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Abstract15

The “magic methyl effect” is central to drug discovery, yet achieving precise methylation remains16

challenging. Methyltransferases offer high selectivity but are limited by inefficient methyl-donor17

regeneration. Halide methyltransferases (HMTs) in multienzyme cascades expand donor scope but suffer18

from complexity, cost, and poor inter-enzyme mass transfer. Here we report for the first time a halide19

methyltransferase from Aspergillus terreus (AteHMT) that directly couples methyl-donor regeneration with20

substrate methylation within a single enzyme using methyl iodide. Directed evolution enhances this21

noncanonical activity by ~100-fold. Structural analysis of donor–acceptor–enzyme complexes reveals that22

substrate-induced N-terminal loop reorganization enables productive acceptor binding and catalytic23

coupling. We further demonstrate that this bifunctionality is conserved across an HMT subfamily via24

sequence similarity network analysis and mutagenesis. Engineered variants enable efficient methylation of25

diverse substrates, establishing a general single-enzyme platform. This work efficiently collapses26

methyl-donor supply and transfer into one polypeptide, overcoming a long-standing limitation in27

biocatalytic methylation.28

INTRODUCTION29

The so-called magic methyl effect can profoundly enhance the functional value of bioactive molecules1,30

as the installation of a single methyl group often induces disproportionate changes in biological activity.31

Especially in therapeutic settings, methylation can increase lipophilicity, enhance metabolic stability, and32

improve target potency, collectively leading to superior bioavailability2. Although a wide range of chemical33

methylation strategies—using reagents such as dimethyl carbonate or methyl iodide—have been developed,34

achieving precise regio- and chemoselectivity across complex molecular scaffolds remains challenging3,4. In35

contrast, enzymatic methylation has emerged as a powerful alternative, offering unparalleled selectivity36

through well-defined active-site architectures and substrate recognition mechanisms5-7, thereby providing a37

compelling platform for controlled and sustainable methyl group installation.38
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Although S-adenosyl-L-methionine (SAM)–dependent methyltransferases catalyze a wide range of39

highly selective methylation reactions—including site-specific modification of C, O, N, and S40

atoms8-14—their broader application is constrained by the high cost of SAM and inefficient cofactor41

regeneration15. The discovery of halide methyltransferases (HMTs) in 2019 provided a potential solution to42

these limitations by enabling SAM regeneration through methyl transfer from halogenated alkanes to43

S-adenosyl-L-homocysteine (SAH)16, thereby substantially improving atom economy. Owing to their broad44

substrate tolerance and high catalytic efficiency, HMTs can function cooperatively with SAM-dependent45

methyltransferases to support sustained methylation processes17-19. Indeed, dual-methyltransferase cascade46

systems incorporating HMTs have been successfully applied to a range of alkylation reactions20-23. However,47

such systems require careful orchestration of enzyme ratios and reaction conditions to achieve high48

efficiency, and they remain inherently burdened by increased operational complexity and inter-enzyme49

mass-transfer limitations. Consequently, eliminating these barriers—particularly those associated with cost50

and material transfer—remains essential for the practical deployment of biocatalytic methylation51

technologies.52

Beyond multi-enzyme coupling strategies, substrate-coupling biocatalytic systems provide an53

alternative paradigm in which a single enzyme catalyzes two or more sequential steps within a cascade54

reaction. In such systems, a single biocatalyst simultaneously accomplishes cofactor regeneration and target55

product formation, thereby minimizing operational complexity and mass-transfer limitations.56

Substrate-coupling strategies have been successfully implemented with dehydrogenases and57

glycosyltransferases24,25, and our previous work demonstrated a glucose dehydrogenase–based58

substrate-coupling system for asymmetric synthesis26. However, no analogous system has been reported for59

methyltransferases.60

To overcome the cost inefficiency and operational complexity of conventional dual-methyltransferase61

systems (Fig. 1a), we report a bifunctional catalytic mode in which a single halide methyltransferase unites62
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methyl-donor regeneration and substrate methylation (Fig. 1b). Through enzyme mining and rational63

engineering, we identify an HMT with intrinsic substrate-coupling activity and further enhance its catalytic64

performance. Structural and mechanistic analyses elucidate the molecular basis of this unconventional65

reactivity. The engineered system enables efficient methylation of diverse substrates, demonstrating its66

synthetic utility. Moreover, the identification of additional HMTs with similar activity indicates that this67

functionality is not unique to a single enzyme. Together, these findings establish a streamlined and efficient68

framework for biocatalytic methylation and define a new paradigm for the application of halide69

methyltransferases in synthesis.70

RESULTS & DISCUSSION71

Intrinsic substrate-coupled methylation activity in halide methyltransferases72

Inspired by previously reported substrate-coupling enzymatic systems, we hypothesized that halide73

methyltransferases with broad substrate scope might also possess the ability to transfer a methyl group to74

substrates other than halide ions. Based on this assumption, we evaluated in-house halide methyltransferases75

that was used to construct classical cascade reactions by coupling halide methyltransferases with major76

methyltransferases in other projects. Two representative acceptors—2,7-dihydroxynaphthalene (1A) and77

kaempferol (1a)—were employed as molecular probes, together with SAH and methyl iodide, to screen78

candidate HMTs.79

Six HMTs (AteHMT from Aspergillus terreus, ApHMT from Aspergillus pseudoviridinutans, AthHMT80

from Aspergillus thermomutatus, AnaHMT from Aspergillus nanangensis, PpHMT from Penicillium81

polonicum, and SgHMT from Sporisorium graminicola), synthesized in a parallel project and highly82

homologous to the known broad-substrate-spectrum enzyme AclHMT27, were tested. All reaction assays83

were analyzed by high-performance liquid chromatography (HPLC) and LC–MS. The results indicated that84

AteHMT exhibited low but discernible activity, with monomethylated products detected for both 1A85

(conversion: 2.54%) and 1a (conversion: 0.45%). By comparison with commercial standards, both products86
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2A and 2a were identified as the 7-O-methylated derivatives of 1A and 1a, respectively (Fig. S1-2 and Tab.87

S6).88

These findings imply that halide methyltransferases may harbor an intrinsic capacity to catalyze89

methylation reactions autonomously, without reliance on elaborate multi-enzyme cascade architectures.90

Structure-guided engineering of AteHMT91

Because the activity of wild-type AteHMT (AteHMT-WT) toward the model substrates was relatively92

weak, directed evolution28-33 was performed to enhance catalytic reactivity and to identify key residues93

involved in regulating activity and selectivity. As AteHMT exhibited activity toward both 1A and 1a,94

independent directed evolution strategies were conducted separately for each substrate.95

To provide a reliable structural framework for enzyme engineering, we determined the crystal structure96

of the AteHMT–SAH complex at a resolution of 1.80 Å (Fig S3a). The polypeptide backbone was well97

defined, except for the first four residues of the N-terminal loop (loop1). Clear residual electron density in98

the active site was confidently modeled as SAH and a glycerol molecule, the latter originating from the99

cryoprotectant used during crystal harvesting. The bound SAH is shielded by a loop comprising residues100

38–45 (loop2). Together, loop1 and loop2 constitute the active-site loops. Exploration of alternative101

conformations of these loops is expected to expand the substrate-binding pocket and enhance substrate102

promiscuity34. A Dali structural homology search revealed that AteHMT shares the highest similarity with103

the recently characterized halide methyltransferase KIO from E. coli35, with a backbone r.m.s. deviation of104

2.40 Å over 235 residues (Fig. S3b). In addition to the conserved Rossmann-type core fold and105

SAH-binding mode common to halide methyltransferases, AteHMT contains two distinctive structural106

features: a protruding antiparallel β-sheet (residues 64–74) and an unusually long loop (residues 223–248)107

that closely adheres to the surface of the Rossmann core (Fig. S3b-3d). The biological role of these elements108

remains elusive.109

For substrate 1A, with the high-resolution structure in hand and considering that the acceptor substrate110

likely shares the same active site as methyl iodide but is substantially larger in volume, we hypothesized111

that the substrate-access tunnel would be a critical determinant of catalytic efficiency. Accordingly, CAVER112

3.0.336 was used to identify the entry pathway for methyl iodide, and amino acid residues within a 5 Å range113
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of this pathway—including P210, W40, C167, R200, T164, F198, and A168—were targeted (Fig. S4a-b).114

Alanine scanning mutagenesis was employed to identify mutational “hotspots” at the bottleneck region of115

the substrate access channel. Product formation was quantified by HPLC, revealing that the116

AteHMT-C167A mutant exhibited substantially enhanced catalytic efficiency, approximately 16-fold higher117

than that of the wild-type enzyme.118

Subsequently, to further optimize single-enzyme methylation activity toward substrate 1A, we docked119

1A into the active pocket and performed site-saturation mutagenesis (SSM)31,37-40 on 13 residues located120

within a 5 Å radius of the docked 1A molecule: C167, A168, W27, M11, P39, W40, L38, V264, T164, P209,121

P210, R200, and F165 (Fig S4c). A total of 1,196 variants were expressed in E. coli and screened using122

whole-cell biotransformation in 96-deep-well plates, followed by product quantification via HPLC.123

Although substitutions such as L38T, L38I, C167S, and C167T led to further improvements in catalytic124

activity, no variant outperformed AteHMT-C167A. Iterative saturation mutagenesis (ISM)31,33 was125

subsequently applied to construct a double-mutant library (C167A/L38NNK); however, no double mutant126

with enhanced activity was identified. Therefore, AteHMT-C167A was selected as the final engineered127

variant for methylation of 1A (Fig. 2b).128

For substrate 1a, a similar strategy was applied. Briefly, substrate 1a was directly docked into the129

active site of AteHMT–SAH, and twenty-two residues within 5 Å of the docked 1a—A168, W27, M11, P39,130

W40, L38, C167, V264, T164, P209, P210, R200, F165, Y163, L196, F198, Q273, D274, G265, N46, H262,131

and T261—were selected for SSM. (Fig S4d) A total of 2,024 variants were expressed in E. coli and132

screened using whole-cell biotransformation in 96-deep-well plates, followed by product quantification via133

HPLC. Positive mutants were identified in five libraries (M11, V264, L38, H262 and G265). Among these,134

M11V exhibited the highest catalytic activity relative to the wild-type enzyme, with a conversion rate of135

1.96%. Consequently, M11V was selected as the template for ISM with the remaining four positively136

identified sites.137

Four double-mutant libraries (M11V/V264NNK, M11V/L38NNK, M11V/H262NNK and138

M11V/G265NNK) were constructed and screened. From this round, a double mutant, M11V/V264G (VG),139
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was identified, achieving a conversion rate of 10.21% toward substrate 1a (22-fold improvement). However,140

further iterative mutation of the remaining three sites using VG as the template did not yield variants with141

improved activity.142

As the catalytic efficiency of VG was still unsatisfactory, the screening scope was expanded to 7 Å143

radius in the second evolutionary round. Residues K4, V6, A7, P8, L15, C37, D41, R42, L169, E197, G208,144

W211, E263, K266 and R275 were subjected to SSM based on VG. (Fig S4e) Using NNK-based145

mutagenesis, a total of 1,380 variants were screened, leading to identification of a triple mutant,146

K4V/M11V/V264G (VVG), which increased the conversion rate of substrate 1a to 19.71% (43-fold147

improvement). Further iterative mutation of the remaining sites did not result in additional positive effects.148

At this stage, additional beneficial mutations were found to be located at the N-terminus, suggesting that the149

N-terminal loop1 may play a pivotal role in recognition of the bulky substrate.150

Structural analysis revealed loop1 (PPKAVAP) as a highly flexible region nearby the active site (Fig151

S3a). We hypothesized that stabilizing this loop could further enhance activity toward 1a. Because proline152

residues often contribute to protein rigidity and stability, iterative mutagenesis excluded proline at positions153

2, 3, and 8. In addition, mutations at V6 and A7 were found to be ineffective; therefore, only residue A5 was154

selected for further mutagenesis based on the VVG template (Fig S4f). Following NNK-based ISM at A5, a155

quadruple mutant, K4V/A5L/M11V/V264G (VLVG), was obtained, achieving a conversion rate of 32.04%156

toward substrate 1a (71-fold improvement). Accordingly, the VLVG variant was designated AteHMT-VLVG157

and chosen as the final optimized catalyst for substrate 1a (Fig. 2c).158

To further enhance reaction performance, reaction parameters—including pH, temperature, cosolvent159

ratio, and substrate ratio—were optimized (Fig. S5). For 1A, under conditions of pH 8.0, 30 °C, 6% DMSO,160

and a molar ratio of 1A : SAH : MeI of 1:1:15, the conversion rate increased to 45.67% (18-fold higher than161

the AteHMT-WT enzyme). For substrate 1a, under conditions of pH 8.0, 30 °C, 15% DMSO, and a molar162

ratio of 1a : SAH : MeI of 1:1:15, the conversion rate reached 73.36% (162-fold higher than the163
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AteHMT-WT enzyme) (Fig. 2d and Fig. S6). This efficiency is comparable to that reported in systems164

employing direct SAM addition as the methyl donor41. Notably, the system exhibited considerable catalytic165

activity even with the addition of trace amounts of SAH or in its absence, achieving a conversion rate of166

over 30% for substrate 1a. (Fig. S5g-h) This result indicates that only trace amounts of the cofactor SAH are167

required to efficiently drive the regeneration cycle of the methyl donor in vivo, thereby significantly168

reducing reaction costs and further confirming the great potential of this mutant in methylation applications.169

Identification of the rate-determining step170

As the overall catalytic process comprises two sequential reactions—MeI + SAH → SAM + I- and171

SAM + 1A or 1a → SAH + Methylated product—it is necessary to compare these two steps in the172

AteHMT-WT and mutant enzymes toward the corresponding substrates to identify the rate-limiting step.173

Accordingly, steady-state kinetic characterization was performed for AteHMT-WT, AteHMT-C167A, and174

AteHMT-VLVG toward substrates 1A and 1a, respectively. As summarized in Table S8, for the SAM175

regeneration step, both the AteHMT-C167A and AteHMT-VLVG mutants exhibited higher catalytic176

efficiencies than the AteHMT-WT (kcat values of 323.80 ± 26.76, 157.18 ± 15.84 and 83.30 ± 8.80 min⁻¹ for177

AteHMT-C167A, AteHMT-VLVG and AteHMT-WT, respectively), albeit with reduced affinity for SAH (Km178

values of 8.23 ± 1.31, 3.64 ± 0.78 and 2.71 ± 0.91 mM, respectively), indicating that higher SAH179

concentrations are required to achieve the optimal reaction performance. In contrast, for the second180

methyl-transfer step, the activity of the AteHMT-WT toward both substrates was too weak to allow reliable181

determination of kinetic parameters. Notably, the AteHMT-C167A mutant (kcat = 0.09 ± 0.00 min⁻¹, Km =182

0.24 ± 0.03 mM, kcat/Km = 0.38 s⁻¹ M⁻¹) and the AteHMT-VLVG mutant (kcat = 0.05 ± 0.00 min⁻¹, Km = 0.05183

± 0.01 mM, kcat/Km = 1.00 s⁻¹ M⁻¹) displayed moderate catalytic activity toward substrates 1A and 1a,184

respectively (Fig. S9 and Tab. S8).185

Comparison of the two steps clearly indicates that the second reaction proceeds with a substantially186

lower velocity, identifying it as the rate-determining step. However, the lower Km values for the final187
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acceptors relative to SAH in both mutants suggest that pocket reshaping facilitates binding of the second188

methyl acceptor. Consistent with these observations, turnover number (TON) measurements under optimal189

conditions showed that both mutants substantially outperformed the AteHMT-WT. For the conversion of 1A190

to 2A, the AteHMT-C167A mutant achieved a TON of 19, representing a 19-fold increase over the191

AteHMT-WT (TON = 1). Similarly, for the conversion of 1a to 2a, the AteHMT-VLVG mutant reached a192

TON of 25, whereas the AteHMT-WT exhibited a TON of less than 1 due to its extremely low activity (Tab.193

S9).194

Molecular mechanism investigation195

To elucidate the molecular basis underlying the enhanced activities of AteHMT-C167A and196

AteHMT-VLVG toward 1A and 1a, respectively, we determined the crystal structures of the197

AteHMT-C167A–SAH–1A and AteHMT-VLVG–SAH–1a complexes at resolutions of 2.00 Å and 1.85 Å,198

respectively (Fig. 3a–3c and Tab. S11). This represents the first report of a ternary complex crystal structure199

for a halide methyltransferase, and the high-quality electron density permitted unambiguous assignment of200

both 1A and 1a within the active sites.201

In the structure of the AteHMT-C167A–SAH–1A complex, 1A is bound within a relatively shallow202

groove (Fig. 3a). Owing to the high flexibility of residues 1–6, loop1 does not contribute to the formation of203

the active site or substrate binding. The aromatic plane of 1A engages in hydrophobic interactions with M11,204

T164, P210, F198, V264 and loop2 (Fig. 3b). The 7-OH of 1A forms hydrogen bonds with the side chains205

of Y163 and R42, which likely accounts for the exclusive formation of a single monomethylated product206

despite the symmetrical nature of 1A. Notably, the AteHMT-C167A mutation does not appear to directly207

participate in 1A binding, as it is located more than 5 Å from the substrate and does not induce observable208

conformational changes within the binding pocket. Consistent with this observation, 1A adopts the same209

binding mode in the crystal structure of the AteHMT-WT–SAH–1A complex (Fig. S10a). These results210

suggest that the enhanced catalytic activity of AteHMT-C167A toward 1A arises primarily from more211
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efficient SAM regeneration, in agreement with the higher kcat value of the AteHMT-C167A mutant in the212

SAM regeneration step. To further investigate differences in SAM regeneration efficiency, we determined213

the structures of the AteHMT-C167A–SAH–MeI and AteHMT-WT–SAH–MeI complexes at resolutions of214

2.5 Å and 2.0 Å, respectively (Fig 3c, 3d, S10b and Tab. S11). In both structures, MeI adopts a similar215

“iodide-out” orientation, with its binding site overlapping that of 1A (Fig. 3c). In AteHMT-WT, however,216

the thiol group of C167 forms a van der Waals interaction (S–C dipole-induced dipole interaction) with the217

methyl group of MeI, positioning it 3.7 Å from the C167 sulfur and 4.5 Å from the SAH sulfur (Fig. 3d and218

Fig. S10b). Loss of this interaction in the AteHMT-C167Amutant results in a shift of the methyl group away219

from the AteHMT-C167A site and closer to the SAH sulfur, reducing the distance to 4.1 Å. Collectively,220

these structural observations indicate that the increased catalytic efficiency of AteHMT-C167A is221

attributable to an accelerated SAM regeneration rate resulting from a shortened methyl–sulfur distance.222

Structural comparison of the AteHMT-VLVG–SAH–1a with AteHMT-WT–SAH reveals no major223

global rearrangements, except for the N-terminal loop (loop1), which adopts a distinct conformation upon224

1a binding (Fig. 3e). This conformational change induces a 1.8 Å displacement of the adjacent α-helix225

harboring the M11V mutation. Substrate 1a is accommodated within a narrow and deep cavity, with loop1226

extending along the elongated molecular framework of 1a from the chromenone moiety to the phenol227

moiety, thereby directly contributing to substrate recognition through water-mediated hydrogen bonding (V6)228

and hydrophobic interactions (A5L) (Fig. 3f). Although the K4V mutation does not directly participate in229

pocket formation or substrate binding, the reduced polarity and conformational entropy introduced by this230

substitution may facilitate stabilization of loop1. The M11V and V264G mutations are positioned at231

opposite ends of the binding pocket, and their reduced side-chain volumes create additional space to232

accommodate the chromenone and phenol rings of 1a, respectively, explaining their critical roles in the233

initial enhancement of AteHMT activity toward 1a. The phenol ring of 1a is further stabilized through a234

cation–π interaction with the side chain of R42 (loop2) on one side and hydrophobic interactions with A5L235
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and F198 on the other. The chromenone ring is further anchored by a second water-mediated hydrogen bond236

between the 7-OH group and the backbone carbonyl of T164. Together, these interactions position 7-O of 1a237

as the atom closest to the SAH sulfur, at a distance of 4.8 Å. In summary, the high methylation activity of238

AteHMT-VLVG toward 1a arises from a synergistic combination of binding-pocket reconfiguration driven239

by loop1 conformational changes and pocket enlargement achieved through substitutions with smaller240

side-chain residues.241

Exploration of AteHMT Family Members and Mechanism-Guided Rational Design242

To investigate whether AteHMT is unique in possessing substrate-coupling catalytic properties, we243

performed a BLAST search to identify homologous proteins. The top 1,000 sequences with the highest244

sequence identity, together with eight previously reported HMTs18,21,27,42, were selected to construct a245

sequence similarity network (SSN). Notably, seven previously reported HMTs (highlighted in bright yellow)246

did not cluster with AteHMT. In contrast, the initial template enzyme AclHMT—used to mine247

AteHMT—was unexpectedly located within the same family, despite having never been reported to exhibit248

substrate-coupling activity. To verify the reliability of the SSN analysis and considering the structural249

diversity of natural methyl acceptors, we selected 1a as the probe substrate, reasoning that HMTs with high250

sequence homology would be more appropriate candidates. Accordingly, ten HMTs from this family251

(labeled in cyan: AamHMT (89.36% identity), AhoHMT (77.94% identity), AjaHMT (76.16% identity),252

AviHMT (75.80% identity), AfiHMT (79.20% identity), AtiHMT (78.49% identity), AbrHMT (79.93%253

identity), AleHMT (78.85% identity), AuvHMT (76.87% identity), and AinHMT (76.51% identity) together254

with AclHMT (72.34% identity, highlighted in bright yellow), were chosen for activity assays (Fig. 4a, S11255

and Tab. S10). Enzymatic reactions were conducted under standard conditions, and gratifyingly, all tested256

HMTs exhibited detectable activity toward 1a, although conversions were generally below 2% (Fig. 4b).257

To assess whether the activity-regulation mechanism identified in AteHMT is transferable across the258

family, we performed mechanism-guided engineering on five additional HMTs. Based on our mechanistic259
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insights, we hypothesized that the same loop1 would modulate reactivity toward 1a in related enzymes.260

Accordingly, representative HMTs were selected, and the corresponding mutations were introduced at261

homologous positions. The catalytic activities of these variants were then evaluated to determine the262

generality of the regulatory mechanism. As shown in Fig. 4c, enzymes sharing >78.5% sequence identity263

with AteHMT (AleHMT and AamHMT) exhibited significant activity enhancement upon introduction of the264

AteHMT-VLVG mutation, with the degree of improvement positively correlated with sequence homology.265

In contrast, for enzymes with <78.5% homology (including AclHMT, AhoHMT and AtiHMT), the same266

mutations resulted in no obvious improvement or even slight decreases in activity (Fig. S13). These results267

suggest that, although these enzymes share common catalytic functions and high overall homology,268

engineering strategies based solely on sequence conservation are limited, and structure-guided approaches269

are likely to be more reliable. Notably, several wild-type enzymes (AbrHMT, AtiHMT and AclHMT)270

displayed higher intrinsic activity toward 1a than AteHMT-WT, highlighting their potential as superior271

starting points for future directed evolution.272

Overall, the identification of an HMT family with substrate-coupling properties provides a valuable273

resource for further exploration. Although only substrate 1a was evaluated here, other family members may274

possess distinct activities toward diverse molecular scaffolds. By integrating directed evolution with275

AI-assisted enzyme design, we anticipate that highly efficient HMTs with robust substrate-coupling276

catalytic activity can be developed from this enzyme family.277

Substrate-Scope Exploration278

To assess the synthetic utility of the AteHMT-based iodomethane-coupled methylation system, we279

investigated its substrate scope and performance at preparative scale. To improve operational simplicity and280

economic feasibility, an E. coli chassis strain lacking the mtn gene encoding SAH hydrolase was281

constructed43,44, thereby preventing degradation of the SAH substrate. Using this chassis, catalytic assays282

were first conducted on the model substrate 1a with cell lysates prepared from whole cells at a defined283
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OD₆₀₀ of 120. Notably, lysates from the mtn-knockout strain substantially increased product formation284

relative to the parental strain and maintained a high conversion (83%) even at an elevated substrate285

concentration of 2 mM. For substrate 1A, under the same condition of 2 mM substrate concentration, the286

lysate of the gene-knockout strain also exhibited a certain improvement (48%) when the OD₆₀₀ of 80,287

highlighting the robustness of the single-enzyme, iodomethane-coupled methylation system under288

synthetically relevant conditions. (Fig. S15) On the basis of these favorable properties, cell lysates prepared289

from the engineered E. coli chassis under these conditions were subsequently employed for all290

substrate-scope investigations and preparative-scale reactions.291

For the mutant AteHMT-C167A, seven naphthol derivatives bearing hydroxyl groups at distinct292

positions were selected based on the structural features of substrate 1A. These substrates include compounds293

with hydroxyl groups located on different benzene rings (1B–1D) and on the same benzene ring (1E–1H).294

Activity assays showed that both AteHMT-WT and AteHMT-C167A exhibited detectable activity toward295

1B–1D and 1H, whereas no reaction was observed for 1E–1G, indicating a pronounced positional296

preference for hydroxyl substitution on the naphthalene scaffold. For substrates 1B–1D, the297

AteHMT-C167A mutant displayed varying degrees of activity enhancement relative to the AteHMT-WT,298

while for substrate 1H its activity was reduced compared with AteHMT-WT. Notably, 1H is the only299

substrate bearing two hydroxyl groups on the same aromatic ring that is accepted by the enzyme. By300

contrast, 1G also contains two adjacent hydroxyl groups but exhibits no detectable activity. This difference301

in catalytic behavior is consistent with the observations in the AteHMT-C167A-SAH-1A structure, in which302

the 5-C and 6-C positions of 1A are exposed to the solvent and there is sufficient space in front of 3-C to303

accommodate small chemical groups such as Br in 1B and hydroxyl group in 1H. For 1H, addition a 3-OH304

may also form a hydrogen bond with the main chain of P209 to stabilize 1H. Meanwhile, the C1 and C8305

positions are oriented toward the side chain of T164, with the closest interatomic distance of approximately306

4.2 Å, suggesting that substitution at these positions may induce steric clashes between the protein and the307
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substrate. Consistent with this interpretation, substrate 1G contains a 1-hydroxyl group, which may push the308

adjacent 2-hydroxyl group away from the SAH sulfur, thereby disrupting productive methyl transfer and309

resulting in inactivity (Fig S16).310

For the mutant AteHMT-VLVG, we selected 29 structurally diverse medicinal flavonoids, categorized311

into six classes—flavanonols (Ⅰ), flavones (Ⅱ), flavonones (Ⅲ), stilbenes (Ⅳ), isoflavones (Ⅴ), and312

dihydroflavonols (Ⅵ)—together with one anthraquinone substrate (Ⅶ) (Fig. 5), to perform a systematic313

activity assessment. The results indicated that AteHMT-VLVG exhibited superior catalytic activity relative314

to the AteHMT-WT across all tested substrates and largely retained comparable regioselectivity; notably, 17315

out of 26 tested substrates displayed identical product distributions.316

For Type I substrates (1b–1g), both AteHMT-WT and AteHMT-VLVG showed detectable activity317

toward all tested compounds. AteHMT-WT exhibited low activity toward 1e and 1f and moderate activity318

toward 1b–1d and 1g. In contrast, AteHMT-VLVG displayed markedly enhanced activity, particularly for319

1b–1d and 1g, with total conversion rates exceeding 60%. For the poorer substrates 1e and 1f,320

AteHMT-VLVG afforded approximately 20-fold and 5-fold activity enhancements, respectively. Product321

composition analysis using authentic standards revealed that both variants preferentially catalyzed322

methylation at the 7-O position, with the 5′-hydroxyl group serving as a secondary methylation site.323

Consequently, 7-O- and 5′-O-monomethylated products accounted for more than 85% of the total products324

for substrates such as 1b, 1d, and 1g. When the 5′-hydroxyl group was pre-methylated (1c) or absent (1e,325

1f), nearly exclusive formation of the 7-O-methylated product was observed. In addition, 1d, which lacks a326

5-hydroxyl group, yielded 3-O-methylated products. Overall, the AteHMT-VLVG mutations did not327

substantially alter regioselectivity but significantly increased catalytic activity, thereby enabling the328

formation of multisite-methylated products.329

For Type II and III substrates (1h–1r), both AteHMT-WT and AteHMT-VLVG exhibited reduced330

conversion rates relative to Type I substrates, although AteHMT-VLVG consistently showed superior331
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catalytic performance. Notably, for substrates 1h, 1m, and 1o, AteHMT-VLVG achieved conversions of up332

to 20%, representing a clear improvement over AteHMT-WT, which showed weak or undetectable activity.333

Two substrates (1k and 1l) were unstable under the reaction conditions and could not be detected after the334

reaction, precluding quantitative conversion analysis. The markedly reduced activity toward Type II and III335

substrates is likely attributable to the absence of the 3-hydroxyl group, underscoring the importance of the336

water-mediated hydrogen bond between the 3-OH group and V6 in substrate recognition. Despite reduced337

activity, regioselectivity was largely conserved. In addition to predominant 7-O-methylation on the A-ring,338

methylation at the 6-O position was detected for certain substrates (1k, 1l, 1o). Dimethylated products (4i,339

4k, and 4l) were also identified among Type II and III substrates. For other substrates with potential340

dimethylation sites, corresponding products were not detected, presumably due to insufficient catalytic341

activity. Notably, for substrates 1i and 1j, AteHMT-VLVG altered regioselectivity from 5′-O methylation342

(AteHMT-WT) to preferential 7-O methylation. To elucidate this behavior, substrates 1i was docked into the343

active sites of AteHMT-WT-SAH (Fig S17a). The result shows that the catechol group of 1i is bound in a344

similar way to that of 1A, with their corresponding atoms overlapping well. Additionally, the ortho-hydroxyl345

group of 1i forms a hydrogen bond with the main chain of P209. In 1i and 1j, this hydroxyl group is346

modified with a methyl group, which leads to disruption of the hydrogen bond and lower catalytic activity.347

For Type IV substrates, AteHMT-WT showed no detectable activity, whereas AteHMT-VLVG exhibited348

weak but measurable reactivity. Product analysis against commercial standards confirmed exclusive349

formation of the 5-O-methylated product. The limited activity is likely attributable to the linear molecular350

architecture of these substrates, as the enzyme displays a preference for substrates with more parallel ring351

arrangements.352

For Type V substrates (1t–1x), all five compounds were accepted as substrates, although their catalytic353

efficiencies varied substantially. Only 1t and 1u exhibited relatively high conversion rates, while the354

remaining substrates showed conversions below 5%. Product analysis revealed predominant methylation at355
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the 7-O position. Trace amounts of dimethylated products were detected for substrate 1w, whereas no356

dimethylation was observed for 1t, which contains a 5-OH group. We therefore propose that the presence of357

a 5-OH group influences substrate binding orientation within the active pocket, thereby modulating358

methylation patterns.359

Type VI dihydroflavonols exhibited catalytic activity and regioselectivity comparable to those360

observed for substrate 1q. AteHMT-WT afforded approximately 20% conversion, while AteHMT-VLVG361

achieved approximately 30% conversion. Similar to substrates 1i and 1j, AteHMT-WT favored362

5′-O-methylation, whereas AteHMT-VLVG shifted selectivity toward 7-O-methylation, likely due to a363

similar binding mode.364

For the Type VII anthraquinone substrate, AteHMT-VLVG increased the conversion rate to365

approximately 30%, compared with ~5% for AteHMT-WT. Both variants displayed exclusive366

2-O-methylation selectivity. Docking analyses indicated that the enhanced activity and strict regioselectivity367

arise from favorable positioning of the reactive hydroxyl group within the remodeled active pocket, similar368

to that of 1a in the AteHMT-VLVG-SAH-1a structure (Fig. S17b).369

Based on analysis of flavonoid substrates from Types I, II, III, and V, we inferred that the presence of a370

hydroxyl group on the A-ring is critical for substrate recognition by AteHMT variants. To validate this371

hypothesis, substrates 1aa–1ad bearing a single hydroxyl group on either the A-, B-, or C-ring were372

examined (substrates with 8-hydroxyl substitution were excluded due to unavailability). None of these373

substrates exhibited detectable activity, supporting our hypothesis. Unlike 1aa and 1ac–1ad, substrate 1ab374

contains a 5-OH group; however, the adjacent ketone group likely forms an intramolecular hydrogen bond375

that reduces the nucleophilicity of the 5-OH group. Together with the results obtained for substrates 1n and376

1o, these findings indicate that hydroxyl groups on the A-ring—excluding the 5-position—are essential for377

substrate recognition.378

Overall, AteHMT exhibits a remarkably broad substrate scope, and engineering for enhanced activity379
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while maintaining promiscuous selectivity establishes it as a promising template for further evolution,380

paving the way toward biomanufacturing of rare methylated products.381

To further assess the practical applicability of this methylation platform, compounds 1a and 1c were382

synthesized using the engineered E. coli (Δmtn) strain as a whole-cell catalyst. This strategy was383

successfully implemented, and as shown in Fig. 6, all target products were obtained at the milligram scale,384

demonstrating the preparative utility of this single-enzyme methylation system (Fig. S18). Notably, product385

2a is the natural product rhamnocitrin, which exhibits diverse pharmacological activities, including386

inhibition of IGF-1R signaling, induction of apoptosis in human nasopharyngeal carcinoma cells45,387

regulation of the Wisp2-mediated PPARγ/NF-κB/TGF-β1/Smad2/3 signaling pathway, and attenuation of388

ovarian granulosa cell fibrosis46. Product 2c, rhamnetin, is another bioactive natural product with389

demonstrated therapeutic potential against cancers, viral infections, inflammatory diseases, and other390

conditions through inhibition of protein kinase CK2247. Importantly, this synthetic platform operates391

efficiently without exogenous SAM supplementation or complex multi-enzyme cascades. Further392

optimization of this cell factory is expected to enable large-scale production of rare, functionally methylated393

compounds.394

CONCLUSION395

Here we identify a previously unrecognized family of halide methyltransferases (HMTs) and establish396

a paradigm shift from the classical HMT–MT cooperative methylation to a single-HMT–enabled,397

cost-effective methylation platform. Through rational enzyme mining, directed evolution, and expansion of398

family members, we provide a rich resource for fundamental and applied studies of methyltransferases.399

Kinetic dissection of the two catalytic steps, together with 6 crystal structures (AteHMT-WT–SAH,400

AteHMT-WT–SAH–MeI, AteHMT-WT–SAH–1A, AteHMT-C167A–SAH–1A ，401

AteHMT-C167A–SAH–MeI and AteHMT-VLVG–SAH–1a), elucidates the molecular basis of substrate402

specificity, catalytic activity, and regioselectivity. These analyses reveal how cofactor regeneration and403
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active-site dynamics cooperatively govern methylation efficiency. Distinct substrate-specificity mechanisms404

were observed for the two model substrates, 1A and 1a. For 1A, a planar molecule that can directly access405

the active site, the enhanced activity of the C167A variant primarily arises from improved efficiency of406

SAM regeneration. In contrast, 1a, which adopts a more sterically demanding conformation, requires a407

substrate-induced reorganization of a unique N-terminal loop (loop1) to facilitate binding. This loop408

captures the substrate and positions it closer to the reactive center. In the AteHMT-VLVG variant, mutations409

stabilize this loop in a refolded conformation, enabling more effective substrate positioning and directing it410

toward the catalytic site for methyl transfer. Notably, the engineered HMT displays broad substrate scope411

and robust catalytic performance, enabling preparative-scale access to rare methylated products, as validated412

by systematic substrate-scope studies and scale-up reactions.413

Beyond this work, single-enzyme HMT catalysis offers a decisive advantage over dual-enzyme414

methylation systems, which typically require laborious optimization of enzyme compatibility and reaction415

conditions. The discovery of this HMT family thus provides a streamlined and versatile platform for416

methylation biocatalysis. Importantly, it opens a fast track for the development and engineering of417

alternative, artificial methyl carriers to replace expensive and unstable SAM, substantially expanding the418

practical and industrial potential of HMT-based transformations.419

420
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536

Fig.1 Biocatalytic methylation technology mediated by methyl-transferases. a, Schematic of the537
conventional two-enzyme cascade methylation strategy, co-catalyzed by halide methyl-transferases (HMTs)538
and methyl-transferases (MTs). HMTs regenerate the methyl donor SAM, while MTs transfer methyl groups539
to substrates for methylation modification, which suffers from low mass transfer efficiency, tedious540
operation and high cost. b, The single-enzyme catalytic methylation system based on the AteHMT family541
discovered in this work integrates SAM regeneration and methyl transfer into a single enzymatic step,542
achieving efficient substrate mass transfer, simplified operation and outstanding atom economy.543
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544
Fig.2 Directed evolution of AteHMT for methylation of 1A and 1a. a, Model reactions: Conversion of545
2,7-dihydroxynaphthalene (1A) to 7-methoxy-2-naphthol (2A) and kaempferol (1a) to rhamnocitrin (2a). b,546
Two-round evolution of AteHMT-WT for conversion of 1A to 2A: alanine scanning of MeI-channel residues547
(Round 1) followed by SSM of 1A-proximal residues (Round 2). c, Three-round evolution for conversion of548
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1a to 2a: SSM and ISM of 1a-binding residues (Rounds 1–2), followed by SSM of the N-terminal loop549
(Round 3). Key variants: VG (M11V/V264G), VVG (K4V/M11V/V264G), and VLVG550
(K4V/A5L/M11V/V264G). Fold improvements relative to WT are shown in red. d, Reaction conditions (pH,551
temperature, DMSO) optimized independently for each mutant set.552

553

554

Fig.3 Structural analysis of AteHMT variants. a, Structural overlap of AteHMT-C167A–SAH–1A with555
AteHMT-WT–SAH. 2Fo–Fc omit map of SAH and 1A contoured at 1.0 σ. b, Key residues around the 1A556
binding pocket. Hydrogen bonds shown as red dashes. c, Comparison of the MeI binding in557
AteHMT-C167A‒SAH‒MeI versus 1A in AteHMT-C167A‒SAH‒1A. The 2Fo-Fc omit map of MeI and558
SAH is contoured at the σ-level of 1.0. d, Comparison MeI binding sites in AteHMT-C167A and559
AteHMT-WT. e, Structural overlap of AteHMT-VLVG‒SAH‒1a with AteHMT-WT‒SAH. The mutated560
residues, SAH and 1a shown as sticks. Blue mesh: The 2Fo-Fc omit map of SAH and 1a in the561
AteHMT-VLVG‒SAH‒1a complex is contoured at the σ-level of 1.0. The α-helix following the N-terminal562
loop moves approximately 1.8 Å after 1a binding. f, Key interactions between 1a and surrounding residues.563
Hydrogen bonds, cation-π interaction and the O-S distance shown as red, orange and black dashes,564
respectively. The distance between SAH sulfur and the C7 hydroxyl group shown as a black dash.565
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566
Fig.4 Explorination and engineering of AteHMT family members. a, Sequence similarity network (SSN)567
of 1,000 AteHMT homologs and 8 reported HMTs. Representative proteins selected for mutagenesis are in568
bright blue; reported HMTs are in bright yellow. b, Catalytic activity of wild-type representatives toward 1a569
(conversion rate). c, Fold enhancement of mutants relative to their respective wild-types.570
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571
Fig.5 Exploration of substrate scope with AteHMT variants. a, Methylation conversion of572
dihydroxynaphthalenes by AteHMT-WT and AteHMT-C167A. b, Structures of dihydroxynaphthalene573
substrates and corresponding methylated products. c, Methylation conversion of flavonoids by AteHMT-WT574
and AteHMT-VLVG. d, Structures of flavonoid substrates and corresponding methylated products.575
Reactions were performed with 2 mM methyl acceptor, 2 mM SAH, and 5/15 mM MeI, using whole cells at576
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OD₆₀₀ of 80/120 in 300 µL 100 mM KPi buffer (pH 8.0) with 6/15% (v/v) DMSO for 24 h. Products were577
characterized by HRMS and NMR (##) or inferred from MS (*). Relative activities are mean ± SD of three578
independent replicates (n = 3), and conversion was determined from HPLC peak areas.579

580

Fig.6 Preparative-scale methylation using engineered E. coli chassis harboring AteHMT-VLVG.581
Gram-scale synthesis of methylated products using E. coli (△mtn::AteHMT-VLVG) lysates. Cells were582
resuspended in 100 mM KPi buffer (pH 8.0) with 15% (v/v) DMSO and 0.1% (v/v) MeI, OD₆₀₀ = 120, and583
lysed. Substrates 1a and 1c (2 mM each) with equimolar SAH were added to 0.5 L reaction volume, and584
bioconversions were performed at 30 °C, 400 rpm for 24 h.585

586
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METHODS590

Reagents and instruments591

All chemical reagents were purchased from Aladdin, Macklin Biochemical, Meryer (Shanghai)592

Chemical Technology Co., 9ding Chemistry, Bide Pharm Tech, Shanghai Yuan Ye Biotechnology Co., or593

Sangon Biotech (Shanghai, China) unless otherwise stated. The KOD One TM PCR master Mix polymerase594

was obtained from Toyobo Ideas & Chemistry. DpnI was purchased from Abclonal Technology. The595

ClonExpress MultiS One-Step Cloning Kit was obtained from Vazyme Biotech. Primer synthesis and DNA596

sequencing were conducted at Sangon Biotech Company (Shanghai, China). Micro-spectrophotometer597

(Allsheng, Nano-300), ultrasonic homogenizer with noise isolating chamber (SCIENTZ-IID), freeze drier598

(SCIENTZ-10ND), centrifuge (Thermo Fisher, (Sorvall ST 16R) and PICO 17), PCR Amplifier (BIO-RAD,599

T100TM Thermal Cycler), mini shaker (Allsheng, MSC-100), shaker (Minquan, MQD-BIR). Shimadzu600

Nexis LC 20AT equipped with an electrospray ionization (ESI) source was used for the measurement of601

substrates, products and partial product standard. High resolution mass spectrometry (HRMS) detection was602

performed by X500R QTOF from AB SCIEX. Partial methylation products were isolated and purified by603

semi-preparative HPLC on an LC-8A instrument (Shimadzu). Products were characterized by 1HNMR and604

13C NMR in DMSO-d6 on AV2 500MHz Bruker spectrometer. Chemical shifts (δ) were given in ppm and605

coupling constants (J) were given in hertz (Hz).606

Heterogonous expression and purification of HMTs607

All HMTs DNA sequence were synthesized by GENEWIZ(China), and then inserted into the608

NdeI-XhoI site of pET28a. The recombinant plasmid pET28a-HMTs (AteHMT, ApHMT, AthHMT,609

AnaHMT, PpHMT, SgHMT) were transformed into E. coli BL21(DE3) for heterologous expression. E. coli610

cells were cultured (5 mL) overnight in Luria-Bertani (LB) medium containing 50 μg/mL kanamycin at611

37 °C with shaking (220 rpm). Subsequently, 1% seeding cultures were transferred into 500 mL612

TB-medium containing 50 μg/mL of kanamycin and grown at 37 °C and 220 rpm in 2 L shake flasks. After613
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the OD600 reached 0.8-1.0, the expression of recombinant AteHMT were induced with 0.25 mM IPTG at614

18 °C, 220 rpm for 16 h. The cells were harvested by centrifugation at 6,438 g for 3 min at 4 °C and then615

resuspended in 100 mM Kpi buffer (pH 8.0). After cell rupture by sonication in ice bath, the cell debris was616

removed by centrifugation at 15,480 g and 4 °C for 1 h. The soluble fraction was passed through a 0.45 µm617

syringe filter. The supernatant was applied to an ÄKTA avant 25 system equipped with a 5-mL HisTrapTM618

HP column following the manufacturer’s instructions, using a linear gradient of 20-500 mM imidazole in619

100 mM Kpi buffer pH 8.0 (Fig. S7 ).620

Construction and screening of AteHMT mutant libraries621

All strains, plasmids, and primers used in this study are listed in Tables S2 and S3. PCR assays (Tab.622

S4) were conducted with KOD OneTM PCR master Mix. Following sequence verification, the recombinant623

plasmids were transformed into E. coli BL21 (DE3) for heterologous protein expression, as described above.624

Single-site saturation mutagenesis (SSM) and iterative saturation mutagenesis (ISM) was performed using625

primers containing NNK codons at targeted sites. To ensure adequate library coverage, 92 colonies were626

screened per mutagenized site. Colonies were cultured in 96-deep-well plates containing 0.3 mL LB627

medium supplemented with 50 μg/mL kanamycin at 37 °C overnight. Subsequently, 0.7 mL TB medium628

containing 50 μg/mL kanamycin and 0.25 mM IPTG was added, and cultures were incubated at 18 °C for629

16 h. Cells were harvested and resuspended in 0.3 mL reaction buffer (1 mM substrate 1A or 1a, 1 mM630

SAH, 15 mM MeI, 100  mM Kpi buffer, pH 7.0) and incubated at 30 °C for 24 h with shaking. Reactions631

were quenched by the addition of 0.9 mL methanol. Relative activity was determined by whole-cell632

biotransformation in a total volume of 2 mL reaction buffer (1 mM substrate 1A or 1a, 1 mM SAH, 15 mM633

MeI, 100 mM Kpi buffer, pH 7.0) at 30 °C for 24 h, using the wild-type enzyme as a control. Samples were634

centrifuged at 12,000 g for 15 min and analyzed by HPLC/UV using a GL Sciences InertSustain AQ C18635

column (4.6 × 250 mm, 5 μm) at a flow rate of 0.8 mL/min and column temperature of 30 °C. The gradient636

elution programs are detailed in Table S5.637
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Reaction condition optimization638

All the optimization reactions were conducted in triplicate on an analytical scale (200 µL) with 10 µM639

enzyme, using SAH and MeI as donors and substrate 1A or 1a as the acceptor. To determine the optimal640

reaction temperature, reactions were conducted at various temperatures (20 °C, 25 °C, 30 °C, 37 °C, 42 °C,641

50 °C) for 24 hours. Both the mutant AteHMT-C167A and AteHMT-VLVG exhibited the highest642

transformation rates under 30 °C reaction conditions. To evaluate the effect of the co-solvent DMSO,643

reactions were carried out under optimized conditions with varying DMSO concentrations (3%, 6%, 9%,644

12%, 15%, and 20% v/v). The catalytic activity of the AteHMT-C167A peaked at a DMSO addition of 6%.645

In contrast, for substrate 1a with poor water solubility, the AteHMT-VLVG exhibited higher DMSO646

tolerance, and its catalytic efficiency reached the optimum at a DMSO addition of 15%. To study the647

optimal pH, the enzymatic reaction was performed in various reaction buffers with pH values in the range of648

6.0–8.5 (phosphate buffer) at 30   °C. Both mutants exhibited an optimal reaction pH of 8.0. Given that649

phosphate buffer was used in the experiments and that this buffer is incompatible with metal ions, further650

optimization of the metal ion dosage in the reaction system was not performed. We also optimized the651

dosage ratio of SAH to acceptor substrates (1A and/or 1a) across a gradient of values (SAH/acceptor652

substrates = 0.02, 0.1, 0.2, 1, 2), and the optimal ratio was ultimately determined to be 1:1. Reactions were653

quenched by the addition of 0.9 mL methanol, and supernatants were analyzed by analytical HPLC as654

described previously (Tab. S5 and Supplementary Fig. S4).655

Determination of kinetic parameters656

Kinetic Study on the Stepwise Reactions of AteHMT-WT, AteHMT-C167A and AteHMT-VLVG.657

Step 1 (Methyl Donor Regeneration): Enzymatic assays were performed in a final volume of 200 μL at658

30 °C for 10 min, containing 100 mM Kpi buffer (pH 8.0), 5 μM enzyme, gradient concentrations of SAH659

(0–15 mM for AteHMT-C167A and 0–8 mM for AteHMT-VLVG), and MeI at a dosage 15-fold that of660

SAH. For reaction termination, 600 μL of methanol was added to the AteHMT-VLVG reaction system,661
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whereas 200 μL of methanol was added to the AteHMT-C167A system; both mixtures were then662

centrifuged at 13,800 × g for 15 min.663

Step 2 (Substrate Methylation Modification): For AteHMT-C167A , enzymatic assays were performed664

in a final volume of 200 μL at 30 °C for 10 min, containing 100 mM Kpi buffer (pH 8.0), 30 μM enzyme,665

containing 100 mM Kpi buffer (pH 8.0), 30 μM enzyme, 2 mM saturated SAM, and varying concentrations666

of 1A (0.1-1 mM). For AteHMT-VLVG , enzymatic assays were performed in a final volume of 200 μL at667

30 °C for 10 min, containing 100 mM Kpi buffer (pH 8.0), 10 μM enzyme, containing 100 mM Kpi buffer668

(pH 8.0), 30 μM enzyme, 2 mM saturated SAM, and varying concentrations of 1a (0.01-1 mM).669

Supernatants were analyzed by HPLC as described above. All experiments were performed in triplicate.670

The Michaelis–Menten constant (Km) were determined from non-linear regression fitting, and the turnover671

number (kcat) were calculated.672

To determine the TON of the reactions of substrates 1A and 1a, 2 mM substrate was mixed with the673

purified enzyme 10 μM in 100 mM Kpi buffer (pH 8.0). The total reaction system was 200 µL. which was674

incubated at 30 °C, 1200 rpm for at least 24 h. The formation of products was determined by HPLC and the675

TON was calculated according to the formula TON = [P] formation / [E].676

Protein expression and purification for crystallization screenings677

Genes encoding AteHMT-WT/C167A/VLVG were cloned into a modified pRSF-Duet vector, preceded678

by a His6-SUMO tag, respectively. The fusion proteins were over-expressed in E. coli BL21(DE3) cells,679

which were induced by addition of 0.4 mM IPTG at an OD600 of 0.8-1.0 and then grown at 18 ℃ for 16 h.680

The cells were harvested and lysed in a buffer consisting of 25 mM Tris-HCl (pH 8.0), 1 M NaCl, 25 mM681

imidazole, 0.5 mM β-ME and 1 mM PMSF. The fusion proteins were first purified using a Ni-NTA column682

and eluted with 25 mM Tris-HCl (pH 8.0), 1 M NaCl and 250 mM imidazole. The His6-SUMO tag was683

cleaved by ULP1 and romved a second Ni-NTA column. Tag-free proteins were further fractioned by size684

exclusion chromatography (Superdex 75, GE Healthcare) and finally stored in 25 mM Tris-HCl (pH 8.0),685
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300 mM NaCl, and 5% glycerol at -80 °C.686

Protein crystallization and structure determination687

The crystals were obtained using the hanging drop vapor diffusion method. For complex of688

AteHMT-WT/C167A with SAH and/1A, the proteins (10 mg/ml) were were incubated SAH and/or 1A at a689

ratio of 1:5:30 for 2h at 30℃. The crystals were grown in a reservoir solution consisting of 0.1 M sodium690

citrate tribasic dihydrate (pH 5.6), 25% v/v 2-propanol, and 25% w/v PEG 4000 at 20℃ . The crystals of691

AteHMT-WT-SAH and AteHMT-C167A-SAH were soaked with iodomethane at supplemented into the692

reservoir solution to a final concerntation of 10 mM. The AteHMT-VLVG protein (15 mg/ml) was first693

incubated with SAH and 1a at a ratio of 1:5:30 for 1h at 30℃ before crysallization. The crystals were694

grown using a reservoir solution consisting of 0.1 M sodium citrate tribasic dihydrate (pH 6.0), 0.2 M695

ammonium acetate, and 30% PEG 4000.696

The crystals were flash-frozen by immersion into a cryo-protectant containing the crystallization697

solution supplemented with 20-25% (v/v) glycerol, followed by rapid transfer into liquid nitrogen. The698

crystal data were collected at BL19U1 beamlines of the National Facility for Protein Science in Shanghai699

processed by HKL3000 package48. The structures were determined by molecular replacement using700

PHASER49 in Phenix. A mode of AteHMT generated by alphafold2 was used as the search model. Iterative701

cycles of model building and refinement were performed in COOT50 and Phenix51. The data collection and702

refinement statistics are summarized in Table S10.703

Molecular Docking704

The structure of AteHMT-WT-SAH-1A and AteHMT-VLVG-SAH-1a were prepared using the Protein705

Preparation Wizard module in Schrödinger52. All crystallographic water molecules were removed, polar706

hydrogens were added and hydrogen bonds were optimized. Using the Receptor Grid Generation tool in707

Glide software53, the receptor grid for molecular docking was generated at the center of the binding site of708

the original ligand. The 3D structures of compounds (1i and 1z) were constructed using the LigPrep module,709
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and the possible ionization states of 1i and 1z were generated under conditions of pH 8.0 ± 2.0, ensuring710

that all relevant protonated forms were covered. Each structure was subjected to energy minimization using711

the OPLS4 force field54. Conformational ensembles were then docked into the ligand (1A and 1a) binding712

sites using the Glide module with standard precision (SP) mode53. The best docking pose for 1i/1z was713

selected based on the GlideScore and visual inspection of the binding mode.714

Construction and characterization of other HMTs mutants715

Using AteHMT as a template to perform a BLAST search in NCBI, a total of 1,000 sequences were716

selected, and after SSN analysis, 10 homologous enzymes with varying degrees of homology within the717

same enzyme family were identified: AamHMT (Aspergillus ambiguus, 89.36%), AhoHMT (Aspergillus718

homomorphus CBS 101889, 77.94%), AbrHMT (Aspergillus brunneoviolaceus CBS 621.78, 79.93%),719

AleHMT (Aspergillus aculeatus ATCC 16872, 78.85%), AtiHMT (Aspergillus aculeatinus CBS 121060,720

78.49%), AfiHMT (Aspergillus fijiensis CBS 313.89, 79.20%), AuvHMT (Aspergillus uvarum CBS 121591,721

76.87%), AinHMT (Aspergillus indologenus CBS 114.80, 76.51%), AjaHMT (Aspergillus japonicus CBS722

114.51, 76.16%), AviHMT (Aspergillus violaceofuscus CBS 115571 , 75.80%). Above all DNA sequences723

were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). Ltd, and then inserted into the NdeI-XhoI724

site of pET28a. The recombinant plasmid pET28a-AamHMT, pET28a-AhoHMT, pET28a-AbrHMT,725

pET28a-AleHMT, pET28a-AtiHMT, pET28a-AfiHMT, pET28a-AuvHMT, pET28a-AinHMT,726

pET28a-AjaHMT and pET28a-AviHMT were transformed into E. coli BL21(DE3) for heterologous727

expression. E. coli cells were cultured (5 mL) overnight in Luria-Bertani (LB) medium containing 50 μg/mL728

kanamycin at 37 °C with shaking (220 rpm). Subsequently, 1% seeding cultures were transferred into 500729

mL TB-medium containing 50 μg/mL of kanamycin and grown at 37 °C and 220 rpm in 2 L shake flasks.730

After the OD600 reached 0.8-1.0, the expression of recombinant AamHMT, AhoHMT, AbrHMT, AleHMT,731

AtiHMT, AfiHMT, AuvHMT, AinHMT, AjaHMT and AviHMT were induced with 0.25 mM IPTG at 18 °C,732

220 rpm for 16 h. Engineered mutants of other HMTs were constructed by PCR using KOD One™ PCR733
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Master Mix polymerase. The whole-cell reaction assay was performed in a final volume of 0.3 mL734

containing 1 mM substrate 1a, 1 mM SAH, 15 mM MeI, 100 mM Kpi buffer, pH 8.0 , 15% (v/v) DMSO,735

and enzymes at an OD₆₀₀ of 40. Reactions were carried out at 30 °C for 24 h and terminated by the addition736

of 0.9 mL methanol. The mixtures were then centrifuged at 13,800 g for 15 min, and the supernatants were737

analyzed by HPLC. All experiments were performed in triplicate (n = 3).738

Genetic Operation739

The mtn gene, which is responsible for SAH degradation, was deleted via the CRISPR/Cas9740

gene-editing system. The plasmid pRedCas9 containing the Cas9 protein and plasmid with gRNA were741

transferred into E. coli BL21(DE3) competent cell, and the cells were incubated at 30 °C. Then, the cultures742

were transferred into fresh LB medium with a 0.20 g/L arabinose when needed.743

Preparation of E. coli whole cell catalyst harboring AteHMT mutants744

After protein expression, the cells were harvested by centrifugation at 6438 g for 2 min at 4 °C, then745

resuspended in binding buffer (100 mM Kpi buffer, pH 8.0) at OD600=120, complete cell lysis was achieved746

using an ultrasonic disruptor.747

HPLC-ESI and HRMS-based HMTs activity assay748

For the in vitro activity assay, the reaction mixture contained 2 mM SAH, 30 mM MeI, 2 mM749

flavonoid acceptor substrate, 15% (v/v) DMSO, the whole-cell lysate (OD600 = 120) or 2 mM SAH, 10 mM750

MeI, 2 mM naphthalene acceptor substrate, 6% (v/v) DMSO, the whole-cell lysate (OD600 = 60) in a total751

volume of 300 μL of 100 mM Kpi buffer (pH 8.0). Reactions were incubated at 30 °C for 24 h and752

quenched by addition of 900/300 μL methanol. After centrifugation at 13,800 g for 15 min, the supernatants753

were analyzed by HPLC-ESI and high-resolution mass spectrometry (HRMS). All reactions were performed754

in triplicate. Gradient programs used for analysis are detailed in Table S5 and Figs. S18-S42. For the755

substrate scope experiments, conversion rates were determined from the ratio of the product peak area to the756

substrate peak area in HPLC.757
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Product identification by NMR758

Recombinant E. coli strains harboring pET28a-AteHMT-C167A, or pET28a-AteHMT-VLVG were759

prepared and induced as described above. After induction, the whole cells were harvested by centrifugation760

and washed with 100 mM Kpi buffer (pH 8.0) . The cells were then resuspended in the same buffer, and the761

optical density was adjusted to OD600 = 80/120. The reaction mixture (total volume: 50 mL in a 250 mL762

Erlenmeyer flask) was prepared by adding 2 mM acceptor substrate, 2 mM SAH and 10 or 30 mM MeI.763

Bioconversion was carried out at 30 °C with shaking for 24 h. After the reaction, the mixture was extracted764

with an equal volume of ethyl acetate and centrifuged at 6438 g for 10 min. The supernatant was collected765

and transferred to a separating funnel, where the aqueous phase was discarded, and the organic phase was766

retained. The solvent was removed under reduced pressure, and the resulting residue was dissolved in767

methanol and purified by reverse-phase semi-preparative HPLC. The purified products were dissolved in768

DMSO-d₆ and characterized by 1H and 13C NMR spectroscopy (Fig. S43-53).769
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