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Abstract

Increased intracellular cysteine poses a potential danger to cells due to the high ability of cysteine to reduce free iron and
promote the Fenton reaction. Here, we studied ways to maintain cysteine homeostasis in E. coli cells while inhibiting protein
synthesis with valine or chloramphenicol. When growing wild-type bacteria on minimal medium with sulfate, an excess
of cysteine resulting from the inhibition of protein synthesis is mainly incorporated into glutathione (up to 90%), which,
therefore, can be considered as cysteine buffer. The share of hydrogen sulfide, which is the product of cysteine degrada-
tion by cysteine synthase B (CysM), does not exceed 1-3%, the rest falls on free cysteine, exported from cells. As a result,
intracellular free cysteine is maintained at a low level (about 0.1 mM). The lack of glutathione in the gshA mutant increases
H,S production and excretion of cysteine and leads to a threefold increase in the level of intracellular cysteine in response to
valine and chloramphenicol. The relA mutants, exposed to valine, produce more H,S, dramatically accelerate the export of
glutathione and accumulate more cysteine in the cytoplasm than their parent, which indicates that the regulatory nucleotide
(p)ppGpp is involved in maintaining cysteine homeostasis. Disruption of cysteine homeostasis in gshA and relA mutants
increases their sensitivity to peroxide stress.
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Introduction

In living cells, L-cysteine is used for protein and glutathione
(GSH) synthesis and serves as the primary source of reduced
sulfur for many other organic molecules. The high redox
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activity of sulfhydryl groups of cysteine residues in these
molecules plays an important role in protein conformation
changes, enzyme activity, redox signaling, and other meta-
bolic processes. However, due to its high ability to reduce
intracellular iron, free cysteine can promote the Fenton
reaction in the presence of H,0, to form toxic hydroxyl
radicals that cause oxidative damage to DNA and differ-
ent cellular structures (Park and Imlay 2003; Imlay et al.
2015). Furthermore, even subtoxic cysteine concentrations
can inhibit several enzymes of amino acid synthesis and
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impair bacterial growth (Reitzer 2005). To prevent these
negative phenomena, cells should exercise strict regulatory
control and maintain low levels of free intracellular cysteine
(0.1-0.2 mM) (Park and Imlay 2003). Intracellular levels of
cysteine in E. coli are controlled by synthesis and possibly
transport and degradation. The expression of genes of the
cysteine regulon, which comprises the genes for biosynthesis
of the amino acid from L-serine and those for the uptake and
reduction of oxidized sulfur sources, is under the control
of the transcriptional activator CysB (Kredich 1992, 2008).
Under sulfate-limiting conditions, CysB requires an inducer
for activity. Earlier reports suggested that a signal sensed
by CysB is N-acetyl-serine (NAS), which is spontaneously
produced from O-acetyl-serine (OAS) (Kredich 2008).
Recent studies, however, have shown that under physiologi-
cal conditions that trigger the expression of the oatA gene,
OatA N-acetyltransferase synthesizes N,O-diacetyl-serine
(DAS) from OAS, and that DAS increases the expression of
the cys regulon (VanDrisse and Escalante-Semerena 2018).
In addition, sulfide and thiosulfate act as anti-inducers of
CysB (Kredich 1992, 2008). Cysteine also down-regu-
lates its own synthesis by inhibiting the activity of serine
transacetylase, and therefore, cysteine biosynthesis ceases
almost entirely when cells are grown on cysteine or cys-
tine. Although several systems for cysteine export (EamA,
EamB, Bcr, CydDC) and cysteine degradation (TnaA, CysK,
CysM, MalY, MetC, SseA, IscS, CyuA) are known in E.
coli (Daf3ler et al. 2000; Pittman et al. 2002; Awano et al.
2005; Shimada et al. 2016; Nonaka and Takumi 2017; Lod-
deke et al. 2017), the role of these processes in maintaining
cysteine homeostasis remains poorly understood. TnaA,
CysK, CysM, MetC, MalY, and CyuA can degrade cysteine
to sulfide and 2-aminoacrilate, which further decomposes to
pyruvate and ammonia. SseA can cleave 3-mercaptopyru-
vate, which is a product of cysteine deamination by aspartate
transaminase, to sulfide and pyruvate (Shatalin et al. 2011).
Most of these enzymes mediate other primary physiologi-
cal functions via distinctive enzymatic reactions; therefore,
their functional significance in cysteine degradation is con-
troversial. Some cysteine-degrading enzymes and cysteine
transporters, including CcdA and CefA in Pantoea ananatis,
aerobic CdsH in S. enterica and anaerobic CyuA and CyuP
in E. coli and S. enterica, have been shown to be induced by
cysteine, mediated by specific transcription regulators and
involved in a specific mechanism coupling with cysteine tox-
icity (Takumi and Nonaka 2016; Nonaka and Takumi 2017;
Loddeke et al. 2017).

It is assumed that the functions of many of cysteine trans-
porters and cysteine-degrading enzymes only emerge under
certain stress conditions or in situations, where an excess
of intracellular cysteine may occur. The addition of cystine
to E. coli grown on sulfate has been shown to cause uncon-
trolled import of cystine, excessive accumulation of cysteine
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within cells, followed by export of cysteine and release of
sulfide into the medium (Imlay et al. 2015; Korshunov et al.
2016). Cysteine excretion was also observed in E. coli cells
that overproduced the cysteine efflux pump (Daf3ler et al.
2000) or lacked cysteine desulfhydrases and desulfidases
(Awano et al. 2005; Nonaka and Takumi 2017). It has been
proposed that the hydrogen peroxide-inducible L-cysteine/L-
cystine shuttle system is involved in the detoxification of
H,0, in the periplasm (Ohtsu et al. 2010). In LB medium,
the addition of cysteine or hydrogen peroxide to E. coli cells
stimulated H,S production, which was essential for antibiotic
and oxidative stress tolerance (Shatalin et al. 2011; Mironov
et al. 2017). Recently, we showed that sulfate-grown E. coli
produces H,S under growth cessation caused by glucose
exhaustion, amino acid starvation, or exposure to several
antibiotics, including chloramphenicol, tetracycline, and
high doses of ciprofloxacin (Tyulenev et al. 2018). Simul-
taneously, changes in cysteine and GSH levels in starving
cells were detected. We supposed that all these changes are
associated with the need to maintain cysteine homeostasis
under conditions when protein synthesis abruptly stops.
Here, we studied in detail the changes in the concentrations
of intracellular and extracellular cysteine and glutathione, as
well as the production of hydrogen sulfide in the inhibition
of protein synthesis by valine or chloramphenicol. We also
analyzed the role of the regulatory nucleotide guanosine-
(penta) tetraphosphate (p)ppGpp in these processes, which
is a key player in the metabolic reprogramming of bacteria
under various stresses (Hauryliuk et al. 2015). Our study
presents the first comprehensive analysis of the different
ways used by E. coli to maintain cysteine homeostasis under
stress conditions that inhibit protein synthesis.

Materials and methods
Bacterial strains and growth conditions

A parental strain of Escherichia coli BW25113 (hereafter
referred as wild type or wt) and single-knockout mutants
used in this study were from the Keio collection (Baba et al.
2006) (Table S1). AN2343 (cydD1) was a generous gift from
Prof. R. Poole (Cruz-Ramos et al. 2004). The double mutant
NM4861 (ArelAAgshA) was constructed by P1 transduction
using Keio strains JW2663 (AgshA) and JW2755 (ArelA).
Bacteria were grown in M9 minimal medium with glu-
cose (8.5 mM) (Miller 1972). To adapt E. coli to aerobic
conditions, cells grown overnight were precultured in 100 ml
of fresh medium at 37 °C in 250-ml flasks with shaking at
150 rpm from an initial optical density at 600 nm (hereafter
referred as ODg) of 0.1 to ODygj, of 0.5. Then cultures were
diluted with prewarmed fresh medium to ODyj, of 0.1 and
were further grown under the same conditions to ODyj, of
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0.4. Thereafter, 4.3 mM valine or 77 uM chloramphenicol
was added to stop protein synthesis, and growth was moni-
tored for 2 h. The specific growth rate (1) was calculated
by equation u= Aln ODg,/At, where ¢ is the time in hours.

Real-time monitoring of dissolved oxygen, Eh,
and extracellular sulfide (5*)

Dissolved oxygen (dO,) in E. coli cultures was continuously
measured directly in the flasks using a Clarke oxygen elec-
trode InPro 6800 (Mettler Toledo). The dO,/pH controller
of a BioFlo 110 fermentor (New Brunswick Scientific Co.,
USA) was used for data recording.

Redox potential (Eh) in E. coli cultures was continuously
measured directly in the flasks using platinum and refer-
ence electrodes and Mettler Toledo SevenCompact™ pH/
Tonmeters S220.

Extracellular sulfide was also detected directly in the
flasks using the system of sulfide-specific ion-selective
XC-$*7-001 (Sensor Systems Company, Russia) and refer-
ence electrodes and a computer pH/ion meter cpX-2 (IBI
Pushchino, Russia). The sulfide concentration in the medium
was calculated using a standard curve prepared with known
amounts of Na,S.

Determination of H,S, sulfite, cysteine,
and glutathione

The formation of gaseous H,S was estimated using lead
acetate [Pb(Ac),], which reacts specifically with H,S to
form a brown lead sulfide stain. Lead acetate—soaked paper
strips were affixed in culture flasks above the level of the
liquid culture. These strips were successively replaced every
15 min, which made it possible to monitor the dynamics of
H,S release. Spots were photographed and quantified using
ImagelJ. The mean value of the histogram of color intensity
of each paper strip was measured. Data were presented as
the ratio of the value before stress exposure to the values
obtained at appropriate intervals during exposure, expressed
as a percentage. All experiments were performed 3—6 times
on separate days.

Extracellular sulfite was assayed in 2.5-ml samples taken
at intervals by rapid filtration through 0.45 pm-pore-size
membrane filters (Vladipor, Russia). The filtrates were
then mixed with 400 pl of freshly prepared fuchsin reagent,
incubated for 15 min at room temperature, and measured at
ODsg (Leinweber and Monty 1987; Bastiat et al. 2012). The
results were quantified using a calibration curve with a lower
detection limit about 1 uM.

For the determination of intracellular L-cysteine, 40 ml
samples of culture were harvested by centrifugation (8000xg
for 5 min) at different timepoints, suspended in 4 ml of cold
20 mM EDTA, and lysed by sonification at 0 °C, using a

30 s pulse for six cycles. Perchloric acid (the final concentra-
tion 0.5 mM) was added to the lysate to precipitate proteins.
After 30 min, the suspension was centrifuged (8000xg for
5 min), and supernatant was adjusted to pH 8.5 with KOH,
frozen, centrifuged to eliminate the potassium perchlorate,
and evaporated using a rotary evaporator RV 10 (IKA, Ger-
many) at 65 °C to 0.5 ml and then treated with 0.25 ml of
dithiothreitol (100 mM) for 10 min.

Extracellular L-cysteine was determined in 40-ml sam-
ples taken by rapid filtration through 0.45 pm-pore-size fil-
ters. The filtrates were concentrated to 1 ml using a rotary
evaporator and then treated as described above to precipi-
tate protein and reduce cystine to cysteine. The amount of
L-cysteine in reduced supernatants was determined accord-
ing to the method of Gaitonde (1967). The method is based
on a specific reaction of the acid ninhydrin reagent with
cysteine to form a pink product (E_,, 560 nm). This method
is highly sensitive, allows rapid and qualitative measure-
ments of cysteine in the presence of other amino acids and
glutathione, and is often used to determine cysteine in bac-
terial supernatants (Daf3ler et al. 2000; Ohtsu et al. 2010).
Standard curves were prepared with known amounts of
cysteine, which were treated as samples of cell suspensions.

Extracellular reduced (GSH) and oxidized (GSSG) glu-
tathione was determined in samples, which were removed at
15-min intervals by rapid filtration through 0.45 pm-pore-
size filters. One portion of this filtrate was assayed for
total glutathione, the other portion after treatment with
2 mM N-ethylmaleimide for 1 h and sevenfold ether extrac-
tion to remove GSH was used for the measurement of GSSG.

For the determination of intracellular glutathione, 10 ml
samples of cell culture were harvested by centrifugation
(8000xg for 5 min) at different timepoints and prepared
as described previously (Smirnova et al. 2012). GSH was
measured using the DTNB-glutathione reductase recycling
method (Tietze 1969) modified as described previously
(Smirnova et al. 2012). Due to the presence of glutathione
reductase in the incubation medium, the method is highly
specific and sensitive and allows determining total glu-
tathione directly in the filtrates of the medium without their
prior processing.

Study of cell viability, membrane potential,
and accumulation of extracellular H,0,

For colony-forming studies, culture samples were removed
before and at 30-min intervals after the addition of valine,
chloramphenicol or H,0,, washed, serially diluted in 0.9%
NaCl, mixed with molten soft LB-agar (0.8%) at 42 °C, and
poured onto plates with solid LB-agar (1.5%). Colonies were
counted over 24-h incubation at 37 °C.

Changes in the membrane potential (Ay) were evaluated
using Ay-sensitive fluorescent dye DiBAC,(3) (Wickens
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et al. 2000) as described elsewhere (Smirnova et al. 2015).
Samples of log-phase cells treated with protonophore car-
bonylcyanide m-chlorophenylhydrasone (CCCP, 20 uM)
were used as positive control. Fluorescent cells were counted
using a Leica DM2000 microscope as earlier described
(Smirnova et al. 2015). Total cell number was counted in
transmitted light. About 1000 cells were counted for every
sample and all experiments were conducted 3—6 times on
separate days.

For H,0, determination, 2-ml aliquots of culture were
removed at intervals, passed through membrane filters and
H,0, was measured by an Amplex Red-horseradish peroxi-
dase detecting system (AR/HRP) (Seaver and Imlay 2001)
using a Shimadzu RF-1501 spectrofluorimeter (4., 563 nm
and 4., 587 nm).

Statistical analysis of the data

Each result is indicated as the mean value of three to six
independent experiments + the standard error of the mean
(SEM). Significant difference was analyzed by Student’s ¢
test. A P value of 0.05 was used as the cutoff for statistical
significance. Results were analyzed by means of the program
packet Statistica 6 (StatSoft Inc. 2001).

Results

Inhibition of protein synthesis leads to the release
of H,S from E. coli cells

To inhibit protein synthesis, two conventional approaches
were used: amino acid starvation and chloramphenicol
addition. Amino acid starvation was induced by the addi-
tion of valine, the excess of which is known to inhibit iso-
leucine biosynthesis in E. coli K-12 strains (Traxler et al.
2008). Chloramphenicol binds to the 50S ribosomal subunit,
thereby directly interfering with the binding of aminoacyl
tRNA to the peptidyltransferase domain and preventing pro-
tein chain elongation. In these situations, opposite changes
in (p)ppGpp have been reported. During amino acid starva-
tion, RelA ((p)ppGpp synthetase I), a ribosome-associated
protein, directly inspects the aminoacylation status of the
incoming tRNA molecule in the ribosomal A-site (Brown
et al. 2016; Loveland et al. 2016) and, upon recognition of
deacylated tRNA, dramatically activates (p)ppGpp produc-
tion, which peaks within the time scale of a few minutes
(Lagosky and Chang 1980; Tian et al. 2016). ArelA mutants
exhibit a “relaxed” phenotype and cannot elevate (p)ppGpp
in response to valine (Lagosky and Chang 1980). In contrast
to amino acid starvation, the addition of chloramphenicol
strongly reduces cellular level of (p)ppGpp (Boehm et al.
2009).
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In minimal M9 medium with glucose, exponentially
growing wild-type cells and mutants ArelA, AgshA, and
ArelAgshA showed specific growth rates (¢,,,,) 0.65+0.01,
0.72+0.01, 0.70+0.01, and 0.72+0.01 h™!, respectively.
Valine addition rapidly reduced growth to 0.16 h™! in the
parent and to 0.12 h~lin gshA cells, in contrast to the slower
p decrease in the relA and relAgshA mutants (Fig. 1a).
Chloramphenicol caused a rapid decrease in growth below
0.1 h™!, regardless of the strain tested (Fig. 1b). In accord-
ance with our earlier data (Smirnova et al. 2018), the addi-
tion of valine to wild type and gshA cells was accompanied
by a sharp increase in dO, due to inhibition of respiration
(Fig. Ic). This sharp phase of dO, increase was absent in
the relA and relAgshA cells after valine treatment (Fig. 1c).
After the addition of chloramphenicol, a more gradual
increase in dO, was observed than with valine, and there
were no differences between all the strains studied (Fig. 1d).

Real-time monitoring of redox potential (hereafter
referred as Eh) directly in the flasks revealed a sharp revers-
ible drop in Eh immediately after the addition of valine or
chloramphenicol (Fig. 2a, b). Recently, we showed that these
changes in Eh are caused by an increase in the concentration
of sulfide in the medium (Tyulenev et al. 2018). The release
of sulfide from E. coli cells in response to treatment with
valine and chloramphenicol was also directly recorded by a
sulfide sensor (Fig. 2c, d). The time profiles of rapid revers-
ible changes in the potential of the sulfide sensor were very
close to those obtained from the Eh sensor for all strains
tested. During isoleucine starvation, the mutations relA and
gshA significantly increased both the amplitudes of these
changes and the time required for the potential to return to
the basal level, compared to those of the parent (Fig. 2c).
The average amplitudes were 15.5+1.2 mV, 34.5+2 mV,
38.6+2.4mV, and 66 +2 mV for the wild type, gshA, relA,
and gshArelA strains, respectively, which corresponded
to sulfide concentrations in the medium of 42 +5 nM,
120+ 8 nM, 145 +5 nM, and 520+ 50 nM. Treatment with
chloramphenicol increased the amplitude of changes in the
potential of the sulfide sensor in the wild type and gshA
strains by about 2 times compared with those with valine
(Fig. 2d). However, unlike valine, the relA mutation did not
cause significant additional sulfide formation when exposed
to chloramphenicol. The average amplitudes of changes in
sulfide sensor potential were 43 +4 mV, 67.5+2.5 mV,
46+2 mV, and 75 +2 mV for the wild-type, gshA, relA, and
gshArelA strains, respectively, which corresponded to sulfide
concentrations of 180+ 20 nM, 550 +50 nM, 205+ 10 nM,
and 680 +40 nM (Fig. 2d). Values of maximum sulfide
production per biomass unit (ODy,) are shown in Fig. 2e.
The data obtained using a sulfide sensor were confirmed
by determining H,S in the gas phase using Pb(Ac), strips
(Fig. 3, Fig. 1S). The results obtained by these two meth-
ods were similar, although the sulfide sensor was more
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Fig. 1 Changes in the spe-
cific growth rates (a, b) and
dissolved oxygen (c, d) in E.
coli exposed to valine (a, ¢)

or chloramphenicol (b, d). E.
coli BW25113 (wt), JIW2663
(AgshA), IW2755 (ArelA),
and NM4861 (ArelAAgshA)
were grown in M9 medium
with glucose to ODg, of 0.4,
and then valine (4.3 mM) or
chloramphenicol (77 pM) was
added. The arrow indicates the
time when valine (Val) or chlo-

Specific growth rate (1), ™' g

—
) gshA {1 —m
\ s

ramphenicol (Cam) was added. 0 20
a, b Values are the means and
standard error (vertical bars)
from at least three independ-

Time, min

R c 65
ent experiments. ¢, d Each
experiment was repeated at least
three times. The data shown are 60
representative
55
X
S
o 50
45
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Time, min

sensitive and made it possible to record small changes in
sulfide caused by the presence of valine in the wild-type
strain that were not detected by the paper strip method. In all
cases, the maximum sulfide production was observed within
10-15 min after the addition of valine or chloramphenicol,
and then, the sulfide concentration decreased both in the
liquid and gas phases, which indicates the cessation of its
production and partial absorption by the cells. Together, our
results show that the normal stringent response and the abil-
ity to synthesize GSH significantly limit the formation of
H,S induced by inhibition of protein synthesis.

Mutants lacking the EamA, EamB, and Bcr cysteine
export systems showed increased H,S production in
response to valine compared to the parent (Fig. 4a). Sulfide
formation in the cydD mutant was close to the parent. The
maximum sulfide concentrations reached in the medium
were 105+ 10 nM, 115+25 nM, 240+ 50 nM, 50+ 10, and
42 +5 nM in eamA, eamB, bcr, cydD and wild-type cul-
tures, respectively. Increased sulfide production in the eamA,
eamB, and bcr mutants may be the result of an increase in
intracellular cysteine due to a decrease in its export and an
acceleration of its degradation. Unlike other strains, the
cydD mutant had a reduced growth rate (x=0.5 h™!) and,
consequently, less steep growth inhibition with valine, which
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© 50}
—wt
451 ——gshA
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40 . . . ]
60 80 0 20 40 60 80

Time, min

complicates the interpretation of the data and does not allow
us to judge the involvement of the CydDC transporter in
cysteine export in this situation.

To identify the pathway of cysteine degradation under
our conditions, we used mutants that lacked various
enzymes, which can exhibit cysteine-degrading activity:
3-mercaptopyruvate sulfurtransferase (SseA), cysteine
synthases A and B (CysK and CysM), cystathionine
B-lyases A and B (MetC and MalY), cysteine desulfurase
(IscS), cysteine desulfidase (CyuA), and tryptophanase
(TnaA) (Awano et al. 2005; Shimada et al. 2016; Nonaka
and Takumi 2017; Loddeke et al. 2017). Mutants lack-
ing the metC and cysK genes grew very poorly in M9.
Other mutants lacking cysteine degradation enzymes
(sseA, malY, cyuA, iscS, tnaA) grew at the same rate as
the wild-type strain and generated H,S in response to
valine (Fig. 4b). The only exception was the cysM mutant,
which had a growth rate close to the parent (0.7 h™1),
but did not generate H,S when growth was inhibited by
valine (Fig. 4b) or chloramphenicol, as well as under the
action of ciprofloxacin and with glucose exhaustion (not
shown). This indicates that CysM is the main enzyme that
is responsible for the production of H,S under our con-
ditions. It should be noted that the mutants malY, cyuA,
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Fig. 2 Inhibition of protein synthesis caused by valine or chloram-
phenicol leads to a sharp reversible reduction in the potential of the
platinum (Eh) electrode (a, b) and sulfide sensor (¢, d) due to an
increase in sulfide production by E. coli cells. E. coli BW25113 (wt),
JW2663 (AgshA), JW2755 (ArelA), and NM4861 (ArelAAgshA)
were grown in M9 medium with glucose to ODg, of 0.4, and then
valine (4.3 mM) (a, ¢) or chloramphenicol (77 uM) (b, d) was added.

iscS, and tnaA produced more sulfide when treated with
valine than wild-type cells. Further more detailed stud-
ies are needed to clarify the causes of this phenomenon.

The first product of sulfate reduction, which precedes
H,S, is sulfite (SO,;>7). Bacterial cells can accumulate
endogenous sulfite in the culture medium (Benov et al.
1996; Bastiat et al. 2012). Sulfite levels have been shown
to increase when Sinorhizobium meliloti enters the sta-
tionary phase (Bastiat et al. 2012). Under our conditions,
in exponentially growing E. coli, an increase in ODg,
from 0.4 to 0.8 was accompanied by a gradual increase in
the concentration of sulfite in the medium from about 1.5
to 3 pM. There were no statistically significant changes
in sulfite concentration per ODg,, unit 20 min after
valine was added, whereas chloramphenicol treatment
decreased sulfite levels by 12% and 22% in the relA and
gshA mutants, respectively (not shown).
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Time, min

Representative changes in the potential of the Eh and sulfide sen-
sors are shown. The arrow indicates the time when valine (Val) or
chloramphenicol (Cam) was added. e The maximum concentrations
of sulfide accumulated in the medium of various E. coli strains are
shown. Values are the means and standard error (vertical bars) from
at least three independent experiments. Statistical differences com-
pared to the wild-type strain (P <0.05) are noted with asterisk

Inhibition of protein synthesis leads to an increase
in the intracellular and extracellular pools
of glutathione

The main low molecular weight thiol in living cells, glu-
tathione, is found at the millimolar level in the cytoplasm
of E. coli and can accumulate in the medium at the micro-
molar level (Owens and Hartman 1986). The best-studied
transporter, which exports GSH from the cytoplasm to peri-
plasm, is the ATP-binding cassette-type transporter CydDC
(Pittman et al. 2005). Under our conditions, exponentially
growing wild-type E. coli BW25113 contained 4.3 +0.4 uM/
ODy, (about 5 mM) of intracellular GSH (GSH,,), the level
of which gradually increased during growth (Fig. 5a). The
concentration of extracellular GSH (GSH_,,,) per biomass
unit was maintained at about a constant level (1.1+0.06 M/
ODy) (Fig. 5b). In the relA mutant, GSH;, and GSH,,



Cysteine homeostasis under inhibition of protein synthesis in Escherichia coli cells

1583

a 180
-O- wt
170} * - gshA
- relA
° 160 -@- relAgshA
= 150f
2
8 1401
< 130t
5 "l
9 120t
3
110t

100
90

Time, min

Fig.3 Addition of valine (a) and chloramphenicol (b) leads
to a reversible increase in the concentration of H,S in the gas
phase, which depends on the gshA and relA mutations. E. coli
BW25113 (wt), JW2663 (AgshA), JIW2755 (ArelA), and NM4861
(ArelAAgshA) were grown in M9 medium with glucose to ODgg,
of 0.4, and then valine (4.3 mM) or chloramphenicol (77 uM) was
added. The arrow indicates the time when valine (Val) or chloram-

Fig.4 Lack of systems of a
cysteine export (a) and degrada-
tion (b) affects H,S production.
E. coli BW25113 (wt), JW5250
(AeamA), IW2562 (AeamB),
JW5363 (Abcr), IW2414
(AcysM), JIW2505 (AsseA),
JW1614 (AmalY), IW5518
(AcyuA), IW2514 (AiscS),
JW3686 (AtnaA) and AN2343
(cydD1) were grown in M9
medium with glucose to ODg,
of 0.4, and then valine (4.3 mM)
was added at the moment
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phenicol (Cam) was added. H,S was estimated using lead acetate—
soaked paper strips. All the strains studied did not produce H,S dur-
ing growth without treatments (control curve). Results are expressed
as a percentage compared to the value before stress, as described in
“Materials and methods”. Values are the means and standard error
(vertical bars) from 3 to 6 independent experiments. *Indicates
P <0.05, **indicates P <0.005

Sulfide, mV

indicated by the arrow. The data 0 10
shown are representative

were 1.2 and 1.4 times lower, respectively, than in the par-
ent (Fig. 5a, b). The cydD mutation did not affect GSH;, and
slightly reduced (1.2 times) GSH,,, (Fig. 5a, b).

The addition of valine and chloramphenicol stimulated
glutathione accumulation both in the cytoplasm and in the
medium in all strains tested (Fig. 5). However, if isoleu-
cine starvation predominantly increased the concentration
of intracellular glutathione (Fig. 5a, b), then the exposure to
chloramphenicol significantly accelerated the export of GSH
from cells to the medium (Fig. 5c, d). An exception was
the relA mutant, which, in response to valine, accumulated
4 times more extracellular GSH than the parent (Fig. 5b).
In the case of chloramphenicol, there was no difference in
the GSH,, level between these strains (Fig. 5d). We sug-
gest that increased GSH efflux in relA cells during valine

Time, min

20 30 0 10 20 30
Time, min

exposure and in all strains after adding chloramphenicol,
that is, in situations, where (p)ppGpp cannot increase in
response to stress, indicates the involvement of (p)ppGpp
in the regulation of GSH export. According to these data,
increased (p)ppGpp limits GSH efflux from E. coli cells.
The lack of the CydDC exporter of GSH did not prevent the
exit of glutathione from cells treated with valine or chlo-
ramphenicol (Fig. 5b, d), which indicates that another as
yet unknown transporter may be involved in the export of
glutathione under these conditions.

Even in the gor mutant, which is devoid of glutathione
reductase and, therefore, cannot reduce oxidized glutathione
(GSSG) to GSH, most of the intracellular and extracellu-
lar glutathione was presented in reduced form (Fig. 6). The
addition of valine and chloramphenicol led to changes in
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GSH;, and GSH,,,,, similar to those in wild-type bacteria
(Fig. 6a, b). In this mutant, 15 min after valine addition a
1.4 times increase in the intracellular concentration of GSSG
(GSSG;,) compared to its initial level was observed, which
decreased gradually over the next 60 min (Fig. 6¢). Chlo-
ramphenicol treatment did not cause significant changes in
GSSG;,,, but its level maintained higher than in the untreated
control. Extracellular GSSG (GSSG,,,) almost linearly
increased 2.4 and 4.4 times within 90 min after the addi-
tion of valine and chloramphenicol, respectively (Fig. 6d).
However, despite the increase in the level of oxidized glu-
tathione inside and outside the cell, the GSH/GSSG ratio
after these treatments became even higher than in the control
culture due to the more rapid increase in reduced glutathione

(Fig. 6e, ).

Inhibition of protein synthesis stimulates cysteine
export as a way to maintain cysteine homeostasis

Exponentially growing cultures of the parent and the
mutants relA, gshA, and relAgshA showed similar levels
of intracellular cysteine (0.13 +0.02 uM/ODy,, corre-
sponding intracellular concentration to about 100 uM),
which remained constant during growth (not shown). In
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wild-type cells, exposure to valine or chloramphenicol
did not cause significant changes in the concentration of
free intracellular cysteine (Fig. 7a, b). In the relA, gshA,
and relAgshA mutants, the level of intracellular cysteine
increased 1.6, 2.9, and 2.5 times, respectively, under the
action of valine and 1.4, 2.9, and 2.1 times under the
action of chloramphenicol (Fig. 7a, b).

The concentration of extracellular cysteine per bio-
mass unit maintained at a constant level during growth
of all strains tested (not shown). The addition of valine
accelerated cysteine export, which was more pronounced
in the gshA and relAgshA mutants (Fig. 7c). After 1 h of
incubation with valine, the extracellular level of cysteine
increased 4.4, 4.7, 5.5, and 6.5 times compared to the
initial level in the wild-type, relA, relAgshA, and gshA
strains, respectively. Chloramphenicol also stimulated the
efflux of cysteine from cells, but to a lesser extent than
valine (Fig. 7c). Thus, the presence of glutathione is most
important for maintaining cysteine homeostasis during
the inhibition of protein synthesis when E. coli grows in
minimal medium with glucose and sulfate. The lack of
relA also disrupts cysteine homeostasis, but to a lesser
extent than gshA.
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Fig.6 Changes in intracellular and extracellular reduced and oxi-
dized glutathione and the ratio of GSH/GSSG in E. coli JW3467
(Agor) devoid of glutathione reductase activity after the addition of
valine and chloramphenicol. E. coli JW3467 (Agor) was grown in
M9 medium with glucose to ODy,, of 0.4, and then valine (4.3 mM)
or chloramphenicol (77 uM) was added. a, b Intracellular and extra-
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cellular GSH. ¢, d Intracellular and extracellular GSSG. e, f GSH/
GSSG ratio inside and outside the cells. The arrow indicates the time
when valine or chloramphenicol was added. Values are the means and
standard error (vertical bars) from at least three independent experi-
ments
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Fig.7 gshA and relA deficiency disrupts the intracellular cysteine
homeostasis in E. coli (a, b) and affects the export of cysteine (c)
when exposed to valine and chloramphenicol. E. coli BW25113 (wt),
JW2663 (AgshA), JW2755 (ArelA), and NM4861 (ArelAAgshA)

were grown in M9 medium with glucose to ODg, of 0.4, and then
valine (4.3 mM) (a) or chloramphenicol (77 uM) (b) was added. Val-
ues are the means and standard error (vertical bars) from at least three
independent experiments
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Disruption of cysteine homeostasis is crucial for E.
coli survival only at high levels of H,0,

Elevated levels of intracellular cysteine in gshA and relA
mutants during the inhibition of protein synthesis can be
dangerous for cells because of the ability of cysteine to
reduce Fe®* to Fe?", thereby contributing to the Fenton
reaction between H,0, and Fe®*, which generates toxic
hydroxyl radicals. The question arises whether the observed
disturbances in cysteine homeostasis in these mutants can
affect their survival under stressful conditions. Analysis of
the CFU data did not reveal a significant effect of muta-
tions on the change in the number of CFU in both exponen-
tially growing cultures (control) and 1 h after the addition
of valine (Fig. 8a) or chloramphenicol (Fig. 8b). Another
indicator of cell viability is their ability to maintain mem-
brane potential. To estimate changes in membrane potential
(Ay), the Ay~sensitive fluorescent dye DiBAC,(3) was used.
Cells stained with DiBAC4 (3) are considered to have lost
their membrane potential. Only about 1% of exponentially

growing populations of all E. coli strains tested were
stained with DiBAC4(3) (Fig. 8c). Samples of log-phase
culture treated with protonophore CCCP (positive control)
increased the number of fluorescent cells to 54% for 20 min
(data not shown). After a 1-h exposure to valine or chlo-
ramphenicol, the number of fluorescent cells increased 1.8
and 2.4 times, respectively, but in both cases, the statisti-
cal difference between the strains was absent (Fig. 8c). The
absence of pronounced negative effects of the disruption of
cysteine homeostasis may indicate that under these condi-
tions the Fenton reaction is not accelerated, probably due to
the low level of H,0,. Recently, we showed that the addi-
tion of valine led to a transient increase in H,O, accumula-
tion in the medium of wild type and relA cells (Smirnova
et al. 2018). This was also true for the gshA mutant when
exposed to valine and chloramphenicol (Fig. 8d, €). How-
ever, the increase in H,O, was very low and ranged from 0.1
to 0.3 uM. Apparently, under these conditions, the activity
of antioxidant systems in all strains was sufficient to prevent
severe damage, although, as shown by our previous studies,
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Fig.8 Changes in CFU (a, b), membrane potential (¢) and H,O,
accumulation (d, e), caused by the addition of valine or chloram-
phenicol to various E. coli strains. E. coli BW25113 (wt), JW2663
(AgshA), JW2755 (ArelA), and NM4861 (ArelAAgshA) were
grown in M9 medium with glucose to ODg, of 0.4, and then valine
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(4.3 mM) or chloramphenicol (77 uM) was added. The arrow indi-
cates the time when valine (Val) or chloramphenicol (Cam) was
added. Values are the means and standard error (vertical bars) from at
least three independent experiments
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the relA mutant had 1.25 times lower total catalase activity
and 1.4 times lower expression of the SOS-controlled sulA
gene compared to the parent (Smirnova et al. 2018). The
gshA mutant showed the same total catalase activity and
expression of the katG and sulA genes as the wild-type strain
(Smirnova et al. 2017).

In the next set of experiments, we examined the effect
of the addition of H,0, on the growth and survival of the
parent and mutant strains. The addition of 2 mM H,0, led
to an immediate inhibition of the growth of all tested E. coli
strains (Fig. 9a). As in the case of valine and chlorampheni-
col, H,0,-induced growth inhibition was accompanied by
an increase in the formation of H,S, which was recorded by
a sulfide sensor (not shown). After the initial fall in the spe-
cific growth rate, its gradual recovery was observed, which
was significantly delayed in the mutant strains (Fig. 9a). This
delay was also expressed in a slower increase in CFU in
the mutants compared with the parent (Fig. 9b). To obtain
a significant bactericidal effect, higher concentrations
of H,0, were needed. The number of CFU in the parent
strain decreased 20 times after the addition of 10 mM H,O,
(Fig. 9c). All the tested mutants were more sensitive to this
dose of H,0, than the parent: CFU decreased in approxi-
mately 200, 4200, and 9500 times in the relA, relAgshA,
and gshA strains, respectively. A high inverse correlation

(r=-0.98, p=0.02) was found between the levels of intra-
cellular cysteine during inhibition of protein synthesis and
the number of CFU after treatment with 10 mM H,0,. These
data indicate that the inability of mutants to maintain a low
level of cysteine under stress may contribute to a sharp
decrease in survival at high concentrations of H,0,.

Our experiments were carried out in a minimal medium
with sulfate as a sole sulfur source. To test whether glu-
tathione is important for the survival of E. coli under perox-
ide stress in the presence of exogenous cystine, we studied
the effect of 10 mM H,0, in M9 medium supplemented with
0.2% casamino acids (CA) (final concentration about 25 uM
cystine). We showed that the sensitivity of wild-type cells
to H,0, increased significantly, and the difference between
the parent and gshA mutant was greatly reduced when they
grew in the presence of CA (Fig. 9d).

Discussion

Our results show that inhibition of protein synthesis triggers
a series of regulatory events aimed at preventing the increase
in the level of intracellular cysteine (Fig. 10). The cysteine
flux, previously involved in protein synthesis, is redirected
to glutathione synthesis, which is limited by cysteine while

Fig.9 Mutants lacking a os ¢ 2 mM H,0, b O wt
glutathione and (p)ppGpp - b 8.8} - gshA
synthetase RelA are more < 07§ & relA
. . —~ - relAgshA
susceptible to peroxide stress. 2 56l
E. coli BW25113 (wt), JW2663 o _ &7
(AgshA), TW2755 (ArelA), © 05} E
and NM4861 (ArelAAgshA) £ 2 ssl
: B = 04r | o7
were grown in M9 medium 3 2 2 mM H,0,
with glucose to ODgq, of 0.4, o 0.3f ° ‘L
and then 2 mM H,0, (a, b) or L 8.5
10 mM H,0, (¢, d) were added. 5 02
d M9 medium was at?ldition- (% 01t O relAgshA 8.4
ally supplemented with 0.2%
casamino1 alcids and thiamine 00 20 40 60 80 100 120 0 20 40 60 80 100 120
(10 ug m1™"). The arrow indi- . . ; ;
cates the time when H,0, was Time, min Time, min
added. Values are the means and
standard error (vertical bars) co ¢ 10 mM H,0, do ¢ 10 mM H;0, -O wtM9
from at least three independent A gshA M9
. L -8~ wt M9+CA

experiments 8t 8\ - —A— gshA M9+CA

€ 7t € 7t

D ~

0 0

O 6t % 6F

8 8

S5I o wt 5t
<1 gshA
- relA
4t -O- gshArelA 4t
0 2.0 4.0 8.0 160 1é0 0 2.0 4.0 6.0 8.0 160 1é0
Time, min Time, min

@ Springer



1588

G.V.Smirnova et al.

Protein

synthesis CySou

/Q\ystelne

ppGpp GSH,.

GSH

out

Fig. 10 Cysteine homeostasis in Escherichia coli under inhibition
of protein synthesis. The cysteine flux, previously involved in pro-
tein synthesis, is redirected to the synthesis of glutathione, part of
which is exported to the medium. The part of cysteine, not included
in the synthesis of GSH, is also exported to the medium. An excess of
cysteine can inhibit the activity of serine transacetylase, reducing the
production of the cysteine precursor O-acetylserine (OAS) and, there-
fore, the synthesis of cysteine. An excess of cysteine can also degrade
to form H,S, which is an anti-inducer of CysB transcription activa-
tor and contributes to the inhibition of cysteine biosynthesis. Elevated
levels of (p)ppGpp negatively regulate cysteine synthesis and limit
the export of GSH

growing on minimal medium with sulfate as a sole sulfur
source (Loewen 1979). As a result, the GSH level grows
inside and outside the cells. Part of cysteine, not included
in the synthesis of glutathione, is exported from cells to the
medium. Simultaneously, the level of the cysteine precursor
O-acetylserine (OAS) may be reduced due to the inhibition
of serine transacetylase activity by an excess of cysteine
(Kredich 1992, 2008) or due to the export of OAS to the
medium (Franke et al. 2003). The lack of OAS leads to a
decrease in the level of its derivative N, O-diacetyl-serine
(DAS), which is an inducer of the transcriptional activa-
tor CysB (VanDrisse and Escalante-Semerena 2018). In
addition, the lack of O-acetylserine can probably promote
the degradation of excess cysteine with the formation of
hydrogen sulfide catalyzed by cysteine synthase B (CysM).

The resulting H,S is an anti-inducer of the CysB transcrip-
tional activator and contributes to the inhibition of CysB
regulon. The maximum generation of hydrogen sulfide is
reached after 10 min, while the release of cysteine from
cells and a rapid increase in the concentration of intracel-
lular glutathione lasts for 30 min. Apparently, during this
period, the transition to a new steady state, characterized
by a low rate of cysteine synthesis, is completed. Although
at a slower rate, cysteine continues to be incorporated into
glutathione over the next hour of observations. As a result of
these events, occurring with an abrupt inhibition of protein
synthesis, the concentration of free intracellular cysteine in
the wild-type strain remains almost unchanged.

Under our conditions, excess cysteine, which occurs when
protein synthesis is inhibited, is mainly incorporated into
glutathione (Table 1). In wild-type cells, the proportion of
glutathione in newly synthesized cysteine derivatives is over
80% when treated with valine and over 90% when treated
with chloramphenicol. The share of hydrogen sulfide does
not exceed 1-3%, the rest falls on cysteine, exported from
cells. The proportion between the degradation of cysteine
with the formation of sulfide, the export of cysteine from
cells and its inclusion in glutathione can vary considerably
depending on the activity of one or another way of utilization
of excess cysteine. Restriction of cysteine export in eamA,
eamB, and bcr mutants increased sulfide production. The
absence of glutathione in the gshA mutant increased H,S
production and the concentration of extracellular cysteine.
However, more intensive formation of H,S and efflux of
cysteine is insufficient to prevent an increase in its intracellu-
lar concentration and disturbance of cysteine homeostasis in
this mutant. Prolonged persistence of elevated intracellular
levels of cysteine in mutants lacking glutathione may indi-
cate that CysM and cysteine export systems have a relatively
low affinity for cysteine. It should be noted that the total
amount of newly synthesized cysteine products in the gshA
mutant was 3 and 6.5 times lower compared to the parent
after exposure to valine and chloramphenicol, respectively
(Table 1), which indicates a higher extent of inhibition of the

Table 1 Distribution of excess

Total® (UM/ODy,) Free Cys;, (%) Free Cys,, (%) GSH;, (%) GSH,, (%) H,S (%)

. . R Strains

cysteine between its derivatives

after the addition of valine or wt+ Val 8.2+0.9

chloramphenicol relA+Val 136212
gshA+ Val 2.6+0.3
relAgshA + Val 29+0.5
wt+Cam 158+1.4
relA +Cam 17.5+1.0
gshA +Cam 24+0.3
relAgshA+Cam  2.2+0.3

0.3 14 70.3 14.2 1.2
0.5 9.3 253 62.5 24
9.2 80 0 0 10.8
6 54 0 0 40
0.2 4.4 22.5 70.2 2.7
0.1 2.6 23.1 71.4 2.7
10 36 0 0 54
6.2 237 0 0 70.1

#The sum of the changes in the concentrations of free cysteine and cysteine derivatives 60 min after the
addition of valine or chloramphenicol. Values in each row are taken as 100%
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CysB regulon than in the parent strain. Thus, under condi-
tions of bacterial growth on minimal medium with sulfate,
glutathione can play the role of cysteine buffer and becomes
an important factor in maintaining cysteine homeostasis
when its intracellular level rises sharply. At similar reduction
potentials, glutathione differs from cysteine by a strikingly
diminished ability to restore free iron and the accumulation
of glutathione in cells up to 2—4 mM is not accompanied by
an increased vulnerability to Fenton chemistry (Park and
Imlay 2003). This may be the reason that E. coli employs
GSH to maintain cysteine homeostasis, while at the same
time storing cysteine for subsequent rapid regrowth when
conditions become more favorable. Therefore, the continued
incorporation of cysteine into glutathione during the transi-
tion period can be beneficial to cells from a physiological
point of view.

The use of relA mutants and two methods of inhibit-
ing protein synthesis, which are accompanied by opposite
changes in the level of guanosine tetraphosphate, made it
possible to identify the role of (p)ppGpp in maintaining
cysteine homeostasis. Treatment of the relA mutant with
valine or exposure of both the parent and mutant strains to
chloramphenicol increased the total production of thiol-
containing compounds by 2 times compared with the wild-
type strain treated with valine (Table 1). This increase was
mainly due to an elevation in the proportion of extracellular
glutathione. In addition, relA mutants exhibited an enhanced
formation of hydrogen sulfide and increased level of intra-
cellular cysteine during valine treatment. The increase in
production of cysteine and its derivatives under conditions
of low levels of guanosine tetraphosphate indicates that (p)
ppGpp can negatively regulate cysteine biosynthesis. It is
known that during periods of amino acid starvation, (p)
ppGpp together with the transcription factor DksA interacts
with the RNA polymerase (RNAP) and inhibits transcription
from the promoters of rRNA and ribosomal protein genes,
but it activates transcription from the promoters of amino
acid biosynthesis genes (Paul et al. 2005; Potrykus and
Cashel 2008; Hauryliuk et al. 2015). However, it has recently
been shown that regulation of RNAP activity may be more
complex due to the redox sensitivity of DksA and the ability
of DksA/Dnal redox couple to activate transcription of genes
involved in the biosynthesis of amino acids in combination
with low levels of (p)ppGpp or inhibit transcription of these
genes at high concentrations of (p)ppGpp (Kim et al. 2018).
These findings probably explain the higher production of
cysteine and its derivatives in those our conditions when
(p)ppGpp could not increase in response to inhibition of
protein synthesis.

Under the same conditions (the action of chloramphenicol
or the treatment of relA mutants with valine), a low level of
(p)ppGpp can apparently be a reason for accelerated efflux
of glutathione from E. coli cells. We suggest that the effect

of guanosine tetraphosphate on the export of glutathione
may be mediated by its influence on membrane functions.
Recently, we have shown that the addition of valine leads
to a dramatic RelA-dependent inhibition of respiration, fol-
lowed by transient perturbations in the membrane potential
(Ay) and K* fluxes, which were significantly altered in relA
mutants (Smirnova et al. 2018). According to our previous
data, changes in membrane potential and ATP synthase
activity can affect the transmembrane cycling of glutathione
(Smirnova et al. 2012). Thus, an increase in the (p)ppGpp
level during inhibition of protein synthesis negatively regu-
lates the synthesis of cysteine and limits the export of GSH,
which contributes to maintaining the safe form of reduced
sulfur inside the cells (Fig. 10).

Mutants lacking RelA or glutathione showed disruption
of cysteine homeostasis during inhibition of protein synthe-
sis. This disruption of cysteine homeostasis was not essential
for cell survival if the concentrations of other participants in
the Fenton reaction (H,0, and iron) did not exceed the capa-
bilities of antioxidant systems. However, at high concentra-
tions of H,0,, the enhanced level of intracellular cysteine
in the gshA and relA mutants significantly increased the
vulnerability of cells to oxidative stress and accelerated cell
death. It should be noted that hypersensitivity to peroxide
stress in the relA mutant may be caused not only by impaired
cysteine homeostasis, but also by the reduced activity of
the defense systems. An increase in the level of (p)ppGpp
has been shown to contribute to the induction of RpoS-con-
trolled katG and katE genes encoding HPI and HPII cata-
lases (Ivanova et al. 1994), as well as DNA repair systems,
including the SOS response (Maslowska et al. 2019).

Earlier, it was reported that glutathione in E. coli is dis-
pensable for resistance to H,O, (Greenberg and Demple
1986). In these experiments, cells were grown in minimal
medium with casamino acids. We also observed no signifi-
cant differences in resistance to hydrogen peroxide between
wild-type and gshA cells growing in the presence of CA,
due to the increased sensitivity of the wild-type bacteria
to H,0, under these conditions. Concentration of intracel-
lular glutathione in E. coli was shown to increase on addi-
tion into the medium of cysteine, cystine, or casamino acids
(Loewen 1979). Cysteine-unlimited synthesis of GSH and
its high level in cells growing in the presence of CA seem to
reduce the ability of GSH to serve as cysteine buffer, thereby
increasing cysteine concentration in cells and facilitating the
bacterial killing mediated by H,O,.

Depending on the cultivation conditions and the activity
of different metabolic pathways, E. coli cells can probably
use different enzymes to degrade the excess cysteine. The
major desulfhydrase that produced H,S under our conditions
was CysM. It was previously reported that in LB medium,
3-mercaptopyruvate sulfurtransferase (3MST or SseA) is
the major source of endogenous H,S in E. coli (Mironov
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et al. 2017), while cysteine desulfidase CyuA is the major
anaerobic cysteine-catabolizing enzyme in both E. coli and
Salmonella enterica (Loddeke et al. 2017). Cysteine desulf-
hydrases are common throughout bacterial species which
inhabit the colon, including Clostridum, Enterobacter, Kleb-
siella, Streptococcus, Desulfovibrio, and Tissierella (Barton
et al. 2017). The wide distribution of these enzymes suggests
the necessity of cysteine homeostasis in various bacteria to
prevent cytotoxic effects. In addition, H,S may be an impor-
tant regulatory signal for intestinal tract bacteria (Barton
et al. 2017) and can enhance bacterial tolerance to oxida-
tive stress and some antimicrobials (Shatalin et al. 2011;
Mironov et al. 2017; Weikum et al. 2018). We have previ-
ously shown that gshA mutants of E. coli are more sensitive
to superoxide generated in the system with xanthine and
xanthine oxidase, which can be used as a model of oxidative
burst of macrophages (Smirnova et al. 2015). This suggests
that cysteine homeostasis may be important for the survival
of pathogenic bacteria during the attack of professional
phagocytes that generate large amounts of superoxide by the
NADPH-dependent NOX2 oxidase complex (Fang 2011).

The involvement of (p)ppGpp, along with CysB and other
factors, in the regulation of cysteine homeostasis seems to be
of great physiological significance, since various stresses are
accompanied by inhibition of growth and protein synthesis,
during which a transient cysteine overproduction can occur.
The combined action of various regulators under stress con-
ditions allows well-coordinated metabolism reprogramming
in such a way as to prevent an increase in cysteine levels and
to avoid the harmful effects of oxidative stress.

Conclusions

In summary, our study has shown that abrupt inhibition
of protein synthesis is accompanied by transient perturba-
tions in cysteine fluxes. In wild-type cells, free intracellular
cysteine is maintained at a low level (about 100 pM), mainly
due to the incorporation of its excess into glutathione and
due to the export of cysteine from cells. A small part of the
excess cysteine degrades by CysM with the formation of
H,S, the production of which is short term and may serve as
a signal to repress the CysB regulon. The regulatory nucleo-
tide (p)ppGpp additionally inhibits the synthesis of cysteine
and prevents the export of GSH from cells, thereby ensuring
the maintenance of cysteine homeostasis while preserving
its storage form within cells. Single and double mutants
lacking the gshA and relA genes show disturbed cysteine
homeostasis under inhibition of protein synthesis and are
more vulnerable to oxidative stress. Cysteine homeostasis
plays an important role in stress adaptation and can be con-
sidered as a potential target in the development of new anti-
microbial drugs.
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