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ABSTRACT Here we demonstrated that the inhibition of electron flux through the re-
spiratory electron transport chain (ETC) by either the disruption of the gene for the ma-
jor terminal oxidase (aa3 cytochrome c oxidase) or treatment with KCN resulted in the
induction of ald encoding alanine dehydrogenase in Mycobacterium smegmatis. A
decrease in functionality of the ETC shifts the redox state of the NADH/NAD� pool
toward a more reduced state, which in turn leads to an increase in cellular levels of
alanine by Ald catalyzing the conversion of pyruvate to alanine with the concomi-
tant oxidation of NADH to NAD�. The induction of ald expression under respiration-
inhibitory conditions in M. smegmatis is mediated by the alanine-responsive AldR
transcriptional regulator. The growth defect of M. smegmatis by respiration inhibition
was exacerbated by inactivation of the ald gene, suggesting that Ald is beneficial to
M. smegmatis in its adaptation and survival under respiration-inhibitory conditions
by maintaining NADH/NAD� homeostasis. The low susceptibility of M. smegmatis to
bcc1 complex inhibitors appears to be, at least in part, attributable to the high ex-
pression level of the bd quinol oxidase in M. smegmatis when the bcc1-aa3 branch of
the ETC is inactivated.

IMPORTANCE We demonstrated that the functionality of the respiratory electron
transport chain is inversely related to the expression level of the ald gene encoding
alanine dehydrogenase in Mycobacterium smegmatis. Furthermore, the importance of
Ald in NADH/NAD� homeostasis during the adaptation of M. smegmatis to severe
respiration-inhibitory conditions was demonstrated in this study. On the basis of
these results, we propose that combinatory regimens including both an Ald-specific
inhibitor and respiration-inhibitory antitubercular drugs such as Q203 and bedaqui-
line are likely to enable a more efficient therapy for tuberculosis.

KEYWORDS alanine dehydrogenase, AldR transcriptional regulator, electron
transport chain, gene expression, Mycobacterium, redox homeostasis, respiration

NAD(H)-dependent alanine dehydrogenase (EC 1.1.4.1; Ald) catalyzes the reductive
amination of pyruvate to L-alanine and its reverse reaction. The oxidative deami-

nation reaction catalyzed by Ald is required for mycobacteria to utilize alanine as a
nitrogen source (1–3). In addition, Ald in mycobacteria has been suggested to be
necessary for hypoxic growth by maintaining the redox balance of the NADH/NAD�

pool via its reductive amination reaction (3–6). Ald proteins from Mycobacterium
tuberculosis and Mycobacterium smegmatis are also known to catalyze the reductive
amination of glyoxylate to glycine but not the reverse reaction (2, 7). The mycobacterial
Ald is composed of six identical subunits with the N-terminal catalytic and C-terminal

Received 14 March 2018 Accepted 25 April
2018

Accepted manuscript posted online 30
April 2018

Citation Jeong J-A, Park SW, Yoon D, Kim S,
Kang H-Y, Oh J-I. 2018. Roles of alanine
dehydrogenase and induction of its gene in
Mycobacterium smegmatis under respiration-
inhibitory conditions. J Bacteriol 200:e00152-18.
https://doi.org/10.1128/JB.00152-18.

Editor William W. Metcalf, University of Illinois
at Urbana Champaign

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Jeong-Il Oh,
joh@pusan.ac.kr.

RESEARCH ARTICLE

crossm

July 2018 Volume 200 Issue 14 e00152-18 jb.asm.org 1Journal of Bacteriology

https://orcid.org/0000-0002-4649-4566
https://orcid.org/0000-0002-9250-2627
https://doi.org/10.1128/JB.00152-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:joh@pusan.ac.kr
https://crossmark.crossref.org/dialog/?doi=10.1128/JB.00152-18&domain=pdf&date_stamp=2018-4-30
http://jb.asm.org


NAD(H)-binding domains (8, 9). It has been reported that Ald is one of the major
antigens found in culture filtrates of M. tuberculosis (10, 11).

The expression of the ald gene was strongly upregulated in M. tuberculosis and M.
smegmatis grown in the presence of alanine (2, 3, 12, 13). This alanine-dependent
regulation of ald was shown to be mediated by the AldR transcriptional regulator that
belongs to the Lrp/AsnC (leucine-responsive regulatory protein/asparagine synthase C)
family (12, 13). Furthermore, the expression of the ald gene was shown to be upregu-
lated in M. smegmatis under hypoxic conditions, which is independent of the DevSR
(DosSR) two-component system that is the major regulatory system involved in oxygen
and NO sensing in mycobacteria (12). Other studies also reported that the expression
of the ald gene, as well as the activity and synthesis of Ald, was increased in M.
tuberculosis and M. smegmatis grown under oxygen-limiting conditions (2, 3, 5–7,
14–16). The expression of the ald gene was shown to be upregulated in M. tuberculosis
grown under nutrient starvation conditions and in Mycobacterium marinum during its
persistence in granulomas (4, 17). The treatment of M. smegmatis cultures with be-
daquiline (BDQ), which inhibits the F1Fo-ATP synthase by binding to c subunits,
reportedly led to the induction of ald expression (18).

The redox balance of NADH/NAD� is influenced by oxygen availability and the
functionality of the electron transport chain (ETC) (19–21). M. smegmatis contains the
branched respiratory ETC, which is terminated with two terminal oxidases (Fig. 1). One
branch consists of the cytochrome bcc1 complex and aa3 cytochrome c oxidase, while
the other is terminated with the bd quinol oxidase. The aa3 cytochrome c oxidase forms
a supercomplex with the cytochrome bcc1 complex (22). Since the aa3 cytochrome c
oxidase is the major terminal oxidase in M. smegmatis grown aerobically, the bcc1-aa3

branch is required for the optimal growth of M. smegmatis under aerobic conditions,
and its disruption results in some growth retardation and upregulation of the bd quinol
oxidase genes (23, 24). The bd quinol oxidase was shown to have a high affinity for
oxygen, thereby being considered to play a crucial role under oxygen-limiting condi-
tions (23, 24). There are two NADH dehydrogenases (type I and type II) that are linked
to the ETC in mycobacteria. Several studies have suggested that the non-proton-
translocating type II NADH dehydrogenase encoded by ndh in M. tuberculosis and M.
smegmatis is the major NADH dehydrogenase responsible for recycling NADH to NAD�

during aerobic respiration (25–29). In addition to ndh, M. tuberculosis possesses the
ndhA gene, annotated as a type II NADH dehydrogenase gene, which does not occur
in M. smegmatis (25, 30, 31).

We previously hypothesized that the hypoxic induction of ald might be caused by
increased levels of alanine in M. smegmatis grown under hypoxic conditions (12).
However, the precise induction mechanism of the ald gene under hypoxic conditions

FIG 1 The respiratory electron transport chain of M. smegmatis. Electron flow is indicated by the solid arrows. The dashed arrows indicate
the translocation of protons across the membrane. Abbreviations: DH, dehydrogenase; MQ, menaquinone pool; CN�, cyanide; CPZ,
chlorpromazine; BDQ, bedaquiline.
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remains unclarified. In this study, we present several lines of evidence indicating that
the extent of electron flux through the ETC determines the expression level of the ald
gene by affecting the intracellular level of alanine. Comparative analyses of growth of
M. smegmatis strains treated with ETC inhibitors revealed that Ald is instrumental in the
survival of the mycobacterium under severe respiration-inhibitory conditions by main-
taining redox homeostasis of NADH/NAD�.

RESULTS
Respiration rates of the terminal oxidase mutant strains of M. smegmatis. Our

previous study demonstrated that the expression of ald is induced in M. smegmatis
under hypoxic conditions independently of the DevSR two-component system (12). A
possible mechanism for the hypoxic induction of ald is that the inhibition of electron
flux through the ETC under oxygen-limiting conditions is associated with the induction
of ald expression. To assess this possibility, two terminal oxidase mutant (Δbd and Δaa3)
strains of M. smegmatis were constructed. No difference in the growth rate between the
wild-type (WT) and Δbd mutant strains of M. smegmatis was observed under aerobic
conditions (data not shown). However, the growth of the Δaa3 mutant was slower and
reached the stationary phase at a lower cell density than that of the WT (the doubling
times of the WT and Δaa3 mutant are 5.1 and 6.9 h, respectively).

To examine to what extent electron flux through the respiratory ETC is inhibited in
the two terminal oxidase mutants of M. smegmatis, the rate of oxygen consumption
was measured using membrane fractions of the WT and two mutant strains grown
aerobically (Fig. 2A). Oxygen consumption did not occur in the absence of added NADH
as an electron donor (data not shown). When NADH was added, the Δaa3 and Δbd
mutant strains exhibited 53.1 and 85.8% of the oxygen consumption rate observed for
the WT, respectively.

We determined the expression level of the cydA gene encoding subunit I of the bd
quinol oxidase in the WT and terminal oxidase mutant strains by reverse transcription-
PCR (RT-PCR) and quantitative real-time PCR (qRT-PCR) (Fig. 2B). The transcript levels of
cydA in the Δaa3 mutant grown aerobically and in the WT strain grown under hypoxic
conditions were increased by 6.4-fold and 16.3-fold, respectively, compared to that in
the WT grown aerobically. We also examined the expression level of the ctaC gene
encoding subunit II of the aa3 cytochrome c oxidase. The expression level of ctaC in the
Δbd and Δaa3 mutants grown aerobically was almost same as that in the control WT
grown aerobically. However, the expression of ctaC in the WT strain grown under
hypoxic conditions was rather decreased compared to that in the WT strain grown
aerobically. Altogether, these results confirm the previous findings (23, 24, 32), that the
aa3 cytochrome c oxidase is the major terminal oxidase in the respiratory ETC of M.
smegmatis grown aerobically and that inhibition of the ETC by the depletion of oxygen
or inactivation of the bcc1-aa3 branch leads to the shift of terminal oxidases from the
aa3 cytochrome c oxidase to the bd quinol oxidase in M. smegmatis.

Effect of respiration inhibition on ald expression. The effect of ETC inhibition on
ald expression was investigated by determining the promoter activity of ald in the WT
and Δaa3 mutant strains grown aerobically, as well as in the WT strain grown under
hypoxic conditions for 20 h (Fig. 2C). Since the Δaa3 mutant showed 53% of the
respiration rate observed for the WT strain (Fig. 2A), the expression level of ald in the
Δaa3 mutant is likely to represent that in the WT strain when its respiratory ETC is
inhibited by approximately 50%. The WT and Δaa3 mutant strains used in this exper-
iment harbored an ald::lacZ transcriptional fusion plasmid, pALDLACZ. The aerobically
grown Δaa3 mutant of M. smegmatis with the empty integration vector pMV306
showed a 12.5-fold increase in ald expression compared to that in the WT strain
containing pMV306 grown under the same conditions. The expression level of ald in the
Δaa3 mutant was restored to that in the WT by the introduction of pMV306ctaC
containing the intact ctaC gene into the Δaa3 mutant, indicating that the induction of
ald expression observed for the Δaa3 mutant resulted from the disruption of the ctaC
gene. The expression of ald in the WT strain grown under hypoxic conditions was
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20.6-fold higher than that detected in the same strain grown aerobically. The expres-
sion of ald in the M. smegmatis strains was also determined at the protein level by both
measuring Ald activity and performing activity staining of Ald (Fig. 2D). The Δald
mutant strain was included in the experiment as a negative control. The specific
activities of Ald were 2.1-fold and 22.9-fold higher in the Δaa3 mutant grown aerobi-
cally and the WT strain grown under hypoxic conditions, respectively, than in the
control WT grown aerobically. The level of the active Ald protein determined by activity
staining correlated well with the determined Ald activity (Fig. 2D).

The expression of the ald gene in M. smegmatis has been demonstrated to be under
the control of the AldR transcriptional regulator that senses the intracellular level of
alanine (12, 13). To investigate whether the hypoxic induction of ald is mediated by

FIG 2 Respiration rates of the terminal oxidase mutant (Δbd and Δaa3) strains and effects of respiration inhibition
by inactivation of the aa3 oxidase or hypoxic cultivation on ald expression in M. smegmatis. M. smegmatis strains
were grown either aerobically to an OD600 of 0.7 to 0.8 (Aer) or under hypoxic conditions (Hyp) for 20 h. (A) Oxygen
consumption rates of the terminal oxidase mutant strains were determined using membrane fractions of the M.
smegmatis strains grown aerobically. The oxygen consumption rate of the WT strain is set at 100, and relative rates
are expressed for the other strains. All values provided are the averages of the results from three independent
determinations. (B) Expression of terminal oxidase genes in the terminal oxidase mutant strains of M. smegmatis.
Expression levels of ctaC, cydA, and 16S rRNA genes were determined by RT-PCR. RT-PCR for 16S rRNA was
conducted to ensure that the same amounts of total RNA were employed for RT-PCR. The level of cydA mRNA was
quantitatively determined by qRT-PCR. Fold induction of cydA expression indicates the level of cydA mRNA relative
to that in the WT cells grown under aerobic conditions and is given below the RT-PCR results. The fold induction
values provided are the averages of the results from two independent determinations. (C) Expression levels of ald
in the WT and Δaa3 strains grown aerobically, as well as in the WT strain grown under hypoxic conditions, were
determined using an ald::lacZ transcriptional fusion plasmid, pALDLACZ. To compare the expression level of ald in
the Δaa3 mutant with that in the WT strain, the aerobically grown WT and Δaa3 mutant strains carrying the empty
vector pMV306 were used in the experiment. For complementation of the Δaa3 mutant, pMV306ctaC carrying the
intact ctaC gene was introduced into the mutant. All values provided are the averages of the results from four
independent determinations. (D) The specific activity and activity staining of Ald in the WT and Δaa3 mutant strains
grown aerobically or under hypoxic conditions. The Δald mutant strain without Ald activity was included in the
experiment as a negative control. All values provided are the averages of results from three independent
determinations. Crude extracts (20 �g) were subjected to nondenaturing PAGE on a 7.5% (wt/vol) acrylamide gel,
and the gel was subsequently stained by Ald activity. *, P � 0.01; **, P � 0.05; ***, P � 0.1.
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AldR in M. smegmatis, we determined the promoter activity of ald in the WT and ΔaldR
mutant strains grown either aerobically (Aer) or under hypoxic conditions for 20 h (Hyp)
by using pALDLACZ (Fig. 3). In agreement with our previous results (12, 13), ald
expression was partially derepressed in the ΔaldR mutant grown aerobically relative to
that in the WT strain grown under the same conditions. The expression of ald was not
induced in the ΔaldR mutant grown under hypoxic conditions, while the hypoxic
induction of ald occurred in the WT strain. These results indicate that the hypoxic
induction of ald expression is mediated by AldR.

We next examined the effect of cyanide, which is an inhibitor of the aa3 cytochrome
c oxidase, on ald expression in the WT and ΔaldR mutant strains of M. smegmatis grown
aerobically. The expression level of the ald gene was determined by RT-PCR and
qRT-PCR (Fig. 4). We could not use an ald::lacZ transcriptional fusion to determine the
expression level of ald in this experiment, since the addition of KCN interfered with the
expression of �-galactosidase for unknown reasons (33). The expression of ald was
increased in the WT strain in proportion to the concentration of KCN and reached a
maximum level at 50 �M KCN (Fig. 4A), while the expression of ald was not induced by
KCN treatment in the ΔaldR mutant strain (Fig. 4B). Altogether, these results indicate
that the inhibition of electron flux through the ETC by inactivation of the aa3 cyto-
chrome c oxidase or by limitation of oxygen availability results in the induction of ald
expression in an AldR-dependent way.

Finally, the effect of cyanide on ald expression in the WT and Δbd mutant strains
grown aerobically was examined (Fig. 5). The expression level of the ald gene was
determined by RT-PCR. Since the bd quinol oxidase is known to be insensitive to
cyanide in contrast to the aa3 cytochrome c oxidase, we expected that the ETC of the
Δbd mutant expressing only the aa3 cytochrome c oxidase as a terminal oxidase would
be more severely inhibited by cyanide than that of the WT strain expressing both the
bd quinol oxidase and aa3 cytochrome c oxidase. The expression levels of ald in both
strains were increased with increasing concentrations of KCN. Interestingly, the expres-
sion of ald in the Δbd mutant was more induced in the low concentration range of KCN
(10 and 20 �M) than that detected in the WT strain, confirming the inverse relationship
between the extent of electron flux through the ETC and ald expression.

Redox state of pyridine nucleotides and intracellular concentrations of alanine
in M. smegmatis under respiration-inhibitory conditions. Since NADH produced by
catabolic reactions acts as a major electron donor for the ETC, we assumed that the
inhibition of the ETC by either disruption of the aa3 cytochrome c oxidase or depletion
of oxygen shifts the redox state of the NADH/NAD� pool to a more reduced state in the

FIG 3 Expression of the ald gene in the WT and ΔaldR mutant strains of M. smegmatis. The WT and ΔaldR
mutant strains of M. smegmatis carrying the ald::lacZ transcriptional fusion plasmid (pALDLACZ) were
grown either aerobically to an OD600 of 0.5 to 0.6 (Aer) or under hypoxic conditions (Hyp) for 20 h. The
ald promoter activities were measured by determining �-galactosidase activity. All values provided are
the averages of the results from three independent determinations. Error bars indicate the standard
deviations.
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cell. To confirm this assumption, we determined the redox state of the pyridine
nucleotide pool in the WT and Δaa3 mutant strains grown aerobically, as well as in the
WT grown under hypoxic conditions (Fig. 6). The total amounts of pyridine nucleotides
(NADH plus NAD�) in the M. smegmatis strains ranged from 959.5 to 1,478.1 pmol/ml.
When the WT strain was grown under hypoxic conditions for 20 h, the NADH/NAD�

ratio was increased by approximately 2-fold relative to that determined in the control
WT strain grown aerobically. A 1.43-fold increase in the NADH/NAD� ratio was ob-
served in the Δaa3 mutant grown aerobically compared to that in the WT strain grown
aerobically. These findings indicate that the blockage of electron flow through the ETC
might exert back pressure on the ETC, thereby diminishing the rate of NADH oxidation
and shifting the redox balance of NADH/NAD� toward a more reduced state.

FIG 4 Effect of respiration inhibition by KCN on ald expression in the WT (A) and ΔaldR mutant (B) strains
of M. smegmatis grown under aerobic conditions. The WT and ΔaldR mutant strains of M. smegmatis were
grown aerobically in 7H9-glucose medium to an OD600 of 0.5 to 0.6. Following the addition of the given
concentrations of KCN to the cultures, the strains were further grown for 15 min. As controls, the WT and
ΔaldR mutant strains were grown aerobically without KCN treatment. Expression levels of ald were
determined by qRT-PCR and RT-PCR. The transcript level of ald determined by qRT-PCR was normalized
to that of 16S rRNA. The relative level of ald expression indicates the level of ald mRNA in the WT (A) or
ΔaldR mutant (B) strains treated with KCN relative to that in the untreated WT strain (0 �M). All values
provided are the averages of the results from two independent determinations. Error bars indicate the
deviations from the means.

FIG 5 Comparison of ald expression between the WT and Δbd mutant strains of M. smegmatis treated
with increasing concentrations of KCN. The WT and Δbd mutant strains were grown as described for Fig.
4. Expression levels of ald and 16S rRNA genes were determined by RT-PCR. RT-PCR for 16S rRNA was
conducted to ensure that the same amounts of total RNA were employed for RT-PCR. RT-PCR was
performed in triplicates using total RNA isolated from three independent cultures of the WT and Δbd
mutant strains.
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The maintenance of redox homeostasis is essential for the survival and growth of
mycobacteria. Therefore, we reasoned that the high ratio of NADH to NAD� under
respiration-inhibitory conditions might trigger the reductive amination reaction by Ald,
converting pyruvate to alanine with the concomitant oxidation of NADH to NAD� to
maintain redox balance in a similar way as lactate fermentation. An increase in alanine
concentrations in turn induces ald expression through the alanine-responsive AldR
regulator (12, 13). To test this hypothesis, the intracellular levels of alanine in the WT
strain of M. smegmatis grown aerobically and under hypoxic conditions, as well as in the
Δaa3 mutant grown aerobically, were determined by means of nuclear magnetic
resonance (NMR) analysis. As shown in Fig. 7 (representative NMR spectra are shown in
Fig. S1 in the supplemental material), the intracellular level of alanine in the Δaa3

mutant grown aerobically was increased by 1.7-fold relative to that in the WT strain

FIG 6 Effect of respiration inhibition on intracellular levels of total pyridine dinucleotides (NADH�NAD�)
and the NADH/NAD� ratio in the WT and Δaa3 mutant strains of M. smegmatis. M. smegmatis strains were
grown either aerobically to an OD600 of 0.7 to 0.8 (Aer) or under hypoxic conditions (Hyp) for 20 h. All
values provided are the averages from seven independent determinations. Error bars indicate the
standard deviations. *, P � 0.01; **, P � 0.05.

FIG 7 Determination of intracellular concentrations of alanine and valine. The WT and Δaa3 mutant
strains were grown either aerobically to an OD600 of 0.7 to 0.8 (Aer) or under hypoxic conditions (Hyp)
for 20 h. Cell-free crude extracts containing 4 mg of proteins were subjected to methanol-chloroform
extraction and the obtained aqueous phase was used for 1H-NMR analysis to determine the amounts of
alanine and valine. Intracellular levels of alanine and valine are expressed as nmol/mg of proteins. All
values provided are the averages from three independent determinations. Error bars indicate the
standard deviations. *, P � 0.001.
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grown aerobically. When grown under hypoxic conditions (Hyp), the WT strain pro-
duced a 10.9-fold higher level of alanine than the control WT strain grown aerobically.
The intracellular levels of valine in the same strains were measured in the experiment
as a reference. No significant differences in valine levels were observed between the
strains tested. The intracellular levels of alanine in the M. smegmatis strains correlated
well with the expression levels of ald in the same strains (Fig. 2). These results suggest
that the intracellular levels of alanine reflect the functional state of the ETC and that the
induction of ald expression under respiration-inhibitory conditions is a consequence of
increased intracellular alanine levels.

Ald is required for optimal growth of M. smegmatis under severe respiration-
inhibitory conditions. To ascertain the role of Ald in the growth of M. smegmatis under
ETC inhibition, we comparatively examined the growth of the M. smegmatis strains (WT,
Δbd, Δald, and Δbd Δald mutant strains) in the presence of KCN and chlorpromazine
(CPZ), which are inhibitors of the aa3 cytochrome c oxidase and type II NADH dehy-
drogenase, respectively. As shown in Fig. 8A, all mutant strains grew on 7H9-glucose
medium without KCN treatment at approximately the same rate as the WT strain. When

FIG 8 Effect of respiration inhibitors (KCN and CPZ) on aerobic growth of the WT and mutant (Δald, Δbd, and Δbd Δald) strains of M. smegmatis. M.
smegmatis strains were grown aerobically in 7H9-glucose medium to an OD600 of 0.5, and cyanide (A and C) or CPZ (B) was added to the cultures to the
given concentrations. The cultures were further grown for 20 h, and the growth of the strains was monitored spectrophotometrically at 600 nm at 5-h
intervals. (C) For complementation tests, pNBV1cydA and pMV306ald, which carry the intact cydA and ald genes, respectively, were used to complement
the Δbd and Δbd Δald mutant strains. As controls, the M. smegmatis strains with the empty vector, pNBV1 or pMV306, were included in the experiment.
All values provided are the averages of the results from three independent determinations. Error bars indicate the standard deviations. *, P � 0.01; **,
P � 0.05.

Jeong et al. Journal of Bacteriology

July 2018 Volume 200 Issue 14 e00152-18 jb.asm.org 8

http://jb.asm.org


M. smegmatis cultures were treated with 50 and 100 �M KCN, the growth of the Δbd
mutant was significantly retarded relative to that of the WT strain, which is in agree-
ment with the previous report suggesting that the bd quinol oxidase is a CN�-
insensitive terminal oxidase and plays an important role in aerobic respiration in the
case of aa3 oxidase inhibition (23). The expression of the intact cydA gene from a
multicopy plasmid, pNBV1cydA, completely restored the growth rate of the Δbd mutant
to that of the WT strain (Fig. 8C). Intriguingly, the treatment with KCN resulted in a more
severe growth defect for the Δbd Δald double mutant than for the Δbd mutant, while
the Δald mutant and the WT strains showed no difference in growth in the presence of
KCN. When ald was expressed from an integration plasmid, pMV306ald, the impaired
growth of the Δbd Δald double mutant was partially recovered to the Δbd mutant level
(Fig. 8C). The partial complementation of the Δbd Δald mutant by pMV306ald might
result from insufficient expression of the integrated ald gene.

Type II NADH dehydrogenase, which donates electrons from NADH to the ETC
without proton translocation across the membrane, is known to be the major NADH
dehydrogenase in mycobacteria (25, 28–30, 34). When the WT and Δald mutant strains
were grown in the presence of CPZ, their growth was more inhibited with increasing
concentrations of CPZ (Fig. 8B). The inactivation of ald negatively affected the growth
of M. smegmatis at CPZ concentrations (30 and 40 �g/ml) where the growth of the WT
strain was inhibited.

We next examined the susceptibility of the M. smegmatis strains (WT, Δbd, Δald,
and Δbd Δald mutant strains) to Q203, which specifically inhibits the cytochrome
bcc1 complex by binding to the cytochrome b subunit (QcrB) (35), by performing a
zone inhibition assay (Fig. 9A). No zone of inhibition was observed for the WT and
Δald mutant strains when 20 �l of 5 mM Q203 was used. In contrast, the Δbd
mutant exhibited a susceptibility to Q203 as indicated by the formation of a clear
zone (14-mm diameter) around the disc. The Δbd Δald mutant gave rise to a larger
clear zone (20-mm diameter) than the Δbd mutant, indicating that the Δbd Δald
mutant is more susceptible to Q203 than the Δbd mutant. To define the inhibitory
activity of Q203 quantitatively, the MIC50 and MIC90 values of Q203 were deter-
mined for the WT and mutant strains of M. smegmatis (Fig. 9B). In agreement with

FIG 9 Susceptibility of the WT and mutant (Δbd, Δald, and Δbd Δald) strains of M. smegmatis to Q203.
(A) Zone inhibition assay. (B) MIC of Q203 for the WT and mutant strains. Log-transformed Q203
concentrations were plotted against the growth of the strains normalized to that of Q203-untreated
cultures. The MIC50 and MIC90 values of Q203 for the WT and mutant strains of M. smegmatis are
presented in the table below the plot. All values provided are the averages of the results from three
independent determinations. Error bars indicate the standard deviations. *, P � 0.001 between the Δbd
and Δbd Δald mutant strains.
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the results of the zone inhibition assay, the MIC50 and MIC90 values of Q203 for the
WT and Δald mutant strains of M. smegmatis were greater than 10 �M. The MIC50

(1.26 �M) and MIC90 (2.10 �M) values of Q203 for the Δbd mutant were much lower
than those for the WT and Δald mutant strains. The inactivation of the ald gene in
the Δbd mutant (Δbd Δald mutant) further decreased the MIC50 and MIC90 of Q203.
Taken together, the results presented in Fig. 8 and 9 imply that Ald is of benefit to
M. smegmatis under severe respiration-inhibitory conditions, probably by maintain-
ing the redox balance of NADH/NAD�.

DISCUSSION
Induction of ald expression under respiration-inhibitory conditions. Alanine avail-

ability was shown to be a major determinant for the induction of ald expression in M.
smegmatis (12, 13). The addition of alanine to aerobic cultures of M. smegmatis and M.
tuberculosis was shown to result in a strong induction of ald expression (2, 3, 12, 13).
This alanine-responsive upregulation of ald is mediated by the AldR transcriptional
regulator that uses alanine as an effector molecule (12, 13). An interesting aspect
regarding ald expression is the hypoxic induction of ald in M. smegmatis independently
of the DevSR two-component system (12). The clue as to how ald expression is induced
under hypoxic conditions emerged from the following findings: the treatment of M.
smegmatis cultures with BDQ, which is an inhibitor of the mycobacterial F1Fo-ATP
synthase and therefore also inhibits the mycobacterial ETC, led to the induction of ald
expression (18). The intracellular levels of alanine and glycine were increased in M.
tuberculosis exposed to hypoxic conditions (21).

Since dioxygen is a final electron acceptor of the ETC during aerobic respiration,
electron flux through the ETC is expected to be inhibited under oxygen-limiting
conditions. Therefore, it is possible that the hypoxic induction of ald in M. smegmatis is
mediated by AldR in response to the elevated intracellular level of alanine under
respiration-inhibitory conditions. As conclusive proof that the reduced functionality of
the ETC, rather than the direct regulation of ald by an O2-sensing regulatory system,
pertains to the hypoxic induction of ald expression, we demonstrated that the inhibi-
tion of electron flux through the ETC by either the inactivation of the aa3 cytochrome
c oxidase or treatment of M. smegmatis cultures with KCN under aerobic conditions
resulted in the induction of ald expression (Fig. 2 and 4). The expression level of ald in
M. smegmatis grown aerobically was proportional to the concentration of used KCN,
and the induction effect of KCN was more prominent in the Δbd mutant strain of M.
smegmatis than in the WT strain (Fig. 5), which strongly implies that the extent of ald
expression is inversely related to the functionality of the ETC.

We showed that the reduction in functionality of the ETC and oxygen availability led
to an increase in the NADH/NAD� ratio in M. smegmatis (Fig. 6). Consistent with our
result, it has been reported that the NADH/NAD� ratio was increased in M. tuberculosis
treated with ETC inhibitors, as well as in M. tuberculosis either residing within macro-
phages or grown under oxygen-limiting conditions (20, 21, 36–39). When glucose is
supplied to mycobacteria as a carbon source under respiration-inhibitory conditions,
pyruvate (the final product of glycolysis) is not efficiently catabolized to CO2 through
the tricarboxylic acid (TCA) cycle due to NAD� insufficiency. When the pyruvate level
and NADH/NAD� ratio are elevated, the reaction rate for the reductive amination of
pyruvate to alanine with the concomitant oxidation of NADH to NAD� is assumed to
be accelerated because of the elevated level of substrates, which accounts for an
increase in the intracellular level of alanine in M. smegmatis under respiration-inhibitory
conditions (under hypoxic conditions and in the Δaa3 mutant) (Fig. 7). Furthermore, our
study showed that the expression level of ald correlates well with the intracellular level
of alanine in M. smegmatis (Fig. 2 and 7) and that the induction of ald expression under
respiration-inhibitory conditions is dependent on AldR (Fig. 3 and 4B). These findings
suggest that alanine is the direct effector molecule for the induction of ald expression
under respiration-inhibitory conditions and that the intracellular level of alanine indi-
rectly reflects the functional state of the ETC.
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On the basis of the results presented here, we suggest a model explaining the
induction of ald expression in response to respiration inhibition. The exposure of
mycobacteria to respiration-inhibitory conditions leads to the inhibition of electron
flow through the respiratory ETC. Reduced functionality of the ETC shifts the redox state
of the NADH/NAD� pool to a more reduced state, exerting a negative effect on
NADH-producing metabolic pathways such as pyruvate oxidation and the oxidative
TCA cycle. The increased levels of NADH and pyruvate in cells most likely promote the
synthesis of alanine from pyruvate through the reductive amination reaction by Ald. As
a result, the intracellular concentration of alanine is increased, which in turn induces the
expression of the ald gene through AldR.

Roles of Ald in mycobacterial survival under severe respiration-inhibitory condi-
tions. We demonstrated that the Δbd Δald double mutant of M. smegmatis was more
susceptible to KCN and Q203 than the Δbd mutant, while the WT and Δald mutant
strains of M. smegmatis did not show noticeable differences in their susceptibility to
KCN and Q203 (Fig. 8A and 9). The treatment of growth cultures with CPZ resulted in
more severe growth inhibition for the Δald mutant than for the WT strain (Fig. 8B). On
the basis of these results, we assumed that Ald plays an important role in the
growth and survival of M. smegmatis under severe respiration-inhibitory conditions
such as hypoxic or inhibitory conditions of both the bcc1-aa3 branch and bd quinol
oxidase. In good agreement with these results, an ald mutant of M. smegmatis
reportedly displayed a decreased survival rate under oxygen depletion conditions
compared to that of the WT strain grown under the same conditions (3). The
reoxidation of NADH by Ald seems likely to play a pivotal role in the redox
homeostasis of NADH/NAD� when mycobacteria are confronted with severe
respiration-inhibitory conditions under which the ETC does not function sufficiently
to maintain the redox homeostasis of NADH/NAD�. In this respect, the reductive
amination of pyruvate to alanine by Ald is reminiscent of the reduction of pyruvate
to lactate by lactate dehydrogenase in lactate fermentation. A search for the lactate
dehydrogenase gene in the M. smegmatis genome led us to conclude that M.
smegmatis does not possess NADH/NAD�-dependent lactate dehydrogenase.
Therefore, we assume that Ald might play a similar role as lactate dehydrogenase
when M. smegmatis utilizes glucose under respiration-inhibitory conditions. It has
been reported that the impaired anaerobic growth of a lactate dehydrogenase (ldh)
mutant strain of Escherichia coli could be recovered by complementation with M.
tuberculosis ald (6), which supports our assumption. Using this metabolic pathway
similar to “alanine fermentation,” M. smegmatis can theoretically generate two
molecules of ATP per one molecule of glucose by substrate-level phosphorylation
while maintaining the redox homeostasis of NADH/NAD�. Furthermore, the rapid
consumption of pyruvate through alanine fermentation by Ald can reduce the
accumulation of glycolytic intermediates, which is known to be toxic to M. tuber-
culosis under hypoxic conditions (40). It has been suggested that the reductive
branch of the TCA cycle and the glyoxylate shunt from the TCA cycle participate in
both the reoxidation of reducing equivalents and the supply of biosynthetic
precursors under respiration-inhibitory conditions (6, 19, 21, 38). Since Ald also has
glycine dehydrogenase activity that catalyzes the reductive amination of glyoxylate
to glycine, this activity is also expected to contribute to the reoxidation of NADH in
the glyoxylate shunt (2, 7).

It has been demonstrated that Mycobacterium bovis bacillus Calmette-Guérin (BCG)
is more vulnerable to bcc1 inhibitors than M. tuberculosis (41). The MIC90 values of
imidazo[1,2-�]pyrimidine and imidazo[1,2-�]pyridine amide (IPA) derivatives for M.
bovis BCG were lower than those for M. tuberculosis (41). Although the nucleotide
sequences of the M. tuberculosis and M. bovis BCG genomes exhibit 99.95% overall
identity (42), Ald of M. bovis BCG is functionally inactive due to a frameshift mutation
within its gene (1), which might be the reason for the higher susceptibility of M. bovis
BCG to the bcc1 complex inhibitors than of M. tuberculosis. Ald has long been recog-
nized as a potential virulence factor. Therefore, small-molecule inhibitors targeting Ald

Redox Homeostasis and Alanine Dehydrogenase Journal of Bacteriology

July 2018 Volume 200 Issue 14 e00152-18 jb.asm.org 11

http://jb.asm.org


have been developed (43, 44). On the basis of our findings together with the afore-
mentioned reports, we suggest that combinatory therapeutic regimens including
both an Ald-specific inhibitor and respiration-inhibitory antitubercular drugs like
Q203 and BDQ are likely to act against M. tuberculosis more efficiently than
single-drug regimens.

Speculation on the mechanism underlying resistance of M. smegmatis to bcc1

complex inhibitors. Our results (Fig. 9) and those reported previously (18, 41, 45–49)
showed that bd quinol oxidase mutants of M. smegmatis and M. tuberculosis are more
susceptible to bcc1 complex inhibitors and BDQ than the corresponding isogenic WT
strains, which indicates the requirement of the bd quinol oxidase for aerobic respiration
of the mycobacteria when the bcc1-aa3 branch of the ETC is inactivated. M. tuberculosis
is known to be much more sensitive to bcc1 complex inhibitors such as Q203 and
lansoprazole than M. smegmatis (35, 41, 50). The MIC50 of Q203 and the MIC90 of
lansoprazole for M. tuberculosis were reported to be 2.7 nM and 1.13 �M, respectively, while
the MIC90 values of Q203 and lansoprazole for M. smegmatis were reported to be �20 �M
and �100 �M, respectively (35, 50). From these findings, we assumed that the resistance
of M. smegmatis to bcc1 complex inhibitors might be, at least in part, attributable to the
high expression levels of the bd quinol oxidase in M. smegmatis exposed to the inhibitory
conditions of the bcc1-aa3 branch. In good agreement with our assumption, the result
presented in Fig. 2 revealed that the expression of the cydAB operon is strongly upregulated
in the Δaa3 mutant of M. smegmatis and that the mutant still retains as much as half of the
respiration capability of the WT. The construction of the bcc1 complex and aa3 cytochrome
c oxidase mutants of M. tuberculosis was reportedly unsuccessful in contrast to that for M.
smegmatis, for which the mutants were successfully generated (24, 26, 45, 51). The
indispensability of the bcc1-aa3 branch of the ETC for M. tuberculosis implies that the
expression level of the bd quinol oxidase in M. tuberculosis might not be sufficient to
compensate for the inactivation of the bcc1-aa3 branch, which provides a strong rationale
for the high susceptibility of M. tuberculosis to bcc1 complex inhibitors in contrast to that of
M. smegmatis.

In summary, we demonstrated that the regulation of ald expression in M. smegmatis
is closely associated with the functionality of the respiratory ETC. Together with AldR,
the ETC constitutes a signal transduction system in which alanine serves as a secondary
messenger reflecting the functional state of the ETC. We also demonstrated that Ald
plays a crucial role in maintaining the redox balance of NADH/NAD� in mycobacteria
exposed to severe respiration-inhibitory conditions. On the basis of this finding, we
expect the development of a new regimen that improves the efficacy of antitubercular
drugs targeting the mycobacterial respiratory ETC.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this

study are listed in Table 1. M. smegmatis strains were grown in Middlebrook 7H9 medium (Difco, Sparks,
MD) supplemented with 0.2% (wt/vol) glucose as a carbon source and 0.02% (vol/vol) Tween 80 as an
anticlumping agent at 37°C. M. smegmatis strains were grown either aerobically in a 500-ml flask filled
with 100 ml of 7H9-glucose medium on a gyratory shaker (200 rpm) or under hypoxic conditions in a
250-ml flask filled with 150 ml of 7H9-glucose medium and tightly sealed with a rubber stopper (the ratio
of headspace volume to culture volume was 1) on a gyratory shaker (200 rpm) for 20 h following
inoculation of the medium with aerobically grown preculture to an optical density at 600 nm (OD600) of
0.05, which enabled a gradual depletion of O2 from the growth medium. The growth of the M. smegmatis
WT strain was halted under these hypoxic conditions approximately 20 h after the culture was inoculated
(see Fig. S2 in the supplemental material). When methylene blue (0.75 �g/ml) was added to the hypoxic
culture of the WT strain as an oxygen indicator, the complete decolorization of methylene blue was
observed to occur at between 30 and 31 h after the cultivation was initiated. These observations indicate
that the 20-h hypoxic cultures used in this study were under microaerophilic conditions. For the
treatment of M. smegmatis cultures with KCN, M. smegmatis strains were grown to an OD600 of 0.5 to 0.6.
Following the addition of KCN to the cultures, the strains were further grown for 15 min. To determine
the MIC of Q203, M. smegmatis strains were grown in 7H9 medium containing 0.5% (wt/vol) bovine
serum albumin fraction V, 0.2% (wt/vol) glucose, 0.2% (vol/vol) glycerol, 0.085% (wt/vol) NaCl, and 0.05%
(vol/vol) Tween 80 (7H9-ADNaCl). E. coli strains were grown in Luria-Bertani (LB) medium at 37°C.
Kanamycin (50 �g/ml for E. coli and 30 �g/ml for M. smegmatis) and hygromycin (200 �g/ml for E. coli
and 50 �g/ml for M. smegmatis) were added to the growth medium when required. The construction of
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the mutant strains of M. smegmatis and the plasmids used in this study is described in the supplemental
material.

DNA manipulation and electroporation. Standard protocols or manufacturers’ instructions were
followed for recombinant DNA manipulations (52). The introduction of plasmids into M. smegmatis
strains was conducted by electroporation as previously described (53).

Preparation of membrane fractions and measurement of the oxygen consumption rate. For the
isolation of the membrane fractions, 200-ml cultures of M. smegmatis strains were grown aerobically to
an OD600 of 0.7 to 0.8 at 37°C. The harvested cells were then resuspended in 50 mM potassium phosphate
(PP) buffer (pH 7.0) and disrupted by five passages through a French pressure cell. The cell-free crude
extracts were subsequently obtained by centrifugation twice at 20,000 � g for 15 min at 4°C. The
membrane fractions were isolated by the ultracentrifugation of crude extracts at 100,000 � g for 90 min
at 4°C. The prepared membrane fractions were then washed once with PP buffer and resuspended in the
same buffer. The oxygen consumption rate was measured polarographically with a YSI 5300 Clark-type
electrode (Yellow Springs Instrument Co., Inc., Yellow Springs, OH) by using the resuspended membrane
fractions containing 0.2 mg of proteins in 5 ml of PP buffer saturated with ambient air. The reaction was
started by the addition of 100 �l of 50 mM NADH as an electron donor, and the oxygen consumption
rate was recorded for 100 s at 30°C.

Reverse transcription-PCR and quantitative real-time PCR. RNA isolation from M. smegmatis
strains, as well as the preparation of cDNA, RT-PCR, and qRT-PCR were conducted as previously
described (54). To synthesize cDNA, the following primers were used: RT-16sr(�) (5=-ACAACGCTCG
GACCCTAC-3=) for the 16S rRNA gene, R_ald_RT (5=-GCACGGTCTCGTAGGCGATC-3=) for the ald gene,
R_ctaC_RT (5=-CGTGTCGGTCGCCTTCTTGC-3=) for the ctaC gene, and R_cydA_RT (5=-TTCCTGCACGA
TGCCGGTCG-3=) for the cydA gene. For RT-PCR and qRT-PCR, the following primers were employed:
RT-16sr(�) (5=-CTGGGACTGAGATACGGC-3=) and RT-16sr(�) for the 16S rRNA gene, F_ald_RT (5=-C
GCCGAGATCGTCAACACCG-3=) and R_ald_RT for the ald gene, F_ctaC_RT (5=-GGCTCTGCGCTACTGC
TGAG-3=) and R_ctaC_RT for the ctaC gene, and F_cydA_RT (5=-CGGTGGCAGTTCGGAATCAC-3=) and
R_cydA_RT for the cydA gene.

Enzyme assay and protein determination. Cells of M. smegmatis were harvested, resuspended in
�-galactosidase assay buffer (50 mM potassium phosphate buffer [pH 7.0] containing 10 mM KCl, 1 mM
MgSO4, and 10 mM �-mercaptoethanol) or Ald assay buffer (50 mM glycine/KOH [pH 10.2]), and
disrupted by five passages through a French pressure cell. The cell-free crude extracts were obtained
following centrifugation at 20,000 � g for 10 min at 4°C.

The protein concentration was determined using a Bio-Rad (Hercules, CA) protein assay kit and
bovine serum albumin as a standard protein.

(i) �-Galactosidase assay. �-Galactosidase activity was assayed spectrophotometrically as previ-
ously described (55).

(ii) Ald assay. Ald activity was determined by measuring the initial conversion rate of NAD� to NADH
accompanying the production of pyruvate from alanine, as previously described (5, 56). The reaction
mixture contained 2.5 mM NAD�, 100 mM L-alanine, 50 mM glycine-KOH (pH 10.2), and appropriate
amounts of crude extracts in a final volume of 1 ml. The reaction mixture without crude extracts was

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant phenotype or genotypea Reference or source

Strains
M. smegmatis

mc2155 High-transformation-efficiency mutant of M. smegmatis ATCC 607 53
ΔaldR strain MSMEG_2660 (aldR) deletion mutant derived from M. smegmatis mc2155 61
Δald strain MSMEG_2659 (ald) deletion mutant derived from M. smegmatis mc2155 This study
Δbd strain MSMEG_3233 (cydA) deletion mutant derived from M. smegmatis mc2155 This study
Δaa3 strain MSMEG_4268 (ctaC) deletion mutant derived from M. smegmatis mc2155 This study
Δbd Δald

strain
MSMEG_3233 (cydA) deletion mutant derived from M. smegmatis Δald This study

E. coli DH5� �80dlacZΔM15 ΔlacU169 recA1 endA1 hsdR17 supE44 thi1 gyrA96 relA1 62

Plasmids
pKOTs Hygr; pKO-based vector containing a temp-sensitive replication origin (pAL500Ts) and pUC ori 61
pNC Hygr; promoterless lacZ 63
pMV306 Kmr; integrative vector containing the int and attP sites of mycobacteriophage L5 for integration into

the mycobacterial genome
64, 65

pNBV1 Hygr; 5.8-kb vector derived from p16R1 66
pKOTsΔald pKOTs::0.81-kb BamHI-HindIII fragment containing ΔMSMEG_2659 (Δald) This study
pKOTsΔbd pKOTs::0.74-kb NotI-HindIII fragment containing ΔMSMEG_3233 (Δbd) This study
pKOTsΔaa3 pKOTs::0.94-kb BamHI-HindIII fragment containing ΔMSMEG_4268 (Δaa3) This study
pALDLACZ pNC::0.52-kb XbaI-ClaI fragment containing the ald promoter region of M. smegmatis mc2155 12
pMV306ctaC pMV306 with 1.37-kb XbaI-HindIII fragment containing ctaC of M. smegmatis mc2155 This study
pMV306ald pMV306 with 1.55-kb XbaI-HindIII fragment containing ald of M. smegmatis mc2155 This study
pNBV1cydA pNBV1 with 1.92-kb XbaI-HindIII fragment containing cydA of M. smegmatis mc2155 This study

aAntibiotic resistance is indicated by abbreviation (Hyg, hygromycin; Km, kanamycin).
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preincubated at 37°C before starting the reaction by the addition of crude extracts. The conversion of
NAD� to NADH was monitored spectrophotometrically for 3 min at 340 nm.

(iii) Activity staining of Ald. Crude extracts (20 �g) were subjected to nondenaturing PAGE (7.5%
[wt/vol] acrylamide). After electrophoresis, the staining of the gel by Ald activity was performed in 50 mM
glycine-KOH (pH 10.2) containing 0.064 mM phenazine methosulfate, 0.24 mM nitroblue tetrazolium, and
50 mM L-alanine, as previously described (57). The protein bands with Ald activity were stained purple
on the gel.

Determination of the intracellular NADH/NAD� ratio. The concentrations of NADH and NAD�

were determined by a nucleotide cycling assay with modifications (58–60). Briefly, M. smegmatis cells
corresponding to 1 ml of cultures grown to an OD600 of 0.7 were harvested by centrifugation at 15,000 �
g for 1 min, and then immediately frozen in a dry ice-ethanol bath. The cell pellets of M. smegmatis strains
were resuspended in 250 �l of either 0.1 M HCl (for NAD�) or 0.2 M NaOH (for NADH). The samples were
heated for 20 min at 80°C and then cooled on ice. The cell-free supernatants were obtained by
centrifugation at 5,000 � g for 5 min and then neutralized by adding 250 �l of 0.2 M NaOH (for NAD�)
or 0.1 M HCl (for NADH). The reaction mixture (1 ml) composed of 100 �l of 1 M bicine buffer (pH 8.0),
100 �l of absolute ethanol, 100 �l of 40 mM EDTA (pH 8.0), 100 �l of 4.2 mM thiazolyl blue tetrazolium
bromide ([MTT] �243 � 20.7 mM�1 · cm�1), 100 �l of 16.6 mM phenazine ethosulfate, and 500 �l of the
neutralized sample was preincubated for 3 min at 25°C in a 1-ml cuvette in the dark before the assay.
The assay was started by the addition of 30 �l of yeast alcohol dehydrogenase (Sigma, St. Louis, MO),
which had been diluted in 0.1 M bicine buffer (pH 8.0) to 334 U/ml, to the reaction mixture. The
absorbance at 570 nm was measured for 1 min. A standard curve was generated using standard solutions
of NADH or NAD� in the concentration range between 0 and 3 �M. The concentration of NAD(H) stock
solution was spectrophotometrically determined using an �340 of 6.22 mM�1 · cm�1 for NADH and an
�260 of 16.9 mM�1 · cm�1 for NAD�.

Nuclear magnetic resonance analysis. M. smegmatis cells were grown either aerobically to an
OD600 of 0.7 to 0.8 or under hypoxic conditions for 20 h. One hundred milliliters of culture was
harvested by centrifugation at 5,000 � g for 5 min at 4°C and washed with 50 ml of 50 mM PP buffer
(pH 7.0). The cell pellets were resuspended in 2 ml of ice-cold water and disrupted by five passages
through a French pressure cell. The cell-free crude extracts were obtained by centrifugation at
20,000 � g for 15 min at 4°C. Prechilled methanol and chloroform were sequentially added to the
crude extracts containing 4 mg of proteins under vigorous vortex at a methanol/chloroform/crude
extract ratio of 1:1:1 (vol/vol/vol), and then the mixture was left overnight at �20°C for phase
separation. After centrifugation at 4,000 � g for 20 min at 4°C, the aqueous phase (upper phase) was
collected and subjected to lyophilization.

The lyophilized samples were redissolved using 500 �l of deuterium oxide (D2O; 99.9% in D) that
includes 2 mM 3-(trimethylsilyl)propionic-2,2,3,3-tetradeuteropropionic acid sodium salt (TSP-d4) as a
reference of chemical shift (0.00 ppm) and quantification. Each sample was transferred to a 5-mm NMR
tube (Agilent Technologies, Palo Alto, CA) before NMR measurement.

1H-NMR spectra were acquired using a 600 MHz Agilent NMR spectrometer (Agilent Technolo-
gies). A Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was used to reduce the signals of water
and macromolecule. The acquisition time was 2.999 s and the relaxation delay time was 3 s. Overall,
128 transients were collected. All spectra were processed and assigned using Chenomx NMR Suite
7.1 professional with the Chenomx 600 MHz library database (Chenomx Inc., Edmonton, Canada).

MIC assay. M. smegmatis WT and Δbd, Δald, and Δbd Δald mutant strains were grown in 7H9-ADNaCl
to an OD600 of 1.0 to 1.2, harvested by centrifugation, washed twice with 7H9-ADNaCl, and diluted in
96-well plates with a starting OD600 of 0.01. Q203 was added to final concentrations of 10 to 0.04 �M
using 2-fold serial dilutions. Wells containing no Q203 were used as the controls. The plates were
incubated at 37°C and the optical density was measured at 600 nm after 48 h. All growth assays were
performed in triplicates. The MIC values were calculated by Prism, ver. 5.01 (GraphPad Software Inc., San
Diego, CA).

Zone inhibition assay. M. smegmatis strains were aerobically grown in 7H9-glucose medium to an
OD600 of 0.5, 5-ml aliquots of cultures were uniformly spread on 7H9-glucose agar plates, and the rest
of the culture was drained off. The remaining culture liquid was removed by tapping the plates on a
paper towel. The plates were then dried for 3 h at room temperature, and the paper discs impregnated
with 20 �l of 5 mM Q203 were placed on the surface of the dried plates. The plates were incubated for
3 days at 37°C.
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