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Abstract: B12-dependent radical SAM enzymes are an emerging enzyme family with approximately 200,000 proteins. These enzymes have been shown to 

catalyze chemically challenging reactions such as methyl transfer to sp2- and sp3-hybridized carbon atoms. However, to date we have little information 

regarding their complex mechanisms and their biosynthetic potential. Here we show, using X-ray absorption spectroscopy, mutagenesis and synthetic 

probes that the vitamin B12-dependent radical SAM enzyme TsrM can catalyze not only C- but also N-methyl transfer reactions further expanding its 

synthetic versatility. We also demonstrate that TsrM has the unique ability to directly transfer a methyl group to the benzyl core of tryptophan, including 

the least reactive position C4. Collectively, our study supports that TsrM catalyzes non-radical reactions and establishes the usefulness of radical SAM 

enzymes for novel biosynthetic schemes including serial alkylation reactions at particularly inert C-H bonds. 

 

Introduction 

More than 700,000 radical SAM enzymes are present within current 

genomic and metagenomics databases[1]. These enzymes, which 

catalyze an unsurpassed diversity of reactions, are particularly 

abundant in the biosynthetic pathways of the so-called ribosomally 

synthesized and post-translationally modified peptides (RiPPs).[1-2] In 

RiPPs, radical SAM enzymes have been shown to install chemically 

unprecedented post-translational modifications including 

epimerization,[2d, 3] complex rearrangements,[4] carbon-carbon[5], and 

thioether bond formation[2b, 2c, 6] as well as C-methylations.[2g, 7] Despite 

this chemical versatility, the vast majority of known radical SAM 

enzymes uses S-adenosyl L-methionine (SAM) and an iron-sulfur cluster 

to activate their substrates and initiate radical reactions[1a]. Among 

radical SAM enzymes, one of the largest group, with more than 200,000 

proteins, is the vitamin B12 (cobalamin)-dependent radical SAM 

enzymes[8]. They are involved in the biosynthesis of myriad natural 

products from bacteriochlorophyll to antibiotics[1a]. Notably, they have 

been shown to catalyze P-methylation[9], ring contraction[10] and C-

methylation,[7a, 7c, 8, 11], this latter modification being by far the most 

widespread in this group[8]. Importantly, B12-dependent radical SAM 

enzymes are the only known biological catalysts able to form carbon-

carbon bonds between unactivated sp3-hybridized C-atoms[7a, 8, 11a]. 

However, in the biosynthesis of thiostrepton A, a thiopeptide antibiotic 

with anti-cancer properties (Fig. 1)[12], one B12-dependent radical SAM 

enzymes TsrM, was shown to alkylate the C2-indolic position in L-

tryptophan[7c], an sp2-hybridized carbon atom. At odd with other known 

radical SAM enzymes, we have shown that during catalysis, TsrM 

neither produces 5'-deoxyadenosine (5'-dA), the by-product resulting 

from the homolytic cleavage of SAM, nor requires an external electron 

source for catalysis,[7b, 7c] questioning the nature of the catalyzed 

reaction. Recently, the structure of an homolog of TsrM (ksTsrM) was 

solved[13] and it was shown that the radical SAM [4Fe4S] cluster was 

fully coordinated by protein residues, proposed to hamper radical 

chemistry. 

To gain insights into TsrM mechanism, we performed the first X-ray 

absorption spectroscopy (XAS) study of a B12-dependent radical SAM 

enzyme and developed synthetic probes to explore its reactivity and 

synthetic potential.[7b] Our results support that TsrM activity spans from 

the C2 to the C4 of tryptophan, the least reactive site of the indole 

system which can be activated only by a limited number of synthetic 

catalysts[14] and indirectly by few biosynthetic systems.[15] 

Unexpectedly, we also discovered that TsrM can efficiently transfer 

methyl groups not only to C-atoms, but also to nucleophilic nitrogen 

atoms expanding the mechanistic and catalytic repertoire of radical 

SAM enzymes. Collectively, our study establish TsrM as a unique and 

powerful biocatalysts for the facile and multi-alkylation of 

tryptophan/tryptamine derivatives and that it catalyzes non-radical 

reactions. 
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Figure 1. Thiostrepton biosynthetic pathway. The thiostrepton biosynthetic pathway 

requires more than 20 enzymes. TsrM catalyzes a key methyl transfer reaction on the 

C2-indolic position of L-tryptophan, the first step in the biosynthesis of the quinaldic 

moiety (indicated in red in the Thiostrepton A structure). 

Results and Discussion 

TsrM was recombinantly expressed in E. coli harboring an inducible 

btuB gene, responsible for B12 import.[16] When co-expressed in E. coli 

BL21, in the presence of hydroxycobalamin (OHCbl), TsrM was loaded 

with adenosylcobalamin (AdoCbl) (Ado-TsrM) because of the activity of 

the cobalamin adenosyltransferase BtuR. To prevent AdoCbl formation, 

we used an E. coli K12 BtuR strain and obtained TsrM loaded only with 

OHCbl (OHCbl-TsrM). Contrary to recent report, we found no 

difference for the efficient production of cobalamin-loaded TsrM 

between the co-expression with BtuB alone or with the other vitamin 

B12 import components: BtuC, D and F.[17] To probe for the role of the 

radical SAM [4Fe-4S] cluster, we also generated a mutant (A3-mutant) 

in which the three cysteine residues involved in [4Fe-4S] cluster 

coordination (i.e. C253, C257 and C260), were replaced by alanine 

residues. 

UV-visible analysis of OHCbl-TsrM (Fig. 2) was consistent with a 

previously published spectrum of TsrM expressed in ethanolamine-M9 

medium, although we did not performed anaerobic iron-sulfur cluster 

reconstitution.[18] This spectrum showed the contributions from both 

the cobalamin cofactor and the iron-sulfur cluster. In contrast, the 

OHCbl-A3-mutant, devoid of the iron-sulfur cluster, exhibited a typical 

OHCbl spectrum (Fig. 2b, inset) with absorption maxima at 350, 410, 

509 and 538 nm. However, the similar A350/A280 ratio between the wild-

type and A3-mutant supported that both enzymes contained similar 

amounts of bound cobalamin.  

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 2. Purfication and UV-visible spectrum of OHCbl-TsrM and OHCbl-A3 mutant. 

(a) Gel electrophoresis analysis. MW: molecular weight markers. (b) Upper panel: UV-

visible spectrum of OHCbl-TsrM WT (red trace) and the OHCbl-A3-mutant (blue trace). 

Lower panel, zoom from 300 to 700 nm. 

XAS analysis of TsrM. XAS spectra at the Co K-edge were collected on 

protein samples frozen under anaerobic conditions. We took 

advantage of our various expression systems to derive TsrM with 

bound OHCbl, AdoCbl, or methylcobalamin (MeCbl) cofactors. In all 

cases, the nature of the bound cobalamin cofactor was verified by HPLC 

analysis (Supplementary Fig. S1).  

 

Figure 

3. Co 

XANES spectra. (a) Cbl reference compounds: MeCbl, AdoCbl, and OHCbl in the 

absence or the presence of DTT or Ti-Citrate. (b) TsrM protein with bound Cbl. Black 

lines mark the K-edge half-height used for energy determination. 

a b 
TsrM A3 
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The Co K-edge spectra of the three forms (OHCbl-, AdoCbl- & MeCbl-

TsrM) showed typical shapes for corrin-bound cobalt (Fig. 3). When 

reducing agents with increasing reduction potentials (i.e. DTT and 

Ti(III)Citrate) were added, the K-edge shifted to increasingly lower 

energies and the gradually emerging edge shoulder (~7714 eV) 

indicated increasing Co reduction and decreasing ligand numbers at the 

metal (Fig. 4). 

Figure 4. Co K-edge energies of OHCbl, AdoCbl and MeCbl-TsrM proteins. Co 

references (open circles) correspond to non-Cbl compounds described previously.[19] 

The line is a fit to the reference compounds. Data points for the Cbl systems were 

placed on the fit line for the reference compounds. 

For OHCbl-TsrM, the K-edge energy suggested similar amounts of 

Co(III) than for OHCbl in solution, meaning that DTT did not significantly 

reduce TsrM bound OHCbl. The more pronounced edge shoulder for 

OHCbl-TsrM vs solution OHCbl (Fig. 3b) suggested a base-off 

conformation of the cofactor in the protein (i.e. larger contributions 

from 5-coordinated Co(II)), consistent with a previous EPR analysis.[18]  

For MeCbl-TsrM, the pronounced pre-edge feature was consistent 

with methyl group binding at least at Co(III) and the edge shoulder 

supported a base-off cofactor, similar to OHCbl-TsrM. However, more 

Co(II) was found, suggesting a greater susceptibility to reduction. In the 

presence of DTT, SAM and tryptophan (Trp), minor changes in the low-

energy XANES region were observed suggesting Co coordination 

changes in a fraction of the protein (Figs. 3b & 4). AdoCbl-TsrM showed 

increased Co(III) content and the edge shoulder also suggested a base-

off cofactor. In contrast, the K-edge shape (small pre-edge feature and 

shoulder) and energy of the A3-mutant suggested stabilization of Co(III) 

and the predominant presence of a base-on cofactor. 

EXAFS simulations using 4 metal-ligand shells and 1 multiple-

scattering (ms) contribution provided good fits of all EXAFS spectra 

(Supplementary Fig. S2; fit error, RF, ~10 %, Supplementary Table 1). 

The Co-N(corrin) bond lengths (~1.88 Å) remained almost unchanged 

(±0.02 Å) irrespective of Cbl in solution or bounded to TsrM and of the 

redox treatments (Supplementary Fig. S2). This reflects the relative 

stiffness of the Co-corrin geometry and charge delocalization upon Co 

redox changes. The coordination number (N) of the Co(-N)-C 

interaction (and the respective ms contribution) provided information 

on the binding of the nitrogen base (and the nucleotide in AdoCbl) to 

Co.[19] For OHCbl- or MeCbl-TsrM, comparably small N-values (9-11) 

suggested a base-off conformation of the protein-bound cofactor, 

irrespective of the redox or substrate treatments (Supplementary Fig. 

S3). The increased N-value for AdoCbl-TsrM may be attributed to the 

binding of the nucleotide at Co (in a base-off conformation). In contrast, 

the large N-value in the A3-mutant with OHCbl was further consistent 

with a base-on cofactor conformation. 

EXAFS simulation analysis of the 1st-sphere Co-ligand bonds showed 

that OHCbl-TsrM had less than two axial bonds, supporting a base-off 

cofactor. The shorter and longer distances (~1.85/2.35 Å) were 

attributed to Co(III)-OH and Co(II)-OH2 bonds, with the latter being 

more prominent in the DTT-treated sample (Supplementary Fig. S3). 

MeCbl-TsrM treated with DTT showed similar axial ligand parameters 

as for OHCbl and similar axial bond lengths as MeCbl in solution, in 

agreement with a base-off cofactor with a methyl group at Co(III). The 

presence of SAM led to (~0.1 Å) elongation of the shorter bond in TsrM 

with MeCbl vs OHCbl. Further addition of Trp resulted in increased N-

values of the axial ligands (in particular for the longer bond), which may 

be interpreted as reflecting Trp binding at Co (~2.3 Å) in addition to a 

methyl species or more quantitative binding of a Trp vs. a methyl ligand. 

Interestingly, this result is consistent with the structure of ksTsrM where 

it was noted that Trp binds partly over the cobalamin cofactor[13]. The 

EXAFS parameters for the A3-mutant with an N-value close to 2 

supported a base-on cofactor and the two bonds were attributed to Co-

N(base) (~1.85 Å) and Co-OH2 (~2.3 Å) interactions (Supplementary Fig. 

S3). 

Collectively, the XANES and EXAFS data were in perfect agreement 

with EPR[18] and structural[13] analyses of TsrM showing a base-off 

cobalamin cofactor. In addition, our data establish that substitution of 

the axial ligand (i.e. methyl or adenosine) does not affect the cobalamin 

binding. However, mutation of the radical SAM cluster changed the 

cobalamin conformation to base-on, which better preserves the Co(III) 

state. Finally, spectroscopic analysis also supports that among the B12 

analogues tested, MeCbl bound TsrM appears to be more prone to 

reduction by DTT. 

The importance of the base-off conformation is likely to facilitate 

reduction and methyl transfer to the substrate. Indeed, 

pentacoordinated alkylcobalamins are strongly destabilized toward 

heterolysis[8]. In support of this hypothesis, when we analyzed OHCbl-

TsrM by UV-visible spectroscopy, we observed that the cobalamin 

cofactor switched almost instantly from Co(III) (λmax ~350nm) to Co(I) 

(λmax ~390nm) under anaerobic conditions after DTT addition (Fig. 5, 

right panel). In sharp contrast, the A3-mutant proved to be hardly 

reduced even after 90 min incubation (Fig. 5, right panel). Interestingly, 

a similar result was reported for the corrinoid iron−sulfur protein 

(CoFeSP), a methyl carrier in the Wood−Ljungdahl pathway of acetyl-

CoA synthesis.[20] However, at odd with CoFeSP, OHCbl-TsrM does not 

require a strong reducing agent to switch to Co(I) and the A3-mutant is 

unable to methylate its substrate.[20b] 

 

 

Figure 5. UV-visible analysis of OHCbl-TsrM (WT) and OHCbl-A3-mutant (A3) reduction 

after DTT addition. Enzymes (100 µM) were incubated under anaerobic and reducing 

conditions after addition of 3 mM DTT. Red traces: as purified enzyme. From grey to 

blue: reduction of the proteins in the presence of DTT (WT from 0 to 30 min, A3-

mutant from 0 to 90 min). 
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Probing TsrM substrate promiscuity. In order to trap for reaction 

intermediates[7b] or to reorient TsrM catalysis, we prepared a library of 

tryptophan and tryptamine derivatives[21] with variations on the amine 

and/or the ester groups and featuring olefins or propargylamine groups 

(Fig. 6). 

 

Figure 6. Tryptophan and tryptamine derivatives used as TsrM substrates. See 

supporting information for synthetic methods. 

We first incubated OHCbl-TsrM with secondary amine (1-4) and SAM, 

under anaerobic and reducing conditions. All these derivatives, except 

2, were enzyme substrates despite the presence of the three or four 

carbon synthons on the amines (Fig. 6 & 7). We notably obtained a 

partial conversion of 1 ([M+H]+= 231.14) and full conversion of 3 & 4 

([M+H]+= 257.12 & 271.14) as shown by a mass increment of +14 Da 

indicating methyl transfer (1a [M+H]+= 245.16, 3a [M+H]+= 271.14 & 

4a [M+H]+= 285.16, Fig. 7 & Supplementary Table 2 & 3, 

Supplementary Fig. S4). Of note, we did not measured a significant 

activity difference using as-purified OHCbl-TsrM or after anaerobic 

iron-sulfur reconstitution in-line with the unusual coordination of TsrM 

iron-sulfur cluster[13]. 

To validate the location of the methyl group on the respective 

products 1a, 3a & 4a, we performed LC-MS/MS analysis (Fig. 7c and 

Supplementary Fig. S4). As shown with 3a, several fragments ([M+H+]= 

216.10, 174.06 & 146.09) were formed in agreement with TsrM 

transferring a methyl group on the indole C2 position. To validate this 

assignment, methyl (R)-3-(2-methyl-1H-indol-3-yl)-2-(prop-2-yn-1-

ylamino propanoate synth-3a was synthesized (see Supporting 

information). The LC-MS/MS profile of synth-3a and its retention time 

perfectly superimposed with the product formed with 3 

(Supplementary Fig. S5). Finally, when incubating TsrM with 3 in the 

presence of d3-SAM, containing a fully deuterated methyl group, we 

measured a mass increment of +17 Da which was also localized on the 

indole moiety of the product ([M+H+]= 149.11) (Fig. 7c, right panel).  

In contrast to the first series, with the di-propargyl derivatives 5-7, 

the products formed by TsrM (5b, 6b & 7b) eluted before the substrate 

during reversed-phase HPLC-MS analysis indicating a higher polarity 

than the substrates (Fig. 8). In addition, LC-MS/MS fragmentation 

patterns of 5b-7b also strongly differed with formation of a dominant 

ion fragment corresponding to the indole ring. For instance, with 6 and 

6b the dominant ion was identified as 5-chloro-indolyl ethane (m/z= 

178.04, Fig. 8 a-c and Supplementary Table 4 & 5) clearly indicating 

that a methyl group was not transferred to the indole ring as expected 

but to the dipropargylamine moiety. Similarly, MS/MS analysis of 5b & 

7b, showed that a methyl group was transferred to the di-

propargylamine moiety with formation of the characteristic fragments 

corresponding to N-methyl-N,N-dipropargylamine ([M+H]+= 108.08) 

and N-methyl propargyl fragment ([M]+= 68.05) (Fig. 8c, middle panel 

& Supplementary Fig. S6). Collectively, these data support that the 

methyl group was transferred not on a carbon but on the nitrogen atom 

of these amines, generating N-methylammonium species. To 

definitively support this assignment, we repeated the experiment in the 

presence of d3-SAM (Fig. 8c, right panel & Supplementary Fig. S6). 

Under these conditions, masses of the N-methyl-N,N-dipropargylamine 

and N-methyl-N-propargylamine moieties shifted by +3 Da (m/z= 

111.10 & 71.06, respectively), consistent with the incorporation of a 

methyl group with three deuterium atoms. We also synthesized 

authentic N-methyl-N-(2-(5-chloro-1H-indol-3-yl)ethyl)-N-(prop-2-yn-

1-yl)prop-2-yn-1-amine (synth-6b) by alkylation of 6 with methyl iodide 

(Supporting information). Not only this compound eluted at the same 

retention time than 6b (Supplementary Fig. S7), but its fragmentation 

pattern was also identical. Finally the structure of 6b was solved by 1H-

NMR, after preparative enzymatic conversion of 6 and HPLC 

purification (Fig. 9). Notably, in the aromatic area, characteristic proton 

chemical shifts confirmed that no substitution occurred on the indole 

ring and aliphatic protons of 6b perfectly aligned with the one from 

synth-6b. In addition, incubation of TsrM with synth-6b gave no novel 

product, supporting that it is the only methylated product formed from 

6. Collectively, these results demonstrate that TsrM transfers a methyl 

group on the dipropargylamine moiety and more importantly, they 

established that TsrM, instead of catalyzing a C-methyl transfer 

reaction, is able to catalyze a N-methyl transfer reaction. 
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Figure 7. Activity of TsrM on tryptophan and tryptamine derivatives 1-4. (a) Reaction catalyzed by TsrM on 1-4. (b) LC-MS analysis of the reactions of TsrM with 1 (m/z= 231.14), 

2 (m/z= 199.12), 3 (m/z= 257.12) and 4 (m/z= 271.14). Methylated products (1a, 3a & 4a) were characterized by a mass shift of m= +14 Da. (c) LC-MS/MS analysis of 3 (left panel) 

and the reaction product 3a after incubation with TsrM under anaerobic conditions in the presence of SAM (middle panel, 3a) or d3-SAM (right panel, d3-3a). 
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Figure 8. Activity of TsrM on tryptamine di-propargyl derivatives. (a) Reaction catalyzed by TsrM on 5-7. (b) LC-MS analysis of the reactions of TsrM with 5 (m/z= 267.14), 6 (m/z= 

271.09) and 7 (m/z= 315.04). Methylated products 5b, 6b & 7b were characterized by a mass shift of m= 14 Da. (c) LC-MS/MS analysis of 6 (left panel) and the reaction product 

6b obtained in the presence of SAM (middle panel) or d3-SAM (right panel). 

 

 

 

 

 

 

 

 

Figure 9. 1H-NMR analysis of 6 (blue trace), synth-6b (green trace) and the reaction 

mixture 6 and 6b (black trace) obtained after incubation of 6 with TsrM and SAM. See 

(Supplementary Fig. S8) for assignment. 

With the N,N-disubstituted tryptamines 8-11, we systematically 

obtained two methylated products. LC-MS/MS analysis was consistent 

with the product with the higher polarity being methylated on the N,N-

dipropargylamine moiety while the product eluting after the substrate 

was methylated on the indole ring, as shown for 1, 3 & 4 

(Supplementary Fig. S9). In addition, we also obtained bis-methylated 

products with 8 and 9 (8c, m/z= 279.18, 9c, m/z= 267.18), which 

fragmentation spectra indicated that methylation occurred on both the 

indole and the N,N-dipropargylamine moieties (Fig. 10b). Consistent 

with this analysis, incubation of 8 with TsrM and d3-SAM produced a 

bis-methylated product with a +34 Da mass increment, demonstrating 

that two CD3 groups were transferred from d3-SAM to d6-8c 

(Supplementary Fig. S10).  

To obtain a better picture of TsrM methylation capacity, we 

performed prolonged incubation with 3, 6 and 8 (Fig. 10c). As shown, 

we were able to obtain >70% conversion of mono-methylated products 

3a, 6b, 8a & 8b but only 8 gave a di-methylated product 8c. 

178.04 178.04 

106.06 

178.04 

108.06 111.10 
68.05 71.06 

Synth-6b 

3 3a d3-3a 

7 7.1 7.2 7.3 7.4 7.5 7.6 7.7 ppm 
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Incubation with the A3-mutant, despite the presence of SAM and 

bound cobalamin, never led to the formation of methylated product 

while we observed SAH formation (Fig. 10c & Supplementary Fig. S11), 

further demonstrating that the C- and N-methylation activities 

observed, are genuine TsrM activities. Kinetic analysis of the reactions 

catalyzed by TsrM, showed a stoichiometric relation between SAH 

production and methylated product (Fig. 10d). Reaction rate for the 

formation of the C2-methyl-indole derivatives 3a and 8a (2.17 

µmol.min-1 & 0.24 µmol.min-1, respectively) or the N-methyl derivatives 

6b & 8b (0.27 µmol min-1 and 0.09 µmol min-1, respectively) greatly 

differed depending on the substrate assayed. However, methylation on 

the indole ring was generally faster (Fig. 10d). 

 

 

C4-methylation catalyzed by TsrM. Since TsrM was able to introduce 

several methyl groups on synthetic substrates, we carefully 

investigated its activity with Trp. We notably noticed the formation of 

one additional product eluting after 2Me-Trp at ~24.5 min and sharing 

the same UV and fluorescence properties than Trp (Fig. 11). LC-MS 

analysis of this compound indicated that it was a di-methylated product 

([M+H]+: 233). Since this product accumulated after Trp consumption, 

we hypothesized that it was a 2Me-Trp derivative. To confirm this 

hypothesis, we synthesized 2Me-Trp using tryptophan synthase as 

recently described[21a] and used it as substrate. Surprisingly, 2Me-Trp 

proved to be a substrate for TsrM albeit with a reduced activity 

(Supplementary Fig. S12). With 2Me-Trp, we obtained a dimethylated 

product eluting at the same retention time than the dimethylated 

product formed with Trp. NMR analysis of the reaction (Fig. 11c) 

identified this novel product as 2,4-dimethyl-Trp, based notably on the 

characteristic H5, H6 & H7 chemical shifts and the concomitant 

disappearing of the H4 signal. NMR analysis also indicated that other 

di- and trimethylated products were formed during catalysis, a result 

confirmed by LC-MS analysis (Supplementary Fig. S13). To further 

validate this structural assignment, we incubated TsrM with 4Me-Trp 

and obtained a dimethylated product that eluted at the same retention 

time than 2,4-dimethyl-Trp (Fig. 11). Thus TsrM, is able not only to 

install methylation on C2 but also on the C4 position, the least reactive 

position of Trp.  

To further explore the influence of Trp substitutions on TsrM activity, 

we incubated the enzyme with the racemic tryptophan derivatives 12, 

13, 14 & 15, substituted on the C4, C5, C6 and C7 positions, respectively 

(Fig. 12). As shown, with the exception of 1-Me-Trp which was a known 

enzyme inhibitor[7b], all the compounds assayed were enzyme 

substrates leading to the formation of a wide range of di-, tri- and tetra-

methylated products (Fig. 12). By using TsrM and tryptophan 

synthase[21a], we accessed 18 references compounds including 2, -, 2, -, 

1,2-dimethyltryptophan as well as 2-methyltryptophan-methylester 

and N-methyl, 2-methyltryptophan (Supplementary Table 6). 

With 12, 13, 14 & 15, we obtained one major product that we 

assigned as 2,4-, 2,5-, 2,6- & 2,7-dimethyl-Trp, respectively, based on 

their retention time (Supplementary Table 6), fragmentation patterns 

(Supplementary Fig. S14) and NMR analysis (Supplementary Fig. S15). 

Interestingly, when the incubation proceeded, other products 

accumulated notably tri and tetramethylated products (i.e. two and 

three methylation events). 

 

 

 

 

Figure 10. Activity of TsrM on tryptamine derivatives. (a) Reaction catalyzed by TsrM 

on 8-11. (b) LC-MS analysis of the reactions of TsrM with 8 (m/z= 251.15), 9 (m/z= 

239.15), 10 (m/z= 227.15) and 11 (m/z= 257.14). Methylated products were 

characterized by a mass shift of m= +14 Da, while di-methylated products were 

characterized by a mass shift of m= +28 Da. (c) LC-MS analysis of TsrM (upper traces) 

and the A3-mutant (lower traces) incubated with 3, 6 or 8 under anaerobic and 

reducing conditions in the presence of SAM after 72 hours incubation. (d) Kinetic 

analysis of the reaction of TsrM with 3 (Upper left panel), 8 (Upper right panel) and 6 

(Lower left panel). Symbols are as follows: ●: SAH; ■: methylated product on the indole 

ring; : N-methylation on the propargylamine moiety; : bismethylated product. 
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Figure 11. Production of 2,4 dimethyl-Trp by TsrM. (a) HPLC analysis of an overnight 

incubation of TsrM with Trp leading to the production of SAH, 2Me-Trp and low 

amount of a 2,4-dimethyl-Trp. (b) HPLC analysis of an overnight incubation of TsrM 

with 4Me-Trp. UV detection at 278 nm. (c) NMR analysis of 2,4-dimethyl-Trp produced 

by TsrM. 

This was particularly evident with 13 and 15 for which the 

dimethylated products (2,5- and 2,7-dimethyl-Trp) were almost 

completely converted into tri- and tetramethylated products (Fig. 12 & 

Supplementary Fig. S15), with one assigned as 2,4,7-trimethyl-

tryptophan (Supplementary Fig. S15). Incubation of these substrates 

with the A3-mutant, even after extended period of time, never led the 

formation of any alkylated product.  

Altogether, these results demonstrate that TsrM activity is not 

restricted on to the 2 position. They also establish that TsrM can 

surprisingly catalyze multiple alkylation events even on its product 

2Me-Trp. Remarkably, with 13 and 15, these multi-alkylated products 

were the major products formed. 

 

Figure 12. Activity of TsrM on Trp and methyl-tryptophans 12, 13, 14 & 15 analysed 

by LC-MS. Upper trace: reference compounds. Letters and numbers indicate location 

of methyl groups. E indicates tryptophan methylester. N: N-methyl tryptophan. Di: 

Dimethylated-Trp. Tri: Trimethylated-Trp. Tetra: Tetramethylated-Trp. Substrates (Trp, 

12, 13, 14 & 15) were incubated overnight with TsrM and SAM under anaerobic and 

reducing conditions. 

Discussion 

The reaction mechanism of TsrM, a B12-dependent radical SAM enzyme 

has been controversial since its discovery almost ten years ago.[7c] 

Indeed, early studies have shown that, unlike all other known radical 

SAM enzymes, TsrM does not require an external electron source and 

does not homolytically cleave SAM[7b, 7c] questioning the radical nature 

of its mechanism. Thanks to the development of synthetic probes, we 

unambiguously demonstrate that TsrM is indeed able to catalyze 

nucleophilic reactions (Fig. 6-8). Equally important, we show that it is 

possible to turn this C-methyl transferase into an N-methyl transferase, 

allowing access to the synthesis of a diversity of methyl tryptophan and 

tryptamine derivatives (Fig. 14). To the best of our knowledge, this is 

the first example of a C-methyltransferase catalyzing methyl transfer 

on nucleophilic heteroatoms. 

Another surprising result was the ability of TsrM to not only 

install methyl groups on propargyl moieties but also to catalyze methyl 

transfer on other positions of the indole ring, notably the C4, which is 

the less reactive position. Probably, the most notorious example of Trp 

alkylation on C4, is the one catalyzed by prenyltransferases[22]. These 

enzymes generate a dimethylallyl carbocation that reacts in an 

electrophilic aromatic substitution at the indole ring. Such chemically 

challenging substitution likely occurs via a C3-substitution followed by 

a Cope rearrangement, which is far from a direct functionalization.[23] 

Another well-known aromatic alkyltransferase is CouO which catalyzes 

a Friedel–Crafts alkylation on various substrates such as naphthalene[24]. 

However, its mechanism involves the essential deprotonation of one 

hydroxyl group, adjacent to the alkylation site, in order to generate a 
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resonance stabilized phenolate. Thus, the ability of TsrM to catalyze 

direct methyl transfer at different locations of the indole ring (the 

benzyl and the pyrrole moieties), independently of their nucleophilicity, 

is unique. The recent structural study of ksTsrM in complex with Trp has 

shown that only the C7 was at a reasonable distance from MeCbl (3.1 

Å) for methyl transfer, suggesting that Trp was in “flipped 

conformation”[13]. Our data support that Trp in fact, can adopt different 

functional conformations in TsrM active site, supporting catalysis and 

the installation of methyl group on different positions.  

Another intriguing feature of ksTsrM is that the radical SAM 

cluster is fully ligated by three Cys residues and a Glu residue (E273). 

This has been proposed to preclude SAM binding to the cluster and 

hence its radical cleavage. However, coordination of the [4Fe4S] cluster 

by E273 could also represent an intermediate state, as recently shown 

for another enzyme, Mmp10[8]. In order to test this hypothesis, we 

cloned and expressed ksTsrM and performed site directed mutagenesis 

to replace E273 by an Ala residue. Interestingly, this mutant was 

severely impaired for 2Me-Trp production (Fig. 13). In addition, even in 

the presence of sodium dithionite or other reductants, it was unable to 

cleave SAM supporting that this residue is important but that other 

factors prevent TsrM from catalyzing the radical cleavage of SAM (Fig. 

13). 

 

Figure 13. Activity of ksTsrM and the E273A mutant on Trp. Upper trace: wild-type 

ksTsrM. Middle trace: E273A mutant. Lower trace: E273A mutant incubated with 

dithionite. HPLC analysis with UV (278nm) monitoring. 

As shown previously[7b] and hereby, the radical SAM cluster is 

essential for TsrM activity but its role is still unclear. XAS analysis 

suggests that the cobalamin cofactor switches from a base-off in the 

wild-type enzyme to a base-on cofactor in the A3-mutant. This likely 

reflects an important role of the radical SAM domain for the proper 

pentacoordination of the cobalamin cofactor, which is critical for the 

reactivity of the C-Co bond. We have shown here by UV-visible analysis 

that OHCbl-TsrM (Fig. 5) is easily reduced from Co(III) to Co(I) upon DTT 

addition while the A3-mutant is barely reducible under the same 

conditions. A similar result was reported for the CoFeSP[20b]. However, 

this enzyme like the B12-dependent methionine synthase,[16b, 25] 

requires a stronger reductant (e.g. Ti(III)Citrate) for reduction, in sharp 

contrast to TsrM.[20b] Intriguingly, after reduction, the Co(I) state of 

TsrM is particularly stable, a property shared by at least one other B12-

dependent enzyme[26]. Thus, the radical [4Fe-4S] cluster likely 

participates to the stabilization of the cobalamin base-off cofactor, but 

its role as an electron conduit for the cobalamin cofactor remains to be 

fully investigated. 

Figure 14. Reaction catalyzed by TsrM on tryptophan and tryptamine deriva-tives 8-11. 

With 1-4 only C2-methyl-indole derivatives were obtained while with 5-7 methylation 

occurred on the N-propargylamine function. Derivatives 8-11 gave bismethylated 

products. With Trp, not only methylation on the C2 but also the C4 occurred. The wild-

type TsrM likely transfers a methyl group from a base-off Co(III) methyl-cobalamin, 

cycling from Co(III) to Co(I). The FeS-culter plays a critical role for the conformation of 

the cobalamin cofactor and transfer of the methyl group to the substrate. The A3-

mutant, lacking the radical SAM cluster, despite being able to transfer a methyl group 

from SAM to cobalamin, has a base-on cofactor and is not able to transfer the methyl 

group to any substrate. 

Conclusion 

Our study reveals that TsrM, in addition to catalyzing the alkylation of 

the electron rich C2 of Trp, can also alkylate the most challenging 

position of the indole ring (i.e. C4 position) likely via a direct methyl 

transfer reaction (Fig. 14). It is intriguing that such reaction could occur 

without the requirement of a carbanion intermediate[27], intermediate 

stabilization[24] or secondary rearrangement[23]. Interestingly, TsrM can 

introduce multiple methyl groups on its substrate despite the distinct 

reactivity of the carbon-atoms in the indole ring. Under our 

experimental conditions, up to three methyl groups were installed on 

Trp and modification of the alkyl chain, independently of the presence 

of an electron-donating or electron-withdrawing group, strongly orient 

the nature of the products formed leading to a diversity of C- and N-

methylated products. 

TsrM has indeed the remarkable property to transfer methyl 

groups on nucleophilic atoms demonstrating that it is able to catalyze 

methyl transfer reaction via a polar mechanism (Fig. 14). Other radical 

SAM enzymes such as Cfr[28], MiaB[29] and QueE[30] have been proposed 

to employ SAM as a polar cofactor in their respective reactions. 

However, in contrast to TsrM, all these enzymes require an external 

electron donor for catalysis. Collectively, our study demonstrates that 

TsrM catalyzes non-radical reactions and is a unique versatile alkylating 

agent able to functionalize chemically challenging carbon-atoms and to 

catalyze multiple alkylation events, expanding the catalytic versatility 

of radical SAM enzymes[8] and giving an easy access to various chemical 

synthons. However, questions remain regarding the mechanism of this 

intriguing enzyme notably how it can catalyze direct methyl transfer 

reaction to unreactive carbon-atoms. 
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