
Identification and Characterization of Negative Regulators of
Rgg1518 Quorum Sensing in Streptococcus pneumoniae

Duoyi Hu,a* Irina Laczkovich,b§ Michael J. Federle,c,d Donald A. Morrisona

aDepartment of Biological Sciences, University of Illinois at Chicago, Chicago, Illinois, USA
bDepartment of Microbiology and Immunology, University of Illinois at Chicago, Chicago, Illinois, USA
cDepartment of Pharmaceutical Sciences, University of Illinois at Chicago, Chicago, Illinois, USA
dCenter for Biomolecular Science, University of Illinois at Chicago, Chicago, Illinois, USA

ABSTRACT Streptococcus pneumoniae is an agent of otitis media, septicemia, and men-
ingitis and remains the leading cause of community-acquired pneumonia regardless of
vaccine use. Of the various strategies that S. pneumoniae takes to enhance its potential
to colonize the human host, quorum sensing (QS) is an intercellular communication pro-
cess that provides coordination of gene expression at a community level. Numerous pu-
tative QS systems are identifiable in the S. pneumoniae genome, but their gene-regula-
tory activities and contributions to fitness have yet to be fully evaluated. To contribute
to assessing regulatory activities of rgg paralogs present in the D39 genome, we con-
ducted transcriptomic analysis of mutants of six QS regulators. Our results find evidence
that at least four QS regulators impact the expression of a polycistronic operon (encom-
passing genes spd_1517 to spd_1513) that is directly controlled by the Rgg/SHP1518 QS
system. As an approach to unravel the convergent regulation placed on the spd_1513-
1517 operon, we deployed transposon mutagenesis screening in search of upstream reg-
ulators of the Rgg/SHP1518 QS system. The screen identified two types of insertion
mutants that result in increased activity of Rgg1518-dependent transcription, one type
being where the transposon inserted into pepO, an annotated endopeptidase, and the
other type being insertions in spxB, a pyruvate oxidase. We demonstrate that pneumo-
coccal PepO degrades SHP1518 to prevent activation of Rgg/SHP1518 QS. Moreover, the
glutamic acid residue in the conserved “HExxH” domain is indispensable for the catalytic
function of PepO. Finally, we confirmed the metalloendopeptidase property of PepO,
which requires zinc ions, but not other ions, to facilitate peptidyl hydrolysis.

IMPORTANCE Streptococcus pneumoniae uses quorum sensing to communicate and regu-
late virulence. In our study, we focused on one Rgg quorum sensing system (Rgg/SHP1518)
and found that multiple other Rgg regulators also control it. We further identified two
enzymes that inhibit Rgg/SHP1518 signaling and revealed and validated one enzyme’s
mechanisms for breaking down quorum sensing signaling molecules. Our findings shed
light on the complex regulatory network of quorum sensing in Streptococcus pneumoniae.
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S treptococcus pneumoniae, a prominent human pathogen, asymptomatically colonizes
the mucosal surfaces of the human nasopharynx and upper airway (1). Asymptomatic

carriage precedes symptomatic progression, which can lead to serious infections such as
bronchitis, otitis media, meningitis, and septicemia (2–4). Implementation of multivalent
vaccines directed at pneumococcal polysaccharide capsules and protection from as many
as 23 serotypes have decreased disease burdens globally; however, protection is limited, as
more than 100 serotypes of S. pneumoniae exist (5). Furthermore, the ability of S. pneumo-
niae to acquire foreign DNA has facilitated the spread of multidrug-resistant strains and
increased antigenic variation. The increased rates of antibiotic resistance and decreased

Editor Tina M. Henkin, Ohio State University

Copyright © 2023 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Donald A.
Morrison, damorris@uic.edu.

*Present address: Duoyi Hu, Department of
Biomolecular Sciences, University of Mississippi,
Oxford, Mississippi, USA.

§Present address: Irina Laczkovich, Takeda
Pharmaceutical Company, Ltd., Boston,
Massachusetts, USA.

The authors declare no conflict of interest.

Received 21 March 2023
Accepted 2 June 2023
Published 21 June 2023

July 2023 Volume 205 Issue 7 10.1128/jb.00087-23 1

RESEARCH ARTICLE

https://orcid.org/0000-0002-4554-543X
https://orcid.org/0000-0003-3591-7233
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/jb.00087-23
https://crossmark.crossref.org/dialog/?doi=10.1128/jb.00087-23&domain=pdf&date_stamp=2023-6-21


effectiveness of vaccines make it imperative to develop a better understanding of S. pneu-
moniae and how it regulates virulence.

S. pneumoniae uses chemical communication, known as quorum sensing (QS), to coordi-
nate behaviors such as biofilm formation, competence, and production of antimicrobial
peptides (6–9). QS is accomplished through signaling peptides, commonly referred to as
pheromones. During QS, pheromones are secreted through membrane transporters to the
extracellular space and transmit information to surrounding bacteria (9–12). Secreted phero-
mones can either be detected at the cell surface through two-component regulatory sys-
tems or imported into the cell through generalized oligopeptide transporters, such as Ami.
Internalized pheromones interact with cytoplasmic signaling sensors belonging to the family
of RRNPP proteins (Rap, Rgg, NprR, PlcR, and PrgX) (13) that are found widespread among
Firmicutes (14–23). Prior studies in the regulation of RRNPP QS systems have described the
impact of environmental factors and protein regulators. Environmental factors, such as nutri-
ent sources (21, 24–26), metal concentrations (27), and adhesion to epithelial cells (28), can
alter the expression of these QS systems. More directly, protein regulators can target Rggs
(15, 19, 23, 29), pheromone transporters (30, 31), or QS pheromones (32).

Numerous RRNPP family members are present in the pneumococcal genome, yet only
some have been characterized to a limited extent. For example, following Rgg/SHP939 QS
activation, a 12-gene cluster regulating capsule synthesis is upregulated, and the rgg939-
overexpressing strain displays a thicker capsule and increased biofilm formation (25). Rgg/
SHP144 is a CodY-regulated QS system that controls the expression of a virulence peptide
(VP1) conserved in pneumococcal strains D39 and TIGR4 (25, 26, 33, 34). Rgg/SHP112
(RtgR/S) regulates peptidase-containing ABC transporters (PCATs) in the Sp9-BS68 strain
(20). TprA/PhrA regulates a pneumococcal lantibiotic gene cluster in a carbon-dependent
QS activation manner controlled by CcpA and GlnR, two master regulators of carbonate
metabolism (21, 35). Several additional RRNPP paralogs exist, and evidence suggests their
importance in pathogenesis. For example, in S. pneumoniae serotype 4 strain TIGR4, trans-
poson sequencing (Tn-seq) and signature-tagged mutagenesis (STM) conducted by the
Camilli laboratory demonstrated an in vivo role of four Rgg regulators (sp_0141, sp_1115,
sp_1946, and sp_2090) (34, 36). Transposon mutants of these Rggs resulted in a significant
decrease in fitness in mouse models of pneumonia and nasopharyngeal carriage (34, 36).
In S. pneumoniae strain D39, Rgg1952 protects against paraquat-induced oxidative stress
(37). Rgg1518 regulates sugar metabolism and capsule expression, and its deletion mutant
attenuates colonization and virulence in a mouse model (38). Among these Rgg QS sys-
tems, one study proposed an internal QS interaction network. Specifically, Rgg939 upregu-
lates the Rgg144-regulated VP1 locus (spd_145 to spd_147), and Rgg144 negatively regu-
lates the genes spd_1514 to spd_1516 that are directly governed by Rgg1518 (25).

Despite the emerging knowledge of these pneumococcal RRNPP QS systems, they and
others remain poorly characterized. We have limited knowledge regarding whether these
communication networks are interconnected or regulated. Here, we report transcriptomic
analysis of six rgg-mutant strains in S. pneumoniae D39 and find that the recently described
Rgg/SHP1518 system (25, 38, 39) is collectively affected by four other Rgg transcriptional
regulators. We describe a genetic screen that identified two enzymes, SpxB and PepO, that
negatively regulate Rgg1518 signaling. We demonstrate that PepO degrades the phero-
mone corresponding to Rgg1518 and limits the activity of the signaling system.

RESULTS
The spd_1513-1517 operon is influenced by multiple Rgg transcriptional regu-

lators. S. pneumoniae D39 encodes nine putative RRNPP-like proteins (Table S3 in the
supplemental material), of which four have been reported to be involved in coloniza-
tion, biofilm synthesis, virulence, and polysaccharide capsule production (Table S3) (21,
25, 38, 40, 41). In an attempt to illuminate the regulatory roles of Rgg proteins that
have not been characterized, we constructed individual in-frame deletion mutants of
five uncharacterized rgg genes and one gene that was recently studied (rgg1518) (38).
The steady-state transcriptional profile of each exponentially growing strain was deter-
mined by RNA sequencing. Wild-type D39 and the six rgg mutants were cultured in a
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chemically defined medium (CDM) supplemented with glucose to mid-log phase (opti-
cal density at 600 nm [OD600] of 0.4) for RNA extraction. RNA sequencing and differen-
tial expression analysis that compared wild-type to the isogenic deletion of rgg1518
showed that the operon spd_1513 -1517, a putative ABC transporter complex, was
downregulated 32-fold in the mutant (Fig. 1A; Table S4). This observation corroborates
microarray data from an independent study indicating that spd_1514-1517 is directly
regulated by Rgg/SHP1518 (20, 25). Unexpectedly, our transcriptomic analysis also
revealed that the genes spd_1514 to spd_1517 were downregulated more than 2-fold
in four additional deletion mutants, rgg112, rgg1786, rgg1916, and rgg1952. In contrast
to these 5 mutants, Drgg999 did not elicit changes in the expression of genes con-
trolled by any of those known Rgg QS systems (Fig. 1). Furthermore, a prior microarray
study showed that the spd_1514 to spd_1517 genes are also negatively regulated by
Rgg/SHP939 and Rgg/SHP144, respectively (25). Together, these results suggest an
interplay among the different QS network regulators that manifests in differential regu-
lation of the genes adjacent to rgg1518, possibly working through a common regula-
tory mechanism.

To facilitate directly targeted monitoring of the expression status of the spd_1513-1517
operon, a transcriptional reporter was generated by fusing DNA sequences located between
rgg1518 and the small open reading frame (sORF) encoding the pheromone Rgg1518, des-
ignated shp1518 (38, 39). This DNA span contains the promoter expressing the operon con-
sisting of shp1518 and spd_1513 to spd_1517. The promoter region was fused to lacZ and
incorporated at the bga locus, which is considered an inactive region of the S. pneumoniae
genome during laboratory culture (Fig. 2A). b-Galactosidase activity was evaluated in wild-
type and rgg-mutant backgrounds in CDM agar (Fig. 2B). The wild-type strain yielded white
colonies after 16 h of growth (Fig. S1); however, extending growth to 24 h led to an accu-
mulation of weakly expressed b-galactosidase and a faint blue colony phenotype (Fig. 2B).
As Rgg1518 is thought to serve as the primary regulator of the operon (20, 25, 38), the
rgg1518 deletion mutant failed, as expected, to express lacZ and yielded white colonies at
24 h (Fig. 2B). The wild-type reporter, cultured in CDM broth and induced with the 12 C-ter-
minal amino acids of SHP1518 (C12), stimulated lacZ expression (Fig. 2C). As little as 2 nM
C12 was enough to achieve 50% of the maximum induction of lacZ that was obtained by
C12 treatment. Even at the highest concentrations of C12 tested (128 nM), the Drgg1518
strain was unresponsive and did not produce b-galactosidase activity above unstimulated
cultures.

Wild-type expression of lacZ was also evaluated in other types of media absent supple-
mental C12 to reveal the environmental factors required for QS activation (Fig. S1). Without
C12 stimulation, lacZ expression was absent in Todd-Hewitt broth supplemented with
yeast extract (THY) and CDM broth culture (data not shown). However, when grown in THY
agar, lacZwas strongly expressed (Fig. S1). Among other media types tested (casein hydrol-
ysate yeast extract [CAT], CDM, and tryptic soy broth-sheep blood [TSB-SB] agar), lacZ
expression was only observed on CAT agar (Fig. S1). Additional rgg mutants were tested in
CDM agar, including those previously found to influence spd_1513-1517 expression (25),
and only deletion of rgg939 produced colonies bluer than the wild-type (Fig. 2B), consistent
with the prior report (25). Notably, we did not observe visible blue intensity changes in the
colonies of rgg mutants that downregulate the expression of spd_1513-1517 in CDM (glu-
cose) broth culture. Because the growth conditions and Rgg QS systems that could affect
spd_1513-1517 expression remain unclear, we aimed to identify any Rgg QS system
upstream regulators that control spd_1513-1517 expression.

Transposon mutagenesis screenings identify two QS regulators, SpxB and
PepO. Given the confluence of regulation directed at Rgg1518, we used transposon mu-
tagenesis to identify factors that influenced the expression of spd_1513-1517. We rea-
soned that transposon insertions within genes that negatively impact the expression of
the spd_1513-1517 operon would appear blue on CDM plates. Likewise, a transposable
element that enhances the transcription of regions adjacent to the transposon insertion
site (theoretically possible if transcription extends across the insertion junction) could
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result in gain-of-function phenotypes. If insertion enhanced transcription of a positive
regulator of spd_1513-1517, we would anticipate a blue colony phenotype.

In vitro transposition using a hyperactive variant of Himar1, MarC9 (42), was used to
generate insertion mutant libraries in CP2000 genomic DNA (gDNA). The transposon

FIG 1 (A to F) Differential gene expression between wild-type (WT) D39 and rgg mutants growing in CDM (glucose). Volcano plots of wild-type D39 versus
Drgg1518 (A), Drgg0112 (B), Drgg1916 (C), Drgg1786 (D), Drgg1952 (E), and Drgg0999 (F). Dashed guidelines indicate minimal q value significance (,0.05) and
differential expression (.2-fold). Genes spd_1514 to spd_1517 that are differentially expressed are colored red.
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contains a kanamycin resistance marker (KANr) that lacks a transcription terminator; there-
fore, insertions of the transposon upstream of a gene could result in its expression from
the constitutive KANr promoter, while intragenic insertions would inactivate target genes.
Transposon-containing gDNA was used to transform the Pshp1518-lacZ reporter strain, and
kanamycin-resistant colonies were selected on CDM agar plates containing X-Gal. Then,
30,540 transposon insertion mutants from five independently generated libraries were
screened for blue color development, leading to 13 mutants that withstood backcrossing
to ensure linkage to the transposon (Fig. 3A; Table S2; Fig. S3). Another 75,000 KANr colo-
nies from 5 additional libraries were screened on TSB-SB X-Gal plates, leading to 151 blue
colonies. Forty-four mutants mapped to pepO (8 from CDM and 37 from TSB-SB), 35 inser-
tions mapped to spxB, and 11 were insertions upstream of lacZ (Fig. 3A). Again, backcross-
ing transformation experiments were performed to ensure transposon insertion linkage to
the phenotype (Table S2; Fig. S3). Given the scale of our transposon screening and the fre-
quency of hits mapped to the two genes, we conclude that PepO and SpxB are two novel
regulators of Rgg/SHP1518 QS.

SpxB-regulated repression of Pshp1518 is growth medium dependent. As spxB
mutants turned blue only on TSB-SB agar and not on CDM agar, it is suggested that
SpxB repressed Pshp1518 via a condition-dependent mechanism. We evaluated additional
environmental factors to reveal conditions in which spxB repressed pheromone and
spd_1513-1517 gene expression, including three media types (CDM, TSB-SB, and THY),
four carbon sources (glucose, mannose, galactose, and N-acetylglucosamine), different
oxygen levels, and with or without sheep blood supplement (Fig. 3B). Results indicated
that only TSB-SB medium grown in a 5% CO2-supplemented incubator led to DspxB-
specific activation of Pshp1518 (Fig. 3B). The mechanism by which SpxB represses Pshp1518
remains unknown, but several possibilities are considered in the Discussion.

PepO degrades SHP1518. In S. pneumoniae, PepO is annotated as an endopeptidase
(28, 43), as homology and structure prediction analyses suggest that PepO belongs to the

FIG 2 (A) Genetic map of the Pshp1518-lacZ reporter and b-galactosidase expression in the wild-type strain and Drgg mutants. The reporter was
constructed by homologous recombination of pHDY06 plasmid (tetM: tetracycline resistant) into the bgaA locus of the parental strain CP2000 (2LacZ).
(B) Colony color phenotype of wild-type (Pshp1518-lacZ) and Drgg reporter strains after 40 h of growth in CDM (glucose) sandwich agar supplemented with
400 mg/mL X-Gal; 2LacZ: the parental strain without the lacZ gene; 1LacZ, a LacZ reporter strain where lacZ expression is driven by a constitutive
kanamycin promoter; Drgg, knockouts of a corresponding rgg regulator. (C) Synthetic C12 activates Rgg/SHP1518 quorum sensing in a dose-dependent
manner in CDM. Gradient amounts of C12 peptides were incubated with wild-type and Drgg1518 strains for 30 min. A Miller assay was performed to
monitor LacZ expression of the three strains (recorded as UV420 absorbance). Data represent the average of three technical replicates.
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M13 family of metallopeptidases present in all life forms except fungi, including bacteria,
archaea, protozoa, plants, and animals and (https://www.ebi.ac.uk/merops/cgi-bin/famsum
?family=M13). However, no study has tested pneumococcal PepO’s metallopeptidase prop-
erties. The amino acid sequence of S. pneumoniae PepO is 65% identical to that of PepO in
Streptococcus pyogenes. Notably, the PepO of Streptococcus pyogenes degrades the SHP2
and SHP3 pheromones of the Rgg2/3 quorum sensing system (32). We, therefore, hypothe-
sized that PepO might degrade SHP1518, thereby interfering with the ability of Rgg1518
to activate transcription of the spd_1513-1517 operon. To explore this possibility, we
expressed and purified pneumococcal PepO in Escherichia coli (Fig. 4A) and evaluated its
enzymatic potential to degrade SHP1518. Purified recombinant PepO (rPepO) was incu-
bated with C12 for different amounts of time, and reaction products were evaluated for
induction of the Pshp1518-lacZ reporter strain. As shown in Fig. 4B, in reactions with 50 nM

FIG 3 Transposon mutants that elevate expression from Pshp1518-lacZ. (A) Summary of the two rounds of transposon mutagenesis. The lacZ reporter cassette
(light blue), the Rgg/SHP1518 genes, pepO (yellow), and spxB (pink) are presented with labeled distances. Yellow and pink diamonds symbolize transposon
insertions in pepO and spxB, respectively. The white diamond indicates transposon insertions in Pshp1518 that drive lacZ expression. (B) Evaluation of DspxB
and DpepO colony color phenotypes under various growth conditions. Red boxes indicate the two conditions used in the transposon screenings. Wild-type
and mutant cells were grown in different media under the following conditions: 37°C incubator with 5% CO2, with/without O2 (in a candle jar or not), and
with/without sheep blood cells; 2, white; 1, weak blue; 11 strong blue; N.A., not available.
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rPepO and 5 mM C12, a 50% loss of pheromone activity occurred after 45 min, and a 90%
reduction occurred after 2 h. We also titrated the concentration of rPepO and evaluated
C12 activity after incubation with the enzyme for a fixed time of 180 min (Fig. 4C). Reaction
products were diluted 100-fold and were applied to the Pshp1518-lacZ strain. A 50% reduction
of 5mM C12 activity required 50 pM rPepO (Fig. 4C), comparable to the SHP-degrading ac-
tivity of S. pyogenes rPepO (50% activity loss of 0.5 mM SHP3 when it was incubated with
10 pM rPepO) (32). Our results suggest that PepO directly degrades SHP1518 and that it
may act to abrogate QS activation.

As PepO is predicted to belong to the M13 family of metallopeptidases whose members
are mostly zinc dependent (44, 45), we tested whether metal ions were required for SHP
turnover. The metal chelator 1,10-phenanthroline was applied to rPepO before and during
incubation with C12 (46, 47). The addition led to the protection of SHP activity (Fig. 4D). By
contrast, when amounts of individual metals were added to the reactions in 10-fold excess

FIG 4 rPepO degrades C12 in a Zn21-dependent manner. (A) SDS-PAGE image of purified rPepO (75.74 kDa). (B
and C) C12 degradation by rPepO is dependent on reaction time (B) and concentration (C). (D) Comparison of
rPepO activity in native, metal-chelated, and metal-supplemented conditions. Data in B to D represent the
average of three biological repeats; *, P , 0.05. CDM (glucose) medium was used in the assays.
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over the chelation potential of 1,10-phenanthroline, only Zn21 supplementation restored
proteolytic activity to rPepO. (Fig. 4D).

The enzymatic activity of PepO depends on the glutamic acid residue of the
HExxH domain. The canonical C-terminal motif of M13 metallopeptidases, HExxH, is a criti-
cal motif for zinc binding (Fig. 5A) (48, 49). However, the importance of this motif in strepto-
coccal PepO has not been tested. Alignment of pneumococcal PepO with closest homologs
from other streptococci finds the highest sequence identities to Streptococcus parasanguinis
PepO (68%) and Streptococcus pyogenes PepO (66%), and these proteins even share sub-
stantial levels of homology with mammalian neutral endopeptidase (NEP) (50–54) and
mammalian endothelin-converting enzyme (ECE) (55–57). As illustrated in Fig. 5A, all aligned
PepO homologs contain the HExxH motif, and flanking residues are highly conserved across
prokaryotic and eukaryotic examples (58, 59).

The structural data of PepO are limited, as only one bacterial PepO crystal structure is
available in Protein Data Bank (PDB) from Mycobacterium tuberculosis, annotated as Zmp1
(49); it indicates that the zinc ion is coordinated by the nitrogen of the two histidines and
the oxygen of glutamate, and the glutamate residue polarizes the water molecule that
facilitates the nucleophilic attack on the substrate peptide bond (32, 49). Given the similar
activities of rPepO between S. pneumoniae and S. pyogenes and the high sequence identity
around the HExxH catalytic domain of S. pneumoniae, S. pyogenes, and M. tuberculosis, we
aimed to understand if the HExxH catalytic domain is crucial for the endopeptidase activity
of PepO in quenching Rgg/SHP1518 QS (49). The substitution of glutamate for glutamine
was designed to retain the enzyme’s shape but disrupt catalytic activity. Expressing PepO-
E479Q in S. pneumoniae did not alter protein amounts detected in cell lysates (Fig. 5C).
However, the E479Q mutant produced blue colonies, resembling the phenotype of the
DpepO mutant (Fig. 5B), indicating that a single amino acid change in the HExxH domain
was sufficient to abolish PepO’s activity toward SHP1518.

Here, we confirmed the indispensable role of HExxH in PepO’s catalytic function.

FIG 5 The glutamic acid residue in the conserved “HExxH” catalytic motif is critical for PepO’s quorum quenching activity. (A) Sequence and alignment of
S. pneumoniae PepO and its homologs surrounding the HExxH motif (red box). Gray-highlighted residues are identical to those of the S. pneumoniae PepO.
Sequences and NCBI accession numbers are as follows: S.pn, Streptococcus pneumoniae PepO, WP_054394657.1; S.pa, Streptococcus parasanguinis PepO,
MBF1717056.1; S.py, Streptococcus pyogenes PepO, WP_136303158.1; L.la, Lactococcus lactis PepO, WP_143457511.1; M.tu, Mycobacterium tuberculosis Zmp1,
KBK61972.1; H.sa, Homo sapiens ECE isoform 1, BAG59124.1; H.sa, Homo sapiens NEP, AAI43466.1. Sequence identities are compared for the 58-amino-acid
stretch surrounding the HExxH motif (and full-length protein). (B) Blue/white colony phenotypes of pneumococcal strains (Pshp1518-lacZ) expressing wild-type
PepO, E479Q PepO, or DpepO in CDM (glucose) agar. (C) Western blotting of wild-type and mutant PepO expressed in S. pneumoniae or E. coli BL21.
Samples are prepared from whole-cell lysates of Pshp1518-lacZ S. pneumoniae strains containing the indicated genotype or E. coli BL21 strains. For blotting,
the membrane was incubated overnight at 4°C with a rabbit anti-PepO antibody (1:1,000) raised against pneumococcal PepO (43) followed by a 30-min
incubation with a goat anti-rabbit horseradish peroxidase (HRP) secondary antibody (1:10,000). The sizes of native PepO and rPepO are 71.9 kDa and 74.5
kDa, respectively.
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Based on this, we reason that any PepO inhibitor targeting the HExxH domain could
disrupt pneumococcal PepO’s regulation of Rgg/SHP1518 QS.

DISCUSSION

By studying S. pneumoniae transcriptomes under various conditions, researchers
have obtained invaluable data regarding pneumococcal regulatory networks, virulence
factors, and immune evasion strategies (28, 60–65). The transcriptomic analysis in this
study focused on regulatory system mutants, which helped map QS regulons and their
cross-talk (Fig. 6). Our initial objective was to inform on regulatory networks governed
by Rgg/pheromone QS systems. Our finding echoed a previous report indicating that
more than one Rgg QS system controls the spd_1513-1517 system (25). Furthermore,
our result extends the number of Rgg regulators of the cross-talk network regulating
spd_1513-1517 from three to seven. However, this approach was limited by a lack of
knowledge pertaining to the optimization of growth conditions that allow for Rgg1518
QS activation to occur, since most differences of spd_1513-1517 expression were minor
and only Drgg939 is validated by the Pshp1518-lacZ reporter.

The observed cross-talk among Rgg systems inspired us to use transposon mutagenesis
to identify factors that impact the expression of the Rgg1518 target operon. We estab-
lished a Tn mutagenesis platform and screened a total of approximately 105,000 independ-
ent Tn insertion mutants to search for upstream regulators of spd_1513-1517. We identified
two classes of loss-of-function mutants in distant genes, pepO::Tn and spxB::Tn, that
resulted in Rgg/SHP1518 QS activation. In the screening, Rgg939 was not identified as an
Rgg/SHP1518 negative regulator, as suggested by Fig. 2B. We believe the reason is the dif-
ferences between the length of growth of the two experiments. The incubation time of
the transposon screening that identified PepO was 16 h, whereas the cells from Fig. 2B
were incubated under the same conditions for 40 h because we did not observe a distinct
difference in the colony phenotypes after 16 h of growth. We believe the phenotype from
Drgg939 reveals its role in the negative regulation of Rgg1518 QS, but it was not strong
enough to be identified during our screening.

The spxB gene (spd_0636) has a high degree of conservation among many streptococci
(66, 67). The expression of spxB is regulated by catabolite control protein A (CcpA) in many
streptococcal species, as the CcpA binding motif is common upstream of spxB (68, 69). In S.

FIG 6 A hypothetical model of PepO repressing Rgg/SHP1518 quorum sensing. The precursor SHP
expressed from shp1518 is exported via PptAB (15, 20, 30) and imported via the AmiABC transporter
(20). Mature SHP binds to and activates Rgg/SHP1518 (blue dimer shaped) to regulate the expression
of shp1518 and the spd_1513-1517 operon. Precursor (red and black) or mature (black) SHP1518
peptide is degraded during the process by PepO (black scissors) intracellularly or extracellularly. SpxB
represses (indicated by a T-bar) Rgg/SHP1518 in an unknown acetyl phosphate pathway. Arrows
indicate transportation or binding to an indicated target.
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pneumoniae, a consensus CcpA binding motif is found and located at position263 to247
upstream of the spxB translational start site, suggesting that pneumococcal spxB is also
regulated by CcpA. This interpretation is strengthened by our observations of Rgg/
SHP1518 QS activation in certain growth media with different carbon sources (Fig. 3B).
SpxB is a pyruvate oxidase that converts pyruvate to acetyl phosphate (AcP), carbon diox-
ide, and hydrogen peroxide. This reaction requires oxygen, water, and vitamin B1 as a
cofactor. AcP is one of the major sources of phosphate in the cell. Evidence has shown that
inactivating the genes of SpxB could result in deficient AcP levels and strongly reduced
gene expression mediated by a two-component system (70). S. pneumoniae has 13 two-
component regulatory systems that differentially regulate gene expression as a function of
phosphorylation of response regulator proteins by the sensor kinase (71–73). Therefore, an
SpxB-dependent two-component system might explain the phenotypes observed in the
DspxBmutant.

PepO (spd_1460) is annotated as an endopeptidase that belongs to the M13 family pro-
teins (74). In the MEROPS database, the M13 family comprises metalloendopeptidases that
are confined to acting on peptides with no more than 40 residues (75). Functions of the
M13 family proteins include posttranslational modification, protein turnover, and chaper-
ones (52, 53, 59, 76). Unlike DspxB, the phenotype observed for DpepO is not growth media
dependent. We tested and compared the blue colony phenotype of DpepO with that of
wild-type in CDM, CAT, and THY agar, and DpepO showed a much stronger blue intensity
than the wild-type in all three media (data not shown). However, the CAT and THY media
lead to some level of autoinduction of Pshp1518, which results in a weak (CAT) and strong
(THY) blue phenotype of wild-type cells (Fig. S1 in the supplemental material). We reason
that PepO is capable of degrading SHP1518 and, therefore, may reduce the concentration
of SHP1518 in S. pneumoniae cultures. Still, large amounts of peptides in rich media like
CAT or THY may partially affect its function. If levels of SHP1518 remain below the concen-
tration needed to bind and stimulate Rgg1518, transcription of the Rgg/SHP1518 target
genes could be reduced. Considering that multiple Rgg QS systems were seen to regulate
the spd_1513-1517 operon and the fact that all QS systems require a threshold concentra-
tion of their cognate pheromones to be activated, we suspect that QS cross-talk may be
impacted by the PepO endopeptidase. This interpretation could be tested by in vitro assays
mixing pneumococcal rPepO with different synthetic SHPs intraspecifically and interspecifi-
cally. We infer that PepO can affect QS, but whether it interferes with pheromone produc-
tion, pheromone sensing, or both remains an open question.

The capacity of PepO to degrade intercellular signals is complicated by contradic-
tory findings pertaining to the cellular location of the enzyme. S. pyogenes PepO
resides in the cytoplasm (32). Similarly, PepO is also found in the cytoplasm of S. para-
sanguinis (54). However, Agarwal et al. claim that S. pneumoniae PepO is a moonlight-
ing protein that functions as a cytosolic and membrane-bound protease that works on
extracellular polypeptides (43, 77). This study does not explore the cellular localization
of PepO when it interacts with the peptides, so we are unclear if PepO degrades the
mature form of SHP1518 intra- or extracellularly. Also, we did not investigate the ability
of PepO to digest the prepeptide form of SHP1518. Yet, we understand that knowing
this could further facilitate interpreting its role in regulating QS.

In S. pneumoniae, the endopeptidase activity of PepO was evaluated in two in vitro
studies assessing the degradation of competence-stimulating peptide CSP, which is the
essential peptide regulating pneumococcal competence QS (78, 79). Their results indicated
that PepO degrades CSP in vitro; however, the DpepO mutant showed no change in trans-
formation efficiency (79). Therefore, these findings do not support a hypothesis that PepO
participates in competence QS regulation. In this study, we revealed, for the first time, the
role of pneumococcal PepO in regulating QS and demonstrated that both the enzymatic
profile of PepO and its in vitro activity are consistent with its QS-regulatory properties.

Besides its endopeptidase nature, PepO is also regarded as a virulence factor. For
example, purified pneumococcal rPepO elicited a robust innate immune response in mice
via Toll-like receptor 2 (TLR2)/TLR4 signaling pathways (80). These responses include
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particle uptake by macrophages (81), promoting host anti-infection responses by autoph-
agy (82), and eliciting interleukin-8 (IL-8) and interferon-g -inducible protein 10 (IP-10)
expression from human bronchial epithelial cells (83). In an in vivo pneumococcal-host
infection transcriptomic study, pepO is highly expressed under infection conditions, and
deletion of pepO resulted in a significant decline of bacterial burden at its corresponding
anatomical site (65). While none of these virulence studies considered the role of PepO in
regulating S. pneumoniae QS, results from our study suggest a possible mechanism of
action of PepO in regulating the RRNPP QS systems by targeting their pheromones to
govern virulence functions.

MATERIALS ANDMETHODS
Bacterial strains and culture media. S. pneumoniae strains used in this study are descendants of

the laboratory strain Rx (84), an avirulent, unencapsulated derivative of strain D39 (85). CP2000 (86) is an
Rx-derived strain that contains a complete knockout of the capsule synthesis locus (Dcps), a mutation in
the b-galactosidase gene, and other mutations listed in Table S1 in the supplemental material. Other
pneumococcal strains listed in Table S1 are derivatives of CP2000 constructed by homologous recombi-
nation of either integrative plasmids or PCR donors containing homologous regions flanking the insert
or deletion (Table S1; Appendix SA and SB). E. coli strains used in this study are derivatives of DH5a and
BL21 purchased from Thermo Scientific. S. pneumoniae strain construction details are listed in Appendix
SB. Four types of media were used for S. pneumoniae growth: casein hydrolysate yeast extract medium
(CAT) (87), Todd-Hewitt yeast extract medium (THY) (88), tryptic soy broth-sheep blood medium (TSB-
SB) (89), and a chemically defined medium (CDM) (90). TSB-SB agar plates contained 1.5% agar. CDM,
CAT, and THY sandwich agar plates were prepared by adding 3 mL of each of the following fractions
from the bottom to the top: 1.5% agar as a base (55°C), 0.75% agar-cell mixture (37°), 1.5% agar as a
buffer layer (55°C), and 1.5% agar supplemented with/without selective drugs with 4� concentration
(55°C). Except for the results related to SpxB, glucose is the only carbon source for CDM.

RNA isolation and sequencing. Three independent cultures of wild-type S. pneumoniae D39 and
rgg-mutant strains were cultured in 10 mL of CDM supplemented with 0.1% choline and 0.5% Oxyrase
and grown to an OD600 of 0.4 at 37°C and 5% CO2. Cultures were chilled on ice and harvested by centrif-
ugation. Cell pellets were suspended in 1 mL of RNALater (Ambion), incubated at room temperature for
10 min, repelleted, and stored at 280°C. Total RNA was extracted using an Ambion RiboPure RNA purifi-
cation bacteria kit following the manufacturer’s instructions. RNA was assessed using Tapestation 2200
(Agilent) and was used to prepare cDNA libraries sequenced on an Illumina HiSeq 4000 with 100-bp sin-
gle reads. mRNA sequencing and mapping were conducted by the University of Illinois at Chicago
Research Informatics Core.

Transposase expression and purification. 100 mL mid-log-phase cultures of E. coli BL21 carrying
the plasmid pMarC9 (a gift from the van Opijnen lab) were used for transposase purification.. The plas-
mid encodes a maltose-binding protein (MBP) fused to Himar1 Mariner MarC9 transposase (91). The
fusion protein was induced with 0.3 mM isopropyl-b-D-1-thiogalactopyranoside (IPTG; Goldbio) and
purified by affinity chromatography using amylose resin (Biolabs). The enzyme was eluted with 10 mM
maltose in 20 mM Tris (pH 7.4), 200 mM NaCl, 1 mM EDTA, cOmplete EDTA-free protease inhibitor cock-
tail (Roche), 2 mM dithiothreitol (DTT), and 10% (vol/vol) glycerol. Ten micrograms of purified MBP-
MarC9 transposase was obtained and stored at280°C as 20 ng/mL aliquots.

In vitro transposonmutagenesis and blue/white screening. The protocol for in vitro transposon mu-
tagenesis was adapted from van Opijnen (91) (Fig. S2). To mutate pneumococcal genomic DNA (gDNA),
15 mg of S. pneumoniae gDNA, 15 mg of pMagellan6 transposon plasmid (a gift from the van Opijnen lab
[91]), and 15 mL of 20 ng/mL purified MarC9 transposase were mixed in 0.75 mL of buffer A (91) and incu-
bated for 2 h at 30°C. The reaction mixture was heat inactivated for 10 min at 75°C before being placed on
ice for 5 min. Transposon-mutagenized gDNA contains single-strand nicks, which were repaired as described
previously (91). The repaired DNA was used directly to transform S. pneumoniae to generate mutant libraries.
Two transposon libraries were generated by slightly different parameters. For the first setup, 400 mL of wild-
type (CP2532, Pshp1518-lacZ reporter; Table S1) cells at an OD550 of 0.05 were transformed with 17.5 mg of Tn
gDNA in THY. After transformation and incubation, KANr CFU (transposon insertion transformants) and total
cell counts were recorded to evaluate the overall transformation efficiency. A total of 30,540 KANr CFU were
obtained. For the second library, 400 mL of CP2532 cells at an OD550 of 0.05 were transformed with 22.5 mg
of Tn gDNA in THY, and 75,000 transformants were obtained. Mutant cells from each round were divided
into five groups (libraries) to screen for blue colonies. Colonies from each library (approximately 4,000 colo-
nies/plate, 5 plates/library) were collected by scraping KANr cells from the TSB-SB agar surface. Cells were
resuspended, diluted, regrown to an OD550 of 0.1 in THY broth, and stored at280°C. Two rounds of screening
were performed: in CDM sandwich X-Gal agar, screening was performed aerobically at 37°C for 16 h, and in
TSB-SB X-Gal agar, screening was performed at 37°C with 5% CO2 for 16 h. Blue colonies from each library
were isolated, regrown to an OD550 of 0.1, and stored in 12% glycerol at280°C.

Colony PCR counterscreening. Colony PCR was used as a method to identify transposon insertions
in the promoter of lacZ. Lysates of isolated colonies suspended in 10 mL of Y-PER buffer (Thermo
Scientific) for 10 min were diluted 10-fold and used at 1/20 volume of PCRs with primers DH030 and
DH026.

Rgg1518 Quorum Sensing Regulators Journal of Bacteriology

July 2023 Volume 205 Issue 7 10.1128/jb.00087-23 11

https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00087-23


Transposon insertion mapping. To sequence regions flanking the transposon insertions, genomic
DNA was digested with MmeI, which cuts 20 bp beyond the magellan6 termini, leaving a 2-base over-
hang for adapter ligation (DH058 1 DH059; Table S1) (91). Sequences between the adapter and KANr

gene were amplified using primers DH060 and DH061. The resulting 700-bp PCR products contained 20-
bp mutant-specific DNA used to map transposon insertion sites by Sanger sequencing using primer
DH061.

Assay of beta-galactosidase. A previously published protocol was used to determine the b-galacto-
sidase activity in lysates of culture samples (92). Samples were untreated or induced by adding synthetic
pheromone SHP1518-C12 (the 12 C-terminal amino acids of SHP1518; Abclonal) for 30 min, lysed with
Triton X-100, and monitored in a microplate reader (Biotek Synergy 2) at 420 nm. Reaction kinetics were
recorded for 1.5 to 2.5 h unless otherwise specified. Specific b-galactosidase activities were calculated
using the following equation: Miller units = 1,000 � (OD420)/(T � V � OD550), where T indicates the reaction
time in minutes (duration of the enzymatic reaction), and V indicates the volume of culture used in the
assay (in milliliters). One Miller unit represents nanomoles of o-nitrophenol/minute/milliliter of cells/OD550.

Recombinant pneumococcal PepO expression and purification. pET28a was the backbone of the
plasmids expressing wild-type N9-6�His-PepO (pHDY13) or N9-6�His-E479Q PepO (pHDY16) (Appendix SA).
E. coli BL21 cells carrying pHDY13 were grown in 1 L of LB supplemented with 100 mg/mL ampicillin. Cells
were incubated at 28°C and 225 rpm until the OD600 reached 0.4 to 0.6. IPTG was added to 0.3 mM, and
induced cells were grown for 3 to 4 h. After induction, cells were harvested and lysed by two freeze-thaw cycles
followed by sonication (Branson Digital Sonifier; 200 W, 50% amplitude, 10/15 s on/off, 12 cycles). Twenty-five
milliliters of clarified lysates was loaded onto 3 mL of equilibrated nickel-nitrilotriacetic acid (Ni-NTA) resin
(HisPur, Thermo Scientific). The 6�His-tagged rPepO was eluted with 250 mM imidazole and further purified
by size-exclusion chromatography (SEC; Superdex 200 increase 10/300 GL; buffer: 50 mM NaH2PO4, 200 mM
NaCl, 5 mM 2-mercaptoethanol [pH 7.0]; 0.6 to 0.8 mL/min; below 3 MPa). A 30-kDa-cutoff spin column
(Vivaspin) was used to concentrate purified rPepO samples, and protein concentration was determined by
measuring UV absorbance at 280 nm (Nanodrop ND-1000). Approximately 3 mg of purified rPepO was yielded
and diluted to 4.6mM aliquots in 50% glycerol stored at280°C.

In vitro rPepO inactivation of SHP1518-C12 assay. Two assays were performed to test the ability
of rPepO to degrade C12 (the 12 C-terminal amino acids of SHP1518). First, 50 nM rPepO was incubated
with 5mM C12 for different amounts of time, ranging from 0 to 180 min. Alternatively, gradient amounts
of rPepO were incubated with 5 mM C12 for 3 h. In both assays, after incubation, the reaction mixtures
were diluted 100-fold and added to Pshp1518-lacZ cells to assay the remaining activity of C12 (Assay of
beta-galactosidase). To test if the activity of rPepO depends on Zn21 or other metal ions, 200 nM rPepO
was mixed with/without 1 mM 1,10-phenanthroline and with/without 10 mM excess metal ions for 30
min. Then, C12 was added to sample mixtures to 5 mM and incubated for 3 h. Lastly, the reaction mix-
tures were diluted 100-fold and added to Pshp1518-lacZ cells to assay the remaining activity of C12 (Assay
of beta-galactosidase).

SUPPLEMENTAL MATERIAL
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