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 AbstractBackground. Enolase is generally known as the glycolytic pathway enzyme present in the cytoplasm of eu-karyotic cells and in some microorganisms. In human cells, it is also a component of cell surface membranes, where it functions as a human plasminogen receptor.
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 Introduction
 The World Health Organization (WHO) reported that every year about 600 million people fall ill after eating contaminated food and 420 000 die, making it the leading cause of mortality worldwide. In addition, children under 5 years of age carry 40% of the foodborne disease burden, with 125 000 deaths every year. Streptococci, staphylococci and Enterobacteriaceae are major contributors to bacte-rial disease.1,2
 Salmonella spp. are Gram-negative, rod-shaped bacteria that belong to the Enterobacteriaceae family. There are 2 spe-cies within the genus Salmonella: S. enterica and S. bongori. Salmonella enterica is a pathogenic bacteria and is further divided into more than 2500 serotypes.3 Salmonella enter-itidis and S. Typhimurium are 2 of the most common clini-cal serotypes of salmonellosis agents isolated worldwide.4
 There are 2 main clinical types of Salmonella infec-tion. The first one is caused by non-typhoidal Salmonella strains. The symptoms of this type are limited to the gas-trointestinal tract and typically include acute gastritis and enteritis, high fever, spasmodic abdominal pain, and bloody mucus diarrhea. The 2nd clinical type is typhoid fever, caused by Salmonella typhi infection, and resulting in a systemic inflammatory response, usually requiring antibiotic treatment. For both, the first phase in the in-fection process is  bacterial adhesion to  the  intestinal epithelium, which impedes the host’s ability to naturally remove the bacterium from the digestive tract. This al-lows the bacteria to survive, multiply and colonize the host environment.5
 Outer membrane proteins (OMPs) play a crucial role in the  infection and colonization processes. They par-ticipate in bacterial contact with host tissues, in  initi-ating the process of degradation of the host tissue and in stimulating the development of  infections. They are also important factors in bacterial adaptation to the host environment.6,7
 Enolase (Enzyme Commission (EC) 4.2.1.11) is a glyco-lytic enzyme found in the cytoplasm of eukaryotes and prokaryotes.8 It is also an external component of cell mem-branes in the epithelium and endothelium, in monocytes, leukocytes and neutrophils.9,10 Enolase acts as a receptor for plasminogen, which plays a unique role in the defense system of the human body.8 For example, active plasmin degrades fibrin in the process of fibrinolysis, which is criti-cal for maintaining hemostasis. Plasminogen also per-mits cell migration to areas of inflammation. Interestingly, bacteria also have exposed surface plasminogen binding receptors on their cell surfaces. Plasminogen, once cleaved to become the active form called plasmin, allows bacteria to migrate through host tissues. Another example of such a receptor is the surface enolase-like protein, whose prop-erties were described for Streptococcus pneumoniae.11
 During inflammation caused by Gram-positive or Gram-negative bacteria, the  host develops enolase-targeted
 antibodies.6,12 Since there is  greater than 50% homol-ogy among enolases of different species,8 the structural similarity between human and bacterial enolase can lead to  the  phenomenon of  molecular mimicry. Molecular mimicry is the mechanism whereby antibodies produced by a host against foreign antigens cause cross-reactivity with epitopes of the host’s own protein; this can result in au-toimmune diseases.13 The presence of anti-α-enolase anti-bodies has been observed in disorders like Behçet’s disease, Hashimoto’s encephalopathy and Sjögren’s syndrome.14–16
 Since the enolase from Salmonella spp. has not been previously characterized, the purpose of this study was to isolate, purify and perform an immunochemical char-acterization of the enolase from S. Typhimurium bacteria. Deeper insights into the properties of this protein will help to further elucidate its pathogenesis in the develop-ment of autoimmune diseases. This paper describes how we identified enolase as a component of S. Typhimurium surface proteins and demonstrates the binding of surface enolase to human plasminogen.
 Material and methods
 Bacterial strain, media and growth conditions
 Salmonella enterica serovar Typhimurium (Polish Col-lection of Microorganisms (PCM) 2713) was obtained from the PCM at the Institute of Immunology and Experimental Therapy, Polish Academy of Sciences, Wrocław, Poland. The bacteria were cultured on tryptic soya agar (Graso Biotech, Owidz, Poland) solid media at 37°C for 18 h.
 Extraction and purification of S. Typhimurium cytoplasmic proteins
 Protein extraction was performed according to the meth-od described by Bednarz-Misa et al.,17 with minor modifi-cations. The bacterial mass was suspended in 10 mM Tris-HCl, pH 8.4 (Sigma-Aldrich, St Louis, USA) with 1 mM MgSO4 (Chempur, Piekary Śląskie, Poland), 1% glycerol (v/v) (Chempur), 0.5 mM β-mercaptoethanol (Sigma-Al-drich), and a protease inhibitor cocktail (Merck Millipore, Burlington, USA). The bacterial cells were lysed using the Vibra-Cell YC-130PB ultrasonic processor (Labo-Plus, Warszawa, Poland) at 4°C for 30 min, during 40-second cycles on ice. To remove unbroken cells, the suspension was centrifuged (4000 × g, 4°C, 1 h). The collected super-natant was re-centrifuged (100,000 × g, 4°C, 1 h) to obtain the cytosolic fraction (supernatant) and the cell membrane fraction (saved for later purification). For the initial remov-al of unwanted proteins, 3 stages of protein precipitation with increasing ammonium sulfate (Chempur) saturation (0–30%, 30–80% and 80–100%) were completed. The 1st purification step was carried out through ion exchange
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 chromatography with a strong anionite Sepharose Q Fast Flow column (GE Healthcare, Chicago, USA). The pro-teins were precipitated with 30–80% ammonium sulfate and dialyzed into elution buffer (20 mM Tris-HCl, pH 8.4, 1 mM MgSO4 and 1 mM β-mercaptoethanol). The proce-dure was carried out on the AKTA Explorer 100 GE chro-matograph (GE Healthcare). The column was equilibrated with elution buffer and 50 mg of cytosolic protein extract was applied and separated at a flow of 2 mL/min in an ionic strength gradient of 1 M NaCl (Chempur) as follows: 6 column volumes (CVs) elution buffer, 3 CVs 8% isocratic gradient, 6 CVs gradient 8–70%, and 5 CVs gradient 100% to release the remaining proteins from the column. Protein concentration was determined spectrophotometrically at 280 nm. To quantify the enolase, an absorption coef-ficient of A0.1% = 0.89 was used, determined for rabbit muscle enolase at a concentration of 1 mg/mL.18 The en-zymatic activity for cytosolic enolase was assessed spectro-photometrically (EnviSense UV-1800; EnviSense, Lublin, Poland) at room temperature (RT) at 240 nm as an increase in phosphoenolpyruvate (PEP) concentration in the reac-tion buffer (50 mM imidazole-HCl, pH 8.4 (Sigma-Al-drich), 1 mM MgSO4, 400 mM KCl (Chempur) and 1 mM 2-phosphoglyceric acid (2-PGA)). One unit of enolase ac-tivity is defined as the amount of protein that under these conditions catalyzes the synthesis of 1 µmol of PEP from 2-PGA in 1 min.19 The active fractions were eluted from the 20–35% gradient, and then collected, concentrated and dialyzed into a sodium chloride-free buffer using Centri-con 30K filters (Merck Millipore).
 The protein fractions collected in the 1st chromatogra-phy step (20 mg) were then applied to a Sephadex G-100 column (GE Healthcare). The column was equilibrated with 20 mM Tris-HCl buffer, pH 8.4 with 300 mM NaCl (Chempur), 1 mM MgSO4 and 1 mM β-mercaptoethanol. Chromatographic separation was carried out at a  flow of 0.1 mL/min on an AKTA Explorer 100 HPLC system (GE Healthcare). The final purification step used prepara-tive electrophoresis on the PrepCell 491 device (Bio-Rad, Hercules, USA). Discontinuous separation was carried out at 280 V under native conditions in 4% stacking gel and 10% separating gel in 25 mM Tris and 192 mM glycine (BioShop Canada Inc., Burlington, Canada), pH 8.3.
 Extraction and purification of S. Typhimurium OMPs
 The  pellet fraction obtained after centrifugation at  100,000  ×  g  was used for purification of  the  OMP. The pellet was washed twice with 20 mM Tris-HCl buf-fer, pH 7.2, using a tissue grinder. The suspension was then centrifuged (100,000 × g, 4°C, 1 h). The pellet collected at this step was resuspended in 20 mM Tris-HCl, pH 7.4, and 80 mM CHAPS detergent (BioShop Canada Inc.). Membrane protein extraction was carried out for 30 min at 4°C. The suspension was again centrifuged (100,000 × g,
 4°C, 1 h) and the supernatant containing the extracted membrane protein was collected. The protein concentra-tion was measured using a bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, Waltham, USA).
 For the final purification step the extracted membrane proteins were diluted 1:1 with ×2 Laemmli sample buffer (Bio-Rad) and incubated for 5 min at 100°C. The proteins were separated at 200 V and 1 mL/min with the PrepCell 491 device (Bio-Rad) using 10% and 12% separating gel in an electrode buffer: 25 mM Tris and 192 mM glycine, 0.5% SDS, pH 8.3 (Bio-Rad).
 All procedures involving animals were in accordance with the ethical standards of Wroclaw Medical University and approved by the Local Ethics Committee for Animal Experiments (approval No. 55/2017).
 Preparation of rabbit polyclonal antibodies specific to S. Typhimurium cytosolic enolase
 A male New Zealand rabbit weighing 2 kg was immu-nized with a total of 1.5 mg of S. Typhimurium enolase. The 1st multipoint intradermal injection was performed with 0.5 mg of enolase diluted in 0.5 mL of phosphate buffered saline (PBS) (BioShop Canada Inc.) mixed with an equal volume of  incomplete Freund’s adjuvant (Sig-ma-Aldrich). After 3 weeks, a 2nd immunization was per-formed in the same way. The 3rd injection of protein was performed after another 3 weeks. Two weeks later, the ani-mal was bled. The collected antisera were filtered and incubated at 56°C for 30 min to inactivate the complement. IgG antibodies were isolated on a Protein A Protein G Gra-viTrap column (GE Healthcare) according to the manufac-turer’s instructions.
 Electrophoresis and immunoblotting
 The bacterial enolase-like protein was detected with western blot analysis using rabbit anti-cytosolic enolase S. Typhimurium antibodies. The S. Typhimurium OMP fraction (10 µg) obtained during preparative electrophore-sis and purified S. Typhimurium cytosolic enolase (10 µg) were diluted 1:1 with ×2 Laemmli sample buffer containing 5% 2-mercaptoethanol, followed by denaturation for 5 min at 95ºC. The samples were resolved with SDS-PAGE electro-phoresis20 using a 4.5% stacking gel and a 12% resolving gel. The proteins were then visualized with Coomassie brilliant blue G-250 (BioShop Canada Inc.) staining or transferred to an Immobilon P membrane (Merck Millipore) for 90 min at 200 mA.12 The membrane was blocked with 1% casein blocking buffer (Sigma-Aldrich) at 37°C for 1 h. After wash-ing, the membrane was incubated with IgG antibodies ob-tained from a rabbit immunized with Salmonella cytosolic enolase in TBS-T buffer (20 mM Tris-HCl, pH 7.0, 50 mM NaCl, 0.05% Tween-20 (Sigma-Aldrich), pH 7.0). Unbound antibodies were removed through washing with TBS-T
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 buffer. Next, the membrane was incubated with goat anti-rabbit IgG antibodies (Abcam, Cambridge, UK) conjugated with horseradish peroxidase (HRP) at 37°C for 1 h. The west-ern blot was visualized using a colorimetric reaction with substrate 3-amino-9-ethylcarbazole (Sigma-Aldrich).
 Immunoblotting with human plasminogen was per-formed with the S. Typhimurium OMP fraction (10 µg) obtained during preparative electrophoresis and with puri-fied S. Typhimurium cytosolic enolase (10 µg). The SDS-PAGE, protein transfer and membrane blocking were performed as outlined above. After washing, the mem-branes were incubated with 20 µg of human plasminogen (R&D Systems, Minneapolis, USA) in TBS buffer (20 mM Tris-HCl, 50 mM NaCl, pH 7.0) at 37°C for 1 h, then over-night at 4°C. Unbound plasminogen was removed through washing with TBS-T buffer. The membranes were then incubated with rabbit anti-human plasminogen antibod-ies (Abcam) and, after further washing, with HRP goat anti-rabbit IgG antibodies (Abcam). The western blot was visualized using a colorimetric reaction with substrate 3-amino-9-ethylcarbazole (Sigma-Aldrich).
 The reactive fraction of OMPs from S. Typhimurium was separated by two-dimensional electrophoresis (2-DE), as described earlier.21 The OMPs for transfer (40 µg) or for silver staining (20 µg) were separated with pH 4–7 immo-bilized pH gradient strips (7 cm, from (Bio-Rad). The 2-DE analysis was carried out with the Mini-PROTEAN® Tetra Cell System (Bio-Rad). Prior to resolving the first dimen-sion, precast IPG strips were rehydrated with 120 μL of re-hydration buffer (Bio-Rad) for 16 h at room temperature. Isoelectric focusing (IEF) was conducted through stepwise voltage increases: 250 V for 20 min, 4000 V for 120 min (lin-ear) and 4000 V (rapid) until the total volt-hours reached 14 kVh. After IEF separation, the strips were equilibrated in 6 M urea (BioShop Canada Inc.), 375 mM Tris, pH 8.8, 2% SDS, reduced with 2% (w/v) ditiotreitol (DTT) (BioShop Canada Inc.) and alkylated with 135 mM iodoacetamide (Sigma-Aldrich). The IPG strips were then loaded onto a 9–12.5% gradient polyacrylamide gel (10 × 8 cm, 1.0 mm thick) using 0.5% agarose (Bio-Rad) in the running buffer. Molecular mass standards (Precision Plus Protein™ Stan-dards; Bio-Rad) were applied at the basic end of the IPG strips. Electrophoresis was performed at 4°C with constant power (1 W). Following separation in the second dimen-sion, the gels were silver stained.22 Spot patterns were visu-alized under white light and photographed using a GelDoc XR camera system (Bio-Rad).
 Then 2-DE OMPs were transferred from gel to the Im-mobilon P membrane as described above. The membranes were blocked with 1% casein blocking buffer (Sigma- Aldrich) at 37°C for 1 h. After washing, the membranes were incubated with either mouse anti-human α-enolase and/or with anti-human β-enolase antibodies (both from Santa-Cruz Biotechnology, Dallas, USA) at 37°C for 1 h. Secondary antibody incubation was performed using HRP goat an-ti-mouse IgG (Novus Biologicals, Centennial, USA) and
 the proteins were visualized using a colorimetric reaction with substrate 3-amino-9-ethylcarbazole (Sigma-Aldrich).
 In-gel protein digestion and mass spectrometry protein identification
 The appropriate protein spot was excised from the gel and analyzed using liquid chromatography coupled with mass spectrometry in the Laboratory of Mass Spectrometry, Institute of Biochemistry and Biophysics, Polish Academy of Sciences (Warszawa, Poland). Samples were subjected to standard trypsin digestion, during which the proteins were reduced with 10 mM DTT for 30 min at 56°C, alkylated with iodoacetamide in the dark for 45 min at room temperature and digested with 10 ng/µL trypsin overnight. The resulting peptide mixtures were concentrated and desalted on a RP-C18 pre-column (Waters, Milford, USA) and further pep-tide separation was achieved on a nano-Ultra Performance Liquid Chromatography (UPLC) RP-C18 column (Waters, BEH130 C18 column, 75 µm i.d., 250 mm long; Waters) us-ing a 45-minute linear acetonitrile gradient in the presence of 0.1% formic acid. The column outlet was directly coupled to the Orbitrap Velos MS ion source (Thermo Electron Corp., San Jose, USA). Mass spectra were obtained with a full scan on an Orbitrap mass analyzer in data dependent acquisi-tion (DDA) mode, followed by MS/MS scans in the ion trap. A blank run to ensure the absence of cross-contamination from previous samples preceded each analysis.
 The  acquired MS/MS data was pre-processed with Mascot Distiller software v. 2.6 (Matrix Science Ltd., Lon-don, UK) and the search was performed using the Mascot Search Engine (Matrix Science Ltd.) against the National Center for Biotechnology Information (NCBI; US National Library of Medicine, Bethesda, USA) NCBInr database (176 222 799 sequences; 64 284 901 062 residues), with a S. Typhimurium filter (101 607 sequences). To reduce mass errors, the peptide and fragment mass tolerance set-tings were established after a measured mass recalibra-tion,23 resulting in a value of 6.5 ppm for parent and 0.01 Da for fragment ions. The rest of the search parameters were as  follows: enzyme, trypsin; missed cleavages, 1; fixed modifications, carbamidomethyl (C); variable modifica-tions, oxidation (M); instrument, HCD. The Decoy Mascot functionality was used to keep the false discovery rate (FDR) for peptide identifications below 1%.
 Scanning electron microscopy
 To demonstrate the immunostaining pattern of patho-gens detected with the polyclonal S. Typhimurium cytosolic enolase antibody, cells were further treated with secondary anti-rabbit antibody labelled with 30 nm colloidal gold. Bacteria treated only with secondary antibodies were used as a control. Scanning electron microscopy (SEM) was pro-cessed with low accelerating voltage of the primary beam (low-voltage field-emission SEM – LV-FESEM) without
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 any coating of the sample.24 The bacterial colonies were stamped with polished silicon chips by pressing the chip against the bacterial colony for 5 min at room temper-ature. The samples were fixed with 2.5% formaldehyde in 100 mM cacodylate buffer at 4°C for 30 min, and then washed in water and dehydrated in a series of methanol steps (25–50–75–100%), each lasting 1 h at 4°C. The sam-ples went through critical point drying with methanol, undergoing an exchange for liquid CO2 in an automatized critical point dryer (CPD300 AUTO; Leica Microsystems, Vienna, Austria) and were imaged with a  cross-beam scanning electron microscope equipped with a Schottky field-emission cathode (Auriga 60; Carl Zeiss, Oberkochen, Germany) at 1.5 kV accelerating voltage. A non-coating approach was implemented within the LV-FESEM mode, whose low energies allow efficient interaction of electrons with native elements of the biological sample (typically low Z-number atoms). We applied the low-energy loss electron principle to generate a highly resolved chemical contrast, as we described in detail previously.25 Images were acquired with an Everhart-Thornley electron detector (SE2 second-ary electrons), the in-lens electron detector (SE1 secondary electrons) and the energy-selective back-scattered electron detector (EsB) directly from the sample surfaces with no coating or contrasting applied.24,25 The EsB detector grid potential was set to 1200 V, and brightness and contrast were adjusted to allow a distinction between the  sub-stratum (a polished silicon chip with a grey appearance), the biological sample (bacteria and their appendages, dark in appearance) and the nano-gold label (bright appearance). The sample imaging was performed in a dual-view mode enabling correlative imaging between 2 channels in parallel with pixel-to-pixel correlative accuracy.
 Results
 Purification of cytosolic enolase from S. Typhimurium
 The method of S. Typhimurium enolase purification involved sonication, precipitation with ammonium sul-fate, ion-exchange chromatography, gel filtration, and pre-parative electrophoresis. Preparative electrophoresis for the separation of cytosolic proteins permitted the purifica-tion of enzymatically active enolase with electrophoretic
 mobility at about 45 kDa. Row 3 in Fig. 1A shows the ho-mogeneity level of enolase that was used for rabbit immu-nization. The purification process resulted in pure protein with 15% efficiency (Table 1).
 Purification of the enolase-like membrane protein from S. Typhimurium
 The  OMPs were extracted using CHAPS detergent and 4.4 mg was obtained as soluble micelles from 10 mg of membrane protein extract. The purification of enolase-like protein was performed using preparative SDS-PAGE with continuous elution. The OMPs with a molecular mass of 45–47 kDa were purified from the protein extract. The fraction of OMPs reactive with antibodies against S. Typhimurium cytosolic enolase (Fig. 1A, row 2) was selected for further testing on 2-DE.
 Antibodies against S. Typhimurium cytosolic enolase cross-react with S. Typhimurium OMPs
 Human α-enolase and β-enolase, like the OMPs and cytosolic enolases of S. Typhimurium used in the immu-noblotting, reacted with antibodies from rabbit serum
 Fig. 1. Interaction of enolases with antibodies against S. Typhimurium cytosolic enolase. A. SDS-PAGE gel profile after Coomassie staining: 1. Molecular mass marker; 2. Salmonella OMPs; 3. Salmonella cytosolic enolase. B. Immunoblotting with anti-S. Typhimurium cytosolic enolase antibodies
 Table 1. Purification of cytosolic enolase from S. Typhimurium
 Fractions Total protein [mg] Total activity [IU] Specific activity [IU/mg] Efficiency [%]
 Crude extract 717.7 409 0.57 100
 (30–80%) (NH4)2SO4 435.7 314 0.72 77
 Q Sepharose Fast Flow 102.04 202 1.98 49
 Sephadex G-100 17.88 123 6.88 30
 PrepCell 2.94 61 20.9 15
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 immunized by cytosolic enolase (Fig. 1B). This observa-tion corroborated that the 2 enolases could have similar antigenic properties.
 S. Typhimurium enolase-like membrane protein binds to plasminogen
 The OMPs that exhibited reactivity with anti-S. Ty-phimurium cytosolic enolase polyclonal antibodies also bound human plasminogen (Fig. 2A,B, row 2). However, no such interaction was observed for Salmonella cytosolic enolase (Fig. 2A,B, row 3). Denatured Salmonella cytosolic enolase showed no plasminogen binding capacity.
 Enolase-like membrane protein from S. Typhimurium reacts with antibodies against human enolases
 The OMPs exhibiting reactivity with anti-S. Typhimuri-um cytosolic enolase polyclonal antibodies were separated using 2-DE, and they bound antibodies against human α- and β-enolase. This revealed the serological similarity of epitopes of the enolase-like protein from Salmonella and from humans. The results of the immunoblotting as-say are shown in Fig. 3B and 3C. Protein spots of interest were subsequently identified using liquid chromatography coupled with mass spectrometry. The OMP identification was achieved using the bioinformatics platform Mascot Search Engine to search the NCBInr database. The pro-tein identified was “Multispecies enolase (Salmonella); molecular weight: 45.627 kDa, pI: 5.25 Average sequence coverage: 65%”, score: 2625.
 Scanning electron microscopy
 Immunoelectron microscopy using anti-S. Typhimuri-um cytosolic enolase polyclonal antibodies confirmed the cell surface localization of enolase. On the outer mem-brane of the intact bacterial cell, reactivity was observed mostly at the flagella (Fig. 4A). In contrast, no labelling was observed in the negative control (Fig. 4B).
 Discussion
 Salmonella enolase has not previously been isolated and characterized. The procedure established in this study allowed us to obtain highly pure, enzymatically active enolase. The protein was purified and used to develop antibodies, which facilitated identification of the enolase-like protein on the bacterial outer membrane of S. Ty-phimurium. The efficiency of molecular biology methods and the ability to obtain recombinant proteins quickly gives these methods a greater advantage over long puri-fication procedures developed to isolate native proteins.
 Fig. 2. Interaction of human plasminogen with membrane proteins and cytosolic enolase from S. Typhimurium. A. SDS-PAGE gel profile after Coomassie staining: 1. Molecular mass marker; 2. Salmonella OMPs; 3. Salmonella cytosolic enolase. B. Immunoblotting with human plasminogen
 Fig. 3. Interaction of S. Typhimurium membrane proteins with antibodies against human enolases. A. Silver-stained 2-DE profile over pH 4–7 of S. Typhimurium OMPs isolated with CHAPS detergent after final purification using preparative electrophoresis. B. Immunoblotting of OMPs from . Typhimurium with antibodies against human α-enolase. C. Immunoblotting of OMPs from S. Typhimurium with antibodies against human β-enolase. The spot identified by MS as enolase is indicated by the arrow
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 Among the first microorganisms for which enolase iso-lation was described was Gram-positive Brevibacterium fuscum. Purification through salting and ion-exchange chromatography resulted in high protein losses and only 1.2% protein efficiency.26 Chromatography affinity was used for the purification of Streptococcus suis enolase, leveraging the ability of the protein to bind to fibronectin.27 Escherichia coli was the first Gram-negative bacterium for which the cytosolic enolase purification procedure was developed. Through desalting and the use of hydrophobic and ion exchange media, the purification of E. coli eno-lase yielded about 17%.28 Klebsiella pneumoniae is another species of bacterium of the Enterobacteriaceae family for which an enolase purification procedure has been devel-oped. After precipitation of the bacterial proteins with an 80–100% range of ammonium sulfate, gel filtration was performed, followed by ion exchange chromatography and preparative electrophoresis. The method developed in our laboratory yielded a 76-fold purification of cytosolic eno-lase with a total yield of 15%. This shows that preparative electrophoresis can be an effective purification method for an active enolase enzyme.17 The continuous develop-ment of chromatographic methods and media allowed us to  improve the protein purification procedures and to reduce the number of steps. This minimized the loss of the active fraction of the enzyme, thus maintaining its biological properties.
 We demonstrated that S. Typhimurium membrane pro-teins with a molecular mass of 45 kDa showed reactivity with antibodies against human α- and β-enolase, suggest-ing a serological similarity between epitopes. These ob-servations indicate that Salmonella infections may cause the host immune system to produce antibodies against bac-terial enolase and host enolase epitopes, resulting in the de-velopment of auto-aggressive diseases. There have been numerous examples of cross-reactivity between human and bacterial enolases. For example, cross-reactivity has been demonstrated between the enolase of the pathogen
 causing periodontitis (Treponema denticola) and human α-enolase. Mice immunized with T.  denticola enolase induced the production not only of antibodies against T. dentolitica enolase but also of antibodies against human α-enolase.29 Similarly, antibodies against human α-enolase detected surface enolase on cells of Borrelia burgdorferi,30 Mycoplasma fermentans31 and Pseudomonas aeruginosa.32 In studies of Streptococcus agalactiae immunogenic pro-teins, the bacterial enolase was identified as a protein that reacts with human antibodies from the sera of infected patients.33 Lundberg et al. demonstrated that antibod-ies from the serum of rheumatoid arthritis (RA) patients showed cross-reactivity between citrullinated human α-enolase and recombinant citrullinated enolase from Porphyromonas gingivalis.34 Moreover, Witkowska et al. demonstrated the immunoreactivity of the 45-kDa OMPs isolated from K. pneumonia, E. coli, Citrobacter, and Haf-nia membranes with patient antibodies and also with rab-bit anti-human β-enolase antibodies.12 Mass spectrometry analyses of K. pneumoniae enolase-like protein showed that several fragments of the 45-kDa protein were found to have sequences identical to the C-terminal domain of human β-enolase. Additionally, it has been reported that Salmo-nella membrane proteins with a range of 44–55 kDa were recognized by IgM antibodies from the serum samples of healthy patients and patients with Buerger’s disease or psoriasis.12 Among several Enerobacteriaceae species, only Salmonella protein of 44–55 kDa has been recognized by IgM antibodies. These results suggest that this protein may serve as a marker for the early phase of infection or re-currence as a result of a bacterial carrier state. The develop-ment of reactive arthritis is closely associated with infec-tion of several Gram-negative enteric bacteria, including Salmonella.35 Some patients with ulcerative colitis have higher odds of previous infection with Salmonella as well as E. coli, Campylobacter or Clostridium difficile.36 Taken together, these results illustrate a potential link between autoimmune diseases and a history of food poisoning.
 Fig. 4. Scanning electron microscopy localization of surface enolase on whole S. Typhimurium cells. A. Enolase detected with antibodies against bacterial cytosolic enolase and labeled with anti-rabbit antibodies coupled to 30 nm colloidal gold particles. B. Negative control with anti-rabbit antibodies coupled to 30 nm colloidal gold particles
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 Scanning electron microscopy has corroborated the sur-face localization of membrane antigens that are reactive with anti-cytosolic enolase antibodies. It has also shown that enolase-like protein is present at the surface in low abundance, localized mostly to the flagella. The surface localization of S. pneumoniae enolase has also been con-firmed using SEM.37 Moreover, relatively low amounts of surface enolase have been proven to contribute to bacte-rial pathogenesis.11 Enolase identified using SEM has been shown on the surface of Streptococcus suis and Streptococ-cus pyogenes.27,38 Enolase expressed on the surface could be recognized by the host immune system. The many re-ports of cross-reactivity between antibodies against hu-man and bacterial enolases suggest that pathogen-related enolase may be involved in the development of autoim-mune disease.
 Our study showed that Salmonella membrane pro-teins with reactivity to antibodies against human α- and β-enolase also bound human plasminogen. Interestingly, the enolase isolated from the Salmonella cytosol had no plasminogen-binding capacity. The observed lack of af-finity of the S. Typhimurium cytosolic enolase to human plasminogen, binding only to the enolase receptor located on the membrane of bacterial cells, suggests some struc-tural differences between the 2 forms of enolase. This may be due to certain interactions of the enolase receptor protein with cell membrane components or to possible post-translational modification targeting the cell surface cytosolic protein. It is also important that the mechanisms leading to the transfer of this protein from the cytoplasm to the cell membrane and partial exposure to the cell sur-face are unknown. Koebnik et al. reported that the common structural β-barrel motif present in OMPs of Gram-neg-ative bacteria is formed by a variable amount of trans-membrane β-strands that expose the cell to a long loop available to the extracellular environment.7 It is interest-ing that in the three-dimensional structure of the cytosol, enolase is presented as C-terminal β-barrel domain with ββαα(βα)6 topology. As a classic cytosolic protein, enolase has no signal sequence, and no hydrophobic domain has been identified that would allow translocation to the cell membrane and anchoring in it. However, Redlitz et al. postulated that the hydrophobic domain splicing amino acids 33–44 near the N-terminus may serve as an internal signal sequence directing this protein to the cell mem-brane. Post-translational acylation through the addition of palmitic or myristic acid may be another explanation for the association of enolase with the cell membrane.39
 Plasminogen binding to enolase on the surface of bacte-rial cells has been demonstrated for bacteria such as Bor-relia burgdorferi, Mycoplasma fermentans and Pseudo-monas aeruginosa.30–32 However, there are studies that have shown plasminogen binding to the cytosolic frac-tion of Gram-positive bacteria.37 Bacterial interaction with host plasminogen can elicit different effects. For example, in some commensals plasminogen plays a protective role
 for the intestinal barrier by enhancing bacterial coloni-zation; this mechanism has been described for bacteria from the Bifidobacterium genus.40 Plasminogen can also promote invasion through the host tissue. Proteolytic acti-vation of plasminogen results in the formation of plasmin, which degrades extracellular matrix proteins.30 Further studies of the interaction between cytosol and membrane enolase obtained from Gram-negative bacteria with plas-minogen are needed.
 In conclusion, we have demonstrated for the first time the epitope similarity between Salmonella and human eno-lase. Additionally, we used electron microscopy to identify enolase-like protein on the surface of S. Typhimurium. This protein exhibits an affinity for human plasminogen, which indicates that Salmonella membrane enolase could play a role in interactions with host cells. The results of this study provide some insight into the interactions of Sal-monella with the host and reveal new aspects of the role of glycolytic enzymes. It has become evident that the dual role of these enzymes is crucial to understanding the in-vasions and interactions of many pathogens with their hosts. The conservative structure of enolase may be a fac-tor in autoimmune complications after bacterial infection. Further investigations may help to provide a comprehen-sive picture of these mechanisms.
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