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MgaSpn is a negative regulator of capsule and phosphorylcholine biosynthesis 
and influences the virulence of Streptococcus pneumoniae D39
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ABSTRACT
Global transcriptional regulators are prevalent in gram-positive pathogens. The transcriptional 
regulators of the Mga/AtxA family regulate target gene expression by directly binding to the 
promoter regions, that results in the coordinated expression of virulence factors. The spd_1587 
gene of Streptococcus pneumoniae strain D39 encodes MgaSpn, which shares sequence similarity 
with global transcriptional regulators of the Mga/AtxA family. In this study, we demonstrated that 
MgaSpn regulates the biosynthesis of the capsule and phosphorylcholine, which play key roles in 
disease severity in S. pneumoniae infections. MgaSpn directly binds to the cps and lic1 promoters 
and affects the biosynthesis of the capsule and phosphorylcholine. MgaSpn binds to two specific 
sites on the promoter of cps, one of which contains the −35 box of the promoter, with high 
affinity. Consistently, low-molecular-weight capsule components were observed in the mgaSpn- 
null mutant strain. Moreover, we found that phosphorylcholine content was notably increased in 
the unencapsulated mgaSpn mutant strain. The mgaSpn null mutant caused more severe systemic 
disease than the parental strain D39. These findings indicate that the pneumococcal MgaSpn 
protein can inhibit capsule and phosphorylcholine production, thereby affecting the virulence of 
S. pneumoniae.
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Introduction

Streptococcus pneumoniae is a human commensal that 
asymptomatically colonizes the upper human respira-
tory tract. Infections caused by S. pneumoniae can lead 
to invasive diseases, including pneumonia, meningitis, 
and hypertoxicemia [1]. The transition from nasophar-
yngeal mucosal colonization to aggressive disease is 
a consequence of adaptation to the host and the coor-
dinated expression of virulence factors [2]. Global tran-
scriptional regulatory networks in pathogenic bacteria 
respond to external environmental alterations. They 
directly or indirectly regulate the expression of related 
virulence factors through these networks.

S. pneumoniae utilizes a large number of secreted and 
surface-exposed virulence factors during disease develop-
ment. These include surface virulence factors such as 
capsular polysaccharides (CPS), teichoic acid (TA), and 
surface proteins [1,3]. CPS, the outermost of these viru-
lence components, is covalently linked to the cell wall 
peptidoglycan. It forms a protective barrier that directly 
interacts with the host immune system [4–6]. Except for 
serotypes 3 and 37, CPS biosynthesis in S. pneumoniae 

generally follows the canonical Wzy-dependent pathway, 
first described by Avery and coworkers in serotype 2 
strain D39 [7]. The cps gene cluster is composed of an 
upstream promoter and 17 downstream genes involved 
in capsule synthesis [8,9]. The activity of the cps promo-
ter affects the expression of downstream genes, resulting 
in changes in capsule thickness [8–10]. In our previous 
study, we screened factors that regulate Pcps expression 
directly in strain D39, and a 58.6-kDa response regulator 
MgaSpn was identified [11].

MgaSpn or MgrA is an ortholog of the group 
A streptococcal Mga/AtxA family of global response reg-
ulators Mga [12] which transcriptionally activates numer-
ous streptococcal genes that encode surface adhesion 
proteins, including emm (M protein), arp (M-like pro-
tein), scp1 and scpA (collagen-like proteins), and fba and 
sof (fibronectin binding proteins) as well as other viru-
lence factors [13]. In strain R6, MgaSpn – encoded by 
spr1622 (equivalent to spd_1587) – activates the P1623B 
promoter in vivo [12]. The MgrA protein, encoded by 
sp1800, also a transcriptional repressor of rlrA pathogeni-
city islet genes in strain TIGR4, including rrgA, rrgB, and 

CONTACT Yuqiang Zheng zheng_yuqiang@hospital.cqmu.edu.cn

VIRULENCE                                                                                                                                                 
2021, VOL. 12, NO. 1, 2366–2381
https://doi.org/10.1080/21505594.2021.1972539

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21505594.2021.1972539&domain=pdf&date_stamp=2021-09-10


rrgC, is implicated in nasopharyngeal mucosal adhesion, 
whereas rlrA, rrgA, and srtD are required for mouse lung 
infection [2]. The rlrA pathogenicity islet genes are lack-
ing in D39 and other pneumococcal strains. MgaSpn is 
a highly conserved protein in S. pneumoniae and is likely 
a regulator of other important virulence factors [12]. 
High-throughput transcriptome analyses revealed that 
mgaSpn is a conditionally expressed gene affected by the 
host environment [14]. However, the function of its 
encoded protein in strain D39 remains unknown.

Interestingly, MgaSpn can bind to the promoter of the 
lic1 operon involved in TA biosynthesis. TAs are involved 
in host epithelial cell interactions and possess a core struc-
ture of repeating units of Glc-AATGal-GalNAc (P-Cho)- 
GalNAc (P-Cho)-Rib-P, including the rare amino sugar 
2-acetamido-4-amino-2,4,6-trideoxygalactose (AATGal) 
and two N-acetylgalactosamine (GalNAc) residues, each 
of which carries a phosphorylcholine (P-Cho) moiety that 
is unique to S. pneumoniae [15]. The P-Cho component 
provides an anchor for choline-binding proteins and 
recognizes the platelet-activating factor receptor, ultimately 
leading to increased cell adhesion and invasion [16]. The 
repeat unit is regulated by multiple operons: lic1/lic2, lic3, 
spr0091-spr0092, and spr1645-spr1655 [15]. The lic1 and 
lic2 operons are transcribed in opposite directions [17]. lic1 
consists of five genes: tarI and tarJ, responsible for ribitol 
synthesis, and licA, licB, and licC required for choline 
uptake and activation. There are two promoters of lic1 
genes (Plic1P1 and Plic1P2), and transcription from Plic1P1 is 
strongly dependent on the response regulator CiaR [18– 
20]. Although the structure of the lic1 operon has been 
studied extensively, the detailed regulatory mechanisms 
controlling P-Cho production in S. pneumoniae require 
further study.

Herein, we investigated the regulatory effect of 
MgaSpn on the virulence factor capsule and P-Cho 

of S. pneumoniae. The binding of the protective 
regions of MgaSpn to lic1 and cps promoters were 
analyzed by EMSA and DNase I footprint experi-
ments. mgaSpn was knocked out to explore the 
changes in the expression levels of the downstream 
genes of the cps and lic1 operon and the changes in 
the contents of the capsule and P-Cho. Moreover, 
the effect of MgaSpn on the virulence of 
S. pneumoniae was confirmed by in vivo and 
in vitro experiments. The results provide novel 
insights on the role of MgaSpn in the virulence of 
S. pneumoniae.

Materials and methods

Bacterial strains and growth conditions

The bacterial strains and plasmids used in this study are 
listed in Table 1. S. pneumoniae D39 strain, and its deri-
vatives were cultured in semi-synthetic casein hydrolyzate 
medium supplemented with 5% yeast extract (C + Y, pH 
7.0) medium or blood agar plates at 37°C in a 5% CO2 

atmosphere. Escherichia coli strains were grown in lyso-
geny broth (LB) with shaking or LB agar plates at 37°C 
[21]. Selective antibiotics were added when necessary.

Construction of unencapsulated mutant strains

The primers used in this study are listed in Table 2. The 
dexB-cps2A mutants (JH0002) of S. pneumoniae were 
generated in the streptomycin-resistant derivatives of 
strain D39 (JH1900) by allelic replacement with the 
counter-selectable Janus cassette as previously 
described [22,23]. The Janus cassette consists of 
a kanamycin resistance gene and a dominant wild- 
type rpsL+ allele encoding protein S12 of the small 

Table 1. Strains and plasmids used in this study.

Strain/plasmid Relevant genotype/phenotype Antibiotic (C, μg/ml) for strains selection
Reference 

/source

E. coli
DH5α Sangon
BL21 Sangon
S. pneumoniae
JH1900 S. pneumoniae D39 strain, 

Capsulated strain serotype 2, rpsl K56T
Smr: 150 lab stock [22]

JH0001 D39ΔdexB-cps2A::JC1 Kanr: 200 present study
JH0002 D39ΔdexB-cps2A Smr: 150 present study
JH1101 D39ΔmgaSpn ermr: 100 present study
JH1102 D39ΔdexB-cps2AΔmgaSpn ermr: 100 present study
JH1104 D39ΔmgaSpn:: mgaSpn specr: 50 present study
JH1106 D39ΔdexB-cps2AΔmgaSpn:: mgaSpn specr: 50 present study
TH7898 D39s, ΔbgaA::Pef-tu-kan-rpsl Kanr: 200 lab stock [22]
Plasmids
pPEPZ-Plac Cloning vector specr: 50 Addgene [56]
pPEPZ-mgaSpn Contains mgaSpn specr: 50 present study
pET28-mgaSpn Cloning vector Kanr: 50 present study
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ribosomal subunit, a target for streptomycin [24,25]. 
The Janus cassette transforms JH1900 from streptomy-
cin-resistant to streptomycin-sensitive. The upstream 
(UP-BA1) and downstream (DW-BA1) sequences of 
dexB-cps2A were amplified using the primer pairs 
Pr1901/Pr1902 and Pr1903/Pr1904 using JH1900 as 
the template. The Janus cassette (JC1) was amplified 
using primers Pr1905/Pr1906 with TH7898 as 
a template. A recombinant fragment (UP-BA1-JC1- 
DW-BA1) was obtained by overlap PCR using primers 
Pr1901/Pr1904. The resulting recombinant fragment 
was transformed into JH1900, and the transformed 
cells were inoculated onto kanamycin-containing 
(200 μg/mL) agar plates. Positive recombinant clones 
(JH1900ΔdexB-cps2A::JC1, JH0001) containing the UP- 
BA-JC1-DW-BA fragment were screened by PCR using 
the primers Pr1901/Pr1904. Transformation, colony 
selection, and identification were performed according 
to established protocols [26]. Similarly, the upstream 
(UP-BA2) and downstream (DW-BA2) sequences of 
dexB-cps2A were amplified using the primer pairs 

Pr1901/Pr1907 and Pr1908/Pr1904 using JH1900 as 
the template. The recombinant fragment (UP-BA2- 
DW-BA2) was obtained by overlap PCR using primers 
Pr1901/Pr1904. The resulting recombinant fragment 
was transformed into JH1900, and the transformed 
cells were inoculated on streptomycin-containing 
(150 μg/mL) agar plates. Positive recombinant clones 
(JH1900ΔdexB-cps2A, JH0002) containing the UP-BA2 
-DW-BA2 fragment were screened using the primers 
Pr1901/Pr1904.

Construction of mgaSpn mutant strains

Long-arm homologous (LH)-PCR was used to con-
struct an mgaSpn mutant using the genomic DNA of 
strain D39 (JH1900) as template [26]. In brief, primers 
P1/P2 and P3/P4 were used to amplify the upstream 
(438 bp) and downstream (432 bp) of mgaSpn, respec-
tively. The erm-up/erm-down primer pair was used to 
amplify the erythromycin-resistance gene (780 bp). 

Table 2. Primers used in this study.
Name Sequence (5′ – 3′)
Pr1901 TTCCTGACGAGAAGGTAGTCAATAA
Pr1902 AAAGCATAAGGAAAGGGGCCTTATAGTAATTCCACACAGA
Pr1903 GGAGTTTTCAGCATTATCCTATAGGTGTTAATCATGAGTA
Pr1904 GTCTAGATGGACATTCCCTACTGGG
Pr1905 TCTGTGTGGAATTACTATAAGGCCCCTTTCCTTATGCTTT
Pr1906 TACTCATGATTAACACCTATAGGATAATGCTGAAAACTCC
Pr1907 ACTCATGATTAACACCTATACAAAAAGCACCTCAAAAAGGTATTACC
Pr1908 CCTTTTTGAGGTGCTTTTTGTATAGGTGTTAATCATGAGT
Erm F CCGGGCCCAAAATTTGTTTGAT
Erm R AGTCGGCAGCGACTCATAGAAT
P1 GTTCCAACACTAACTCCTGCT
P2 ATCAAACAAATTTTGGGCCCGGGATGAGTAACCAAAAATAAC
P3 ATTCTATGAGTCGCTGCCGACTCTCTCATGAATATCTTTC
P4 GATTTTACCTGCCAAGAGACC
mgaSpn -BgI II GGAAGATCTTTAAGGAGGCAAATATGAGAGATTTATTATCTAAAAAAAG
mgaSpn -XhoI CCGCTCGAGTTACTCATCTAATCGAATAAAC
CPS2A F TTGTCAGCTCTGTGTCGCTC
CPS2A R TTATCAGTCCCAGTCGGTGC
CPS2B F CTACCTCTCACCGTCGCAAG
CPS2B R CAGCCCCGTAAGCAATGACT
CPS2C F AAACAGCCAGAGGAAGCCAG
CPS2C R GAAGGAGTCGTAGCTGGTCG
CPS2D F TCCTGTCGGTGTCGTGATTG
CPS2D R AAACGGCTTCCCTGTGTGTT
TarI F GGTCAGCACCACCCTTTGTA
TarI R CACACGCATGGGGATCAGTA
TarJ F GTTCCGGTCGGGTCAGAAAT
TarJ R CGTCCCAACTACATGGCTGT
licA F CCGGTGTTTGGTCACTCTCA
licA R CCAATGTGGGATTTGGCTGC
licB F GAGTTGCAGCCACCACAAAG
licB R ACGGAGTTCCTTTTGGCCTT
licC F TTCGCCACTTGCATAAGCCT
licC R CAAGGCAGGTCGCATCCTTA
gyrB F GTTCGTATGCGTCCAGGGAT
gyrB R ATACCACGCCCATCATCCAC
Pcps F TACACATCTGCTTCTAAAATATTGT
Pcps R TTAAAACGTCTACTCATGATTAACA
Pcps-bioR TTAAAACGTCTACTCATGATTAACA (5′-biotinylated)
Plic1 F GAATTCCTGCATAAATCATC
PlicP1 R GAAGGGCAGTAAGTCAAGTA
Plic1P1-bioR GAAGGGCAGTAAGTCAAGTA(5′-biotinylated)
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These amplicons were ligated to obtain a recombinant 
fragment that was transformed into JH1900 and 
JH0002. Colonies were selected on erythromycin- 
containing (100 μg/mL) agar plates and confirmed 
using PCR with primers P1 and P4 to obtain the ery-
thromycin-resistant mgaSpn mutant strain JH1101 and 
unencapsulated mgaSpn mutant strain JH1102, 
respectively.

Mutant strains were complemented with plasmid 
pPEPZ containing a full-length copy of mgaSpn ampli-
fied by PCR and flanked by BgI II and XhoI restriction 
sites for subsequent cloning purposes. The resulting 
recombinant plasmid Ppepz-mgaSpn was used to trans-
form JH1101 and then selected on spectinomycin- 
containing (50 μg/mL) agar plates to obtain the com-
plemented strain JH1104.

Expression and purification of 6× His-MgaSpn

The mgaSpn sequence was amplified from strain 
D39 genomic DNA (JH1900). mgaSpn was cloned 
into the NdeI/XhoI restriction site of the pET28 
vector and transformed into E. coli BL21 competent 
cells. The recombinant protein was expressed as 
a 6× His-tagged N-terminal fusion protein in log- 
phase growing cultures with 0.25 mM isopropyl β- 
D-thiogalactoside. Bacterial cells were resuspended 
in binding buffer (50 mM Tris-HCl, 50 mM NaCl) 
and subjected to sonication. The 6× His-MgaSpn 
was purified from the soluble fraction by affinity 
chromatography using a Ni2+-NTA sepharose col-
umn (GE Healthcare, Pittsburgh, PA, USA), and its 
purity was analyzed by 10% SDS-PAGE. Protein 
concentration was determined using 
a NanoDrop1000 Spectrophotometer (Thermo 
Fisher, Pittsburgh, PA, USA) and analyzed using 
ND-1000 V3.3.0 software.

Electrophoretic mobility shift assay (EMSA)

The 5′-biotin-labeled and unlabeled DNA fragments con-
taining the promoter region of the Pcps and Plic1p1 probes 
were amplified from strain D39. First, DNA-binding 
assays were incubated at 25 °C for 10 min in a 10 μL 
reaction mixture containing 1 μL 10× binding buffer, 
0.5 μg Poly (dI-dC), 0–4 μg 6× His-MgaSpn proteins, 
and 0.5 ng of the labeled probe. After incubation, the 
unlabeled probe in 200-fold excess was added as 
a specific competitor in the cold probe reaction system. 
Following incubation for 20 min at 25 °C and addition of 
1 µL of gel loading buffer, the mixtures were electrophor-
esed on a 5% native-polyacrylamide gel using 1× TBE 
buffer. The subsequent step was carried out according to 

the protocol provided with the LightShift 
R Chemiluminescent EMSA Kit (Thermo Fisher).

DNase I footprinting

DNase I footprinting assays were performed as 
described previously [27]. Briefly, fluorescent FAM- 
labeled probes for cps (Pcps) and lic1p1 (Plic1p1) were 
amplified using PMD19-cps and PMD19-lic1p1 as tem-
plates with primers M13F-47 and M13R-48, respec-
tively. Then, to a 40 µL reaction system, 350 ng 
probes were incubated with differing concentrations 
of MgaSpn protein at 25°C for 30 min. A 10-µL solu-
tion containing 0.015 units of DNase I (Promega, 
Madison, WI, USA) and 100 nM of freshly prepared 
CaCl2 was added to the system. After incubation at 
37°C for 1 min, the reaction was stopped by adding 
140 μL of terminator solution. The obtained samples 
were extracted with phenol and precipitated with etha-
nol. The pellets were dissolved in 30 µL of nuclease-free 
water. GeneScan-LIZ600 size standard (Applied 
Biosystems, Foster City, CA, USA) was used for 
electrophoresis.

RNA extraction and RT-PCR

Total RNA was extracted from 2 mL of log-phase 
bacterial culture grown in C + Y medium. Bacterial 
cells were treated with 200 μL of 15 mg/mL lysozyme 
and 10 μL proteinase K for 30 min at 25°C, and RNA 
was extracted using an RNAprep pure Cell/Bacteria Kit 
(Tiangen, Beijing, China). RNA (1 μg) was reverse- 
transcribed to cDNA using a PrimeScript first-strand 
cDNA synthesis kit (Takara, Japan). Real-time PCR was 
performed on CFX ConnectTM (BIO-RAD, Singapore). 
The gyrB gene was used as an internal reference for 
data processing. The primers used for PCR are listed in 
Table 2. The results of representative experiments are 
presented as the mean of three replicates ± standard 
deviation.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was carried out using bacteria cultured in C + Y 
medium to an OD600 of 0.5. The bacterial solution 
(5 mL) was centrifuged at 13,800 × g for 5 min at 
4°C. The supernatant was passed through a 0.22-μm 
filter and collected. The bacterial cells were washed 
twice with PBS, suspended in 1 mL PBS, and incubated 
in a 58°C water bath for 45 min to prepare cell wall 
samples. The resuspension solution was centrifuged as 
described above, and the pellets were resuspended in 
PBS. The samples were coated in a 96-well plate and 
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incubated overnight at 4°C. Type-2 CPS polyclonal 
antibody (1:5000) (States Serum Institut, København, 
Denmark) and goat anti-rabbit IgG-HRP antibody 
were the primary and secondary antibodies used 
(1:8000) (KPL, Gaithersburg, MD, USA). After color 
development, the content of CPS on the bacterial sur-
face was determined by measuring the absorbance at 
450 nm. The results of representative experiments are 
presented as the mean of three replicates ± standard 
deviation.

Western blotting

S. pneumoniae culture suspension (5 mL, grown in 
C + Y medium to an OD600 of 0.5) was centrifuged 
and washed. Pellets were suspended in 200 µL SEDS 
lysis buffer (0.1% deoxycholate, 150 mM NaCl, 0.2% 
SDS, 15 mM EDTA at pH 8) and incubated at 37°C for 
15 min for lysis. Samples were separated using 10% 
SDS-PAGE with Tris-glycine SDS buffer. The separated 
samples were transferred to PVDF membranes using 
the wet transfer method [11]. Membranes were incu-
bated with primary antibodies overnight at 4°C and 
then washed thrice for 15 min each with TBST followed 
by incubation with the secondary antibody for 1 h at 
37°C. The primary antibodies were directed against 
type 2 CPS (1:5000 Pneumococcus Type 2 serum), 
TAs (1:1000 rabbit anti-CWPS [cell wall polysacchar-
ide] IgG), P-Cho (1:2000 mouse anti-TEPC-15 
A mouse IgAκ monoclonal antibody purified from 
murine myeloma clone TEPC-15) [28–30], and 
MgaSpn (1:5000 mouse anti-MgaSpn). The secondary 
antibody used was goat anti-rabbit IgG (1:10,000) or 
goat anti-mouse IgA (1:8000).

Fluorescence activated cell sorting (FACS)

Briefly, 200 μL of S. pneumoniae cultured in C + Y 
medium to an OD600 of 0.5 was harvested by centrifu-
gation at 9600 × g for 5 min. Pellets were washed with 
500 μL of 0.05% PBST and centrifuged again. The 
washed pellets were suspended in 100 μL of 1% BSA. 
The samples were incubated with the respective pri-
mary antibodies for 1 h at 25°C. After incubation, the 
pellets were washed and resuspended as described 
above. The samples were stained with fluorescent- 
labeled secondary antibodies for 1 h at 25°C in the 
dark. Finally, the samples were suspended in 500 μL 
PBS and analyzed by technicians at the Children’s 
Hospital of Chongqing Medical University.

The primary antibodies along with their targets 
listed were as follows: TAs, 1:50 rabbit anti-CWPS; 
P-Cho, 1:25 mouse anti-TEPC IgA. The following 

secondary antibodies were used: TAs, 1:50 goat anti- 
rabbit IgG PE fluorescent antibody, and P-Cho, 1:50 
goat anti-mouse IgA PE fluorescent antibody.

Adhesion assays

A549 cells were seeded in a 24-well plate at a density of 
2 × 105/well and cultured at 37°C overnight. The bacterial 
suspensions were diluted with DMEM (Thermo Fisher) to 
1 × 108 colony forming units (CFU)/mL, and 500 µL 
volumes were used at a multiplicity of infection (MOI) of 
100 and incubated with A549 cells at 37°C for 30 min. The 
input bacteria were enumerated by plating serial dilutions 
[31]. Following incubation, the cells were gently rinsed five 
times with PBS. For adhesion assays, cells were lysed in 
sterile ddH2O. The lysates were serially diluted and plated 
on blood agar plates to determine intracellular and extra-
cellular CFUs. For invasion assays, extracellular bacteria 
were treated with 200 mg/mL penicillin and 200 mg/mL 
gentamicin for 15 min. Intracellular CFUs were then deter-
mined as described above. Adhesion and invasion rates 
were calculated using the following formulas:

Adhesion rateð%Þ

¼
intracellularCFU þ extracellularCFU

inputCFU

(1)  

Invasion rateð%Þ

¼
intracellularCFU

intracellularCFU þ extracellularCFU
(2) 

Animal experiments

Male C57BL/6 mice (6–8 weeks old, weighing ~20– 
21 g) were purchased from the Laboratory Animal 
Center of Chongqing Medical University. All animal 
experiments described in this study were approved by 
the Animal Care and Use Committee of Chongqing 
Medical University and were performed in strict accor-
dance with the regulations of the Guide for the Care 
and Use of Laboratory Animals.

To investigate the effects of MgaSpn on the coloni-
zation of the mouse nasopharynx, we randomly divided 
the mice into three groups (n = 6 per group). Each 
mouse was inoculated with 2 × 107 CFU of bacteria 
through the nasal cavity. Nasal lavage fluid, heart 
blood, spleen, and lung tissues were collected and 
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ground using a mechanical mortar and pestle. The 
samples were plated on blood agar plates after the 
appropriate dilutions to determine the CFU.

Furthermore, the role of MgaSpn in systemic infec-
tions was explored by dividing the mice into three 
groups (n = 12 per group). Each mouse was infected 
intranasally with 1 × 107 CFU of bacteria. The survival 
rate of the mice was monitored daily for 14 days. 
Moribund mice were not euthanized prior to the com-
pletion of the 14-day survival study. The lungs were 
first fixed with 4% paraformaldehyde for 48 h at 4°C, 
then embedded in paraffin and sectioned at 5-mm 
thickness, and finally stained with hematoxylin-eosin 
(H&E) using standard methods [32].

Statistical analysis

Statistical difference between groups were compared 
using Student’s t test, non-parametric Mann-Whitney, 
or Wilcoxon test using GraphPad Prism 5 (GraphPad 
Software, San Diego, CA, USA). Survival data were 
analyzed using the log rank (Mantel-Cox) test. 
Statistical significance was defined as P < 0.05.

Results

MgaSpn binds the cps promoter region

To determine whether MgaSpn specifically binds to 
the cps promoter region in vitro, we purified 
a 6× His-tagged MgaSpn protein and used a 5′- 
biotin-labeled Pcps probe for EMSA. As the protein 
concentration increased, the bands for the probe 
and protein shifted, indicating that the binding of 
MgaSpn and Pcps was concentration-dependent. 
Two shifted bands were observed in each lane 
when > 2.0 μg of MgaSpn was added to the reaction 
system, indicating the presence of two binding sites 
for MgaSpn in the cps promoter. The mobility shift 
could be outcompeted with a 200-fold excess of an 
identical unlabeled Pcps probe (Figure 1(a)). These 
results indicate that MgaSpn specifically binds to the 
promoter region of the cps operon.

To further determine the binding site more pre-
cisely, DNase I footprinting was performed using the 
same 218-bp long cps promoter fragment labeled with 
FAM. We identified two protection sites on the cps 
promoter. The first was a weak site of the 18-bp frag-
ment and −64 to −81 bp relative to the transcription 
start site of the cps operon. The second was a stronger 
protected site of the 36-bp fragment (5′-  

TGAAAAAAGGTGTAGACATTACCGTAAAAAAG-
TGAT-3′) and contained the −35 box of the cps pro-
moter (in bold italics) (Figure 1(b)).

MgaSpn is an inhibitor of cps operon expression 
and negatively regulates intracellular CPS 
production

qRT-PCR was performed to determine the relative 
mRNA levels of the first four genes (cps2A-D) of the cps 
operon to investigate whether MgaSpn could regulate the 
expression of cps operons. We replaced mgaSpn with an 
erm gene cassette to generate the knockout strain JH1101. 
Steady-state mRNA levels in JH1101 for cps2A/C/D were 
higher than those in the parental strain JH1900. Deletion 
of mgaSpn caused increased mRNA levels in the cps 
operon, indicating that MgaSpn may negatively regulate 
CPS biosynthesis (Figure 2(a)).

The CPS of S. pneumoniae is important for its viru-
lence; therefore, we determined the relative levels of CPS 
in the parental and mutant strains. We found that neither 
the cell wall nor the supernatant capsules were signifi-
cantly altered between strains JH1900 and JH1101 
(Figure 3(a,b)). These results suggest that the amount of 
CPS on the bacterial surface is not regulated by MgaSpn. 
However, the total CPS levels for JH1900, JH1101, and the 
complemented strain JH1104 were altered (Figure 3(c)). 
The levels were significantly increased in the mutant 
strain JH1101 and could be restored to the parental levels 
in the complemented strain JH1104. We also found addi-
tional small-molecular-weight bands in the mutant strain 
(Figure 3(c)). Collectively, these findings indicate that 
MgaSpn can modulate the biosynthesis of intracellular 
low-molecular-weight capsule components by repressing 
the expression of the cps operon in S. pneumoniae. We 
hypothesized that this regulation is possibly due to the 
inability of the newly synthesized low-molecular-weight 
precursor molecules to be released outside the cell.

MgaSpn specifically binds to the lic1 promoter 
region

MgaSpn is a member of the Mga/AtxA family; thus, it 
may also regulate the biosynthesis of other virulence 
factors, similar to other members of this family. We 
utilized Plic1-F and Plic1P1-5′-bioR to amplify the 305-bp 
DNA fragment upstream of the lic1 operon as the 
lic1p1 probe. This amplicon contained two promoter 
sequences that regulate lic1 genes. The lic1p1 probe 
could readily be upshifted by adding MgaSpn to the 
EMSA reaction setup. The shifted band could compete 
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with the 5′-end biotin-unlabeled lic1p1 DNA fragment, 
indicating that the binding was specific (Figure 4(a)).

To further confirm the binding of MgaSpn to lic1 
promoters, DNase I footprinting assays were performed 
to determine the specific recognition site of MgaSpn on 
the lic1p1 probe (Figure 4(b)). When 10 μg of MgaSpn 
protein was added to the system containing 450 ng of 
the lic1p1 probe, a protected region of 18 bp (5′- 
TAGGAATTCTGTAGCAATTACTAATA-3)′ 

appeared between Plic1P1 and Plic1P2 (Figure 4(c)). These 
data indicate that the MgaSpn recognition site lies 
between Plic1P1 and Plic1P2. Therefore, MgaSpn may 
regulate the co-transcription of lic1 genes.

MgaSpn represses P-Cho synthesis

Based on MgaSpn-specific binding to the lic1p1 probe, 
we hypothesized that MgaSpn could transcriptionally 

Figure 1. MgaSpn binds to cps probe.
(a) EMSA of Pcps using the MgaSpn protein. (b) DNase I footprinting protection assay of MgaSpn. (c) Structural organization of the cps 
promoter-proximal region. The −10, −35, and predicted transcriptional start site (TSS) and start codon are underlined. Binding sites for 
MgaSpn are shown in blue.
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Figure 2. qPCR to analyze the relative mRNA levels of JH1900 and JH1101.
(a) Relative mRNA levels of the first four genes cps2A-D downstream of the cps operon. (b) Relative mRNA levels of tarI, tarJ, licA, licB, and 
licC downstream genes in the lic1 operon. mRNA levels are expressed relative to that of gyrB. Data are presented as the mean ± SD from 
three independent experiments, each determined in duplicate. ***P < 0.001; **P < 0.01; NS, not significant as analyzed by unpaired two- 
tailed Student’s t-test.

Figure 3. MgaSpn negatively regulates CPS production.
(a) ELISA of CPS on bacterial surfaces. (b) CPS content in bacterial culture supernatants. (c) CPS banding patterns from whole-cell lysates for 
the indicated strains using western blotting. GADPH was used as a sample loading control. ELISA and western blots were probed with 
a rabbit anti-serotype 2 CPS polyclonal antibody. The results of representative experiments are presented as the mean of three replicates ± 
SD.
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Figure 4. MgaSpn binds to lic1p1 probe.
(a) EMSA of lic1p1 in the presence of MgaSpn protein. The biotin-labeled 305 bp Plic1p1 probe was incubated with the indicated amounts of 
6× His-MgaSpn protein. For the competition analysis, the same but unlabeled DNA probe was included in a 200-fold concentration relative 
to the biotin-labeled probe. (b) DNase I footprinting protection assay of MgaSpn. (c) Structural organization of the lic1 promoter-proximal 
region. The −10 and −35 regions and TSS and start codon are underlined. Binding sites for MgaSpn are shown in blue. Plic1P1 and Plic1P2 are 
in red.
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regulate TA biosynthesis. To test this, we quantified the 
mRNA levels of the lic1 operon for strains JH1900 and 
JH1101. The expression levels of tarI, tarJ, licA, licB, 
and licC were increased in the mgaSpn mutant strain 
(Figure 2(b)). This indicates that MgaSpn inhibited the 
downstream gene expression of the lic1 operon. In 
another experiment, the total P-Cho levels for JH1101 
were higher than those for the parental JH1900 strain, 
whereas the TA content did not change (Figure 5(a)).

Bacterial capsules shield TAs and P-Cho, and 
these components may be hindered by antibodies 
in encapsulated strains. Therefore, we knocked out 
the cps promoter region using JH1900 to construct 
the unencapsulated strain JH0002. Next, we con-
structed the unencapsulated defective strain JH1102 
and the unencapsulated complemented strain 
JH1106. The surface TA content of JH1102 was 
similar to that of JH0002 (Figure 5(b)). However, 
the P-Cho fluorescence intensity of strain JH1102 
was higher than that of JH0002, and the flow peak 
pattern of the mutant strain JH1102 was sharp and 
thin (Figure 5(c)). Such findings indicate that the 
knockout of mgaSpn might affect the mode of 
P-Cho modification to TA.

Deletion of mgaSpn influences adhesion and 
pathogenicity of S. pneumoniae

To understand how the increase in the intracellular 
capsule plays a role in the virulence of S. pneumoniae, 
the lung epithelial cell line A549 was used to determine 
the adhesion and invasion abilities of strains JH1900, 
JH1101, and JH1104. Strain JH1900 adhered to the 
epithelial cells at a higher level, but the mutant strain 
JH1101 possessed a greater invasive ability (Figure 6(a, 
b)). Following the removal of the capsule and exposure 
of more surface adhesion factors, we found that JH1102 
was able to adhere and invade more efficiently than 
JH0002 (Figure 6(c,d)); most likely a consequence of 
the increased P-Cho levels. Cell infection experiments 
show that the loss of mgaSpn increased the invasiveness 
of S. pneumoniae D39.

MgaSpn is involved in systemic virulence and 
nasopharyngeal colonization

Results of the in vitro experiments indicated that the 
encapsulated mutant strain JH1101 was similar to par-
ental levels in its ability to phagocytose (data not shown), 

Figure 5. Detection of teichoic acids and phosphorylcholine.
(a) TAs and P-Cho banding patterns from of whole-cell lysates of the indicated strains using western blotting. (b) Cell surface TAs 
determined with flow cytometry. (c) P-Cho content. CWPS was used as a TA probe and TEPC-15 was used as a P-Cho probe. GADPH was 
used as a sample loading control. The results of representative experiments are presented as the mean of three replicates ± SD.
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although its ability to invade cells increased. In addition, 
mgaSpn deletion resulted in increased P-Cho production, 
which increased invasion and adhesion to epithelial cells. 
These findings increased our interest in exploring the 
role of MgaSpn in systemic infections. Three groups of 
mice were challenged with strains JH1101, JH1900, and 
JH1104. The bacterial load after 48 h in the nasal lavage 
fluid of mice in the JH1101 infection group was higher 
than that in the JH1900 group (Figure 7(a)). We also 
observed that more bacteria invaded the blood and 
spleen in the JH1101 infected group, and the levels of 
bacterial load in the blood and spleen in the JH1900 and 
JH1104 groups were not statistically significant (Figure 7 
(c,d)). However, the lung colonization ability of JH1101 
did not increase, as predicted (Figure 7(b)). However, the 
lung hematoxylin-eosin (H&E) staining demonstrated 
increased inflammatory cell infiltration and pathological 
injury in the JH1101 infected group (Figure 7(f)). These 
results indicated that JH1101 could colonize the nasal 
cavity and cause systemic infections better than the 

parental strain JH1900. Furthermore, mice challenged 
with JH1101 died within 4 days, whereas 20% of mice 
challenged with JH1900 and JH1104 survived (Figure 7 
(e)). Overall, these results were consistent with the 
in vitro virulence experiments, indicating that knockout 
of mgaSpn increases S. pneumoniae virulence.

Discussion

CPS of S. pneumoniae is a primary virulence factor, and 
its synthesis is regulated by the cps operon [8,33]. Even 
point mutations at key sites in the cps promoter are 
known to alter downstream gene expression and sig-
nificantly alter the amount of CPS present on the cell 
surface [10,34]. In a previous study [11], a MgaSpn 
protein that could bind to the capsule promoter was 
screened by DNA pull-down assay and later found to 
play a role in the synthesis of the capsule and P-Cho. 
This study focused on the regulatory mechanism of 

Figure 6. Infection of epithelial cells.
Bacterial adherence and invasion of A549 cells. The cells were infected at an MOI of 100 with the indicated strains. (a, b) Adhesion and 
invasion rates of JH1900-, JH1101-, and JH1104-infected A549 cells. (c, d) Adhesion and invasion rates of unencapsulated JH1900-, JH1101-, 
and JH1104-infected A549 cells. ***P < 0.001; **P < 0.01; *P < 0.05; NS, not significant, analyzed by unpaired two-tailed Student’s t-test.
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MgaSpn on cell wall-associated surface capsules and 
P-Cho.

Both Mga and AtxA, members of the Mga/AtxA 
transcriptional regulation family, have been proven to 
be stand-alone response regulators capable of sensing 
signals from the peripheral environment [35,36]. When 
the pathogen is in a favorable growth environment, the 
transcription level of the Mga operon is activated, and 
the transcription level of the virulence genes regulated 
by Mga also changes correspondingly [36,37]. A subtle 
difference was noted in previous studies on whether 
MgaSpn affects the growth of S. pneumoniae: JH1900 

and JH1101 reached the logarithmic stage simulta-
neously under normal culture conditions or at high 
glucose concentrations, but JH1101 often reached the 
logarithmic stage slowly compared with JH1900 at low 
glucose concentrations. Such findings suggest that 
MgaSpn can perceive changes in the concentration of 
external carbon sources. Unfortunately, we did not 
observe a statistical significance of this growth differ-
ence in a low-carbon environment, which may be 
because pathogenic bacteria quickly activate 
a compensation mechanism to eliminate this difference 
in an unfavorable environment [14,38,39]. In addition, 

Figure 7. Bacterial colonization and survival of infected mice.
(a) Nasopharyngeal colonization of mice (n = 6 per group) infected with the indicated strains at 2 × 107 CFU intranasally and collected from 
the nasopharyngeal lavage fluid 48 h post-infection. CFU of infected bacteria present in (b) lung homogenates, (c) blood, and (d) spleen 
homogenates. (e) Survival of mice (n = 12 for each group) after intranasal infection with 1 × 107 CFU. Survival was analyzed using log-rank 
comparisons. ***P < 0.001 (f) Photomicrographs of H&E-stained lung tissues of mice 48 h after challenge with the indicated strains with the 
same challenge dose as the colonization experiments.
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the transcription level of mgaSpn is significantly 
increased during lung infection and nasopharyngeal 
colonization [14]. These findings indicate that 
MgaSpn plays an important role in the environmental 
adaptation of S. pneumoniae.

MgaSpn was originally defined as a transcriptional 
activator. This study and Hemsley et al.’s studies have 
demonstrated its repressive transcriptional function [2]. 
MgaSpn, a putative transcriptional regulator containing 
two conserved helix-turn-helix domains [33], regulates 
its target genes by direct DNA binding. EMSA and 
DNase I footprinting assay determined that MgaSpn 
specifically binds to the promoter regions of cps and 
lic1. Furthermore, MgaSpn negatively regulated the 
transcription of the cps and lic1 operons. In addition, 
ComE [11], RegM [40], ComX [41], CopY [42], CpsR 
[43], and GlnR [44] have been reported as possible 
transcription regulatory factors of the cps gene locus. 
At present, the research on the transcriptional regula-
tion of the lic1 operon is scarce; CiaR is the only 
confirmed response regulator of lic1 operon, and thus 
this discovery sheds new light on transcriptional regu-
lation of the lic1 operon [20,45].

However, the surface capsule of JH1101 did not 
show a significant difference when compared with 
JH1900, although the production of intracellular low- 
molecular-weight CPS was significantly increased in 
JH1101. The synthesis of CPS is divided into several 
stages: precursor synthesis, repeating unit polymeriza-
tion, polymer inversion, and final positioning [46]. As 
the low-molecular-weight CPS accumulated in the 
mgaSpn mutant, we hypothesized that MgaSpn might 
be involved in the process of CPS precursor synthesis 
or repeating unit polymerization. Low-molecular- 
weight CPS has been previously observed in cps2C 
and cps2D null strains [47]. cps2B, cps2C, and cps2D 
constitute the tyrosine kinase phospho-regulatory sys-
tem of S. pneumoniae [48]. Dephosphorylation of 
cps2D contributes to an increase in low-molecular- 
weight CPS [49,50]. The ExoP protein of the soil bac-
terium Sinorhizobium meliloti is a cps2D ortholog and 
a member of the tyrosine phosphatase system. Site- 
directed mutagenesis of the ExoP-encoding gene 
increased production of low-molecular-weight succino-
glycans rather than high-molecular-weight succinogly-
cans [51], indicating polysaccharide polymer length is 
controlled by tyrosine kinase phospho-regulation. 
Thus, MgaSpn might affect the tyrosine phosphoryla-
tion process of cps2D, leading to an increase in low- 
molecular-weight CPS, but more experimental evidence 
is needed in this regard.

In the course of these studies, we found that the 
mutant strain JH1101 produced elevated levels of 

P-Cho relative to the parental strain. TA biosynthesis 
requires the synergy of multiple operons, in which the 
genes contained in the lic1 and lic2 operons play 
important roles in the formation of the core TA repeat 
unit [15]. We have demonstrated that MgaSpn is 
a negative regulator of the lic1 operon that is respon-
sible for the production of activated ribitol and P-Cho 
[15]. Expression of Plic1 downstream genes increased 
the production of total P-Cho in strain JH1101. The 
genes contained in the lic2 operon were responsible for 
“decorating” TA precursors with P-Cho (licD1 and 
licD2) and transporting TA chains across the mem-
brane (tacF) [15,52]. However, licD1/2 mRNA levels 
in strain JH1101 did not significantly differ from that 
of the parental strain, indicating that MgaSpn most 
likely regulates P-Cho biosynthesis primarily via the 
lic1 operon.

A thickened capsule enhances the virulence of 
S. pneumoniae and the resistance of phagocytes to 
phagocytosis. At the same time, an increase in the 
capsule thickness will also weaken the adhesion of 
S. pneumoniae to the upper respiratory tract mucosa 
[3]. In our study, strain JH1101 was not shown to be 
more resistant to phagocytosis, consistent with the 
similarity in the amount of CPS to the parental strain 
JH1900. We hypothesized that the change in small- 
molecular-weight capsules did not affect the phagocytic 
capacity of the bacteria. Furthermore, the adhesion 
ability of JH1101 to A549 cells was less efficient than 
that of the parental strain but invaded to a greater 
extent. The target cell preference of unencapsulated 
strains differs from that of encapsulated strains and is 
most likely an effect of cell wall-associated protein 
exposure [53]. Strain JH1102 possessed higher P-Cho 
levels but no capsule, which showed the highest adher-
ence and invasive ability among all strains.

Capsular thickness and density are dynamic pro-
cesses that are regulated according to the stage of colo-
nization and infection [54]. To effectively colonize the 
nasal mucosa, S. pneumoniae needs to initially detach 
a part of the capsule at the adhesion site to expose more 
cell wall proteins [55]. In vivo experiments indicated 
that JH1101 was better at colonizing the nasal cavity 
than JH1900. This improved colonization may be 
related to increased P-Cho levels in strain JH1101; 
however, no statistically significant differences were 
observed in lung bacterial loads of JH1101 and 
JH1900. H&E staining of infected mouse lungs demon-
strated higher levels of inflammatory cells in the lungs 
of JH1101 group mice, indicating severe lung damage. 
These results may indicate that JH1101 can quickly 
move to other organs through blood after causing 
lung inflammation. Consistently, the blood and spleen 
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bacterial loads of the JH1101 infection group were 
significantly higher than those of the JH1900 infection 
group. In conclusion, both in vivo and in vitro experi-
ments demonstrated that deletion of mgaSpn enhanced 
the invasion ability of S. pneumoniae.

Herein, we report for the first time that MgaSpn is 
a negative regulator of the cps and lic1 operons and can 
affect the biosynthesis of low-molecular-weight capsules 
and P-Cho. While our data indicated that mgaSpn deletion 
did not result in increased surface CPS levels, it did lead to 
the accumulation of low-molecular-weight capsule compo-
nents. Furthermore, the mgaSpn mutant strain produced 
higher levels of P-Cho than the parental D39 strain. Finally, 
knockout of mgaSpn resulted in higher pathogenicity, 
which may be related to the increase in P-Cho production. 
An in-depth understanding of the microenvironment- 
induced transcriptional regulator MgaSpn warrants clarifi-
cation on the occurrence and development of pneumococ-
cal-mediated diseases and lead to new treatment strategies 
for infections caused by this pathogen.
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