ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Microbiology

Nutrient sulfur acquisition strategies employed by

bacterial pathogens

Joshua M Lensmire and Neal D Hammer'

Pathogens have evolved elegant mechanisms to acquire
essential nutrients from host environments. Sulfur is a
requirement for bacterial growth and inorganic and organic
sulfur-containing metabolites are abundant within the host-
pathogen interface. A growing body of evidence suggests that
pathogens are capable of scavenging both types of sulfur
sources to fulfill the nutritional requirement. While therapeutic
strategies focusing on inhibiting inorganic sulfate assimilation
and cysteine synthesis show promise in vitro, in vivo efficacy
maybe limited due to the diversity of host-derived sulfur
sources and the fact that most pathogens are capable of
acquiring multiple sources of sulfur.
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Introduction

Pathogenic bacteria are adept at procuring essential nutri-
ents from the host environment. Decades of research
have revealed mechanisms by which bacterial pathogens
acquire transition metals and carbon sources during infec-
tion. This review focuses on another nutritional require-
ment for bacterial growth, sulfur. Compared to our under-
standing of nutrient metal acquisition, how pathogens
fulfill their sulfur requirement is less well understood.

Sulfur is a multivalent atom that conforms to a dynamic
range of oxidation states (+6 to —2). This redox activity
supports many aspects of eukaryotic and prokaryotic life
[1]. For example, sulfur is incorporated in the amino acids
cysteine (Cys) and methionine as well as several essential
cofactors including but not limited to coenzyme A, coen-
zyme M, thiamine, lipoic acid, iron-sulfur [Fe-S]
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clusters, glutathione (GSH), and biotin [1]. The unique
chemistry of these sulfur-containing compounds is essen-
tial for electron transfer and redox homeostasis. Humans
and bacteria use sulfur-containing metabolites for many
of the same functions; consequently, the molecules are
readily available for pathogens during infection. For
example, the host accumulates organosulfur compounds
that contain sulfhydryl groups, or thiols, at high concen-
trations that function as antioxidants [2]. Numerous 7z
vitro studies describe how bacteria acquire these organo-
sulfur molecules for use as sulfur sources, and researchers
are beginning to understand how these systems function
during infection. This review will highlight these studies,
define the sulfur sources available within the host, and
present examples of pathogen sulfur acquisition
strategies.

Inorganic sulfur assimilation

Inorganic sulfur compounds such as sulfate (SO4*7) play
crucial roles in host physiology. Plasma levels of sulfate,
the most highly oxidized form of sulfur (oxidation state of
—6), can reach as high as 215.5 pM (Table 1) [3]. To use
sulfate, bacteria first transport it into the cytoplasm, and
subsequently reduce the molecule to an oxidation state of
+2 via an energy intensive process involving a series of
four enzymatic reactions and the input of eight electrons
(Figure 1) [4]. Sulfate assimilation leads to production of
sulfide which can be readily converted to Cys, a precursor
to numerous sulfur-containing cofactors [2,5]. The first of
four reactions leading to Cys begins with the enzyme
A'TP sulfurylase and the substrates sulfate and ATP [4].
The reaction produces adenosine phosphosulfate (APS)
(Figure 1 #1) which is subsequently phosphorylated by
APS kinase creating phosphoadenosine phosphosulfate
(PAPS) (Figure 1 #2) [4]. PAPS is reduced by PAPS
reductase vyielding adenosine diphosphate (PAP) and
sulfite (SO327) (Figure 1 #3) [4]. Sulfite is reduced to
sulfide (S%7) (Figure 1 #4) [4]. Ultmately, sulfide reacts
with O-acetyl serine (OAS) via OAS sulfhydrylase (this
enzyme is also called Cys synthase or OAS (thiol)-lyase)
that produces Cys (Figure 1 #5) [4]. OAS is generated by
serine O-acetyltransferase and the substrates serine and
acetyl-coA (Figure 1 # 10) [4]. Reactions involved in the
production of Cys from an inorganic sulfur molecule will
be referred to as assimilation (Figure 1 #1-4).

Sulfate is an established 7z vivo sulfur source for some
pathogens (Table 1). A transposon-sequencing study
examining Acinetobacter baumannii infection in the Galle-
ria mellonella larvae infection model revealed that sulfate
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Table 1
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Evidence for pathogen acquisition and utilization of host-derived sulfur sources

Sulfur source Concentration in host environments?® Example pathogens Evidence® References
Sulfate Mpycobacterium tuberculosis In vitro [7,8]
] Escherichia coli In vitro [4]
-o—!—o- Pl . o1 M Pseudomonas aeruginosa In vitro [567]
asma: 215.5 Acinetobacter baumannii In vivo 6]
Salmonella enterica In vitro [4]
Klebsiella aerogenes In vivo [28]
Thiosulfate Escherichia coli In vitro [4]
Salmonella enterica In vitro [4]
” Serum: 100.8 pM Staphylococcus aureus In vitro [11°°]
0—=s—0] Clostridium difficile In vitro [12]
! Campylobacter jejuni In vitro [23]
Glutathione Francisella tularensis In vivo [36]
9 o o " Staphylococcus aureus In vitro [11°°]
A, /g‘/\)L Clostridium difficile In vitro [12]
i ol | Bordetella pertussis In vitro [18]
Plasma: 37.03 uM Neisseria meningitidis In vitro [58]
Intracellular: 1-10mM Escherichia coli In vitro [59]
Salmonella enterica In vitro [60]
Haemophilus influenzae In vitro [61]
Streptococcus mutans In vitro [62]
Streptococcus pneumoniae In vivo [63]
Cysteine/cystine Listeria monocytogenes In vivo [22°7]
0 Staphylococcus aureus In vitro [11°°]
Cysteine serum: 33.5 uM Campylobacter jejuni In vitro [23]
HS OH Cystine serum: 62.9 uM Escherichia coli In vitro [13]
Salmonella enterica In vitro [13]
NHz Streptococcus mutans in vitro [24]
Methionine Klebsiella aerogenes In vitro [13]
2 Mycobacterium tuberculosis In vitro [13]
/s\/\ka Serum: 39.8 uM Pseudomonas aeruginosa In vitro [13]
NHz
Taurine Enterobacteriaceae In vitro [38]
0 Staphylococcus aureus® In vitro 39
HZN\/\S// Plasma: 55.5 uM P ]
D// o

@ Plasma and serum levels of sulfur-containing metabolites were obtained from the following references: [2,3,34,64-66]. Metabolite concentrations in

other tissues can be found using the Human Metabolome Database [67].

5 ¢In vitro’ indicates the cells proliferate in laboratory defined medium when the sulfur-containing metabolite is supplemented as the sole source of
sulfur. ‘In vivo’ denotes that mutant strains lacking sulfur source acquisition systems demonstrate virulence defects in an animal model of infection.
¢ Conflicting data demonstrating that taurine is not a viable sulfur source for S. aureus is reported in Refs. [39,40].

assimilatory enzymes sulfite reductase, PAPS reductase,
serine O-acetyltransferase, and ATP sulfurylase are essen-
tial for infection [6°]. Sulfate assimilation is also key for
Mycobacterium tuberculosis proliferation [7,8]. Researchers
established that ATP sulfurylase (Figure 1 #1) and PAPS
reductase (Figure 1 #3) are essential for iz vitro growth
using transposon site hybridization [8], and M. tuberculosis
ATP sulfurylase mutants are impaired for macrophage
infection [7]. These reports establish M. ruberculosis and A.
baumanii as model pathogens for the study of sulfate
assimilation during infection.

Thiosulfate

Thiosulfate (82032_) can be a substrate of OAS sulfhy-
drylase in certain species of bacteria (Table 1) leading
directly to Cys production (Figure 1 #11, 12). Bacteria

with thiosulfate assimilatory potential encode a specific
OAS sulfhydrylase to generate S-sulfocysteine, which is
subsequently reduced to Cys by an unknown mechanism
(Figure 1 #12) [9]. Numerous pathogens including, Sa/-
monella enterica, Clostridium difficile, and Staphylococcus
aureus possess thiosulfate catabolic activity (Table 1)
[10,11°°,12]. Despite in vitro characterization of pathogen
thiosulfate assimilation, 7z vivo acquisition of thiosulfate
as a sulfur source during infection has not been
demonstrated.

Organosulfur acquisition

T'he abundance of organosulfur metabolites in the host
makes these potential sulfur sources attractive targets for
pathogens. These organosulfur molecules include: Cys,
oxidized Cys (referred to as cystine), glutathione (GSH),
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Figure 1
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Overview of the enzymatic processes that support sulfur assimilation and integration of exogenous sulfur-containing metabolites. 1: ATP
sulfurylase, 2: APS Kinase, 3: PAPS Reductase, 4: Sulfite Reductase, 5: Cysteine synthase or OAS sulfhydrylase (also referred to as O-
acetylserine (thiol)-lyase), 6: cystathionine-gamma-synthase, 7: cystathionine beta synthase, 8: homocysteine S-methyltransferase, 9: S-
adenosylmethionine synthetase, 10: serine O-acetyltransferase,11: Cysteine synthase (OAS sulfhydrylase O-acetylserine (thiol)-lyase) — in some
species #5 and #11 are isozymes that catalyze a similar reaction but use different substrates, 12: unknown enzyme that converts S-sulfo-cysteine
to cysteine, 13: Unknown reductase that reduces the disulfide bond in cystine,14: y-glutamyl-transpeptidase, 15: peptidase, 16: SAM undergoes a
methyl transfer reaction and becomes S-adenosyl homocysteine. SAH is subsequently converted to homocysteine by SAH hydrolase 17:
a-ketoglutarate-dependent dioxygenase 18: APS reductase. The red ‘X’ indicates enzymes targeted for therapeutic intervention. Sulfur sources
highlighted in yellow are inorganic sources of sulfur; The rest are organosulfur metabolites.

methionine, and taurine. An advantage of organosulfur
utilization is that the molecules are typically more effi-
ciently processed to Cys than inorganic sulfur, requiring
only one or two enzymatic steps (Figure 1). In species that
use both organic and inorganic sulfur sources, such as
Escherichia coli, exogenous Cys is a competitive inhibitor
of serine O-acetyltransferase (Figure 1 #10) [13]. Tran-
scription of other sulfate assimilation genes is repressed
by 0.5mM cystine and various organosulfur molecules
[14,15°]. These findings suggest that cells coordinate
inorganic and organic sulfur source acquisition strategies.
However, numerous pathogens including Listeria mono-
cytogenes, Clostridium perfringens, Legionella pneumophila,
Bordetella pertussis, Neisseria gonorrhoeae, S. aureus, and
the streptococci are Cys auxotrophs due to incomplete

sulfate assimilation pathways [11°°,12,13,16-20]. .
aureus, for example, does not encode ATP sulfurylase,
APS kinase, or PAPS reductase and is therefore unable to
use sulfate as a source of sulfur. §. aureus is capable of
consuming sulfide or thiosulfate as these inorganic sulfur
sources can be converted to substrates for the OAS
sulfhydrylases [11°°]. Notably, a mutant strain that is
limited in its ability to use sulfide or thiosulfate as sulfur
sources via genetic inactivation of ¢ysM is as virulent as
WT [11°°]. This result implies that §. aureus does not
assimilate these inorganic molecules during infection and
supports the hypothesis that the pathogen predominantly
acquires organosulfur sources to proliferate within the
host [11°°]. In keeping with this hypothesis, the organo-
sulfur sources Cys, cystine, and GSH are viable sources of
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sulfur for 8. aureus [11°°]. The fact that many pathogens
seem to have lost, or never evolved, the ability to assimi-
late sulfate underscores the importance of organosulfur
metabolites as potential sources of nutrient sulfur during
infection.

Cysteine (Cys) and cystine

Cys is a precursor for a number of sulfur-containing
cofactors and many pathogens use it as a sulfur source
(Table 1) [11°°,17,21,22°°,23]. Cystine is also a viable
sulfur source for pathogens, but the disulfide bond
between the two Cys molecules must be reduced (Fig-
ure 1 # 13, Table 1 [13,24]). Cys transporters have been
difficult to identify due to the inherent redundancy of
amino acid transporters [25]. Consequently, assessing the
importance of Cys acquisition to pathogenesis has been a
challenge. A possible exception is L. monocytogenes, a Cys
auxotroph due to a complete lack of the sulfate assimila-
tion pathway (Figure 1 #1-4) [21,26]. Mutation of the
Cys-transport-associated protein CtaP, a putative sub-
strate binding protein, reduces proliferation in a minimal
defined medium [22°°]. Supplementation of the medium
with high concentrations of Cys restores growth of the
mutant, providing evidence that CtaP functions in con-
cert with a high affinity Cys importer [22°°]. Consistent
with this, a putative ABC transporter (/m00136-0137) is
encoded adjacent to ¢zaP [27]. Lmo0136-0137 is required
for L. monocytogenes replication within Caco-2 cells and the
ctaP mutant is attenuated in a murine model of systemic
infection [22°°,27]. GtaP also functions as a host cell
adhesin, making it difficult to discern whether the viru-
lence defect of the ¢zaP mutant is due to loss of a high
affinity Cys importer, impaired host cell attachment, or
both [22°°]. Although additional biochemical validation of
the CtaP-LLmo0136-0137 transport system is required, it is
tempting to speculate that acquisition of Cys is a require-
ment for intracellular growth and pathogenicity of L.
monocytogenes.

Methionine

The other proteinogenic sulfur-containing amino acid,
methionine, is also an 7z vitreo sulfur source for a subset of
pathogens. To satisfy the sulfur requirement, methionine
must undergo sequential recycling reactions that ulti-
mately produce Cys [28]. The recycling pathway pro-
ceeds from S-adenosyl methionine, which becomes §-
adenosyl homocysteine (SAH) after undergoing the
methyl transfer reaction. SAH is converted to homocys-
teine (Figure 1 #9 and #16), and through a reverse trans-
sulfuration reaction, homocysteine is converted to Cys
(Figure 1 #7 and #6) [13,28,29]. Klebsiella aerogenes, M.
tuberculosis, and Pseudomonas aeruginosa recycle methio-
nine, enabling growth on methionine as a sole sulfur
source [13]. Consistent with this, M. ruberculosis and K.
aerogenes import methionine 7z vitro and P. aeruginosa
encodes homologs of methionine transporters present
in E. coli [28-31]. However, evidence that the pathogens
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utilize methionine as a source of sulfur during infection is
lacking.

Glutathione (GSH)

GSH is a potent antioxidant in host and bacterial cells
[2,32]. GSH contains a reactive thiol in the form of Cys,
one of the three amino acids that comprise the tripeptide.
A glutamate residue is bound to Cys via a unique y-bond
between the R group carboxyl of glutamate and the amino
group of Cys. Glycine, the third amino acid, is covalently
linked to Cys via a standard peptide bond. GSH functions
as a low molecular weight thiol by fluctuating between
reduced and oxidized (GSSG) states. In the oxidized
state, a disulfide bond adjoins two GSH via the Cys thiols.
Within eukaryotic cells, GSH levels range from 1 to
10 mM and are kept at a strict GSH:GSSG ratio [2,33].
On average, human plasma levels of GSH exceed GSSG
nearly 30-fold (37.03 uM and 1.69 uM, respectively)
(Table 1) [34]. The host spends considerable energy
maintaining GSH levels greater than GSSG. This allows
for maximal reactivity of the thiol groups to detoxify
reactive oxygen species and other poisons [2,33].

GSH abundance makes it an ideal source of sulfur and
numerous pathogens express transporters that scavenge
the plentiful nutrient (Table 1). Upon import, liberation
of Cys from GSH proceeds via y—glutamyl-transpepti-
dase (Ggt) (Figure 1 #14), an enzyme that cleaves the
v-peptide bond releasing glutamate and producing
v-cysteinyl-glycine [2]. +y-cysteinyl-glycine is subse-
quently processed by peptidases that release Cys from
glycine (Figure 1 #15) [2,35°]. The unique y-peptidase
activity of Ggt is required to initiate utilization of GSH as
a sulfur source and a subset of pathogens encode Ggt
(Table 1). For example, Ggt is required during Francisella
tularensis infection as the enzyme cleaves host GSH to
produce Cys, fulfilling the sulfur requirement, and driv-
ing intracellular proliferation [36].

Taurine

The non-proteinogenic amino acid taurine is abundant in
many mammalian tissues but is predominately found
complexed to bile salts within the intestines [37]. Conse-
quently, members of Enterobacteriaceae scavenge taurine
for use as a sulfur source [38]. Taurine is a substrate for
a-ketoglutarate-dependent dioxygenase, an enzyme that
produces aminoacetaldehyde and sulfite (Figure 1 #17)
which is then processed to sulfide by sulfite reductase
(Figure 1 #4) [13]. It is unclear whether taurine is a viable
sulfur source for non-enteric pathogens such as §.
aureus. Published findings contradict the capacity of tau-
rine to stimulate §. aureus growth in a sulfur deplete
medium [39,40]. The fact that S. aureus lacks an a-keto-
glutarate-dependent dioxygenase homologue supports
the supposition that taurine is not a viable sulfur source
for this pathogen [39].

www.sciencedirect.com

Current Opinion in Microbiology 2019, 47:52-58



56 Host-pathogen interactions: bacteria

Frontiers in pathogen nutrient sulfur
acquisition

Mammals lack the ability to synthesize Cys from inor-
ganic sulfur; consequently Cys and methionine are
obtained from the diet [41°°]. Therefore, bacterial sulfate
assimilation and Cys synthesis have gained considerable
interest as a potential therapeutic strategy to combat
infection [42-45] (reviewed in Ref. [46]). An in silico
screen identified inhibitors of both Sa/monella OAS sulf-
hydrylase isozymes (Figure 1 #5 and #11) as potent iz vitro
antimicrobials [42]. OAS sulfhydrylase inhibitors are also
being developed for the treatment of infections caused by
M. ruberculosis (reviewed in Ref. [47]) and other bacterial
pathogens [45,48-50].

The enzyme APS reductase, which functions in M. tuber-
culosis sulfate assimilation (Figure 1 #14), is also gaining
interest as an antibacterial drug target [51]. APS reductase
inhibitors result in significantly reduced levels of down-
stream sulfur-containing metabolites, and these com-
pounds display bactericidal activity [51]. The # vivo
efficacy of sulfate assimilation and Cys synthesis inhibi-
tors has yet to be established. As discussed, most patho-
gens encode redundant nutrient sulfur procurement strat-
egies that exploit host-derived organosulfur metabolites,
so inhibiting sulfate assimilation may not be, ultimately, a
successful strategy.

Evidence is mounting that some pathogens prefer orga-
nosulfur sources, and Cys auxotrophs are isolated from a
surprising number of clinical samples derived from
patients infected with bacterial species capable of sulfate
assimilation [52-55]. Prominent examples are Uropatho-
genic E. coli (UPEC), as 1.5-2% of clinical isolates are Cys
auxotrophs [55], and subsets of K/ebsiella urinary tract
infection isolates are also Cys auxotrophs [54]. Loss of
Cys synthesis supports the hypothesis that during infec-
tion these pathogens have access to reservoirs of host Cys
or Cys derivatives, obviating the need for endogenous
Cys synthesis via sulfate assimilation. Urine contains a
relatively high concentration of free Cys (65.8 wmol
mmol ™! creatinine) [56], but Cys auxotrophs are also
found among pathogens that colonize different host
environments. Subpopulations of Burkholderia cepacia iso-
lated from patients afflicted with cystic fibrosis and a
subset of Micrococcus isolates, a skin commensal, are also
Cys auxotrophs [52,53]. The prevalence of Cys auxo-
trophs and the diversity of sulfur sources available during
infection suggests that pathogens will evade therapeutic
interventions that exclusively target @e #ovo Cys synthesis
from inorganic sulfur sources. As the field of pathogen
nutrient sulfur acquisition is just beginning to take shape,
additional studies are needed to reveal the frequency of
Cys auxotroph isolation in other notable bacterial dis-
cases. These findings will define the therapeutic potential
and efficacy of targeting de novo Cys synthesis and sulfate
assimilation to treat bacterial infections.

Concluding remarks

Historically sulfur acquisition has been an understudied
area in the field of pathogen nutrient acquisition. Reports
described herein have considerably increased our knowl-
edge of nutrient sulfur sources beyond sulfate by reveal-
ing that numerous pathogens that lack sulfate assimilation
can use organosulfur sources. Future studies focused on
defining sulfur source acquisition mechanisms and deter-
mining their importance in animal models of infection
will elucidate novel avenues for the therapeutic interven-
tion of increasingly antibiotic resistant pathogens.
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