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Abstract

Sensing and response to changes in nutrient availability are essential for the lifestyle of envi-
ronmental and pathogenic bacteria. Serine/threonine protein kinase G (PknG) is required
for virulence of the human pathogen Mycobacterium tuberculosis, and its putative substrate
GarA regulates the tricarboxylic acid cycle in M. tuberculosis and other Actinobacteria by
protein-protein binding. We sought to understand the stimuli that lead to phosphorylation of
GarA, and the roles of this regulatory system in pathogenic and non-pathogenic bacteria.
We discovered that M. tuberculosis lacking garA was severely attenuated in mice and mac-
rophages and furthermore that GarA lacking phosphorylation sites failed to restore the
growth of garA deficient M. tuberculosis in macrophages. Additionally we examined the
impact of genetic disruption of pknG or garA upon protein phosphorylation, nutrient utiliza-
tion and the intracellular metabolome. We found that phosphorylation of GarA requires
PknG and depends on nutrient availability, with glutamate and aspartate being the main sti-
muli. Disruption of pknG or garA caused opposing effects on metabolism: a defect in gluta-
mate catabolism or depletion of intracellular glutamate, respectively. Strikingly, disruption of
the phosphorylation sites of GarA was sufficient to recapitulate defects caused by pknG
deletion. The results suggest that GarA is a cellular target of PknG and the metabolomics
data demonstrate that the function of this signaling system is in metabolic regulation. This
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function in amino acid homeostasis is conserved amongst the Actinobacteria and provides
an example of the close relationship between metabolism and virulence.

Author summary

A key feature of the pathogen Mycobacterium tuberculosis is its ability to survive and repli-
cate within human macrophages. Protein kinase G (PknG) is known to be required for
virulence of M. tuberculosis and is the only bacterial serine/threonine protein kinase to be
known as a virulence factor. However, the molecular mechanisms underlying its function
in virulence are unknown and the role(s) of PknG are controversial. Here, we disrupted
the genes encoding PknG and its putative substrate GarA in M. tuberculosis and related
non-pathogenic Mycobacterium smegmatis. We observed changes in protein phosphoryla-
tion that suggest GarA is the substrate of PknG, and changes in growth and metabolome
that establish this pair of proteins as a bone fide system for metabolic regulation. We also
observed a dramatic impact on the ability of GarA-deficient M. tuberculosis to grow and
survive in macrophages and mice. This highlights the link between metabolism and viru-
lence and suggests that M. tuberculosis inside macrophages may have restricted access to
amino acids. Our study also provides a first indication of the nutrients that may be sensed
by M. tuberculosis inside macrophages and provides new insights into the rate and revers-
ibility of serine/threonine phosphorylation in bacteria.

Introduction

Mycobacterium tuberculosis is the causative agent of TB, and remains one of the world’s biggest
health threats. Existing vaccination and drug treatment regimens may be circumvented by M.
tuberculosis through sophisticated adaptation and resistance mechanisms. New insights into
the regulatory and signal transduction networks and metabolism of M. tuberculosis are needed
to better understand the biology of this outstanding pathogen. Genome analyses revealed that
M. tuberculosis encodes 11 serine/threonine protein kinases (STPKs), some of which play
essential roles for viability or virulence [1,2]. There is wide interest in these kinases as routes to
understand the virulence strategies of M. tuberculosis and as potential therapeutic targets [3].
For these reasons, M. tuberculosis has become a target organism for research into the general
mechanisms of signaling by serine and threonine phosphorylation in bacteria [2, 4].

PknG has been the focus of a number of studies because of its essentiality for virulence [5,
6] and its involvement in regulating industrial glutamate production by Corynebacterium glu-
tamicum [7]. The kinase substrate GarA is also essential in M. tuberculosis and has been
strongly associated to metabolic regulation [8, 9]. GarA controls the activities of three enzymes
linking glutamate metabolism to the TCA cycle, and genetic disruption of garA leads to a dis-
tinctive nutrient-dependent phenotype in fast-growing non-pathogenic Mycobacterium smeg-
matis [9]. Although there is strong genetic evidence for the requirement of PknG for virulence,
multiple alternative mechanisms have been proposed [10-12]. A major challenge for this and
other bacterial STPKs is to determine the mechanisms underlying observed genetic essential-
ity, and to move beyond study of proteins in vitro to determine the physiological substrates
and functions of kinases. We have previously presented evidence that phosphorylation of
GarA switches off its regulatory functions, and that phosphorylated GarA can be found in M.
tuberculosis and M. smegmatis [8]. However, the molecular or environmental signals that
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trigger GarA phosphorylation were unknown and the role of PknG in regulating metabolism
(via GarA) has been controversial. Initially PknG was thought to inhibit phagosome-lysosome
fusion [6], and pknG disruption in Mycobacterium bovis BCG caused no growth defect [13],
raising the possibility that PknG played different roles in pathogenic Mycobacterium spp com-
pared to non-pathogens [14, 15]. Subsequent research has shown that pknG mutants in differ-
ent Mycobacterium spp. have increased antibiotic sensitivity and reduced biofilm formation
[11, 12]. With the increasing number of examples of the complex interplay between bacterial
physiology and virulence, we present here an investigation into the influence of PknG and
GarA on virulence and metabolism of M. tuberculosis and M. smegmatis and identify stimuli
for this signaling pathway.

M. tuberculosis and M. smegmatis are metabolically versatile and are able to synthesise all
twenty proteinogenic amino acids, which may be critical to combat host strategies to starve
intracellular bacteria of amino acids [16]. Although able to utilize inorganic nitrogen sources,
M. tuberculosis shows a preference for amino acids such as glutamate, and these are also co-cat-
abolised along with other carbon sources in axenic culture and in macrophages [17-22].
Genome analysis suggests that catabolism of glutamate is carried out by glutamate dehydroge-
nase (GDH) and metabolism via TCA cycle (alpha-ketoglutarate dehydrogenase, KDH), while
glutamate synthase (GItS, also known as GOGAT) is the main route of glutamate biosynthesis
[23] and this is supported by recent studies of M. tuberculosis and M. bovis BCG [24-26].

Co-catabolism of glutamate raises the challenge of maintaining the balance between carbon
and nitrogen metabolism, particularly given host strategies to deprive intracellular bacteria of
amino acids [16]. Glutamate is the major donor for transaminations so the intracellular gluta-
mate pool must be preserved. A second challenge specific to the Actinobacteria is that the
KDH complex (alpha-ketoglutarate dehydrogenase or oxoglutarate dehydrogenase complex)
does not have a dedicated E2 subunit: the dihydrolipoyl transacetylase subunit is shared
between the KDH and pyruvate dehydrogenase complexes [27], potentially requiring an addi-
tional degree of regulation of carbon metabolism. Bacteria commonly have multiple mecha-
nisms to sense carbon and nitrogen status (starvation or sufficiency) including sensing key
intracellular metabolites including oxoglutarate, glutamine, ATP, cyclic AMP, (p)ppGppp [28,
29]. The nitrogen sensor(s) of M. tuberculosis has yet to be identified [30], but compared to
Escherichia coli, M. tuberculosis has only a single PII protein (nitrogen sensor) rather than two,
and lacks the nitrogen-sensing two component system NtrB/C. Given the direct effects of
GarA on the relevant enzyme activities (KDH, GDH and GltS), we reasoned that the system of
PknG-GarA could fulfill this function in Mycobacterium spp. and other Actinobacteria and we
set out to investigate the regulation of GarA by phosphorylation and its relationship to metab-
olism and virulence.

Results

GarA was required for establishment of infection of M. tuberculosis in
macrophages and in mice

We have previously constructed a conditional gene disruption mutant of M. tuberculosis and
demonstrated that garA was essential in standard Middlebrook medium, which contains 3
mM glutamate, but dispensable when additional amino acid supplements were used (10 mM
asparagine, glutamate or glutamine [9]). Using this knowledge, we have now constructed an
unmarked garA deletion mutant AgarAy, (Fig 1). This strain grew poorly on standard Mid-
dlebrook medium and growth was restored by addition of asparagine or reintroduction of
garA (Figs 1A and S1). Asparagine was chosen rather than glutamate or glutamine because of
good solubility and low influence on pH or buffering capacity.
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Fig 1. garAis required for growth of M. tuberculosis in vitro, survival in macrophages, and virulence in mice. (A) M. tuberculosis lacking garA was
unable to grow on standard 7H10 medium unless supplemented with asparagine. Plasmid-borne garA restored the defect, but variants of garA with
mutations at threonine 21 in the phosphorylation motif (ETTS) gave only partial complementation. Strains were grown in Middlebrook 7H9 plus 30 mM
asparagine then washed and diluted in standard 7H9 and spotted onto standard 7H10 with or without 10 mM asparagine. Photographs are representative
of at least 3 independent experiments. (B) M. tuberculosis lacking garA (red squares) had a defect in growth and survival in differentiated THP-1 cells
compared to parental M. tuberculosis H37Rv (black circles). Re-introduction of GarA (black triangles) or variants of GarA lacking a single phosphorylation
site (grey crosses and squares) restored growth but variant GarA lacking both phosphorylation sites (green triangles) did not. Data points show the mean
and standard deviation from four replicates and are representative of two independent experiments. (C) M. tuberculosis lacking garA was avirulent in mice
as it was eliminated from the lungs. BALB/C mice were infected intranasally with 10° bacilli and bacterial burden was measured on days 1, 7, 21 and 28.
Data points show the bacterial burden in individual animals. The bacterial burden of mice infected with AgarAw: (red squares) was significantly lower than
those infected with M. tuberculosis H37Rv (black circles), or complemented AgarAy: (black triangles) at all time points from day 7 (p<0.005, t test). (D) M.
tuberculosis lacking garA failed to disseminate to the spleen by day 28 (symbols match panel C). The minimum number of bacteria that could be detected
was 45 CFU/organ, marked by a dashed black line in C and D.

https://doi.org/10.1371/journal.ppat.1006399.g001
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AgarAyy, was tested for its ability to infect and replicate in THP-1 macrophages (ATCC
TIB-202) and was unable to replicate (Fig 1B). Plasmid-encoded GarA complemented the
defect (Fig 1B) but addition of 20 mM asparagine to the cell culture medium did not restore
replication (S2 Fig), suggesting that intracellular M. tuberculosis could be in an environment
with non-permissive asparagine concentration (below 10 mM). These results reinforce our
earlier findings with the conditional mutant strain [9], which suggest that garA is essential for
M. tuberculosis in macrophages and that this essentiality could be due to amino acid depriva-
tion inside the phagosome.

Since AgarAy; shows auxotrophy in axenic growth and attenuation in macrophages,
we predicted it would be avirulent. To compare the virulence of AgarAy; with parental
H37Rv, equivalent inocula, as measured by colony forming units (CFU), were used for
intranasal infection of immune competent BALB/c mice. Virulent H37Rv and the comple-
mented strain replicated in the lungs and disseminated to the spleen within 28 days,
whereas AgarAyy, failed to replicate within the lungs and no bacteria could be recovered
from lungs or spleen after 21 days (Fig 1C & 1D). Notably, a clear confirmation of the atten-
uation was observed between the macrophage infection model and the mouse infection
model, which is also compatible with the observed auxotrophy in axenic media. We con-
clude that garA was essential for virulence of M. tuberculosis in mice, which may be due to
amino acid deprivation in vivo or because of the impact of primary metabolism on other
aspects of virulence, such as stress tolerance [25]. According to our model, GarA and PknG
act in the same pathway but with opposite effects on metabolism. Interestingly, loss of garA
caused severe attenuation in our study (complete loss of replication and bacterial survival)
whereas loss of pknG caused only partial attenuation in a previous study using two different
mouse models [5].

The phosphorylation sites on GarA were needed for growth of M.
tuberculosis

We next turned our attention to the role of phosphorylation of GarA and the putative respon-
sible kinase PknG. The normal role of phosphorylation is to “switch off” the activity of GarA
by preventing it from binding to its enzyme targets [8]. The phosphorylation sites are found in
a conserved ETTS motif in an unstructured N-terminal extension distinct from the forkhead-
associated domain [31]. Variants of GarA lacking phosphorylation sites are functional for
enzyme binding [31] but cannot be “switched off” by kinase activity, and thus might have an
opposite effect on bacterial metabolism from garA knockout. We used variants of garA with
mutations in the phosphorylation motif to complement the knockout strain AgarAyy, in order
to examine the role of regulation of GarA by phosphorylation in M. tuberculosis. GarA variants
lacking the first phosphorylation site, threonine 21 (EATS or EAAS at the motif) was less effec-
tive than normal GarA at restoring growth on Middlebrook medium (Fig 1A), despite con-
firmed expression (S3 Fig). In THP-1 macrophages GarA that lacks a single phosphorylation
site (EATS or ETAS at the motif) restored growth of AgarAy, in THP-1 macrophages but
GarA lacking both phosphorylation sites (EAAS) failed to restore growth (Fig 1B). This sug-
gests that the normal function of GarA requires regulation by phosphorylation. The single
mutants EATS and ETAS led to slightly different levels of complementation in macrophages
compared to axenic growth, which may reflect the different nutrient sources utilized in the
two conditions.

As PknG is the only kinase reported to phosphorylate GarA at T21 (the first threonine in
the GarA ETTS motif), disruption of pknG might be expected to alter phosphorylation of
GarA, mimicking the effects of mutations to the GarA phosphorylation motif. ApknGy,
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has previously been reported to have a defect in survival in bone marrow derived mouse mac-
rophages [11]. Unlike AgarAny, ApknGyy was able to replicate in THP-1 macrophages, albeit
10-fold less than parental M. tuberculosis (54 Fig). Taken together, these results support the
importance of phosphorylation in regulating the function of GarA in M. tuberculosis both in
vitro and during infection. Phosphorylation at both sites (T21 and T22) may be important,
meaning that PknG and at least one other kinase may be involved, as is thought to be the case
for the homologous system in C. glutamicum [32].

Disruption of garA and pknG separately caused specific and opposing
effects on nutrient requirements

Having established the importance of GarA for virulence, we probed the reasons for this essen-
tiality and the extent of conservation between slow-growing M. tuberculosis and fast growing
non-pathogenic model M. smegmatis. GarA binds to the same enzyme targets to promote the
same effects on enzyme activity in both organisms [8, 31]. We predicted that pknG disruption
(or disruption of GarA phosphorylation sites) would lead to an inability to catabolise gluta-
mate (since excess unphosphorylated GarA would inhibit GDH and KDH), while garA disrup-
tion would lead to uncontrolled glutamate catabolism (since GItS would be less active and
GDH and KDH would be uninhibited).

We have previously studied the phenotype caused by garA deletion in M. smegmatis
(AgarAp). This strain grew normally on standard mixed medium (Fig 2A) but relied on
external glutamate or related amino acids for growth and also showed differences from
wild type in the ability to utilize a range of carbon sources [9]. Here we examined the
ability of truncated GarA, which lacks the phosphorylation motif, to complement the
growth defect. Truncated GarA and EAAS GarA fully complemented the growth defect of
AgarAns on media lacking glutamate, indicating that these variant proteins are functional
in stimulating glutamate production and preventing glutamate catabolism (Fig 2B). How-
ever, when glutamate was the only source of carbon (Fig 2C) or nitrogen (Fig 2D), strains
lacking pknG or strains expressing non-phosphorylatable GarA formed clumps (Fig 2E)
and grew poorly compared to the parent strain. The nutrient-specific growth phenotypes
recorded in microplates (Fig 2) were also apparent when the same strains were cultured in
flasks (S5 Fig).

Similarly, ApknGy;, showed no growth defect compared to parental M. tuberculosis on mini-
mum medium supplemented with glycerol (Fig 3A) or glucose or acetate (S6 Fig), but had a
specific growth defect when asparagine or glutamate were used as the sole carbon source in lig-
uid culture (Fig 3B & 3C). Reintroduction of pknG restored PknG expression (S7 Fig) and
improved growth on asparagine and glutamate (Fig 3B & 3C), although full restoration of
growth was not achieved, possibly due to deleterious effects of PknG over-expression.

The nutrient-specific phenotypes of M. tuberculosis and M. smegmatis gene knockouts were
both specific to amino acid metabolism: garA-disrupted strains required glutamate or aspara-
gine for growth, while pknG-disrupted strains had a defect in utilization of glutamate or aspar-
agine. To investigate the likely conservation of function of the regulatory pathway between M.
tuberculosis and M. smegmatis we used M. tuberculosis pknG and garA to complement the
growth defects of M. smegmatis mutants (S8 Fig). Our results suggest conservation of function
of PknG and GarA between a fast-growing saprophyte and a slow-growing pathogen (other
differences between these organisms have been reviewed [33-35]).

In summary, the nutrient-specific phenotypes of pknG- and garA-disrupted M. smegmatis
and M. tuberculosis support a role for these proteins in regulating amino acid metabolism.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006399 May 17, 2017 6/31


https://doi.org/10.1371/journal.ppat.1006399

o ®
@ : PLOS | PATHOGENS PknG senses amino acid availability to control metabolism and virulence of M. tuberculosis

A 7H9 B ..  Propionate/NHCl
§9000003099339888
> M y £ y
> c R Fiii ii}
c () i o) (] []
S 3 0.10 At 1
o - S0 AgarAy
—  0.104 © -
© 3] A8
£ g |4
g o
o 001_ 0.01' ‘
0 20 40 60 0 20 40 60
Time (hours) Time (hours)
c glutamate D glutamate, glycerol, tween
1_ 3 S
:? I .é" 1-
n o Zisdtm N
c Q r 1+ C
3 0.0 o A+t -
— =197 Q garAys + trunc. = i
S ApknGys, g 1°
5 5
©  0.011 . 0.014
0 20 40 60 0
Time (hours)
e M. smegmatis
m AgarAys
a AgarAys +garA
v AgarApys + trunc.

. ApknGMs
o ApknGy,s + pknG

Fig 2. Disruption of pknG or removal of the phosphorylation motif of garA caused a nutrient-dependent growth
defect in M. smegmatis. (A) All strains grew at the same rate on standard Middlebrook 7H9 medium. (B) AgarAys grew
slower than wild type on minimal Sauton’s medium containing 20 mM propionate, 20 mM NH,4ClI plus 0.05% tyloxapol, and
this growth defect could be fully complemented by GarA lacking phosphorylation sites (truncated “trunc.” garA). (C + D)
ApknGys grew slower than wild type and formed clumps (inset photo) on medium containing glutamate as sole carbon (C)
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plus tyloxapol). Data plotted are the mean and standard deviation of at least 3 independent experiments. (E) ApknGys
formed clumps when glutamate was the sole carbon or nitrogen source. The photograph shows a microplate from growth
curve (D) imaged at 60 hours. Growth of AgarAys complemented with phosphoablative GarA (EAAS) was equivalent to
that of ApknGys complemented with truncated GarA in all tested conditions so only the dataset for truncated GarA is
shown for clarity.

https://doi.org/10.1371/journal.ppat.1006399.9002

PknG was needed for GarA phosphorylation in M. smegmatis and M.
tuberculosis

To investigate kinase(s) that phosphorylate GarA in live mycobacteria and the stimuli that lead
to kinase activity, we developed methods to distinguish phosphorylated GarA from the unpho-
sphorylated form in cell extracts. Hexahistidine-tagged GarA shows a shift in mobility in SDS
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PAGE upon phosphorylation [8] but for untagged GarA this shift was too minor for reliable
separation (for example S3 Fig shows a single band though Fig 4B demonstrates a mixture of
phosphorylated and unphosphorylated GarA). Here we used three methods to determine
whether GarA is phosphorylated in cells: (i) use of the Phos-tag reagent to retard the mobility
of phosphorylated GarA in SDS PAGE of cell extracts from M. tuberculosis and M. smegmatis
(Fig 4A), (ii) development of LC-MS/MS protocols to detect GarA in cell extracts of M. tuber-
culosis (Fig 4B), (iii) replacement of endogenous GarA with a hexahistidine-tagged version in
M. smegmatis (Fig 4C).

M. smegmatis and M. tuberculosis growing in standard media contained two forms of GarA
suggesting that cells contained a mixture of phosphorylated and unphosphorylated GarA (Fig
4A). In M. smegmatis lacking pknG the upper band was missing but could be restored by the
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https://doi.org/10.1371/journal.ppat.1006399.9004

introduction of plasmid-borne GarA, showing that PknG was the main kinase responsible for
GarA phosphorylation. In M. tuberculosis lacking pknG the upper band was also missing, sug-
gesting that PknG could also be responsible for phosphorylating M. tuberculosis GarA. Rein-
troduction of pknG to ApknG,,, did not restore GarA phosphorylation, despite strong
overexpression of pknG (S7 Fig). Non-physiological expression levels may influence GarA

phosphorylation (see below for investigation into the conditions and stimuli that provoke

phosphorylation).

To seek clarification about whether PknG may phosphorylate GarA in M. tuberculosis we
decided to investigate the specific site of GarA phosphorylation. Several kinases have been
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reported to phosphorylate purified GarA at the second threonine (122) while PknG is the only
kinase shown to phosphorylate the first threonine (T21) [8, 36]. LC-MS/MS can distinguish
between phosphorylation at T21 or T22 (S9 & S10 Figs). We have previously enriched phos-
phorylated GarA from cell extracts for detection by LC-MS/MS [8]. Here we developed a
protocol avoiding enrichment to detect the various forms of GarA in cell extracts of M. tuber-
culosis. We used this protocol to determine the relative abundance of the three forms of

GarA by comparison with peptide standards (unphosphorylated, T21-phosphorylated, and
T22-phosphorylated). In wild type cells all three forms were detected (Figs 4B and S10) but the
concentration of T22-phosphorylated form was always too low to quantitate reliably. However,
in cell extracts of the M. tuberculosis pknG mutant strain there was no detectable T21-phos-
phorylated GarA, supporting the suggestion from Fig 4A that PknG may phosphorylate GarA
in M. tuberculosis.

The equivalent peptides of M. smegmatis GarA were less amenable to mass spectrometry
and so we created a reporter strain: AgarAys + HisggarA, in which the garA deletion strain
AgarAys [9] is complemented by hexahistidine-tagged GarA (S11 Fig). We also generated vari-
ants with mutations in the phosphorylation motif of GarA ETTS. Western blotting showed
that only those GarA variants lacking the phosphorylation site for PknG were predominantly
unphosphorylated (Fig 4C). In summary, the data from Fig 4A-4C clearly demonstrate that
PknG is the main kinase responsible for phosphorylation of GarA in M. smegmatis whereas
phosphorylation by other kinase(s) may occur at lower levels, similar to the findings in C. glu-
tamicum [32]. We also provide three independent lines of evidence to show that PknG may
phosphorylate GarA in M. tuberculosis: site specificity (T21 phosphorylation in cells), loss of
phosphorylation in ApknGyy,, and conservation of function since M. tuberculosis pknG was
able to complement the growth defect of M. smegmatis pknG knockout (S8 Fig).

Amino acids and optimal carbon sources triggered rapid phosphorylation
of GarA

We next sought to identify the specific environmental signals that trigger phosphorylation or
dephosphorylation of GarA. Since the active form of GarA is the unphosphorylated form, we
predicted that this form would predominate in conditions where garA is essential, such as dur-
ing amino acid deprivation. We used mass spectrometry to investigate GarA phosphorylation
in M. tuberculosis and found only the unphosphorylated form in PBS-starved M. tuberculosis
compared to a mixture in cells grown on standard media (S12 Fig). This trend of GarA phos-
phorylation in optimal medium but a lack of phosphorylation upon amino-acid starvation is
similar to observations made on the homologous protein in C. glutamicum [37].

We then used the reporter strain of M. smegmatis to analyse a range of carbon and nitrogen
sources separately for their effects on GarA phosphorylation (Fig 5A and 5B). Strikingly, the
nutrients that led to the most phosphorylation (Fig 5A), are the amino acids that rescue the
growth defect of AgarAy and AgarAyy,: glutamate, aspartate, glutamine and asparagine.

When carbon sources were compared there was least phosphorylation during growth on
acetate or glucose (Fig 5B). The correlation between the extent of GarA phosphorylation and
the severity of growth phenotype of AgarAy,s was weaker when comparing carbon sources,
suggesting that there may be other sensory/regulatory input(s) that remain to be identified.
Thus we conclude that nutrients are likely stimuli for PknG activity, and, at least in M. smeg-
matis, glutamate and related amino acids are the most important. Notably, the sensory mecha-
nism remains to be identified and there are also likely to be additional stimuli influencing
kinase activity.
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Fig 5. GarA phosphorylation in M. smegmatis was regulated by nutrient availability. The reporter strain of M. smegmatis was cultured in different
media and cell lysates analysed by Western blot and densitometry. (A) Glutamate and related amino acids triggered phosphorylation of GarA: the nitrogen
source is indicated and the carbon source was glucose. (B) The supplied carbon source affected phosphorylation of GarA: the carbon source is indicated
and the nitrogen source was NH,CI. (C) Phosphorylation of GarA occurred rapidly when cells were cultured in poor medium and then given supplementary
nutrients (initially 1% glucose with 10 mM NH,4Cl and 0.05% tyloxapol, then 1% v/v glycerol and 30 mM asparagine were added at time zero). (D)
Dephosphorylation of GarA occurred slowly when cells switched from rich to poor medium (initially 1% glycerol with 30 mM asparagine and 0.05% Tween
80 then switched to 1% glucose with 10 mM NH,4Cl and 0.05% tyloxapol). (E) GarA was predominantly unphosphorylated when M. smegmatis were in
stationary phase or starved in PBS. The reporter strain of M. smegmatis was grown in Sauton’s medium with shaking for 5 days. For the starvation
experiment exponentially growing M. smegmatis were washed with PBS and incubated in PBS with 0.05% tyloxapol for 5 days. Values represent mean
and standard deviation of at least three independent replicates.

https://doi.org/10.1371/journal.ppat.1006399.9005

In principle, reversible phosphorylation of GarA could allow cells to respond rapidly to
changing nutrient availability. Since GarA interacts directly with enzymes of central carbon
and nitrogen metabolism this would allow a more rapid response than alterations in gene
expression level. To investigate the dynamics of adaption we grew the reporter strain on media
promoting low or high phosphorylation of GarA and then exchanged the medium at mid-log
phase, monitoring GarA phosphorylation until it had stabilized. Addition of glycerol/aspara-
gine to a culture grown in medium containing glucose/ammonium chloride led to GarA phos-
phorylation within the shortest time period that could be sampled with accuracy (15 minutes)
(Fig 5C). By contrast, when cells were transferred from standard Sauton’s medium to minimal
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Sauton’s medium, reductions in GarA phosphorylation were only seen after three hours, sug-
gesting that dephosphorylation occurred slowly if at all (Figs 5D and S13). Similarly to M.
tuberculosis, we observed only unphosphorylated GarA in starved or stationary phase M. smeg-
matis (Fig 5E). Our observations suggest that the PknG—GarA system may allow cells to adapt
rapidly to an increase in amino acid availability: glutamate or related amino acids would stim-
ulate PknG to phosphorylate GarA and hence enable glutamate catabolism. However, adapta-
tion to nitrogen starvation may take longer and could involve new protein synthesis or protein
dilution through cell division.

GarA was required for preservation of intracellular glutamate during
extended stationary phase

Having established that GarA is predominantly in the active, unphosphorylated form during
starvation and stationary phase in M. tuberculosis and M. smegmatis (S12 Fig and Fig 5E), we
used a metabolomics approach with M. smegmatis to test the specific effects of garA knockout
on intracellular metabolites. Since GarA stimulates glutamate synthase activity and inhibits
enzymes involved in glutamate catabolism, we predicted that AgarAy, might have a lower con-
centration of intracellular glutamate compared to wild type M. smegmatis. We used a targeted
mass spectrometry approach to monitor the intracellular concentration of glutamate and 39
additional metabolites of central carbon metabolism in stationary phase cultures. Of the 40
metabolites analysed, glutamate and glutamine showed the greatest difference between Agar-
Ay compared to wild type. In wild type cells the concentration of glutamate was maintained
at a relatively steady level throughout 28 days while the concentrations of glutamine and

many other metabolites declined during the first 7 days and were then steady (Figs 6A & S14).
As predicted, AgarAy had lower intracellular glutamate in stationary phase (from day 7
onwards). The intracellular concentration of glutamine was transiently elevated during entry
of AgarAyy, into stationary phase and then declined from day 7 onwards (Fig 6A). The decline
in glutamate and glutamine in extended phase could be due to catabolism through uninhibited
GDH and KDH. After 28 days the AgarAy, strain began to show loss of viability. Metabolite
sampling was discontinued and viability was monitored for 10 further weeks, by which point
cultures of AgarAy contained 100-fold fewer CFU ml™ than wild type M. smegmatis (Fig 6B).
The depletion of intracellular glutamate in stationary phase AgarAy and the defect in long-
term survival provides a functional demonstration of our predicted model of metabolic regula-
tion and highlights the importance of glutamate homeostasis for bacterial viability.

Metabolome analysis revealed amino acid metabolism as the main
target of regulation by GarA and PknG in M. smegmatis

Disruption of pknG in M. tuberculosis has previously been shown to perturb intracellular gluta-
mate and glutamine levels [5]. To examine the effect of garA disruption or pknG disruption on
wider cell metabolism we grew M. smegmatis and variant strains for untargeted metabolome
analysis of about four hundred annotated metabolites by mass spectrometry. An unbiased
comparison of the metabolomes of AgarAy; with the parent and complemented strains identi-
fied a set of 15 metabolites with lower concentration in AgarA,, (log2(fold change)>0.5, and
g-value<0.05) (Fig 7A and Table 1). Eight of the fifteen significantly changed metabolites were
amino acids or intermediates in amino acid biosynthesis. Striking reductions were seen in the
intracellular concentrations of glutamate and two direct products of glutamate: GABA and
oxoproline/pyroglutamate (Fig 7A), and these changes were reversed by plasmid-borne garA
(Fig 7B). Extracellular metabolites were also analysed but significant differences were not
found (S15 Fig).
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Fig 6. GarA was required during stationary phase for the maintenance of intracellular glutamate and for survival. (A) M. smegmatis lacking garA
failed to maintain intracellular glutamate and glutamine pools during extended stationary phase in 7H9 medium. Intracellular glutamate and glutamine
were measured for wild type M. smegmatis (black circles), AgarAys (red squares), and complemented AgarAys (black triangles). Inset graphs show
intracellular metabolites for the same experiment at day 28 (B) M. smegmatis lacking garA gradually lost viability during prolonged stationary phase. Cells
were cultured in 7H9 medium over a time period of five months. Aliquots were withdrawn at regular intervals and surviving cells were plated on 7H10 to
calculate CFU ml™'. All experiments were repeated at least 3 times and data show the mean with standard deviation.

https://doi.org/10.1371/journal.ppat.1006399.9006

To examine the impact of disrupting GarA phosphorylation, we next analysed the intracel-
lular metabolites of AgarAy, carrying non-phosphorylatable GarA and ApknGys (Tables 1 and
S1, Figs 7C and S16). We predicted elevation in intracellular glutamate when GarA cannot be
phosphorylated, a reversal of the glutamate deficiency when garA is deleted. Intracellular gluta-
mate was indeed significantly higher (1.3-fold change, q-value<0.0001, Fig 7D, S1 Table) but
below our chosen threshold for inclusion in Table 1 (log2(fold change)>0.5). The majority of
the metabolites that were significantly changed were amino acids or involved in amino acid
metabolism, notably intermediates of arginine biosynthesis (ornithine, citrulline), which were
elevated in mutant strains. The wide reaching changes in amino acid metabolism could be
consequences of perturbed glutamate metabolism, the central hub of NH; transfer. Beyond
amino acid metabolism, we cannot differentiate whether changes in metabolite concentrations
are indirect consequences of altered physiology and altered amino acid metabolism or indica-
tive of other GarA/PknG targets.
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