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Citrulline Protects Streptococcus pyogenes from Acid Stress Using the
Arginine Deiminase Pathway and the F,F_-ATPase
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ABSTRACT

A common stress encountered by both pathogenic and environmental bacteria is exposure to a low-pH environment, which can
inhibit cell growth and lead to cell death. One major defense mechanism against this stress is the arginine deiminase (ADI) path-
way, which catabolizes arginine to generate two ammonia molecules and one molecule of ATP. While this pathway typically re-
lies on the utilization of arginine, citrulline has also been shown to enter into the pathway and contribute to protection against
acid stress. In the pathogenic bacterium Streptococcus pyogenes, the utilization of citrulline has been demonstrated to contribute
to pathogenesis in a murine model of soft tissue infection, although the mechanism underlying its role in infection is unknown.
To gain insight into this question, we analyzed a panel of mutants defective in different steps in the ADI pathway to dissect how
arginine and citrulline protect S. pyogenes in a low-pH environment. While protection provided by arginine utilization occurred
through the buffering of the extracellular environment, citrulline catabolism protection was pH independent, requiring the gen-
eration of ATP via the ADI pathway and a functional F,F _-ATP synthase. This work demonstrates that arginine and citrulline
catabolism protect against acid stress through distinct mechanisms and have unique contributions to virulence during an infec-
tion.

IMPORTANCE

An important aspect of bacterial pathogenesis is the utilization of host-derived nutrients during an infection for growth and vir-
ulence. Previously published work from our lab identified a unique role for citrulline catabolism in Streptococcus pyogenes dur-
ing a soft tissue infection. The present article probes the role of citrulline utilization during this infection and its contribution to
protection against acid stress. This work reveals a unique and concerted action between the catabolism of citrulline and the F,F,-
ATPase that function together to provide protection for bacteria in a low-pH environment. Dissection of these collaborative
pathways highlights the complexity of bacterial infections and the contribution of atypical nutrients, such as citrulline, to patho-

genesis.

daptation to environmental acidification presents a signifi-
cant challenge to microorganisms, including both pathogenic
and environmental bacterial species (1). Due to the near ubiqui-
tous nature of this stress, elucidation of adaptive strategies and
their associated molecular mechanisms has broad implications for
our understanding of both bacterial physiology and virulence.
One of the most widely used bacterial mechanisms for protection
against acid stress involves the catabolism of arginine via the argi-
nine deiminase (ADI) pathway (2—4). However, each of the vari-
ous components of this pathway can be adapted in several differ-
ent ways to promote survival in acidic environments. Therefore,
the challenge becomes understanding how the ADI pathway has
been adapted in an individual bacterial species.
In the Gram-positive pathogen Streptococcus pyogenes (group
A streptococcus), it has recently been shown that the ADI pathway
metabolite citrulline makes an unexpected arginine-independent
contribution to both colonization and virulence (5). This human
pathogen is responsible for a large number of diseases that range
in severity and invasiveness (6). Common, noninvasive soft tissue
infections include bacterial pharyngitis and impetigo, in addition
to the less common but invasive and often life-threatening necro-
tizing fasciitis and immune-pathological syndromes like rheu-
matic fever (6). It was recently discovered that mutations that
blocked the ability of S. pyogenes to catabolize arginine attenuated
virulence in a murine model of soft tissue infection (5). However,
mutants that block catabolism of citrulline resulted in hyperat-
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tenuation (5), revealing an unexpected tissue-specific and argin-
ine-independent role for citrulline metabolism in pathogenesis.
The molecular basis for this contribution of citrulline catabolism
to pathogenesis is unclear.

The ADI pathway in S. pyogenes is composed of three enzymes:
ArcA, ArcB, and ArcC, which localize to the cytoplasm of the
bacteria, and ArcD, a membrane-embedded protein involved in
the transport of arginine (7-9). These proteins function together
to generate three products: ATP, a molecule of ammonia, and a
molecule of carbon dioxide (Fig. 1). The ability of this pathway to
generate an ATP molecule along with two protective ammonia
molecules may explain its wide distribution among the genomes
of both Gram-negative and Gram-positive bacterial species. Sig-
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FIG 1 Arginine and citrulline catabolism in S. pyogenes and its coordination with the F,F -ATPases. Catabolism of arginine and citrulline occurs through the
multienzyme arginine deiminase pathway and involves the transport of arginine through the antiporter ArcD and an unknown transporter, followed by
catabolism via the enzymes ArcA, ArcB, and ArcC. Catabolism of arginine produces two molecules of ammonia and one molecule of ATP. Catabolism of
citrulline can produce one molecule of ammonia and one molecule of ATP. The F,F_-ATPase can export three protons outside the cell with the concomitant

hydrolysis of ATP to ADP.

nificantly, the ADI pathway is ubiquitous in the genomes of the
Gram-positive lactic acid bacterial species, including all S. pyo-
genes genomes sequenced to date.

A defining characteristic of the many different and divergent
species that comprise the group lactic acid bacterial (family Lac-
tobacillacea) is that their metabolisms produce a common meta-
bolic end product, lactic acid (10). Associated with this, lactic acid
bacteria lack a functional electron transport chain and rely upon
glycolysis for the generation of energy for growth. The production
of lactic acid and/or other organic acids is necessary for the essen-
tial reoxidation of the NADH cofactor (10) and generally results in
significant autoacidification of their surrounding environment.
Consistent with this, analysis of transcriptome profiles of S. pyo-
genes during growth in murine soft tissue revealed a profile closely
resembling that of the bacterium growing in an autoacidified
low-pH environment in vitro (11). Thus, acid stress is an intrinsic
consequence of the S. pyogenes lactic acid metabolism that acts to
remodel its own niche as it grows in tissue. This inevitable expo-
sure to a low-pH environment suggests that S. pyogenes must have
a robust mechanism for adaptation to acid stress.

It is then not surprising that analysis of the ADI pathway’s role
in S. pyogenes pathogenesis revealed that it contributes to viru-
lence in murine models of colonization and soft tissue infection
(5). One important role for the ADI pathway involves modulation
of the host’s innate immune response as arginine is a critical sub-
strate for the pathway of nitric oxide generation by inflammatory
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cells (12, 13). While S. pyogenes uses the ADI pathway to deplete
arginine, rendering it unavailable to host cells (5), arginine deple-
tion cannot entirely account for the ADI pathway’s contribution
to virulence. The loss of any of the enzymes downstream of ArcA
in the pathway resulted in hyperattenuation for disease, and this
defect in virulence was greater than could be accounted for on the
basis of ArcA-mediated depletion of arginine. Analysis of multiple
mutants revealed that hyperattenuation did not result from the
accumulation of a toxic intermediate product but rather was as-
sociated with a requirement for the utilization of citrulline. Com-
pared to arginine, citrulline lacks one of the two ammonia groups
necessary for protection against acid stress: thus, the contribution
of citrulline catabolism to pathogenesis remains unclear.

In the present work, we examined the mechanism by which the
arginine-independent catabolism of citrulline via the ADI path-
way protects S. pyogenes from acid stress. Analysis of several Arc
mutants allowed a high-resolution dissection of the process by
which arginine and citrulline catabolism protects S. pyogenes from
acid stress. This work elucidates the unexpected role for citrulline
catabolism in virulence and reveals the generation of ATP and
ammonia to be an essential function of the ADI pathway in adap-
tion to an acidic environment. Taken together, these data illus-
trate the multiple strategies by which the ADI pathway has been
adapted by S. pyogenes for protection from acid stress in order to
promote its growth and pathogenesis in soft tissue.
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MATERIALS AND METHODS

Streptococcus pyogenes strains, media, and growth conditions. All ex-
periments utilized the Streptococcus pyogenes strain HSC5 (14, 15) and
mutant derivatives of this strain described elsewhere (5). Culture of S.
pyogenes for the acid stress assay and routine growth was in Todd-Hewitt
medium (Difco) supplemented with 0.2% yeast extract (Difco) (THY
medium). When indicated, strains were cultured in C-medium (0.5%
protease peptone 3 [Difco], 1.5% yeast extract [Difco], 10 mM K,HPO,,
0.4 mM MgSO,, 17 mM NaCl). Supplementation of medium with amino
acids involved addition of a filter-sterilized solution of either 1 M arginine
or 0.5 M citrulline, to the designated concentration. All growth experi-
ments were performed in sealed culture tubes placed at 37°C under static
conditions. Solid medium was made by the addition of 1.4% Bacto agar
(Difco) to the medium and was cultured anaerobically in sealed jars in the
presence of gas-generating packets (GasPak catalog no. 70304 BBL).
When necessary, chloramphenicol was added at the concentration of 3
pg/ml.

Acid stress assay. The indicated strains were grown at 37°C in 10 ml of
unmodified THY medium or THY medium supplemented with 10 mM
arginine or citrulline. At selected time points, a 100-pl aliquot from a
resuspended culture was removed, serial dilutions were prepared in phos-
phate-buffered saline (PBS), and aliquots were plated on THY medium
for determination of CFU, which were enumerated following 24 h of
incubation. At the end of the 6-day period, bacterial cells were removed
from 5-ml samples by centrifugation, and the supernatants were sterilized
by filtration. The pH of the medium was then measured using a pH meter
(Accumet AB15).

Measurement of ammonia production. Overnight cultures were
back-diluted into 50 ml of THY medium and grown to the exponential
phase. The bacterial cells were then collected by centrifugation, washed
with citrate phosphate buffer (pH 6.0), and resuspended in the same buf-
fer to an optical density at 600 nm (ODy,) between 1.0 and 2.0. Arginine
was added to a final concentration of 10 mM, a sample was removed for
the 0-h time point, and the cultures were incubated at 37°C for 1 h. Cells
were then collected by centrifugation, and a small aliquot of the superna-
tant was removed. The concentration of ammonia was determined by an
NADP-linked enzymatic assay (ammonia assay kit; Sigma catalog no.
AA0100) according to the manufacturer’s instructions. Values reported
were corrected by subtraction of the 0-h time point and normalized rela-
tive to the final culture density (ODg).

Conditioned medium assay. The ability of conditioned medium to
protect the AArcB mutant from acid stress was assessed as follows: con-
ditioned medium from each tested strain was first generated by growth in
THY medium in a sealed culture tube at 37°C for 6 days. The streptococcal
cells were then removed by centrifugation, the pH of the medium was
measured, and the solution was sterilized by filtration through a 0.2-pum-
pore filter. The AArcB mutant was prepared by overnight growth in 50 ml
of THY medium. Cells were collected by centrifugation, washed twice in
10 ml of PBS, and then resuspended in 1 ml of PBS. Aliquots of this
suspension were added to 1 ml of the designated conditioned medium to
reach a final concentration of approximately 107 CFU/ml. The suspension
was then incubated at 37°C, and viability was determined by measuring
CFU on days 0, 3, and 6.

DCCD sensitivity assay. To measure the influence of N,N'-dicyclo-
hexylcabodiimide (DCCD) on protection in unsupplemented medium,
the designated strains were initially grown in unsupplemented THY me-
dium for 24 h, and aliquots were used to inoculate fresh THY medium
supplemented with various concentrations of DCCD (Sigma catalog no.
D8002) to a density of approximately 10° CFU/ml. These cultures were
incubated for an additional 3 days, and the number of CFU was deter-
mined. To determine protection by arginine and citrulline, growth from
overnight cultures in unsupplemented THY medium was used to inocu-
late fresh THY medium containing arginine or citrulline (10 or 20 mM).
These cultures were incubated at 37°C for 24 h, at which time DCCD was
added to 1.0 mM. Reference cultures received an equivalent volume of
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FIG 2 Influence of arginine and citrulline catabolism on medium pH and
ammonia production. (A) Wild-type bacteria and the indicated strains were
grown in THY medium supplemented with nothing (Unsupp.), 10 mM argi-
nine, or 10 mM citrulline. Following 6 days of growth, the cultures were filter
sterilized, and the pH of medium was measured using a pH probe. (B) Wild-
type bacteria and the indicated strains were collected by centrifugation, resus-
pended in citrate buffer plus 10 mM arginine, and normalized to an ODy, of
~2.0. The concentration of ammonia was measured spectroscopically after a
1-hincubation at 37°C. Data are presented as the mean and standard deviation
from at least two independent experiments. Differences were tested for signif-
icance within the designated strains using the Mann-Whitney U test (¥, P <
0.05; **, P < 0.01; ***, P < 0.001).

vehicle (ethanol). Cultures were incubated at 37°C for an additional 5
days, and the number of CFU was determined.

Statistical analyses. For all data, the mean values determined were
tested for significance using the Mann-Whitney U test. Computation of
the statistics test was performed with the Graphpad software (San Diego,
CA) Prism (version 6). For all tests, the null hypothesis was rejected for a
P value of <0.05.

RESULTS

Arginine and citrulline metabolism via the ADI pathway pro-
tects S. pyogenes from acid stress. To probe the relationship be-
tween virulence and protection of S. pyogenes against acid stress,
we examined a previously developed generated panel of ADI path-
way mutants (5) to dissect how arginine and citrulline catabolism
can protect bacteria from acid stress and to assess the individual
contributions of ammonia and ATP to protection. To mimic the
acid stress commonly encountered by bacteria in the environ-
ment, S. pyogenes was cultured in a glucose-rich medium (THY)
whose pH is rapidly acidified due to the accumulation of the fer-
mentation by-product lactic acid (16). Growth in this medium
results in a rapid decrease in culture pH as the bacteria reach a high
culture density (see Fig. S1 in the supplemental material). Follow-
ing 6 days of growth under these conditions, the pH of cultures
decreases from an initial value of 7.5 to pH 5.4 (Fig. 2A). Assess-
ment of the viability of the wild-type (WT) strain in unsupple-
mented medium over this period by CFU enumeration revealed a
gradual decrease in CFU, with no bacteria detected above the limit
of detection on day 6 (“WT” in Fig. 3). In contrast, when S. pyo-
genes cells are cultured in medium that lacks fermentable glucose
and thus maintains a pH close to neutral, analysis of viability re-

April 2015 Volume 197 Number 7


http://jb.asm.org

Bacterial Viability
(Logiy CFU/mL)
~
l
vy
N 1
4
<
-

Bacterial Viability
(Log,, CFU/mL)

Citrulline and S. pyogenes Acid Stress Resistance

-

AArcA

2
1

(Log, CFU/mL)
wn
L
1
1
r
1
>

w
1

Bacterial Viability

—

w9 v
PR T Y

(Log,, CFU/mL)

Bacterial Viability
w
1

—

-

[ S |
L 1

w
1

® Unsupp.
O Arginine
A Citrulline

Bacterial Viability
(Log,, CFU/mL)

FIG 3 Deletion of arc genes disrupt ability to utilize arginine and citrulline for protection against acid stress. Wild-type bacteria and the indicated strains were
cultured in unsupplemented THY medium (Unsupp.), THY medium plus 10 mM arginine, or THY medium plus 10 mM citrulline for a 6-day period. At the
indicated times, the cultures were resuspended, and a small aliquot was removed and serially diluted in PBS, followed by plating on solid medium for
enumeration. The data displayed are the mean of the recovered CFU from at least three independent experiments.

vealed only a slight decrease in CFU on day 6 for the WT and all
Arc mutants (see Fig. S2 in the supplemental material), confirm-
ing that the loss of viability over time is due to the acidic environ-
ment generated by fermentation. Consistent with previously pub-
lished results (17), supplementation of WT cultures with 10 mM
arginine mitigated the decrease in bacterial numbers observed in
unbuffered medium, with approximately 10° CFU remaining on
day 6 (Fig. 3). This protection was dependent on a functional ADI
pathway, as arginine did not protect cultures of mutants lacking
arcA, -B, or -C (the AArcA, AArcB, and AArcC mutants, respec-
tively). These strains exhibited decreased viability at a rate similar
to that in unsupplemented medium, with CFU decreasing by at
least 7 logs to below the limit of detection by day 6 (Fig. 3). An
exception was observed upon mutation of arcD, as the resulting
mutant (AArcD phenotype) could utilize arginine for protection
from acid stress, with approximately 10> CFU remaining on day 6
(Fig. 3). This result was unexpected given that our previous work
has demonstrated the inability of this mutant to utilize arginine as
an energy source (5). Supplementation with 10 mM citrulline
could also protect the WT, and protection was abrogated in the
absence of arcB and -C, with both AArcB and AArcC mutants
losing viability at a rate similar to that in unsupplemented me-
dium (Fig. 3). Citrulline did protect the AArcA mutant, as citrul-
line enters the ADI pathway downstream of the arginine deimi-
nase (Fig. 1), and the AArcA mutant was protected to the same
extent as the WT, with at least 10> CFU maintained through day 6
(Fig. 3). Similar to arginine, the AArcD mutant maintained via-
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bility when supplemented with citrulline (Fig. 3). Taken together,
these data demonstrate the contributions of the various ADI path-
way genes to protection against acid stress for S. pyogenes. The
observation that this protection did not require the ArcD anti-
porter suggests that arginine and citrulline can enter the cell via an
alternate transporter(s).

Arginine and citrulline protect in a dose-dependent manner.
The concentration dependence of arginine and citrulline protec-
tion was measured to compare their relative efficiencies in the
WT. To compare to the wild type, all mutants were tested for their
ability to utilize arginine and citrulline at a range of concentra-
tions, the highest being 50 mM. However, only mutants that dis-
played some degree of protection when supplemented with either
arginine or citrulline are discussed below. Protection was exam-
ined on day 6 since supplementation provided the largest degree
of protection versus unsupplemented medium for the WT strain
at this time point (approximately 6 logs). In this analysis, supple-
mentation with as little as 5 mM arginine (Fig. 4A) or citrulline
(Fig. 4B) provides over 4 logs of protection. Increasing citrulline
concentrations provide a concomitant increase in protection,
peaking at the highest concentration tested (50 mM) (Fig. 4B). In
contrast, the protection provided for the wild type by arginine
peaked at 20 mM at approximately 6 logs and then dropped by
almost 2 logs when tested at 50 mM (Fig. 4A). This drop-off can be
attributed to the increase in culture pH at this concentration (Fig.
4C), which is not observed for citrulline (Fig. 4D). Utilization of
citrulline by the AArcA and AArcD mutants was found to be com-
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6-day period, the cultures were resuspended and an aliquot was removed and serially diluted in PBS, followed by plating on solid medium for enumeration of
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recovered CFU and measured culture pH from at least three independent experiments. Differences in CFU and culture pH were tested for significance against the
wild type or between the designated strains using the Mann-Whitney U test (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

parable to that of the WT, with the exception that no protection
was observed at 5 mM citrullline (Fig. 4B). Analysis of the AArcD
mutant revealed no protection by 5 mM arginine, significantly less
protection than that of the wild type at 10 and 20 mM, and more
protection at 50 mM (Fig. 4A). These data suggest that while
transport of arginine can occur independently of ArcD, it is less
efficient. Interestingly, while no protection over the limit of detec-
tion was observed for the AArcA or AArcB mutant with increasing
concentrations of arginine (data not shown), the AArcC mutant
was protected by high concentrations of arginine (20 and 50 mM)
(Fig. 4A), although at a level significantly less than for the AArcD
mutant (Fig. 4A). The finding of protection for the AArcC mutant
at higher concentrations of citrulline was not observed (data not
shown), suggesting protection required the ammonia molecule
liberated from arginine during the generation of citrulline. Fur-
thermore, it is likely that while both the AArcB and AArcC mu-
tants can generate a molecule of ammonia during catabolism of
arginine (Fig. 1), the AArcB mutant is incapable of producing a
key by-product of the ADI pathway, ornithine, and thus is unable
to transport arginine into the cell at a relatively high rate com-
pared to the AArcC mutant. Thus, given the inability of an arcC
mutant to convert carbamoyl phosphate to ATP (Fig. 1), protec-
tion from acid stress afforded by arginine catabolism in this mu-
tant should be entirely dependent upon the production of ammo-
nia by ArcA (Fig. 1) rather than ATP. Comparison of protection
revealed the AArcD mutant was more efficient than the AArcC
mutant in utilizing arginine; however, the protection observed for
any mutant was less than that for the WT, indicating that all ADI
proteins are required for the most efficient level of protection.

1292 jb.asm.org

Journal of Bacteriology

Protection does not always correlate with culture pH. As de-
scribed above, catabolism of arginine by the WT strain results in
the production of ammonia and a gradual increase in the medium
pH as the bacteria enter the stationary phase (Fig. 1; see Fig. S1 in
the supplemental material). Since several of the ADI pathway mu-
tants (phenotypes AArcA, -C, and -D) retained the ability to uti-
lize arginine and/or citrulline for protection against acid stress,
although to a lesser degree than the wild type, it was of interest to
probe the mechanism of this resistance by examining the culture
pH following the 6-day growth period. For the WT strain, addi-
tion of 10 mM arginine and, to a lesser extent, citrulline signifi-
cantly mitigated the decrease in culture pH compared to unmod-
ified medium (Fig. 2A and Fig. 4C and D). This ability to modulate
pH was dependent on ArcA, -B, -C, and -D, as the mutants lacking
these enzymes lost the ability to alter the pH compared to un-
supplemented medium (Fig. 2A and Fig. 4C and D). Consistent
with this, all of the mutants had a significant decrease in ammonia
production compared to the WT (Fig. 2B). However, supplemen-
tation with arginine and citrulline could protect the AArcA and
AArcD mutants (described above). Thus, this mechanism of sur-
vival is independent of the modulation of culture pH. Examina-
tion over a range of arginine concentrations revealed a dose-de-
pendent increase in the culture pH for the WT strain (Fig. 4C),
which occurred to a lesser extent with citrulline (Fig. 4D). In con-
trast, the culture pH of the AArcD mutant remained relatively
unchanged (Fig. 4C), despite the significant increase in protection
that accompanied higher arginine or citrulline concentrations. A
similar pattern was observed for the AArcA mutant with increas-
ing amounts of citrulline (Fig. 4D). Analysis of the AArcC mutant
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revealed that while supplementation with 20 and 50 mM arginine
provided some protection, a modest increase in culture pH was
observed only at 50 mM arginine (Fig. 4D). Taken together, these
data support the conclusion that protection in these mutants does
not always correlate with culture pH.

Protection of the AArcC and AArcD mutants against acid
stress occurs by two distinct mechanisms. To further probe the
relationship between arginine utilization, culture pH, and protec-
tion, the viability of the WT, AArcC, and AArcD strains was ex-
amined at a higher level of resolution with respect to the concen-
tration of arginine added. As expected, there was a linear
correlation between arginine concentration and culture pH for
the WT strain (Fig. 5B). However, while the culture pH remained
unchanged for the AArcD mutant, there was linear increase in pH
for the AArcC mutant at concentrations above 20 mM (Fig. 4A
and 5B). Analysis of viability revealed a difference in the patterns
of protection between the AArcD and AArcC strains with respect
to increasing arginine concentrations. For the AArcD strain, de-
tectable protection was observed at a lower concentration of argi-
nine than the AArcC strain, which rapidly increased to a maxi-
mum level at 20 mM arginine (Fig. 5A). No protection at 20 mM
arginine was observed for the AArcC mutant, and protection in-
creased in a linear pattern to reach a maximum at the highest
concentration of arginine tested, 50 mM (Fig. 5A). Interestingly,
when the relationship between viability and culture pH was exam-
ined (Fig. 5C), the wild type and AArcC mutant behaved similarly,
suggesting a common mechanism of protection. In contrast, the
relationship between the AArcD mutant’s viability and culture pH
(Fig. 5C) was not correlated in any discernible way, suggesting a
unique mechanism of protection. Taken together, the different
patterns of pH change and viability with respect to increasing
arginine concentrations suggest that arginine can provide protec-
tion from acid stress by both pH-independent (AArcD mutant)
and pH-dependent (AArcC mutant) mechanisms, with arginine
utilization at these concentrations protecting wild-type bacteria
primarily through a pH-dependent mechanism.

pH-independent protection in the AArcD mutant. To further
probe the mechanism of protection against acid stress, the viabil-
ity of the AArcB mutant was examined in conditioned medium
produced by the AArcD or AArcC mutant. Since the AArcB mu-
tant is unable to utilize arginine for protection against acid stress,
with no recovered CFU following 6 days of culture in THY me-
dium supplemented with 50 mM arginine (data not shown), any
observed protection of the AArcB mutant will be a function of the
conditioned medium. To perform this analysis, approximately
107 CFU of the AArcB mutant were resuspended in conditioned
medium from WT, AArcD, or AArcC cells that had been grown in
various concentrations of arginine for 6 days. Viability of the sus-
pensions was then monitored over an additional 6-day period and
compared to that with resuspension of AArcB cells in medium
conditioned by WT cells grown for 6 days in unsupplemented
medium (average pH of 5.27). For the latter condition, enumera-
tion of AArcB mutant CFU as a function of time revealed a steady
decrease in viability, with no measurable CFU detected on day 6
(Fig. 6). In contrast, medium conditioned by the WT (10 mM
arginine, average pH of 6.15) or the AArcC mutant (50 mM argi-
nine, average pH of 5.94) protected AArcB mutant viability, with
>10° CFU and 10° CFU recoverable on day 6, respectively (Fig. 6).
Medium conditioned by the AArcD mutant (50 mM arginine,
average pH of 5.28) did not protect, and viability decreased at a
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FIG 5 Arginine catabolism protection can occur by a pH-dependent
mechanism and a pH-independent mechanism. (A) Wild-type bacteria
(circles) and the AArcC (squares), and AArcD (triangles) mutants were
cultured in THY medium supplemented with various concentrations of
arginine for a 6-day period. Following the 6-day period, the viability of the
cultures was measured as previously described. (B) The remaining culture
was then filtered sterilized, and the pH was measured using a pH probe. (C)
The relationships between viability and pH were investigated by replotting
the data presented in panels A and B. The data displayed are the mean and
standard deviation of recovered CFU from culture pH values of between
5.0 and 6.0 from at least three independent experiments. The level of de-
tection (L.O.D.) was 33 CFU.
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FIG 6 The AArcD mutant’s protection against acid stress is not transferable in
conditioned medium. The wild type and the indicated strains were cultured for
6 days in THY medium alone (—), THY medium plus 10 mM arginine (+), or
THY medium plus 50 mM arginine (++). The cultures were then filter ster-
ilized, and the conditioned medium was used to resuspend the AArcB mutant
to a density of ~10” CFU, which was placed back at 37°C. At the indicated time
points, the cultures were resuspended, and the viability was measured as pre-
viously described. The data displayed are the mean and standard deviation of
recovered CFU from at least three independent experiments. Difference in
CFU were tested for significance against the wild type or between the desig-
nated strains using the Mann-Whitney U test (***, P < 0.001; ****, P <
0.0001). The level of detection (L.O.D.) was 33 CFU.

rate similar to that for unsupplemented WT-conditioned medium
(Fig. 6). Since both the AArcD and AArcC mutants themselves are
protected by arginine, this differential effect of conditioned me-
dium differentiates the mechanism by which the AArcC and
AArcD mutants utilize arginine catabolism to protect against acid
stress. Whereas the AArcC mutant’s protection is associated with
an increased medium pH, the AArcD mutant’s protection cannot
be transferred in conditioned medium, suggesting this protection
occurs in the interior of the bacterial cell.

Protection of the AArcD mutant is sensitive to the ATPase
inhibitor DCCD. ATP is another key product of arginine catabo-
lism by the ADI pathway (Fig. 1). Given that the protection of the
AArcD mutant by arginine occurs without modulation of the me-
dium’s pH, it is possible that ATP plays a central role in this pro-
tective mechanism. Previous work has demonstrated that the
coupling of ATP hydrolysis to the extrusion of protons by the
F,F,-ATPase is a major mechanism used by most lactic acid bac-
terial species for maintenance of intracellular pH homeostasis in
acidic environments (18). The contribution of this mechanism to
protection can be assessed using the F,F,-ATPase inhibitor
DCCD (19). Examination of the effect of increasing concentra-
tions of DCCD on the WT and AArcC mutant showed no inhibi-
tion of arginine protection, as determined by recoverable CFU at
any concentration of DCCD tested (Fig. 7). However, for the
AArcD mutant, DCCD concentrations above 0.1 mM DCCD re-
sulted in a measurable decrease in CFU, with a significant decrease
apparent at 1.0 mM DCCD (Fig. 7). This differential sensitivity to
DCCD indicates that protection in the AArcC and AArcD mu-
tants occurs by different mechanisms and that protection of the
AArcD mutant is dependent on the F,F_-ATPase.

WT protection by citrulline catabolism is sensitive to DCCD.
Understanding the mechanism by which citrulline provides pro-
tection against pH stress would provide insight into the important
role we observed for citrulline catabolism during infection of soft
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FIG 7 Protection of the AArcD mutant against acid stress is sensitive to
DCCD. Wild-type bacteria were cultured in THY medium plus 10 mM argi-
nine and the AArcC and AArcD mutants were cultured in THY medium plus
50 mM arginine for 24 h. Following this period, the culture was separated into
aliquots, the designated concentration of DCCD was added, and the culture
was allowed to incubate for an additional 3 days. After the 3-day period, the
viabilities of the cultures were measured as previously described. The data
displayed are the mean and standard deviation of recovered CFU from at least
three independent experiments. Differences in CFU were tested for signifi-
cance against the wild type or between the designated strains using the Mann-
Whitney U test (**, P < 0.01).

tissue (5). Comparison of the pH-dependent viability when utiliz-
ing citrulline versus arginine revealed that a similar level of bacte-
rial viability was maintained at a slightly lower culture pH when
utilizing citrulline (see Fig. S3 in the supplemental material), sug-
gesting that the protection provided relied upon the pH-indepen-
dent mechanism exhibited by the arcD mutant. To examine the
contribution of the F,F -ATPase to the mechanism by which cit-
rulline catabolism protects the WT strain, protection was evalu-
ated following treatment with DCCD. To measure DCCD sensi-
tivity, overnight cultures of the WT strain were back-diluted into
fresh THY medium supplemented with various concentrations of
arginine or citrulline and cultured for an additional 24 h. At this
point, DCCD was added to a final concentration of 1.0 mM, in-
cubations were continued for 5 days, and viability was measured
by enumeration of CFU. This analysis revealed that with the ad-
dition of 10 or 20 mM arginine, there was no significant decrease
in CFU between cultures that were challenged with DCCD versus
those that were unchallenged (Fig. 8). In contrast, the addition of
DCCD resulted in a significant decrease in the mean number of
recoverable CFU in the presence of 10 or 20 mM citrulline (Fig. 8).
Together, these data demonstrate that while both citrulline and
arginine can provide a similar level of protection against acid
stress, protection is occurring by different mechanisms, with
arginine independent of and citrulline dependent on the F,F,-
ATPase.

DISCUSSION

An acidic environment is one of the most common stresses en-
countered by bacteria both in nature and in infected tissues (1).
The present study examined the mechanism by which the ADI
pathway of S. pyogenes contributes to adaptation to a low-pH en-
vironment. This analysis revealed that ADI-dependent protection
consists of two distinct components contributed by catabolism of
arginine and citrulline, respectively. The contribution of arginine
was associated with its ability to modulate environmental pH,
while citrulline’s contribution was dependent on the F F, -
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FIG 8 Citrulline protection of the wild type is sensitive to DCCD. Wild-type bacteria were cultured with arginine or citrulline at 10 mM (A) or 20 mM (B) at 37°C
for 24 h. Following this growth period, cultures were removed, and either I mM DCCD (+) or the vehicle ethanol (—) was added. The cultures were then placed
back at 37°C for an additional 5 days. The bacterial viabilities of the cultures were then measured as previously described. Differences in CFU were tested for
significance between the designated growth conditions using the Mann-Whitney U test (**, P < 0.05). n.s., not significant.

ATPase, implicating a unique role for the citrulline-dependent
ATP generated by the ADI pathway in adaptation to acid stress.
A distinct role for citrulline in the response to acid stress may
explain its contribution to the pathogenesis of S. pyogenes soft
tissue infection.

Analysis of the individual ADI pathway mutants allowed the
dissection of both the complementary and hierarchical relation-
ships of the protection provided by arginine and citrulline. The
complementary nature of protection was revealed by comparison
of the AArcD and AArcC mutants. The arcD mutant was unable to
modulate environmental pH (Fig. 4B) and could not generate a
conditioned medium that could protect a pH-sensitive mutant
(Fig. 6). However, it retained the capacity to protect itself through
its ability to produce ATP that could be used by the F,F_-ATPase
to extrude protons to deacidify its cytoplasmic compartment.
While the AArcD mutant has the ability to produce intracellular
ammonia, its sensitivity to acid stress in the presence of an ATPase
inhibitor (Fig. 7) indicates that ATP production is more impor-
tant for protection under these conditions.

In contrast to the AArcD mutant, the AArcC mutant is inca-
pable of generating ATP. However, it provided near-wild-type
levels of protection (Fig. 4A) through the production of ammonia
and the buffering of its external environment (Fig. 4B). Its ability
to protect itself was not sensitive to inhibition of the ATPase (Fig.
7). Similarly, the WT strain buffered the external medium (Fig.
4B), its conditioned medium could protect a pH-sensitive mutant
against acid stress (Fig. 6), and its protective activity was insensi-
tive to inhibition of the ATPase (Fig. 7). These data indicate that
although the WT strain has the ability to protect itself both by the
production of ATP and by the production of ammonia, the dom-
inant mechanism of protection involves the generation of ammo-
nia and the buffering of the surrounding environment. However,
under conditions where arginine concentrations are limiting or
when arginine is not metabolized efficiently so that it cannot buf-
fer the extracellular pH, the production of ATP via the ADI path-
way can act in concert with the F,F_-ATPase to provide protec-
tion.

Previous studies have shown that hydrolysis of ATP by the
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F,F,-ATPase results in the expulsion of three protons from the
cytoplasm (20), allowing the bacterium to maintain a higher in-
tracellular pH at the expense of ATP. This mechanism of pH ho-
meostasis provides an explanation for how the catabolism of cit-
rulline by the ADI pathway can protect against acid stress (1).
When supplemented with citrulline, the WT strain and those ADI
mutants that could still utilize citrulline (e.g., the AArcA mutant)
were protected from acid stress, but did not significantly raise
their extracellular pH (Fig. 4D). Both this activity and protection
from acid stress required the activity of the F,F -ATPase, demon-
strating that the citrulline-based protection has the ability to uti-
lize the nondominant ATP-generating activity of the ADI pathway
to provide acid stress protection (Fig. 7 and 8).

The contribution of the F,F -ATPase to acid stress protection
has been reported for other bacterial species, including Enterococ-
cus hirae, Streptococcus mutans, Streptococcus salivarius, and Liste-
ria monocytogenes (21-23). Similar to S. pyogenes, L. monocyto-
genes is a human pathogen whose ability to cause disease is
dependent on its ability to adapt to acid stress. However, unlike S.
pyogenes, L. monocytogenes does not encounter a low-pH environ-
ment that results from its own carbon metabolism. Instead, it is an
intracellular pathogen that is internalized by a host cell and then
must withstand the acidic environment of a phagolysosome (24).
In addition to the F,F_-ATPase, the survival of L. monocytogenes
within this intracellular environment also relies upon the ADI
pathway (25). In contrast, S. mutans is an extracellular pathogen
that is an important agent of dental caries (26). Its pathogenesis
depends both on its ability to produce acid to cause the deminer-
alization of dentin at the tooth surface and to its ability to adapt to
the extreme-low-pH environment that its metabolism of carbo-
hydrates generates (27). Whether the ADI-mediated catabolism of
citrulline can also contribute to the pathogenesis of diseases
caused by L. monocytogenes, S. mutans, or other acid-adapting
pathogens remains to be determined.

Citrulline is an important metabolic intermediate in the urea
cycle and is ubiquitously found in all tissues (28). It can contribute
to innate immune defenses against many pathogens, as it can be
recycled to arginine by the host enzymes arginosuccinate synthase
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and arginosuccinate lyase (12, 13). This can produce a steady sup-
ply of arginine for the enzyme inducible nitric oxide synthase
(iNOS), an important component of the innate immune system
that generates nitric oxide, a potent antimicrobial agent (29). We
have previously shown that S. pyogenes uses its ADI pathway to
modulate innate immunity in the subcutaneous tissues by deplet-
ing arginine to impair the iNOS-derived production of nitric ox-
ide (5). This analysis also revealed that those ADI pathway mu-
tants that also could not utilize citrulline were hyperattenuated to
alevel greater than could be attributed solely to the impairment of
iNOS activity (5). The molecular basis underlying hyperattenua-
tion was not understood.

Global analyses of S. pyogenes transcriptional profiles during
infection in murine and zebrafish models have indicated that the
bacterium is adapting to alow-pH environment (11, 30). Thus, we
hypothesized that the hyperattenuation resulting from the loss of
citrulline was associated with its arginine-independent ability to
aid in the production of ATP for protection against acid stress.
However, given that the ability to utilize both arginine and citrul-
line resides within the ADI pathway, the specific contributions of
either substrate to any given phenotype can be difficult to sepa-
rate. In addition, it has been demonstrated that certain ADI path-
way genes may impact pathogenesis via mechanisms independent
of their canonical function in catabolism (31). In the present
study, we used a comprehensive panel of ADI pathway mutants to
systematically evaluate the individual contributions of arginine
and citrulline to acid stress adaptation. This analysis has revealed
the specific contribution that citrulline can make to protection
from acid stress. The application of this approach to other patho-
gens may prove equally valuable for the analysis of the contribu-
tions of arginine and citrulline to pathogenesis.
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