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Abstract: Dithiolopyrrolone (DTP) natural products are
produced by several different bacteria and have potent
antibacterial, antifungal and anticancer activities. While
the amide of their DTP core can be methylated to fine-
tune bioactivity, the enzyme responsible for the amide
N-methylation has remained elusive in most taxa. Here,
we identified the amide methyltransferase XrdM that is
responsible for xenorhabdin (XRD) methylation in
Xenorhabdus doucetiae but encoded outside of the
XRD gene cluster. XrdM turned out to be isofunctional
with the recently reported methyltransferase DtpM, that
is involved in the biosynthesis of the DTP thiolutin,
although its X-ray structure is unrelated to that of
DtpM. To investigate the structural basis for ligand
binding in both enzymes, we used X-ray crystallography,
modeling, site-directed mutagenesis, and kinetic activity
assays. Our study expands the limited knowledge of
post-non-ribosomal peptide synthetase (NRPS) amide
methylation in DTP biosynthesis and reveals an example
of convergent evolution of two structurally completely
different enzymes for the same reaction in different

organisms. )

Introduction

Xenorhabdins (XRDs) are members of the dithiolopyrro-
lone (DTP) class of natural products (Figure Sla). DTPs
exhibit broad-spectrum bioactivity against a variety of
organisms, including Gram-positive and Gram-negative
bacteria, fungi, and even eukaryotic parasites."! They share
the bicyclic dithiolopyrrolone scaffold, which is biosynthe-
sized by a non-ribosomal peptide synthetase (NRPS) from
two cysteine building blocks followed by cyclization, decar-
boxylation and oxidation (Figure S1b).” Tailoring enzymes,
such as amino acyltransferases and amide N-meth-
yltransferases (MTs), further expand the structural diversity
of DTPs, which according to their modifications can be
grouped into three subfamilies: N-acyl-DTPs (e.g. holomy-
cin), N-acyl, N-methyl-DTPs (e.g. thiolutin), and thiomar-
inol, a distinct type carrying the polyketide antibiotic
marinolic acid as the N-acyl group linked to DTP (Fig-
ure S1a).F!

To date, only thiolutin and derivatives thereof (e.g.
aureothricin), as well as a few members of XRDs, such as
XRD-243Me, XRD-271Me, XRD-285Me, and XRD-299Me
(referring to N-methylated XRDs in the following) were
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identified as naturally occurring N-acyl, N-methyl-DTPs
(Figure 1a and Figure Sla). In analogy to holomycin and
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Figure 1. Identification of the XRD N-methyltransferase in X. doucetiae.
a) Structures of naturally produced non-methylated and N-methylated
XRDs with the N-methyl moiety highlighted in red. b) Biosynthetic gene
cluster of XRD in X. doucetiae FRM16 lacking an N-methyltransferase.
c) Screening funnel for the identification of the XRD-specific N-
methyltransferase. Based on bioinformatics selection criteria, 15 MT
candidates were examined in overexpression experiments, of which 4
were further checked by gene deletion. Only XrdM was found to be
responsible for the N-methylation of XRDs. d) Volcano plot of the
comparative proteomics analysis between the X. doucetiae Ahfg mutant
and its wild type (WT). Dashed lines show cutoff values q=0.05, and
FC (fold change) =2. Dots in blue, red, green, and orange refer to MTs
according to the screening funnel shown in (c). Among them, the
green and red dots were MTs specific for X. doucetiae (Figure S4) and
thus were chosen for an expression test in Ahfg Pgyp_xrdA. The blue
(MT3 or XrdM) and red dots were down-regulated MTs that were tested
by gene deletion in WT, respectively. Data were calculated from four
biological replicates. Detailed information is given in Figure S5.
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thiolutin, which differ only in the N-methyl group at the
endocyclic amide nitrogen position, there are non-meth-
ylated and N-methylated XRDs with different bioactivities
(Table S1), implying that the bioactivity of DTPs is modu-
lated among other things by the amide methyl group.”!

Usually, methylated non-ribosomal peptides (NRPs) are
generated either by using methylated amino acids as
building blocks® or by methylating the peptides during or
after biosynthesis of the scaffold. The latter can be
accomplished by MT domains within NRPSs'® or by
individual MTs within the corresponding biosynthetic gene
cluster (BGC)."! However, also MTs encoded outside the
corresponding BGC can be engaged in tailoring reactions.
Prominent examples are the S-MT from gliotoxin
biosynthesis® and the N-MT DtpM converting holomycin to
thiolutin.” Similarly, the XRD MT is neither encoded within
the NRPS nor as a separate enzyme within the XRD
BGC!" (Figure 1b).

Here, we identified and characterized the amide N-MT
XrdM that is encoded outside of the XRD gene cluster using
proteomic analysis, MT-candidate screening, gene deletion,
and allied approaches. We further showed that XrdM and
DtpM are isofunctional enzymes toward XRDs and holomy-
cin. X-ray crystal structures, molecular modeling, site-
directed mutagenesis and kinetic activity assays allowed for
a thorough comparison of XrdM and DtpM in terms of
structure and activity.

Results
Identification of the XRD MT XrdM

Since our previous study revealed the MT involved in XRD
methylation to be S-adenosyl methionine (SAM)-
dependent,!'” we screened the Xenorhabdus doucetiae
genome for all the SAM-dependent MTs and found 60
candidates (Figure 1c, Table S2). 45 of them were excluded
based on their presence and high sequence identity (cutoff
>60 %) to proteins encoded in Xenorhabdus species that do
not carry the XRD BGC!'! (Table S2) or methylate any of
the XRD derivatives (Figure S2). The remaining 15 MT
candidates were considered to be specific for X. doucetiae
and therefore selected for further experiments (Figure lc,
Table S2).

Notably, a previously generated Ahfg mutant, in which
the gene encoding Hfq (an RNA chaperone mediating
mRNA/sRNA interaction) is deleted, is characterized by a
strong decrease in most natural products including XRDs
(Figure S3)."” When we exchanged the natural promoter of
the NRPS gene xrdA with an arabinose inducible promoter,
the resulting strain Ahfq Pg,p _xrdA (Table S3) produced
mostly non-methylated XRDs (XRD-243, —271, and —299)
with only trace amounts of methylated XRD-271Me, where-
as in wild type (WT) N-methylated XRDs (XRD-243Me,
—271Me, and —299Me) were the main derivatives (Fig-
ure S3). These findings imply that the transcription and/or
translation of both XRD BGC and the corresponding XRD
MT is down-regulated in the Akfg mutant in comparison to
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WT, making Ahfg Pg,p_xrdA an ideal host for the over-
expression of selected MT candidates. In the following, we
separately overexpressed the 15 MT candidates in X.
doucetiae Ahfg Py,p_xrdA and analyzed the strains for the
production of (non—)methylated XRDs (Figure 2a and Fig-
ure S4). In parallel, we did a comparative proteomic analysis
between Ahfg and WT X. doucetiae strains and could show
that among the selected 15 MT candidates, four of them,
referred to as MT3, MT13, MT14, and MT15, were down-
regulated in Ahfg (Figure 1d and Figure SS5). These four
down-regulated MTs were individually selected for gene
knockouts in WT X. doucetiae and probed for the produc-
tion of (non—)methylated XRDs (Figure 2b). Both exper-
imental approaches, that is overexpression and knock-out
studies, revealed that MT3, located 592 kb away from the
XRD BGC, was the only MT capable of catalyzing the
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Figure 2. Extracted ion chromatograms (EIC) of XRDs from plasmid
expression strains (a) and gene-deletion strains (b) (representative of
biological triplicates). Peaks referring to non-methylated XRDs and N-
methylated XRDs are colored in grey and red, respectively. pACYC
represents the mutant Ahfq Pgap_xrdA containing an empty plasmid
pACYC (see details in Table S3), serving as a control for strains carrying
pMT3, 13, 14, and 15, respectively. Results of other MT expression
strains are shown in Figure S4.
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conversion of non-methylated XRDs to N-methylated
XRDs, and therefore was named XrdM (Xenorhabdin
methyltransferase) (Figure Sic).

XrdM and DtpM are Isofunctional Enzymes

Recently, DtpM from Saccharothrix algeriensis NRRL B-
24137 was shown to N-methylate holomycin and numerous
DTP derivatives.”) Notably, a BLASTP search against the
genome of X. doucetiae using DtpM as a query did not
reveal XrdM but rather MT15 (Figure S6, 32 % sequence
identity) as the closest homolog, which however proved to
be inactive against XRDs (Figure 2). Furthermore, the
closest sequence homolog of XrdM in the holomycin
producer S. algeriensis NRRL B-24137 was not DtpM but
CTG1_5739 (Figure S7). To get an overview of the similar-
ities between XrdM and DtpM, we generated a sequence
similarity network (SSN). This analysis revealed the close
association of DtpM with a number of phenolic-O-MTs
(e.g., LaPhzM,™ CrmM,"™ AzicL™ and CalO6!") and
several N-MTs (e.g., WelM!'"!) belonging to the Pfam00891
family (Figure S8). In contrast, XrdM did not cluster with
those enzymes but with other MTs of the Pfam13649 family
and some Pfam13847 MTs (Figure S8). Therefore, in terms
of sequence analysis, XrdM (246 amino acids) and DtpM
(353 amino acids) can be considered as unrelated meth-
yltransferases (14.6 % sequence identity, Figure S9).

However, considering that the substrates of XrdM and
DtpM, XRDs and holomycin, differ only in the length of
their acyl side chain, we surmised that both enzymes might
have some cross reactivity. To test this hypothesis, we
generated a holomycin-producing X. doucetiae strain (4hfg
AxrdE::himA Pg,p_xrdA) by replacing the XRD specific
acyltransferase gene xrdE with the gene hlmA encoding the
acetyltransferase for holomycin biosynthesis in S. clavulige-
rus ATCC 27064 (details in Figure S10 and S11). Since
expression of pXrdM in this holomycin producing strain
(4hfq AxrdE:himA Pg,p, xrdA pXrdM) yielded thiolutin
(Figure S10), and expression of pDtpM in the XRD
producing strain A4hfq Pg,p xrdA generated methylated
XRDs (Figure S10), XrdM and DtpM are isofunctional
despite their sequence differences.

Structural Comparison of XrdM :SAH and DtpM : SAH

To investigate the structural basis for this isofunctionality of
XrdM and DtpM, we purified (Figure S12) and crystallized
both enzymes. In the following, X-ray structures of XrdM
and DtpM in complex with the cofactor S-adenosylhomocys-
teine (SAH) were solved to 2.1 A and 1.75 A resolution,
respectively (Figure S13, Figure S14 and Table S9).

The structure of XrdM is similar to many other MTs, but
most related to ToxA, a dual-specificity N-MT that catalyzes
the last two steps of toxoflavin biosynthesis and that shares
a sequence identity of 54.3% with XrdM! (Table S10 and
Figure S15a, c). Like ToxA, XrdM is a monomer in solution
(Figure S12a),™ folding into two subdomains. The larger N-
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terminal domain features the canonical Rossmann motif
GxGxxG which is highly conserved across class I SAM-
dependent MTs.""! The smaller C-terminal domain is
known as the flap domain!'"¥ and its three anti-parallel B-
strands build large parts of the substrate binding pocket. At
the interface of both domains a pronounced cofactor- and
substrate-binding cleft is located (Figure S13a). The surface
charge distribution indicates a polar environment around
the cofactor with more hydrophobic portions at the putative
ligand binding site (Figure S13b). As the N-terminus (resi-
dues 4-23) is disordered in the crystal structure, the
substrate binding cleft is accessible to artificial dimer
contacts in the crystal lattice (Figure S13a, c), thereby
blocking the active site of the enzyme.

Like XrdM, DtpM adopts a two-domain fold with the
active site in between (Figure S14b), but the topology is
different. DtpM features a pronounced N-terminal, helical
domain that mediates homodimerization and substrate bind-
ing, while the C-terminal domain comprises the Rossmann
fold (GxGxG motif) (Figure S14d and Figure S16a). The
structure of DtpM is related to various class I O-MTs® with
the phenazine O-MT LaPhzM from Lysobacter antibioticus
being the closest relative (PDB 6C5B, Table S11 and
Figure $16).*1 DtpM forms a homodimer (Figure S12c) that
is considered to be stable in solution (interface area of
3670.8 A% and that is probably functionally relevant, as
the N-terminus of each subunit contributes to the substrate
binding pocket of the other (Figure 3b and Figure S17a).
The active site of DtpM is shielded from the solvent and is
rather negatively charged (Figure S14c). Most interestingly
however, DtpM and its active site surroundings are, apart
from the Rossmann fold, exclusively made of helices, while
XrdM uses three antiparallel B-sheets and one helix to shape
the XRD binding site (Figure S14d).

In conclusion, although both XrdM and DtpM are class I
MTs for the same substrates sharing the typical Rossman
fold, their oligomeric states and substrate binding domains
are different. To understand how the unrelated active site
architectures mediate the same substrate scope, we aimed
for ligand complex structures with both XrdM and DptM.

Modeling of Product-Bound XrdM and Mutagenesis

Since the packing of XrdM crystals prevented the determi-
nation of experimental ligand complex structures and since
the N-terminus (residues 4-23) of XrdM, which was
disordered in the crystal structure, is crucial for catalytic
activity (see mutant ANterm, Figure 4c) similar as for ToxA
(Figure S15c-¢),™® we conducted in silico modeling of XrdM
with SAH and XRD-271Me using the ToxA structure!™
(Figure S15a-€) and the full-length XrdM AlphaFold2™!
prediction.

The model of product-bound XrdM indicates that the
DTP scaffold is recognized by hydrogen bonds with Tyr7,
Tyrl4, GIn23 (indirectly), His115, Tyrl116, and His238
(indirectly) (Figure 3a), while hydrophobic contacts pro-
vided by Tyrl8, Phell2, Alal45, Leul6l, Phel79, Phel89
and Met237 anchor both the DTP core as well as the acyl
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side chain (Figure 3a and Figure S15b). To validate the
modeling, we selected key amino acids (Tyr7, Tyrl4, Tyrl8,
GIn23, Phel12, His115, Tyr116 and His238, Figure 3a) for
mutagenesis and tested the mutant proteins for their activity
in qualitative LC-MS assays (Figure 4c). Selected mutants
were then further analyzed in quantitative luminescence-
based kinetic experiments®! (Figure 4d and Figure S18).

The XrdM mutants H238A (5-fold increase of Ky, 2.5-
fold reduction of k) and Q23A (7-fold increase of Ky, 5-
fold reduction of k) had moderately reduced catalytic
activity and parameters compared to WT XrdM (Figure 4c,
d and Figure S18). This observation agrees with the model
in which His238 and GIn23 hydrogen bond via a water
molecule to the amide oxygen atom of the aliphatic tail of
XRD-271Me (Figure 3a). Next, we mutated Tyrl8 and
Phel12, which are suggested to stack laterally and from top
to the disulfide moiety of XrdM-271Me (Figure 3a). The
catalytic activity of the Y18A mutant was slightly impaired
compared to WT (2.5-fold increase of Ky, 5-fold decrease of
k), whereas substrate turnover of the F112A variant was
more severely affected (Figure 4c, d and Figure S18). Due to
the apparently lower substrate affinity (8-fold increase of
K, and impaired catalysis (33-fold reduction of k),
catalytic efficiency of the F112A mutant was 320 times lower
compared to WT XrdM (Figure 4d and Figure S18). To
evaluate the impact of an aromatic versus an aliphatic side
chain, we additionally evaluated the F112L mutant and
found that it was fully active (Figure 4c). In conclusion,
hydrophobic but not necessarily aromatic amino acids at
position 112 mediate important interactions with the
dithiolopyrrolone ring that are crucial for the catalytic
activity of XrdM. Notably, in ToxA, Trp112 stacks from top
to the substrate, but whether its function can be replaced by
an aliphatic amino acid as well has not been tested
(Figure S15d).*

Next, we investigated the impact of Tyr14. Both Y14F
and Y14A mutants were evaluated for their activity toward
XRD. While the Y14A variant was hardly functional (Fig-
ure 4c), the Y14F version was active, but 192 times less than
WT XrdM (Figure 4d and Figure S18). In fact, the Y14F
mutant was compromised in both Ky, (4.3 times increased)
and k., (50 times reduced) (Figure4d and Figure S18).
These results imply that the aromatic character of Tyr14 is
essential for efficient catalysis, but its hydroxyl group addi-
tionally supports substrate binding and conversion.

To probe the relevance of the hydrogen bonds provided
by Tyr7, Hisl1l5 and Tyrll6 for substrate turnover, the
XrdM variants Y7A, Y7F, H115A and Y116F were created.
The Y7A variant appeared inactive under the tested
conditions (Figure 4c), while the Y7F mutant retained
significant catalytic activity (Figure 4c). Detailed kinetic
analysis revealed that the K, value of XrdM-Y7F was
almost unchanged (increased by 1.5-fold), but k., was 25-
fold reduced (Figure 4d). Hence, similar to Tyr14, both the
aromatic character of Tyr7 as well as its ability to hydrogen
bond to the DTP scaffold are essential for efficient substrate
conversion. These results agree with studies on ToxA,
reporting modest and strong reductions of ToxA activity for
the mutations Y7F and Y7A, respectively.’® Similarly, it has

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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XrdM:SAH:XRD-271Me XrdM:SAH:XRD-271Me (model)

Rossmann
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b

XrdM:SAH:XRD-271Me 90°
DtpM:SAH:XRD-271Me f .-{XrdM:SAH:XRD-271Me (model)
» DtpM:SAH:XRD-271Me (X-ray)

Figure 3. Ligand binding to XrdM and DtpM. a) Left: Ribbon illustration of the in silico modeling of the XrdM:SAH:XRD-271Me complex. Since the
N-terminal residues 4-23 of XrdM (dark red), which are essential for catalytic activity (see mutant ANterm, Figure 4c), were not resolved in the X-
ray structure (Figure S13a), the AlphaFold2 model of XrdM was used for modeling. SAH and XRD-271Me are shown as multicolored ball-and-stick
models; N- and C-termini are labeled. Right: Zoom-in at the active site of XrdM with XRD-271Me shown in teal. Amino acid residues required for
ligand binding or catalysis are labeled by the one-letter code and numbered. Black dotted lines indicate predicted hydrogen bond interactions.
Distances are given. W (red sphere) indicates a water molecule that contributes to ligand coordination. Only the sulfur atom of SAH is shown
(yellow sphere). b) Left: X-ray structure of dimeric DtpM (ribbon illustration) with bound SAH and XRD-271Me (multicolored ball-and-sticks-
models); N- and C-termini are labeled. For substrate-bound DtpM structure see Figure S17. Right: Zoom-in at the active site of DtpM with XRD-
271Me shown in purple. The active site structure differs significantly from that of XrdM (panel a). Labeling and illustration according to panel a. c)
Left: Superposition of product-bound XrdM (modeling data) and DtpM (X-ray data) ribbon illustrations. While XrdM and DtpM share the
Rossmann fold, their substrate binding domains are unrelated in secondary and tertiary structure. Right: In consequence ligand recognition at the
active site is different (compare right panels a, b and the superposition of both in (c). Of note, XRD-271Me is flipped by 120° in DtpM compared to
XrdM. Small zoom-in window: experimental 2Fo-F. omit electron density map for DtpM bound SAH and XRD-271Me contoured to 1o.
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“ XRD-271 +SAM +DtpM-E158A
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A\ XRD-271 +SAM +DtpM-N252A

J\ XRD-271 +SAM +DtpM-Q301A
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c XRD-271
+Me
A Purified XRD-271
v
XRD-271Me
A Purified XRD-271Me
A XRD-271 +SAM +XrdM

XRD-271 +SAM +XrdM-Y7A

XRD-271 +SAM +XrdM-Y7F

f\ XRD-271 +SAM +XrdM-Y14A

XRD-271 +SAM +XrdM-Y14F

XRD-271 +SAM +XrdM-Y18A

XRD-271 +SAM +XrdM-Q23A

XRD-271 +SAM +XrdM-F112A

XRD-271 +SAM +XrdM-F112L

XRD-271 +SAM +XrdM-H115A

XRD-271 +SAM +XrdM-Y116F

XRD-271 +SAM +XrdM-ANterm

\

XRD-271 +SAM No enzyme

“ XRD-271 +SAM +XrdM-H238A
T

XRD-271 +SAM No enzyme

T T T T T T T

T T T T

5 6 ) 10 11 12 5 6 .9 10 11 12
[min] [min]
d DtpM DtpM-Y138F DtpM-Y138A DtpM-H251A DtpM-N252A

Ky (1M) 31 64 17+8 85+ 49 247

kg (mint2) 0.4+0.08 0.3+0.08 0.04 +0.008 0.06 +0.03 0.1+0.01 (x 10?)

k_/Ky, (104 uM-2min-?) 1577 +373 613 + 181 2+4 7+2 0.5+0.1
DtpM-E310A XrdM XrdM-Y7F XrdM-Y14F XrdM-Y18A

Ky (1M) 13+7 612 94 26+ 14 15+3

kg (min) 0.2+0.05 0.1+0.02 0.4 +0.08 (x 10?2) 0.2 +0.07 (x 10?) 0.02 +0.002

k_../ Ky (104 uM-min-) 135+ 28 192 +34 5+1 1+0.2 15+2
XrdM-Q23A XrdM-F112A XrdM-H115A XrdM-Y116F XrdM-H238A

Ky, (kM) 42+18 48 + 32 56+ 16 10+3 29+18

Ko (min) 0.02 +0.006 0.3+0.2 (x102) 0.6 +0.1 (x 103) 0.2+ 0.01 (x 10-4) 0.04 +0.01

k./Ky, (104 pM-1min-Y) 6108 0.6+0.1 0.11+0.01 0.02 + 0.005 14+4

Figure 4. Activity assays of DtpM, XrdM and their mutants. a) Methylation reaction of XRD-271 to XRD-271Me catalyzed by DtpM and XrdM. b)
Qualitative LC-MS based activity assay of WT or mutant DtpM after incubation for 30 min. Purified XRD-271 and XRD-271Me were used as
standards (shown on the top). The reaction mixture without enzyme served as a negative control (shown at the very bottom). The EIC peaks are
representative of two replicates. ¢) Qualitative LC-MS based activity assay of wild type or mutant XrdM after incubation for 30 min according to
panel b. d) Kinetic data for the methylation of XRD-271 catalyzed by DtpM, XrdM, and their mutants as derived from the raw data shown in
Figure S18. The kinetic assay was carried out in triplicates.

been noted for ToxA that residues Asnll5 and Tyrll16,
corresponding to His115 and Tyr116 of XrdM, are in
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hydrogen bonding distance to the substratel”® (Figure 3a).
Consistently, the XrdM mutants H115A and Y116F showed
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drastically reduced catalytic activity (1745 times for H115A
and 9600 times for Y116F) (Figure 4c, d and Figure S18).
While K,; was increased 9.5-fold for H115A and 1.7-fold for
Y116F, k., was severely decreased for both (167 times for
H115A and 5000 times for Y116F), suggesting that the two
residues are of key importance for substrate activation and
turnover.

Together, these data imply that His115, Tyrl16, Tyr7
and Tyrl4 are catalytically important residues of XrdM.
Considering that the residues 1-23 are disordered in the
experimentally solved apo XrdM structure, we propose that
they form a flexible lid to the active site. Notably, the
catalytic importance and conservation of two tyrosine
residues — one as part of the mobile N-terminal segment
(Tyr7 in XrdM) and a second Tyr (Tyrl16 in XrdM) at the
active site — has been noted before for other N-MTs such as
ToxA (Figure S15d) and glycine N-MT.[1824

Substrate- and Product-Bound Structures of DtpM as well as
Mutagenesis

Co-crystallization trials with DtpM, SAH and either XRD-
271 or XRD-271Me led to substrate- (2.2 A resolution,
Table S9, Figure S17a) and product-bound structures
(1.75 A resolution, Table S9, Figure 3b). Compared to apo
DtpM, the experimental electron density maps did not show
any conformational changes (Figure S17c) but clearly visual-
ized SAH and the respective ligand at the active site
(Figure 3b, Figure S17a). Furthermore, XRD-271 and XRD-
271Me bind identically to DtpM (Figure S17c). The distance
between the sulfur atom of SAH and the acceptor nitrogen
atom in XRD-271 (3.8 A, Figure S17a) is ideal for the
alkylation reaction. By modeling SAM instead of SAH into
the DtpM:XRD-271 active site, the angle connecting the
sulfur atom of SAH, the methyl group to be transferred and
the acceptor nitrogen atom of XRD-271 was found to be
166° and thus close to the linear arrangement supposed for a
S\2 methyl transfer.!

Superposition of the Rossmann folds of product-bound
XrdM and DtpM illustrates similar binding of the cofactor
SAH but a 120° flip for XRD-271Me in DtpM compared to
XrdM (Figure 3c), implying that the two enzymes evolved
different ways to recognize the same ligand. This observa-
tion is underpinned when analyzing the enzyme-ligand
interactions at the amino acid level. The core ring structures
of XRD-271 and XRD-271Me are stabilized in DtpM by
numerous hydrophobic amino acid residues (e.g. Phel05,
Phel51, Metl55, Leu293, Met302, Leu305 and Leu306)
(Figure 3b, Figure S17a). The aliphatic tail of XRD-271/
XRD-271Me is outstretched and points into a deep hydro-
phobic channel that extends to the protein surface. Specifi-
cally, the DtpM amino acid side chains Leu293, Val297,
Lys298 as well as GIn301 mediate Van-der-Waals contacts
with the XRD-tail (Figure S17b). In addition, Phe20 and
Arg23 from the neighboring DtpM monomer contribute
non-polar contacts to this binding site (Figure 3b, Fig-
ure S17b). Based on the pronounced depth of the channel,
substrate derivatives with longer or shorter aliphatic tails
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(e.g. holomycin with its shorter acetyl side chain) than that
of XRD-271 are likely to fit as well.

Besides the hydrophobic interactions, several hydrogen
bonds help recognizing XRD-271(Me) and presumably also
holomycin. GIn301 for example may weakly hydrogen bond
to the amide oxygen atom of the side chain of XRD-
271(Me) (Figure S17b). In addition, Glu158 hydrogen bonds
directly to the nitrogen atom of the same amide and
indirectly via a water molecule to the amide oxygen atom of
the DTP moiety (Figure 3b and Figure S17b). Mutation of
GIn301 or Glul58 to alanine did however not affect DtpM
activity in a qualitative LC-MS assay (Figure 4b), suggesting
that these two interactions are not decisive.

We next investigated the polar interaction between the
target nitrogen atom of XRD-271(Me) and Asn252 as well
as indirectly Tyr138 (Figure 3b, Figure S17a). Based on the
LC-MS and kinetic activity assays, the Y138F mutant
retained high activity (Figure 4b, d), excluding a key
function of the hydroxyl group in substrate activation. The
aromatic character of Tyr138 appears to be more important,
as the corresponding Y138A mutant was reduced in its
catalytic efficiency by 72-fold compared to WT (5.7-fold
increase of Ky and 10-fold decrease of k.,; Figure 4b, d).
Most likely Tyr138 of DptM serves the same function as
Tyrl4 of XrdM. By contrast, the DtpM variant N252A was
hardly catalytically active (3154-fold drop in catalytic
efficiency; Figure 4b, d). Considering the position of Asn252
relative to XRD-271 in the crystal structure and the catalytic
parameters of the N252A mutant (8-fold increase of Ky,
400-fold reduction of k., compared to WT, Figure 4d,
Figure S18), Asn252 most likely activates the target nitrogen
for methyl transfer.

Finally, the relevance of the hydrogen bond network
between His251 and Glu310 for substrate binding and
activation was probed. Three mutants, E310Q, E310A and
H251A, were tested by LC-MS and kinetic activity assays.
While the E310Q mutant was not compromised (probably
because substitution of the side-chain carboxylate for an
amide retains the hydrogen bonding pattern with His251),
the E310A variant was 11.7 times and the H251A mutant
225-fold less active than the WT enzyme (Figure 4b, d). This
data is in agreement with a previous kinetic analysis of
DtpM, showing that the mutations E310A and H251A cause
a reduction in catalytic efficiency by a factor of 41 and 643,
respectively.”’ The discrepancy in numbers might arise from
the different substrates used in the enzymatic assays. We
here tested the activity of DptM towards XRD-271, while
the previous kinetic data were collected on holomycin as a
substrate. Altogether, the residues Asn252 and His251 as
well as to a minor extent Glu310 are important for DtpM
activity and also conserved in DtpM-related O-MTs®! such
as LaPhzM.!"

In summary, XrdM and DtpM differ in terms of quarter-
nary structure, fold and size of the substrate binding domain
as well as ligand coordination, recognition and activation
(Figure 3). For instance, XrdM and DtpM bind their
substrate in different orientations relative to the cofactor
(Figure 3c) and although both activate their substrates by
hydrogen bonds to the amide oxygen atom next to the
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methylation site in the DTP ring, they employ different
residues to do so. XrdM uses two tyrosines (Tyr7 and Tyr
116) and a histidine (His115) side chain, while DtpM
engages a histidine (His251) and to a minor extent glutamate
(Glu310). Moreover, DtpM uses Asn252 to directly hydro-
gen bond the acceptor nitrogen atom for methyl transfer,
whereas, in XrdM, Tyr14 takes over this function.

Implications for XrdM and DtpM-Related Methyltransferases

Strikingly, many tested sequence homologs of XrdM (e.g.
MT4, MT13, MT14, CTG1_5739 and ToxA, Figure S19¢c)
and DtpM (MT15) do not methylate XRDs (Figure 2a,
Figure S5 and Figure S10). We therefore compared the
sequences and structures of XrdM and ToxA. Considering
that ToxA naturally methylates an azapteridine scaffold
with no extensions, one could speculate that the aliphatic
tail of XRD-271 might be too large to fit into the ToxA
active site. In this regard, the ToxA residues Vall45 and
Leu237 could pose some steric hindrance to XRD-271
binding. Next, we inspected the sequences and AlphaFold2
predictions for the XrdM homologs MT4, MT13 and MT14,
and looked for residues that are involved in XRD-271
binding or activation in XrdM but missing in all three
homologous MTs (Figure S19a, b). We identified that Tyr18
is replaced by Ser in MT4, MT13 and MT14. Mutation of
Ser18 to Tyr in MT13 and MT14 however did not activate
these MTs toward XRD-271 (Figure S19¢). In addition to
Tyr1l8, MT4 lacks other key residues like His115, Tyr116
and His238. However, even the MT4 quadruple mutant
S18Y-C115H-H116Y-D238H did not convert XRD-271 (Fig-
ure S19¢), suggesting that other factors like altered geo-
metries, dynamics or charge distributions at the active site
might be relevant. We thus conclude that the failure to
explain the inactivity of MT4, MT13 and MT14 toward
XRD-271 might result from both technical limitations
(resolution of X-ray structure/accuracy of the in silico
modeling and the AlphaFold2 algorithm regarding side
chain conformations™) as well as the inability to predict
activities and substrate specificities from primary or tertiary
protein structures.

Conclusion

Our study showcases a natural product, DTP, whose core
skeleton is synthesized by a conserved NRPS protein in
different species, but is methylated at the final stage by two
isofunctional methyltransferases, XrdM and DtpM. Here,
we characterized these two enzymes and showed that they
are completely unrelated in terms of sequence, structure and
ligand binding. Phylogenetic classification of DtpM and
XrdM homologs (Figure S20) suggests that XrdM and DtpM
tend to be specific to Gram-negative and Gram-positive
bacteria, respectively, fitting the notion that most natural
product methyltransferases are tailored for a specific biosyn-
thesis within a certain clade or species."”) Considering the
common interest in engineering and designing meth-
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yltransferases for biocatalytic applications,'**” the two
protein scaffolds of XrdM and DptM might represent
promising starting points for directed evolution approaches
to create novel DTP derivatives as potential anti-infectives.

Additional information

There are 3 Supplementary files accompanying this manu-
script: 1) Supporting Information (Figures S1-S20, and
Tables S1-S11); 2) Extended_Excel_sheet_1; 3) Extended_
Excel_sheet_2.
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DtpM from
Saccharothrix algeriensis
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Holomycin CH3
XRD-271  (CH3)4CH3

Two for one job: DtpM and XrdM are
two bacterial enzymes that have differ-
ent structures but still catalyze the same
reaction: the amide N-methylation of
dithiolopyrrolones (DTPs). Ligand bind-
ing to both enzymes was studied using
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X-ray crystallography, modeling, muta-
genesis and activity assays. The results
suggest that different organisms devel-
oped distinct methyltransferases for the
same task by convergent evolution.
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