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			ABSTRACT:  Proteins are a key to a deeper understanding of the behavior of Gram positive bacteria such as Enterococcus faecalis, one of the most frequently detected species in root canal-treated teeth, with a high prevalence report.  Such proteins contribute to cell wall synthesis and maintenance and are important for interactions between the bacterial cell and the human host. An E. faecalis strain isolated from root canal treatment failure and an ATCC strain was used for the proeomic analysis using Mass spectrometry. A total of 22 proteins were identified the majority of protein found were related to metabolic and housekeeping process, including metabolism energy, and protein synthesis. The present proteome analysis gives an experimental impression of the protein landscape of the pathogenic bacterium E. faecalis. These proteins stand out as interesting targets for further investigation of the interaction between E. faecalis and its root canal environment.
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			RESUMEN: Enterococcus faecalis, es una bacteria Gram positiva, detectada con mayor frecuencia y alta prevalencia en dientes con tratamiento de conductos previo, se asocia al fracaso y enfermedad periapical persistente. Las proteínas expresadas por los microorganismos son fundamentales para comprender mejor su comportamiento, estas proteínas por lo general contribuyen a la síntesis y mantenimiento de la pared celular, y son importantes para las interacciones entre la célula bacteriana y el huésped. En el presente artículo, se utilizó una cepa de E. faecalis aislada de un caso de fracaso endodóntico para el análisis proteómico mediante espectrometría de masas y una cepa ATCC de este microorganismo. Se identificaron un total de 22 proteínas; la mayoría de las proteínas encontradas estuvieron relacionadas con procesos metabólicos y de mantenimiento celular, incluyendo el metabolismo energético y la síntesis proteica.  El presente análisis proteómico brinda una visión experimental del perfil proteico de la bacteria patógena E. faecalis. Estas proteínas se perfilan como blancos de interés para profundizar en la investigación de la interacción entre E. faecalis y el microambiente del conducto radicular.

			PALABRAS CLAVE: Tratamiento de conductos radiculares; Enterococcus faecalis; Fracaso de tratamiento; Proteomica; Espectrometría de masas; Metabolismo celular.

			INTRODUCTION

			Persistent or secondary intraradicular infections represent the primary cause of endodontic post-treatment disease, and are responsible for several problems in endodontic like persistent symptoms, flare-ups, exudation, etc. (1).

			Enterococcus faecalis is the most frequently detected species in root canal-treated teeth, with reported prevalence rates ranging from 24% to 90% (2-4). This microorganism is a Gram-positive, facultative anaerobic coccus that forms part of the indigenous microbiota, yet it can also function as an opportunistic pathogen associated with various conditions, including nosocomial infections (5,6).

			A large number of virulence factors have been recognized for this microorganism and the ability to resist adverse environmental conditions and the capacity to evade host defenses may act as an advantage over other species (7).

			 

			Numerous virulence factors have been identified for this species. Its remarkable ability to withstand adverse environmental conditions and evade host defenses provides a distinct competitive advantage over other microorganisms within the root canal system (7).

			The genome of control strain (Enterococcus faecalis ATCC 29212) has been sequenced, and provides a map for the evaluation of phenotypes that have been reported for this strain and for the assessment of pathogenicity. However there is a lack of information related to the pathophysiologic mechanisms involve in the endodontic infection. (8) Genomic and proteomic analysis could provide a better understanding of the etiology and pathogenesis of endodontic diseases (9).

			Proteomic technologies such as mass-spectrometry-based sequence analysis have been applied to analyze the settling of the infection, physiological adaptations, survival mechanisms, virulence expressed and pathogenicity presented by the bacteria. Global information about genes and protein expression provides a integral basis for identification molecular targets that could be used for better diagnoses, preventions and treatment of endodontic infections. 

			The aim of this study was to analyze the proteomic composition of E. faecalis strain isolated from root canal treated teeth and reference strain ATCC29212.

			MATERIALS & METHODS

			Ethical Considerations

			The research protocol and all experimental procedures were formally reviewed and approved by the Scientific Ethics Committee of the Universidad Autónoma de San Luis Potosí (UASLP), Mexico, under the official registration code: CEI-FE-011-014.

			Prior to the collection of microbiological samples, all participants were thoroughly informed regarding the study’s objectives, procedures, risks, and benefits. Written informed consent was obtained from every participant; the specific consent forms and sampling protocols were also approved by the aforementioned Ethics Committee under the same reference key (CEI-FE-011-014). To ensure participant privacy, all data were anonymized throughout the collection and analysis process.

			Bacteria and Culture conditions

			Clinical Isolate Recovery and Reference Strain: This study utilized both a clinical isolate and a reference strain of Enterococcus faecalis (ATCC 29121). The clinical strain was recovered from teeth presenting with persistent endodontic infections. Each target tooth was anesthetized and isolated using a rubber dam. To ensure a sterile operative field, the tooth crown, surrounding rubber dam, and clamp were scrubbed sequentially with 30% H2O2 (Fermont, Monterrey, Mexico) and 5.25% sodium hypochlorite (NaOCl) for 1 minute each.

			Aseptic Access and Disinfection Control: Access cavities were prepared using sterile round burs. To prevent the penetration of disinfectants into the root canal system, a sterile cotton pellet was placed on the chamber floor, and the access cavity was disinfected again as previously described. Residual NaOCl was inactivated using 10% sodium thiosulfate (Fermont, Monterrey, Mexico) for 1 minute.

			To verify the effectiveness of the disinfection protocol, control samples were collected from the coronal surface, rubber dam, and clamp using sterile cotton pellets. These were immediately inoculated onto blood agar plates (BBL Becton Dickinson, Mexico) and incubated aerobically at 37°C for 24 hours.

			Microbial Sampling and Identification: Following access preparation, microbial specimens were obtained from the root canals. A sterile H-file was employed to remove gutta-percha and disrupt intraradicular biofilms, followed by the use of three sterile paper points. The file, the removed gutta-percha, and the paper points were transferred into tubes containing thioglycolate broth. Samples were then incubated within an anaerobic chamber (85% N2, 10% H2, 5% CO2) (Coy Laboratory Products, MI, USA). 

			Initial identification was performed using selective media, including bile esculin agar and CPS ID3 chromogenic agar (bioMérieux, France), alongside biochemical profiling via API 20 Strep (bioMérieux, France). Final confirmation of the bacterial identity and antibiotic resistance profiles was conducted using the VITEK 2 automated system (bioMérieux, France).

			Sample preparation for proteomic analysis

			To obtain protein extracts, 30 mL samples were harvested from the bacterial cultures during the late exponential growth phase. Pellets were obtained by centrifugation at 12000 rpm for 15 min at 4°C (Centrifuge 5810, Eppendorf, Hamburg, Germany).

			

			Pellets were resuspended in 10 mL Protoplasting buffer (Tris HCl, sucrose, EDTA, and bidistilled H2O) and 80 µL Lysozyme (Sigma-Aldrich, Saint Louis MO, USA), supernatant was incubated at 37°C for 3 hours to facilitate cell wall degradation. Following a second centrifugation step at 6,000 rpm for 10 min at 4°C, the protoplast pellets were resuspended in 10 mL of rupture buffer (TrisHCl, bidistilled H2O and β-mercaptoethanol) containing an EDTA-free protease inhibitor cocktail (Complete Mini, Roche Diagnostics, Mannheim, Germany) and lysed by sonication (15 cycles of 30 s; 60% amplitude) with intermediate cooling on ice to prevent thermal denaturation of proteins. Residual cell debris was removed by centrifugation at 12,000 rpm for 15 min at 4°C. The resulting supernatants, containing the soluble protein extracts, were aliquoted and stored at -20°C until further proteomic analysis.

			Protein quantification

			Total cellular protein concentrations were determined by use of a commercially colorimetric DC protein assay kit according to the manufacturer protocol (Bio-Rad) with bovine serum albumine (BSA) as a standard and absorbance measurement at 750 nm. Samples and standards were replicated three times.

			Total cellular protein concentrations were quantified using a commercial colorimetric DC Protein Assay kit (Bio-Rad Laboratories, Hercules, CA, USA), following the manufacturer’s microplate protocol. This assay, utilized bovine serum albumin (BSA) as the calibration standard. Absorbance measurements were performed at 750 nm using a spectrophotometer. To ensure statistical accuracy and reproducibility, all samples and standards were processed and measured in triplicate. 

			Protein separation by SDS PAGE

			Protein separation was performed using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). A prestained molecular weight marker (PageRuler Prestained Protein Ladder, Thermo Scientific, Rockford, IL, USA) was used as a reference standard.

			Electrophoretic runs were conducted at a constant voltage of 150 V for 1 hour. Following separation, the gels were visualized by staining with Coomassie Brilliant Blue R-250 and subsequently destained for 2 hours in a solution of methanol, distilled water, and glacial acetic acid  until the protein bands were clearly defined against a transparent background.

			For the proteomic analysis, 17 distinct bands were selected from both the reference strain (ATCC 29212) and the clinical isolate (EF1). These bands were excised and subjected to a standardized reduction and alkylation protocol. Disulfide bonds were reduced with 10 mM dithiothreitol (DTT), followed by alkylation of cysteine residues with 50 mM iodoacetamide.

			In-gel proteolytic digestion was performed overnight using sequencing-grade trypsin (prepared in 25 mM ammonium bicarbonate and 10% acetonitrile). This process was carried out in an automated protein digestion station (ProGest, Digilab, Hopkinton, MA, USA), strictly following the manufacturer’s instructions to ensure high-fidelity peptide recovery.

			Mass spectrometry analysis by MALDI-TOF-TOF

			The resulting tryptic peptides were analyzed using Matrix-Assisted Laser Desorption/Ionization Time-of-Flight (MALDI-TOF-TOF) mass spectrometry on an AB4800-Plus Proteomics Analyzer (Applied Biosystems, Foster City, CA, USA). Samples were prepared by mixing 1 µL of each peptidic extract with 1 µL of a saturated solution of α-cyano-4-hydroxycinnamic acid prepared in 50% acetonitrile acetonitrile and 0.1% trifluoroacetic acid (TFA).  Each peptidic sample (1 µL) was spotted onto an Opti-TOF 384 plate, dried, and analyzed in positive reflector mode. Spectra were acquired using a laser intensity of 3000 and 1500 shots/spectrum.

			CalMix-5 standards (ABSciex) spotted on the same plate were used for external calibration. From each MS spectrum, up to 10 precursors were submitted to automated collision-induced dissociation MS/MS acquisition at 2 kV, in positive reflector mode (500 shots/spectrum, laser intensity 3000). 

			For protein identification, resulting spectra were searched against the UniProt/SwissProt database using ProteinPilot v.4 and the Paragon® algorithm (ABSciex) at ≥95% confidence, or manually interpreted. Few peptide sequences with lower confidence scores were manually searched using BLAST (http://blast.ncbi.nlm.nih.gov).

			Initial MS spectra were acquired using a laser intensity of 3000, with an accumulation of 1500 shots per spectrum.External calibration was performed using CalMix-5 standards (ABSciex) spotted onto the same plate to ensure mass accuracy. From each MS profile, up to 10 of the most intense precursors were selected for automated collision-induced dissociation (CID) MS/MS acquisition at 2 kV in positive reflector mode (500 shots per spectrum; laser intensity 3000).Protein Identification and Bioinformatics. For protein identification, the resulting MS/MS spectra were searched against the UniProt/SwissProt database using ProteinPilot v.4 software and the Paragon® algorithm (ABSciex). A confidence threshold of 95% was applied for all identifications. In cases where automated identification yielded lower confidence scores, peptide sequences were manually interpreted or searched using the Basic Local Alignment Search Tool (BLAST) via the National Center for Biotechnology Information (NCBI) to confirm identity based on sequence homology.

			RESULTS

			Mass spectrometry by MALDI TOF-TOF provides a total of 19 proteins identified in the reference strain ATCC 29212 (Table 1), and 11 for the isolated strain (Table 2). 

			Proteins found were classified according to their function. Most were involved in energy metabolism and proteins synthesis. Two of the identified proteins were involved in virulence and two have an important role in response to oxidative stress Figure 1, Figure 2 and Figure 3.

			

			Table 1. Proteins identified by MALDI TOF-TOF MS analysis of E. faecalis ATCC 29212.
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							PROTEIN

						
							
							GEN

						
							
							SCO

						
							
							CONF %

						
							
							MASS (DA)

						
					

					
							
							W1VVC4

						
							
							Uncharacterized protein E.faecalis

						
							
							
							
							
					

					
							
							(Piruvato Kinasa))

						
							
							Q608_EFC00041G0006

						
							
							10

						
							
							99

						
							
							62,502

						
							
					

					
							
							W1VVQ4

						
							
							Uncharacterized protein E.faecalis

						
							
							
							
							
					

					
							
							(tirosina decarboxilasa)

						
							
							Q608_EFC00036G0026

						
							
							6

						
							
							82.2

						
							
							70,053

						
							
					

					
							
							W1VZ69

						
							
							Glyceraldehyde-3-P dehydrog. E.faecalis

						
							
							Q608_EFC00020G0086

						
							
							14

						
							
							99

						
							
							35,772

						
					

					
							
							Q839G9

						
							
							Elongation factor G, E. faecalis

						
							
							fusA

						
							
							15

						
							
							99

						
							
							76,679

						
					

					
							
							Q839G8

						
							
							Elongation factor Tu, E.faecalis

						
							
							Tuf

						
							
							18

						
							
							99

						
							
							43,388

						
					

					
							
							X6WYH7

						
							
							Enolase (2-phosphoglycerate dehydratase)

						
							
							Eno

						
							
							18

						
							
							99

						
							
							46,511

						
					

					
							
							X6WAC7

						
							
							Arginine deiminase, E. faecalis

						
							
							arcA

						
							
							14

						
							
							99

						
							
							46,716

						
					

					
							
							X6WY65

						
							
							Phosphoglycerate kinase E.faecalis

						
							
							Pgk

						
							
							9

						
							
							99

						
							
							42,397

						
					

					
							
							Q839Q5

						
							
							Ornithine carbamoyltransferase(OTCase)

						
							
							arcB

						
							
							20

						
							
							99

						
							
							38,029

						
					

					
							
							X6WWQ1

						
							
							Pyruvate dehydrogenase E1 component subunit beta, E.faecalis

						
							
							P027_00306

						
							
							11

						
							
							99

						
							
							35,395

						
					

					
							
							X6WVL2

						
							
							30S ribosomal protein S2 E.faecalis

						
							
							rpsB P027_01239

						
							
							9

						
							
							99

						
							
							29,463

						
					

					
							
							X6WVB2

						
							
							Phosphate acetyltransferase E.faecalis

						
							
							P027_02181

						
							
							8

						
							
							99

						
							
							35,559

						
					

					
							
							X6WRH4

						
							
							PTS system mannose-specific IID  component, E.faecalis

						
							
							P027_02607

						
							
							9

						
							
							99

						
							
							33,330

						
					

					
							
							Q82ZI6

						
							
							30S ribosomal prot.S4, E.faecalis

						
							
							rpsD

						
							
							16

						
							
							99

						
							
							23,234

						
					

					
							
							Q839F8

						
							
							30S ribosomal prot.S3, E.faecalis

						
							
							rpsC

						
							
							13

						
							
							99

						
							
							24,370

						
					

					
							
							X6WV58

						
							
							Peroxiredoxin, E.faecalis

						
							
							P027_01518

						
							
							8

						
							
							99

						
							
							21,091

						
					

					
							
							X6WXW6

						
							
							Ribosomal subunit interface prot. E.faecalis

						
							
							P027_00695

						
							
							9

						
							
							99

						
							
							21,158

						
					

					
							
							Q839F7

						
							
							50S ribosomal protein L16, E.faecalis

						
							
							rplP

						
							
							10

						
							
							99

						
							
							16,225

						
					

					
							
							X6WRZ6

						
							
							50S ribosomal protein L15, E.faecalis

						
							
							rplO

						
							
							6

						
							
							97.3

						
							
							15,574

						
					

				
			

			*Confidence (Conf) and Score (Sc) values calculated by the Paragon algorithm of ProteinPilot®.

			

			Table 2. Proteins identified by MALDI TOF-TOF MS analysis of E. faecalis isolated strain.
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							PROTEIN

						
							
							GEN

						
							
							SCO

						
							
							CONF %

						
							
							MASS (DA)

						
					

					
							
							W1VZ69

						
							
							Glyceraldehyde-3-P dehydrog. E.faecalis (2)

						
							
							Q608_EFC00020G0086

						
							
							15

						
							
							99

						
							
							35,772

						
					

					
							
							W1W4S9

						
							
							Phosphoglycerate kinase E.faecalis (2)

						
							
							Pgk

						
							
							6

						
							
							97.2

						
							
							42,397

						
					

					
							
							Q839G9

						
							
							Elongation factor G, E. faecalis

						
							
							fusA

						
							
							14

						
							
							99

						
							
							76,679

						
					

					
							
							X6WL43

						
							
							ATP-dependent Clp protease ATP-binding subunit ClpL

						
							
							P026_00466

						
							
							11

						
							
							99

						
							
							77,844

						
					

					
							
							Q839G8

						
							
							Elongation factor Tu, E.faecalis

						
							
							Tuf

						
							
							16

						
							
							99

						
							
							43,388

						
					

					
							
							X6WYH7

						
							
							Enolase (2-phosphoglycerate dehydratase)

						
							
							Eno

						
							
							13

						
							
							99

						
							
							46,511

						
					

					
							
							X6WTR7

						
							
							Arginine deiminase, E. faecalis

						
							
							arcA

						
							
							10

						
							
							99

						
							
							46,716

						
					

					
							
							X6SVM8

						
							
							ADP-dependent (S)-NAD(P)H-hydrate dehydratase

						
							
							nnrD

						
							
							9

						
							
							83.3

						
							
							31,811

						
					

					
							
							Q838I4

						
							
							Superoxide dismutase [Fe] E.faecalis 

						
							
							soda

						
							
							9

						
							
							99

						
							
							22,697

						
					

					
							
							Q82ZI6

						
							
							30S ribosomal prot.S4, E.faecalis

						
							
							rpsD

						
							
							5

						
							
							82.9

						
							
							23,234

						
					

					
							
							X6WXW6

						
							
							Ribosomal subunit interface prot. E.faecalis

						
							
							P027_00695

						
							
							8

						
							
							75.7

						
							
							21,158

						
					

				
			

			*Confidence (Conf) and Score (Sc) values calculated by the Paragon algorithm of ProteinPilot®.

			[image: ]

			Figure 1. Classification by function mechanisms of E. faecalis ATCC 29212.
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			Figure  2. Classification by function mechanisms of E. faecalis isolated strain.
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			Figure 3. Classification by cellular localization.

			 

			DISCUSSION

			This study is a preliminary report of a putative Enterococcus faecalis proteome by using Mass Spectrometry analysis. A total of 22 protein were identified, the majority of protein found were related to metabolic and housekeeping process, including metabolism energy, and protein synthesis. As it was point it out by Provenzano J et al., this in indicative of a living active microbial community (10). Some of the proteins found in this study have been identified in previous studies of the proteome or surfaces proteomes of Gram positive bacteria  (11,12). The majorities are cytoplasmic proteins which must be considered contaminants, there have been speculations in the literature that some of these actually may have extracellular functions. One example is glyceraldehyde -3-phosphate dehydrogenase (GADPH), which has been identified at the surface of several Gram positive as well in this study.

			The presence of multiple forms of GAPDH, attributable to post-translational modifications has been widely reported in other microorganisms (13-16). The fact that extracellular GADPH, either secreted or cell surface associated, is enzymatically active indicates maintenance of the protein structure through the export process, thus retaining the possibility of different extracellular roles. This is especially relevant for a multifunctional protein. Likewise, the secreted glycolytic enzymes enolase. 

			Both cell surface-associated, multiple function bacterial proteins, GADPH and enolase identified in our study, can be virulence  determinants playing important  roles in interactions with the host, including adaptive responses to environmental changes, adherence, internalization, toxin synthesis, and escaping the host immune system (11). Enolase is present on the surface of most streptococci and has a strong plasminogen-binding property (17).

			The identification of proteins such as: pyruvate kinase, GADPH, phosphoglycerate kinase, enolase, and pyruvate dehydrogenase, is representative of an activation of carbohydrates metabolism by glycolytic way. It seems reasonable that an increased glycolytic flux could compensate for the lack of a tricarboxylic acid cycle by overproducing NADH cofactor to be further regenerated  in the adapted electron transport chain. Additonally, higher glycolytic flux allows for increased availability of important metabolites involved in key stress defense mechanisms (18).

			Proteins related to oxidative stress response, were identified in the present study; superoxide dismutase and peroxiredoxin, also reported by Bøle et al. and Portela et al., represents an important protein synthesis mechanism on the cell wall, when the bacteria is under oxidative stress (12,18).  As E. faecalis is generally adapted to anaerobic energy gain and growth, the exposure to oxygen exerts oxidative stress, because E. faecalis is only capable of aerobic respiration when heme is available for incorporation intro proteins involved in electron transport (19). Since heme is absent in BHI medium, experiences oxidative stress reflected by upregulation of SufC under aerobic conditions, because the heme-dependent catalase is inactive for detoxification (20).

			A pathway of anaerobic arginine degradation leads to generation of energy in the form of ATP. The ADI pathway was originally demonstrated and characterized in the species E. faecalis. Despite the fact that the presence of arginine is strongly inducing de ADI pathway, in addition the availability oxygen, glucose, and fumarate act as a significant repressor on this pathway (21). Due to the identification of arginine deiminase (ADI), our results are in concordance with these studies. L-arginine represents an additional energy source for growth, and it offers  protection against acid stress due to an increased  pH value caused by the produced ammonia (22).

			CONCLUSIONS

			In conclusion, our study reveal 22 proteins in E. faecalis root canal isolated strain, with different roles in bacterial behavior. Several of the identified proteins are involved in energy metabolism, and protein synthesis. We detected only a few proteins that could be contributing to bacterial virulence. 

			The proteomic approaches have the potential to reveal biomarkers that can be used to improve therapy and predict prognosis. Also, the results provide basis for further studies, that may contribute to the total comprehension of the phenotype (pathogenicity and adaptability) of isolated strains for the ultimate lead to better treatment strategies.
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Evaluation of E. faecalis Proteome from Endodontic Infection by Mass Spectrometry:

A Preliminary Study

Evaluacion del proteoma de E. faecalis en infecciones endodénticas mediante espectrometria de masas:
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ABSTRACT. Proteins are a key to a deeper understanding of the behavior of Gram positive bacteria
such as Enterococcus faecalis, one of the most frequently detected species in root canal-treated teeth,
with a high prevalence report. Such proteins contribute to cell wall synthesis and maintenance and
are important for interactions between the bacterial cell and the human host. An E. faecalis strain
isolated from root canal treatment failure and an ATCC strain was used for the proeomic analysis using
Mass spectrometry. A total of 22 proteins were identified the majority of protein found were related to
metabolic and housekeeping process, including metabolism energy, and protein synthesis. The present
proteome analysis gives an experimental impression of the protein landscape of the pathogenic bacterium
E. faecalis. These proteins stand out as interesting targets for further investigation of the interaction
between E. faecalis and its root canal environment.

KEYWORDS: Root canal treatment; Enterococcus faecalis; Treatment failure; Proteomic; Mass spectrometry;
Cellular metabolism.
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