
JOURNAL OF BACTERIOLOGY, Jan. 2006, p. 361–369 Vol. 188, No. 2
0021-9193/06/$08.00�0 doi:10.1128/JB.188.2.361–369.2006
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Structure, Regulation, and Putative Function of the Arginine
Deiminase System of Streptococcus suis

Petra Gruening, Marcus Fulde, Peter Valentin-Weigand, and Ralph Goethe*
Institut fuer Mikrobiologie, Zentrum fuer Infektionsmedizin, Stiftung Tieraerztliche Hochschule

Hannover, Hannover, Germany

Received 10 June 2005/Accepted 27 October 2005

Streptococcus suis is an important cause of infectious diseases in young pigs. Little is known about the
virulence factors or protective antigens of S. suis. Recently, we have identified two proteins of the arginine
deiminase system (ADS) of S. suis, which were temperature induced and expressed on the streptococcal surface
(N. Winterhoff, R. Goethe, P. Gruening, M. Rohde, H. Kalisz, H. E. Smith, and P. Valentin-Weigand, J.
Bacteriol. 184:6768-6776, 2002). In the present study, we analyzed the complete ADS of S. suis. Due to their
homologies to the recently published S. gordonii ADS genes, the genes for arginine deiminase, ornithine
carbamoyl-transferase, and carbamate kinase, which were previously designated adiS, octS, and ckS, respec-
tively, were renamed arcA, arcB, and arcC, respectively. Our data revealed that arcA, arcB, and arcC of the S.
suis ADS are transcribed from an operon (arcABC operon). Additionally, putative ADS-associated genes were
cloned and sequenced which, however, did not belong to the arcABC operon. These were the flpS gene upstream
of the arcABC operon with homology to the flp transcription regulator of S. gordonii and the arcD, arcT, arcH,
and argR genes downstream of the arcABC operon with high homologies to a putative arginine-ornithine
antiporter, a putative dipeptidase of S. gordonii, a putative �-N-acetylhexosaminidase of S. pneumoniae, and a
putative arginine repressor of S. gordonii, respectively. The transcriptional start point of the arcABC operon
was determined, and promoter analysis provided evidence that multiple factors contribute to the regulation of
the ADS. Thus, a putative binding site for a transcription regulator of the Crp/Fnr family, an ArgR-binding
site, and two cis-acting catabolite response elements were identified in the promoter-operator region of the
operon. Consistent with this, we could demonstrate that the ADS of S. suis is inducible by arginine and reduced
O2 tension and subject to carbon catabolite repression. Furthermore, comparing an arcA knockout mutant in
which expression of the three operon-encoded proteins was abolished with the parental wild-type strain showed
that the arcABC operon of S. suis contributes to survival under acidic conditions.

Streptococcus suis is a major cause of meningitis, septicemia,
bronchopneumonia, and sudden death in young pigs. As a
zoonotic agent, S. suis infects humans, causing meningitis and
septicemia (2, 9, 13). Very little is known about the pathogen-
esis, virulence factors, and protective antigens of S. suis. The
serotype 2 polysaccharide capsule of S. suis is the only viru-
lence factor proven so far (10). However, in S. suis 35 different
capsular serotypes have been described, and virulence differs
among the serotypes and strains of the same serotype. Sero-
type 2 S. suis is considered the most prevalent capsular type in
diseased pigs (1, 25), and the capsule of S. suis serotype 2 has
been shown to play an essential role in pathogenesis (46). The
muramidase-released protein (52), the extracellular protein
factor (52), suilysin (26, 30), adhesins (49), and the fibronectin-
and fibrinogen-binding protein (17) have been described as
virulence-associated factors. However, virulent strains lacking
virulence factors have been isolated from diseased pigs (25),
indicating that as-yet-unknown virulence factors exist.

We have previously identified two cell wall-associated pro-
teins of S. suis that were induced by a temperature shift from
32°C or 37°C to 42°C (53). Amino-terminal sequence analysis

of the two proteins indicated homologies to an ornithine car-
bamoyl-transferase (OCT) and the streptococcal acid glyco-
protein from S. pyogenes, an arginine deiminase (AD) recently
proposed as a putative virulence factor (15, 16). Cloning and
sequencing of the respective genes of S. suis, adiS (80.2%
homology to the sagP gene), and octS (81.2% homology to an
OCT of S. pyogenes) and their adjacent upstream and down-
stream regions revealed that they were clustered together with
two additional open reading frames (ORFs). The first ORF
(orf-2) showed 59.8% homology to a gene encoding a hypo-
thetical cytosolic protein, and the second ORF (ckS) showed
70.1% homology to a carbamate kinase of S. pyogenes. Thus,
we concluded that the genes adiS, octS, and ckS make up the
AD system (ADS) of S. suis (53).

The ADS catalyzes the conversion of arginine to ornithine,
ammonia, and carbon dioxide and concomitantly generates 1
mol of ATP per mol of arginine consumed. The ADS is widely
distributed among prokaryotic organisms, including halobacte-
ria, Pseudomonas spp., Bacillus spp., lactic acid bacteria, and
oral streptococci (7, 14, 22, 36, 43, 55). It comprises three
major enzymes, the AD, the OCT, and the carbamate kinase.
The genes encoding the ADS are commonly organized as an
operon. In addition to the genes encoding the catalytic activi-
ties, a number of genes can be found associated with the ADS
gene cluster. These include regulatory genes belonging to dif-
ferent families of transcriptional regulators, not-yet-character-
ized genes, and genes encoding putative transport proteins.
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The gene arrangement and regulation and the biological role
of the ADS differ among species (3, 7, 18, 19, 22, 35, 57). In
some bacteria, such as Pseudomonas aeruginosa and Bacillus
licheniformis, the ADS permits growth under anaerobic condi-
tions (18, 36). In others, such as oral streptococci (20) and
Lactobacillus sakei (55), expression of the ADS is under the
control of carbon catabolite repression (CCR) and its expres-
sion is increased in the presence of arginine (19, 55). In oral
streptococci and S. pyogenes, the ADS seems to provide pro-
tection against acidic stress by the production of ammonia (7,
15). Furthermore, it has been shown that the AD of S. pyogenes
is involved in adhesion to and invasion of epithelial cells (15,
37). Little is known about the regulation of the ADS in S.
pyogenes and other pathogenic bacteria.

In this study, we characterized the ADS of S. suis with
respect to its genetic organization and regulation and putative
functions.

MATERIALS AND METHODS

Materials, bacterial strains, and growth conditions. If not stated otherwise, all
chemicals were purchased from Sigma (Munich, Germany). Previously described
S. suis strains I9841/1 (1) and 10 (46) were grown in Todd-Hewitt broth (THB;
Oxoid, Wesel, Germany) and subcultured on Columbia blood agar base (Oxoid)
containing 6% (vol/vol) sheep blood overnight at 37°C. For microaerophilic and
anaerobic growth conditions, bacteria were inoculated into freshly autoclaved
THB and cultured in jars with respective gas delivery envelopes (CampyGen or
AnaeroGen; Oxoid, Wesel, Germany) overnight at 37°C. The influence of dif-
ferent glucose concentrations on AD activity was analyzed with bacteria grown in
Trypticase soy broth (TSB; Difco) supplemented with different glucose concen-
trations (0.125 to 1%). To examine the influence of glucose, galactose, and
arginine on AD activity, the bacteria were grown in a low-carbohydrate tryptone-
vitamin (TV)-based minimal medium (5) supplemented with the respective sugar
at 0.2 or 2%, with or without 1% arginine. For temperature stress experiments,
S. suis was cultured as described previously (53).

Escherichia coli strains were grown in Luria-Bertani broth and subcultured on
Luria-Bertani agar plates. If required, antibiotics were added at the following
concentrations: spectinomycin at 100 �g/ml (S. suis) and 50 �g/ml (E. coli),
ampicillin at 100 �g/ml (E. coli), and kanamycin at 25 �g/ml (E. coli).

DNA techniques and sequence analysis. Chromosomal S. suis DNA was pre-
pared according to standard procedures as described by Sambrook and Russell
(44). Plasmid preparations were performed with Plasmid Kits from Macherey
and Nagel (Dueren, Germany) according to the manufacturer’s instructions.

The up- and downstream regions of the arcABC operon were cloned by PCR
and sequenced (Seqlab, Goettingen, Germany). The specific primer sequences
are available on request. Sequence analyses were performed with the HUSAR
server (Heidelberg Unix Sequence Analysis Resource).

RNA preparation. Total RNA was prepared by the method of Chomczynski
and Sacchi (12), with some modifications. Briefly, S. suis cultures were stress
treated for 1 h at 42°C (53) or incubated at 37°C to late exponential growth
phase. Ten milliliters of each culture was chilled on ice and then centrifuged for
10 min at 14,000 � g and 4°C. The bacterial pellet was suspended in 600 �l
denaturation buffer (4 M guanidinium thiocyanate, 25 mM sodium citrate, pH 7,
0.5% Sarkosyl, 100 mM 2-mercaptoethanol) with 400 mg zirconium beads. The
cells were disrupted by bead beating for 2 � 3 min with intermediate cooling on
ice. Cell debris and zirconium beads were removed by centrifugation, and the
supernatant was transferred into a new 2-ml polypropylene tube. The prepara-
tion was then continued exactly as described by Chomczynski and Sacchi (12).
RNA was treated with DNase I (Roche, Mannheim, Germany) for 30 min at
37°C, followed by phenol extraction and precipitation.

Primer extension. The transcriptional start point of the AD operon was de-
termined by primer extension analysis as described by Sambrook and Russell
(44). Briefly, 20 �g DNase I-treated RNA from temperature-induced S. suis
cultures was incubated with 100,000 cpm of [�-32P]dATP-labeled primer PE
(5�-CTGCCTCTCATTTCCTCTTTACAT-3�) for 15 min at 58°C and reverse
transcribed at 42°C for 1 h. The extension product was analyzed on a denaturing
6% polyacrylamide gel containing 6 M urea. Sequencing was performed with the
Reader Sequencing Kit (Fermentas, St. Leon-Rot, Germany) according to the
manufacturer’s instructions with plasmid pBAD and primer PE.

cDNA synthesis and PCR. For cDNA synthesis, 2 �g of DNase I-treated total
RNA from S. suis grown at 37°C was reverse transcribed with primers specific for
flpS (5�-AAACATGGCTAACCGTTTCC-3�), arcA (5�-GTAGCAAATGGATC
CCGTGT-3�), arcC (5�-TTTGCATGCAGAGTCATCAAT-3�), and arcD (5�-G
CAAGATGATGGCTACACCA-3�) and 100 U Superscript II (Invitrogen, Gro-
ningen, The Netherlands) as described by the manufacturer. PCRs for gene-
specific and intragenic products were performed with 2 U Taq polymerase
(Invitrogen) and specific oligonucleotide primer pairs according to the manufac-
turer’s instructions. Primer pair 1 (P1 [5�-GGAGTTTTGATGATAAGCAAC
G-3�] and P2 [5�-AAACATGGCTAACCGTTTCC-3�]) and primer pair 2 (P3
[5�-TGGTTCGAGAGGACCAGTTT-3�] and P2) were used in combination
with the flpS cDNA. PCRs with the arcA cDNA were performed with primer pair
3 (P4 [5�-ATGAGAGGAGGAAAGCGTA-3�] and P5 [5�-TCATGCTCTTTCT
GTGCATCTT-3�]) and primer pair 4 (P6 [5�-GCAACTGAAGCAGGATGG-
3�] and P7 [5�-CCTGCCTCTCATTTCCTCTTT-3�]). Primer pairs 4, 5 (P8 [5�-
TTTGCTCAAGCTCTTCGTGA-3�] and P9 [5�-ACCTTCAGCCAAGGCAAC
TA-3�]), and 6 (P10 [5�-GTACTCGTGCTGCCTTCACA-3�] and P11 [5�-CTG
CCAAACATTGAGAAGCA-3�]) were used in the PCR with the arcC cDNA,
and primer pairs 7 (P12 [5�-AAATATTATAGGAGGTTTTTGCGATG-3�] and
P13 [5�-GCAAGATGATGGCTACACCA-3�]) and 8 (P13 and P14 [5�-TCATT
GCAAAGGCTAAGCAG-3�]) were used in combination with the arcD cDNA.
PCR conditions consisted of 2 min of initial denaturation at 94°C; 30 cycles of 1
min at 94°C, 1 min at 57 to 60°C, and 1 min at 72°C; and a final elongation for
10 min at 72°C.

Production and purification of recombinant proteins. Recombinant ArcA,
ArcB, and ArcC were produced as His tag fusions in E. coli with the QIAexpress
paired pREP4-pQE plasmid system (QIAGEN, Hilden, Germany). Genes were
amplified with deleted translation initiation codons by PCR from chromosomal
DNA with respective specific oligonucleotide primers containing restriction sites
(arcAKpnI [5�-GGGGTACCTCAAACCATCCAATTCAT-3�], arcAHindIII [5�-
CCCAAGCTTTTAGATGTCTTCACGTTC-3�], arcBKpnI [5�-GGGGTACCA
CAAACGTATTTAAAGGT-3�], arcBHindIII [5�-CCCAAGCTTTACACACG
TGGAACAAAT-3�], arcCBamHI [5�-CGGGATCCTGTAAGCGATTACTAT
TT-3�], and arcCHindIII [5�-CCCAAGCTTCAACGATCATACAGCTGC-3�]).
PCR products were cloned first into the pCR2.1 TA cloning vector (Invitrogen).
The KpnI-HindIII arcA and arcB fragments and the BamHI-HindIII arcC frag-
ments were subsequently subcloned into correspondingly digested pQE vectors
and verified by sequencing (Seqlab). Resulting plasmids pQE32arcA,
pQE30arcB, and pQE30arcC were introduced into E. coli strain M15(pREP4)
(QIAGEN). After isopropyl-�-D-thiogalactopyranoside (IPTG) induction, pro-
teins were overexpressed as N-terminal hexahistidyl derivates (His6-ArcA, His6-
ArcB, and His6-ArcC) and isolated by Ni2�-nitrilotriacetic acid affinity chroma-
tography according to the manufacturer’s instructions. Polyclonal rabbit antisera
against the purified proteins were obtained from Seqlab.

Construction of gene-specific knockout mutants. Inactivation of the arcABC
operon was achieved by insertion of a spectinomycin resistance cassette into the
arcA gene. A 2,840-nucleotide (nt) PCR fragment (positions �965 to �1875
according to the transcriptional start point) comprising the arcA gene and adja-
cent regions was amplified by PCR from chromosomal DNA of S. suis strain
I9841/1 with oligonucleotide primers 5�-TGGTTCGAGAGGACCAGTTT-3�
and 5�-TTGTCAATGTCTGGCACCAT-3�. The PCR was performed in a total
volume of 50 �l containing 100 ng chromosomal DNA of S. suis and 2 U Taq
polymerase (Invitrogen) as described by the manufacturer. PCR conditions were
an initial 2 min at 94°C; 35 cycles of 1 min at 94°C, 1 min at 57°C, and 3 min at
72°C; and a final elongation for 10 min at 72°C. The PCR product was cloned
into the pGEM-T Easy vector (Promega, Mannheim, Germany), resulting in
plasmid pGEMAD. The DNA insert was then subcloned as an ApaI-SacI frag-
ment into the pBluescriptII SK� vector (Stratagene, Heidelberg, Germany),
resulting in plasmid pBAD. The internal ClaI-EcoRV fragment (positions �35
to �341) was replaced with the ClaI-SmaI fragment of pICspc (39, 46) contain-
ing the spectinomycin resistance gene, resulting in pBADspc. The EcoRI frag-
ment from plasmid pBADspc, containing the inserted spectinomycin resistance
cassette and the arcA-adjacent regions, was inserted into the pIC vector to gain
plasmid pICADspc. Electrotransformation of S. suis was done as described by
Smith et al. (47), with 1 �g DNA of plasmid pICADspc and a Bio-Rad Gene
Pulser apparatus (Bio-Rad, Munich, Germany). Pulses were performed with
settings of 25 �F, 2.5 kV, and 200 � and a time constant of 4.5 to 4.6 ms. After
electroporation, 1 ml THB–0.3 M sucrose was added to the cells. Bacteria were
incubated for 2 h at 37°C and plated on agar plates containing selective antibi-
otics. The arcABC mutant strain was grown under aerobic conditions in
THB–1% yeast extract (THY) and subcultured on Columbia blood agar base
containing 6% (vol/vol) horse blood and spectinomycin (100 �g/ml) overnight at
37°C. Control of the arcABC mutant strain was performed by PCR with oligo-
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nucleotide primers for arcB (5�-GGGGTACCACAAACGTATTTAAAGGT-3�
and 5�-CCCAAGCTTTACACACGTGGAACAAAT-3�), arcC (5�-CGGGATC
CTGTAAGCGATTACTATTT-3� and 5�-CCCAAGCTTCAACGATCATACA
GCTGC-3�), and spc (5�-TGGTACCGTGGAATCATCCT-3� and 5�-GGAGA
AGATTCAGCCACTGC-3�) and primers adjacent to the insertion site of the spc
resistance gene cassette (5�-AGCGAGAGCAGTTTGCTACC-3� and 5�-TCAT
GCTCTTTCTGTGCATCTT). The PCR was performed as described above.
Southern analyses were performed with BamHI-cleaved genomic DNA accord-
ing to standard protocols (44).

Immunoblot analysis. Immunoblot analysis of whole-cell lysates was per-
formed as previously described (53), with specific anti-ArcA, anti-ArcB, and
anti-ArcC antisera at a final dilution of 1:200.

Determination of AD activity. AD activity from whole-cell lysates was assayed
as described previously (53). Results were expressed as nanomoles of citrulline
produced per hour per milligram of streptococcal protein.

Survival of S. suis under acidic conditions. Experiments were performed as
described previously (4). Briefly, S. suis cultures were grown overnight in TSB
medium and harvested by centrifugation. Cells were suspended in 20 mM
Na2HPO4–1 mM MgCl2–25 mM arginine-HCl adjusted to pH 4, 5, 6, or 7.
Controls were incubated at pH 4 without arginine-HCl. Suspensions were incu-
bated for up to 4 h at 37°C. The number of viable bacteria was quantified by
plating on THY. Results were expressed as percent survival compared to the
CFU of the initial inoculum.

RESULTS

Genetic organization and characterization of the ADS gene
cluster. While our first report on the ADS of S. suis was in
press (53), the ADS of S. gordonii was published by Dong et al.
(20). Subsequent sequence analysis of the S. suis ADS genes
revealed high homologies to their analogues in S. gordonii.
Hence, the genes for AD, ornithine carbamoyl-transferase, and
carbamate kinase, previously designated adiS, octS, and ckS,
respectively, were renamed arcA, arcB, and arcC, respectively.
Further sequence analysis of ORF2 revealed similarities to an
acetyltransferases of S. pyogenes and S. agalactiae. However,
due to a weak Shine-Dalgarno box and a start codon within the
AD coding sequence, we assume that this ORF is not ex-
pressed in S. suis. Therefore, this ORF was not assigned a
specific name.

The genes of the ADS are generally organized in an operon-
like structure (56). Many ADS operons are associated with
genes encoding an arginine-ornithine antiporter and a tran-
scription regulator of the Crp/Fnr or ArgR/AhrC family (3, 15,
22, 33, 35, 36) (see also Fig. 6). Therefore, we cloned and
sequenced the up- and downstream flanking regions of the
arcA, arcB, and arcC gene cluster of S. suis. Sequence analysis
confirmed an additional ORF of 696 nt upstream of the arcA
gene. The predicted protein sequence shared 43% identity
with a transcription regulator of S. pyogenes (AE014160) be-
longing to the family of Crp/Fnr transcription regulators and
also a homology of 36% to the ArcR protein of B. licheniformis
(CAB95946). Alignment with the partial genome of S. gordonii
(www.tigr.org) revealed the highest sequence identity to S.
gordonii flp (64%). Analysis of the predicted amino acid se-
quence revealed a putative CAP effector domain in the N-
terminal region of the protein and a helix-turn-helix motif in
the C-terminal region, which might be responsible for DNA
binding. Due to the homology to the Flp regulator protein of
S. gordonii, this ORF was named flpS. Upstream of the flpS
gene, two additional ORFs were identified; both putative pro-
teins showed homologies of up to 78% to conserved and hy-
pothetical proteins SP1565 (AAK756562) and spr1422
(E98049), respectively, of S. pneumoniae that have not been

further characterized. Downstream of arcC, analyses revealed
four further ORFs. The first one (1,502 nt) was named arcD
due to a homology of 70% to an arginine-ornithine antiporter
of S. gordonii (AAN65258). The second, a 1,358-nt ORF, was
named arcT because of a homology of 67 to 71% to arcT of S.
gordonii (AF534569). The third ORF, with a size of 4,259 nt,
showed a homology of up to 69% to a �-N-acetylhexosamini-
dase of S. pneumoniae (L36923). The last ORF, 473 nt, showed
a homology of 70% to arcR of S. gordonii (AF534569). Con-
sistent with what has been described in S. gordonii (22), strong
similarities were found to regulatory proteins involved in argi-
nine metabolism; e.g., the pI of the first 100 amino acids was
basic (9.25), while the pI of the last ones was acidic (3.82).
Furthermore, a typical serine-arginine motif essential for DNA
binding was found in the N-terminal region of the ArgR se-
quence, while conserved amino acid residues important for
arginine binding were detected at positions 103 (alanine), 125,
and 126 (aspartic acid). Thus, this ORF was named argR.

Next, we determined which genes of the ADS cluster of S.
suis were organized in an operon. For this, RNA isolated from
S. suis cultures grown at 37°C was reverse transcribed with
oligonucleotide primers specific for the flpS gene, the arcA
gene, the arcC gene, and the arcD gene (Fig. 1A). Reverse
transcription (RT)-PCR analyses were performed with the re-
spective gene-specific primer pairs. For each cDNA, at least
one primer pair consisted of a gene-specific oligonucleotide
primer and an additional primer pair specific for the indicated

FIG. 1. The arcABC operon of S. suis consists of the arcA, arcB,
and arcC genes. (A) Schematic representation of the positions of the
primer sequences used for RT (rev1 to rev3) and the primers used for
PCR (P1 to P14) as described in Materials and Methods. (B) Ethidium
bromide-stained gel from the RT-PCR analysis of mRNA of S. suis
grown in THB at 37°C. Lane 1, molecular weight marker; lane 2, flpS
intragenic PCR fragment (603 bp, primer pair 1); lane 3, flpS upstream
region 3�-end flpS PCR fragment (primer pair 2); lane 4, arcA intra-
genic PCR fragment (229 bp, primer pair 3); lanes 5 and 6, flpS-arcA
gene intergenic PCR fragment (primer pair 4 each); lane 7, arcA-arcB
intergenic PCR fragment (2,132 bp, primer pair 5); lane 8, arcB-arcC
intergenic PCR fragment (1,621 bp, primer pair 6); lane 9, arcD intra-
genic PCR fragment (527 bp, primer pair 7); lane 10, arcC-arcD in-
tergenic PCR fragment (primer pair 8); lanes 11 and 12, control reac-
tions with mRNA without RT and double-distilled H2O, respectively.
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5� adjacent genes. As shown in Fig. 1B, all gene-specific RT-
PCRs generated the expected PCR products (lanes 2, 4, 7, 8,
and 9). However, only the PCR fragments for the intergenic
regions between arcA and arcB and between arcB and arcC
were amplified (lanes 7 and 8), indicating that these genes
compose the arcABC operon of S. suis, whereas genes flpS and
arcD appeared to be located outside the operon.

Analysis of the promoter region and the 5� untranslated
region of the arcABC operon. We determined the transcrip-
tional start point of the arcABC operon by primer extension
analysis with RNA isolated from temperature stress-induced S.
suis cultures (Fig. 2A). The transcriptional start point was
identified 214 nt upstream of the arcA start codon, which we
identified previously by N-terminal sequencing (53). Sequence
analysis of the promoter region (Fig. 2B) revealed a �10 re-
gion, TATAAT, that matched the typical consensus sequence
and a �35 region, TTTTAT, 17 nt upstream of the �10 region
which, however, shared only two bases (bold letters) with the
typical consensus sequence TTGACA.

Based on the homologies of the flpS gene to the family of
Crp/Fnr transcription regulators and to ArcR homologous pro-
teins, we analyzed the promoter sequence for possible Crp/Fnr
DNA-binding sites. A putative binding site for a transcription
regulator of the Crp/Fnr family was identified at position
�57.5 upstream of the transcriptional start point. This se-
quence, TTGACAGAAACTCA, showed homologies (bold let-
ters) to the Fnr consensus region of E. coli, TTGAT-N1-N4-A
TCAA (21).

In other bacteria, the ADS is inducible by arginine via acti-
vation through ArgR. Therefore, we investigated the region
upstream of the promoter of S. suis arcA with regard to E. coli
ArgR-binding sites, ANTGAATAATTATTCAN or TNTGA
ATTTAAATTCAN, respectively (34). A potential binding site
for ArgR (TTTGAAATTCATATTCAA) was identified at posi-
tions �196 to �214 from the transcriptional start point.

In oral streptococci (20) and L. sakei (55), expression of the
ADS is under the control of CCR. In AT-rich gram-positive
bacteria, CCR is mediated by trans-acting catabolite control
protein A (CcpA). CcpA binds to cis-acting catabolite re-
sponse elements (cre) in the presence of favored carbohydrate
sources to repress the expression of catabolic genes and oper-
ons. Genes repressed by CcpA generally contain cre boxes
(TGWAARCGYTWNCW) within and downstream of the
promoter (28, 29, 50). We identified two potential CcpA-de-
pendent cre sites at �63 (TGTGAAGAATTTCT) and �86
(TGTGAGCGTTTTCA) with bases matching the consensus
(bold letters) within the untranslated region of the S. suis
arcABC operon (Fig. 2B).

Regulation of the ADS by arginine, reduced oxygen tension,
and carbohydrate catabolite repression. The presence of a
putative ArgR-binding site, a possible Fnr-binding site, and the
two potential cre-binding sites suggested that the ADS of S.
suis is transcriptionally controlled by a multitude of regulator
mechanisms. Thus, we examined the regulation of the ADS by
variation of growth conditions. First, we determined whether
expression of the ADS is induced by arginine (ArgR regulated)
and under anaerobic growth conditions (flpS regulated). We
measured the AD activities of S. suis strains I9841/1 and 10
grown in TV minimal medium in the presence and absence of
1% arginine. As shown in Fig. 3A, the AD activities of both

strains tested were substantially enhanced when the bacteria
were grown in the presence of arginine, indicating that the
ADS is inducible by arginine. In addition, we tested the AD
activities of S. suis grown under aerobic, microaerophilic, and

FIG. 2. Analysis of the promoter region and the 5� untranslated
region of the arcABC operon. (A) Primer extension experiments with
10 �g (lane 1) and 15 �g (lane 2) of heat-induced (42°C) RNA of S.
suis strain I9841/1. (B) Sequence of the promoter region of the S. suis
arcABC operon. The transcriptional start point (arrow), the predicted
�10 and �35 boxes, the predicted ARG box, the predicted Fnr-
binding site, the predicted cre-binding sites, and the predicted Shine-
Dalgarno (SD) sequence of arcA are indicated.
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anaerobic culture conditions. Results revealed that the in-
crease in AD activity is correlated with a decrease in O2 ten-
sion (Fig. 3B).

The presence of two potential cre-binding sites prompted us
to examine whether the ADS of S. suis is subject to CCR. Thus,
bacteria were grown in glucose-free TSB medium and in me-
dium supplemented with increasing concentrations of glucose.
As shown in Fig. 3C, 0.125% glucose reduced AD activity by
approximately 45%. AD activities were also determined for S.
suis grown in TV minimal medium on various other energy
sources (Fig. 3D). We expected higher levels of AD activity in
the presence of sugars, e.g., galactose, which were not repres-
sive of AD expression in other streptococci (20, 27). Accord-
ingly, higher levels of AD activity were obtained from S. suis
cultures grown in the presence of 0.2% galactose than from
cells grown in the presence of 0.2% glucose. Although the
presence of glucose had a repressive effect on AD expression,
addition of 1% arginine to the growth medium seemed to
partially abolish this effect, which was reflected by an increase
in AD activity (Fig. 3D). Supplementation of glucose or galac-
tose to a final concentration of 2% induced CCR in S. suis
cultures, but addition of 1% arginine seemed to abolish the
effect, most notably for cultures grown in the presence of
galactose (data not shown).

Role of the ADS in survival of S. suis under acidic condi-
tions. Ammonium production by the ADS has been shown to
protect bacteria from acidic stress (38). To study the role of the
ADS of S. suis in an acidic environment, we constructed an
arcA knockout mutant. The 5� end of the arcA gene and its
nontranslated region (positions �35 to �341 bp) were re-
placed with a spectinomycin (spc) resistance gene cassette. The
resulting mutant strain was confirmed by PCR (Fig. 4A) and
Southern analyses (Fig. 4B) and designated 10	arcA. Pheno-
typically, the mutant strain was examined via immunoblot anal-
ysis with antisera raised against the recombinant ArcA, ArcB,
and ArcC proteins of S. suis (Fig. 4B). Whole-cell lysates of S.
suis strains I9841/1, 10, and 10	arcA grown at 37°C were pre-
pared and, after SDS-PAGE, blotted onto nitrocellulose mem-
branes. The membranes were probed with anti-ArcA, anti-
ArcB, and anti-ArcC antisera, respectively. As shown in Fig.
4C, the mutant strain did not express any of the proteins of the
arcABC operon, indicating that expression of the complete
operon was abolished by insertion of the spc resistance gene
cassette. Accordingly, there was no detectable AD activity in
the mutant strain compared to the wild-type strain (2,762.91
nmol citrulline/h/mg protein).

To analyze the ability of the ArcABC mutant strain to sur-
vive under acidic conditions, the mutant and parental strains

FIG. 3. Regulation of the ADS by arginine, reduced oxygen tension, and carbohydrate catabolite repression. (A) AD activities of S. suis
serotype 2 strains grown in TV medium with or without 1% arginine (open bars, strain I9841/1; filled bars, strain 10). (B) AD activities of S. suis
serotype 2 strains grown in THB medium under aerobic, microaerophilic, or anaerobic conditions (open bars, strain I9841/1; filled bars, strain 10).
(C) AD activities of S. suis serotype 2 strains grown in TSB with increasing amounts of glucose (open bars, strain I9841/1; filled bars, strain 10).
(D) S. suis serotype 2 strains grown in TV medium with or without 1% arginine and different carbohydrate sources (glucose and galactose). Results
of representative experiments are shown. AD activities were determined as described in Materials and Methods. Each experiment was repeated
at least twice.
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were exposed to pH values of 4, 5, 6, and 7 in the presence or
absence 25 mM L-arginine, respectively. Viable streptococci
were quantified by serial platings on THY agar, and results
were expressed as percent survival (CFU count at the indicated
time point compared to that of the initial inoculum). Both the
mutant and wild-type strains were sensitive to acidic pH in the
absence of L-arginine (Fig. 5). In the presence of L-arginine,
the wild-type strain survived under all pH conditions tested,
whereas the ArcABC mutant strain was almost completely
killed after a 2-h exposure to acidic pH (pH 4 to 6; Fig. 5). The
viability of the mutant strain was not affected at pH 7. The
decreased viability of the ArcABC mutant strain indicated that
the arcABC operon of S. suis contributes to survival under
acidic conditions.

DISCUSSION

The ADS is a multienzyme pathway that catalyzes the con-
version of arginine to ornithine, ammonia, and CO2, with con-
comitant production of ATP (56). Due to these properties,
ADS-expressing bacteria can overcome oxygen and nutrient
starvation and are able to tolerate acidic environments (8, 38).
Apart from the genes encoding the catalytic activities, other

associated genes were found within the ADS gene cluster (Fig.
6). These genes include regulatory genes belonging to different
families of transcription regulators, not-yet-characterized
genes, and genes encoding putative transport proteins. Fur-
thermore, the genes encoding the ADS are commonly orga-
nized as an operon. However, the gene arrangement, regula-
tion, and physiological role of the ADS differs among species
(Fig. 6) (3, 7, 18, 19, 22, 35, 57). The ADS is widely distributed
among prokaryotes, and the primary structures of the enzymes
involved in the AD pathway have been reasonably conserved
throughout evolution. To date, ADS genes have been identi-
fied and sequenced in bacteria and archaea; no ADS genes or
ADS enzyme activity has been reported for higher eukaryotes
(56). In the amitochondriate parasitic protist Giardia intestina-
lis, the first two proteins of the ADS pathway, AD and OCT,
were shown to be among 16 immunodominant proteins, un-
derlining the importance of the ADS pathway in this parasite
(42). The relevance of the ADS in pathogenic bacteria, how-
ever, has been described only for S. pyogenes. Here the ADS
can be considered as a virulence factor. A protein originally
designated streptococcal acid glycoprotein and originally re-
ported to inhibit proliferation of human epidermoid carcinoma
cells and human peripheral blood-derived mononuclear cells
was ultimately identified as an AD that additionally contrib-
uted to acidic survival (15, 16, 54). However, the structure and
regulation of the ADS in S. pyogenes have not been analyzed in
detail.

Recently, we found that genes adiS, octS, and ckS (renamed
arcA, arcB, and arcC, respectively) make up the ADS of S. suis.
Interestingly, we could show that ArcA and ArcB were murein
associated and that ArcA was expressed on the cell surface
(53). Furthermore, we found that a natural, nonencapsulated,
ArcA-deficient S. suis strain showed reduced survival after
entry into epithelial cells compared to a natural, nonencapsu-

FIG. 4. Construction of an arcA knockout mutant. (A) Control of
strain 10	arcA in comparison with wild-type strain 10 by PCR. An
ethidium bromide-stained agarose gel with the PCR DNA fragments is
shown. Amplification was performed with chromosomal DNAs of
strain 10	arcA (lanes 2 to 5) and wild-type strain 10 (lanes 6 to 9).
	arcA-containing plasmid pICADspc (lane 10), wild-type arcA-con-
taining plasmid pBAD (lane 11), and spectinomycin donor plasmid
pICspc (lane 12) were used as positive controls, and double-distilled
H2O (lane 13) was used as a negative control. Lane 1, molecular weight
marker; lanes 2, 6, and 10, amplification reaction to verify insertion of
the spc resistance gene cassette (1,609-bp fragment, successful inser-
tion; 614-bp fragment, no insertion); lanes 3 and 7, arcB-specific DNA
fragment (1,039 bp); lanes 4 and 8, arcC-specific DNA fragment (1,027
bp); lanes 5, 9, and 12, spc cassette-specific DNA fragment (361 bp).
(B) Southern analysis of wild-type strain 10 and mutant strain 10	arcA
with probes specific for the arcA, gdh (41), and spc genes. (C) Immu-
noblot analyses with whole-cell lysates of S. suis strains I9841/1, 10, and
10	arcA (lane M, molecular size marker). Specific antisera against the
ArcA, ArcB, and ArcC (
-ArcA to -C) proteins were used at a 1:200
dilution. The specific protein bands are indicated by arrows.

FIG. 5. Survival of S. suis in an acidic environment. Wild-type
strain 10 (filled symbols) and mutant strain 10	arcA (open symbols)
were grown to stationary phase and harvested, and equal numbers of
bacteria were suspended in 20 mM Na2HPO4–1 mM MgCl2–25 mM
L-arginine–HCl at pH 4 (�), pH 5 (‚), pH 6 (E), and pH 7 (ƒ). Buffer
without L-arginine–HCl served as a control (�). The bacteria were
incubated at 37°C, and after 1, 2, and 4 h, the number of viable
organisms was determined by plating on THY agar. Results are pre-
sented as percent survival (CFU count at the indicated time point
compared to that of the initial inoculum). Results of a representative
experiment of three are shown.
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lated, ArcA-expressing S. suis strain (4), emphasizing the pu-
tative roles of ArcA and ArcB as virulence factors of S. suis.

In the present study, we examined the structure and regu-
lation of the ADS in S. suis. We identified an additional ORF
upstream of the arcA gene named flpS with homologies to a
Crp/Fnr transcription regulator of S. pyogenes, the ArcR pro-
tein of B. licheniformis, and flp of S. gordonii, which was re-
quired for expression of the ADS under anaerobic induction
(19). The two additional ORFs upstream of the flpS gene
encoded hypothetical proteins that seem not to be functionally
associated with the ADS of S. suis. Downstream of arcC, fur-
ther ORFs were identified which seem to be associated with
the arcABC operon. The first one, with high homology to an
arginine-ornithine antiporter of S. gordonii, was named arcD
and followed by an Xaa-His dipeptidase (arcT) that shared
high homologies with S. gordonii arcT (20). The putative �-N-
acetylhexosaminidase (arcH), with high homology to an S.
pneumoniae �-N-acetylhexosaminidase, has not been described
in ADSs of other bacteria and seems to be a special feature of
the ADS of S. suis. All these genes appear to be associated with
the arcABC operon of S. suis.

Most of the ADSs are highly regulated (3, 20, 36, 57). Their
genetic regulation, however, seems to be only partially con-
served among organisms (Fig. 6). In P. aeruginosa (33) and B.
licheniformis (35), the ADS is expressed under anaerobic con-
ditions via regulators of the Crp/Fnr family. In all ADS-ex-
pressing bacteria, induction by Crp/Fnr can be further en-
hanced in the presence of arginine by ArgR, the transcriptional
regulator of the arginine operon (33). In some bacteria, such as
lactic acid bacteria (55) and oral streptococci (19), expression
of the ADS is under the control of CCR and is inducible by
arginine. In the present study, we demonstrated that all these
regulation mechanisms apply to the ADS of S. suis.

The ADS of S. suis is induced under microaerophilic and
anaerobic growth conditions. Oxygen-dependent regulation of

the ADS is probably supported by the presence of the flpS
gene, which has homologies to the family of Crp/Fnr transcrip-
tion regulators and to the ArcR homologue protein of B.
licheniformis, upstream of the arcABC operon. Furthermore,
the promoter sequence of the arcABC operon contains a pos-
sible Crp/Fnr DNA-binding site at position �57.5 from the
transcriptional start point of the arcA gene with homologies to
the Fnr consensus region of E. coli (21). The members of the
Fnr family have been proven to be responsible for anaerobic
gene regulation in many gram-negative and some gram-posi-
tive bacteria (48). These regulators have been shown to be
linked to ADS regulation. For instance, P. aeruginosa and B.
licheniformis utilize the ADS exclusively under anaerobic con-
ditions via regulators of the Crp/Fnr family (33, 35). The po-
sition of flpS of S. suis within the ADS gene cluster is similar to
that of flp of S. gordonii, immediately upstream of arcA (19).
The predicted amino acid sequence of FlpS of S. suis revealed
a putative CAP effector domain in the N-terminal region of the
protein and a helix-turn-helix motif in the C-terminal region;
both structures are characteristic of Crp/Fnr regulator proteins
(6, 48). In typical Fnr regulators, four conserved cysteine res-
idues are usually found (48). As in the Fnr-like proteins of S.
gordonii (19), Lactobacillus casei (24), and Lactococcus lactis
(45), two cysteine residues have been found in the predicted
amino acid sequence of FlpS of S. suis. Thus, FlpS seems to be
more closely related to the ArcR regulators found in other
ADS-expressing gram-positive bacteria (3, 35, 57) that have
more Crp-like properties and are not typical FeS proteins (32).

We further found that the ADS of S. suis is inducible by
arginine. In B. licheniformis and S. gordonii, the AD pathway is
activated by the arginine regulators ArgR and ArcR, respec-
tively, in the presence of arginine by binding to conserved
ARG boxes. These boxes are located upstream of the promot-
ers apart from the binding sites for Crp/Fnr-type proteins (20,
36). Accordingly, we identified a potential binding site for

FIG. 6. Comparison of the genetic organization and regulation of known ADSs. The ADSs of S. pyogenes (15), S. gordonii (19, 20), L. sakei (55),
B. licheniformis (35), P. aeruginosa (22), H. salinarum (43), R. etli (18), and S. suis are depicted. Gray gene symbols represent genes with confirmed
operon structures.
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ArgR at positions �196 to �214 from the transcriptional start
point of the arcABC operon, suggesting that the ADS of S. suis
is regulated similarly to B. licheniformis and S. gordonii. Fur-
thermore, we identified a putative regulator involved in argi-
nine metabolism named ArgR.

Expression of the ADS in oral streptococci (20) and L. sakei
(55) is under the control of CCR. In both bacteria, AD expres-
sion is induced in the presence of arginine and repressed by
glucose. In AT-rich gram-positive bacteria, CCR is mediated
by CcpA. CcpA binds to cis-acting catabolite response ele-
ments (cre) in the presence of favored carbohydrate sources to
regulate the expression of catabolic genes and operons (50).
Sequences resembling Ccp boxes were identified in a number
of genes involved in the utilization of secondary carbon
sources. In these genes, the target sequence for glucose repres-
sion is located within or downstream of the promoter region
(28, 50). In the untranslated region of the S. suis arcA gene,
downstream of the transcriptional start point, two potential
CcpA-dependent cre sites were identified at positions �63 and
�86, suggesting that CcpA contributes to CCR in S. suis. CcpA
contributes to CCR in S. gordonii (19). However, since other
pathways, such as CcpB (11), CcpC (31), and the phospho-
transferase system, are known to be involved in CCR of some
gram-positive bacteria (23, 40, 51), participation of CcpA in
CCR of S. suis has to be confirmed by further studies.

Nonetheless, the presence of a putative ARG box, a possible
Fnr-binding site, and two potential cre-binding sites suggests
that the ADS of S. suis is transcriptionally controlled by a
multitude of regulator proteins.

Initially, we detected the ADS of S. suis by identification of
two cell wall-associated proteins that were induced by a tem-
perature shift from 32°C or 37°C to 42°C (53). Interestingly,
temperature-induced ADS expression has not been reported
for other bacteria. Even though ArcA and AcrB are extracel-
lularly expressed, the S. suis ADS is similar to the ADSs of
other, closely related, species. However, there are significant
differences in transcriptional organization structure, as empha-
sized by the presence of ArcH. Elucidation of the temperature
regulation and the detailed molecular mechanisms of ADS
regulation awaits further studies.

The ADS can be considered a system that protects oral
streptococci and S. pyogenes against acidic stress (7, 15). There-
fore, we examined the role of the arcABC operon of S. suis
regarding survival in an acidic environment by a pH sensitivity
test in which we compared an ArcABC mutant strain with its
parental strain. The mutant strain was extremely sensitive to
low pH, independent of the presence of 25 mM L-arginine,
indicating that the ADS facilitates S. suis survival in acidified
environments. These results were in good agreement with our
previous data demonstrating that a natural, nonencapsulated
arcA-negative S. suis strain, in contrast to a nonencapsulated
arcA-positive S. suis strain, was able neither to survive in acidic
vacuoles inside human epithelial cells nor to resist exposure to
low pH in the presence of arginine (4).

In conclusion, our results show that the ADS enables S. suis
to overcome oxygen and nutrient starvation and to tolerate
acidic environments. Thus, the ADS might facilitate S. suis
survival within the different niches of the host and thereby
probably contributes to S. suis pathogenesis. Future investiga-

tions have to clarify the importance of the ADS for S. suis
infections.
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