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In most bacteria, iron plays an important role in the survival of bacteria and the process
of infection to the host. Streptococcus pneumoniae (S. pneumoniae) evolved three iron
transporters (i.e., PiaABC, PiuABC, and PitABC) responsible for the transportation of
three kinds of iron (i.e., ferrichrome, hemin, and ferric ion). Our previous study showed
that both mRNA and protein levels of SPD_0090 were significantly upregulated in the
ApiuA/ ApiaA/ ApitA triple mutant, but its detailed biological function is unknown. In
this study, we constructed spd_0090 knockout and complement strain and found that
the deletion of spd_0090 hinders bacterial growth. SPD_0090 is located on the cell
membrane and affects the hemin utilization ability of S. pneumoniae. The cell infection
model showed that the knockout strain had stronger invasion and adhesion ability.
Notably, knockout of the spd_0090 gene resulted in an enhanced infection ability of
S. pneumoniae in mice by increasing the expression of virulence factors. Furthermore,
iTRAQ quantitative proteomics studies showed that the knockout of spd_0090 inhibited
carbon metabolism and thus suppressed bacterial growth. Our study showed that
SPD_0090 negatively regulates the virulence of S. pneumoniae.

Keywords: Streptococcus pneumoniae, iron uptake, ABC transporter, virulence, infection

INTRODUCTION

Streptococcus pneumoniae (S. pneumoniae) is one of the bacteria frequently causing fatal infections
(Bogaert et al., 2004; Engholm et al, 2017). Young children, the elderly, and patients with
immunodeficiency are particularly susceptible to pneumococcal infections. An estimated 14.5
million children are infected with S. pneumoniae each year, two-thirds of which occur in Asia
or Africa. Therefore, the World Health Organization considers S. pneumoniae to be a priority
bacterium requiring urgent development of novel antibiotics or anti-infective strategies (Kadioglu
et al., 2008; Weight et al., 2021).

To survive and infect the host, S. pneumoniae must obtain metal ions (e.g., iron, manganese,
zinc, and copper) (Honsa et al., 2013). Iron is an essential micronutrient for eukaryotes and
prokaryotes as it participates in several key metabolic processes, such as amino acid synthesis,
tricarboxylic acid cycle activity (TCA), DNA replication, cell respiration, and electron transport
(Sheldon and Heinrichs, 2015; Burcham et al., 2020). As most iron is bound to glycoproteins
(lactoferrin) and hemin-containing proteins (hemoglobin), the amount of free iron ions available
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in the human host is extremely limited. To support survival
and infection, S. pneumoniae has evolved three ABC-transport
proteins, namely, PiaABC, PiuABC, and PitABC, of which the
lipoproteins PiaA, PiuA, and PitA serve as substrate-binding
proteins for iron uptake (Brown et al., 2001a, 2002). In recent
years, lipoproteins SPD_1609 and SPD_1590 have also been
found to transport iron in our group (Miao et al., 2018; Yang
et al., 2019). The ability of iron acquisition under physiological
conditions contributes to bacterial virulence. For example, PiaA
and PiuA have been shown to serve as virulence factors necessary
for S. pneumoniae infection in mice (Payne and Neilands, 1988;
Jomaa et al., 2005; Gupta et al., 2009).

Our previous study has shown that a ApiuA/ApiaA/ApitA
triple mutant is able to grow, albeit slowly, in an iron-
containing medium, which suggests that there are likely to be
additional iron-uptake systems in S. pneumoniae. SPD_0090 was
highly expressed at protein levels in the triple mutant strain
(D39 ApiaA/ ApiuA/ApitA), implying that it is possibly involved
in iron transport (Yang et al., 2016). Therefore, we constructed
spd_0090 knockout and complement strains, and in vitro
expressed SPD_0090 protein, which was characterized by in vivo
and in vitro biochemical experiments. Moreover, quantitative
proteomics was performed to find out the role of spd_0090 gene
deletion in maintaining S. pneumoniae metabolism and infection.
The contribution of SPD_0090 to the virulence uncovered
by this study will provide important information for a deep
understanding of the pathogenic mechanisms of S. pneumoniae.

MATERIALS AND METHODS

Sequence Analysis

The protein sequence of SPD_0090 from S. pneumoniae D39
was used as a seed to query the UniProt database using the
Protein BLAST tool. Then, multiple sequence alignment and
cluster analysis were performed with high-scoring proteins using
the software package Clustal-X 2.1 (Zheng et al., 2021).

Growth Media and Culture Conditions of

Bacterial Strains

S. pneumoniae D39 wild type (WT) was cultured in THY medium
consisting of Todd-Hewitt broth (Oxoid, United Kingdom)
supplemented with 0.5% yeast extract (Oxoid, United Kingdom)
or grown on Columbia agar (Difco, United States) containing
5% sheep blood (Ruite, China) in an incubator containing 5%
CO, at 37°C. Escherichia coli BL21 was cultured in Luria-
Bertani (LB) medium in a shaking incubator at 37°C. The
transformed strains were selected for growth in the presence
of 4 pg/ml of chloramphenicol (Cm; Sigma, United States),
or 100 pg/ml of ampicillin (Amp; Sigma, United States) were
added to the medium.

The iron-restricted medium was prepared by adding 5%
Chelex-100 resin (Bio-Rad, United States) to THY with
continuous stirring for 8 h, then filtered to remove the resin,
sterilized, and supplemented with 100 uM of CaCl, and 2 mM
of MgCl,. If necessary, an iron source, such as hemin or FeCls,

was added to the medium. All the bacterial strains and plasmids
used in this study are listed in Table 1.

Construction of Mutant S. pneumoniae

D39 Strains

D39Aspd0090 was constructed using the flanking homology
polymerase chain reaction (LFH-PCR) (Wach, 1996) method,
replacing the target gene spd-0090 with the antibiotic resistance
cassette gene (Tet, tetracycline, Sigma, United States). The LFH-
PCR containing the upstream (705 bp) and downstream (652 bp)
sequences of spd-0090 and the Tet gene (1,501 bp) products
were introduced into S. pneumoniae D39 and incubated at 37°C
for 2 h. The primers used for this work are listed in Table 2.
The transformants were transferred to Columbia sheep blood
agar plates containing Tet (3.5 pg/ml), and positive strains
were selected in which the spd_0090 gene had been completely
replaced by the et gene. D39 Aspd0090 strain was stabilized after
7-8 consecutive passages in THY medium containing 3.5 pg/ml
Tet. To construct the spd-0090-complement mutant strain, the
spd-0090 gene was inserted into the pIB169 plasmid using the
ClonExpress II One Step Cloning Kit (Vazyme, China) method
(Miao et al, 2018). The recombinant plasmid pIB169-spd-
0090 containing a Cm resistance cassette was transformed into
strain D39 Aspd0090. The plasmid pIB169 was also transformed
into strain D39Aspd0090 to construct as vector control.
Transformants were screened with a Columbia sheep blood agar
plate containing 4 pg/ml Cm. All mutant strains were further
confirmed by Western blot.

Western Blot Analysis

PsaA, PiuA, and PiaA antibodies were derived from the previous
work (Yang et al., 2016). The purified SPD_0090 protein
was used as an antigen for the immunization experiments
to generate multiclonal antibodies in mice according to the
previous report (Brown et al, 2001b). Equal amounts of
proteins were analyzed by 10-12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, United States), which were incubated with the
corresponding antibodies at 4°C. This was followed by
incubation with horseradish peroxidase (HRP)-conjugated goat
anti-mouse as a secondary antibody. Results were visualized
with Clarity Western ECL substrate (Bio-Rad, United States)
and captured using Image Master 2D Platinum 6.0 (GE
Healthcare, United States).

Real-Time Quantitative PCR

S. pneumoniae D39, D39 Aspd0090, and D39 Aspd0090™ strains
at ODggo ~ 0.6 in THY medium were collected by centrifugation
and treated by 20 mg/ml lysozyme at 37°C for 30 min. The
extraction of RNA and the synthesis of cDNA follow the previous
methods (Dong et al., 2021).

Real-time quantitative PCR (RT-qPCR) was performed using
the EvaGreen Dye (Bio-Rad, United States) with the TransStart
Tip Green qPCR supermix kit (TransGen Biotech, China).
The cycle threshold (CT) value was recorded, and the relative
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TABLE 1 | Strains and plasmids used in this study.

Strain or plasmid Relevant characteristics

Source

Strains
S. pneumoniae

D39(WT) Wild type ATCC (United States)
D39Aspd0090 In-frame spd0090 mutant strain derived from D39; Tet” This study

D39 Aspd0090+ Aspd0090 strain transformed with plB169-spd0090; Tet” Cm” This study
D39Aspd0090769+ Aspd0090 strain transformed with plB169; Tet” Cm” This study

D39 ApiaA ApiuA ApitA In-frame piuA/piaA/pitA mutant strain derived from D39; Erm” Cm’ Spec” Laboratory stock

E. coil

BL21 Wild type Invitrogen (United States)
BL21/pGEX-4T-1-spd0090 BL21 strain transformed with pGEX-4T-1-spd0090; Amp” This study

Plasmids

PGEX-4T-1 PGEX vector contained tac promoter; Amp” Invitrogen (United States)

pPGEX-4T-1-spd0090
Amp”

plB169

pIB169-spd0090

S. pneumoniae D39 spd0090 (33-492 AA) fragment cloned into pGEX-4T-1;

Shuttle plasmid contained P veg promoter; Cm’
S. pneumoniae D39 spd0090 (1-492 AA) fragment cloned into pIB169; Cm”

This study

Laboratory stock
This study

Tet', tetracycline resistance; Cm", chloramphenicol resistance; Amp”, ampicillin resistance; AA, amino acids.

quantification of gene expression was calculated using the
27 AACT method, with 16S rRNA as an internal control. The
results were compared to gene expression in the D39 Aspd0090 or
D39Aspd0090™ with gene expression in the D39 strain. All data
were obtained from three independent biological experiments.
The primers used for RT-qPCR are shown in Table 2.

Cloning, Expression, and Purification of

SPD_0090

The spd_0090 gene, encoding the SPD_0090 protein without a
signal peptide, was cloned from S. pneumoniae D39 by PCR,
and the pGEX-4T-1 vector was digested with Sall and NotI
(TaKaRa, Japan) and ligated with T4 DNA ligase (TaKaRa, Japan).
The fused vector pGEX-4T-1-spd-0090 was confirmed by DNA
sequencing (Tsingke, China) and then transformed to Escherichia
coli BL21 followed by culturing in an LB medium containing
100 pg/ml Amp at 37°C in a shaking incubator. The expression
and purification of SPD_0090 protein were performed according
to the previous method (Zheng et al., 2021).

Extraction of Membrane Protein

S. pneumoniae D39 was cultured in THY to ODgpp ~ 0.6,
collected by centrifugation, and washed three times with
phosphate-buffered saline (PBS). The collected cells were
resuspended in 800 pl PBS with 1 mM phenylmethylsulfonyl
fluoride (PMSF) and 0.5 mg/ml lysozyme, digested at 37°C for
30 min, then centrifuged at 3,000 x g for 5 min, and the pellet
was discarded. A final concentration of 2% Triton X-114 was
added to the supernatant and incubated at 4°C for 1 h (Bordier,
1981; Khandavilli et al., 2008). The sample was then transferred
to a water bath at 37°C and incubated for 10 min to induce
phase separation. The membrane proteins were separated by
centrifugation at 10,000 x g for 10 min at room temperature, and
the upper aqueous phase and the lower membrane phase were
used separately for SDS-PAGE.

UV/Vis Spectrum
The purified SPD_0090 (50 xM) was incubated with an excess
of hemin (200 wM) for 2 h at room temperature and passed

TABLE 2 | The primer sequences used in this study.

Primers Sequence (5'-3')

0090-P1 ATCCTACAAGCCCTCTTCATCTC

0090-P2 CCTACGATGGTTGGGTTG

0090-P3 ATCAAACAAATTTTGGGCCCGGAAGCACTATT
CTTTCACACCACC

0090-P4 TCGTTAAGGGATCAACTTTGGGAAGTCGCTGA
CGAGGGAAT

0090-F GGTCTTCCATTCGTTATCG

0090-R ATTTTTTCCCAGTTCTTGC

Tet-F CCGGGCCCAAAATTTGTTTGAT

Tet-R TCCCAAAGTTGATCCCTTAACGA

pIB169-spd0090-F CCGCGGTCCCGAATTCATGAAAAACTGGAAA
AAATATGCTTTTG

pIB169-spd0090-R AGCGCTGAGACCATGGTTTATTTTTTGTTTTTCAA
GAATTCATCGTATTG

ACGCGTCGACTCGCTGATTCAGGTGACAAA
ATAAGAATGCGGCCGCTTATTTTTTGTTTTTCAAG
CTGCGTTGTATTAGCTAGTTGGTG

PGE-X4T-1-spd0090-F
PGE-X4T-1-spd0090-R
16S rRNA-GPCR-F

16S rRNA-gPCR-R TCCGTCCATTGCCGAAGATTC
livJ-gPCR-F ACTTCCAAGCAGCCCTTACA
livJ-gPCR-R ATCCATCACCACCAACGATT
spd1609-qPCR-F TTCATCAAGGTAACGAACTAAGA
spd1609-qPCR-R AAGAAATGCCTAAAGATTGGACT
ytC-gPCR-F CATTCTCAGCATCGGTCTCA
IytC-gPCR-R AGAACGAGGTGGATGGTGTC
aliA-qPCR-F TGTGCTTGCGCCAGT
aliA-gPCR-R ATTCAACAGAGGATTTGGTCA
piuA-qPCR-F AGACTCACGCCACGGA
piuA-qPCR-R TCTAGGACACCGTCGTTG
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through a desalination column and a 10-kDa ultrafiltration
column (Millipore, United States) (Cao et al., 2018). Then, the
sample was washed six times with 20 mM Tris-HCI (pH 7.4,
containing 100 mM NaCl) in a 10-kDa ultrafiltration column
by centrifugation to remove the hemin unbound to SPD_0090,
and the remaining sample was the hemin-saturated SPD_0090
protein, named SPD_0090 4 hemin. The hemin solutions were
prepared in 20 mM Tris-HCI containing 100 mM NaCl (pH
7.4) at a concentration of 25 wM, and 500 pl of SPD_0090
and SPD_0090 + hemin solutions were scanned from 200 to
600 nm by UV spectrophotometer (Evolution 300, Thermo
Fisher Scientific, United States), and each experiment was
repeated three times.

Fluorescence Spectrometry

The binding of SPD_0090 to hemin was detected by
a fluorescence spectrometer (F7000, Hitachi, Japan).
A concentration of 2 pM SPD_0090 was prepared with
20 mM Tris-HCI (pH 7.4, containing 100 mM NacCl) buffer, and
a high concentration of 1.2 mM hemin solution was prepared
with the same buffer. The parameter settings are the same as
earlier (Miao et al., 2018). The fluorescence spectra of SPD_0090
from 300 to 450 nm were recorded after that 1.2 mM hemin
was gradually added to 1.5 ml of 2 uM SPD_0090 until the
fluorescence intensity stabilized. Each scan was repeated three
times and the titration curves were analyzed in Origin version
9.0, and the binding affinity (Ka) was calculated using Hill plots.

Electron Paramagnetic Resonance

Spectroscopy

A buffer of 20 mM Tris-HCl (pH 7.4, containing 100 mM
NaCl) was used to prepare 400 pl each of 100 WM hemin
and SPD_0090 + hemin solution (SPD_0090: hemin = 1:1).
The electron paramagnetic resonance spectra of hemin and
SPD_0090 + hemin solution were measured by a Bruker
spectrometer (Elexsys E580, Bruker, Germany) with the
following parameters: frequency, 9.4 GHz; power, 4 mW;
modulation amplitude, 3 G; modulation frequency, 100 kHz; and
temperature, 10 K. The obtained data were processed and plotted
using the Origin version 9.0 software.

Cell Culture, Adherence, and Invasion

Assays

The A549 human alveolar epithelial cell line (ATCC: CCL-185)
was cultured in Dulbecco’s modified eagle medium (DMEM)
(Life Tech Technologies, United States), supplemented with
10% fetal bovine serum (FBS, Gibco, United States), and
incubated at 37°C in 5% CO,. Cells were transferred to 12-
well plates and cultured to uniformly full cell layers (2 x 10°
cells/well) for adhesion and invasion assays. Bacterial adhesion
and invasion assays were performed essentially, as previously
described, with minor modifications (Quin et al, 2007; Yang
etal,, 2019). Briefly, D39 and D39 Aspd0090 strains were cultured
to ODggo ~ 0.6 and then diluted to 1 x 107 CFU/ml. The
collected bacteria were resuspended in a DMEM containing

1% FBS and added to cell plates and incubated in a CO;
incubator for 2 h.

For the adhesion assay, A549 cells were washed three times
with sterile PBS to wash away unadhered bacteria. Cells were
lysed by adding 1% Triton X-100 for 30 min on ice, diluted
in a gradient, and spread on Columbia agar plates containing
5% sheep blood.

For the invasion assay, DMEM contained 100 pg/ml of
gentamicin (Gen, Sigma, United States) and 1% FBS was added
and incubated for 30 min at 37°C, followed by three washes
with sterile PBS. Cells were lysed by adding 1% Triton X-100
for 30 min on ice, diluted from 10! to 10° times in a gradient,
and spread on Columbia agar plates containing 5% sheep blood.
Three independent biological experiments were repeated.

Animal Experiments

All animals used in the experiments were purchased from the
Experimental Animal Management Center of Southern Medical
University (Guangdong, China), Female BALB/c mice between
6 and 8 weeks of age were used in our experiments. For
animal infection experiments, the D39 and D39 Aspd0090 strains
were grown in THY to logarithmic growth phase, collected,
and washed three times with PBS. The bacterial solution
(2.5 x 10® CFU/20 pl) was dropped into the nose of the mice.
The infected mice were observed for survival transitions; nasal
lavage and lung tissue were collected at 12 or 24 h. The number
of viable bacteria was determined by serial dilutions applied
to a Columbia medium containing 5% sheep blood. Survival
times were calculated using the GraphPad Prism software and
analyzed by the log-rank (Mantel-Cox) test (Robb et al., 2017).
The number of bacteria in the nasal lavage solution and lungs
was analyzed by the Mann-Whitney test. A value of p < 0.05 was
considered statistically significant.

Growth Curve Analysis

The growth curves of the bacteria in restriction medium
C + Y were determined by UV-visible spectroscopy (Evolution
300, Thermo Fisher Scientific, United States) (Miao et al.,
2018). The medium was configured at room temperature and
filtered through a sterile 0.22-pum filter membrane to remove
bacteria. S. pneumoniae D39, D39 Aspd0090, D39 Aspd0090 %+,
and D39Aspd0090" strains were inoculated into the C + Y
medium (no sugar), with galactose (10 mM), glucose (8 mM),
and lactose (8 mM) at equivalent inoculation doses at 37°C
in 5% CO, incubator. S. pneumoniae D39, D39Aspd0090,
D39Aspd0090™, and D39 Aspd0090'%°F strains were inoculated
into normal THY medium, iron-restricted medium containing
iron chelator 2,2'-bipyridine (1 mM), or iron-restricted culture
supplemented with 25 pM of hemin. The iron-restricted
THY medium was prepared by adding 1 mM 2,2-bipyridine
(DP) (Sigma-Aldrich), which was filtered with a 0.22-pM
filter to THY, and incubated at 37°C for 2 h. The optical
density at 600 nm (ODgpo) was continuously measured every
2 h by UV-visible spectroscopy) for 12 h. All data were
analyzed by using GraphPad Prism version 8.0.2 (GraphPad
Software, United States).
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Protein Preparation, iTRAQ Labeling, and

Proteomics Analysis

Total proteins were extracted from D39 and D39Aspd0090
in the exponential growth phase when they were cultured in
the THY medium. A volume of 500 pg of total protein was
taken from each sample and digested with trypsin (Promega,
United States) at 37°C for 18 h and lyophilized. Then, an iTRAQ
Reagent multiplex kit (AB Sciex, United States) was used to
label peptide samples according to the manufacturer’s protocol.
The two groups of samples were labeled separately at room
temperature for 1 h and then the labeled samples were mixed in
equal proportions and lyophilized (Group 1: “115” labels D39,
“113” labels D39Aspd0090; Group 2: “119” labels D39, “113”
labels D39 Aspd0090).

The labeled samples were grouped using high-performance
liquid chromatography (HPLC; WuFeng, China), referring to the
previous description for the specific experimental steps (Zheng
et al,, 2021). Then, the samples were desalted according to the
instructions for the MonoTip C18 (SHIMADZU, Japan) desalting
column. Desalted peptides were resuspended with buffer A (5%
acetonitrile, 0.1% formic acid) and detected using an Orbitrap
Fusion Lumos mass spectrometer (Thermo, United States). Then,
the raw data obtained were identified and quantified by using
the Proteome Discoverer software version 2.1 (Thermo Fisher
Scientific, United States) and searched using the S. pneumoniae
D39 database. The specific parameters were as follows: Sample
Type, iTRAQ 8plex (peptide labeled); Digestion, Trypsin;
instrument, Orbitrap Fusion Lumos; Variable modifications,
Oxidation (M), Acetyl (Protein N-term); search effort, thorough;
and detected protein threshold [unused ProtScore (Conf)] > 1.30
(95.0%). In this study, the cutoff threshold for increased and
decreased abundance of the differentially expressed proteins was
defined using the population statistics applied to the biological
replicates reported by Gan et al. (2007). The finalized cutoft
values for increased (1.4) and decreased (0.71) protein abundance
were determined as the threshold. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis were performed in Glue GO plug-in of Cytoscape
(version 3.9.0) with p < 0.05 to analyze the biological processes
of differentially expressed proteins (Shannon et al., 2003).

Prediction of Protein Location

According to the protein sequence of SPD_0090 as indicated by
NCBT', the analysis of SPD_0090 localization by using PSORTb
version 3.0.3* (Yu et al, 2010) and the analysis of SPD_0090
signal peptide prediction by using SignalP - 5.0° (Armenteros
etal., 2019) were performed.

GST Pull-Down Assay

The expression and purification of GST_SPD_0090 and
Glutathione-S-transferase (GST) protein were carried out
by the above-mentioned method (Zheng et al, 2021).

https://www.ncbi.nlm.nih.gov/pmc/
Zhttps://www.psort.org/psortb/
Shttps://services.healthtech.dtu.dk/service.php?SignalP-5.0

GST_SPD_0090 solubilized to glutathione-Sepharose (GE
Healthcare, United States) beads was incubated with D39 cell
lysate in PBS buffer overnight at 4°C with the GST as the negative
control. Beads were washed with IP Lysate buffer (Beyotime,
China) to remove the unbound proteins. Proteins bound to the
beads were collected in PBS buffer by centrifugation and heated
at 100°C. The isolated proteins were separated by SDS-PAGE,
stained by AgNOj3, then digested by trypsin, and identified by
mass spectrometry (MS) (Zhou et al.,, 2021) (Orbitrap Fusion
Lumos; Thermo Fisher Scientific).

Statistical Analysis

Data were statistically analyzed by using GraphPad Prism version
8.0.2. The differences between the two groups were analyzed by
two-tailed, unpaired Student’s ¢-tests, and data are expressed as
mean =+ standard (SD). Results were considered significant at
p < 0.05 (denoted by *), p < 0.01 (denoted by **), p < 0.001
(denoted by ***), and p < 0.0001 (denoted by ****). The data on
the survival of mice for the virulence experiment were analyzed
using the log-rank (Mantel-Cox) test, and a number of CFUs
in the different experimental groups were compared using the
Mann-Whitney test.

Data Availability
The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (Deutsch
et al., 2020) partner repository with the dataset identifier
PXD030183*  (username:  reviewer_pxd030183@ebi.ac.uk;
password, 5LSb]ZVk).

RESULTS

SPD_0090 Is Highly Conserved in

Gram-Positive Bacteria

To assess the conservation of SPD_0090 in bacteria, amino acid
sequence alignment was carried out in this study (Figure 1). The
result showed that the SPD_0090 homologous proteins are highly
conserved in Gram-positive bacteria. Several highly homologous
proteins of SPD_0090, e.g., SGO_1763, BCR26_01130, and
CBF35_08275, are annotated as sugar ABC transporter substrate-
binding proteins in the Uniprot database, but no experimental
data studies reveal their function so far. As mentioned in
the introduction section, our previous study has suggested
that SPD_0090 may be associated with iron transportation in
S. pneumoniae (Yang et al., 2016). In this study, we used a
biochemical method combined with quantitative proteomics to
investigate the potential biological function of SPD_0090 in
S. pneumoniae.

The Deletion of the spd_0090 Gene

Hinders the Growth of S. pneumoniae
To find out the detailed biological functions of SPD_0090 in
S. pneumoniae, the D39Aspd0090 strain was first constructed

“https://www.ebi.ac.uk/pride/
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0090 with homologous proteins in various bacterial species.

FIGURE 1 | The multiple sequence alignment of SPD_|

by homologous substitution, and the complemented mutant
D39Aspd0090" was obtained by supplementing the plasmid
pIB169-spd_0090 into the D39Aspd0090 strain; pIB169
was introduced to the D39Aspd0090 strain to obtain
D39Aspd0090'°+. Western blot showed that the SPD_0090
protein was highly expressed in D39 Aspd0090™" (Figure 2), while
it was undetectable in D39Aspd0090 and D39 Aspd0090'%°+,
These results indicated the successful construction of the gene
knockout and complement strains.

We first checked whether SPD_0090 affects the growth
of S. pneumoniae. The growth curves showed that D39,
D39 Aspd0090, D39 Aspd0090'%+, and D39 Aspd0090* strains
barely grew in the C + Y medium without any sugar source
(Figure 3A). However, previous studies have speculated that
SPD_0090 is a galactose ABC transporter protein (Durmort and
Brown, 2015), in the presence of glucose, galactose, and lactose;

the growth rate of D39Aspd0090 and D39Aspd0090*%°* was
lower than that D39 (Figures 3B-D), but the growth rate of
D39Aspd0090™ growth was close to that of D39. We counted the
data of D39 and D39 Aspd0090 in the logarithmic phase of growth
and found that the growth of D39 Aspd0090 is significantly slower
than that of D39 cultured in three sugar sources even at a high
concentration of sugars (Supplementary Figure 1). The above
results suggest that the knockout of the spd_0090 gene resulted
in a restricted growth of S. pneumoniae.

SPD_0090 Affects the Ability of

S. pneumoniae to Use Hemin

To study the relationship between SPD_0090 and iron
metabolism in S. pneumoniae, we detected the SPD_0090 protein
level in D39 and the triple mutant (ApiuA/ApiaA/ApitA)
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SPD_0090 is not an intracellular protein (Figure 4B). Then,

9 Q\Q’q Q,G we used signal prediction and found that SPD_0090 is a

O QQQ’ 6@ lipoprotein anchored in the cell membrane, which contains

6Qb eQé' e a cleavage site of typical lipoprotein signal peptide (between

,bo_, ,bqv "bo"v "bo"v positions 23 and 24 amino acids of the SPD_0090 protein
AV MR Q © sequence) (Figure 4C). We isolated membrane proteins from

S. pneumoniae D39 by using Triton X-114 and carried out a
Western blot analysis (Bordier, 1981). A well-known membrane
- - protein PiuA was used as a positive control, and the soluble
protein Ply was present in the aqueous phase as a negative
control. As shown in Figure 4D, SPD_0090 is present in the
whole cell lysate and membrane protein fractions, but not in
the upper aqueous phase, demonstrating that SPD_0090 is a
PsaA ——— — membrane protein.

To further study which form of iron is associated with
SPD_0090, two major proteins of PiuA (hemin transporter)
and PiaA (ferrichrome transporter) were detected in D39 and
D39Aspd0090 cultured in the THY medium by Western blot.

SPD_0090

FIGURE 2 | The construction and verification of the D39 Aspd0090,
D39Aspd0090'%9*, and D39Aspd0090™ strains. Whole-cell proteins isolated

from D39, D39Aspd0090, D39 Aspd0090169+, and D39 Aspd0090+ were There was a higher level of PiuA in D39 Aspd0090, relative to D39,
extracted to perform Western blot to validate gene knockout and complement while there was no signiﬁcant difference in PiaA protein levels
strains. PsaA was used as loading controls. between the two strains (Figure 4E). As PiuA is responsible for

hemin uptake on the cell surface, we speculated that SPD_0090
may be involved in hemin transportation. We detected the
in which three genes encoding major iron transporters were growth curves of D39, D39Aspd0090, D39Aspd0090'%F, and
simultaneously knocked out. There were significantly higher ~D39Aspd0090™ under iron-abundant (THY) and iron-restricted
levels of SPD_0090 protein in the triple mutant, relative conditions (1 mM 2,2’-bipyridine, DP). As shown in Figures 4EG
to D39 (Figure 4A), which is consistent with the previous in the THY medium, there was almost no difference in the
iTRAQ-based quantitative proteomics results of our lab (Yang growth of D39 and D39Aspd0090, D39Aspd0090'*, and
et al., 2016). Furthermore, PSORTb prediction showed that D39Aspd0090™. In the condition of the iron restriction, the
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FIGURE 3 | The deletion of spd_0090 gene affects the growth of S. pneumoniae. (A-D) Growth curves of D39 (red), D39 Aspd0090 (blue), D39 Aspd0090'69+
(black), and D39 Aspd0090+ (yellow) strains cultured in C + Y medium containing no sugar, glucose galactose, and lactose. N = 3, each group of experiments was
repeated three times.
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FIGURE 4 | The deletion of the spd_0090 gene affects the ability of S. pneumoniae to use hemin. (A) Western blot analysis of the protein levels of SPD_0090 in D39
and Triple Mutant strains (D39 ApiaA ApiuA ApitA). (B) The PSORTDb analysis of SPD_0090 protein. (C) The SignalP 5.0 analysis of SPD_0090 protein. (D) Western
blot analysis of SPD_0090 as a membrane protein. The protein of SPD_0090, PiuA, and Ply in whole cell lysates, Triton X-114 isolated membrane protein phase and
aqueous phase was determined by Western blot. (E) The protein levels of PiaA and PiuA in THY-extracted D39 and D39 Aspd0090 whole-cell lysates determined by
Western blot. (F) Growth curves of the D39 and D39 Aspd0090 strains in iron-replete, iron-restricted, and iron-restricted supplement 25-uM hemin. Data are
presented as the mean + SEM from three independent growth curves. (G) Growth curves of the D39Aspd0090'69+ and D39Aspd0090™ strains under iron-replete
(THY) and iron-restricted conditions (1 mM 2, 2’-dipyridyl, DP). (H) SPD_0090 and PiuA protein levels in whole proteins extracted from D39 cultured in iron-replete,
iron-restricted, iron-restricted + FeClz, and iron-restricted + hemin media. PiuA served as a positive control. The figure of Western blot is representative of at least
three independent replicates. Western blot data were quantified using ImagedJ, normalized by PsaA and analyzed by GraphPad Prism version 8.0.2. Data were
analyzed by two-tailed, unpaired Student’s t-tests, and results are expressed as means + SD. **p < 0.001, *p < 0.01, *p < 0.05. ns, no significance.
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growth of D39 Aspd0090 was significantly lower than that of D39
(Figure 4F). The growth of D39Aspd0090'%" was significantly
lower than that of D39Aspd0090™ (Figure 4G). When hemin
was supplemented in the iron-restricted medium of D39 and
D39Aspd0090, the growth of D39 returned close to that in
the THY medium when the growth of D39Aspd0090 was only
partially recovered (Figure 4F). This result indicated that the
deletion of spd_0090 may affect the ability of S. pneumoniae
to use hemin and thus result in diminished growth. Then, we
examined whether the SPD_0090 protein is regulated by hemin
in the medium. As shown in Figure 4H, SPD_0090 protein
had higher levels in iron-restricted culture conditions relative to
iron-replete conditions, suggesting that SPD_0090 is evidently
regulated by iron concentration. Then, we supplemented hemin
and FeClsz as an iron source to the iron-restricted medium.
The Western blot analysis showed that the level of SPD_0090
protein was decreased to a quarter of the original level (in
the iron-restricted medium) after the supplement of 25 uM
hemin, while it remained almost unchanged upon 25 pM
FeCl; addition (Figure 4H). These changes in SPD_0090
abundance in response to hemin are similar to those of
PiuA (Figure 4H). Therefore, based on the above results, we
hypothesized that SPD_0090 is a potential hemin transporter
located on the cell surface.

Next, we expressed, purified SPD_0090 protein, and in vitro
characterized its hemin binding properties (Figure 5A). In the
UV/vis spectra of Hemin, a broad absorption peak at around
385 nm was observed which is the typical absorption peak of
hemin. In the UV spectra of SPD_0090-hemin, the characteristic
absorption peak of the band of hemin was shifted from 385 to
410 nm which is a typical spectrum of hemin-binding protein
(Figure 5B). Subsequent fluorescence spectroscopy detection
showed that hemin binding to SPD_0090 resulted in fluorescence
quenching at 340 nm. The fluorescence titration curve was fitted
to a Hill plot, and the binding constant (Ka) of SPD_0090 to
hemin was calculated to be 4.6 x 10* M~ ! (Figure 5C). Then, we
further used EPR to investigate the nature of hemin binding to
SPD_0090. As shown in Figure 5D, the single peak signal in the
high-spin (HS) region [HS, 900-1,900 G] at g = 6.0 and the low-
spin (LS) region (LS, 2,300-4,300 G) at g = 2.0 is a characteristic
peak of hemin (Carette et al., 2006; Lu et al., 2010). After binding
with SPD_0090, the EPR feature of hemin was changed at the
peaks (Figure 5D). The above results suggested that SPD_0090
can bind hemin in vitro.

SPD_0090 Negatively Contributed to

Adherence and Invasion of A549 Cells

Some iron transporters of pathogenic bacteria also directly
or indirectly affect adhesion and invasion of the host
cells (Durmort and Brown, 2015; Nguyen and Gotz,
2016). Therefore, we investigated whether SPD_0090 is
also important to S. pneumoniae infection in human
lung cancer cells (A549). The adhesion and invasion
ability of D39 and D39Aspd0090 to A549 cells were
measured. As shown in Figures 6A,B, compared to D39,
D39Aspd0090 showed a fourfold and a fivefold increase in

the number of adherent and invasive bacteria, respectively
(Figures 6A,B). This result indicated that SPD_0090 negatively
contributes to S. pneumoniae infection of human lung
carcinoma cells.

The Animal Model Reveals the
Importance of SPD_0090 for the

Infection Ability of S. pneumoniae

To fully dissect the effect of SPD_0090 on the ability of
S. pneumoniae to infect the host, we used intranasally infected
mice (pneumonia model) to assess bacterial virulence. After
infection with D39, mice began dying after 36 h, while their
survival rate at 72 h remained at 16%. The infection of the
knockout strain was completely different from that of the WT.
After infection with D39 Aspd0090, mice began to die by 12 h
and all died at 48 h. This result indicated that the mortality rate
of infection with D39 Aspd0090 is significantly higher than that
with D39 (Figure 6C). To further test the ability of D39 and
D39Aspd0090 strains to invade host tissue cells, we collected
nasal lavage and lungs from mice at 12 and 24 h post-infection
and plated them on the agar, followed by CFU counting. At
both time points, bacterial counts of D39 Aspd0090 in nasal and
lung were higher than that of D39 (Figures 6D,E). This invasion
resulting in the animal model is consistent with the conclusion
derived from the infection of A549 cells. The combined results
emphasized that SPD_0090 protein negatively regulates the
virulence of S. pneumoniae which is different from the most
known iron transporters.

iTRAQ-Based Proteomics Revealed the
Effect of SPD_0090 on Biological

Pathways of S. pneumoniae

To investigate the mechanism of the SPD_0090 effect on
the virulence of S. pneumoniae, we performed iTRAQ-based
proteomics to find out the biological processes changed by the
spd-0090 gene knockout. In total, 1,037 proteins were identified
in D39 and D39 Aspd0090. The threshold for defining differential
expressed proteins in this experiment was defined using the
biological replicate method reported by Gan et al. (2007). The
analysis of protein coefficient of variation was performed for the
proteins identified in this experiment, and 88% of the proteins
had coefficients of variation < 40% (Figure 7A), so the biological
variation threshold for this experiment was set at 40%. The
threshold for fold change of differentially expressed proteins was
defined as >1.4 for increased abundance or <0.71 for decreased
abundance with p < 0.05 (Figure 7B). In the two biological
replicates, there were 52 differentially expressed proteins in
D39Aspd0090 compared to D39 (Table 3). The GO analysis
indicated that 52 differentially expressed proteins were enriched
in several metabolic pathways, including galactose metabolism,
amino sugar and nucleotide sugar metabolism, iron transport,
and other glycan degradations (Figure 7C).

During the colonization and infection process, S. pneumoniae
must obtain a sugar source from the host environment to support
their survival (Palmer and Skaar, 2016; Lopez and Skaar, 2018).
The quantitative proteomics data showed that many proteins that
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participated in carbon metabolism and sugar transportation had
a lower abundance in D39Aspd0090 compared to that in D39.
For example, galactokinase (GalK), aldose-1-epimerase (GalM),
galactose-1-phosphate (GalT), galactose-6-phosphate isomerase
subunit (LacB), tagatose 1,6-diphosphate aldolase (LacD), and
galactose transport [three components of phosphotransferase
(PTS) system] (Table 3). This result indicated that the deletion of
the spd_0090 gene reduced the expression of catabolic pathways
responsible for energy production which is why the knockout
stain grew slow.

Notably, 1,4-beta-N-acetylmuramidase (LytC), oligopeptide-
binding protein (AliA), and amino acid-binding protein (Liv])
were present at relatively higher levels in D39Aspd0090 and
known to be involved in nasopharyngeal epithelial colonization
as well as S. pneumoniae invasion (Kerr et al., 2004; Basavanna
et al., 2009; Corsini et al., 2021), suggesting that their elevated
protein levels may be associated with the increased virulence

of the knockout strain. To validate the quantitative result of
proteomics and further explore the effect of SPD_0090 on
the virulence of S. pneumoniae, the gene expression levels of
several virulence factors were determined by RT-qPCR in D39,
D39Aspd0090, and D39Aspd0090*. As shown in Figure 7D,
the mRNA expression levels of virulence factors liv], IytC, and
aliA of D39 Aspd0090 were significantly higher than that of D39
(Figure 7D), but their expression in the complemented strain was
close to that in the WT (Figure 7E). This result is consistent with
the abundance profile of these virulence factors. The increased
expression of virulence factors explains why the spd_0090 gene
knockout strain has stronger adhesion and invasion ability to
A549 cells than the WT strain.

We also found that two known iron transporters PiuA and
SPD_1609 were more abundant in D39Aspd0090. Previous
studies have reported that PiuA is an important hemin
transporter, and lipoprotein SPD_1609 may be involved in FeCl3
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or ferrichrome uptake. The alteration of these two genes at
the mRNA level was validated by RT-qPCR (Figures 7D,E).
The mRNA of piuA and spd_1609 in D39 Aspd0090 was about
three and twofold higher than that in the D39, respectively,

but there was no significant change in the complement strain
(Figure 7E). The upregulation of the iron transports after
knockout of the spd_0090 gene could be to compensate for iron
uptake. Importantly, PiuA and SPD_1609 also contribute to the
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virulence of S. pneumoniae'-'* which may be another reason for

the increased virulence of D39 A spd0090.

GST Pull-Down Identifies the Interaction
of SPD_0090 With Virulence Proteins

To further investigate how SPD_0090 affects S. pneumoniae
virulence, we performed GST pull-down to identify proteins
interacting with SPD_0090. A total of 138 interacting proteins
were identified by MS after deducting the proteins in the

control group. The detailed information on these proteins is
listed in Supplementary Table 1. Some cytoplasmic proteins
were also identified possibly due to two reasons, ie., (1)
some cytoplasmic proteins bind with proteins that interact
with SPD_0090, and (2) the cytoplasmic proteins with high
abundance are difficult to be fully removed from the preparation.
Among them, three proteins were associated with virulence,
including LytC, endopeptidase (PepO), and pneumolysin (Ply).
Coincidentally, the elevated protein level of LytC was also
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TABLE 3 | Differentially expressed proteins identified in D39 Aspd0090.

TABLE 3 | (Continued)

Gene No. Protein name Gene name Fold p-value  Gene No. Protein name Gene name Fold p-value
Carbohydrate metabolic process SPD_0090  ABC transporter, spd_0090 0.32 0.045
SPD_0562 Beta-galactosidase, bgaA 0.50 0.011 substrate-binding
putative protein
SPD_0065 Beta-galactosidase 3 bgaC 0.34 0.001 SPD_0614 ABC transporter, spd_0614 0.42 0.003
SPD_1634 Galactokinase galk 0.35 0.001 ATP-binding protein
SPD_0071 Aldose 1-epimerase galM 0.27 0.001 Other
SPD_ 1633 Galactose-1-phosphate galT 0.35 0.008 SPD_1231 Phosphate transport spd_1231 1.41 0.036
uridylyltransferase system permease
SPD_1052 Galactose-6-phosphate lacB 0.38 0.034 protein
isomerase subunit SPD_0752 Membrane protein, spd_0752 1.43 0.038
SPD_1050  Tagatose lacD 0.49 0.049 putative
1,6-diphosphate SPD_0582 Uncharacterized protein spd_0582 1.44 0.011
aldolase SPD_1403 1,4-beta-N- IytC 1.51 0.001
SPD_1866 N-acetylglucosamine-6- nagA 0.47 0.003 acetylmuramidase,
phosphate putative
deacetylase SPD_1258 Peptidase, U32 family spd_1258 1.73 0.001
SPD_0063 Beta-N- strH 0.36 0.014 protein
acetylhexosaminidase SPD_0091  UPFO176 protein spd_0091 0.15 0.001
SPD_0070 Sugar isomerase agaS 0.19 0.001 SPD_0091 [tRNA
domain protein uridine(34) hydroxylase]
SPD_1996 Fucose operon spd_1996 0.66 0.029 SPD_1588 Uncharacterized protein spd_1588 0.22 0.028
repressor, putative SPD_1301 NADPH-dependent spd_1301 0.25 0.012
SPD_0301 Sugar binding regR 0.71 0.001 FMN reductase
transcriptional regulator SPD_1590 General stress protein spd_1590 0.25 0.003
Carbohydrate transport 24, putative
SPD_0066 PTS system, IIB spd_0066 0.28 0.001 SPD_0610 Uncharacterized protein spd_0610 0.27 0.011
component SPD_0335 Cell wall surface anchor spd_0335 0.29 0.001
SPD_0067 PTS system, IIC spd_0067 0.26 0.007 family protein
component SPD_1591 Uncharacterized protein spd_1591 0.31 0.006
SPD_0068  PTS system, ID spd_0068 0.23 0001 SPD_0816  Cof family protein spd_0816 0.49 0.024
component SPD_1365  Uncharacterized protein spd_1365 0.51 0.001
SPD _0561 PTS system, IIC ) §pd_0561 047 0.002 SPD_1865 Alcohol dehydrogenase, spd_1865 0.51 0.012
component, putative . I
zmc—contalmng
SPD_0560 PTS system, IIB . $pd_0560 0.48 0.034 SPD_1118 Copper homeostasis cutC 0.55 0.016
component, putative protein
ABC transport SPD_0525  Sensor histidine kinase vnes 0.56 0.034
SPD 0150 ABC transporter, §pd_0150 144 0027 Spp 1003 DNA mismatch repair mutS 0.56 0.005
substrate-binding .
protein protein
SPD_1328 Amino acid ABC 2alB 146 0.049 SPD_0524 DNA-binding response vncR 0.58 0.001
transporter, amino regulator
acid-binding protein SPD_0786 Arginine repressor argR 0.60 0.031
SPD_1137 ABC transporter, spd_1137 1.57 0.003  SPD_0024 Adenylosuccinate PUrA 0.62 0.024
ATP-binding protein synthetase
SPD_1652 Iron-compound ABC spd_1652 1.58 0.001 SPD_0700 Aminopeptidase N pepN 0.62 0.037
transporter, (metallopeptidase
iron-compound-binding activity zinc ion binding)
protein SPD_1927 Cation-transporting spd -1927 0.69 0.012
SPD_0334 Oligopeptide ABC aliA 1.49 0.028 ATPase, E1-E2 family
transporter, protein
oligopeptide-binding SPD_0320 2T cps2T 0.69 0.002
protein SPD_0126 Pneumococcal surface PSPA 0.42 0.005
SPD_0652 Branched-chain amino livd 1.61 0.038 protein A
acid ABC transporter,
amino acid-binding Fold represents fold changes of proteins in D39 Aspd0090 vs. D39.
protein
SPD_0719 Amino acid ABC spd_0719 1.78 0.014
transporter, permease detected in D39Aspd0090 in quantitative proteomics. We
protein speculated that SPD_0090 interacting with LytC may inhibit LytC
Siiﬁ;ﬁg;ooocous function and negatively contribute to bacterial virulence in D39,
SPD. 1609 ABC transporter, spd_1609 1.88 00s  Which requires further validation. In addition, glyceraldehyde-
substrate-binding 3-phosphate dehydrogenase (Gap), enolase (Eno), and beta-
protein N-acetylhexosaminidase (StrH) are associated with bacterial
(Continued) ~ metabolism, which is also consistent with the results identified
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FIGURE 8 | Summary of the role of SPD_0090 in S. pneumoniae. SPD_0090, as a lipoprotein of ABC transporter and affects hemin utilization and bacterial carbon
metabolism. It also affects the expression of LytC, AliA, and LivJ virulence factors, there by negatively regulating the virulence of S. pneumoniae.
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in the proteomics implying that SPD_0090 affects carbon
metabolism in S. pneumoniae.

DISCUSSION

To survive and infect the host, S. pneumoniae requires transition
metal ions to maintain metabolic homeostasis (Neville et al.,
2020). Iron is also essential for the functioning of cellular
mechanisms, including enzymatic processes, DNA synthesis,
and generating mitochondrial energy (Lopez et al., 2016).
However, excessive iron can also be toxic because it catalyzes the
production of reactive oxygen species, which can damage lipids,
nucleic acids, and proteins (Papanikolaou and Pantopoulos,
2005). Therefore, free iron is rarely available in host cells,
not only because of its insolubility but also as a protective
mechanism (Cassat and Skaar, 2013). S. pneumoniae usually
obtain iron by extracting iron-containing molecules (e.g.,
lactoferrin, transferrin, and hemoglobin) directly from the host
(Cassat and Skaar, 2013). This is why bacteria have evolved
many iron-transporting proteins, such as the ABC transport
proteins PiaABC, PiuABC, PitABC, SPD_1609, and SPD_1590
(Sheldon and Heinrichs, 2015; Yang et al, 2016, 2019; Miao
et al, 2018). It is worth noting that they are also important

for bacterial virulence. SPD_0090 was highly expressed at the
protein level in the triple mutant strain (ApiuA/ApiaA/ApitA).
Therefore, we hypothesized that SPD_0090 is associated with
the ability of bacteria to use hemin and with the virulence of
S. pneumoniae.

In this study, we demonstrated that the lipoprotein SPD_0090
is conserved in a variety of Gram-positive bacteria and is located
on the cell membrane. The gene knockout of spd_0090 resulted
in a reduced growth of S. pneumoniae under iron-restricted
conditions which is partially recovered by supplement with
hemin. Meanwhile, the hemin transporter PiuA was obviously
highly expressed in the spd_0090 gene knockout strain to uptake
more hemin which would support bacterial growth, but the
ferrochrome transporter was not. UV/vis, fluorescence, and EPR
spectra revealed that SPD_0090 binds hemin and is associated
with hemin transport. Therefore, we suggested that SPD_0090
affects hemin uptake on the cell membrane of S. pneumoniae.

Compared to commensal species colonizing the upper
respiratory tract, S. pneumoniae expresses the most diverse
array of sugar transporters and utilization proteins (Buckwalter
and King, 2012). More than 30% of the transporter proteins
in the S. pneumoniae genome were predicted to import
carbohydrates as substrates, a higher proportion than any
other bacteria (Tettelin et al, 2001). SPD_0090 has been
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reported in previous studies as a possible galactose ABC
transporter protein (Bidossi et al, 2012). Therefore, we
cultured knockout strain D39Aspd0090 in the medium with
galactose and lactose and found a delayed growth relative
to D39. ITRAQ quantitative proteomics revealed that both
the metabolic tagatose pathway and the Leloir pathway
of galactose metabolism had a lower abundance in the
D39Aspd0090 strain (Figure 7C). In the GST pull-down,
we found that SPD_0090 may interact with proteins related
to sugar metabolism, such as 6-phospho-f-galactosidase
and phosphoenolpyruvate protein PTS. Therefore, the
relationship between SPD_0090 and glucose metabolism
deserves further study.

More importantly, D39 Aspd0090 showed enhanced virulence
in mice and an improved adhesion and invasion ability to A549
cells compared to the D39 strain. ITRAQ-based proteomics
indicated that LytC, AliA, and Liv] virulence factors were
highly expressed at protein levels in the knockout strain.
Among them, LytC is a cell wall hydrolase, one of the major
bacterial components that enables S. pneumoniae to lyse non-
competent pneumococci (fratricide), enhancing nasopharyngeal
colonization and invasiveness (Eldholm et al., 2009; Ramos-
Sevillano et al., 2011; Corsini et al., 2021). AliA is an
oligopeptide permease on the cell surface and important for
bacterial survival in the host and used as an antigenic vaccine
to reduce colonization by S. pneumoniae (Kerr et al., 2004;
Ogunniyi et al., 2012; Nasher et al., 2018a,b; van Beek et al,
2020). Liv], an amino acid-binding protein of ABC transporter,
is responsible for the binding with isoleucine, leucine, and
valine (Orihuela et al., 2004; Basavanna et al., 2009). The
gene knockout of livJ] weakened rat meningitis (Molzen et al,
2011). Moreover, subsequent GST pull-down in this study
showed that SPD_0090 may interact with virulence factors LytC,
PepO, and Ply. We speculated that D39Aspd0090 exhibited
an increased infection ability maintained by upregulating these
related virulence factors. Ply is a key pneumococcal virulence
factor involved in all phases of pneumococcal disease, including
transmission, colonization, and infection (Nishimoto et al.,
2020). Hyaluronic acid lyase and plasmin of host cells bind to
the surface of pneumococci via interaction with enolase (Eno)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the
bacteria degrade the extracellular matrix (Bergmann et al,
2001; Andre et al, 2017). This disrupts the epithelial barrier
and provides a pathway for the paracellular invasion of
bacteria (Weiser et al, 2018). S. pneumoniae endopeptidase
O (PepO) is multifunctional plasminogen and fibronectin-
binding protein, facilitating evasion of innate immunity and
invasion of host cells (Agarwal et al, 2013). Furthermore,
previous reports have shown that mutation of piuA and
spd_1609 reduced bacterial virulence in bacteremia infection
models (Brown et al., 2001a; Whalan et al.,, 2005; Yang et al,,
2019). Both proteins had higher levels in D39Aspd0090 than
that in D39. Then, in animal experiments, D39Aspd0090
infection resulted in increased bacterial counts in lung and
nasal, leading to higher mortality in mice than in D39. The
combined results suggested that SPD_0090 negatively regulates
bacterial virulence.

CONCLUSION

Our results suggested that SPD_0090 influences the ability
of bacteria to use hemin and negatively regulates bacterial
virulence (Figure 8). Our results fill a gap in the functional
understanding of SPD_0090 which is highly conserved in Gram-
positive bacteria. This finding SPD_0090 will contribute to an
in-depth understanding of the pathogenicity of S. pneumoniae.
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