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ABSTRACT

Cobalamin is an essential co-factor in all domains of life, yet its biosynthesis is
restricted to some bacteria and archaea. Mycobacterium smegmatis, an
environmental saprophyte frequently used as surrogate for the obligate human
pathogen, M. tuberculosis, carries approximately 30 genes predicted to be involved
in de novo cobalamin biosynthesis. M. smegmatis also encodes multiple cobalamin-
dependent enzymes, including MetH, a methionine synthase which catalyses the
final reaction in methionine biosynthesis. In addition to metH, M. smegmatis
possesses a cobalamin-independent methionine synthase, metE, suggesting that
enzyme selection — MetH or MetE - is regulated by cobalamin availability.
Consistent with this notion, we previously described a cobalamin-sensing riboswitch
controlling metE expression in M. tuberculosis. Here, we apply a targeted mass
spectrometry-based approach to confirm de novo cobalamin biosynthesis in M.
smegmatis during aerobic growth in vitro. We also demonstrate that M. smegmatis
transports and assimilates exogenous cyanocobalamin (CNCbl; a.k.a. vitamin Biy)
and its precursor, dicyanocobinamide ((CN),Chbi). Interestingly, the uptake of CNCbI
and (CN),Cbi appears restricted in M. smegmatis and dependent on the conditional
essentiality of the cobalamin-dependent methionine synthase. Using gene and
protein expression analyses combined with single-cell growth kinetics and live-cell
time-lapse microscopy, we show that transcription and translation of metE are
strongly attenuated by endogenous cobalamin. These results support the inference
that metH essentiality in M. smegmatis results from riboswitch-mediated repression
of MetE expression. Moreover, differences observed in cobalamin-dependent

metabolism between M. smegmatis and M. tuberculosis provide some insight into
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the selective pressures which might have shaped mycobacterial metabolism for

pathogenicity.

Keywords: vitamin Bj2, riboswitch, cobK, tuberculosis

IMPORTANCE

Accumulating evidence suggests that alterations in cobalamin-dependent
metabolism marked the evolution of Mycobacterium tuberculosis from an
environmental ancestor to an obligate human pathogen. However, the roles of
cobalamin in mycobacterial physiology and pathogenicity remain poorly understood.
We used the non-pathogenic saprophyte, M. smegmatis, to investigate the
production of cobalamin, transport and assimilation of cobalamin precursors, and the
potential role of cobalamin in regulating methionine biosynthesis. We provide
biochemical and genetic evidence confirming constitutive de novo cobalamin
biosynthesis in M. smegmatis under standard laboratory conditions, in contrast with
M. tuberculosis, which appears to lack de novo cobalamin biosynthetic capacity. We
also demonstrate that the uptake of cyanocobalamin (vitamin B1,) and its precursors
is restricted in M. smegmatis, apparently depending on the need to service the co-
factor requirements of the cobalamin-dependent methionine synthase. These
observations support the utility of M. smegmatis as a model to elucidate key

metabolic adaptations enabling mycobacterial pathogenicity.

INTRODUCTION
Several mycobacterial species have been identified among the subset of prokaryotes

which possess the genetic capacity for de novo cobalamin biosynthesis (1-5).
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Included in this list of potential cobalamin producers is Mycobacterium smegmatis,
the saprophytic mycobacterium commonly used as a surrogate for Mycobacterium
tuberculosis, which causes tuberculosis (TB), a deadly respiratory disease claiming
over 1 million lives globally every year (6—8). Cobalamin has one of the most
complex structures of any of the biological cofactors, comprising a tetrapyrrole
framework with a centrally chelated cobalt ion, a lower axial base (a ligand) which is
typically dimethylbenzimidazole (DMB), and an upper axial ligand (R-group; B ligand)
(Figure 1A). The nomenclature and catalytic activity of cobalamin depends on the
ligand. For example, in adenosylcobalamin (AdoCbl; a.k.a. coenzyme B;,), the
ligand is a deoxyadenosyl group utilised by isomerases such as the methylmalonyl-
CoA mutase and class Il ribonucleotide reductases. In methylcobalamin (MeChbl),
which is used by methyltransferases such as methionine synthase, the B ligand is a
methyl group (Figure 1A) (9, 10).

Cobalamin biosynthesis is a complex multi-step process requiring nearly thirty
enzyme-catalysed biotransformations including eight SAM-dependent methylations,
ring contraction, six amidations, decarboxylation, cobalt insertion, aminopropanol
attachment and the assembly and attachment of the o ligand (11). Owing to the
heavy energetic investment necessary to support the de novo pathway, this process
is typically augmented in many organisms by the capacity for uptake and salvage
(). Interestingly, cobalamin-producing bacteria encode a much larger complement
of genes involved in biosynthesis and salvage than the number of cobalamin-
dependent metabolic pathways in those organisms. The preservation of de novo

biosynthetic capacity therefore suggests the contribution of cobalamin to adaptation
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to specific lifestyles — an interpretation which is especially intriguing in the context of
pathogenic, parasitic and symbiotic bacteria (4).

Like most mycobacteria, M. smegmatis encodes several cobalamin-
dependent enzymes (Table 1) (12), some of which appear redundant given the
existence of isoenzymes or alternative mechanisms for the same metabolic pathway
(13). Among these are the methionine synthases, MetH (5-methyltetrahydrofolate-
homocysteine methyltransferase, EC: 2.1.1.14) and MetE (5-
methyltetrahydropteroyltriglutamate-homocysteine methyltransferase, EC: 2.1.1.13),
which catalyse the non-reversible transfer of a methyl group from b5-
methyltetrahydrofolate to homocysteine in the final step in the biosynthesis of
methionine, an essential amino acid required for translation initiation, DNA
methylation and cysteine biosynthesis (14, 15). MetH requires cobalamin for activity
while MetE is a cobalamin-independent methionine synthase (Figure 1B) (9, 16, 17).
We previously demonstrated that a cobalamin-sensing riboswitch located in the 5
untranslated region (5° UTR) of the metE gene in M. tuberculosis attenuated metE
transcript levels in the presence of exogenous cyanocobalamin (CNCbl; a.k.a.
vitamin Bi;) (18). We also showed that M. tuberculosis CDC1551, a well-
characterised strain isolated during a TB outbreak in the US (19), contains a natural
truncation of the metH gene which renders the strain sensitive to exogenous CNCDI.
This phenotype, which was recapitulated in an engineered M. tuberculosis H37Rv
mutant containing an analogous metH truncation, suggested that the observed
growth inhibition was due to methionine depletion resulting from the effective
elimination of all methionine synthase activity in the CNCbl-replete environments

(18).
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95 We postulated that metE would similarly be subject to riboswitch-mediated
96 repression in M. smegmatis, given the inferred genetic capacity for de novo
97 cobalamin biosynthesis in this organism (5). Moreover, the cobalamin-mediated
98 repression of metE would render metH essential for growth of M. smegmatis in vitro.
99 In this study, we provide direct biochemical confirmation that M. smegmatis
100 constitutively produces cobalamin in vitro. We further show that M. smegmatis
101  utilises exogenous CNCbl and dicyanocobinamide ((CN).Cbi) as precursors for the
102  biosynthesis of the physiologically relevant cobalamin co-factor. However, our results
103 indicate that the uptake of these corrinoid precursors by M. smegmatis is restricted.
104  Finally, we demonstrate that the expression of metE in M. smegmatis is under
105 constitutive repression by a cobalamin riboswitch, a finding which explains the
106 essentiality of metH in this non-pathogenic mycobacterium under standard culture

107 conditions.

108 RESULTS

109 The de novo cobalamin biosynthesis pathway is functional in M. smegmatis

110 Genomic analyses indicate that M. smegmatis encodes the complete pathway for de
111 novo cobalamin biosynthesis (5). To investigate the ability of M. smegmatis to
112 synthesise cobalamin using the de novo pathway, we developed a liquid
113 chromatography tandem mass spectrometry (LC-MS/MS) method based on the
114  derivatisation of cobalamin to CNCbI by potassium cyanide (KCN). Then, utilizing
115 multiple reaction monitoring (MRM) of two co-eluting transitions corresponding to o-
116 ribazole 5-phosphate and DMB (Figure 1A), we identified cobalamin in the cell
117 extracts as derivatised CNCbl, validated by two transitions co-eluting at 2.79 min

118 (Figure 1C). Using this method, high intensity CNCbl peaks were identified in cell
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119  extracts of wild type M. smegmatis mc?155 grown aerobically to stationary phase in
120 standard Middlebrook 7H9-OADC medium (Figure 1D). To confirm de novo
121 cobalamin production in M. smegmatis, we generated an unmarked, in-frame
122  deletion of cobK (Figure S1A, C-E), which encodes a putative precorrin-6x reductase
123 required for corrin ring synthesis. To ensure that all phenotypes reflected the
124  consequences of the specific gene deletions and/or disruptions, and were not
125 confounded by off-site mutations, the parental strain and derivative mutants were
126  subjected to whole-genome sequencing. Single nucleotide mutations (SNMs) in six
127 genes were uniquely identified in the AcobK strain but not in the parental wild type
128  strain but none of the SNMs could be linked to cobalamin or methionine metabolic
129 pathways (Table 2).

130 In contrast to wild type cell extracts, the AcobK extracts lacked the dual co-
131 eluting peaks characteristic of CNCbl (Figure 1E). This observation indicated the
132 indispensability of CobK for cobalamin biosynthesis and provided further evidence
133 that the cobalamin signal detected in the wild type strain (Figure 1D) resulted from
134  de novo biosynthesis. We also confirmed the absence of cobalamin production in a
135 double AmetE cobK::hyg knock-out (KO) strain during growth in L-methionine-
136 supplemented medium (Figure 1F). This strain, in which the entire metE open
137 reading frame (ORF) is deleted and cobK is disrupted by the insertion of a
138 hygromycin (hyg) resistance marker (Figure S1B, S1F), is a methionine auxotroph
139 that can only be propagated in media supplemented with methionine or CNCbl

140  (Figure 1G).
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141 M. smegmatis assimilates exogenous CNCbl and (CN),Cbi in vitro

142  The ability to propagate the AmetE cobK::hyg mutant in media containing methionine
143  or CNCbI indicated that M. smegmatis can utilise exogenous methionine and CNCbI
144  in the absence of an intact de novo cobalamin biosynthesis pathway, pointing to
145  functional transport and assimilation pathways. We previously showed that M.
146  tuberculosis could utilise dicyanocobinamide ((CN).Cbi) during growth in vitro (12).
147  To determine whether M. smegmatis could also assimilate this cobalamin precursor,
148 we tested the ability of the AmetE cobK::hyg double mutant to grow in media
149  supplemented with (CN),Chbi. First, the strain was grown to exponential phase with
150 excess methionine (1mM), after which 10-fold serial dilutions were spotted onto
151 Middlebrook 7H10-OADC agar containing 10uM (CN),Cbi. After 3 days’ incubation at
152  37°C, (CN).Chi uptake was qualitatively assessed by examining colony sizes (Figure
153 2A). For comparison, serial dilutions were also spotted on agar supplemented with
154  10uM CNChI. Interestingly, the growth of AmetE cobK::hyg strain was very limited on
155 agar supplemented with (CN),Cbi (Figure 2A). In fact, growth was observed only in
156 the most concentrated (undiluted) bacterial spots (Figure 2A). While this might have
157 been as a consequence of methionine carryover, the fact that similar growth was not
158 observed in the unsupplemented 7H10 plate (Figure 2A) suggested that was not the
159 case. Instead, these observations implied the ability of M. smegmatis to utilise
160 (CN).Cbhi, albeit to a much lesser extent than CNCbl (Figure 2A). To test the
161 potential for (CN),Cbi to support growth in liquid culture, an “MIC-type” Alamar Blue
162 assay (20) was performed in which growth from an inoculum of ~5 x 10°
163  AmetE cobK::hyg cells was determined in media containing 2-fold serial dilutions of

164 (CN).Cbi (Figure 2B). The AmetE cobK:hyg strain was viable at (CN)Chbi
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165 concentrations higher than 7.5uM (Figure 2B), consistent with the ability to convert
166 the corrinoid precursor to cobalamin.

167 To confirm the assimilation of (CN),Cbi in M. smegmatis, we used LC-MS/MS
168 to analyse cell extracts of wild type, AcobK and AmetE cobK::hyg strains grown to
169 stationary-phase in 7H9-OADC medium with or without excess (30uM) (CN).Cbi
170 (Figure 3A-F). As a positive control for de novo cobalamin biosynthesis, we analysed
171 the wild type strain grown in parallel without supplementation (Figure 3B). For the
172 AmetE cobK::hyg mutant, methionine supplementation was used to enable
173 propagation in the absence of (CN),Cbi (Figure 3C). We observed that all the
174  (CN).Cbhi-supplemented strains reached stationary phase simultaneously. However,
175 the dual co-eluting peaks characteristic of CNCbl were detected only in the
176  (CN).Cbi-supplemented AmetE cobK::hyg strain (Figure 3C, D), strongly suggesting
177 uptake and conversion of (CN),Cbi to cobalamin. Interestingly, cobalamin was not
178 detectable in the (CN).Cbi-supplemented AcobK strain (Figure 3E, F), which did not
179 require supplementation for growth. The assimilation of (CN).Cbi in the
180 AmetE cobK::hyg strain was also accompanied by a distinct change in the colour of
181 the spent media from purple to pale yellow (Figure 3C, inset). By comparison, the
182 colour of the spent media in the (CN).Cbi-supplemented wild type and AcobK
183 cultures changed only slightly to a rusty hue (Figure 3B (inset) & Figure 3F (inset)),
184  consistent with limited uptake in these strains.

185 MetE expression in M. smegmatis is regulated by a cobalamin-sensing
186 riboswitch

187  We previously reported that the cobalamin-sensing riboswitch located in the 5° UTR

188 of metE strongly attenuated the transcription of this gene in M. tuberculosis in the
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189 presence of exogenous CNCbl (18). To investigate whether the corresponding
190 riboswitch in M. smegmatis operated similarly, we analysed relative metE transcript
191 levels in wild type and AcobK strains grown in the presence or absence of CNCbI
192  using droplet digital (dd)PCR. We found low but detectable levels of metE transcripts
193 in the wild type strain (Figure 4A). By comparison, metE transcripts were 19x more
194  abundant in the AcobK strain (Figure 4A), supporting the notion that the abrogation
195 of de novo cobalamin biosynthesis in the mutant released metE transcription from
196 riboswitch-mediated repression. There was no significant difference in metE
197 transcript levels between the CNCbl-supplemented and unsupplemented wild type
198 strain (Figure 4A). In contrast, a small but statistically significant reduction (0.86x%) in
199 metE transcript levels was observed in the AcobK strain in the presence of
200 exogenous CNCbI (Figure 4A). The absent to modest change in metE levels in these
201 strains following CNCbI supplementation suggested that the uptake/assimilation of
202 exogenous CNCbl might be restricted in M. smegmatis, consistent with the LC-
203 MS/MS results. Alternatively, these results could indicate selective repression of
204  cobalamin uptake/assimilation systems in strains which do not require the co-factor
205 for viability or growth.

206 To examine how cobalamin availability in M. smegmatis affected MetE protein
207 content, we adapted a targeted MS method (21) to measure MetE peptide levels in
208 wild type and AcobK strains grown in the presence or absence of exogenous CNCbI.
209 This analysis indicated that MetE protein levels were 3x more abundant in the AcobK
210 mutant than in the parental wild type strain (Figure 4B). In the presence of
211 exogenous CNChbl, the AcobK mutant exhibited a 2x decrease in MetE protein levels

212  (Figure 4B). Unexpectedly, exposure of the wild type strain to exogenous CNCbI

10
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213 caused a 48x reduction in MetE protein levels (Figure 4B). This result contrasted
214  with the modest impact of CNCbl on metE transcript levels (Figure 4A) and
215 suggested that MetE expression was likely primarily controlled at the translational

216  level by this riboswitch.

217 metH is essential in M. smegmatis

218 The inferred cobalamin-mediated repression of metE in turn implied that MetH
219 function would be indispensable for the growth of wild type M. smegmatis. To test
220 this prediction, we attempted to generate an in-frame metH deletion mutant (Figure
221 S1A) by two-step allelic exchange mutagenesis (22). The AmetH construct was
222 designed to mimic a naturally-occurring metH truncation which partially disrupts the
223  cobalamin-binding domain and eliminates the S-adenosyl-L-methionine (SAM)-
224  binding domain of MetH in M. tuberculosis CDC1551 (18). Another metH KO
225 construct containing a hyg marker (Figure S1A) was also designed to enable the
226  recovery of metH double crossover (DCO) mutants by “forced” selection on Hyg.
227 Anticipating the loss of viability owing to metH essentiality, all media were
228 supplemented with 1mM L-methionine. Of 154 putative metH DCO recombinants
229 screened by PCR, none (0/154) carried the AmetH allele; instead, all 154 colonies
230 were wild type revertants. Similarly, 60 putative hyg-marked DCOs were screened by
231 PCR, none of which bore the AmetH allele. These results strongly suggested that
232 metH was essential in M. smegmatis, consistent with recent genetic screens which

233 identified metH among the subset of essential genes in M. smegmatis (23, 24).

234  Conditional depletion by CRISPRI confirms metH essentiality
235 Since our attempts to delete metH in M. smegmatis were unsuccessful, we instead

236 opted to generate a metH conditional knock-down (cKD). For this purpose, we

11
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237 employed the anhydrotetracycline (ATc)-inducible mycobacterial CRISPRi system
238 (25), utilizing a panel of 13 short guide (sg)RNAs targeting different regions of the
239 metH ORF and with different target complementarity scores (Table S3). An sgRNA
240 targeting mmpL3, an essential gene involved in mycolic acid biosynthesis (26), was
241 used as a positive control. Gene silencing in transformed cells was assessed by
242  growth inhibition on ATc-containing selection media. The induction of metH silencing
243 by ATc inhibited colony formation in wild type M. smegmatis, confirming the
244  essentiality of metH under the conditions tested (Figure 5A). Consistent with
245  previous work (24, 25), sgRNAs with higher complementarity scores displayed
246  stronger gene silencing, leading to more robust growth inhibition than sgRNAs with
247 lower scores (Figure S2). ATc-dependent growth inhibition was rescued by
248 supplementation with exogenous methionine (Figure 5A), indicating that the lack of
249  growth in the metH cKD strains resulted from methionine starvation.

250 To investigate this phenotype further, we traced the growth of the metH cKD
251 strain at the single-cell level using microfluidics and time-lapse microscopy. A log-
252  phase culture of cells carrying the metH cKD construct was pre-incubated with ATc
253 for 6 h at 37°C and then loaded into the CellASIC® ONIX2 microfluidic device and
254  imaged in real time over the course of 43 h with constant perfusion with 7H9-OADC
255 media containing ATc. In parallel, an uninduced (No ATc) control was perfused with
256 7H9-OADC media only. Analysis of the time-lapse images showed that the induced
257 metH cKD strain shared similar morphological features of shape and size with the No
258 ATc control (Figure 5B). Moreover, in both the metH cKD strain and the No ATc
259  control, cells divided by v-snapping (Supplementary Movies 1-5), which is typical of
260 mycobacterial cell division (27, 28). However, the growth rates of the metH cKD

261 strain and the No ATc control were markedly different (Figure 5C). In the No ATc

12
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262  control, microcolonies displayed an exponential-phase doubling time of 2.94 £ 0.3 h
263  (Figure 5C). In this control, tracing of distinct cells was feasible only for the first 18 h
264  of the experiment; by 24 h, microcolonies had attained confluence, occupying the
265 entire field of view (Figure 5B; Supplementary Movies 1-5). Consistent with
266  methionine depletion in the metH cKD strain, this mutant exhibited a much slower
267  replication rate, doubling every 5.23 + 0.4 h until the 18-h time-point when the growth
268 rate flat-lined (Figure 5C) and the expansion of microcolonies slowed and appeared

269 to halt by 24 h (Figure 5B; Supplementary Movies 1-5).

270 Abrogation of cobalamin biosynthetic capacity alleviates metH essentiality in
271 M. smegmatis

272  The time-lapse microscopy data suggested that the essentiality of the metH gene
273  might depend on both the presence of endogenous cobalamin and a functional metE
274  riboswitch in M. smegmatis. Therefore, we reasoned that it would be possible to
275 create a metH deletion in the cobalamin-deficient AcobK strain. To test this
276 hypothesis, we generated an unmarked in-frame metH deletion in the AcobK
277  background and screened the resultant DCOs by PCR. As expected, PCR screening
278 identified 9 out of 34 putative DCOs as AcobK AmetH double KO mutants (Figure
279 S1C-E), linking the essentiality of metH to endogenous cobalamin availability. We
280 found that silencing of metH had no effect on the viability of the cobalamin-deficient
281 AcobK mutant (Figure 6A), confirming that endogenous cobalamin was required to
282 block methionine biosynthesis via riboswitch-mediated repression of metE.
283  Moreover, consistent with the limited impact of exogenous CNCbl on MetE protein
284 levels (Figure 4B), CNCbl supplementation had a negligible effect during the growth

285 of the AcobK strain on solid media following ATc-induced metH silencing (Figure 6A).

13
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286 Next, we investigated the impact of exogenous CNCbI during growth of the
287  AcobK AmetH strain on solid versus in liquid media. To this end, a late log-phase
288 (ODgpo ~ 1) culture was 10-fold serially diluted and spotted on 7H10-OADC agar
289  supplemented with or without 10uM CNCbI (Figure 6B). There was no impairment of
290 growth of the CNCbl-supplemented AcobK AmetH mutant on solid media (Figure
291 6B). To determine if this phenotype were also true in liquid media, we seeded an
292  inoculum of 2.5 x 10° AcobK AmetH cells and analysed cell proliferation after an
293 overnight incubation at 37°C with or without 10uM CNCbI using the Alamar blue
294 assay (20) (Figure 6C). Interestingly, CNCbl supplementation led to approximately
295 80% inhibition of the growth of the AcobK AmetH strain (Figure 6C). This result
296 confirmed the ability of M. smegmatis to assimilate exogenous CNCbl, although the

297 uptake of the corrinoid was seemingly better in liquid than on solid media.

298 DISCUSSION

299 The production of cobalamin by M. smegmatis was previously inferred indirectly from
300 microbiological assays (29-31). Using targeted LC-MS/MS approach, we provide
301 direct proof of constitutive de novo cobalamin biosynthesis in M. smegmatis under
302 aerobic conditions. The LC-MS/MS method optimised in this work utilised MRM of
303 two mass spectra corresponding to DMB, the lower base in physiologically relevant
304 cobalamin. Hence, we infer that M. smegmatis is able to synthesise and use DMB.
305 Unconventional cobamides known as “pseudo-coenzyme B;,” comprising an o-axial
306 ligand other than DMB, but with the adenosine group retained, have been found in
307 other bacteria (32). M. smegmatis encodes a CobT protein, which is closely
308 homologous to those of S. meliloti and S. enterica, both of which incorporate a range
309 of a-ligands in their cobamide structures (33). While there has been no evidence that
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310 mycobacteria produce pseudo-coenzyme Biy, it is possible that our DMB-dependent
311 detection method did not capture the full range of cobamides present in M.
312 smegmatis. Nonetheless, these results indicated substantial cobalamin production in
313 M. smegmatis, consistent with an early study which detected low-level cobalamin
314  production in M. smegmatis using the L. leichmannii tube assay (29). The disruption
315 of cobK, encoding a predicted precorrin-6x reductase, abrogated cobalamin
316 production, confirming that a single genetic lesion can cripple the entire pathway. It is
317 noteworthy, therefore, that the loss of cobF, encoding a putative precorrin-6a
318 synthase occurring immediately upstream of CobK in the pathway, has been
319 identified as one of the defining molecular events in the evolution of pathogenic
320 mycobacteria (34-36).

321 Both CNCbl and (CN),Chbi supported the growth of the AmetE cobK::hyg strain
322 by enabling MetH-dependent production of methionine. These results demonstrate
323 that M. smegmatis is capable of corrinoid transport and assimilation. Since CNCbl
324 and (CN),Cbi must undergo decyanation and adenosylation to produce cobalamin,
325 M. smegmatis also encodes as yet uncharacterised enzymes for these reactions.
326 Interestingly, our data showed a seemingly enhanced capacity for (CN).Cbi
327 assimilation in the AmetE cobK::hyg strain compared to wild type and AcobK strains.
328 Since both these strains are able to grow without cobalamin owing to the presence of
329 MetE as alternative methionine synthase, the reduced (CN),Cbi uptake might
330 suggest the potential for selective assimilation/transport as a function of methionine
331 biosynthetic capacity. The peak intensity of the recovered cobalamin in the (CN),Cbi-
332 supplemented AmetE cobK::hyg strain was significantly lower than that of de novo-
333 synthesised cobalamin in the wild type (Figure 3B, D), possibly indicating that much
334  lower amounts of co-factor are necessary to support growth.
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335 In M. tuberculosis, the nonspecific ABC-type transporter, BacA (Rv1819c) has
336 been identified as the sole cobalamin and corrinoid transporter (12). Until recently,
337 the mechanistic details of cobalamin transport by Rv1819c had remained elusive.
338 However, the resolution of the crystal structure of Rv1819c (37) has provided key
339 insights into its function in the uptake of hydrophilic molecules, suggesting that this
340 protein passes a cargo slowly along its cavity via facilitated diffusion. Facilitated
341 diffusion is a very low-efficiency process and, if the M. smegmatis homologue
342  functions similarly in corrinoid uptake, it might explain the poor uptake of CNCbl and
343 (CN).Chi. M. smegmatis also contains two predicted Rv1819c homologues, encoded
344 by paralogous genes located at different genomic loci (MSMEG_3655 & MSMEG
345 4380). In addition, M. smegmatis encodes an operon containing putative
346 homologues of BtuF (MSMEG_4560), BtuC (MSMEG _4559) and BtuD
347 (MSMEG_4558), all components of the classic TonB-ExBD-BtuFCD cobalamin
348 transport system in Gram-negative bacteria (38). Whether these genes encode
349 functional transporters is still unknown and further research is needed to determine
350 which proteins are involved in ferrying corrinoids and their precursors across the
351 notoriously complex mycobacterial cell wall (39).

352 We previously reported that a cobalamin-sensing riboswitch controlled metE
353 transcription in M. tuberculosis (18). In that work, the level of metE transcript was
354 decreased in the presence of exogenous CNChl, leading to the conclusion that this
355 riboswitch functioned as a transcriptional “off” switch. In the current study, we found
356 that the levels of metE transcript were much lower in the cobalamin-replete wild type
357 M. smegmatis strain compared to the AcobK mutant. Since riboswitches sense
358 ligand levels to attenuate expression (40), the low-level metE transcripts found in the

359 wild type strain likely reflects a physiological equilibrium between ligand-bound and
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360 unbound riboswitch states which allow for limited gene expression. Therefore,
361 although the uptake of exogenous CNCDbI is restricted in both wild type and AcobK
362 strains, the low level of uptake was still enough to shift the endogenous ligand-
363 riboswitch equilibrium more significantly in wild type than in mutant cells which
364 exhibited elevated MetE protein content (Figure 4A, B). Unlike in M. tuberculosis,
365 exogenous CNCbl was unable to exert significant changes to metE transcript levels
366 in M. smegmatis, presumably owing to the limited uptake. While these results imply
367 transcriptional regulation, we also observed an unexpected and dramatic reduction in
368 MetE protein levels in the wild type in the presence of exogenous CNCbl. These
369 results suggested that this riboswitch might utilise a coupled translational-
370 transcriptional regulation mechanism by which the inhibition of translation initiation
371 precedes transcription termination and mRNA instability (41-43). Future work will
372 elucidate the precise mechanism of cobalamin-sensing riboswitches in
373 mycobacteria.

374 Our in vitro results support the conclusion that constitutive endogenous
375 production of cobalamin compels M. smegmatis to rely on MetH for the biosynthesis
376  of methionine. We found that the disruption of MetH activity was growth-retarding in
377 the presence of cobalamin, ostensibly owing to methionine depletion. In contrast, in
378 the absence of cobalamin, bacilli were relieved of riboswitch-mediated repression of
379 MetE, allowing the alternative methionine synthase to substitute for the inactivated
380 MetH. We predict that metH will be essential in all mycobacteria capable of de novo
381 cobalamin biosynthesis, representing an important deviation from cobalamin-
382 deficient pathogenic mycobacteria like M. tuberculosis. The corollary is that
383 mycobacterial species which are incapable of de novo cobalamin biosynthesis will

384 accommodate MetH inactivation. Indeed, metH-null M. tuberculosis mutants have
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385 been generated (18) and several naturally-occurring, potentially inactivating
386 mutations in metH have been found in circulating M. tuberculosis clinical isolates
387 (13). Consistent with our findings, a recent Tn-screen identified metH among the
388 subset of genes essential for the growth of M. smegmatis in vitro (23). Another
389 recent study reported the inactivation of MetH in M. smegmatis, but in contrast to our
390 findings, the authors did not observe any growth inhibition in their metH-null mutants
391 in supplement-free media (31). The results presented here, together with our own
392 independent Tn-seq and CRISPRI-seq analyses of M. smegmatis gene essentiality
393 (24), demonstrate that metH cannot be disrupted in a cobalamin-replete strain
394 without sacrificing viability. This apparent conflict might be explained by the
395 possibility that the metE riboswitch in the parental strains used by Guzzo et al. to
396 generate their metH-null mutants harboured inactivating mutations, which can
397 accumulate spontaneously during the serial passage of mycobacterial cultures (44,
398 45). To eliminate the potential confounding effect of mutations in our study, the wild
399 type and its derivative mutant strains were subjected to whole-genome sequencing.

400 In summary, we have shown that M. smegmatis, a non-pathogenic
401 mycobacterium, is a constitutive producer of cobalamin in vitro. Surprisingly, the
402 transport of corrinoids in M. smegmatis appears restricted despite the presence in
403 the genome of multiple putative transporters. Notably, this study also revealed
404  differences in the regulation of methionine biosynthesis between M. smegmatis and
405 M. tuberculosis. These differences in cobalamin-dependent metabolism between an
406 environmental mycobacterium and an obligate pathogen might be informative in
407 understanding the selective pressures which have shaped M. tuberculosis

408 metabolism for pathogenicity and host tropism.
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409 MATERIALS AND METHODS

410 Bacterial strains and culture conditions. The bacterial strains and plasmids used
411 in this study are described in Table S1. Unless specified, M. smegmatis cultures
412  were grown in either Middlebrook (Difco) 7H9 broth supplemented with 10% Oleic
413  Albumin Dextrose Catalase (OADC) (Becton Dickinson) and 0.05% Tween 80 or on
414  Middlebrook (Difco) 7H10 agar supplemented with 10% OADC. For mycobacterial
415  cultures, kanamycin (Km) and hygromycin (Hyg) were used at final concentrations of
416  25pg/mL and 50ug/mL, respectively. E. coli was cultured in LB or LA with 50pg/mL
417 Km or 200png/mL Hyg, where appropriate. All cultures were incubated at 37°C. To
418 generate growth curves, 50uL M. smegmatis cells were seeded at a concentration of
419 1 x 10° cfu/mL in 96-well culture plates (Greiner Bio-One) and absorbance
420 measurements were recorded every 1.5 h, over a period of 30 h, in a FLUOstar

421  OPTIMA microplate reader (BMG Labtech).

422  Cloning. The oligonucleotides (oligos) used for cloning and PCR are listed in Table
423 S2. An in-frame, unmarked deletion in M. smegmatis cobK (MSMEG_3875) was
424  generated by joining a 912-bp PCR-generated fragment (FR1) containing 40bp of
425 the 5 end of cobK to a second 923-bp PCR-generated fragment (FR2) containing
426  107bp of the 3’ end of cobK in a three-way ligation reaction with p2NIL backbone
427  (Addgene plasmid #20188; (46)), using Asp718l, Bglll, and Hindlll restriction. The
428 resultant vector (p3875K) contained a deleted 120-bp cobK allele. To generate an in-
429 frame, unmarked deletion in M. smegmatis metH (MSMEG_4185), an 1524-bp
430 amplicon (FR1) of the 5 coding sequence of metH and another 1480-bp amplicon
431 (FR2) containing 354bp of the 3’ end of metH were joined in a three-way ligation

432  reaction with p2NIL using Asp718I, Hindlll and Bglll to produce the p4185K vector
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433 carrying a truncated metH allele of 1848bp. Counter-selection fragments carrying the
434 lacZ, hyg, and sacB genes was excised from pGOAL19 (Addgene plasmid #20190;
435 (46)) and cloned at Pacl sites of p3875K and p4185K to generate the suicide vectors
436 p3875K19 and p4185K19, respectively. To generate the hyg-marked metH
437  construct, a hyg cassette was excised from the plJ963 vector (47) and cloned into
438 the Bglll site of p4185K. A counter-selection cassette derived from pGOAL17
439 (Addgene plasmid #20189; (46)) was then inserted into p4185K to generate
440 p4185K17. Constructs were validated by restriction enzyme mapping and Sanger

441  sequencing using the primers listed in Table S2.

442 Isolation of allelic exchange mutants. M. smegmatis AcobK and AcobK AmetH
443 mutants were generated by allelic exchange mutagenesis (22). A total of 100uL
444  competent cells were incubated in a 1mm cuvette with 1-8ug DNA for 20 min on ice

445  prior to pulsing in a GenePulser Xcel™

electroporator (Bio-Rad) with time constant
446 and voltage settings at 5 ms and 1200V, respectively. Single crossover (SCO)
447  transformants were selected with Km and Hyg on 7H10-OADC plates. As colonies
448  became visible, 50uL of 2% (w/v) 5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal)
449 was underlain in each plate for blue/white screening of SCOs. PCR-verified SCOs
450 were then cultured in antibiotic-free 7H9-OADC, followed by 10-fold serial dilutions
451 and plating on 7H10-OADC containing 2% (w/v) sucrose. DCOs were screened by
452 PCR and confirmed with Southern blotting or Sanger sequencing. For Southern
453  blotting confirmation of AcobK, 2-3ug DNA was digested overnight with Styl,
454  separated on 1% agarose gel at 80V and transferred and fixed onto a HydrobondTM

455 N+ membrane (Amersham), and hybridised overnight at 42°C with target-specific

456 PCR-generated probes labelled with the ECL Direct Nucleic Acid Labelling and
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457  Detection Systems (Amersham). The target DNA fragments were visualised on

458 Kodak hypersensitive X-ray films.

459  Cobalamin extraction. Wild type or mutant M. smegmatis strains were cultured until
460 stationary phase (ODegoo ~2) in 50mL 7H9-OADC supplemented with 3ug/mL cobalt
461 chloride. Cells were harvested by centrifugation at 4000 x g for 10 min at 4°C, re-
462  suspended in 8mL of 50mM sodium acetate buffer, pH4.5, and stored at -80°C until
463 needed. Once thawed, the cells were lysed by 5 min of sonication using a microtip
464  sonicator set at 30 amplitude,15 s pulse on and 15 s pulse off. Next, 16uL of 100mM
465 KCN was added to the lysed cells and, with the extraction tube tightly closed, the
466 samples were incubated at room temperature for 30 min in a chemical fume hood,
467  followed by boiling at 90°C for 45 min inside the hood. The tube was then cooled on
468 ice briefly and centrifuged at 4°C at 4000 x g for 10 min. The supernatant was
469 filtered through a 0.22um filter and loaded onto a Sep-Pak C18 Plus Light Cartridge
470 (Waters), which had been washed with 5mL 75% (v/v) ethanol and conditioned with
471 10mL sterile water. Next, the cartridge was washed with 10mL of water and eluted
472  with 75% ethanol, collecting about 15 drops. The eluent was analysed immediately
473 by LC-MS/MS or stored in -20°C until needed. When analysis was done on frozen
474  samples, a centrifugation at 14000 x g for 10 min on a bench-top centrifuge was first

475  performed, followed by chloroform purification.

476 LC-MS/MS detection and analysis of cobalamin. Eluents were analysed using LC-
477 MS/MS in a positive ionisation mode and quantitated using the following multiple
478 reaction monitoring (MRM) parameters: m/z, 678—359 and m/z, 678—147.

479  Chromatographic separation was performed through a HPLC reverse phase column
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480 (Phenomenex SynergiTM Polar-RP 100A, 50 x 2mm (Separations)) using an Agilent
481 1200 Rapid Resolution HPLC system equipped with a binary pump, degasser, and
482  auto sampler, coupled to an AB Sciex 4000 QTRAP hybrid triple quadrupole linear
483 ion-trap spectrometer. Mobile phases were A: 0.1% formic acid in water; and B:
484  0.1% formic acid in acetonitrile. The following gradients were run: 0-2 min, 95% A, 2-
485 4 min, 5% A; 4-6 min, 95% A; and 6-8 min, 95% A at a flow rate of 400uL/min. The
486 mass spectrometry analysis was performed on an AB Sciex 4000 QTRAP LC mass
487  spectrometer using the following parameters: Curtain gas (25.00); IS (5500.00);
488 Temperature (200.00°C); GS1 (80.00); GS2 (55.00); EP (12.0). Data processing was

489 done using the SCIEX Analyst® software.

490 Quantitative gene expression analysis by ddPCR. Droplet digital PCR (ddPCR)
491 and data analysis was performed as described previously (48). Total RNA was
492  extracted using the FastRNA® Pro Blue kit (MP Biomedicals) and DNase-treated
493 with TURBO DNAse (Ambion) after which 0.5ug was used as template for cDNA
494  synthesis, using the High Capacity RNA to cDNA kit (Thermofisher). Primers and
495  minor groove binder (MGB) Tagman probes (Table S2) were designed using Primer
496 Express 3.0 (Applied Biosystems). For duplexing, TagMan MGB probes homologous
497 to the target genes were labelled with 2'-chloro-7'-phenyl-1, 4-dichloro-6-
498 carboxyfluorescein (VIC) whereas those binding the reference gene, sigA, were

499 labelled with 6-carboxyfluorescein (FAM).

500 Targeted protein mass spectrometry. Triplicate cultures of M. smegmatis were
501 grown to ODgyp ~1.2 in 7H9-OADC with or without 10uM CNCbl. Cell lysis,
502 fractionation and the generation of tryptic peptides was done as described (21).

503 Selected Reaction Monitoring (SRM) assays were developed in Skyline (version 4.1)
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504 using a spectral library generated from previous discovery MS data (21) with a cut-
505 off score of 0.9. Skyline was set up to select two peptides per input protein, with the
506 highest picked MS1 intensity in the discovery data, and then the top 5 most intense
507 fragment ions for each of those peptides. A transition list was then generated for the
508 Thermo Scientific triple stage quadrupole (TSQ) Vantage mass spectrometer.
509 Samples were separated using a Thermo Accella LC system on a 10-cm monolithic
510 C18 column (Phenomenex) with a 4.6-mm ID with a mobile phase that comprised a
511 mixture of solvent A (water + 0.1% formic acid) and solvent B (HPLC-grade
512  acetonitrile + 0.1% formic acid). The method run time was 45 min in total with a flow
513 rate of 300uL/min. The gradient program began with 3% B, followed by a gradient of
514  8%-45% B from 5-25 min, then an increase to 80% B at the 30-min mark for a 5-min
515 wash, before returning to 3% B for the remainder of the method. The LC system was
516 run in-line into a Thermo TSQ Vantage through a heated electrospray ionisation
517 (HESI) source. The source voltage was +3500V, with a capillary temperature of
518 300°C, a vaporiser temperature of 200°C, sheath gas of 30, and aux gas of 10. To
519 determine the retention time for each peptide, methods were generated for the TSQ
520 Vantage with a maximum of 20 transitions monitored per method. Since the original
521 list contained 5 transitions, a total of 8 unscheduled methods were generated, with a
522 cycle time of 5 s to maximise the amount of signal, a collision gas pressure of 1.5
523 mTorr, a Q1 peak width (FWHM) of 0.7, and collision energies as determined by
524  Skyline. The unscheduled methods were then run with consecutive 2ulL injections of
525 areference sample to further refine the list of transitions and determine the retention
526 time for each peptide. The reference sample was generated by pooling all samples.
527  The unscheduled runs were analysed in Skyline to determine the retention times for
528 each peptide. Any transitions with no intensity, background-level intensity,
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529 interference, or ambiguous signal were removed from the method, and a minimum of
530 3 transitions per peptide were kept in the final list. The spectral library was used to
531 further refine the assays and any peptides with a dotp score lower than 0.7 were

532 removed from the final list.

533 Microplate Alamar Blue Assay. Cell viability was determined using the microplate
534 Alamar blue assay (20) as follows: 50uL of 1:1000 diluted exponential-phase
535 cultures (ODegoo ~ 0.5) was added to 50uL 7H9-OADC with or without 10uM CNCbl in
536 a 96-well plate. Plates were incubated overnight at 37°C, after which 10uL of
537 100ug/mL resazurin was added to each well. The plates were incubated for an
538 additional 5 h at 37°C before fluorescence intensity measurements were taken using

539 a FLUOstar OPTIMA microplate reader (BMG Labtech) using excitation and

540 emission wavelengths of 485 nm and 508 nm, respectively.

541 Gene silencing using CRISPRI. Thirteen pairs of sgRNA oligos targeting the M.
542 smegmatis metH ORF (Table S3) were designed as described previously (24). The
543 oligos were annealed and cloned into the PLIJR962 plasmid using BsmBI restriction
544  sites in an overnight ligation reaction with T4 DNA ligase (NEB). Following ligation,
545 the entire reaction mix (10uL) was transformed into 50uL electrocompetent E. coli
546 DH5a cells and selected on LB plates with 50ug/mL Km. Plasmid DNA was
547 extracted from single colonies and validated by Sanger sequencing using primer
548 1834 (Table S3). Next, competent M. smegmatis cells were transformed by
549 electroporation with 200ng of metH cKD constructs or an mmpL3 cKD control and

550 selected on 7H10-OADC containing 25ug/mL Km with or without 200ng/mL ATc

24


https://doi.org/10.1101/2020.11.04.369181
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.04.369181; this version posted November 5, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

551 WGS, genome assembly and variant detection. Genomic DNA was extracted as
552 described by van Helden et al. (49) from exponential phase cultures of single
553 colonies. Genomic libraries, prepared using the TruSeqg Nano DNA (lllumina) sample
554  preparation kit according to the manufacturer’s instructions, were sequenced using a
555 150-bp paired-end strategy on an lllumina HiSeq 4000 instrument. Trimmomatic
556 v0.35 (50) was used to remove adapters, leading or trailing bases with a quality
557 score < 3, reads shorter than 36bp in length, and bases with an average quality
558 score of < 15 based on a 4-base sliding window. BWA v0.7.12 (51, 52) was then
559 used to map paired-end reads to the M. smegmatis mc®155 reference genome
560 (CP000480.1) (53). SAMtools v0.1.2 (54) was used to call bases. Sites that had
561 Phred scores lower than 20 or coverage below 10-fold were removed from further
562 analysis. SNPeff v4.1 (55), using the M. smegmatis mc®155 (uid57701) reference,

563 was used to annotate variant positions.

564 Live-cell imaging and quantification of the growth of microcolonies. A 100uL
565 bacterial suspension of 2.0 x 10° cells/mL was prepared and loaded on the four-
566 chambered CellASIC ONIX BO04A-03 microfluidic platform (Merck). Cells were
567 trapped with the following pressure and flow time settings: channel A8 at 13.8 kPa
568 for 15 s; channel A6 at 27.6kPa for 15 s. Channel A6 was then rinsed at 6.9kPa for
569 30 s. Untrapped cells were washed out by flowing inlet solution at 34.5kPa for 5 min.
570 7H9-OADC medium containing 25ug/mL Km with or without 100ng/mL ATc was
571 perfused continuously for 43 h. Live-cell imaging was performed on a Zeiss
572  AxioObserver using a 100X, 1.4NA Objective with Phase Contrast and Colibri.7
573 fluorescent illumination system. Images were captured every 15 min using a Zeiss

574  Axiocam 503 and analysed using FIJI software (https:/fiji.sc/). To quantify the growth
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575  of microcolonies, a thresholded for the time-lapse images was set with a Yen filter in
576 FIJI and the thresholded area over time was then quantified. For each strain type,
577 data extraction and all subsequent analyses were performed on four independent
578 fields of view. The data was analysed using “R” software. Growth curves were
579 generated by subtracting initial background objects from the size data over time and
580 smoothed with a loess regression. Growth rates were predicted from fitting a linear

581 model to the log, microcolony size obtained between 3 h and 18 h.
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TABLES

Table 1. Predicted cobalamin-dependent enzymes in M. smegmatis

Gene Annotation (56) Co-factor Reaction
catalysed
Methylmalonyl-CoA
MSMEG_3158 (mutA) AdoChbl Isomerisation
mutase, small subunit
Methylmalonyl-CoA
MSMEG_3159 (mutB)
mutase large subunit
Glycerol dehydratase large
MSMEG_0497 AdoChbl Isomerisation
subunit
Glycerol dehydratase large
MSMEG_ 1547
subunit
Glycerol dehydratase large
MSMEG_6321
subunit
Ethanolamine  ammonia-
MSMEG_1553 (eutB) AdoCbl Isomerisation
lyase, large subunit
Ethanolamine  ammonia-
MSMEG_1554 (eutC)
lyase, light chain
Methionine synthase
MSMEG_4185 (metH) MeChbl Methyl transfer
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Table 2. SNMs unique to the AcobK strain relative to the wild type parental

strain
Gene Annotation (56) SNP  Type of SNM Amino  Acid
Change
MSMEG_0691 Putative transcriptional 1T>G 5% UTR
regulatory protein mutation
MSMEG_2148 HNH endonuclease 1135 missense Trp379Arg
domain protein T>C
MSMEG_3876 Putative 887G missense Arg296His
phosphotransferase >A
enzyme family protein
MSMEG_6127 Anti-anti-sigma factor 107T missense Leu36Arg
>G
MSMEG_6270 Hypothetical protein 1A>C 5% UTR
mutation
1G>A
MSMEG_6423 Glycerophosphoryl 1T>C % UTR
diester mutation
1T>G

phosphodiesterase

family protein
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773

Table S1: Strains and plasmids used in this study

Strain or plasmid  Description References
Mycobacterium smegmatis
mc?155 High-frequency transformation mutant | (57)
of M. smegmatis ATCC 607
AcobK cobK knock-out in mc?155 This study
AcobKAmetH metH knock-out in AcobK This study
AmetE cobK::hyg | metE knock-out and insertion of a hyg | Dr.
fragment in cobK Stephanie
Dawes,
unpublished
metH cKD M. smegmatis metH conditional | This study
knockdown strain
Plasmids
p2NIL Suicide plasmid; Km"® (46)
pGOAL17 Counter-selection cassette plasmid; | (46)
Amp~
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Strain or plasmid  Description References
pGOAL19 Counter-selection cassette plasmid; | (46)
AmpR
plJ963 Hyg-cassette plasmid 47)
p3875K M. smegmatis AcobK vector; Km”® This study
p3875K19 M. smegmatis AcobK vector containing | This study
Pacl cassette from pGOAL19; KmF,
Hyg®, Suc®
p4185K M. smegmatis AmetH vector; KmR This study
p4185K19 M. smegmatis AmetH vector containing | This study
Pacl cassette from pGOAL19; KmF,
Hyg®, Suc®
p4185K17 M. smegmatis AmetH::hyg vector | This study
containing  Pacl cassette  from
pGOAL19; KmR, HygR, Suc®
PLJR962 CRISPRI backbone for M. smegmatis | (25)
PLJR962_metH1 M. smegmatis metH knock-down | This study
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Strain or plasmid  Description References

construct with sgRNA1 oligo

PLJR962 _metH2 M. smegmatis metH knock-down | This study

construct with sgRNA2 oligo

PLJR962 metH3 M. smegmatis metH knock-down | This study

construct with sgRNA3 oligo

PLJR962 metH4 M. smegmatis metH knock-down | This study

construct with sgRNA4 oligo

PLJR962_metH5 M. smegmatis metH knock-down | This study

construct with sgRNAS oligo

PLJR962_metH6 M. smegmatis metH knock-down | This study

construct with sgRNAG oligo

PLIJR962_metH7 M. smegmatis metH knock-down | This study

construct with sgRNA7 oligo

PLJR962_metHS8 M. smegmatis metH knock-down | This study

construct with sgRNAS oligo

PLJR962_metH9 M. smegmatis metH knock-down | This study

construct with sgRNA9 oligo
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Strain or plasmid  Description References

PLJR962 metH10 | M. smegmatis metH knock-down | This study
construct with sgRNA10 oligo

PLJR962 metH11l | M. smegmatis metH knock-down | This study
construct with sgRNA11 oligo

PLJR962 metH12 | M. smegmatis metH knock-down | This study
construct with sgRNA12 oligo

PLJR962 metH15 | M. smegmatis metH knock-down | This study
construct with sgRNA15 oligo

PLJR962_mmpL3 | M. smegmatis mmpL3 knock-down | This study

construct
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775 Table S2: Oligos used for cloning, PCR screening, Sanger sequencing and

776 gene expression analysis

Oligo ID 5’ — 3’ sequence Description

3875F1 CTCAGAAAGCTTGAAAGGCGGCGATT | Forward primer
for FR1 AcobK;

Hindlll

3875R1 GCAGCAGAACTCGCAGATCTATCGTC | Reverse primer

for FR1 AcobK;

Balll

3875F2 TGGCGGAGATCTTGATCATGGTGGAC | Forward primer

for FR2 AcobK;

Balll

3875R2 GGTCCGAGCATGCGGTACCGTTCTA | Reverse primer

for FR2 AcobK;

Asp718|

4185F1 GAGACGTTGGTACCGAACAT Forward primer

for FR1 AmetH;

Asp718I

4185R1 GCGCCCGCAGATCTGCTT Reverse primer
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Oligo ID 5’ — 3’ sequence Description
for FR1 AmetH,;
Balll
4185F2 GCACCGAGATCTGGGCGT Forward primer
for FR2 AmetH;
Balll
4185R2 GGTGTCGAAGCTTACCGGA Reverse primer
for FR2 AmetH,;
Hindlll
3875_SF1 CTCAGAGAAAGGCGGCGAT Flanking
primers for
3875_SR1 GGCGACGACATGATGGT
AcobK 5 SCO
PCR screening
3875_SF2 GTTACCTGTACTCGGCGA Flanking
primers for
3875_SR2 CGGTGAGGGAGCAGATTT
AcobK 3 SCO
PCR screening
4185 _SF1 GTTGAGCTTGTCGGCGAT Flanking
primers for
4185 SR1 GCGGGTGCGAGAAATACCA
AmetH 5 SCO
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Oligo ID 5’ — 3’ sequence Description
PCR screening

4185 _SF2 GATTGCACTGACGCGCTGA Flanking
primers for

4185SR2 CGAAAAGTAATGGCGCCCA
AmetH 3’ SCO
PCR screening

3875 KO _F GGTGCGTATCGGAGGATT Internal primers
AcobK

3875_KO_R GTTCGCCCTCGTAGTCAT

3875_F CAACATCGTCCCCCAACTGA Flanking
primers AcobK

3875_R CGACATCACGCTCGACAAAC

4185-KO-F GTTCCTGTTCCACGCCAT Internal primers
AmetH

4185-KO-R CTGTCAGCCACTTCTCCT

4185 F CAACATGGACGAGGGCATGA Flanking
primers AmetH

4185 R GACTGCGGGTGCGAGAAATA

6638_F GGTTCATCGCCTCGTGGAAT Flanking
primers AmetE

6638_R GTCAACTTGTCAGGGCTGCT
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Oligo ID 5’ — 3’ sequence Description

3875_ProbeF GGGTGCACAGCGTCACCA Primers

generating
3875_ProbeR CCGACATCACGCTCGACA
- 562bp probe for
southern  blot

on AcobK

rt._ mete_Fwd GGAGCGCAACGACATGGT Sequence

detection
rt_metE_Rev TCTCGGTCGCGAAGAAACC _

primers for
metE gene
expression by

ddPCR

rt_ sigA_Fwd GCCCGCACCATCCGTAT Sequence

detection
rt_sigA_Rev ATACGGCCGAGCTTGTTGAT _ :
primer for sigA
gene
expression by

ddPCR

rt_metE_probe TATTTCGCCGAACAGC Tagman
hydrolysis

probe for metE
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Oligo ID 5’ — 3’ sequence Description

rt sigA_probe CCGGTGCACATGGT Tagman
hydrolysis

probe for SigA

MSMcobK_SegKF1 CAAGGCATGACGGTCTAC Sanger
sequencing

primer

MSMcobK_SegKF2 ACGCCAAGGTGATCGACA Sanger
sequencing

primer

MSMcobK_SegKF3 CAACATCGTCCCCCAACT Sanger
sequencing

primer

MSMcobK_SeqgKF4 GGGGTCGAAGAGCATGTT Sanger
sequencing

primer

MSMcobK_SegKR1 CGCCGAGTACAGGTAACT Sanger
sequencing

primer
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Oligo ID 5’ — 3’ sequence Description

MSMcobK_SegKR2 ATGATGGTGGTGATGGCG Sanger
sequencing

primer

MSMcobK_SeqgKR3 GAGACCTGTTGGCGCGAT Sanger
sequencing

primer

MSMcobK_SegKR4 CGACATCACGCTCGACAA Sanger
sequencing

primer

MSMcobK_SeqgKR5 CGGTGAGGGAGCAGATTT Sanger
sequencing

primer

MSMmetHKO_SeqFl | CGATCGTTGTCAGAAGTA Sanger
sequencing

primer

MSMmetHKO_SegR1 | GAAACAGCCCACCGGATA Sanger
sequencing

primer
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Oligo ID 5’ — 3’ sequence Description

MSMmetHKO_SeqF2 | GCAGGAGAGTGATACCGAT Sanger
sequencing

primer

MSMmetHKO_SeqR2 | GTCGACTCCGAAAAGCTGT Sanger
sequencing

primer

MSMmetHKO_SeqF3 | CCCGACGCTTTAGTCACA Sanger
sequencing

primer

MSMmetHKO_SeqR3 | CAGTACTTCGTCGTCGGCA Sanger
sequencing

primer

MSMmetHKO_SeqF4 | CTTGAACAACGTGGCCTT Sanger
sequencing

primer

MSMmetHKO_SeqR4 | CAAGGTCGTGGAGGGCAAA Sanger
sequencing

primer
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Oligo ID 5’ — 3’ sequence Description

MSMmetHKO_SeqF5 | CGATCCGGTGATGTTGGT Sanger
sequencing

primer

MSMmetHKO_SeqR5 | GAATACAGCACCCCGGACA Sanger
sequencing

primer

MSMmetHKO_SeqF6 | GTTGAGGGTGTCGAAGAT Sanger
sequencing

primer

MSMmetHKO_SeqF7 | GGGTTGAGTGTTGTTCCA Sanger
sequencing

primer

MSMmetHKO_SeqR6 | GGGTTCCGATTTAGTGCT Sanger
sequencing

primer
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778 Table S3: sgRNAs targeting M. smegmatis metH gene

sgRNA ID Distance Target Oligo 5'— 3' Sequence
from complementarity
metH score (25)
TSS
sgRNA1 | 3603 3 F1 GGGAAAGTACTGCGACTGC
GGGTG

R1 AAACCACCCGCAGTCGCAG

TACTT

SgRNA2 3060 4 F2 GGGAGTCGTCACCGACGGC

GTTGGC

R2 AAACGCCAACGCCGTCGGT

GACGAC

SgRNA3 3057 1 F3 GGGAGTCACCGACGGCGTT

GGCCGG

R3 AAACCCGGCCAACGCCGTC

GGTGAC

sgRNA4 2934 11 F4 GGGAGCCGGGTTGTTGAGG
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sgRNA ID Distance Target Oligo 5'— 3' Sequence
from complementarity
metH score (25)
TSS
ATGTC

R4 AAACGACATCCTCAACAACC

CGGC

SgRNAS5 2904 5 F5 GGGAGCCCTTCATCTCCCA

CGCGTT

R5 AAACAACGCGTGGGAGATG

AAGGGC

SgRNAG 2242 4 F6 GGGAGCTTCTTCTCGGCCT

CGATGT

R6 AAACACATCGAGGCCGAGA

AGAAGC

SgRNA7 2184 11 F7 GGGAGCGGACTTCACGACC

TGCGG

R7 AAACCCGCAGGTCGTGAAG

TCCGC
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sgRNA ID Distance Target Oligo 5'— 3' Sequence
from complementarity
metH score (25)
TSS
SgRNAS8 2002 4 F8 GGGAGTGCGTGATGCGTTC
GCGCA

R8 AAACTGCGCGAACGCATCA

CGCAC

SgRNA9 1791 11 F9 GGGAGTCCAGGCCGGCCTT

GATGGC

R9 AAACGCCATCAAGGCCGGC

CTGGAC

SgRNA10 | 1785 11 F10 GGGAGCCGGCCTTGATGGC

GTGGAA

R10 | AAACTTCCACGCCATCAAGG

CCGGC

sgRNA11l | 1743 11 F11 GGGAGCCTCCCGCACCGGG

TTGTTGCC
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sgRNA ID Distance Target Oligo 5'— 3' Sequence
from complementarity
metH score (25)
TSS

R11 AAACGGCAACAACCCGGTG

CGGGAGGC

sgRNA12 | 1737 5 F12 GGGAACCGGGTTGTTGCCG

CGGAA

R12 AAACTTCCGCGGCAACAAC

CCGGT

SgRNA15 | 729 5 F15 GGGAGCTGGGCGTGCCGG

ATCGAGTT

R15 AAACAACTCGATCCGGCAC

GCCCAGC

mmplL3 L3F GGGAACAGACTGGCTGCCC

TCGTC

L3R | AAACGACGAGGGCAGCCAG

TCTGT
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sgRNA ID Distance Target Oligo 5'— 3' Sequence
from complementarity
metH score (25)
TSS
P1834 TTCCTGTGAAGAGCCATTGA
TAATG

779
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782 Figure 1. De novo cobalamin biosynthesis in M. smegmatis. A. Cobalamin
783  structure. The cobalt ion is coordinated equatorially by four nitrogen atoms of a corrin
784  ring and axially by variable lower (o) and upper (B) ligands (R-group). Examples of 3
785 ligands are CN in cyanocobalamin (CNCbl; a.k.a. vitamin Bj2), adenosyl in
786 adenosylcobalamin (AdoChbl; a.k.a. coenzyme Bj,) and methyl in methylcobalamin
787 (MeCbl). The o ligand in the physiologically relevant cobalamin is typically
788 dimethylbenzimidazole (DMB; outlined in red box). B. The final step in the
789  methionine biosynthesis pathway is a non-reversible transfer of a methyl group from
790 methyltetrahydrofolate (Me-THF) to homocysteine to produce methionine and
791 tetrahydrofolate (THF). This reaction is catalysed by either MetH using cobalamin as
792  co-factor, or MetE. MetE expression is attenuated by cobalamin via a cobalamin
793  sensing riboswitch. C. The LC-MS/MS method optimised to detect co-eluting peaks
794  corresponding to a-ribazole 5’-phosphate (highlighted in blue shade in A; blue trace)
795 and DMB (red trace) transitions in a 20ng/ml CNCbl standard. D-F. Detection of de
796 novo derivatised CNCbl. Cobalamin was detected in wild type (D) but not in AcobK
797 (E) nor AmetE cobK::hyg (F) mutants. Peak intensities are expressed as counts per
798 second (cps). G. Growth curves of the AmetE cobK::hyg strain in liquid 7H9-OADC
799 medium in the presence of 10uM CNCbl or 1ImM methionine. The mutant cannot

800 grow without supplementation.
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Figure 2. Uptake of exogenous CNCbl and (CN).Cbi in M. smegmatis. A.
Spotting assays of exponential-phase cultures of wild type and AmetE cobK::hyg
strains on 7H10-OADC agar with or without 10uM CNCbl or 10uM (CN),Cbi shows
restricted uptake of (CN).Chbi relative to CNCbl uptake on solid medium. B. Alamar
Blue assay to evaluate the growth of the AmetE cobK::hyg strain in liquid medium
supplemented with (CN),Cbi. 5 x 10® cells were seeded in 7H9-OADC medium

supplemented with 2-fold dilutions of (CN).Chi starting at 30uM as the highest

concentration.
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Figure 3. Assimilation of (CN),Cbi in M. smegmatis. A. (CN),Cbi control. B. De

novo-synthesised cobalamin in the wild type strain. C-D. Detection of recovered

cobalamin due to (CN),Cbi assimilation in the AmetE cobK::hyg double mutant. (E-

F). Absence of recovered cobalamin in the AcobK strain in the presence of

exogenous (CN),Cbi. (CN),Chi uptake was accompanied by changes in the colour of

the spent media from purple (A, inset) to a rusty hue in the wild type (B, inset) and

AcobK strains (F, inset), and pale yellow in the AmetE cobK::hyg strain (D, inset).
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820

821 Figure 4. Cobalamin-mediated attenuation of MetE expression in M.
822 smegmatis. A. ddPCR analysis of metE transcription in the wild type and AcobK
823 strains cultured in the presence (solid bars) or absence (open bars) of exogenous
824 CNCbIl. The AcobK strain exhibited an overabundance of metE transcripts relative to
825 wild type. A small but statistically significant decrease in the level of metE transcript
826 in the AcobK strain was observed in the presence of exogenous CNCbl (p=0.0359;
827  (*); two-way ANOVA), but the change in metE transcript levels in the wild type strain
828 was not statistically significant. The graphed data are representative of two
829 independent experiments. Error bars show the standard error of the mean. B.
830 Targeted MS analysis of MetE peptide levels (log, peak area) in the wild type and
831 AcobK strains grown in the presence (solid bars) or absence (open bars) of
832 exogenous CNCbl. Exogenous CNCbI more significantly decreased MetE peptide
833 levels in the wild type strain relative to the AcobK mutant (p=0.0151; (*) two-way

834 ANOVA).

835

59


https://doi.org/10.1101/2020.11.04.369181
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.04.369181; this version posted November 5, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

A Wild type B
- L-Met
+ L-Met +ATc
C
& 2000
=
2
< 1900
o
i 1000 £ metH ckD
> -
% 500
(&)
o
O 0
= 0 10 20 30 40
836 Time (h)

837 Figure 5. Growth cessation due to methionine depletion in the metH cKD. A.
838 ATc-induced growth inhibition in the metH cKD is rescued by exogenous methionine
839 (L-Met). B. Representative images from time-lapse microscopy at the 0-h, 12-h, and
840 24-h time points showing severe growth retardation in the metH cKD. Images are
841 taken from Supplementary Movie 2. Scale bars, 5um. C. Quantification of
842  microcolony growth in the M. smegmatis metH cKD using “R” software. * limit of

843 detection.

844
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846 Figure 6. Sensitivity of MetH mutants to exogenous CNCbl. A. CRISPRI-
847 mediated silencing of metH in the AcobK strain in the presence (+) or absence (-) of
848 exogenous CNCbI. Exogenous CNCbl had negligible effect on the growth of metH
849 cKD on solid media in this background. B. A spotting assay on 7H10 agar containing
850 10uM exogenous CNCbl showing the failure of exogenous CNCbI to inhibit growth of
851 the AcobK AmetH strain on solid media. C. Sensitivity of the AcobK AmetH strain to

852 exogenous CNCDbI in liquid medium as determined using the Alamar Blue assay.

853
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855 Figure S1. Construction and screening of M. smegmatis mutants. A. A
856 schematic of the AcobK and AmetH genotypes. The marked AmetH::hyg construct
857 was generated by inserting a hyg fragment (broad arrow with dotted pattern) was
858 inserted into AmetH construct using Bglll sites. B. A schematic depicting the AmetE
859 cobK::hyg genotype showing the deleted portion of metE allele (white rectangle) and
860 the insertion of a hyg fragment (grey rectangle) into the cobK allele. C-D. PCR
861 screening of the putative AcobK and AmetH strains using primers targeting flanking
862 (F) or internal (I) regions of the deleted portion of the genes. Amplicon sizes for
863 flanking primers: wild type metH — 2.4kb; AmetH — 0.5kb; wild type cobK — 1.5kb;
864  AcobK — 0.9kb. Amplicon sizes for internal primers: wild type metH — 1.3kb; wild type
865 cobK — 0.4kb. M — DNA molecular weight marker. E. Confirmation of AcobK by
866  Southern blotting. A PCR-generated probe for cobK was used to detect a fragment
867 between two naturally occurring Styl restriction sites (down-facing arrows in A).
868 Expected fragments: wild type cobK — 1.9kb; AcobK — 1.3kb. F. PCR genotyping of
869 AmetE cobK::hyg strain using primers flanking cobK and metE. Dashed line marks

870 the border of two separate gels.
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sgRNA 1 (3)

872 +ATc No ATc +ATc No ATc +ATc No ATc

873 Figure S2. Conditional knockdown of metH using CRISPRI. The knock-down of
874 mmpL3 completely inhibited growth, whereas the 13 metH cKD constructs
875 suppressed growth to varying degrees. The sgRNAs that produced complete
876 inhibition of growth upon the ATc induction are highlighted in red, those exhibiting
877 partial inhibition in blue, and those with no inhibition in black. The target

878 complementarity scores associated with each sgRNA are indicated in parentheses.
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SUPPLEMENTARY MOVIES LEGEND

Live-cell imaging of M. smegmatis wild type and metH cKD strains using time-lapse
phase-contrast microscopy. For single cell analysis using microfluidics, a suspension
of 2 x10° bacterial cells/mL at exponential growth phase was preincubated with or
without 100ng/mL of ATc for 6 h at 37°C prior to loading on the microfluidics

platform. The experiment was run for 43 h and images were captured every 15 min.
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