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ABSTRACT

Vitamin B12 metabolism differs among members of the Mycobacterium genus. While non-tuberculous mycobacterial species
are B12 producers, tuberculous mycobacteria lack endogenous production and rely on the host supply of this vitamin. Here,
we hypothesise that this discrepant phenotype might impact the function of B12-dependent enzymes. We specifically focused
on methionine synthases MetH and MetE. Both enzymes showed genetic differences in the Mycobacterium genus, resulting
in a clear divergence between tuberculous and non-tuberculous species. Unexpectedly, the dependency of MetH on B12 was
indistinguishable between M. tuberculosis and M. smegmatis, assayed as representative members of tuberculous and non-
tuberculous species, respectively. However, MetE showed robust phenotypic differences between these species, displaying a
finely tuned B12 regulation in M. tuberculosis, in contrast to a more permissive regulation in M. smegmatis. Both orthologs
differ in the vitamin isoform specifically recognised, and the B12 threshold level required for MetE regulation. Since the B12
regulatory element in the metE gene is an RNA riboswitch, we analysed the polymorphisms in this region, with a special
focus on loss-of-function mutations identified after in vitro selection. We used this information to engineer a whole-cell B12
biosensor in the genetically fastidious Mycobacterium genus, being able to detect vitamin B12 concentration in the range of
micrograms per millilitre.

1 | Introduction constituted by a cobinamide precursor, consisting of a cobalt-

containing corrinoid ring, coordinated with a variable group

Vitamin B12 (B12) or cobalamin (Cbl) is the most structurally
complex of all vitamins and biological cofactors, and it is re-
quired in diverse metabolic pathways in both prokaryotes and
animals (Hodgkin et al. 1955). Cbl refers to a group of molecules

that determines the different isoforms of this vitamin (Warren
et al. 2002). Despite being an essential nutrient for many or-
ganisms, its de novo biosynthesis is limited to certain archaea
and bacteria, with no evidence of eukaryotic synthesis (Roth
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et al. 1996). Therefore, animals, including humans, must obtain
Cbl through the diet.

As mentioned, B12 plays a critical role in both animal and
bacterial metabolism. Animals possess two B12-dependent
enzymes: R-methylmalonyl-CoA mutase and methionine
synthase, involved in methylmalonate metabolism and me-
thionine biosynthesis, respectively (Young et al. 2015). These
enzymes can also be found in bacteria and archaea, which
additionally harbour other B12-dependent enzymes. In fact,
three classes of B12-dependent enzymes have been recognised
in the bacterial world: isomerases, methyltransferases, and
reducing dehalogenases (Shelton et al. 2019). In addition to
its role as enzyme cofactor, B12 also influences bacterial me-
tabolism by regulating gene expression through riboswitches.
Riboswitches are evolutionary conserved non-coding RNA
regions, typically embedded within the 5" UTR of bacterial
mRNAs, able to bind specific metabolites and modulate gene
expression (Nahvi et al. 2004). B12 riboswitches are widely
distributed in 5 UTR B12-related genes in eubacteria, and are
commonly found upstream of genes for B12 biosynthesis, B12
transport or B12-dependent metabolic pathways (Vitreschak
et al. 2003).
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Tuberculosis (TB) is an airborne infectious disease caused by
microorganisms of the Mycobacterium tuberculosis Complex
(MTBC), which caused 1.25million deaths in 2023 (World
Health Organization 2024). The MTBC is comprised by a highly
clonal group of TB-causing ecotypes that are adapted to differ-
ent animal hosts, being M. tuberculosis and M. africanum the
ones adapted to humans. M. cannetti, an occasional human
pathogen, is considered to be the progenitor and common ances-
tor of the MTBC (Broset et al. 2015). The genus Mycobacterium
also includes non-tuberculous mycobacteria (NTM), which are
ubiquitous in nature, and generally opportunistic (such as M.
avium or M. abscessus) or non-pathogenic (such as M. smegma-
tis) (Riojas et al. 2018).

B12 is thought to influence mycobacterial metabolism through
the two mechanisms aforementioned. On the one hand, it is a
cofactor for three B12-dependent enzymes in M. tuberculosis
(Gopinath et al. 2013). One of these three enzymes is the me-
thionine synthase MetH, which is responsible for converting
homocysteine to L-methionine (Met) using B12 as a cofactor
(Figure 1A). Specifically, it catalyses the transfer of the methyl
group from the methyl-tetrahydrofolate to homocysteine, form-
ing Met (Pejchal and Ludwig 2005). On the other hand, B12
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FIGURE1 | Bl2-dependent regulation of the methionine synthases MetH and MetE and their phylogenetic relationships in Mycobacterium. (A)

Schematic representation of MetH activity illustrating its dependence on B12 as cofactor for enzymatic function. (B) Schematic representation of
B12-dependent regulation of MetE. Expression of MetE is regulated by a riboswitch located upstream of the metE mRNA. When B12 is absent, the
metE gene is expressed and MetE is produced. However, when B12 binds to the riboswitch, it causes conformational changes in this RNA region
which avoid proper expression of metE. (C and D) Phylogenetic trees showing the evolutionary relationships of MetH (C) and MetE (D) among 153
Mpycobacterium sequences, covering the MTBC (114 sequences) and NTM (39 sequences). The MTBC clade is indicated by a dotted line. M. tubercu-
losis H37Rv and M. smegmatis mc?155, used in this study as representative species of the MTBC and NTM, are highlighted in blue and red boxes,
respectively.
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regulates gene expression by binding to two riboswitch-regulated
operons in the M. tuberculosis transcriptome, in both cases pre-
venting protein production (Warner et al. 2007; Campos-Pardos
et al. 2024; Kipkorir et al. 2024). One operon comprises PPE2,
cobQI and cobU genes (Vitreschak et al. 2003), while the other
one encodes the methionine synthase MetE. This enzyme also
catalyses the final step of Met biosynthesis, by the same reaction
as MetH, but does not use B12 as a cofactor (Warner et al. 2007;
Gopinath et al. 2013) (Figure 1B). Therefore, Met biosynthesis
in M. tuberculosis is catalysed by two complementary methi-
onine synthases: MetE, whose synthesis is repressed by a B12
riboswitch located upstream of the metE gene, or MetH, which
requires B12 as a cofactor (Figure 1).

In a previous work, we evidenced the crucial role of B12 in
host-TB interactions (Campos-Pardos et al. 2024). We observed
that the MTBC has evolved through a genomic decay for B12
biosynthesis, while M. cannetti and environmental mycobacte-
ria are still able to produce endogenous B12. However, all these
species possess B12-dependent enzymes and retain the capacity
for B12 exogenous uptake. Accordingly, we demonstrated that
MTBC bacteria scavenge B12 from the host to modulate their
virulence. The B12 transcriptome of the MTBC corroborated
methionine biosynthesis as a key Bl2-regulated phenotype,
elucidating a plausible connection among TB virulence, B12 up-
take, and methionine metabolism.

Considering these previous findings, here we have focused our
study on the Met metabolism from an evolutionary perspective.
Here, we highlight two main differential factors in the regula-
tion of M. smegmatis and M. tuberculosis metE B12-riboswitches:
the B12 isoform that acts as a natural ligand, and the minimum
concentration of the specific isoform required to activate the re-
pression mechanisms. Finally, we apply this knowledge to engi-
neer a B12 ribosensor in mycobacteria.

2 | Results

2.1 | MetE and MetH Exhibit Phylogenetic
Differences Between Tuberculous
and Non-Tuberculous Mycobacteria

The genetic differences in B12 biosynthesis previously deter-
mined, along with the role of B12 in the regulation of Met me-
tabolism (Campos-Pardos et al. 2024), prompted us to determine
whether MetE and MetH had differentially evolved between
the MTBC and NTM species. To achieve this goal, we calcu-
lated MetE and MetH phylogenetic trees, querying the amino
acid sequences of these proteins in several representative my-
cobacterial species (Figure 1, Table S1). In both phylogenies,
all strains from the MTBC positioned in the same branch of the
tree (bootstrap >96), indicating a high conservation of MetH
(Figure 1C) and MetE (Figure 1D) enzymes in these strains,
which correlates with the fact that the MTBC is composed of a
highly clonal group of TB-causing ecotypes (Broset et al. 2015).
However, MetH and MetE from opportunistic, non-pathogenic,
and environmental mycobacteria are positioned in other clades
(bootstrap > 96), and phylogenetically separated from the MTBC
(Figure 1C,D). MetH and MetE from M. canettii strains, consid-
ered as the MTBC most recent ancestor, lie between the MTBC

and NTM species (bootstrap > 99), supporting the evolutionary
hypothesis that the MTBC evolved from an environmental bac-
terium that eventually infected a mammalian host and special-
ised to survive intracellularly (Jang et al. 2008).

To continue studying the interaction between B12 and Met me-
tabolism from an evolutionary perspective, we selected three
representative mycobacterial species: M. tuberculosis H37Ry,
which belongs to the MTBC and is routinely used as a reference
strain since its initial sequencing in 1998 (Cole et al. 1998); M.
smegmatis mc?155, which is considered an environmental, fast-
growing NTM and is used as a non-pathogenic laboratory model
for genetic experiments (Snapper et al. 1990); and M. canettii
C59, selected as a representative ancestor of the MTBC to bridge
the gap between this group and NTM (Supply et al. 2013).

2.2 | MetH Orthologs Exhibit Comparable B12
Dependency Between the MTBC and NTM Despite
Their Phylogenetic Differences

In mycobacteria, the final step of Met synthesis is complemen-
tarily synthesised by MetE and MetH enzymes. Thus, to spe-
cifically study the role of each Met synthase, it is necessary to
delete its complementary isoenzyme. We first focused on the
B12-dependent MetH isoform (Figure 1A) by studying metE
gene deletion mutants in M. tuberculosis H37Rv, M. smegma-
tis mc?155 and M. canetti C59 (Figure S1). We and others have
previously demonstrated that NTM are B12 producers (Minias
et al. 2021; Campos-Pardos et al. 2024). Accordingly, to rule
out the effect of endogenous B12 in M. smegmatis, we first ab-
rogated B12 production in this species by a genomic deletion of
cobLMK genes (Figure 2A). This B12 mutant was constructed
in a two-step process: first, we replaced the cobLMK genes with
a kanamycin resistance marker; then, we unmarked the muta-
tion with the objective of recycling the antibiotic cassette for the
downstream deletion of metE (Figure 2B). Finally, we validated
the absence of B12 production in the final, unmarked, AcobLMK
strain (Figure 2C).

We evaluated the in vitro phenotype of the aforementioned
AmetE mutants in the absence or presence of different B12
isoforms. Specifically, we used adenosylcobalamin (AdoCbl),
methylcobalamin (MeCbl) and hydroxylcobalamin (OHCb),
which are physiological isoforms of B12, and cyanocobalamin
(CNCbDI), which is a synthetic isoform. As expected, we con-
firmed a total lack of in vitro growth in solid media of H37Rv
AmetE and mc?155 AcobLMK AmetE in the absence of B12
(Figure 3). Interestingly, when we supplemented the medium
with MeCbl, the specific isoform that acts as MetH cofactor
(Jarrett et al. 1996; Goulding et al. 1997), in vitro growth of
both mutants was restored. Besides, the mutants were capable
of growing in the presence of the other B12 isoforms, whether
they were physiological or synthetic (Figure 3). M. canettii C59
AmetE showed the same in vitro dependency on B12 as H37Rv
AmetE (Figure S2). However, we observed that M. canettii C59
AmetE grew slightly better without B12 than H37Rv AmetE.
This result suggests that endogenous production of B12 by M.
canettii C59 might be sufficient to support a residual MetH
functionality, but the intrinsic B12 levels fail to guarantee op-
timal growth. On the one hand, these results demonstrate the
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FIGURE 2 | Generation and validation of a AcobLMK mutant in Mycobacterium smegmatis mc?155. (A) Schematic representation of the genetic
steps for the KO construction of the cobLMK operon in M. smegmatis mc?155. The allelic exchange substrate (AES) targeting the cobLMK region
was amplified from the pKD4 plasmid, and includes a kanamycin (Kan) resistance cassette. This AES was transformed in the mc?155 strain car-
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cobLMK locus. PCR verification was performed using specific primers that bind upstream and downstream of the recombination site and within the
resistance cassette. In a next step, the Kan resistance cassette was resolved using the FRT sites (yellow triangles) and a resolvase-bearing plasmid
(pRES-FLP-Mtb). Resolution of the resistance marker was confirmed by visualisation of the appropriate PCR band using primers located in the cobL
and cobK genes. (C) Validation of abrogated B12 production in the M. smegmatis mc?155 AcobLMK mutant lacking the Kan resistance cassette. B12
levels were quantified in bacterial extracts from cultures of wild-type and AcobLMK mutant strains, confirming the absence of B12 biosynthesis in
the mutant. Data from three independent experiments are shown as individual data points. Bars represent the mean and error bands indicate the
standard deviation (SD).
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FIGURE 3 | Growth phenotypes of M. tuberculosis and M. smegmatis metE mutants in response to different B12 isoforms. This figure illustrates
the dependency of MetH activity on cobalamin (Cbl) isoforms for optimal bacterial growth. (A) Serial dilutions of M. tuberculosis H37Rv AmetE::Kan
mutant and wild-type (WT) strain (used as control) were grown on media supplemented with different Cbl isoforms at 10 ug/mL: No B12 (-B12), ad-
enosylcobalamin (+AdoCbl), methylcobalamin (+MeCbl), hydroxocobalamin (+OHCbI), and cyanocobalamin (+CNCbl). (B) Serial dilutions of M.
smegmatis mc?155 AcobLMK AmetE::Kan mutant and the AcobLMK single mutant (used as control) were grown under the same Cbl supplementation
conditions depicted in panel A. In panels A and B, those bacterial dilutions showing markedly reduced growth compared to controls are highlighted
with red boxes. (C) Bar graph showing colony-forming units per millilitre (CFU/mL) for M. tuberculosis H37Rv WT and AmetE::Kan mutant, grown
under the conditions described in panel A. A significant growth reduction was observed in the absence of Cbl supplementation. (D) Bar graph show-
ing CFU/mL for M. smegmatis mc*155 AcobLMK AmetE::Kan mutant and the AcobLMK single mutant under the same conditions. A significant
growth reduction was also observed without Cbl supplementation. The Y-axis in panels C and D is displayed on a base-10 logarithmic scale. Data from
three independent experiments are shown as individual data points. Only statistically significant differences (p <0.05) are indicated.
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existence of efficient B12 transport mechanisms in M. tubercu-
losis and M. smegmatis, as well as their capacity to metabolise
different B12 isoforms into MeCbl, required as MetH cofactor.
Finally, these results reconfirm the lack of de novo B12 syn-
thesis in M. tuberculosis (Minias et al. 2021; Campos-Pardos
et al. 2024). Altogether, MetH isoforms from M. tuberculosis,
M. canettii, and M. smegmatis AmetE mutants exhibited a clear
dependence on B12, regardless of their evolutionary divergence
within the Mycobacterium genus.

2.3 | MetE Orthologs Are Differentially Regulated
by B12 in Tuberculous and Non-Tuberculous
Mycobacteria

Next, we studied the in vitro phenotype of AmetH mutants in M.
tuberculosis H37Rv, M. canettii C59 and M. smegmatis mc>155
(Figure S3). This latter mutant was constructed in the mc?155
AcobLMK background to rule out the regulatory effect of B12
intrinsically produced by M. smegmatis. Since these mutants
lack MetH, they are only capable of synthesising L-Met by the
Bl2-independent MetE isoform. Consequently, they are all ex-
pected to show a deficient growth in the presence of B12, due
to the repression exerted by this vitamin through the metE B12-
riboswitch (Figure 1B).

M. tuberculosis H37Rv AmetH::Kan
101 102 103 10* 10° 10° 101 107

<

M. tuberculosis H37Rv WT (control) M. smegmatis mc?155 AcobLMK (control)

10? 10? 10% 10* 10°

-B12 r » fH W

+AdoCbl Vr V

106 10t 107

The aforementioned AmetH mutants were grown in solid me-
dium in the absence or presence of the different B12 isoforms.
H37Rv AmetH properly grew in the absence of B12, while a
significant growth reduction was observed under AdoCbl
supplementation (Figure 4). This observation is consistent
with previous studies that reported AdoCbl as the ligand that
directly binds to the metE B12-riboswitch with high affinity
and specificity, leading to the repression of the metE gene
(Vitreschak et al. 2003; Nahvi et al. 2004). However, some
H37Rv AmetH colonies were still able to grow under AdoCbl
pressure. This is probably due to the emergence of spontaneous
mutants, which could have accumulated suppressor muta-
tions affecting the metE B12-riboswitch function as previously
documented (Warner et al. 2007; Campos-Pardos et al. 2024).
This hypothesis will be further tested below, after interroga-
tion of the metE riboswitch sequences from H37Rv AmetH mu-
tant colonies grown in the presence of AdoCbl. Nevertheless,
we acknowledge that other unrelated polymorphisms-i.e.
those affecting B12 transport identified by others (Gopinath
et al. 2013)-, might be contributing to the emergence of M. tu-
berculosis AmetH resistant colonies to the external B12 pres-
sure. On the other hand, some H37Rv AmetH colonies were
able to grow in the presence of the other three B12 isoforms,
although they showed a reduced growth, measured by col-
ony size, compared to standard conditions (Figure 4). This
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FIGURE4 | Growth phenotypes of M. tuberculosis and M. smegmatis metH mutants in response to different B12 isoforms. This figure shows the
dependency of the M. tuberculosis MetE ortolog on adenosylcobalamin, and to a lesser extent on other Cbl isoforms. This dependency is not observed
in M. smegmatis. (A) Evaluation of bacterial growth of M. tuberculosis H37Rv AmetH::Kan mutant and WT strain (used as control) on media sup-
plemented with different Cbl isoforms at 10 ug/mL: No B12 (—B12), adenosylcobalamin (+AdoCbl), methylcobalamin (+MeCbl), hydroxocobalamin
(+OHCDI), and cyanocobalamin (+CNCbl). (B) Growth of M. smegmatis mc?155 AcobLMK AmetH::Kan mutant compared to the AcobLMK single mu-
tant (used as control) under the same Cbl supplementation conditions described in panel A. In panels A and B, red boxes highlight bacterial dilutions
with reduced growth compared to their respective controls. (C) Bar graph showing CFU/mL for M. tuberculosis H37Rv WT and AmetH::Kan mu-
tant, grown under the conditions described in panel A. A significant growth reduction was observed under AdoCbl supplementation. (D) Bar graph
showing CFU/mL for M. smegmatis mc?155 AcobLMK AmetH::Kan mutant and the AcobLMK single mutant under the same conditions. No growth

reduction was observed with any Cbl isoform. The Y-axis in panels C and D is displayed on a base-10 logarithmic scale. Data from three independent

experiments are shown as individual data points. Only statistically significant differences (p <0.05) are indicated.
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finding suggests that MeCbl, OHCDbl or CNCbl isoforms could
non-specifically bind to the metE B12-riboswitch, leading to
reduced MetE expression. Another possibility might be the
delayed conversion of these B12 isoforms into AdoCbl in M.
tuberculosis. M. canettii C59 AmetH mutant showed the same
in vitro phenotype as H37Rv AmetH (Figure S4). We also ob-
served that M. canettii C59 AmetH showed reduced growth
in the presence of a B12 pressure compared to H37Rv AmetH
(Figure 4). This result might indicate that endogenous pro-
duction of B12 by M. canettii C59 somehow contributes to
the repression of the metE B12-riboswitch. In the case of M.
smegmatis mc?155 AcobLMK AmetH, we observed equivalent
growth compared to the AcobLMK control in the absence of
B12 (Figure 4). Surprisingly, in contrast to H37Rv AmetH or
C59 AmetH, neither AdoCbl supplementation nor the other
three isoforms of this vitamin suppressed M. smegmatis
growth. This result indicates that the metE B12-riboswitch is
possibly less responsive in M. smegmatis compared to tuber-
culous mycobacteria.

2.4 | The metE Riboswitch in M. smegmatis
Requires a Higher Concentration Threshold

and Responds to Different B12 Isoforms Compared
to Tuberculous Mycobacteria

Regulation by riboswitches occurs when the regulatory metab-
olite exceeds a concentration threshold. Therefore, we hypothe-
size that B12 supplementation at the single concentration used
in our experiments on solid media might not be sufficient to re-
press the metE B12-riboswitch in M. smegmatis (Figure 4).

These intriguing results prompted us to analyse the response
threshold of the metE riboswitch and its specificity for B12
isoforms in both M. smegmatis and M. tuberculosis. We grew
H37Rv AmetH and mc?155 AcobLMK AmetH in the presence
of various concentrations of AdoCbl, MeCbl and CNCbI. Since
H37Rv AmetH already shows growth inhibition at 10ug/mL, we
used a concentration range from 0.001 to 100 ug/mL. In the case
of mc?155 AcobLMK AmetH, since 10 ug/mL had not affected its
growth in solid medium, we used a concentration range from 10
to 200ug/mL (Figure 5). Consistent with our previous findings,
AdoCbl-which is the specific ligand of the metE riboswitch- sig-
nificantly inhibited H37Rv AmetH growth even at the lowest
concentration tested (0.001 ug/mL), while supplementation with
MeCbl or CNCbl allowed bacterial growth up to a concentration
of 10pg/mL. At the maximum concentration of 100 ug/mL, all
the isoforms completely inhibited the growth of H37Rv AmetH
(Figure 5A). Collectively, these results confirm AdoCbl as the
preferred ligand for the metE riboswitch in M. tuberculosis and
suggest a non-specific binding of MeCbl and CNCbl to this ri-
boswitch, albeit at higher concentrations compared to AdoCbl.
The mc?155 AcobLMK AmetH mutant grew when supplemented
with 10 ug/mL of the three B12 isoforms. However, when raising
the concentration to 20 ug/mL, both AdoCbl and MeCbl signifi-
cantly suppressed bacterial growth, while the CNCbl artificial
isoform required four-fold more concentration to elicit a com-
parable reduction in bacterial growth (Figure 5B). As occurred
with the AmetH mutants of M. tuberculosis, the residual colonies
that grew at inhibitory concentrations may correspond to sup-
pressor mutants of the metE riboswitch function. These results

suggest that the metE riboswitch in M. smegmatis is less sen-
sitive and has a broader range of B12 ligands compared to its
ortholog in M. tuberculosis.

On the other hand, we studied the in vitro phenotype of the
mc?155 AcobLMK AmetH mutant in liquid medium, in which
metabolites are theoretically more accessible for their uptake
compared with solid media. We evaluated bacterial growth in
the absence or presence of different B12 isoforms at concentra-
tions ranging from 0.001 to 100ug/mL. The metE riboswitch
in M. smegmatis showed a concentration-dependent activation,
since bacterial growth gradually decreased with increasing con-
centrations of B12 (Figure 5C). This result might indeed indicate
higher B12 bioavailability in liquid vs solid media. However, a
significant arrest in bacterial growth was only observed when
AdoCbl and MeCbl concentrations reached a concentration
of 10ug/mL, consistent with our findings on solid media.
Corroborating our findings on solid media, a complete inhibi-
tion of bacterial growth occurred at a concentration of 100 ug/
mL of the three B12 isoforms (Figure 5C). To validate these re-
sults, we evaluated bacterial viability after a 48 h treatment with
B12 isoforms at the aforementioned concentrations. Following
this incubation period, bacteria were plated on solid media, or
used to perform a MTT-based assay to enumerate metaboli-
cally active bacteria. Results corroborated that incubation with
more than 10 ug/mL of B12 isoforms resulted in bacterial killing
(Figure S5).

Altogether, when comparing the phenotypic behaviour of
M. smegmatis mc?155 and M. tuberculosis H37Rv metE ribo-
switches, two main differential factors can be highlighted: the
B12 isoform that could act as a natural ligand of the riboswitch,
and the minimum concentration of this isoform required to
repress the expression of metE. The M. tuberculosis riboswitch
is able to sense concentrations as low as 0.001 ug/mL AdoCbl,
while the corresponding regulatory element in M. smegmatis
mc?155 is responsive to around 2000-fold higher concentrations
of both AdoCbl and MeCbl.

2.5 | The metE Riboswitch of M. tuberculosis
and M. smegmatis are Polymorphic Sequences

Since the B12 response element responsible for metE regula-
tion is located in the riboswitch, we first explored whether this
sequence has differentially evolved during mycobacterial evo-
lution. We performed a BLASTN search in the NCBI nt data-
base to identify similar sequences to the metE riboswitch of M.
tuberculosis H37Rv in other mycobacteria. Notably, all species
from the MTBC showed a 100% identity. The ancestor M. ca-
nettii differs in a unique nucleotide and shows 99.53% identity.
NTM showed greater genetic divergence and, particularly M.
smegmatis, showed a 65% identity related to M. tuberculosis
(Figure 6A,C). These observations also correlate with the phy-
logenetic analysis of MetE protein sequences from NTM, which
split into five subgroups (Figure 1D).

The RNA secondary structure of the M. tuberculosis metE ri-
boswitch has been studied recently (Kipkorir et al. 2024), and
it is divided into two regions: an aptamer responsible for the
B12-binding, and a regulatory region which controls expression
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FIGURE 5 | Dose-dependent bacterial growth of MetE from M. tuberculosis and M. smegmatis. (A and B) Growth of M. tuberculosis H37Rv
AmetH::Kan (A) and M. smegmatis mc?155 AcobLMK AmetH::Kan (B) on media supplemented with adenosylcobalamin (AdoCbl), methylcobalamin
(MeCbl), and cyanocobalamin (CNCbI) at concentrations ranging from 0.001 to 200 ug/mL. Cultures without B12 supplementation and supplement-
ed with 10 pug/mL AdoCbl were used as growth controls for M. tuberculosis and M. smegmatis respectively. (C) Growth curves of the M. smegmatis

mc?155 AcobLMK AmetH::Kan mutant under varying concentrations of cobalamin isoforms, demonstrating a concentration-dependent inhibition of

growth. (D) Bar graph showing the area under the curve (AUC) of values shown in panel C, enumerating the overall growth response at different con-

centrations of B12 isoforms. Significant growth reduction was observed at 10 ug/mL and higher concentrations, with adenosylcobalamin (AdoCbl)
and methylcobalamin (MeCbl) showing stronger inhibitory effects compared to cyanocobalamin (CNCbl). Error bars represent the standard error of
the mean (SEM) from three independent experiments. Only statistically significant differences (p <0.05) are indicated.

of the metE downstream gene (Figure 6B). Depending on the
presence of B12, this RNA structure can shift between two con-
formations. When B12 is present, binding of this molecule to
the aptamer favours the formation of a stem loop between the
translation initiation region (TIR) and the oTIR region. As a
consequence, the Shine-Dalgarno sequence located in the TIR
segment is occluded, avoiding expression of metE. This structure
is stabilised by formation of a kissing loop between the aptamer
and a stem loop formed by the aaTIR segment (Figure 6B).
When B12 is absent, a conformational change in the aptamer
disrupts the formation of the kissing loop. This otherwise fa-
vours the formation of a stem loop between the aaTIR and
aTIR segments, freeing the TIR region. In this conformation,
the Shine-Dalgarno sequence is accessible for metE expression
(Figure 6B).

‘We used this information to interrogate the differences in the metE
riboswitches from M. tuberculosis and M. smegmatis. Despite the
modest identity between both molecules, we found that the aptamer

region is more conserved (68.9% identity) than the regulatory re-
gion (54.9%). Notably, those regions spanning the kissing loop,
which include part of the B12-responsive element and the aaTIR
stem loop, show the highest level of conservation (Figure 6C). On
the other hand, to confirm the hypothesis that mutations in the ri-
boswitch may abrogate B12 sensing, we decided to interrogate the
riboswitch region from the M. tuberculosis metH mutant colonies
grown in the presence of B12 pressure (Figure 4). After successful
regrowth of 68 colonies on agar plates supplemented with AdoCbl,
we sequenced the riboswitch region and identified 18 mutations in
16 positions of the M. tuberculosis riboswitch putatively abrogating
B12 sensing. Further confirming the importance of these polymor-
phisms, it is interesting to note that some mutations were observed
in multiple colonies. Confirming the essential role of these nucle-
otides in this B12 responsive element, we found that 15 of the 16
mutated positions are located in conserved regions between the M.
tuberculosis and M. smegmatis riboswitches (Figure 6C). Mapping
of these mutations to the riboswitch structure suggested that B12
binding could be compromised (Figure 6D), but additional work is
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needed to interrogate the precise role of each polymorphism over
B12 sensing by the riboswitch. Taken together, the conservation
between metE riboswitches in Mycobacterium supports the B12
regulatory role in this genus, but genetic differences might ex-
plain the discrepancies in B12 sensing and metE regulation across
species.

ortholog. This led us to use this element to construct a riboswitch-
based biosensor (ribosensor) to detect B12. We identified the B12
riboswitch transcript after examination of previous RNA-seq data
(Solans et al. 2014) (Figure 7A). We also studied the putative metE
promoter to determine the consensus TANNNT sequence found in
73% of promoter sequences located upstream of transcription start-

ing sites (TSSs) in M. tuberculosis (Cortes et al. 2013) (Figure 7A).
We used this information to place the metE riboswitch and pro-
moter sequences upstream of the gfp gene optimised for its ex-
pression in Mycobacterium (eGFP) (Figure 7B). This construction
was cloned in a mycobacterial integrative plasmid, and the correct
integration into the M. tuberculosis H37Rv chromosome was con-
firmed by PCR (Figure S6).

2.6 | Construction of a B12 Ribosensor Using
the metE Riboswitch From M. tuberculosis

The metE riboswitch of M. tuberculosis has demonstrated im-
proved sensitivity and selectivity compared to its M. smegmatis
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mc?155 94 GGTGAAAATCCGGGACTGICCCGCAGCGGTATGCAGGAACGACCGCCGTC
H37Rv 123 TTGGAAGTAGACAAGCACTGGTCTC- - - -AACGACTGGGAAGCGACGGCC
T TEETTLEL. 0 Lol LEEEERTEET TR
mc?155 144 ---------- ATCAGCACTGGCCCCGCCTAGGGGCTGGGAAGCGACGGCC
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TEEET | [l LETEEEE TR EET |
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FIGURE 6 | Comparative analysis of the metE riboswitch in Mycobacterium species. (A) Phylogenetic tree of metE riboswitch sequences across
different Mycobacterium species, with members of the MTBC and NTM highlighted in blue and green boxes, respectively. Bootstrap values are
shown at each node. The tree was constructed using the Maximum Likelihood method with MEGA X. (B) Proposed mechanism of action of the
metE riboswitch, according to previous studies (Vitreschak et al. 2003; Kipkorir et al. 2024). The figure shows secondary structures of the 5’ end of
metE mRNA when B12 is present (left side) or absent (right side). The riboswitch consists on a B12 binding module named the aptamer (grey) and a
regulatory region which consists on complementary terminator-antiterminator structures. When B12 binds to the aptamer, its favours the formation
of a stem loop between the Translation Initiation Region (TIR) (green) and its aTIR (red). This structure is favoured by a kissing loop between the
B12 aptamer and a loop in the aaTIR (blue). Formation of this structure occludes the Shine-Dalgarno (SD) sequence halting translation of the metE
gene by the ribosome. In the absence of B12, the aptamer alters its conformation and favours the formation of a stem loop between the aaTIR and
aTIR segments. In this conformation, the TIR region is accessible to the ribosome for translation of the metE gene. (C) Pairwise sequence alignment
of M. tuberculosis H37Rv and M. smegmatis mc?155 metE riboswitches. The B12 aptamer is shaded in grey. The aaTIR, «TIR and TIR segments are
coloured in blue, red and green, respectively. Sequences of the kissing loop are underlined. Putative SD sequences are in italics. Previously identified
B12 escape mutations in M. tuberculosis are shown in bold characters. (D) Mapping of B12 suppressor mutations (shown in bold in panel C) in the
secondary structure of the metE riboswitch. Note that these mutations affect to either the B12 binding motif, or to the formation of the kissing loop.
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FIGURE7 |

Construction of a whole-cell B12 ribosensor in Mycobacterium. (A) RNA-seq profile of metE mRNA. Note the 5" untranslated region

corresponding to the riboswitch. The location of the predicted promoter is also indicated. (B) Construction of the B12 ribosensor by placing the B12
riboswitch from M. tuberculosis upstream of the GFP reporter gene. This construction was cloned in a mycobacterial integrative plasmid. Each genet-

ic part is indicated in the diagram. The location of primers used to confirm the proper integration of the plasmid into the M. tuberculosis chromosome

is also indicated. (C) Validation of the whole-cell B12 ribosensor. Upper panels show the fluorescence intensity emitted by the B12-ribosensor strain

after the addition of increasing concentrations of AdoCbl. Different panels correspond to measurements immediately after the addition of AdoCbl,

or after 2 and 7h of incubation with AdoCbl. Lower panels show the reciprocal bacterial density (OD) values of cultures used in the upper panels.

The functionality of the ribosensor was validated upon incuba-
tion of the M. tuberculosis biosensor strain with different con-
centrations of AdoCbl. We observed a dose-dependent effect of
B12 over GFP fluorescence, observing a gradual decrease in fluo-
rescence with higher concentrations of the vitamin (Figure 7C).
Albeit the ribosensor was able to detect AdoCbl concentrations
as low as 0.01 ug/mL, we found that statistical significance was
reached at 0.1pug/mL. Notably, detection of AdoCbl was im-
mediate, since fluorescence reading after addition of B12 pro-
duced an instant significant decrease in fluorescence intensity
(Figure 7C). Further, signalling of the ribosensor was main-
tained up to 7h after the initial addition of AdoCbl (Figure 7C),
indicative of a stable signal, which is not perturbed by external
factors or biochemical conversion of B12. Lastly, we confirmed
that dose-dependent responses could not be attributed to dif-
ferential growth of M. tuberculosis, since the bacterial growth

measured by optical density remained unaltered in the pres-
ence of different B12 concentrations (Figure 7C). Nevertheless,
this biosensor presents limitations, such as a narrow dynamic
range and a limited utility outside of a biosafety laboratory. In
addition, a gain in fluorescence signal after incubation with B12
would result in a more desirable outcome than the fluorescence
loss reported here. This latter problem could be solved by the
use of genetic circuits, but the limited repertoire of genetic tools
for the fastidious pathogens of the Mycobacterium genus leaves
these refinements out of the scope of the present manuscript.

To summarise, we have used genetic, microbiological, and mo-
lecular biology evidence to select the most appropriate ribo-
switch in order to construct a B12 biosensor in M. tuberculosis.
This ribosensor has demonstrated robust, immediate, and sta-
ble sensing of a concentration as low as 0.1 ug/mL of AdoCbl.
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3 | Discussion

Our phylogenetic analyses revealed a separation of methionine
synthases between tuberculous and NTM. However, the subse-
quent functional characterisation of MetH isoenzymes demon-
strated an equivalent B12 dependency in the orthologs of M.
tuberculosis, M. canettii and M. smegmatis under the conditions
tested. In contrast, our findings with the MetE isoenzyme re-
sembled the results obtained in the phylogenetic comparative.
Our analyses of the metE riboswitch suggest that the polymor-
phisms between M. tuberculosis and M. smegmatis in this B12
regulatory element are putatively responsible for the differential
regulation of MetE expression between tuberculous and NTM.
We acknowledge that our assays are designed to detect the B12
dependency of MetE and MetH, but they cannot provide a direct
measure of their enzymatic efficacy. A more profound enzymatic
characterisation of methionine synthases in the Mycobacterium
genus would provide knowledge about the phenotype-genotype
relationships of species-specific polymorphisms, but this work
is out of the scope of the present manuscript. Nevertheless, our
findings highlight the importance of validating phylogenetic re-
sults using functional studies.

In this context, it could be questioned whether our findings
are generalizable to clinical isolates of M. tuberculosis. In this
regard, it is key to remember the high level of conservation of
MetE and MetH enzymes, as well as the regulatory metE ribo-
switch in M. tuberculosis sequenced genomes, which otherwise
correlate with the clonal context of the M. tuberculosis Complex.
However, there are interesting exceptions to the rule, the most
notable being the partial genetic deletion of the metH gene in
the M. tuberculosis CDC1551 strain (Warner et al. 2007). This
strain shows B12 growth defects under laboratory conditions
and opens interesting avenues to understand the possible impli-
cation of B12 levels from the host in isogenic clinical isolates of
M. tuberculosis.

The lower B12 sensitivity of the M. smegmatis MetE enzyme
compared to its ortholog in M. tuberculosis could be explained
on the basis of the ecological niche of each species. While NTM,
including the non-pathogenic M. smegmatis, are B12 producers
(Minias et al. 2021; Campos-Pardos et al. 2024); the MTBC is
abrogated in B12 synthesis and assimilates this vitamin from its
obligate mammalian hosts (Campos-Pardos et al. 2024). Thus,
the metE riboswitch in NTM could have evolved to be less re-
sponsive to the endogenous B12 produced by this species. In
contrast, the MTBC would have maintained a sensitive B12 ribo-
switch able to detect the subtle changes in B12 levels existing in
the intracellular environment. Our findings also demonstrate a
complementary role of MetE and MetH isoenzymes in M. tuber-
culosis, which ensure Met synthesis irrespective of the B12 sta-
tus of the infected cell. Thus, M. tuberculosis would synthesise
Met in the absence of B12 using MetE, or in the presence of B12
using MetH. However, in M. smegmatis, both isoenzymes are
functional independently of the B12 status. This finding raises
the intriguing question of the conservation of two opposed
mechanisms of Met synthesis in M. smegmatis. In this context,
it is tempting to speculate that either MetE or MetH are used as
the preferred source of Met in this bacterium. Supporting this
assumption, examination of RNA-seq profiles in M. tuberculo-
sis H37Rv (Solans et al. 2014) and M. smegmatis mc*155 (Shell

et al. 2015) cultured under standard conditions, shows species-
specific expression of methionine synthases. While M. tuber-
culosis expresses high levels of metE and metH transcripts, M.
smegmatis exhibits a strong expression of metE but a negligible
transcription of the metH gene (Figure S7). These results would
suggest that MetE is the preferred enzyme for Met synthesis
in M. smegmatis and reconcile our finding that the M. smeg-
matis metE riboswitch is less sensitive to the endogenous B12
produced by these species. The hypothesis that B12 producers
harbour more permissive riboswitches to B12 inhibition might
also be applied to other Mycobacterium species different from M.
smegmatis. Notably, opportunistic pathogens such as M. absces-
sus, M. avium or M. fortuitum are also B12 producers (Minias
et al. 2021; Campos-Pardos et al. 2024), and they can have
evolved permissive riboswitches to B12 inhibition as a compen-
satory mechanism.

Our previous findings that the MTBC has evolved to depend
on host B12 to develop a complete virulence (Campos-Pardos
et al. 2024), together with the importance of the B12-dependent
synthesis of Met, open interesting perspectives to use the Met
metabolism as a druggable target in the MTBC. Indeed, it has
been recently shown that MetE is expressed in actively replicat-
ing mycobacteria (Iacobino et al. 2024), and also in sputum from
TB-infected patients (Hadizadeh Tasbiti et al. 2022) reinforcing
its potential use as a drug target. It is tempting to propose the
use of B12 analogs able to repress the metE riboswitch, and at
the same time able to block MetH. However, it is important to
remember that B12 is used as a vitamin by mammals, and B12-
based drugs should be highly specific against the bacterial tar-
gets without affecting the host metabolism.

Lastly, we have applied our knowledge of Met metabolism in the
Mpycobacterium genus in a biotechnological context. We reasoned
that the improved sensitivity and selectivity of the M. tuberculo-
sis metE riboswitch could be used to construct a whole-cell B12
ribosensor. It is key to remember that the fastidious growth of
M. tuberculosis, as well as its biosafety requirements, the limited
repertoire in genetic tools compared to other bacteria, and the
difficulties in incorporating exogenous genetic material, make
synthetic biology approaches in this bacterium challenging.
Thus, we used a rationale design to identify the metE promoter
and riboswitch to construct a B12 ribosensor in M. tuberculosis.
We are aware that further refinement of the genetic parts of the
ribosensor could provide enhanced sensitivity, but we encounter
the inherent difficulties to achieve this goal in Mycobacterium.
Nevertheless, this ribosensor strain could open interesting per-
spectives to understand how the B12 status of a TB-infected host
could impact M. tuberculosis virulence. On the other hand, ribo-
sensor strains could be used as whole-cell screening platforms
to detect B12-based inhibitors of Met metabolism, which could
be used as drugs against TB or other bacterial diseases.

4 | Experimental Procedures
4.1 | Bacterial Strains and Growth Conditions
Mycobacteria were cultured at 37°C in Middlebrook 7H9

liquid medium (Difco) supplemented with 10% (v/v) of
Middlebrook ADC (0.2% dextrose, 0.5% bovine serum
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albumin, 0.085% NaCl and 0.0003% beef catalase) growth sup-
plement and with 0.05% (v/v) Tween 80 (Sigma). For cultures
in solid media, Middlebrook 7H10 agar (Difco) was used and
supplemented with 10% (v/v) of ADC. In the in vitro growth
characterisation assays, both liquid and solid media were sup-
plemented with different isoforms of B12 (AdoCbl, MeCbl,
OHCbl and CNCbI) (Sigma) at concentrations ranging from
0.001 to 200pug/mL. For the construction of mutant strains,
0.2% (w/v) acetamide was used for the induction of the ex-
pression of the recombineering proteins Gp60 and Gp61. To
select plasmids and mutant strains, 50 ug/mL hygromycin
(Hyg) or 20 ug/mL kanamycin (Kan) were added when nec-
essary. Escherichia coli DH10B was used in some genetic en-
gineering techniques. This strain was grown in Luria-Bertani
(LB) broth or in solid media LB agar at 37°C, or at 30°C for
the recombineering event in the case of pPKD46 temperature-
sensitive plasmid containing strains. When required, medium
was supplemented with ampicillin (Amp, 100 ug/mL) or kana-
mycin (Kan, 20 ug/mL). Arabinose 0.15% was used for induc-
tion of recombineering proteins codified in pKD46 plasmid.
Manipulation of non-pathogenic mycobacterial strains was
performed in a biosafety level 1 (BSL1) and BSL2 laboratories
with facilities notifications A/ES/10/I-05 and A/ES/06/1-02,
respectively. Manipulation of virulent mycobacterial strains
was performed in a BSL3 laboratory with facilities notifica-
tion A/ES/04/1-05.

4.2 | Phylogenetic Analyses of MetH and MetE in
the Mycobacterium Genus

Searching for protein sequences was done with PSI-BLAST
against the NCBI nr database (Sayers et al. 2022). Proteomes
from MTBC (114): M. canettii (4), M. africanum (26), M. bovis
(40), M. tuberculosis (44) and NTM (39) with query coverage
>75% were analysed (Table S1). Multiple sequence align-
ments (MSA) were done with Clustal Omega (Sievers and
Higgins  2018)  (https://www.ebi.ac.uk/jdispatcher/msa/
clustalo) and trimmed following the protocol of trimAL
(Capella-Gutiérrez et al. 2009). A maximum likelihood phylo-
genetic tree using the Subtree Pruning and Regrafting (SPR)
method was constructed with PhyML (https://ngphylogeny.
fr; (Lemoine et al. 2019)). The likelihood aLRT (approximate
likelihood-ratio test) statistical test and a bootstrap value of
500 were used. The tree and cladogram were midpoint-rooted
and plotted with FigTree (http://tree.bio.ed.ac.uk/software/
figtree).

4.3 | Construction of Mutant Strains in M.
tuberculosis

Deletion of metH was achieved using the BAC-recombineering
(BAC-rec) strategy (Aguilo et al. 2017). Briefly, the thermo-
sensitive plasmid pKD46 containing the red recombinase
from lambda phage (Datsenko 2000) was co-transformed
into the E. coli DH10B clone carrying BAC Rv73 contain-
ing the Rv2124c (metH) gene (Brosch et al. 1998). DH10B
Rv73 pKD46 transformants incubated with arabinose 0.15%
were subsequently transformed with a PCR product ob-
tained using KO BAC Rv2124c FRT Kan-FW (GAGCGC

TGTCAACGACTGAGGAAATTTCATAGGCCGACTATC
CTTGCCATGTGTAGGCTGGAGCTGCTTC) and KO BAC
Rv2124c FRT Kan-RV primers (GCCGACGTCCTGTCG
CAGCCGATGCTCCGCACACGTGGGACGGGTCAGACA
TATGAATATCCTCCTTAGT). This PCR product consists
of a Kan resistance cassette (Kan®), with FRT sites from
pKD4, flanked by 40bp identity arms to the gene of inter-
est. Recombinants were selected on LB agar containing Kan
incubated at 30°C overnight, and gene deletion in the BAC
was confirmed by PCR amplification using Conf-KO BAC
metH-FW (TTCGGTGGGTGCGACACATAGT) and Conf-KO
BAC metH-RV (TCATCGCCCAGGTGTTGGACTG). Allelic
exchange substrate (AES) containing the Kan® flanked by
approximately 1kb identity arms for site-specific recombi-
nation was obtained by high fidelity PCR using BAC Rv73-
AmetH::Kan® as a template and Conf-KO Mtb metH-FW
(TTCGGCGATCGTCTCGGTGATC) and Conf-KO Mtb
metH-RV (TGCGCTATCTGGCTGTTGAGCT) primers. AES
was transformed by electroporation into M. tuberculosis
H37Rv carrying the pJV53H recombineering plasmid (van
Kessel and Hatfull 2007) and cultured in the presence of 0.2%
acetamide. The M. tuberculosis H37Rv AmetE::Kan® mutant
was constructed using a synthetic AES (GenScript) introduced
in H37Rv-pJV53H by electroporation. To favour the recombi-
nation event and recovery of recombinants, the transformation
mixtures were incubated overnight in liquid medium without
antibiotic and in the presence of AdoCbl, since MetH requires
B12 as a cofactor. For the final steps of mutant construction
and confirmation, recombinant colonies were selected by plat-
ing on 7H10-ADC with the appropriate antibiotic/supplement
and confirmed by PCR using specific primers.

4.4 | Construction of Mutant Strains in M.
smegmatis

To construct a metE knockout in M. smegmatis mc?155 and to
mimic the B12 phenotype of M. tuberculosis, B12 synthesis in
mc?155 was first abrogated by deletion of the cobLMK genes.
M. smegmatis mc?155 carrying pJV53H were electroporated
with AES containing the Kan® flanked by approximately 50 bp
identity arms for site-specific recombination. The AES was syn-
thesised by PCR amplification of the Kan® cassette of pKD4
using primers containing 50bp identity arms KO cobLMK
Msmeg FRT Kan-FW (CTGGCGCAGGATGCCGCGATGAGC
GCTCATGCGAAGAGCCGAGGACAC
CGGTGTAGGCTGGAGCTGCTTC) and KO cobLMK Msmeg
FRT Kan-RV (GAGCGCCCCGTGGTCAGGAACACG C
GCGAAAACCCGCGCTGCGCCACCACCATATGAATAT
CCTCCTTAGT). Transformants were plated on 7H10-ADC-
Kan plates, and recombinants were confirmed by PCR using
specific primers. Once constructed, the M. smegmatis mc*155
AcobLMK::KanR® strain, and after confirming pJV53H curation,
this strain was electroporated with the pRES-FLP-Mtb plasmid
(Song 2007; Pérez et al. 2020) to resolve the KanR resistance
cassette. The resolved strain was transformed again with the
pJV53H to subsequently generate the metE mutant. The AES-
which contained a KanR cassette and the GFP gene optimised
for its expression in mycobacteria (eGFP) was synthesised by
GenScript. Construction was confirmed by PCR of transformant
colonies grown on 7H10-ADC-Kan supplemented with AdoCbl.
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4.5 | Bioinformatics Analysis of the metE
Riboswitch Sequence

The sequence of the metE riboswitch in M. tuberculosis H37Rv
was originally predicted (Vitreschak et al. 2003; Warner
et al. 2007), and further refined by exploration of our RNA-
seq data (Solans et al. 2014; Campos-Pardos et al. 2024). This
sequence was used as a query sequence to identify similar
nucleotide sequences in an online BLASTN search against
the NCBI Nucleotide database (Sayers et al. 2022). Sequences
from the species M. mungi (taxid: 1844474) and M. pinnipedii
(taxid: 194542) were excluded from the subsequent analysis for
lack of sequence similarity. The riboswitch sequence for each
Mpycobacterium strain was obtained by comparison with refer-
ence genomes annotated in the Mycobrowser database (https://
mycobrowser.epfl.ch). After multiple alignments, a tree was
obtained with MEGA X (Stecher and Tamura 2020) using the
Tamura-Nei model (Tamura 1993), selecting the topology with
the highest log likelihood value. The location of the B12 ap-
tamer and stem loop sequences in M. tuberculosis was based on
the previous secondary structure prediction of the riboswitch
(Kipkorir et al. 2024). Stem loops in M. smegmatis were pre-
dicted using the RNAfold Web server (Gruber et al. 2008). The
putative —10 mycobacterial sequence was predicted only using
the BPROM algorithm (http://www.softberry.com/berry.phtm1?
topic=bprom) (Solovyev 2011).

4.6 | Cell Viability Assays

Solutions of AdoCbl (1 mg/mL), MeCbl (1 mg/mL) and CNCbl
(1 mg/mL) were all diluted to a concentration of 200 ug/mL. All
compounds were serially 10-fold diluted using liquid medium
Middlebrook 7H9 supplemented with 0.05% Tween-80 and 10%
Middlebrook-ADC (25ug/mLL-Met when required) in 96-well
flat-bottom plates (Nunc Edge 96-Well, Thermo Fisher), with
final volumes of 90 uL per well. Stationary-phase bacterial cul-
tures were then diluted to a concentration of 4 x10°CFU/mL
in mycobacteria liquid medium. The diluted bacteria (90 uL per
well) were added to the diluted cobalamin isoforms to yield co-
balamin concentrations ranging from 0.001 to 100 pug/mL and
2 x10°CFU/mL bacteria per well. The plate was incubated at
37°C for 48 h. Optical density at 600nm (OD,,,) was measured
every 15min with a Synergy HTX plate reader (Biotek) after a
previous 10-s linear shaking (567 cpm). To evaluate cell viabil-
ity after the 48-h incubation, 5uL from each well were spotted
onto 7H10 with 0.05% (v/v) glycerol supplemented with 10% (v/v)
ADC and with 25ug/mLL-Met when needed (Nunc OmniTray
Single-Well plates, Thermo Fisher). Plates were incubated for
24h. Cell metabolic activity after 48h was assessed with an
MTT (3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium
bromide)-based assay. MTT is a redox reporter of metabolic ac-
tivity and, therefore, bacterial growth. Only metabolically active
bacteria are able to reduce MTT (yellow) to the corresponding
formazan product (deep purple). After finishing the 48 h incuba-
tion at 37°C, 30uL of a 2.5mg/mL MTT solution (MTT reagent
[Sigma] dissolved in phosphate buffered saline [PBS] and 10%
[v/v] Tween-80 [Scharlau]) were added to each well and incu-
bated for 3h at 37°C. Plates were then analysed with Synergy
HTX plate reader (Biotek) for the absorbance at 580nm. The
net absorbance was determined by comparing the absorbance

reading of each set of test wells to the control wells containing
diluted Cbl isoforms in liquid medium Middlebrook 7H9 supple-
mented with 0.05% (v/v) Tween 80 and 10% (v/v) Middlebrook-
ADC. Readouts were used to determine the MIC, (Minimum
Inhibitory Concentration), defined as the minimal concentra-
tion of cobalamin isoforms that inhibited MTT conversion by
50% compared to the control.

4.7 | Construction of M. tuberculosis
Ribosensor Strain

A synthetic sequence containing the promoter and B12-riboswitch
of metE from M. tuberculosis H37Rv fused to the eGFP gene was
synthesised by Genescript and cloned into the pMV361H inte-
grative plasmid, which confers Hyg resistance. This plasmid was
named pMV361H- Pr+RbSw(metE)_eGFP, or ‘ribosensor’ plas-
mid, for clarity. Electrocompetent cells of M. tuberculosis H37Rv
were transformed with the pMV361H- Pr+RbSw(metE)_eGFP
plasmid. The transformants were selected on 7H10-OADC-Hyg
plates, and the integration of the plasmid in the transformants was
analysed by PCR. Liquid cultures derived from the PCR-positive
colonies were grown and reanalysed by PCR to confirm mainte-
nance of the transformed plasmid.

4.8 | Fluorescence Measurements

Bacterial cultures of the ribosensor strain were diluted to a con-
centration of 4 X10°CFU/mL in 7H9-ADC medium. The diluted
bacteria (90uL per well) were added to the diluted Cbl isoforms
to yield Cbl concentrations of 0.01, 0.1, 1, 10 and 100ug/mL, along
with 2 X 10° CFU/mL bacteria per well. The plate was incubated at
37°Cfor the desired times. OD ., and bottom fluorescence (485nm
excitation, 525nm emission) were measured with a SpectraMax
iD3 Multi-Mode Microplate Reader (Molecular Devices).

4.9 | Statistical Analysis

Data are presented as individual data points, with bars indicat-
ing the mean. In some cases, error bars representing the stan-
dard deviation (SD) or the standard error of the mean (SEM) were
included. Statistical analyses were conducted using GraphPad
Prism 8.0. For multiple group comparisons, one-way ANOVA
followed by Dunnett's test corrected for multiple comparisons
was performed. P values < 0.05 were considered significant. The
number of stars means *p<0.05; **p<0.01; ***p<0.001 and
%D <0.0001.
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