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Pneumococcal colonization and disease is often associated with biofilm formation, in which the bacteria exhibit elevated resistance
both to antibiotics and to host defense systems, often resulting in infections that are persistent and difficult to treat. We evaluated
the effect of sinefungin, a nucleoside analogue of S-adenosylmethionine, on pneumococcal in vitro biofilm formation and in vivo
colonization. Sinefungin is bacteriostatic to pneumococci and significantly decreased biofilm growth and inhibited proliferation
and structure of actively growing biofilms but did not alter growth or the matrix structure of established biofilms. Sinefungin
significantly reduced pneumococcal colonization in rat middle ear. The quorum sensing molecule (autoinducer-2) production was
significantly reduced by 92% in sinefungin treated samples. The luxS, pfs, and speE genes were downregulated in biofilms grown
in the presence of sinefungin. This study shows that sinefungin inhibits pneumococcal biofilm growth in vitro and colonization
in vivo, decreases AI-2 production, and downregulates [uxS, pfs, and speE gene expressions. Therefore, the S-adenosylmethionine
(SAM) inhibitors could be used as lead compounds for the development of novel antibiofilm agents against pneumococci.

1. Introduction

Streptococcus pneumoniae is a major cause of pneumonia,
meningitis, bacteremia, and otitis media (OM) in young
children and the elderly [1, 2]. Pneumococcal colonization
and disease is often associated with biofilm formation [3],
in which the adherent bacteria are attached to the host
surface and to each other to form multilayer structures
covered by an extracellular matrix (exopolysaccharide (EPS))
[4, 5]. Bacteria in biofilms exhibit elevated resistance both to
antibiotics and to host defense systems, which often results
in infections that are persistent and difficult to treat [6, 7].
Various studies have previously reported that pneumococ-
cal biofilm exhibits significantly higher resistance to peni-
cillin, tetracycline, rifampicin, amoxicillin, erythromycin,
clindamycin, and levofloxacin [8, 9]. Marks et al. reported
that pneumococcal biofilms formed on nasopharyngeal tissue
of mouse were more resistant to gentamicin and penicillin

G than did planktonic cell [10]. Therefore, there is an urgent
need to search for alternative antimicrobial target to develop
antimicrobial compound against pneumococcal biofilms.
The effective antibiofilm strategies should include inhi-
bition of microbial adhesion to the surface and of coloniza-
tion and interference with the signal molecules modulating
biofilm development and the disaggregation of the biofilm
matrix [11, 12]. In S. pneumoniae, quorum sensing (QS)
signaling regulates biofilm communities and plays a key
role in coordinating the spatial disposition, aggregation of
cells, and exopolysaccharide formation [13, 14]. Autoinducer-
2 (AI-2) is the only QS molecule in pneumococci which is
synthesized by S-ribosylhomocysteine lyase (LuxS) through
activated methyl cycle (AMC) [15]. In AMC, the S-adenosyl-
L-methionine (SAM) is a central molecule which donates
methyl group for methionine recycling, methylation of
biomolecules, and biosynthesis of AI-2 [16, 17]. Furthermore,
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the byproducts of AMC such as 5'-methylthioadenosine/S-
adenosylhomocysteine (MTA/SAH) are toxic to the bacteria
[15]. In S. pneumoniae detoxification of SAH is carried out
by MTA/SAH nucleosidase (Pfs) and S-ribosylhomocysteine
lyase (LuxS), and this pathway is absent in human [17-19].

The SAM is a central molecule of AMC involved
in recycling of methionine, methylation of biomolecules,
biosynthesis of AI-2, and polyamine biosynthesis [20, 21].
Therefore, we hypothesized that altering the SAM activity
could have adverse effect on pneumococcal biofilms. Here we
evaluated the effect of sinefungin, a nucleoside analogue of S-
adenosylmethionine, on pneumococcal in vitro biofilm.

Sinefungin is a natural nucleoside and a structural analog
of SAM. It inhibits transmethylation reactions related to
DNA, RNA, proteins, and other molecules [22-25]. Anti-
fungal, antiviral, and antiprotozoal activities of sinefungin
have been reported [26, 27]. Previously, Parsek et al. stud-
ied effect of sinefungin on Pseudomonas acyl homoserine-
lactone quorum-sensing signal generation [28]. However, the
effect of sinefungin on S. pneumoniae has not been studied.
In this study we examined the effect of sinefungin on S.
pneumoniae, particularly on biofilm growth.

2. Materials and Methods

2.1. Bacteria Strains and Culture Conditions. S. pneumoniae
D-39 strain (NCTC 7466) is an encapsulated, serotype 2
pathogenic strain. It was obtained from the Health Protection
Agency Culture Collections (HPA, Salisbury, UK). Bacteria
were routinely grown in tryptic soy broth (TSB; BD Difco,
Detroit, MI, USA) or on blood agar (BA; Hye In, Seoul,
Korea) supplemented with 5% v/v sheep blood at 37°C in an
atmosphere of 5% CO,. Vibrio harveyi (V. harveyi) strains
MM32 (ATCC BAA-1121) [29] were grown on autoinducer
bioassay (AB) medium at 30°C [30]. Sinefungin (sc-203263)
was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

2.2. Effect of Sinefungin on Planktonic Cell Growth. S. pneu-
moniae were grown with different concentrations of sine-
fungin (10, 20, 30, 40, and 50 uygmL™") at 37°C in 5% CO,
for different time points (0h-10h). And optical density
at 600nm (ODg,,) was measured after 2h time interval
using a SpectraMax plus 384 automated microplate reader
(Molecular Devices, Sunnyvale, CA, USA). After 6h of
incubation, 100 uL aliquots was serially diluted and plated
on BA for enumeration of colony forming units (CFU). The
percentage decrease in planktonic cell growth was calculated
by subtracting the values of sinefungin treated samples from
control (untreated) samples. The experiment was replicated
three times with triplicate samples at each time point.

2.3. Effect of Sinefungin on In Vitro Biofilm Growth. In vitro
pneumococcal biofilm growth was carried out in 96-well,
flat-bottom, polystyrene microtiter plate (BD falcon, Sparks,
MD, USA) using a static model [31]. Briefly, a fresh colony
of S. pneumoniae grown overnight on BAP was scraped
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and grown in TSB+1% glucose medium [32]. The mid-
logarithmic phase cell suspension (1 x 10®* CFUmL™) was
diluted 1:100 with fresh sterile TSB+1% medium and 200 uL
aliquots were inoculated in wells of 96-well microtiter plates
and incubated at 37°C in 5% CO,. After incubation, the
medium was discarded and plates were gently washed three
times with 200 uL sterile phosphate buffered saline (PBS).
Thereafter, plates were air-dried and stained with 50 uL
crystal violet (CV; 0.1%) for 15 min. Excess stain was decanted
off and plates were washed three times with sterile distilled
water. The biofilm was dissolved in 200 uL of 95% ethanol
and the ODs,, nm was measured using the aforementioned
automated spectrophotometer. The data represent the average
value of three replicates.

2.4. Effect of Different Concentrations of Sinefungin on
Biofilm Growth. 'To study the concentration-dependent effect
of sinefungin on pneumococcal biofilms, S. pneumoniae
biofilms were grown with 10-50 uygmL™" sinefungin for
18h as described above. Biofilm biomass was detected by
CV-microtiter plate assay as described above. The percent-
age decrease in biomass was calculated by subtracting the
biomass of control biofilms grown without sinefungin. Enu-
meration of biofilm bacteria was done as described above (i.e.,
CFU).

2.5. Effect of Sinefungin on Established Biofilms. Pneumococ-
cal biofilms were established in microtiter plate wells for 12 h.
The formed biofilms were exposed to different concentrations
of sinefungin for 6h and analyzed by CV-microtiter plate
assay and the cell viability was determined by CFU counts.

2.6. Effect of Different Exposure Times of Sinefungin on Biofilm
Formation. Pneumococcal biofilms were generated in the
presence of 35ugmL ™" sinefungin for 6, 12, 18, and 24 h.
At each time point, biofilm biomass was determined as
described above.

2.7. Scanning Electron Microscopy (SEM) Biofilms. In vitro
biofilms grown with 35ugmL™" sinefungin and without
sinefungin in 24-well tissue culture plates for 18h were
analyzed by SEM. The medium was removed and the plates
were gently washed two times with sterile PBS to remove
planktonic cells. The samples were prefixed by immersion in
2% glutaraldehyde in 0.1 M phosphate buffer and postfixed
for 2h in 1% osmic acid dissolved in PBS. Samples were
treated in a graded series of ethanol and t-butyl alcohol, dried
in a model ES-2030 freeze dryer (Hitachi, Tokyo, Japan),
platinum coated using an IB-5 ion coater (Eiko, Kanagawa,
Japan), and observed using a S-4700 field emission scanning
electron microscopic (Hitachi).

2.8. Autoinducer Assay. V. harveyi MM32 was used as the
qualitative reporter strain to detect the changes in the produc-
tion of AI-2. V. harveyi MM32 (BB120 luxN::Tn5 luxS::Tn5)
is an ideal reporter strain as it can sense AI-2 but cannot
synthesize AI-2 of its own [29]. The reporter strain was grown
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in AB medium for 16 h and then diluted 1:5,000. A total of
90% of the diluted reporter strain was then added to a 96-well
plate. S. pneumoniae biofilms were grown with 35 ygmL™"
sinefungin and without sinefungin as described earlier for
18 h and sonicated for 3 seconds to disperse the adherent cells.
Then 1mL of the cell suspension was centrifuged and filter
sterilized. And 10% of the filtered supernatant was added to
the 90% reporter stain. Media without bacteria were negative
control. The plates were incubated at 30°C for 15h and the
luminescence of the reporter strain was monitored using
a luminometer (GloMax Multi-Detection System Promega,
Madison, W1, USA).

2.9. In Vivo Pneumococcal Colonization. For in vivo coloniza-
tion study, we used rat OM model. The animal experiment
protocol was reviewed and approved by the animal research
and care committee at Dongguk University Ilsan Hospital
(Gyeonggi, South Korea). Twenty pathogen-free, Sprague
Dawley rats weighing 150-200 g were obtained from Orient
Bio (Gyeonggi, South Korea). All rats were examined prior
to use by otomicroscopy to document abnormal middle ear
and were kept isolated in an infection-free zone for 2 weeks.
Rats were assigned randomly to groups that received bacteria
(n = 8), bacteria with 35 ug mL™! sinefungin (n = 8), or
no procedure (control group, n = 4). Fifty microliters of
cell suspension containing 3 x 10" CFU S. pneumoniae was
injected into the middle ear cavity through the tympanic
membrane of the right ear using a tuberculin syringe and
a 27-gauge needle [33]. Animals were sacrificed 1 week
after inoculation and the middle ear bulla was aseptically
acquired. The tympanic membrane was removed and ears
were irrigated to remove planktonic bacteria. The bullae were
homogenized and serially diluted and plated on BAP for
enumeration of CFU.

2.10. Quantification of Gene Expression of In Vitro Formed
Biofilms Using Quantitative Real-Time RT-PCR. Expressions
of luxS, pfs, and speE genes in biofilms grown for 18 h without
and with (35ugmL™") sinefungin were quantified by real-
time RT-PCR. The biofilms were washed and the adherent
cells were scraped and immediately processed for RNA
extraction. The cells were lysed by incubation of the cell pellet
in 100 L (3mgmL™") lysozyme (Sigma-Aldrich, St. Louis,
MO, USA) for 4 min. The total RNA was extracted using a
RNeasy Total RNA Isolation System Kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s instructions with
few modifications. On-column DNAse (Qiagen) treatment
was performed for 10 min at 20-25°C. RNA quality was
assessed spectrophotometrically.

cDNA was synthesized using the ImProm-II Reverse
Transcriptase Kit (Promega, Madison, WI, USA) according
to the manufacturer’s instructions. Primers for speE gene
were designed by standard procedures from the nucleotide
sequence of S. pneumoniae D39 strain (Table 1). The primers
used for uxS, pfs, and gyrB (house-keeping) genes were previ-
ously reported [31, 34]. Real-time RT-PCR was carried out in
total volume of 20 uL, consisting of 10 uL of 2X SYBR Green
PCR Master Mix (Roche Applied Science, Indianapolis, IN,

TABLE 1: Primers used for gene expression study.

Amplicon size

Genes Primer sequences .
(base pair)
<ok F-5'-GACTTTGCTGCAGGGCTAGA-3' 120
P R-5'-AAATGGATCTGTCGCATCGT-3'
xS F-5'-TATGTTCGCTTGATTGGG-3' 105
R-5'-GCCGGCAGTAGGGATAGAGT-3'
s F-5-TTGCTGCTATGCCAGAAGAA-3' 76
P R-5'-TTCCCCAAAACAACTTGCTC-3'
B 5'-CAGATCAAGAAATCAAACTCCAA-3' 7
8T 5 CAGCATCATCTACAGAAACTC-3'

USA), 3pmol of each forward and reverse primers, 4 uL
cDNA, and nuclease-free water. PCR conditions included
initial denaturation at 95°C for 10 min, followed by 45 cycles
of denaturation at 95°C for 15 sec, annealing at 56°C for 10 sec,
extension at 72°C for 15 sec, and final extension at 72°C for
5 min, followed by melting curve analysis from 60 to 95°C.
Negative controls containing nuclease-free water and no
reverse transcriptase control were included in each RT-PCR
experiment. The relative gene expression was analyzed using
the 272¢T method [35]. The reference gene was gyrB and the
standard condition was biofilms grown without sinefungin.

2.11. Statistical Analysis. The values were calculated as the
mean of individual experiments performed in triplicate and
compared with those of the control groups. Differences
between two mean values were calculated by Student’s ¢-test.
The statistically significant tests were set at a P value <0.05.

3. Results

3.1. Effect of Sinefungin on Planktonic Cell Growth. The
growth of pneumococci with different concentrations of
sinefungin in time course experiment showed bacteriostatic
effect of sinefungin. The growth of bacteria in sinefungin
treated samples was slow in comparison to control samples
(untreated). And a significant maximum growth difference in
sinefungin treated and control samples was detected at mid-
log phase (4 h after inoculation). However, at the end of the
log phase (6 h of inoculation) there was no significant plank-
tonic bacteria growth inhibition (Figure 1(a)). The CFU count
of 6 h grown bacteria also detected no significant difference
in sinefungin treated and untreated samples (Figure 1(b)).

3.2. Effect of Sinefungin on In Vitro Biofilm Growth

3.2.1. Sinefungin Inhibits In Vitro Formation of Pneumococ-
cal Biofilms. Significantly (P < 0.05) decreased biofilm
biomass and CFU counts were detected in the samples
grown with sinefungin. The inhibitory effect of sinefun-
gin was concentration-dependent (Figures 2(a) and 2(b)).
Biofilms grown with 10 ugmL™" (lowest concentration) and
50 ug mL~" (highest concentration) sinefungin demonstrated
a significant (P < 0.05) biomass decrease of 15% and 53%,
respectively.
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FIGURE I: (a) Growth of Streptococcus pneumoniae with different concentrations of sinefungin (10 pg to 50 g mL™") in time course experiment.
1:100 diluted cell suspensions were grown with different concentrations of sinefungin at different time points (0, 2, 4, 6, 8, and 10 h) at 37°C
in 5% CO,and optical density was measured at 600 nm. (b) CFU counts of pneumococci grown with different concentrations of sinefungin
at 6 hours. After 6 h of incubation, 100 L aliquots were serially diluted and plated on blood agar plate to enumeration bacteria. Error bars

represent the standard deviation of the mean values.
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FIGURE 2: Effect of sinefungin on pneumococcal in vitro biofilm growth. (a), (b) Pneumococcal biofilm growth with different concentrations
of sinefungin for 18 h and detection of biofilm biomass by crystal-violet microtiter plate assay and CFU counts of pneumococcal biofilms.
(c) and (d) show the effect of different concentrations of sinefungin on already established biofilms. (c) Detection of biofilm biomasses with
crystal-violet microtiter assay. (d) CFU counts of pneumococcal biofilms. The error bars represent the standard deviation of the mean values.
Significance was determined by Student’s ¢-test (*P < 0.05, **P < 0.01).
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FIGURE 3: Inhibitory effect of sinefungin (35 g mL ") on Streptococcus pneumoniae in vitro biofilms grown at different time intervals (6,12, 18,
and 24 h). Pneumococcal biofilms were grown with 35 ug mL™" sinefungin at different time points and the biofilm biomasses were quantified
by crystal-violet microplate assay. (a) Biofilms grown at 6 h; (b) biofilms grown at 12 h; (c) biofilms grown at 18 h; and (d) biofilms grown at
24 h. The experiments were repeated three times in triplicate. The error bars represent the standard deviation of the mean values. The results

were significant by Student’s ¢-test (" P < 0.05, ** P < 0.005).

3.2.2. Effect of Sinefungin on Established Biofilms. Pneumo-
coccal biofilms were generated for 12h and then incubated
with different concentrations of sinefungin for 6 h. No signifi-
cant decrease of biofilm biomass and viable count was evident
at 10, 20, 30, and 40 yg mL ™" of sinefungin, while 50 yg mL ™"
sinefungin produced significant decrease in biofilm biomass
and viable counts, although the percentage decrease was low
(only 5% of biofilm decreases) (Figures 2(c) and 2(d)).

3.2.3. Biofilm Inhibition with Time. To determine the
inhibitory effect of sinefungin on biofilms grown at different
times, biofilms were generated for 6, 12, 18, and 24 h with
and without sinefungin. A significant (P < 0.05) decrease of
biofilm biomass was evident at all time points (Figure 3).

3.3. SEM of Pneumococcal Biofilms. Biofilms grown in the
absence and presence (35 ug mL™") of sinefungin were exam-
ined by SEM. Highly organized biofilm was produced in the
absence of sinefungin. These biofilms were heterogeneous in

nature, with cells embedded in the matrix and connected with
each other and to the base of the plate. The adherent cells
formed a three-dimensional structure of significant depth
(Figures 4(a), 4(b), and 4(c)). In contrast, biofilms grown
with 35 ugmL™" sinefungin were thin and the bacteria were
scattered in clumps. Cell-to-cell connections were not visible
and the biofilms were disorganized (Figures 4(d), 4(e), and
4(f)).

3.4. Autoinducer Assay. The cell-free supernatants of biofilms
grown with and without sinefungin were examined for
AI-2 production via the V. harveyi MM32 reporter strain
(Figure 5). After 15 h, the reporter strain detected significantly
high AI-2-induced luminescence response in the supernatant
from the untreated samples than samples grown with sine-
fungin. The luminescence responses were significantly 92%
less in sinefungin treated samples in comparison to untreated
samples. These results indicate that sinefungin interferes and
decreases the production of AI-2 in pneumococcal biofilms.



BioMed Research International

FIGURE 4: Scanning electron microscope (SEM) images of biofilms grown with and without sinefungin. Panels (a), (b), and (c) are
representative of SEM images of biofilms without sinefungin; the biofilm is thick and well organized with a three-dimensional structure.
Panels (d), (e), and (f) are representative of SEM images of biofilm grown with 35 ugmL ™" sinefungin; biofilms are thin and scattered; and
clumps of cells are seen with no organized structure. The scale bars of the figure are 10, 5, and 3 ym.
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FIGURE 5: Measurement of autoinducer-2 production changes in cell
free supernatant of biofilms grown with 35 ugmL™" sinefungin and
without sinefungin using vibrio harveyi reported strain. V. harveyi
reporter strain was grown with cell free supernatant for 15h and
luminescence response was measured. The error bars represent the
standard deviation of the mean values. Significance was determined
by Students ¢-test ("P < 0.05).

3.5. Sinefungin Inhibits In Vivo Pneumococcal Colonization.
The in vivo experiment showed less bacterial recovery in
bulla lysate isolated from rat inoculated with sinefungin after
1 week of bacterial inoculation. The mean CFU counts of
bacteria only treated group were 5.98 x 10> (SD = 4649) and
of sinefungin treated group were 1.70 x 10> (SD = 2533). A
significant (P < 0.05) 70% less bacteria were recovered in
sinefungin treated rat bulla (Figure 6).
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FIGURE 6: Quantification of pneumococcal colonization in the
middle ear of rats inoculated with 35ugmL™" sinefungin. CFU
count was used to enumerate bacteria in whole bulla lysate of
samples treated with bacteria suspension supplied with sinefungin
with respect to control groups. The error bars represent the standard
deviation of the mean values. The results were significant by
Student’s t-test (P < 0.05).

3.6. Quantification of Gene Expression of In Vitro Biofilms.
Quantitative RT-PCR revealed a significant (>2-fold)
decreased gene expressions of [uxS, pfs, and speE in
biofilms grown with sinefungin compared to biofilm growth
without sinefungin. The expression of [uxS was significantly
decreased by 8.53-fold (P = 0.001) in the biofilms grown
with sinefungin. Expression of the pfs gene was decreased
by 2.88-fold (P = 0.006). Similarly, the speE gene was
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a byproduct of this reaction, 4,5-dihydroxy 2,3-pentanedione is produced which spontaneously forms autoinducer-2. The decarboxylation of
SAM produces MTA (methylthioadenosine) as catalyzed by spermidine synthase (speE). Spermidine (a polyamine) is the byproduct of this

reaction from putrescine.

downregulated by 3.22-fold (P = 0.01). Gene annotation
revealed the identity of the uxS and pfs genes as methionine
pathways genes that recycle cysteine through AMC and the
QS molecule AI-2 is the byproduct of AMC (Figure 7). In
this pathway, SAM acts as a methyl donor. The luxS and pfs
genes encode enzymes that catalyze removal of SAH and
SRH, which are toxic to bacteria. The speE gene is involved in
biosynthesis of spermidine catalysis by decarboxylated SAM.

4. Discussion

SAM is an important nucleoside that serves as an activated
methyl group donor in the methylation of macromolecules
to yield SAH/MTA which leads to biosynthesis of AI-2
and polyamine. Therefore, inhibition of SAM activity by
certain substrate analogs could decrease luxS and pfs genes
expression and limits synthesis of autoinducer-2, and, hence,

causes reduction in biofilm formation and may attenuate
virulence.

In this study, we examined the effect of sinefungin,
a nucleoside analogue of SAM and a methytransferase
inhibitor, on pneumococcal biofilm growth in vitro and in
vivo colonization.

Planktonic growth of pneumococci with different con-
centrations of sinefungin demonstrated that sinefungin is
bacteriostatic. The significant inhibitory effect of sinefungin
was on actively growing cells (log phase). No significant
planktonic cell growth inhibition was detected at concen-
trations that inhibited biofilm growth, which indicates that
sinefungin may be a biofilm growth inhibitor. The inhibitory
effect of sinefungin on in vitro biofilms was concentration-
dependent. We tested the inhibitory effect of sinefungin with
time on in vitro biofilms grown [36]. At all the time points
tested, there were low biofilm biomasses and CFU counts



in the biofilm samples grown with sinefungin. Probably,
sinefungin inhibits quorum sensing systems (luxS-AI-2) that
has been reported to control pneumococcal biofilm forma-
tion [14, 37]. No significant decrease in the biofilm biomass
and the CFU counts, in established biofilms treated with
sinefungin, indicates that sinefungin is unable to kill bacteria.
The inhibitory effect of sinefungin has been reported in virus,
fungi, and protozoa [26, 38].

The difference in the architecture of the biofilms grown
with and without sinefungin was verified with SEM. SEM
confirmed that the biofilms grown with sinefungin were sig-
nificantly different in terms of their connection to substrate
and thickness and were unorganised. They also lost their cell-
to-cell connections and were devoid of microcolonies, similar
to a prior report [14].

Using the rat OM model, we detected significantly low
recovery of pneumococci in rat bulla treated with sinefungin.
This indicates that sinefungin inhibits in vivo colonization of
pneumococci. It is previously reported that mutant bacterial
strains defective in QS create less potent infections [39]. QS-
deficient intranasal S. pneumoniae infections in mouse were
less effective at spreading to the lungs or the bloodstream
(40].

The QS regulates pneumococcal biofilms and AI-2 in
the only QS molecule in S. pneumoniae. Various studies
reported the prevention and treatment of infectious diseases
by inhibiting bacterial QS [12]. Therefore, our next aim was
to detect the changes in AI-2 biosynthesis. Here we detected
significantly low AI-2 induced luminescence response in
the sinefungin treated samples that indicates that sinefungin
interferes in AI-2 biosynthesis. Similarly, Stroeher et al. 2003
[40] reported the significantly reduced ability of luxS mutant
strain to elicit bioluminescence in a V. harveyi AI-2 reporter
strain.

Next, we detected changes in gene expression of [uxS
and pfs genes. The significantly decreased expressions of
luxS and pfs genes could be due to inhibition of SAM-
dependent methyltransferase activity. The encoded Pfs and
LuxS enzymes are necessary for biofilm formation and pro-
duction of AI-2 [14, 41]. In S. pneumoniae, luxS is a virulent
gene and a central regulator of competence, fratricide, and
biofilm formation, and a [uxS mutant strain displays a signifi-
cant decrease in pneumococcal biofilm formation [13, 14, 42].
The downregulation of luxS and pfs genes may decrease the
biosynthesis of AI-2 in sinefungin treated samples [40]. In S.
pneumoniae, Al-11is absent and AI-2 is the only QS molecule
involved in expression of the enzymes for biofilm formation,
exotoxin synthesis, and antibiotic resistance factors [19].
Thus, the downexpression of luxS and pfs genes leads to
decreased biosynthesis of AI-2, which in turn disrupts spatial
arrangement and build-up of the organized biofilms. Previous
studies reported that cultures of Vibrio cholerae and entero-
hemorrhagic E. coli (EHEC) strain O157:H7 treated with
MTA/SAH nucleosidase inhibitors did not synthesize AI-2
and showed reduced biofilm formation [39]. In a previous
study, 5-azacytidine, a hypomethylating drug, demonstrated
similar downregulation of genes of AMC [34].

The other reason for inhibitory effect of sinefungin may
be accumulation of toxic byproducts of AMC. Recent reports
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have suggested that substrates of AMC, such as MTA and
SAH, are toxic to cells and that bacteria possess MTA/SAH
nucleosidase and/or a combination of SAH hydrolase and
MTA phosphorylase to remove these inhibitory nucleosides
[21]. In S. pneumoniae, methionine is converted to SAM by
SAM synthetase (encoded by metK) and the SAM-dependent
methyltransferase produces SAH and methylated products.
The detoxification of SAH is carried out by MTA/SAH
nucleosidase (Pfs) to produce S-ribosylhomocysteine (SRH)
[17,19]. Then the enzyme S-ribosylhomocysteine lyase (LuxS)
further cleaves SRH to homocysteine and 4,5-dihydroxy-
2,3-pentanedione, the precursor of the AI-2 QS molecule
(Figure 7). Sinefungin is the analog of SAM, in which the
S-CH; (sulfonium moiety) of SAM is replaced by a C-
NHj; (amine). Therefore, sinefungin inhibits SAM-dependent
nucleic acid methyltransferases by competing with SAM for
occupancy of the methyl donor site on the enzyme [27, 43,
44]. Thus, the presence of sinefungin may interfere with the
methylation process and downregulate [uxS and pfs genes,
resulting in an imbalance of SAH, SRH, and MTA. Similarly
the growth defects were observed in the Neisseria meningitidis
pfs and luxS mutants either due to the accumulation of toxic
SAH and MTA or due to metabolic imbalances within the
bacteria [45].

The decarboxylated SAM is involved in biosynthesis of
spermidine, a polyamine involved in biofilms. Spermidine
synthase encoded by speE catalyzes the production of spermi-
dine from putrescine and decarboxylated SAM [46]. Previous
studies reported speE a virulence gene involved in pneu-
mococcal colonization, pneumonia, and invasive infections
[47]. The low expression of speE gene in biofilms grown
with sinefungin indicates that sinefungin also interfere in
spermidine biosynthesis.

Only a few molecules have proven effective against
pneumococcal biofilms. Domenech et al. reported 80%
reduction of pneumococcal biofilms growth with the
amidase LytA, and, recently, Sumitomo et al. reported that
S-carboxymethylcysteine inhibits pneumococcal adhesion to
human alveolar epithelial cells [48, 49]. Similarly, Trappetti
et al. showed that neuraminidase inhibitors DANA (i.e., 2,3-
didehydro-2-deoxy-N-acetylneuraminic acid), zanamivir,
and oseltamivir inhibit the capacity of pneumococci to
form sialic acid-dependent biofilms [50]. Here, we first time
showed that sinefungin significantly inhibits in vitro biofilm
growth and in vivo middle ear colonization of pneumococci.

In conclusion, sinefungin decreases in vitro pneumococci
biofilm growth, decreases formation of organised biofilms,
decreases AI-2 production, and downregulates expressions of
luxS, pfs, and speE genes. Sinefungin also decreases in vivo
colonization of pneumococci in the middle ear. Therefore, the
S-adenosylmethionine (SAM) inhibitors can be used as lead
compound for the development of novel antibiofilm agents
against pneumococci.
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