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Functional y-Aminobutyrate Shunt in Listeria monocytogenes: Role in
Acid Tolerance and Succinate Biosynthesis

Canor Feehily, Conor P. Q’Byrne, Kimon Andreas G. Karatzas

Bacterial Stress Response Group, Microbiclogy, School of Natural Sciences, National University of Ireland, Galway, Galway, Ireland

Listeria monocytogenes, the causative agent of human listeriosis, is known for its ability to withstand severe environmental
stresses. The glutamate decarboxylase (GAD) system is one of the principal systems utilized by the bacterium to cope with acid
stress, a reaction that produces y-aminobutyrate (GABA) from glutamate. Recently, we have shown that GABA can accumulate
intracellularly under acidic conditions, even under conditions where no extracellular glutamate-GABA exchange is detectable.
The GABA shunt, a pathway that metabolizes GABA to succinate, has been described for several other bacterial genera, and the
present study sought to determine whether L. monocytogenes has this metabolic capacity, which, if present, could provide a pos-
sible route for succinate biosynthesis in L. monocytogenes. Using crude protein extracts from L. monocytogenes EGD-e, we show
that this strain exhibits activity for the two main enzyme reactions in the GABA shunt, GABA aminotransterase (GABA-AT) and
succinic semialdehyde dehydrogenase (SSDH). Two genes were identified as candidates for encoding these enzyme activities,
argD (GABA-AT) and Imo0913 (SSDH). Crude protein extracts prepared from a mutant lacking a functional argD gene signifi-
cantly reduced GABA-AT activity, while an lmo0913 mutant lost all detectable SSDH activity. The deletion of Iin009 13 increased
the acid tolerance of EGD-e and showed an increased accumulation of intracellular GABA, suggesting that this pathway plays a
significant role in the survival of this pathogen under acidic conditions. This is the first report of such a pathway in the genus
Listeria, which highlights an important link between metabolism and acid tolerance and also presents a possible compensatory
pathway to partially overcome the incomplete tricarboxylic acid cycle of Listeria.

L.-'sm-.-}r monocytogenes is a food-borne pathogen that causes lis-
teriosis, a disease with a mortality rate of up to 30% (1), which
has recently shown an increase in the number of reported cases
across Europe (2). Almost 99% of cases are associated with a con-
taminated food source (3), and as such, L. monocitogenes is of
major concern to the food industry. This bacterium is quite resil-
ient to environmental stresses, including an ability to grow under
acidic conditions with pH values aslow as4.5and to survive at pH
values as low as 2.0 for extended periods (4—6). This characteristic
is important for its pathogenicity because it allows the bacterium
to survive the acidic environment in various foods and in the
stomach of the potential host.

To counteract this threat, strains of Listeria can employ a vari-
ety of acid resistance mechanisms, including the arginine deimi-
nase system (7), the adaptive acid tolerance response (ATR) (8),
and the glutamate decarboxylase (GAD) system (9). [t is clear,
however, that there is a degree of strain-to-strain variation in
terms of the ability to cope with an acid challenge (9-11). The
GAD system operates to maintain the internal pH homeostasis of
the bacteria. Upon acid exposure, an extracellular molecule of
glutamate (Glu) is taken up by an antiporter (GadT) and decar-
boxylated intracellularly by a Glu decarboxylase enzyme (GadD)
to form y-aminobutyric acid (GABA). This reaction consumes a
proton, thereby increasing the intracellular pH. GABA is then ex-
ported via GadT in exchange for a further molecule of Glu (Fig. 1).
L. mowocytogenes can possess up to three genes encoding Glu de-
carboxvlases (gad D1, gad D2, and gadD3) and two genes encoding
antiporters (gadT1 and gadT2), arranged into three operons
(gadD1TI, gadT2D2, and gadD3) (12); however, strains of sero-
type 4 lack gad DT 1. Recent work from our laboratory has dem-
onstrated the existence of the intracellular GAD system (GAD,),
which converts intracellular Glu to GABA and contributes signit-
icantly toacid resistance (11, 13). The activity of thissystem results
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in the accumulation of high levels of GABA,; under acidic condi-
tions even in the absence of GABA export.

In Escherichia coli, GABA is used as both carbon and nitrogen
sources and is metabolized via the GABA shunt pathway (Fig. 1}
(14, 15). This pathway incorporates two further enzymes down-
stream from Glu decarboxylase. A GABA/o-ketoglutarate amino-
transterase (GABA-AT) (GabT) removes the amino group from
GABA to form succinic semialdehyde (SSA) and Glu. The SSA is
then oxidized through the activity of succinic semialdehyde dehy-
drogenase (SSDH) (GabD) to form succinate (16). While the
GABA shunt pathway has not been extensivelystudied inbacteria,
it is thought to play a role in Glu metabolism, anaplerosis, and
antioxidant defense (17, 18). The use of arginine, ornithine, and
agmatine as nitrogen sources by E. coli relies on the GABA shunt
pathway, as these are converted first to putrescine and subse-
quently to GABA (19). In plants and mammals, the pathway has
been described as an alternative route to produce succinate, by-
passing two enzymes of the tricarboxylic acid (TCA) cycle,
namely, a-ketoglutarate dehydrogenase and succinyl coenzyme A
(CoA) svnthetase (Fig. 1) (16, 20). For L. mownocytogenes, the
GABA shunt may represent a potential route to compensate tor
the incomplete TCA cycle identified through sequencing and bio-
chemical analysis (21, 22). Genome sequencing has shown an ab-
sence of genes encoding a-ketoglutara te dehvdrogenase, succinyl-
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with an “X.” The GABA shunt pathway can provide an alternative source of

succinate for the bacteria.

CoA synthetase, and malate dehydrogenase (Fig. Work
reported previously by Eisenreich et al. (23) supported this with
biochemical data showing that oxaloacetate is not derived from

o-ketoglutarate by the TCA cycle. Therefore, the importance of

this pathwav cannot be overlooked when tryving to establish a
complete metabolic profile of this bacterium.

The aim of this study was to determine if L. monocytogenes
possesses the two metabolic steps comprising the GABA shunt
pathway. Second, strains with disruptions or deletions in genes
predicted to be involved in this pathway (argD and [100913) were
analyzed for effects on the respective activities in order to confirm
their roles. Finally, due to the fact that the GALD system and the
GABA shuntare linked, the main metabolites of the pathway were
quantified in the cell in response to acid treatment.

TABLE | Bacterial strains and plasmids used in this study

http://aem.asm.org/content/ 79/ 1/74.full .pdf#page=1& view=FitH

The GABA Shunt of Listeria monocytogenes

TABLE 2 Primers used in this study

Primer Sequence (3'-3")
COGAATTCCGAGCAGTTTTTGTTAGCC
TOCCTGTTTCTTTAATACTC AAAAATACCACTCC
AGTATTAAAGAAANCACCAATCCAAGTGAAATTC
CGGAATTCAAGTGTGCCATAAGTTGE
FTACTATTCATEGC
CATCCTGTTATCCC
AGGOATCCGGAGCAGTTTTTGTTAGEC
COGGOATCCAAGTGTGCCATAAGTTGE

10913 A
It 3 B
o093 C
I 3D
hioi9] 3 For
o093 Rev
o9 3 Comp-F

Inzat91 3 Comp-R

MATERIALS AND METHODS

Bacterial strains and growth, L monocitogenes wild-type strain EGD-¢
and its isogenic (mo0943 (in-frame deletion) (Almo0913) and argl? (in-
sertional disruption with pLSVI0 1) (argupLSV10 1) mutants (24 ) were
wsed inthis study. Lo smonocytogenes wild-type strain 104035 along with its
1sogenic 104035 Alwrg_ 02013 mutantwere also wsed. Strains were grown
on brain heart infusion (BHI ) agar plates for 24 to 48 h at 37°C. Cultures
grown overnight were set up by inoculating a single colony into 25 mlof
BHI broth in 250-ml conical flasks with continuous shaking at 37°C. L.
coli strains BW25113 and TW2636 were used as reference strains tor the
GABA shunt. These strains were grown in Luria-Bertant (LB} medium for
18 h at 37°C when needed and stored on LB agar plates. All strains and
relevant properties are listed in Table 1.

Generation of mutant and recombinant strains, Mutants were gen-
crated by the splicing by overlap extension (SOEing) PCR method and
allelic replacement, as previowsly described (25). The deletion of
g 02013 in 104038 was reported previously { 261 however, the deletion
of et 3 1n EGD-¢ was newly generated by using the primers listed in
Table 2. Plasmid pKAK0913, as described previously by Abrametal. (26),
was wed to complement the deletions of o093 in EGD-e¢, lmrg_02013

in 104035, and gabD in TW2oe36. This plasmid carries a tull copy of

Iy 02013 from 104038, Positive transformants were selected through
growthon BHI agar supplemented with chloramphenicol (10 pg ml™ ') or
LB agar supplemented with ampicillin ( 100 pg ml™ ') and confirmed by
PCR. PCR amplification of DNA tor use in cloning and downstream work
was carried out by wsing the high-fAdelity Velocity DNA polymerase ( Bio-
line}, while screening was carried out by using Biotag DNA polymerase
(Bioline).

Strain or plasmid Relevant propertyiies)

Source or reference

Strains
L. wronoc vlogetes
EGD-e
EGD-e arglupLlSV10] matant
EGD-¢ Ao o) 3

Serovar 1/2a, wild type

Fmitant

pLSVI0T plasmid insertion into the argd? gene
EGD-¢with an m-frame 1,407-bp deletion ol the hiro09] 3 geng

5. Foster
K. Schauer
This study

EGD-e Adon9] 3 pAK 091 3 mutant Deletion of frrat9) 3 complemented with a cloned copy of the full hrrg 02013 gene This study
104035 Serovar 1/2a, wild type K. Boor
104035 Alverg 02013 mutant 104035 with an in-frame 1,.407-bp deletion ofthe hrrg 02013 gene 26

104038 Adwrg 02013 pKAKO?1 3 mutant

E. coli
k-12 BW23113 AtaraD-araB)567 AlacZ4787(x:
TW2easa BwW23113 Agabl

IW2636:pRAK091 3

Plasmid
pRAK0913

of lime0913 or \““J

renfi-3) lambda oph-1 AirhaD-rhaB 368 hsd R34

IW2636 possessing a full copy ot lmrg 02013 from 10

pRSVT shuttle vector carrying a full copy of herg_ 02043 used to complement deletion

Deletion of Iare_0201 3 complemented with a doned copy ofthe full beere 02013 gene 26
P tal o

NBRP (Japan, E coli
NBRP (lapan, I coli
This study

035 cloned into pRSV7

26
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GABA-AT and SSDH assays. Crude protein assays to detect the pres-
ence of GABA-AT and SSDH activities were carried out based on an assay
described previously by Bartsch etal. (27) but medified inorder to run it
i a 96-well-plate format.

Protein extraction. To prepare crude protein extracts, a culture of
bacteria was grown overnight in 200 mlot BHI (L. monocyiogenes) or LB
(E. coli) medium at 37°C with continuous shaking, The pellet was retained
after centritugation at 12,000 X g for 10 min, tollowed by two wash steps
inwash butter { 10 mM NaCl, 10 mM Na, O, P [pH 7.0] ). Pellets were then
resuspended in 4 ml of a sonication butfer optimized for their down-
stream application. For GABA-AT, the sonication buffer comprised 20
mM Na,O,P, 0.01 mM pyridoxal phosphate, 5 mM mercaptoethanol, 1
mM phenylmethylsulfonyl fluoride (PMSF), and 1 mM dithiothreitol
(DTT) (pH 7.0}, For SSDH, it comprised 100 mM sodium phosphate, 1
mM DTT, 1 mM PMSF, and 9% glycerol (pH 9.5). Samples were then
sonicated on ice by six 30-s pulses at a 16-pwm amplitude, allowing 30 s of
rest between each pulse to lyse the cells, followed by centrifugation at
6,000 X g for 10 min and retention of the supernatant. The supernatant
was then centrifuged a final time at 15,000 X g for 15 min to remove any
remaining cell debris. Protein concentrations for both assays were nor-
malized to 7 mg ml™ " after determining each sample concentration by
using the Bio-Rad DC protein assay { Bio-Rad ).

GABA-AT assay. One hundred microliters of protein was added to
1,000 wl reaction mix (85 mM Tris base, 15 mM Tris-HCL 0 to 100 mM
GABA, 5 mM a-ketoglutarate, 0.02% bovine serum albumin [BSA]) and
incubated at 37°C for 1 h. In a 96-well plate, the SSA produced by the
reaction was measured by the use of a GABase assay described previously
by O’Byrne etal. (28), using 80 mM 2-aminoethyl hydrogen sulfate for the
detection of SSA. Plates were incubated at 37°C i a Sunrise absorbance
reader { Tecan, Salzburg, Austria), with optical density at 340 nm (0D, )
readings being recorded every 60 s by Magellan sottware { Tecan, Salzburg,
Austria ). Any background signal detected with 0 mM GABA was sub-
tracted to highlight the increase in the level of SSA production.

SSDH assay. NADP to a final concentration of 1 mM was added to 2
ml of a normalized protein preparation (7 mg ml™ '), and 150 wl of this
mix was added to 100 pl of SSA (0 to 1.0 mM ) in a 96-well plate. Plates
were incubated at 37°Cina Tecan Sunrise absorbance reader, with OD,
readings being recorded every 60 s by Magellan software.

GABase assays. GABA,, extracellular GABA (GABA, ), as well as intra-
cellular SSA concentrations were measured as previously described (13,
28). Cultures were grown overnight at 37°C with aerationin BHI medium.
Priorto the GABA measurements, the pHof the culture was lowered to 4.0
with HCL Extractions were made after | h of pH treatment. Non-HCI-
treated cultures were used as negative controls.

Acid survival assays. Cultures of bacteria were grown overnight at
37°C in BHI medium. The pH of these cultures was lowered to pH 2.5 by
using 2.8 M HCL Samples were taken every 20 min for | h and serially
diluted in phos phate-buffered saline (PES). Dilutions were plated in trip-
licate onto BHI agar and incubated overnight at 37°C. Colonies were
counted to determine the number of surviving cells.

Measurement of Glu and succinate concentrations. Glu and succi-
nate concentrations were measured in the same samples tested for GABA
and SSA. Both methods were performed by the use of enzymatic kits
supplied by Roche Bio-Pharm. The methods were adapted to fita 96-well-
plate format. All reagents were scaled down from use in a 3-ml (final
volume) reaction mixture to usein a 300-wl { inalvolume) reaction mix-
ture. Standards of either monosodium glutamate (Sigma ) or sodium suc-
cinate (BDH) were used to establish a standard curve for the enzymatic
reaction. One hundred microliters of sample or standards (0 to 1.0 mM)
was added to 200 plof kit reagents and incubated at 25°C (Gluj or 37°C
(succinate) n a 96-well plate in a Tecan Sunrise absorbance reader, with
the OD5,, (Glujor 0D, (succinate) being recorded 60 s by Ma-
gellan software. Concentrations of the metabolites weredetermined based
on the standard curve generated from known sample concentrations.

‘to
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FIG 2 GABA-AT activity of Lo mronocytogenes. Values for GABA-AT activities
of crude cell extracs harvested after growth overnight (16 h) and incubated
with ¢ither 0, 30, or 100 mM GABA are shown. Values are means of data from
three individual culture replicates. Errors bars shown display the deviations of
values seen between each replicate sample. The astensk indicates a statistically
signihcant difference (I <2 0.05), as deternuned by a Student # test.

Statistical analysis of results. Experiments were carried outwith three
biological replicates and at least two technical replicates for each sample.
Significant differences between samples tested were determined by using a
paired Student ¢ test. Results were considered significant when they pos-
sessed a P value of =0.05. Error bars indicating standard deviations from
the means are displayed on graphs.

RESULTS

L. monocytogenes possesses activity for both enzymes of the
GABA shunt. The sequences corresponding to GabT and GabD
from E. coli were used to search the L. monocgytogenes genome for
homologues that might encode GABA aminotransferase (GABA-
AT) and succinic semialdehvde dehyvdrogenase (SSDH) activities,
respectively. BLAST analysis showed that ArgD from L. nrowocy-
togenes EGD-e shared 529 similarity and 34% identity to GabT.
In L. monocytogenes EGD-e, the predicted SSDH is Lmo0913, with
67% similarity and 49% identity to GabD. The corresponding
gene product in L. monocytogenes 104035 is LMRG_02013, with
68% similarity and 49% identity. These two proteins, ArgD and
Lmo0913/LMRG_02013, appeared frequently throughout the
published sequences of L. mownocytogenes. Twenty-four out of
25 strains searched possessed a homologue of Lmo0913/
LMRG_02013 with =98% identity, while 14 out of 25 possessed
an ArgD homologue with =93% identity. Most notable is LO28,
which does not appear to have similar proteins. Evidence sug-
gested that [mo0913 produces a monocistronic transcript (29)
with a termination site predicted immediately downstream. The
transcription of [nz00913 appears to be o dependent (26).

The firststep in the GABA shunt is the conversion of GABA to
SSA. Crude protein extracts were tested for their abilities to pro-
duce SSA from GABA, as described above. The coincubation of
these protein preparations (7 mg ml~ ') for 1 h with GABA (50 and
100 mM) resulted in the production of SSA (1.79 and 3.94 pM
SSA min~' mg protein~!, respectively) (Fig. 2). In wild-type
strain EGD-e, the concentration of SSA produced increased in
proportion to the concentration of GABA added. When a mutant
with a disruption in a putative GABA-AT gene (argl}) was used,
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FIG 3 S50 acivity of Lowronocytogenes. Crude cell extrads of EGD-cand the
EGD-¢ Ahwro091 3 and EGD-¢ Alnrat91 3 pKAKO91 3 mutants were incubated
with ¢ither 0, 0.5, or 1.0 mM 554 NADPH produdion was measured as the
OD 4. Values are the means ot data from three individual culture replicates.
Errors bars shown display the deviations o fvalues seen between cach replicare
sample. Asterisks indicate a statistically signihcant difference (P =2 0.03 ), as
determined by a Stadent ¢ test.

the level of production of SSA was reduced (1.57 and 2.34 p.M SSA
min~ ' mg protein~ !, respectively: P value of <<0.03), indicating
an involvement of this gene in the metabolic step. The effect of the
disruption of argD was more apparent ata higher concentration of
100 mM GABA, whereas at 50 mM GABA, the difference did not
appear to be significant. The reduced S5A levels in the absence of
argl)suggest thatan alternative GABA-AT activity is also present
in the cell extracts. GABA-AT activity was also observed for the
104038 strain but at much lower levels than for EGD-e (0,55 pM
SSA min~' mg protein™ ' with 100 mM GABA).

The oxidation of SSA to succinate is the second step in the
GABA shunt. Crude protein extracts were tested for SSDH activ-
ity, the enzyvme that carries out this step. The production of
NADPH (the by-product of the SSDH reaction) was seen in the
EGD-e protein extract that was incubated with 55A (Fig. 3). The
production of NADPH did not occur in the absence of the sub-
strate, and its level of production increased in proportion to the
concentration of the substrate (SSA). The deletion of the putative
SSDH-encoding gene, 00913, resulted in a complete loss ofac-
tivity tor this reaction. To determine it Lmo0913 acts directlvasan
SSDH, the corresponding gene from 104035 was cloned into
pKSV7, generating plasmid pKAK091 3, and this plasmid was used
to transform two strains of L. mownecytogenes carrving a deletion of
ln00913 or lmirg_02013: the EGD-¢ Alwo0213 and 104035
Almrrg_02013 mutants. An E. cols strain lacking a functional SSDH
{AgabD)y was also transformed with this construct. Crude protein
extracts of these strains were analyzed for SSDH activity. E. coli
BW25113 extracts were found to have SSDH activity when incu-
bated with SSA (Fig. 4). The disruption of the SSDH of E. coli,
gabD, resulted in a complete loss of this activity. The complemen-
tation of this mutant with lwrg 02013 from 104035 using
pKAKO91 3 partially restored the SSDH activity.

No SSDH activity was detected in extracts from either strain
104038 or the Alwirg_ 02013 derivative of this strain; however, the
complementation of the knockout mutant with [wirg 02013

January 2013 Veolume 79 Number 1
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FIG 4 SSDH activity in E. i and L wronocrtogenes 104035, Crude cell ex-
tracts of either E. coli K-12, 1D23574, [D23574:pKAK0913, 104038, or the
104038 Alnerg 02013 or 104035 Afnarg 02043 pKAKO913 mutant were har-
vested after 16 to 18 h ol growth and mmcubated with 1.0 mM SSA. NADPH
produdionwas measured asthe QD Values are the means o (data fromtwo
mdividual culture replicates, each measured twice. Errors bars shown display
the deviations of values seen between cach replicate sample.

resulted in the production of NADPH. As expected, the com-
plementation of the Alne0913 mutation in EGD-e restored the
SSDH activity in this strain. [t is interesting to note that
LMRG_02013 from 104035 hassix amino acid differences from
Lmot913 in EGD-e (deletions of the V2, F3, and L4 amino
acids, as well as the E251/248D), G312/309A, and D352/349E sub-
stitutions). These data showed that Lmo0913/LMRG_02013 is re-
sponsible for the SSDH activity in L. worocytogenes and turther
suggest that the baseline SSDMH activity varies between strains (Fig.
Jand 4).

Acid exposure affects intracellular concentrations of GABA
shunt intermediates. The levels of Glu did notappear to signifi-
cantly change in response to acid in both EGD-e and pLSV101::
argD cells {Table 3); however, the deletion of 700913 resulted in
areduction in the levels of Glu from .53 mM to 0.45 mM (P value
of 0.03). As expected, GABA; concentrations were affected in
EGD-¢ in response to acid. Both EGD-e and the pLSV101:argD
strain showed 2.6- and 7.5-fold increases in GABA, levels, reach-
ing concentrations of 1.1 and 0.6 mM, respectively. However, a
dramatic 9.2-fold increase in the GABA, concentration was ob-
served for the Alwe0%13 mutant, reaching a concentration of
~3.5mM. This, along with a significant decrease in the Glu, con-
centration, suggests a highly active G AL, systenin this strain. The
increase seen in the SSA concentration before and atter acid treat-
ment for EGD-e was not significant, and the increase in the con-
centration seen for the arglk:pLSVI01 strain was close to the de-
tectable range of the assay, but the increase for the Alwo0913
mutant washigher, as would be expected for a gene involved in the
breakdown of SSA. The succinate concentration increased to a
small extent for both EGD-e and the argDipLSVI101 strain after
acid treatment; however, the increase for the Afww0913 mutant
was not significant (P value of 0.165).

Lmo09 13 affects acid resistance of L. monocytogenes EGD-e,
EGD-¢ showed a reduction in cell numbers by ~ 8 log cvcles, and
the argD mutant strain demonstrated a similar reduction (Fig. 5).
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TABLE 3 Intracellular concentrations of intracellular metabolites in stationary-phase cells

Mean concn, mM (50

Glutamate GABA S5A Succinate
Strain pH 7.0 pH 7.0 pH 4.0 pH 7.0 pH 4.0 pH 4.0
EGD-¢ 0.35 (+0.06) 0,43 ( L1 (=068 0.41 (£041) 0440 %
argDepLSV101 *0.02) 0.60 (0,01 " 024 (£0.02)  0.34(£0. 0.34(*0.
Alwono) 3 0.33 (0,01 324 *F1.82 ]""'I' 0.533 (£0.53) Ol (=061 0.534 (+0.
@ Statistically signihcant ditference between aad-treated and non-acd-treated cells.
" Spatistically significant difference between wild-type and mutant strains under the conditions tested. A ditference wasidentified to be statistically significant by usng a paired

Student #rest (P =D 005,

However, the Alne0913 mutant showed a dramatic increase (5
log cvcles) inacid resistance compared to the acid resistance of the
wild type. The increase in the acid resistance of the Alwo0913
mutant reached levels just short of those achieved by 104035, a
highly-acid-resistant strain that utilizes both the GAD; and GAD,
systems with great etficiency {13). Thus, a strong correlation ex-
isted between GABA, accumulation and survival ata low pH. At-
tempts to complement thisresistant phenotype failed, however, as
the transformed strain (EGD-e Alio0913 pKSV7::lni00913) did
not grow as well as the other strains and thus gave an incompara-
ble acid resistance phenotype (data not shown]j. This growth de-
fect was not caused by the presence of the 100913 gene on the
plasmid, since strains containing pKSV7 also grew more slowly
than the wild type.

DISCUSSION

We have previously shown that L. srorocytogenes possesses a GAD,
system that leads to GABA,; accumulation under acidic conditions
{11). Here we report that this GABA can be metabolized by Argh
and Lmo0913 via the GABA shunt pathway. As the GABA shuntis

10.00
8.00
E 600 | g EGD-c
=
2 -
g == EGD-c
'3 4.00 A Almo0913
—=@= EGD-¢
argD:pLSVI0]
—= 104038
0.00 T . ]
0 20 40 60

Time (h)

FIG 5 Acid survival of L smonocyfogenes BGD-¢ and GABA putative shunt
systermn mutants. Stationary-phase EGD-¢ and GABA shunt mutants were chal-
lenged at pH 2.
data from three individual cultures, with the cell counts tor each culture being
the means of counts from three platings. The detection limit of the assay is
highlighted by the dotted line, while the downward-pointing arrow indicates
that subsequent counts dropped below this level.

‘el counts were taken every 20 min. Values are the means of
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coupled to the GAD system, which is the principal mechanism of
acid tolerance in L. monecytogenes, we investigated the acid toler-
ance phenotypes of both the argD:plSVIO1 and Alwo0913
strains. [nterestingly, these mutants vielded quite contrasting acid
tolerance phenotypes. While the disruption of argl> slightly hin-
dered the cells” ability to cope with acid treatment, the deletion of
li00913 increased survival by over 5 log cvcles (Fig. 5). This sig-
nificant increase highlights a role for the GABA shunt in acid
tolerance. The acid-resistant phenotype of the Alwe0913 mutant
was accompanied by 9.2-fold and 1.1-fold increases in GABA; and
SSA concentrations, respectively (Table 3). The increases in the
concentrations of these metabolites are likely to be caused by a
diminished capacity for GABA metabolismin this mutant (Fig. 3).
Interestingly, EGD-e does not utilize the GAD_ system but only
the GAD, system. Recently, we demonstrated that GAD, contrib-
wtes to acid resistance independently of the antiport carried outby
GAD, (11). The fact that the deletion of the lir00913 gene is able to
convert EGD-e from one of the weakest strains in terms of acid
resistance to a moderate one (2 logs lower than that of 104038,
which is the most acid-resistant strain that we have identified, and
5 logs higher than that of EGD-e) (Fig. 5) through an increase in
the GABA, concentration underpins the importance of this system
in acid resistance.

[fthe disruption of the GABA shunt by the deletion of (1700913
is responsible for the GABA, buildup and, subsequently, acid re-
sistance, a similar result might be expected for the argD) mutant.
This, however, was not the case, suggesting that in this mutant, the
transamination activity observed is probably carried out by an
enzyme that compensates for the loss of argD. GsaBl has 46% sim-
ilarity and 28% identity to GabT, a GABA-AT (30). [t was shown
previously that for several bacteria, multiple copies of GABA
shunt genes exist (31, 32), and this may well be the case for L.
monocytogenes. BLAST searches for a secondary SSDH also re-
vealed a likely candidate in Lmo0383, which has 54% similarity
and 33% identity to the corresponding SSDH (GabD) in E. coli.
Further work to characterize the roles of both gsaB and 00383
are under way to test their roles in the GABA shunt pathway.

When the SSDH activities of EGD-e and 104035 were com-
pared, it was interesting that no SSDH activity was detectable un-
der the conditions used for 10403S. The difference between the
two strains may suggest differing degrees of importance of the
GABA shunt between strains {although both belong to lineage [1
and share the same serotvpe, serotype 1/2a). Strain-to-strain vari-
ation is also exemplified by the fact that previously, a deletion of
lirg_02013 in 10403S did not confer acid resistance but instead
resulted in a mild sensitivity toacid (26). As mentioned above, the
main difference between the twostrainsis that EGD-e utilizes only
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GAD,, and therefore, unlike 10403S, which utilizesboth GAD, and
GAD,, it must rely solelv on the GABA shunt to metabolize
the GABA generated during acid stress (11). Thus, it appears that
the elevated levels of SSDH activity in EGD-e might be related
to the larger GABA, pools that exist in this strain during acid stress.

The existence of the GABA shunt pathway has significant im-
plications for our understanding of the overall metabolism of L.
monocytogenes. The genome sequence of L. smonocytogeses lacks a
complete set of enzymes for the classical TCA cycle model (21,
and this is consistent with biochemical measurements (22). Two
of the enzymes missing from L. mrorocytoge nes are a-ketoglutarate
dehydrogenase and succinyl-CoA synthetase, which are responsi-
ble for the conversion of w-ketoglutarate to succinate (Fig. 1). The
GABA shunt pathway appears to serve different species of bacteria
in a range of ways, from sporulation {33) to nitrogen metabolism
(30). For L. menocytogenes, it is possible that the pathway can in
part substitute for the lack of a functional TCA cycle. It is impor-
tant to note, however, that the GABA shunt does not provide a
means of completing the TCA cycle, since malate dehydrogenase,
required to convert malate to oxaloacetate, is also absent from L.
monocytogenes (21, 23). According to data reported previously by
Trivett and Mever (34}, L. monocytogenes lacks a functional succi-
nate dehvdrogenase, required to convert succinate to fumarate.
This presents vetanother disruption in the classical TCA cyde and
would indicate a dead end for the succinate produced by the
GABA shunt pathway. However, their experiments did show ac-
tivity for fumarate reductase. Evidence was presented previously
which showed that fumarate reductase can compensate for a loss
ofsuccinate dehydrogenase (35, 36). This could putatively convert
succinate to fumarate. From here, fumarate can enter the arginine
biosynthetic pathway and thus provides a means of recycling the
carbon for further biosynthesis. [t is also important to note that
while the pathway is a means of biosynthesizing succinate, the
activity of the SSDH enzyme may be important for generating
NAD(P)H that could be coupled to electron transport, as is the
case for plants {37). This provides a means of energy production
for the cell.

[n summary, we have shown that L. morocitogenes EGD-e does
have the capacity to metabolize GABA; via the steps of the GABA
shunt. As we have shown SSDH activity for both Lmo0913 and
LMRG_02013, we propose that these proteins be renamed GabD.
The accumulation of GABA; appears to be important for the sur-
vival of the bacteria under conditions of acid stress. As seen for the
[1200913 mutant strain, a high-levelaccumulation of GABA, leads
to anincrease in the survival rate at a low pH. The regulation of the
metabolism of GABA may therefore be an important aspect of this
survival response. A greater understanding of this pathway may in
the long term give new insights into the mechanisms of acid tol-
erance in this pathogen which can be used to devise improved
tood safety regimes. While additional studies are required to elu-
cidate both secondary enzymes in the pathway and the regulatory
mechanisms involved, we have shown that the GABA shunt path-
way is functional in L. monoecitogenes, providing this pathogen
with a means to synthesize the TCA intermediate succinate.
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