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synthetase derived from Enterococcus italicus
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ABSTRACT: Glutathione is a tripeptide containing a y-amide bond and a sulfhydryl group, which is composed of
glutamic acid, cysteine, and glycine. It possesses various important biological functions such as antioxidation. Its
biosynthesis initially occurs through the action of glutamate cysteine ligase, which catalyzes the linkage of glutamic
acid and cysteine to form y-glutamylcysteine, and then glutathione synthetase catalyzes the addition of glycine to
y-glutamylcysteine to form y-glutamylcysteine glycine. In this study, a strain with high glutathione production was
isolated and identified as Enterococcus italicus through 16S rRNA gene sequencing. The 1600 bp bifunctional glutathione
synthetase encoding gene gshF was obtained by PCR and heterogeneously expressed in Escherichia coli BL21(DE3) using
a pET-22b(+) vector. After purification by Ni column, the molecular weight of bifunctional glutathione synthetase GshF
was determined to be 60 kDa. Enzymatic analysis showed that the optimum reaction temperature of GshF was 37 °C and
the optimum pH was 8.0. Moreover, 30 mmol/l Mg?" significantly enhanced enzyme activity. These results provided a
basis for understanding the mechanism of high glutathione production in E. italicus and offered a new enzyme source

for glutathione biosynthesis.
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INTRODUCTION

Glutathione (GSH), a tripeptide composed of glutamic
acid, cysteine, and glycine, is a vital antioxidant in
cells with diverse biological functions, including detox-
ification, immune modulation, and maintenance of
cellular redox balance [1, 2]. The biosynthesis of GSH
is orchestrated through a two-step enzymatic cascade.
The first step involves the formation of a peptide
bond between glutamic acid and cysteine, a reaction
facilitated by vy-glutamylcysteine synthetase (GshA).
This is succeeded by the formation of a peptide bond
between y-glutamylcysteine (y-Glu-Cys) and glycine,
which is mediated by glutathione synthetase (GshB)
[3,4]. Interestingly, certain Gram-positive bacteria
have evolved a more streamlined biosynthetic pathway,
employing a bifunctional glutathione synthetase GshF
that catalyzes both of these reactions, thereby condens-
ing the GSH synthesis process into a single catalytic
event [5]. This unique feature streamlines the GSH
production process and offers potential advantages in
industrial-scale production.

Lactic acid bacteria (LAB) are a group of Gram-
positive bacteria that ferment carbohydrates to pro-
duce lactic acid, playing a crucial role in food fermenta-
tion and gut health [6-9]. The bifunctional glutathione
synthetase GshF has been identified in several LAB
strains, such as Lactobacillus plantarum, Lactobacil-
lus casei, Streptococcus thermophilus [10,11]. These

studies indicated that the bifunctional glutathione syn-
thetase is typically insensitive to high concentrations
of GSH. Thus, when using GshF for GSH biosynthesis,
the GSH titer could be even higher by alleviating the
feedback inhibition of GSH [10].

In this study, we screened and identified a high
glutathione-producing strain of E. italicus. The bifunc-
tional glutathione synthetase encoding gene gshF was
obtained by PCR and heterogeneously expressed in
E. coli BL21(DE3) using the pET-22b(+) vector. After
purification, the enzymatic properties of GshF were
studied, which laid the foundation for the industrial
production of GSH in the future.

MATERIALS AND METHODS
Strains, medium, culture conditions, and reagents

E. italicus was cultured using MRS Broth (Haibo, Qing-
dao, China) under static condition of 37 °C. E. coli was
cultured in LB Broth (Haibo) under shaking condition
at 37°C. E. coli the strain DH5a was used for plasmid
construction, and the strain BL21(DE3) was used for
protein expression. Bacteria genomic DNA extraction
kit, gel electrophoresis recovery kit and plasmid extrac-
tion kit were purchased from Nanjing Vazyme Biotech
Co., Ltd. (Vazyme, Nanjing, China). DNA polymerase,
primers, dNTPs (dATE dCTB dTTB and dGTP), ddH20;
nucleic acid dye, loading buffer, DNA Marker were
purchased from Takara Biomedical Technology Co.,
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Ltd. (Takara, Beijing, China). Other reagents such as
glutamate, cysteine, glycine, y-glutamylcysteine, and
5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) were pur-
chased from Sigma-Aldrich Company (Sigma-Aldrich,
St. Louis, USA).

Gene cloning and recombinant plasmid
construction

Genomic DNA from E. italicus was isolated utilizing
the Bacteria Genomic DNA Extraction Kit (Vazyme),
serving as the template for the amplification of the gshF
gene. The amplification was conducted using a pair
of primers with the following sequences: the forward
primer 5’-TAAGAAGGAGATATACATATGGATTATCGCG
CACTACT-3' and the reverse primer 5-TGGTGGTGGT
GGTGCTCGAGTTGGCCTATCTCTTCGATTC-3'. The
resultant 2,274 bp PCR product was cloned into the
pET-22b(+) vector employing the One Step Cloning Kit
(Vazyme), and the recombinant plasmid pET22b-gshF
was obtained.

Protein expression and purification

The recombinant plasmid pET22b-gshF was trans-
formed into the E. coli BL21(DE3) cells by the standard
heat-shock method. A single colony was selected
and cultivated at 200 rpm in LB broth containing
50 ng/ml of ampicillin at 37°C for 12 h. Overnight
culture was 50-times diluted in a 250 ml-glass flask
with 100 ml of fresh LB broth. The culture was
grown at 37 °C until the cell density reached an OD,
value of 0.6-0.8. Subsequently, 0.5 mM of isopropyl-
p-D-thiogalactopyranoside (IPTG) was added to the
culture, and the cultivation was continued at 16 °C for
12 h. Bacterial cells were harvested by centrifugation
6,000 g for 10 min, and resuspended in 20 mM sodium
phosphate buffer (pH 7.0) and lysed by ultrasonic
treatment on ice (power 400 W, pulse 5 s, pause 5 s,
cycle 49). Cell debris was removed by centrifugation
at 10,000 g for 10 min at 4 °C, and the filtered super-
natant was subject to a 1 ml Ni-TED column (Sangon,
Shanghai, China) to purify GshE The expression and
molecular weight of GshF in E. coli were estimated by
SDS-PAGE and Native-PAGE.

Enzyme activity assay

In a 1 ml reaction system: 100 mmol/l Tris-HCI
(pH 8.0), 40 mmol/l L-Glutamate, 20 mmol/l L-
Cysteine, 40 mmol/l Glycine, 20 mmol/l MgCl,,
20 mmol/1 ATB and 100 pl of enzyme solution. The
reaction was conducted for 20 min, after which 0.5 ml
of the above mixture was added to 2.5 ml of DTNB
analytical solution, shaken well, and held in a water
bath at 25°C for 5 min. The absorbance at 412 nm
was measured with water as a blank control.

Effect of temperature and pH on enzyme activity

The optimal temperature for GshF was investigated
at temperatures ranging from 20 to 50°C, with in-
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crements of 5°C, in a 50 mmol/l phosphate buffer
solution at pH 7.0. To assess thermostability, the
residual activity of the enzyme was measured after
incubation at 35°C for 3 h. The optimum pH was
determined by testing pH values of 2.0, 4.0, 6.0, 8.0,
10.0, and 12.0 using different buffer systems: citrate
buffer, phosphate buffer, and Tris-HCI buffer, all at
50 mmol/] concentration and at the previously deter-
mined optimal temperature. To evaluate pH stability,
the residual activity was measured after incubating the
enzyme in buffers with pH values of 8.0 for 12 h at 4°C.

Effect of metal ions on enzyme activity

To explore the effect of metal ions on GshE, different
metal ions (Mg?", Co?*, Ca%*, Zn?*, Mn?*, and Fe?")
were added to the purified enzyme solution at a final
concentration of 10 mmol/l. Then, standard enzyme
assays were performed to measure the effect of metal
ions on the activity of GshE In addition, the Mg?"
was added to the purified enzyme solution at a final
concentration of 10, 20, 30, 40, 50, and 60 mmol/1 to
explore the effect on GshE

GSH inhibition experiments

GSH was tested as a competitive inhibitor for both the
glutamate cysteine ligase and glutathione synthetase
activities of GshF using the ADP formation assays [12].
For glutamate cysteine ligase activity, substrate con-
centrations of glutamic acid and cysteine were 25 mM
and 10 mM, respectively. For glutathione synthetase
activity, substrate concentrations of y-glutamylcysteine
and glycine were 5 mM and 25 mM, respectively. GSH
was added to the reaction mixture at concentrations
ranging from 0 to 100 mM.

Statistical analysis

Each experiment was repeated at least three times. The
results were shown as the mean =+ standard deviation
of the mean of 3 independent experiments. Statis-
tical analysis of the data was carried out using one-
way ANOVA (Tukey’s test at p < 0.05) by employing
statistical software (SPSS).

RESULTS
Gene cloning and vector construction

The gshF gene was successfully amplified from the
genomic DNA of E. italicus using specific primers. The
amplified product was confirmed to be within the
expected size range of 2,000-3,000 bp by agarose gel
electrophoresis, aligning with the theoretical length of
2,274 bp (Fig. 1). Despite the presence of additional
bands, the specific band of interest within the range of
2,000-3,000 bp was recovered.

The gshF gene fragment was linked to the pET-
22b(+) vector and subsequently transformed into
E. coli DH5a giving rise to single colonies on LB plates
containing ampicillin. Colony PCR of the single colony
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Fig. 1 PCR amplification of gshF gene from E. italicus.

M
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Fig. 2 PCR determination of recombinant plasmid pET22b-
gshF.

confirmed the successful insertion of the gshF gene,
and the clones produced the expected 2,274 bp frag-
ment (Fig. 2), resulting in the recombinant plasmid
pET22b-gshF.

Bioinformatics analysis of GshF

As shown in Fig. 3, through the homology compari-
son of glutathione synthetase sequences from different
strains, it was found that the GshF of E. italicus has
high similarity with glutathione synthetase from other

° Lactiplantibacillus plantarum (XVN86893.1)

° Streptococcus uberis (WP_431468675.1)

< Streptococcus agalactiae (XVK78198.1)

< Tetragenococcus halophilus (WP_234769332.1)
° Enterococcus italicus GshF

© Enterococcus italicus (WP_251854417.1)

© Enterococcus avium (WP_431415663.1)

< Bifidobacterium adolescentis (KAB5911787.1)
o Enterococcus faecium (XVH28616.1)

° Enterococcus casseliflavus (WP_428207519.1)
° Enterococcus gallinarum (WP_156233810.1)

Fig. 3 The evolutionary tree of E. italicus GshE

Fig. 4 SDS-PAGE (A) and Native-PAGE (B) analysis of the
purified GshF by affinity chromatography.

enterococci strains. Specifically, the similarities with
Enterococcus gallinarum (WP_156233810.1) and Ente-
rococcus casseliflavus (WP_428207519.1) were 65.25%
and 64.99%, respectively. Moreover, GshF showed
relatively high similarity of 60.37% with Bifidobac-
terium adolescentis (KAB5911787.1) and Tetragenococ-
cus halophilus (WP_234769332.1). Nevertheless, the
similarity between GshF and Lactiplantibacillus plan-
tarum (XVN86893.1) was the lowest, at only 25.17%.
The alignment of the amino acid sequences of GshF
from E. italicus and glutathione synthetases from other
strains was provided in Fig. S1.

Expression and purification of GshF

The theoretical molecular weight (Mw) and isoelectric
point (pI) were calculated using the Compute pI/Mw
tool (http://web.expasy.org/compute_pi/). The com-
plete gshF gene had an open reading frame of 2,274 bp,
encoding a protein of 757 amino acids with a calcu-
lated molecular weight of 86.0 kDa and the theoretical
pI of 4.97. To investigate the biochemical properties
of GshE the recombinant plasmid was transformed
into E. coli BL21(DE3), and the resulting recombi-
nant strain E. coli DE3/pET-gshF was induced with
0.5 mmol/1 IPTG at 16 °C. The cells were harvested and
disrupted by sonication in an ice-water bath. The cell
lysate was found fully clear, and no inclusion bodies
were formed, which suggested that the recombinant
GshF was highly soluble. Subsequently, the recom-
binant GshF with a six-histidine tag was purified by
Ni-NTA chromatography, and the purified recombinant
protein were applied to SDS-PAGE to determine the ex-
pression level and molecular mass of GshE SDS-PAGE
analysis revealed a single band within the molecular
weight range of 72-100 kDa (Fig. 4A), which was con-
sistent with the calculated molecular mass (86.0 kDa).
To determine whether GshF has a dimeric structure,
a Native-PAGE experiment was conducted on the re-
combinant protein. Native-PAGE does not involve the
addition of protein denaturants, allowing the protein
to maintain its native structure during the separation
process. As can be more clearly seen from Fig. 4B, the
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purified GshF protein was separated into two distinct
bands after electrophoresis, suggesting that GshF has
a dimeric structure. Next, the purified GshF was used
to study its biochemical properties.

Activity profiles and stability profiles

The optimal temperature for GshF activity was deter-
mined by assaying enzyme activity across a range of
temperatures from 20 to 50°C, revealing maximum
activity at 35°C (Fig. 5A). The stability of GshF at
this optimal temperature demonstrated a gradual de-
cline in activity over time, with the enzyme retaining
approximately 60.3% of its initial activity after 3 h
(Fig. 5B).

To investigate the optimal pH for GshE enzymatic
activity was measured at various pH levels while main-
taining a constant temperature of 35°C. The enzyme
exhibited the highest activity at pH 8.0, with relative
activities of only 52.7% and 43.2% observed at pH 2.0
and pH 12.0, respectively (Fig. 6A). Furthermore,
GshF displayed good stability at pH 8.0, maintaining
around 84.0% of its relative activity over a 12-h period
under these conditions (Fig. 6B).

Influence of different metal ions and GSH

To know the effect of different metal ions on GshF
activity, enzyme assays were conducted in the pres-
ence of various metal salts. The addition of Mg?"
in the reaction induced a significant improvement of
the enzymatic activity, and the relative activity of
GshF increased to 123.2%. However, the presence
of 10 mmol/l Co?* caused a strong inhibition of the
enzymatic activity (Fig. 7A). Since Mg?* has a positive
effect on GshE the influence of Mg?* at concentrations
of 10, 20, 30, 40, 50, and 60 mmol/] on GshF activity
was further investigated. The results showed that the
maximum enzyme activity was observed at 30 mmol/1
of Mg?" (Fig. 7B).

The ability of GSH to inhibit either the glutamate
cysteine ligase or glutathione synthetase activity of
GshF was investigated using GSH concentrations up to
100 mM. No significant inhibition was seen.

DISCUSSION

GSH is a tripeptide consisting of glutamic acid, cys-
teine, and glycine, and holds considerable value in
diverse applications due to its distinctive properties.
In the cellular environment, GSH essentially protects
the cells from a wide range of free radicals, including
reactive oxygen species, lipid hydroperoxides, xeno-
biotic toxicants, and heavy metals [13]. GSH is
also a crucial determinant of redox signaling, vital
for the detoxification of xenobiotics, and regulates
cell proliferation, apoptosis, immune function, and
fibrogenesis [14]. Kennedy et al [15] demonstrated
the significance of glutathione in supporting immune
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function, showing that supplementation can enhance
immune status, particularly in immunocompromised
individuals. Due to its antioxidant nature, GSH is ex-
tensively utilized in the pharmaceutical, cosmetic, and
food industries. Annually, more than 200 tons of pure
crystalline GSH are produced worldwide [16]. The
interest in glutathione and derived products is based
on its reductive character and the resulting diverse
possibilities of medical and industrial application.

The production methods of GSH encompass ex-
traction method, chemical synthesis method, fermen-
tation method, and enzyme method, among which
the fermentation method and the enzyme method are
the most prevalently used [17,18]. The extraction
method mainly refers to the utilization of extraction
and precipitation and other approaches to extract GSH-
rich tissues, but the content of GSH in the tissues is
extremely low, resulting in a low extraction yield and
purity. Harington and Mead described the chemical
synthesis of GSH in 1935, which was commercialized
in the 1950s [3,19]. However, the obtained GSH
is a mixture of L-form and D-form, which is not
easily separable. Fermentation involves the use of
microbial metabolic pathways to synthesize GSH, with
commonly used strains being Saccharomyces cerevisiae,
Pichia pastoris, and E. coli, etc., but the products are not
easily separable and purified, and there are too many
impurities [20-22]. The enzymatic synthesis of GSH is
inherently highly specific and promises high yields as
only the supply of the minimally required substances,
namely, amino acids, ATE and enzymes, is necessary,
which simplifies purification as well [23,24]. The
glutathione synthetase enzyme series includes two-
step enzymes GshA, GshB, and GshE Currently, GshF
is mainly selected because it does not have issues such
as feedback inhibition and intermediate product accu-
mulation, and is not sensitive to GSH [21]. Therefore,
mining GshF from more microbial sources has high
application value and significance.

In this study, the gshF gene of E. italicus was
cloned and expressed in E. coli, and its enzymatic
properties were investigated. The determination of
the optimal temperature and pH for GshF activity of-
fered valuable insights into the enzyme’s performance
under various circumstances. The maximum activity
at 35°C and pH 8.0, along with its stability profile,
indicated that GshF was well-adapted to mesophilic
and mildly alkaline environments. These conditions
are particularly relevant for industrial processes where
temperature and pH control are crucial. The significant
enhancement of GshF activity in the presence of Mg?*
and the inhibition caused by Co?" highlight the sig-
nificance of metal ions in modulating enzyme activity.
The optimal concentration of Mg?* at 30 mmol/l for
maximum enzyme activity provided an understanding
of the enzyme’s metal ion requirements for maximal
activity. These findings are essential for optimizing
reaction conditions in industrial applications and for
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comprehending the mechanism of GshE

In conclusion, the biochemical characterization
of GshF from E. italicus provided a foundation for
understanding its role in glutathione synthesis and its
potential applications in biotechnology. The enzyme’s
temperature and pH optima, stability, and metal ion
sensitivity offer valuable insights for future studies
aimed at enhancing GshF activity and exploring its ap-
plications in the production of glutathione, a molecule
with significant health and industrial benefits.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasial513-1874.2025.
088.
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Appendix A. Supplementary data

E. italicus GshF ~—MDYRALLLEGNVQPFLWKARYGIERESQRVTEAG-QLVVTDHPKALGNRTYHPYIQT DFAETQVELITPVCQSIPELFRYLAATHDVCYRSLEDKEMLWPLSMPPRLPQKEEEIRLA
E. italicus (WP_251854417.1) —MDYRALLLEGNVQPFLWKARYGTERESQRVTEAG-QLVVTDHPKALGNRTYHPYIQT DFAETQVELITPVCQSTPELFRYLAATHDVCYRSLEDKEMLWPLSMPPRLPQKEEETRLA
E. gallinarum (WP_156233810.1) MTLKSLFIQEELRPYLFDGRYGIEREAQRARLDG-SFAGTDHPKALGNRSFHPYIQT DFAENQLELITPVAESSEELFRYLAATHDVAYRSMAPEEMLWPLSMPPALPEKEEDIVIA
E. casseliflavus (WP_428207519.1) ——MKTKTLLSHKELFPYLLKGRYGIEREAQRVRLDG-TFAGTDHPKTLGNRRFHPYIQT DFSENQLELITPVADSVDELFRFLGATHDVAYRSMSAKEMLWPLSMPPALPEKEEDIVIA
1. halophilus (WP_234769332.1) - ———MNVKPILTNKQLKPYLLKARYGVEKESQRVTKAG-DLVATDYPKTLGNRSFHPYIQT DFAETQMELVTPITDSITELFDWLAATHDTAYRSMDSEEMLWPMSMPPALPEVEENTVIA
E. faecium (XVH28616.1) —MMNFKQLLLHVNARPFIDQARFGIEREGQRVDLAG-NLAKTDHPAIFGDRSYHPYIQT DFSETQTEMITPVTDSIPELFQYLAAVYDVTARSIPKEEMIWPLSMPPALPEKDEETTTA
B. adolescentis (KABS911787.1) - ——MNFKQLLKHPSSRPFIDQARFGYEREGQRVNLTG-DLTRTDHPSVFGDRTFHPYIQT DFSETQIELITPVTDSTHELFQYMSATYDVAARSTPENEMIWPLSMPPALPAKDEDIMTA
E. avium (WP_431415663.1) —MNTKKMMTQEKVKPFLLQARYGIEKESQRVTLDG-DLVQTDHPTSVGNRSFHPYIQT DFSETQLELITPVTESVDEVLAYLEATHDVAQRSMPKDEMMWPFSMPPALPENEGDIQIA
. agalactiae (XVK78198.1) ——MITDQLLQRSHSHLPTLQATFGLERESLRTHQPTQRVAQTPHPKTLGSRNYHPYTQT DYSEPQLELTTPTAKDSQEATRFLKATSDVAGRSTNHDEYLWPLSMPPKVR—EEDTQTA
S. uberis (WP_431468675.1) ———MLNQLLQKLPQNTDILEATFGLEREGLRLTQEG-ILAQTDHPKALGSRSFHPYIQT DFSEQQLELITPISQSTQEARRRLGAIFDVAQRSLEEDQVIWPLSMPPY IE—EDQIQLA
L. plantarum (XVN86893.1) MEL I)AWKATV QYHLVPLVHQANLGLEVTMHRVDDHG-HLATTAHPQAFGSAQQNHQLRP CFSA%I KFTTPVRRDTPALI MA\] KCI NTAARRSLDADERLWPLSSTPVLPDDLTNVPLA

ik * Lk R Uk Do Dok Do Rk L ek koo ok
E. italicus GshF KLEKFEDVLYRRYLAKTYGRRKQUMSGTHFNFEFGDELLQ—RMFAQQTEEKDYQQFKTD VYLKVTRNYLSYRWF ITYLFGASPLSEPNFEFVGAAGPKEPVRSLRNS -SFGYKNHDDVQV
E. italicus (WP_251854417.1) KLEKFEDVLYRRYLAKTYGRRKQUMSGTHFNFEFGDELLQ—RMFAQQTEEKDYQQFKTD VYLKVTRNYLSYRWFITYLFGASPLSEPNFFVGAAGPKEPVRSLRNS—-SFGYKNHDDVQV

£. gallinarum (WP_156233810.1) - K| DRFEDVLYRRFLARTYGRRKQMVSGIHFNFEFGDDFLR—KLFTK-SSETDYRRFKTE LYLKVTRNYLHYRWFLTYFFGATPQTEANYFMVGSGPQEPVRSIRNS-RYGYTNHTDVNY
E. casseliflavus (WP_428207519.1) KLDQFEDVLYRRYLAKTYGRRKQMVSGTHFNFEFAEDFLQ—QLYALSETKESFQTFKTA LYLKVTRNYLHYRWFLTYFFGATPASEANYFTTENGPQEPVRSIRNS-RYGYTNHEDVKV
I halophilus (WP_234769332.1) - K] DNFEDVLYRRFLAMSYGRRKQMVSGIHFNFEFDDEMVR—KMFELQDEYKNYHQFKSE VYLKVTRNYLHYRWFATYFFAASPLSGPHYFNGHERPEEPVRS TRNS-KYGYQNHDDVKV

E. faecium (XVH28616.1) KLKNFEDVLYRRYLAKEYGKRKQUVSGTHFNFEFGDELLR—TLFSHQEEFQDFSEFKTE LYLKTARNFMRYRWMITYLFGASPMSEKNYFLDESHPQEPVRSIRNS—ALGYTNHPNVKV
B. adolescentis (KAB5911787.1) - KLANFEDVLYRRYLAKEYGKRKQMVSGIHFNFEFGDDLLR—SLFVQQTEFSEFAAFKTE LYLKTARNFLRYRWLITYFYGASPLSEANYFIDKPAPNEPVRSTRNS—-SYGYTNHPNVKV
E. avium (WP_431415663.1) KLERHADVLYRRYLAREYGKRKQWVSGTHFNFEYGLDLTR—QLYLACEEEVSMEVFKTR LYMKIARNFLRYRWLLTYLFGASPLSEARYFDDEDRPKEPVRSIRTS-HYGYVNKPDVQV
S. agalactiae (XVK78198.1) QLEDAFEYDYRKYLEKTYGKLIQSISGIHYNLGLGQELLT—~SLFELSQADN-AIDFQNQ LYMKLSQNFLRYRWLLTYLYGASPVAEEDFLN—QKLNNPVRSLRNS-HLGYVNHKDTRT
. uberis (WP_431468675.1) KLDKAEEVRYREQLAQTYGKKLQSTSGTHYNTELGKNLTQ——NLFALSDQED-LKDFKNA IYMKLARQFLNYQWLVTYLFGASPLAEKDFYP—QMPTELVRSLRASRRYGYSNHEELST
L. plantarum (XVN86893.1) DV DQVS-YQRRRDLARKYELQRLMTTGSHV! \MSLNEALFTRL! TETFHQQYHSYVDFRNA TYLKVAQGLVRMNWLTQYL! FF ASPR————— LAVTDTTSRPQRSSVQHPDGRY: SQ\ TG
k. ok % Dk ok ok krooookok 11 kr krokok % % .
E. italicus GshF RYDTLTHYLEDLQQMVEDGKLSEEKEFYSSVRLRGGKKVSDLEQVGTHY TELRNLDLNPF APYGISEEQVAFLHLYLLFLLVKEEV—TDEKATKK-GSLKNNVVSLEHPLQESAYQEEA
E. italicus (WP_251854417.1) RYDTLTHYLEDLQQMVEDGKLSEEKEFYSSVRLRGGKKVSDLEQVGIHY IELRNLDLNPF APYGISEEQVAFLHLYLLFLLVKEEV——TDEKATKK-GSLKNNVVSLEHPLQESAYQEEA

E. gallinarum (WP_156233810.1)  SYASLETYLADTAELVETGKLSEEKEFYAPVRLRGGQKVADLATAGTRYTELRNTDINPF EMYGISQDQVKFLHLFLLYLATKEEG——ADADAWVEEGNRKNNQVALEHPLNQTIYLEEA
E. casselifiavus (WP_428207519.1) SYASLETYLADIAKLVETGKLSEEKEFYAPVRLRGGKRVADLASAGIRY IELRNIDIDPF ARYGISKEQVAFLHFFLLFLSTKEEG——SDADAWIEEGNQKNDQVALEHPLAPLTYQQEA
T. halophilus (WP_234769332.1) - TYRSVEEYVADTQQMVEEGKLSEEKEFYAPVRLRGGKSVADLANKPVRYTELRNTDLDPY QPYGISKEEVEFFHIFMLFLLWTDEK—AEADEWVFQGDQLNELVSLESPLSQTACYDEA

E. faccium (XVH28616.1) SYASMKQYLADIERMIEEGKLSEEKEFYTPLRFRGGKKVADLATTGVRY IELRNIDLNPY ARLGTNPEQVRFLQLFLMYMLWTEEK—EDCDQWVAEGTTRNNKVALEQPSDQTEFHQEG
B. adolescentis (KAB5911787.1)  SYASMEQYLFDTEKMVEEGKLSEEKEFYTPLRFRGGKRVADLAKTGVRYTELRNTDLNPN ARLGIDQEQVRFLQLFLTYMLWT! {AADQWVEEGTRKNEIVSLEHPLNQTEFIEEG
E. avium (WP_431415663.1) SYETLSRYSEDLAENVALGRLSEEKEFYAPTRMRGGKKVADLFHTGIRYVELRNIDLNPE DRVGTDAAETEF THLEMLYLLWTDEK—LPADEWVAEGNRTSDVVSLENPAKTTAYLTEG
S. agalactiae (XVK78198.1) SYTSLKDYVNNLENAVKSGQLTAEKEFYSPVRLRGSKSCRNYLEKGI TYLEFRTFDLNPF SPIGITQETVDTVHLFLLALLWIDSS——SHIDQDIKEANRLNDL IALSHPLEKLPNQAPV
S. uberis (WP_431468675.1) SFSSLGNYVKDMENALNTGILSLEKEFYSPVRLRGSKHSRDYLSEGITYLEFRNFDINPF DKLGISQKTLDSFHLFLLSLLWLDDL—KDSDQELTKARQINEEVALSHPMSPLPDPELA
L. plantarum (XVN86893.1) DYTSIDRYV. AKLTAAVRQQQLLS\' NDFDGPVRLRSNGQLAMMARQGVYYLEYRGLDLDPT SPVGVDANAVAFV! RLLASY F\ MMPALPAKMYVSQVNAQADQLTRQVLGENPTTASAQAVPA
Doorox o I Dok ok sk k *: : . A
E. italicus GshF KALFAELKTFIQTTNMDVS-EELLEQVQQAIEDPTKTLAGRWYQQAKQQTQAKEATAIGE SYEQKAWEKPYQLAGFRSMELSTQILLFDAIQKGLSVNVLDEEDQFVQLSAQEHVEYVKN
E. italicus (WP_251854417.1) KALFAELKTFTQTTRMDVS .EQVQQATEDPTKTLAGRWYQQAKQQTQAKEATATGK SYEQKAWEKPYQLAGFRSMELSTQTLLFDATQKGLSVNVLDEEDQFVQLSAQEHVEYVKN

E. gallinarum (WP_156233810.1)  KAVAEELIAFAKEISLPT—MPLLDQLLPMLEDPGKTFAGRLYQASQRSSQAQVATELGYV SYHQVAWEKPYQLAGFTNMELSTQILMFDAIQKGLKVEVLDESDQFLKLS IDEHVEYVKN
E. casseliflavus (WP_428207519.1) QALTTEMMDFAQALELPH—PPFLDQLSEMLAEPERTFAGRLFSASQATSQAQTATVLGQ KYHQAAWEKPYQLAGFRAMELSTQTLLFDATQKGTEVTVLDETDQFLKLAVKDHTEYVKN
T. halophilus (WP_234769332.1)  QKLLAEIRSFVAQTGLNVS-TEILDHLEEMLEDPAKTLAGRIYLASKETSQKELAVQQGL SYYRKAWQAPYQLAGFTDMELSTQIFLFDATQKGLQVEVLDRADQFLKLTAQDHTEYVKN

E. faccium (XVH28616.1) RETLEGMKQMLVELDWLDS-LYLVEEALTQMDHPEQTLAAKLYQEAQLSSQQEVAVALGH QYYKESHERPYQLAGFREMELSTQTFMFDATQKGVQVKVLDESDQFLRLQFQDHVEYVKN
B. adolescentis (KABS911787.1)  RYLLTDMKKMALELEQLEA-LPLIEKMLEELERPSETLAGTIYQAAKESSQHQFATSLGL SYYQKAHERPYQLAGFREMELSTQILLFDAIQKGIEVKV IDESDQFLRLQHHDHIEYVKN
E. avium (WP_431415663.1) QATFAEMLQMVDELETEG—AELLKKYQAWLDYPEETLAARTLALDEANGQAAVATELGR KFYEQAWAYPYQLAGFQEMELSTQNLLFDATQKGIETEVLDRQDQFVKLQHDEHQEFVKN
S. agalactiae (XVK78198.1) SDLVDAMQSVIQHFNLPPYYQDLLESVKRQIQSPKLTVAGQLLEMIEGLSLETFGQRQGQ IYHDYAWEAPYALKGYETMELSTQLLLFDV IQKGVNFEVLDEQDQFLKLWHNSHIEYVKN
. uberis (WP_431468675.1) RPVLKAMTELIQHFGLDAYYQDLVADLELAIKEPERTISGHLFGKIANASLAAFGLDQAK TYHQEATQAPYALKGYESMELSTQMLMFDAIQKGLHLDILDENDQFLKIWHGDHVEYVKN
L. plantarum (XVN86893.1) Vi QV LDALADF\ KTYGLPNEDAV] LLKQLKSRVTDPKKTLSAQIA\IQ ADP———LAWALERAA RY QESSNERPFELAGFT! ALDLSSQQLAQQALTRG\’ QVDVVDPHANTLRLTKLGRSQLVVN

* ok : : ok ok clksk o ok Dk rine R
E. italicus GshF ANMTSKDTY IAPLIMANKTVTKKVLAQAGEVVPSGGEYESEEQALAAFHEYSDHGEVVKP KTTNYGLG LS IFKDTPAFADFQEAVRIAFAEDTAILIEEFLPGTEYRFFVIDGQVKAILL
E. italicus (WP_251854417.1) ANMTSKDTYTAPLIMANKTVTKKVLAQAGFVVPSGGEYESEEQALAAFHEYSDHGFVVKP KTTNYGLGISTFKDTPAFADFQEAVRTAFAEDTATLIEEFLPGTEYRFFVIDGQVKATLL

L. gallinarum (WP_156233810.1) -~ ANMTSKDRY IVPLIMANKTVTKKILAENGFRVPAGAEFATVEKALAAYPQFADKGFVVKP KTTNYGIGISIFKDGASLEDYQAAVRLAFAEDQSILVEAFLAGTEYRFFVIDGQVEAILL
L. casseliflavus (WP_428207519.1) ANMTSKDQY TVPLIMANKTVTKKTLAENGFHVPSGAEFASAEEATAFYPQTAHSGFVVKP KTTNYGIGISTFKEGASLADYQAAVATAFAEDDSTLVETFLSGTEYRFFVIDGRVDATLL
I halophilus (WP_234769332.1) - GNMTSKDTYITPLMMENKTVTKKLLQRAGFKVPQGKEFTDKKAAYSSYEEFRDKGIVVKP KSTNYGLGITVFKDGTNEKDY IKATDTAFAEDSSVLVEEFLAGTEYRFFVVGDQVKAVLL

E. faecium (XVH28616.1) ANMTSKDSYIVPLIMENKTVTKKVLKEAGFRVPGGAEFSSMEEAVKAYPRFAEQAFVIKP KSTNYGLGITIFKEGASLEDYQAGLATAFREDSSVLVEEFMPGTEYRFFVIDGEVQAIML
B. adolescentis (RABS911787.1) - ANMTSKDSYTVPLIMENKTVTKKVLREAGYRVPNGAEFTTMEEAVKAYPRFANKAFVIKP KSTNYGLGITIFKEGADLVDYQAGLATAFSEDRSTLVEEFMPGTEYRFFVIDGKVKATML
E. avium (WP_431415663.1) GNMTSKDTYIAPLLMANKTVTKIVLSRAGFRVPDGETFGSMDDAKKAYPRFAQKAFVIKP KSTNYGLGITIFKGETSITDFNAGLALAFAEDDEITTEEFLPGTEYRFFVIDHQVKAVLL
S. agalactiae (XVK78198.1) GNMTSKDNYTVPLAMANKVVTKKTLDEKHFPTPFGDEFTDRKEALNYFSQTQDKPTVVKP KSTNFGLGTSTFKTSANLASYEKATDTAFAEDSATLVEEY TEGTEYRFFVLEGDCTAVLL

S. uberis (WP_431468675.1) GNMTSRDNYVVPLAMANKTVTKKILDQAGFPTPKGQEFASKDQAIRYFNQIADKAIVVKP KSTNFGLGISIFQKPASQADYEKAVEIAFAEDRDILVEEFIAGTEYRFFTLNGKCEAVLL
L. plantarum (XVN86893.1) GSGTDLNPQALTTVLTHKAAAKQTL. AFHFVPVPAQQTYHTANQI TAD\ DRYVQAGG TVI K AADES-HKVTVFRTMPERGLI FFQWRQI FEQTSAVMAEEVVVASSYRFLVIDGRVQATVE
*o P R o PR H orkr : : * 1 N *i
E. italicus GshF RVPANVVGDGVHSIAELVAEKNNDPLRGTNHRAPLECIQLGDLEKLMLKEQGYTPTAVPE EGVTVYLRENSNVSTGGDSIDVTDEFPEDYKELAISAVAALGAVISGIDLIIPDK-NQSA
E. italicus (WP_251854417.1) RVPANVVGDGVHSTAELVAEKNNDPLRGTNHRAPLECTQLGDLEKLMLKEQGYTPTAVPE EGVTVYLRENSNVSTGGDSTDVTDEFPEDYKELATSAVAALGAVISGIDLITPDK-NQSA

E. gallinarum (WP_156233810.1) - R]PANVIGDGRRTIKELVAEKNTDPLRGTHHRTPLEKIQLGELEQLMLKEQGYHIDSVPE KGQIVYLRENSNISTGGDSIDVTDQENDDYKKIAADAVTALQARISGIDLIIPDK-EKPA
E. casselifiavus (WP_428207519.1) RTPANVVGDGKRTTTELVAEKNLDPLRGTHHRTPLELTQLGELEQLMLKEQGYQVDSVPE EGQTVYLRENSNTSTGGDSTDVTDDFNDDYKQVAVDAVAALQASTSGTDLTTPDK-TKPA
T halophilus (WP_234769332.1)  RVPANVSGDGKHS IKELVDRKNDDPLRGENHRTPLEK IHLGQSEQFVLQEQGYQIDS IPN QGET IYLRDNSNVSTGGDS IDMTDAFTDDYKQIAVEVAQTLGAALCGIDMIITDI-NLPA

E. faecium (XVH28616.1) RVPANVIGDSTRTVKELVEEKNSDPLRGTNHRAPLELTQLGELEQLMLKEQGLTTESVPQ ANQTVYLRENSNTSTGGDSTDMTDEFSEAYKKTAVSAVEALGAKTSGIDLITPDKETDPT
B. adolescentis (RABS911787.1) - RKPANVVGDGQRTVAELVAEKNLDPLRGTNHRAPLELIQLGELEQLMLKEQGLTVSSVPQ KDQVVYLRENSNISTGGDS IDVIDEFSESYKQIAVSAVEALGAKISGIDLIIPDKEVAPE
E. avium (WP_431415663.1) RIPANVIGDGERSTEELVAEKNDNPLRGTNHRSPLEKIQLGDLEQLMLKEQGLRIDSTPE KGQQVFLRENSNVSTGGDSIDVTDDTHESYKQLAVDAVEVLGASTSGIDLITPDK-DKPY
S. agalactiae (XVK78198.1) RVAANVVGDGIHTISQLVKLKNQNPLRGYDHRSPLEVIELGEVEQLMLEQQGYTVNSIPP EGTKIELRRNSNISTGGDSIDVTNTMDPTYKQLAAEMAEAMGAWVCGYDLIIPNTTQAYS
S. uberis (WP_431468675.1) RLPANVVGDGIHTVKELIDLKNQNPLRGLDHRSPLEKIQLGDIEKLMLAQEGYGPDSVLA KGVKVELRRNSNISTGGDSVDMTDEMDPSYKALAAQMADAMGAWVCGVDLITPDPSQKAS
L. plantarum (XVN86893.1) RIPANIVGDGRSTV] KTLLDRKNGRALRGTAFKV\PQSALQLGTIERY RLDSY] HLTLDS\’ VS RGTQILLREDATFGNGADVLDATADMHQSYVQAVEKLVADLHLA A\ AGV] D\/MIP\LYAELV
s ek ok, 1ok ok sekk ook | rokk ok k| Dok rnLkok tkok o % TR

E. italicus GshF SNP-GAYGTTEANFNPAMHMHVFPYSGAGQRLTMDVLKLLFPERTEETGQ

E. italicus (WP_251854417.1) SNP-GAYGIIEANFNPAMHMHVEPYSGAGQRLTMDVLKLLFPERIEEIGQ

£. gallinarum (WP_156233810.1) - EDP-GAYGTTEANFNPAMHMHT YPYQGQSRRL TMSVLKLLFPERF—
L. casseliflavus (WP_428207519.1) NEP-GAYG L IEANFNPAMHMHVYPYSGKGRRLTMSVLRLLFPEV
I halophilus (WP_234769332.1) - SSS-DVYGT TEANFNPMMHMHCYPFEGKGRRLTMDTLKLLYPDFTQRKGP

E. faccium (XVH28616.1) TDK-KAYGILEANFNPAMIMHVYPFAGKGRRL TMNVLKLLYPEVF

B. adolescentis (KABS911787.1)  NSA=TAYGTTEANFNPAVHMHVYPFAGKGRRLTLDVLNLLYPELNTLTQN

E.avium (WP_431415663.1)  ETH-EDYGITEANFNPMMHMHIYPYAGKSRRLTLDVLRFLYPEMTT -~

S agalacriae (XVK78198.1)  KDK-KNATCTELNFNPLMYMHTYCQEGPGQSTTPRILAKLFPEL———

. uberis (WP_431468675.)  LEE-PNCHCTELNFNPSMYMHTYCQEGPGQATTPKILQALFPELPTYP—

L plantarum (XVN86893.1)  PEHPEMAVYLGTHAAPYLYPHLFPMFGTAQPVAGQLLDALFKNED——
B * ook *® 0o kookr oo

Fig. S1 The alignment of the amino acid sequences of GshF from E. italicus and glutathione synthetases from other strains.
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