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Abstract
The crystal structure of the conserved hypothetical protein Rv2991 from Mycobacterium tuberculosis has been solved by SAD using seleno-methionine substituted protein. The dimeric biological assembly and the
sequence and fold conservation are typical of F420 cofactor binding enzymes. Despite Rv2991 still being of unknown function, sequence and structural comparison with similar proteins enable a role to be proposed for its Cterminal stretch of residues in recognizing and orienting the substrate. In addition, the C-terminus is involved in both protein folding and determining the size of the active site cavity.
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1 Introduction
A wide range of redox reactions is catalyzed by enzymes containing flavin cofactors such as flavin mononucleotide, flavin adenine dinucleotide and the deazaflavin cofactor F420 (Hemmerich et al., 1970; Daniels et al., 1985;
Daniels et al., 1985). While the F420 cofactor is not present in humans, F420 binding proteins are particularly abundant in the pathogenic bacterium Mycobacterium tuberculosis. F420 binding proteins are absent in the human gut flora
(Selengut and Haft, 2010), and since many still do not have a function assigned, they present an interesting area of research as potential drug targets. For instance, the F420 binding deazaflavin-dependent nitroreductase Rv3547 was
shown to activate the bicyclic nitroimidazole pro-drug candidate PA-824 by promoting release of toxic NO into nonreplicating M. tuberculosis cells (Singh et al., 2008). The crystal structure of Rv3547 (Cellitti et al., 2012), has
underlined the importance of investigating F420 binding enzymes to identify their substrates and mode of action in order to design new drugs to control tuberculosis.
F420 dependent split β-barrel enzymes have been classified as part of the large superfamily of flavin/deazaflavin oxidoreductases (FDORs), which includes proteins able to bind flavin mononucleotide (FMN), flavin adenine
dinucleotide (FAD), and haem cofactors (Ahmed et al., 2015). Using sequence similarity networks, Ahmed et al., further divided the two previously determined major clades FDOR-A and FDOR-B (Taylor et al., 2010), into 22 subclades
(FDORs A1-A4, AA1-AA6, B1-B12) with Rv2991 belonging to the FDOR-B1 group (Ahmed et al., 2015). In the same work the affinity of Rv2991 for the F420 cofactor was determined with a Kd value of 7.8 ± 0.9 μM (with a Kd for FMN of
27.9 ± 4.3 μM and for FAD of 26.4 ± 1.4 μM) confirming its cofactor specificity.

Rv2991 was selected as a target of the EU structural genomics project X-TB for its putative involvement in antibiotic resistance. Rv2991 is homologous to reductases in Bacteroides fragilis that confer resistance to 5nitroimidazole antibiotics by reducing their nitro group to a nontoxic amine (Carlier et al., 1997; Manjunatha et al., 2006; Manjunatha et al., 2006). We solved the structure of Rv2991 by SAD and deposited it in the PDB in 2003.
Unfortunately, to date no information is available on the role and function of this enzyme in M. tuberculosis. Here, we report the crystal structure, the sequence and structure similarity and the gene conservation amongst

Mycobacterium spp. of Rv2991.

2 Materials and methods
2.1 Cloning, protein expression and purification
The Rv2991 coding sequence was amplified by a two-step PCR procedure from M. tuberculosis H37Rv (Cole et al., 1998) genomic DNA using primers containing the attB sites of the Gateway recombination system (Invitrogen). In
the first step, the Rv2991 gene was amplified by PCR using the high fidelity Pfx DNA polymerase (Invitrogen), in presence of 5X enhancer solution for GC-rich templates, and both specific forward and reverse primers (Table 1). A DNA
sequence encoding the TEV protease cleavage site was attached at the 5′ end of the gene. In the second step, generic forward and reverse primers were used and the first PCR product served as template (Table 1). The final PCR
product was visualized on an agarose gel, and purified (PCR purification kit, Qiagen). The expression clone was assembled in the Gateway recombination cloning system using the ‘one-tube’ protocol following the supplier’s
instructions, except that all components were used at half of the recommended volume, using pDONR201 as a cloning vector and pDEST17 as a His6-expression vector (pDEST17-Rv2991). The plasmid was first propagated in
Escherichia coli DH5α and the correctness of the insert was checked by DNA sequencing. The final protein construct contains a single M to G substitution at the N-terminus. The expression vector pDEST-Rv2991 was then transformed

into competent E. coli BL21(DE3)pLysS cells. For protein expression, cells were grown in 500 ml of LB medium containing 100 μg/ml ampicillin and 25 μg/ml chloramphenicol. The culture was grown for ≈3.5 h at 30 °C and when the
OD600 reached 0.8–0.9 induced with 1 mM isopropopyl β-D-thiogalactopyranoside (IPTG). After 1.5 hr of growth, cells were harvested by centrifugation, washed twice in 50 mM Tris-HCl buffer containing 150 mM NaCl and 10 mM
imidazole, pH 8.0 (buffer A) and frozen. The cell pellet was thawed, and the cells lysed using a French press at 14,000 psi. After centrifugation, the supernatant was loaded onto a chromatographic column packed with 1 ml Ni-NTA
resin (Qiagen) and previously equilibrated with buffer A. A linear gradient was developed from 20 mM imidazole to 500 mM at 0.5 ml min−1 flow rate in 20 column volumes, with the Rv2991eluting in a sharp peak at 120 mM imidazole.
The fractions containing Rv2991 were pooled and diluted to 0.5 mg/ml with 50 mM Tris-HCl buffer containing 0.1 M NaCl and 1 mM β -mercaptoethanol, pH 8.0. The protein solution was incubated with His6-tagged rTEV protease
(Invitrogen) at a 1:7 protein to rTEV ratio (w/w) for 6 hr at 30 °C. The solution was centrifuged to remove the aggregated cleaved His-tags and the supernatant loaded onto Ni-NTA resin, equilibrated as described above, to remove
uncleaved Rv2991 and rTEV. The flow through, containing the tag-free protein was collected, concentrated to 5 ml volume and loaded onto a gel filtration Superdex 75 26/60 (GE Healthcare) previously equilibrated with 20 mM TrisHCl + 150 mM NaCl pH 8.0 at a flow rate of 1 ml min−1. After gel filtration, the pure protein, which contains a single Met-Gly substitution at the N-terminus as a consequence of the cloning procedure, was concentrated to 10 mg/ml for
crystallisation.

Table 1 Gene cloning information.

Mycobacterium tuberculosis (strain: H37Rv)

Source organism
DNA source

Cosmid

Forward primer

CCTGTATTTTCAGGGCGGAACCAAACAGCGCGCC

Reverse primer

GTACAAGAAAGCTGGGTTTACGGGGCGGTCGAGCCACC

Forward primer#

GGGGACAAGTTTGTACAAAAAAGCAGGCTCGGAAAACCTGTATTTTCAGGGC

Reverse primer#

GGGGACCACTTTGTACAAGAAAGAAAGCTGGGT

Cloning vector

pDONR201

Expression vector

pDEST17-Rv2991

Expression host

E. coli BL21(DE3) pLysS cells

*

*

The attB recombination sites are in bold, underlined is the rTEV cleavage site.
*
#

denotes primers used in the first PCR step.
denotes primers used in the second PCR step.

The selenomethionine (SeMet)-labeled protein was produced in BL21(DE3) E. coli cells according to published protocols (Van Duyne et al., 1993) and purified as the native Rv2991 following the protocol described above.

2.2 Protein crystallization
Crystallization experiments were performed immediately after protein purification. Vapor diffusion sitting drop crystallization screens were performed at 290 K in 96 well Greiner plates using a CARTESIAN crystallisation robot.
The screens used were: Crystal screen 1 and 2 (Hampton Research), Clear strategy screen CSS1 and CSS2 (Molecular Dimensions) and JBS 1 to 8 (Jena Bioscience). Reservoir solutions were 150 µl in volume and crystallization drops
were composed of 200 nl of protein and 200 nl of reservoir solution. The crystallization plates were sealed with Crystalclear tape from Hampton Research and stored at 290 K.
To increase the size and the quality of the crystals the initial conditions were reproduced and refined by hand using vapor diffusion hanging drop in Linbro plates. Crystallization drops were made by mixing 2 µl of 12 mg/ml
protein solution and 1 µl of the reservoir solution containing 25%(w/v) PEG 4000, 0.1 M tris HCl pH 8.5, 10 mM MgCl2, 200 mM sodium acetate, and 25% (v/v) ethylene glycol. Crystals grew within a week at 290 K with dimensions of
0.1 mm × 0.1 mm × 0.5 mm.
Selenomethionine-substituted protein concentrated to 11.2 mg/ml was crystallized using the hanging drop method by mixing 1 µl of protein with 1 µl of reservoir solution containing 30%(w/v) PEG 4000, 0.1 M Tris HCl pH 8.5,
20 mM magnesium acetate. Drops were equilibrated against 500 µl reservoir solution.

2.3 Data collection and processing
Data were collected for a crystal of the SeMet variant vitrified at 100 K with the mother liquor supplemented with 25% (v/v) of glycerol. As radiation damage was likely, the wavelength was fixed at the K edge absorption peak
(0.979 Å), in order to maximize the anomalous scattering factors (Se theoretical values: f″ 3.84 and f′ −8.32, according to: http://skuld.bmsc.washington.edu/scatter/AS_periodic.html), to collect a SAD dataset (Gonzalez et al., 1999). Data
were indexed and integrated using DENZO (Otwinowski and Minor. 1997) and scaled using SCALEPACK (Otwinowski et al., 2003) (Table 2).

Table 2 Data collection, processing and phasing statistics. Values for the outer shell are given in parentheses.
Diffraction source

ESRF beamline ID29

Wavelength (Å)

0.979

Temperature (K)

100

Detector

ADSC quantum 210 CCD

Crystal-detector distance (mm)

230

Rotation range per image (°)

1

Total rotation range (°)

180

Exposure time per image (s)

1

Space group

P4322

a, b, c (Å)

49.31, 49.31, 132.59

α, β, γ (°)

90, 90, 90

Mosaicity (°)

1.53

Resolution range (Å)

49.39–2.0 (2.03–2.0)

Total No. of reflections

127,485 (2394)

No. of unique reflections

11,425 (921)

Completeness (%)

98.8 (76.7)

Redundancy

11.16 (2.6)

á I/σ(I)ñ

11.68 (1.23#)

Rr.i.m.†

0.186 (1.007)

Overall B factor from Wilson plot (Å2)

24.4

Phasing statics

46.22–2.30 (Å)

Phasing power (ano)

1.492

R-Cullis for acentric reflexions

0.707

FOM acentric/centric reflexions

0.361/0.043

FOM after DM

0.63

#

This shell was included as 46% of the reflections had I/σ(I) above 2. In the shell 2.15–2.11 the average I/σ(I) was 2.25 and in the shell 2.11–2.07 the average I/σ(I) was 1.77.
1/2, where N = data multiplicity.

† Estimated R

r.i.m. = Rmerge[N/(N − 1)]

2.4 Structure solution and refinement
The positions of the Se-atoms were determined using SHELXD (Schneider and Sheldrick, 2002) and phase improvement and solvent flattening were carried out using SHARP (Bricogne et al., 2003). Phasing statistics are provided
in Table 2. Density modification confirmed the space group to be P4322 and the improved map was used for automatic model building using ARP/wARP (Morris et al., 2004) using Hendrickson Lattman coefficients during the first cycles of
refinement as experimental phase information. Model inspection and final manual model building were done with COOT (Emsley and Cowtan, 2004), and refinement with REFMAC5 (Vagin et al., 2004). Structure solution and refined
model parameters are provided in Table 3.

Table 3 Refinement and final model statistics Values for the outer shell are given in parentheses.
Resolution range (Å)

49.39–2.00 (2.056–2.004)

Completeness (%)

97.3

No. of reflections, working set

10,829 (611)

No. of reflections, test set

542 (34)

Final Rcryst

0.202 (0.23)

Final Rfree

0.281 (0.301)

No. of non-H atoms
Protein

1237

Ligand

0

Water

125

Total

1362

R.M.S. deviations
Bonds (Å)

0.020

Angles (°)

1.689

Average B factors (Å )
2

Protein

28.7

Water

37.3

Ramachandran plot

Most favoured (%)

98

Allowed (%)

99.8

2.5 Sequence alignments and structural comparison
The Rv2991 sequence (163 residues, NCBI Reference Sequence: NP_217507.1) was used to search non-redundant sequence databases (limiting the search to 500 entries maximum) using BLASTp (Ye et al., 2006). Of the 500
sequences found, 327 were selected for the uniqueness of the represented species, as many entries related to different strains of the same organism. A final alignment was carried out with COBALT (Papadopoulos and Agarwala, 2007)
using 27 selected sequences with decreasing sequence identity to Rv2991 (from 100% of the 163 residues long conserved hypothetical protein from Mycobacterium canettii to 64% of the 162 residues long F420-dependent oxidoreductase
from Mycolicibacterium gilvum). Figures of the alignments were prepared with ESPript 3.0 (http://espript.ibcp.fr) (Robert and Gouet, 2014). BLASTp was then run against the PDB, returning only three structures with limited sequence
similarity.
A structural similarity search was carried out with PDBeFOLD (http://www.ebi.ac.uk/msd-srv/ssm) (Krissinel and Henrick, 2004) with default parameters in search of unexpected structural similarity as in (Benini et al., 2013).
Protein oligomerization was determined using PISA (Krissinel and Henrick, 2007). Figures representing the structures were prepared with CCP4mg (Potterton et al., 2004,McNicholas et al., 2011) or PyMol (Schrödinger. (this is the missing
reference in the text.. thanks)).

3 Results and discussion
3.1 Structure of Rv2991 and comparison with other FDOR proteins
There is a single subunit of Rv2991 in the asymmetric unit and the electron density was traceable from residue Thr3 to Ala162. The overall crystal structure is composed of a split β-barrel typical of the flavin/deazaflavin
oxidoreductase (FDORs) superfamily (Ahmed et al., 2015). PISA analysis suggests a functional biological dimer as for other members of the superfamily. Analysis of purified Rv2991 by dynamic light scattering indicated that the protein
is dimeric in solution (data not shown). The total surface area of the dimer is 15912.7 Å2 (subunit surface is 9378.9 Å2) and the buried area upon dimerization is 2845.1 Å2 (the subunit buried area is 1422.,5 Å2). Fig. 1 shows the dimer.

Fig. 1 Ribbon representation of the Rv2991 dimer generated by PISA. Chain A is represented in raspberry and chain B in cyan.

The structural similarity search with PDBeFOLD, limiting the search to 70% secondary structural element, found 97 matches indicating a highly conserved fold. Table 4 reports the first nine non-redundant structures ranked
according to the Q score and selected within the first 30 entries found. The most significant structural alignment is with 5JAB, the biliverdin reductase Rv2074 from M. tuberculosis in complex with F420 (Ahmed et al., 2016) with which it
shares a 24% sequence identity (see Table 4).

Table 4 PDBeFold results sorted according to their Q-score. In bold is the protein with the highest sequence identity.
PDB ID

Q

P

RMSD (Å)

Z

Nres

Nalign

Gaps

SI%

SSeQ%

2HTI

0.53

13.8

11.1

1.73

126

119

3

19

91

3DB0

0.51

13.3

10.9

1.74

124

116

5

19

91

5JAB

0.51

14.1

11.2

1.72

127

117

2

24

82

3U5W

0.49

10.4

9.6

1.84

126

117

4

16

91

4ZKY

0.47

13.4

10.9

1.63

139

116

4

22

91

2HQ9

0.45

10.8

9.8

1.75

138

116

4

22

91

1VL7

0.45

7.2

8.7

1.89

135

116

6

18

82

2RE7

0.44

11.2

10.5

1.7

132

111

6

19

91

3F7E

0.42

8.9

9.1

2.32

126

116

6

17

82

The Q-score represents the quality function of Cα-alignment, it takes both the alignment length and RMSD into account (Krissinel and Henrick, 2004). 2HTI, flavin-nucleotide-binding protein bh_0577 from Bacillus halodurans
(JCSG to be published); 3DB0, putative pyridoxamine 5′-phosphate oxidase NP_472219.1 from Listeria innocua (JCSG to be published); 5JAB, biliverdin reductase Rv2074 from M. tuberculosis in complex with F420 (Ahmed et al., 2016);
3U5W uncharacterized protein from Brucella melitensis (SSGCID to be published); 4ZKY, F420 binding protein, MSMEG_6526, from Mycobacterium smegmatis (Ahmed et al., 2015); 2HQ9, hypothetical protein (NP_107146.1) from
Mesorhizobium loti (JCSG to be published); 1VL7, putative heme oxygenase (alr5027) from Nostoc sp. pcc 7120 (JCSG to be published); 2RE7, General Stress Protein COG3871 (YP_263493.1) from Psychrobacter arcticus 273-4 (JCSG to be

published); 3F7E, MSMEG_3380 F420 reductase (to be published). Nres represents the number of residues of the target structure, Nalign represents the number of aligned residues between target and query (Rv2991), Gaps represents
the gaps in the structural alignment, SI% represents the sequence identity in percentage and SSeQ% the percentage of secondary structural elements of the query (Rv2991) that match the target structure.
The sequence alignment of Rv2991 and Rv2074 is shown in Fig. 2. Such high sequence identity was not found by the sequence similarity search by BLASTp when Rv2991was compared to the whole PDB. In that search the
highest similarity found was with 3F7E, Mycobacterium smegmatis Msmeg_3380 F420 reductase with a sequence coverage of only 63% and 34% sequence identity (resulting from the alignment of 37/108 residues), followed by 4QVB
Rv1155 (Mashalidis et al., 2015; Canaan et al., 2005) with 42% query coverage and 33% sequence identity, and finally with 5BNC, MSMEG_6519 (Ahmed et al., 2015) with a query coverage of 53% and 31% of sequence identity. The multiple
alignment confirms a limited sequence conservation as shown in Fig. S1. The structural superposition of Rv2991 and Rv2074 using SSM (Krissinel and Henrick, 2004) reveals a very conserved structural core. The Rv2991 dimer is very
similar to that of Rv2074 and suggests a conserved cofactor binding site. Fig. 2 (left panel) shows the structural superposition of Rv2991 and Rv2074 with its cofactor bound, their sequence alignment (bottom panel) and the conserved
residues highlighted in Rv2991 cartoon representation.

Fig. 2 The left panel shows a cartoon representation of the structural superposition of Rv2991 and Rv2074 with its cofactor bound (Rv2991 in cyan, Rv2074 in green and cofactor represented as sticks with oxygen red, carbon grey, nitrogen blue and phosphate orange), the right
panel shows Rv2991 with highlighted the conserved residues in yellow. Chain A is in raspberry and chain B in cyan. Lower panel Rv2991 and Rv2074 sequence alignment.

The residues involved in cofactor binding are mostly conserved or the mutation does not affect binding (e.g., main chain atoms involved in H-bond formation). These are listed in Table 5).

Table 5 Residues involved in F420 cofactor binding in Rv2074 and the equivalent ones in Rv2991.
Rv2074

Rv2991

His36 Nε2

His38Nε2

Ala39 O

Ala41 O

Gly41 N

Trp43 N

Ile54 O

Glu54 O

Thr55 Oγ1

Thr55 Oγ1

Gln60 Oε1, Nε2

Gln60 Oε1, Nε2

Lys61N

Lys61N

Lys61Nζ

Lys61Nζ

Arg67 Nη1, Nη2

Arg67 Nη1, Nη2

Trp81 Nε1

Trp145 Nε1*

Arg9 Nη2

Arg6 Nη2?#

*
#

Structurally aligned residues.
Not aligned but could change position upon cofactor binding.
Assuming that binding of the cofactor in Rv2991 is the same as in Rv2074 then the Rv2991 Trp43 (which replaces Gly41 in Rv2074, see Table 5) side chain lies at 90° to the deazaflavin ring system, a peculiarity that could be

essential for the enzyme function. The last stretch of non-conserved residues includes α-helix 4 from Asp119 to Met129 and a short turn to connect to the antiparallel β-sheet 7 from Arg132, which contributes to the split β-barrel up to
Asp146. The stretch of residues from His147 to Leu150 are part of a 310 helix while the end of the chain from Gly151 to Ala162 forms a long loop which folds back to bind to the other subunit (Fig. 3).

Fig. 3 Ribbon representation of two views of Rv2991 showing the conserved C-terminal. The chain A is in raspberry and the chain B in cyan. The chain A C-terminal is colored in green and chain B C-terminal is colored in magenta. The cofactor superposed is from Rv2074 5JAB. The
C-terminal secondary elements include α-helix 4 from Asp119 to Met129, the antiparallel β-sheet 7 from Arg132 to Asp146 and the 310 helix from His147 to Leu150.

The chain A conserved C-terminus from Gly158 to Ala162 establishes H-bonds with chain B α-helix 1 and α-helix 3 thus contributing to dimer stabilization. In detail, Gly158A O binds to Arg24B Nη1 (2.95 Å, α-helix 1), SerA160
N binds to GluB111 O (2.78 Å, α-helix 3), Thr161A Oγ1 simultaneously binds to ArgB112 O (2.76 Å, α-helix 3) and ArgB24 Nη1 (2.91 Å, α-helix 1). The conserved C-terminal of Rv2991 is a feature shared by all the 27 aligned protein

sequences with high identity as shown in the alignment of Fig. 4.

Fig. 4 Multiple sequence alignment of the 27 selected sequences. Rv2991 and homologue from Mycobacterium canettii, Mycobacterium orygis, Mycobacterium kubicae, Mycobacterium marinum, Mycobacterium kansasii, Mycobacterium lacus, Mycobacterium haemophilum,

Mycobacterium shinjukuense, Mycobacterium asiaticum, Mycolicibacter heraklionensis, Mycolicibacter kumamotonensis, Mycobacterium shigaense, Mycobacterium sp. shizuoka-1, Mycolicibacter engbaekii, Mycolicibacterium sphagni, Mycolicibacterium insubricum,
Mycolicibacterium confluentis, Mycolicibacterium fallax, Mycolicibacterium smegmatis, Mycolicibacterium aurum, Mycolicibacterium porcinum, Nocardia jejuensis, Nocardia niigatensis, Mycobacteroides salmoniphilum, Mycobacteroides franklinii, Williamsia limnetica,
Mycolicibacterium gilvum,

Arg24, Glu111 and Arg112 together with Thr161, are conserved in all the species considered.
The structural alignment of the structures selected by PDBeFold shows that, besides the conserved core involved in cofactor binding, the major differences are always in α-helix 4 (from residue 119 to 129) and the C-terminal
stretch of residues (from residue 147 to 162). We propose that α-helix 4 and the stretch of residues from His147 to Gly158 are likely to be involved in substrate binding and specificity, regulating its entrance by direct interaction and
steric hindrance possibly accommodating the compounds, in respect to the F420 cofactor, in a position as to allow the reaction to occur. Fig. 5 compares all the nine structures superposed on Rv2991 by SSM and grouped in Table 4.

Fig. 5 Structural superposition between Rv2991 (1RFE, cyan) and the structures grouped in Table 4. 2HTI (salmon), flavin-nucleotide-binding protein bh_0577 from B. halodurans (JCSG to be published), 3DB0 (dark purple), putative pyridoxamine 5′-phosphate oxidase NP_472219.1
from L. innocua (JCSG to be published), 5JAB (yellow), biliverdin reductase Rv2074 from M. tuberculosis in complex with F420 (Ahmed et al., 2016), 3U5W (green), uncharacterized protein from B. melitensis (SSGCID to be published), 4ZKY (red), F420 binding protein, MSMEG_6526,
from M. smegmatis (Ahmed et al., 2015), 2HQ9 (grey) hypothetical protein (NP_107146.1) from M. loti (JCSG to be published), 1VL7 (blue), putative heme oxygenase (alr5027) from Nostoc sp. pcc 7120 (JCSG to be published), 2RE7 (light grey) General Stress Protein COG3871
(YP_263493.1) from P. arcticus 273-4 (JCSG to be published), 3F7E (violet) MSMEG_3380 F420 reductase (to be published).

The electrostatic potential surface shows that a patch of negatively charged residues is located on the face opposite to the cofactor binding site. This patch is likely to be the site of interaction of a positively charged moiety of
either another unknown protein or a ligand and could represent a putative allosteric regulation site. The left view of Fig. 6 shows the F420 cofactor (taken from Rv2074, 5JAB) bound to the binding groove while, the right view of Fig. 6,
which is rotated of 180° along the vertical axis, shows that the F420 could be reached through a gap in the surface at the top of the negatively charged pocket.

Fig. 6 The electrostatic potential surface generated by CCP4mg (McNicholas et al., 2011). Negative charges are in red while positive charges in blue. The left panel shows the surface on the side of the F420 cofactor binding site. The right panel shows the protein rotated by 180°
along the vertical axis. The cofactor superposed is from Rv2074 5JAB and is represented in ball and stick (carbon gray, nitrogen blue, oxygen red, phosphorous brown).

3.2 Conservation of Rv2991 in Mycobacterium spp.
The conservation of Rv2991 in Mycobacterium spp. has been analyzed as reported previously for the biliverdin reductase Rv2074 (Ahmed et al., 2016). Table 6 reports the results of a BLASTp search of the Rv2991 sequence
against non-redundant databases compared to the results of Rv2074. An overall decreased presence of Rv2991 homologues is observed. Rv2991 is present in 25 out of the 38 (66%) species considered while Rv2074 is conserved in 30
out of 38 (79%). There is a drastic reduction of conservation amongst pathogenic strains, indeed Rv2991 homologues are only found in two (M. tuberculosis and M. canettii) out of the five pathogenic species (40%) in contrast with
Rv2074 which is conserved in four out of five pathogenic species (80%).

Table 6 Conservation of Rv2991 in Mycobacterium spp. in comparison with Rv2074 (list of genomes taken from (Ahmed et al., 2016)).

Mycobacterium species

Rv2074 homologue

Rv2991 homologue

Common habitat

Pathogenic
Mycobacterium tuberculosis

Yes

Yes

Human infection

Mycobacterium bovis

Yes

No

Human/animal infection

Mycobacterium africanum

Yes

No

Human infection

Mycobacterium canettii

Yes

Yes

Human infection

Mycobacterium leprae

No

No

Human infection

Mycobacterium abscessus

Yes

Yes

Soil, water, infection

Mycobacterium avium

Yes

Yes

Water, soil, infection

Opportunistic/commensal

Mycobacterium intracellulare

Yes

Yes

Water, soil, infection

Mycobacterium marinum

Yes

Yes

Water, soil, infection

Mycobacterium kansasii

Yes

Yes

Human infection

Mycobacterium fortuitum

Yes

Yes

Soil, water, infection

Mycobacterium xenopi

Yes

Yes

Soil, water, infection

Mycobacterium neoaurum

Yes

No

Soil, infection

Mycobacterium ulcerans

Yes

No

Water, soil, infection

Mycobacterium chelonae

Yes

Yes

Water, soil, infection

Mycobacterium genavense

Yes

Yes

Human infection

Mycobacterium iranicum

Yes

Yes

Human infection

Mycobacterium yongonense

Yes

No

Human infection

Mycobacterium simiae

Yes

Yes

Rhesus monkey

Mycobacterium haemophilum

Yes

Yes

Human infection

Mycobacterium lepromatosis

No

No

Human infection

Mycobacterium setense

Yes

Yes

Human infection

Mycobacterium kyorinense

No

Yes

Human infection

Mycobacterium vulneris

Yes

Yes

Human infection

Mycobacterium celatum

No

Yes

Human infection

Mycobacterium phlei

Yes

Yes

Soil

Mycobacterium smegmatis

Yes

Yes

Soil

Mycobacterium rhodesiae

Yes

Yes

Soil

Mycobacterium rutilum

No

Yes

Soil

Mycobacterium pallens

No

No

Soil

Mycobacterium crocinum

No

No

Soil

Mycobacterium rufum

Yes

Yes

Soil

Mycobacterium aromaticivorans

Yes

No

Soil

Mycobacterium indicus pranii

Yes

No

Soil

Mycobacterium bovis (BCG vaccine)

No

No

Laboratory

Mycobacterium vanbaalenii

Yes

No

Mineral oil, soil

Mycobacterium gilvum

Yes

Yes

Water, soil

Mycobacterium chubuense

Yes

Yes

Soil

Rarely pathogenic/commensal

Non-pathogenic

Rv2991 Overall 25/38 (66%), Pathogenic 2/5 (40%), Opportunistic/commensal 16/20 (80%), Rarely pathogenic/commensal 3/3 (100%), Non-pathogenic 4/10 (40%).
Rv2074 (no indent)Overall 30/38 (79%), Pathogenic 4/5 (80%), Opportunistic/commensal 17/20 (85%), Rarely pathogenic/commensal 3/3 (100%), Non-pathogenic 6/10 (60%).

4 Conclusions

Rv2991 is an F420 cofactor binding enzyme with a split β-barrel typical of the flavin/deazaflavin oxidoreductase (FDORs) superfamily, with a highly-conserved cofactor binding region, but also with a divergent C-terminal
possibly involved in substrate recognition and active site fold conservation. A patch of negatively charged residues is located on the face opposite to the cofactor binding site and we speculate that this could represent a putative
allosteric regulation site. Compared to Rv2074, Rv2991 is less conserved across Mycobacterium spp., which hints at a redundant role of Rv2991 in the enzymatic pool of these organisms, confirming its non-essentiality for survival and
pathogenicity of M. tuberculosis (Sassetti et al., 2001; Sassetti et al., 2003; Sassetti and Rubin, 2003). However, a role in antibiotic activation/resistance cannot be ruled out. Further in vitro investigations are required to identify its
substrates and reaction products.

Uncited reference
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• Rv2991 is an F420 cofactor binding enzyme with a split β-barrel.
• Rv2991 shows a divergent C-terminal region possibly involved in substrate recognition.
• Rv2991 features a putative allosteric regulation site on the face opposite to F420 binding pocket.
• Compared to Rv2074, Rv2991 is less conserved across Mycobacterium spp.
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