-4S] in the DmsB-
C102S mutant is insensitive to HOQNO as well as to changes in pH from 5 to 7. The FS4[3Fe-4S] Em of
the DmsB-C102S/Y104D mutant increases in the presence of HOQNO and decreasing pH. Analyses of
the mutants suggest that the maximum achievableEm for FS4[3Fe-4S] of DmsB is approximately 275 mV.

The bacteriumEscherichia colican grow anaerobically
on dimethyl sulfoxide (Me2SO)1 as a terminal electron
acceptor by expressing a respiratory chain that begins with
a suitable dehydrogenase, terminates with a menaquinol:
Me2SO oxidoreductase (DmsABC), and uses menaquinol
(MQH2) to shuttle electrons between both enzymes (1, 2).
The dmsABCoperon has been cloned and sequenced (3),
and the enzyme can be expressed and assembled to high
levels in the cytoplasmic membrane (4). DmsABC has broad

substrate specificity with respect to a variety ofS- and
N-oxides, including Me2SO and trimethylamineN-oxide
(Me3NO) (5).

DmsABC is a heterotrimeric molybdoenzyme that com-
prises two membrane extrinsic subunits (DmsA and DmsB)
that are anchored to the cytoplasmic membrane by the
integral membrane subunit (DmsC) (6). DmsA and DmsB
comprise a catalytic dimer that is targeted to the cytoplasmic
membrane by the Sec-independent Mtt/Tat translocon (7).
DmsA (85.8 kDa) is the catalytic subunit which contains a
molybdo-bis(molybdopterin guanine dinucleotide) cofactor
(Mo-bisMGD) at its active site, where Me2SO is reduced to
dimethyl sulfide (8). DmsB (22.7 kDa) is the electron transfer
subunit which contains four [4Fe-4S] clusters, FS1-FS4 (9).
DmsC (30.8 kDa) comprises eight transmembrane helices
(10), and is essential for MQH2 binding and oxidation (11-
13).

DmsABC is an archetype of an important family of
bacterial [Fe-S]-molybdoenzymes that includes theE. coli
formate dehydrogenases (FdnGHI and FdoGHI) (14-16),
theE. coli membrane-bound nitrate reductases (NarGHI and
NarZYV) (17-19), Salmonella typhimuriumthiosulfate
reductase (PhsABC) (20), andWolinella succinogenespoly-
sulfide reductase (PsrABC) (21, 22). Each member of this
family has a catalytic subunit containing a molybdenum
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cofactor in the form of Mo-bisMGD and a [4Fe-4S] cluster
(FS0) (14, 17), an electron transfer subunit containing four
[Fe-S] clusters (four-cluster protein, FCP), and a hydrophobic
membrane anchor subunit. The various prosthetic groups of
these enzymes catalyze overall reactions that transfer two
electrons through the FCP to or from a quinol-binding site
(Q-site) that is associated with the membrane anchor domain
(18).

DmsB is highly homologous with FdnH and NarH, both
of which are FCP subunits of membrane-bound hetero-
trimeric redox enzymes that recently have had their X-ray
crystallographic structures elucidated to high resolution (14,
17). The four [Fe-S] clusters of these subunits are arranged
in an almost linear fashion that facilitates electron shuttling
between the active site and the Q-site, and are called FS1
(closest to the catalytic subunit), FS2, FS3, and FS4 (closest
to the Q-site). The four [4Fe-4S] clusters in DmsB have
midpoint potentials (Em values) of-50 (FS4),-120 (FS3),
-330 (FS2), and-240 mV (FS1) (9, 12). NarH contains
three [4Fe-4S] clusters and one [3Fe-4S] cluster, withEm

values of 180 (FS4, [3Fe-4S] cluster),-50 (FS3),-420
(FS2), and 130 mV (FS1) (19, 23, 24). Thus, the profiles of
theEm values are quite similar for DmsB and NarH (Figure
1). TheEm values for the [4Fe-4S] clusters of FdnH have
yet to be determined.

In addition to DmsABC and NarGHI, a number ofE. coli
respiratory chain enzymes containing [Fe-S] clusters have
been examined in detail by redox potentiometry, including
MQH2:fumarate oxidoreductase (FrdABCD) (25, 26) and
succinate:UQ oxidoreductase (SdhCDAB) (27). Two aspects
of the redox potentiometry of [Fe-S] clusters are under
intense study: (i) the role of theEm value in defining the
rates of electron transfer through a string of clusters (28-
30) and (ii) the role of the coordination environment in
defining theEm value (31, 32). A number of factors have
been proposed to control [Fe-S] clusterEm, including (i) the
local hydrogen bonding network, (ii) the local electrostatic

field, (iii) solvent accessibility, and (iv) backbone amides
(31-37). DmsABC is a model enzyme in which we can
evaluate factors that may modulate [Fe-S] clusterEm values
and intercenter electron transfer rates.

One fundamental difference between FdnGHI/NarGHI and
DmsABC is the presence ofb-type hemes in the trans-
membrane subunits of the former enzymes and the absence
of heme in the latter enzyme. Thus, in DmsABC, there is a
direct transfer of electrons from MQH2 to FS4 (4) in a
manner similar to the transfer of electrons from the Qp site
to the [3Fe-4S] cluster of FrdABCD (38-40). In the structure
of FdnH, the side chain of a conserved Tyr residue is pointing
toward the FdnI subunit and interacts with the proximal
heme. Since DmsABC does not contain heme, we hypoth-
esize that the equivalent residue in DmsB (Tyr104) may play
an important role in MQH2 binding and oxidation, and may
be critical in directing electrons from MQH2 to FS4. A related
question arises regarding the role of heme(s) in the family
of FrdABCD/SdhCDAB enzymes in different organisms,
wherein zero, one, or two hemes may be present in the
membrane anchor domain (40, 41).

In this study, we have investigated the role of the protein
environment in influencing the redox properties of the FS4
cluster of DmsB by using a combination of site-directed
mutagenesis, redox potentiometry, and EPR spectroscopy.
To eliminate spectral complications arising from spin-spin
interactions between multiple reduced [4Fe-4S] clusters of
DmsB, we have evaluated the effects of point mutations in
a DmsB-C102S mutant that contains a high-potential [3Fe-
4S] FS4 cluster (FS4[3Fe-4S]) that is magnetically isolated in
its oxidized form. We have also evaluated the effects of the
mutants on MQH2 binding and on the kinetics of the enzyme
containing the native [4Fe-4S] cluster form of FS4 (FS4[4Fe-4S]).
These studies will aid in improving our understanding of
the factors controlling theEm of [Fe-S] clusters and their
effects on the electron transfer rate.

EXPERIMENTAL PROCEDURES

Homology Modeling.Sequence identity searches were
conducted with BLAST (42). Threading calculations were
performed with MODELLER version 6.0a (43) using theE.
coli FdnH structure as the template (PDB entry 1KQF). The
quality of the DmsB model was validated with PROCHECK
(44). The model that was generated represents 84.6% of the
residues in most favorable regions, 13.3% in additional
allowed regions, and 2.1% in generously allowed regions.

Bacterial Strains and Plasmids.The E. coli strains used
in this study include HB101 [supE44hsdS20 (rB-mB-) recA13
ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 (lab collec-
tion)], TG1 [supE hsd∆5 thi ∆(lac-proAB) F′[traD36proAB+

lacIq lacZ∆M15] (Amersham Biosciences)], DSS301 [TG1,
∆dmsABC(lab collection) (11)], and TOPP2 [rif r [F′, proAB,
lacIqZ∆M15, Tn10,(tetr)] (Stratagene)]. The plasmids used
for cloning and expression include pBR322 [TetRAmpR

(Pharmacia)], pTZ18R [AmpRlacZ′ (Pharmacia)], pDms160
[dmsABCcloned into the EcoRI-SalI fragment of pBR322
(lab collection) (4)], pDms170 [pDms160 derivative (lab
collection) (45)], pBTZ [EcoRI-SacI fragment of pDms160
cloned into pTZ18R (this study)], and pBTZ1021 [EcoRI-
SacI fragment of pDms160-DmsB-C102S (4) cloned into
pTZ18R (this study)].

FIGURE 1: Electron transfer through DmsB ([) and NarH (b). The
Em values of each [Fe-S] cluster in both electron transfer subunits
are shown. FS4 of the DmsB-C102S mutant (4) and FS4 of the
DmsB-C102S/Y104D/H106F mutant (0) are also shown. Both the
DmsB-C102S mutant and the DmsB-C102S/Y104D/H106F mutant
are nonfunctional. Note that theEm,7 for the FS4-FS2 pair is-600
mV in NarH,-280 mV in DmsB,-460 mV in the DmsB-C102S/
Y104D/H106F mutant, and-605 mV in the DmsB-C102S mutant.
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Cloning. Mutagenic oligonucleotides were designed with
the addition and/or deletion of restriction sites in the DNA
sequence to facilitate the screening process, and were
purchased from Sigma Canada. Mutants were generated using
the QuickChange site-directed mutagenesis kit from Strat-
agene, with the pBTZ and pBTZ1021 plasmids as templates
for the QuickChange reactions. DpnI was purchased from
Invitrogen, and DNA purification kits were purchased from
Qiagen. Mutants were verified by DNA sequencing (DNA
Core Facility, Department of Biochemistry, University of
Alberta) and cloned back into the pDms160 expression
vector. The mutant plasmids were then transformed into both
E. coli HB101 and DSS301 for biochemical studies. Prepara-
tion of competent cells and transformations of plasmids into
competent cells were carried out as described inMolecular
Cloning: A Laboratory Manual(46).

Growth of Bacteria.Variants of the pDms160 expression
plasmid containing the desired DmsB mutations were
transformed into DSS301 cells. The ability of the mutant
enzymes to support respiratory growth in Me2SO was
evaluated by growing the cells anaerobically at 37°C in
glycerol/Me2SO minimal medium and monitoring cell tur-
bidity using a Klett-Summerson spectrophotometer equipped
with a no. 66 filter as previously described (1). For the
preparation of membranes, HB101 cells were allowed to
grow anaerobically for 48 h in 19 L of glycerol/fumarate
medium, whereas DSS301 cells were grown for 24 h in 1 L
of glycerol/fumarate medium (4).

Preparation of Membranes.Membranes were prepared by
French pressure cell lysis and differential centrifugation as
previously described (9). Essentially, cells were pelleted,
washed, and resuspended in 50 mM MOPS/5 mM EDTA
buffer (pH 7). Cells were French pressed after addition of
dithiothreitol and phenylmethanesulfonyl fluoride (PMSF)
to final concentrations of 1 and 0.2 mM, respectively.
Membranes were washed and pelleted by centrifugation in
a Beckman 50.2Ti rotor at 150000g for 90 min, then
homogenized in 50 mM MOPS/5 mM EDTA buffer (or 100
mM MOPS/5 mM EDTA buffer for EPR samples), and flash-
frozen with liquid N2. Protein concentrations were determined
with a modified Lowry assay containing 1% (w/v) SDS (47).

Enzyme Assays.The benzyl viologen (BV+•)-dependent
reduction of trimethylamineN-oxide (Me3NO) has been
described previously (9). The extinction coefficient of BV+•

is 7.4 mmol-1 cm-1, measured at its absorbance maximum
of 570 nm. The lapachol (LPCH2)-dependent anaerobic
reduction of Me3NO has also been described previously (48).
The extinction coefficient for LPCH2 is 2.66 mmol-1 cm-1,
measured at a wavelength of 481 nm.

HOQNO Fluorescence Quench (FQ) Titrations.2-n-
Heptyl-4-hydroxyquinolineN-oxide (HOQNO) binding was
monitored by fluorescence according to the method of van
Ark and Berden (49). Aliquots (2µL) of 0.1 mM HOQNO
were added to the sample, and fluorescence was measured
at an excitation wavelength of 341 nm and an emission
wavelength of 479 nm. The experiment was carried out at
protein concentrations of 0.25, 0.50, and 0.75 mg/mL. The
concentration of HOQNO binding sites and the dissociation
constant of HOQNO were estimated by fitting the data as
described by Okun et al. (50) using the equation

with

The termsfbound and ffree refer to the fluorescence of bound
and free HOQNO, respectively (fbound is zero for HOQNO).
[I tot], [I bound], and [Ifree] are the concentrations of total, bound,
and free HOQNO, respectively. [Etot] is the total concentra-
tion of the enzyme (given as nanomoles of DmsABC per
milligram of total protein in Table 2), andns is the number
of inhibitor binding sites (for DmsABC,ns ) 1) (51).

EPR Spectroscopy.Membrane vesicles were prepared in
100 mM MOPS/5 mM EDTA (pH 7) buffer with a final
protein concentration of approximately 30 mg/mL. Mem-
branes were prepared in 100 mM MES/5 mM EDTA (pH
6) and 100 mM acetate/5 mM EDTA (pH 5) buffers for pH
studies. Redox titrations were carried out at 25°C under
argon in an anaerobic chamber as previously described (12,
24), and the following redox dyes were added to a final
concentration of 50µM: quinhydrone (Em,7 ) 286 mV), 2,6-
dichloroindophenol (Em,7 ) 217 mV), 1,2-naphthoquinone
(Em,7 ) 125 mV), toluylene blue (Em,7 ) 115 mV), phenazine
methosulfate (Em,7 ) 80 mV), thionine (Em,7 ) 60 mV),
duroquinone (Em,7 ) 7 mV), methylene blue (Em,7 ) -11
mV), resorufin (Em,7 ) -50 mV), indigo trisulfonate (Em,7

) -80 mV), indigo disulfonate (Em,7 ) -125 mV),
anthraquinone-2-sulfonic acid (Em,7 ) -225 mV), phenosa-
franine (Em,7 ) -255 mV), benzyl viologen (Em,7 ) -360
mV), and methyl viologen (Em,7 ) -440 mV). All samples
were prepared in 3 mm internal diameter quartz EPR tubes
and were rapidly frozen in liquid nitrogen-chilled ethanol
before being stored in liquid nitrogen. EPR spectra were
recorded using a Bruker Elexsys E500 EPR spectrometer
equipped with an Oxford Instruments ESR900 flowing
helium cryostat. Instrument conditions and temperatures were
described in the individual figure legends, and spectra were
corrected for tube calibration. EPR studies were only carried
out on enzymes which have both the desired mutation in
DmsB and the DmsB-C102S mutation so that a magnetically
isolated oxidized [3Fe-4S] signal can be observed.

RESULTS

Selection of Residues for Mutagenesis.BothE. coli FdnH
and DmsB contain four [Fe-S] clusters which are coordinated
by four ferredoxin-like Cys motifs (52). Alignment of DmsB
with FdnH reveals 37% sequence identity between the two
proteins. A significant difference between the two is that
FdnH has a transmembrane C-terminal tail (14) whereas
DmsB is predicted to be entirely membrane-extrinsic (11).
A ClustalW alignment of the local amino acids from FdnH
and DmsB immediately surrounding FS4 shows significant
sequence similarity and inferred structural similarity (Figure
2). To aid in the selection of targets for mutagenesis and
subsequent analysis, a structural model of DmsB was
generated with MODELLER version 6.0 (43) using the FdnH
1.6 Å resolution X-ray crystal structure as the template. The
amino acid residues in DmsB which were subjected to site-
directed mutagenesis studies are depicted in Figures 2 and
3. These were chosen on the basis of their proximity (<10
Å) to FS4 in the FdnH structure and in the DmsB model. A
variety of charged, apolar, and aromatic residues were
selected for site-directed mutagenesis studies. Figure 4 showsFobs) (fbound- ffree)[Q - (Q2 - ns[Etot][I tot])

1/2] + ffree[I tot]

Q ) 0.5([Itot] + Kd + ns[Etot]) and [Itot] ) [I bound] + [I free]
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an overlay of the DmsB model with the FdnH structure. The
DmsB model superimposes onto the FdnH structure with a
root-mean-square deviation (rmsd) of 0.636 Å for 151
common CR atoms.

Expression of DmsB Mutants.Mutants of DmsABC were
evaluated for their ability to support anaerobic growth in
glycerol/Me2SO minimal medium (Table 1).E. coli DSS301
cells (∆dmsABC) transformed with plasmids encoding the
DmsB-P80A, DmsB-D95A, DmsB-D97A, and DmsB-
Y104A mutants exhibit shorter doubling times (3.0-4.2 h)
than the wild-type enzyme (6.3 h), whereas cells transformed
with plasmids encoding the DmsB-H85F, DmsB-H85T,
DmsB-R103A, DmsB-H106A, and DmsB-H106E mutants
have longer doubling times (8.5-12.4 h). The increased and
decreased rates of growth of the aforementioned DmsB
mutants can be correlated with the amount of DmsABC
protein targeted to the membrane as determined by SDS-
PAGE and immunoblotting (data not shown), as well as with
the observed BV+•:Me2SO specific enzyme activities (Table
1). Enzyme expression levels also agree with the FQ data
on membranes prepared fromE. coli HB101 (see below,
Table 2); FQ titrations were not carried out for mutants
expressed in DSS301 because of the high level of expression
of fumarate reductase in this strain. Cells transformed with
plasmids encoding the DmsB-P80H, DmsB-P80D, DmsB-
S81G, DmsB-S81H, and DmsB-Y104D mutants are unable

to support anaerobic growth in glycerol/Me2SO medium.
DSS301 cells expressing the DmsB-Y104E mutant have a
much longer doubling time (∼20 h) than DSS301 cells
expressing the wild-type enzyme. For mutants that do not
support growth, mutant enzymes are still observed in
membrane preparations as detected by immunoblotting and
the presence of BV+•:Me3NO activities (data not shown).

Enzyme ActiVities of Wild-Type and Mutant DmsABC.
Membrane preparations fromE. coli DSS301 cells harboring
the mutant plasmids were tested for their ability to accept
electrons from either BV+• or LPCH2, and transfer them to
Me3NO (Table 1). The BV+•:Me3NO assay detects whether
DmsAB is assembled and is independent of a functional
Q-site within DmsC, whereas the LPCH2:Me3NO assay
requires a functional heterotrimer. A comparison of the BV+•:
Me3NO activity to the LPCH2:Me3NO activity can then be
used to examine electron transfer from the Q-site to FS4
since such a ratio is independent of the amount of enzyme
in the preparation and is therefore an intrinsic property of
the DmsABC variant in question. In general, the levels of
BV+•:Me3NO specific activities correlate closely with the
amount of mutant enzyme expressed in the cytoplasmic
membrane, as determined by SDS-PAGE and immuno-
blotting (data not shown), as well as FQ titrations with

FIGURE 2: Local alignment of the amino acids around FS4 of DmsB
with that of FdnH. The four cysteines in bold are ligands to
FS4[4Fe-4S]. Underlined residues indicate the positions at which
DmsB mutants were generated. Indicated are the distances from
the DmsB (top) and FdnH (bottom) amino acid side chains (and
backbone amides) to FS4 in angstroms.

FIGURE 3: Crystal structure of FdnGHI, magnified and centered
on FS4. Highlighted are the equivalent residues in FdnH which
were studied by site-directed mutagenesis in DmsB. The proximal
heme of FdnI is also shown. Note that the proline, serine, and
tyrosine residues are all located at the interface between the FdnH
electron transfer subunit and the FdnI membrane anchor subunit,
and that the latter residue plays a critical role by interacting with
the proximal heme of FdnI. Pro113, Ser114, and Tyr138 of FdnH
are equivalent to Pro80, Ser81, and Tyr104 of DmsB, respectively.

FIGURE 4: Three-dimensional alignment of the backbones of the
DmsB model (yellow) and the structure of FdnH (blue). Using 151
common CR atoms, a rmsd value of 0.636 was calculated from the
superimposition of the two structures. Note that the FdnH subunit
contains a C-terminal transmembrane tail which is absent in DmsB.
An important residue, Y104 of DmsB, has its side chain shown in
the figure.
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HOQNO (see below, Table 2). Comparison of the ratios of
BV+•:Me3NO activity to LPCH2:Me3NO activity indicates
that the majority of DmsB mutants have ratios of ap-
proximately 35, which is equivalent to that of the wild-type
enzyme. The DmsB-P80A and DmsB-Y104A mutants,
however, have ratios of 149 and 92, respectively, which are
dramatically higher than that of the wild-type enzyme. These
two mutants also exhibit an alteredKm value for lapachol.
TheKm values for LPCH2 of the wild type, the DmsB-P80A
mutant, and the DmsB-Y104A mutant are approximately 100,
47, and 210µM, respectively. The correspondingkcat values
are approximately 64, 79, and 114 s-1, respectively.

HOQNO FQ Titrations.HOQNO is a MQH2 analogue
inhibitor whose fluorescence in solution is quenched when
it is bound to DmsABC (51). FQ titrations were carried out
at three different enzyme concentrations to accurately
estimate the affinity of the enzyme for HOQNO (Kd values)
and the concentration of binding sites (Table 2). Mutations
of K77, H85, D95, D97, R103, and H106 of DmsB do not
affect the affinity of the enzyme for HOQNO (Table 2).
However, P80, S81, and Y104 of DmsB appear to play an
important role in defining the HOQNO binding site. The
DmsB-P80A, DmsB-P80D, and DmsB-P80H mutations
increase theKd for HOQNO from 5 nM to 10, 17, and 20
nM, respectively; DmsB-S81G and DmsB-S81H mutations
both increase theKd to 20 nM. Interestingly, the DmsB-
Y104A mutant has the same affinity for HOQNO as the wild-
type enzyme; the DmsB-Y104D mutant increases theKd to
10 nM, and the DmsB-Y104E mutant increases theKd to 18
nM. The DmsB-C102S mutant does not affect HOQNO
binding, but the DmsB-C102W mutant increases theKd to
17 nM. These results support the assertion that the function
of FS4 is closely coupled to that of a dissociable Q-site within
the DmsC subunit (see the Discussion) (12).

Modulation of the [3Fe-4S] Em Value.FS4[4Fe-4S] of DmsB
can be converted to a [3Fe-4S] form (FS4[3Fe-4S]) by
mutagenesis of C102 of DmsB to a range of alternative
residues (4). In a DmsB-C102S mutant, FS4[3Fe-4S] has an
Em of 275 mV compared to a value of-50 mV for
FS4[4Fe-4S] of the wild-type enzyme (12). The high potential
of FS4[3Fe-4S] renders its EPR spectrum free from overlapping
signals arising from the other three [4Fe-4S] clusters of
DmsB (FS1-FS3), and also from complications arising from
spin-spin interactions with these centers. This greatly
simplifies analyses of the effects that the DmsB mutants have
on the EPR line shape and theEm value. Double mutants
were therefore made which contained the mutation of interest
and the DmsB-C102S mutation. Potentiometric titrations of
DmsB double mutants were performed, and the intensities

Table 1: Growth Rates of the DmsB Mutants in Glycerol/Me2SO
Minimal Media and the BV+•- and LPCH2-Dependent Reduction of
Me3NOa

doubling
time (h)

BV+•:Me3NO
specific activity

LPCH2:Me3NO
specific activity

BV+•:LPCH2

activity ratio

wild type 6.3 35.4( 1.9 0.97( 0.01 36( 2
K77A 4.2 34.0( 0.0 1.10( 0.05 31( 1
P80A 3.0 115.9( 3.0 0.78( 0.03 149( 7
P80H NGb 9.2( 0.2 0 N/Ac

P80D NGb 18.5( 0.1 0 N/Ac

S81H NGb 8.6( 0.1 0 N/Ac

S81G NGb 12.7( 0.4 0 N/Ac

H85F 12.4 22.1( 0.5 0.69( 0.00 32( 1
H85T 11.7 24.1( 0.4 0.72( 0.02 34( 1
D95A 3.4 147.9( 5.3 5.56( 0.39 27( 2
D97A 3.6 166.6( 2.2 6.12( 0.25 27( 1
R103A 13.5 35.2( 1.9 0.81( 0.01 43( 2
Y104A 4.2 79.5( 4.6 0.86( 0.03 92( 6
Y104D NGb 12.0( 0.8 0 N/Ac

Y104E ∼20 13.8( 0.8 0.32( 0.02 43( 4
H106A 11.4 14.4( 0.4 1.18( 0.02 12( 1
H106E 8.5 14.9( 0.2 0.43( 0.01 35( 1

a Mutant enzymes were expressed inE. coli DSS301 cells lacking a
chromosomal copy of DMSO reductase. Enzyme specific activities are
given in millimoles per minute per milligram of total protein with one
standard deviation of error.b No growth.c Not applicable. The BV+•:
LPCH2 activity ratio cannot be determined because the LPCH2:Me3NO
specific activity is zero.

Table 2: HOQNO FQ Titrations of DmsB Mutants Expressed in
HB101 Cellsa

estimatedKd

(nM)
[DmsABC]

(nmol/mg of membrane protein)

wild type 5 0.60
K77A 5 0.57
P80A 10 0.74
P80D 17 0.60
P80H 20 0.48
S81G 20 0.24
S81H 20 0.24
H85F 5 0.38
H85T 5 0.26
D95A 5 0.88
D97A 5 1.16
C102S ([3Fe-4S]) 5 0.57
C102W ([3Fe-4S]) 17 0.27
R103A 5 0.42
Y104A 5 0.80
Y104D 10 0.63
Y104E 18 0.34
H106A 5 0.47

a The titration was repeated at three different protein concentrations
and a best fit curve fitted to all three plots simultaneously to estimate
the dissociation constants for HOQNO. Mutations of P80, S81, and
Y104 of DmsB seem to have an effect on the affinity of the enzyme
for HOQNO.

Table 3: Mutations Made in DmsB and the ResultantEm Values of
the [3Fe-4S] Clustera

DmsB mutant
FS4Em,7

(mV)
significant∆Em,7

(mV)

HB101/pDms160_C102S 275 -
K77A/C102S 260 -15
P80A/C102S 270 -
H85F/C102S 255 -20
H85T/C102S 260 -15
D95A/C102S 283 -
D95K/C102S 277 -
D97A/C102S 273 -
R103A/C102S 250 -25
Y104A/C102S 280 -
Y104D/C102S 150 -125
Y104E/C102S 145 -130
Y104D/H106F/C102S 130 -145
H106A/C102S 260 -15
H106I/C102S 250 -25
H106E/C102S 271 -
a Mutant enzymes were expressed in HB101 cells. The signal of the

engineered FS4 was detected at a temperature of 12 K, a microwave
power of 20 mW at 9.38 GHz, and a modulation amplitude of 10 Gpp

at 100 kHz. The heights of theg ) 2.03 peak of the [3Fe-4S] cluster
in the oxidized state were plotted against the redox potentials in which
the membranes were poised, and the Nernst equation was fitted to the
data to determineEm,7 values.
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of theg ) 2.03 peaks were plotted versus the ambient redox
potential. The Nernst equation was used to fit the data points,
and the resultantEm values are listed in Table 3. FS4[3Fe-4S]

of the DmsB-C102S mutant has anEm of 275 mV, which
agrees with the previously reported value (4). In general,
mutations of positively charged residues to apolar and
noncharged residues cause a small∆Em of approximately
-15 to-25 mV for FS4[3Fe-4S]. Mutations of acidic residues
to alanine residues do not affect theEm,7 of the [3Fe-4S]
cluster. The DmsB-C102S/Y104E mutant causes a large∆Em

from 275 to 145 mV. A similar mutant, DmsB-C102S/
Y104D, also causes a large∆Em from 275 to 150 mV.
Another mutant, DmsB-C102S/Y104E/H106F, exhibits an
Em of 130 mV for FS4[3Fe-4S].

Effects of HOQNO and pH on FS4. Expression of the
mutants inE. coli TOPP2 reaches levels at which EPR
spectra of oxidized inner membranes are dominated by the
spectrum of FS4[3Fe-4S]. Incubation of the oxidized DmsB-
C102S mutant enzyme with HOQNO (5-fold molar excess)
elicits a line shape change that is manifested by a shift in
the position of thegxy feature of the FS4[3Fe-4S] EPR spectrum
(Figure 5C,D) (12). The DmsB-C102S/Y104D and DmsB-
C102S/Y104E mutants have negligible effects on the EPR
line shape of FS4[3Fe-4S] (Figure 5E,G). Although HOQNO
binding is observed for these two mutants in FQ titrations

(Table 2), it does not appear to elicit the expected change in
their oxidized FS4[3Fe-4S] spectra (Figure 5F,H). Preliminary
studies with a DmsB-Y104W mutant show that itsgxy feature
of the FS4[3Fe-4S] spectrum can be shifted upfield in the
presence of HOQNO despite this mutant having a lower
affinity for the inhibitor (unpublished data). This suggests
that an aromatic residue is essential for the observation of
an HOQNO-induced EPR line shape change.

The potentiometric effect of acidic substitutions of Y104
of DmsB on theEm of FS4[3Fe-4S] (a large-∆Em) and the
retention of high-affinity HOQNO binding prompted us to
evaluate the potentiometric effects of inhibitor binding on
the DmsB-C102S/Y104D mutant. In the presence of 50µM
HOQNO, theEm of the DmsB-C102S single mutant remains
unaltered (Em ) 275 mV). However, when a potentiometric
titration is performed on the DmsB-C102S/Y104D mutant
in the presence of HOQNO, theEm of the FS4[3Fe-4S] cluster
is increased from 150 to 230 mV (Figure 6). Given the
inability of HOQNO to increase theEm of FS4[3Fe-4S] in the
DmsB-C102S mutant, we determined if a decrease in pH
can bring about a corresponding increase inEm in this
particular mutant. In pH studies, theEm,7, Em,6, andEm,5 of
the DmsB-C102S mutant remain relatively unchanged at 275,
295, and 277 mV, respectively. Interestingly, if theEm,7 of
FS4 is lowered to 150 mV via the DmsB-C102S/Y104D
mutation, theEm of the cluster becomes dependent on pH

FIGURE 5: Oxidized EPR spectra of the engineered [3Fe-4S] cluster
in DmsB in the absence and presence of HOQNO. When no
DmsABC is expressed (A), or when only wild-type DmsABC is
expressed (B), only the [3Fe-4S] cluster signal from fumarate
reductase is observed. In the presence of 50µM HOQNO, the peak-
trough centered atg ) 2.00 corresponding to FS4[3Fe-4S] of the
DmsB-C102S mutant (C) is shifted upfield (D). In the DmsB-
C102S/Y104D and DmsB-C102S/Y104E mutants, the EPR line
shapes of the FS4[3Fe-4S] oxidized spectra are unchanged (E and
G), and the upfield shift of the peak-trough is not observed in the
presence of HOQNO (F and H).

FIGURE 6: Redox titrations of FS4 from the DmsB-C102S single
mutant (top) and the DmsB-C102S/Y104D mutant (bottom). In both
the absence (O) and presence (b) of HOQNO, theEm of the [3Fe-
4S] cluster in the DmsB-C102S mutant is approximately 275 mV.
For the DmsB-C102S/Y104D mutant, however, theEm of the [3Fe-
4S] cluster shifts from 150 mV in the absence (4) of HOQNO to
230 mV in the presence (2) of HOQNO.
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and Em,6 and Em,5 are approximately 165 and 200 mV,
respectively.

DISCUSSION

By constructing and utilizing a model of DmsB based on
the crystal structure of FdnH, we have identified the amino
acids which are in the proximity of FS4, the [4Fe-4S] cluster
closest to the membrane anchor subunit. This region of
DmsABC is of interest because, unlike NarGHI and FdnGHI,
DmsABC lacks heme in its membrane anchor subunit and
the Q-site must communicate directly with FS4. To inves-
tigate the role of these amino acids, we examined the
enzymatic activity, HOQNO binding, and redox properties
of FS4 using a site-directed mutagenesis approach. We found
that electron transfer from the MQH2 binding site to the [Fe-
S] clusters of DmsB is affected in the P80, S81, and Y104
mutants of DmsB. Q-Site and FS4[3Fe-4S] mutants of DmsABC
do not affect the ability of DmsABC to accept electrons from
BV+• but hinder its ability to accept electrons from the MQH2

analogue LPCH2 (4, 12, 13). The ratio of BV+•:Me3NO to
LPCH2:Me3NO activities was not altered significantly in the
DmsB-D95A and DmsB-D97A mutants, indicating the lack
of an effect of these mutants on electron transfer from the
Q-site to FS4. However, both BV+•:Me3NO and LPCH2:
Me3NO activities of these two mutants are higher than those
of the wild-type enzyme by approximately 5-fold; this is
caused, in part, by the stronger expression of the DmsB-
D95A and DmsB-D97A mutants, as supported by the FQ
data (Table 2) and immunoblotting (data not shown). Thus,
the removal of an acidic residue near the DmsB-DmsC
interface seems to allow either improved assembly of
DmsABC or less degradation of DmsABC, as well as
increasing the rate of electron flux through DmsB. Because
the ratio of BV+•:Me3NO to LPCH2:Me3NO activities is an
intrinsic property of the enzyme and is independent of the
amount of enzyme in a given preparation, the increased ratios
for the DmsB-P80A and DmsB-Y104A mutants strongly
indicate an impediment of electron transfer from the Q-site
to FS4. To examine the redox properties of these mutations,
we utilized a DmsB-C102S mutant that converts FS4 from
a [4Fe-4S] cluster (FS4[4Fe-4S]) to a [3Fe-4S] cluster
(FS4[3Fe-4S]) that is EPR-visible and magnetically isolated
in its oxidized form. In the corresponding double mutants
(DmsB-C102S/P80A and DmsB-C102S/Y104A), theEm of
the FS4[3Fe-4S] cluster remains unchanged at approximately
275 mV. Given that theEm of FS4[4Fe-4S] remains unchanged
in the single mutants, we surmise that the rate of electron
transfer through the cofactors in DmsB is most likely
unaffected in these mutants, but communication between the
MQH2 binding site and FS4 is disrupted.

The altered enzyme kinetics in the DmsB-P80A and
DmsB-Y104A mutants suggest that these two residues play
an important role in enzyme turnover. When the P80 residue
of DmsB is changed to residues which have larger side
chains, MQH2 either is unable to bind or cannot be oxidized,
and electrons are not transferred from the Q-site to FS4. This
phenomenon also holds true for the DmsB-S81G, DmsB-
S81H, DmsB-C102W, and DmsB-Y104D mutants. These
mutants may distort the Q-site architecture by directly
disrupting ligand interaction(s) or by indirectly altering the
conformation of DmsC such that the Q-site is altered. Not
only can distortions of the Q-site lead to lowered affinity of

the enzyme for MQH2, but they can also affect MQH2
oxidation by displacing key residues involved in the catalytic
cycle. This is not surprising since the three residues in FdnH
corresponding to P80, S81, and Y104 of DmsB are located
at the interface between the soluble dimer and the membrane
anchor subunit in the FdnGHI structure (Figure 3) (14). In
fact, the equivalent Tyr residue in FdnH directly interacts
with the proximal heme of FdnI. The absence of heme in
DmsC suggests that MQH2 donates electrons directly to FS4
in a manner essentially identical to that seen inE. coli
fumarate reductase where electrons are donated directly from
the Qp-site to the electron transfer subunit (38-40, 53). The
difference in HOQNO binding affinity between the DmsB-
C102S (Kd ) 5 nM) and DmsB-C102W (Kd ) 17 nM)
mutants implies that the Trp side chain sterically hinders a
Q-site located in the DmsB-DmsC interface region. Ex-
amination of the NarGHI structure lends support to this
suggestion (17); the indole side chain of W220 of NarH
points toward the proximal heme (bp) of NarI within the
NarH-NarI interface region. In the crystal structure of
SdhCDAB, the equivalent proline residue (P160 of SdhB)
at the SdhB-SdhCD interface is shown to be one of two
residues that “sandwiches” the bound UQ molecule (54).
Furthermore, mutation of this proline residue in human
Complex II results in an autosomal dominant disease called
hereditary paraganglioma (55). Overall, given the FQ data
presented herein and previously published data (12), we
propose that the Q-site of DmsABC is in a location
equivalent to those of FrdABCD and SdhCDAB.

Tyrosine residues have been implicated in the reaction
scheme of many redox enzymes, includingE. coli cyto-
chrome bo3 (56), yeast cytochromebc1 complex (57),
cytochromec oxidase (58, 59), and photosystem II (60, 61).
The Y104 mutations of DmsB resulted in enzymes with quite
different properties. The DmsB-Y104D mutant does not
support growth in Me2SO, whereas the DmsB-Y104E mutant
is able to support growth but at a much slower rate. There
is also a correlation between side chain length and the
observedKd for HOQNO with the DmsB-Y104D and DmsB-
Y104E mutants. In contrast, the DmsB-Y104A mutant is able
to support growth in Me2SO and binds HOQNO with high
affinity. Thus, DmsB-Y104 plays an integral role in defining
Q-site function, and appears to be essential for both MQH2

binding and oxidation. In the DmsB-Y104A mutant, it is
likely that another residue is shifted into the position of the
Y104 side chain and can complement its role in quinol
oxidation and/or electron transfer. In the DmsB-Y104D
mutant, the Asp residue is unable to perform the equivalent
function. In the DmsB-Y104E mutant, however, the Glu
carboxylate side chain is able to perform a function
equivalent to that of a Tyr hydroxyl but at a lower efficiency,
as indicated by the slower growth in minimal media and the
low LPCH2:Me3NO activity. If Y104 functions as a proton
acceptor in the mechanism of MQH2 oxidation, then its
hydroxyl group must be H-bonded or be positioned near a
positively charged side chain so that its pKa is lowered to
allow protonation and/or deprotonation to readily occur at
near-neutral pH values. Examination of the DmsB model and
the FdnH structure reveals that no residues from DmsB can
provide such a side chain to interact with Y104, suggesting
that this modulating residue is most likely provided by
DmsC.
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Table 3 lists the mutations made in DmsB and their effects
on theEm of FS4. The most significant∆Em observed is
from mutation of Y104 of DmsB to Asp and Glu, which
lowers theEm of the [3Fe-4S] cluster from 275 to 150 mV
and from 275 to 145 mV, respectively. The DmsB-C102S/
Y104D and DmsB-C102S/Y104E mutants both abolish the
upfield shift of the peak-trough (gxy) observed in their
oxidized spectra in the presence of HOQNO (Figure 5),
despite the observation of HOQNO binding in FQ titrations
for the corresponding single mutants. This would suggest
that an aromatic residue is essential for communication
between the Q-site and FS4 and the HOQNO-dependent line
shape change observed in the spectrum of FS4[3Fe-4S]. Bulky
aromatic residues have been suggested to play a role in
modulating theEm of [Fe-S] clusters (32, 62), and the
mutagenesis of Y104 of DmsB in this study clearly supports
this view. However, Agarwal and co-workers found that a
conserved Tyr in ferredoxins near a [4Fe-4S] cluster did not
play a role in modulating theEm of that cluster, but rather
prevented solvent accessibility and cluster degradation (63).

The DmsB-C102S/P80A mutant does not alter theEm of
FS4[3Fe-4S]. This observation is quite surprising, since
backbone amide hydrogens are postulated to play a dominant
role in modulating theEm of [Fe-S] clusters through
H-bonding interactions (32-37), and the DmsB-P80A muta-
tion introduces an amide that points directly at FS4 based
on the structures of FdnGHI and NarGHI (14, 17). A
plausible explanation for this is that the maximum allowable
Em for this particular [3Fe-4S] cluster may be approximately
275 mV. This rationale is supported by results from pH
titrations as well as the effect of HOQNO binding on FS4.
At pH 7, 6, and 5, theEm values of the DmsB-C102S single
mutant are independent of pH, whereas the DmsB-C102S/
Y104D mutation causes theEm of FS4[3Fe-4S] to increase with
decreasing pH. FS4[3Fe-4S] in the DmsB-C102S mutant has
anEm,7 of 275 mV in the presence and absence of HOQNO,
while in the DmsB-C102S/Y104D mutant, it has anEm,7 of
230 mV in the presence of HOQNO and anEm,7 of 150 mV
in its absence. In addition, mutations of basic residues around
FS4 cause theEm,7 to decrease, while no increase in theEm,7

is observed when acidic residues are mutated. The data
strongly suggest that the maximum allowableEm of Me2SO
reductase FS4[3Fe-4S] is approximately 275 mV. This contrasts
with other systems in which [Fe-S] clusterEm values can
clearly exceed this value (64, 65). Experiments to determine
the reason for the apparent upper limit for theEm value of
FS4[3Fe-4S] are in progress.

The DmsB-C102S mutant is unable to support growth in
glycerol/Me2SO minimal medium, yet is clearly able to bind
the MQH2 analogue HOQNO. The endergonic rate-limiting
step in electron transfer through both DMSO reductase and
nitrate reductase is for electrons to travel from FS4 to FS2
(Figure 1). The∆Em,7 for the FS4-FS2 pair is-600 mV in
NarH, -280 mV in DmsB,-460 mV in the DmsB-C102S/
Y104D/H106F mutant, and-605 mV in the DmsB-C102S
mutant. The DmsB-C102S mutant is nonfunctional, although
the ∆Em,7 for the FS4-FS2 pair is-605 mV, which is
comparable to the value of-600 mV for NarH. One
plausible explanation for this inconsistency lies in theEm

for nitrate reduction versus the reduction of Me2SO. TheEm

for nitrate reduction is much higher compared to theEm of
NarGHI FS4, but theEm for Me2SO reduction becomes

smaller than theEm of FS4 in the DmsB-C102S mutant,
making it energetically unfavorable for the electron to travel
from FS4 to the substrate. A second possibility lies in the
fact that NarGHI possesses two heme moieties in the
membrane-intrinsic domain which are lacking in DmsABC.
Recently, a model by which electrons travel through NarGHI
was proposed by our laboratory (66), whereby multiple
electrons enter into hemebd, hemebp, and FS4 sequentially
before the first electron surmounts the thermodynamically
unfavorable FS4-FS2 energy hill. In this model, electrons
from hemebd and hemebp can “push” an electron from FS4
to FS2. In DmsABC, however, this is impossible since it
lacks heme in its membrane anchor subunit. Although the
DmsB-C102S/Y104D and DmsB-C102S/Y104E mutants
dramatically decrease theEm of FS4, they are also unable to
support growth on a glycerol/Me2SO minimal medium. In
light of our understanding that the Y104 residue in DmsB
plays a role in the catalytic cycle of the enzyme, it is not
surprising that these mutants are unable to perform their
physiological function despite a large drop in theEm of FS4.

In this study, a Tyr residue was discovered to play a major
role in controlling the redox properties of an [Fe-S] cluster
and for communication between an [Fe-S] cluster and the
Q-site. Data obtained from other mutants created around this
[Fe-S] cluster also indicate that positively charged residues
may be responsible for fine-tuning theEm of the [Fe-S]
cluster by approximately 15-25 mV per charge. The DmsB-
C102S/Y104D/H106F mutant shows that these two effects
are additive in controlling the redox properties of the [Fe-S]
cluster. By examining the structure of FdnGHI and the model
of DmsABC, one can also surmise that certain charged
residues may fine-tune theEm of multiple redox centers
during enzyme turnover. P80, S81, and Y104 of DmsB are
located at the interface between the soluble dimer and the
membrane anchor domain, and were shown to be important
residues for MQH2 binding and oxidation. These observations
support a model for MQH2 oxidation by DmsABC in which
the Q-site donates electrons directly to FS4 (12). Such a
model is very similar to that observed for FrdABCD in which
the Q-site donates electrons directly to the [3Fe-4S] cluster
(39, 40).

Overall, the data presented herein illustrate the crucial role
of FS4 as the first electron acceptor in the electron relay
system defined by the four [4Fe-4S] clusters of DmsB. We
have demonstrated that the highEm value of this cluster in
its [3Fe-4S] form is a significant barrier to electron transfer
through DmsB, and that alterations in its immediate environ-
ment can have a significant effect on the Q-site of DmsC. A
comparison of the constituent cofactors in DmsABC to those
in NarGHI suggests a possible role of the heme in the latter
enzyme to allow physiological electron transfer despite a
large (-600 mV) endergonic step. These studies represent
a significant step toward understanding the factors which
regulate electron fluxes through [Fe-S] clusters in redox
enzymes, and contribute to an emerging understanding of
the thermodynamic barriers which govern electron transfer.
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