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persistence and disease latency.

.

(Background: Mycobacterium tuberculosis synthesizes ergothioneine, a sulfur-containing molecule with unknown function.
Results: egtD encodes for a histidine methyltransferase that is essential for ergothioneine biosynthesis and is negatively regu-
lated through M. tuberculosis serine/threonine protein kinase D.

Conclusion: M. tuberculosis modulates intracellular ergothioneine levels in response to starvation.
Significance: Mechanisms by which M. tuberculosis senses and adapts to nutrient starvation is essential for understanding

J

Ergothioneine (EGT) is synthesized in mycobacteria, but lim-
ited knowledge exists regarding its synthesis, physiological role,
and regulation. We have identified Rv3701c from Mycobacte-
rium tuberculosis to encode for EgtD, a required histidine meth-
yltransferase that catalyzes first biosynthesis step in EGT bio-
synthesis. EgtD was found to be phosphorylated by the serine/
threonine protein kinase PknD. PknD phosphorylates EgtD
both in vitro and in a cell-based system on Thr*'3, The phospho-
mimetic (T213E) but not the phosphoablative (T213A) mutant
of EgtD failed to restore EGT synthesis in a AegtD mutant. The
findings together with observed elevated levels of EGT in a pknD
transposon mutant during in vitro growth suggests that EgtD
phosphorylation by PknD negatively regulates EGT biosynthe-
sis. We further showed that EGT is required in a nutrient-
starved model of persistence and is needed for long term infec-
tion of murine macrophages.

Mycobacterium tuberculosis, the causative agent of tubercu-
losis, senses and adapts its physiology to ensure survival within
the host, enabling it to overcome oxidative and nitrosative chal-
lenges associated with intracellular infection. Xenobiotics,
including free radicals, produced by the host to cope with infec-
tion; antibiotics; and general bacterial respiration are coun-
tered by an intricate detoxification system utilized by the bac-
terium that is composed of (a) enzymes such as catalase,
superoxide dismutase, and alkyl hydroperoxidase; (b) truncated
hemoglobins; (¢) oxidoreductases; and (d) redox coupling sys-
tems (1). The most common defense mechanism against reac-
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tive oxygen and nitrogen species damage in eukaryotes and
Gram-negative bacteria relies on glutathione, a low molecular
weight thiol. Mycobacteria, like most Gram-positive bacteria,
do not produce glutathione; rather, they synthesize mycothiol
(MSH)? at millimolar levels, making it the most abundant low
molecular weight thiol in these species (2). Similarly to gluta-
thione, MSH also serves as an antioxidant that is important in
maintaining a highly reducing environment inside the cell (3).
Several studies have demonstrated the role of MSH in detoxi-
tying reactive species by either (i) donating a reducing equiva-
lent (4) or (ii) forming an S-conjugate composed of MSH and
the respective agent (5). Consistent with these findings, myco-
bacterial species deficient in MSH are found to have varying but
increased sensitivity to H,O, (3, 4, 6), nitric oxide (NO) (7), and
other redox cycling agents (3, 4, 8,9). Despite the importance of
MSH in protecting mycobacteria against oxidative and nitrosa-
tive stressors, M. tuberculosis strains lacking MSH remain via-
ble in vivo, suggesting a compensatory mechanism (10).

Fahey and co-workers (11) showed that Mycobacterium
smegmatis mutants devoid of MSH displayed a marked eleva-
tion in another sulfur-containing low molecular weight com-
pound known as ergothioneine (EGT). EGT exists primarily as
athione under physiological conditions and differs significantly
from other cysteine-containing thiols as it possesses a lower
redox couple value (E," = —0.06 V) (12). Although a poorer
reductant, EGT is described as an effective antioxidant through
quenching of singlet oxygen, scavenging of hydroxyl radicals,
and inhibition of heavy metal-catalyzed reactions (for a review,
see Ref. 13), and its depletion in mammalian cells leads to aug-
mented oxidative damage and cell death in the presence of
exogenous stressors (14). Despite the presence of EGT in mam-
malian cells, biosynthesis is limited to a subset of organisms,
which includes actinobacteria, cyanobacteria, and specific

2 The abbreviations used are: MSH, mycothiol; EGT, ergothioneine; AdoMet,
S-adenosylmethionine; STPK, Ser/Thr protein kinase; OADC, oleic acid/al-
bumin/dextrose/catalase; ESI, electrospray ionization; Tn, transposon.
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Regulation of Ergothioneine Biosynthesis in M. tuberculosis

fungi and yeast (15-18). Mammals obtain EGT from dietary
sources and concentrate it in tissues exposed to high levels of
oxidative stress via a specific transporter (19).

Among microorganisms, EGT biosynthesis follows a similar
pathway, that is the conversion of histidine to EGT through the
intermediate hercynine. The genes encoding EGT biosynthesis
in M. smegmatis have been identified (20), paving the way to
study the role EGT in M. tuberculosis physiology and pathogen-
esis. Still, it remains to be discovered as to which physiological
conditions trigger M. tuberculosis to up-regulate EGT biosyn-
thesis in vivo. As observed in Fig. 1, EGT biosynthesis is an
energetically costly process for mycobacteria. The pathway fol-
lows five enzymatic steps that consume the amino acids histi-
dine and cysteine and cofactors such as ATP, S-adenosylme-
thionine (AdoMet), and pyridoxal phosphate. Therefore, EGT
production is likely to be tightly regulated to avoid metabolic
stress under unfavorable environmental conditions.

Mycobacterial adaptation to varying conditions is dependent
on both the classical bacterial two-component systems com-
prising histidine kinases and response regulators and the
eukaryotic-like Ser/Thr protein kinases (STPKs) (21). Signaling
through STPKs has recently emerged as a key regulatory mech-
anism in M. tuberculosis, playing roles in the transport of
metabolites (22), cell division (23), and virulence (24). Several
metabolic pathways such as mycolic acid (25-28), glutamine
(29), phthiocerol dimycocerosates (30), and glucan (31) biosyn-
theses have been shown to be regulated by M. tuberculosis
STPK phosphorylation.

In the present study, using combined biochemical and
genetic analyses, we showed that EGT biosynthesis is depen-
dent on EgtD, a histidine methyltransferase catalyzing the first
reaction step in EGT biosynthesis. We further demonstrated
that EgtD is under phosphorylation control by the STPK PknD,
leading to increased up-regulation of EGT biosynthesis during
starvation and enhancing the survival of M. tuberculosis in an in
vitro model of persistence.

Experimental Procedures

Bacterial Strains and Growth Conditions—M. tuberculosis
H37Rv cultures were grown aerobically at 37 °C on Middle-
brook 7H10 agar plates with 10% (v/v) oleic acid/albumin/dex-
trose/catalase (OADC) enrichment (BD Biosciences) or in
Middlebrook 7H9 broth supplemented with 0.05% (v/v) Tween
80, 0.2% (v/v) glycerol, and 10% (v/v) OADC. Hygromycin (50
pg/ml) and kanamycin (25 ug/ml) were added for the selection
of the appropriate M. tuberculosis strains. Escherichia coli
DHb5a and BL21(DE3) were grown at 37 °C in Luria-Bertani
(LB) broth or on LB agar and were supplemented with kanamy-
cin (50 pg/ml) or ampicillin (100 wg/ml) when required.

Cloning and Protein Expression and Purification—All genes
were amplified by PCR from H37Rv genomic DNA using stan-
dard methods for cloning. Recombinant plasmids were further
transformed into E. coli BL21(DE3) cells for protein expression.
Strains harboring the genes to produce recombinant protein
were used to inoculate LB broth from an overnight culture
(1:100), and the cells were induced with 1-thio-B-p-galactopy-
ranoside once an A, of 0.6 —0.8 was reached. Protein purifi-
cation was carried out on either nickel-nitrilotriacetic acid
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resin (Qiagen) or glutathione-agarose (Sigma-Aldrich) col-
umns according to the manufacturers’ supplied guidelines.
Site-directed mutagenesis was performed following the Strat-
agene QuikChange protocol, and parental pMV261-egtD and
pET28-egtD were used as a template.

EgtD in Vitro Methylation Activity—A reaction containing 10
mM histidine, 4 mm AdoMet, 1 mm Mg(OAc),, 5 mm NaCl, 20
pgof EgtD, and 5 ug of S-adenosylhomocysteine hydrolase was
prepared as described (20) and incubated overnight at 37 °C.
Detection of methylated histidine products in the reaction was
carried out by ESI-MS at the University of Victoria Genome
British Columbia Proteomics Centre as detailed below. EgtD
substrate specificity was analyzed using a continuous enzyme-
coupled SAM510™" methyltransferase assay (G-Biosciences)
according to the manufacturer’s protocol. Reactions were initi-
ated immediately following the addition of a 1 mm concentra-
tion of each tested substrate and monitored at 510 nm for 30
min at room temperature.

Construction and Complementation of the M. tuberculosis
AegtD Mutant—The AegtD mutant strain was constructed via
allelic exchange using the conditionally replicating mycobacte-
riophage phAE159 as described previously (32). To construct
the egtD knock-out phage, flanking regions comprising
1000-bp upstream and downstream regions of the egtD gene
were amplified from H37Rv genomic DNA. The up- and down-
stream flanking regions of egtD were cloned into the p0004S
cosmid prior to ligation of this recombinant cosmid with
phAE159. The ligated DNA was packaged into phage A with
Gigapack III Gold packaging extract (Stratagene) and E. coli
HB101 cells that were previously grown in MgSO, and maltose
overnight. Colonies were selected for growth on LB plates con-
taining 150 wg/ml hygromycin, and phage DNA was extracted
and electroporated into M. smegmatis mc*155. Transformation
plates were incubated at 30 °C for 3 days. Plaques were picked to
prepare high titer phage stocks (10° pfu/ml) in M. smegmatis.
Phages were transduced into M. tuberculosis H37Rv and plated
on Middlebrook 7H10 supplemented with OADC and hygro-
mycin (50 pug/ml). After 4 weeks, hygromycin-resistant colo-
nies appeared and were cultured for analysis by PCR and South-
ern hybridization to identify clones in which allelic exchange
had occurred within the Rv3701c gene.

Southern Blot Hybridization—Southern blotting was per-
formed using the digoxigenin hybridization system (Roche
Applied Science). Chromosomal DNA (12 ug) from both the
H37Rv wild-type and Rv3701c-null mutant strains was digested
with AflIII. Digested DNA was resolved on a 1% agarose gel
prior to its transfer to a nylon membrane via capillary method
overnight. Hybridization was performed at 68 °C overnight
with a digoxigenin-11-dUTP-labeled probe. Anti-digoxigenin
antibodies were used to detect the probe hybridized to its DNA
target.

EGT Extraction from M. tuberculosis—M. tuberculosis
strains were grown to their desired Ao, and 4 ml of cells were
harvested by centrifugation. Cells were washed twice in the
same volume of double distilled H,O. Following washing, the
cells were resuspended in 2 ml of 70% acetonitrile with 25 ng/ml
internal standard 1-methyl-4-phenylpyridinium ion. Cells were
disrupted with the MagNAlyser (Roche Applied Science) and
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0.1-mm silica beads (BioSpec) at a speed of 7000 rpm for 60-s
intervals followed by 2 min of rest at —20 °C (repeated four
times). The extract was then filter-sterilized using 0.22-um
nylon polypropylene Spin-X® centrifuge tubes prior to exiting
the biosafety containment level 3 laboratory for further analysis
by ESI LC-MS/MS.

ESI LC-MS/MS Analysis of EGT—EGT was quantified using
an Agilent Technologies 1200 binary HPLC system coupled to
an AB Sciex 5500 Q-Trap triple quadrupole mass spectrometer.
Separation was performed on a Zorbax HILIC Plus column
(Agilent Technologies; 100 X 2.1 mm, 3.5-um particle size).
Acetonitrile (76%) and water (24%), both containing 0.1% for-
mic acid, were used as the mobile phase at a flow rate of 200
wl/min. The peak area of EGT was measured using Analyst
1.5.2 (AB Sciex) and normalized by the weighted contribution
of the peak areas of the 1-methyl-4-phenylpyridinium ion inter-
nal standard. Identification of EGT was based on its theoretical
m/z value, MS/MS fragmentation data, and its retention time,
which was verified by analyzing a pure standard (Oxis Interna-
tional Inc.). Calibration curves were generated through a series
of EGT standard additions to the sample. Regression coeffi-
cients of each calibration curve were all greater than 0.99.

Protein-Protein Interaction Assay—Protein-protein interac-
tions were investigated using the mycobacterial protein frag-
ment complementation assay as described previously (33). M.
tuberculosis EgtD and STPKs (PknA, PknB, PknD, and PknK)
were amplified by PCR and cloned into pUAB100 (expressing
murine dihydrofolate enzyme fragments F1 and F2) and
pUAB200 (expressing murine dihydrofolate fragment F3),
respectively. EgtD was co-transformed with each of the four
kinases into M. smegmatis mc*155, and co-transformants were
selected for on 7H11/kanamycin/hygromycin plates. Co-trans-
formants were replated on 7H11/kanamycin/hygromycin
plates supplemented with 0 and 10 pg/ml trimethoprim and
analyzed for growth over 4 -5 days.

In Vitro Kinase Assay—An in vitro phosphorylation screen
was performed as described previously (34) using 1 ug of EgtD
in 20 ul of the assay buffer (20 mm Tris-HCl, pH 7.4, 5 mm
MgCl,, 5 mMm MnCl,, 1 mM DTT) and varying concentrations of
kinase (0.1-1 ug) to obtain optimal autophosphorylation activ-
ity. Kinases used for screening in this assay were PknA, PknB,
PknD, PknE, PknF, PknG, PknH, and PknK. Reactions were
commenced by the addition of 10 uCi of [y-**P]ATP (PerkinEl-
mer Life Sciences; 3000 Ci/mmol) and incubated at room tem-
perature (23 °C) for 30 min. Following the incubation period,
reactions were arrested using SDS sample loading buffer and
heated at 95 °C for proteins bands. EgtD dose-dependent phos-
phorylation kinetics were performed as described above with
minor changes. First, the kinase was left to autophosphorylate
for 20 min prior to the addition of EgtD. Cold ATP (100 M) was
spiked into 10 uCi of [y->*P] ATP prior to the addition of ATP
to the reactions. The reaction kinetics were monitored by excis-
ing the bands corresponding to EgtD and subjecting them to
scintillation counting (Beckman Coulter LS 6500). Kinetic
parameters were calculated using Prism Software (Graph-
Pad 6.04). EgtD phosphorylation sites were analyzed using LC-
MS/MS (phosphopeptide analysis) as described (24) with 1 mm
non-radiolabeled ATP.
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Cell-based Phosphorylation—egtD was cloned into pGEX-
4T3, and pknD was cloned into pET-28. Both plasmids were
co-transformed into E. coli BL21. Co-transformants were
selected on LB plates containing ampicillin and kanamycin.
Cultures were induced with 1 mm 1-thio-B-p-galactopyrano-
side and further grown for 16 h at 25 °C. Both proteins were
purified as described above and resolved by SDS-PAGE to
ensure adequate expression of both proteins in the culture.
Approximately 20 ug of recombinant protein was then sub-
jected to phosphopeptide analysis by LC-MS/MS to determine
egtD phosphorylation sites in a cell-based system.

TLC Analysis of Phosphorylated EgtD Activity—Phosphory-
lated EgtD was obtained through the in vitro kinase assay out-
lined above. The reaction varied slightly in that 8 um EgtD, 10
M non-radiolabeled ATP, and 0.4 um kinase were used. Reac-
tions were incubated at room temperature for 1.5 h to obtain
the maximum yield of phosphorylated EgtD. Next, 15 mM his-
tidine, 2.5 mm NaCl, 500 um Mg(OAc),, and 10 um S-adenosyl-
homocysteine nucleosidase were added to the 8 um phosphor-
ylated EgtD. The methylation reaction was initiated upon
addition of 10 wmol of S-[methyl-'*Cladenosyl-L-methionine
(PerkinElmer Life Sciences; 60 mCi/mmol). Ten-microliter
samples were taken from the reaction at various time points,
stopped with 1 ul of 1% trifluoroacetic acid, and stored at
—20 °C until use. Samples were subjected to TLC using PEI
Cellulose F plates (EMD Millipore, Darmstadt, Germany) and
developed in butanol/water/acetic acid (60:25:15, v/v). The sep-
aration of radiolabeled AdoMet and methylated histidine was
visualized using PhosphorImager SI (GE Healthcare) following
7 days of exposure. Ninhydrin (0.03%) was used to detect histi-
dine on the plate. The spots corresponding to histidine were cut
from the plate and subjected to scintillation counting (Beckman
Coulter LS 6500) to quantify the formation of methylated his-
tidine over time.

Macrophage Infection—Murine J774A.1 macrophages were
purchased from the American Type Culture Collection (ATCC
catalogue number TIB-67) and were stored and prepared
according to the manufacturer’s guidelines. Macrophages were
prepared by seeding onto a 24-well plate at a density of 2.5 X
10° cells/well in culture medium (Dulbecco’s modified Eagle’s
medium, high glucose supplemented with 1% glutamine, 10%
fetal bovine serum, 1% HEPES, 1% non-essential amino acids).
Cells were left overnight. The following day, J774A.1 cells were
infected with exponentially growing M. tuberculosis (Agy, =
0.5) at a multiplicity of infection of 5:1. J774A.1 cells were incu-
bated with M. tuberculosis for 3 h at 37 °C in 5% CO,. Wells
were next washed three times and resuspended in culture
medium containing 100 pg/ml gentamicin to remove any
remaining extracellular M. tuberculosis. For cfu counting, cells
were washed three times with J774A.1 culture medium, and the
macrophages were lysed using 0.025% SDS at the selected time
points postinfection. Serial dilutions of the lysate were plated
onto Middlebrook 7H10 agar medium supplemented with
OADC and the appropriate antibiotics. Colonies were counted
after incubation for 3 weeks at 37 °C.

Starvation Studies—Mycobacterial cultures were grown with
shaking in Middlebrook 7H9, 0.2% (v/v) glycerol, 10% OADC,
0.05% tyloxapol to an A, of 0.8. Cells were washed twice with
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TABLE 1

Homology of the M. tuberculosis EGT biosynthetic gene cluster
(Rv3700c-Rv3704c) with M. smegmatis (msmeg6246-6250)

Accession
Enzyme number Identity Similarity E-value”
% %

EgtA NP_218221.1 66 77 0.0

EgtB NP_218220.1 77 83 0.0

EgtC NP_218219.1 74 82 4e 11e
EgtD NP_218218.1 74 81 6e 173
EgtE NP_338356.1 66 79 9e %8

“ Obtained from BLAST analysis.

PBS and then resuspended in PBS prior to leaving the cultures
to stand at 37 °C in sealed bottles (35). M. tuberculosis viability
during starvation was determined by counting cfu from tripli-
cate cultures over a 4-week period. Serial dilutions of the cells
were performed and followed by plating onto Middlebrook
7H10 agar medium supplemented with OADC and the appro-
priate antibiotics. Colonies were counted after incubation for 3
weeks at 37 °C. The extraction and quantification of intracellu-
lar EGT levels were performed at various time points through-
out starvation as described in the methods above.

Results

EGT Biosynthesis Pathway in M. tuberculosis—Previously,
the EGT biosynthetic pathway was identified in M. smegmatis
and was described to consist of five clustered genes (20). These
genes encode for y-glutamylcysteine ligase (egtA), a formylgly-
cine-like enzyme (egtB), a glutamine amidotransferase (egtC),
a histidine methyltransferase (egzD), and lastly a pyridoxal
5-phosphate-binding protein (egtE). Using the NCBI Basic
Local Alignment Search Tool, we identified the open reading
frames Rv3700c--Rv3704c (Table 1) to encode for EGT biosyn-
thesis in M. tuberculosis.

Rv3701c and Rv3704c are predicted to encode EgtD and EgtA
(Fig. 1B), respectively, and commit the necessary amino acids to
the pathway, suggesting an optimal site for post-translational
modification. Transposon site hybridization studies identified
Rv3701c, but not Rv3704c, to be essential for growth in animal
models and murine macrophages (36, 37). Therefore, the
requirement for Rv370Ic¢ during infection may not only impli-
cate EGT in the pathogenesis of M. tuberculosis but may also
represent a critical point in the pathway responsible for orches-
trating EGT biosynthesis in response to changes in the environ-
ment of the bacilli.

Rv3701c Encodes for egtD in EGT Biosynthesis—We cloned
Rv3701c from M. tuberculosis H37Rv for expression in E. coli
and assayed the purified recombinant protein. Using the
SAM510 assay, the methylation activity of EgtD was assessed in
the presence of each of the proteinogenic amino acids with the
exception of cysteine due to its interference with the assay (38).
The consumption of AdoMet in the reaction was continuously
monitored at 1-min intervals over a 30-min time period. No
change in absorbance was observed, suggesting that histidine
was the only amino acid that could undergo methylation (data
not shown). We further explored substrate specificity using the
same methods and ruled out methylation activity with hista-
mine, imidazole, and the histidine derivatives 1-methyl-L-histi-
dine, 3-methyl-L-histidine, and «-methyl-pL-histidine. These

SASBMB

SEPTEMBER 18,2015 +VOLUME 290-NUMBER 38

A MW\* TLM

= Mf“

s

A A
AdoMet
N
- Egth —a
" Ve
g J
Histidine N
o glutamate 7a

Hercynine
s oM ¢
o —0 ¥- ghutamyl-hercynylcysteine sulfoxide
Pymvale,NH; 1 I eic
Y
7
E

Exgothioncine Hercynleysteinesulfoxide

FIGURE 1. EGT biosynthetic pathway in M. tuberculosis. A, EGT biosynthesis
occurs through five enzymatic steps, and the genes encode for a y-glutamyl-
cysteine synthase (EgtA), a formylglycine-generating enzyme-like protein
(EgtB), a glutamine amidotransferase (EgtC), a methyltransferase (EgtD), and
a pyridoxal 5-phosphate protein (EgtE). The pathway proceeds from L-histi-
dine through the intermediary precursor hercynine, hercynyl y-glutamylcys-
teine sulfoxide, and hercynylcysteine sulfoxide. EGT acquires its sulfur from
y-glutamylcysteine. B, in silico analysis identified the gene cluster Rv3700c-
Rv3704c to encode for EGT biosynthesis in M. tuberculosis. PLP, pyridoxal
5-phosphate.

findings validate EgtD as a methyltransferase with high speci-
ficity for the amino acid histidine.

The methyltransferase assay we used for the enzyme charac-
terization does not identify the number of methyl groups added
to a substrate but solely indicates whether methylation is in fact
occurring. Thus, we performed ESI-MS analysis on a methyla-
tion reaction containing EgtD and histidine in an attempt to
isolate hercynine (a-N,N,N-trimethylhistidine) variants. Fig.
2A illustrates that EgtD produces three methylation products,
mono-, di-, and trimethylated histidine. As observed in Fig. 2B,
when the same reaction was prepared in the absence of EgtD,
histidine was not transformed into any of the expected methyl-
ated products. The dependence of reaction velocity on histidine
concentration was measured in the presence of 5.3 um EgtD
using the SAM510 assay at various concentrations of histidine
(0-15 mm). Experimental data were best fitted using the
Michaelis-Menten equation (R* = 0.99) and the V,  (114.5 =
1.8 uM/min'mg) and K, (422.0 = 37.4 um). Based on these
values, we further calculated the k_, (1.3 X 1072 s™') and
koK, (30.8 M~ 's™ 1) of the enzyme.

egtD Is Essential for EGT Biosynthesis but Not Needed for
Growth—To study the necessity and role of EgtD in EGT bio-
synthesis, a M. tuberculosis AegtD null mutant was constructed
in M. tuberculosis H37Rv. We replaced the genomic Rv3701c
open reading frame by specialized transduction with a hygro-
mycin resistance cassette (Fig. 34) and verified the knock-out
strain formation by Southern blotting and PCR (Fig. 3, Band C,
respectively). Intracellular EGT levels were quantified in the
parental wild-type M. tuberculosis, the Rv3701c-null mutant,
and a complemented strain in which the Rv3701c mutant was
transformed with a plasmid containing the Rv3701c gene
(pMV261:AegtD). EGT could not be detected in extracts pre-
pared from the AegzD mutant, whereas both the wild-type and
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FIGURE 2. Rv3701c encodes for a histidine methyltransferase. The meth-
ylation activity of Rv3701cin the presence of AdoMet and histidine was ana-
lyzed by ESI-MS. A, Rv3701c catalyzes the methylation of the a-amino nitro-
gen atom of histidine to form mono-, di-, and trimethylated histidine. B,
reaction in the absence of Rv3701c. No methylated histidine products were
observed. amu, atomic mass units.

complemented strains synthesized considerable amounts of
EGT (Fig. 3D). Through this experiment, we demonstrated that
EgtD encoded by Rv3701c is required for EGT biosynthesis in
M. tuberculosis.

EgtD Is a Substrate of M. tuberculosis Ser/Thr Kinases—M.
tuberculosis uses a number of signal transduction systems as a
means for adaptive gene expression and regulation of metabolic
processes in response to external stimuli (39). Screening of a set
of M. tuberculosis STPKs for their ability to phosphorylate puri-
fied EgtD identified PknA, PknB, PknD, and PknK as kinases
capable of phosphorylating EgtD (Fig. 44). No radioactive
bands were observed in the presence of the other STPKs or
when EgtD was incubated in the absence of kinase. These find-
ings indicate that EgtD is an in vitro substrate of several of M.
tuberculosis STPKs, suggesting that EGT biosynthesis could be
under phosphorylation control in mycobacteria.
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To test whether EgtD interacts with the four identified
kinases in vivo, a cell-based interaction assay using the myco-
bacterial protein fragment complementation assay was per-
formed in M. smegmatis (33).The mycobacterial protein frag-
ment complementation assay involves the reassembly of
complementary fragments F1 and F2 (expressed by pUAB100)
and fragment F3 (expressed by pUAB200) of murine dihydro-
folate reductase enzyme, conferring resistance to trim-
ethoprim. As illustrated in Fig. 4B, growth of M. smegmatis
co-transformed with pUAB100-egtD and pUAB200 containing
pknB, pknD, or pknK was present. No growth was observed in
the strain co-expressing EgtD and PknA, suggesting that these
two proteins do not interact under in vivo growth conditions.
The interaction between EgtD and the kinases was weaker than
the positive control, CFP-10 and ESAT-6, which is expected
due to the transient nature of kinase-substrate interactions.
Therefore, the mycobacterial protein fragment complementa-
tion assay provided evidence that EgtD is potentially a substrate
for the M. tuberculosis STPKs PknB, PknD, and PknK in
mycobacteria.

PknD Preferentially Phosphorylates EgtD in Vitro—It is
apparent from Fig. 44 that PknD possesses the greatest phos-
phorylation capacity toward EgtD in comparison with PknB
and PknK. To verify this, we analyzed the phosphorylation
kinetics of EgtD. We confirmed that PknD possesses the great-
est k_,,/K,, and lowest K|, for the methyltransferase (Table 2).
As these findings suggest the PknD interaction to have the
greatest relevance, we therefore focused on the effect of PknD
phosphorylation of EgtD for the remainder of the study.

Phosphorylation Negatively Regulates EgtD Methyltrans-
ferase Activity—Phosphorylation of a protein introduces a neg-
ative charge on the targeted amino acid(s) that can ultimately
affect protein activity. To investigate the effect of phosphoryla-
tion on the methylation activity of EgtD, we developed an assay
designed to monitor the transfer of methyl-'*C from AdoMet to
histidine. Phosphorylated and unphosphorylated EgtD was
prepared using the in vitro kinase assay in the presence or
absence of PknD. Following 2 h of incubation at room temper-
ature, thekinase assays containing EgtD were added to the meth-
ylation assay containing S-[methyl-'*Cladenosyl-1.-methionine
and histidine. Samples were taken at various time points from
the reaction and separated by TLC (Fig. 5A4). The formation
of [methyl-'"*Clhistidine was visualized by autoradiography
(upper), whereas total histidine was observed on TLC plates
developed with ninhydrin (Jower). As expected, the combined
kinase and methylation assay lacking EgtD did not form [meth-
yl-"*C]histidine after 2 h. However, methylation activity of
phosphorylated EgtD was visibly slower than that of the unphos-
phorylated enzyme. Histidine spots were then excised from the
TLC plate, and the cellulose stationary phase was added to scin-
tillation fluid for quantification. Counts per minute (cpm) phos-
phorylated and non-phosphorylated EgtD were plotted as a
function of time for both enzyme sets (Fig. 5B). An approximate
20% reduction in the activity of phosphorylated EgtD was
observed compared with non-phosphorylated EgtD. Although
ATP concentrations were in excess in these reactions, it
remains likely that a mixed population of phosphorylated and
non-phosphorylated protein existed, potentially underestimat-
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FIGURE 3. Construction and in vitro characterization of AegtD in M. tuberculosis. A, schematic diagram of the Rv3707c region of the chromosome of M.
tuberculosis. Genomic DNA was digested with Afllll, and the blot was probed with a digoxigenin-11-dUTP-labeled DNA fragment containing 314 bp of the egtD
3'-flanking sequence. B, confirmation of the AegtD mutant through Southern blotting. Afllll-digested genomic DNA gave rise to the expected 1.77-kbp
fragment in wild-type M. tuberculosis (lane 1) and 2.74-kbp fragment in the hygromycin-resistant transductant in which egtD was disrupted with the hyg marker
(lane 2). C, PCR analysis of the hygromycin-resistant transductant genomic DNA for the AegtD. Left panel, PCR amplification of egtD (966 bp). Right panel, PCR
amplification of the hygromycin-resistant cassette (~700 bp), which replaced egtD in the mutants. D, intracellular EGT levels extracted from wild-type M.
tuberculosis, AegtD M. tuberculosis, and AegtD transformed with pMV261:egtD and quantified by ESI LC-MS/MS. Error bars indicate the means =+ S.D. of three

independent experiments. Col, colony.

ing the effect of phosphorylation on the methylation activity of
EgtD. Nonetheless, the rate of formation of [methyl-'*Clhisti-
dine was significantly slower for phosphorylated EgtD, suggest-
ing that PknD may negatively regulate EgtD in M. tuberculosis.

Thr?'3 Is the Major Phosphorylation Site of EgtD—Mass spec-
trometry was used to identify the nature and location of the
phosphorylation site(s) on M. tuberculosis EgtD as performed
previously (24). MS/MS analysis of purified recombinant EgtD
incubated in the presence of PknD identified phosphorylation
on the trypsin-digested **> AYDDPGGVTAQFNR?*'® peptide
that was located on Thr*'? in the C terminus of the protein (Fig.
6A). No autophosphorylation was observed in the negative con-
trol containing EgtD incubated with ATP in the absence of
PknD.

The phosphopeptide identified by mass spectrometry was
validated by substituting EgtD Thr?*'? with alanine through
site-directed mutagenesis to prevent phosphorylation. The
autoradiogram in Fig. 6B shows that T213A site-directed
mutagenesis resulted in abrogation of EgtD phosphorylation
compared with intact EgtD. The above findings further illus-
trate that EgtD Thr*'? is the major phosphorylation site for
PknD in vitro.

SASBMB

SEPTEMBER 18,2015 +VOLUME 290-NUMBER 38

We next wanted to further validate the phosphorylation site
of EgtD in a cell-based system. Due to potential interference of
other mycobacterial STPKs, we decided to study the interaction
between EgtD and PknD using E. coli as a heterologous host
because it lacks any known STPKs. The active kinase domain of
PknD and full-length recombinant wild-type EgtD were sub-
cloned into pET-28a and pGEX-4T3, respectively, to achieve
compatible expression conditions. Purified EgtD expressed in
the presence and absence of PknD inside E. coli was subjected
to LC-MS/MS analysis to identify the phosphorylation sites. As
seen previously in vitro, EgtD co-expressed with PknD was
monophosphorylated on peptide >**> AYDDPGGVTAQFNR>'®
(Fig. 6C), but no phosphorylation was observed in the absence
of the kinase in E. coli. From these results, we concluded that
Thr?'? is the major phosphorylation site of EgtD both in vitro
and in an in vivo cell-based system.

M. tuberculosis EgtD Phosphomimetic Mutant Synthesizes
Lower EGT Levels—Introduction of a negative charge through
the substitution of acidic residues such as Asp or Glu has been
shown previously to mimic phosphorylation of a protein with
regard to functional activity (25, 27, 28, 31). We wanted to fur-
ther determine the effect of phosphorylation on EGT levels in
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FIGURE 4. EgtD is a substrate of multiple M. tuberculosis STPKs. A, in vitro phosphorylation of EgtD by multiple kinases. M. tuberculosis STPKs purified as GST
or His fusions were incubated with His-tagged EgtD and [y-*?P]JATP. Samples were separated by SDS-PAGE and stained with Coomassie Blue followed by
visualization by autoradiography. Upper bands represent autophosphorylation activity of each kinase (Pkn); lower bands reflect phosphorylated EgtD. B,
interaction between EgtD and M. tuberculosis STPKs facilitates the reassembly of complementary fragments F1 and F2 and fragment F3 of murine dihydrofolate
reductase and thus confers M. smegmatis resistance to trimethoprim (TMP). Growth was monitored over 4 days on kanamycin/hygromycin plates supple-
mented with 0 and 10 ug/ml trimethoprim. Control plates without trimethoprim revealed growth of all strains. Positive Control, M. tuberculosis ESAT-6 (F1 and

F2) and CFP-10 (F3); Negative Control, EgtD (F1 and F2) with F3 alone. Experiments are shown in duplicates.

TABLE 2

EgtD phosphorylation kinetics

Various concentrations of EgtD (1-12 uM) were phosphorylated by 0.7-1 nm
kinase. The transfer of y-**P was measured via scintillation counting to determine
phosphorylation kinetics. Data are representative of three independent experiments
and presented as average values *S.E.

Kinase V nax K, Ko keoo/ K,
nmol/min/mg o st mlsTl
PknB 27.7+23 23*0.6 0.01 1.2 X 10*
PknD 157 £ 0.8 0.2 = 0.09 0.02 8.4 x 10*
PknK 103+ 1.1 0.6 +0.2 0.02 1.7 X 10*

M. tuberculosis and thus constructed EgtD variant strains with
constitutively altered activities. The AegtD mutant was trans-
formed with pMV261 derivatives allowing constitutive expres-
sion of different egtD alleles under the control of the hsp60
promoter: egtD_W'T, phosphomimetic egtzD_T213E, and phos-
phoablative egtD_T213A. Asshownin Fig. 74, EGT levels in the
EgtD_T213A-overexpressing strain were comparable with
those in EgtD_WT with a minor reduction likely due to the
nature of the amino acid substitution. In contrast, overexpres-
sion of EgtD_T213E was accompanied by a significant decrease
in EGT levels in comparison with EgtD_T213A and EgtD_WTT,
providing stronger evidence that EgtD phosphorylation nega-
tively regulates EGT biosynthesis in M. tuberculosis.

To further confirm the effect of EgtD phosphorylation on
EGT biosynthesis, we investigated EGT levels in the CDC1551
pknD:Tn mutant (Fig. 7B). Because PknD is expressed during
mid-log phase (40) and we observed phosphorylation to nega-
tively regulate EgtD methylation activity and EGT biosynthesis,
we hypothesized that the pknD mutant would exhibit higher
levels of EGT than wild-type M. tuberculosis in culture. Intra-
cellular EGT was extracted from CDC1551 wild type and
pknD:Tn mutant at an Ay, of 0.5. As expected, the pknD:Tn
mutant had significantly higher levels of EGT than wild type,
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indicating that in the absence of PknD regulation the enzymatic
activity of EgtD was enhanced.

Intracellular EGT Levels Increase during Late Logarithmic
Phase—W e explored a potential role for EGT in M. tuberculosis
growth. In vitro, MSH was shown to be essential for M. tuber-
culosis growth in the absence of catalase (10, 41). As EGT was
previously suggested to have overlapping functions with MSH
in mycobacteria (42), we tested whether the AegtD mutant pos-
sesses similar growth defects under in vitro growth conditions.
No differences in growth were observed in rolling or standing
cultures containing Middlebrook 7H9 supplemented with
OADC or albumin, dextrose, and sodium chloride for the wild-
type, AegtD, and AegtD complemented strains after 14 days
(data not shown). However, when we quantified intracellular
EGT levels during the various stages of H37Rv wild-type
growth, we observed EGT to begin accumulating during late
logarithmic phase (Fig. 84). These findings suggest that M.
tuberculosis may be involved in conditions involving growth-
limiting factors such as nutrient limitation, endogenous waste
production, or low pH.

EGT Is Required for M. tuberculosis Survival during
Starvation—To further understand the relevance of M. tuber-
culosis regulation of EGT biosynthesis, we further sought out
conditions where intracellular EGT levels may be regulated.
Microarray studies analyzing the global adaptation of M. tuber-
culosis to nutrient starvation discovered pknD to be down-reg-
ulated after 4 h (43). As we described PknD to be a negative
regulator of M. tuberculosis EgtD, we therefore hypothesized
that EGT levels will increase during starvation.

First, to identify whether EGT plays a role in later stages of
starvation, we grew wild-type H37Rv in PBS containing 0.05%
tyloxapol and extracted intracellular EGT from cells at five time
points over a 6-week period. After 1 week, we observed an
increase in intracellular EGT levels that was maintained over 6
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FIGURE 5. EgtD methylation activity is negatively regulated by phosphorylation. A, phosphorylated and non-phosphorylated EgtD was obtained from an
in vitro kinase assay and added to a methylation assay containing S-[methyl-*Cladenosyl-L-methionine (2 uCi/ml). The transfer of methyl-'*C to histidine was
monitored over a 2-h period and analyzed by one-dimensional TLC using butanol/acetic acid/water (60:15:25, v/v). Upper, detection of [methyl-"*Clhistidine
was performed by autoradiography, exposing the TLC plate to x-ray cassettes for 1 week. Lower, TLC plate developed with ninhydrin to visualize histidine. B,
graphical representation of the effect of phosphorylation on EgtD methylation activity from A. **¥ p < 0.0005 for comparison of phosphorylated versus
non-phosphorylated EgtD. Error bars indicate the means = S.E. of three independent experiments. ', minutes.

weeks (Fig. 8B). Because intracellular EGT levels are elevated
during long term starvation, it was important for us to deter-
mine whether EGT is required for the survival of M. tuberculo-
sis under these conditions. We starved our cultures in PBS con-
taining 0.05% tyloxapol and monitored bacterial survival by
counting cfu for up to 4 weeks. The H37Rv wild-type and the
AegtD complemented strains did not show a significant loss in
viability over this time period; however, the AegtD mutant cfu
were reduced by a magnitude greater than one log after 3 weeks
(Fig. 9A). From these findings, we conclude that M. tuberculosis
requires EGT for its survival during long term starvation.
Growth of M. tuberculosis AegtD Is Attenuated in Murine
J774A.1 Macrophages—As EGT has been shown to scavenge a
number of reactive oxygen and nitrogen species in vitro, we
wanted to assess whether EGT was able to protect M. tubercu-
losis from bactericidal micromolecules generated by the macro-
phage. Controversy still exists as to whether human macro-
phages produce adequate levels of NO. Because the expression
of functional inducible NO synthase in mouse macrophages has
been clearly demonstrated, we decided to study the role of EGT
in J774A.1 macrophages (44). Independent infection of the
J774A.1 cells showed an approximate half-log reduction in cfu
at 120 h in the AegzD mutant (Fig. 9B). The minor impact EgtD
has on the survival of M. tuberculosis inside the macrophage
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suggests that EGT is probably needed to a greater extent at later
stages of infection.

Discussion

The inherent energy cost of synthesizing EGT in mycobac-
teria led us to believe that biosynthesis is likely regulated as it
would not be energetically economic for the cell to continu-
ously canalize numerous metabolites into the pathway. The
identification of Rv3701¢ as part of the EGT biosynthetic clus-
ter in mycobacteria and its implication in pathogenesis
prompted us to further characterize its function in M. tubercu-
losis. Using a combination of genetic and biochemical assays,
we confirmed the role of Rv3701c in M. tuberculosis EGT bio-
synthesis and annotated the enzyme as EgtD because of its
activity as a histidine methyltransferase and involvement in the
production of hercynine. Partially methylated histidine prod-
ucts were also formed in the EgtD methylation reaction. In ear-
lier work, Reinhold et al. (45) also observed the conversion of
histidine to c-N-methyl-L-histidine and a-N,N-dimethyl-L-his-
tidine derivatives and hercynine in the presence of a cell-free
extract of Neurospora crassa mycelium. These methylated
intermediates are the preferential substrates of EgtD in N.
crassa (45) and M. smegmatis (20), indicating that EgtD methyl-
ates histidine in a stepwise reaction due to an increased affinity
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FIGURE 6. Identification of EgtD phosphorylation by PknD. A, MS/MS spectra at +2 representing peptide positions 205-218 with a monoisotopic mass of
1,510.69 Da from EgtD phosphorylated by PknD in vitro. Phosphorylation at Thr?'® was shown by the “y” C-terminal daughter ion series where all y ions
identified lose phosphoric acid (—98 Da) after the phosphorylated residue. pT, phosphothreonine; amu, atomic mass units. B, in vitro kinase assay confirmed
Thr?'3 as the major phosphorylation site of EgtD by PknD. EgtD T213A is defective in phosphorylation. Upper, phosphorimage; lower, Coomassie Blue stain. The
arrowhead points to EgtD. C, MS/MS spectra m/z 795.83 (+2) representing peptide positions 205-218 from EgtD phosphorylated in a cell-based system with

213

PknD showing phosphorylation of Thr?'3, Phosphorylation at Thr
phosphoric acid.

for the methylated intermediates (41). The specificity of EgtD
for these methylated derivatives likely acts as a regulatory
mechanism, limiting the quantity of histidine taken up for EGT
biosynthesis.

We have found that similarly to M. smegmatis EgtD is essen-
tial in the production of EGT in M. tuberculosis (42). These
findings along with the commitment of histidine to the pathway
suggested EgtD to be a likely candidate for regulation in EGT
biosynthesis. We identified EgtD to act as a substrate of PknD
and negatively regulate EGT biosynthesis in M. tuberculosis.
The fact that Thr*'® was demonstrated to be the site of phos-
phorylation in vitro and inside E. coli combined with the nega-
tive effect of phosphorylation on EgtD activity and EGT biosyn-
thesis points to Thr*'? as a critical residue in catalysis. Through
the crystallization of M. smegmatis EgtD, Vit et al. (41) demon-
strated Thr*'® to be responsible for binding the imidazole ring
of histidine through a water-mediated hydrogen bond. There-
fore, the introduction of a phosphate at this residue impedes the
interaction between the methyltransferase and its substrate,
resulting in the observed loss in EgtD activity.

The decline (20%) in the catalytic efficiency observed when
EgtD was phosphorylated in vitro (Fig. 5) varied from the levels
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is shown by the y C-terminal daughter ion series where all y ions after Thr?'® lose

of EGT synthesized from the genetic experiments (Fig. 7) typi-
cal to differences between in vitro and in vivo experiments.
Enzymatic reactions proceed with greater efficiency in their
natural environments, which likely describes the enhanced
suppression of EGT production in the pknD:Tn mutant (35%)
in comparison with our in vitro experiment (20%). Further-
more, our in vitro assay monitors the formation of methylated
histidine and not the synthesis of ergothioneine (which was
measured in the EgtD phosphomutant strains). We suggest that
phosphorylation of EgtD inhibits the di- or trimethylation of
histidine, preventing EGT biosynthesis from proceeding.

To gain a greater appreciation for the regulation of EGT bio-
synthesis in M. tuberculosis and to clarify its role in pathogen-
esis, we assessed the survival of the AegtD mutant in murine
macrophages. During infection, the mutant was only slightly
attenuated (half-log) at 120 h, an unexpected result because of
the reputation of EGT as an antioxidant. Perhaps MSH pro-
vides a compensatory effect in M. tuberculosis in the absence of
EGT ex vivo; however, current work does not show increased
levels of MSH in the absence of EGT (11, 42). The pknD:Tn
mutant showed no difference in viability when infecting
J774A.1 macrophages (13), further supporting the notion that
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FIGURE 7. Phosphorylation of EgtD reduces EGT levels in M. tuberculosis.
A, electrocompetent H37Rv M. tuberculosis cells were transformed with
pMV261_egtD_WT, pMV261_egtD_T213A, and pMV261_egtD_T213E to
allow for the constitutive expression of the egtD alleles under the control of
the hsp60 promoter. Bacteria were harvested at mid-log phase, washed with
purified water, and lysed in 70% acetonitrile. Bacterial lysates were collected
and analyzed for EGT by ESI LC-MS. EGT intracellular levels were normalized to
the number of cells. B, CDC1551 wild type and a PknD:Tn (point of insertion at
bp 1166) generously provided by The John Hopkins Mutant Library were
grown to mid-log phase prior to extraction, and EGT was quantified by ESI
LC-MS. The results presented for both A and B are expressed as the mean of
three independent experiments *S.E. (error bars). **, p < 0.005; *** p <
0.0005.

EGT levels have a limited effect on the survival of M. tubercu-
losis in murine macrophages (43). Additional studies examin-
ing the survival of M. tuberculosis AegtD in gp91°"°*~/~ and
NOS2~/~ macrophages are needed to attribute a clearer role to
EGT protecting the bacilli against host-generated reactive oxy-
gen and nitrogen species.

We did not observe any growth defect between the AegtD
mutant and the wild-type and complemented strains when
grown in the presence or absence of catalase. These findings
differ from those observed with MSH where catalase is essential
when growing M. tuberculosis in vitro (10). As a result, we
believe that EGT does not provide protection against peroxides
during in vitro growth of M. tuberculosis. Studies examining the
survival of M. smegmatis AegtD when challenged with cumene
hydroperoxide or tert-butyl hydroperoxide found the mutant
to be similar to wild type (42), which additionally suggests little
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FIGURE 8. Intracellular EGT levels in H37Rv wild type under nutrient rich
and starvation conditions. A, ESI LC-MS/MS quantification of intracellular
EGT levels of M. tuberculosis at different stages of growth. Cultures were
grown in Middlebrook 7H9 supplemented with 0.2% glycerol, 10% OADC,
and 0.05% tyloxapol, and EGT was extracted from each culture at various
optical densities. B, monitoring intracellular EGT levels under starved cultures.
M. tuberculosis was starved in standing cultures for up to 6 weeks in PBS
containing 0.05% tyloxapol. EGT was extracted from M. tuberculosis at weekly
intervals for quantification by ESI LC-MS/MS. Both A and B are expressed as
mean of three independent experiments = S.E. (error bars).

to no involvement of EGT in the elimination of peroxides in
mycobacteria.

Additional growth studies identified intracellular EGT levels
to be correlated with M. tuberculosis growth. Specifically, a sub-
stantial rise was recorded when M. tuberculosis reached late
logarithmic phase, and an even greater amount of EGT accu-
mulated during stationary phase. Elevated levels of intracellular
EGT were also observed during the stationary phase of M.
smegmatis by Ta et al. (11), but the reverse was shown by Sao
Emani et al. (42).

Stationary phase is characterized by a number of growth-
limiting factors, one of which is nutrient deprivation. An earlier
study using nutrient starvation in M. tuberculosis identified
pknD to be significantly down-regulated 4 h following starva-
tion (35). Because EgtD is negatively regulated by PknD, we
expected to observe increased levels of intracellular EGT dur-
ing starvation. Despite being metabolically costly to the cell, M.
tuberculosis maintained elevated intracellular EGT levels over 5
weeks, suggesting that EGT is needed during long term starva-
tion. It is possible that the discrepancy in EGT levels between
our starved (weeks 1-6; ~300 ng/10® cells) and stationary
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FIGURE 9. Role of EgtD in the viability of M. tuberculosis under nutrient
starvation and during macrophage infection. A, survival of H37Rv WT,
AegtD, and AegtD::egtD strains in 4-week-starved cultures. M. tuberculosis was
incubated as standing cultures at 37 °C and starved in PBS with 0.05% tylox-
apol. Samples were taken on a weekly basis to assess viability by cfu counts.
Theresults of the three experiments (A-C) are representative of two indepen-
dent experiments =S.E. (error bars). ***, p < 0.0001. D, replication and survival
of H37Rv WT, AegtD, and the corresponding complemented strain
(AegtD::egtD) in J774A.1 macrophages infected at a multiplicity of infection of
5:1. cfu were calculated at the specified time points. Results are representa-
tive of two independent experiments *S.E. (error bars). **, p < 0.01.

phase (Ao, = 2.0; 750 ng/10°® cells) cultures were the result of
M. tuberculosis sensing the gradual depletion of nutrients
under non-chemostatic culture conditions, providing the
bacilli with the opportunity to accumulate more EGT before
entering stationary phase. We further assessed the contribution
of EGT to the survival of M. tuberculosis during nutrient star-
vation and found the AegtD mutant to have over a 1-log reduc-
tion in viability at weeks 3 and 4 in comparison with the wild-
type strain, confirming the role of EGT in long term starvation.

Earlier EGT was shown to accumulate during nutrient-lim-
ited growth of Schizosaccharomyces pombe under a wide range
of glucose concentrations (0—111 mm) (46). EGT was also
found to accumulate 1 h following nitrogen starvation in S.
pombe (47). The doubling time of S. pombe is substantially
shorter compared with M. tuberculosis, and thus it is plausible
that EGT is required by the cell sooner and is synthesized more
quickly than we observed in M. tuberculosis. Interestingly, these
low glucose and nitrogen conditions in S. pombe are character-
ized by the cells transitioning from a dividing to a quiescent
state (46, 47).

The fungi Colletotrichum graminicola and N. crassa were
found to contain 17 and 5 times the amount of EGT in their
conidial fractions than mycelium, respectively (48). The exact
function of accumulating EGT in the conidia of ascomycetous
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fungi is unknown; however, EGT was shown to play a role in
conidial longevity and germination (48, 49). Analysis of the abil-
ity of endogenous EGT to protect N. crassa against the toxic
effects of menadione and cupric sulfate showed no effect on
mycelial growth or spore germination (48). EGT also did not
offer any protection against DNA damage when conidia were
exposed to 254 nm UV light (49). The only antioxidant property
EGT exerted in N. crassa was that against exogenous peroxide
where the germination of the EGT-minus mutant was signifi-
cantly more sensitive to tert-butyl hydroperoxide than the wild
type (48). However, the quiescent S. pombe deletion and over-
expression EGT mutants did not show any sensitivity or resis-
tance to hydrogen peroxide or tert-butyl hydroperoxide (18).
Based on the above findings that EGT provides minimal pro-
tection in microorganisms against oxidative stress and in con-
junction with its chemical properties (poor reducing power and
resistance to auto-oxidation), we postulate that the primary
function of EGT in M. tuberculosis is as not as an antioxidant.

As seen with other sulfur-containing compounds, the pri-
mary function of EGT could be in biosynthesis or energy
metabolism. For example, EGT was recently observed to be
involved in C8 sugar transfer and activation in the biosynthesis
of the antibiotic lincomycin A in Streptomyces lincolnensis (50).
In this reaction, EGT served as a carrier during the first glyco-
sylation step to channel the lincosamine unit for further con-
densation with a methylated derivative of 4-propyl-L-proline.
Interestingly, the reaction does not consume but recycles EGT
through a thiol exchange with MSH, which may explain the low
abundance of this molecule in cells. In addition to glycosylation
reactions, EGT was also found to be involved in the biosynthesis
of two bohemamine-type pyrrolizidine alkaloids (spithioneines
A and B) synthesized by the marine bacterium Streptomyces
spinoverrucosus. During spithioneine A and B synthesis, EGT is
incorporated directly to form a polyketide, which is thought to
result from an atom of EGT carrying out a nucleophilic attack
on the epoxide of the bohemamine (51).The association of EGT
with glycosylation reactions and polyketide synthesis suggests
its involvement in enzymatic reactions. Although unable to
synthesize lincomycin A, M. tuberculosis encodes a number of
polyketide synthases and performs a number glycosylation
reactions that are primarily involved in the synthesis of cell wall
lipids. Interestingly, under starvation conditions and in a
murine model of chronic infection, sulfolipid synthesis is up-
regulated, whereas the majority of cell wall synthesis genes are
repressed (35, 52). The direct role sulfolipids play in M. tuber-
culosis virulence remains unclear; however, these lipids have
been identified to negatively regulate the intracellular survival
of M. tuberculosis in a species-specific manner and mediate the
susceptibility of M. tuberculosis to human cationic antimicro-
bial peptides (53).

A number of studies have implicated PknD in regulating the
adaptation of M. tuberculosis to extracellular stressors through
cell wall remodeling. During cell wall synthesis, PknD positively
regulates the transport of phthiocerol dimycocerosate (54).
Later work also described one of the substrates of PknD, osmo-
sensory protein A (OprA), to be up-regulated in the presence of
increasing extracellular osmolarity and to enable adaptation
through modifying peptidoglycan thickness (55, 56). Several
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other enzymes involved in the synthesis of cell wall components
are also substrates of PknD, including malonyl-CoA:acyl carrier
protein transacylase (FabD) and the B-ketoacyl-acyl carrier
protein synthases KasA and KasB (39).

It is evident that EGT plays a role in the long term survival
and non-replicating/dormant state of bacteria, fungi, and yeast,
but whether its mechanism involves cell wall synthesis or long
term energy storage or whether it acts as a cytoprotectant
remains to be discovered. In tuberculosis, both the phagosome
and granuloma are thought to be sites of nutrient deprivation
during M. tuberculosis infection (57, 58). Starvation and hostile
conditions in the host are suspected to act as external triggers
that terminate growth and render the bacilli phenotypically
resistant to drugs (59). This state of non-replicating persistence
not only makes latent disease difficult to eradicate, but it is now
accepted that this subset of bacteria is responsible for pro-
longed treatment in active tuberculosis cases. Therefore, it is of
relevance to clarify the role of EGT as an antioxidant and fur-
ther investigate enzymatic reactions related to metabolism that
may involve EGT in M. tuberculosis. Studies are currently
underway in our laboratory to address such questions and to
further understand the contribution of EGT to M. tuberculosis
physiology and pathogenesis.
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