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Tuberculosis still remains a concerning health problem worldwide. Its etiologic agent, Mycobacterium tuberculosis, continues to be the focus of research to unravel new prophylactic and therapeutic strategies against this disease. The only vaccine in use against tuberculosis is based on the in vitro attenuated strain, M. bovis BCG. Dodecin is a dodecameric complex important for flavin homeostasis in Archea and Eubacteria, and the M. tuberculosis protein is described as thermo- and halostable. M. bovis BCG Moreau, the Brazilian vaccine strain, has a single nucleotide polymorphism in the dodecin start codon, leading to a predicted loss of seven amino acids at the protein N-terminal end. In this work we aimed to characterize the effect of this mutation in the BCG Moreau protein features. Our recombinant protein assays show that the predicted BCG homolog is less thermostable than M.tb’s but maintains its dodecamerization ability, although with a lower riboflavin-binding capacity. These data are corroborated by structural analysis after comparative modeling, showing that the predicted BCG dodecin complex has a lower interaction energy among its monomers and also a distinct electrostatic surface near the flavin binding pocket. However, western blotting assays with the native proteins were unable to detect significant differences between the BCG Moreau and M.tb orthologs, indicating that other factors may be modulating protein structure/function in the bacterial context.
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Introduction

Dodecin plays an important role in bacterial physiology, mainly due to its predicted function as a storage protein for cofactors needed by these organisms throughout their life cycles, such as flavins and coenzyme A (Meissner et al., 2007). In Archaea, like Halobacterium salinarum, this protein is suggested as a key player on flavin homeostasis, functioning as a buffer for this kind of molecule (Grininger et al., 2009), and acting as a source of active flavins (FADH2 and FMN) or riboflavin for production of the former when required. It may also prevent harmful effects of flavin light-induced reactions on the bacterial cytosol, similar to eukaryotic flavin-binding proteins (Kelley et al., 2017).

The Mycobacteria are known mainly for its pathogenic members, such as M. tuberculosis (M.tb) and M. leprae. Human tuberculosis is a worldwide spread disease, causing an estimated 1.2 million deaths among HIV-negative individuals in 2019 (World Health Organization, 2020). Dispersal of antibiotic-resistant strains and the increase in HIV coinfection cases (Lai et al., 2016) justify the urgency for new prophylactic and therapeutic approaches, warranting the need for a better understanding of mycobacterial metabolism and physiology.

The only available prophylactic method against human tuberculosis is vaccination with Bacillus Calmette-Guérin (BCG), an in vitro attenuated M. bovis strain. Factors resulting from storage and cultivation of this bacterium led to its genetic and phenotypic diversification, and today different strains are used for vaccine production worldwide (Ritz and Curtis, 2009), all part of the BCG family. Genomic studies revealed strain-specific genetic patterns, and these could be related to vaccine efficacy and other bacterial features (Brosch et al., 2007).

M. bovis BCG Moreau, the strain used for vaccine production in Brazil from 1925 to 2017, is closely related to other more primitive strains, such as BCG Russia and Japan, believed to be similar to the original BCG (Abdallah et al., 2015). But even with the long, continuous usage of this strain for vaccination of Brazilian children, little is known about BCG Moreau physiology, when compared to BCG Pasteur, one of the most studied BCG strains, M. bovis or M.tb. In the last decade, our group worked on its characterization, on the genomic (Gomes et al., 2011), proteomic (Berrêdo-Pinho et al., 2011; Pagani et al., 2019) and functional context (Galvão et al., 2014; Monteiro-Maia et al., 2018; Schwarz et al., 2020; Schwarz et al., 2021). Comparison of the BCG Moreau and M.tb genomes confirms a single nucleotide polymorphism (SNP) within the start codon of the dodecin coding gene, already annotated, but not functionally described, for BCG Pasteur (BCG_1562c), leading to a predicted N-terminal shorter homolog in BCG. Although M.tb dodecin is shown to be non-essential for in vitro growth (DeJesus et al., 2017), it may play a relevant role within the infection context, as flavins are important to the regulation and maintenance of the redox environment, making it an interesting target for drug development. Inhibitors of dodecin function could impair the normal bacterial response within the infection process, adding to the arsenal of inhibitory molecules targeting redox metabolism enzymes (Lu and Holmgren, 2014). Due to its importance in flavin homeostasis, already described for other microorganisms (Grininger et al., 2009), here we report the initial characterization of BCG Moreau dodecin, comparing it with the known M.tb homolog, aiming to understand the possible functional impacts of this mutation.



Methods


Sequence Analysis and Comparisons

M.tb dodecin gene sequence (GeneID: 3205040; rv1498A) was obtained from the public domain databank NCBI Mycobacterium tuberculosis H37Rv complete genome (GenBank: NC_000962.3). The M. bovis BCG Moreau ortholog was found by Blast analysis, identifying BCG_M1530c on the M. bovis BCG str. Moreau RDJ complete genome (GenBank: AM412059.2). Nucleic acid and protein sequence alignments were performed with the free online tool Clustal Omega.



Recombinant Protein Expression, Purification and Polyclonal Sera Production

Recombinant BCG Moreau and M.tb dodecins (rDod), with addition of a C-terminal 6-His tag (or also without in the case of the BCG protein), were expressed in E. coli. M. bovis BCG Moreau and M.tb H37Rv genomic DNA were used as template to amplify the dodecin genes (BCG_M1530c and rv1498A, respectively) containing NcoI (5’) and XhoI (3’) restriction sites, using Platinum SuperFi DNA polymerase (Invitrogen) and the following pair of primers: AAACCATGGTGATCGAGATCGTC (forward for both BGC proteins), TGCCTCGAGGGAATCCTCCAGGCG (reverse for both BCG His-tagged and M.tb proteins), TTTTCTCGAGTCAGGAATCCTCCAG (reverse for BCG non-tagged protein) and AAACCATGGCGAGCAATCACACCTA (forward for M.tb protein).

The restriction enzyme digested and purified amplicons were cloned in pET28a(+) vector DNA digested with the same pair of enzymes. After electroporation on E. coli TOP10 and selection on 25 µg/mL kanamycin Luria-Bertani (LB) plates incubated at 37 °C for 16h, isolated colonies were analyzed by colony PCR and inserts were sequenced by Sanger technology using commercial pair of primers, T7 promoter and terminator.

Recombinant plasmids were transformed in E. coli BL21(DE3) strain and isolated colonies were cultivated on LB medium supplemented with kanamycin, at 37 °C under agitation (200 rpm). When cultures reached an optical density (O.D.600nm) of 0.4-0.6, isopropyl-β-D-thiogalactopyranoside (IPTG) was added to 1 mM final concentration and cultures were incubated for a further 3 hours. Cells were then harvested by centrifugation, ressuspended in lysis buffer (20 mM Tris-HCl pH 7.5; 300 mM NaCl; 0.5% [v/v] Triton X-100) and disrupted by mechanical lysis on a BeadBeater equipment using glass beads and 3 one-minute cycles on ice. These induction and lysis protocols were used for all assays using rDod producing E. coli strains.

The resulting supernatant from the BCG His-tagged protein (rDod-BCG-6His) clone was clarified by centrifugation and 0.22 µm filtered before loading on a HisTrap IMAC HP 1mL column (GE Healthcare), charged with Ni2+. Loading buffer (buffer A) was 100 mM Tris-HCl pH 7.5, 300 mM NaCl and 5 mM imidazole, and elution was performed with elution buffer (buffer B) (same as A, but with 500 mM imidazole) by step-gradients (10, 20, 30, 40 and 100% of B, 5 column volumes [CV] each). Fractions were analyzed by 15% SDS-PAGE.

Purified fractions from rDOD-BCG-6His were pooled, dialyzed against PBS and used to immunize six BALB-C mice, with 3 x 10ug intra-peritoneal injections at 2 weeks intervals (the first two doses in Freund’s incomplete adjuvant, and the final one in sterile PBS). Whole individual mouse serum was collected and tested against purified rDOD-BCG-6His on western blotting assays to confirm antibody production. Responding sera were pooled and used as dodecin polyclonal antibody (α-dodecin). This study was approved by the Commission for the Use of Laboratory Animals from IOC, Fiocruz (License CEUA/IOC L-020/2016).



Dodecamerization and Thermophilic In-Gel Assays

Total proteins from IPTG-induced E. coli cultures expressing rDods were used in these assays. Samples were resolved in 15% SDS-PAGE prior to western blotting analysis. Briefly, proteins were transferred to nitrocellulose membrane (Hybond C, GE) using a MiniTransblot equipment (BioRad) at constant 100 V for 1 hour. The quality of the protein transfer was assessed by reversible staining with Mem Code (Pierce) and the membrane blocked for 16h at 4o C in TBS-T (Tris-buffered saline supplemented with 0.05% (v/v) Tween 20) containing 10% (w/v) skim milk. After washing with TBS-T, the membrane was incubated with α-dodecin (1:100) for 2 hours, followed by incubation with HRP-conjugated goat anti-mouse IgG (1:10,000) for 1 hour. After each antibody incubation, the membrane was washed 3 times with TBS-T, followed by 3 washes with TBS. All antibody incubations were performed in TBS-T containing 5% (w/v) skim milk. Blots were developed using the SuperSignal kit (Pierce), following the manufacturer’s protocol.

For thermophilic analysis the protocol described in (Liu et al., 2011) was used, with minor modifications. Briefly, samples were incubated for 30 minutes at 25, 40 and 80°C prior to western blotting assays. After clarification by centrifugation, the same volume of supernatant was loaded on the gel and western blotting was performed to detect the presence of dodecin in solution.



Native Dodecin In-Gel Characterization

M.tb H37Rv and M. bovis BCG Moreau cells were grown on 7H9 medium supplemented with 10% mixture of albumin, dextrose and catalase (ADC) at 37 °C under agitation (200 rpm). Cultures were started at OD600nm~0.1 and cells were recovered by centrifugation at days 2, 5 and 7, corresponding to lag, logarithmic and stationary phases, respectively.

Whole cell lysate was prepared by mechanical lysis on a BeadBeater equipment, using the following buffer: 50 mM HEPES/KOH pH 7.5; 10 mM MgCl2; 60 mM NH4Cl; 10% [v/v] glycerol. After clarification by centrifugation, total proteins were quantified on NanoDrop and 20 µg resolved on 15% SDS-PAGE prior to western blotting with α-dodecin, as described above.

For thermostability assays, logarithmic phase cell lysates were incubated for 30 minutes at 40, 80 or 100 °C, and the same volumes of supernatants were used as samples for western blotting.



Riboflavin Binding Assay

Total proteins from IPTG-induced E. coli cultures expressing BCG or M.tb His-tagged rDod were used for this assay. One mL of clarified lysates, adjusted to contain equivalent protein amounts (500 ug), was loaded on 10 kDa filter units (AmiconUltra, Millipore) and the same volume of PBS was used as negative control. Samples were concentrated to around 100 µL (using the manufacture’s protocol) and washed three times with 1 mL of PBS, before addition of a saturated riboflavin solution, also in PBS. The filter units were incubated under agitation for two hours at room temperature and washed three times with PBS, in order to completely remove unbound riboflavin. Flavins have absorption peaks at 220, 265, 370 and 450 nm; to avoid protein interference, the protein-associated riboflavin remaining in the retentate was analyzed by NanoDrop at 450 nm (Liu et al., 2011) and values compared to the absorbance of the saturated riboflavin solution. Results are represented as the mean of a set of three experiments, with standard deviation, and analyzed using a non-paired t-test on GraphPad Prism 5 software.



Homology Modelling and Structural Analysis

The dodecameric structure of Mycobacterium tuberculosis H37Rv strain dodecin (PDB code 3OQT) (Grininger et al., 2009) was used for the structural analysis of M.tb dodecin, and as a template for modeling the BCG Moreau dodecin complex. Comparative modeling was carried out using the software MODELLER 9.18 (Webb and Sali, 2014), and twenty models were generated. To optimize each of the models, we used a protocol of 300 iterations of the built-in Modeller’s conjugate gradient energy minimization algorithm, followed by Modeller’s molecular dynamics routine. For each model, the protocol was repeated two times or until Modeller probability density function returned values greater than 1 × 106. The model with the lowest DOPE score was validated by analysis of the stereochemical properties with the verify3D server (Eisenberg et al., 1997) and inspection of the Ramachandran plot. After validation, the most probable protonation state of the titratable residues at pH 7.0 was calculated for each dodecin complex using the software Propka (Olsson et al., 2011).

The structures of both dodecin complexes were subsequently used for the analysis of the interaction energy between the polypeptide chains within each dodecamer using the INTAA server (Galgonek et al., 2017) with the AMBER parm99 force field (Cheatham et al., 1999). The electrostatic potential surface of each of the structures was analyzed using pymol vacuum electrostatics function, and the dodecin complex of H. halophila (PDB code 2VXA) was used for comparison. To investigate if the difference in length could cause any major differences in the flexibility of the complex, we also carried out normal mode analysis (NMA) to understand the overall flexibility of each complex, using an elastic network model (ENM) implemented in the R package Bio3D (Grant et al., 2006). The root-mean-square fluctuations (RMSF) of the residues of each complex were calculated from the normal modes and compared.




Results


A single Nucleotide Polymorphism (SNP) Leads to A Shorter N-Terminal Dodecin in BCG Moreau

The BCG Moreau dodecin coding gene (BCG_M1530c) carries the same SNP described for the M. bovis AF2122-97 and BCG Pasteur orthologs to M. tuberculosis H37Rv rv1498A. As shown in Figure 1A, a T-C transition leads to the loss of the start codon in BCG and the proposition of the following GTG (a known alternative to ATG) as the new start codon, resulting in a protein product with complete sequence homology to the dodecin of M.tb, but missing the seven N-terminal amino acids (Figure 1B). Among the lost residues it is important to emphasize arginine (Arg7), already described as essential to the M.tb dodecin extremophilic characteristics, as it participates in one of the structural stabilizing salt bridges of this complex.




Figure 1 | DNA and protein alignment of the dodecin locus. (A) Alignment of dodecin coding regions from M.tb and M. bovis BCG Moreau, showing that a T-C transition (within the solid-line rectangle) leads to the loss of the ATG start codon in BCG and prediction of GTG as the new start codon downstream (dashed-line rectangle). (B) Alignment of the resulting proteins showing the effect of this mutation in BCG, with the loss of seven N-terminal amino acids, including Arg7 (boxed), when compared to M.tb.



Analysis of other species belonging to the Mycobacterium tuberculosis complex shows this SNP to be present only in the animal strains (such as M. bovis, M. bovis BCG strains and M. caprae) and M. africanum II (such as M.tb variant africanum K85) clades, while the M.tb ‘ATG pattern’ is observed throughout the other clades.

Prior to further assays, the cloned M.tb H37Rv and M. bovis BCG Moreau dodecin genes were re-sequenced to confirm the annotated genotypes on our working samples (data not shown).



Thermostability, but Not Dodecamerization Capacity, Is Hampered by N-Terminal Loss

To verify the possible functional impacts of the N-terminal 7-AA loss, BCG Moreau and M.tb rDods were obtained in E. coli. A mouse polyclonal serum raised against purified rDod-BCG-6His was used in western blotting assays with total proteins from IPTG-induced E. coli cultures expressing rDod-BCG or M.tb-6HIS, revealing bands corresponding to different oligomerization states - monomer (~7 kDa), tetramer (~27 kDa) and dodecamer (~90 kDa) (Figure 2A). This pattern was observed on all samples analyzed, with the exception of the monomer, more detectable on the lysate expressing M.tb dodecin and barely on the one expressing the BCG protein. This could be happening due to different equilibrium rates among the distinct oligomerization states between BCG and M.tb dodecins, allowing monomer to be more prominent in the M.tb sample. Furthermore, similar patterns were detected with the His-tagged and non-tagged BCG proteins, indicating no interference from this tag.




Figure 2 | Characterization of M.tb (Tb) and BCG Moreau (B) recombinant dodecins. Prior to western blotting, 20 µg of proteins from each sample (total proteins from IPTG-induced E.coli expressing dodecin clarified lysates) were resolved on 15% SDS-PAGE. We analyzed the effect of the loss of the seven N-terminal amino acids on dodecin (A) dodecamerization capacity and (B) thermostability. E. coli expressing the BCG Moreau dodecin lacking the 6-His tag was included (A; BCG). For thermostability assays, protein samples were incubated for 30 min in each condition tested, prior to sample clarification by centrifugation and analysis of supernatant by SDS-PAGE and western blotting. Results are representatives of a set of three independent experiments.



Analysis of protein thermostability shows that while the dodecameric form of the M.tb rDod remains in solution after incubation at 80°C, the same is not true for the BCG dodecamer, no longer detected in the soluble fraction above 40°C (Figure 2B). Moreover, the pattern of thermostability loss differs between these two rDods, BCG shifting from a dode- (~90 kDa) and monomeric (~7 kDa) mixture at 40°C to an all tetrameric (~27 kDa) soluble form at 80°C, and M.tb from a dode- and monomeric mixture at 25°C to a dode-, tetra- and monomeric mixture starting at 40°C, with more equally distributed forms at 80°C.

The structures used for the analysis of M.tb dodecin (3OQT) and the model of the BCG Moreau complex were both evaluated using the verify3D server and showed respectively more than 89.8% and 83.7% of residues with scores above the threshold. Moreover, M.tb dodecin complex showed 99% of the residues in the allowed or favored regions of the Ramchandran plot, while BCG Moreau complex structure showed 98.7%, revealing that both are reliable models. The RMSF from the normal modes suggests that despite being shorter than M.tb’s, BCG Moreau dodecin shows no significant differences in flexibility (Figure 3). On the other hand, the interaction energy data from the INTAA server shows that the BCG Moreau dodecin (Figure 4B) has lower interaction energies between its monomers when compared to the M.tb dodecamer (Figure 4A), which might explain its reduced thermostability. The structure of the complex suggests that this reduction on interaction energy could be a consequence of the reduced interaction surface caused by the shorter N-terminal segment of the BCG Moreau, as can be seen in one of the faces of the dodecamer represented in Figures 4C, D.




Figure 3 | Flexibility of dodecin chain A. The chain A RMSF values calculated from ENM for each complex are shown throughout the protein sequence, suggesting a similar flexibility pattern between M.tb and BCG Moreau dodecin complexes.






Figure 4 | Interchain interaction energy in the dodecamers. The heatmaps in (A, B) show respectively the interaction energies between the protein chains in the M.tb and the BCG Moreau dodecamers; the energy is depicted as a color scale and the 12 chains of each dodecamer are identified from A to L in both axes. The bottom images (C, D) depict one of the faces of the dodecamer of M.tb dodecin and BCG Moreau, respectively.





Riboflavin Binding Capacity Is Significantly Decreased for the BCG Dodecamer

Regarding dodecin’s known function, it is important to assess its flavin binding capacity to infer possible relevant functional differences between the M.tb and BCG forms. To investigate this we performed a column-based assay comparing E. coli clarified lysates, expressing or not DOD-BCG or M.tb-6HIS. These dodecin-expressing lysates were produced in the same way as those used for the western blotting assays with recombinant proteins. The same amount of total proteins from each respective lysate was loaded per column (500 ug). Proteins with molecular weight greater than 10 kDa were concentrated, washed with PBS and then incubated with a saturated riboflavin solution. Upon interaction and further washing with PBS to remove unbound riboflavin, absorbance at 450nm should represent dodecin-bound flavins on the retentate. As can be seen in Figure 5, whole cell lysate of IPTG-induced E. coli expressing M.tb dodecin binds significantly more riboflavin when compared to the equivalent lysate expressing BCG dodecin. This suggests that the shorter BCG dodecin has a lower riboflavin binding capacity when compared to M.tb’s. Significant differences are also detected between the induced and non-induced lysates, indicating that, even though whole cell lysates were used, riboflavin binding is dodecin-specific, as other E. coli proteins from non-induced samples could not mimic the results obtained from induced samples. Furthermore, when comparing BCG induced and non-induced samples, a small but significant difference could be detected, indicating that the BCG rDod is still capable of riboflavin binding, but not in the same degree as M.tb’s.




Figure 5 | Riboflavin-binding capacity of BCG and M.tb dodecin forms. Riboflavin (λ=450nm) detected on 10kDa filter retentate after incubation of saturated riboflavin solution with whole protein extracts from non-induced (NI) or induced (IND) E. coli cultures expressing M.tb or BCG Moreau (BCG) dodecin genes (rDod). The saturated riboflavin solution was used as maximum value and PBS as a negative control (C-), respectively corresponding to a situation in which all or none of the riboflavin in the input solution bound to dodecin within lysates. Results are represented as the mean +/- SD of a set of three independent experiments. Statistical analysis was performed by unpaired t-test. **p < 0,01, ***p < 0,001.



Analysis of the electrostatic potential surface of the dodecamers shows that the predicted BCG Moreau dodecin complex has differences around the riboflavin binding site when compared to the dodecin complexes of H. halophila and M.tb. Both the H. halophila (Figure 6A) and M.tb (Figure 6B) dodecamers display a positively charged cavity in the riboflavin binding pocket, whereas the BCG Moreau variant cavity (Figure 6C) has a cleft with less evident positive charges. The BCG Moreau dodecin also displays a different overall shape in its binding pocket, forming a shallow cleft instead of the deeper pocket present in its counterparts, which could explain the difference observed in the binding of riboflavin.




Figure 6 | Electrostatic potential surface of the dodecin dodecamers. The electrostatic potential surface of (A) H. halophila, (B) M.tb, and (C) BCG Moreau dodecins is shown as a color scale in the protein surface, where positively charged regions are colored blue and negatively charged regions are colored red. The light blue circles highlight the riboflavin binding site.





Native Dodecins Show No Detectable Differences in In-Gel Molecular Weight and Thermostability

In-gel assays were performed using BCG Moreau and M.tb H37Rv whole cell lysates to analyze native dodecin features and compare it to the recombinant protein assays. As shown in Figure 7A, dodecin can be detected with an apparent MW corresponding to an hexameric form (~37 kDa) on all axenic growth phases analyzed, with lower intensity bands on the lag phase for both bacteria. Moreover, no differences in the molecular weight of the hexamer can be detected, and this is the only form seen in all native protein assays.




Figure 7 | Characterization of M.tb (Tb) and BCG Moreau (B) native dodecins by western blotting. Prior to western blotting, 20 µg of total proteins from BCG Moreau and M.tb clarified lysates were resolved on 15% SDS-PAGE. (A) Expression during axenic growth was analyzed on Lag, logarithmic (Log) and stationary (Sta) phases. (B) Thermostability assays were performed incubating protein samples at 40, 80 and 100 °C for 30 min prior to sample clarification by centrifugation and subsequent analysis by western blotting. Results are representatives of a set of three independent experiments.



Contrasting with the rDod assays, no differences in the thermostability features were detected between the BCG and M.tb native dodecins, and the loss of thermostability shows a similar pattern, shifting from a soluble hexamer observed in both extracts up to 80 °C incubation to a no longer detectable soluble dodecin form at 100 °C (Figure 7B).




Discussion

Despite its almost century old use as the only available vaccine against tuberculosis, there are still several knowledge gaps regarding M. bovis BCG physiology, hindering functional comparisons, especially when focusing on the Brazilian vaccine strain, BCG Moreau. One example is dodecin, a protein characterized in M.tb and other bacteria, both structurally (Meissner et al., 2007; Liu et al., 2011) and functionally, in relation to its flavin-binding mechanisms (Scheurer et al., 2017; Bourdeaux et al., 2018). Nevertheless, some important questions still remain to be answered regarding its physiological function.

Dodecin has been studied within the Eubacteria, including M.tb, Streptomyces coelicolor and S. davawensis (Ludwig et al., 2018; Bourdeaux et al., 2019). It is already known that the M.tb homolog assumes a dodecamer homopolymeric conformation, important for its thermo- and halophilic characteristics, and that these features are related to its tight and cohesive structure, mainly stabilized by salt bridges (Liu et al., 2011). Among the amino acids contributing to these bonds in the M.tb homo-olygomer there is an arginine (Arg7), predicted to be lost in the BCG Moreau homolog.

As can be observed from the performed rDod assays, there is a difference in stability between the complexes, with the BCG protein being less thermostable. This could be a direct result of the loss of Arg7, leading to a decrease in the number of salt bridges necessary to stabilize the dodecameric form. In this case, the structure would more readily break down when extra energy (heat) is added to the system or the ionic strength is altered by increasing the salt concentration. The in silico analysis shows that the lack of the seven N-terminal residues causes great impact in the interactions between the neighboring chains within the dodecamer, not only due to the lack of the Arg7 residue, but also due to the contribution of interactions involving the other residues in this region. The evidence points to an important role of the M.tb dodecin N-terminal loop in maintaining the interaction between the monomers, and that its loss could decrease the stability of the dodecamer, altering the thermostability profile, as observed in the assay with rDods.

Thermophilic proteins are not unusual in the M.tb proteome, and some, such as HsaD and TBNAT are essential for the infectious process (Lack et al., 2009), as others, such as EccA1 (part of the ESX-1 secretion system) are known virulence factors (Ganaie et al., 2011). This microbial adaptation is probably due to the temperature rise during the initial infection of immune system cells. From the bacterial perspective, thermophilic molecules that would be involved in these initial steps are advantageous as they could aid the microorganism to surpass this moment and reach later infection states.

As shown by the comparative sequence analysis, the SNP found in the BCG Moreau dodecin gene is common to animal strains and to the M. africanum II clade, indicating a recent mutational event, not related to vaccine attenuation. Our results indicate a direct impact of this mutation on the classic function of dodecin, resulting in a decrease in riboflavin binding capacity for the predicted BCG Moreau protein. This finding is in agreement with the structural analysis, showing differences in the flavin-binding cavity opening between both complexes, which could lead to differential flavin access to the binding residues, mainly Trp39 (from Rv1498A). This decreased flavin binding capacity could be due to higher solvent accessibility, leading to an unstable interaction between flavin and its binding residues. This phenotype observed for BCG dodecin would speak against the genotype fixation throughout clades of the Mycobacterium tuberculosis complex, as a less functional protein could diminish bacterial fitness during evolution. But it is important to point out that only dodecin’s flavin-binding capacity was evaluated in this work, so we cannot rule out other possible yet unknown functions for this complex, interfering on BCG dodecin fitness. Although we also tried to perform this column-based riboflavin-binding assay with native lysates, no significant signal could be detected (data not shown), probably due to low dodecin expression.

Western blot analysis of native dodecins present in whole cell lysates identifies a band with molecular weight compatible with the hexameric form, with similar molecular weight and thermostability profile between M.tb and BCG. Even though a 1kDa difference in the molecular weight of the monomer would be undetectable by SDS-PAGE, such difference should be apparent in the hexameric form (~37 kDa). Moreover, there is no distinction in the thermostability profile between the native M.tb and BCG dodecins, contrary to what was observed in assays employing recombinant proteins.

It is important to stress that throughout our in-gel assays with recombinant dodecins several oligomerization states (monomer, tetramer and dodecamer) could be detected. But only the hexameric form was evident when using native proteins. Other studies show that the dodecameric form exists in solution and can be detected by techniques such as analytical ultracentrifugation, but it breaks down to the hexamer upon SDS-PAGE analysis (Meissner et al., 2007; Liu et al., 2011). As already known, the dodecin dodecamer can be stabilized by interactions with free flavins, such as FMN, so differences in the intracellular concentrations of these molecules between E. coli and M. bovis BCG Moreau could explain our contrasting results regarding recombinant and native dodecins, indicating that it may be due to an experimental artifact (Liu et al., 2011; Bourdeaux et al., 2018).

Our data could suggest that even with the SNP affecting the start codon, BCG Moreau dodecin is still being produced in a similar way to M.tb, as shown by our western blotting assays with native proteins. A possible explanation for the different results with recombinant and native proteins would be that ACG functions as an alternative start codon in Mycobacteria, as already described for other organisms, such as for the alanyl-tRNA synthetase gene from Saccharomyces cerevisiae (Tang et al., 2004), where it was shown that its use leads to the production of a polypeptide different from the canonical one encoded by this yeast mitochondrial gene. To verify this hypothesis, further experiments should be performed to confirm ACG as an alternative translational start site in the mycobacterial context, since only ATG, GTG and TTG have already been characterized as such in M.tb (DeJesus et al., 2013).

Our results contribute to a better understanding of the molecular mechanisms involved in extremophilic features, as those described for M.tb dodecin. We show that the loop formed by the seven N-terminal amino acids is essential for the protein’s thermophilic features, mainly due to the enhancement of subunit interactions, possibly for example, by the salt bridge involving Arg7. But this phenotype, observed for the recombinant predicted BCG protein, may not be representative of the real BCG physiology as the native protein behaves similarly to M.tb dodecin. This could result from selective forces acting on this locus and the use of an alternative start codon, maintaining protein features even with the T-C transition genotype. In this context, the possible role of ACG as a real mycobacterial translational start codon still needs to be verified employing, for example, reporter gene assays. Further functional and structural characterization of the native BCG Moreau protein is needed, in order to better understand the impact of this mutation on bacterial fitness, intracellular survival and vaccine features.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by Commission for the Use of Laboratory Animals from IOC, Fiocruz (License CEUA/IOC L-020/2016).



Author Contributions

MS, PC and LM-L conceived and designed all experimental assays. LM and AG designed and performed in silico structural analysis. MS, BL, PC, LM and AS-G performed the experiments. All authors analyzed the data. LM-L and AG contributed to the reagents/materials/analysis tools. MS and LM-L wrote the paper. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by the Oswaldo Cruz Foundation and the Brazilian National Council for Scientific and Technological Development (project CNPq-PAPES VI 421923/2017-2). This study was financed in part by the Coordination for the Improvement of Higher Education Personnel (Coordenação de Aperfeiçoamento de Pessoal de Nível Superior - CAPES) - Finance Code 001.



References

 Abdallah, A. M., Hill-Cawthorne, G. A., Otto, T. D., Coll, F., Guerra-Assunção, J. A., Gao, G., et al. (2015). Genomic expression catalogue of a global collection of BCG vaccine strains show evidence for highly diverged metabolic and cell-wall adaptations. Sci. Rep. 5, 15443. doi: 10.1038/srep15443

 Berrêdo-Pinho, M., Kalume, D. E., Correa, P. R., Gomes, L. H., Pereira, M. P., da Silva, R. F., et al. (2011). Proteomic profile of culture filtrate from the Brazilian vaccine strain Mycobacterium bovis BCG Moreau compared to M. bovis BCG Pasteur. BMC Microbiol. 11, 80. doi: 10.1186/1471-2180-11-80

 Bourdeaux, F., Hammer, C. A., Vogt, S., Schweighöfer, F., Nöll, G., Wachtveitl, J., et al. (2018). Flavin Storage and Sequestration by Mycobacterium tuberculosis Dodecin. ACS Infect. Dis. 4, 1082–1092. doi: 10.1021/acsinfecdis.7b00237

 Bourdeaux, F., Ludwig, P., Paithankar, K., Sander, B., Essen, L.-O., Grininger, M., et al. (2019). Comparative biochemical and structural analysis of the flavin-binding dodecins from Streptomyces davaonensis and Streptomyces coelicolor reveals striking differences with regard to multimerization. Microbiology 165, 1095–1106. doi: 10.1099/mic.0.000835

 Brosch, R., Gordon, S. V., Garnier, T., Eiglmeier, K., Frigui, W., Valenti, P., et al. (2007). Genome plasticity of BCG and impact on vaccine efficacy. Proc. Natl. Acad. Sci. 104, 5596–5601. doi: 10.1073/pnas.0700869104

 Cheatham, T. E., Cieplak, P., and Kollman, P. A. (1999). A Modified Version of the Cornell et al. Force Field with Improved Sugar Pucker Phases and Helical Repeat. J. Biomol. Struct. Dynamics 16, 845–862. doi: 10.1080/07391102.1999.10508297

 DeJesus, M. A., Sacchettini, J. C., and Ioerger, T. R. (2013). Reannotation of translational start sites in the genome of Mycobacterium tuberculosis. Tuberculosis 93, 18–25. doi: 10.1016/j.tube.2012.11.012

 DeJesus, M. A., Gerrick, E. R., Xu, W., Park, S. W., Long, J. E., Boutte, C. C., et al. (2017). Comprehensive Essentiality Analysis of the Mycobacterium tuberculosis Genome via Saturating Transposon Mutagenesis. mBio 8 (1), e02133–16. doi: 10.1128/mBio.02133-16

 Eisenberg, D., Lüthy, R., and Bowie, J. U. (1997). [20] VERIFY3D: Assessment of protein models with three-dimensional profiles. Methods Enzymol. 277, 396–404. doi: 10.1016/S0076-6879(97)77022-8

 Galgonek, J., Vymětal, J., Jakubec, D., and Vondrášek, J. (2017). Amino Acid Interaction (INTAA) web server. Nucleic Acids Res. 45, W388–W392. doi: 10.1093/nar/gkx352

 Galvão, T. C., Lima, C. R., Gomes, L. H. F., Pagani, T. D., Ferreira, M. A., Gonçalves, A. S., et al. (2014). The BCG Moreau RD16 deletion inactivates a repressor reshaping transcription of an adjacent gene. Tuberculosis 94, 26–33. doi: 10.1016/j.tube.2013.11.004

 Ganaie, A. A., Lella, R. K., Solanki, R., and Sharma, C. (2011). Thermostable Hexameric Form of Eis (Rv2416c) Protein of M. tuberculosis Plays an Important Role for Enhanced Intracellular Survival within Macrophages. PloS One 6, e27590. doi: 10.1371/journal.pone.0027590

 Gomes, L. H. F., Otto, T. D., Vasconcellos, E. A., Ferrao, P. M., Maia, R. M., Moreira, A. S., et al. (2011). Genome Sequence of Mycobacterium bovis BCG Moreau, the Brazilian Vaccine Strain against Tuberculosis. J. Bacteriol. 193, 5600–5601. doi: 10.1128/JB.05827-11

 Grant, B. J., Rodrigues, A. P. C., ElSawy, K. M., McCammon, J. A., and Caves, L. S. D. (2006). Bio3d: an R package for the comparative analysis of protein structures. Bioinformatics 22, 2695–2696. doi: 10.1093/bioinformatics/btl461

 Grininger, M., Staudt, H., Johansson, P., Wachtveitl, J., and Oesterhelt, D. (2009). Dodecin Is the Key Player in Flavin Homeostasis of Archaea. J. Biol. Chem. 284, 13068–13076. doi: 10.1074/jbc.M808063200

 Kelley, R. A., Al-Ubaidi, M. R., Sinha, T., Genc, A. M., Makia, M. S., Ikelle, L., et al. (2017). Ablation of the riboflavin-binding protein retbindin reduces flavin levels and leads to progressive and dose-dependent degeneration of rods and cones. J. Biol. Chem. 292, 21023–21034. doi: 10.1074/jbc.M117.785105

 Lack, N. A., Kawamura, A., Fullam, E., Laurieri, N., Beard, S., Russell, A. J., et al. (2009). Temperature stability of proteins essential for the intracellular survival of Mycobacterium tuberculosis. Biochem. J. 418, 369–378. doi: 10.1042/BJ20082011

 Lai, R. P. J., Meintjes, G., and Wilkinson, R. J. (2016). HIV-1 tuberculosis-associated immune reconstitution inflammatory syndrome. Semin. Immunopathol. 38, 185–198. doi: 10.1007/s00281-015-0532-2

 Liu, F., Xiong, J., Kumar, S., Yang, C., Ge, S., Li, S., et al. (2011). Structural and biophysical characterization of Mycobacterium tuberculosis dodecin Rv1498A. J. Struct. Biol. 175, 31–38. doi: 10.1016/j.jsb.2011.04.013

 Lu, J., and Holmgren, A. (2014). The thioredoxin antioxidant system. Free Radical Biol. Med. 66, 75–87. doi: 10.1016/j.freeradbiomed.2013.07.036

 Ludwig, P., Sévin, D. C., Busche, T., Kalinowski, J., Bourdeaux, F., Grininger, M., et al. (2018). Characterization of the small flavin-binding dodecin in the roseoflavin producer Streptomyces davawensis. Microbiology 164, 908–919. doi: 10.1099/mic.0.000662

 Meissner, B., Schleicher, E., Weber, S., and Essen, L.-O. (2007). The Dodecin from Thermus thermophilus, a Bifunctional Cofactor Storage Protein. J. Biol. Chem. 282, 33142–33154. doi: 10.1074/jbc.M704951200

 Monteiro-Maia, R., Correa, P. R., Sousa-Vasconcelos, P., da, S., Pinho, R. T., and Mendonça-Lima, L. (2018). Gain of function in Mycobacterium bovis BCG Moreau due to loss of a transcriptional repressor. Memórias do Instituto Oswaldo Cruz 113 (11), e180267. doi: 10.1590/0074-02760180267

 Olsson, M. H. M., Søndergaard, C. R., Rostkowski, M., and Jensen, J. H. (2011). PROPKA3: Consistent Treatment of Internal and Surface Residues in Empirical p K a Predictions. J. Chem. Theory Comput. 7, 525–537. doi: 10.1021/ct100578z

 Pagani, T. D., Guimarães, A. C. R., Waghabi, M. C., Corrêa, P. R., Kalume, D. E., Berrêdo-Pinho, M., et al. (2019). Exploring the Potential Role of Moonlighting Function of the Surface-Associated Proteins From Mycobacterium bovis BCG Moreau and Pasteur by Comparative Proteomic. Front. Immunol. 10, 716. doi: 10.3389/fimmu.2019.00716

 Ritz, N., and Curtis, N. (2009). Mapping the global use of different BCG vaccine strains. Tuberculosis 89, 248–251. doi: 10.1016/j.tube.2009.03.002

 Scheurer, M., Brisker-Klaiman, D., and Dreuw, A. (2017). Molecular Mechanism of Flavin Photoprotection by Archaeal Dodecin: Photoinduced Electron Transfer and Mg 2+ -Promoted Proton Transfer. J. Phys. Chem. B 121, 10457–10466. doi: 10.1021/acs.jpcb.7b08597

 Schwarz, M. G. A., Corrêa, P. R., Malaga, W., Guilhot, C., and Mendonça-Lima, L. (2020). Mycobacterium bovis BCG moreau is naturally deficient in homologous recombination. Tuberculosis 123, 101956. doi: 10.1016/j.tube.2020.101956

 Schwarz, M. G. A., Antunes, D., Corrêa, P. R., Silva-Gonçalves, A. J., Malaga, W., Caffarena, E. R., et al. (2021). Mycobacterium tuberculosis and M. bovis BCG Moreau Fumarate Reductase Operons Produce Different Polypeptides That May Be Related to Non-canonical Functions. Front. Microbiol. 11, 624121. doi: 10.3389/fmicb.2020.624121

 Tang, H.-L., Yeh, L.-S., Chen, N.-K., Ripmaster, T., Schimmel, P., and Wang, C.-C. (2004). Translation of a Yeast Mitochondrial tRNA Synthetase Initiated at Redundant non-AUG Codons. J. Biol. Chem. 279, 49656–49663. doi: 10.1074/jbc.M408081200

 Webb, B., and Sali, A. (2014). Protein Structure Modeling with MODELLER. Methods Mol. Biol. 1137, 1–15. doi: 10.1007/978-1-4939-0366-5_1

 World Health Organization (2020). Global tuberculosis report 2020. Geneva: World Health Organization.



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Schwarz, Luzes, Correa, Silva-Gonçalves, Machado, Guimarães and Mendonça-Lima. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-11-658888-g003.jpg
RMSF (A)

T
10

T
20

T T
30 40

Residue index

T
50

T
60

T
70





OEBPS/Images/fcimb-11-658888-g005.jpg
Abs (450 nm)

0.25

0.20

0.15

0.10

0.05

0.00






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        M. bovis BCG Moreau N-Terminal Loss Leads to a Less Stable Dodecin With Lower Flavin Binding Capacity

      

        		

          Introduction

        



        		

          Methods

        

          		

            Sequence Analysis and Comparisons

          



          		

            Recombinant Protein Expression, Purification and Polyclonal Sera Production

          



          		

            Dodecamerization and Thermophilic In-Gel Assays

          



          		

            Native Dodecin In-Gel Characterization

          



          		

            Riboflavin Binding Assay

          



          		

            Homology Modelling and Structural Analysis

          



        



        



        		

          Results

        

          		

            A single Nucleotide Polymorphism (SNP) Leads to A Shorter N-Terminal Dodecin in BCG Moreau

          



          		

            Thermostability, but Not Dodecamerization Capacity, Is Hampered by N-Terminal Loss

          



          		

            Riboflavin Binding Capacity Is Significantly Decreased for the BCG Dodecamer

          



          		

            Native Dodecins Show No Detectable Differences in In-Gel Molecular Weight and Thermostability

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-11-658888-g007.jpg
mw, _d0°C_ _s0°c _100°C
(kDa) Tb T B B






OEBPS/Images/fcimb-11-658888-g002.jpg
S MW,
(Da) Mib.(H) BCGH) BCG (kDa)

120
920

25°C

B

Tb

40°C
B Tb

80°C
B Tb






OEBPS/Images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Images/fcimb.2021.658888_cover.jpg
, frontiers

in Cellular and Infection Microbiology

M. bovis BCG Moreau N-Terminal
Loss Leads to a Less Stable Dodecin
With Lower Flavin Binding Capacity





OEBPS/Images/fcimb-11-658888-g004.jpg
Interaction energy (KJ/mol)
400
] 200
0
|
I 200
| -400
||
ABCDEFGH IJKL
Chain ID Chain ID

Chain ID.

. Chain A
. Chain B
[ chainc





OEBPS/Images/fcimb-11-658888-g006.jpg





OEBPS/Images/fcimb-11-658888-g001.jpg
A m.tb.

BCGMoreau

B M.tb.
BCGMoreau

IATGAGCAATCACACCTACCGAGTGATCGAGATCGTCGGGACCTCGCCCGACGGCGTCGAC
\GCAATCACACCTACCGAGTGATCGAGATCGTCGGGACCTCGCCCGACGGCGTCGAC

MSNHTYRVIEIVGTSPDGVDAAIQGGLARAAQTMRALDWFEVQS IRGHLVDGAVAHFQVT
MIEIVGTSPDGVDAAIQGGLARAAQTMRALDWFEVQSIRGHLVDGAVAHFQVT






