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Abstract

As a result of the exponential increase in genomic data, discovery of novel ribosomally
synthesized and post-translationally modified peptide natural products (RiPPs) has progressed
rapidly in the past decade. The lanthipeptides are a major subset of RiPPs. Through genome-
mining we identified a novel lanthipeptide biosynthetic gene cluster (/af) from Lachnospiraceae
bacterium C6A11, an anaerobic bacterium that is a member of the human microbiota and is
implicated in the development of host disease states such as type 2 diabetes and resistance to
Clostridium difficile colonization. The /a/ cluster encodes at least seven putative precursor
peptides and multiple post-translational modification (PTM) enzymes. Two unusual class Il
lanthipeptide synthetases LahM1/M2 and a substrate tolerant S-adenosyl-L-methionine (SAM)
dependent methyltransferase LahSg are biochemically characterized in this study. We also present
the crystal structure of LahSg in complex with product S-adenosylhomocysteine. This study sets
the stage for further exploration of the final products of the /a/ pathway as well as their potential
physiological functions in human/animal gut microbiota.

Graphical Abstract

Two unusual class 1l lanthipeptide synthetases and a SAM-dependent C-terminal
methyltransferase are encoded in a novel lanthipeptide biosynthetic gene cluster (/a#) from
Lachnospiraceae bacterium C6A11. These enzymes were biochemically characterized, setting the
stage for further exploration of the final products and their physiological functions in gut
microbiota.

Additional experimental methods are provided in the Supporting information via the link at the end of the document.
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Introduction

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are an
expanding class of natural products,[!] the discovery of which has been accelerated by the
genome-sequencing advances in the past decade.[?] RiPPs are typically made from a
precursor peptide that contains a core peptide where the PTMs take place and a leader
peptide that is required for many of the post-translational modification reactions but is
removed in one of the later steps of biosynthesis.[3] One of the major classes of RiPPs is the
lanthipeptides, which contain the characteristic thioether cross-linked bisamino acids
lanthionine and methyllanthionine. They are biosynthesized by dehydration of serine and
threonine residues in a precursor peptide, followed by intramolecular Michael-type addition
of cysteine thiols to the resulting dehydroalanine (Dha) or dehydrobutyrine (Dhb) residues.
[4] For class 11 lanthipeptides, both reactions are catalyzed by a single enzyme generically
called LanM, ! which uses ATP to first phosphorylate select Ser/Thr residues followed by
phosphate elimination to accomplish net dehydration.[8] Recently, we reported a highly
substrate tolerant protease domain of the bifunctional transporter LahT encoded in a putative
lanthipeptide biosynthetic gene cluster (/af) in Lachnospiraceae bacterium C6A11. This
domain called LahT150 efficiently removes leader peptides from a large number of double
glycine motif-containing peptides.[’] LahT is a member of the family of ABC-transporter
maturation and secretion (AMS) proteins (also called peptidase-containing ATP-binding
transporters, PCAT).[8] The /ah biosynthetic gene cluster (BGC) in the genome of
Lachnospiraceae bacterium C6A11 encodes an intriguing compilation of RiPP PTM
enzymes (Figure 1). We identified the /a7 BGC by BLAST query searching for examples of
BGCs that contain multiple precursor peptides based on the flavecin biosynthetic pathway.
[7.9] The /ah cluster is unique in that it not only encodes at least seven precursor peptides
with diverse core peptides, but also has a highly diverse set of PTM enzymes including two
class 11 lanthipeptide synthetases, two YcaO-like proteins,[19] a dehydrogenase, a protease/
transporter, and a methyltransferase. The constellation of multiple precursor substrates along
with multiple modification enzymes complicates prediction of the final products since either
all enzymes can act on all peptides, or select enzymes may react with only a subset of
substrates. The large size of the cluster and the diversity of the precursor peptides was also
noted in a previous report without further analysis.[11] Here, we biochemically characterized
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a SAM-dependent methyltransferase LahSg that methylates the C-terminal carboxyl group
of different amino acid residues in a subset of LahA peptides, which constitutes a new PTM
in lanthipeptides. In order to rationalize this broad substrate tolerance, we solved the LahSg
crystal structure at 2.01 A resolution. Lastly, we demonstrate that the class Il LahM1
enzyme efficiently dehydrates a select set of substrates, but that LahM2 only displays
phosphorylation (and not phosphate elimination) activity.

Results and Discussion

Bioinformatic survey suggests an intriguing set of PTMs

The /ah cluster is the most complex lanthipeptide biosynthetic gene cluster that has been
experimentally investigated thus far. Like the prochlorosin systems in cyanobacteria,[2] the
/ah cluster encodes multiple substrate peptides with diverse core peptides. Seven of the nine
putative LanA peptides (LahA1-A7) are encoded within the /a/ cluster (Figure 1). In
addition, two additional putative genes encoding LahA peptides (LahA8 and A9) are located
outside of the /a7 BGC. The distance between the latter two genes and the /a/ cluster cannot
be determined as the genome is not fully assembled and we cannot rule out that these
peptides may be modified by different enzymes such as a radical-SAM protein that is
encoded nearby. The leader peptides of all nine LahA peptides are conserved and, like the
prochlorosins, are members of the Nif11-like protein family!*3! ending with a double Gly
motif (Figure 1C). Our previous study demonstrated that the LahT150 protease domain
recognized this motif for all nine substrates.[’] In contrast, the sequences of the
corresponding core peptides exhibit a high degree of sequence divergence and five of the
nine peptides distinctly lack Cys residues (Figure 1B). Despite few Cys residues, indicating
that at least five (and possibly more) of the nine products are not lanthipeptides, the LahA
core peptides contain a number of Ser and Thr residues. Curiously, LahA8 contains neither
Ser/Thr nor Cys residues in its predicted core peptide. Whereas all LanM and most Ycao-
like proteins act on these three amino acid residues, recent studies on YcaO-proteins have
shown thioamidation[24: 14] and macroamidine-formation[1%] activity that does not require -
nucleophile-containing amino acids. By sequence, the leader peptides appear to fall into two
groups (LahA1-A5 and LahA6-A9) (Figure 1C). None of the proteins encoded in the /ah
cluster contains a RiPP recognition element!] that recognizes the leader peptide in other
biosynthetic pathways.[17] Anaerobic cultures of Lachnospiraceae bacterium C6A11 were
monitored by mass spectrometry for potential products of the /af cluster, but no such masses
were observed.

Two putative class Il lanthipeptide synthetases LahM1 and M2 are encoded in the /af cluster
(NCBI accession number WP_035625282.1 and WP_081828742.1). Their domain
architectures appear to deviate somewhat from those of canonical LanM proteins (Figure
2A) based on Pfam analysis.[*8] A prototypical CyIM lanthipeptide synthetase contains an
approximately 400 amino acid N-terminal domain (Duf4135) and an approximately 350
amino acid LanC-like C-terminal domain. These annotated domains roughly correspond to
the dehydratase and cyclase domains within the CyIM crystal structure.[1%] However, Pfam
analysis of both LahM1 and M2 splits the typical dehydratase domain into two parts. The
first domain is approximately 200 amino acids in length and the second approximately 100
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amino acids. The two domains are connected with a linker of about 50 amino acids that is
absent in currently characterized LanM proteins (Figure 2A). It appears that the first domain
contains the catalytic machinery for the kinase activity of LanMs and that the second domain
corresponds to the kinase activation domain[1®] that in canonical LanM enzymes also bears
two residues (Arg and Thr) that are critical for phosphate elimination.[20] Inspection of the
first domain in an alignment with the canonical LanMs LctM and CyIM indicates LahM1
and LahM2 retain the conserved residues Lys159, Asn247, Glu261 (LctM numbering)
involved in phosphorylation activity (Figure S1). Both proteins also contain Arg399 in
domain 2 that is important for phosphate elimination whereas the key residue Thr405 that is
critical for phosphate elimination activity[19-20] js present in LahM1 but mutated to Pro in
the LahM2 sequence (Figure 2B). Thus, we predicted that LahM1 could dehydrate its
substrate(s) but that LahM2 would only be able to phosphorylate its substrate(s).

The cyclase domains of neither LahM1 nor LahM2 are annotated in a Pfam analysis, and
alignment with LctM and CylM shows an absence of the Zn-binding residues His725,
Cys781 and Cys836 (LctM numbering) that are conserved in prototypical LanM proteins
(Figure 2).[21] A similar scenario of a disrupted Zn-site was observed for BsjM (Figure 2).
The gene for this enzyme is clustered with genes for BsjA precursors involved in bicereucin
biosynthesis that also predominantly lack Cys residues.[22] The absence of Cys residues in
most of the substrates appears therefore to correlate with a cyclase domain lacking the Zn-
site that previously has been shown to be essential for cyclization activity of class I
lanthipeptide synthetases.[21] Thus, we predicted that neither LahM1 nor LahM2 would be
able to form (methyl)lanthionines.

In addition to the two apparent lanthipeptide synthetases, a flavin-dependent oxidoreductase
(LahJg) and two YcaO-like proteins are encoded in the BGC (Figure 1). In other systems,
LanJg orthologs are responsible for the reduction of dehydro amino acids to their
corresponding D-amino acid counterparts,[22-231 whereas YcaO-like proteins install azole,
thioamide or amidine structures into RiPPs.[1% The combination of YcaO-type proteins and
class Il lanthipeptide synthetases is unprecedented in characterized systems. Previously,
class I dehydratases and Y caO-proteins were shown to be involved in the biosynthesis of the
thiopeptides!?4] and the azole and dehydro amino acid containing peptide goadsporin.[2°]
The two putative YcaO proteins are assigned as LahD1 and D2, following linear azol(in)e-
containing peptide nomenclature.[!] They conspicuously lack genes encoding cognate C
proteins in the BGC, which typically facilitate substrate recognition through binding the
leader peptide on the peptide substrate.[16: 26] |nstead, LahD1 and D2 are reminiscent of the
stand-alone YcaO proteins involved in bottromycin biosynthesis. Indeed, among various
characterized YcaO protein groups bottromycin YcaO proteins have the highest sequence
homology with LahD1 (13.7% identity to BotC/BmbD; 11.8% identity to BotCD/BmbE)
and D2 (13.7% identity to BotC/BmbD; 11.8% similarity to BotCD/BmbE). Recent studies
have presented evidence that the bottromycin YcaO proteins are responsible for the
cyclodehydration and macrocyclization of its substrate to provide a macrocyclic amidine.[1%]

Finally, a SAM-dependent methyltransferase annotated as LahSg and a peptidase-containing
ATP-binding cassette transporter LahT are also encoded in the BGC. The methyltransferase
is the second instance that such an enzyme is found in lanthipeptide BGCs after the
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ubiquitous O-methyltransferases that were recently characterized to convert Asp to iSoAsp.
[27] These O-methyltransferases were given the general name LanSa (Pfam: PF01135), but
since the methyltransferase in the /a/ cluster belongs to a different methyltransferase family
(Pfam: PF13847), we term this protein LahSg (Figure S2).

LahM1 is selective for LahA3 and LahA5

Since both LanM and YcaO-type proteins typically act on unmodified RiPP precursor
peptides, a priori it is difficult to predict whether the enzymes would act on the same
substrate making a natural hybrid RiPP or whether each type of modification would be
discrete to a particular set of substrates. For the first scenario, it would also be unclear which
enzyme(s) would act first. In this initial study we focused our attention on the two
lanthipeptide synthetases and performed co-expression studies with the substrates in
Escherichia colli, a strategy that has been highly successful for a large number of
lanthipeptides.[®: 281 Co-expression of /ahA1, A2, A4, A6and A7 with either /ahM1 or M2
resulted in peptides with masses corresponding to unmodified peptide. In contrast, co-
expression of /ahA5with /ahM1 resulted in three-fold dehydrated peptide, and co-expression
of lahA3with /ahM1 resulted in two-fold dehydrated peptide (Figure S3, S4). The clean
conversion of LahA3 and LahAb5 suggests that the enzyme is fully active and that the other
peptides are not substrates for LahM1. All previous co-expression studies of lanthipeptides
have provided the correct post-translationally modified products and hence the observed
activities are likely the native reactions. In order to investigate the possibility that the
expression level of LahM1 might have been insufficient for the modification of LahAl, A2,
A4, A6, and A7, purification of LahM1 was undertaken. The expression and purification of a
Hisg-maltose-binding protein fusion!?%! of LahM1 (Hisg-MBP-LahM1) using Ni2*-affinity
chromatography was successful (Figure S5). /n vitro assays of LahA3 and LahA5 with
purified LahM1 resulted in the same modification as that observed /n vivo (compare Figures
3, 4 with Figures S3, S4). Thus, we conclude that these two peptides are substrates for
LahM1 but the other LahA peptides are not. Although the determinants of enzyme activity
are unclear from only examining the LahA sequences, some possible correlations based on
the sites of dehydration are discussed below.

In contrast to the observations with LahM1, but consistent with the sequence analysis
demonstrating the absence of a critical Thr residue for phosphate elimination, LahM2 only
demonstrated phosphorylation activity with LahAS5, and no activity with LahA3 (Figures 3
and 4). These observations raised the possibility that perhaps the elimination activity of
LahM1 might be used to act on peptides phosphorylated by LahM2, or that modification by
either enzyme would be a requirement for activity by the second LanM. Therefore, co-
expression studies of LahA5 and LahA3 with both the LahM1 and LahM2 proteins were
performed, but these did not yield additional modification beyond that observed in the co-
expressions with just the individual LahM enzymes. Similar findings were observed in vitro
with purified enzymes (Figures 3D and 4D).

To determine the positions of the dehydrated residues in LahA3 and LahA5, the leader
peptide was proteolytically removed using the LahT150 protease domain resulting in
liberation of the LahA3/A5 core peptide. Alternatively, because the core peptides of LahA3
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and LahA5 do not contain a Glu residue, for convenience commercially available
endoproteinase Glu-C was employed for some subsequent experiments as indicated. Purified
LahM1-modified LahA3 (mLahA3) and LahA5 (mLahA5) core peptides were subjected to
electrospray ionization (ESI) quadrupole time-of-flight (TOF) tandem mass spectrometric
analysis (ESI-Q-TOF MS-MS). The results illustrated that in the mLahAS3 core peptide
Ser13 and Thrl7 were dehydrated to Dha and Dhb, respectively, while in mLahA5 Ser12,
Ser18 and Thrl5 were dehydrated (Figures 3E and 4E). The Ser/Thr residues that escape
dehydration are near the N- and C-termini of the core peptide, suggesting a putative
positional dependence of LahM1. No obvious sequence motif(s) can be detected to explain
the observed selectivity, but all Ser/Thr residues that are acted on by LahM1 are flanked by
two aliphatic residues and are located in the middle of the peptide (i.e. at a defined distance
from the leader peptide). Almost all Ser/Thr residues that are not dehydrated are either
flanked by at least one polar residue, are located at the start or end of the core peptide, or
have a different leader peptide from LahA3/5 (i.e. LahA and A7). The observation that
LahM1 does not act on any of the Cys containing peptides, along with the observed
disrupted zinc-binding site, suggests that the Cys residues in these peptides may be
substrates for the YcaO-proteins. This prediction as well as the proposed molecular basis for
site- and peptide selectivity need to beinvestigated in future studies.

Biochemical Characterization of LahSg

Co-expression of LahAl, A6 or A7 with LahSg (NCBI accession number
WP_051646488.1) in E. coliresulted in masses corresponding to unmodified peptide
(Figures S5-S7). In contrast, co-expression of /ahA2-A5with /ahSgresulted in products
corresponding to a mass addition of one methyl group, indicating that LahSg is selectively
active on LahA peptides independently of other PTM enzymes. Subsequently, the activity
was confirmed /n vitro using MBP-tagged recombinant LahSg (Figure S6) with LahA2-A5
as substrates (Figure 5B, Figures S7-9), demonstrating consistent results with the
observations from co-expression. Furthermore, LahM1-modified LahA3 and LahA5 as well
as the GluC-treated mLahA3 and mLahA5 peptides were also substrates for LahSg during in
vitro assays (Figure 5D and S10-13). Tandem MS/MS analysis of LahSg-modified mLahA5
and mLahA3 peptides revealed that a methyl group was installed at the C-terminus of both
peptides (Figures 5E, S14, S15). Based on all the data above, LahSg activity is independent
of the leader peptide and prior dehydration. Collectively the peptides that are substrates
contain lle, Val, and Met as C-terminal residues, suggesting that LahSg is tolerant with
respect to the amino acid residue that it methylates. At present, the factors that determine
substrate specificity are not entirely clear. A kinetic investigation of LahSg using a synthetic
15-mer peptide FLGSAIVAASSAGAV corresponding to the C-terminus of LahA3 revealed
a Ky, 0f 103 = 10 uM and A4 of 60.9 + 0.3 s1 (Figure 5F). C-terminal methylation has not
been previously observed in lanthipeptides, but it was reported for cyanobactins, another
group of RiPPs.[3%] Modification of the C-terminus of RiPPs likely contributes beneficially
to environmental stability by providing protection from carboxypeptidases. C-terminal
methylation adds to previous protecting group strategies reported for lanthipeptides such as
C-terminal decarboxylation.[31] LahSg might therefore have potential utility for synthetic
biology as a methyl ester-introducing element.
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Overall structure of LahSg

In order to gain insights into the substrate scope, LahSg was purified as described in the
Experimental Section and subjected to crystallization. The LahSg structure was determined
at a resolution of 2.01 A using diffraction data collected from crystals of SeMet
labeledprotein. Relevant data collection and refinement statistics may be found in Table Sé.
The overall structure of LahSg is representative of other members of class |
methyltransferases, and consists of a core Rossman-like fold. The domain architecture is
composed of a central seven-stranded (8 sheet with the B7 strand running antiparallel to
strands p1 through 6 (Figure 6A). This central B-sheet is surrounded by a—helices on both
sides. A DAL search against the Protein Data Bank showed the S-methyltransferase TmtA
(PDB ID 5EGP; Figure S16) to be the closest characterized protein with an RMSD of 4.2 A.
[32] TmtA is a self-resistance protein that methylates gliotoxin in the producing fungus
Aspergillus fumigatus. Density corresponding to a molecule of bound S-adenosyl
homocysteine (SAH) can be seen at the presumptive active site, where the hydroxyl groups
of the ribose are hydrogen bonding with Asp72 (Figure 6B). Asp98 interacts with the amino
group of the adenine moiety. The main chain oxygen atoms of His115 and Gly49 interact
with the amino group from the methionine moiety in SAH while Arg21 and Thr116 interacts
with the carboxyl group. Gly49 is part of the GXGXG motif known to make contact with the
amino acid moiety of SAM. Efforts to obtain a co-crystal structure of LahSg with one of its
peptide substrates were not successful. However, a surface representation of the structure
reveals a large cavity adjacent to the bound SAH (Figure 6C). Docking studies with the last
five residues of LahA3 shows that the cavity can accommodate a linear conformation of the
peptide, where the carboxy terminus would be appropriately situated for methyl transfer
from SAM (Figure 6D). The edge of this cavity is defined by residues Phell, Phel6, and
Phe149, which provide a hydrophobic pocket where the C-terminal residue of the substrate
would be expected to bind. This pocket may account for the selectivity of LahSg for only a
subset of the precursor peptides.

Conclusions

By genome mining we identified an unusual gene cluster that combines hallmarks from
other RiPP biosynthetic pathways. Like the thiopeptides,[33] polytheonamides, 34 and
bottromycins,[35] the /ah cluster combines genes encoding enzymes that are characteristic
for different classes of RiPPs, in this case class 11 lanthipeptide synthetases and Y caO-type
enzymes. In the other examples, all of the enzymes act on a single substrate peptide (or a
small set of peptides closely related by sequence). Because the /a/ cluster encodes at least
seven and possibly as many as nine precursor peptides with very different predicted core
peptide sequences, it is not clear whether the biosynthetic enzymes act on all or a subset of
substrates. Our results with the lanthipeptide synthetase LahM1 and the methyltransferase
LahSg suggest the latter. As such, the /ah cluster may encode an unusual example of a multi-
peptide system[36] in which two or more products act synergistically to exert a particular
biological function. Usually the peptides in multi-peptide systems are structurally related
and belong to the same class of natural products (e.g. two-component lantibiotics). In this
case the individual components might be post-translationally modified by a different subset
of enzymes and belong to different RiPP classes. A somewhat related system is the two-
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peptide antimicrobial peptide bicereucin, in which one component contains a lanthionine
ring and the second component does not have any (methyl)lanthionines.[22] However,
bicereucin is still made by a single LanM synthetase. One alternative scenario that we
cannot currently rule out is that the peptides that are not substrates for the enzymes
investigated in this work might be encoded by cryptic or pseudogenes.

The seven substrate peptides with Nifl1-type leader peptides are also reminiscent of the
prochlorosins in which one class 11 lanthipeptide synthetase modifies thirty!12a] (or up to 80)
[125] peptides with highly diverse core sequences. But unlike the prochlorosin system, the
majority of the LahA peptides do not contain Cys, and the LahM proteins do not have the
characteristic Zn%* coordinated by three Cys ligands implicated in conferring high substrate
tolerance to ProcM-like enzymes for the cyclization of diverse core peptide sequences.[37]
Finally, although we show that the methyltransferase LahSg acts independently of LahM
activity, we cannot exclude the possibility that LahM1/M2 substrate recognition and
therefore activity are predicated on the presence of other PTMSs. A strict sequence of PTM
installation has been observed previously for some RiPP biosynthetic pathways such as the
thiopeptides,[24a] select lanthipeptides,[38] microcin C7,[3% and the bottromycins.[40]
However, in other systems such as the cyanobactins, the biosynthetic enzymes have
demonstrated much plasticity and can act in a variety of orders.[41] Although we cannot rule
out the possibility of strict order for the /ah system, we find it unlikely that LahM1/M2
would act on a large number of previously posttranslationally modified LahA peptides. In
particular, the high sequence divergence of their core peptides makes it hard to envision how
LahM1/M2 would accept a specific pre-installed structure the way for instance the ThtB
enzyme recognizes a highly specific hexazole-containing peptide during thiomuracin
biosynthesis.[24P] The answers to these questions lie likely in the activity of the two YcaO
proteins and the dehydrogenase, which will be the focus of future studies.

Experimental Section

Protein cloning, expression and purification:

The gene encoding either LahSg, LahM1, or LahM2 was first amplified using genomic DNA
of Lachnospiraceae bacterium C6A11 as template and the corresponding primers (Table S1)
and cloned into the multiple cloning site of the pET28a-MBP vector[23a] |inearized by
BamH| using Gibson assembly to generate pETMBP-LahSg, pPETMBP-LahM1 and
pETMBP-LahM2 (for details, see Supplementary Methods). £. co/i BL21 (DE3) cells were
transformed with the corresponding constructs and plated on a Luria Broth (LB) agar plate
containing 50 mg/L kanamycin. A single colony was picked and grown in 15 mL of LB with
50 mg/L kanamycin at 37 °C for 15 h, and the resulting culture was used to inoculate 3 L of
LB medium. Cells were cultured at 37 °C until the OD600 reached 0.6 and cooled on ice for
30 min. Subsequently IPTG was added to a final concentration of 0.3 mM. The cells were
cultured at 16 °C for another 18 h before harvesting. The cell pellets were resuspended in
buffer A (20 mM Tris, 1 M NaCl, pH 7.8 at 25 °C) and lysed using a high pressure
homogenizer (Avestin, Inc.). The sample was centrifuged at 23,700xg for 30 min. The
supernatant was passed through 0.45-um syringe filters (Fisherbrand®) and loaded onto a 5
mL HisTrap immobilized metal affinity chromatography (IMAC) column pre-charged with
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Ni2* and equilibrated with buffer A. The column was attached to an AKTA fast protein
liquid chromatography (FPLC) system (GE Healthcare) and washed with up to 25% buffer B
(20 mM Tris, 1 M NaCl, 500 mM imidazole, pH 7.8 at 25 °C) in buffer A at a flow rate of
1.5 mL/min. Then the protein was eluted using a gradient of 25-100% buffer B over 45 min.
UV absorbance at 280 nm was monitored and fractions were collected and analyzed by
SDS-PAGE (Bio-Rad). The fractions containing the desired proteins were combined and
exchanged back to buffer A using a PD-10 desalting column (GE Healthcare) and
subsequently concentrated using an Amicon Ultra-15 Centrifugal Filter Unit (Millipore).
Furthermore, a gel filtration step with a HiLoad 16/60 column containing Superdex200 resin
(GE Healthcare) was employed. The column was eluted with 120 mL (2 CV) storage buffer
(10% glycerol, 20 mM Tris, 500 mM NaCl, pH 7.8) and the fractions were concentrated,
aliquoted and frozen in liquid nitrogen and then stored at —80 °C.

Peptide expression and purification:

E. coliBL21 (DES3) cells were transformed with pRSFDuet-LahAs-LahSg/M1/M2 (for
construction, see Supplementary Methods) and plated on a Luria Broth (LB) agar plate
containing 50 mg/L kanamycin. A single colony was picked and grown in 15 mL of terrific
broth (TB) amended with 10 mM MgCl, and 50 mg/L kanamycin at 37 °C for 15 h, and the
resulting culture was used to inoculate 1.5 L of TB medium containing 50 mg/L kanamycin
with 10 mM MgCl,. Cells were cultured at 37 °C until the ODggg reached 0.6 and cooled on
ice for 30 min. Subsequently IPTG was added to a final concentration of 0.7 mM. The cells
were cultured at 18 °C for another 18 h before harvesting. The cell pellets were resuspended
at room temperature in LanA start buffer (20 mM NaH,POy, pH 7.5 at 25 °C, 500 mM
NaCl, 0.5 mM imidazole, 20% glycerol) and lysed using a high pressure homogenizer
(Avestin, Inc.). The sample was centrifuged at 23,700xg for 30 min, and the supernatant was
kept. The pellets were then resuspended in LanA buffer 1 (6 M guanidine hydrochloride, 20
mM NaH,POy, pH 7.5 at 25 °C, 500 mM NaCl, 0.5 mM imidazole) and lysed again. The
insoluble portion was removed by centrifugation at 23,700xg for 30 min, and the soluble
portion was kept. Both soluble portions were passed through 0.45-um syringe filters
(Fisherbrand®), and the Hisg-tagged modified peptides were purified by IMAC as previously
described[#2]. The eluted fractions were desalted by preparative reversed phase (RP) HPLC
using a Waters Delta-pak C4 column (15 pm; 300 A; 25 mm x 100 mm). The desalted
peptides were lyophilized and stored at =20 °C.

In vitro assays of LahSg:

The activity of LahSg in vitro was monitored in the presence of 100 uM of LahA or variants
(modified, unmodified, full-length and core peptide) and 20 pM of His-tagged-MBP-LahSg
in buffer (50 mM HEPS pH 7.8) and 1 mM S-adenosyl methionine (SAM). Aliquots of 100
uL were desalted via C18 ZipTip (EMD Millipore) according to the manufacturer’s
instructions, and the peptide was eluted using a saturated solution of sinapinic acid in 60%
ag. MeCN. The eluent was analyzed by MALDI-TOF MS.

In vitro assays of LahM1 and LahM2:

To reconstitute the activity of His-MBP-LahM1 and His-MBP-LahM2 in vitro, 20 uM of
linear LahA peptides were supplied in a reaction vessel with 4 mM MgCl,, 4 mM ATP, 2
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mM DTT and 50 mM HEPES (pH 7.5), followed by the addition of the LahM to a final
concentration of 0.5 uM. Reactions were incubated at room temperature for 4 h. Control
reactions were set up with all other components with heat-inactivated LahM1 and/or LahM2.
Each sample was zip-tipped and analyzed by MALDI-TOF MS.

Determination of Kinetic Parameters for LahSg:

Kinetic analysis of LahSg was performed using a coupled spectrophotometric assay using
the Cayman Methyltransferase Fluorometric Assay Kit (Catalog No. 700150, Cayman
Chemical) following the manufacturer’s instruction and with assay conditions that ensured
the saturation of S-adenosylmethionine, coupling enzyme, and varying the concentration of
the substrate peptide. A LahSg concentration of 1 uM was used, which ensured that the
time-dependent activity observed was within the linear range in the time frame observed.
Three replicates were run per sample, and resorufin standards were used to create a standard
curve. The kinetic parameters (K, and Ac5t) were calculated using GraphPad Prism 7
software (GraphPad Software Inc.) using standard settings for non-linear regression curve
fitting to the Michaelis—Menten equation.

Crystallization of LahSg:

Following the removal of the MBP tag (Figure S6B) and further purification using size
exclusion chromatography (buffer of 20 mM Hepes pH 7 and 100 mM KCI), LahSg was
concentrated to 10 mg/ml using Amicon centrifugal filters. Crystallization conditions were
initially determined using commercial screens. Crystals of LahSg were grown using the
hanging drop method in conditions containing 0.2 M sodium malonate and varying
concentrations (16-22%) of PEG3350. Crystals were obtained at 9 °C after 2 days, and were
rapidly soaked in precipitant solution supplemented with 30% glycerol or ethylene glycol
prior to vitrification by direct immersion in liquid nitrogen. Anomalous scattering data,
collected on crystals of SeMet-substituted, was used to determine crystallographic phases.
Data were indexed and scaled using HKL2000.[43] Selenium sites were identified using
HySS, and subsequently refined in autoSHARP.44] The model was fitted using COOTI43]
and refined with REFMACS.[46] The structure has been deposited in the Protein Data Bank
(ID 6UAK).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The /ah biosynthetic gene cluster. (A) /a1 gene cluster. The grey genes between /aZA6 and
/ahT and between /ahT and /ahA7encode regulatory elements and ABC transporters; (B)
sequences of the nine LahA core peptides. Dehydrated residues (see text) are underlined. (C)

LahA leader peptide alignment.
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Figure 2.

The LahM enzymes differ from canonical LanMs. (A) Pfam domain architecture of various
LanM proteins compared to LahM1 and M2. Stars indicate the mutated zinc-binding ligands
in the BsjM sequence. (B) Alignment of the conserved active site residues in the dehydration
and cyclization domains of canonical LanM enzymes (LctM and CyIM), BsjM, and LahM1
and M2. Residues in the dehydration and cyclization domain that differ between the
canonical enzymes and the others are shown in red and blue respectively.
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Figure 3.
In vitro assays of LahM1 and LahM2 with LahA3. MALDI-TOF MS spectra of (A) His-

LahA3 incubated with heat-inactivated enzyme; (B) His-LahA3 incubated with MBP-
LahM1; (C) His-LahA3 incubated with MBP-LahM2; and, (D) His-LahA3 incubated with
MBP-LahM1 and MBP-LahM2. (E) Tandem ESI-MS fragmentation of LahM1- and
LahT150-modified LahA3 core peptide. Masses of the ions shown are listed in Table S2.
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Figure 4.
In vitro assays of LahM1 and LahM2 with LahA5. MALDI-TOF MS spectra of (A) His-

LahAb5 incubated with heat-inactivated enzyme; (B) His-LahA5 incubated with MBP-
LahM1; (C) His-LahA5 incubated with MBP-LahM2; and, (D) His-LahAS5 incubated with
MBP-LahM1 and MBP-LahM2. (E) Tandem ESI-MS fragmentation of LahM1- and GluC-
modified LahAb5 core peptide. Masses of the ions shown are listed in Table S3.
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Figure5.
MALDI-TOF mass spectra of (A) His-LahA5 reacted with heat-inactivated MBP-LahSg;

(B) MBP-LahSg reacted with His-LahA5; (C) GluC-treated mLahA5 MBP-LahSg reacted
with reacted with heat-inactivated MBP-LahSg; (D) GluC-treated mLahA5 MBP-LahSg
reacted with reacted with MBP-LahSg. Masses of the ions shown are listed in Table S4. (E)
Tandem MS-MS spectrum of LahSg-modified GluC-treated mLahA5. Masses of the ions
shown are listed in Table S5. (F) Dependence of LahSg activity on substrate (LahA3-15-mer
peptide) concentration. The data were fit to a nonlinear regression using the Michaelis-

Chembiochem. Author manuscript; available in PMC 2021 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Huo et al.

Page 19

Menten equation. The plot was generated using GraphPad Prism. Reported values are means
+ S.D. (n=3).
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Figure 6.
Structure of the LahSg methyltransferase. (A) Overall architecture of the enzymes with

helices and strands numbered in order. (B) Difference Fourier map (Fo-F¢c) showing SAH
binding site (C) Surface diagram of a AutoDock Vina model of the last five amino acids of
LahA3 (sticks) bound to the presumptive substrate-binding cavity. (D) Close-up view of the
active site with LahA3 modeled inasin C
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