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ABSTRACT 17 

Magnesium is vital for bacterial survival, and its homeostasis is Ɵghtly regulated. Intracellular 18 

pathogens like Mycobacterium tuberculosis (Mtb) oŌen face host-mediated magnesium 19 

limitaƟon, which can be counteracted by upregulaƟng the expression of Mg²⁺ transporters. 20 

This upregulaƟon may be via Mg²⁺-sensing regulatory RNA such as the Bacillus subƟlis ykoK 21 

Mbox riboswitch, which acts as a transcripƟonal “OFF-switch” under high Mg²⁺ condiƟons. 22 

Mtb encodes two Mbox elements with strong similarity to the ykoK Mbox. 23 

In the current study, we characterize the Mbox encoded upstream of the Mtb pe20 operon, 24 

which is required for growth in low Mg²⁺/low pH. We show that this switch operates via a 25 

translaƟonal expression plaƞorm and Rho-dependent transcripƟon terminaƟon, which is the 26 

first such case reported for an Mbox. Moreover, we show that the switch directly controls a 27 

small ORF encoded upstream of pe20. We have annotated this highly conserved uORF 28 

rv1805A, but its role remains unclear. InteresƟngly, a homologous gene exists outside the 29 

Mbox-regulated context, suggesƟng funcƟonal importance beyond magnesium stress.  30 

Overall, this study uncovers a dual mechanism of riboswitch-regulaƟon in Mtb, combining 31 

translaƟonal control with Rho-mediated transcripƟon terminaƟon. These findings expand our 32 

understanding of RNA-based gene regulaƟon in mycobacteria, with implicaƟons for 33 

pathogenesis and stress adaptaƟon. 34 

 35 

INTRODUCTION 36 

Magnesium is required for a wide range of cellular funcƟons in all domains of life and the 37 

most abundant divalent caƟon in living cells (Smith et al. 1998). In bacteria, these funcƟons 38 

include cell wall integrity, biofilm formaƟon, macromolecular metabolism and -funcƟon, 39 

making magnesium homeostasis essenƟal (Thomas and Rice 2014; Subramani et al. 2016; 40 

Yamagami et al. 2021; ChaƩerjee et al. 2024). This represents an extra challenge for 41 

intracellular pathogens as host immune responses include mechanisms for restricƟng access 42 

to magnesium in certain cellular compartments such as the phagosome (Forbes and Gros 43 

2001; Pokorzynski and Groisman 2023). To counteract these defence mechanisms, pathogens 44 

express an array of transporters to ensure adequate Mg2+ uptake.  At least four types of 45 

magnesium channels and transporters regulate and maintain essenƟal Mg2+ levels in 46 

prokaryotes: CorA, CorB/C, MgtA/B and MgtE (Franken et al. 2022). Mycobacterium 47 
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tuberculosis (Mtb) encodes CorA (Rv1239) and MgtE (Rv0362) however, Mtb does not encode 48 

homologues of MgtA/B, making the funcƟon of MgtC elusive (Alix and Blanc-Potard 2007). 49 

Riboregulated, i.e. RNA-based, stress-responses are widespread in bacteria, with small 50 

RNAs and riboswitches being the most prominent elements. Riboswitches are located in the 51 

5’ leader regions of mRNAs regulaƟng gene expression in cis; they are composed of a highly 52 

structured ligand binding aptamer domain and an expression plaƞorm. The laƩer exerts gene 53 

expression control by either modulaƟng premature terminaƟon of RNA Polymerase (RNAP) 54 

and/or restricƟng access of the ribosome to the Ribosome Binding Site (RBS) of the mRNA 55 

(Salvail and Breaker 2023). Nonpermissive control mechanisms may involve the formaƟon of 56 

intrinsic terminators, unmasking of Rho-binding sites or occlusion of Shine-Dalgarno (SD) 57 

sequence of the downstream Open Reading Frame (ORF). The laƩer may in addiƟon be 58 

associated with Rho-dependent terminaƟon of transcripƟon within the ORF (Salvail and 59 

Breaker 2023). Binding of the specific ligand can either allow (“ON-switch”) or inhibit (“OFF-60 

switch”) expression of the downstream gene (Breaker 2018; Kavita and Breaker 2023; Schwenk 61 

and Arnvig 2018). The genes regulated by riboswitches are oŌen, but not always, involved in 62 

the metabolism or transport of the cognate ligand (Kavita and Breaker 2023; Roth and Breaker 63 

2009; Sherlock and Breaker 2020). Riboswitch ligands range from sugars, amino acids, 64 

nucleoƟdes and cofactors to metal ions including Mg2+ (Breaker 2022; Barrick et al. 2004; Dann 65 

et al. 2007; Mccown et al. 2017). A magnesium-sensing riboswitch, referred to as Mbox, was 66 

first discovered in the Bacillus subƟlis ykoK gene encoding a MgtE-type magnesium transporter 67 

(Barrick et al. 2004; Ramesh and Winkler 2010; Townsend et al. 1995). The Mbox is a 68 

transcripƟonal ‘OFF-switch’; magnesium binding to the aptamer leads to conformaƟonal 69 

changes of the RNA and the formaƟon of an intrinsic terminator prevenƟng ykoK expression. 70 

At low Mg2+ concentraƟons, the absence of the terminator is permissive to ykoK expression 71 

which facilitates increased Mg2+ uptake (Ramesh and Winkler 2010).  72 

Successful infecƟon by Mtb requires its sensing of, and adaptaƟon to, mulƟple micro-73 

environments including different types of macrophages and their subcellular compartments 74 

such as phagosomes(Chandra et al. 2022; Samuels et al. 2022; Sholeye et al. 2022). Mtb has 75 

evolved mechanisms to either escape this organelle or to endure the hosƟle environment 76 

within by a range of adapƟve responses (Ehrt et al. 2018; Ernst 2012; Huang et al. 2019). 77 

Riboswitches are likely to play a role in this adaptaƟon by directly sensing host environments 78 

via specific metabolites. Several Mtb riboswitches have been predicted (Rfam RF00380) and 79 
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their expression validated by RNA-seq, Term-seq, inline probing and funcƟonal assays 80 

(Nawrocki et al. 2015; Arnvig et al. 2011; D’Halluin et al. 2023; Kipkorir et al. 2024a; Kolbe et 81 

al. 2020; Kipkorir et al. 2024b). These include two predicted Mbox aptamers upstream of 82 

Rv1535 and Rv1806 (pe20 locus), respecƟvely. Both loci are upregulated in low magnesium 83 

(Walters et al. 2006), and in a recent study Kolbe et al. demonstrated that magnesium-84 

dependent control resides within the leader, not the promoter of pe20 (Kolbe et al. 2020). 85 

Moreover, the two Mtb aptamers show a high level of structural similarity to the Bacillus 86 

subƟlis ykoK aptamer, although some results suggest that these interact differently with 87 

divalent caƟons including Mg2+ (Bahoua et al. 2021). The pe20 locus (encoding PE20, PPE31, 88 

PPE32, PPE33 Rv1810 and MgtC) is associated with magnesium homeostasis and acid stress, 89 

and PE20-PPE31 have been shown to be necessary for maintaining growth in a combinaƟon of 90 

low Mg2+ and low pH, condiƟons that mimic the phagosomal environment (Walters et al. 2006; 91 

Wang et al. 2020).  The funcƟon of Rv1535 remains unknown. 92 

We recently mapped premature terminaƟon of transcripƟon in Mtb at genome-scale and 93 

idenƟfied hundreds of RNA leaders with an abundance of potenƟal new riboswitches and 94 

translated small upstream ORFs (uORFs) (D’Halluin et al. 2023). We validated predicted 95 

riboswitches and demonstrated that both Mtb Mbox leaders were associated with premature, 96 

Rho-dependent terminaƟon of transcripƟon upstream of the annotated ORFs (D’Halluin et al. 97 

2023).  98 

Here, we show that pe-ppe associated Mboxes are widely conserved across Mycobacterium 99 

and are co-transcribed with mgtC in Mtb. The Mtb Mbox upstream of pe20 is unusual as it 100 

combines a translaƟonal expression plaƞorm with a Rho-dependent transcripƟon terminator. 101 

This is to our knowledge the first translaƟonal Mbox to be described. Using translaƟonal 102 

reporter fusion constructs we show that a conserved uORF located between the Mbox and 103 

pe20 is highly expressed. This pepƟde is highly conserved in the context of Mboxes across the 104 

Mycobacterium genus. While its funcƟon remains opaque, a paralogue of this ORF is expressed 105 

from an addiƟonal, Mbox-independent locus in Mtb, supporƟng the biological and regulatory 106 

importance of this pepƟde. 107 

 108 

 109 

 110 

 111 
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RESULTS 112 

ConservaƟon and genomic context of M. tuberculosis Mboxes  113 

Two Mbox aptamers have been idenƟfied within the Mtb H37Rv genome (Rfam RF00380). 114 

We used these sequences to predict their structures and compare these to the Mbox 115 

consensus structure from Rfam. The results, shown in Figure 1A, indicate a high degree of 116 

similarity between the two Mtb aptamers and the B. subƟlis ykoK element, suggesƟng these 117 

are funcƟonal Mg2+-sensing elements as reported in the case of rv1535 by (Bahoua et al. 2021).  118 

Next, we invesƟgated the conservaƟon of the element and its context across the 119 

Mycobacterium genus. Both elements have been shown to be associated with mulƟple uORFs, 120 

and at least one of these is translated (u2, D’Halluin et al., 2023).  Based on a phylogeneƟc 121 

analysis of the two Mtb elements and Mboxes from other species, we idenƟfied four classes 122 

of mycobacterial Mboxes, represented by pe20-type, manganese-type (Mn2+-type), rv1535-123 

type and mgtE-type elements, respecƟvely; these classes are further supported by a 124 

conserved gene synteny (Figure 1B).  125 

The mgtE-type is the only Mbox found in the non-pathogenic M. smegmaƟs, and its 126 

genomic neighbourhood shows that the genes immediately downstream encode predicted 127 

metal transporters (MT) and/or associated proteins (e.g. MgtE), or proteins of unknown 128 

funcƟon. The other three branches are seen across fast- and slow-growing pathogenic 129 

mycobacteria. 130 

The first branch, the pe20-type is almost exclusively found upstream of mulƟple pe-ppe 131 

genes, which in Mtb, M. ulcerans, M. marinum and M. kansasii are followed by genes of 132 

unknown funcƟon (GUF) and MT (as MgtC was originally annotated as a magnesium 133 

transporter). The second Mn2+-type branch includes a cluster of manganese transporter-type 134 

downstream of the riboswitch, a constellaƟon that is not seen in Mtb. The third rv1535-type 135 

branch is found upstream of GUF like rv1535 but followed by a cluster of T-box/ileS elements 136 

or various transferases. These results suggest the regulaƟon of metal transporters by both 137 

Mboxes is well-conserved across mycobacteria, while the the pe-ppe clusters and mosaic 138 

appearance suggest inserƟon events may have taken place in pathogenic / slow growing 139 

species. 140 

 141 

 142 

 143 
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Rho-dependent premature terminaƟon of transcripƟon within Mbox leaders 144 

TSS mapping and RNA-seq suggest that the rv1535 mRNA is monocistronic, while the 145 

pe20 mRNA is polycistronic spanning pe20 to mgtC (Arnvig et al. 2011; Cortes et al. 2013; 146 

D’Halluin et al. 2023) (Supplementary figure 1). Importantly, the enƟre polycistronic pe20 147 

operon is upregulated during growth in low magnesium controlled by the Mbox (Walters et 148 

al., 2006).  149 

We recently mapped premature transcripƟon terminaƟon (TTS) in Mtb genome-wide and 150 

idenƟfied two dominant TTS associated with the Mbox leaders (D’Halluin et al. 2023). TTS1062 151 

is located ~210 nucleoƟdes downstream of the rv1535 TSS and 40 nucleoƟdes downstream of 152 

the aptamer. TTS1209 is located ~185 nucleoƟdes downstream of the pe20 TSS and 10 153 

nucleoƟdes downstream of the aptamer (Figure 2A).  154 

In both loci, mulƟple smaller peaks are flanking the TTS, suggesƟng a degree of flexibility in 155 

the TTS. Both TTS were located a significant distance (>200 nucleoƟdes) upstream of their 156 

annotated ORFs, revealing the premature terminaƟon of transcripƟon within the two leader 157 

regions, and neither were associated with canonical intrinsic terminator structures. 158 

In our Mtb TTS mapping we predicted and validated Rho-dependent terminaƟon using 159 

RhoTermPredict (Di Salvo et al. 2019) and depleƟon of Rho using the Rho-DUC strain (Botella 160 

et al. 2017; D’Halluin et al. 2023). Two Rho-binding (rut) sites were predicted in each Mbox 161 

leader; one in each aptamer (T5468 and T6425) and one between aptamers and annotated 162 

ORFs (T5469 and T6426), while the mapped TTS1209 and TTS1062 are located between these 163 

(Table 1; Figure 2A). The calculated readthrough (RT) scores for the mapped TTS aŌer 164 

Anhydrous Tetracyclin (ATc) induced depleƟon of Rho validated that transcripƟon terminaƟon 165 

was in fact due to Rho (D’Halluin et al. 2023). To further confirm Rho-dependent, premature 166 

terminaƟon of transcripƟon, we performed Northern Bloƫng on RNA from H37Rv and from 167 

Rho-depleted cultures probing for both Mboxes.  168 

The homology between the Mbox aptamers from rv1535 and pe20 made it impossible to 169 

design a 5’ probe that could disƟnguish between the two transcripts. To ensure that the signals 170 

were specific for either pe20 or rv1535, we used a probe that was located 180 nucleoƟdes into 171 

the transcripts beyond the homologous regions (supplementary figure 2) and as a result, 172 

transcripts shorter than this could not be detected.  173 

Several strong signals between 200 and 300 nucleoƟdes roughly corresponding to the TTS 174 

mapping suggesƟng mulƟple points of premature terminaƟon of transcripƟon within both 175 
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leaders (Figure 2B). In H37Rv and in Rho-DUC Ɵme 0, we observed limited readthrough beyond 176 

300 nucleoƟdes for pe20, while rv1535 displayed mulƟple larger signals primarily around 400 177 

nucleoƟdes consistent with the TTS paƩern. DepleƟon of Rho led to an increase in larger 178 

transcripts for pe20 suggesƟng increased readthrough i.e. reduced terminaƟon. In contrast, 179 

the rv1535 terminaƟon paƩern changed only marginally over the Rho depleƟon Ɵme course, 180 

suggesƟng that Rho plays a greater role for pe20 regulaƟon as compared to rv1535. 181 

 182 

The regions downstream of the Mbox aptamers harbour mulƟple uORFs  183 

Ribosome profiling demonstrates that the regions between the Mbox aptamers and the 184 

two annotated open reading frames (ORF)s (rv1535 and pe20, respecƟvely) are bound by 185 

ribosomes in agreement with on-going translaƟon upstream of the annotated genes (D’Halluin 186 

et al. 2023; Smith et al. 2022; Sawyer and Cortes 2022). Sequence alignment of rv1535 and 187 

pe20 leaders with other pe20-type leaders indicated several regions of conservaƟon including 188 

near-idenƟcal SD sequences located at the end of the aptamer (SD1) and a second, highly 189 

conserved SD (SD2) further downstream. The ORF downstream of SD1 (upstream 190 

ORF1/uORF1) shows poor conservaƟon, while the uORF downstream of SD2 (uORF2) is highly 191 

conserved (Supplementary figure 2).  Moreover, we have previously shown that uORF2 from 192 

both loci is expressed (D’Halluin et al. 2023).  193 

To characterize the relaƟonship between the pe20 Mbox and the two uORFs, we first 194 

invesƟgated expression using translaƟonal lacZ-fusions. All constructs included the 5’ leader 195 

from the TSS and were gradually extended downstream to the end of uORF1 (Mbox-uORF1-196 

lacZ); the end of uORF2 (Mbox-uORF2-lacZ), or the start codon of pe20 ORF (Mbox-pe20::lacZ), 197 

respecƟvely. All were fused in-frame to lacZ, expressed from a heterologous, consƟtuƟve 198 

promoter and integrated into the M. smegmaƟs genome in single copy (Figure 3). Next, we 199 

performed -galactosidase (-gal) assays, which showed that Mbox-uORF2-lacZ expression 200 

was >10 fold higher than Mbox-pe20::lacZ (~650 Miller Units compared to 60 Miller Units), 201 

while Mbox-uORF1-lacZ was only slightly higher than the background (Figure 3B). To validate 202 

the start codons of the two uORFs, we mutated each to non-start codons (GTG to GTC and ATG 203 

to ACG for uORF1 and uORF2, respecƟvely. This reduced -gal acƟvity significantly in both 204 

constructs, suggesƟng reduced expression in support of the annotated translaƟon start sites, 205 

although Mbox-uORF2-lacZ expression was sƟll higher than Mbox-pe20::lacZ expression 206 

(Supplementary figure 3). 207 

 Cold Spring Harbor Laboratory Press on November 26, 2025 . Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


 8

As the translaƟon iniƟaƟon region (TIR) for uORF1 and uORF2 (i.e. SD1 and SD2 and their 208 

distances to the start codons) were almost idenƟcal, and we had not observed any premature 209 

TTS in the region, we reasoned that the coding region of uORF1 was responsible for the lower 210 

-gal acƟvity.  To explore this possibility, we deleted the majority of uORF1 from the Mbox-211 

uORF1-lacZ construct except the first two codons (Mbox- uORF1-lacZ ) and measured lacZ 212 

expression. 213 

The results, shown in Figure 3B indicate that expression of this truncated uORF1 was 2.5-214 

fold higher than that of the full-length uORF1, suggesƟng that the uORF1 coding region did 215 

indeed suppress -gal acƟvity.  As uORF1 contains several rare (≤5/1000) codons, i.e. TGC, CCT, 216 

TGC, TGT, TGT, AGG, AGG (Figure 3C), we assume that this was due to poor translaƟon 217 

elongaƟon, but alternaƟve explanaƟons such as the uORF1 pepƟde interfering with -gal 218 

acƟvity cannot be ruled out at this stage. 219 

 220 

The pe20 Mbox operates via a translaƟonal expression plaƞorm 221 

In conjuncƟon, the Rho-dependent premature terminaƟon of transcripƟon, the highly 222 

conserved SDs at the end of the aptamer, located upstream of a well-expressed conserved 223 

uORF made us speculate that the pe20 Mbox operates via a translaƟonal expression plaƞorm.   224 

A funcƟonal translaƟonal expression plaƞorm requires the potenƟal for the SD to be 225 

masked, e.g. by a pyrimidine-rich region (an ⍺SD) that in turn can be sequestered by an ⍺⍺SD 226 

under different condiƟons.  227 

We idenƟfied such a region approximately halfway between SD1 and SD2. This ⍺SD and its 228 

flanking regions have the potenƟal to pair with the enƟre translaƟon iniƟaƟon region (TIR) of 229 

uORF2 (shown in blue in Figure 4) or alternaƟvely, with the aptamer-associated SD1 and its 230 

flanks (yellow in Figure 4).  231 

To explore this hypothesis further, we measured uORF2 expression aŌer introducing 232 

mutaƟons that could interfere with the proposed interacƟons. One was the abolishing the 233 

uORF1 start codon, the raƟonale being that this would parƟally unmask SD1 thereby favouring 234 

the SD1-⍺SD interacƟon, leading to an increase in uORF2-lacZ expression 235 

Similarly, deleƟng the ⍺SD should also lead to higher expression of uORF2, as SD2 would no 236 

longer be sequestered. The results, shown in Figure 5A indicate a moderate (~1.3-fold), but 237 

significant increase in expression, when the start codon of uORF1 was changed (Mbox-238 

uORF2G184C-lacZ) and a larger (~2-fold) increase in expression, when the ⍺SD was deleted 239 
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(Mbox-⍺SD-uORF2-lacZ). Combining the two mutaƟons did not result in an addiƟve effect, 240 

suggesƟng they involved the same mechanism (Figure 5A).  241 

These results support a model in which SD1 (⍺⍺SD), ⍺SD and SD2 interact to control the 242 

expression of uORF2-lacZ.   243 

To further validate this model, we assessed the contribuƟon of each element by gradually 244 

extending the region between uORF2 and the Mbox in uORF2-lacZ fusions (Figure 5B).  The 245 

SD2-uORF2 construct displayed -gal expression levels of ~500 Miller Units, and the addiƟon 246 

of the ⍺SD moƟf reduced the -gal expression by ~35%. However, a further extension including 247 

the ⍺⍺SD moƟf led to a substanƟal increase in uORF2 expression. This is likely due to the 248 

unmasking of SD2 and corroborates our model of a translaƟonal expression plaƞorm 249 

controlling uORF2 expression.  250 

Our results support a model in which uORF2 is controlled by a translaƟonal Mbox riboswitch 251 

combined with Rho-dependent terminaƟon of transcripƟon. Based on sequence homology, 252 

we propose that the rv1535 Mbox likewise operates via a translaƟonal expression plaƞorm. To 253 

the best of our knowledge, these are the first examples of an Mbox translaƟonal expression 254 

plaƞorm and Rho-dependent terminaƟon of transcripƟon. 255 

 256 
An Mbox-independent homologue of uORF2 encoded in a separate Mtb locus  257 

Considering the high conservaƟon between uORF2 in the rv1535 and pe20 loci, we carried 258 

out deeper sequence searches and idenƟfied a third homologue of the uORF2 region including 259 

its SD downstream of the gca-gmhA-gmhB-hddA operon. This locus has been acquired by 260 

horizontal gene transfer (Becq et al. 2007) and the uORF2 homologue annotated as Rv0115A 261 

(Figure 6A).  262 

We idenƟfied two TSS and associated promoter moƟfs within this locus. The first drives the 263 

transcripƟon of the gca-hddA operon, which terminates downstream of hddA (D’Halluin et al. 264 

2023). The second drives the transcripƟon of rv0115A, and potenƟally also a second ORF, 265 

rv0115B. The gca and rv0115A promoters have similar unusual moƟfs in the form of an 266 

AANCAT -10 hexamer, an extended -10 moƟf (TGN), a perfect -35 hexamer and in the case of 267 

cga, a CyƟdine TSS (Figure 6B).  268 

A further alignment of the promoter regions from -120 to a few basepairs downstream of 269 

the mapped TSS, had a remarkable similarity more than 100 basepairs upstream of the TSS 270 

suggesƟve of a gene duplicaƟon event (Figure 6B). There are no Mbox elements associated 271 
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with the leaders of these genes, but according to TBDB 272 

(hƩp://tbdb.bu.edu/tbdb_sysbio/MulƟHome.html) both promoters include a binding site for 273 

PhoP, linking expression to pH stress (Abramovitch et al. 2011). 274 

Alignment of uORF2 pepƟde homologues including Rv0115A across mycobacterial species 275 

reveals a well-conserved N-terminal region, including a universally conserved Proline residue 276 

(Figure 7). This pepƟde is specific for mycobacteria, which indicates that uORF2 pepƟdes and 277 

their homologues have funcƟons uniquely associated with this genus. Based on this finding, 278 

we suggest renaming uORF2 from the pe20 operon Rv1805A. 279 

 280 

No evident role for Rv1805A in biofilm formaƟon during magnesium stress  281 

Realising the ubiquitous presence of Rv1805A homologues, we sought to find a role for this 282 

pepƟde. PE20 and PPE31 are necessary for Mtb growth in condiƟons of low Mg2+ combined 283 

with low pH (Wang et al. 2020). To probe a potenƟal role of uORF2 in this process, we exploited 284 

the fact that magnesium is required for biofilm formaƟon in mycobacteria (ChaƩerjee et al. 285 

2024) and leveraged the trick that Mycobacterium smegmaƟs, a closely related species, has 286 

no homolog of pe20 locus.  287 

In agreement with literature, the growth and biofilm formaƟon of M. smegmaƟs were 288 

compromised in low Mg2+, and that this phenotype was exacerbated at acidic pH values (Figure 289 

8). We tested whether the expression of pe20-ppe31 or rv1805A-pe20-ppe31 might rescue this 290 

phenotype by transforming M. smegmaƟs with plasmids expressing the cognate genes. The 291 

results in figure 8 indicate no visible difference between strains expressing pe20-ppe31 with 292 

or without rv1805A or rv0115A; further invesƟgaƟons are required to idenƟfy a role of this 293 

pepƟde and its homologues in mycobacterial biology. 294 

 295 

DISCUSSION 296 

In the current study we have revealed a novel complex riboregulatory system which controls 297 

pe20 gene expression in Mtb.  Our results show that premature terminaƟon occurring in the 298 

5’ leader of pe20 (and rv1535) relies on Rho-dependent terminaƟon of transcripƟon (D’Halluin 299 

et al. 2023). Moreover, the pe20 Mbox contributes a translaƟonal expression plaƞorm, where 300 

the translaƟon iniƟaƟon region including the SD of the first gene in the operon can be 301 

sequestered by an SD moƟf. This is also, to the best of our knowledge, the first example of a 302 

translaƟonally controlled Mbox. This type of control is consistent with the scarcity of intrinsic 303 
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terminators in Mtb, and it echoes the finding that a mycobacterial T-box is the only known T-304 

box with a translaƟonal expression plaƞorm (Sherwood et al. 2018) Finally, we idenƟfied a 305 

highly conserved uORF (rv1805A), which is the primary regulated ORF within the pe20 operon 306 

and, based on homology, likely also in the rv1535 operon.  307 

Expression of the pe20 operon is suppressed via its leader by high Mg2+ concentraƟons 308 

similar to the Mbox controlled ykoK gene in B. subƟlis (Walters et al. 2006; Ramesh and Winkler 309 

2010; Kolbe et al. 2020). pe20 and ppe31 are criƟcal for magnesium uptake in low-pH/low-310 

magnesium condiƟons suggesƟng that the gene products form (part of) a magnesium 311 

transporter (Feng et al. 2021; Wang et al. 2020). We propose that the Mbox–rv1805A module 312 

acts as the key regulatory gate, enabling expression of the magnesium-responsive PE/PPE 313 

transporter complex only under specific environmental condiƟons, such as low Mg²⁺ and acidic 314 

pH. 315 

The structure of the pe20 operon, including the presence of mgtC raises quesƟons about 316 

its ancestry. Given what is known about pe-ppe gene expansion (Fishbein et al. 2015) and what 317 

we have observed in other riboswitch-controlled pe/ppe loci (i.e. the Cbl-ppe2-cobQ locus, and 318 

the PE-containing uORF recently idenƟfied downstream of the Mtb glycine riboswitch 319 

(D’Halluin et al. 2023; Kipkorir et al. 2024a), it is tempƟng to speculate that an early pe(-ppe) 320 

element invaded the current pe20 locus and subsequently expanded whereby Rv1805A 321 

became the first gene in this operon.  322 

A recent study suggests that the rv1535 Mbox, and by extension likely also the pe20 Mbox 323 

associates with other divalent caƟons in addiƟon to Mg2+ (Bahoua et al. 2021), while Kolbe et 324 

al. have demonstrated strong Mg2+-dependent control of pe20 expression via its leader (Kolbe 325 

et al. 2020). Regardless of the idenƟty of the cognate ligand, our results suggest an ability to 326 

alternate between two structures: a non-permissive (ligand-bound) structure that sequesters 327 

SD1, allowing SD/TIR to pair with SD2/TIR thereby prevenƟng translaƟon of 328 

uORF2/Rv1805A. This could in turn lead Rho-dependent terminaƟon of transcripƟon, which 329 

will affect the enƟre operon (Hao et al. 2021; Molodtsov et al. 2023). We note, however, that 330 

according to Term-seq results, the primary TTS is located upstream of rv1805A, suggesƟng that 331 

Rho-dependent terminaƟon does not depend on translaƟon of this ORF. An alternaƟve 332 

explanaƟon of our results could therefore be that the pyrimidine-rich region that we have 333 

annotated as SD, might act as a Rho-binding (rut) site that would be masked by translaƟon 334 

of uORF1. DeleƟng this region increased expression 2.5-fold, likely due to reduced terminaƟon 335 
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of transcripƟon or by unmasking of SD2 or both. The marginal increase in the expression of 336 

uORF2 in the context of an untranslated uORF1 (Mbox-rv1805AG184C-lacZ, Figure 5) and the 337 

conservaƟon of the SD-SD interacƟon, suggests a funcƟonal interacƟon. The two models 338 

are not mutually exclusive, and further experiments will elucidate the structural and 339 

mechanisƟc basis underlying the regulaƟon.  Along the same lines, we note that expression of 340 

uORF1 might affect the acƟvity of LacZ, although this is unlikely to affect the overall 341 

conclusions. 342 

What is the funcƟon of Rv1805A and its homologues? Given its conservaƟon and posiƟon 343 

upstream of pe20, we hypothesize that Rv1805A may act as a regulatory pepƟde modulaƟng 344 

the acƟvity or assembly of the PE20–PPE31 complex. AlternaƟvely, it may serve as a structural 345 

component of a magnesium-responsive transporter. ConservaƟon between Rv1805A, the 346 

Rv1535 uORF2 (Rv1535A) and Rv0115A, and their associaƟons with magnesium and pH stress 347 

suggests important roles for these pepƟdes during infecƟon. Future work will focus on 348 

idenƟfying interacƟon partners of Rv1805A and assessing its role in magnesium uptake and 349 

stress responses.  350 

In conclusion, our findings reveal a previously unrecognized mode of riboswitch control in 351 

Mtb, where a translaƟonal Mbox integrates with Rho-dependent terminaƟon to regulate a 352 

conserved uORF. This mulƟlayered modus operandi underscores the sophisƟcaƟon of RNA-353 

based regulaƟon in Mtb stress adaptaƟon. 354 

 355 

MATERIAL AND METHODS 356 

Strains and cultures 357 

Strains used in this study are listed in Supplementary Table 1. M. tuberculosis H37Rv and 358 

M. smegmaƟs MC2 155 were cultured on solid media Middlebrook agar 7H11 supplemented 359 

with 10% OADC (Sigma), 0.5% Glycerol and 50 µg/ml hygromycin if appropriate. Liquid cultures 360 

were done in Middlebrook 7H9 supplemented with 10% ADC (Sigma), 0.5% Glycerol, 0.05% 361 

Tween 80 and 50 µg/ml hygromycin where appropriate. Cultures were harvested at an OD600nm 362 

~0.6 for mid-log phase.  363 

Mtb RhoDUC strain, a giŌ obtained from Professor Dirk Schnappinger, was grown as 364 

previously described with 50 µg/ml hygromycin, 20 µg/ml Kanamycin and 50 µg/ml zeocin 365 

(Botella et al. 2017; D’Halluin et al. 2023). When the cultures reached an OD600nm~0.6, 366 
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depleƟon of Rho was induced using 500 ng/ml of anhydrotetracycline. Cells were harvested 367 

aŌer 0, 1.5, 3 and 4.5 hours. 368 

Escherichia coli DH5α was used for cloning the lacZ fusion reporters and were cultured on 369 

solid LB 1.5% agar supplemented with 50 µM of 5-bromo-4-chloro-3-indolyl-β-D-370 

galactopyranoside (X-gal) or in liquid LB supplemented with 250 µg/ml Hygromycin.  371 

 372 

Plasmids construcƟons and primers 373 

Plasmids and primers used in this study are listed in Supplementary Table 1 and 2. pIRATE 374 

plasmids, describe in D’Halluin et al., 2023, were used for lacZ translaƟonal fusion reporters 375 

and for Beta-galactosidase assay. Reporters were constructed using Gibson assemblies with 376 

oligos (Sigma) or geneBlocks (IDT) listed in Table 3 between HindIII and NcoI sites. Point 377 

mutaƟons and deleƟons were generated using the Q5 Site-Directed Mutagenesis Kit (New 378 

England Biolabs). Plasmids were cloned in E. coli DH5⍺, extracted and sequenced by Sanger 379 

sequencing. Plasmids were transformed into M. smegmaƟs by electroporaƟon and selected 380 

on Middlebrook 7H11 agar plates containing 50 µg/ml Hygromycin. 381 

 382 

RNA extracƟon and Northern Bloƫng 383 

M. tuberculosis H37Rv were stopped using 37.5% of cold ice and centrifuge 10min at 5000 384 

rpm 4°C. Total RNA was extracted as previously described using the FastRNA Pro Blue kit (MP 385 

Biomedicals) according to the manufacturer’s protocol (D’Halluin et al. 2023; Arnvig et al. 386 

2011). RNA concentraƟon and purity was assessed using the Nanodrop 2000 (ThermoFisher), 387 

residual genomic DNA removed using Turbo DNase (ThermoFisher) and RNA integrity assessed 388 

with 2100 Bioanalyzer (Agilent). 10 µg of total RNA were separated on a denaturing 8% 389 

acrylamide:bis-acrylamide (19:1) gel and transfer to a nylon membrane. An RNA probe was 390 

syntheƟzed using the mirVana miRNA probe synthesis kit (Ambion) to reveal the pe20 and 391 

rv1535 Mbox transcripts and labelled with 3µM final concentraƟon of 32P ⍺-UTP 392 

(3000Ci/mmol; Hartmann AnalyƟcGmbH). Northern blots were revealed using radiosensiƟve 393 

screens and visualized on a Typhoon FLA 9500 phosphoimager (GEHealthcare). 394 

 395 

Beta-galactosidase acƟvity 396 

M. smegmaƟs carrying the lacZ reporter fusions were cultured at OD600nm ~0.6 and 397 

centrifuge 10min 5000 rpm. Pellets were washed four Ɵmes in Z-buffer composed of 60mM 398 
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Na2HPO4, 40mM NaH2PO4, 10mM KCl, 1mM MgSO4 and lysed using beads with the FastPrep 399 

bio-pulveriser (MP Biomedicals). The supernatant was kept aŌer centrifugaƟon and the 400 

protein level assessed using a Bradford yield with the BCA kit (ThermoFisher) following the 401 

manufacturer’s recommendaƟons. Beta-galactosidase were done using the Beta-galactosidase 402 

assay kit (ThermoFisher) following manufacturer’s protocol. Proteins were pre-incubated for 403 

5min at 28°C before addiƟon of ONPG. 404 

 405 

Biofilm formaƟon 406 

M. smegmaƟs expressing pe20-ppe31, rv1805A-pe20-ppe31 or rv0115A+pe20-ppe31 was 407 

grown to mid-log phase, washed in Mg2+-free medium, resuspended in 1 mL of the indicated 408 

medium at OD 0.01 and seeded in 24-well plates. Plates were sealed in plasƟc bags and leŌ 409 

for staƟc incubaƟon at 37C̊ for a week. Biofilm formaƟon was monitored every day for a week. 410 

 411 

Folding, sequence conservaƟon and distribuƟon across mycobacteria 412 

RepresentaƟve genomes of several mycobacteria were selected for sequences 413 

conservaƟon: Mycobacterium tuberculosis H37Rv (NB_000962), Mycobacterium leprae TN 414 

(AL450380), Mycobacterium avium K10 (NZ_CP106873), Mycobacterium kansasii Kuro I 415 

(AP023343), Mycobacterium ulcerans ATCC33728 (NZ_AP017624), Mycobacterium marinum 416 

M (CP000854), Mycobacterium abscessus ATCC19977 (NC_010397), Mycobacterium 417 

haemophilum DSM 44634 (CP011883) and Mycobacterium smegmaƟs MC2155 418 

(NZ_CP009494). 419 

The aptamer sequences of the Mboxes were extracted from RFam database (Rfam 420 

RF00380) (Nawrocki et al. 2015) and extended to the next annotated ORF. DNA and pepƟdic 421 

sequences were aligned using ClustalW (Thompson et al. 1994), and alignment strengthen 422 

using T-coffee (Notredame et al. 2000). The conservaƟon of uORF2 across mycobacteria was 423 

determined using Blast (Altschul et al. 1990) and amino acid sequences aligned using ClustalW 424 

(Thompson et al. 1994) and Chimera (Meng et al. 2006). The phylogeneƟc tree was generated 425 

by Clustal Omega using the sequences from the aptamer sequence to the start codon of the 426 

next in frame annotated ORF (Sievers et al. 2011). Aptamer secondary structures were 427 

predicted using the RNAstructure Web Server for RNA Secondary Structure PredicƟon (Reuter 428 
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and Mathews 2010). The resulƟng ConnecƟvity Table (CT) file was then uploaded to 429 

RNAcanvas (Johnson and Simon 2023) for visualizaƟon and structural ediƟng 430 
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  629 
 630 
TABLES 631 

 632 
M-Box 
gene 

Mapped 
TTS 

RTP 
number* 

rut site 
start 

rut site 
end 

Distance from 
TSS*** 

Distance to 
annotated ORF*** 

rv1535 1735718 
T5468 1735526 1735604 17 -372 

T5469 1735816 1735894 307 -82 

pe20 2047779 
T6425 2047633 2047711 38 -361 

T6426 2047887 2047965 292 -107 

Table 1: Mapped transcripƟon terminaƟon sites (TTS), predicted Rho-dependent terminators (RTP) and 633 

their locaƟons according to (D’Halluin et al. 2023). 634 

 635 
FIGURE LEGENDS 636 
 637 
Figure 1: ConservaƟon of Mbox elements. A) Mbox aptamer structures from Bacillus subƟlis 638 

ykoK and the two M. tuberculosis aptamers from rv1535 and pe20 (rv1806). Structures were 639 

predicted using RNAstructure Web Server (Reuteur & Mathews, 2010) and drawn by extracƟng 640 

the bracket-dot plot to RNAcanvas (Johnson & Simons, 2023). B) DistribuƟon of Mboxes and 641 
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their associated genes in Mycobacteria. These can be split into the four types indicated, based 642 

on the aptamer and their downstream sequences. Notably, the two M. tuberculosis elements 643 

fall into different groups. 644 

 645 

Figure 2: Premature terminaƟon of transcripƟon within Mtb Mbox loci. A) The two Mbox-646 

associated genes, rv1535 and pe20 are shown with their respecƟve leaders. TSS from (Cortes 647 

et al., 2013), Term-seq data and TranscripƟon terminaƟon sites (TTS) from (D’Halluin et al., 648 

2023). Distances from TSS to dominant TTS peaks and further to the start codons of have been 649 

indicated. B) Northern blot with log-phase total RNA from Mtb H37Rv and from RhoDUC 650 

(Botella et al., 2017) following depleƟon of Rho. Total RNA was separated on an 8% acrylamide 651 

gel, electrobloƩed and probed for leader sequences disƟnct for the two genes, approximately 652 

180 nucleoƟdes downstream of the TSS. The 5S RNA was probed as a loading control. 653 

 654 

Figure 3: Expression of pe20 uORFs. To ascertain expression of uORF1 and uORF2 from the 655 

pe20 operon, we made translaƟonal lacZ-fusions and measured 𝞫-galactosidase (𝞫gal) acƟvity 656 

of the different constructs. Experiments were done in triplicates and differences of expression 657 

tested with a t-test (p-val<0.01). A) Genomic context of pe20 and the uORFs associated (green) 658 

including SD1 (yellow box) and SD2 (blue box); B) SchemaƟc showing each reporter constructs 659 

(leŌ) and their expression in Miller units (right). uORF1D refers to a truncated version of uORF1 660 

encoding only its first two codons. C) uORF1 sequence with amino acids and their codons. Start 661 

codon is shown in green and rare codons (<5/1000 frequency) are shown in red.  662 

 663 

Figure 4: Model for a translaƟonal expression plaƞorm. The figure shows how the translaƟon 664 

iniƟaƟon region (TIR, blue) can be sequestered by base-pairing with the ⍺TIR (orange), which 665 

in turn can base-pair with the ⍺⍺TIR (yellow), depending on the conformaƟon of the aptamer. 666 

Structure of the aptamer is shown on the leŌ with part of the ⍺⍺TIR shown in yellow. 667 

 668 

Figure 5: TesƟng the model for a translaƟonal expression plaƞorm. A) Reporter constructs 669 

assessing the effect of uORF1 changes on uORF2 expression; changing the start codon of 670 

uORF1 to a no-start (G184C), deleƟng the proposed ⍺SD, which is part of uORF1 or a 671 

combinaƟon of the two. B) Effect of gradual extension of region upstream of uORF2. 672 

Expression decreases, when ⍺SD is included and increases again, when SD1 (⍺⍺SD) is included. 673 
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C) Structures indicaƟng how the reporter constructs relate to the model proposed in Figure 4. 674 

Experiments were done in triplicates and differences of expression tested with a t-test (p-675 

val<0.01). 676 

 677 

Figure 6: The Rv0115A locus. BLAST idenƟfied Rv0115A to be a homologue of Rv1805A. A) 678 

Rv0115A (green) is encoded downstream of the gca operon (golden) but transcribed from its 679 

own promoter. B) Alignment of the promoter regions of gca and rv0115A show very high 680 

degree of similarity, suggesƟng a duplicaƟon event. The blue arrow indicates hddA coding 681 

sequence upstream of rv0115A. The promoter elements, -35, extended -10 and -10 are 682 

highlighted in grey. PhoP binding regions, according to TBDB, are shown in orange and purple 683 

with their respecƟve centres boxed in same colour. 684 

 685 

Figure 7: ConservaƟon of uORF2 within Mycobacteria. Alignment of Mbox associated uORF2 686 

extracted from Figure 1B and Mtb Rv0115A pepƟdes showed high conservaƟon of several 687 

residues mainly at the N-terminal sequence, including 100% conservaƟon of a proline at 688 

posiƟon 7 in most pepƟdes. Consensus sequence and amino acid conservaƟon were assessed 689 

using Chimera (Meng et al., 2006). 690 

 691 

Figure 8: Biofilm formaƟon in M. smegmaƟs during Mg2+-depleƟon and acid stress. Cultures 692 

of Mycobacterium smegmaƟs were grown to mid-log phase, washed in Mg2+-free medium, 693 

resuspended in 1 mL of indicated medium at OD 0.01. Plates were sealed in plasƟc bags and 694 

leŌ for staƟc incubaƟon at 37˚̊ C for a week. Plates shown are representaƟve of three 695 

independent experiments. 696 

 697 
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