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 2 

ABSTRACT 20 

Thio/selenoimidazole Np-methyltransferases are an emerging family of enzymes responsible for 21 

catalyzing the final enzyma]c step in the biosynthesis of ovothiol and ovoselenol, S/Se-containing 22 

his]dine-derived an]oxidants. These unique enzymes are widespread among prokaryotes yet 23 

bear only marginal sequence similarity to other known methyltransferases. Likewise, liAle is 24 

known about the structural determinants of their reac]vi]es. Here we report the first ligand-25 

bound X-ray crystal structures of this family, including OvsM from the ovoselenol pathway as well 26 

as a member of a previously unknown clade of standalone ovothiol-biosynthe]c Np-27 

methyltransferases, which we have designated OvoM. Unlike previously reported ovothiol 28 

methyltransferases, which are fused as a C-terminal domain to the sulfoxide synthase OvoA, 29 

OvoMs are discrete enzymes and func]on independently. Compara]ve structural analyses of 30 

OvsM and OvoM reveal several conserved, ligand-induced ter]ary and secondary structure 31 

changes, and suggest that similar conforma]onal changes may apply to dual-domain OvoA 32 

enzymes. Mutagenesis experiments support a model in which the rearrangement of OvoA’s two 33 

domains facilitates substrate recogni]on through interac]on with a key Tyr residue located within 34 

the domain linker. Furthermore, biochemical experiments highlight the essen]al role of an ac]ve 35 

site Asp residue, which likely func]ons as a cataly]c base in the SN2-like nucleophilic subs]tu]on 36 

reac]on catalyzed by these enzymes.37 
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Main Text 38 

INTRODUCTION 39 

Thio/selenoimidazoles (TSIs) are S- and Se-containing biomolecules derived from his]dine 40 

and synthesized by bacteria, fungi, and archaea (Fig. 1A).1 Their an]oxidant quali]es play a crucial 41 

role in the oxida]ve stress responses of their producers and hold promise for the preven]on and 42 

treatment of a spectrum of inflammatory condi]ons in humans.2-6 TSIs characterized to date 43 

include ergothioneine and ovothiol, along with their Se isologs selenoneine and the recently 44 

iden]fied molecule ovoselenol. Following its discovery, the biosynthe]c pathway of ovoselenol 45 

was elucidated (Fig. 1B).7 This pathway begins with the forma]on of N-acetyl-1-seleno-β-D-46 

glucosamine (SeGlcNAc), catalyzed by homologs of the selenophosphate synthetase SenC and the 47 

selenosugar synthase SenB from the sen biosynthe]c gene cluster.8 Oxida]ve coupling of 48 

SeGlcNAc with his]dine is then catalyzed by a member of the non-heme iron-dependent 49 

sulfoxide/selenoxide synthase (NHISS) family. This enzyme, OvsA, generates a selenoxide 50 

intermediate via the installa]on of a C–Se bond at the imidazole 5ʹ-carbon of his]dine. The 51 

selenoxide intermediate rapidly undergoes syn elimina]on to release the sugar moiety followed 52 

by reduc]on to afford 5-selenohis]dine (5-SeHis). A final S-adenosylmethionine (SAM)-53 

dependent methyla]on at the imidazole p-nitrogen of 5-SeHis, mediated by OvsM, completes the 54 

pathway to yield the mature natural product. While the biosynthesis of ovothiol proceeds 55 

similarly, the required NHISS and methyltransferase func]onali]es were reported to be 56 

integrated within the bifunc]onal enzyme OvoA.9,10 Unlike OvsM, however, the 57 

methyltransferase domain of OvoA does not directly accept the product of its NHISS domain; 58 

instead, an addi]onal lyase (OvoB) is needed to cleave the cysteinyl C–S bond prior to methyla]on 59 

(Fig. 1B). 60 

Our recent crystal structures of SenB and OvsA offer insights into ligand recogni]on and 61 

associated conforma]onal changes important for selenosugar biosynthesis, as well as elucidate 62 

the molecular basis for 5ʹ-specific C–Se bond forma]on en route to ovoselenol.7, 11 In this study, 63 

we further illuminate ovoselenol biosynthesis by providing structural insights into the final 64 

enzyma]c transforma]on. While Wang et al. clarified the mode of ligand binding within the NHISS 65 

domain of a bifunc]onal OvoA from Hydrogenimonas thermophila (OvoATh2), the structure of the 66 
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methyltransferase domain was reported only in the apo state.12 Herein, we present the first 67 

visualiza]on of ligand binding by Np-methyltransferases involved in TSI biosynthesis. Structures 68 

of OvsM are reported, together with bioinforma]c iden]fica]on and structural characteriza]on 69 

of a standalone Np-methyltransferase involved in ovothiol biosynthesis, which we have termed 70 

OvoM. Together with the published model of OvoATh2, these results enable a compara]ve 71 

structural analysis of the three methyltransferase classes involved in ovothiol and ovoselenol 72 

biosynthesis. Mutagenesis studies provide further insights into ligand recogni]on by the 73 

methyltransferase domain of bifunc]onal OvoATh2, as well as the reac]on mechanism of these 74 

enzymes. 75 

 76 

 77 
 78 
Figure 1. Thio/selenoimidazoles and associated biosyntheEc pathways. (A) Structures of the 79 
four currently known TSIs. (B) Biosynthe]c pathways for ovothiol and ovoselenol. 80 
  81 

https://doi.org/10.26434/chemrxiv-2024-d03h6 ORCID: https://orcid.org/0000-0003-0986-5142 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-d03h6
https://orcid.org/0000-0003-0986-5142
https://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

RESULTS AND DISCUSSION 82 

Phylogene)c analysis reveals monofunc)onal Np-methyltransferases in ovothiol biosynthesis 83 

We ini]ated our inves]ga]on of SAM-dependent methyltransferases involved in TSI 84 

biosynthesis with a comprehensive bioinforma]c study. The vast majority of ovsM homologs were 85 

found to be either fused to ovoA or as discrete genes co-encoded with ovsA. Unexpectedly, we 86 

also discovered a third category within a small family of Campylobacterota that harbor a split 87 

version of the ovoA gene, with NHISS and methyltransferase domains separated by a large 88 

chromosomal distance (Fig. 2A). To the best of our knowledge, standalone 5-thiohis]dine N-89 

methyltransferases have not been previously reported; we therefore designate these as OvoM. It 90 

is temp]ng to speculate that the monofunc]onal enzymes OvoM and OvsM may share a more 91 

recent common ancestor, possibly arising from a single ovoA-gene-spliong event. However, all 92 

three classes of TSI-biosynthe]c Np-methyltransferases (OvoA C-terminus, OvoM, and OvsM) are 93 

highly similar, with an average pairwise sequence iden]ty of around 50% (Fig. 2B). Furthermore, 94 

they appear to be biosynthe]cally interchangeable as all three efficiently methylate both 5-95 

thioHis and 5-SeHis. Specifically, we recombinantly expressed and purified a member from each 96 

category and monitored methyltransferase ac]vity with 5-thioHis or 5-SeHis. Similar conversions 97 

were observed with all three enzymes, with slightly higher yields with 5-SeHis, likely resul]ng 98 

from enhanced electron dona]on into the imidazole ring system rather than an enzyma]c 99 

preference (Fig. S1). 100 

To gain addi]onal insights, we constructed a phylogene]c tree of the family, which 101 

suggests that OvoM and OvsM arose from separate evolu]onary events (Fig. 2C). Remarkably, 102 

this gene-spliong event seems to have occurred at least three ]mes in their evolu]on, as 103 

evidenced by two dis]nct clades of OvsM and a single clade of OvoM, all three of which diverged 104 

from different regions of the OvoA C-terminus phylogeny. The four previously characterized 105 

methyltransferases with the highest sequence similarity to OvsM are also included in the 106 

phylogene]c tree. Although these enzymes (BorM1, HrsC, MitM, and CyaF)13-16 likewise 107 

methylate N-heterocycles, their similarity to OvsM is surprisingly marginal (Fig. 2C, D). It remains 108 

to be seen whether other methyltransferases with intermediate homology catalyze imidazole 109 

methyla]on in other natural products. 110 
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 111 
 112 
Figure 2. PhylogeneEc analysis of SAM-dependent N-methyltransferases involved in the 113 
biosynthesis of ovoselenol and ovothiol. (A) Organiza]on and context of genes encoding three 114 
types of TSI-biosynthe]c Np-methyltransferases (MT): OvoA C-terminus, OvoM, and OvsM. (B) 115 
Average pairwise % sequence iden]ty between the three different MT types. (C) Phylogene]c 116 
tree, including four distant homologs involved in N-methyla]on of related compounds. Specific 117 
proteins analyzed in this study are labeled with circles. (D) Products of the MTs displayed in panel 118 
C, each of which features a methylated N-heterocycle (shaded green). 119 
 120 

Overall architectures of OvsM and OvoM 121 

 Given their limited homology to characterized systems, structural insights are crucial to 122 

understand the reac]vity of the TSI-biosynthe]c Np-methyltransferases. We, therefore, 123 

crystallized representa]ve homologs from Marinimicrobium koreense (OvsMMko) and 124 

Sulfuricurvum sp. isolate STB_99 (OvoMScu). The resultant structures, solved to 1.48 and 2.27 Å 125 

resolu]on, respec]vely (PDB IDs 9BXH and 9BXM; Table S1, S2), showcase an overall architecture 126 

characteris]c of the conserved Rossmann fold (Fig. 3A, B). Despite their apparent evolu]onary 127 

distance (Fig. 2C), their structures are remarkably similar (Fig. S2A), yielding a root-mean-square 128 

devia]on (RMSD) of 0.69 Å for the pep]de backbone (over 825 atoms). In each case, a seven-129 

stranded b-sheet sits at the center of the molecule, surrounded by six major α-helices flanked by 130 

two addi]onal two-stranded b-sheets. Typical of class I Rossmann-fold methyltransferases,17 the 131 

b-strand order for the central b-sheet is 3−2−1−4−5−7−6, with the C-terminal β-strand oriented 132 

an]parallel to the others. The ac]ve site is located at the center of the molecule, shaped primarily 133 

by loops, α1, and the C-terminal region of the central b-sheet. Both models closely align with the 134 
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methyltransferase domain of the bifunc]onal enzyme OvoATh2 (Fig. S2B), displaying only minor 135 

differences in secondary structure (Fig. S3). RMSDs of the pep]de backbone range from 0.53 Å 136 

for OvoMScu (over 802 atoms) to 0.65 Å for OvsMMko (over 847 atoms). Their structures also closely 137 

align with the carnosine N-methyltransferase CARNMT1 (PDB ID 5YF0), yielding backbone RMSDs 138 

of 1.89 Å (over 593 atoms) and 2.05 Å (over 585 atoms) for OvoMScu and OvsMMko, respec]vely 139 

(Fig. S2B). CARNMT1 catalyzes a similar reac]on, methyla]ng the imidazole p-nitrogen of its 140 

his]dine-derived substrate, carnosine.18 These findings are striking given that CARNMT1 shares 141 

virtually no detectable sequence homology with TSI-biosynthe]c methyltransferases. 142 

  143 
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 144 
 145 
Figure 3. Crystal structures of OvsMMko and OvoMScu in various ligand-bound states. Overall 146 
structures of (A) apo-OvsMMko (PDB ID 9BXH), (B) apo-OvoMScu (PDB ID 9BXM), (C) OvsMMko·SAM 147 
complex (PDB ID 9BXJ), (D) OvoMScu·SAM complex (PDB ID 9BXL), (E) OvsMMko·SAH·5-SeHis 148 
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complex (PDB ID 9BXK) and (F) OvoMScu·SAH·5-thioHis complex (PDB ID 9BXN). Insets for (E) and 149 
(F) show H-bonding interac]ons for both ligands. Secondary structure elements are labeled, and 150 
the ligands are shown in gray s]cks. The DxGxAxG sequence (mo]f I) connec]ng b1 and α3 is 151 
highlighted in yellow, mo]f II (located at the end of b2) highlighted in red, and mo]f III (in the 152 
loop connec]ng b5 and b6) highlighted in purple. 153 
 154 

Ligand recogni)on by OvsM and OvoM 155 

 To elucidate the ac]ve site features that facilitate OvsM- and OvoM-catalyzed methyla]on 156 

at the imidazole p-nitrogen, we subsequently crystallized the enzymes with either the methyl 157 

donor SAM or their respec]ve his]dine-derived substrate and the co-product S-158 

adenosylhomocysteine (SAH). Structures of the OvsMMko·SAM, OvsMMko·SAH·5-SeHis, 159 

OvoMScu·SAM, and OvoMScu·SAH·5-thioHis complexes were determined to 1.56, 1.66, 2.09, and 160 

1.70 Å resolu]on, respec]vely (PDB IDs 9BXJ, 9BXK, 9BXL, and 9BXN; Fig. 3C-F; S4). Inspec]on of 161 

the binary complexes reveals that the enzymes exhibit conserved SAM-binding mo]fs typical of 162 

nucleoside-binding Rossmann-fold enzymes (Fig. 3E, F).17, 19, 20 Mo]f I is characterized by a Gly-163 

rich loop (DxGxAxG) in which the Asp and first Gly residue (D51/D55 and G53/G57 in 164 

OvsMMko/OvoMScu) interact with the α-amino moiety of SAM, with the former mediated by a 165 

water molecule. The backbone amide of the Ala residue (A55/A59), by contrast, interacts with a 166 

ribose hydroxyl group. Mo]fs II and III consist of acidic residues that interact with the nucleoside 167 

region of SAM. The first of these (D74/D78) forms hydrogen (H)-bonds with the ribose hydroxyl 168 

groups, while the second (D128/D132) interacts with the adenine ring. Beyond these conserved 169 

SAM-binding mo]fs, a plethora of variable residues located in ac]ve site loops and α1 further 170 

stabilize SAM through both direct and water-mediated H-bonds (Fig. 3E, F; S5A, B; see SI for 171 

details). 172 

The ternary complexes depict the his]dine-derived substrates adjacent to SAM, 173 

appropriately posi]oned for methyl group transfer to the p-nitrogen. As with SAM binding, 174 

OvsMMko/OvoMScu-mediated recogni]on of 5-SeHis/5-thioHis primarily involves interac]ons with 175 

ac]ve site loops and α1 (Fig. 3E, F; S5C, D), in addi]on to interac]ons with a Gln residue 176 

(Q235/Q239) from the C-terminal b-strand (b11). The 5-SeHis/5-thioHis binding contacts, 177 

however, are significantly more conserved compared to SAM binding (Fig. S5). These include Y6/9, 178 

Q14/17 (mediated by a water), and Y15/18, which H-bond to the amino acid moiety; as well as 179 

https://doi.org/10.26434/chemrxiv-2024-d03h6 ORCID: https://orcid.org/0000-0003-0986-5142 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-d03h6
https://orcid.org/0000-0003-0986-5142
https://creativecommons.org/licenses/by-nc-nd/4.0/


 10 

D149/153, which H-bonds to the imidazole ring; and T178/182, which H-bonds to the S/Se atom. 180 

Addi]onally, R150/154 forms mul]ple H-bonds with the substrate, interac]ng with the S/Se 181 

atom, imidazole ring, and carboxylate moiety. The dis]nguishing feature of 5-SeHis/5-thioHis 182 

binding between the two enzymes lies in the addi]onal interac]on between the imidazole side 183 

chain of the substrate and N146 in OvsMMko. The analogous Asn from OvoMScu (N150), while 184 

posi]oned similarly in the ac]ve site, is prohibi]vely distant at approximately 4.3 Å from the 185 

closest imidazole nitrogen. Notably, there are no apparent differences that would cause a 186 

preference for S vs. Se, consistent with the observa]on that these enzymes are biosynthe]cally 187 

interchangeable. 188 

 189 

Ligand-induced conforma)onal changes in OvsM and OvoM 190 

Superposi]on of substrate-free OvsMMko and OvoMScu with their binary and ternary 191 

complexes reveals several structural changes that accompany substrate binding (Fig. 4A, B). In the 192 

apo state, electron density was not observed for either of the N-termini, indica]ng they likely 193 

sample mul]ple conforma]ons. Upon binding SAM, these regions undergo stabiliza]on, 194 

uniformly orien]ng toward the ac]ve site. This reorganiza]on serves mul]ple purposes: shaping 195 

the solvent-accessible substrate-binding pockets (Fig. 4C, D), and enabling interac]ons between 196 

N4/7 (OvsMMko/OvoMScu) and SAM as well as Y6/9 and 5-SeHis/5-thioHis. In order to 197 

accommodate N-terminal mo]on, the side chain of R150/154 shixs away from Y6/9. This 198 

reorienta]on places the side chain parallel with the substrate imidazole upon 5-SeHis/5-thioHis 199 

binding, thereby shaping the binding clex (Fig. 4E, F) and facilita]ng H-bonding with the 200 

substrate. Thus, SAM-binding appears to modulate recogni]on of the his]dine-derived substrate. 201 

This sequen]al binding model is further confirmed by thermal denatura]on analysis using 202 

differen]al scanning calorimetry (DSC), whereby we probed the protein stabiliza]on effects 203 

induced by substrate binding. As expected, we observe two progressive increases in the mel]ng 204 

temperature of OvsMMko upon addi]on of SAH followed by 5-SeHis, but no change upon the 205 

addi]on of 5-SeHis alone, indica]ng a clear order of binding events (Fig. S6). Examina]on of the 206 

OvsMMko/OvoMScu ternary complexes reveals that following SAH binding, subsequent interac]on 207 

with 5-SeHis/5-thioHis is accompanied by a rotameric change in Q235/239 (Fig. 4A, B, G, H). 208 
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Y15/18 is also subtly reoriented to op]mize the distances for H-bonding with both substrates. In 209 

addi]on to these conserved movements, the OvoMScu ac]ve site undergoes two addi]onal side 210 

chain rota]ons of T149 and T182 upon SAM and 5-thioHis binding, respec]vely (Fig. 4B). 211 

 212 

 213 
 214 
Figure 4. Substrate-induced conformaEonal changes in OvsMMko and OvoMScu. (A) SAM binding 215 
(purple) and 5-SeHis/SAH binding (green) stabilize the N-terminus of OvsMMko for ligand 216 
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recogni]on and trigger reorienta]on of ac]ve site residues. (B) SAM binding (coral) and 5-217 
thioHis/SAH binding (blue) ini]ate similar stabiliza]on of the N-terminus and side chain 218 
movements in OvoMScu. The dashed lines in panels A and B represent the unstructured region of 219 
the N-terminus in the apo structures. Surface representa]ons of (C) OvsMMko and (D) OvoMScu, 220 
highligh]ng the contribu]on of the N-termini to the structure of the substrate-binding site. 221 
Shaping of the 5-SeHis/5-thioHis-binding clex upon SAM-triggered reorienta]on of (E) R150 in 222 
OvsMMko and (F) R154 in OvoMScu, and 5-SeHis/5-thioHis-triggered reorienta]on of (G) Q235 in 223 
OvsMMko and (H) Q239 in OvoMScu. Note that panels E – H display SAM and 5-SeHis/5-thioHis 224 
irrespec]ve of the ligand state, to provide context on how the side chain movements influence 225 
the shape of the binding clex. 226 
 227 

Methyltransferase ac)vity in bifunc)onal, dual-domain OvoA requires domain rearrangement 228 

Comparison with the methyltransferase domain of the bifunc]onal enzyme OvoATh2 229 

highlights a strikingly similar ac]ve site composi]on (Fig. 5A; S7). This observa]on suggests that 230 

the mode of substrate recogni]on is likely conserved despite the enzymes’ evolu]onary 231 

separa]on and modest sequence iden]]es (44-49%; Table S3, S4). A key difference, however, lies 232 

in the placement of the N-terminal Tyr residue (Y6/9) responsible for H-bonding with the 233 

carboxylate of 5-SeHis/5-thioHis in OvsMMko and OvoMScu. In OvoATh2, the corresponding Tyr 234 

residue (Y467) is located distant from the ac]ve site in the linker region connec]ng its two 235 

domains. Given that SAM binding to OvsMMko and OvoMScu triggers stabiliza]on of their N-termini 236 

to prime the ac]ve site for the his]dine-derived substrate, we suspect that OvoATh2 may 237 

experience similar SAM-induced conforma]onal rearrangements. Analogous Y467-mediated 238 

binding of 5-thioHis, for example, would necessitate rearrangement of the two domains rela]ve 239 

to the published crystal structure (Fig. 5B; PDB ID 8KHQ).12 240 

Curiously, the N-terminus of the chain B OvoMScu model follows the divergent orienta]on 241 

of the OvoATh2 linker, poin]ng away from the ac]ve site (Fig. 5A; S8). The absence of electron 242 

density for 5-thioHis in this monomer supports our analysis above and highlights the essen]al 243 

role of Y9 in substrate recogni]on. To inves]gate whether substrate binding by OvoATh2 relies on 244 

equivalent interac]ons, we generated an OvoATh2-Y467F variant for comparison. As an]cipated, 245 

the mutant displayed markedly diminished cataly]c ac]vity (Fig. 5B), suppor]ng this hypothesis 246 

and indica]ng the necessity of domain rearrangement for methyltransferase ac]vity in OvoATh2. 247 

Comparable results were obtained for OvsMMko-Y6F (Fig. 5B). The orienta]ons of Y476, R611, and 248 
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Q695 in OvoATh2 (Fig. 5A) further substan]ate this no]on, as these residues closely resemble their 249 

counterparts from the apo structures of OvsMMko and OvoMScu (Fig. 4A, B). Similar side chain 250 

reposi]oning is therefore necessary to achieve op]mal H-bond distances for 5-thioHis binding by 251 

the OvoATh2 methyltransferase domain. 252 

 253 

 254 
Figure 5. Structural comparison of the methyltransferase domain of OvoATh2 with OvsMMko and 255 
OvoMScu. (A) Superposi]on of the methyltransferase domain of bifunc]onal OvoATh2 (PDB ID 256 
8KHQ, maroon) with the ternary complexes of OvsMMko (green) and OvoMScu (chain A in blue; 257 
chain B, exhibi]ng a cataly]cally incompetent conforma]on, in gray). For clarity, chain B is 258 
omiAed from the top image. (B) Hypothe]cal model for domain rearrangement in OvoATh2 to 259 
facilitate Y467-mediated 5-thioHis recogni]on. Lower right corner: percent conversion of wild-260 
type and mutant OvoATh2 and OvsMMko (OvoATh2 ac]vity tested using 5-thioHis, OvsMMko using 5-261 
SeHis). 262 
 263 

His)dine Np-methyltransferases u)lize a cataly)c Asp residue for imidazole deprotona)on 264 

 In addi]on to providing unique insights into the dynamics associated with substrate 265 

binding, our models of the OvsMMko/OvoMScu reactant complexes allowed us to interrogate the 266 

mechanism of these intriguing enzymes. SAM-dependent methyltransferases commonly employ 267 

SN2-like nucleophilic subs]tu]on chemistry.21, 22 Evalua]on of our ligand-bound crystal structures 268 

supports such a mechanism in OvsM/OvoM, as the imidazole p-nitrogen nucleophilic center is 269 

posi]oned at a distance and orienta]on op]mal for interac]on with the electron-deficient methyl 270 
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group of SAM. Leveraging these structural insights, we sought to determine whether the enzymes 271 

employ base-mediated catalysis, and, if so, to iden]fy the ac]ve site base involved. Analysis of 272 

the residues proximal to the substrates 5-SeHis and 5-thioHis point to D149/153 and R150/154 273 

as poten]al candidates. 274 

To assess the role of D149 as the cataly]c base in OvsMMko, we mutated it to Asn, 275 

aAemp]ng to preserve its capacity to H-bond with 5-SeHis while elimina]ng the nega]ve charge. 276 

Subsequent ac]vity assays demonstrated a complete loss of enzyma]c ac]vity for the D149N 277 

variant (Fig. 6A). Unexpectedly, DSC measurements indicate that this muta]on also abolished 278 

binding of 5-SeHis (Fig. 6B). We then inves]gated the cataly]c involvement of R150 by genera]ng 279 

two addi]onal OvsMMko variants: R150A and R150Q. Both subs]tu]ons resulted in total loss of 280 

ac]vity, and the R150Q variant was unable to bind 5-SeHis (Fig. 6A, B). Although we could not 281 

decouple the binding and cataly]c func]ons of these residues, based on the posi]oning of 282 

D149/153 in the OvsMMko/OvoMScu ac]ve site rela]ve to the his]dine-derived substrate (Fig. 3), 283 

we hypothesize that this residue deprotonates the imidazole 𝜏-nitrogen to ini]ate nucleophilic 284 

aAack on the methyl group of SAM by the imidazole p-nitrogen (Fig. 6C). By contrast, we suspect 285 

that R150/154 fulfills a crucial role in binding 5-SeHis/5-thioHis, rather than in catalysis, by 286 

forming mul]ple H-bonds and contribu]ng to shaping the substrate-binding clex (Fig. 4A, E). 287 
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 288 
 289 
Figure 6. Proposed mechanism of OvsM/OvoM-catalyzed imidazole p-nitrogen methylaEon. (A) 290 
Cataly]c ac]vity of wild-type and mutant OvsMMko, measured via percent conversion of 5-SeHis. 291 
(B) Thermal denatura]on analysis of wild-type and mutant OvsMMko using DSC. The protein 292 
mel]ng temperature is unaffected by the addi]on of 5-SeHis in both the D149N and R150Q 293 
mutants, indica]ng that 5-SeHis binding is abolished in these variants. (C) SN2 methyl transfer 294 
from SAM to 5-SeHis/5-thioHis. In this model, D149/153 in OvsMMko/OvoMScu serves as the 295 
cataly]c base to deprotonate the imidazole 𝜏-nitrogen, ini]a]ng nucleophilic aAack by the 296 
imidazole p-nitrogen on the methyl group of SAM and cleavage of the C–S bond to yield 297 
ovoselenol/ovothiol and SAH. Dashed lines represent H-bonds between the substrate and 298 
R150/154.  299 
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CONCLUSIONS 300 

In this study, we elucidate ligand recogni]on and reac]vity in the Np-methyltransferases 301 

that catalyze the final step in the biosynthesis of the an]oxidants ovothiol and ovoselenol. 302 

Through phylogene]c analysis, we uncovered a new subfamily of monofunc]onal Np-303 

methyltransferases, which we have termed OvoM, involved in biosynthesizing ovothiol. Our 304 

structural characteriza]on of OvoMScu and ovoselenol-biosynthe]c OvsMMko reveal that they 305 

belong to the Rossmann-fold class of SAM-dependent methyltransferases and exhibit close 306 

structural homology to the methyltransferase domain of the bifunc]onal, ovothiol-biosynthe]c 307 

enzyme OvoATh2. Analysis of ligand-binding contacts reveals an orchestrated series of substrate-308 

induced conforma]onal movements, the most drama]c of which involves reorienta]on of the N-309 

terminus upon SAM binding to prepare the ac]ve site for the his]dine-derived substrate. Further 310 

examina]on of the substrate-binding residues offers mechanis]c insights into the SN2-like 311 

nucleophilic subs]tu]on reac]on employed by these enzymes. Analysis of the ac]ve site 312 

geometry and ac]vity assays on OvsMMko variants support a mechanism in which D149/153 (in 313 

OvsMMko/OvoMScu) serves as the cataly]c base for imidazole deprotona]on. However, this 314 

residue appears to be vital for substrate binding, and these two func]onali]es could not be fully 315 

uncoupled. 316 

Moreover, the structures reported herein suggest that methyltransferase ac]vity by 317 

OvoATh2 necessitates significant conforma]onal rearrangement of the NHISS and 318 

methyltransferase domains rela]ve to the published crystal structure. In our proposed model, 319 

binding of SAM to the methyltransferase domain triggers reposi]oning of the two domains. The 320 

associated reorienta]on of a key Tyr residue (Y467) located in the linker connec]ng the two 321 

domains facilitates 5-thioHis recogni]on. Mutagenesis studies support this hypothesis and 322 

validate the residue’s essen]al role in methyltransferase ac]vity. Collec]vely, our findings unveil 323 

the molecular basis for Np-specific methyla]on in the ovoselenol and ovothiol biosynthe]c 324 

pathways, represen]ng a significant advancement in understanding how nature produces these 325 

important an]oxidants. Furthermore, our iden]fica]on of a new subfamily of standalone 326 

ovothiol-biosynthe]c Np-methyltransferases, six years axer the complete in vitro recons]tu]on 327 
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of the ovothiol pathway,10 highlights the underlying complexity of TSI biosynthesis and suggests 328 

that addi]onal aspects may s]ll await discovery.  329 
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 412 
Synopsis: The Np-methyltransferases that produce the an]oxidants ovoselenol and ovothiol 413 
feature a series of conserved conforma]onal movements and appear to use an Asp base for 414 
nucleophilic subs]tu]on. 415 
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