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2-Aminoacrylate Stress Induces a Context-Dependent Glycine
Requirement in ridA Strains of Salmonella enterica
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ABSTRACT

The reactive enamine 2-aminoacrylate (2AA) is a metabolic stressor capable of damaging cellular components. Members of the
broadly conserved Rid (RidA/YER057¢/UK114) protein family mitigate 2AA stress in vivo by facilitating enamine and/or imine
hydrolysis. Previous work showed that 2AA accumulation in ridA strains of Salmonella enterica led to the inactivation of multi-
ple target enzymes, including serine hydroxymethyltransferase (GlyA). However, the specific cause of a ridA strain’s inability to
grow during periods of 2AA stress had yet to be determined. Work presented here shows that glycine supplementation sup-
pressed all 2AA-dependent ridA strain growth defects described to date. Depending on the metabolic context, glycine appeared
to suppress ridA strain growth defects by eliciting a GcvB small RNA-dependent regulatory response or by serving as a precursor
to one-carbon units produced by the glycine cleavage complex (GCV). In either case, the data suggest that GlyA is the most phys-
iologically sensitive target of 2AA inactivation in S. enterica. The universally conserved nature of GlyA among free-living organ-
isms highlights the importance of RidA in mitigating 2AA stress.

IMPORTANCE

The RidA stress response prevents 2-aminoacrylate (2AA) damage from occurring in prokaryotes and eukaryotes alike. 2AA in-
activation of serine hydroxymethyltransferase (GlyA) from Salmonella enterica restricts glycine and one-carbon production,
ultimately reducing fitness of the organism. The cooccurrence of genes encoding 2AA production enzymes and serine hydroxy-
methyltransferase (SHMT) in many genomes may in part underlie the evolutionary selection for Rid proteins to maintain appro-

priate glycine and one-carbon metabolism throughout life.

Rid (RidA/YER057¢/UK114) proteins are found throughout
each kingdom of life, indicating that these proteins play fun-
damental roles in cellular processes. Bioinformatics analyses iden-
tified eight subgroups within the Rid protein family (1). The ar-
chetypal RidA subfamily is broadly distributed and includes the
best-studied RidA enzyme from Salmonella enterica, while the re-
maining seven Rid subgroups are primarily restricted to bacteria.
In S. enterica, RidA is known to preempt metabolic damage caused
by the unbound reactive enamine 2-aminoacrylate (2AA) (2). In
the absence of RidA, 2AA persisted in solution long enough to
inactivate multiple target enzymes in vivo and in vitro (2—4). RidA
proteins isolated from organisms spanning the tree of life dis-
played similar enamine and imine deaminase activities (5, 6), sug-
gesting that RidA enzymes have a conserved role in preventing
2AA stress.

2AA stress arises as a consequence of some pyridoxal 5'-phos-
phate (PLP)-dependent enzyme activities. Previous analysis of S.
enterica showed that PLP-dependent serine/threonine dehydrata-
ses (IlvA/TdcB; EC 4.3.1.19), cysteine desulfhydrase (CdsH; EC
4.4.1.1), and diaminopropionate ammonia-lyase (Dpal; EC
4.3.1.15) generated free 2AA from exogenous serine, cysteine, and
diaminopropionate, respectively, leading to complete growth in-
hibition in the absence of RidA (7, 8; D. C. Ernst, M. E. Anderson,
and D. M. Downs, submitted for publication). In the absence of
exogenous 2AA precursors, basal IlvA activity produced sufficient
2AA from endogenous serine to cause a minor growth defect in
ridA strains grown in minimal glucose medium (9). The minor
growth defect coincided with measurable 2AA inactivation of sev-
eral PLP-dependent target enzymes, including serine hydroxym-
ethyltransferase (SHMT) (GlyA; EC 2.1.2.1), alanine racemases
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(Alr/DadX; EC 5.1.1.1), and transaminase B (IlvE; EC 2.6.1.42)
(2-4). Isoleucine prevented IlvA-dependent 2AA production
from serine (endogenous or exogenous) and restored growth of
ridA strains to wild-type levels through feedback inhibition of IlvA
(9). Isoleucine failed to restore growth to a ridA strain grown in
the presence of exogenous cysteine or diaminopropionate (8)
(Ernst et al., submitted) or when containing a feedback-resistant
variant of IIVA (IlvA™**’F) and grown in minimal glucose medium
(10). Taken together, these data showed that isoleucine limitation
alone could not explain the growth defects displayed by a ridA
strain faced with 2AA stress.

Of the 2AA targets described to date, GlyA was inactivated to
the greatest extent in ridA strains relative to the wild type (20% of
wild-type activity in minimal glucose medium) (4). GlyA catalyzes
the reversible transfer of a hydroxymethyl group from serine to
tetrahydrofolate (THF), forming glycine and the one-carbon unit
5,10-methylene-tetrahydrofolate (5,10-mTHF) (Fig. 1). Glycine
can be further catabolized by the glycine cleavage complex (GCV)
to generate additional one-carbon units. Alternatively, glycine
may serve as a proteinaceous amino acid, metabolic precursor, or
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FIG 1 Connections between 2-aminoacrylate (2AA) and the glycine metabolic node. 2AA is produced from serine, cysteine (Cys), and diaminopropionate (Dap)
by IlvA, CdsH, and DpalL, respectively. In the absence of RidA, 2AA persists in solution long enough to inactivate target enzymes, including GlyA. Damage to GlyA
restricts flux to glycine, simultaneously reducing the amount of tetrahydrofolate (THF) converted to one-carbon units (H,C = THF). Excess glycine can be
converted to additional one-carbon units by the glycine cleavage complex (GCV) or can be incorporated into protein production or other biosynthetic pathways.
Alternatively, glycine may serve as a regulatory molecule (undulating line), disrupting the complex formed between GevR-GevA, freeing GevA to activate
transcription of the GevB sRNA and thereby leading to posttranscriptional regulation of the GevB regulon. The spontaneous conversion from 2AA to pyruvate
(dashed line) is slow enough to allow 2AA accumulation and damage to occur. rxns, reactions.

regulatory signal (11). Work published by Flynn et al. demon-
strated that ridA strains grown aerobically on glucose as the sole
carbon source experienced a defect in one-carbon metabolism
stemming from 2AA damage to GlyA (4). The one-carbon limita-
tion diminished coenzyme A (CoA) biosynthesis, leading to pyru-
vate accumulation in the growth medium that correlated with a
minor growth defect of the ridA strain. The CoA precursor pan-
tothenate stimulated CoA production in a ridA strain but failed to
restore wild-type growth. In contrast, glycine restored both
growth and CoA production to wild-type levels in a ridA strain
grown in minimal glucose medium (4). Building on this previous
work, results presented herein demonstrate that glycine alleviates
all ridA-dependent growth defects. However, the mechanism by
which glycine suppresses these growth defects depends on the
metabolic context. This work underlines the crucial role played by
RidA in protecting GlyA from 2AA damage to facilitate efficient
glycine and one-carbon metabolism. The ubiquity of GlyA ho-
mologs among free-living organisms may in part explain the
broad conservation of RidA enzymes.

MATERIALS AND METHODS

Bacterial strains, media, and chemicals. All strains used for this study are
derivatives of Salmonella enterica serovar Typhimurium LT2 and are listed
with their respective genotypes in Table 1. Tn10d(Tc) is the transposition-
defective mini-TnI0 (Tn10A16A17) described by Way et al. (12). Each
strain was constructed for this study.

Minimal growth medium consisted of no-carbon E medium (NCE)
supplemented with 1 mM MgSO, (13) and trace elements (14). Glucose
(11 mM) or pyruvate (50 mM) was provided as the sole carbon source
where indicated below. Difco nutrient broth (NB; 8 g/liter) with sodium
chloride (5 g/liter) was used as rich medium. Difco BiTek agar (15 g/liter)
was added for solid medium. When added, final amino acid and vitamin
concentrations were as follows: L-serine, 5 mM; L-cysteine, 0.25 mM;
L-2,3-diaminopropionate, 0.1 mM; L-isoleucine, 1 mM; glycine, 0.67 mM;
L-methionine, 1 mM; pantothenate, 0.1 mM; and thiamine, 0.1 pM. An-
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tibiotics were added at the following final concentrations when necessary
for rich and minimal media, respectively: 20 and 10 pg/ml of tetracycline,
20 and 5 pg/ml of chloramphenicol, and 50 and 12.5 pg/ml of kanamycin.
L-2,3-Diaminopropionate was purchased from Chem-Impex Interna-
tional, Inc., Wood Dale, IL. All other chemicals were purchased from
Sigma-Aldrich Chemical Company, St. Louis, MO.

Genetic techniques. Strains were constructed by transductional
crosses using the high-frequency general transducing mutant of bacterio-
phage P22 (HT105/1, int-201) (15). Methods used to perform transduc-
tions, remove phage contamination from cells, and identify phage-free
recombinants were described previously (16, 17). Gene replacements
were made using the A red recombineering strategy described by Datsenko
and Wanner (18). Primers gcvB_Wanner_For (5'-ACTTCCTGAGCCG
GAACGAAAAGTTTTATCGGAATGCGTGGTGTAGGCTGGAGCTGC
TTC-3') and gcvB_Wanner_Rev (5'-AGCACCGCAATATGGCGGTGC
TACATTAATCACTATGGACCATATGAATATCCTCCTTAG-3') were
used to insert a genetic marker at the gcvB locus, forming gevB32::Kn. The
gevP locus was disrupted previously, forming gevP31:Cm. All gene re-
placements were reconstructed in the appropriate isogenic strain back-
grounds for this study.

TABLE 1 Salmonella strains used in this study

Strain Genotype

DM14828 Wild-type LT2

DM14829 ridA1::Tn10d(Tc)

DM14830 ilvA219

DM14831 ilvA219 ridA1::Tn10d(Tc)

DM14836 gcvB32:Kn

DM14837 ridA1:Tnl10d(Tc) gcvB32:Kn

DM 14838 gevP31:Cm

DM14839 ridA1:Tn10d(Tc) gevP31:Cm
DM14840 ilvA219 gcvB32:Kn

DM14841 ilvA219 ridA1::Tn10d(Tc) gevB32:Kn
DM14842 ilvA219 gcvP31:Cm

DM14843 ilvA219 ridA1::Tn10d(Tc) gevP31:Cm
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TABLE 2 Glycine improves growth rates of ridA strains inhibited by 2AA

Growth rate? (h™") of:

DM 14828

Growth medium” (Wt) DM14829 (ridA) DM14838 (gcvP) DM14839 (ridA gcvP) DM14836 (gcvB) DM14837 (ridA gcvB)

Min-glucose 0.56 0.42 0.52 0.33 0.51 0.42
+Gly 0.52 0.52 0.38 0.23 0.59 0.51
+Ser 0.57 NG* 0.59 0.287 0.59 NG
+Ser and Gly 0.60 0.34 0.58 0.18 0.59 NG
+Cys 0.50 NG 0.54 NG 0.57 NG
+Cys and Gly 0.57 0.30 0.52 NG 0.54 0.31
+Dap 0.58 NG 0.52 NG 0.56 NG
+Dap and Gly 0.57 0.43 0.45 NG 0.49 0.51

Min-pyruvate 0.41 NG 0.40 NG 0.44 NG
+Gly 0.42 0.33 0.35 NG 0.41 0.35

@ Specific growth rates () were calculated as In(X/X,)/T, where X represents ODgs0, X, is the initial ODgs5, of the exponential growth period monitored, and T is time in hours.
Data are the averages for three independent cultures. The standard deviation was less than 0.05 in all cases. Growth was assessed within 20 h following inoculation. Wt, wild type.
b Glucose (11 mM) and pyruvate (50 mM) were provided as the carbon source in minimal media as indicated (Min-glucose and Min-pyruvate, respectively). Amino acid
supplements were added at the following final concentrations: 0.67 mM glycine (Gly), 5 mM serine (Ser), 0.25 mM cysteine (Cys), and 0.1 mM diaminopropionate (Dap).

¢ Average growth rates less than 0.05 h™' were designated as no growth (NG).

9 The displayed growth rate reflects the secondary growth phase of a biphasic growth pattern; the primary growth rate was 0.06 h™'.

Growth phenotypes were assessed in solid medium using agar overlays
or in liquid medium using growth curves as described previously (19).
Growth curves were performed as follows. An overnight NB culture of the
relevant strain was pelleted and resuspended in an equal volume of saline
(85 mM), and 5 pl was used to inoculate 195 pl of growth medium con-
tained within each well of a 96-well microtiter plate (Corning). Microtiter
plates were incubated at 37°C with shaking, and growth was monitored by
the change in optical density at 650 nm (ODj5,) using a BioTek EIx808
plate reader. All growth experiments were performed in triplicate, and the
resulting data were plotted using GraphPad Prism 5.0f, generating curves
in log,,-format that display the averages and standard deviations of the
replicates. Specific growth rates () were calculated according to the fol-
lowing equation: In(X/X,,)/T, where X is OD5, X, is the starting OD,, of
the exponential growth period monitored, and T is time in hours.

Transaminase B (IIvE) assays. IIVE activity was measured in crude
lysates as previously described (8). Cultures were grown at 37°C with
aeration to stationary phase in 2 ml of NB. Cells were pelleted and resus-
pended in an equal volume of saline (85 mM NaCl), and 100 p] was used
to inoculate 5 ml of minimal glucose medium. Where appropriate, iso-
leucine (1 mM) or glycine (0.67 mM) was included in the growth me-
dium. Cultures were returned to 37°C and incubated for ~6 to 8 h with
shaking until an OD;, of 1 was achieved. Cultures were chilled on ice and
then pelleted (8,000 X g) at 4°C. Cell pellets were gently resuspended in
NCE medium (1 ml), then harvested by centrifugation as described above,
and frozen at —20°C until assayed. Upon thawing, cell pellets were resus-
pended in 250 pl of 50 mM potassium phosphate buffer (pH 8.0). An
aliquot of the cell suspension (30 1) was added to 150 wl of buffer con-
taining 50 nM PLP, 10 nM 2-ketoglutarate, and 10% PopCulture (Merck).
Reactions were preequilibrated for 10 min at 37°C and then initiated by
adding 20 pl of 0.2 mM isoleucine. After 20 min, the reactions were ter-
minated by adding 2,4-dinitrophenylhydrazine (DNPH), and the amount
of 2-ketomethylvalerate (2KMV) produced was quantified to assess IIVE
activity. Following derivatization with DNPH, the relevant hydrazone was
extracted with toluene, washed with hydrochloric acid (0.5 N), and
treated with sodium hydroxide (1.5 N) to allow chromophore formation.
The absorbance of the chromophore-containing aqueous layer was mea-
sured spectrophotometrically at 540 nm using a Spectramax M2 and com-
pared to a standard curve of 2KMV generated using the same extraction
and chromophore development procedure. Cell extracts were generated
and the amount of protein in each extract was quantified using the bicin-
choninic acid (BCA) assay (Pierce). IIVE activity is reported as nanmoles
of 2KMV formed per milligram of protein per minute. The data are dis-
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played as the averages and standard deviations from three independent
experiments. Statistical significance (P < 0.01) was determined by con-
ducting one-way analysis of variance (ANOVA) and Tukey’s posttest us-
ing GraphPad Prism 5.0f.

RESULTS AND DISCUSSION

Glycine alleviates growth arrest caused by 2AA. The effect exog-
enous glycine had on growth of a ridA strain in minimal glucose
medium was reported previously (4). Glycine suppressed the mi-
nor growth defect of a ridA strain and prevented pyruvate accu-
mulation, suggesting that glycine limitation may contribute to
alternative ridA phenotypes. Consistent with previous reports, the
addition of serine, cysteine, or diaminopropionate to cultures of a
ridA strain grown in minimal glucose medium completely pre-
vented growth as a consequence of 2AA production (7, 8; Ernst et
al., submitted) (Table 2). Additionally, a ridA strain did not grow
with pyruvate as the sole carbon source (10) (Table 2). The impact
of exogenous glycine on these phenotypes was quantified in liquid
cultures containing minimal glucose medium and the respective
2AA precursors or in minimal medium containing pyruvate as the
sole carbon source. The addition of glycine (0.67 mM) to cultures
of a ridA strain (DM14829) containing 5 mM serine restored
growth (Fig. 2), resulting in a specific growth rate () of 0.34 h™!
(Table 2). Although the same final cell density was achieved, the
ridA strain grew slower than the wild type (DM14828; w = 0.60
h™") in the presence of serine and glycine, suggesting that addi-
tional metabolic deficiencies persisted in the ridA strain. Growth
was similarly restored when glycine was added to ridA cultures
containing 0.25 mM cysteine (. = 0.30 h™") or 0.1 mM diamino-
propionate (i = 0.43 h™"') or when pyruvate served as the carbon
source (. = 0.33 h™") (Table 2). In each case, the growth rate of
ridA cultures supplemented with glycine remained lower than
those of the respective wild-type cultures, but the final cell densi-
ties were equivalent (data not shown). Additional amino acids and
vitamins were tested for the ability to suppress ridA strain growth
defects caused by 2AA stress induced by serine or cysteine added
to the growth medium. Previous reports described the stimulatory
effect threonine and isoleucine had on growth of ridA strains in-
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FIG 2 Glycine restores growth to ridA strains inhibited by 2AA produced
from serine. Growth of the wild-type strain (Wt; DM14828) in minimal glu-
cose medium is compared to growth of the ridA strain (DM14829) in minimal
glucose medium containing no addition, 5 mM serine, 5 mM serine and 1 mM
isoleucine, or 5 mM serine and 0.67 mM glycine. The data represent the aver-
ages and standard deviations from three independent cultures. Growth of the
wild-type strain was not significantly improved by exogenous serine, glycine,
or isoleucine.

hibited by exogenous serine (9, 20). None of the remaining com-
mon amino acids or coenzyme precursors, including pyridoxal,
thiamine, or pantothenate, significantly stimulated growth of the
ridA strain in the presence of serine or cysteine (data not shown).
These observations suggest that the perturbation of glycine me-
tabolism was the most sensitive defect encountered by ridA strains
challenged with 2AA stress and showed that glycine significantly
alleviated all ridA strain growth defects identified to date.

It was possible that glycine suppressed the growth defect of the
ridA strain by preventing 2AA formation and/or accumulation.
To test this possibility, the influence of glycine on transaminase B
(IlVE) activity was assessed in a ridA background. Previous studies
demonstrated the susceptibility of IIVE to free 2AA inactivation by
covalent modification of the enzyme (2, 9), rendering IIVE a reli-
able proxy for endogenous 2AA levels. IIVE activity was measured
in crude lysates of wild-type and ridA strains grown to stationary
phase (ODgs, =~ 1) in minimal glucose medium containing the
appropriate additions. IIVE activity was significantly reduced (P <
0.01) in a ridA background (234 nmol/min/mg) relative to that of
the wild-type control (370 nmol/min/mg) when grown in mini-
mal glucose medium, while isoleucine (1 mM) added to the
growth medium preserved IIVE activity in the ridA strain (333
nmol/min/mg) compared to that in the wild type (334 nmol/min/
mg) (Fig. 3), consistent with previous reports (9). When glycine
(0.67 mM) was present in the growth medium, IIVE activity in a
ridA strain (232 nmol/min/mg) remained significantly reduced
(P < 0.01) relative to that in the wild type (395 nmol/min/mg)
(Fig. 3). These data showed that exogenous glycine did not prevent
2AA accumulation or concomitant damage caused to IIVE. Thus, a
simple scenario suggested that glycine restored growth to a ridA
strain under 2AA stress by bypassing a target of that stress (i.e.,
GlyA).

GcvB, but not GCV, is required to suppress ridA strain sen-
sitivity to exogenous serine. Glycine serves as an amino acid
building block in protein biosynthesis throughout life. Glycine
can also function as a metabolic precursor contributing to the
production of one-carbon units and a variety of core metabolites
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FIG 3 Glycine does not directly prevent IlvA-dependent 2AA production
from endogenous serine in vivo. IIVE activity was measured as a proxy for 2AA
accumulation in wild-type (DM14828; white bars) and ridA (DM14829; gray
bars) strains grown in minimal glucose medium alone (Min-glu), with 1 mM
isoleucine added (+1le), or with 0.67 mM glycine added (+Gly). The data are
reported as nanomoles of 2-ketomethylvalerate produced per minute per mil-
ligram of crude lysate. Experiments were performed in triplicate, and data are
reported as the averages and standard deviations of the means. The data were
analyzed by one-way ANOVA and Tukey’s test using GraphPad Prism 5.0f to
identify significantly reduced activities (P < 0.01) for a given growth condi-
tion, indicated by the asterisks.

(Fig. 1). Additionally, glycine influences the regulation of metab-
olism, coordinating the production of metabolic enzymes with the
nutrient state of the cell (21). A genetic approach was taken to
tease apart the relative benefit of glycine to a ridA strain experi-
encing 2AA stress. A genetic marker inserted in gcvP, which en-
codes the P protein of the glycine cleavage complex (GCV), pre-
vented further catabolism of glycine to 5,10-mTHF, carbon
dioxide, and ammonia. If the benefit of glycine to a ridA strain was
due to restored one-carbon units, the lesion in gcvP was predicted
to abolish glycine rescue of a ridA strain grown in the presence of
exogenous serine. Instead, the ridA gcvP double mutant strain
(DM14839) grew biphasically in minimal glucose medium con-
taining 5 mM serine even in the absence of exogenous glycine (Fig.
4). The biphasic growth consisted of a primary (~15 h) slow
growth phase (i = 0.06 h™"), followed by a faster secondary
growth phase (. = 0.28 h™") (Table 2). Growth of the gcvP single-
mutant strain (DM14838) was similar to that of the wild-type
strain under the conditions tested (Table 2). These data indicated

17 Wi
ridA gcvP
o
8
[m)]
(@]
O 1 i ridA

0 5 10 15 20
Time (H)
FIG 4 The disruption of gevP, encoding a component of GCV, stimulates
growth of a ridA strain inhibited by exogenous serine. Growth curves were
performed in minimal glucose medium containing 5 mM serine. The data
show the averages and standard deviations for three independent cultures. The
relevant genotypes of wild-type (Wt; DM14828), ridA (DM14829), and ridA
gevP (DM14839) strains are indicated. Growth of the gevP single-mutant strain
(DM14838; not shown) was indistinguishable from that of the wild type.
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FIG 5 The metabolic components required for glycine to suppress the growth
defect of a ridA strain are based on the source of metabolic stress. Growth of the
indicated strains was assessed in minimal glucose glycine (0.67 mM) media
containing 5 mM serine (A) or 0.25 mM cysteine (B). The averages and stan-
dard deviations for three independent cultures of wild-type (Wt; DM14828),
ridA (DM14829), ridA gcvB (DM14837), and ridA gcvP (DM14839) strains are
plotted. Growth of the gevB (DM14836) and gevP (DM14838) single-mutant
strains was identical to that of the wild type (data not shown).

that glycine accumulation in the absence of GCV directly sup-
pressed the ridA strain growth defect (Fig. 4). The addition of
glycine to ridA gcvP (DM14839) cultures containing serine cir-
cumvented the initial slow growth phase and enabled monophasic
growth, achieving a growth rate (u = 0.18 h™') intermediate to
the biphasic growth rates observed in the absence of glycine (Table
2; Fig. 5A). Together, these data demonstrated that GCV was not
essential for glycine suppression of ridA strain sensitivity to exog-
enous serine.

A genetic marker inserted into the gcvB locus to prevent tran-
scription of the GevB small RNA (sRNA) was used to assess
whether glycine was required for regulatory purposes. The GevB
sRNA was previously shown to negatively regulate translation of a
number of amino acid uptake and biosynthesis enzymes in re-
sponse to glycine accumulation in S. enterica (22). The regulatory
cascade leading to GevB production is initiated when glycine dis-
rupts the protein complex formed between GevA and GevR, free-
ing GevA to activate transcription of gevB and other target genes
(Fig. 1). The ridA gcvB double mutant (DM14837) did not grow in
minimal medium containing 5 mM serine, while growth of the
gevB single mutant (DM 14836) was indistinguishable from that of
the wild type (DM14828) (Table 2). Including glycine in the
growth medium did not stimulate growth of the ridA gcvB strain
(DM14837) in minimal medium containing serine (Table 2; Fig.
5A), demonstrating that the GevB sRNA was essential for glycine
suppression of serine sensitivity in a ridA strain. Genetic experi-
ments showed that deleting the major serine transporter regulated
by GevB, SstT, had no impact on serine sensitivity or glycine sup-
pression phenotypes in a ridA background (data not shown).

GCV is necessary and sufficient for glycine effect in a moder-
ate 2AA stress scenario. The impact of gcvP or gecvB on additional
ridA phenotypes was tested to determine if the mechanism of gly-
cine suppression was conserved. In contrast to the results seen
with exogenous serine, the ridA gcvP strain (DM14389) was un-
able to grow when cysteine or diaminopropionate was included in
the growth medium despite the addition of glycine (Table 2; Fig.
5B). Similarly, glycine failed to stimulate growth of the ridA gcvP
strain when pyruvate was provided as the sole carbon source (Ta-
ble 2). Disruption of the GevB sSRNA had no impact on the growth
response of a ridA strain to cysteine, diaminopropionate, or pyru-
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FIG 6 GCV is necessary for glycine to stimulate growth of a ridA strain inhib-
ited by 2AA produced from endogenous serine. Strains were grown in minimal
glucose medium lacking additions (A) or supplemented with 0.67 mM glycine
(B). The strains include ilvA219 (DM14830; circles), ilvA219 ridA (DM14831;
squares), ilvA219 ridA gcvB (DM14841; triangles), and ilvA219 ridA gcvP
(DM14843; diamonds) strains. The data reflect the averages and standard
deviations for three independent cultures.

vate (Table 2). Growth of the ridA gcvB double-mutant strain
(DM14837) was restored to roughly the same rate as that of the
ridA single-mutant strain when glycine was added to cultures con-
taining cysteine (i = 0.31 h™") (Fig. 5B) or diaminopropionate
(i = 0.51 h™") or when pyruvate served as the sole carbon source
(= 0.35h™"). These data demonstrated that glycine suppression
of ridA strain sensitivity to cysteine, diaminopropionate, or pyru-
vate relied on an intact GCV but was unaffected by the GevB
sRNA. The conclusion drawn from these data is that the stimula-
tion of one-carbon production by GCV-mediated catabolism of
glycine was required to support growth of a ridA strain inhibited
by 2AA produced from cysteine or diaminopropionate or when
pyruvate served as the carbon source.

A genetic strategy was devised to address the contradicting
mechanisms of glycine suppression observed for a ridA strain in-
hibited by exogenous serine compared to the alternative sources
of growth inhibition (i.e., cysteine, diaminopropionate, and pyru-
vate). The ilvA219 allele encoding an IIvA variant (IlvA™**’") re-
sistant to feedback inhibition by isoleucine (23) was introduced
into the appropriate strain backgrounds to exacerbate 2AA pro-
duction from endogenous serine, as previously described (9, 10).
Consistent with previous reports, the uncontrolled activity of
IVAY™7F in an ilvA219 ridA background (DM14831) inhibited
growth in minimal glucose medium (Fig. 6A), achieving a final cell
density (final ODg5, = 0.22) more than 2-fold less than that of the
ilvA219 single-mutant strain (DM14830) (final ODg¢5, = 0.57)
(Table 3). These data were consistent with a nutrient limitation
caused by increased 2AA stress in the ilvA219 ridA strain. Adding
glycine to the growth medium stimulated growth of the ilvA219
ridA strain, allowing it to reach the same final cell density as that of
the ilvA219 single mutant (final ODg5, = 0.58). A lesion in gcvP
prevented glycine from stimulating growth of the ilvA219 ridA
gevP mutant strain (DM14843), while the inactivation of gevB in
the ilvA219 ridA gcvB strain (DM14841) did not affect glycine
stimulation (Fig. 6B). The data showed that glycine suppressed the
growth defect of a ridA strain caused by endogenous serine in a
GCV-dependent manner, counter to the GevB sSRNA requirement
for glycine suppression of the growth defect caused by exogenous
serine described above. These data suggest that there is no inher-
ent difference in the metabolic consequences encountered by a
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TABLE 3 Metabolites that require one-carbon units for their production bypass the need to restore one-carbon production via GCV in ilvA219 ridA

strains grown in minimal glucose medium

Final cell density” (ODys,) in:

Strain Genotype Min-glu +Gly +Thi +Pan +Met
DM14830 ilvA219 0.70 0.70 0.73 0.76 0.74
DM14831 ilvA219 ridA 0.20 0.67 0.58 0.71 0.62
DM 14842 ilvA219 gevP 0.66 0.68 0.70 0.75 0.76
DM14843 ilvA219 ridA gcvP 0.17 0.17 0.48 0.68 0.64
DM14840 ilvA219 gcvB 0.67 0.69 0.72 0.75 0.75
DM14841 ilvA219 ridA gevB 0.15 0.68 0.57 0.70 0.62

“ The data represent the average cell densities of cultures grown in triplicate based on ODgs, readings taken after 15 h of growth. Standard deviations were less than 0.03 in all cases.
Growth was assessed in minimal glucose medium alone (Min-glu) and in minimal glucose medium containing the following concentrations of the indicated supplements: 0.67 mM
glycine (Gly), 0.1 pM thiamine (Thi), 0.1 mM pantothenate (Pan), and 1 mM methionine (Met).

ridA strain experiencing 2AA stress, regardless of the source of
2AA. The different mechanistic determinants of glycine suppres-
sion observed between endogenous and exogenous serine stress
conditions likely reflects the disparate 2AA burdens caused by
unequal levels of serine accumulation inside the cell.

GCV is dispensable for growth of an ilvA219 ridA strain
when downstream products of one-carbon metabolism are pro-
vided directly. The necessity of GCV to allow glycine to stimulate
growth of the ilvA219 ridA strain suggested that products of one-
carbon metabolism were limiting. In S. enterica, one-carbon units
are required for DNA methylation reactions and the biosynthesis
of purines, thiamine, methionine, pantothenate, and histidine
(24). The impact of these metabolites on growth of the ilvA219
ridA strain in minimal glucose medium was compared to that of
glycine (Table 3). Thiamine (0.1 wM), pantothenate (0.1 mM),
and methionine (1 mM) independently restored growth of the
ilvA219 ridA strain to the same final cell density as the glycine-
supplemented cultures (Table 3). Furthermore, the disruption of
gcvP in the ilvA219 ridA gevP strain (DM14843) had little impact
on the growth suppression afforded by these metabolites, suggest-
ing that the need for an intact GCV was bypassed by directly feed-
ing downstream products requiring one-carbon units instead of
glycine. None of the products of one-carbon metabolism (i.e.,
thiamine, pantothenate, or methionine) stimulated growth of a
ridA (DM 14828) strain inhibited by exogenous serine, cysteine, or
diaminopropionate (data not shown), perhaps reflecting altered
growth requirements caused by different levels of 2AA damage
inside the cell. Histidine had no impact on growth of any of the
strains grown under the conditions described for Table 3 (data not
shown). The addition of adenine as a purine source further dimin-
ished the already low level of growth displayed by the ilvA219 ridA
strain in minimal glucose medium (data not shown), possibly
through feedback inhibition of the shared pathway for thiamine
production. These data suggest that in an vA219 ridA back-
ground, 2AA damage to GlyA limits the production of one-carbon
units required for the biosynthesis of thiamine, pantothenate, or
methionine. The ability of these metabolites to suppress the
growth defect independently may reflect a one-carbon sparing
phenomenon. Alternatively, because coenzyme A and methionine
are known to stimulate production of thiamine in S. enterica (25),
these data may indicate that a thiamine limitation is the key to the
growth defect observed for the ilvA219 ridA strain.

Conclusions. The aim of this study was to determine why
strains of S. enterica lacking RidA were unable to grow when chal-
lenged with 2AA. The data support a model in which the growth-
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limiting defect of ridA strains is 2AA inactivation of GlyA, which
causes a disruption in glycine and one-carbon production. Exog-
enous glycine suppressed the growth defects of a ridA strain
caused by cysteine, diaminopropionate, or pyruvate only when
gevP was intact, suggesting that glycine was used to generate addi-
tional one-carbon units via GCV. Similarly, when 2AA was pro-
duced from endogenous serine by an isoleucine-insensitive vari-
ant of IlvA, glycine suppression required a functional GCV.

Surprisingly, the ability of glycine to allow growth of a ridA
strain in the presence of exogenous serine required the regulatory
GcevB small RNA but not a functional GCV. The concentration of
exogenous serine (5 mM) supplied to cultures was 20 to 50 times
greater than that of cysteine (0.25 mM) or diaminopropionate
(0.1 mM) and approximately 70 times greater than levels of en-
dogenous serine (based on intracellular serine concentrations de-
termined for E. coli) (26). Therefore, it is reasonable to predict that
exogenous serine resulted in a large pool of endogenous 2AA,
leading to broad inactivation of target enzymes, including but not
limited to GlyA. In this scenario, gcvP-dependent one-carbon pro-
duction alone was insufficient to overcome the metabolic needs of
the cell despite glycine supplementation. We propose that ridA
strains grown in the presence of exogenous serine experience sub-
stantial damage to targets aside from GlyA, eliciting one or more
nutritional requirements in addition to glycine. The addition of
glycine serves to rewire the metabolic network by eliciting a GevB-
dependent regulatory response to overcome 2AA stress caused by
exogenous serine. The GevB regulon consists of more than 50
targets in S. enterica (22), and it is likely that growth in the pres-
ence of high 2AA stress required the cumulative effect of genes in
the regulon. Significantly, the lack of GevB would result in dere-
pression of the major serine transporter (SstT) and indirectly (via
Lrp) reduce the expression of sdaA (27). SdaA (EC 4.3.1.17) is an
Fe-S cluster serine dehydratase that degrades serine without re-
leasing the reactive 2AA species (G. Y. Chen and D. M. Downs,
unpublished data; G. Grant, personal communication). Thus, the
lack of GevB could contribute to enhanced serine uptake and sim-
ilarly prevent efficient degradation of serine by a nontoxic route
(i.e., SdaA), thereby exacerbating 2AA stress to the point where
one-carbon production by GCV would be insufficient to restore
growth to a ridA strain.

In the absence of exogenous serine, glycine was required to
suppress alternative ridA growth defects by stimulating one-car-
bon production, catalyzed by GCV. The phenotypic data pre-
sented herein are consistent with biochemical data presented by
Flynn et al. that showed that GlyA activity was reduced (20% of
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wild-type activity) in ridA strains grown in minimal glucose me-
dium, leading to a downstream deficiency in one-carbon units (4).
In the absence of an extreme 2AA burden (i.e., exogenous serine),
the stimulation of one-carbon production by GCV and glycine
was sufficient to restore growth in the presence of exogenous cys-
teine, diaminopropionate, or pyruvate or when 2AA was pro-
duced from endogenous serine by the isoleucine-insensitive vari-
ant of IlvA, suggesting that a one-carbon limitation is the primary
defect encountered by ridA strains under the growth conditions
tested. Because thiamine, methionine, and pantothenate individ-
ually stimulated growth of an ilvA219 ridA strain, consistent with
one-carbon units being spared, it remains to be seen if one of these
metabolites alone is primarily limiting for growth.

Insights gained from our work in S. enterica inform our under-
standing of the RidA paradigm in other organisms. Serine hy-
droxymethyltransferase (SHMT; EC 2.1.2.1) is one of only two
PLP-dependent enzymes encoded in the genomes of all free-living
organisms, the other being aspartate aminotransferase (EC
2.6.1.1) (28). Future work is needed to address whether SHMT
inactivation by 2AA elicits similar glycine or one-carbon require-
ments in other organisms. It is feasible that alternative metabolic
configurations may preclude SHMT inactivation from drastically
impacting growth given that alternative strategies of glycine pro-
duction from threonine have been described (29, 30). In such
cases, different targets of 2AA inactivation (e.g., aspartate amino-
transferase) may have a greater impact on organism fitness. None-
theless, several organisms produce one or more isozymes of
SHMT, and in some cases, SHMT is predicted to colocalize with
RidA homologs throughout the cell. For example, the RidA ho-
molog (At3g20390) from Arabidopsis thaliana is targeted to the
plastid (6), while SHMT (AtSHMT3) activity can also be detected
there (31). In Saccharomyces cerevisiae, the SHMI isozyme of
SHMT and the yeast RidA homolog (Yil051cp) both localize to the
mitochondria (32, 33). In some mammalian cell lines, RidA-like
UK114 is produced in the cytoplasm (34), while SHMT isozymes
are found in both the cytosol and mitochondria (35). Developing
a better understanding of the link between RidA homologs and
SHMT may lead to better chemotherapeutics to combat diseases
such as cancer, as tumor cells rely heavily on flux through SHMT
to meet the rampant demand for glycine and one-carbon units
necessary for rapid cell growth and division (36—38). Interestingly,
UK114 serves as a cytotoxic tumor antigen in some forms of can-
cer (39), perhaps reflecting a reliance by cancer cells on UK114 to
preserve efficient SHMT activity. Future investigation of connec-
tions between Rid enzymes and glycine and one-carbon metabo-
lism are warranted given the importance of this node of metabo-
lism throughout life.
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