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Oxidation of malate to oxaloacetate, catalyzed by either
malate dehydrogenase (Mdh) or malate quinone oxidoreduc-
tase (Mqo), is a critical step of the tricarboxylic acid cycle. Both
Mgo and Mdh are found in most bacterial genomes, but the
level of functional redundancy between these enzymes remains
unclear. A bioinformatic survey revealed that Mqo was not as
widespread as Mdh in bacteria but that it was highly conserved
in mycobacteria. We therefore used mycobacteria as a model
genera to study the functional role(s) of Mqo and its redun-
dancy with Mdh. We deleted mqo from the environmental
saprophyte Mycobacterium smegmatis, which lacks Mdh, and
found that Mqo was essential for growth on nonfermentable
carbon sources. On fermentable carbon sources, the Amgqgo
mutant exhibited delayed growth and lowered oxygen con-
sumption and secreted malate and fumarate as terminal end
products. Furthermore, heterologous expression of Mdh from
the pathogenic species Mycobacterium tuberculosis shortened
the delayed growth on fermentable carbon sources and
restored growth on nonfermentable carbon sources at a
reduced growth rate. In M. tuberculosis, CRISPR interference
of either mdh or mqo expression resulted in a slower growth
rate compared to controls, which was further inhibited when
both genes were knocked down simultaneously. These data
reveal that exergonic Mqo activity powers mycobacterial
growth under nonenergy limiting conditions and that ender-
gonic Mdh activity complements Mqo activity, but at an
energetic cost for mycobacterial growth. We propose Mdh is
maintained in slow-growing mycobacterial pathogens for use
under conditions such as hypoxia that require reductive
tricarboxylic acid cycle activity.

Bacteria frequently encode multiple enzymes for the same
metabolic reactions, but it is not understood whether such
enzymes are functionally redundant or possess differential roles.
A critical step in central metabolism is the oxidation of malate,
which can be performed by either malate dehydrogenase (Mdh)
or malate quinone oxidoreductase (Mqo). Bacteria can encode
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varying combinations of these enzymes, but the physiological
consequences behind each permutation are not well under-
stood. In this communication, we compared the role of malate
oxidation in the fast-growing soil actinomycete Mycobacterium
smegmatis, which encodes only Mqo, and the closely related
slow-growing human pathogen Mycobacterium tuberculosis,
which encodes both Mqo and Mdh. We show that energization
of the electron transport chain by exergonic Mqo is critical for
powering aerobic mycobacterial growth and that there is an
energetic cost to using endergonic Mdh under these conditions.
Mdh has been conserved by mycobacterial species that require
growth and survival under diverse physiological states.

The tricarboxylic acid (TCA) cycle, which links energy
generation to carbon flux, is central to the carbon metabolism
of many organisms in the communities responsible for
essential life processes. In aerobic organisms, the TCA cycle is
used to release stored chemical energy from acetyl-CoA (1).
Malate oxidation is a critical step for the completion of the
TCA cycle and the regeneration of oxaloacetate. Two pre-
dominant enzymes have evolved that are capable of malate
oxidation to oxaloacetate, malate dehydrogenase (Mdh) and
malate quinone oxidoreductase (Mqo). Studies on malate
oxidation have primarily focused on Mdh, while Mqo inves-
tigation has been limited. There is an alternative path for
malate oxidation out of the TCA cycle using malic enzyme
(Mez), a member of the anaphoretic node. Mez performs the
oxidative decarboxylation of malate to pyruvate producing
NAD(P)H from NADP (2).

Mgqo is a monotopic membrane protein that utilizes a FAD
cofactor to couple malate oxidation to quinone reduction,
thereby providing a link between central carbon metabolism
and the electron transport chain (3-6). Coupling malate
oxidation to quinone reduction is exergonic (thermodynami-
cally favorable) giving Mqo an energetic advantage over Mdh.
Malate oxidation using Mdh is highly endergonic (unfavor-
able) when coupled to the reduction of NAD* with an
apparent standard Gibbs reaction energy of +30 kJ/mol at
pH =7 (5-7). Due to this thermodynamic unfavorability, Mdh
has evolved mechanisms, in combination with other energet-
ically favorable enzymes, such as crosstalk and substrate
channeling to enable malate oxidation (8, 9). Mqo and Mdh
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commonly co-occur within a single bacterium, with one
enzyme being primarily responsible for malate oxidation (4, 5).
In Escherichia coli, Mdh is responsible for malate oxidation
under aerobic conditions with Mqo having no prescribed role
(4). Conversely, in Corynebacterium glutamicum, Mqo is the
primary driver of malate oxidation with Mdh proposed to
operate in the reductive direction (5). Mez is also present in
E. coli and does not take over the role of Mqo during growth
(4). Some bacteria such as Mycobacterium smegmatis, an
environmental saprophyte, have lost the Mdh enzyme from
their genome altogether, and no Mdh activity is detected in
this bacterium (10, 11). Human pathogens from the same
genus have lost Mqo (e.g., Mycobacterium leprae) or main-
tained both enzymes (eg, Mycobacterium tuberculosis)
(10, 11). It is not currently understood why loss of either
enzyme occurs or what drives conservation of both enzymes
for malate oxidation in different mycobacterial species.

In mycobacteria, some species such as M. tuberculosis uti-
lize Mdh to facilitate a reductive TCA cycle to produce
fumarate for use as a terminal electron acceptor (12). This
provides an alternative electron acceptor for M. tuberculosis in
conditions of hypoxia thereby providing a mechanism to
maintain the membrane potential and recycle reducing agents.
In contrast, M. smegmatis does not have the ability to catalyze
either of these reactions but has evolved alternative mecha-
nisms to recycle reducing equivalents such as hydrogenases
(13-15). In C. glutamicum, a close relative of Mycobacteria,
both functionally active Mqo and Mdh enzymes are present
and catalyze cyclic conversions of malate and oxaloacetate (5).
Mgqo is the most physiologically important enzyme in
C. glutamicum for malate oxidation, and Mdh plays a role in
oxaloacetate reduction (5). The net reaction of Mqo and Mdh
is equivalent to NADH:quinone oxidoreductase (type
II-NDH-2) and may play a role as an additional NDH-2 or be
involved in the regulation of malate or oxaloacetate
concentrations (5). M. tuberculosis can also use Mqo and Mdh
in combination to form a futile cycle to provide a pseudo
NDH-2-type enzyme (16).

Currently, there is a mismatch between the energetic
favorability of Mqo and what is observed in nature with greater
use of the Mdh enzyme for malate oxidation. Therefore, we
undertook a study to investigate the role of Mqo and Mdh in
mycobacterial physiology. We performed a bioinformatic,
molecular, and energetic analysis of the proteins from
M. smegmatis (Mqo MSMEG_2613) and M. tuberculosis (Mqo
Rv2852c and Mdh Rv1240) to assess functional redundancy
and the physiological role of Mqo and Mdh.

Results and discussion
Prevalence of Mgo and Mdh enzyme in bacteria

To gain a more extensive insight into the roles and redun-
dancy of Mqo (Fig. 1A) and Mdh (Fig. 1B) in bacteria, we
performed an analysis of 6250 unique bacterial proteomes to
understand the prevalence and distribution of the enzymes
(Fig. 1). This analysis revealed that Mdh is the dominant
mechanism for converting malate to oxaloacetate being found
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in 69% of bacterial species compared to 27% of species pos-
sessing Mqo. Interestingly, 19% of bacterial species possess
both enzymes, and 23% of species possess neither enzyme
(Fig. 1C). Eight percent of species possessed an orphaned Mqo
with the highest occurrence in the Nocardiaceae, Geo-
dermatophilaceae, Microbacteriaceae, Micrococcaceae,
Sphingobacteriales, Synechococcaceae, Campylobacterales,
Oceanospirillales, Pseudomonadales, and Thiotrichales fam-
ilies and orders (Fig. 1C).

Mqo was enriched for in the Mycobacteriaceae, with 94 of
100 species in possession of a mqo operon (Fig. 1D). Several
mycobacterial species (13 out of 100), including M. smegmatis
and the entire Mycobacterium abscessus complex, contained
only Mqo (Fig. 1D). Notably, all of the species with a single
Mqo are fast growing mycobacteria. In contrast, slow growing
pathogenic mycobacteria harbored both Mqo and Mdh
enzymes with the exception of M. leprae with a single Mdh, a
bacterium that has undergone significant reductive evolution
and cannot be cultured in vitro (Fig. 1D). The Mycobacter-
iaceae that maintain both Mqo and Mdh may use a reductive
TCA cycle in hypoxic conditions they encounter thereby
driving conservation of these enzymes for both optimal growth
during energy rich periods (Mqo) and survival and mainte-
nance during hypoxia (Mdh). The high conservation of Mqo at
the expense of Mdh in the Mycobacteriaceae family suggests
that Mqo plays a critical role in carbon and energy metabolism
for these organisms.

The mqo gene of M. smegmatis encodes for a functional Mqo
enzyme that is obligatory for growth on nonfermentable
carbon sources

To gain molecular insight into the role of Mqo in myco-
bacterial species, we created a gene deletion of mgo in
M. smegmatis and CRISPRi knockdown strains of mgqo and
mdh in M. tuberculosis. The M. smegmatis Amqo deletion
mutant was constructed using a hygromycin resistance marker
and confirmed using whole genome sequencing and various
assays to measure Mqo enzyme activity (Fig. 2).

The respiratory chain activity of Mqo in M. smegmatis was
validated biochemically using inverted membrane vesicles
(IMVs). When IMVs were energized with malate as the sole
electron donor (AG° = -19 kJ/mol), malate-dependent proton-
pumping (quenching of 9-amino-6-chloro-2-methoxyacridine
[ACMA]) was observed demonstrating that Mqo was
membrane-bound and part of the electron transport chain in
M. smegmatis (Fig. 2A). A similar trend is observed by feeding
electrons into the respiratory chain at complex II (succinate
dehydrogenase) using succinate, but the level of proton
pumping activity was lower possibly reflecting the endergonic
nature of this reaction (AG° = +21 kJ/mol) in mycobacteria
(17). For both malate and succinate, ACMA quenching was
reversed by the protonophore carbonyl cyanide m-chlor-
ophenyl hydrazine (CCCP) validating the formation of a
protonmotive force in these IMVs (Fig. 2A). These data
demonstrated that in M. smegmatis Mqo was a membrane-
bound protein that oxidized malate coupled to the reduction
of quinones in the electron transport chain.
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Figure 1. Prevalence of malate dehydrogenase (Mdh) and malate quinone oxidoreductase (Mgo) enzymes in bacteria and Mycobacteria. A, Mqo
and B, Mdh enzyme reactions. C, visualization of combination of Mgo and Mdh present in each UniProt reference bacterial proteomes with the absence
(black) or presence of Mqo (blue) and Mdh (orange) indicated in surrounding colored coded rings created using GraPhlAn. Families and orders highlighted
represent the top ten families/orders with the highest fraction of species with orphaned Mqo, except Mycobacteriaceae (minimum 20 species).
D, phylogeny of mycobacteria taken from Fedrizzi et al. (42) and reconstructed using GraPhlAn to show the presence or absence of Mgo and Mdh indicated
in surrounding colored coded rings. Colored clades represent different mycobacterial complexes.

To study oxygen consumption in IMVs and to determine the
impact of Mqo on respiration, we measured both NADH-
dependent and malate-dependent oxygen consumption rates
(OCRs) in the WT and Amgo deletion mutant (Fig. 2B). High
rates of oxygen consumption were detected in the WT with
both electron donors. NADH-dependent oxygen consumption
was lower in the Amgo mutant compared to the WT, and
malate-dependent oxygen consumption was near the limit of
detection validating the deletion of mgqo in the mutant (Fig. 2B).
We studied the Amqgo mutant further by measuring the enzyme
activity of Mqo directly by measuring malate oxidation in
IMVs coupled to phenazine ethosulfate-2,6 dichlor-
ophenolindophenol (DCIP) (Fig. 2C). The rate of malate
oxidation in the WT was 83 + 0.6 nmol malate min™" mg ™"
protein, and this was reduced to 0.3 + 0.03 nmol malate

min~' mg™' protein in the Amgo deletion mutant (Fig. 2C).

SASBMB

These results confirmed there was no compensatory mecha-
nism of malate oxidation in the electron transport chain of
M. smegmatis Amgqo, and Mqo deletion had a negative effect on
the other respiratory chain components operating effectively.
At a physiological level, the Amgo mutant had significantly
altered growth kinetics compared to the isogenic WT on
fermentable carbon sources, and no growth was observed on
nonfermentable carbon sources (Fig. 3). Growth of the Amgo
mutant on either glycerol or glucose as the sole carbon and
energy source was always delayed with a lower final Aggy
relative to the WT (Fig. 3A4). To determine if the growth of the
Amgqgo mutant after the long lag phase was the result of a
suppressor mutation on these carbon sources, we plated the
grown culture on solid media and regrew the resulting col-
onies on the fermentable carbon source glycerol. We then
analyzed the growth kinetics of these individual colonies and
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Figure 2. Activity of Mqo in IMVs of M. smegmatis. A, succinate- and
malate-driven proton translocation in IMVs of M. smegmatis. Quenching of
ACMA fluorescence in IMVs was initiated with either 5 mM succinate or 5 mM
malate (* final concentration), and at the indicated time points (arrows), the
uncoupler carbonyl cyanide m-chlorophenyl hydrazine (CCCP) at 50 uM was
added to collapse the proton gradient (reversal of ACMA fluorescence). Ex-
periments are representative of a technical triplicate. B, oxygen consumption
rates of IMVs prepared from the WT (closed blue circles) and the Amgo mutant
(closed red triangles) with either NADH or malate as an electron donor (5 mM
each). C, activity of Mqo in IMVs prepared from the WT (closed blue circles) and
the Amgo mutant (closed red triangles). Data in (B) and (C) are an average of
biological triplicates with error bars representing standard deviation. ACMA,
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found that the regrown colonies still maintained the growth
defect observed in the original Amgo mutant indicating they
were not suppressor mutants and that growth of the Amgo
mutant was a physiological adaption (Fig. 3B).

One possible mechanism for M. smegmatis to reroute ma-
late in the TCA cycle in the absence of Mqo is to use Mez to
catalyze the reversible decarboxylation of malate to pyruvate
with concomitant reduction of NAD(P)". In M. tuberculosis,
Mez (Rv2332) is not required for growth on gluconeogenic or
glycolytic substrates, and the major role proposed for this
enzyme in M. tuberculosis is as a L-malate decarboxylase to
produce NAD(P)H for lipid biosynthesis (18). To confirm that
Mez activity was not responsible for the growth of the
M. smegmatis Amgo mutant, we measured the activity of Mez
in the cytosolic fraction of the Amgo mutant created during
the preparation of IMVs and compared it to the WT (Fig. 3C).
We found that the Amgo mutant had lower activity of Mez
relative to the WT, indicating it was probably not compen-
sating for the deletion of Mqo (Fig. 3C). When grown with
strictly nonfermentable carbon sources like succinate, malate,
or acetate, the Amqgo mutant was unable to grow even after
200 h of incubation demonstrating the essential requirement
for a functional Mqo enzyme under these conditions (Fig. 3D).

To determine if this lack of growth on nonfermentable carbon
sources was due to the inability of cells to oxidize these carbon
sources, cells were grown on glycerol and their respiratory ca-
pacity measured with various electron donors (Fig. 3E). When
either glycerol or succinate was used as an electron donor for
respiration, the WT respired at a rate of 126 nmol O,
min~' mg™' protein and 72 nmol O, min~' mg ' protein,
respectively (Fig. 3E). In contrast, the OCR of the Amgo mutant
was 69 nmol O, min~' mg' protein and 8.26 nmol O,
min~' mg™' protein on glycerol and succinate, respectively
(Fig. 3E). We concluded from these experiments that the Amgo
mutant had significantly reduced capacity to oxidize non-
fermentable carbon sources to power growth. To further eval-
uate these differences in OCR, we tested the maximum
respiratory capacity of the cells by using the protonophore
CCCP to fully uncouple the electron transport chain leading to
stimulation of the OCR (19, 20). We define the spare respiratory
capacity of the cell as the difference between the OCR (minus
CCCP) and the maximal CCCP-activated OCR. With either
glycerol or succinate as the electron donor, the WT cells showed
high rates of stimulation by CCCP, i.e., spare respiratory capacity
(Fig. 3E). The Amgo mutant had very little spare respiratory
capacity as assessed by the lack of CCCP activation of OCR
(Fig. 3E). Overall, these data show that the Amgo mutant had a
lower OCR with electron donors that feed directly into the
electron transport chain.

The Amqgo mutant secretes malate and undergoes succination
of metabolites

During growth on glycerol, we observed that the Amgo
mutant acidified the growth medium to a final pH value of

9-amino-6-chloro-2-methoxyacridine; IMVs, inverted membrane vesicles;
Mqo, malate quinone oxidoreductase.
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Figure 3. M. smegmatis Amgo mutant has delayed growth on fermentable carbon sources and is unable to grow on nonfermentable carbon
sources. A, growth of the Amgo mutant (solid red triangles) compared to WT (solid blue circles) on HdB minimal medium with the fermentable carbon
sources glycerol (22 mM) or glucose (20 mM). B, regrowth of Amgo mutant on HdB minimal medium with glycerol (22 mM) following adaptation on glycerol
(solid black squares). C, malic enzyme (Mez) activity of cytoplasmic fractions prepared from the Amgo mutant compared to WT. D, growth of the Amqgo
mutant (solid red triangles) compared to WT (solid blue circles) on HdB minimal medium with the nonfermentable carbon sources malate (20 mM), succinate
(20 mM), or acetate (20 mM). E, oxygen consumption rates of washed cell suspensions energized with either glycerol (5 mM) or succinate (5 mM). CCCP was
added at 10 pM (final concentration): Amgo mutant (solid red triangles), WT (solid blue circles). Two-way ANOVA with Sidaks multiple comparisons: *p < 0.05,
**p < 0.01, ****p < 0.0001. F, growth (solid blue circle and solid red triangle) and external pH (open symbols) of the Amgo mutant (red triangles) compared
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552 + 0.08, in comparison to pH 6.33 + 0.02 for the WT
(Fig. 3F). This indicated that the Amgo mutant was secreting
an acidic end product into the growth medium. We initially
hypothesized that the Amgo mutant secretes one or several
dicarboxylic acid intermediates of the TCA cycle as the acidic
end product causing the lower pH of the medium. To test this
hypothesis, we performed comparative targeted metabolomics
of intracellular and secreted metabolites for the Amgo mutant
and the WT. While extracellular malate was undetectable in
the WT, we detected high levels of secreted malate in the
growth medium of the Amgo mutant (Fig. 3G). To quantify the
level of malate secreted into HdB liquid medium, we used a
colorimetric enzymatic assay and found an average concen-
tration of 3.3 + 0.88 mM for the Amgo mutant, compared to
no detectable levels for WT (Fig. 3G). Notably, this malate
excretion represents about 20% of the total carbon supplied in
the growth medium. Furthermore, extracellular levels for both
fumarate and succinate, the two metabolites upstream of
malate in the TCA cycle, had an average log2-fold increase of 8
and 2 in the Amqo mutant relative to WT, respectively (Fig. 4).

To determine what was causing the secretion of these
metabolites, we examined the levels of intracellular TCA
metabolites. We found the intracellular TCA cycle metabolites
were significantly altered with intracellular levels of malate,
fumarate, succinate, and citrate having an average log2-fold
increases relative to WT of 12, 8, 4, and 3, respectively
(Fig. 4). Interestingly, the abundance of alpha-ketoglutarate
decreased relative to WT by an average log2-fold change
of -2, and the average abundance of glutamate was unchanged
(Fig. 4). Thus, disrupting mgqo results in significant build-up of
TCA cycle intermediates upstream of the malate oxidation
reaction, with concomitant secretion of malate, fumarate, and
succinate. The lack of alpha-ketoglutarate build-up suggests
that a large portion of carbon flows from isocitrate to malate
and succinate through the glyoxylate shunt, bypassing iso-
citrate dehydrogenase and alpha-ketoglutarate dehydrogenase.
However, except in the case of malate synthase mutants (21),
the levels of the one intermediate of the glyoxylate shunt (i.e.,
glyoxylate) exhibits very little variation and therefore it is
challenging to use experimentally as a proxy for changes in
metabolic flux through the glyoxylate bypass. This tight
regulation of glyoxylate levels is likely an evolutionary mech-
anism to manage the documented toxicity of the aldehyde
functional group of excess glyoxylate (21) and is mechanisti-
cally likely due to the higher catalytic efficiency of malate
synthase in comparison to isocitrate lyase.

These metabolomic data demonstrate that deletion of mgo
in M. smegmatis causes a back-up in the TCA cycle forcing the
cell to excrete several dicarboxylic acid intermediates of the
TCA cycle to achieve growth on fermentable carbon sources.
However, the excretion of TCA intermediates does not provide
a strategy to rescue growth on nonfermentable carbon sources.
The drop in the pH of the growth medium due to the excretion

of these intermediates may provide a potential mechanism to
cause down regulation of components of the electron
transport chain manifested as lowered oxygen consumption
(see Fig. 3E). Mechanistically, this could be triggered by the
pH-regulated adenylate cyclase producing elevated levels of
cyclic AMP (cAMP) to activate cAMP-receptor protein (22), a
transcriptional regulator of the mycobacterial respiratory chain
(23-25). Activated cAMP-receptor protein would then lower
the expression of respiratory chain complexes, providing a
potential mechanism for the decreased respiration and
capacity in the Amgqgo mutant compared to the WT (24, 25).

Intracellular accumulation of fumarate has been shown in
mycobacteria to cause toxicity through succination of metab-
olites with thiol groups, such as cysteine and mycothiol (MSH)
(26). Therefore, we measured the levels of succinocystine and
succinated MSH and found that there was an average log2-fold
increase of 8 and 4 in the Amgo mutant relative to WT,
respectively (Fig. 4). With MSH being a major mechanism for
mycobacterial oxidative stress mitigation, the increase in
succinated MSH suggests the Amgo mutant may be less
tolerant to oxidative stress as has been previously observed in a
fumarase mutant in M. tuberculosis (26). This idea would be
consistent with the slow growth rates observed on aerobic
substrates and the reduced respiratory capacity in the
M. smegmatis Amgo mutant.

Mdh from M. tuberculosis can compensate for loss of Mqo
function in M. smegmatis

To explore the degree to which Mqo and Mdh are func-
tionally redundant in mycobacteria and making use of the fact
that M. smegmatis harbors only mgqo, we examined whether
the Amgo mutant could be complemented with a copy of mdh
from M. tuberculosis. Therefore, we created two genetic con-
structs, one to express M. smegmatis mgo (pMqoMS) and the
other to express M. tuberculosis mdh (pMdhTB). We found
that both pMqoMS and pMdhTB resulted in complete resto-
ration of the Amgo mutant to WT growth kinetics on the
fermentable carbon sources glycerol (Fig. 54) and glucose
(Fig. 5B) compared to the impaired growth observed with the
empty vector control (pMind) (Fig. 5, A and B). When
pMqoMS and pMdhTB were used for complementation on the
nonfermentable carbon sources malate (Fig. 5C) and succinate
(Fig. 5D), pMqoMS restored growth to WT levels on both
carbon sources. Growth was delayed with pMdhTB, but after
20 h incubation, cells grew at growth rates like the WT (Fig. 5,
C and D). No growth was observed in the Amgo pMind mutant
background, and pMind has no effect on growth of the WT
(Fig. 5, C and D). Previous work demonstrated that the addi-
tion of the vitamin nicotinamide could partially restore the
growth of a C. glutamicum mqo mutant, but not in a mutant
lacking both Mqo and Mdh, suggesting Mdh can substitute for
Mgqo when nicotinamide is provided in the growth medium
(6). When nicotinamide was included in our growth medium,

to WT (blue circles) grown on HdB minimal medium with glycerol (22 mM). G, concentration of malate in the cell-free supernatant of bacterial cultures (Amgo
mutant and WT) grown in panel F. Samples were taken from stationary phase cultures for malate concentration determinations. All reported measurements
are an average of biological triplicates with error bars representing standard deviation. CCCP, carbonyl cyanide m-chlorophenyl hydrazine.
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Figure 4. Metabolic consequences of impaired malate oxidation in M. smegmatis. Comparison of selected intracellular and extracellular metabolites
between the Amgo mutant and WT M. smegmatis after 24 h incubation of bacteria-laden filters on plates containing Middlebrook 7H9 liquid broth with
0.2% glycerol (see Experimental procedures). Schematic of TCA cycle components of mycobacteria. Data values shown represent log2-fold change of
biological duplicate with technical triplicate with error bars representing 95% confidence interval. All intracellular metabolite abundances were first
normalized to a single reference intracellular compound (glycerol 3-phosphate) before computing log2-fold changes relative to average WT strain
abundances. When no extracellular metabolites were detected for a strain, log2-fold change analyzed was relative to 1. TCA, tricarboxylic acid.

we observed no effect on the growth of either the WT or the

Amgo mutant on either malate or succinate, and no stimula-
tion of complementation with Mdh in the Amgqo background
was observed indicating that nicotinamide was without effect

in M. smegmatis (Fig. 5, C and D).

SASBMB

Mdh or Mqgo can drive malate oxidation in M. tuberculosis,
but growth is severely impaired when both are absent

To determine the role of Mqo and Mdh in M. tuberculosis, we
used CRISPR interference to systematically knockdown the
expression of either mqo and/or mdh under selected growth
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Figure 5. Complementation of M. smegmatis Amqo mutant with either pMqoMS or pMdhTB restores growth on nonfermentable carbon sources.
Growth of the M. smegmatis Amqgo mutant complemented with pMind empty vector control (solid blue circles), pMqoMS (M. smegmatis Mqo, solid black
squares), pMdhTB (M. tuberculosis Mdh, solid red triangles) compared to WT with pMind empty vector control (solid purple inverted triangles) on HdB minimal
medium with the following carbon sources: A, glycerol (20 mM); B, glucose (20 mM); C, malate (20 mM); D, succinate (20 mM) as the sole carbon and energy
source. In panels (C) and (D), nicotinamide (1 mg/l) was included in the growth medium (all open symbols). All growth (Agop) measurements are an average

of biological triplicate with error bars representing standard deviation.

conditions (27, 28). We tested single and double transcriptional
knockdowns of mqo and mdh in M. tuberculosis, along with a
positive control mmpL3 essential gene knockdown and an
untargeted negative control. We first confirmed that all the
single guide RNA (sgRNA) molecules targeting constructs were
successfully inhibiting transcription of their respective target
genes. Using RT-qPCR and RNA extracted from cells grown in
Middlebrook 7H9 broth (Fig. 6, A and B), we found that relative
to the nontargeted sgRNA negative control, the mgqo single
knockdown resulted in an average of 226-fold repression, while
the mdh single knockdown caused an average of 345-fold
repression (Fig. 6, A and B). The double knockdown of both
mgqo and mdh resulted in an average 232-fold repression of mgqo
and 174-fold repression of mdh (Fig. 6, A and B). Neither of the
mqo or mdh single knockdowns displayed any evidence of
upregulation to compensate for the depletion of the alternative
gene (Fig. 6, A and B). Overall, these data indicated that we were
able to effectively knockdown the expression of either mqo, mdh,
or both in combination in M. tuberculosis.
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To examine the effect of the single and double knockdowns
of either mqo and/or mdh on M. tuberculosis physiology, we
grew cultures with each of the different knockdown constructs
on 7H9 media with either glucose or succinate as the primary
carbon source representing fermentable and nonfermentable
substrates, respectively (Fig. 6, C and D). Knockdown of the
essential gene mmpL3 showed no growth under the experi-
mental conditions used here as previously reported (Fig. 6, C
and D) (27). We found that on both carbon sources, knock-
down of either mgo or mdh resulted in delayed and slower
growth compared to the scrambled nontargeted sgRNA con-
trol (Fig. 6, C and D). Knockdown of both mgo and mdh in
combination on either carbon source resulted in a more severe
growth defect compared to the nontargeted sgRNA control
and the individual gene mqo and mdh knockdowns (Fig. 6, C
and D). When we evaluated the specific growth rate of
M. tuberculosis between days 0 and 6, we found that tran-
scriptional knockdown of either mgqo or mdh causes slower
growth rates compared to the nontargeted sgRNA control, and
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Figure 6. Mdh and Mqo both contribute to optimal malate oxidation in M. tuberculosis. Relative expression (mRNA levels) of mdh (A) and mgo (B) with
different CRISPRi knockdown single guide RNA (sgRNA) molecules targeting mqo (blue circles), mdh (red squares) and a combination of both (black triangles).
The mRNA levels of mdh and mqo are expressed relative to a scrambled nontargeted (NT) sgRNA control (purple inverted triangles). Gene knockdowns were
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multiple comparisons to the NT sgRNA. ***p < 0.001, ****p < 0.0001. Measurements are an average of biological triplicate with error bars representing
standard deviation. Mdh, malate dehydrogenase; Mgo, malate quinone oxidoreductase.
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the transcriptional knockdown of both had an additive effect
resulting in a slower growth rate than the single knockdowns
alone (Fig. 6, E and F). These data show that either Mqo or
Mdh can be used to effectively catalyze oxidation of malate in
M. tuberculosis, but the growth rate is reduced compared to
cells expressing both enzymes illustrating there is incomplete
functional redundancy. Moreover, simultaneous knockdown
of mqo and mdh severely limits growth, even on fermentable
carbon sources demonstrating that both enzymes are required
for optimal growth of M. tuberculosis.

Rittershaus et al. (29) demonstrated that Mdh is required for
the metabolism and survival of M. tuberculosis in vitro and
in vivo. Moreover, chemical inhibitors of M. tuberculosis Mdh
had the ability to inhibit growth and rapidly kill hypoxic
quiescent cells (nonreplicating) in vitro and during infection of
the murine lung (29). Based on our data, we propose that the
addition of an inhibitor of Mqo, in combination with Mdh
inhibitors, may enhance the growth inhibition of
M. tuberculosis further while still retaining potent activity
against nonreplicating populations. In this regard, Mqo is not
found in mammalian cells, and potent inhibitors have been
reported that target the mitochondrial malate:quinone oxido-
reductase of the malarial parasite Plasmodium falciparum (30).
The significant structural differences reported between the
human and mycobacterial Mdh enzymes (29) suggest a com-
bination therapy of Mqo and Mdh inhibitors may be attractive
for tuberculosis drug development.

Conclusions

Central carbon metabolism is regarded as a focal point in
mycobacterial metabolism with various pathways being iden-
tified as vulnerable targets (10, 17, 21, 26, 31). We report that
Mqo is widely prevalent in bacteria, and in mycobacteria, Mqo
is favored over Mdh. When the mqo gene of M. smegmatis was
deleted, it caused severe growth phenotypes, succination of
metabolites and an accumulation of intracellular and extra-
cellular malate. M. tuberculosis mdh was able to functionally
complement mqo in M. smegmatis on nonfermentable carbon
sources. In M. tuberculosis when either mqo or mdh was
depleted, there was a slower growth rate compared to the
nontargeted sgRNA control, which was lowered further when
both enzymes were depleted in combination. Taken together,
these data illustrate that Mqo is critical for optimal growth and
carbon metabolism in mycobacteria, and disruption of malate
oxidation causes significant alteration to central carbon
metabolism. In M. tuberculosis, it has been shown that Mdh is
critical to its survival during periods of hypoxia due to the need
drive reductive TCA cycle activity (29). Our data indicate that
in addition to using Mdh for reductive TCA under hypoxia,
M. tuberculosis can use Mdh for oxidation of malate during
aerobic growth if Mqo is absent.

Experimental procedures
Bacterial strains and plasmids

All bacteria, strains and plasmids used in this study are
listed in Table S1. E. coli used for cloning and plasmid
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amplification were grown on Luria—Bertani medium at 37 °C
with appropriate antibiotics. All molecular biology techniques
were carried out according to the manufacturer’s procedures.
All restriction enzymes and DNA modifying enzymes used
were from New England Biolabs and were used in their
appropriate buffers. M. smegmatis strain mc®155 (32) and
derived strains were routinely grown at 37 °C in Luria—Bertani
containing 0.05% (w/v) Tween 80 or in modified Hartman’s de
Bont medium (33), containing 0.2% glycerol (v/v) as the sole
carbon and energy source. For M. tuberculosis strain mc?6230
growth (Table S1), cells were grown in Middlebrook 7H9
broth supplemented with OADC (0.005% oleic acid, 0.5%
bovine serum albumin, 0.2% dextrose, 0.085% catalase), 0.05%
tyloxapol (Sigma) and 25 pg/ml pantothenic acid. Unless
otherwise specified, the following growth procedures were
followed: M. smegmatis was grown in 125 ml conical flasks,
containing 25 ml media, and M. tuberculosis was grown in
30 ml inkwells, containing 10 ml growth media. M. smegmatis
and M. tuberculosis were grown with agitation at 200 rpm and
140 rpm respectively. All cultures were maintained at 37 °C.
Growth was monitored by following the absorbance at 600 nm
using a Jenway 6300 spectrophotometer.

Marked deletion mutant construction and complementation

The initial construct for creating a marked deletion of mgo
was made by amplifying homologous regions either side of the
mgo gene using the primers LH21, LH22, LH23, and LH24
(Table S2). Following this, the remainder of the deletion
method was carried out as described by Jain et al (34).
Hygromycin-resistant (Hyg®) colonies were indicative of a
successful double homologous recombination with the gene
being replaced with Hyg"-sacB DNA fragment. Successful
marked (Hyg®) deletion mutants were confirmed using whole
genome sequencing and enzymatic activity assays. The
complementation constructs used to express Mqo and Mdh
were created in the pMind vector backbone (35) with an
artificial ribosome binding site (36, 37) with the primers LH25
and LH26 used to amplify Mqo and LH27 and LH28 used to
amplify Mdh from M. smegmatis and M. tuberculosis,
respectively (Table S2). The vectors were designated pMqoMS$S
and pMdhTB. Leaky gene expression from the pMind vector
was sufficient for complementation, and no tetracycline was
added. When M. smegmatis was grown with either of these
plasmids or an empty vector control, the growth media was
supplemented with 20 pg/ml kanamycin (final concentration).
To determine the effect of nicotinamide on growth, nicotin-
amide was added to the growth medium at 1 mg/l according to
Molenaar et al. (6).

Comparative metabolomics and data analysis

Metabolomics was performed as previously described
(38, 39). Two independent cultures of M. smegmatis WT and
the Amgo mutant were grown overnight at 37 °C in 7H9
medium (Middlebrook 7H9 broth supplemented with 0.2%
glycerol, 0.5% BSA fraction, 0.085% NaCl, and 0.05% Tylox-
apol). Outgrowth cultures were diluted into fresh 7H9 media
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without Tyloxapol. Culture (1 ml, Agpy = 1.0) was filtered
through a 0.22 pM Durapore membrane filter. Filters were
placed overnight at 37 °C on 7H10 agar media. Filters were
then placed on top of plates filled with 3 ml of 7H9 medium
(no Tyloxapol). After 24 h, filters were quenched in tubes
containing zirconium beads immersed in a 1 ml cooled
mixture of acetonitrile, methanol, and water (2:2:1 ratio).
Bacteria were lysed by bead-beating (six times at 6000 RPM).
Extracts were filtered through a 022 uM Spin X columns
(Corning). To measure secreted metabolites, 200 pl of
remaining media was collected from the plates into a mixture
of acetonitrile (400 pl) and methanol (400 pl). For MS analysis,
samples were mixed in a 1:1 ratio of acetonitrile and 0.2%
formic acid and analyzed on an Agilent Accurate Mass 6220
TOF system coupled to an Agilent 1200 LC system using a
Cogent Diamond hybrid type C column (Microsolve Tech-
nologies). Extracted ion chromatograms and metabolite
abundances were obtained using Agilent ProFinder software
tool in batch targeted analysis mode (parameter details). Raw
metabolite abundances obtained with ProFinder were exported
into tabular format and further analyzed with an in-house
Python script. All intracellular metabolite abundances were
first normalized to a single reference intracellular compound,
glycerol 3-phosphate before computing log2-fold changes
relative to average WT strain abundances. The concentration
of malate from cell-free supernatants was measured using a
malate colorimetric assay kit from Sigma according to the
manufacturer’s instructions. The percentage of total carbon
was calculated by converting the concentration measurements
into the number of molecules and then calculating the per-
centage, while adjusting for the number of carbon atoms in
each molecule.

M. tuberculosis gene knockdowns using CRISPRi and qPCR

The single knockdown CRISPRi sgRNA constructs were
created as previously described using the primers Mqo_TBF
plus Mqo_TBR and Mdh_TBF plus Mdh_TBR (27, 40)
(Table S2). Plasmid containing clones were then sequenced
using the DNA sequencing primers MMO117 plus MMO119
and named pCill8 (mgqo) and pCil20 (mdh) (Table S2). For
double sgRNA knockdown constructs, the mgo targeting
spacer, promoter, and repeats from pCill8 were amplified
using the primers MMO120 plus MMO121 and cloned into
pCil20 using Sapl golden gate cloning (27) to create
pCiMX164 (mdh plus mgqo) (Tables S1 and S2). The
M. tuberculosis strain mc*6230 was used in all gene knock-
down experiments (41) (Table S1). The medium for the
knockdown experiments was Middlebrook 7H9 broth sup-
plemented with OADC, pantothenate (25 pg/ml), kanamycin
(25 pg/ml), and tyloxapol (0.05%). Alternatively, the OADC
was replaced with BSA (0.5%) and NaCl (0.09%), and the
desired carbon source, ie., glucose (11 mM) or succinate
(30 mM). Gene knockdowns were initiated by the addition of
300 ng/ml (final concentration) anhydrotetracycline.

For qPCR analysis, M. tuberculosis strains were grown with
300 ng/ml anhydrotetracycline for 3 days and harvested by
centrifugation at 3126g. RNA was extracted from cells and
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converted to cDNA as previously described (27, 40). qPCR
reactions were performed in 96-well or 384-well plates using
Invitrogen PowerUp SYBR Green Master Mix in a ViiA7
Thermocycler with 3 ul of 1/100 dilution of the cDNA (27).
The mqo (MqoF plus MqoR), mdh (MdhF plus MdhR), and
sigA (MMO173 plus MMO 174) gene abundances were
measured with their respective primer pairs at 500 nM
(Table S2). Signals were normalized to the housekeeping sigA
transcript and quantified by the 2AACt method (27).

Oxygen consumption, Mqo, and Mez activity measurements

To determine whole cell OCRs, growing cells on selected
carbon sources were harvested and washed with MRA buffer
(158 mM NaCl, 54 mM KCl, 15 mM [NH,4],SO,4, HdB trace
metals (33), 0.05% tween 80). Washed cells suspensions were
normalized to an absorbance (600 nm) of 0.5 or 1.0 in MRA
buffer. Washed cells (2 ml) were pipetted into the high-resolution
Oroboros Oxygraphy-2k (polarographic oxygen sensor) before
being sealed and respiration initiated by the addition of the
designated carbon source. Total protein concentration of cells
was determined using the BCA assay (Sigma) with bovine serum
albumin as the standard. Oxygen consumption was normalized to
protein concentration and reported as nmol O, consumed
min~' mg protein-1. Cells were uncoupled using the proto-
nophore CCCP (5 uM) to achieve maximal rates of respiration in
the absence of respiratory back pressure (19, 20).

Mqo activity linked to respiratory chain activity (proton
pumping) was assayed using IMVs and ACMA quenching as
previously described (17, 20). The reaction was then initiated
by adding either succinate or malate as the electron donor.
Once the fluorescence quenching reached a steady state, the
proton gradient was collapsed by the addition of the uncoupler
CCCP. The excitation and emission wavelengths were 493 and
530 nm, respectively.

For oxygen consumption measurements using IMVs, 0.5 mg
of IMVs was added to 2 ml of buffer (50 mM Tris-HCI, pH 7.5)
into the Oroboros Oxygraphy-2k chamber. Oxygen consump-
tion was initiated with either 100 uM NADH or 3.5 mM malate
(final concentration). For Mqo activity measurements, IMVs
were incubated at 37 °C in (1 ml) 50 mM Tris-SO, (pH 7.5) with
66 pl 0.33% (w/v) phenazine ethosulfate and 34 pl 0.05% (w/v)
DCIP. The reaction was then initiated by the addition of 7 mM
malate (final concentration). The reduction of DCIP was fol-
lowed by measuring the absorbance at 600 nm of DCIP using an
extinction coefficient of 19.1 mM ' cm™ with an Evolution 260
bio spectrophotometer (Thermo Fisher). For Mez-like activity,
the cytosolic fraction from the IMVs preparation was used and
incubated in 50 mM Tris-SO, (pH 7.5) with 10 mM malate. The
reaction was initiated by the addition of 200 uM NADP" fol-
lowed by measuring absorbance at 340 nm with an Evolution
260 bio spectrophotometer (Thermo Fisher).

Bioinformatic search for Mgo and Mdh across bacterial
proteomes

To search for either the presence or absence of Mqo and
Mdh genes within mycobacterial species, we used the
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phylogenetic tree of Fedrizzi et al. (42). The species in the
mycobacterial phylogeny were mapped onto UniProt pro-
teome IDs, and proteome annotations were searched for
the presence or absence of Mqo and Mdh. Specifically,
proteins annotated with the Enzyme Commission (EC)
number 1.1.5.4 were flagged as having Mqo, while those
annotated with EC number 1.1.1.37 were flagged as having
Mdh. To validate the accuracy of our presence/absence
calls, we performed a protein sequence—based search of
Mgqgo and Mdh for all “negative” cases (samples lacking
Mgqo or Mdh according to the EC number analysis) using
BLAST (43). The M. tuberculosis Mqo and Mdh protein
sequences were used as queries, and we performed a
BLAST search (E-value threshold = 0.01.) against each
mycobacterial proteomes. To analyze of presence or
absence of mdh and mgqo genes across a wider set of
bacterial species, we obtained the set of UniProt reference
bacterial proteomes, which are selected both manually and
algorithmically by UniProt as “landmarks in proteome
space” to “provide broad coverage of the tree of life” (44).
After discarding “environmental” proteomes with no taxo-
nomic labels, we performed the analysis on a final set of
6240 bacterial reference proteomes. Visual representations
of phylogenies with surrounding color-coded rings were
generated using the software tool GraPhlAn (45).

Data availability

All data are contained within the manuscript and the sup-
plementary information file.
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