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Abstract 27 

The manganese transport regulator (MntR) from B. subtilis is a dual regulatory protein that 28 

responds to heightened Mn2+ availability in the cell by both repressing the expression of uptake 29 

transporters and activating the expression of efflux proteins. Recent work indicates that, in its 30 

role as an activator, MntR binds several sites upstream of the genes encoding Mn2+ exporters, 31 

leading to a cooperative response to manganese.  Here, we use cryo-EM to explore the 32 

molecular basis of gene activation by MntR and report a structure of four MntR dimers bound to 33 

four 18-base pair sites across an 84-base pair regulatory region of the mneP promoter. Our 34 

structures, along with solution studies including mass photometry and in vivo transcription 35 

assays, reveal that MntR dimers employ polar and non-polar contacts to bind cooperatively to an 36 

array of low-affinity DNA-binding sites. These results reveal the molecular basis for cooperativity 37 

in the activation of manganese efflux. 38 

 39 

Introduction 40 

Transition metals are essential to the function of bacterial cells but become toxic when 41 

overabundant. That dual character requires careful monitoring of transition metal availability in 42 

the cytoplasm, a function generally performed by metal-responsive regulatory proteins1–3. For 43 

some metal ions, such as Ni2+ and Zn2+, a bacterium may possess coupled regulatory proteins.  44 

For example, at low zinc availability in E. coli, uptake is derepressed by Zur, but at high zinc 45 

availability, zinc efflux is activated by ZntR4.  Similarly, NikR negatively regulates Ni2+ uptake in 46 

response to nickel, while RcnR is induced by higher concentrations of Ni2+ to promote Ni2+ 47 

export5.  These coupled systems act in concert to tightly maintain metal ion homeostasis in the 48 

cell. In the instance of iron, the metalloregulators Fur and DtxR are capable of both repression 49 

and activation of gene expression under elevated iron availability in the cell6,7.  In the case of 50 

repression, it is understood that Fur or DtxR binding to an operator limits RNA polymerase 51 

access to a promoter. It is unclear, however, if activation is achieved by recruiting RNA 52 
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polymerase to a promoter adjacent to the operator, or whether it is achieved by coordination with 53 

other regulatory systems. 54 

  55 

Recently, it was discovered that manganese homeostasis in B. subtilis can also be maintained 56 

by repression and activation through the action of a single regulatory protein, MntR8. MntR, a 57 

distant homolog of DtxR, is a dimer of 142-residue subunits that forms a binuclear complex with 58 

two Mn2+ ions per subunit stabilizing a high-affinity DNA-binding conformation of the protein9.  At 59 

high manganese availability in B. subtilis cells, the expression of two uptake transporters, MntH, 60 

a proton-coupled NRAMP family transporter, and MntABCD, an ATP-binding cassette 61 

transporter, is repressed. As manganese levels rise further, the expression of MneP and MneS, 62 

primary and secondary Mn2+ efflux transporters, is activated8. Repression by MntR has been 63 

extensively studied.  Under conditions of Mn(II) sufficiency (~10 µM) a single MntR dimer binds 64 

to duplex DNA containing either the mntA or mntH operator with nanomolar affinity10. Those 65 

operators overlap the 𝝈A-dependent promoter upstream of the respective open reading frames, 66 

and thus MntR can repress expression by acting as a molecular doorstop10. 67 

  68 

Activation of transcription by MntR is a more recent discovery and the molecular basis of 69 

activation is not well understood.  Previous in vivo results8 suggested cooperative binding of 70 

multiple MntR dimers to three sites across ~80 base pairs on both the mneP and mneS 71 

promoters is necessary for activation of transcription. For both mneP and mneS, one of the 72 

predicted MntR binding sites overlaps the 𝜎A
 promoter -35 consensus site for RNA polymerase 73 

(RNAP) binding. 74 

 75 

In this study, we present two single-particle cryogenic electron microscopy (cryo-EM) structures 76 

of MntR bound to the regulatory region of the mneP operon. Our structures reveal the 77 

stoichiometry of MntR-DNA binding and the structural basis of cooperative binding under 78 
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conditions of manganese sufficiency. Through structural, biochemical, and in vivo expression 79 

studies, we identified crucial protein-protein interactions required for the cooperative recruitment 80 

of MntR dimers to the mneP promoter and necessary for gene activation. 81 

 82 

Results and Discussion 83 

Four MntR dimers bind the regulatory region of the efflux mneP promoter 84 

We prepared a sample for cryo-EM (detailed in the methods), with an 84-bp DNA duplex 85 

containing the mneP regulatory region (referred to as P84; Supplementary Table 1, 86 

Supplementary Fig. 1) with a 4-fold excess of MntR dimers in the presence of 1 mM Mn2+ ions. 87 

From a single cryo-EM dataset obtained from this sample, we obtained two separate three-88 

dimensional (3D) reconstructions (Supplementary Fig. 2). At first the data processing was limited 89 

to a smaller image extraction box size of 255 Å, resulting in a 3.09 Å reconstruction featuring 90 

well-resolved density for two MntR dimers bound to a portion of the P84 duplex, which we refer 91 

to as the (MntR2)2-P84 map (Supplementary Fig. 3a, Supplementary Table 2). Further analysis 92 

of the cryo-EM micrographs, using the (MntR2)2-P84 map as a template and extracting at a 93 

larger box size of 852 Å, yielded a second 3D reconstruction at a nominal resolution of 4.17 Å. 94 

Instead of the expected three occupied binding sites, the refined map shows density for four 95 

MntR dimers bound to P84, which we named (MntR2)4-P84 map (Supplementary Fig. 3b, 96 

Supplementary Table 2). While the flexibility of the DNA induced heterogeneity and lowered 97 

resolution, the (MntR2)4-P84 map nevertheless provides evidence towards the stoichiometry of 98 

MntR homodimers to the full regulatory region of the mneP promoter sequence. Notably, this 99 

complex is consistent with the three MntR-binding sites previously shown to be essential for in 100 

vivo activation of mneP and suggests that they function together with a fourth site8. 101 

 102 

 103 

 104 
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Model refinement, metal ions, and DNA register 105 

The refined structures of MntR dimers bound to DNA are very similar to the structure of MntR 106 

crystallized in the absence of DNA11 (PDB: 2F5C; Supplementary Fig. 4). Structural alignment to 107 

the two MntR dimers fit to the (MntR2)2-P84 complex map to the starting MntR model (PDB: 108 

2F5C) yields RMSDs of 0.8 Å and 0.9 Å. When the flexible wing, which is in a slightly different 109 

position when bound to DNA, is excluded from alignment, the RMSDs are reduced slightly to 0.7 110 

and 0.8 Å. The distance between the N-terminal DNA-binding domains can be measured by the 111 

separation of dyad-related alpha-carbons of Lys41 in the recognition helix.  The separation in the 112 

starting model (PDB: 2F5C) is 32.1 Å and in the two dimers fit to the (MntR2)2-P84 map,  32.5 Å 113 

and 33.5 Å (Supplementary Fig. 4). 114 

 115 

A binuclear manganese binding site has been observed for all manganese complexes of MntR 116 

and its homologs both in crystal structures and in solution1,11–14, which has been hypothesized to 117 

be essential for full activation of MntR for DNA binding15.  In our cryo-EM maps, good density is 118 

generally present for the A-site metal, especially in the more central subunits of each complex, 119 

but is somewhat equivocal for the C-site metal.  Nevertheless, both metals were modeled in all 120 

subunits, and geometry restraints, based on an existing structure of MntR bound to Mn2+ (PDB: 121 

2F5D)11, were used in refinement. 122 

 123 

Modeling the 84-bp duplex containing the mneP operator region was complicated by its 124 

asymmetry. DNA orientation in individual particles can be in either direction, and the end bases 125 

are not present in either map. In each model, we have chosen to model one orientation of the 126 

DNA duplex.  In the (MntR2)4-P84 model, the duplex contains base pairs 3/-3 through 79/-79.  In 127 

the (MntR2)2-P84 model, the DNA duplex is modeled using base pairs 23/-23 (along with an 128 

overhanging base at position 22) through 60/-60, representing, roughly, the central 38 base pairs 129 

of the complex. That choice acknowledges not only the orientation issue described above but 130 
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also that the particles chosen to generate the (MntR2)2-P84 map may come from either the 131 

center or ends of the full complex.  132 

 133 

A further consideration in modeling the DNA, as described above, is the specific register for the 134 

positions of the MntR dimers on the sequence.  Previous work8 identified three individual MntR 135 

binding sites in both the mneP and mneS operators.  The (MntR2)4-P84 map and mass 136 

photometry (MP) solution data (see below) clearly indicate that MntR dimers bind to four sites 137 

across the P84 sequence. Accordingly, we have re-evaluated the operator sequences and have 138 

identified a fourth sequence showing similarity to the sites previously identified (Supplementary 139 

Fig. 1). In our revised analysis of the mneP and mneS regulatory regions, we assign the sites 140 

from 1-4, with site 1 overlapping the RNA polymerase (RNAP) binding site, and site 4 most 141 

distant from the promoter (Fig. 1a). The position of MntR dimers on duplex DNA is consistent 142 

with each MntR interacting with nucleic acid bases across 18 bp, with 9 bp inverted repeats.  143 

These 18-bp binding sites are each separated by 1 bp. The protein-DNA duplexes have been 144 

modeled such that each MntR subunit is situated equivalently to its corresponding half-site, and 145 

the 2-fold axis relating to each MntR dimer is aligned with the 2-fold axis relating the two 9-bp 146 

inverted repeats in each operator binding site (Fig. 1a, b). 147 

 148 

 149 

DNA conformation in the (MntR2)4-P84 complex 150 

Generally, the DNA duplex adopts the B-conformation in both models with small deviations from 151 

overall linearity. Given the constraints applied during refinement and the moderate to low-152 

resolution maps, no detailed analysis of DNA conformation is warranted. However, there is a 153 

distinct, but light bending of the duplex visible in both models, but more pronounced throughout 154 

the 77 base pairs included in the (MntR2)4-P84 model.  Curves+ software16 was used to analyze 155 

the duplex.  When comparing the best-fit linear axis for the DNA double helix (Supplementary 156 
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Fig. 5) to a curve that traces the helical axis as it alters its path with each base pair, the gentle 157 

curvature of the duplex is evident. The DNA bends slightly towards the bound MntR dimers, with 158 

slight inflection points at the dimer-dimer interface points, suggesting that alterations in DNA 159 

conformation assist in the formation of contacts between MntR dimers. 160 

 161 

 162 

Protein-DNA interactions include major and minor groove contacts 163 

The cryo-EM structures of the MntR-DNA complexes presented here provide a starting point for 164 

defining protein-DNA interactions that promote specific recruitment of MntR to its operators. As 165 

noted above, each MntR dimer binds to an 18-bp site consisting of a pair of 9-bp inverted 166 

repeats with an average buried surface area of ~1460 Å2 for each MntR dimer at the protein-167 

DNA interface (Fig. 2). Overall, each dimer spans 20-bp through contacts made by residues of 168 

the wing motif (residues 52-62) to the phosphodeoxyribose backbone (Supplementary Fig. 4). 169 

Comparison of sites 1-4 of the mneP operator region with the comparable expected sites for 170 

mneS as well as for the mntA and mntH operator regions permits a sequence alignment that 171 

highlights preferred base pairs within the half-site recognized by MntR (Supplementary Fig. 1). 172 

That alignment then permits interpretation of the protein-DNA interactions that can be inferred 173 

from the (MntR2)2-DNA complex structure, which offers a < 3.0 Å resolution between the central 174 

two MntR protomers (chain F and G) and the DNA duplex (Fig. 1c, Supplementary Fig. 3). 175 

Although modeling of the DNA sequence is complicated by the lack of symmetry in the DNA 176 

duplex used in cryo-EM studies, the positions of residue side chains relative to base pairs 177 

indicate which residues can participate in selective binding, while non-sequence specific 178 

interactions to phosphates can be defined. Also, the A7T-7 base pair is conserved in all half-sites 179 

in the DNA duplex used in this study and can be more confidently modeled (Fig. 2 and 180 

Supplementary Fig. 1b). 181 

  182 
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The MntR recognition helix (residues His35-Lys48) lies within the major groove of DNA, placing 183 

the side chains of residues His35, Pro36, Ser37, and Lys41 in proximity to the edges of base 184 

pairs 4/-4 through 7/-7 in both half-sites (Fig. 2 and Supplementary Fig. 4). Lys41 on subunit G is 185 

positioned to donate a hydrogen bond to the base at position -5, while the map is more 186 

ambiguous for Lys41 on the F subunit, suggesting possible H-bonding to bases in either bp 4/-4 187 

or 5/-5 (as indicated by the dotted grey lines in Fig. 2b). In 12 of the 20 aligned half-sites 188 

(Supplementary Fig. 1b) guanine is found at -5 and in an additional 5/20 half-sites base -5 is 189 

thymine, suggesting that H-bond donation from Lys41 to O6 of guanine or O4 of thymine is 190 

preferred. His35 and Ser37 are positioned to H-bond to bases in the major groove at positions 6 191 

and -6 respectively. Among MntR recognition sites (Supplementary Fig. 1b), base pair 6/-6 is 192 

most commonly an AT base pair (14/20), suggesting preferred H-bonding from His35 to adenine 193 

and Ser37 to thymine. However, since both residues are capable of accepting and donating H-194 

bonds, the nature of these interactions is unlikely to be prescriptive in defining a DNA recognition 195 

sequence. A hydrophobic interaction between Pro36 and the thymine methyl group at position -7 196 

(19/20 half-sites) does appear to be important in specifying the cognate DNA-binding sites 197 

occupied by MntR. The T-7 methyl group occupies a pocket lined by the side chains of Thr40 and 198 

Val25, in addition to Pro36, suggesting that the C5 methyl group provides uniquely favorable 199 

interactions when present at position -7 (Fig. 2). Similar contacts between a proline residue and 200 

thymine methyl group, have been identified as playing significant roles in operator recognition in 201 

two related proteins, DtxR17 and IdeR18,19. 202 

  203 

Tyr57, which is in the 𝜷-turn linking the two strands of the “wing” motif of the winged helix-turn-204 

helix, is positioned to make hydrogen-bonding interactions with base pair edges in the minor 205 

groove (Fig. 2 and 3).  The side chain lies fully in the minor groove between base pairs 8/-8 and 206 

9/-9 (Fig. 2b). The Tyr57 hydroxyl group could donate a H-bond to either the C2 carbonyl of a 207 



 9 

pyrimidine or N3 of a purine ring at positions -8 or +9, suggesting that these interactions are not 208 

sequence-specific, but rather contribute to the overall affinity of MntR for duplex DNA. 209 

  210 

Several other residues contribute to non-specific interactions with phosphates along the MntR-211 

DNA interface (Fig. 2b). Notably, three residues from the wing motif (Tyr54, Lys56, and Arg58) 212 

are positioned to contribute H-bonds to phosphate groups at positions -6, -7 and +11 in the DNA 213 

duplex. Additionally, the side chains of Arg24, Ser38, Thr40, and Gln44 are near phosphate 214 

groups, as are backbone amide nitrogens from Val25, Ser26, His35, and Tyr57 (Fig. 2b). The 215 

majority of the protein-DNA interactions observed in the (MntR2)2-P84 structure involve highly 216 

conserved amino acids (Supplementary Fig. 6). 217 

 218 

 219 

Protein-protein interactions accompany the formation of the (MntR2)4-P84 complex 220 

Inspection of the (MntR2)2-P84 structure reveals a well-defined network of polar and 221 

hydrophobic interactions between amino acids at the 974.3 Å2 interface between two adjacent 222 

dimers of MntR bound to DNA (Fig. 3). Tyr22 is at a dominant position at the interface and 223 

participates in interdimer H-bonding with Glu55 while also forming interdimer van der Waals 224 

(vdW) interactions with side chain of Val61 and backbone atoms in Gly59 and Leu60. Asp27 is 225 

at the heart of a network of polar interactions, forming salt bridges with Arg58 from the second 226 

dimer and Lys20 from the same subunit, thus mitigating repulsion between the two residues. 227 

Interestingly, Arg24 residues from adjacent MntR subunits stack their guanidinium groups 228 

against each other (Supplementary Fig. 7). Simultaneously, each Arg24 forms hydrogen bonds 229 

within its own subunit with the carbonyl oxygen of Arg58 and the phosphate group of the 230 

nucleotide at position -9. All four arginine residues at the dimer interface form H-bonds with the 231 

phosphate groups on the P84. Arginine pairs are relatively common in protein structures, and it 232 

has been argued that the polar environment surrounding the arginine residues compensates for 233 
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what would otherwise be a repulsive interaction20. This organization of the positively charged 234 

arginine residues at the MntR interdimer interface could be essential to ensure that the arginine 235 

side chains are oriented to effectively facilitate polar interaction with either the phosphate 236 

backbone of the DNA or with oppositely charged side chains of other residues at the interface.  237 

  238 

Several of these residues show strong conservation, for example, Asp27, Arg24, and Arg58 239 

(Supplementary Fig. 6, extended data 1). Sequence alignment of MntR homologs from multiple 240 

bacterial species show when tyrosine is present at position 22, glycine is strongly conserved at 241 

position 59 (Supplementary Fig. 6, extended data 1). The two interdimer salt bridges observed 242 

between largely conserved residues, Asp27-Arg58, and Lys20-Glu55 (Fig. 3b-c), are 243 

reminiscent of the two asymmetrical salt bridges identified at the dimer-dimer interface of E.coli 244 

Zur proteins that bind to the opposite faces of DNA in its regulatory sites4. 245 

 246 

 247 

MntR interacts cooperatively to bind the mneP operator 248 

Given the strong network of interactions between dimers, we were curious to explore the role of 249 

these contacts in the association of MntR with DNA in solution. Using mass photometry (MP)21 250 

and endogenous tryptophan fluorescence-based size exclusion chromatography (FSEC)22 we 251 

tested the ability of MntR to form complexes with P84 and a second 84-bp DNA duplex we refer 252 

to as C84, which possesses four copies of the consensus MntR binding sequence8 in place of 253 

sites 1-4 in mneP (Supplementary Table 1, Supplementary Fig. 1a). In the presence of 1 mM 254 

Mn2+, MntR exists as a dimer and is seen as a single peak in the MP experiments at a molecular 255 

mass of 44 ± 8 kDa (Fig. 4a), consistent with its predicted mass of 33 kDa. Upon addition of 256 

P84, we observed the appearance of a well-defined and reproducible peak at 182 ±18 kDa 257 

which corresponds to four MntR dimers bound to a P84 molecule as seen in the cryo-EM 258 

generated (MntR2)4-P84 map. The presence of additional peaks at masses of 111 ±	16 kDa and 259 
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156 ±	29 kDa is consistent with two and three MntR dimers on the 84-bp duplex, suggestive of 260 

dissociation after dilution to the low complex concentration (16 nM) used in these experiments. 261 

In contrast, when MntR is mixed with 1 mM Mn2+ and the C84 DNA containing all consensus 262 

binding sites the free MntR dimer (44 kDa) disappears and only a single peak at 182 kDa 263 

appears, indicative of a stable (MntR2)4-C84 complex (Fig. 5a). Complementary FSEC 264 

experiments conducted on WT MntR indicate the formation of homogeneous complexes of WT 265 

MntR with both P84 and C84 as highlighted by the appearance of a symmetric peak at a 266 

retention volume smaller than that observed for MntR alone (Fig. 4b and 5b). As for MntR mixed 267 

with P84 in FSEC experiments, the lack of multiple species is likely due to the higher 268 

concentration of the complex (~1-8 µM) in this experiment. 269 

  270 

Further FSEC experiments were performed with two 26-bp duplexes. H26 contains the mntH 271 

operator sequence, while P26 contains the sequence for site 1 from the mneP operator 272 

(Supplementary Table 1, Supplementary Fig. 1a). FSEC experiments show that WT MntR forms 273 

a homogenous complex with H26 at a lower retention volume than for MntR alone but at a 274 

larger retention than observed for the MntR-P84 and MntR-C84 complexes, consistent with the 275 

smaller size of the 1:1 MntR-H26 complex (Supplementary Fig. 8a). In contrast to these 276 

observations, FSEC experiments show that WT MntR does not form a complex with P26, 277 

highlighted by the lack of a peak at the lower retention volume (Supplementary Fig. 8a). Site 1 278 

on the mneP promoter has a weaker affinity for MntR dimer than the mntH operator does. 279 

However, WT MntR can bind to P84, a longer sequence that contains all four 18-bp sites (1-4). 280 

The necessity of multiple, adjacent MntR binding sites for complex formation suggests that 281 

cooperative interactions are required to stabilize the complex of WT MntR with the weaker 282 

binding sites used in transcription activation. These results confirm the previous observation that 283 

MntR activates expression of MneP with a highly cooperative response to manganese 284 
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concentration, but not until a higher extracellular concentration of manganese (>10 µM) is 285 

reached than that needed to promote repression of MntH expression8. 286 

 287 

 288 

Mutations to interface residues have significant effects on activation by MntR  289 

Our analysis of residues at the dimer-dimer interface (see above) suggests that Tyr22 and 290 

Asp27 are each important to the stability of the functional (MntR2)4-mneP complex.  To test that 291 

hypothesis, we prepared two MntR variants with Tyr22 and Asp27 substituted with alanine, 292 

creating the Y22A and D27A mutants, respectively. We then subjected the variant forms of 293 

MntR to the same solution studies as performed with WT MntR using MP and FSEC.  In 294 

addition, we performed in vivo expression tests in B. subtilis to compare with our in vitro results. 295 

  296 

Our in vitro studies with the Y22A MntR showed that Tyr22 is indeed an important residue for 297 

the cooperative binding of MntR to the mneP operator. Molecular photometry experiments 298 

indicate that the Y22A MntR does not form a complex with P84, evident by the lack of a peak at 299 

182 kDa (Fig. 4b).  Similarly, very little (MntR2)4-P84 complex is observed in FSEC experiments 300 

with Y22A MntR (Fig 4e). In contrast, Y22A MntR successfully forms a complex with C84, 301 

behaving similarly to WT MntR in both MP and FSEC experiments (Fig. 4b, e, and Fig. 5b, e). 302 

When FSEC is used to probe the formation of protein-DNA complexes between Y22A MntR and 303 

either H26 or P26, only the complex with H26 is observed, as was true with WT MntR 304 

(Supplementary Fig. 8b). That result is consistent with the formation of the Y22A (MntR2)4-C84 305 

complex. The mutation of Tyr22 to alanine does not appear to interfere with DNA binding to a 306 

single high-affinity site, or four adjacent high-affinity sites, but shows that cooperativity is not 307 

available to facilitate the binding of Y22A MntR to the natural DNA sequence in the P84 duplex. 308 

  309 



 13 

Expression tests in B. subtilis reveal that Tyr22 is essential for transcriptional activation but is 310 

dispensable for repression. Using 𝜷-galactosidase as a reporter gene under the control of the 311 

mntH and mneP promoters, we explored the impact of adding Mn2+ to the growth medium on 312 

transcription.  WT MntR was used as a control, and as expected from a previous study8, 313 

transcription from mntH is repressed in LB medium, with little if any further repression elicited by 314 

supplementation with 10 µM Mn2+. In contrast, expression from mneP is low in LB medium, but 315 

is activated when the medium is amended with 100 µM Mn2+ (Fig. 6).  Supporting the results 316 

from MP and FSEC (Supplementary Fig. 8b), Y22A MntR behaves much like WT MntR in 317 

repression from mntH, which contains a single high-affinity MntR binding site that matches 318 

consensus at all highly conserved residues (Supplementary Fig. 1b).  However, Y22A MntR 319 

does not activate transcription from mneP, which contains four weak MntR binding sites. That 320 

result coupled with the failure of Y22A MntR to form a complex with P84 suggests that 321 

cooperativity is essential in forming the (MntR2)4-P84 complex. Tyr22 participates in essential 322 

interactions in promoting cooperativity between subunits, and its substitution with alanine 323 

abolishes those cooperative interactions, without dramatically affecting the ability of the protein 324 

to bind high affinity sites in H26 or C84. Mutation of Tyr22 to alanine disrupts essential and 325 

conserved interactions at the interface with Glu55, Gly59, and Val61 on the neighboring MntR 326 

dimer, thus severely impacting the recruitment of additional MntR dimers to the adjacent sites 327 

on the mneP promoter and preventing the formation of an active transcription complex. 328 

  329 

In contrast with Y22A MntR, the D27A MntR mutant forms (MntR2)4-P84 (Fig. 4c, f) and 330 

(MntR2)4-C84 (Fig. 5c, f) complexes. It also binds the H26 duplex but fails to form a complex 331 

with P26 in the FSEC experiment (Supplementary Fig. 8c). The presence of a single peak at 332 

~182 kDa in MP data (Fig. 4c), indicates that D27A MntR forms a higher affinity complex with 333 

P84 than WT MntR (Fig. 4a). Despite being involved in polar interactions with a network of 334 

amino acids across the MntR dimer-dimer interface, Asp27 is not essential for MntR binding to 335 
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the mneP operator sequence. The in vivo reporter gene assay, however, shows that D27A 336 

MntR does not activate transcription from the mneP promoter, despite being competent at 337 

repression from the mntH promoter (Fig. 6). Hence, Asp27 does not seem to play an essential 338 

role in DNA-binding by MntR but is important for activation of transcription. The fact that D27A 339 

MntR binds P84 better than WT MntR (as observed in MP experiments) may relate to the loss of 340 

a negatively charged residue at the protein-DNA interface. The substitution of Asp27 by alanine 341 

appears to increase the affinity to DNA, which might compensate for any decrease in 342 

cooperativity. The failure of D27A MntR to activate transcription from the mneP promoter in 100 343 

µM Mn2+ may reflect a loss of stabilizing interactions between MntR and RNA polymerase. 344 

  345 

The network of interactions involving Asp27 at the MntR dimer-dimer interface in our (MntR2)2-346 

P84 structure provides a plausible explanation for these results (Fig. 3). Asp27 forms a salt 347 

bridge with the side chain of Lys20 on the same MntR and Arg58 on the neighboring MntR 348 

dimer (Fig. 3c). Arg58, in turn, interacts with the phosphate group of nucleotide +11 in the MntR-349 

recognized half site (Fig. 2b). Mutation of Asp27 to alanine allows the conserved Arg58 to form 350 

stronger interactions with the backbone phosphate group on the DNA duplex, potentially 351 

increasing MntR’s affinity for P84, consistent with mass photometry experiments (Fig. 4). 352 

Additionally, mutation of Asp27 to a small, non-polar residue like alanine also allows Lys20 to 353 

interact with and further stabilize the network of interactions with the Tyr22 side chain on the 354 

same MntR and the carboxylate of Glu55 on the adjacent MntR dimer, consistent with in-vitro 355 

binding studies to the P84. Additionally, the RNAP binding site overlaps the MntR-dimer binding 356 

site 1 on the mneP promoter sequence (Fig. 1a). Hence, Asp27 on the external MntR subunit at 357 

site 1, could be involved in binding to RNAP and recruiting it to the mneP promoter. Hence, 358 

Asp27 could be necessary for activation of transcription in vivo but not critical for binding of 359 

MntR to the mneP promoter. 360 

  361 
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Conclusion 362 

MntR from B. subtilis displays distinctive differences in its function as a repressor and activator. 363 

MntR forms 1:1 complexes with the high-affinity mntH and mntA operators23 to repress 364 

expression of uptake transporters without the need for interdimer contacts. However, to activate 365 

expression from the mneP promoter, the binding of four MntR dimers, as seen in our cryo-EM 366 

structure, depends on cooperative protein-protein interactions, as is evident from solution 367 

experiments and in vivo expression tests described above. 368 

 369 

Similar to B. subtilis, the regulation of manganese uptake and efflux in E. coli is controlled by the 370 

dual activity of an MntR homolog. At high cellular Mn availability, the MntR from E. coli represses 371 

the expression of an uptake transporter, MntH, and a small peptide implicated in Mn 372 

homeostasis, MntS24–27.  Also, at high Mn availability, MntR appears to activate the expression of 373 

an efflux transporter, MntP25.  Interestingly, the mntS and mntP genes are under the control of 374 

paired MntR binding sites. In the case of mntS, two binding sites overlap with the promoter.  375 

Assuming an 18-bp recognition sequence of two 9-bp inverted repeats, the spacing of the MntR 376 

binding sites in the mntS operator are identical to those observed in the mneP and mneS 377 

operators, suggesting a common means of achieving cooperative binding for E. coli and B. 378 

subtilis MntR homologs. On the other hand, the two MntR binding sites upstream of the mntP 379 

gene are well separated from each other (over 20 bp) and distant from the promoter sequence 380 

(~170 bp), suggesting different mechanisms of activation by E. coli MntR and B. subtilis MntR25. 381 

 382 

Our cryo-EM structures, along with solution studies and in vivo transcription assays, show that 383 

high cooperativity in the binding of MntR dimers to the mneP promoter driven by interdimer 384 

contacts is necessary to activate transcription of mneP in steep response to increase in  385 

concentration of Mn2+ ions above 10 𝜇M. Cooperativity is a well-known feature in protein-DNA 386 

interactions and has been extensively studied, starting with the lambda repressor28. 387 
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Metalloregulation, in several instances, also relies on cooperativity between multiple repressor 388 

proteins binding to a regulatory region on DNA. Zur4 shows a high degree of cooperativity 389 

between two dimers that bind on opposite faces of the operator sequence as does the iron-390 

responsive regulator DtxR17.  The Mn-responsive regulatory protein from S. mutans, SloR, binds 391 

to three adjacent sites upstream of an operon encoding an ABC transporter with positive 392 

cooperativity to repress transcription29. Cooperativity increases the steepness of the response 393 

curve to increasing metal ion availability in the cell and may be particularly desirable when 394 

increasing cellular metal ion availability beyond a certain concentration has significant negative 395 

consequences. Our study suggests that high cooperativity in MntR binding to the efflux promoter 396 

is necessary for the activation of transcription. How this cooperative binding recruits RNAP is still 397 

unclear and further structural work is needed to understand the full mechanism of transcription 398 

activation by MntR. 399 
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METHODS 400 

Expression of MntR and its mutants 401 

WT, Y22A, and D27A MntR proteins was expressed from the pSMT3 vector, a derivative of 402 

pET28b Kanr, which encodes a His6 tagged SUMO (small ubiquitin-like modifier) domain 403 

downstream of the T7 promoter and the lac operator30. The WT and mutant plasmids were 404 

constructed via site-directed PCR mutagenesis (primers are listed in Supplementary Table 1). All 405 

plasmids were verified by sequencing and then transformed into BL21(DE3)NiCo cells from New 406 

England Biolabs for expression. Expression of WT and mutant MntR was induced by adding 0.5 407 

mM IPTG to cultures grown in Luria Broth at 37°C with shaking to an OD600 of 0.6. After three 408 

more hours of incubation, cells were harvested via centrifugation and the cell paste was stored 409 

at -80°C. 410 

 411 

Purification of MntR 412 

Cell paste was resuspended in chilled Buffer A (25 mM HEPES, pH 7.5, 300 mM NaCl, 10 mM 413 

imidazole, 5% glycerol) with the addition of 6 mg of DNAase, 1 mM MgCl2, 100 µg/ml lysozyme, 414 

and cOmplete EDTA-free protease inhibitor cocktail tablet. After cell lysis by sonication and 415 

clarification by centrifugation, the supernatant was loaded onto a 5 ml column of TALON® Metal 416 

Affinity Resin (TAKARA) equilibrated with Buffer A. The column was washed with 10 CV of 10 417 

mM imidazole buffer, followed by 10 CV of 20 mM imidazole buffer, and then eluted with 5 CV of 418 

300 mM imidazole buffer. Fractions containing mutant SUMO-MntR were pooled, incubated 419 

overnight with ULP-1 protease (Ub1-specific protease-1 from Saccharomyces cerevisiae) at a 420 

protein-to-protease ratio of 1:20, and dialyzed against Buffer A with 1mM β-mercaptoethanol to 421 

cleave the His6 tagged SUMO domain from MntR protein. 422 

 423 

Cleaved MntR was loaded onto a 5 ml column of Ni-NTA His•Bind® Resin (Millipore Sigma) 424 

equilibrated with Buffer A and then eluted with 40 mM imidazole. The column was then washed 425 
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with 300 mM imidazole to remove the remaining cleaved His6-SUMO tag and ULP-1 protease. 426 

MntR-containing fractions were pooled, concentrated, and dialyzed against storage buffer (25 427 

mM HEPES pH 7.4, 300 mM NaCl, 10% (v/v) glycerol). The next day the dialyzed protein was 428 

aliquoted and flash-frozen for storage at -80°C. 429 

 430 

Preparation of DNA duplexes 431 

All synthetic oligonucleotides used in this study were purchased from either IDT or Oligos Etc. 432 

Inc. and were dissolved in an annealing buffer (25 mM HEPES pH 7.4 and 50mM NaCl) to 433 

prepare 40 µM-1000 µM solutions of single-stranded DNA. Solutions of complementary strands 434 

were mixed in equal molar concentrations (20 µM-500 µM) and annealed via heating to 90 °C 435 

and slowly cooled down to room temperature at the rate of 1 °C per 3 minutes. The resulting 436 

DNA duplexes were verified by running on a polyacrylamide gel (data not shown) and stored at -437 

20°C. 438 

 439 

Cryo-EM sample preparation, data collection, and processing 440 

Samples were applied to glow-discharged grids and plunge-frozen in liquid ethane. Then, the 441 

grids were clipped and sent to the Pacific Northwest Center for Cryo-EM (PNCC) for imaging. 442 

The samples consisted of the following: 8 μM MntR, 1 μM P84 DNA duplex, 20 mM HEPES pH 443 

8.0, 0.05% Tween20, 1 mM MnCl2, and 500 mM NaCl. The grids used were Quantifoil R2/1 444 

copper holey carbon grids with 200 mesh. The glow discharge parameters were as follows: 0.38 445 

mBar, 15 mA negative set, 1 minute glow, 30-second hold. Sample grids were screened using a 446 

Talos Artica at PNCC. Movies were collected on a Titan Krios III at 300 kV in multishot mode, 447 

where 3 images were collected per hole and 9 holes per stage move. Pixel size was 0.826 448 

Å/pixel and super-resolution pixel size was 0.426 Å/pixel. The total dose was 50 e- over 50 449 

frames. The defocus range was -0.8 to -2.2. All processing steps were conducted using 450 

cryoSPARC31. After data collection, 7215 super-resolution micrographs were pre-processed via 451 
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motion correction and local CTF correction, followed by micrograph curation, resulting in 6532 452 

accepted micrographs. An initial volume representing two MntR dimers bound to DNA was 453 

generated from blob picking and iterative 2D refinement. Template picking and subsequent 2D 454 

and 3D iterative refinement yielded a final particle stack of 194,072 particles (Supplementary 455 

Fig. 2). The resolution of the final map of two MntR dimers bound to P84 ((MntR2)2-P84 456 

complex) was estimated to be 3.09 Å, as measured by gold-standard Fourier shell correlation 457 

(GSFSC) at a threshold of 0.143 (Supplementary Fig. 3). To obtain the map of four MntR dimers 458 

bound to P84 ((MntR2)4-P84 complex), the (MntR2)2-P84 complex map was used to generate 459 

template picks with an enlarged box size, followed by iterative 2D and 3D refinement, resulting in 460 

228,659 particles. The final refinement yielded a (MntR2)4-P84 map with a nominal resolution of 461 

4.17 Å. 462 

 463 

Model Building 464 

Models were fit to both the (MntR2)2-P84 and (MntR2)4-P84 maps using the known crystal 465 

structures of MntR (PDB: 2F5C)11 and of the MntR homolog, IdeR, bound to DNA (PDB: 466 

1U8R)19. The chosen crystal structure of MntR, among the many deposited of MntR-metal 467 

complexes, has the advantage of including the flexible wing region in the winged helix-turn-helix 468 

motif (residues 52-62) and the full C-terminal alpha helix, spanning residues 124-142. A starting 469 

model to fit each MntR dimer bound to DNA was created by aligning the MntR dimer to the IdeR 470 

dimer in the presence of the DNA duplex. The lower resolution (MntR2)4-P84 map provides 471 

density for most of each MntR chain, from residues 3-142, while (MntR2)2-P84 map lacks density 472 

for the C-terminal 6-7 residues in all four MntR subunits (Supplementary Fig. 3). The “wing” 473 

(residues 52-62) of the winged helix-turn-helix is often disordered in crystal structures of MntR 474 

without DNA11 but is clearly visible interacting with DNA in both maps. Real space refinement of 475 

the model to the maps was performed in Phenix32 with the inclusion of secondary structure 476 

restraints derived from crystal structures of MntR-Mn2+ complexes (PDB: 2F5D and 2F5C), 477 
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base-pairing and stacking restraints and geometric restraints related MntR-metal interactions, 478 

via residues Asp8, Glu11, His77, Glu99, Glu102 and His103. Rebuilding was performed in 479 

Coot33 and Isolde34.  The (MntR2)2-P84 model includes independent xyz and ADP refinement of 480 

all four MntR subunits, while NCS restraints were used for the eight MntR subunits in the final 481 

xyz refinement of the (MntR2)4-P84 complex, which was followed by a final round of independent 482 

ADP refinement. The stereochemical quality of the models was evaluated using Molprobity35 as 483 

implemented in Phenix (Supplementary Table 2). 484 

 485 

Mass Photometry 486 

All mass photometry measurements were performed on a TwoMP0224 mass photometer 487 

(Refeyn Ltd). MntR-DNA complex samples were prepared at a concentration of 1.0 µM of the 488 

appropriate DNA duplex (P84 or C84) and an excess of ~8.0 µM MntR in Buffer B (25 mM 489 

HEPES pH 7.4, 300 mM NaCl, and 1 mM MnCl2). The high micromolar concentrations of MntR 490 

and DNA duplexes were chosen to be about x1000 fold above the apparent dissociation 491 

constant (Kd) ~ 1.4 nM8 of WT MntR for the mneP promoter DNA in the presence of Mn2+ ions. 492 

The complex samples were prepared and stored on ice for at least an hour before the MP 493 

experiments and the samples were further diluted 10-fold in buffer B immediately before the MP 494 

measurements were performed.  495 

 496 

Precut six-well silicone gaskets were positioned atop precleaned and poly-L-lysine coated glass 497 

coverslips to accommodate six samples per coverslip. The poly-L-lysine coating helps DNA 498 

adhere to the glass coverslips. These coverslips were subsequently positioned on the stage of a 499 

Two-MP mass photometer instrument. Utilizing the lateral control button within the software, the 500 

first well was maneuvered over the objective, and 18 µl of PBS buffer was dispensed into one of 501 

the gaskets for MP measurement. Subsequently, 2 µl of the diluted MntR-DNA sample was 502 

added and mixed well to achieve a final concentration of ~16 nM MntR. Sample binding to the 503 
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poly-l-lysine coverslip was monitored via a one-minute-long movie that was recorded using the 504 

acquisition software AcquireMP (AMP) version 2024 R1.1. Standard proteins, such as 𝛽-505 

Amylase (BAM; mass: 56 kDa, 112 kDa, 224 kDa) and Thyroglobulin (TG; mass: 670 kDa), 506 

underwent measurement in a similar manner as the samples to establish a calibration curve on 507 

the same day. Recorded movies were analyzed using the Discover MP (DMP) 2024 R1.0 508 

software, ensuring a mass error of less than 5%. A linear calibration curve was constructed 509 

using BAM and TG movies in the DMP software, associating the proteins' masses with the 510 

Ratiometric contrast values and subsequently applied to the sample proteins to ascertain their 511 

molecular mass in kDa. 512 

         513 

Fluorescence-based size exclusion chromatography (FSEC) measurements 514 

MntR (WT and mutants) and DNA (C84, P84, P26, and H26) complex samples were prepared at 515 

a micromolar concentration as described in the mass photometry section above and were 516 

analyzed by size exclusion chromatography coupled with fluorescence detection (FSEC)22. 517 

Samples were transferred into the wells of a 96-well sample block maintained at 4 ℃. A Waters 518 

ACQUITY Arc Bio UPLC/SHPLC system with a fluorescence detector was used to apply 30 μL - 519 

50 μL of each sample to a Superose6 or Superdex 200 Increase GL 5/150 column equilibrated 520 

in Buffer B. Each sample was analyzed for tryptophan fluorescence (excitation at 280 nm and 521 

emission at 350 nm). Each chromatographic run was over two-column volumes (~20 minutes) at 522 

a flow rate of 0.3 ml/min. The data was analyzed and plotted using Prism (GraphPad). 523 

     524 

B. subtilis bacterial strain construction and growth conditions. 525 

The bacterial strains of B. subtilis used in this study are listed in Supplementary Table 3 and 526 

primers are listed in Supplementary Table 1. The mntR point mutations were created using 527 

CRISPR-based mutagenesis. To this end, we used long-flanking homology (LFH) PCR to 528 

generate allelic variants of mntR with sufficient upstream and downstream homology. These 529 
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repair template PCR fragments were cloned into pAJS23 plasmid, which expresses anerm-530 

directed guide RNA36. The recombinant plasmids were transformed into mntR::erm B. subtilis 531 

strains at 30°C and transformants were selected onto LB (Lennox L Broth, RPI) containing 532 

kanamycin (15mg/mL) and 0.2% mannose. Plasmid was cured at 45°C by repeated passaging 533 

of transformants on LB media. The erythromycin and kanamycin negative strains were selected 534 

for Sanger sequencing for further confirmation. The components of minimal media were the 535 

same as previously described36. Whenever applicable, we used MLS (erythromycin (1μg/mL) 536 

plus lincomycin (25μg/mL)).   537 

 538 

Promoter β-galactosidase assay in B. subtilis 539 

A small amount of respective bacterial strains was taken from a plate and inoculated into 5 mL of 540 

LB broth. Cultures were grown to an OD600 nm of 0.4 to 0.6 at 37°C with shaking. The strains 541 

containing PmntH-lacZ and PmneP-lacZ reporter fusions in WT, mntR::tet, and mntR (Y22A or 542 

D27A) were grown in Luria Bertani broth (LB) to a mid-log phase (OD600nm =0.4). Cells of 543 

PmntH-lacZ fusions were treated with and without 10 µM Mn2+ and PmneP-lacZ fusions were treated 544 

with and without 100 µM Mn2+ ions. Cells were incubated aerobically for 15 min, harvested by 545 

centrifugation for 5 min at 8000 rpm, and resuspended in Z buffer containing freshly added 400 546 

nM DTT. 150 µl of cell suspension was used to measure OD 600nm and was incubated with 30 547 

µl of lysozyme solution (10 mg/ml). Lysis was conducted at 37 °C for 15 min and immediately 20 548 

µl of o-nitrophenyl-𝜷-d-galactopyranoside (ONPG) solution was added to a concentration of 4 549 

mg/ml. The changes in absorbance at 420 and 550 nm were monitored for 60 min with 3 min 550 

intervals using BioTek plate reader. Promoter activities were calculated by measuring ONP 551 

production using the formula 1000*[OD420-(1.75*OD550)]. The slope was calculated and 552 

normalized to OD600 (slope/OD600), where this quotient provides the promoter activity in Miller 553 

units (MU). Replicate data for promoter activity was averaged and standard deviation was taken. 554 

Error bars corresponding to standard deviation were added. 555 
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 556 

Sequence alignment 557 

Sequence analysis of MntR and its homologs was based on the results of a BlastP38 search 558 

against the B. subtilis MntR sequence using the refseq_select database39, extending the results 559 

to an E value of 1e-15.  That set of sequences was further edited to remove partial sequences. 560 

Following that edit, 2334 sequences remained. To analyze dimer-dimer interactions, a 561 

spreadsheet was created (supplemental data 1) that selected as individual columns the residues 562 

at positions 20, 22, 26, 27, 30, 55, and 58. The Weblogo for the alignment was created using the 563 

Berkeley Weblogo server40 (https://weblogo.berkeley.edu/logo.cgi). 564 

 565 
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Figure 1.  Structure of (MntR
2
)
4
-P84 complex. (a) Cryo-EM structure of (MntR

2
)
4
-P84 complex 714 

showcasing the organization of the four MntR dimers with respect to P84. The P84 sequence is 715 

displayed below highlighting the four 18-bp MntR dimer binding sites (site 1-4) in color. The black 716 

box highlights the RNA polymerase (RNAP) binding site (-35). (b) An alternate view of the 717 

(MntR
2
)
4
-P84 structure after a 90° rotation compared to (a) looking down the DNA helical axis. (c) 718 

A close-up view of the boxed region from (a) showcasing the electron density for some of the 719 

amino acids in the MntR dimer-dimer and MntR-DNA interface. 720 
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 722 

Figure 2.  MntR-DNA interactions. (a) A portion of the cryoEM structure of the (MntR
2
)
2
-P84 723 

complex highlighting a single dimer of MntR in surface representation (tan) bound to an 18-bp 724 

operator region on P84. Mn2+ ions are presented as yellow spheres. The buried surface area of 725 

an MntR monomer is highlighted in blue interacting with a major and minor groove of P84 726 

highlighted in grey. (b) A schematic presenting the interactions between amino acids of MntR 727 

(blue) with the nucleotides of P84 (grey) in the boxed region in (a). The base pair at -7/+7 position 728 

is always a TA base pair (highlighted in dark blue in (a) and (b)) in all 8 half sites in the (MntR
2
)
4
-729 

P84. The label “@N” indicates an interaction with the backbone amide nitrogen. His35, Pro36, 730 

Ser37 and Lys41 interact with the base edges in the major groove and Tyr57 interacts within the 731 

minor groove.   732 
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 734 

Figure 3. Interdimer interactions observed in the (MntR
2
)
2-

P84 structure. (a) A cartoon 735 

representation of the cryo-EM structure of the (MntR
2
)
2
-P84 complex with two MntR dimers 736 

highlighted in green and blue, with each dimer bound to 4 Mn
2+ 

ions (yellow spheres). The MntR 737 

dimers are interacting with a portion of P84 (orange). Tyr22 and Asp27 are highlighted in the 738 

cartoon. (b) A schematic representing a summary of interactions observed between the two 739 

adjacent dimers of MntR in the (MntR
2
)
2
-P84 structure. Polar interactions such as dipole-dipole 740 

interactions, H-bonds and salt-bridges are highlighted by black lines and hydrophobic or vdW 741 

interactions are highlighted by orange lines. The dotted lines represent weaker interactions 742 

between residues that are separated by a distance ~4 – 5 Å. Note that the side chain of Tyr22 743 

and Val 61 are interacting with the backbone of Leu60 and Lys20, respectively. (c) Expanded 744 

views of the network of interdimer contacts around the conserved Asp27 (left) and Tyr22 (right). 745 

The black dotted lines represent polar interactions including salt bridges and H-bonds. 746 
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 748 

Figure 4. Complex formation of WT and mutant MntR with P84 in solution. Mass photometry 749 

data on (a) WT MntR, (b) Y22A MntR and (c) D27A MntR alone (grey) and in complex with the 750 

P84 (colored) is presented. The grey broken arrow indicates the expected mass of the (MntR
2
)
4
-751 

P84 complex. (d)-(f) endogenous tryptophan FSEC data was collected on (d) WT MntR, (e) Y22A 752 

MntR and (f) D27A MntR alone (grey) and in complex with P84 (colored). The grey broken arrow 753 

indicates the expected retention volume of the (MntR
2
)
4
-P84 complex.  754 
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 756 

Figure 5. Binding studies on WT and mutant MntR with C84. Mass photometry data on (a) 757 

WT MntR, (b) Y22A MntR and (c) D27A MntR alone (grey) and in complex with C84 (colored). 758 

The grey broken arrow indicates the expected mass of the (MntR
2
)
4
-C84 complex. (d)-(f) 759 

endogenous tryptophan FSEC data on (d) WT MntR, (e) Y22A MntR and (f) D27A MntR alone 760 

(grey) and in complex with the C84 (colored). The grey broken arrow indicates the expected 761 

retention volume of the (MntR
2
)
4
-C84 complex.  762 
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 764 

Figure 6. 𝜷	-Galactoside reporter gene assays in B. subtilis to study the effect of Y22A and 765 

D27A mutations in MntR on the activity of (a) mntH and (b) mneP promoter. Promoter activities 766 

were measured in the presence (grey box) and absence of Mn
2+ 

ions. The grey bars in the 767 

histograms represent the mntR::tet null mutant of B. subtilis. Promoter activity was averaged 768 

over four replicates as shown and standard deviation is presented as error bars 769 



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementalData1.xlsx

AhujaSupplementaryinformationFINAL.pdf

https://assets-eu.researchsquare.com/files/rs-4657015/v1/4bc6ed0f94804d3a6e48c51d.xlsx
https://assets-eu.researchsquare.com/files/rs-4657015/v1/1a985e562c1336e2f6c53a6e.pdf

