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ABSTRACT Succinate:quinone oxidoreductase (Sdh) is a membrane-bound complex that couples the oxidation of succinate to
fumarate in the cytoplasm to the reduction of quinone to quinol in the membrane. Mycobacterial species harbor genes for two
putative sdh operons, but the individual roles of these two operons are unknown. In this communication, we show that Mycobac-
terium smegmatis mc2155 expresses two succinate dehydrogenases designated Sdh1 and Sdh2. Sdh1 is encoded by a five-gene
operon (MSMEG_0416-MSMEG_0420), and Sdh2 is encoded by a four-gene operon (MSMEG_1672-MSMEG_1669). These two
operons are differentially expressed in response to carbon limitation, hypoxia, and fumarate, as monitored by sdh promoter-
lacZ fusions. While deletion of the sdh1 operon did not yield any growth phenotypes on succinate or other nonfermentable car-
bon sources, the sdh2 operon could be deleted only in a merodiploid background, demonstrating that Sdh2 is essential for
growth. Sdh activity and succinate-dependent proton pumping were detected in cells grown aerobically, as well as under hyp-
oxia. Fumarate reductase activity was absent under these conditions, indicating that neither Sdh1 nor Sdh2 could catalyze the
reverse reaction. Sdh activity was inhibited by the Sdh inhibitor 3-nitroproprionate (3NP), and treatment with 3NP dissipated
the membrane potential of wild-type or �sdh1 mutant cells under hypoxia but not that of cells grown aerobically. These data
imply that Sdh2 is the generator of the membrane potential under hypoxia, an essential role for the cell.

IMPORTANCE Complex II or succinate dehydrogenase (Sdh) is a major respiratory enzyme that couples the oxidation of succi-
nate to fumarate in the cytoplasm to the reduction of quinone to quinol in the membrane. Mycobacterial species harbor genes
for two putative sdh operons, sdh1 and sdh2, but the individual roles of these two operons are unknown. In this communication,
we show that sdh1 and sdh2 are differentially expressed in response to energy limitation, oxygen tension, and alternative electron
acceptor availability, suggesting distinct functional cellular roles. Sdh2 was essential for growth and generation of the membrane
potential in hypoxic cells. Given the essentiality of succinate dehydrogenase and oxidative phosphorylation in the growth cycle
of Mycobacterium tuberculosis, the potential exists to develop new antituberculosis agents against the mycobacterial succinate
dehydrogenase. This enzyme has been proposed as a potential target for the development of new chemotherapeutic agents
against intracellular parasites and mitochondrion-associated disease.
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The genus Mycobacterium comprises a group of obligately aer-
obic bacteria that have adapted to inhabit a wide range of

intracellular and extracellular environments. A fundamental fea-
ture of this adaptation is the ability to respire and generate energy
from variable sources or to sustain metabolism in the absence of
growth. To achieve this, mycobacteria use a respiratory chain that
consists of two types of NADH dehydrogenase (types I and II),
multiple succinate dehydrogenases/fumarate reductases (FRDs),
a menaquinol (MQH2)-cytochrome c oxidoreductase termed the
bc1 complex, and two terminal respiratory oxidases, an aa3-type
cytochrome c oxidase (encoded by ctaBCDE) belonging to the
heme-copper respiratory oxidase family and a cytochrome bd-

type MQH2 oxidase (cydABCD) (1–5). The regulator(s) and mo-
lecular signals that control the expression of these complexes in
response to environmental change remain unknown.

Succinate dehydrogenase forms complex II of the respiratory
chain and couples oxidative phosphorylation to central carbon
metabolism by being an integral part of the citric acid cycle (6).
Succinate dehydrogenase couples the oxidation of succinate to
fumarate in the cytoplasm to the reduction of quinone to quinol in
the membrane. The reverse reaction can be catalyzed by fumarate
reductase, which is generally found in anaerobic or facultative
anaerobes that utilize low-potential quinols (MQH2 Eo= �
�74 mV) to reduce fumarate as the final step in the anaerobic
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electron transport chain (7–9). Succinate dehydrogenase and fu-
marate reductase have the same overall structural architecture
(10, 11), and the reaction catalyzed (i.e., succinate oxidation or
fumarate reduction) cannot be predicted solely on the basis of the
primary amino acid sequence of the enzyme subunits. In general,
increased reaction rates and catalytic efficiency in a particular di-
rection reflect whether the enzyme is a succinate dehydrogenase or
a fumarate reductase (12, 13).

Both succinate dehydrogenase and fumarate reductase consist
of a large soluble domain and a smaller membrane-bound domain
(membrane anchor) (10, 11). The soluble domain contains two
hydrophilic subunits designated A and B. Flavoprotein subunit A
contains a covalently bound flavin adenine dinucleotide (FAD)
cofactor and the catalytic substrate-binding site. Subunit B is a
small iron-sulfur protein containing three distinct iron-sulfur
clusters that mediate electron transfer between the flavin and qui-
none catalytic sites in the membrane-bound domain. Subunits A
and B have high sequence similarity between different bacterial
species. The smaller membrane-bound domain varies between
bacterial species consisting of one large or two small hydrophobic
subunits designated C or C and D. Variation also occurs in the
number of heme b groups (none, one, or two) and the type of
quinone used (menaquinone or ubiquinone) (14).

Most mycobacterial genomes harbor two annotated succinate
dehydrogenases, designated Sdh1 and Sdh2 (15). The oxidation of
succinate to fumarate (Eo=� �30 mV) and reduction of ubiqui-
none to ubiquinol (Eo= � �113 mV) is a thermodynamically fa-
vorable reaction (�G° � �15 kJ/mol). In mycobacteria, the oxi-
dation of succinate to fumarate (Eo= � �30 mV) is coupled to
menaquinone reduction to MQH2 (Eo= � �74 mV), an ender-
gonic reaction under standard conditions (�G° � �21 kJ/mol)
(16). How this thermodynamically unfavorable reaction is driven
in mycobacteria is not known. In M. smegmatis, two putative
operons for succinate dehydrogenase are present, Sdh1
(MSMEG_0416-MSMEG_0420) and Sdh2 (MSMEG_1672-
MSMEG_1669) (15). These M. smegmatis sdh operons are contig-
uous with the two annotated sdh operons of M. tuberculosis des-
ignated Sdh1 (Rv0249c-Rv0247c) and Sdh2 (Rv3316-Rv3319).
M. smegmatis does not harbor genes for fumarate reductase, mak-
ing it a genetically tractable model to dissect the roles of the indi-
vidual sdh operons. Here, we report that the sdh1 and sdh2 oper-
ons of M. smegmatis are differentially expressed in response to
carbon limitation, hypoxia, and fumarate. Sdh1 was nonessential
for growth, but Sdh2 was essential and generates the membrane
potential under hypoxia.

RESULTS
M. smegmatis expresses two distinct succinate dehydrogenase
operons The operon structure of the two putative succinate dehy-
drogenases in M. smegmatis was determined by reverse transcrip-
tase PCR (RT-PCR) with appropriate controls (Fig. 1A). On the
basis of these data, we confirmed the operons as sdh1
(MSMEG_0420-MSMEG_0416) (Fig. 1B, top panel) and sdh2
(MSMEG_1672-MSMEG_1669) (Fig. 1B, bottom panel). BLAST
searches based on the predicted translation products determined
that the operon structure of sdh2 is similar to that of the canonical
Escherichia coli succinate:quinone oxidoreductase (SQR) enzyme
in that it contains a putative catalytic flavoprotein subunit
(Sdh2A), a soluble iron-sulfur cluster protein (Sdh2B), and two
integral membrane subunits (Sdh2C and Sdh2D) (Fig. 1B). sdh1,

on the other hand, is operonic with two unknown hypothetical
proteins (MSMEG_0420 and MSMEG_0416) and has an integral
membrane protein that appears to be a fusion of the expected two
membrane subunits (Sdh1D) (Fig. 1B). These differences between
the Sdh1 and Sdh2 operon structures suggest that they may play
distinct cellular and energetic roles.

Sdh1 and Sdh2 protein sequence alignments show differ-
ences in heme-binding and catalytic residues. Using the func-
tional classification of Hågerhåll (17), the M. smegmatis Sdh1 and
Sdh2 enzymes are succinate:menaquinone oxidoreductases and
belong to subclass 3. These enzymes are characterized by the oxi-
dation of succinate coupled to the reduction of a low-potential
quinone (menaquinone) in the respiratory chain. On the basis of
their membrane-bound domain (subunit C or subunits C and D)
and heme content, succinate dehydrogenases can be classified into
five different types (18–20). According to this classification, Sdh2,
with its two heme groups and two small hydrophobic subunits
(subunits C and D) (Fig. 1B), can be classified as type A, previously
reported in some extremophiles (21). Sdh1, with its large single
hydrophobic subunit, C (Sdh1D) (Fig. 1B), can be classified as a
type B enzyme; type B enzymes are found in a wide variety of
microorganisms (reviewed in reference 14). Given that the operon
structure of Sdh1 is similar to that of SQR subclasses known to
have different numbers of hemes involved in quinone interactions
(22), we made protein sequence alignments of Sdh1D and Sdh2D
to representative SQR/MQH2:fumarate oxidoreductase (QFR) se-
quences with experimentally determined numbers of hemes and
also with the SQR- and QFR-encoding genes found in M. tuber-
culosis and other members of the family Corynebacterineae (see
Fig. S1 and S2 in the supplemental material). We aligned only
Sdh1D with other fused subunits and Sdh2D with other nonfused
subunits to avoid erroneous alignments. It has been previously
determined that conserved histidines are required for the binding
of heme molecules proximal and distal to the cytoplasmic mem-
brane interface (23) and so used this to make predictions of the
heme contents of Sdh1 and Sdh2.

Sdh2D and Sdh1D appeared to have histidines that aligned in a
pattern consistent with the presence of both a proximal and a
distal heme (see Fig. S1 and S2). In addition, other closely related
Corynebacterineae species (Gordonia, Nocardia, and Rhodococcus)
displayed high sequence identity with Sdh1 homologues, includ-
ing the conserved histidine positions. This prediction suggests
that Sdh1 and Sdh2 may have structural specializations to facili-
tate interactions with menaquinones, relative to bacteria contain-
ing differing types of quinone. Alignments of Sdh2C and other C
subunits gave the same result as Sdh2D alignments (data not
shown). We aligned mycobacterial flavoprotein SdhA subunits
with those of E. coli. It has been previously shown that differences
in the FAD-binding site correspond to either efficient SQR or
efficient QFR activity (13). Correspondingly, the known fumarate
reductase in M. tuberculosis has the glutamate required for effi-
cient E. coli QFR activity (see Fig. S3), as does the mycobacterial
Sdh1. Sdh2 has a glutamine that is required for efficient SQR ac-
tivity in E. coli. These analyses point to biochemical differences in
M. smegmatis Sdh1 and Sdh2 that may relate to the physiological
function of each enzyme and the conditions under which they
operate.

sdh-lacZ transcriptional fusions are differentially regulated
in response to energy limitation, hypoxia, and fumarate. To fa-
cilitate the design of sdh-lacZ fusions, the transcriptional start sites
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(TSSs) of the sdh1 and sdh2 operons were determined by 5= rapid
amplification of cDNA ends (RACE) (Fig. 1C). Using this infor-
mation, we constructed sdh1- and sdh2-lacZ transcriptional pro-
moter fusions and studied operon promoter expression in re-
sponse to carbon limitation (succinate) and oxygen limitation
(hypoxia) (Fig. 2). When cells were grown aerobically (normoxia)
with succinate (30 mM) as the sole carbon and energy source,
sdh1-lacZ expression increased in response to the depletion of
succinate (Fig. 2A). The expression of sdh2-lacZ remained rela-
tively unchanged throughout the growth cycle (Fig. 2B). Under
hypoxia (oxygen limitation), with succinate-replete conditions,
the expression of sdh1-lacZ remained relatively constant during
the growth cycle (Fig. 2C), while sdh2-lacZ expression increased in
response to hypoxia (Fig. 2D).

Fumarate reductase and succinate dehydrogenase are closely
related enzymes, and the preferred reaction catalyzed cannot be
predicted on the basis of the amino acid sequence alone. The effect
of fumarate on sdh expression was investigated under normoxic
and hypoxic conditions (Fig. 3). When cells were grown on glyc-
erol, sdh1-lacZ expression was repressed by the addition of fuma-
rate under both normoxic and hypoxic conditions (Fig. 3A). In
contrast, the expression of sdh2-lacZ was increased by the addition

of fumarate under both normoxic and hypoxic conditions
(Fig. 3B).

The sdh2 operon is essential for M. smegmatis growth. To
dissect the roles of Sdh1 and Sdh2, we attempted to create gene
deletions of both sdh operons. For deletion of sdh1, a markerless
deletion construct to replace the entire sdh1 operon was made and
introduced into M. smegmatis as described in the legend to Fig. 4.
Single-crossover (SCO) and double-crossover (DCO) events were
screened by PCR and Southern hybridization (Fig. 4C). The in-
creased size of the left flank product in a DCO event indicated
successful deletion of the sdh1 operon, thereby showing that this
operon is nonessential for the growth of M. smegmatis.

Using a similar strategy (Fig. 4B), �sdh2 mutants could not be
isolated. A total of 82 potential DCO events were screened, and 74
were found to be wild-type (WT) DCOs while the other 8 proved
to be spontaneous sucrose-resistant SCO strains. Screening was
also performed with medium supplementation with either succi-
nate or fumarate (1 to 30 mM concentrations of each were tested);
however, this could not rescue the lethal sdh2 phenotype. The fact
that we could not isolate an sdh2 deletion mutant suggested that
the sdh2 operon might be essential for M. smegmatis growth. To
confirm the essentiality of sdh2, we constructed a merodiploid

FIG 1 Transcriptional organization and start site mapping of sdh1 and sdh2 gene clusters in M. smegmatis. (A) Gels showing RT-PCR products encompassing
the start, end, and intergenic region of two adjacent genes. Numbers above lanes correspond to amplified regions indicated in panel B. Each primer pair (see
Table S2 in the supplemental material) was tested with the genomic DNA (gDNA) (top gel), cDNA synthesized with RT (cDNA � RT) (middle gel), and a control
reaction mixture excluding RT (bottom gel) (cDNA-RT). Lane M, 1-kb DNA ladder molecular size marker. (B) Schematic view of the sdh1 (MSMEG_0416-
MSMEG_0420) and sdh2 (MSMEG_1672-MSMEG_1669; sdh2C-sdh2B) gene clusters, including the predicted function of each subunit. (C) Upstream nucle-
otide sequence illustration showing the TSSs of sdh1 and sdh2, located 39 and 62 bp upstream from the TTG and ATG codons (labeled �1 and in bold),
respectively, identified by 5= RACE. Bold and underlined �10 and �35, promoter elements.
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strain carrying an additional copy of the sdh2 operon expressed
from its native promoter by using the mycobacteriophage L5-
based integrating pUHA267 vector, which integrates into the attB
chromosomal site of the genome. We integrated this comple-
menting vector into the SCO strain and screened for DCO events
in this merodiploid background. Of 26 potential DCOs screened
at the native locus, 25 were of the WT and one sdh2 deletion

mutant was isolated, which was confirmed by the smaller size of a
left flank product than that of the WT in a Southern blot assay
(Fig. 4D). This shows that the sdh2 operon can be deleted at its
native locus but only if a functional copy of the sdh2 operon is
supplied elsewhere on the chromosome; therefore, we conclude
that the sdh2 operon is essential for the growth of M. smegmatis.

We analyzed the �sdh1 mutant for a growth phenotype over a

FIG 2 Levels of sdh1-lacZ and sdh2-lacZ expression in M. smegmatis. M. smegmatis cells were grown in HdB minimal medium supplemented with 30 mM
succinate under normoxic (conical flasks) or hypoxic (stoppered serum vials) conditions. Hypoxic conditions were achieved at approximately 25 to 30 h, as
indicated by methylene blue decolorization. The graphs show how sdh1-lacZ expression under normoxic (A) and hypoxic (C) conditions and sdh2-lacZ
expression under normoxic (B) and hypoxic (D) conditions affect OD600 (open squares), the succinate concentration (solid diamonds), and �-galactosidase
(�-gal) activity (in Miller units [MU]; open triangles). The experiments were carried out in biological triplicate, and the results shown are mean values and
standard deviations. The empty vector pJEM15 was used as a control and gave no detectable activity (data not shown).

FIG 3 Effect of fumarate on sdh1-lacZ and sdh2-lacZ expression. M. smegmatis cells were grown in HdB minimal medium supplemented with 0.2% glycerol with
(�) or without (�) 30 mM fumarate under normoxic (open bars) or hypoxic (gray bars) conditions. Panels: A, sdh1-lacZ expression; B, sdh2-lacZ expression.
The experiments were carried out in biological triplicate, and the results shown are mean values and standard deviations. MU, Miller units; �-gal, �-galactosidase.
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FIG 4 Construction of markerless sdh1 and sdh2 operon deletion mutants of M. smegmatis. Schematic diagrams of the vectors pX33sdh1g (A) and p2NILsdh2
(B) with the left flank (LF) and right flank (RF) of the sdh1 and sdh2 operons, integration of the suicide vector into the chromosome, and subsequent deletion of
the sdh1 and sdh2 operons are shown. Relevant restriction sites: SacI for SCO event and PstI for DCO event screens for the sdh1 operon; BamHI for the DCO event
screen for the sdh2 operon. Fragment sizes detected by Southern hybridization are indicated. KO, knockout. Southern blot analysis of pX33sdh1g vector
integration due to a SCO event (C1) yielding the 4.9-kb fragment (lane SCO). The WT M. smegmatis chromosomal DNA, yielding an 8.6-kb fragment, was used
as a positive control (lane WT). Plasmid pXsdh1 was also used as a control (lane pXsdh1). Confirmation of sdh1 operon nonessentiality (C2). The probe used to
perform the hybridization contained the 1.8-kb WT and 2.6-kb deletion mutant sdh1 operon (�sdh1) restriction fragments, respectively. Lanes M, HindIII-
digested � DNA molecular size marker (D1). Identification of sdh2 SCO strain by colony PCR. SCO strains were generated by homologous recombination of
p2Nbk-sdh2 with a chromosomal copy of the sdh2 operon. Chromosomal DNA of M. smegmatis, yielding the 0.6-kb fragment (lane WT), was used as a positive
control; the p2NILsdh2 vector integration due to a SCO event yielded the 1.0-kb fragment (lane SCO) (D2). Colony PCR of the generated DCO strain. Lanes 1
and 1= represent samples from the same cell line. The potential DCO cell lines were screened for both the WT copy (designated 1) and the sdh2 operon deletion
mutant (designated 1=). The lengths of the expected PCR products for the WT and deletion mutant sdh2 operons were 0.9 and 1.4 kb, respectively. A merodiploid
SCO (MSCO) strain was used as a positive control (D3). A Southern blot analysis of the mutant (mut) DCO strain is shown. The probe used to perform the
hybridization contained the 4.1-kb WT and 1.0-kb deletion mutant sdh2 operon (�sdh2) restriction fragments, respectively. Lanes M, 1-kb DNA ladder
molecular size marker. Drawings are not to scale.
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wide range of succinate concentrations (Fig. 5A and B). No signif-
icant differences in growth rate or yield (final optical density at
600 nm [OD600]) were observed. We rationalized that this was due
to upregulation (compensation) of Sdh2 in the �sdh1 back-
ground. To test this hypothesis, we measured the expression of
sdh2-lacZ in a �sdh1 mutant background (Fig. 5C and D) and
compared it to sdh2-lacZ expression in WT cells (Fig. 2B and D).
The expression of sdh2-lacZ was elevated in the �sdh1 mutant
background relative to that in the WT background under both
normoxic and hypoxic growth conditions (compared Fig. 5C and
D with 2B and D), suggesting that Sdh2 was compensating for the
loss of Sdh1 in M. smegmatis during growth on succinate.

Enzyme activities of the Sdh1 and Sdh2 complexes in
M. smegmatis. In order to understand the biochemical differences
between WT M. smegmatis and the �sdh1 mutant; we prepared
inverted (inside-out) membrane vesicles (IMVs) of both WT and
�sdh1 mutant cells grown under both normoxic and hypoxic con-
ditions on succinate (Hartman’s de Bont [HdB] minimal me-
dium). We assayed for Sdh activity by using the dye-based
phenazine ethosulfate (PES)–2,6-dichlorophenolindophenol
(DCIP) assay (24) with appropriate E. coli controls (positive and
negative) to validate our enzyme assays (Fig. 6A and B). IMVs of
E. coli exhibited high rates of succinate dehydrogenase activity and
succinate-dependent oxygen consumption (Fig. 6A and B). Both
enzyme activities were essentially absent from an E. coli �frdABCD

�sdhABCD double mutant (strain RP437; see Table S1 in the sup-
plemental material) and well above WT levels in E. coli strains
overexpressing either the SQR operon (pFAS, SdhABCD�) or the
QFR operon (pH3, FrdABCD�) (Fig. 6A and B). IMVs prepared
from M. smegmatis cells grown aerobically had similar kinetics of
succinate oxidation, regardless of the presence or absence of Sdh1
(Fig. 6C). IMVs prepared from �sdh1 mutant cells grown under
hypoxic conditions exhibited a 2-fold lower apparent Vmax than
WT cells (Fig. 6D; see Table S3). The apparent Km values for suc-
cinate were consistently lower in the �sdh1 mutant than in the
isogenic WT parent, suggesting a higher affinity for succinate ox-
idation in the �sdh1 genetic background (see Table S3).

To determine if the M. smegmatis Sdh enzymes are capable of
fumarate reduction, we assayed for fumarate reductase activity in
mycobacterial IMVs. A direct assay for fumarate reductase activity
in mycobacteria has not been previously reported in the literature.
We used a benzyl viologen (BV) assay that has been described for
use with the E. coli QFR enzyme (13). We validated that the assay
was correctly working by detecting fumarate reductase activity in
E. coli IMVs that were either WT or overexpressing the E. coli QFR
(DW35 pH3 FrdABCD�) (Fig. 7). Consistently, an E. coli
�frdABCD �sdhABCD double mutant (strain RP437) gave no de-
tectable activity. Furthermore, we were able to detect fumarate
reductase activity in IMVs prepared from M. bovis BCG (Fig. 7).
However, we were unable to detect any fumarate reductase activ-

FIG 5 Growth and sdh2-lacZ expression of �sdh1 mutant. Shown are the growth curves (A) and plotted growth rates (B) of the WT (solid lines and filled bars)
and the �sdh1 deletion mutant (dotted lines and open bars) in HdB minimal medium under normoxic conditions with succinate at 30 mM (closed circles),
15 mM (closed squares), 5 mM (closed triangles), and 1 mM (inverted closed triangles). The specific growth rate was calculated between the two time points
indicated in panel A. (C and D) Expression levels of sdh2-lacZ in the M. smegmatis �sdh1 mutant grown under normoxic (C) or hypoxic (D) conditions in HdB
minimal medium supplemented with 30 mM succinate. (D) Hypoxic conditions were achieved at approximately 30 h, as indicated by methylene blue decolor-
ization. OD600 (open squares), succinate concentration (solid diamonds), �-galactosidase (�-gal) activity (in Miller units [MU]; open triangles) are shown. The
experiments were carried out in biological triplicate, and the results shown are mean values and standard deviations.
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ity in IMVs prepared from WT or �sdh1 mutant M. smegmatis
grown under any of the conditions used in this study (Fig. 7).

Sdh2 is the generator of the membrane potential under hyp-
oxia. To understand the importance of succinate oxidation in
M. smegmatis, we determined the contributions of succinate oxi-
dation to the membrane potential (��) and proton gradient
(�pH). Succinate oxidation coupled to proton translocation was
measured by using acridine orange (AO) quenching in IMVs pre-
pared from M. smegmatis cells grown under normoxia or hypoxia
on succinate (Fig. 8). In these experiments, succinate was pro-
vided as the electron donor for the electron transport chain. Suc-
cinate oxidation to fumarate results in the generation of MQH2,
which is then used by either the proton-pumping MQH2-
cytochrome c oxidoreductase bc1-aa3-type cytochrome c oxidase
(bc1-aa3 pathway) and/or non-proton-translocating cytochrome
bd-type MQH2 oxidase (1, 2). Succinate oxidation by either WT or

�sdh1 mutant IMVs resulted in significant proton pumping (AO
quenching), which was reversed by the protonophore
m-chlorophenylhydrazone (CCCP), demonstrating that succi-
nate oxidation was coupled to proton pumping by the bc1-aa3

pathway (Fig. 8). Lower levels of succinate-driven proton pump-
ing (quenching) were observed in WT cells grown under hypoxia
(Fig. 8, trace c) than in the �sdh1 mutant grown under the same
conditions (Fig. 8, trace d).

Succinate dehydrogenase activity in M. tuberculosis is inhibited
by 3-nitroproprionate (3NP) (25), which is a complex II-specific
suicide inhibitor (26). We validated this as an inhibitor of Sdh
activity in M. smegmatis (see Fig. S4 in the supplemental material)
and used it to study the effect of 3NP treatment on the generation
of the electrical potential across the cell membrane (��) in whole
cells. When WT or �sdh1 mutant cells were grown under nor-
moxia in the presence of 3NP (400 �M), the growth rate and final

FIG 6 Kinetic characterization of succinate oxidation by IMVs of WT and �sdh1 mutant E. coli and M. smegmatis. Succinate dehydrogenase activities in IMVs
of WT and �sdh1 mutant E. coli and M. smegmatis strains were measured with the PES-DCIP assay (A) or a Clark O2 electrode-based method (B). IMVs of E. coli
were prepared from cells grown aerobically in LB medium at 37°C. MG1655, E. coli WT; RP437, E. coli �frdABCD �sdhABCD double mutant; pFAS, E. coli
overexpressing the sdhABCD operon; pH3, E. coli overexpressing the frdABCD operon. (C and D) Rates of succinate oxidation by WT and �sdh1 mu-
tant M. smegmatis IMVs prepared from cells grown under normoxic (C) and hypoxic (D) conditions in HdB minimal medium supplemented with 30 mM
succinate. Data were analyzed by nonlinear least-squares regression of the Michaelis-Menten equation with GraphPad Prism 6, and Vmax and Km data are
summarized in Table S3 in the supplemental material. WT, solid squares; SDH2 (�sdh1 deletion mutant strain), solid triangles. Error bars indicate the standard
error of a biological triplicate.
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OD600 were the same as those of untreated cells (Fig. 9A and B).
The same strains grown under hypoxia in the presence of 3NP
showed some growth inhibition, and the final OD600 was always
lower in the 3NP-treated cells, particularly for the �sdh1 mutant

(Fig. 9C and D). To determine the effect of 3NP on succinate
dehydrogenase inhibition and electron transport chain activity,
we measured the �� under these conditions. Under normoxic
growth conditions, the �� was comparable between WT and
�sdh1 mutant cells (170 mV) and 3NP treatment had no signifi-
cant effect on the �� (Fig. 9E, cells sampled at 48 h) (P value,
�0.05; 95% confidence interval [CI], one-way analysis of variance
[ANOVA]), suggesting that generation of the membrane potential
under these conditions was not dependent on succinate or was a
minor contributor. Under hypoxic conditions, the �� was signif-
icantly dissipated by 3NP (P value, �0.001 for WT untreated ver-
sus 3NP-treated cells; P value, �0.01 for �sdh1 untreated versus
3NP-treated cells, 95% CI, one-way ANOVA) in both the WT and
�sdh1 mutant. Taken together, these data suggest that succinate
oxidation (Sdh activity) was responsible for generation of the ��
under hypoxia but not under normoxia and was not dependent on
the presence of the sdh1 operon for this activity.

DISCUSSION

Members of the genus Mycobacterium harbor two copies of the
succinate dehydrogenase operon designated sdh1 and sdh2, but
the reasons for this remain unclear. In this communication, we
report that the sdh operons of M. smegmatis are differentially ex-
pressed in response to energy and oxygen limitations and fumar-
ate, suggesting distinct cellular and energetic roles. The sdh1
operon was upregulated in response to energy limitation (nor-
moxic conditions, high proton motive force) and downregulated
in response to hypoxia and fumarate (Fig. 10). Sdh1 was dispens-
able for growth, and no phenotype for the �sdh1 mutant was
identified. In contrast, Sdh2 was downregulated in response to
energy limitation and upregulated in response to hypoxia (low
proton motive force) and fumarate (Fig. 10). The sdh expression
data obtained with sdh-lacZ fusions were consistent with microar-
ray data obtained for the sdh1 and sdh2 genes, when bacteria were
grown in continuous culture in response to the growth rate and
hypoxia (15). Exogenous fumarate addition induced sdh2 expres-
sion, even though Sdh2 was without measured fumarate reductase
activity. One possible reason for this increased sdh2 expression is
that fumarate accumulation signals hypoxia to M. smegmatis. The
fact that fumarate addition increased sdh2 expression under both
normoxic and hypoxic conditions supports this hypothesis.

Sdh2 was essential for growth, even in an Sdh1� background,
demonstrating that Sdh1 was unable to compensate for Sdh2 ac-
tivity in M. smegmatis. The essentiality of Sdh enzymes for myco-
bacterial growth has previously been reported in a transposon site
hybridization (TraSH) screening of M. tuberculosis that showed
that Sdh1, but not Sdh2, is essential for optimal growth under
aerobic conditions on standard laboratory medium (27). In con-
trast, TraSH screening selecting for M. tuberculosis mutants that
continue to replicate under hypoxic conditions found that sdh2
mutants were overrepresented, suggesting that Sdh2 has a pivotal
role in the transition of M. tuberculosis from aerobic to hypoxic
conditions (28). The reasons for this essentiality, despite the pres-
ence of one intact copy of an sdh operon, has not been investi-
gated.

The M. smegmatis Sdh1 and Sdh2 enzymes are succinate:
menaquinone oxidoreductases. The oxidation of succinate to fu-
marate (Eo= � �30 mV) coupled to menaquinone reduction to
MQH2 (Eo=� �74 mV) is an endergonic reaction under standard
conditions (�G° � �21 kJ/mol) (16), and therefore, these bacte-

FIG 7 Fumarate reductase activities in E. coli, M. bovis BCG, and M. smeg-
matis IMVs. Fumarate reductase (FRD) activities (in �mol of BV oxidized
min�1 mg of protein�1) were calculated with BV as the electron donor
(0.2 mM) under anaerobic conditions. No fumarate reductase activity could
be detected in IMVs prepared from M. smegmatis cells grown under either
normoxic or hypoxic conditions on HdB minimal medium supplemented
with 30 mM succinate. IMVs of E. coli and M. bovis BCG were prepared from
cells grown aerobically in LB and 7H9 media with ADS at 37°C. DW35(H3),
E. coli overexpressing the frdABCD operon; MG1655, E. coli WT; E. coli
�frdABCD �sdhABCD double mutant (RP437). Fumarate (5 mM) was pres-
ent in each assay. Error bars indicate the standard error of a technical triplicate.

FIG 8 Succinate-driven proton translocation in IMVs of M. smegmatis (WT
versus �sdh1 mutant). Quenching of AO fluorescence in IMVs was initiated
with 5 mM succinate, and at the indicated time points, the uncoupler CCCP at
50 �M was added to collapse the proton gradient (reversal of AO fluores-
cence). IMVs were prepared from M. smegmatis cells grown under normoxic
(traces a and b) or hypoxic (traces c and d) conditions in HdB minimal me-
dium supplemented with 30 mM succinate. Traces were normalized to a start-
ing value of 100 arbitrary units (a.u.). Experiments are representative of a
technical triplicate. Traces: a, WT cells grown under normoxic conditions; b,
�sdh1 mutant cells grown under normoxic conditions; c, WT cells grown
under hypoxic conditions; d, �sdh1 mutant cells grown under hypoxic condi-
tions.
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ria face a thermodynamic problem. Bacillus species also use suc-
cinate:menaquinone oxidoreductases, and in Bacillus subtilis and
Bacillus licheniformis, the endergonic succinate dehydrogenase re-
action is driven by the proton motive force (29–31). The
succinate-menaquinone reductases generally contain two heme b
groups in the membrane anchor (14) (Fig. 10). These hemes are
referred to as the proximal heme (bp), located close to the negative
side of the membrane (near the hydrophilic subunits), and the
distal heme (bD), close to the positive side of the membrane near
the menaquinone-binding site. The hemes differ in redox poten-

tial, with heme bp having a high potential (e.g., Eo=� �42 mV in
B. subtilis) and heme bD having a low potential (e.g., Eo= �
�131 mV in B. subtilis) (19, 22, 30, 32). Mutations in the axial
ligands (His-28 and His-113) for heme bD in B. subtilis lead to
impaired electron transfer from succinate to menaquinone, dem-
onstrating that heme bD is essential for electron transfer to
menaquinone (32). In mycobacterial Sdh, a similar pair of histi-
dines are found at His-65 to His-113 (Sdh1, M. smegmatis num-
bering) and His-65 to His-107 (Sdh2, M. smegmatis numbering)
for potential heme b ligation, suggesting that this adaptation is

FIG 9 Effect of 3NP on the growth and membrane potential of the WT and the �sdh1 mutant. Cells (WT, squares; �sdh1 mutant, triangles) were grown under
normoxic (A and B) or hypoxic (C and D) conditions in HdB minimal medium with 30 mM succinate in the absence or presence of 400 �M 3NP. The dotted
vertical line (approximately 40 h) indicates the point at which methylene blue was decolorized and hence hypoxic conditions were achieved. At 48 h of growth,
the membrane potential from normoxic (E) and hypoxic (F) cells was determined as described in Materials and Methods. Error bars represent the standard
deviation (A to D) or the standard error (E and F) of a biological triplicate. Ethanol was used as the vehicle in all of the experiments.
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conserved in the mycobacterial Sdh enzymes. Neither the Sdh1
nor the Sdh2 enzyme was able to catalyze the reduction of fuma-
rate to succinate under the conditions tested. Our data support a
model in which Sdh1 is adapted to high redox potentials (nor-
moxic conditions) and Sdh2 is adapted to low redox potentials
(hypoxic conditions) (Fig. 10). Such adaptations have been linked
to the FAD cofactor of SQR/QFR in E. coli. The redox potentials of
the FAD in SQR and QFR are �138 and �122 mV, respectively
(13). Analysis of the amino acids of SQR and QFR involved in
flavin binding has shown that in E. coli FrdA, Glu-49 is located
close to the FAD cofactor and in E. coli SdhA, a Gln-50 residue is
found at this position (13). Replacement of these residues with the
residue found in the complementary enzyme (i.e., FrdA E49Q or
SdhA Q50E) results in the enzyme becoming more efficient in the
opposite direction (13). In mycobacterial Sdh1, Sdh2, and fuma-
rate reductase enzymes, these same residues are conserved: SdhA1
Glu-51, SdhA2 Gln-48, and M. tuberculosis Frd Glu-51 (see Fig. S3
in the supplemental material). These observations raise the possi-
bility that the reduction potential of the FAD is different in
M. smegmatis Sdh1 and Sdh2, consistent with the enzymes func-
tioning under different redox potentials. On the basis of E. coli
data, one might speculate that M. smegmatis Sdh1 is more akin to
QFR than Sdh2, which resembles SQR of E. coli.

The reason for the essentiality of Sdh2 in M. smegmatis remains
unknown. Our data demonstrate an essential role for Sdh2 in
generating the membrane potential of M. smegmatis under hyp-
oxia but not under normoxic conditions, suggesting that succi-
nate is the preferred respiratory electron donor at low oxygen
tensions in M. smegmatis. The succinate dehydrogenase inhibitor
3NP was without effect on M. smegmatis cells growing aerobically
but caused some growth inhibition under hypoxia, suggesting that
blocking succinate dehydrogenase has different implications for
cells growing under normoxia or hypoxia. These data suggest dif-

ferent carbon flux through succinate under the two conditions
and the essentiality of succinate dehydrogenase in membrane po-
tential generation under hypoxia. We propose an energetic
scheme for M. smegmatis in which Sdh2-mediated succinate oxi-
dation generates a reduced MQH2 pool that saturates the proton-
pumping bc1-aa3 supercomplex, leading to the generation of the
membrane potential and sustaining ATP synthesis under hypoxia.
A similar mechanism has been proposed in M. tuberculosis, but the
Sdh responsible for this process is not known (25). Rhee and co-
workers (25) have proposed that succinate accumulation in M. tu-
berculosis during hypoxia plays an essential role in fueling Sdh
activity to sustain the membrane potential, ATP synthesis, and
anaplerosis. If oxygen is completely lacking, excess succinate may
be secreted to sustain the membrane potential or stored to enable
immediate resumption of growth when electron acceptors be-
come available, akin to a metabolic battery (25). In our experi-
ments, the membrane potential was still generated in hypoxic
M. smegmatis cells even when the external succinate concentration
was high (15 mM), indicating that the primary mechanism of
membrane potential generation involved succinate oxidation
coupled to proton pumping by the bcc-aa3 complex and not suc-
cinate secretion per se. Our findings and those of others (25) are
consistent with mitochondrial studies where respiratory succinate
dehydrogenase (complex II) is the primary generator of the mem-
brane potential and ATP levels under hypoxic conditions and is
more efficient than complex I under these conditions (33). The
use of succinate and Sdh2 by M. smegmatis to generate the mem-
brane potential may explain why the proton-pumping NADH ox-
idoreductase complex I (nuo operon, NDH-1) is downregulated
under hypoxic conditions in M. smegmatis (15). The use of Sdh2
in favor of NDH-1 under these conditions may well prevent the
excess production of reactive oxygen species (ROS) mediated by
complex I, a major contributor to ROS production in bacteria and
mitochondria.

M. smegmatis lacks genes for a canonical fumarate reductase,
and we could not detect fumarate reductase activity in cells grown
under either normoxic or hypoxic conditions. We could readily
detect fumarate reductase activity in M. bovis BCG cells. It has
been proposed that fumarate may be an important endogenous
electron acceptor for energy production and maintenance of re-
dox balance (oxidation of NADH to NAD�) in hypoxic nonrep-
licating mycobacteria (34) or used as a mechanism to generate
succinate as an excreted end product for maintenance of the mem-
brane potential (35). Interestingly, the use of fumarate as an elec-
tron acceptor in E. coli requires complex I, and expression of the
nuo operon is stimulated by the presence of fumarate (7). This
stands in direct contrast to M. smegmatis, where the nuo operon
seems to be silent under hypoxic conditions (15).

Complex II plays an important role in the cellular physiology
of eukaryotes and prokaryotes, and its malfunction has been
associated with human disease (36, 37). The enzyme has been
proposed as a potential target for the development of new che-
motherapeutic agents against intracellular parasites (38) and
mitochondrion-associated disease (39). Given the essentiality of
succinate dehydrogenase and the importance of fumarate reduc-
tase in mycobacterial pathogens, the potential exists to develop
new antituberculosis agents against these two respiratory com-
plexes.

FIG 10 Schematic diagram outlining the subunit structures and proposed
functions of Sdh1 and Sdh2 in M. smegmatis. Sdh1 is expressed under nor-
moxia (high proton motive force [pmf]), and Sdh2 is expressed under hypoxia
(low pmf). Both enzymes catalyze the oxidation of succinate (Succ) to fuma-
rate (Fum) and the two-electron (2e�, dotted line) reduction of menaquinone
(MQ) to MQH2. Sdh1 is composed of three subunits (A, B, and D, type A
enzyme), and Sdh2 is a four-subunit enzyme (A to D, type B enzyme). Shaded
diamonds represent proposed proximal and distal hemes in the membrane
anchor domain. Solid circles indicate proposed iron-sulfur clusters in subunit
B. The solid hexagon is a proposed menaquinone-binding site.
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MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. All of the strains and
plasmids used in this study are listed in Table S1 in the supplemental
material. Plasmid propagation was carried out with E. coli strains grown in
Luria-Bertani (LB) medium at 37°C with agitation (200 rpm) or on LB
1.5% agar plates. M. smegmatis strain mc2155 (40) and derived strains
were routinely grown at 37°C with agitation (200 rpm) in HdB minimal
medium (41) supplemented with 0.05% Tween 80 (Sigma-Aldrich).
Where specified, 25 mM glycerol, 30 mM succinate, or 30 mM fumarate
was used as the sole carbon and energy source. For allelic-exchange mu-
tagenesis experiments, M. smegmatis mc2155 was grown in Lemco me-
dium with or without the addition of 15 g/liter Bacto agar as described
previously (42). Kanamycin was added at 20 �g/ml for M. smegmatis and
at 50 �g/ml for E. coli, and hygromycin B was added at 50 �g/ml for
M. smegmatis and at 200 �g/ml for E. coli. Gentamicin was added at
5 �g/ml for M. smegmatis and at 20 �g/ml for E. coli. For sucrose selection,
10% (wt/vol) sucrose was included. X-Gal (5-bromo-4-chloro-3-indolyl-
�-D-galactopyranoside) was used at 40 �g/ml. OD600s of culture samples
diluted in saline (0.85% NaCl) were measured in cuvettes with a 1-cm
path length in a Jenway 6300 spectrophotometer.

Small-scale batch growth of M. smegmatis was carried out aerobically
(normoxic) in either 125- or 250-ml conical flasks or under hypoxic con-
ditions in 120-ml sealed serum vials (butyl rubber stoppered, O2 imper-
meable). Oxygen depletion under hypoxia was confirmed by decoloriza-
tion of methylene blue added (1.5 �M final concentration) (in a separate
replicate) as previously described (43). Large-scale batch growth in either
HdB containing 30 mM succinate (M. smegmatis) or LB (E. coli) for IMV
preparations were carried out either aerobically in 2-liter conical flasks or
under hypoxia in 2-liter Schott bottles (butyl rubber stoppered, O2 im-
permeable). A 600-ml volume of medium was used in the Schott bottles,
which is the same headspace/medium volume ratio as in serum vials.
M. bovis BCG was maintained according to established protocols used for
M. tuberculosis (44). Large-scale growth was carried out in 2-liter conical
flasks of 7H9 medium supplemented with only the albumin and dextrose
components (ADS) of oleic acid-albumin-dextrose-catalase.

RNA extraction and RT-PCR. Total RNA was extracted with TRIZOL
reagent according to the manufacturer’s instructions. Cell lysis was
achieved by three cycles of bead beating in a Mini-Beadbeater (Biospec) at
5,000 rpm for 30 s. DNA was removed from the RNA preparation by
treatment with 2 U of RNase-free DNase with the TURBO DNA-free kit
(Ambion) according to the manufacturer’s instructions. The quality of
the RNA was checked on a 1.2% agarose gel, and the concentration was
determined with a NanoDrop ND-1000 spectrophotometer. RT-PCR was
performed with the SuperScript III RT kit (Invitrogen) according to the
manufacturer’s instructions for the RT step and the Phusion High-
Fidelity PCR kit for the PCR step. The RT reactions were carried out with
1 �g of RNA template and gene-specific primers (listed in Table S2 in the
supplemental material) that bind within the sdh1 or sdh2 operon, fol-
lowed by PCR with the same set of primers, and 5 �l of the resulting RT
reaction mixture were used.

DNA manipulation and cloning of constructs. All molecular biology
techniques were carried out according to standard procedures (45).
Amino acid sequences for the succinate dehydrogenases/fumarate reduc-
tases included in the analysis were obtained from the NCBI protein data-
base and aligned with the Clustal Omega (46) server hosted at EMBL-EBI.
Restriction or DNA-modifying enzymes and other molecular biology re-
agents were obtained from Roche Diagnostics or New England BioLabs.
Genomic DNA of M. smegmatis was isolated as described previously (47).
To create a markerless deletion of the sdh1 operon, which corresponds to
the MSMEG_0420-to-MSMEG_0416 gene region, a 1,017-bp fragment
flanking MSMEG_ 0420 upstream and a 916-bp fragment flanking MS-
MEG_0416 downstream were amplified. The two products were fused by
overlap extension PCR (48), cloned into the SpeI site of pPR23-derived
(49) vector pX33 (47), creating pXsdh1g, and transformed into M. smeg-
matis mc2155. The same procedure was used to create a markerless dele-

tion of the sdh2 operon, which corresponds to the MSMEG_1672-to-
MSMEG_1669 gene region; a 1,230-bp fragment flanking MSMEG_1669
upstream and a 1,031-bp fragment flanking MSMEG_1672 downstream
were amplified. The two products were fused by overlap extension PCR
and cloned into the HindIII site of the p2NIL vector (50), creating
p2NILsdh2k, and transformed into M. smegmatis mc2155. To make the
complementing construct for M. smegmatis WT sdh2, the complete
operon, together with the native promoter 352 bp upstream of sdh2, was
PCR amplified. Thereafter, the 3.7-kb PCR product was cloned into the
HindIII site of the integrative E. coli-Mycobacterium shuttle vector
pUHA267 (51), creating plasmid pUHA267sdh2h (for the primers used,
see Table S2 in the supplemental material). All constructs were verified by
restriction digestion and sequencing.

Generation of M. smegmatis sdh1 and sdh2 deletion mutant strains.
Allelic replacement of the sdh1 operon was carried out essentially as pre-
viously described (49). In brief, a culture of M. smegmatis mc2155 carrying
pXsdh1g was grown at 28°C to an OD600 of approximately 0.6 to 0.8 and
then plated onto LB medium with 0.05% Tween 80 (LBT) solid medium
containing gentamicin, which selected for integration of the plasmid via a
SCO event. Thereafter, colonies that formed a yellow product when ex-
posed to 250 mM catechol were screened by Southern hybridization anal-
ysis for correct integration of the construct. One integrant was chosen and
grown in 5 ml of LBT medium containing gentamicin, at 37°C. Aliquots of
this culture were then plated onto low-salt LBT plates containing sucrose
and incubated at 40°C to select for a DCO event resulting in loss of the
plasmid and deletion of the sdh1 operon. Colonies that did not form the
yellow product after exposure to catechol were screened by Southern hy-
bridization analysis for correct deletion of the sdh1 operon.

For deletion of the sdh2 operon, a two-step deletion strategy similar to
that described by Parish et al. (50, 52) was used. A 5-�g UV-pretreated
(53) p2NILsdh2k plasmid sample was electroporated into competent
M. smegmatis, and then SCO transformants were selected on medium
containing kanamycin and X-Gal. Merodiploid strains were constructed
by electroporation of the SCO strain with the complementing plasmid
pUHA267sdh2h, followed by isolation of kanamycin- and hygromycin-
resistant transformants. DCOs were generated in the WT and merodip-
loid backgrounds by streaking cells onto plates lacking antibiotics. DCO
selection was performed on medium containing sucrose and X-Gal. Can-
didate clones (Hygr, Kans, and white color) were first screened by colony
PCR with gene-specific screening primers (see Table S2 in the supplemen-
tal material) and then confirmed by Southern blotting to determine
whether the WT or deletion mutant allele was present at the targeted
chromosomal location. Southern blot hybridization analysis was carried
out with the Amersham Gene Images AlkPhos Direct Labeling and detec-
tion system by using CDP-Star detection reagent (GE Healthcare) accord-
ing to the manufacturer’s instructions. Restriction digestion of the
genomic DNA was performed with PstI, resulting in 1.8- and 2.6-kb frag-
ments in the cases of WT and sdh1 deletion strains, respectively, and with
BamHI, resulting in 1.0- and 4.1-kb fragments in the cases of the WT and
sdh2 deletion strains, respectively. The probe used for sdh1 was the 1.0-kb
left flank fragment, and for sdh2, a 0.8-kb fragment was separately PCR
amplified (for the primers used, see Table S2).

Mapping of sdh1 and sdh2 TSSs and construction of sdh1-lacZ and
sdh2-lacZ transcriptional fusions. The TSSs of the sdh1 and sdh2 operons
were mapped by 5= RACE by using the components of a 3=/5= RACE kit
according to the manufacturer’s instructions and as previously described
(54), with the primers listed in Table S2 in the supplemental material.

To study sdh1 and sdh2 expression, transcriptional fusions of sdh1 and
sdh2 operon promoters were cloned into pJEM15 (55), a plasmid contain-
ing a promoterless lacZ gene. PCR products of 607 and 654 bp encom-
passing the sdh1 (�424 to �183) and sdh2 (�453 to �201) promoter
regions relative to the TSSs were amplified, respectively, with the primers
listed in Table S2. Thereafter, the products were cloned into the BamHI
and SphI sites of pJEM15, creating plasmids pJsdh1 and pJsdh2 (see Ta-
ble S1). All of the promoter regions amplified by PCR were confirmed by
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DNA sequencing. The plasmids were transformed into M. smegmatis
mc2155 by electroporation. The transcriptional activities of the sdh1 and
sdh2 operons were determined with the �-galactosidase assay as described
previously (47).

Preparation of IMVs. Cell suspensions from large-scale batch growth
(~2-liter total volume) were pooled and centrifuged at 7,000 rpm for
15 min. The pellet was resuspended in lysis buffer (50 ml of 50 mM mor-
pholinepropanesulfonic acid [MOPS; pH 7.5] buffer with 1 mM phenyl-
methylsulfonyl fluoride, 1 mM dithiothreitol [DTT], 1 Roche protease
inhibitor tablet, 5 mM MgCl2, 0.05% Tween 80, 2.5 mg/ml lysozyme,
2.5 mg DNase I). The cell suspension was homogenized four times with a
homogenizer and incubated for 30 min on ice. The cells were broken by
six passages through a precooled French pressure cell at 20,000 lb/in2

(AMINCO). The lysate was centrifuged at 10,000 rpm at 4°C for 10 min to
remove unbroken cells. The pellet was discarded. This step was repeated
with this clarified lysate to ensure that no unbroken cells were carried
over. The clarified lysate was centrifuged at 150,000 	 g for 45 min at 4°C
to harvest IMVs. The resulting membrane pellet was resuspended in lysis
buffer that did not contain lysozyme or DNase I. Aliquots were used
immediately or snap-frozen after 10% glycerol addition and stored at
�80°C. Protein concentration was determined by using the bicinchoninic
acid (BCA) reaction (Sigma) with bovine serum albumin as the standard.

Determination of succinate concentrations and succinate dehydro-
genase and fumarate reductase assays. Cell suspensions sampled during
growth were centrifuged at 13,000 	 g for 1 min, and supernatant samples
were stored at �20°C until used for analysis. Succinate concentrations
were estimated with the Megazyme Succinate Acid Assay kit according to
the manufacturer’s instructions. Succinate dehydrogenase enzymes as
isolated are partially deactivated by tightly bound oxaloacetate at their
active sites, and thus, it is necessary to activate the enzyme to fully express
their succino-oxidase activity (56, 57). To activate the enzyme, the mem-
brane vesicles were incubated at 37°C for 5 min in 50 mM MOPS (pH 7.5)
with 2 mM KCN and the desired amount of succinate. Activated mem-
branes were then added, and the reaction was initiated by the addition of
660 �M PES and 50 �M DCIP. The reduction of DCIP was followed by
measuring the absorbance at 600 nm of DCIP (�600 � 19.1 mM�1 cm�1)
with a Varian Cary 50 spectrophotometer. Additional supplementation
with fumarate or 3NP was performed as described in Results.

Fumarate reduction activities of IMVs were determined by measuring
the fumarate-dependent oxidation of BV. This method has been previ-
ously described for assays of E. coli QFR and SQR (13). The assay mixture
contained 50 mM Tris-HCl (pH 7.5), 1 mM DTT, 5 mM fumarate
(pH 7.5), 0.2 mM BV, 60 �g/ml glucose oxidase, 4 �g/ml catalase, and 20
mM glucose. The Tris-HCl was boiled and then cooled under nitrogen,
with the addition of DTT, to remove oxygen from the buffer before the
addition of the other assay components. Glucose oxidase, catalase, and
glucose were added to maintain anaerobiosis. Assay mixtures were pre-
pared in 1.5-ml screw-top cuvettes under a flow of nitrogen. The desired
amount of membrane vesicles was added, and then the assay was imme-
diately initiated by the addition of a stoichiometric amount of sodium
dithionite. The progress of the reaction was monitored by the decrease in
BV absorbance at 602 nm (�602 � 9.6 mM�1 cm�1) (13). Rates were
corrected for baseline activity, which was estimated in technical triplicate
for each organism and membrane concentration used. Fumarate reduc-
tase activity was calculated as �mol of BV oxidized min�1 mg of pro-
tein�1.

Measurement of oxygen consumption rates. A model 10 Clark-type
oxygen electrode (Rank Brothers Ltd., Cambridge, England) linked to a
PicoLog ADC-20 data logger was used to measure O2 consumption in
IMVs. IMVs were diluted to 0.5 mg/ml in 50 mM MOPS (pH 7.5) and
supplemented with 5 mM succinate, with stirring, to initiate O2 consump-
tion. The electrode was calibrated daily by flushing 0.1 M K-phosphate
buffer with gaseous N2 for 5 min (oxygen solubility of 220 nmol/ml).
Rates were normalized to the protein concentration of cell pellets esti-

mated by using the BCA reaction (Sigma), which were lysed with 1 M
NaOH with heating at 95°C and subsequently neutralized with 1 M HCl.

Membrane potential determination and proton-pumping assays.
Determination of �� was performed as previously described (58). Cells
(1 ml, grown under normoxic or hypoxic conditions, Fig. 9) were trans-
ferred to glass tubes (in triplicate) containing [3H]methyltriphenylphos-
phonium iodide (TPP�) (30 to 60 Ci mmol�1) ([3H]TPP�, 2.4 nM final
concentration). After incubation for 10 min at 37°C, the cultures were
centrifuged through 0.35 ml of silicone oil (BDH Laboratory Supplies,
Poole, England) in 1.5-ml microcentrifuge tubes (13,000 	 g, 5 min,
22°C) and 20-�l samples of supernatant were removed. The tubes and
contents were frozen (�20°C), and cell pellets were removed with dog nail
clippers. The supernatant and cell pellets were dissolved in 2 ml of scin-
tillation fluid (Amersham), and the amount of [3H]TPP� taken up by the
cells was determined with a Tri-Carb liquid scintillation analyzer
(PerkinElmer). The silicone oil mixture was a 40% mixture of phthalic
acid bis(2-ethyl-hexyl ester) and 60% silicone oil (40% part mixture of
DC200/200 silicone oil and 60% DC 550). Silicone oils were left overnight
at room temperature to equilibrate. The intracellular volume (3.45 

0.59 �l mg of protein�1) was estimated from the difference between the
partitioning of 3H2O and [14C]taurine. The �� was calculated from the
uptake of [3H]TPP� according to the Nernst relationship. Nonspecific
TPP� binding was estimated from cells that had been treated with valino-
mycin and nigericin (10 �M each) for 25 min (58).

Proton translocation into IMVs was determined by measuring the
quenching of the fluorescent probe AO with a Cary Eclipse Fluorescence
spectrophotometer. IMVs (0.5 mg/ml) were preincubated at 30°C in a
weak buffer system consisting of 10 mM HEPES (pH 7.5), 100 mM KOH,
and 5 mM MgCl2 containing 5 �M AO for 2 min with constant stirring.
The reaction was then initiated by adding 5 mM succinate as an electron
donor. Once the fluorescence quenching reached a steady state, the pro-
ton gradient was collapsed by the addition of the uncoupler CCCP (50
�M). The excitation and emission wavelengths were 493 and 530 nm,
respectively.
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