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Background/aims: Autoinducer-2 (AI-2) is used by several bacteria in quorum-sensing
signaling and is a product of LuxS. The aim was to investigate the effect of LuxS
mutation on expression of Streptococcus intermedius virulence factors.

Methods: S. intermedius mutants were constructed by insertion inactivation or gene
deletion. Real time RT-PCR was used to assess transcription of pas, ily and hyl.
Hyaluronidase and intermedilysin activities were measured biochemically.

Results: The results indicated that disruption of [uxS in S. intermedius may affect
hyaluronidase and intermedilysin gene expressions. No difference in antigen I/II
expression was observed. Biochemical methods showed a five-fold decrease in hemolytic
activity of the /uxS mutant; however, secreted hyaluronidase activity was unaffected. The
AI-2 precursor 4,5-dihydroxy-2,3-pentanedione complemented lack of AI-2 production
by the mutant thus restoring hemolytic activity.

Conclusions: We suggest that AI-2 communication is involved in intermedilysin

expression.
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Streptococcus intermedius is not only a
member of the commensal oral, gastroin-
testinal, and urinary floras, but may also be
associated with deep-seated purulent infec-
tions, particularly in the brain and liver (3,
37). In the oral cavity, S. intermedius is
mainly found in biofilms on teeth, but may
be associated with periodontal disease and
implantitis (33).

The autoinducer-2 (Al-2) signals pro-
duced by several gram-positive bacteria,
including S. intermedius (20), are thought
to mediate both intra- and inter-species
communication (35, 39). DPD (4,5-dihyd-
roxy-2,3-pentanedione), a product of
LuxS, spontaneously cyclises to form
AI-2 (26). The AI-2 molecules in different
species are not necessarily identical, but
are most likely derived from the same
precursor, DPD (16). The structure of Al-2

produced by streptococci is presently
unknown. AI-2 triggers gene regulatory
cascades and may be involved in biofilm
formation and virulence (35, 39). A num-
ber of proteins produced by S. intermedius,
including antigen I/II (Ag I/II), hyaluroni-
dase, and intermedilysin, have been impli-
cated in its virulence and pathogenesis (8,
17, 31).

Ag /Il and hyaluronidase contain the
LPXTG cell-wall anchoring motif. Both
proteins are expressed extracellularly as
well as on the cell surface. Ag /Il is a
family of antigenically related proteins
found in several streptococci (8); they
have received a variety of names according
to the species in which they were identi-
fied. In S. intermedius the protein is Pas
with the coding gene pas (32). Ag VI
shows multifunctional activities, including

binding to soluble extracellular matrix
glycoproteins and host cell receptors,
coaggregation with other bacteria, interac-
tions with salivary glycoproteins, activa-
tion of monocytic cells, and biofilm
formation (8, 19). In Streptococcus
mutans, inactivation of /uxS resulted in a
mutant with reduced expression of the Ag
/I gene (15). Whether LuxS plays a role
in Ag I/II gene expression in Streptococcus
intermedius is unknown.

Hyaluronidase breaks down hyaluronan,
a component found in virtually all tissues.
Bacterial hyaluronidase acts as endo-N-ace-
tylhexosaminidase by breaking the B-1-4
linkage of hyaluronan, with unsaturated
disaccharides as the final products (12).
Since hyaluronan is a major constituent of
the ground substance of most connective
tissues, its destruction facilitates the spread
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of toxins from the primary infection site.
Simultaneously, the disaccharides liberated
may be transported and metabolized intra-
cellularly by S. intermedius (6).

Another virulence factor of S. interme-
dius 1is the toxin called intermedilysin.
Intermedilysin is a member of the choles-
terol-dependent cytolysins, a large family
of structurally related pore-forming toxins
(23, 34). Structural analysis has indicated
that intermedilysin binds to human CD59
(5), and that cholesterol is necessary for its
insertion, but not necessarily at the stage of
receptor binding (4). Intermedilysin is
found extracellularly and bound to the
bacterial surface, presumably because of
the interaction of the strongly basic part
with the negatively charged teichoic acid
on the bacterial cell wall (28). Unlike other
cytolysins, intermedilysin targets exclu-
sively human cells (14, 17, 23). Interme-
dilysin from S. intermedius causes direct
cell membrane damage in human erythro-
cytes and in cell lines from major organs
(17, 23). Interestingly, cytolysin expres-
sion seems to be influenced by AI-2
communication in Streptococcus pneumo-
niae (9) and Streptococcus pyogenes (13).

The aim of this study was to investigate
whether expression of S. intermedius
virulence factors, including Ag I/II, hyalu-
ronidase, and intermedilysin, might be
regulated by LuxS. Analyses using real
time reverse transcription-polymerase
chain reaction (RT-PCR) demonstrated that
disruption of /uxS in S. intermedius resul-
ted in a mutant with reduced transcription
of the intermedilysin gene iy and the
hyaluronidase gene hyl, whereas no signi-
ficant differences were observed in the Ag
/Il gene pas. Hyaluronidase activity,
measured in the supernatants, was not
affected in the /uxS mutant. The ability of
S. intermedius to lyse erythrocytes was
reduced in the /uxS mutant, consistent with
the observed effect on ily expression.
Synthetic AI-2 in the form of DPD
restored the hemolytic activity in the luxS
mutant.

Bacterial strains and growth
conditions

The S. intermedius strains used in this
study were the type strain NCTC 11324
and its derivatives (Table 1). The
sequences of the oligonucleotide primers
used are listed in Table 1.

Mutants with disruption of /uxS were
constructed by insertion—inactivation as
previously described for Streptococcus
anginosus (20). The PCR ligation muta-
genesis strategy, in which two PCR ampli-

Table 1. Strains and primer sequences used in this study

Strain or primer

Relevant genotype or primer sequence (5 to 3)!

Reference or
primer purpose

S. intermedius

11324 NCTC NCTC

SI006 NCTC 11324 [uxS"::pSF151: luxS (20)

S1007 NCTC 11324 AluxS::Pc Em This study

SI008 NCTC 11324 Aily::Pc Kan This study

V. harveyi BB170 luxN::Tn5, Al-1 sensor~, AI-2 sensor’, reporter strain (2, 30)
Primers

SI007 construction
FP195 CTCCGCTTGTCCACGTAAAT Upstream flanker
FP196 AGG/CGCGCCCCCAGCAGTTGGGATAGAAC Upstream flanker
FP197 AGGCCGG/CCCTGCCGGACTAGATTTCACA Downstream flanker
AS016 GGAGCATTTGATTATTTGATTCGTCCA Downstream flanker
FPO15 GG/CGCGCCCCGGGCCCAAAATTTGTTTGAT ermAM cassette
FPO16 GGCCGG/CCAGTCGGCAGCGACTCATAGAAT ermAM cassette
FPO17 TTTTGTTCATGTAATCACTCCTTC confirm insertion
FPO18 CACGCCAAAGTAAACAATTTAAG confirm insertion

SI008 construction
FP189 TCCATCTAACTCTTATCCCCAAA Upstream flanker
FP190 AGG/CGCGCCTGCAGCTTCAGAGTTGCTGT Upstream flanker
FP191 AGGCCGG/CCAGCCACTGGACTAGCTTGG Downstream flanker
FP192 GGGAGAACCCACAGGTCTTT Downstream flanker
FP0O1 AGG/CGCGCCGTTTGATTTTTAATG Kan cassette
FP068 AGGCCGG/CCTAGGTACTAAAACAATTCATCCAGTA Kan cassette
FP037 TCATTTTCTCCCACCAGCTT confirm insertion
FP038 GCGCCTACGAGGAATTTGTA confirm insertion

Real-time RT-PCR
FP110 TGCTCATGAGGCAGAAGTTG pas amplification
FP111 TGCTTTACTGGCAGCATTTG pas amplification
FP112 TGCTGAAAAAGTGCAACAGG hyl amplification
FP113 ATCAAGCCAAGCATTCCATC hyl amplification
FP114 TTAGCACTTGGGGAACAACC ily amplification
FP115 TGCGAAGATTCAAGGCTTCT ily amplification
FP116 TGAAGAAGGTTTTCGGATCG 16S rRNA

amplification

FP117 CGCTCGGGACCTACGTATTA 16S rRNA

amplification

"Restriction sites are underlined: Ascl (GG/CGCGCC), Fscl (GGCCGG/CC).

fied flanking sequences of the gene are
ligated to a resistance cassette, was used
for gene deletion (10). Briefly, Ascl or Fsel
restriction sites were incorporated into the
oligonucleotide primers used to generate
the flanking DNA fragments and the
resistance cassette (Table 1). The erythro-
mycin cassette (ermAM) for /uxS disrup-
tion was amplified from PcEm (11) with
the primer pair FP015-FP016. The kana-
mycin-resistance cassette (Kan cassette)
used for ily disruption was PCR amplified
from plasmid pR410 (29) with the primer
pair FPOO1-FP068 (PcEm and pR410 were
a kind gift from D. A. Morrison). The
primer pairs FP195-FP196 and FP197-
AS016 were used to amplify the upstream
and downstream flanking regions of /uxS,
respectively. The i/y flanking regions were
amplified by the primer pairs FP189-
FP190 and FP191-192. After restriction
enzyme digestion with Ascl and Fsel, the
upstream or downstream amplicons were
ligated to the respective cassettes in two
separate reactions. The two ligation prod-

ucts were then mixed and PCR-amplified
with the distal primers FP195-AS016 for
luxS and FP189-FP192 for ily. The resul-
tant amplicons were used to transform S.
intermedius NCTC 11324, as described
below. The gene deletion in each mutant
was confirmed by PCR with distal primers
and internal primers for the Kan cassette or
ermAM. The primer pairs FP195-FP018
and FP017-AS016 were used for confir-
mation of the /uxS deletion, and the primer
pairs FP189-FP038 and FP037-FP192
were used for confirmation of the ily
deletion. For gene disruption, the cells
were grown in Todd-Hewitt broth (THB)
with 2.5% horse serum, and transformation
was induced by the competence-stimula-
ting peptide CSP 11325 as previously
described (21). Transformants were selec-
ted by growth on THB agar plates
containing the appropriate selective
antibiotics.

The strains were stored at —70°C in
brain-heart infusion broth (Difco Laborat-
ories, Detroit, MI) supplemented with 15%
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Fig. 1. Streptococcus intermedius wild type (A)
and /uxS mutant (B) hyaluronidase activity and
growth followed during 24 h. Hyaluronidase
activity was determined as the concentration of
reducing N-acetyl-D-glucosamine ends gener-
ated from hyaluronan hydrolysis by measuring
ODsg (@). Growth was monitorated by meas-
uring ODgoo (O). The results represent mean
values and standard errors of three independent
experiments with three parallels each.

(volume/volume; V/V) glycerol. Incuba-
tions were at 37°C in a 5% CO, aerobic
atmosphere. Before each experiment the
cells were grown on THB agar plates for
48 h. S. intermedius colonies were then
transferred to trypticase soy broth (TSB;
Difco Laboratories) and incubated for
24 h. For the /uxS mutant SI006, kanamy-
cin was used at a final concentration of
500 pg/ml in the first overnight cultures,
whereas no antibiotic was used for the
deletion mutants SI007 and SI0O0S.
S. intermedius wild type and [uxS mutants
from first overnight cultures were diluted
1 : 200 in fresh TSB and grown once more
overnight without antibiotics. The cells
were then diluted 1: 100 in TSB and
supernatant and cells were collected at
various time-points as specified below.
Inactivation of the /uxS gene in S. inter-
medius had no effect on growth compared
with the wild type (Fig. 1A,B).

To assess the AI-2 activity over time,
supernatants were collected at various
time-points and assayed for biolumines-
cence as described by Surette and Bassler
(30), except that frozen Vibrio harveyi
BB170 aliquots were used. The highest
AI-2 activity for S. intermedius in this
study was found in supernatants collected
between 4 and 6 h (Fig. 2).
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Fig. 2. Detection of streptococcal AI-2 produc-
tion by measuring the level of bioluminescence
induced in Vibrio harveyi BB170. Relative
change in bioluminescence by the Streptococcus
intermedius wild type was calculated by sub-
tracting the luminescence values obtained with
S. intermedius wild type and /uxS mutant during
24 h of growth. The AI-2 activity at 6 h was
normalized to 1. Results are mean values and
standard errors of two parallels from three
independent experiments.

Transcription of intermedilysin and
hyaluronidase, but not Ag l/ll gene, is
downregulated in the /uxS mutant

It has been shown that transcription of
virulence factors may be regulated by luxS
in several bacteria, including streptococci
(9, 13, 27, 36). To assess the impact of
S. intermedius LuxS on hyl, pas, and ily
expression, we compared the expression
profiles of a wild-type strain and its /uxS
isogenic mutant SI006 by real-time
RT-PCR. Total RNA from S. intermedius
wild type and the /uxS mutant SI006 was
extracted at early-growth-phase (approxi-
mately 4 h) with values between 0.2 and
0.3 for optical density measured at 600 nm
(ODggp). The High pure RNA isolation kit
(Roche Diagnostics GmbH, Mannheim,
Germany) was used according to the
manufacturer’s recommendation, except
that the cells were incubated at 37°C for
30 min in 100 pl lysis buffer containing
20 mg/ml lysozyme and 100 U mutanoly-
sin. RNA concentration was adjusted to
100 ng/ul, and samples were stored at
—=70°C until use. Complementary DNA
templates were created from 50 ng RNA
using the Transcriptor First Strand cDNA
Synthesis Kit (Roche) following the manu-
facturer’s protocol.

Real-time RT-PCR was carried out in an
MX4000° multiplex detection system
(Stratagene, La Jolla, CA) using qPCR
Mastermix for SYBR Green I (Eurogentec,
Seraing, Belgium). Gene-specific primers
were designed to amplify the Ayl, pas and
ily genes (Table 1). To normalize the data,
primers pairs were designed to amplify a
sequence in the 16S rRNA genes and

gyrase A gene as housekeeping control
(15). The gradient thermocycling program
was set for 40 cycles at 95°C for 15 s,
58°C for 30 s, and 72°C for 30 s, with an
initial cycle at 95°C for 10 min. During
each cycle, the accumulation of PCR
products was detected by monitoring the
increase in fluorescence of the reporter
dye from double-stranded-DNA-binding
SYBR green. Dissociation curves were
run immediately after the last PCR. To
exclude DNA contamination of the RNA
samples, replicate control assays were
performed in which reverse transcriptase
was omitted. Data were collected and
analyzed using the software and graphics
program MX4000 v 4.00 (Stratagene).
Standard curves were obtained for the
hyl, pas, ily, and 16S rRNA genes. The
relative differences in expression were
analyzed with the Relative expression
Software Tool (v.1.9.12) (22).

The results indicated that the S. inter-
medius luxS mutant, defective in AI-2
production, expressed less Ayl and ily than
the wild type, with expression ratios of
0.640 and 0.316, respectively. No differ-
ence in pas expression was observed,
(expression ratio 1.078). The results pre-
sented were also normalized by gyrase A
amplification, giving essentially the same
results. We used bacterial samples from
exponential growth phase because that is
when maximum AI-2 activity is observed
in S. intermedius supernatants (20). Also,
in several other Dbacteria, including
S. pneumoniae, disruption of /uxS has the
most pronounced effects on gene expres-
sion during exponential growth, when cell
density is rapidly increasing (9). Based on
the results from real-time RT-PCR we
decided to assess whether these differences
in the transcription of Ayl and ily resulted
in differences in phenotypes. We thus
compared the hyaluronidase activity and
the capacity of lysis of human erythrocytes
in the wild type and /uxS mutant.

Hyaluronidase activity is similar in
the wild type and /uxS mutant

Measurement of hyaluronidase activity
was based on the colorimetric method
described by Reissig et al. (24), slightly
modified by Asteriou et al. (1). It deter-
mines the concentration of reducing
N-acetyl-D-glucosamine ends generated
from hyaluronan hydrolysis; N-acetyl-D-
glucosamine (Sigma A 8625) was used as
a standard. Briefly, bacteria from the
second overnight culture were transferred
to 1.5 ml TSB. The supernatants were
collected at different time-points and fro-
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zen. Prewarmed hyaluronan solution
(200 pl of 1 mg/ml solution) containing
5 mM ammonium acetate at pH 5 was
incubated with 100 pl culture supernatant
at 37°C for 1 h. The reaction was stopped
by adding 50 pl borate solution, followed
by vortexing and incubation in a boiling
water bath for 3 min. After cooling, 1.5 ml
of a 10-fold diluted p-dimethylaminobenz-
aldehyde (DMAB) solution was added to
each tube. In this method, the N-acetyl-
D-glucosamine generated from degrada-
tion of hyaluronic acid is converted to a
furan derivative, which reacts with the
DMAB to form a red complex. The color
was determined spectrophotometrically at
590 nm after 20 min of incubation at
37°C. Each assay was performed in trip-
licate in three independent experiments.
The hyaluronidase accumulates during
growth up to the early stationary phase.
The level dropped at 24 h being lower than
at 9 h. S. intermedius wild type and /uxS
mutant SI006 showed similar hyaluroni-
dase activity in all phases (Fig. 1). The fact
that no hyaluronidase activity was
observed in a S. intermedius hyl mutant
strain (data not shown) proves that just one
copy of the hyaluronidase gene exists.

Lysis of human erythrocytes is
reduced in the /uxS mutant

To evaluate whether hemolysin activity is
affected in the /uxS mutant we used a
hemolytic assay as previously described
(18), with slight modification. Briefly,
human erythrocytes were washed three
times in phosphate-buffered saline (PBS)
by centrifugation. Hemolytic reactions
were carried out in a total volume of
500 pl. The reaction mixture contained
410 pl PBS, 15 pl of 50% (V/V) erythro-
cyte/PBS suspension and 75 pl of culture
supernatants from the wild-type or the /uxS
mutant (SI006-S1007) collected at time 0,
after 3 or 6 h growth in TSB. After 1 h in
37°C, the reaction mixtures were centri-
fuged at 7000 g for 5 min. Three hundred
microliters of each supernatant were dis-
pensed into a 96-well microtiter plate
(Nunc, Copenhagen, Denmark), and the
hemoglobin released from the erythrocytes
into the supernatant was measured at
530 nm in a Synergy HT Multi-Detection
Microplate Reader (Biotek Instruments,
Winooski, VT). Each assay was performed
in triplicate in three independent experi-
ments. At time zero and at 3 h the
hemolytic activity was low and no differ-
ences were observed between the wild
type and the /uxS mutant. The S. intermedi-
us wild type showed, however five times

o ~
L

o
—

Relative hemolytic activity /0D,

Wild type 11324 LuxSmutant  LuxS mutant
Sl1007 $1007 plus DPD

Fig. 3. Streptococcus intermedius wild type and
luxS mutant (plus and minus DPD) hemolytic
activity measured after 6 h of growth (ODs30).
Hemolytic activity was calculated according to
cell density. The data correspond to mean values
and standard errors from three independent
experiments. The results from the /uxS mutant
plus DPD were from the highest hemolytic
activity of each experiment with concentrations
of DPD varying between 0.4 and 32 nMm.

more hemolytic activity at 6 h (ODggo
0.450) of growth than the /uxS deletion
mutant (Fig. 3). The results are consistent
with those from real-time RT-PCR, in
which expression of ily in the /uxS mutant
was reduced.

To ascertain that the reduction in hemo-
lytic activity was in fact the result of
intermedilysin activity, we constructed an
S. intermedius ily mutant strain (SI008).
No hemolytic activity by the ily mutant
was observed (data not shown).

S. intermedius luxS mutant regained
the hemolytic activity by chemical
complementation with DPD

To verify that the reduction in lysis of
erythrocytes was the result of a lack of
Al-2-mediated signaling, concentrations
varying from 0.4 to 32nM of DPD
(Omm Scientific, Dallas, TX) were added
to the /uxS mutant SI007 growth medium.
Supernatants of the /uxS mutant were
collected after 3, 5, and 6 h. DPD had no
effect on the growth of the /uxS deletion
mutant (data not shown). Hemolytic activ-
ity was partially restored by growth of the
luxS mutant in the presence of DPD
(Fig. 3). The optimum DPD concentration
for complementation varied between 0.4
and 32 nM in the three experiments. This
concentration range was similar to that
described in DPD complementation stud-
ies investigating biofilm formation by a
Streptococcus oralis  luxS mutant and
Actinomyces naeslundii (25).
Al-2-mediated communication is in-
volved in the regulation of several bacter-
ial processes, including the expression of

toxins, protease activity, biofilm, motility,
cell division, and cell internalization (35,
39). In this study we investigated whether
S. intermedius pas, hyl, and ily genes,
encoding putative virulence and coloniza-
tion factors, were affected in the [uxS
mutant. No significant differences in pas
expression were observed. In S. mutans,
both downregulation (15) and no effect
(36) in expression of the Ag I/II gene have
been reported in a /uxS mutant.

The S. intermedius luxS mutant showed
downregulation of Ayl  expression,
although the hyaluronic activity was unaf-
fected. A study using microarray in
S. pneumoniae showed no difference in
hyl expression in a /uxS mutant (9).

Our results showed that inactivation of
luxS in S. intermedius resulted in a mutant
with reduced intermedilysin gene expres-
sion and hemolytic activity against
human erythrocytes. Disruption of /uxS in
S. pneumoniae has also been shown to
reduce the pneumolysin gene expression
required for virulence in animals (9),
whereas in S. pyogenes, disruption of luxS
enhances streptolysin activity (13). Yam-
aguchi et al. (40) suggested that other
toxins may be involved in hemolytic
activity. In S. intermedius NCTC 11324
we found that inactivation of i/y abolished
hemolytic activity, thus indicating that
ily may be the sole hemolytic toxin in
S. intermedius.

Surface-bound intermedilysin in S. inter-
medius has been shown to be an important
factor for invasion into host cells, and
secretion of the cytolysin is thought to be
essential for subsequent cell death (28).
Reduced ily expression in the exponential
phase by the S. intermedius luxS mutant
may reduce its colonization and invasion
significantly, thus allowing host defense
mechanisms to gradually eliminate the
bacteria.

LuxS also functions as an integral
component of the activated methyl cycle
and so has an alternative role in the cell
(38). Complementation of the /uxS mutant
with DPD restored, almost completely, the
hemolytic activity, thus indicating that the
differences observed between the wild type
and the /uxS mutant were in fact a result of
AI-2. Consequently, virulence of S. inter-
medius could possibly be reduced through
interference with Al-2 communication.

S. intermedius is found in the oral cavity
and in the gastrointestinal tract, niches
known to harbor a variety of bacterial
species. Human hemolytic strains of
S. intermedius are isolated most frequently
among infection- and abscess-related
strains (7). The ability to orchestrate the



expression of virulence factors via Al-2
communication may contribute to the
adaptation and survival of S. intermedius

in

complex niches. In this study, we

showed that iy expression and subsequent
hemolytic activity, among the major viru-

lence factors

in S intermedius, are

decreased in the /uxS mutant. Targeting
AI-2 quorum-sensing signaling may repre-
sent a novel strategy to reduce virulence
expression and fight diseases. Further stud-
ies are, however, necessary to address the
mechanisms involved in this regulation.
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