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Mycoplasma penetrans, a prokaryotic microorganism initially isolated from the urine of a patient infected with human immunodeficiency virus (HIV), possesses a distinctive elongated flask-like shape and a tip-like structure. This unique morphology has been shown to facilitate its ability to invade cells both in vitro and in vivo. The adhesion of M. penetrans to host cells relies on lipid-associated membrane proteins (LAMPs), especially P35 lipoprotein, which is exposed on the mycoplasmal surface. In this study, modified Virus Overlay Protein Binding Assay (VOPBA) was employed to identify P35-interacting proteins from membrane protein extracts of SV40-immortalized human uroepithelial (SV-HUC-1) cells. Through recombinant protein binding assays, siRNA-mediated knockdown, ELISA, Far-Western blot, and inhibition experiments, the binding mechanisms and functional domains were further elucidated. Results demonstrated that the P35 lipoprotein interacts with γ-actin (ACTG1). Recombinant P35 specifically bound to both recombinant and endogenous ACTG1 on the host cell membrane. ACTG1 partially inhibited the adhesion of P35 and M. penetrans to host cells. In SV-HUC-1 cells transfected with ACTG1-siRNA, adhesion of P35 and M. penetrans was significantly reduced. Further studies identified the functional domains responsible for binding between P35 and ACTG1 at amino acid residues 35-42 and 179-186. These findings suggest that ACTG1 on the host cell membrane may act as a receptor for the P35 lipoprotein, facilitating the adhesion of M. penetrans to host cells. The identified critical binding regions of P35 represent potential targets for therapeutic interventions against M. penetrans infections.
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Introduction

Mycoplasma is the smallest self-replicating prokaryotic microorganism, which evolved from the genome reduction of gram-positive bacteria. The loss of genes related to metabolic activity and biosynthesis has rendered all known Mycoplasma species obligate parasites, conferring strict host and tissue specificity (Rottem, 2003; Schwab et al., 2023). Lacking a cell wall, Mycoplasma adapts to various host environments primarily through its cell membrane (Melgaço et al., 2018). The mycoplasmal membrane consists of a three-layered structure that directly interacts with the external environment and is characterized by a single, restricted plasma membrane enriched with lipoproteins, known as lipid-associated membrane proteins (LAMPs). These LAMPs play critical roles in Mycoplasma adhesion, colonization, and invasion of host cells (Huang et al., 2018; He et al., 2014). Mycoplasmal lipoproteins are potent immunogens, eliciting strong and specific humoral immune responses during natural infections (Neyrolles et al., 1999a; Chen et al., 2021). Some lipoproteins undergo antigenic variation, facilitating immune evasion and contributing to chronic infections (Yueyue et al., 2022; Ferraz et al., 2007). Additionally, surface-exposed lipoproteins are primary targets for the host immune system (Lo et al., 1992). Therefore, understanding the interactions between mycoplasmal lipoproteins and host cell receptors is essential for elucidating the molecular mechanisms underlying Mycoplasma pathogenesis.

Mycoplasma penetrans, first isolated in 1991 from the urine of HIV-infected individuals, is a human pathogenic mycoplasma (Wang et al., 1992). Seroepidemiological studies have identified M. penetrans as a cofactor in the progression of HIV-infected people to AIDS, earning it the designation of AIDS-associated Mycoplasma (Gardette et al., 2023; Srinivasan et al., 2021). However, M. penetrans has also been isolated from blood and respiratory tract cultures of non-HIV-infected individuals with bacteremia and primary antiphospholipid syndrome (Neyrolles et al., 1999a; Srinivasan et al., 2021; Preiswerk et al., 2020), which indicates that M. penetrans can be pathogenic even in the absence of HIV. Recent studies have further associated M. penetrans with nongonococcal urethritis (Srinivasan et al., 2021; Schwab et al., 2023). However, the isolation of M. penetrans from clinical samples is challenging, resulting in its clinical diagnosis being almost entirely dependent on serological assays using an antigenic formulation derived from the Triton X-114 extract of the Mycoplasma (Wang et al., 1992). The extract comprises two primary LAMPs, P35 (35 kDa) and P38 (38 kDa) (Neyrolles et al., 1999a; Lo et al., 2005). The P35 lipoprotein is an immunodominant antigen exposed on the Mycoplasma surface and is implicated in mediating cell adhesion and invasion (Girón et al., 1996; Lo et al., 1993). In contrast, the P38 lipoprotein is not surface-exposed and can cross-react with sera containing antibodies against M. pneumoniae or Ureaplasma urealyticum (Neyrolles et al., 1999a). Consequently, P35 is typically used as the target antigen for the specific serological diagnosis of M. penetrans (Röske et al., 2001). Moreover, P35 is the first antigen recognized by the host immune system during humoral immune responses against M. penetrans (Lo et al., 2005; Neyrolles et al., 1999b). Despite its established importance in M. penetrans infection, the mechanisms by which P35 interacts with host cell receptors remain inadequately understood.

In this study, we focused on the receptors that mediate M. penetrans to adhere and even invade SV-HUC-1 cells. The results showed that γ-actin (ACTG1) was the main adhesion receptor of M. penetrans P35 lipoprotein on the SV-HUC-1 cell membrane. The amino acids at positions 35-42 and 179-186 of P35 were the functional binding domains for the interaction between P35 and ACTG1. The findings of this study contribute to a better understanding of the adhesion and pathogenic mechanisms of M. penetrans in host cells and lay the groundwork for the effective prevention and treatment of M. penetrans infections by targeting ACTG1 or its binding domains.





Materials and methods




Cell lines, bacterial strains and cultivation

SV-HUC-1 cells (ATCC, CRL-9520) were obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China) and cultured in F-12k medium (Gibco, USA) supplemented with 12.5% fetal bovine serum (Gibco, USA). M. penetrans GTU-54-6Al was a kind gift from Professor Jiwen Zhao of Southeast University and has been preserved by the Institute of Pathogenic Biology of Hengyang Medical School University of South China. M. penetrans was cultured using SP-4 medium at 37°C.





Expression of recombinant P35 protein and the synthesis of polypeptides

The recombinant protein coded by the DNA sequence of the M. penetrans P35 lipoprotein (protein ID: AAC16392.1) was expressed and purified as follows. The full-length DNA segment of M. penetrans P35 lipoprotein gene was codon-optimized and inserted into the pET-30a(+) vector. The recombinant prokaryotic expression vector pET-30a(+)/P35 was transformed into E. coli Rosetta™2 (DE3), which was induced by Isopropyl β-D-1-thiogalactopyranoside (IPTG; Solarbio, 0.5 mM) to express the recombinant hexahistidine-tagged P35 (rP35). After centrifugation at 10 000 rpm for 15 min, the induced expression solution was precipitated with PBS containing 0.1 mM PMSF and lysed by ultrasound at low temperature until the solution became clear. Then the bacteria solution was centrifuged at 12 000 rpm for 15 min, the supernatant and precipitation were collected, and the presence of protein was analyzed by SDS-PAGE. The supernatant was loaded into a column containing Ni-NTA immunoaffinity chromatography and incubated for 6 hours by shock on ice. The effluent was collected and eluted with a linear gradient of 20 to 150mM imidazole. The effluents were analyzed by SDS-PAGE electrophoresis. The purified rP35 was washed with PBS and concentrated on a regenerated cellulose membrane (Millipore, USA) with a molecular weight cutoff of 10 kDa.

Based on secondary structure and hydrophilicity analyses of the P35 lipoprotein, as well as epitope mapping and recognition rates by human serum reported in literatures (Neyrolles et al., 1999b; Sasaki et al., 2002), five potential binding-related peptides were synthesized. Each truncated P35 peptide was tagged with a Flag epitope (DYKDDDDK) using a flexible linker (GGGGSGGGGS). A control peptide containing only the Flag tag and linker sequences (GGGGSGGGGSDYKDDDDK) was also synthesized (Table 1). Peptide synthesis, identification, and purification were performed by Nanjing GenScript Co., Ltd. Rabbit-derived anti-Flag antibody was purchased from Biopm (PMK101M, China).


Table 1 | Peptides used in this study.







Preparation of polyclonal antibody

Three 8-week-old female New Zealand rabbits were purchased from Hunan Taiping Biotechnology Co., LTD. The New Zealand rabbits were immunized using the purified rP35 (150μg) mixed with Freund’s adjuvant. After four immunizations, rabbit serum was collected and antibody titer was determined. The collected rabbit serum was centrifuged 12,000 rpm for 30 minutes, and the supernatants were collected. The supernatants were roughly purified by continuous ammonium sulfate precipitation, and then further purified by CNBr-activated Sepharose 4B (GE Healthcare, Sweden) as described by our group (Peng et al., 2023; Zeng et al., 2012). All antibodies were diluted with TBST (0.05% Tween 20 in Tris-buffered saline) containing 5% skim milk.





Transfection of small interfering RNA

When SV-HUC-1 cells were cultured to approximately 105-106 cells, the nutrient medium was changed into fresh serum-free F-12K medium and continued to culture overnight. Then, the ACTG1-siRNA (20 mM, Origin, SR300049, USA) was transfected into the cells using Lipofectamine 3000. After 48 hours of transfection, the medium was supplemented with F-12K containing 10% fetal bovine serum for subsequent experiments.





Western blot

Protein samples were mixed with loading buffer and boiled for 10 minutes. Proteins were then separated by 10–15% gradient acrylamide gel electrophoresis and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, R0BB23469, USA). The membranes were blocked for 2 hours at room temperature with TBST containing 5% skim milk, followed by three washes. Membranes were incubated overnight at 4°C with the appropriate primary antibodies. Mouse IgG antibody or rabbit IgG antibody served as negative controls. After washing four times, membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti-mouse IgG secondary antibodies (1:5,000, Proteintech, SA00001-2 or SA00001-1, USA) at 37°C for 1 hour. Following final washes and drying, PVDF membranes were subjected to chemiluminescent detection using BeyoECL Star (Beyotime, China).





Modified VOPBA and HPLC-MS

The SV-HUC-1 membrane proteins were extracted as described in our previous study (Deng et al., 2018). The protein samples were boiled for 5 minutes, electrophoreted with 12.5% acrylamide gel, and then stained with Coomassie blue. Molecular masses were estimated based on the Protein Ladder (Thermo, 26616, USA). To detect P35 binding proteins on the SV-HUC-1 membrane, the membrane proteins were transferred to PVDF membranes, which were then blocked in TBST containing 5% skim milk at room temperature for 2 hours, and incubated with rP35 (0.5 mg/mL) at 4°C overnight. BSA incubation was served as a negative control. After washing, the membranes were incubated with purified rabbit anti-rP35 antibody (1:50) at 37°C for 2 hours. Incubation of secondary antibody and visualization and recording of protein bands were performed as described in western blot. The protein band intensities were quantified by ImageJ.

After the molecular weight of the target bands were determined according to the results of Coomassie blue, an expected band (kDa) in the improved VOPBA experiment were cut and analyzed using high performance liquid chromatograph-mass spectrometry (HPLC-MS) by Guangzhou Fitgene Biotechnology Co. Ltd.





Distribution of target proteins on the cell membrane

SV-HUC-1 cells were inoculated into the 24-wells plate (Thermo Fisher, USA) and until reaching a density of 2 × 105 cells at 37°C. Cells were washed twice using PBS and then fixed with 4% paraformaldehyde at 4°C for 30 minutes. After four washes, cells were blocked with F-12K complete medium as a blocker at room temperature for 1 hour. Following additional washes, cells were incubated overnight at 4°C with either rabbit anti-ACTG1 antibody (1:2,000, Antibody System, PHF60501, France) or rabbit anti-KRT8 antibody (1:2,000, Antibody System, PHC17901, France). After PBS washes, cells were incubated with anti-rabbit Alexa-488 secondary antibody (1:200, Jackson, 111-545-003, USA) for 1 hour at 37°C. Nuclei were stained with DAPI (4′,6′-diamidino-2-phenylindole, Beyotime, China). Images were captured using a TE2000-S inverted microscope (Nikon, Japan) at 40× magnification. Fluorescence images were captured sequentially to prevent crosstalk between fluorophores.





Far-western blot

As previously described (Peng et al., 2023), far-western blot was used to identify whether full-length rP35 specifically interacts with recombinant target proteins (ACTG1, AtaGenix, ATAP01698, France; KRT8, Antibody System, YHC17901, France) and membrane proteins from SV-HUC-1 cells. Briefly, rP35 samples were boiled for 10 minutes, and then transferred to PVDF membranes. After washing and blocking, membranes were incubated overnight at 4°C with either membrane proteins (500 μg/mL) or the corresponding recombinant target proteins (ACTG1 or KRT8). Following PBS washes, membranes were incubated with rabbit anti-ACTG1 antibody (1:2,000) or rabbit anti-KRT8 antibody (1:2,000) for 2 hours at 37°C, followed by incubation with HRP-conjugated goat anti-rabbit secondary antibody (1:5,000) for 1 hour at 37°C. Protein bands were visualized and recorded as described in the Western Blot section.

Far-western blot was also performed to confirm the interaction between synthesized P35 peptides and ACTG1. Recombinant ACTG1 protein was transferred to the PVDF membranes as described above. After washing and blocking, PVDF membranes were incubated overnight at 4°C with synthesized P35 peptides. Full-length rP35 and a negative peptide served as positive and negative controls, respectively. Following PBS washes, membranes were incubated with rabbit anti-Flag antibody (1:2,000) for 2 hours at 37°C. Secondary antibody incubation, visualization, and recording of protein bands were performed as described in the Western Blot section.





Indirect enzyme-linked immunosorbent assay

Interactions between full-length rP35 and ACTG1 or KRT8 were assayed using an indirect ELISA. Full-length rP35 (10 μg/well) was suspended in 0.1 M sodium carbonate solution (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6) and immobilized onto a 96-well polystyrene plate (Corning, USA) overnight at 4°C. After washing with PBST (0.05% Tween 20 in PBS) three times, plates were blocked with 5% skimmed milk in TBST for 2 hours at 37°C. After three additional washes with PBST, wells were incubated with either ACTG1 (0.2 mg/mL) or KRT8 (0.2 mg/mL, Antibody System, China) for 2 hours at 37°C. Wells incubated with BSA were served as negative control, and those with rabbit anti-rP35 antibodies (1:200) served as positive controls. Following washes, wells were incubated with rabbit anti-ACTG1 antibodies (1:2,000, Antibody System) or rabbit anti-KRT8 antibodies (1:2,000, Antibody System) for 2 hours at 37°C. After five washes with PBST, wells were incubated with HRP-conjugated goat anti-rabbit IgG antibody (1:5,000) for color development. Absorbance at 450 nm (A450) was measured using a microplate meter (Tecan, Infinite F50, Switzerland).

ELISA was also utilized to detect the binding of truncated P35 polypeptides to immobilized ACTG1. ACTG1 (10 μg/well; AtaGenix) was immobilized on the plate and incubated with synthesized P35 polypeptides (100 μg/mL) for 2 hours at 37°C. Wells incubated with the control peptide served as negative control, and those with full-length rP35 served as positive control. Rabbit anti-Flag antibody (1:2,000, Biopm, PMK101M, China) or purified rabbit anti-P35 antibody was subsequently added, followed by incubation with HRP-conjugated goat anti-rabbit antibody (1:5,000). Absorbance at 450 nm (A450) was measured.





Co-localization assay

To evaluate the co-localization of rP35 or M. penetrans with ACTG1, SV-HUC-1 cells were pre-incubated with rP35 (50 μg/mL) or M. penetrans (1×107 CCU/mL) for 2 hours at 37°C. After washing, cells were incubated overnight at 4°C with a combination of mouse monoclonal anti-ACTG1 antibody and rabbit anti-rP35 antibodies (1:200) or rabbit anti-Mpe serum (1:10,000) in F-12K medium. Following PBS washes, cells were stained with a combination of anti-rabbit Alexa-488 (1:200) and Cy3 anti-mouse antibody (1:200, Proteintech, China) for 1 hour at 37°C. Nuclei were stained with DAPI. Images were captured using a TE2000-S inverted microscope (Nikon, Japan) at 100× magnification. Fluorescence images were captured sequentially to prevent crosstalk between fluorophores.





Co- immunocoprecipitation assay

200 μL of membrane proteins extract were mixed with 100 μL rP35 (10 μg/mL) and shaken at 4°C overnight. Subsequently, 40 μL of 50% protein A/G-agarose beads (Santa Cruz, USA) working solution was added and incubated on ice for 2 hours to remove nonspecific proteins. Following centrifugation at 14,000 g, the supernatant was divided into five portions. One sample served as positive control, while the other four samples were incubated overnight at 4°C with rabbit anti-rP35 antibody (1:25), mouse anti-ACTG1 antibody (1:50, Abcam, ab52599, UK), mouse IgG (1:50; Servicebio, GB11739, China) and rabbit IgG (1:50, Servicebio, GB111738, China), respectively. Each sample was then incubated with 10 μL of 50% protein A/G-agarose beads working solution on ice overnight to capture the antigen-antibody complexes. The precipitated protein complexs were washed three times and then re-suspended with 60 μL of PBS. Precipitated rP35-ACTG1 complexes were visualized and recorded as described in the Western Blot section.





Adhesion detection assay

SV-HUC-1 cells, with and without ACTG1 knockdown via siRNA transfection, were pre-incubated with rP35 (50 μg/mL) or M. penetrans (1 × 107 CCU/mL) for 2 hours at 37°C. Pre-incubated cells were fixed with 4% paraformaldehyde at 4°C for 30 minutes and washed with PBS. To detect adhering rP35 or M. penetrans, cells were incubated overnight at 4°C with either rabbit anti-rP35 antibodies (1:200) or rabbit anti-Mpe serum (1:10,000). Following PBS washes, cells were stained with Cy3 anti-rabbit secondary antibody (1:200) for 1 hour at 37°C and nuclei were stained with DAPI. Images were captured using a TE2000-S inverted microscope (Nikon, Japan) at 40× magnification.





Adhesion inhibition assay

The M. penetrans suspension was incubated for 2 hours at 37°C with rabbit anti-P35 antibody or pre-immune serum, followed by overnight incubation with SV-HUC-1 cells. Cells were then fixed and blocked as described previously. After washing, cells were incubated overnight at 4°C with rabbit anti-Mpe serum (1:10,000). Secondary antibody incubation and image capture were performed as described in the Adhesion Detection Assay.

To further determine the role of ACTG1 in the adhesion of M. penetrans and rP35 to host cells, two sets of adhesion inhibition assays were implemented. In one group, M. penetrans or rP35 suspension was pre-incubated with ACTG1 for 2 hours at 37°C before incubation of the SV-HUC-1 cells. In another group, cells were pre-incubated with ACTG1 antibody (1:2000, Abcam) for 2 hours at 37°C before incubation with M. penetrans or rP35 suspension. The adhesion detection group served as the positive control. The addition of primary and secondary antibodies and the capture of images were described in adhesion detection experiments.

Adhesion inhibition assay also examined whether the pre-incubation of the synthesized P35 polypeptides affected the adhesion of rP35 to SV-HUC-1 cells. The cells were pre-incubated with synthesized P35 polypeptides for 2 hours at 37°C before incubation of the rP35 suspension. The adhesion detection group was the positive control, and the control peptide incubation group was the negative control. The cells were washed and then incubated with rabbit anti-rP35 antibody (1:200) overnight at 4°C. The addition of primary and secondary antibodies and the capture of images are described in adhesion detection experiments. The average integrated optical density of all groups of images was obtained using ImageJ, and then the staining intensity of rP35 or M. penetrans was quantitatively analyzed.





Statistical analysis

All experiments were performed in triplicate, and data are presented as mean ± standard deviation (SD). Statistical significance was determined using Student’s t-test or one-way ANOVA, as appropriate. A p-value of <0.05 was considered statistically significant. Data analysis was conducted using GraphPad Prism.






Results




Successful expression and purification of rP35

The full length P35 protein of M. penetrans was successfully expressed, identified and purified to facilitate the screening of interacting proteins. As shown in Supplementary Figure S1 there were expected bands in the supernatant and precipitation near the molecular weight 35 kDa, indicating that the rP35 protein was expressed successfully. The purified rP35 using Ni-NTA immunoaffinity chromatography was verified with anti-His6x antibody, and the results showed that polyclonal antibody was successfully generated against rP35.





Preparation and purification of rP35 polyclonal antibody

Polyclonal rabbit antibodies against rP35 were generated by immunizing New Zealand rabbits with rP35 and subsequently purified using CNBr activated Sepharose 4B. As depicted in Supplementary Figure S2 of the Supplementary Material, the titer of specific antibody reached 1:2,560,000 after four immunizations. SDS-PAGE analysis revealed the heavy and light chains of the anti-rP35 antibody at approximately 55 kDa and 25 kDa, respectively, confirming the successful purification of the antibody. Furthermore, Western blot validated the successful preparation of the rP35-specific antibody.





P35 lipoprotein as an adhesion-associated protein of M. penetrans

Indirect immunofluorescence was employed to determine whether P35 mediates the adhesion of M. penetrans to SV-HUC-1 cells as an adhesion-associated protein. As illustrated in Figures 1B, D, significant red fluorescence was observed on the surface of SV-HUC-1 cells incubated with rP35 or M. penetrans. In contrast, no obvious red fluorescence was detected in the blank control group (Figures 1A, C). These observations indicate that both rP35 and M. penetrans are capable of adhering to the surface of SV-HUC-1 cell.




Figure 1 | The adhesion and adhesion inhibition assay of rP35 and M. penetrans to SV-HUC-1 cells. (A-D) Anti-rP35 or anti-Mpe specific antibodies were used to detect rP35 or M. penetrans attached to SV-HUC-1 cells. Cells were incubated with rP35 (B) or M. penetrans (D). Cells did not incubate with rP35 (A) or M. penetrans (C) were served as blank controls. After being fixed and blocked, the cells were incubated with rabbit anti-rP35 antibody or anti-Mpe serum and then stained with Cy3-conjugated secondary antibody (Red). (E, F) M. penetrans was pre-incubated with rabbit serum before immunization (E) or anti-rP35 antibody (F) before infection of the SV-HUC-1 cells. The cells were incubated with rabbit anti-M. penetrans antibody and then stained with Cy3-conjugated secondary antibody (Red). The nucleus was stained with DAPI (blue). The images were captured by fluorescence microscopy with 40× and represent multiple areas on multiple slides. (G) Quantitation of the staining intensities of M. penetrans from fluorescence microscopy. Data points represent the average of three times experiments; ****, statistical significance, p value < 0.0001, compared with the same concentration of M. penetrans adhesion group.



Adhesion inhibition assays further demonstrated that compared with the M. penetrans adhesion group (Figure 1D), the red fluorescence on the membrane surface of SV-HUC-1 cells pretreated with pre-immune serum did not change significantly (Figure 1E). Conversely, the red fluorescence on the membrane surface of cells pretreated with the anti-rP35 antibody was markedly reduced (Figure 1F). Quantitative analysis of the average integrated optical density (Figure 1G) confirmed that the rP35 antibody effectively inhibited the adhesion of M. penetrans to SV-HUC-1 cells. Collectively, these findings establish P35 as an adhesion-associated protein facilitating the interaction between M. penetrans and SV-HUC-1 cells.





Identification of membrane proteins binding to rP35

SDS-PAGE analysis and modified VOPBA conducted to screen the interacting proteins of rP35. As shown in the Figure 2A, the molecular weights of SV-HUC-1 membrane proteins were mainly in the range of 10 kDa~100 kDa. The results of the modified VOPBA manifested that PVDF membrane incubated with rP35 demonstrated two distinct bands in the molecular weight range of 40 kDa to ~55 kDa (Figure 2B), while no obvious band appeared in the control group (Figure 2C). These results indicated that SV-HUC-1 membrane proteins in the range of 40 kDa to ~55 kDa might be the target proteins specifically binding to rP35.




Figure 2 | Screening of SV-HUC-1 membrane proteins specifically bind to rP35. Lane: M. Protein marker; (A) SDS-PAGE analysis of SV-HUC-1 membrane proteins; (B, C) SV-HUC-1 membrane proteins were isolated by SDS-PAGE and then were transferred to PVDF membranes, which was blocked and pre-incubated with rP35 (Lane B) or BSA (Lane C). After washing, anti-rP35 antibody was used to detect P35-binding membrane proteins.



To identify proteins that specifically bound to rP35, strips near 40 kDa~55 kDa were cut for HPLC-MS analysis. After protein matching and comparison search through NCBI database, it was found that ACTG1 (Actin Gamma 1) near 40 kDa had the highest score (Supplementary Table 1), and KRT8 (Keratin, type II cytoskeletal 8) near 50 kDa had the highest score (Supplementary Table 1). Therefore, ACTG1 and KRT8 are likely membrane proteins that specifically interact with rP35.





Localization of ACTG1 and KRT8 in SV-HUC-1 cells

The localization of ACTG1 and KRT8 within SV-HUC-1 cells was assessed using Western blot and indirect immunofluorescence. As depicted in Figure 3A, both ACTG1 and KRT8 were present in the membrane components of SV-HUC-1 cells. Indirect immunofluorescence assays further revealed that green fluorescence representing ACTG1 (Figure 3B) and KRT8 (Figure 3C) was localized in the cytoplasm and on the cell membrane. These results indicate that ACTG1 and KRT8 are predominantly distributed in the cytoplasm and membrane of SV-HUC-1 cells.




Figure 3 | Expression of ACTG1 and KRT8 in SV-HUC-1 cells. (A) ACTG1 and KRT8 in membrane proteins of SV-HUC-1 cells were detected by Western blot with different antibodies. Lane: 1. Control, Rabbit IgG; 2. anti-ACTG1 antibodies; 3. Control, Rabbit IgG; 4. anti-KRT8 antibody. (B, C) Immunofluorescence images of SV-HUC-1 cells. The cell nucleus was stained with DAPI (blue), and the ACTG1 or KRT8 on the cells was stained with Alexa-488-labeled secondary antibody (green). The images were captured at 40× magnification and are representative of various regions across multiple slides.







Interaction between ACTG1 and rP35

To determine whether KRT8 and ACTG1 interact with rP35, four independent approaches were used. First, the results of far-western blot were shown in Figure 4A, there were bands at 35 kDa for the recombinant ACTG1 protein incubated group, while there was no band in the control group, indicating that ACTG1 can directly bind to rP35. However, no obvious band appeared in the KRT8 protein incubated group, indicating that KRT8 protein could not directly bind to rP35. Additionally, we further verified whether rP35 could bind to ACTG1 and KRT8 on SV-HUC-1 cell membranes using far-western blot. As shown in Figure 4B, an obvious band at 35 kDa was observed for the ACTG1 antibody group, while no band was appeared for both the KRT8 antibody group and the control group. These results substantiated that rP35 could interact with ACTG1 on SV-HUC-1 cell membrane, but not with KRT8.




Figure 4 | Binding analysis between ACTG1 or KRT8 protein and rP35. (A) Interaction of rP35 with ACTG1 or KRT8 was visualized by far-western blot. rP35 was separated by 12.5% SDS-PAGE and transferred to PVDF membrane, which was pre-incubated with ACTG1, KRT8 or BSA and probed with anti-ACTG1 antibody or anti-KRT8 antibody followed by HRP-conjugated goat anti-rabbit IgG antibody. Lane 1, PVDF was incubated with BSA and anti-ACTG1 antibody; Lane 2, PVDF was incubated with ACTG1 and anti-ACTG1 antibody; Lane 3, PVDF was incubated with BSA and anti-KRT8 antibody; Lane 4, PVDF was incubated with KRT8 and anti-KRT8 antibody. (B) Interaction between ACTG1 or KRT8 in SV-HUC-1 cells membrane and rP35 was visualized by far-western blot. Lane 1, PVDF was incubated with SV-HUC-1 cell membrane proteins and anti-ACTG1 antibody; Lane 2, PVDF was incubated with BSA and anti-ACTG1 antibody; Lane 3, PVDF was incubated with membrane proteins and anti-KRT8 antibody; Lane 4, PVDF was incubated with BSA and anti-KRT8 antibody. (C) Binding of ACTG1 to immobilized rP35 was detected using ELISA. (D) Binding of KRT8 to immobilized rP35 was tested using ELISA. ****P < 0.0001.



Second, the interaction of ACTG1 or KRT8 with rP35 were assayed by indirect ELISA. As shown in Figures 4C, D, the A450 values of rP35 and ACTG1 incubation group was significantly higher than that of the negative control group, while there was no significant difference between rP35-KRT8 incubation group and negative control group, indicating that rP35 specifically bound ACTG1 but did not interact with KRT8, which was consistent with the results of far-western blot.

Indirect immunofluorescence assay was performed to prove whether P35 can colocalize with ACTG1 in SV-HUC-1 cells. Representative fluorescence images in Figures 5B, C revealed that M. penetrans and the rP35 protein (green fluorescence) were detected on the cell membrane and co-localized with ACTG1 (red fluorescence), as shown in the merged images (yellow fluorescence).




Figure 5 | Interaction between ACTG1 and rP35 was detected using Co-immunoprecipitation and Co-localization analysis. (A) Co-immunoprecipitation was conducted using antibody targeting rP35 or ACTG1. The rP35 or ACTG1 binding was analyzed respectively using western blot. Lane: 1. Sample precipitated by IgG; 2. ACTG1-rP35 complex; 3. ACTG1-rP35 complex precipitated by anti-rP35 antibody, incubated with anti-ACTG1 antibody and visualized; 4. Sample precipitated by IgG; 5. ACTG1-rP35 complex; 6. ACTG1-rP35 complex precipitated by anti-ACTG1 antibody, incubated with anti-rP35 antibody and visualized. (B) Co-localization analysis between ACTG1 and M. penetrans. (C) Co-localization analysis between ACTG1 and rP35. ACTG1 was stained into red, while rP35 and M. penetrans were stained into green. All signals were merged (yellow) (×100, in oil). Representative images are shown.



The interaction between ACTG1 and rP35 was further verified using immunoprecipitation. The results showed that both the anti-rP35 antibody and anti-ACTG1 antibody precipitated samples had obvious band at 42 kDa (Figure 5A-3) and 35 kDa (Figure 5A-6), respectively, while the control IgG precipitation group had no obvious band (Figures 5A-1, 5A-4). Collectively, these data corroborated that P35 could interact with ACTG1 on the cell membrane of SV-HUC-1 cells.





Functional impact of ACTG1 on the adhesion of M. penetrans to rP35

Adhesion and adhesion inhibition assays were conducted to evaluate whether ACTG1 can inhibit the adhesion of rP35 and M. penetrans to SV-HUC-1 cells. As shown in Figure 6, both rP35 (Figure 6A) and M. penetrans (Figure 6D) could adhere to the membrane surface of SV-HUC-1 cells. However, the adhesion of rP35 (Figure 6B) and M. penetrans (Figure 6E) to ACTG1-treated cells was decreased. Similarly, the adhesion of rP35 (Figure 6C) and M. penetrans (Figure 6F) to anti-ACTG1 antibody pre-incubated cells were partly inhibited. Quantitative analysis revealed that the average fluorescence intensities for the ACTG1 pre-treatment group and the anti-ACTG1 antibody pre-incubation group were significantly lower than those of the positive control group (P < 0.001; Figures 6G, H). Additionally, as shown in Figure 7A, the expression of ACTG1 in SV-HUC-1 cells transfected with ACTG1-siRNA was significantly decreased and the adhesion of rP35 (Figure 7C) and M. penetrans (Figure 7E) to cells was also decreased significantly compared with positive controls (Figures 7B, D). Quantitative staining intensity analysis confirmed that rP35 and M. penetrans exhibited significantly decreased adhesion after ACTG1-siRNA treatment (P < 0.001; Figures 7F, G). Collectively, these data indicate that ACTG1 plays a crucial role in mediating the adhesion of rP35 and M. penetrans to SV-HUC-1 cells.




Figure 6 | Effect of ACTG1 on the adhesion of rP35 and M. penetrans was determined using IFM. (A) Adhesion assay of rP35 on SV-HUC-1 cells was used as control group. (B) Adhesion inhibition assay of ACTG1-treated rP35 on SV-HUC-1 cells. (C) Adhesion assay of rP35 on SV-HUC-1 cells treated with anti-ACTG1 antibody. (D) Adhesion assay of M. penetrans on SV-HUC-1 cells was used as control group. (E) Adhesion inhibition assay of ACTG1-treated M. penetrans on SV-HUC-1 cells. (F) Adhesion assay of M. penetrans on SV-HUC-1 cells treated with anti-ACTG1 antibody. Nuclei were stained with DAPI (blue), and rP35 and M. penetrans were stained with Cy3 (red). The images were taken at a magnification of 40×and are representative of multiple areas on multiple slides. (G, H) The quantitation of the staining intensities of rP35 (G) and M. penetrans (H) from fluorescence microscopy. ***P < 0.001, ****P < 0.0001.






Figure 7 | Effect of ACTG1 expression on the adhesion of rP35 and M. penetrans to SV-HUC-1 cells. (A) Relative protein levels of ACTG1 in SV-HUC-1 cells after transfection with different siRNA duplexes. 1. Control-siRNA; 2. SR300049A; 3. SR300049B; 4. SR300049C. (B) Adhesion assay of rP35 on SV-HUC-1 cells treated with Control-siRNA. (C) Adhesion assay of rP35 on cells treated with ACTG1-siRNA. (D) Adhesion assay of M. penetrans on cells treated with Control-siRNA. (E) Adhesion assay of M. penetrans on cells treated with ACTG1-siRNA. Nuclei were stained with DAPI (blue), and rP35 and M. penetrans were stained with Cy3 (red). The images were taken at a magnification of 400× and are representative of multiple areas on multiple slides. (F, G) The quantitation of the staining intensities of rP35 (F) and M. penetrans (G) from fluorescence microscopy. ***P < 0.001, ****P < 0.0001.







Identification of the functional binding domains of P35

Indirect ELISA was carried out to identify the binding functional domains of P35 to ACTG1. As shown in Figure 8A, the A450 values of P35-1 and P35-4 polypeptide groups were significantly higher than those of the P35-2, P35-3, P35-5 and control peptide group, indicating that P35-1 and P35-4 might bind to ACTG1 in vitro. To confirm the results of the ELISA assay, the binding of ACTG1 to rP35 and truncated polypeptides were also detected using far-western blot. As shown in Figure 8B, the PVDF membrane incubated with rP35 (Lane 1) and P35-4 (Lane 5) showed obvious bands at 42 kDa, while other polypeptides and control peptide did not have obvious band, which demonstrated that P35-4 peptides can bind to ACTG1.




Figure 8 | Binding analysis of truncated rMpe-P35 molecules to ACTG1. (A) The specific binding of rP35 and synthesized polypeptides to ACTG1 was detected by indirect ELISA. Data points represent the average of experiments performed three times; ****, statistical significance, p< 0.0001, compared with the same concentration of control peptide. (B) The binding of ACTG1 to rP35 and synthetic peptides were identified by Far-western blot. ACTG1 was isolated by SDS-PAGE and then was transferred to PVDF membranes that were then incubated with full-length rP35 or synthetic peptides, and binding proteins were detected with anti-rP35 antibody or anti-Flag antibody. Lane: 1. Full-length rP35; 2. P35-1; 3. P35-2; 4. P35-3; 5. P35-4; 6. P35-5; 7. control peptide.



Results of adhesion inhibition experiments were shown in Figure 9. Compared with the positive control group (Figure 9A), the adhesion of rP35 to SV-HUC-1 cells pre-incubated with P35-1 peptide (Figure 9B) was relatively reduced, and the adhesion of rP35 to cells pre-incubated with P35-4 (Figure 9E) was significantly reduced. After pre-incubated with P35-2 (Figure 9C), P35-3 (Figure 9D), P35-5 (Figure 9F) and control (Figure 9G) peptides, the adhesion of rP35 to SV-HUC-1 cells was not significantly reduced compared with the positive control group (Figure 9A). Compared with the control group, the mean fluorescence intensity of rP35 attached to cells was statistically significant for P35-1 and P35-4 pre-incubation group (Figure 9H). In summary, P35-4 could significantly interact with ACTG1, and peptide P35-1 might interact with ACTG1 with low affinity, while other peptides and control peptide could not bind to ACTG1. These results substantiated that the 35-42 (P35-1) and 179-186 (P35-4) amino acids of P35 lipoprotein were possible binding functional domains that mediate P35 interacting with ACTG1.




Figure 9 | The adhesion of rP35 and 5 synthetic peptides to SV-HUC-1 cells were detected by indirect immunofluorescence assay. (A) Adhesion assay of rP35 to SV-HUC-1 cells. (B) Peptide rP35-1 treatment group. (C) Peptide rP35-2 treatment group. (D) Peptide rP35-3 treatment group. (E) Peptide rP35-4 treatment group. (F) Peptide rP35-5 treatment group. (G) Negative peptide treatment group. Nuclei were stained with DAPI (blue), and rP35 was stained with Cy3 (red). The images were taken at a magnification of 40×and are the representative of multiple areas on multiple slides. (H) The quantitation of the staining intensities of rP35 from fluorescence microscopy. *P < 0.05, ****P < 0.0001.








Discussion

This study confirmed that ACTG1 was the main adhesion receptor of P35 lipoprotein on SV-HUC-1 cells and M. penetrans interacts with ACTG1 to facilitate adhesion to SV-HUC-1 cells. In addition, we investigated the specific functional binding domain where P35 interacts with ACTG1. The results showed that the amino acid regions 35-42 and 179-186 of the P35 lipoprotein as potenitial binding domains mediating the interaction between P35 and ACTG1, which is the first identification of the functional binding domain of M. penetrans. These findings enhance our understanding of the molecular mechanisms underlying M. penetrans adhesion and invasion of host cells, providing a foundation for future research aimed at disrupting these interactions to prevent infection.

For many pathogenic Mycoplasmas, the initial step in causing disease is the adhesion to host cells through adhesins on polarized organelles (Balish, 2006). The interactions between host cells and Mycoplasmas are both complex and diverse. For instance, M. pneumoniae relies on P1 and P30 adhesins situated at the tips of their terminal organelles for cellular adhesion (Vizarraga et al., 2020; Seto and Miyata, 2003). M. mobile, a fish pathogen, attaches to and invades host cells predominantly through Gli349 adhesins located at the base or neck of their terminal organelles (Kobayashi et al., 2021; Seto and Miyata, 2003). In contrast, M. penetrans possesses a distinctive elongated flaker-like tip structure that enables it to adhere to and penetrate the epithelial cells of the genitourinary tract in infected patients (Jurkovic et al., 2013). M. penetrans interacts with the host cells by attaching in a highly oriented manner and subsequently internalizing into the cells (Rosengarten et al., 2000). Studies have shown that M. penetrans adheres to host cells by LAMP, especially the protein with molecular weight of 35 kDa exposed to the cell surface (Rosengarten et al., 2000; Ferraz et al., 2007). The P35 lipoprotein, the most abundant protein on M. penetrans membrane, is distributed uniformly across the plasma membrane rather than being confined to the tip structure (Neyrolles et al., 1999b; Zeiman et al., 2008). which is in stark contrast to P1, P30, P90, and HMW3 of M. pneumoniae and M. genitalium protein of adhesion (MgPa), as these proteins all cluster at the tip organelles (Liao et al., 2021; Chen et al., 2016). Notably, M. hominis lacks a tip structure, and its adhesion protein P50 is distributed throughout the cell surface (Kitzerow et al., 1999). Therefore, the widespread distribution of the P35 lipoprotein on the plasma membrane suggests it may play a crucial role in M. penetrans adhesion to host cells. Our results indicated that both rP35 and M. penetrans could adhere to SV-HUC-1 cells, and that rabbit anti-rP35 antibodies could partially inhibit this adhesion. These findings suggest that rP35 contains functional domains essential for M. penetrans adhesion and interacts with host cells as an adhesion-related protein.

Interactions between mycoplasmal adhesins and host cell receptor proteins are pivotal in understanding the pathogenicity and mechanisms of Mycoplasmas. Our previous studies revealed that MgPa interacts with the receptor protein CypA on the membrane of SV-HUC-1 cells, inhibiting apoptosis through the CypA-CD147 pathway and thereby facilitating the early survival of M. genitalium within host cell (Liao et al., 2022; Li et al., 2020). Further investigations demonstrated that MgPa suppresses T cell activation via the CypA-Calcineurin-NFAT pathway (Luo et al., 2023). Additionally, we showed that the M. pneumoniae adhesin P1 interacts with vimentin on the surface of BEAS-2B cells to mediate adhesion (Peng et al., 2023). These studies collectively indicate that interactions between mycoplasmal adhesins and host receptor proteins are critical for mycoplasma colonization and adhesion. Consequently, this study focused on identifying the receptor and functional binding domains of P35, which possesses both adhesion and antigenic properties, to better understand the mechanisms underlying M. penetrans adhesion and invasion of host cells. Results of Modified VOPBA and HPLC-MS showed that ACTG1 and KRT8 may be potential cell receptors for P35. And we confirmed that ACTG1 and KRT8 proteins were localized on the cell membrane and in the cytoplasm of SV-HUC-1 cells. Subsequently, four separate experiments demonstrated that only ACTG1 specifically interacts with P35 and is co-located with M. penetrans and rP35 on SV-HUC-1 cells. This suggests that ACTG1 may be a M. penetrans P35 lipoprotein receptor on the surface of SV-HUC-1 cells. However, results of Far-Western blot and indirect ELISA showed that rP35 did not interact with KRT8, so we focused only on ACTG1 in subsequent analyses. In this study, there are a few evidences demonstrated that ACTG1 is M. penetrans P35 lipoprotein receptor: (I) ACTG1 antibodies can inhibit the ability of rP35 and M. penetrans to adhere to and colonize SV-HUC-1 cells; (II) The adhesion of both rP35 and M. penetrans to SV-HUC-1 cells decreased after incubation with ACTG1-treated rP35 and M. penetrans; (III) The adhesion of rP35 and M. penetrans to SV-HUC-1 cells transfected with ACTG1-siRNA was significantly decreased.

Actin is a cytoskeletal protein expressed on the surface of various eukaryotic cells, which participates in a variety of cellular functions including muscle contraction, cell movement, cell adhesion, and cell shape (Pollard and Cooper, 1986; Luo et al., 2014). In vertebrates, there are three main subtypes of actin, namely α, β and γ. Alpha-actin is the major component of the contractile apparatus in muscle tissue. And β-actin and γ- actin commonly coexist in most cell types as mediators of internal cell movement and components of the cytoskeleton (Luo et al., 2014; van Wijk et al., 2003). ACTG1, also known as γ- actin, is one of the six functional actin isomers (Wu et al., 2021). Recent studies have linked ACTG1 to the occurrence, development, and progression of various diseases, including hearing loss and tumors (Miyajima et al., 2020; Richter et al., 2020). In auditory cells, dominant progressive deafness is associated with multiple mutations in ACTG1 (Miyajima et al., 2020). ACTG1 mutations can also cause a brain malformation (Baraitser-Winter syndrome) in humans (Graziani et al., 2023; Kim et al., 2024). Additionally, ACTG1-deficient mice exhibit growth impairments and reduced cell viability (Bunnell and Ervasti, 2010). The abnormal expression of ACTG1 was closely related to the formation, invasion and metastasis of various tumors (Malek et al., 2020; Xiao et al., 2021; Ren et al., 2024). Based on its role in various cancers, ACTG1 is considered a potential biomarker for tumorigenesis and treatment. For example, hepatocellular carcinoma induced by hepatitis B virus X-protein (HBx) was associated with systemic dysregulation of ACTG1 (Sun et al., 2007; Gao et al., 2019). ACTG1 was highly expressed in skin cancer tissues, and it may regulate the proliferation and migration of A431 cells through the ROCK signaling pathway (Dong et al., 2018). In osteosarcoma, abnormal expression of ACTG1 may enhance tumor invasion by affecting microtubule stability, thus negatively affecting patient prognosis (Li et al., 2010). In colorectal cancer cells, ectopic expression of ACTG1 may delay cell adhesion (Liu et al., 2017). These findings suggest that ACTG1 is involved in various cellular processes, including motility and adhesion.

In this study, we found that when the corresponding site of ACTG1 on the surface of host cells is occupied or its expression level is decreased, the amount of M. penetrans adhesion to host cells is decreased, which also proves that ACTG1 may participate in cell adhesion. Therefore, occupying the corresponding site of ACTG1 on the surface of host cells in advance or reducing endogenous ACTG1 level will help prevent M. penetrans infection. Our study also showed that the 35-42 and 179-186 amino acid regions of P35 lipoprotein are potential binding domains mediating the interaction of P35 and ACTG1. Therefore, how to destroy the interaction binding domain also provides a new treatment option for penetrating M. penetrans infection. However, Far-Western blot suggested that P35-1 may not bind specifically to ACTG1, possibly indicating a low-affinity interaction. To resolve this inconsistency, further experiments, such as constructing mutants or performing X-ray crystallography, are necessary to clarify the binding dynamics.
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Supplementary Table 1 | Identification of rP35-Binding Proteins by HPLC-MS.

Supplementary Figure 1 | Expression, purification and identification of recombinant P35 protein. (A) SDS-PAGE analysis of rP35 protein expression. Lanes: M. Protein Marker; 1. control, recombinant bacterial lysate, IPTG (-); 2. recombinant bacterial lysate (0.5 mmol/L IPTG); 3. recombinant bacterial lysate supernatants (0.5 mmol/L IPTG); 4. recombinant bacterial lysate precipitation (0.5 mmol/L IPTG); (B) SDS-PAGE analysis of rP35 eluent. Lanes: 1. control, effluent liquid; 2-7. the concentrations of imidazole used for elution were 60, 80, 90, 100, 150 mmol/L in sequence. (C) SDS-PAGE analysis of purified and concentrated rP35. Lanes: M. Protein Marker; 1. Ultrafiltration enriched rP35 group. (D) The recombinant protein P35 was isolated by SDS-PAGE, and electrophoretic transfers were probed by Western blot with anti-His antibody. Lanes: 1. IPTG (-) group; 2. Ultrafiltration enriched rP35 group; 3. empty E. coli suspension.

Supplementary Figure 2 | Preparation and purification of Anti-rP35 antibody. (A) Curve of serum antibody titers in rP35 immunized rabbits. Serum antibody titers of rP35 increased with the number of weeks of immunization, but there was no change in the control group. (B) SDS-PAGE analysis of purified anti-rP35 antibodies. (C) The recombinant protein P35 was isolated by SDS-PAGE, and electrophoretic transfers were probed by Western blot with purified anti-rP35 antibodies. Lane: 1. control, empty E. coli suspension; 2. purified P35 protein group.
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