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Abstract

Thiomuracin is a thiopeptide antibiotic with potent activity towards Gram-positive drug-resistant
bacteria. Thiomuracin is biosynthesized from a precursor peptide, TbtA, by a complex array of
posttranslational modifications. One of several intriguing transformations is the C-methylation of
thiazole, occurring at an unactivated sp? carbon. Herein, we report the in vitro reconstitution of
Thtl, the responsible radical S-adenosyl-methionine (rSAM) C-methyltransferase, which catalyzes
the formation of 5-methylthiazole at a single site. Our studies demonstrate that a linear hexazole-
bearing intermediate of TbtA is a substrate for Thtl whereas macrocyclized thiomuracin GZ is not.
In determining the minimal substrate for Thtl, we found that the enzyme is functional when most
of the leader peptide has been removed. The in vitro reconstitution of Thtl, a class C rSAM
methyltransferase, further adds to the chemical versatility of rSAM enzymes, and informs on the
complexity of thiomuracin biosynthesis.
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Thiopeptides are structurally complex natural products that are classified within the
ribosomally synthesized and posttranslationally modified peptide (RiPP) family.!
Thiopeptides are renowned for their antibiotic activity, which arises from the inhibition of
either elongation factor thermo-unstable (EF-Tu) or the 50S subunit of the bacterial
ribosome.2 Usually, RiPP precursor peptides consist of a leader peptide (LP), important for
recognition by select biosynthetic proteins, and a core peptide where the posttranslational
modifications take place.1-34 Since the precursor peptide is of ribosomal origin, RiPPs offer
a high degree of malleability for biosynthetic engineering.>:6 Recently, we reported the in
vitro reconstitution of the core scaffold of thiomuracin GZ (4) and studied the substrate
specificity and timing of various enzymes encoded in the biosynthetic gene cluster (BGC,
Figure 1).”8 Thiomuracin biosynthesis begins with the cyclodehydration (TbtFG) and
dehydrogenation (ThtE) of six Cys residues within the precursor peptide (ThtA, 1) to yield a
hexathiazole intermediate (2). Subsequently, four Ser residues are dehydrated through a
glutamylation/elimination sequence (ThtBC) to form a tetradehydrated hexazole peptide (3).
Finally, two of the alkenes in 3 undergo a formal [4+2] cycloaddition (TbtD), with the
elimination of water and the LP to yield 4 (Figure 1).78

These transformations convert an inactive precursor peptide into a macrocyclic antibiotic
with potent activity towards Gram-positive pathogens.”? In both thiomuracin A1 (5) and
GE2270A (6) the thiazole (Thz) arising from Cys4 is C-methylated; in 6, the Thz at position
6 is also C-methylated (Figure 1).2 These transformations are remarkable in that they occur
on unactivated so? carbon centers. Inspection of the BGC of 5 identifies a single gene, ¢/,
annotated as a rSAM enzyme (Figure S1).° Prior studies on 6 implicate Thtl in thiazole C-
methylation of 5. The BGC for 6 encodes a nearly identical rSAM protein, PbtM2, in
addition to a paralog, PbtM3 (Figure S1). Gene deletion experiments demonstrated that
PbtM2 and PbtM3 C-methylate Thz4 and Thz6 of 6, respectively.10 In this work, we
investigated the timing and substrate scope of thiazole C-methylation by Tbtl in vitro.”

rSAM enzymes catalyze chemically difficult reactions in primary metabolism and natural
product biosynthesis.11-14 A subset of rSAM proteins catalyze methylation of non-
nucleophilic acceptors, such as unactivated so° or sp° carbons.2>-17 Currently, there are four
classes of rSAM methyltransferases.18 Class A includes the RNA-modifying enzymes RImN
and Cfr.19.20 Class B comprises cobalamin-dependent methyltransferases, such as

TsrM, 2122 Fom3,23.24 GenK, 2% CysS,26 and PoyC.2 Class C are cobalamin-independent
and found in a variety of natural product BGCs.28:29 Although class A and B enzymes have
been extensively studied,16:19 class C methyltransferases have received much less
attention.1>18 The only examples of partially characterized class C methyltransferases are
ChuW and NosN.30:31 Class D includes a methylenetetrahydrofolate-dependent enzyme
involved in methanopterin biosynthesis.32

To confirm the previous gene deletion experiments implicating rSAMs in thiazole C-
methylation, we recombinantly expressed and purified Tbtl from Escherichia coli (Figure
S$2).33 Using the ferrozine and methylene blue assays we found that it contained 1.6 + 0.2 Fe
and 1.9 + 0.3 sulfides per monomer. 34:3% Fe-S cluster reconstitution with recombinant
cysteine desulfurase (IscS), Fe(ll), Cys, and dithiothreitol yielded 3.7 + 0.3 Fe and 4.1 £ 0.3
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sulfides per protein, near the expected values for a single [4Fe-4S] cluster. UV-Vis analysis
of Thtl also supported the proper incorporation of the Fe-S cluster (Figure S3).

To determine the timing of thiazole C-methylation, we first evaluated whether 4 was a
substrate. Under anaerobic conditions, 4 was treated with Thtl in the presence of SAM and
dithionite. The reaction mixture was analyzed by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) and no mass shift (+14 Da) was
observed (Figure S4). To investigate if methylation occurred at an earlier point in the
biosynthesis, we tested the ThtA hexazole 2 and the downstream tetradehydrate 3 as
substrates for Tbtl. Analysis by MALDI-TOF-MS showed a +14 Da species consistent with
a single methylation after the reaction with 2 (Figure S5). Control experiments lacking
SAM, Thtl, or dithionite did not result in a mass shift. Under our reaction conditions, 3 was
not a substrate for Thtl (Figure S6). Based on the structures of 5 and 6 (Figure 1) and
previous gene deletion experiments,19 methylation of 2 likely occurred at Thz4. To test this
hypothesis, the pentazole-containing versions of ThtA-C4A and -C4S were prepared and
tested as substrates for Thtl. No mass shift was observed in either case, implicating Thz4 as
a critical moiety for Thtl (Figure S7).

A prominent feature of RiPP biosynthesis is the role of the LP in substrate recognition by
the modifying enzymes.! Although Tbtl lacks an identifiable RiPP Recognition Element
(RRE),% an indicator of LP dependence, TbtD also lacks an RRE yet is LP-dependent;’
further, the RRE-containing TbtB is LP-independent.8 To assess the LP-dependence of Thtl,
2 was treated with the endoproteinase GIluC to generate 7, which retains Val-Gly-Ala from
the LP. In testing 7 as a Thtl substrate, we observed full conversion to the methylthiazole 8
(Figure 2). Control experiments omitting Tbtl, SAM, or dithionite did not result in
observable modification of 7. The site of methylation in 8 was confirmed as Thz4 by high-
resolution electrospray ionization tandem MS analysis (HR-ESI-MS/MS; Figure 3). These
data indicate that most of the LP (31 out of 34 residues) is dispensable for Thtl activity and
that the enzyme recapitulates in vitro the specificity observed in the natural product.

We next addressed the regioselectivity determinants of Thtl, given that Thz4 undergoes
selective C-methylation despite the presence of five additional thiazoles. We hypothesized
that Thtl recognizes a substructure of 2 adjacent to Thz4. Inspection of 5 and 6 shows that
the methylthiazole is preceded in both cases by an Asn3, which in 6 undergoes additional A~
methylation.10 It has been reported that Asn3 forms a key contact with EF-Tu and that
substitution of Asn3 results in loss of antibiotic activity.37:38 To investigate whether Asn3
governs the regioselectivity of Thtl, we replaced this residue in TbtA with Ala, Asp, and
GlIn, followed by hexazole production in £. coli The N3A-, N3D- and N3Q-bearing
variants of 7 were then anaerobically treated with Tbtl, prior to MALDI-TOF-MS analysis.
Under the conditions used, the reaction with substrate 7 went to completion. In contrast, no
methylation was observed with any Asn3 variant (Figure S8). These data demonstrate that
Asn3 in TbtA is critical for Tbtl activity.

We hypothesized that introducing an Asn N-terminal to one of the other thiazoles might
redirect the location of methylation. Thus, four ThtA double-substituted variants of 7 were
constructed by inserting Asn at a position preceding Thz 2, 6, 9 and 12 and replacing Cys4
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with Ala. These four GluC-treated pentazole variants (SIN/C4A, C4A/F5N, C4A/I8N, and
C4AJS11IN) were then tested as Thtl substrates. No methylation was observed, indicating
that other factors contribute to the regioselectivity (Figures S9-S10).

To determine if additional residues in the core peptide influence binding, we created
additional TbtA variants. For these assays, five Cys residues in 7 (Cys2, 6, 9, 10, 12) were
replaced with Ala, while Cys4 was retained. Upon reaction with the thiazole synthetase
(ThtEFG), the corresponding Cys4 monoazole was obtained. After reaction with Thtl, MS
analysis indicated that it was not a substrate (Figure S11), which suggests that substrate
binding requires other thiazole moieties. We therefore constructed all possible combinations
of TbtA diazoles (7.e. Thz2/4, Thz4/6, Thz4/9, Thz4/10, and Thz4/12) and tested them as
Thtl substrates. We observed that the 2/4 diazole was not accepted by Thtl (Figure S12);
however, the 4/6 diazole was fully converted to the methylated product (Figure 4). In
contrast, the 4/9 diazole was incompletely processed while the 4/10 and 4/12 diazole-
containing peptides were not detectably processed (Figures S13-S15). These data suggested
that - Asn-Thz-Phe-Thz- is the minimal substrate recognition motif for Thtl.

To test this hypothesis, the motif was installed at positions 1-4. This double-substituted
variant, ThtA-S1IN/N3F, was reacted with ThtEFG and subsequently Tbtl. Thiazole
formation was observed, but methylation was not (Figure S16), suggesting that while an N-
terminal flanking Asn and a downstream thiazole are necessary, they are not sufficient for
Tbtl methylation. Other, currently unknown structural aspects further contribute to the
substrate selectivity of Tbtl. All results are summarized in Table 1.

Sequence analysis of Thtl did not reveal significant homology to class A rSAM
methyltransferases outside of the conserved [4Fe-4S]- and SAM-binding motifs. Thtl is
clearly distinguished from the cobalamin-dependent class B methyltransferases.18 Class C
methyltransferases are homologous to HemN/HemZ, mechanistically unrelated rSAM
decarboxylases from heme biosynthesis.1> Analysis of the 20,000 top-scoring BLAST-P
results retrieved using Thtl as the query revealed that the vast majority of the class C
enzymes belong to the HemN/HemZ family (Figure $17).3940 Inspection of the remaining
enzymes revealed that 35 are encoded within suspected natural product BGCs while others
may represent divergent heme metabolic enzymes. Of the 35 with anticipated involvement in
natural product biosynthesis, 19 are located in discernable thiopeptide BGCs, including
proteins responsible for thiazole C-methylation and Trp C-methylation, including the
recently characterized NosN involved in nosiheptide biosynthesis.18:30.4142 Besides these,
no other class C rSAM methyltransferase involved in natural product biosynthesis (e.g.
ChuW, YtKT, Jaw5) appears in the top 20,000 BLAST hits, indicating a more distant
relationship to the thiopeptide modifying enzymes. Other BGCs that encode homologs of
Thtl include non-ribosomal peptide synthetase-polyketide synthase hybrids involved in
bleomycin biosynthesis, as well as uncharacterized linear azole-containing peptides that we
predict will also bear C-methylated thiazoles (Figure S18). Phylogenetic analysis of non-
HemN homologs of Tbtl, visualized by a maximum likelihood tree, revealed an enrichment
of homologs in actinomycetes and proteobacteria. Examples from the actinomycetes further
showed an enrichment towards suspected enzymes involved in natural product biosynthesis
(Figures S19-S20).
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summary, we successfully reconstituted the activity of the class C rSAM

methyltransferase Thtl of the thiomuracin biosynthetic pathway. This is the first example of

in

vitro reconstitution of a class C methyltransferase reaction that results in a methylthiazole,

setting the stage for detailed mechanistic investigations. Our data demonstrate that Thbtl
recognizes specific residues upstream and downstream of Thz4 to carry out a regioselective
C-methylation reaction. These studies will facilitate generation of novel analogs of
thiomuracin with desirable pharmacological properties.
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Figurel.
(A) Thiomuracin GZ (4) biosynthesis. (B) Structure of thiomuracin Al (5). (C) Structure of

GE2270A (6). LP, leader peptide. Red, C-methylation sites.
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Figure 2.
(A) MALDI-TOF mass spectra of 7 treated as indicated. (B) Reaction catalyzed by Tbtl to

convert 7 to 8.
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Figure 3.
MS/MS of the Thtl reaction product 8. The c5, ¢7, and y8 ions localize the site of C-

methylation to the Thz4. Predicted masses and associated errors are in Table S2.
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Figure 4.
MALDI-TOF-MS of (A) TbtA-Cys4/6 precursor, (B) reaction of TbtA-Cys4/6 with

TbtEFG, and (C) reaction of the ThtA-4/6 diazole with Thbtl. Laser-induced deamination
artifacts are denoted by a red asterisk.
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TbtA precursor peptide variants tested for methylation by Tbtl. ThtA sequence: Leader-SCNCFCYICCSCSSA

Variant Outcome
wild-type hexazole Fully processed
wild-type hexazole core (three res. leader) Fully processed
C4A pentazole Not processed
C4S pentazole Not processed
N3A hexazole Not processed
N3D hexazole Not processed
N3Q hexazole Not processed
S1N/CA4A pentazole Not processed
C4A/F5N pentazole Not processed
CA4A/I8N pentazole Not processed
C4A/S11N pentazole Not processed
Cys4 monoazole Not processed
Cys2/4 diazole Not processed
Cys4/6 diazole Fully processed
Cys4/9 diazole Partially processed
Cys4/10 diazole Not processed
Cys4/12 diazole Not processed
S1N/N3Fhexazole Not processed
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