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SPD_0090 Negatively Contributes to Virulence of Streptococcus pneumoniae
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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 ΔpiuA/ΔpiaA/ΔpitA 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.
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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 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 ΔpiuA/ΔpiaA/ΔpitA 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 (D39ΔpiaA/ΔpiuA/ΔpitA), 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% CO2 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 μg/ml of chloramphenicol (Cm; Sigma, United States), or 100 μg/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 μM of CaCl2 and 2 mM of MgCl2. If necessary, an iron source, such as hemin or FeCl3, was added to the medium. All the bacterial strains and plasmids used in this study are listed in Table 1.


TABLE 1. Strains and plasmids used in this study.
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Construction of Mutant S. pneumoniae D39 Strains

D39Δspd0090 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 μg/ml), and positive strains were selected in which the spd_0090 gene had been completely replaced by the tet gene. D39Δspd0090 strain was stabilized after 7–8 consecutive passages in THY medium containing 3.5 μg/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 D39Δspd0090. The plasmid pIB169 was also transformed into strain D39Δspd0090 to construct as vector control. Transformants were screened with a Columbia sheep blood agar plate containing 4 μg/ml Cm. All mutant strains were further confirmed by Western blot.


TABLE 2. The primer sequences used in this study.
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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, D39Δspd0090, and D39Δspd0090+ strains at OD600 ∼ 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 quantification of gene expression was calculated using the 2–ΔΔCT method, with 16S rRNA as an internal control. The results were compared to gene expression in the D39Δspd0090 or D39Δspd0090+ 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 SalI 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 μg/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 OD600 ∼ 0.6, collected by centrifugation, and washed three times with phosphate-buffered saline (PBS). The collected cells were resuspended in 800 μl 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 × 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 × 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 μM) was incubated with an excess of hemin (200 μM) for 2 h at room temperature and passed 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-HCl (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 + hemin. The hemin solutions were prepared in 20 mM Tris-HCl containing 100 mM NaCl (pH 7.4) at a concentration of 25 μM, and 500 μl 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 μM SPD_0090 was prepared with 20 mM Tris-HCl (pH 7.4, containing 100 mM NaCl) 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 μM 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 μl each of 100 μM 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% CO2. Cells were transferred to 12-well plates and cultured to uniformly full cell layers (2 × 105 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 et al., 2019). Briefly, D39 and D39Δspd0090 strains were cultured to OD600 ∼ 0.6 and then diluted to 1 × 107 CFU/ml. The collected bacteria were resuspended in a DMEM containing 1% FBS and added to cell plates and incubated in a CO2 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 μg/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 101 to 105 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 D39Δspd0090 strains were grown in THY to logarithmic growth phase, collected, and washed three times with PBS. The bacterial solution (2.5 × 108 CFU/20 μl) 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-μm filter membrane to remove bacteria. S. pneumoniae D39, D39Δspd0090, D39Δspd0090169+, and D39Δspd0090+ 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% CO2 incubator. S. pneumoniae D39, D39Δspd0090, D39Δspd0090+, and D39Δspd0090169+ 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 μM 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-μM filter to THY, and incubated at 37°C for 2 h. The optical density at 600 nm (OD600) 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).



Protein Preparation, iTRAQ Labeling, and Proteomics Analysis

Total proteins were extracted from D39 and D39Δspd0090 in the exponential growth phase when they were cultured in the THY medium. A volume of 500 μg 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 D39Δspd0090; Group 2: “119” labels D39, “113” labels D39Δspd0090).

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 cutoff 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 NCBI1, the analysis of SPD_0090 localization by using PSORTb version 3.0.32 (Yu et al., 2010) and the analysis of SPD_0090 signal peptide prediction by using SignalP - 5.03 (Armenteros et al., 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). 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 AgNO3, 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 t-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 PXD0301834 (username: reviewer_pxd030183@ebi.ac.uk; password, 5LSbJZVk).




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.


[image: image]

FIGURE 1. The multiple sequence alignment of SPD_0090 with homologous proteins in various bacterial species.




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 D39Δspd0090 strain was first constructed by homologous substitution, and the complemented mutant D39Δspd0090+ was obtained by supplementing the plasmid pIB169-spd_0090 into the D39Δspd0090 strain; pIB169 was introduced to the D39Δspd0090 strain to obtain D39Δspd0090169+. Western blot showed that the SPD_0090 protein was highly expressed in D39Δspd0090+ (Figure 2), while it was undetectable in D39Δspd0090 and D39Δspd0090169+. These results indicated the successful construction of the gene knockout and complement strains.


[image: image]

FIGURE 2. The construction and verification of the D39Δspd0090, D39Δspd0090169+, and D39Δspd0090+ strains. Whole-cell proteins isolated from D39, D39Δspd0090, D39Δspd0090169+, and D39Δspd0090+ were extracted to perform Western blot to validate gene knockout and complement strains. PsaA was used as loading controls.


We first checked whether SPD_0090 affects the growth of S. pneumoniae. The growth curves showed that D39, D39Δspd0090, D39Δspd0090169+, and D39Δspd0090+ 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 D39Δspd0090 and D39Δspd0090169+ was lower than that D39 (Figures 3B–D), but the growth rate of D39Δspd0090+ growth was close to that of D39. We counted the data of D39 and D39Δspd0090 in the logarithmic phase of growth and found that the growth of D39Δspd0090 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.


[image: image]

FIGURE 3. The deletion of spd_0090 gene affects the growth of S. pneumoniae. (A–D) Growth curves of D39 (red), D39Δspd0090 (blue), D39Δspd0090169+ (black), and D39Δspd0090+ (yellow) strains cultured in C + Y medium containing no sugar, glucose galactose, and lactose. N = 3, each group of experiments was repeated three times.




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 (ΔpiuA/ΔpiaA/ΔpitA) in which three genes encoding major iron transporters were simultaneously knocked out. There were significantly higher levels of SPD_0090 protein in the triple mutant, relative to D39 (Figure 4A), which is consistent with the previous iTRAQ-based quantitative proteomics results of our lab (Yang et al., 2016). Furthermore, PSORTb prediction showed that SPD_0090 is not an intracellular protein (Figure 4B). Then, we used signal prediction and found that SPD_0090 is a lipoprotein anchored in the cell membrane, which contains a cleavage site of typical lipoprotein signal peptide (between positions 23 and 24 amino acids of the SPD_0090 protein 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 membrane protein.


[image: image]

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 (D39ΔpiaAΔpiuAΔpitA). (B) The PSORTb analysis of SPD_0090 protein. (C) The SignaI P 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 D39Δspd0090 whole-cell lysates determined by Western blot. (F) Growth curves of the D39 and D39Δspd0090 strains in iron-replete, iron-restricted, and iron-restricted supplement 25-μM hemin. Data are presented as the mean ± SEM from three independent growth curves. (G) Growth curves of the D39Δspd0090169+ and D39Δspd0090+ 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 + FeCl3, 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 ImageJ, 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.


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 D39Δspd0090 cultured in the THY medium by Western blot. There was a higher level of PiuA in D39Δspd0090, relative to D39, while there was no significant difference in PiaA protein levels 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 growth curves of D39, D39Δspd0090, D39Δspd0090169+, and D39Δspd0090+ under iron-abundant (THY) and iron-restricted conditions (1 mM 2,2′-bipyridine, DP). As shown in Figures 4F,G in the THY medium, there was almost no difference in the growth of D39 and D39Δspd0090, D39Δspd0090169+, and D39Δspd0090+. In the condition of the iron restriction, the growth of D39Δspd0090 was significantly lower than that of D39 (Figure 4F). The growth of D39Δspd0090169+ was significantly lower than that of D39Δspd0090+ (Figure 4G). When hemin was supplemented in the iron-restricted medium of D39 and D39Δspd0090, the growth of D39 returned close to that in the THY medium when the growth of D39Δspd0090 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 FeCl3 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 μM hemin, while it remained almost unchanged upon 25 μM FeCl3 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 × 104M–1 (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.
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FIGURE 5. SPD_0090 binds to hemin in vitro. (A) SPD_0090 was expressed with pGEX-4T-1-GST fusion system and purified by Glutathione Sepharose. (B) UV/vis spectra of the SPD_0090, Hemin, SPD_0090 + Hemin. The protein concentration is 25 μM and the spectra were scanned from 200 to 600 nm. (C) Fluorescence spectra of hemin titration to SPD_0090 (2 μM). (D) EPR spectrum of SPD_0090 in combination with hemin and hemin alone. All experiments were repeated three times. Statistical analysis was conducted using Origin version 9.0.




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 Götz, 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 D39Δspd0090 to A549 cells were measured. As shown in Figures 6A,B, compared to D39, D39Δspd0090 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.
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FIGURE 6. SPD_0090 negatively regulates the virulence of S. pneumoniae. (A,B) The adherence and intracellular invasion ability of D39 and D39Δspd0090 strains. (C) The survival curves of D39 or D39Δspd0090 strains infected mice via nasal infection with 2.5 × 108 CFU/20 μl. n = 6 animals per group. Survival was analyzed using the log-rank (Mantel–Cox) test between the D39 and D39Δspd0090 strains. (D,E) Bacterial burdens of the D39 and D39Δspd0090 strains in the nasal lavage solution and lungs of mice 12 or 24 h post-challenge. Horizontal lines represent median values. p < 0.05 for comparison by the Mann–Whitney test to the results for mice infected with the parental WT; n = 6 animals per group. Error bars represent the SEM. Data (adherence and intracellular) were analyzed by two-tailed, unpaired Student’s t-tests, and results are expressed as means ± the SD (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001).




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 D39Δspd0090, mice began to die by 12 h and all died at 48 h. This result indicated that the mortality rate of infection with D39Δspd0090 is significantly higher than that with D39 (Figure 6C). To further test the ability of D39 and D39Δspd0090 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 D39Δspd0090 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 D39Δspd0090. 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 D39Δspd0090 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).


[image: image]

FIGURE 7. The results of iTRAQ-based proteomics quantitative analysis. (A) Distribution of biological variables in two replicates. (B) The volcano map of the differentially expressed proteins. Each dot represents the average level of individual proteins obtained from two independent biological experiments. The red and blue dots were recognized as differentially expressed proteins according to the fold change, which was more than 1.4-fold or less than 0.71-fold, and p < 0.05. (C) Enriched pathway for differentially expressed proteins. (D,E) The relative mRNA expression levels of genes involved in virulence regulation were determined by RT-qPCR. All results represent the relative expression levels of strain D39Δspd0090 vs. D39 strain or D39Δspd0090+ strain vs. D39 strain. The results as the mean value (±SEM) from three independent biological experiments. Data were compared to 16S rRNA as determined by the Student’s t-test analysis (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001 and **** indicates p < 0.0001).



TABLE 3. Differentially expressed proteins identified in D39Δspd0090.

[image: Table 3]
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 participated in carbon metabolism and sugar transportation had a lower abundance in D39Δspd0090 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 (LivJ) were present at relatively higher levels in D39Δspd0090 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, D39Δspd0090, and D39Δspd0090+. As shown in Figure 7D, the mRNA expression levels of virulence factors livJ, lytC, and aliA of D39Δspd0090 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 D39Δspd0090. Previous studies have reported that PiuA is an important hemin transporter, and lipoprotein SPD_1609 may be involved in FeCl3 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 D39Δspd0090 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 virulence of S. pneumoniae11,14 which may be another reason for the increased virulence of D39Δspd0090.



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, i.e., (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 detected in D39Δspd0090 in quantitative proteomics. We speculated that SPD_0090 interacting with LytC may inhibit LytC function and negatively contribute to bacterial virulence in D39, which requires further validation. In addition, glyceraldehyde-3-phosphate dehydrogenase (Gap), enolase (Eno), and beta-N-acetylhexosaminidase (StrH) are associated with bacterial metabolism, which is also consistent with the results identified 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 (ΔpiuA/ΔpiaA/ΔpitA). 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 reported in previous studies as a possible galactose ABC transporter protein (Bidossi et al., 2012). Therefore, we cultured knockout strain D39Δspd0090 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 D39Δspd0090 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-β-galactosidase and phosphoenolpyruvate protein PTS. Therefore, the relationship between SPD_0090 and glucose metabolism deserves further study.

More importantly, D39Δspd0090 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 LivJ 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). LivJ, 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 D39Δspd0090 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 D39Δspd0090 than that in D39. Then, in animal experiments, D39Δspd0090 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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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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Phawwwnms SAMNommg&m_uB7luss LYAIPVQGNTFABOVFRFNP T FLBRYNL -DiSNVEKLEBLEPFLERTVH PNVARLEIAG sGwk | - NkNIDY¥ | IDANVPLAVDLD - -6 I INPF EélsrLPLL TMH «
S. infantis 3 A INAVPVAANVABISANFAFNGP L LERYG | -DISGVTEY:eTLEPVLEQ ! APDVMP FAVGKNF IP-SENFOYPVANGLPFVIDLE - -GORTIKI VNRNEY - PRIFV T LH
S. gordonii SGO:N63 uz LYK ALDPAY INAVPVAANVAS SANFAFNGPLLERYG | -DIBNVNSYETLEPVLEA PNVVPFAIGKNF I P-SENMFDYPVANGLPFVIDME - - GO I VNRYEV -PRFV TLHK
S. cristatus LipO- 128 MK L¥D s LDPAY I¥YAVPVNANVESsQNFAFNGP LLEKIYG I SDISNIHSYQDLEPVLEKAA PKVVPFEAIGKNEIP-SONFDYPVTNGLPFVIDLE - -GDMITI I VNRYEY - PRFL T IHK
S. intermedius SIR_1064 128 MKk /LND|s LD P AY 1¥AVPVNANVASSANFAFNGPLLKKYGIGDVSNIHSYKDLEPVLKAA PKkVIIPFAIGKNE P -sONFDYP I TRINLPFAIDLE - -GD KT VNRVEY - PRIFL T HK
S. cuniculi BU202_06630 127 MALYDSLDPAY INAVPVSANVIESAQHLAFNGPMVEKYG! -DVSGINSYEGLEPVLKAI APEMEPFAIGKNFVP - SEDFDYPMSNELPFVIDLK - -GOITIRY VNRNYE Vv - RFKAHL BLEQ
Granulicatella E4T68_00480 129 LYESLDPAY IYAVPVNANVASQQVLSFNiNLV ¥NL-DISKVNSYADLEPLLAVI PGIVPFPAGEITSIA- - - -NFrrHPLGNEMP FGVDHD - -GDITIR | VNPYEV - E SN« VI RG
S. hillyeri EAF07_01205 128 A LYEALDPAY I¥YAVPVQGNVASQAMLS FNMNLVKIKHNL -DISNVKTYKDLEPLLEV I PEVIEIP I AWT K FBILP - HMNFALPGK SDLPLVVINLD - -GD PRI VNPYE V- vv HL i Flo
S. suis SSU05_1914 29 MALYD | 1DPAY I¥AVPV IGNVASQAQMLS FNGOMVDKIYGF -DISKVDSYDDVESMLAT | ADVTPFAWVKSSKPSTDGLIYPA@NELPFAlILK -GDTTKVVNPFEV - TIHK
L. fleischmannii NCTC13940 02522 122 EANDQLDPAN | L¥ame villcNV FAQEY LT FNKQY LORYNL -DVEINVNEYADLEPLLAVIRIKNEKNYMP LAAGEIGFKY - e AQLEYIP | E NGMP FAVDIL K - - GO | VNGIFD T - T ELR NL AMH K
S. pneumoniae SPD-0090 54FYEA§V|PK VARSI DS FOLQQDBWF V YGNSLLSRVAN -K.IQIIPITNFl KNQTIRAVANFVISNNS ILNLLNFENPEL LNGLVYGP I e G« EN Y KGN - -
hgﬂwi HMPREF0556_10510 251 ¥ k DG¥VAQDAATS T NEVP LN S SBWF V YG apPLVEKP IToOAYKTNTEAQ I ANFVVIS/SNS VL$VLNS|PSILNTL|YGI D--NGRIV GYKPN - -N
N. circulans ABWO02_19050 254 NYINKGY | AKDAAIRSINIREY'P LN SGIBWF V. YG -QP I VSMP ITOP | KISTAQAQMANFVVSSNS FLGLLNSDPELLNGLIYGE B - - \% Y KSN - - N
Cnmhmvmmwum YpcG 258 ¥¥QAGY | AQDAATSNTFDHP LEC YG TILTTAAG»—QPLVS PVIILP IKTTGAAQMANFVVSSNS VLGLINSNPELLNGLVYG I VG - - DNQV NoPk - -8
B. thermosphactall CNY62_00295 ESFYKAinAK ASTSNTEYPL YGDT | LTQAAG - - QELVSKA I8V P LT AABMA s Fv VS sGS FLGLLNSDPELLNGLVLGV k- s ¥ Pl - -m
B. campestris BCAMP_00620 254 ¥¥QAGY | AKDAATSINTEYP LN TGEWF V YG QALVISIRIA | TP A LETTQAAGMA S FV VS SGE FLGLLNSDPELLNGLVLGI G- - s ¥ KPD - -M
V. salmoninarum  CBF35_08275 247 MMIE AGNIV A K DASERSIN RENIP L YG -QILVS AITEPLEBARANTAMA S FV VSIS sE LLGLLNSDPELLNGLIYGI - - \% ¥GPN - -
E. rivorumsis BCR26_01130 249 WY QA GYIPS AATSNTEYPL YGDT I LSNAAG- -QELVSKAFT | PLKSTAQAQMANFVVSNTS VLGQINSNPELLNGLVWG I | EGK | YKPN--T
E. quebecensis BCR23_09225 256 Wik AGNII P s DAARSINEEFP L YG ~aTLVSKAFT TP LKST AQAQMANFVVSNTS VLGQINSDPELLNGLVWG 180 k k 0 Y«PHN--§
h1ﬂum ius MPTP_0499 EZWYDKGYIPA ASIS T K DY P YG HELVSKAFTEPLKSTAQAQMANFV ISNTS VLGLLNNDPKLLNGLVWG I V AG K IBLLNGYKPK - - B
E. faecium YpcG 251 WMk QG L | P sDAATSIN kK BNIP L YG -QELVSKA ITveLKSTAQAQVANFVVSNTS LLGLLNSDPELLNGLVWG I VDG S | GYoPHN- -
E. thailandicus pcG BZWVQQGLIPS AATSISKDYP L YGDT | LSNAAN- -QELVSKS ITVPLKESTGQAQWMANFVVSNTS FLGLLNSDAELLNGLVWG I VDG TBDKI ¥QPK - -1
E. phoeniculicola  UC3 03569 252 WY{KQG L | PADAATSINEDY P L YG -QELVSKAITVPLKSTAQAQMANFVVISNTS FLGLLNSDPELLNGLIYGI 1DGQ | GYQPN - - ™
E. casseliflavus Ecmsmnss 253 WYINEGL | PTDAARN TGP L YG -HELVSRIP ITKQLKSTGQAQMANFVVANVS VLGLLNSDPELLNGLVWGYV lEGE | ¥ LPN - -
V. zengguangii FA707_04160 250 WYIE KGY | PADAATSINEANP L Y -QELVSRAITKPVKTTQQAQAQVMANFT VANV S FLGLLNSDPELLNGLVWGV | GYQPHN - -™m
G. balaenopteraeT SAMNO05421767_1137 254 WMTDGL I PAGAARD 5D s S L Y --KEIVSRAITPALKTTAQAQMANFVVANVS AAEFLALLNTDKELLNGLVWGYV DG - - I GYKPHN- -
P. cellico, IV80_GL001832 251 FVQKGYIPQ ATNSKIVGLSSKTWFA VENQALSTASGEKNGlVT KI1STPLETTGQAQVMFNWVVISNSSQ LAVKVLG IMNSDPELLNGLVWGE D - QKD I ML LKGYAAD R
PhMomMnms SAMNomwgmm;m3n_%1VVEAGYVPQ AATSoffEY PEDGDTWFV FGBY LLRRVIEG - I vSKAFT kP I KT 1 AQARMANFV I SNNS AMKVLNELNTNPELLNGLVYGP G - kBoRVRFLBA¥NOPD I F
S. infantis SIN_0704 210 qv1p VARSDMs¥0o L TaDBWEV Y6 sBLLBRVAN - 1Q 1 P ERINF IBkNaTRAVANFY I SNNS AMEVLNLLNTNPELLNGLVYGP vTGkENRVEYVLDGY KGN - - T
S. gordonii SGO_1763 MQFYNAGY|PK VARSIOMT¥eHNSDBEWLY Y}NSLLSRVAN»—RKIEI PIMKEIRcNQTRAVANFY I SNNS AMQV LNELNTNPELLNGLVYGP VKGSENRVEVLDGYNGN - - T
S. cristatus LipO 256 ¥ AGN I Pk BVARSOMANQ L S EDBWEV NGNELLERVAN - -rRklIEIsQLBkNYK«BaTB@VANEY I SNNS LLTLLNTNPELLNGLVYGP VEGKENRV : T
S:nwnmﬂms SIR_1064 nsvaAqV|PK VARSDOMTYE LsaDBWLV YGNSILLERVAN - -RNIE I sQLBKNYRKNQTRAVANFEY I SNNS A LLNLLNTIP LLNGLVYGPKGKN VAG K K NIRIV T
culi BU202_06630 254 ¥¥ K AGN | PQBIAAMSID s VG LG EDBWF A YGDSILLBRVAN - - Rk 11 I NPLEQF IBkNQTRAVANF | | SNTS AME | LTLLNTDKELLNGLVYGP VAG - TDRV i
GmanmdM E4T68_00480 E3FVQKGYIPA IATSKATVPL.KETWFV FGDSLLTTVAG--vYP I VvERPVIAAYKTSEGsTAQVANFVISKTS AMEVLNLLNTNKELLNGLVYGP GENR | --8
hNWmv EAF07_01205 ESFYKKQY!AA VAIRSIDV SMDLATQNWEF V. FGDELLETVAG- -YEIKSvP It AYEEND TRAVANFY I8QTS AMEVLTLLNTINKELLNGLVFGP DDNR | T
SSU05_1914 257 MK AGY | MA AATTDATFSLIVANWFV FGDSLLSTVAG - - YK ISP | T s AYKRTSG sPAVANFV ISKTS AMEVLTLINTINPELLNGLVFG DPSAENRI T
lﬂﬂﬂﬁmamm NCTC13940_02522 249 LMK KGN I ADAARN THIENP L YGDWLLEQVAG - - oL vERe 1§ pvETIN ABAGVMANFVVE sSNS AVEVLGVLNSNPEVLNT LVYGE - -NDHA N
S. pneumoniae SPD-0 382 IMGGWIIHGEIN | LM | N NV en s k kL AEA k EBPFALGF | FINEIE N VIRSIE 1B AT A NN @F o 1 A TNEGCHVEPE « A IPEUVERIL « s c 6 AMERY . nEVBIRENS c FUkNKK - - - - -
L. grayi HMPRFWB56105N) W7HLSAWNTGNNKIIYPT NVISPAKI K DKIKAAK@EP LLGFNFNTD s VIBTE LEN | sNvVNGY Y PDKAIPEMDKELKKAG - YDV RDE | QIAYDAFKKQQ- - - - - -
N. circulans ABW02_1 380 HMA AWNIEGINN « | v¥Y|v oDl | #D%ElQ 1 « ENIANAT SIBIP I LGF T FINEED s VIERE | BN | s Nlvivi s BV L POk AIPELNERLEGAG - YERIVR c EMAIRBFDAFQASKN - - - - -
C. maltaromaticum YpC 334 HMEBAWNTGNNK | 1 ¥vaDs I FEDQ ! A KKIGEAE@SP I LGFNFNTESVKSE ITNI ANVMNQY | PDKAIPEMNAKRILE KAG - LDIBVQTEMAGIRGYDAFRKE - - - - - - -
B. thermosphactaH CNY62_00295 381 HMA AWNT ANN K« | LY ADER Dkl e ARDKSIE AIISPILGFVFNT-TV NEISNLNNVMSQY L PTVAVPEMNKRLETAG - Fslvak EMARIGYD A FMAE AK - - - - -
B. campestris BCAMP_00620 380 HMBIAWNT ANN K vLY|vOES 18Dkl k DAIAAAKESIP I LGFVFOMKoVEINEISNLNNVMSAY L PKkKkAVPEMNBIRILE KAG - LAKIVT K EMAIRGYD AFR - - - - - - - - -
V. salmoninarum  CBF35_08275 373 HMAAWNIRANNA | 1 ¥V QES | BDEM I A RSIAIATASPILGFIFET.TV AEISNLNNVMSAY L PDQAIPEMNAKILKTAG - YERIV L TEMAORIQYDAFRAAQK - - - - -
E. rivorumsis BCR26_01130 W7HFSAWNTGNNKILYTQ S | TDDM I K KTIAEAETEP I LGFNFVESsVITELSNI ANVMNGY L PEETVPKLKEALKGAG - YDV L TEMAGYD L FLEK - - - - - - -
E. quebecensis BCR23_09225 382 HLPAWNTGNN « | LY(TQBW | BDDM I « ESIAKAETSP I LGFNFVEsNVIETE LEN I ANvMsaY L PEVTVPKLKEALONAG - YERY L T EMARAYDO FLKK - - - - - - -
M. plutonius MPTP_0499 380 HMATRWNTGNN K | LY TaDS IFONMI K kK@D Qs |1 ABAKDSP I LG FNFNT« s VIBTE LEN | sNvMNEY PBIETLPKLKEALENAG - MNKIV L xE | GIGVINQF LKE - - - - - - -
E. faecium YpcG wQHMSAWNTGNNKILVTQ S IPDDVI AKRDQS I ADAETSIP I LGF S FNIED S VIGIRE LISIN | SNVMN QY L PDETLPKLKBALDKAG -¥ VLKEMEBEEND EFRQE - - - - - - -
E. thailandicus YpcG 380 HIMSIAWNERGININ A | LY T QB8 I IRDEM | A TIB K s | EEAE TSIP I LGF s FINRD s VIRTRE | SN | s v G PDETLPKILLEALDKAG - YERVY L TEMARIGND E FRK - - - - - - - -
E. phoeniculicola  UC3 03569 380 HIMA AWNERGIIN A | LM T Q€SI I D EM | « TIBIB: s 1 enAE VSR I LGF s FINID s vilAEVEN s Bvms VL PDETLPKLNEALKNAG - YDV L e EMARIAFDAFLKESK - - - - -
E. casseliflavus ECBG_00386 wlRMAAWNTGNNMILYTQ S ITDDMI K ENTANAEASIP I LG FNF « DN VI BN ANVMN RNk ASLAGE I DPEE NVPKLNEBLKTAG VRDEMAKBIFDENMRASQE - - - - -
V. zengguangii FA707_04160 NSHMAAWNTGNNLILYTQ TITDEMI K EKIANAESEP | LGFNF K BBINVETREVEN | | NI MNR¥KASLEGRVDPNE TIPKLVNELDKAG - VROEIQSAYDEFLKAN - - - - - -
G. balaenopteraeT SAMNMM2N67137 380 HMBIAWNIFEGNN v | LY|T QDI | MIE KRB K S I ABAKESP I LGFNFDM SN VKT LTNIANVMNRYKASVNTGTV PEVTIPKMTEDLKAAG - VRDOE IGMEGYDEFLKQ----- - -
P. cellicol IV80_GL001832 380 SMG AWMBGDN s | LY T T ToVEBKMI KBk s 1 ASAKTEP I LG ENPOESKII TQITNIQNVMNQY@.QLNTGTA PKPTIKKMNKALKTAG YDEVRAELOEEYD K FRQSK - - - - - -
P. halotolerans SAMN04489868_10371 390 HMSAWN L ANND | LY L o[Eo IBBEQV « ELMKKAEASP I LGFNFDM SN VET ITNVNNVVAQYGPGLVT#TL KAVP DKAG - Qe EAQIAFDE FLSNKE - - - - -
S. infantis SIN_0704 333 HMSIGWARIGNINW | LY | NEINVIRBEQ | ABIsk kD Le TAKESIPALGF | FINIRB s VIBSIE 1 8 A | T EIMQBIF 0 7 A | IRGIRVD PE A I PELMERIL k sSEGANMQMV LOEMEBIBT I RRILEKQKNLKNN
ordonii SGO_1763 377 HMSGWARRGNINW | LYl | NENVIEDRIQ | EBSKKELA SPALGF | FNTEPVKS ITAVTNTMQQFDTAINTGTV PEKAIPELVERLKSEGAYDIRV L KEMEISOWD E FLAAKK - - - - -
S. cristatus ip %4HMSIWNTQNNWILYIN NVEDE@Q I EDlSKK I LAEAQESIPALGFNFNVDP VIAEVS S TNEMKEYDTAINTGHVDPDVE I PKMVDEILKSEGAYDIY L K EMAIRIBYD E FLASKK - - - - -
S. intermedius SIR_1064 384 HMSG WG NN WL LBl v 0 €l x VBB I kBlskk | LsSEAPESIPALG FNFNVDP VA VSSITNTIKIYATAINTTTV PDVEIPKMMARILK sEGAYDRVMKE LARGYD K FLASKK - - - - -
S. cuniculi BU202_06630 381 HMSGWISRG NN WL LY L NENVIBDEQ | ABSs k| LeEAQESPALG FINFNIIER VIRSIE LIl A v T NIV < @A A A NGV PD v e 1 Pk LVERL ks EGANERY L ELEBRBND E FLSAKK- - - - -
Granulicatella E4T68_00480 381 RMSIAWN LGN Y | LMT TBkVKBlAD I E@SKKVLKEAKESIPALGFTVNTD S | KIS ISSVQNVMKQYIKNIGTGTV PDQAIE LKSEGSNERV L KE | QIRGYDEFLKNKN - - - - -
illyeri EAF07_01205 %3RMSAWNTGNSQILVVT KVEDADVARAEK I LA AATILGFNFN DPVKT VTSVQNIIKQYAPGINSGTV PEQG I K LNSEGSMARYV K e EMAIBAYD AFLANKK - - - - -
. SSU05_1914 385 RMBIAWMIEIGM s Q| LY | 7Bk VIBDED vk K AlEE LLAGAEEBP LLGFMFNADAVETE 1l s 1oliMs@YAAs I NEGRVDPD v AVE LeAcEe FLQMBKRRNABITIIR - - - - - - - - - - -
L. fleischmannii NCTC13940 02522 375 HLSAWNTGNNK | LYPTANITEDMI K TIRIDDS I kAAKQSPLLGFNLNTDAVKTELSN I ANVMNQY 1 DG LNTGTLDPDKAIP LekAG -VERY R «BLEREND A FlkeNK - -- - -
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