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Background: Listeria monocytogenes has two putative agmatine deiminase homologs, AguAl and AguA2.

Results: Only AguAl, but not AguA?2, acts as functional agmatine deiminase and mediates acid tolerance in L. monocytogenes.
Conclusion: Provided is the first biological insight into the roles of AgDI in acid tolerance of L. monocytogenes.

Significance: We have discovered a novel residue Gly-157 other than the known catalytic triad (Cys-His-Glu/Asp) critical for

L. monocytogenes AgDI activity.

Listeria monocytogenes is adaptable to low pH environments
and therefore crosses the intestinal barrier to establish systemic
infections. L. monocytogenes aguA 1 and aguA2 encode putative
agmatine deiminases (AgDIs) AguAl and AguA2. Transcription
of aguA1 and aguA2 was significantly induced at pH 5.0. Dele-
tion of aguA 1 significantly impaired its survival both in gastric
fluid at pH 2.5 and in mouse stomach, whereas aguA2 deletion
did not show significant defect of survival in gastric fluid. With
agmatine as the sole substrate, AguA1 expressed in Escherichia
coli was optimal at 25 °C and over a wide range of pH from 3.5 to
10.5. Recombinant AguA2 showed no deiminase activity. Site-
directed mutagenesis revealed that all nine AguAl mutants
completely lost enzymatic activity. AguA2 acquired AgDI activ-
ity only when Cys-157 was mutated to glycine. AguA1 mutation
at the same site, G157C, also inactivated the enzyme. Thus, we
have discovered Gly-157 as a novel residue other than the known
catalytic triad (Cys-His-Glu/Asp) in L. monocytogenes that is
critical for enzyme activity. Of the two putative AgDIs, we con-
clude that only AguAl functionally participates in the AgDI
pathway and mediates acid tolerance in L. monocytogenes.

Listeria monocytogenes is a Gram-positive food-borne patho-
gen that causes listeriosis with high mortality (1, 2). The bacte-
rium is resistant to acidic environments where it encounters
acidic food, such as processing environments, the stomach,
and phagosomes of macrophages (3, 4). Agmatine deiminase
(AgDI)? pathway is an acid tolerance mechanism described in

* This study was supported by National Natural Science Foundation of China
Grants 31101829 and 31272570 and Natural Science Foundation of Zheji-
ang Province Grant Q12C190019.

I This article contains supplemental Tables ST and S2 and Fig. S1.

" To whom correspondence should be addressed: Inst. of Preventive Veteri-
nary Medicine, Zhejiang University, 388 Yuhangtang Rd., Hangzhou, Zhe-
jiang 310058, China. Tel. and Fax: 86-571-88982242; E-mail: whfang@
zju.edu.cn.

2 The abbreviations used are: AgDI, agmatine deiminase; ADI, arginine deimi-
nase; BHI, brain-heart infusion; SOE, splice overlap extension.

26606 JOURNAL OF BIOLOGICAL CHEMISTRY

bacterial species like Enterococcus faecalis or Streptococcus
mutans (5, 6). AgDI converts agmatine into putrescine and
ammonia upon catalyzation (5, 7, 8). Agmatine enters bacterial
cells via an agmatine-putrescine antiporter (aguD), where it is
hydrolyzed to N-carbamoylputrescine by agmatine deiminase
(EC 3.5.3.12) (9). Putrescine carbamoyltransferase (EC 2.1.3.6),
encoded by aguB, mediates phosphorolysis of N-carbamoylpu-
trescine, producing putrescine and carbamoylphosphate (10).
Finally, a carbamate kinase (EC 2.7.2.2) transfers the phosphate
group from carbamoylphosphate to ADP (Fig. 14) (11). This
pathway is thought to play an important role in acid resistance
and competitive survival of Lactobacillus brevis (8).

AgDI is a member of the guanidinium-modifying enzyme
family that hydrolyzes the guanidinium groups of agmatine,
arginine, or methylarginine to form the ureido-containing
derivatives (12). All enzymes of the guanidinium-modifying
enzyme family contain a highly conserved catalytic triad (Cys-
His-Glu/Asp), which plays a significant role in catalysis and
substrate binding (12, 13).

The putative AgDI pathway in L. monocytogenes is encoded
by the agu operon (14). There are two homologs, AguAl and
AguA2, coded for by aguA1l and aguA2, respectively (Fig. 1B).
Sequence alignment of L. monocytogenes AgDI homologs to those
from other species indicates that Asp-94, Glu-155, His-216, Asp-
218, and Cys-356 might be the corresponding catalytic residues in
both AguAl and AguA2. Listerial AguA1l was initially annotated
as a putative peptidyl-arginine deiminase (14). Homology analysis
reveals that AguA1 is actually an AgDI of the guanidinium-modi-
fying enzyme family. Our previous study showed that this mole-
cule was involved in acid tolerance because deletion of aguAl
(Imo0038 in strain EGD) led to reduced survival in acidic brain
heart infusion broth at pH 4.0 (15).

This study further characterized the biochemical and cata-
lytic properties of two AgDI homologs of L. monocytogenes,
AguAl and AguA2, and their roles in acid stress response. We
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FIGURE 1. The AgDI pathway and organization of the gene cluster in L. monocytogenes. A, the AgDI pathway. Agmatine is first hydrolyzed to form
N-carbamoylputrescine by AgDI. N-Carbamoylputrescine is then converted into putrescine and carbamoylphosphate by putrescine transcarbamoylase.
Carbamate kinase (CK) then catalyzes the phosphate moiety in carbamoylphosphate to ADP, forming ATP as well asammonia and CO,. B, genetic organization

of the L. monocytogenes agmatine deiminase gene cluster.

conclude that aguAl, but not aguA2 of L. monocytogenes,
encodes a functional agmatine deiminase that contributes to
acid tolerance, thus adding an additional acid stress response
mechanism of L. monocytogenes other than the two well known
glutamate decarboxylase and arginine deiminase (ADI) systems
(10, 16-19).

MATERIALS AND METHODS

Chemicals—Agmatine sulfate, L-arginine monohydrochlo-
ride, L-citrulline, diacetyl-monoxime, and thiosemicarbazid
were purchased from Sigma-Aldrich. N-Carbamoyl-putrescine
was synthesized by the Institute of Pesticide and Environmental
Toxicology or Zhejiang University. All other chemicals of ana-
lytical reagent grade were obtained from commercial sources.

Bacterial Strains, Plasmids, and Culture Conditions—L. mono-
cytogenes 10403S was used as the wild-type strain. Escherichia coli
DH5a was employed as the host strain for plasmids pMD18-T
(Takara, Dalian, China), pET30a(+) (Merck), pERL3 (10) and
pKSV7 (15, 20). L. monocytogenes was cultured in brain-heart
infusion (BHI) medium (Oxoid, Hampshire, England). E. coli
DH5« and Rosetta (DE3) (Merck) were grown at 37 °C in LB
broth (Oxoid). Stock solutions of ampicillin (50 mg/ml), eryth-
romycin (50 mg/ml), kanamycin (50 mg/ml), and chloram-
phenicol (50 mg/ml) were added to the medium, where appro-
priate, at required levels.

Bioinformatic Analysis—The amino acid sequences of AguAl
and AguA2 of L. monocytogenes and its homologs in other
microbial species were obtained from the National Centre for
Biotechnology Information database. The sequences were
aligned with Clustal X. Phylogenetic tree was constructed using
the neighbor-joining method. The known crystal structure of
E. faecalis agmatine deiminase (Protein Data Bank code 2JER)
was acquired from the Protein Data Bank. Putative models of
AguAl and AguA2 were constructed using SWISS-MODEL
Workspace (21-23).

Transcriptional Analysis Using Quantitative PCR—L. mono-
cytogenes 10403S was grown to the stationary phase (Agqq =
0.6) in BHI broth at 37 °C and then exposed to acidic conditions
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(pH 5.0) and neutral conditions (pH 7.0), respectively, for 60
min. Total RNA was extracted using the TRIzol method, and
c¢DNA was synthesized with reverse transcriptase (TOYOBO,
Osaka, Japan). Quantitative PCR was then performed in 20-ul
reaction mixtures containing SYBR quantitative PCR mix
(TOYOBO) to measure transcriptional levels of aguAl and
aguA2 using an iCycler iQ5 real time PCR detection system
(Bio-Rad) with specific primer pairs (supplemental Table S1).
The housekeeping gene gyrB was used as an internal control for
normalization as previously described (10). Relative transcrip-
tion levels were quantified by the 2~ **“T method and shown as
relative fold changes in comparison with that at pH 7.0 (24).
Transcriptional analysis was repeated for three times on each
test condition.

Construction of Deletion Mutants—Genomic DNA of
L. monocytogenes 10403S was extracted as described previously
(25, 26). A homologous recombination strategy with SOE-PCR
procedure was used for in-frame deletion to construct aguAl
and aguA?2 single and double deletion mutants as described
previously (15, 27). The DNA fragments containing homolo-
gous arms upstream and downstream of aguA1 or aguA2 were
obtained by PCR amplification of 10403S DNA templates using
the SOE primers (supplemental Table S1). Each of the SOE-
PCR products with deletion of aguA 1 or aguA2 was cloned into
the temperature-sensitive shuttle vector pKSV7, which was
then transformed into E. coli DH5a. The recombinant vectors
containing the target gene deletion cassettes were confirmed by
sequencing. A previous protocol was followed for deletion of
the targeted genes via allelic exchange (27). Briefly, the compe-
tent L. monocytogenes 10403S cells were electroporated with
one of the vector constructs. Transformants were grown at a
nonpermissive temperature (41 °C) in BHI medium containing
chloramphenicol (10 pg/ml) to promote chromosomal integra-
tion, and the homologous recombinants were passaged succes-
sively in BHI medium without antibiotic at a permissive tem-
perature (30 °C) to enable plasmid excision and curing (28). The
recombinants were identified as chloramphenicol-sensitive
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colonies and confirmed by PCR and DNA sequencing. The sin-
gle deletion mutants AaguAl and AaguA2 were generated ini-
tially. The mutant strain AaguA1l was used in a second round of
mutagenesis to construct the AaguAlAaguA2 double deletion
mutants.

Complementation of aguAl Deletion—To complement the
L. monocytogenes AaguA1l strain, the aguAl ORF with its pro-
moter region was amplified from 10403S using primer pairs
aguAl-w/x and aguAl-y/z by SOE-PCR (27) (supplemental
Table S1). After restriction with appropriate enzymes, the PCR
fragment was cloned into pERL3. The resulting plasmid was
then electroporated into L. monocytogenes AaguA 1. The regen-
erated cells were plated on BHI agar containing erythromycin
(5 pg/ml). The complemented strain was designated as
L. monocytogenes AaguAl+aguAl.

Survival in Synthetic Gastric Fluid—Stationary phase cultures
of L. monocytogenes 10403S, mutants (AaguAl, AaguA2, and
AaguA1AaguA2), and complemented strain AaguAl-+aguAl
were harvested, washed in PBS, and resuspended in synthetic
human gastric fluid (8.3 g/liter of proteose peptone, 3.5 g/liter of
p-glucose, 2.05 g/liter of NaCl, 0.6 g/liter of KH,PO,, 0.11 g/li-
ter of CaCl,, 0.37 g/liter of KCI, 0.05 g/liter of bile, 0.1 g/liter of
lysozyme, and 13.3 mg/liter of pepsin; adjusted to pH 2.5 with
HCI) as described previously (16). After 30 min of incubation at
37 °C, the survival bacterial cells were plated onto BHI agar
after appropriate dilutions. The plates were incubated at 37 °C
for 24 h, and survival rates are reported as the means of three
independent experiments, each performed in duplicate.

Survival in Mouse Stomach—ICR mice (20 £ 2 g, female)
were divided into five groups (eight mice per group) and accli-
mated for 3 days before experiments. Feed was removed 12 h
prior to intragastric inoculation. Two-hundred ul of listerial
cells containing 4 — 6 X 108 CFU of wild-type, mutant, and com-
plemented strains grown overnight in BHI medium at pH 7.0
was administered to mice of corresponding groups by intragas-
tric inoculation using a ball-tipped gavage needle. At 1 h after
inoculation, the stomach samples were separated and homog-
enized in sterile PBS (10 mm, pH 7.4). Serial dilutions of the
homogenates were plated on PALCAM (Listeria selective
medium) (Lugqiao, Beijing, China) agar (29). The plates were
incubated at 37 °C for 24 h for colony counting. A group of eight
mice from the same batch was left uninoculated as controls that
did not show visible colonies on PALCAM agar. The results
were expressed as means * S.E. of log,, CFU per stomach for
each group. The animal experiments were approved by the Lab-
oratory Animal Management Committee of Zhejiang Univer-
sity (approval no. 20111025).

Prokaryotic Expression and Purification of AguAl and
AguA2—AguAl and AguA2 were expressed as fusion proteins
to the N-terminal His tag using pET30a(+) as the expression
vector. E. coli Rosetta (DE3) was used as the expression host.
The full-length ORFs of aguAI and aguA2 were amplified with
primer pairs aguA1-exp-F/R and aguA2-exp-F/R (supplemen-
tal Table S1), respectively, and then inserted into the
pET30a(+) vector after restriction digestion. The resulting
plasmids were designated as pET-aguAl and pET-aguA2.
E. coli cells harboring the recombinant plasmids were grown in
500 ml of LB medium supplemented with 50 wg/ml kanamycin
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at 37 °C until the cultures reached 0.6-0.8 at A, Isopropyl
B-D-1-thiogalactopyranoside was then added to a final concen-
tration of 0.4 mm to induce expression of AguA1l and AguA2 for
12hat15°C.

The His-tagged fusion proteins AguAl and AguA2 were
purified using the nickel-chelated affinity column chromatog-
raphy. Briefly, isopropyl B-p-1-thiogalactopyranoside-induced
cell pellets were collected, resuspended in 50 mm PBS (pH 7.4),
and disrupted with 100 cycles of sonication at 300 W for 5 s with
intermittent cooling on ice for 10 s (25 min in total). After
centrifugation at 12,000 X g for 20 min, the supernatant sam-
ples were collected and loaded onto a 2-ml prepacked nickel-
chelated agarose gel column (Weishi-Bohui Chromtotech Co.,
Beijing, China). The columns were washed with PBS containing
500 mm NaCl and 30 mm imidazole, and the bound proteins
were eluted with a linear gradient of 25-500 mM imidazole pre-
pared in the same buffer. Expression and purification of recom-
binant proteins was analyzed by 12% SDS-PAGE followed by
Coomassie Brilliant Blue staining. Protein concentration was
quantified using the Bradford method for AgDI activity and
kinetic assays. The purified enzyme AguA1l was stored in 50%
glycerol at —80 °C.

Site-directed Mutagenesis—To identify the predicted active
sites of AguA1l and AguA2, single site-directed mutants D94A,
D94E, E155A, E155D, H216A, H216R, D218A, D218E, G157C,
and C356A mutants for AguAl and Y47F, C157G, F196L,
N236D, and H360Q for AguA2 were generated on the vector
template pET-aguAl or pET-aguA2 using the QuikChange
site-directed mutagenesis kit (Agilent, Santa Clara, CA) and the
oligonucleotide primers (supplemental Table S2). The template
DNA was removed by digestion with Dpnl (TOYOBO) for 2 h
at 37 °C. All mutants were sequenced to ensure that only the
desired single mutations had been incorporated correctly into
the wild-type expression constructs. The mutant proteins were
expressed and purified as described above.

Enzyme Kinetic Assays of AguAl and AguA2—The AgDI
activity was assayed by monitoring production of ureido-con-
taining compounds (30-33). Ureido groups (i.e., citrulline and
N-carbamoylputrescine) could react with diacetyl-monooxime
under strong acidic conditions to generate a colorimetric
chemical that absorbs at 530 nm. The coloring reagent consists
of 1 volume of solution A and 3 volumes of solution B (solution
A: 80 mmM diacetyl-monoxime (Sigma) and 2.0 mm thiosemicar-
bazide (Sigma); and solution B: 3 m H;PO,, 6 M H,SO,, and 2
mm NH,Fe(SO,),) (32). N-Carbamoylputrescine or citrulline
formation was quantified from the calibration curves of refer-
ence chemicals at A53g -

The Michaelis-Menten kinetic curve was determined by
incubating 2.5 um purified enzyme with varying amounts of
agmatine (0—10 mm) in the assay buffer (100 mm potassium
phosphate buffer, pH 7.5; final reaction volume, 500 ul). The
reaction was initiated by adding the enzyme and terminated by
the addition of 100 ul of 50% trichloroacetic acid (Sigma) after
incubation at 25 °C for 30 min. Volumes of 120-ul reaction
samples were then mixed with 400 ul of the coloring reagent.
The mixtures were boiled at 100 °C for 5 min and then cooled
down to room temperature for absorbance measurement at
A30 m- Product formation was quantified from the calibration
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curves as described above. Enzymatic reaction rates (v,) versus
substrate concentrations were fitted to a Michaelis-Menten
equation (Equation 1) by a nonlinear regression method, and
the values K, V,,,,,- and k_, were determined by fitting the data
to the equation using the program GraphPad Prism (GraphPad
Software, San Diego, CA),

Vo = Vinax[S1/ (Ko + [S]) (Eq. 1)
where [S] is the substrate concentration, v, is the initial velocity,
V nax is the maximum velocity, and K, is the Michaelis-Menten
constant for the substrate. The k_,, value was calculated from
Vmaw and the enzyme concentration [E] was calculated using

the equation k_,, = V,,,,,/[E]. One unit of enzyme activity cor-
1

cat max
responds to production of 1 um N-carbamoylputrescine min ™~
or citrulline under the assay conditions.

Metal Inhibition and IC., Determination—The effects of
metal ions Co?", Cu*", Fe**, Mg?*, Zn?", and Ni*" on AguAl
activity were determined by preincubating the enzyme with
varying concentrations (0 —10 mm) of each metal ion for 30 min
at4 °C. The remaining procedures were the same as above. The
50% inhibitory concentration (IC,) is defined as the concen-
tration of metal ions required for 50% decrease of maximum
enzyme activity. The percentage of inhibition versus the loga-
rithm of inhibitor concentrations was plotted, and the IC,, val-
ues were determined by using the program GraphPad Prism.

Substrate Specificity and Competitive Assay—To determine
the substrate specificity of AguAl, arginine was used as another
guanidinium-containing compound to test for its ability to act
as the substrate or competitive binding inhibitor. The reaction
was initiated by adding 10 mm agmatine and varying concen-
trations (0—10 mm) of arginine into the assay buffer (100 mm
potassium phosphate buffer, pH 7.5; 500 ul of final volume)
containing 2.5 uM enzyme. The remaining procedures were the
same as above.

Statistical Analysis—All data comparisons were analyzed
using the two-tailed homoscedastic Student’s ¢ test. In all cases,
differences with p values of <0.05 were considered as statisti-
cally significant. The GraphPad Prism 5 program was used for
nonlinear fitting to the Michaelis-Menten equation.

RESULTS

Amino Acid Sequence Analysis of AguAl and AguA2—The
two putative agmatine deiminases AguAl and AguA2 of
L. monocytogenes share a high level of amino acid sequence
identity (67.7%) and are clustered together in the same branch.
However, they form a sister branch to AgDIs from other species
with 23.9-73.6% amino acid sequence identity (Fig. 24).

Agmatine deiminases are members of the guanidinium-
modifying family enzymes, a family that includes enzymes that
hydrolyze the guanidinium groups of arginine, peptidyl-argi-
nine, methylarginine, and agmatine to form the ureido-con-
taining derivatives (12). A catalytic triad (Cys-His-Glu/Asp),
which plays a significant role in substrate binding and catalytic
activity, has been identified from the crystal structures of
known ADIs (34 —36). Although AgDIs show homology to ADIs
with similar structures and reaction mechanisms, they differ in
their substrates (5, 8, 30). Alignment with AgDIs from other
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species indicates that Asp-94, Glu-155, His-216, Asp-218, and
Cys-356 are the corresponding catalytic residues of L. monocy-
togenes AguAl and AguA2 (Fig. 2B). However, there are five
specific residues (Tyr-47, Cys-157, Phe-196, Asn-236, and His-
360) of AguA?2 differing from other AgDIs including AguAl,
which might affect its agmatine deiminase activity (Fig. 2B). We
modeled the structures of AguA1l and AguA2 using the crystal
structure of E. faecalis AgDI (Protein Data Bank code 2JER) as
the template (supplemental Fig. S1) (5). The predicted protein
structures of AguAl and AguA2 show high similarity to
E. faecalis AgDI (supplemental Fig. S1), including a fanlike
structure with five blades that result from a 5-fold pseudosym-
metric structure in which each repeating element consists of a
three-stranded mixed 3 sheet and a helix in a BBaf3 arrange-
ment (5, 30). These results suggest that AguAl and AguA2 of
L. monocytogenes are typical AgDIs that might exhibit agmatine
deimination activity.

AguAl, but Not AguA2, Mediates Acid Tolerance of
L. monocytogenes—To investigate whether aguAl and aguA2
were induced under acidic conditions, quantitative RT-PCR
was conducted to assess relative gene transcription levels in
response to acidic stress at pH 5.0. Transcription of both aguA 1
and aguA2 was about 13- and 15-fold, higher at acidic pH 5.0
than at pH 7.0 with the statistical p values of 0.018 and 0.016,
respectively (Fig. 3A4).

To further determine whether aguAl and aguA2 contribute
to survival in acidic environments, L. monocytogenes 104038,
aguAllaguA2 single and double mutants and aguAl comple-
ment strain were exposed to synthetic gastric fluid at pH 2.5.
Only the mutants AaguA1 and AaguAI1AaguA2 exhibited sig-
nificant reduction in the survival rate as compared with the
parent and complemented strains (p < 0.01). Deletion of aguA2
did not significantly impair its survival (Fig. 3B). Furthermore,
we found that only the mutants AaguA1 and AaguAlAaguA2
showed significantly lower survival in mice stomach than the
parent strain 10403S (Log,, CFU: 5.7 and 5.5 versus 6.6, p <
0.01). Complementation of aguA I restored its survival to a level
(Log,, CFU: 6.5) similar to that of the parent strain (Fig. 3C).
These findings suggest that only AguAl, but not AguAz2, is
involved in listerial resistance to acid stress, although both were
induced at the mRNA level under the acidic condition.

Expression and Purification of AguAl and AguA2—The two
putative agmatine deiminase homologs AguAl and AguA2
from L. monocytogenes were expressed in E. coli Rosetta (DE3)
with apparent bands at expected molecular masses (46.8 kDa
for AguAl and 47.9 kDa for AguA2). His-tagged AguAl and
AguA2 were purified to homogeneity by nickel-chelated affin-
ity column chromatography, yielding pure proteins (~20 and
~40 mg/liter culture for AguAl and AguA2, respectively) seen
as single bands on the SDS-PAGE gel (Fig. 4A).

Optimal Conditions for Enzyme Activity—Enzymatic activi-
ties were tested by incubation of 2.5 um of each enzyme in the
reaction mixtures containing 10 mm agmatine or arginine as a
substrate, and the product N-carbamoylputrescine or citrulline
was measured at the indicated time points. AguAl produced
increasing amounts of N-carbamoylputrescine that was linear
until 20 min and reached the highest level after 30 min of incu-
bation (Fig. 4B). Specific activity was 2050 units/mg when cal-
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FIGURE 3. Responses or roles of aguAT and aguA2 under acidic stresses. A,
relative quantification of aguAT and aguA2 mRNA levels in L. monocytogenes
10403S exposed to BHI medium at pH 5.0 and 7.0. Values are expressed as
means = S.D. B, survival of L. monocytogenes 10403S, its mutant, and comple-
ment strains in synthetic human gastric fluid at pH 2.5. Values are expressed
as means = S.D. C, survival of L. monocytogenes 10403S, its mutant, and com-
plement strains in the stomach of mice receiving intragastric inoculation.
Values are expressed as means *=S.E. *, p < 0.05; **, p < 0.01; ns, p > 0.05.

culated from the linear range in the presence of agmatine. No
citrulline was formed when arginine was used as the substrate
for AguAl. However, AguA2 showed no deiminase activity
either on agmatine (Fig. 4B) or on arginine (data not shown) as
the substrate, suggesting that only AguA1, but not AguA2, acts
as the functional agmatine deiminase in L. monocytogenes.

AguAl exhibited high agmatine deiminase activity in a wide
range of pH conditions from 3.5 to 10.5 with optimal pH at 7.5
(Fig. 4C), suggesting that the activity of AguAl is not sensitive
to pH, which is consistent with its contribution to acid toler-
ance under low pH conditions (Fig. 3, B and C). However,
AguAl showed varying activities at different temperatures,
optimal at 25 °C and the residual activity was 39 and 12% at 37
and 45 °C, respectively (Fig. 4D).

Kinetic Properties of AguA1—AguA1l was tested for its kinetic
properties under the optimal conditions at 25 °C and pH 7.5 by
incubating 2.5 uM of the enzyme in the reaction mixtures con-
taining 10 mM agmatine as the substrate. Plotting of enzymatic
velocity against substrate concentrations yielded a curve that
fits the classical Michaelis-Menten model: K, V, .., k.., and
k.../K,, values of the enzyme were 0.65 = 0.23 mm, 85.69 *+ 7.58
uM/min, 34.28 * 3.03 min~ %, and 5.30 X 10* min~! Mm%,
respectively (Table 1 and Fig. 4E). The K, value of AguAl is

similar to that for P. aeruginosa AgDI (0.6 mm) (37) but much
higher than those for maize shoots (12 um) (38), cucumber (16
uM) (39), Arabidopsis thaliana (112 um) (40), E. faecalis (35
uM) (5), and Helicobacter pylori (33 um) (30). However, the
k.../K,,, value we obtained was quite close to that of P. aerugi-
nosa AgDI (4.2 X 10° min~ ' M~ ") (37), H. pylori AgDI (1.47 X
10° min~* M~ *) (30), and peptidyl-arginine deiminase 4 (3.0 X
10° min~ ' M~ ") (31), indicating that AguAl is a functional
AgDI enzyme with reasonable kinetic properties.

Substrate Specificity and Competitive Assay of AguAl—Ag-
matine has been identified as the sole and preferred substrate
for AgDIs of soybean (41), H. pylori (30), P. aeruginosa (37),
E. faecalis (5), and L. brevis (8). A variety of guanidinium-con-
taining small molecules (agmatine analogs) fail to substitute for
agmatine as substrates for this enzyme. To determine whether
AguAl also has similar substrate specificity, L-arginine, another
guanidinium-containing compound, was used to see whether it
could be utilized by AguAl. Fig. 4F shows that there was no
formation of citrulline from L-arginine in the presence of
AguAl, indicating that L-arginine does not act as the substrate
for AguAl. Moreover, arginine showed no competitive effect
on agmatine even at high concentrations up to 10 mm (Fig. 4F).
Thus, AguA1l demonstrates distinct preference for agmatine, as
is the case with other AgDIs.

Metal Inhibition of AguAl—Metal ions Cu**, Zn>", and
Co””" inhibited AguA1l with varying degrees of potency with
respective IC,, of 0.034 = 0.008 mMm (Fig. 54), 0.25 * 0.05 mm
(Fig. 5B), and 2.89 * 0.82 mwm (Fig. 5C), indicating that copper
ion is the most inhibitory. There was no inhibitory effect on
AguAl activity with Fe**, Mg?*, and Ni*" ions, even at highest
concentrations (10 mm) (data not shown). These results suggest
that the active sites of AguA1 could be susceptible to such metal
ions as Cu®", Zn?*, and Co?™.

Thermostability of AguAl1—The purified enzyme prepara-
tion, when stored at 4 °C, maintained activity for at least 1
month (85% activity retained). However, 80% of the activity was
lost when it was exposed to 25 °C for 6 h (Fig. 5D), indicating
that AguAl is sensitive to temperature, and its purification
should proceed under 4 °C.

Effect of Site-directed Mutagenesis on the Activities of AguAl
and AguA2—Bioinformatic analysis suggests that Asp-94, Glu-
155, His-216, Asp-218, and Cys-356 could be the correspond-
ing catalytic residues for AguAl and AguA2 (Fig. 2B). These
residues were substituted by site-directed mutagenesis. The
mutant proteins were expressed and purified, and their enzy-
matic activity was characterized in a way identical to that of the
wild-type enzyme. Mutant proteins at D94A, E155A, H216A,
D218A, and C356A completely lost their ability to degrade
agmatine (Fig. 64). Mutants substituted with amino acids of
similar biochemical properties at the same sites (D94E, E155D,
H216R, and D218E) also lost the enzyme activity (Fig. 64).
Therefore, kinetic analysis was not applied to these mutant pro-

FIGURE 2. Bioinformatic analysis of AguA1 and AguA2. A, phylogenetic tree of AguA1/AguA2 and homologs from other bacterial species. The tree was
constructed by the neighbor-joining program, and a bootstrap test of 100 replicates was used to estimate the confidence of branching patterns, where the
numbers on internal nodes are the support values. B, amino acid sequence alignment of AguA1/AguA2 against homologs from A. thaliana, H. pylori, S. mutans,
E. faecalis, L. lactis, and P. aeruginosa. The conserved motifs and residues are shaded. The key amino acid residues noted with asterisks are involved in substrate
binding and enzyme activity. The boxed residues are different between AguA2 and AguA1 or other AgDls.
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FIGURE 4. Gel electrophoresis of AQuA1 and AguA2 expressed in E. coli and enzymatic characterization of AguA1. A, SDS-PAGE analysis of the recom-
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TABLE 1

Steady-state kinetic constants measured for agmatine with wild-type

and mutant AguA1 enzymes

Enzyme V inax Keae K, ko /K,
wm/min min~! mm min~ ' mt

Wild-type  85.69 +7.58 34.28 =3.03 0.65+0.23 530 X 10*

D9%4A Inactive

E155A Inactive

H216A Inactive

D218A Inactive

C356A Inactive

D94E Inactive

E155D Inactive

H216R Inactive

D218E Inactive

G157C Inactive

teins (Table 1). These results indicate that the corresponding
residues in L. monocytogenes AguAl play a critical and irre-
placeable role in its catalytic activity, consistent with those
obtained for other AgDIs and ADIs (30, 34, 42, 43).

AguA2 did not show any deiminase activity (Fig. 4B),
although it has high homology and similar crystal model

26612 JOURNAL OF BIOLOGICAL CHEMISTRY

to AguAl, including the five critical residues (Fig. 2B and
supplemental Fig. S1). However, we found that there are five
specific residues (Tyr-47, Cys-157, Phe-196, Asn-236, and
His-360) of AguA2 that differ from AguAl and other AgDIs
(corresponding residues: Phe, Gly, Leu, Asp, and Gln) (Fig.
2B), which might account for the loss of its deiminase activ-
ity. To verify our hypothesis, site-directed mutant proteins
at Y47F, C157@G, F196L, N236D, and H360Q for AguA2 were
generated, and their enzymatic activity was determined.
Interestingly, we found that AguA2 acquired agmatine
deiminase activity only when Cys-157 was mutated to Gly,
whereas the other mutants were still inactive (Fig. 6B). We
also confirmed that AguAl with G157C mutation led to the
complete loss of the enzyme activity (Fig. 6C). This is the first
time that Gly-157 has been discovered as a key residue in
addition to those known to be essential for AgDI activity.
Protein BLAST did not show any mutation with Gly-157
from the available UniProt Protein database for L. monocy-
togenes, further confirming that AguA1 is the only functional
AgDI in this bacterium.
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DISCUSSION

The ability of Listeria monocytogenes to tolerate low pH envi-
ronments is of importance to its pathogenicity because the
pathogen encounters acidic environments in the nature and
food processing industry in vitro and during passage through
the stomach or even within macrophage phagosomes in vivo
(44). A number of acid resistance mechanisms have been iden-
tified in L. monocytogenes, such as glutamate decarboxylase and
ADI systems, and F,F,-ATPase (2, 37, 45). The AgDI pathway
generally contains a panel of genes coding for AgDI, putrescine
transcarbamoylase, carbamate kinase, and agmatine-putres-
cine exchanger (8). However, there are two putative AgDI
homologs, AguAl and AguA2, encoded by aguAl and aguA2,
respectively, in L. monocytogenes. This is also seen in L. brevis
IOEB 9809, Lactobacillus sakei, and Pediococcus pentosaceus
(8). AgDI is one of the three crucial enzymes constituting the
AgDI pathway, which deiminates the substrate agmatine to
produce N-carbamoylputrescine and NH;. Ammonia can com-
bine with intracellular cytoplasmic protons to yield ammonium
ions (NH, ™), thereby alleviating acidification of the cytoplasm
and contributing to pH homeostasis (6, 7, 46).

Initially, we found that both aguA I and aguA2 were induced
at the mRNA level when L. monocytogenes was subjected to low
pH at 5.0, suggesting that both AguAl and AguA2 could be
involved in acid tolerance (Fig. 34). However, only the AaguA 1
mutant, but not the AaguA2 mutant, exhibited significant
reduction of its survival both in synthetic human gastric fluid
(pH 2.5) and mice stomach, as compared with its parent and
complemented strains (Fig. 3, Band C). Enzyme assays revealed
that L. monocytogenes AguAl had typical substrate specificity
of AgDI, whereas AguA2 showed no deiminase activity. How-
ever, we found a specific residue, Cys-157, of AguA2 differing
from other AgDIs including AguAl that could be involved in
AgDI activity because the mutant AguA2 at C157G converted
agmatine to N-carbamoylputrescine. To our surprise, single
mutation of G157C of AguA1 led to the loss of its enzyme activ-
ity. Further bioinformatic search reveals that Gly-157 for
AguAl and Cys-157 for AguA2 are conserved in all L. monocy-
togenes sequences (total 68 sequences) available in UniProt pro-
tein database. Therefore, we come to the conclusion that
AguAl is the only functional AgDI that contributes to acid tol-
erance of L. monocytogenes. To our knowledge, This is the first
time that Gly-157 has been uncovered as another key residue
other than those previously found essential for AgDI activity.

The AgDI pathway closely resembles the ADI pathway. The
two pathways consist of similar enzymes performing similar
reactions but only differ in their substrates. ADI catalyzes
deimination of L-arginine but not L-agmatine, whereas AgDI
catalyzes deimination of agmatine but not L-arginine. Although
ADI and AgDI are structurally divergent in the region of the
active site that interacts with the C*H(NH, ")(COO ™) region of
the substrate, the regions that interact with the guanidino
group of the substrate are quite similar (43). Despite their
unique substrate specificity, both ADIs and AgDIs contain a
highly conserved catalytic triad (Cys-His-Glu/Asp). In this
study, site-directed mutagenesis indicates that Asp-94, Glu-
155, His-216, Asp-218, and Cys-356 are the corresponding cat-

26614 JOURNAL OF BIOLOGICAL CHEMISTRY

alytic residues in L. monocytogenes AguAl because single muta-
tion at any one of these residues completely abolished the
enzymatic activity (Table 1 and Fig. 6). Although these residues
are also present in AguA2, there was no enzyme activity unless
the Cys-157 residue was mutated to glycine as discussed above.
Our findings expand the current understanding of microbial
AgDIs including L. monocytogenes with a novel key residue
uncovered as having catalytic activity (30, 34, 42, 43). The
AguAl of L. monocytogenes most likely employs similar cata-
lytic mechanisms of the guanidinium-modifying enzyme family
previously described (30, 34, 35).

In conclusion, L. monocytogenes harbors two putative agma-
tine deiminases, but only AguA1 functionally participates in the
AgDI pathway and contributes to its acid tolerance. AguAl is
specific for agmatine catalysis, sensitive to some metal ions
such as Cu*", Zn**, and Co®", and optimal at 25 °C and over a
wide range of pH from 3.5 to 10.5. We have also discovered a
novel residue Gly-157 other than the known catalytic triad
(Cys-His-Glu/Asp) critical for L. monocytogenes AgDI activity.
Further research is required to examine the role of aguD, as the
agmatine-putrescine antiporter, in the proposed AgDI system
of L. monocytogenes and in acid tolerance.
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