
Mechanism of Macrolide-Induced Inhibition of Pneumolysin
Release Involves Impairment of Autolysin Release in
Macrolide-Resistant Streptococcus pneumoniae

Hisanori Domon,a,b Tomoki Maekawa,a,b,c Daisuke Yonezawa,a,b,d Kosuke Nagai,a Masataka Oda,e Katsunori Yanagihara,f

Yutaka Teraoa,b

aDivision of Microbiology and Infectious Diseases, Niigata University Graduate School of Medical and Dental
Sciences, Niigata, Japan

bResearch Center for Advanced Oral Science, Niigata University, Graduate School of Medical and Dental
Sciences, Niigata, Japan

cDivision of Periodontology, Niigata University Graduate School of Medical and Dental Sciences, Niigata, Japan
dDivision of Oral Science for Health Promotion, Niigata University Graduate School of Medical and Dental
Sciences, Niigata, Japan

eDepartment of Microbiology and Infection Control Sciences, Kyoto Pharmaceutical University, Kyoto, Japan
fDepartment of Laboratory Medicine, Nagasaki University Graduate School of Biomedical Sciences, Nagasaki,
Japan

ABSTRACT Streptococcus pneumoniae is a leading cause of community-acquired
pneumonia. Over the past 2 decades, macrolide resistance among S. pneumoniae or-
ganisms has been increasing steadily and has escalated at an alarming rate world-
wide. However, the use of macrolides in the treatment of community-acquired
pneumonia has been reported to be effective regardless of the antibiotic susceptibil-
ity of the causative pneumococci. Although previous studies suggested that sub-
MICs of macrolides inhibit the production of the pneumococcal pore-forming toxin
pneumolysin by macrolide-resistant S. pneumoniae (MRSP), the underlying mecha-
nisms of the inhibitory effect have not been fully elucidated. Here, we show that the
release of pneumococcal autolysin, which promotes cell lysis and the release of
pneumolysin, was inhibited by treatment with azithromycin and erythromycin,
whereas replenishing with recombinant autolysin restored the release of pneumoly-
sin from MRSP. Additionally, macrolides significantly downregulated ply transcription
followed by a slight decrease of the intracellular pneumolysin level. These findings
suggest the mechanisms involved in the inhibition of pneumolysin in MRSP, which
may provide an additional explanation for the benefits of macrolides on the out-
come of treatment for pneumococcal diseases.

KEYWORDS autolysin, azithromycin, community-acquired pneumonia, erythromycin,
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Streptococcus pneumoniae is a common cause of community-acquired pneumonia
(CAP), otitis media, and meningitis. Invasive infections by this bacterium continue to

be a principal cause of morbidity and mortality worldwide (1, 2). In the early 2000s,
several guidelines strongly recommended the use of macrolides for the empirical
treatment of outpatients with CAP (3–5). Indeed, a meta-analysis of 28 observational
studies showed that the use of macrolide for CAP patients was associated with a
significant 18% relative reduction in mortality compared with that of nonmacrolide
therapies (6). However, current guidelines recommend the use of amoxicillin (1st
choice) or doxycycline (2nd choice) rather than macrolides (7, 8). The reason for this
difference is an increased risk of infection with macrolide-resistant S. pneumoniae
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(MRSP), which is a result of the widespread use of macrolides (9). The resistance to
macrolides is mainly mediated by two mechanisms via transposons (10, 11): (i) the
modification of the ribosomal target by methylation, which is secondary to the acqui-
sition of the ermB gene, and (ii) active drug efflux via a physiological pump on the
cytoplasmic membrane, which is encoded by the mefA gene. Reportedly, the preva-
lence of MRSP is 27.9% in the United States. Among them, 29.1% and 80.9% of MRSP
strains harbored ermB and mefA genes, respectively (12).

Although some studies have linked the increased prevalence of MRSP with treat-
ment failure in CAP (13, 14), other studies have reported that the resistance against
macrolides did not worsen the outcomes in patients hospitalized for pneumococcal
pneumonia (15, 16). Additionally, macrolides have been reported to be effective in the
treatment of CAP, even in patients with MRSP pneumonia (17, 18). One of the molecular
mechanisms responsible for treatment success in these cases is thought to be the reduction
of pneumolysin (PLY) production and release by sub-MICs of macrolides (19, 20).

S. pneumoniae possesses several virulence factors, including PLY and LytA autolysin,
which contribute to the development of pneumococcal diseases (21). PLY is a potent
intracellular toxin which induces ring-shaped pores in cholesterol-containing mem-
branes and mediates cell death (22). In this regard, we previously reported that PLY
induced neutrophilic cell lysis and the release of neutrophil elastase, which eventually
disrupted pulmonary immune defenses (23). PLY may also interact with Toll-like
receptor 4 and induce proinflammatory cytokines (24). LytA is responsible for the
characteristic autolytic behavior associated with pneumococci, which subsequently
contributes to the release of intracellular proteins (25). Therefore, the release of PLY into
the extracellular space is highly dependent on LytA-induced autolysis in S. pneumoniae
(23).

In this study, we investigated the in vitro effects of azithromycin (AZM) and eryth-
romycin (ERY) against MRSP on the production and release of both PLY and LytA. We
also analyzed the effect of these macrolides on the proliferation of MRSP.

RESULTS
Macrolides significantly decreased hemolytic activity in the supernatant of

macrolide-treated MRSP. We first investigated the antimicrobial activity of macrolides
against pneumococcal strains. Both AZM and ERY inhibited the growth of S. pneu-
moniae D39, with an MIC of �0.4 �g/ml. In contrast, AZM and ERY did not completely
prevent the growth of S. pneumoniae NU4471, and the MICs of these antibiotics against
S. pneumoniae NU4471 were �1,000 �g/ml, indicating that this strain is highly resistant
to macrolides. It has been reported that PLY is responsible for more than 99.9% of the
pneumococcal hemolytic activity (26). Therefore, to determine the inhibitory effect of
macrolides on the production of PLY, we next investigated the hemolytic activity of the
supernatant from AZM- or ERY-treated S. pneumoniae NU4471 against sheep erythro-
cytes. Consistent with the findings from other studies (19, 20), sub-MICs of AZM and
ERY significantly decreased the hemolytic activity in the supernatant from S. pneu-
moniae NU4471 (Fig. 1).

Sub-MICs of macrolides retarded the growth of MRSP. Although 24-h incubation
of MRSP with up to 250 �g/ml of macrolides did not affect the optical density at 600
nm (OD600) of the bacterial culture, we considered the possibility that sub-MICs of
macrolides exhibit inhibitory effects on the bacterial growth. Figure 2 shows that both
AZM and ERY significantly extended the lag phase of MRSP compared with that of the
untreated control, but all groups showed comparable growth rates. Additionally,
treatment with 4 �g/ml of ERY induced a significantly prolonged lag phase compared
with that of AZM-treated groups. These findings suggest that macrolides upregulate
ermA or mefA gene transcription in the lag phase of MRSP followed by bacterial
proliferation. Indeed, our data show that the ermB transcription level was significantly
increased by AZM treatment in the early log phase (OD600 of 0.2) of MRSP, followed by
a decrease in transcription (see Fig. S1A in the supplemental material). On the other
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hand, the mefA transcription level was significantly increased by both AZM- and
ERY-treatment during the entire log phase (Fig. S1B and C).

Macrolides inhibited the release of PLY after excluding the influence of inhib-
itory effects on bacterial growth. These results suggested the possibility that the
macrolide-induced prolonged lag phase results in the decrease of PLY protein level and
hemolytic activity. To exclude macrolide-induced inhibition of bacterial growth, MRSP
bacteria were incubated in the presence or absence of macrolides until they reached
stationary phase (OD600 of 0.6 at incubation periods of 7, 8, 9, and 11 h in the untreated
control group, the 2 to 4 �g/ml AZM group, the 2 �g/ml ERY group, and the 4 �g/ml ERY
group, respectively), and then the supernatant samples were collected. Figure 3A shows
that 4 �g/ml of AZM or ERY significantly decreased the hemolytic activity in the bacterial
supernatant, whereas 2 �g/ml of AZM or ERY did not, suggesting that higher concentra-
tions of macrolides decreased the hemolytic activity independently of the inhibitory effect
on bacterial growth. Consistent with this, a downregulation of PLY was observed in the
supernatant from macrolide-treated MRSP by Western blotting (Fig. 3B and C).
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FIG 1 AZM and ERY treatment decreased hemolytic activity in the supernatants from macrolide-resistant
S. pneumoniae (MRSP). MRSP strain NU4471 was inoculated in TS broth and cultured with various
concentrations of AZM or ERY for 12 h at 37°C. The hemolytic activity in each cell-free supernatant
sample was determined using sheep erythrocytes. Data represent the means � SDs from triplicate
experiments and were evaluated using one-way analysis of variance with Dunnett’s multiple-comparison
test. *, P � 0.05 versus Ctrl; AZM, azithromycin; Ctrl, control; ERY, erythromycin; SD, standard deviation;
TS, tryptic soy.
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FIG 2 AZM and ERY treatment retarded the growth of MRSP. MRSP strain NU4471 was inoculated into
TS broth and cultured with two concentrations of AZM or ERY at 37°C. The OD600 of each sample was
then measured at each time point. Data represent the means � SDs from quadruplicate experiments and
were evaluated using a two-way analysis of variance with Tukey’s multiple-comparison test. *, P � 0.05
versus all other macrolide-treated groups; †, P � 0.05 versus Ctrl and other macrolide-treated groups;
AZM, azithromycin; Ctrl, control; ERY, erythromycin; OD600, optical density at 600 nm; SD, standard
deviation; TS, tryptic soy.
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We next examined the effects of tetracycline (TET) and linezolid (LZD), nonmacrolide
protein synthesis inhibitors, on S. pneumoniae NU4471. TET and LZD inhibited the
growth of S. pneumoniae NU4471 with MICs of 20 and 0.2 �g/ml, respectively. Consis-
tent with the treatment with macrolides, treatment with sub-MICs of TET (2 �g/ml) and
LZD (0.1 �g/ml) significantly extended the lag phase of MRSP (see Fig. S2A). However,
TET and LZD did not decrease the hemolytic activity in the supernatant (Fig. S2B),
indicating that these antibiotics do not inhibit PLY release from MRSP.

Macrolides inhibited the release of LytA and downregulated the leakage of
PLY. Reportedly, LytA causes autolysis of pneumococci, which results in the leakage of
other virulence components, such as PLY (27). Therefore, we further examined whether
macrolides inhibit the release of LytA by Western blotting. Interestingly, LytA protein
levels were significantly downregulated in the supernatant from MRSP treated with 4
�g/ml of AZM or ERY (Fig. 4A and B). The treatment with recombinant LytA significantly
increased the hemolytic activity in the supernatant from macrolide-treated MRSP
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FIG 3 AZM and ERY inhibited the release of PLY and reduced the hemolytic activity in pneumococcal
supernatants after excluding the influence of the inhibitory effects on bacterial growth. MRSP NU4471
cells were incubated in the presence or absence of AZM or ERY until they reached stationary phase
(OD600 of 0.6 for incubation periods of 7, 8, 9, and 11 h for the untreated control group, the 2 to 4 �g/ml
AZM group, the 2 �g/ml ERY group, and the 4 �g/ml ERY group, respectively). (A) The hemolytic activity
in each cell-free supernatant sample was determined. (B) PLY protein levels in the culture supernatants
from macrolide-treated pneumococci were determined by Western blotting with an anti-PLY antibody.
(C) The intensity of Western blotting signals of PLY was quantified by densitometry software. Data
represent the means � SDs from triplicate experiments and were evaluated using a one-way analysis of
variance with Dunnett’s multiple-comparison test. *, P � 0.05 versus Ctrl; AZM, azithromycin; Ctrl, control;
ERY, erythromycin; OD600, optical density at 600 nm; PLY, pneumolysin; SD, standard deviation.
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(Fig. 4C and D), suggesting that the inhibition of the extracellular release of PLY is
caused by the downregulation of LytA-dependent autolysis. Additionally, 4 �g/ml AZM
and ERY slightly but significantly decreased the intracellular PLY protein level in MRSP
(Fig. 5A and B), which was due to a downregulation of ply gene transcription (Fig. 6A).
However, AZM and ERY did not affect the intracellular LytA protein level or lytA gene
transcription (Fig. 5A and C and 6B).

DISCUSSION

The results of this study provide intriguing insights into how macrolides mediate the
downregulation of PLY in MRSP. Sub-MICs of macrolides reduce the leakage of PLY by
two mechanisms: (i) an impairment of LytA release, which leads to the inhibition of
autolysis, and (ii) a downregulation of ply gene transcription and subsequent protein
production.

PLY is a member of the cholesterol-dependent cytolysins and is reportedly produced
by all clinical isolates of S. pneumoniae (28). The binding to cholesterol-containing
membranes results in oligomerization and membrane pore formation, and the subse-
quent cytolytic effects induce lung injury. It has also been reported that PLY activates
the complement via the classical pathway. Both the cytolytic and complement-
activating activities of PLY contribute to the pathogenesis of pneumococcal infections
(29). An animal study has shown that an S. pneumoniae strain deficient in PLY shows
impaired bacterial clearance (30). Together with our findings, a macrolide-dependent
downregulation of PLY release may result in the reduced virulence of pneumococci.
Consistent with this, it has been reported that macrolides reduced the PLY protein level
in MRSP-infected murine lungs and improved the survival rates compared with those
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FIG 4 AZM and ERY reduced the release of PLY through the inhibition of LytA release. MRSP strain
NU4471 was incubated in the presence or absence of AZM or ERY until stationary phase was reached
(OD600 of 0.6). (A) LytA protein levels in the culture supernatants from macrolide-treated pneumococci
were determined by Western blot analysis. (B) The intensity of Western blotting signals of LytA was
quantified by densitometry. Data represent the means � SDs from triplicate experiments and were
evaluated using a one-way analysis of variance with Dunnett’s multiple-comparison test. *, P � 0.05
versus Ctrl. MRSP strain NU4471 was incubated with 4 �g/ml of AZM (C) or 4 �g/ml of ERY (D) in the
presence of various concentrations of recombinant LytA followed by the evaluation of hemolytic activity
in the supernatants. Data represent the means � SDs from quadruplicate experiments and were
evaluated using one-way analyses of variance with Dunnett’s multiple-comparison tests. *, P � 0.05
versus the macrolide-treated group in the absence of recombinant LytA; AZM, azithromycin; Ctrl, control;
ERY, erythromycin; OD600, optical density at 600 nm; PLY, pneumolysin; SD, standard deviation.
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of the control mice (19). Unlike other cholesterol-dependent cytolysins, PLY lacks an
N-terminal secretion signal sequence, indicating that LytA-induced autolysis is required
to release PLY. Therefore, we hypothesized that the macrolide-dependent downregu-
lation of PLY release is caused by reduced LytA release.

LytA is a member of a widely distributed group of enzymes that degrade the
peptidoglycan backbones of bacterial organisms. The action of LytA promotes cell lysis,
which leads to pneumococcal cell death (31). In contrast, it has also been reported that
encapsulated pneumococci survive in the presence of antimicrobial peptides by re-
moving the capsule from the cell surface in a process dependent on LytA (32).
Additionally, LytA plays a role in a variety of physiological cell functions associated with
cell wall growth, its turnover, and cell separation in pneumococci (28). In addition to the
release of PLY, LytA contributes to the release of intracellular virulence factors, which
induce the production of proinflammatory cytokines in macrophages via Toll-like
receptor 4 (33). Mutations of the lytA gene in S. pneumoniae lead to a significantly
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FIG 5 AZM and ERY slightly decreased the intracellular PLY level without affecting LytA level in MRSP.
MRSP strain NU4471 was incubated in the presence or absence of AZM or ERY until the stationary phase.
(A) Intracellular PLY and LytA protein levels in macrolide-treated pneumococcal cells were determined by
Western blotting. The intensity of Western blotting signals of PLY (B) or LytA (C) was quantified by
densitometry. Data represent the means � SDs from triplicate experiments and were evaluated using
one-way analyses of variance with Dunnett’s multiple-comparison tests. *, P � 0.05 versus Ctrl; AZM,
azithromycin; Ctrl, control; ERY, erythromycin; PLY, pneumolysin; SD, standard deviation.
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decreased virulence of this organism compared to that of the wild-type strain in a
mouse intraperitoneal infection model (34). Although it has been reported that the
combination treatment of multidrug-resistant pneumococcus with both levofloxacin
and ceftriaxone induces a slight reduction in lytA gene transcription (35), this is, to our
knowledge, the first report to identify the inhibitory effect of macrolides on the release
of LytA protein, leading to the inhibition of PLY release. Additional effects resulting
from the inhibition of LytA release should be addressed in future studies.

Different types of macrolide resistance are reported in streptococcal strains: (i) an
inducible resistant type, which manifests as immediate logarithmic growth in medium
containing a high concentration of macrolides only after previous exposure of the
organisms to sub-MICs of macrolides, and (ii) the constitutive resistant type, which
demonstrates continued logarithmic growth in medium containing a high concentra-
tion of macrolides without prior drug exposure (36). Subsequent studies have shown
that the expression of ermB is inducible by common 14- and 15-member macrolides,
such as AZM and ERY (37). Additionally, Li et al. demonstrated that macrolides increase
ermB protein expression in Streptococcus gallolyticus subsp. pasteurianus, which confers
high macrolide resistance (38). Furthermore, macrolides also upregulate mef gene
transcription in S. pneumoniae, resulting in increased resistance to macrolides (39, 40).
These findings suggest that the initial exposure to sub-MICs of macrolides increases the
expression of antimicrobial resistance genes in the inducible resistant type of strepto-
cocci, which results in bacterial proliferation in media containing high concentrations
of the drug. In this study, we demonstrated that sub-MICs of macrolides upregulated
the transcription of macrolide resistance genes and retarded the growth of MRSP
followed by pneumococcal regrowth, indicating that S. pneumoniae NU4471 is of the
inducible resistant type. On the other hand, AZM treatment significantly increased both
ermB and mefA transcription levels, whereas ERY treatment only increased mefA tran-
scription in S. pneumoniae NU4471. These results suggest the mechanism by which the
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FIG 6 AZM and ERY decreased ply gene transcription without affecting lytA gene transcription in MRSP.
MRSP strain NU4471 was incubated with 2 and 4 �g/ml of AZM or ERY for 2 h at 37°C. Real-time PCR was
performed to quantify transcription levels of ply (A) and lytA (B) in the strain. The relative quantities of
these genes were normalized to the relative quantity of 16S rRNA. Data represent the means � SDs from
triplicate experiments and were evaluated using one-way analyses of variance with Dunnett’s multiple-
comparison tests. *, P � 0.05 versus Ctrl; AZM, azithromycin; Ctrl, control; ERY, erythromycin; SD, standard
deviation.
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ERY-induced prolonged lag phase of S. pneumoniae NU4471 involves a reduced induc-
ibility of ermB transcription compared to that by AZM treatment. Further research is
thus needed to elucidate the relationship between the induction of these resistance
genes by macrolides and bacterial proliferation in culture medium supplemented with
the drug.

Consistent with our current results, several studies have shown that macrolides
inhibit PLY protein expression in MRSP. Lagrou et al. observed that ERY significantly
reduced the adherence of a highly macrolide-resistant S. pneumoniae against human
respiratory epithelial cells in cell culture medium, which was accompanied by an almost
complete prevention of PLY release (41). Also, Anderson et al. reported that sub-MICs
of clarithromycin inhibit the production of PLY not only in MRSP strains, including
mefA-positive and ermB-negative strains and mefA-negative and ermB-positive strains,
but also in macrolide-susceptible strains (20). Additionally, some clinical studies have
demonstrated the remarkable clinical efficacy of macrolides in the treatment of CAP
regardless of the in vitro susceptibility of the causative pneumococci (17, 18). However,
another clinical study reported a relationship between AZM therapy and lower clinical
cure rates in patients with acute bacterial sinusitis or acute otitis media caused by
MRSP, whereas no difference in the clinical cure rates was observed between CAP
patients infected with AZM-susceptible (94.2%) and AZM-resistant (92.6%) S. pneu-
moniae (42). To discuss the clinical effectiveness of macrolides on MRSP infections, the
immunomodulatory effects of macrolides, which include the modulation of inflamma-
tory cell function, the modulation of epithelial cell function, improved mucociliary
clearance, and an attenuation of the inflammatory response through the nitric oxide
pathway (43), may also be taken into consideration, because these antibiotics are
effective against noninfectious autoimmune conditions, such as diffuse panbronchiol-
itis (44). Further clinical studies are needed to evaluate the efficacy of macrolides on
MRSP infection.

It was largely assumed that macrolides indiscriminately inhibit the production of all
cellular polypeptides by preventing the nascent chain egress through the ribosomal
exit tunnel, thereby blocking translation (45). However, two recent studies demon-
strated that 100- to 200-fold MICs of macrolide selectively induce translation arrest of
certain proteins in Escherichia coli and Staphylococcus aureus (46, 47). The prevalent
motif at the sites of ERY-induced translation arrest conformed to the consensus
[R/K]X[R/K] and XP. Although macrolides downregulated ply gene transcription and
decreased the PLY protein level in MRSP cells in this study, it is also possible that
macrolides specifically inhibit the translation of the ply gene at an early stage due to the
RK49K motif. As for the lytA gene, the treatment of S. pneumoniae with ERY may inhibit
the translation of the gene at an intermediate stage at the KD187K motif. Reportedly,
the C-terminal choline-binding domain of LytA, consisting of residues V188 to K318 (48),
enables the enzyme to bind the pneumococcal cell wall, which is required for autolysis
(49). In this study, macrolide treatment inhibited the release of LytA from MRSP without
affecting intracellular LytA protein levels. Macrolide-induced translation arrest of the
lytA gene might thus result in the loss of LytA activity. Interestingly, Kannan et al.
showed that the translation of some genes responded differently to macrolide pres-
ence in living E. coli cells or in the cell-free translation system (46). This indicates that
additional factors may stimulate or interfere with the action of macrolides. Therefore, it
is possible that macrolide-targeting proteins vary among different bacterial species.
Currently, no study has investigated whether sub-MICs of macrolides induce site-
specific arrest of translation. To clarify these issues, a ribosome profiling analysis in S.
pneumoniae treated with sub-MICs of macrolides needs to be performed.

In conclusion, our study has demonstrated that sub-MICs of AZM and ERY reduce
the release of PLY in a highly macrolide-resistant S. pneumoniae through mechanisms
that include the inhibition of autolysis and the downregulation of ply gene transcrip-
tion, which may provide an additional explanation for the benefits of macrolides on the
outcome of treatment for pneumococcal diseases.
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MATERIALS AND METHODS
Bacterial culture and reagents. A clinical isolate of MRSP, NU4471 (serotype 19), which harbors both

ermB and mefA genes (19), or macrolide-susceptible S. pneumoniae strain D39 (NCTC 7466) was grown
at 37°C in tryptic soy (TS) broth (Becton Dickinson, Franklin Lakes, NJ, USA) under aerobic conditions.
Recombinant LytA protein was kindly provided by Yuuki Sakaue (Niigata University, Niigata, Japan). AZM
and ERY were purchased from Tokyo Chemical Industry (Tokyo, Japan) and Wako Pure Chemical
Industries (Osaka, Japan), respectively. Each macrolide was dissolved in ethanol and diluted further with
sterile water. Antibodies against pneumococcal LytA and GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) were generated by Eurofins Genomics K.K. (Tokyo, Japan) as described previously (31).

MICs of macrolides against MRSP. The inhibitory activities of macrolides against bacterial growth
were examined using 96-well plates (Corning, Corning, NY, USA). Two-microliter aliquots of S. pneu-
moniae NU4471 grown to the exponential phase were inoculated in 200 �l of TS broth. AZM and ERY
were separately added to these bacterial cultures and incubated at 37°C for 24 h. The inhibitory activity
against bacterial growth was measured at a wavelength of 620 nm using a microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA).

Effect of macrolides on the growth of MRSP. Fifty-microliter aliquots of S. pneumoniae NU4471
grown to the exponential phase were inoculated in 5 ml of TS broth. Thereafter, ethanol (as a control)
or 2 and 4 �g/ml of AZM and ERY were separately added to these bacterial cultures and incubated at
37°C. At each time point, bacterial growth was measured at a wavelength of 600 nm using a Mini Photo
518R (Taitec, Tokyo, Japan).

Hemolytic assay. Bacterial cultures, as described above, were incubated at 37°C for 12 h or until they
reached early stationary phase (OD600 of 0.6). Thereafter, bacterial supernatants were collected by
centrifugation at 3,000 �g for 10 min and subsequently filtered (0.22-�m filter; Merck Millipore, Billerica,
MA, USA). The hemolytic unit was then determined using fresh sheep erythrocytes as described
previously (50). A hemolytic unit is defined as the dilution that causes 50% lysis of 1% sheep erythrocyte
suspension after 30 min at 37°C (51).

Western blot analysis. Ethanol (as a control) and 2 and 4 �g/ml of AZM and ERY were separately
added to pneumococcal cultures and incubated until they reached early stationary phase. Thereafter,
bacterial supernatants were collected as described above. The bacterial pellets were resuspended in 2%
SDS sample buffer and homogenized with a MagNA Lyser instrument (Roche Diagnostics, Basel,
Switzerland) using 0.1-mm silica beads in a 2-ml tube (MP Biomedicals, Santa Ana, CA, USA). The
whole-cell lysates or pneumococcal supernatants mixed with SDS sample buffer were heated at 95°C for
3 min, separated by SDS-PAGE using 12% gels (Bio-Rad Laboratories, Hercules, CA, USA), and transferred
to polyvinylidene difluoride membranes (Merck Millipore). The membranes were incubated with blocking
reagent (Nacalai Tesque, Kyoto, Japan) to block nonspecific binding and probed with the anti-PLY
antibody (Abcam, Cambridge, UK), anti-LytA antibody, and anti-GAPDH antibody diluted in Tris-buffered
saline containing 0.05% Tween 20 (TaKaRa, Shiga, Japan). The membrane was then incubated with a
horseradish peroxidase (HRP)-conjugated secondary antibody (Cell Signaling Technology, Danvers, MA,
USA) in Tris-buffered saline containing 0.05% Tween 20. The membrane was treated with HRP substrates
(GE Healthcare, Little Chalfont, UK) and analyzed by a chemiluminescence detector (Fujifilm, Tokyo,
Japan). The intensity of the signal was quantified using Image Studio software (LI-COR Bioscience,
Lincoln, NE, USA).

Quantification of ply and lytA gene transcription by real-time PCR. S. pneumoniae NU4471 was
inoculated into TS broth and cultured until it reached exponential growth phase (OD600 of 0.3) followed
by incubation with 2 and 4 �g/ml of AZM or ERY for 2 h at 37°C. Gene transcription in the pneumococcal
strain was quantified using quantitative real-time PCR. Briefly, the bacterial pellet was resuspended in TRI
reagent (Molecular Research Center, Cincinnati, OH, USA) and homogenized with a MagNA Lyser
instrument using 0.1-mm silica beads in a 2-ml tube followed by RNA isolation using a Direct-zol RNA kit
(Zymo Research, Irvine, CA, USA). The RNA was reverse transcribed using SuperScript VILO master mix
(Thermo Fisher Scientific), and quantitative real-time PCR with cDNA was performed with the StepOne-
Plus real-time PCR system (Thermo Fisher Scientific) with the use of SYBR green detection protocol
according to the manufacturer’s instructions. The primers used for real-time PCR are shown in Table 1.

Statistical analysis. Data were analyzed statistically by analyses of variance with Dunnett’s or Tukey’s
multiple-comparison tests using Graph Pad Prism software version 6.05 (GraphPad Software, Inc., La Jolla,
CA, USA).

TABLE 1 Primer sequences for real-time PCR

Target Primer direction Sequence (5=¡3=)
ply Forward AGCGATAGCTTTCTCCAAGTGG

Reverse CTTAGCCAACAAATCGTTTACCG

lytA Forward AGTTTAAGCATGATATTGAGAAC
Reverse TTCGTTGAAATAGTACCACTTAT

16S rRNA Forward TGAGGTAACCGTAAGGAGCCA
Reverse TCACCCCAATCATCTATCCCA
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