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Biochemical and spectroscopic characterization of a radical
SAM enzyme involved in the formation of a peptide thioether
crosslink

Nathan A. Bruender, Jarett Wilcoxen?*, R. David Britt*, and Vahe Bandarian™*
TChemistry Department, University of Utah, Salt Lake City, UT 84112

*Department of Chemistry, University of California, Davis, CA 95616, USA

Abstract

Peptide-derived natural products are a class of metabolites that afford the producing organism a
selective advantage over other organisms in their biological niche. While the polypeptide antibiotic
produced by the non-ribosomal polypeptide synthetases (NRPS) are the most widely recognized,
the ribosomally-synthesized and post-translationally-modified peptides (RiPPs) are an emerging
group of natural products with diverse structures and biological functions. Both the NRPS derived
peptides and the RiPPs undergo extensive post-translational modifications to produce structural
diversity. Here we report the first characterization of the six cysteines in forty-five (SCIFF) [Haft,
D.H. and Basu M.K. (2011) J Bacteriol 193, 2745-2755] peptide maturase Tte1186, which is a
member of the radical SAM superfamily. Tte1186 catalyzes the formation of a thioether crosslink
in the peptide Tte1186a encoded by an orflocated upstream of the maturase, under reducing
conditions in the presence of SAM. Tte1186 contains three [4Fe-4S] clusters that are
indispensable for thioether crosslink formation; however, only one cluster catalyzes the reductive
cleavage of SAM. Mechanistic imperatives for the reaction catalyzed by the thioether forming
radical SAM maturases will be discussed.
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Microorganisms produce a wide variety of peptide-derived natural products that provide
selective advantage to the producer in complex biological niches. The most widely
recognized are the polypeptide antibiotics, such as vancomycin, which are produced by non-
ribosomal polypeptide synthetases (NRPS) and undergo extensive modifications to include a
wide variety of novel side chains.12 In contrast to NRPS natural products, the ribosomally-
synthesized and post-translationally-modified peptides (RiPPs) are an emerging group of
natural products that undergo extensive post-translational modifications to produce structural
diversity. There is substantial interest in understanding the biosynthesis of these peptides
because many have been shown to have biological activities.2 For example, the lanthipeptide
nisin (Fig. 1A) is an extensively crosslinked RiPP that is commonly used as a food
preservative.* The gene encoding the RiPP precursors co-localize with the enzymes that
catalyze the post-translational modification reactions.3 This co-localization is the basis for
identification of large numbers of RiPPs in genome sequencing projects, the mechanisms of
post-translational modifications for many of which are poorly understood.>’

Sulfur-to-alpha carbon thioether crosslinked peptides (sactipeptides) are a group of RiPPs
(Fig 1B). The thioether linkages in these natural products are distinct from the well-studied
lanthipeptides, such as nisin, where the thioether crosslinks form between a Cys residue and
a dehydrated Thr/Ser. Unlike the lanthipeptide systems, where crosslinks are introduced by a
two-step redox neutral mechanism, sactipeptide maturase enzymes introduce chemically
equivalent crosslinks by a radical-mediated pathway involving a 2-electron oxidation of the
peptide substrate.

To date, six sactipeptides have been described.8-12 The genes encoding the precursor
peptides for all six are co-localized in an operon with an orfencoding a member of the
radical S-adenosyl-L-methionine (SAM) (RS) superfamily. The RS superfamily contains
>100,000 members catalyzing a myriad of biologically important transformations.13 The
enzymes within this superfamily generally contain the CxxxCxxC motif, identified as the
radical SAM signature sequence.1* These conserved cysteines provide thiolate ligands to
coordinate three iron atoms of a [4Fe-4S] cluster (referred to as the RS cluster) with the
fourth iron of the cluster coordinated by the a-carboxylate and a-amino moieties of SAM

(Fig. 2).

The catalytic cycles of RS enzymes can be divided into two phases. The first is reduction of
the FeS cluster from the +2 to the +1 oxidation state. In many systems, NADPH and
flavodoxin/flavodoxin reductase, or small molecule reductants such as dithionite often
accomplish the task in vitro.15-24 The reduced cluster mediates the reductive cleavage of
SAM to generate a 5’-deoxyadenosyl radical (dAdoe) (Fig. 2), which abstracts a H-atom
from the cognate substrate to initiate catalysis. The reductive cleavage of SAM is a hallmark
activity of all RS enzymes. A small amount of 5’-dAdo can form even in the absence of
substrate in a so-called abortive cleavage reaction.2®

Studies on the RS systems have revealed a subgroup that have additional FeS clusters28.
With the exception of biotin synthase?’ and lipoic acid synthaseZ8, where the second cluster
serves as a source of sulfur, and HydG, where the second cluster interacts with a “dangler”
iron atom through L-cysteine that acts as the scaffold for the [Fe(CO),(CN)] synthon, 29:30
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the role(s) of these clusters is not known. There are limited data on these proteins, but
available structural and functional data suggest that many of these so-called auxiliary
clusters (AC) are coordinated by Twitch or SPASM domains within their respective
proteins,3! and they may interact with the substrate.32-34 Interestingly several members of
thioether crosslink forming maturases, including those involved in the biosynthesis of
sactipeptides, have been shown to have one (and sometimes a second) auxiliary cluster
(referred to as AC1 or AC2 hereafter), whose role(s) remain to be established.28

RS enzymes have been shown to catalyze thioether crosslinks in the biosynthesis of
subtilosin A, sporulation killing factor, thurincin H, and the y subunit of quinohemoprotein
amine dehydrogenase.3°-38 Additionally, the RS enzymes ThrC and ThrD were proposed to
catalyze the formation of thioether crosslinks in the RiPPs Trna and Trnf3, which together
form the bacteriocin thuricin CD9. However, recent bioinformatic investigations have
identified numerous instances where a gene encoding for a RS enzyme was clustered with a
gene encoding for a putative RiPP precursor indicating that the enzyme may act as a RiPP
maturase.>~’

In 2011 Haft and Basu identified a gene encoding a putative RS enzyme adjacent to a gene
encoding for a peptide in the genomes of 128 different organisms, primarily in the Clostridia
family. These two genes were observed clustered with the genes gt gueA, yajC, secD, and
secF. This genomic context led the authors to propose that the RS enzyme modifies the
peptide and that the modified peptide has a housekeeping role. Sequence analysis of the
peptides adjacent to the RS maturase showed that nearly all of them have a conserved C-
terminal domain and a variable N-terminal region (Fig. 1C). The C-terminus contains a
subsequence that is distinguished by the presence of six cysteines i a forty- five residue
peptide (on average), leading to these peptides being designated SCIFF. The nature of the
modification introduced in the SCIFF peptide, however has not been determined.

In this manuscript we characterize a SCIFF peptide/maturase pair and show that the enzyme
introduces a thioether crosslink in the conserved C-terminal region of the peptide.
Biochemical and spectroscopic investigations further demonstrate the presence of three
[4Fe-4S] clusters in the maturase one of which, the RS cluster (RC), is required for reductive
cleavage of SAM and for overall activity. The RC and both auxiliary clusters (AC1 and
AC?2) are shown to be required for the crosslink formation. Mutagenesis studies further
allow the three clusters to be differentiated spectroscopically. The role(s) of these clusters in
the activity of the SCIFF maturase is discussed in the context of the general mechanism of
radical-mediated thioether crosslink formation.

EXPERIMENTAL PROCEDURES

Cloning and expression of tte1186a and tte1186

The genes encoding the peptide, Tte1186a, and corresponding maturase, Tte1186, from
Caldanaerobacter subterraneus subsp. tengcongensis MB4 were obtained from Genscript
(Piscataway, NJ). The genes, supplied in a pUC57 vector, were codon optimized for
recombinant expression in Escherichia coli. Both tte1186aand tte1186 were excised from
their pUC57 vector upon digestion with Aldel and X#ol and ligated into pET28a, digested
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with the same enzymes, for recombinant expression as N-terminal Hisg-tagged proteins.
Sequences were verified by standard Sanger sequencing at the University of Michigan DNA
Sequencing Core.

Tte1186a was expressed in £. coliBL21 (DE3) cells that were transformed with the
tte1186a-pET28a vector. LB, 12 x 1 L in 2.8 L Fernbach flasks, supplemented with 34
ug/mL kanamycin was inoculated with 0.1 L of #fe1186a-pET28a BL21 (DE3) overnight
culture and grown at 37 °C. Expression of Tte1186a was induced upon addition of IPTG to a
final concentration of 0.1 mM when ODggonm reached ~ 0.6. Cells were grown at 37 °C for
3-4 h, harvested via centrifugation at 5000x g, flash frozen in liquid nitrogen, and stored at
-80 °C.

Tte1186 was expressed in £. coli BL21 (DE3) cells that were co-transformed with ffe1186-
pET28a and pDB1282 to aid in cluster maturation.*%41 LB, 12 x 1 L in 2.8 L Fernbach
flasks, supplemented with 34 ug/mL kanamycin and 100 ug/mL ampicillin was inoculated
with 0.1 L of #fe1186-pET28a/pDB1282 BL21 (DE3) overnight culture and grown at 37 °C.
At ODggonm 0.3-0.4, arabinose and iron (111) chloride hexahydrate were added to the LB to
final concentrations of 0.05% (w/v) and 0.05 mM, respectively, to induce the /iscand suf
operons encoded by pDB1282. Tte1186 was induced upon addition of IPTG to a final
concentration of 0.1 mM when ODgggnm reached 0.6-0.8. Cells were grown at 37 °C for 18—
20 h, harvested via centrifugation at 5000x g, flash frozen in liquid nitrogen, and stored at
-80 °C.

Purification of Ttel186a

Cells (~30g) were suspended in 0.2 L of 0.05 M KPi (pH 7.4), 0.5 M KCI, 0.05 M
imidazole, and 1 mM PMSF, and lysed using a Branson digital sonifier operated at 50%
amplitude. The lysate was clarified via centrifugation at 18,000x g for 35 min at 4 °C. The
clarified lysate was loaded on a 1 mL HisTrap HP column (GE Healthcare), charged with
nickel sulfate, equilibrated in 0.05 M KPi (pH 7.4), 0.5 M KCI, and 0.05 M imidazole. After
loading, the column was washed with 8 column volumes of equilibration buffer and
Ttel186a was eluted with a linear gradient from 0.05 — 0.5 M imidazole over 15 column
volumes. Fractions containing Tte1186a identified by SDS-PAGE were pooled and desalted
using a Sep-Pak C18 cartridge (Waters) as follows. The Sep-Pak cartridge was wetted with 5
mL acetonitrile containing 0.1% (v/v) TFA and equilibrated with 5 mL 0.1 % (v/v) TFA
prior to use. Ttel1186a fractions (2-3 mL) were loaded onto the cartridge, and the cartridge
was subsequently washed with 5 mL 0.1%(v/v) TFA. Tte1186a was eluted from the
cartridge with 5 mL acetonitrile containing 0.1% (v/v) TFA. The desalted Tte1186a was
lyophilized to dryness.

Purification of Ttel1186

Tte1186 was purified and reconstituted in an anaerobic environment (Coy Labs anaerobic
chamber with 95% N»/5% H, atmosphere). Cells (~30 g) were suspended in 0.2 L of 0.05 M
KPi (pH 7.4), 0.5 M KCI, 0.05 M imidazole, and 1 mM PMSF, and lysed using a Branson
digital sonifier operated at 50% amplitude. The lysate was clarified via centrifugation at
18,000x g for 35 min at 4 °C. The clarified lysate was loaded on a 5 mL HisTrap HP column
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(GE Healthcare), which had been charged with nickel sulfate and equilibrated in 0.05 M KPi
(pH 7.4), 0.5 M KClI, and 0.05 M imidazole. After loading, the column was washed with 10
column volumes of equilibration buffer and Tte1186 was eluted with a linear gradient from
0.05 - 0.5 M imidazole over 8 column volumes. Fractions containing Tte1186 were pooled
and desalted to 0.05 M PIPESeNaOH (pH 7.4) and 10 mM DTT using BioGel P6 DG
desalting gel 100-200 mesh (wet) (Bio-Rad).

The desalted, purified enzyme was reconstituted by adding 15 molar equivalents of iron (I11)
chloride hexahydrate and sodium sulfide nonahydrate to Tte1186. The reconstitution was
incubated at room temperature for 4h and the reaction was clarified via centrifugation at
16,000x g for 5 min. The clarified reaction was desalted to 0.05 M PIPESeNaOH (pH 7.4)
and 10 mM DTT using BioGel P6 DG desalting gel 100-200 mesh (wet) and concentrated
to a minimal volume (~1 mL).

Concentrated reconstituted Tte1186 (1 mL) was loaded on a Sephacryl S-300 HR size
exclusion column (16 cm x 60 cm, GE Healthcare) equilibrated with 0.05 M PIPESsNaOH
(pH 7.4) and 10 mM DTT and eluted isocractically at 1 mL/min. Fractions containing
Tte1186 were identified by SDS-PAGE, pooled, concentrated to a minimal volume (~0.5
mL), and flash frozen in liquid nitrogen. Protein concentration was determined by the
Bradford method with BSA as the standard. All UV-visible spectra of Tte1186 were
measured using an Agilent 8453 diode array spectrophotometer.

Construction and purification of Tte1186 Cys—Ala variants

Each of the six Cys to Ala variants was constructed by following the Stratagene QuikChange
site-directed mutagenesis protocol using the primers in Table S1. All plasmids encoding for
Ttel1186 Cys — Ala variants were expressed and the proteins were purified as described for
wild-type Tte1186.

Amino acid analysis

Ttel186a was dissolved in 0.05 M TriseHCI (pH 8.0), 10 mM DTT to approximately 5 mg
(crude powder)/mL. The concentration of Tte1186a was then determined by Amino Acid
Analysis at the Molecular Structure Facility at the University of California-Davis.

Tte1186 was subjected to Amino Acid Analysis to determine the accuracy of concentration
measured by the Bradford method. A 0.1 mL aliquot of concentrated Tte1186, purified as
described above, was desalted to 10 mM NaOH using an Illustra NICK column (GE
Healthcare). Tte1186 was eluted from the column using 0.4 mL 10 mM NaOH and the
concentration of the eluent was determined via the Bradford method with BSA as the
standard. The remaining eluent was flash frozen, and the protein concentration was analyzed
at the Molecular Structure Facility at the University of California-Davis. This process was
performed on three independent purifications of Tte1186.

Determination of iron and sulfide stoichiometery

Iron content of wild-type and all Tte1186 variants were determined by ICP-OES.
Concentrated Tte1186 was diluted to 1 uM (based on corrected Bradford concentration) in
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1% (v/v) trace-metals grade nitric acid. Analyses were conducted by the Analytical Facilities
of the Department of Hydrology & Atmospheric Sciences at the University of Arizona.
Acid-labile sulfide content of Tte1186 (wild-type and variants) was determined using the
Beinert method.2

LC-MS analysis for reductive cleavage of SAM

Assays were set up under anaerobic conditions in a Coy Labs anaerobic chamber (95%
N,/5% H,). Reactions (0.2 mL) contained 0.05 M TriseHCI (pH 8.0), 10 mM DTT, 0.5 mM
SAM (enzymatically synthesized and purified as previously described#3), 0 or 10 mM
dithionite, 0.02 mM Tte1186 (wild-type or cluster variants), and 0.017 mM Ttel186a. The
reactions were initiated upon the addition of dithionite and allowed to proceed at room
temperature. At 6 h after the addition of dithionite, reactions were quenched with 0.02 mL
30% (w/v) TCA.

The acid quenched time points from the assays were centrifuged at 16,000x g for 5 min to
pellet the insoluble debris prior to LC-MS analysis using an LCQ DecaXP mass
spectrometer (Thermo Fisher) connected to an Agilent 1100 HPLC equipped with a diode
array detector. An aliquot (0.04 mL) of the supernatant was injected onto an Agilent Zorbax
Eclipse C-18 column (4.6 mm x 250 mm) pre-equilibrated in 50 mM ammonium acetate
(pH 6.0) (solution A) operated at 0.3 mL/min. Solution B was 40% acetonitrile/60% H-O.
The analytes were separated using the following program: 0-3 min, 0% B; 3-4.4 min, 0-
0.2% B; 4.4-5.8 min, 0.2-0.8% B; 5.8-7.2 min, 0.8-1.8% B; 7.2-8.6 min, 1.8-3.2% B; 8.6—
10 min, 3.2-5% B; 10-25 min, 5-25% B; 25-40 min, 25-50% B; 40-49 min, 50-75% B;
49-52 min, 75% B. After each run the C18 column was washed with 11 mL of 100%
acetonitrile and equilibrated with 10 mL of 50 mM ammonium acetate (pH 6.0). SAM
(enzymatically synthesized and purified) and 5’-dAdo (Sigma) were injected as standards
and separated as described above.

Direct infusion of Ttel186a on LTQ OrbiTrap XL

Purified Tte1186a was diluted to 0.0085 mM in 50% (v/v) Optima acetonitrile/49.9% (v/v)
Optima H,0/0.1% (v/v) Optima TFA (Fisher) and directly infused on a LTQ OrbiTrap XL
(Thermo Fisher) mass spectrometer at a flow rate of 5 uL/min. The LTQ OrbiTrap XL was
operated in positive ion mode detecting with FT analyzer set to a resolution of 100,000, 1
microscan, and 200 ms maximum injection time. Data were recorded in LTQ Tune program
(Thermo Fisher) and analyzed using Xcalibur (Thermo Fisher). The deconvoluted and
deisotoped spectrum was generated from the raw data using the Xtract software (Thermo
Fisher).

Mass spectrometry analysis for Tte1186a modification

Reactions (0.2 mL) contained 0.05 M TriseHCI (pH 8.0), 10 mM DTT, 10 mM dithionite, 0
or 1 mM SAM, 0.02 mM Tte1186 (wild-type or cluster variants), and 0.034 mM Tte1186a.
Reactions were initiated upon addition of dithionite and allowed to proceed under anaerobic
conditions at room temperature. After 6 h, 0.1 mL of each reaction (with SAM and without
SAM) was quenched with 0.01 mL of 30% (w/v) TCA. lodoacetamide was added to the
remaining 0.1 mL of the reaction to a final concentration of 0.02 M, and the reactions were
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incubated in the dark for 2 h. Afterwards, the iodoacetamide treated aliquot was quenched
with 0.01 mL 30% (w/v) TCA. The acidified aliquots were centrifuged to remove the
precipitate and cleaned up using C18 ZipTips (Millipore) as follows. The ZipTips were
wetted with acetonitrile/0.1% (v/v) TFA and equilibrated with 0.1% (v/v) TFA. The
supernatant from the acid quenched samples (both treated with and without iodoacetamide)
were loaded on the ZipTip. The ZipTip was subsequently washed with 10% (v/v)
acetonitrile/0.1% (v/v) TFA and the peptide was eluted with 0.1 mL 50% (v/v) acetonitrile/
49.9% H,0/0.1% (v/v) TFA. The eluent was directly infused on a LTQ OrbiTrap XL mass
spectrometer in the same manner as described above.

LC-MS analysis for peptide modification

Assays were setup as described above. The acidified reactions were centrifuged 16,000x g
for 5 min to pellet the insoluble debris prior to LC-MS analysis using a LTQ OrbiTrap XL
(Thermo Fisher) mass spectrometer connected to an Agilent 1100 HPLC equipped with a
diode array detector. An aliquot (0.04 mL) of the supernatant was injected onto an Agilent
Zorbax Eclipse C-18 column (4.6 mm x 250 mm) pre-equilibrated in 0.1 % (v/v) TFA in
water (Buffer A). Buffer B was 0.1% (v/v) TFA in acetonitrile. The reaction components
were eluted with a linear gradient from 0 to 70% B over 70 min running at 0.3 mL/min.
After the gradient the column was washed with 100% B for 15 min with a flow rate of 1
mL/min and equilibrated with 0% B for 15 min with a flow rate of 1 mL/min. The LTQ
OrbiTrap XL was operated in positive ion mode detecting with FT analyzer set to a
resolution of 100,000, 1 microscan, and 200 ms maximum injection time.

CID fragmentation of unmodified and modified Tte1186a

The peak corresponding to the +8 charge state of both the unmodified and modified
Ttel1186a was isolated in the CID cell using an isolation width of 3.0 m/z, Q 0.25, and 30 ms
activation time. The unmodified peptide was fragmented with 10% collision energy and the
modified peptide was fragmented with 20% collision energy. The MS/MS experiments were
detected using the FT analyzer set to a resolution of 100,000, 1 microscan, and 200 ms
maximum injection time.

EPR sample preparation

All EPR samples were prepared in a Coy Labs anaerobic chamber with 95% N»/5% H,
atmosphere. All samples contained 0.05 M PIPESeNaOH (pH 7.4), 2 mM DTT, 10 mM
dithionite, 0.5 mM wild-type or variant (AAC1, AAC2, ARC, ARC/AAC2, or ARC/AAC1)
Tte1186, and either 0 mM or 5 mM SAM in 0.15 mL. The AAC1/AAC2 variant was set up
in the same manner as the rest except 0.33 mM enzyme was used in the reaction mixture. In
the absence of SAM, enzyme was incubated with dithionite for 10 min at room temp. Then,
only in the reactions that contained SAM, SAM was added to the reactions and they were
incubated for an additional 1 min then flash frozen in liquid nitrogen in the anaerobic
chamber. All samples were prepared in 3.8 mm thin walled precision quartz EPR sample
tubes (Wilmad Glass) and flash frozen in liquid nitrogen in the anaerobic chamber after the
appropriate incubation time. Frozen samples were stored in liquid nitrogen.
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EPR Spectroscopy

RESULTS

Samples for X-band (~9.4 GHz) EPR spectroscopy were measured at the CalEPR center at
the University of California, Davis. Continuous wave (CW) spectra were collected using a
Briker Instruments Elexsys-11 E500 CW EPR spectrometer (Briker Corporation, Billerica,
MA\) equipped with an Oxford Instruments ESR900 liquid helium cryostat and Oxford
Instruments ITC503 temperature and gas-flow controller. Samples were measured under
non-saturating slow-passage conditions using a Super-High Q resonator (ER 4122SHQE).
Spectra simulations were performed using the EasySpin 4.0 toolbox in Matlab.4*

Identification of Ttel186a

Recent bioinformatics search of the SCIFF peptide (IPR023975) and the corresponding
SCIFF RS maturase (IPR024025) families indicate that they have expanded to 584 and 726
sequences, respectively, and are primarily in genomes within the Clostridia family.3° The
sizable difference between the number of maturase and SCIFF peptide homologs likely
represents a tendency for the automated annotations to miss orfs corresponding to short
peptides. This was also noted in the report that first identified the SCIFF family.

To identify a SCIFF maturase/peptide pair that may be amenable for biochemical analysis, a
subset of ~20 pairs were identified by bioinformatics search using the radical SAM protein
CPF_2198 from Clostridium perfringens ATCC 13124 as the search query. The sequences
were then analyzed by XtalPred,*> which provides an indication of how likely the protein is
to crystalize. Of these, the Caldanaerobacter subterraneus subsp. tengcongensis MB4
putative SCIFF maturase homolog was chosen for further analysis. However, while the
maturase had been annotated, the putative SCIFF peptide was not. A tBLASTn search of the
sequence space surrounding the maturase using the highly conserved C-terminal sequence
(GGCGECQTSCQSACKTSCTVGNQACE)® (Fig 1C) led to the identification of a
sequence encoding the conserved C-terminal sequence. The complete orfcorresponding to
the SCIFF peptide was identified by searching the same translation frame as the C-terminal
piece to identify the starting Met residue. The resulting orfwas subsequently termed
tte1186a.

Purification of SCIFF peptide and corresponding radical SAM maturase

Genes corresponding to the maturase (#fe1186) and its putative peptide substrate (tte1186a)
were codon-optimized for optimal expression of N-terminal Hisg-tagged proteins in £. coli
(see Fig. S1 for sequences). The recombinant peptide substrate was purified by His-trap
affinity chromatography to >95% homogeneity, as judged by SDS-PAGE analysis (Fig.
S2A). The exact mass of Tte1186a was obtained by high resolution MS analysis using a
LTQ OrbiTrap XL mass spectrometer and was within 2.3 ppm of that expected based on the
sequence of the protein minus the N-terminal Met (Fig. S2C-E).

The recombinant maturase Tte1186 was co-expressed together with pDB1282, a plasmid
that contains the /sc and sufoperons involved in the maturation of nitrogenase from
Azotobacter vinelandii, to aid in iron-sulfur cluster insertion into the protein.#%41 Tte1186
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was purified by His-trap affinity chromatography under anaerobic conditions to obtain
protein that was >95% pure, as judged by SDS-PAGE analysis (Fig. S2A). To obtain
cofactor-replete enzyme the as-isolated protein was reconstituted with iron and sulfide under
anaerobic conditions and subjected to size exclusion chromatography. The UV-visible
feature at 420 nm was substantially increased upon reconstitution, consistent with increased
FeS cluster content in Tte1186 (compare spectra for as-isolated and reconstituted proteins in
Fig. S2B). Amino acid analysis of the purified and reconstituted protein revealed that the
Bradford protein assay overestimates the concentration of Tte1186 by 1.8 + 0.04-fold. This
factor was used to correct the concentrations determined in all subsequent experiments.

Ttel186 contains three 4Fe-4S clusters

Iron and sulfide analysis of reconstituted Tte1186 revealed 14.5 + 1.1 mol of iron and 10.3
+ 1.5 mol of sulfide per mol of Tte1186 monomer. Based on the Fe/S stoichiometry, our
working hypothesis is that Tte1186 contains three [4Fe-4S] clusters.

To further delineate the stoichiometry and identify the Cys residues that are involved in
binding the additional clusters, the three cysteine residues in the CxxxCxxC radical SAM
signature motif that is common to nearly all members of the radical SAM superfamily were
mutated to alanine. In Tte1186, Cys 104, Cys108, and Cys111 are the three residues
observed in the signature motif and were subjected to site-directed mutagenesis to generate
the C104A/C108A/C111A variant of Tte1186 (ARC). ARC was expressed and purified as
described for wild-type (Fig S3). Iron and sulfide analysis for this variant showed that it
contained 8.8 £ 1.4 mol of iron and 10.0 £ 2.3 mol sulfide per mol of Tte1186 monomer.
While this variant contains the same amount of sulfide as the wild-type protein, it contains
less iron suggesting that the ARC variant protein binds one fewer [4Fe-4S] cluster. It is
possible that the excess sulfide in this variant may be adventitiously bound sulfide resulting
from the reconstitution conditions.

The SPASM domain was first defined using the radical SAM enzymes AlbA, PqgE, and
anSME.>6:31 Each enzyme contains a Cys rich C-terminal domain that was observed to bind
additional [4Fe-4S] clusters called auxiliary clusters.21:35:46.47 Since the characterization of
these three enzymes, additional members of the RS superfamily, including QhpD, were
observed to contain a Cys rich C-terminal domain that binds auxiliary [4Fe-4S] clusters.38
BLAST search of Tte1186 revealed that it was homologous to both anSME and AlbA,
suggesting that it contains the C-terminal SPASM domain. Both the bioinformatic analysis
of Tte1186 and the excess Fe and S observed in both the wild-type and ARC variant
discussed above suggested that Tte1186, by analogy to PqqE, AlbA, QhpD, and anSME,
contains at least one auxiliary cluster. Indeed, Tte1186 shares significant sequence similarity
with QhpD (47%), AlIbA (40%), and anSME (44%). Biochemical and structural studies have
shown that anSME houses a RC and two auxiliary clusters (AC1 and AC2), all of which are
required for activity.21:2246 Seven Cys residues are conserved in the C-termini of all these
proteins (Fig. S4) and have been shown to coordinate the two auxiliary clusters in anSME.46
Based on the seven conserved Cys residues identified in the sequence alignment we propose
that Tte1186 contains two auxiliary clusters, AC1 and AC2. When taken in the context of the
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X-ray crystal structure of anSME*6, we propose that AC1 and AC2 are coordinated by
Cys344/Cys362/Cys413, and Cys400/Cys403/Cys409/Cys432 respectively.

The two AC variants of Tte1186 were generated using site-directed mutagenesis to
determine if these groups of Cys residues coordinate auxiliary FeS clusters. Fe/S analysis
shows that the AAC1 (C344A/C362A/C413A) variant contains 8.8 + 1.3 Feand 7.5+ 0.8 S
per monomer while the AAC2 (C400A/C403A/C409A) variant contains 7.6 + 1.0 Fe and 5.5
+ 0.7 S per monomer (Fig. S3). These are consistent, in each case, with the loss of a single
cluster. We also constructed a variant where six of the seven Cys residues in the SPASM
domain are mutated to Ala (Fig. S3). Fe/S analysis shows that the AAC1/AAC2 variant
contains 5.1 £ 1.2 Fe and 3.7 £ 1.1 S per monomer, which is consistent with the presence of
only one [4Fe-4S] cluster, the RC. Variants of Tte1186 where residues that bind the RC and
either AC1 or AC2 are deleted in pairs were also constructed (Fig. S3). Fe/S analysis of
these the resulting reconstituted proteins reveal that ARC/AAC1 variant contains 5.6 + 0.7 Fe
and 3.9 + 0.6 S per monomer, whereas the ARC/AAC? variant contains 4.9 + 0.3 Fe and 3.3
+ 0.3 S per monomer. Collectively, these data are consistent with the presence of three
[4Fe-4S] clusters in Tte1186.

Ttel186 catalyzes reductive cleavage of SAM

The first step in the reactions catalyzed by nearly all RS enzymes entails reductive cleavage
of SAM to generate dAdoe to initiate catalysis (Fig. 2). In the absence of substrate, the
reductive cleavage gives rise to a so-called abortive cleavage cycle, whereby the dAdos is
quenched.2> Both SAM and 5/-dAdo are readily detected by LC-MS (Fig 3a and 3b). The
reaction mixtures containing Tte1186, Tte1186a, and SAM accumulate 5’-dAdo in the
presence of dithionite (Fig. 3d) but not in its absence (Fig. 3c). By contrast to the wild-type
enzyme, no 5’-dAdo was detected when the ARC variant was incubated with SAM in the
presence of dithionite (Fig. 3e). Additionally, no 5’-dAdo was observed when the double
cluster variants of Tte1186 lacking the RC (ARC/AAC1 and ARC/AAC?2) were incubated
with SAM in the presence of dithionite (Fig. 3h and 3i). In the experiments where no 5’-
dAdo was detected we could have observed as little as 45 pmoles of 5’-dAdo in reactions
that typically contained 0.8 nmoles of the maturase. By contrast to the ARC variant,
incubation of AAC1, AAC2, or AAC1/AAC2 with SAM under reducing conditions led to
formation of 5’-dAdo (Fig 3f, 3g, and 3j). Collectively, these observations establish a role for
the RC in Tte1186 in reductively cleaving SAM to form dAdoe, while the roles of AC1 and
AC2 are presumably in peptide modification chemistry.

Ttel186 post-translationally modifies the SCIFF peptide

The co-localization of the genes encoding the peptide and the RS homolog Tte1186 suggests
that the enzyme carried out a post-translational modification of the peptide. To determine the
nature of the modification, if any, purified and reconstituted Tte1186 was incubated with
Ttel1186a under various conditions, and the products were analyzed by direct infusion on a
high-resolution mass spectrometer. The mass spectra of the reaction mixtures that contain
Ttel186a peptide and Tte1186 maturase + SAM are shown in Fig. 4A. The mass spectrum
in the absence of SAM was identical to the spectrum in the absence of dithionite or maturase
(see Fig. 4A, black spectrum for a representative mass spectrum). Multiple charge states for
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the peptide were observed in the mass spectrum, which are within 1.4 ppm error of the
calculated m/z for each [M+H]"* charge state of Tte1186a (Fig. 4A, black spectrum, see
Table S2 for peak list). The envelope corresponding to the +4 charge state is shown to
illustrate the resolution of the spectral envelope. By contrast to the control (black
spectrum), the mass spectrum of Tte1186a isolated from the reaction that contained
Tte1186, SAM, and dithionite (red spectrum), exhibits a shift in each [M+/H]"* charge
state consistent with the loss of two hydrogen atoms relative to the unmodified peptide (Fig
4A) This is clearly observed by a shift in each of the envelopes consistent with a 2.0 amu
shift in overall mass. A comparison of the shift for the +4 charge state was shown in Fig. 4A.
In this case, the [M+4H]** peak (red spectrum) observed for the peptide isolated from the
reaction that contained dithionite, SAM and Tte1186 is 0.5087 1/z less relative to both the
observed /m/z (black spectrum) and the calculated /7/z of the [M+4H]** peak for the fully
reduced unmodified peptide in the negative controls (Figure 4A, see Table S2 for peak list
and Fig S5A for deconvoluted and deisotoped mass spectra).

The Ttel1186a peptide contains 6 Cys residues, two of which could potentially form a
disulfide to result in a 2 amu shift in the mass of the peptide. To rule out a disulfide bond as
the source of the 2 amu shift, the reactions were quenched with iodoacetamide to alkylate all
free cysteine thiols. Control reactions show that all six Cys residues in the peptide could be
alkylated by iodoacetamide when dithionite, SAM, or Tte1186 was omitted (see Fig. 4B,
black spectrum for a representative mass spectrum). In these controls, the m/z values for the
various charge states corresponding to [M+nH]™ are within 4.7-8.2 ppm of the theoretical
values (Fig. 4B, black spectrum, see Table S3 for peak list). By contrast, when SAM,
Tte1186, and reductant are included only five Cys residues are alkylated by iodoacetamide
(Fig 4B, red spectrum). In the mass spectrum, the envelope corresponding to each of the
charge states shifts by 59.035/~zto 59.0589/z, where zrepresents the charge state. The m/z
values for the various charge states corresponding to [M+sH]"* are within 3.2- 5.6 ppm of
that calculated m/z for peptide with 5 alkylated Cys residues minus two hydrogens (see
Table S3 for peak list and Fig S5B for deconvoluted and deisotoped mass spectra).
Therefore, the thiol side chain on one of the six cysteine residues is chemically modified by
Tte1186, such that it was not available to be alkylated by iodoacetamide.

To ensure that the crosslinked product observed here is the sole product of the reaction we
carefully examined the LC-MS data of the reactions with Tte1186 and the Tte1186a peptide
+dithionite that were treated with iodoacetamide prior to analysis. The UV-visible traces (at
230 nm) are essentially identical, with the exception of the peak for dAdo, which only
appears under reducing conditions (Fig S6Aa and S6Ba). Similarly, the total ion
chromatogram exhibits a peak for dAdo in the presence of dithionite and not in its absence
(Fig S6Ab, S6Ac, S6Bb, and S6Bc). The peptide/product peaks, which elute at 40 min, are
broad and overlapping. However, when we examine the extracted ion chromatograms for
either the substrate (Fig S6Ad and S6Bd) or the product (Fig S6Ae and S6Be), we observe
that in the presence of dithionite, the ion corresponding to the substrate (at /77/z of 1491) is
reduced and replaced with one for the product (at /7/z of 1479). The mass spectra
corresponding to the peak ~40 min clearly show no product in the absence of dithionite and
a mixture of the two in its presence, consistent with the total ion counts of the same peak
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+dithionite (Fig S6Af and S6Bf). Finally, the deconvoluted and deisotoped spectra show a
mixture of species (substrate+product) in the presence of dithionite and only substrate in its
absence (Fig S6Ag and S6Bg). Therefore, the data show a loss of the substrate and a
concomitant increase in a peak for a singly crosslinked product. While SAM is also required
for the reaction, the stoichiometry of dAdo to the crosslinked could not be determined
because of the abortive cleavage reactions discussed earlier.

The mass spectral analysis of the reaction catalyzed by Tte1186 shows that Tte1186
catalyzes a SAM and reductant dependent crosslinking of a Cys residue to form a thioether
intramolecular linkage in the peptide. Thioether crosslinks have been observed previously in
the maturation of subtilosin A, sporulation killing factor, thurincin H, and the v subunit of
quinohemoprotein amine dehydrogenase.3%:36:37.38

Ttell86 catalyzes the crosslink between Cys32 and Thr37 in Ttell86a

The nature of the modification introduced by Tte1186 on Tte1186a was further interrogated
by MS/MS fragmentation experiments. To this end, the modification reactions containing
Ttel1186 and Ttel186a were quenched with iodoacetamide to block disulfide formation in
the course of analysis and directly infused into the mass spectrometer. The peak
corresponding to the +8 charge state of the modified and unmodified peptides was isolated,
fragmented in the CID cell, and high resolution mass spectra of the corresponding fragments
were obtained in the OrbiTrap analyzer.

Fragmentation of the unmodified peptide obtained from reactions where SAM was omitted
is shown in Fig. 5A. We were readily able to observe and assign 18 & and 14 y-ions
primarily spanning the C-terminus of the peptide (see Table S4 for peak list). More
importantly, & and y-ions corresponding to fragments bearing each of the six conserved
iodoacetamide-alkylated Cys residues (645 through 662 and y4 through )62) are clearly
present in the sample that did not contain SAM.

By contrast to the MS/MS spectrum of the unmodified Tte1186a, when Tte1186a isolated
from reactions containing dithionite, SAM, and Tte1186 was subjected to CID
fragmentation, only ions corresponding to £44 through 648 bearing iodoacetamide-alkylated
C21, C24, C28, and y4 through )9 bearing IAM-alkylated C43 are observed (Fig. 5B, Table
S4), and no & or y~ions are observed for the region spanning C32 and T37. Finally, the &
and y~ions in which residues C32 through T37 are present (656 through 664 and )15 through
161) lack one carbamidomethyl group and two hydrogen atoms. Taken together, these data
are consistent with Tte1186 catalyzing the formation of a thioether crosslink between C32
and T37. Fragmentation at any point between C32 and T37 would not lead to release of any
b- or y~ions because of the stable thioether linkage.

Ttel11186 requires RC, AC1, and AC2 for thioether crosslink formation

We next examined which of the three FeS clusters in Tte1186 are required for thioether
crosslink formation. In these experiments, the six cluster variants of Tte1186 (ARC, AAC1,
AAC2, ARC/AACL, ARC/AAC?2, or AACL/AAC2) were incubated with Tte1186a and SAM
under reducing conditions. In the case of all of the variants, the mass spectrum of the peptide
isolated from the reaction exhibits peaks that are similar to the mass spectrum of unmodified
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Ttell186a isolated from reactions with wild-type Tte1186 in the absence of dithionite (Fig.
6b-h and S7). A positive control reaction with wild-type Tte1186 carried out under the same
conditions produced the same thioether crosslink that was described above, showing that the
inability to observe any reaction was not due to any other factor (Fig. 6a and S7). Since we
have shown that AAC1, AAC2, and AACL/AAC2 Ttel186 variants are all able to carry out
reductive cleavage of SAM to generate 5’-dAdo to initiate H-atom abstraction, we propose
that AC1 and AC2 are required for thioether crosslink formation.

EPR spectroscopy of Tte1186

To gain additional insights into the role of the three FeS clusters, wild-type Tte1186 and the
various cluster variants (ARC, AAC1, AAC2, ARC/AAC1, ARC/AAC2, or AAC1/AAC?2)
were subjected to analysis by electron paramagnetic resonance under reducing conditions in
the presence or absence of SAM. The spectrum of the wild-type protein is complex (Fig.
7Aa) with certain features appearing only when SAM is added (Fig. 7Ba). The spectra in the
presence and absence of SAM are both consistent with the presence of multiple clusters with
axial and/or rhombic g-tensors.

The EPR spectrum of wild-type Tte1186 exhibits peaks consistent with multiple clusters
when RC, AC1, or AC2 are eliminated (see Fig. 7b, 7c, and 7d in both panel A and B),
complicating assignment of the features to individual clusters. Therefore, to assign the
features to individual clusters, we turned to the ARC/AAC1, ARC/AAC2, or AAC1/AAC2
variants, which retain AC2, AC1, and RC, respectively. With the AAC1/AAC2 variant, in the
absence of SAM, we observe a weak signal, which is well simulated with the rhombic g-
tensor of [2.04 1.92 1.91] (Fig. 7Ae, Table S5). In the presence of SAM the signal is
significantly altered and is simulated with a g-tensor of [1.99 1.90 1.84] (Fig. 7Be, Table
S5). The SAM-dependent appearance of this characteristic rhombic signal is consistent with
other members of the radical SAM superfamily, where it is thought that binding of the
cofactor induces an electronic change in the environment of the cluster leading to alteration
of the redox potential and g-matrix.2>48 We assign this signal to the RS cluster.

The contributions of AC1 and AC2 to that of the wild-type sample were examined with the
ARC/AAC2 and ARC/AACL variants of Tte1186, respectively. Both proteins exhibit similar
signals +SAM (see Fig. 7f and 7g in both panel A and B), as may be expected from the fact
that they likely do not directly interact with the cofactor. The spectrum of each variant was
well captured by using a mixture of two species, with the minor species likely the result of
cluster degradation. The spectrum of the reduced AC1 was simulated with g-tensors of [2.06
1.93 1.88] and [2.02 1.95 1.90] for the major (AC1a, ~80%) and minor (AC1b, ~20%)
species, respectively (Table S7, Fig. 7f and S8A). Similarly, the spectrum of AC2 could be
simulated by g-tensors of [2.05, 1.93, 1.89] and [2.09, 1.94, 1.87] for the major (~60%) and
minor (~40%) species, respectively (Table S5, Fig. 7g and S8B).

With the g-tensors for RC, AC1 and AC2 determined above, the EPR spectrum of the wild-
type enzyme containing all three clusters could be simulated with a mixture of the relevant
components. The wild-type spectrum in the absence of SAM (Fig. 7Aa) is well reproduced
with the following composition: ~17% RC, ~17% ACla, ~26%AC2a, and ~39% AC2b. In
the presence of SAM (Fig. 7Ba) the spectrum is dominated by species attributed to the SAM
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binding cluster with SAM bound, making up ~50% of the observed spectrum. Also present
is a small amount of the RC without SAM bound (~10%) and contributions from the
auxiliary clusters ACla (~8%), AC2a (~10%) and AC2b (~2%). We note that the spectra of
the wild-type enzyme can be reproduced in the absence of the AC1b species and with
minimal contribution of the AC2b species in the presence of SAM. Therefore, the assigned
g-tensors for the three clusters adequately reproduce the complex spectrum obtained with
wild-type protein in £SAM.

As with the mutagenesis and activity studies discussed above, the EPR analysis is consistent
with the presence of three [4Fe-4S] clusters in Tte1186. Moreover, the SAM-dependent
appearance of the reduced RS cluster and the lack of observable changes in the spectrum of
AC1 or AC2 are in-line with the biochemical observations that AC1 and AC2 are
dispensable for the reductive cleavage of SAM.

DISCUSSION

The peptide maturase Tte1186 catalyzes the formation of a thioether crosslink in the
Ttel1186a peptide, which is encoded by an orfimmediately upstream of the maturase. The
results in this manuscript demonstrate that the protein accomplishes this remarkably simple
reaction using three [4Fe-4S] clusters, one of which reductively activates SAM and two that
are required for function. Tte1186 has been amenable to spectroscopic studies and we are
able to deconvolute the complex EPR signal of the wild-type protein and assign the g-tensors
for each of the three clusters.

While it may seem that the thioether crosslinks in the sactipeptides are reminiscent of the
crosslinks found in the well-studied lanthipeptides, including nisin (see Fig. 1A), from a
mechanistic perspective, lanthipeptides and sactipeptides are distinct. In nisin, the thioether
crosslinks involve the addition of Cys residues to a dehydroalanine or dehydrobutyrine
produced, from dehydration of Ser or Thr, respectively. In sactipeptides, the crosslinks are
formed by a radical-mediated reaction that inserts the Cys thiol into the unactivated C-H of
the acceptor site. In contrast to lanthipeptides, where studies by van der Donk and coworkers
have led to extensive mechanistic insight,*® the mechanism of thioether crosslinks in
sactipeptides remain unknown.

Prior to a discussion of the sactipeptides, it is instructive to first discuss in general terms the
mechanism of biosynthesis of lanthipeptides (Fig. 8A). The key to these cyclization
reactions is activation of the Thr or Ser residue for elimination of the hydroxyl group. This is
accomplished by phosphorylation by an ATP-dependent reaction or glutamylation by a Glu-
tRNA dependent reaction where the precursor Thr or Ser residue is phosphorylated/
glutamylated, providing an activated center to facilitate elimination forming the
dehydroresidue.59-52 Activation of the acceptor site to allow for Michael addition is key to
the reaction. It is important to note that addition to both the re-and s/faces are observed,
which is consistent with production of the dehydrated intermediate. Recent computational
studies have suggested that the stereochemical outcome is governed by conformational
restraints imposed by the substrate on the transition state.>3
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Unlike the redox neutral mechanisms involved in the biosynthesis of lanthipeptides (Fig.
8A), formation of thioether crosslinks in sactipeptides entails an overall two-electron
oxidation of the substrate. One can envision two possible mechanisms for the crosslinking
reaction (see Fig. S9). The simplest mechanism (Fig. S9A) that one could propose would
involve two parallel H-atom abstraction events by dAdoe, one at the a-carbon and another
one at the Cys thiol, which is followed by the formation of the thioether crosslink. This
would be unprecedented, as it requires the simultaneous production of two highly reactive
intermediates, as well as the ability for the Aux cluster to reductively cleave SAM. This
seems un-realistic, and in fact, in contrast to the RC, Aux clusters have never been shown to
be required for dAdo production35:38 In Tte1186, only RC is shown to be able to reductively
cleave SAM (see Fig 3). An alternative model (Fig. S9B) would generate dAdoe at the RC,
which either directly or via an intervening enzyme-based radical, abstracts the H-atom from
the a-carbon of the amino acid involved in the crosslink to form a substrate radical. The
substrate radical would then combine with the Cys thiolate and electron transfer to the
protein would complete the catalytic cycle. The recipient of the second electron could be the
ACL1, AC2, or alternately, the RC. It is premature to speculate on the precise recipient as no
structural data are currently available for this protein, and the coordinating residues were
inferred from sequence alignments. We note in passing that similar electron transfers have
been postulated in other radical SAM enzymes with multiple FeS clusters32-38; but to date,
there is no firm data on how this is accomplished in any of the systems. We cannot rule out a
more direct role for one of the auxiliary clusters in activating the peptide and orchestrating
the formation of the thioether crosslink.

While the second alternative above is reasonable, it is inconsistent with the stereochemical
outcomes observed in thioether containing peptides. An interesting observation is that the
structures of many sactipeptides that contain multiple thioether crosslinks (such as SboA,
Trna, and Trnp) show that the linkage is introduced by the respective maturase (AlbA, ThrC,
ThrD) by attack at either the s/-or re-face of the initial radical intermediate to generate
different stereochemical outcomes.>*56 As an example, examination of the structure of
mature SboA shows that its maturase, AlbA, introduces both re- and s/i-adducts in the same
peptide (see Fig. S9C). In the context of mechanisms shown in Fig. S9, these data suggest
that sulfur insertion can occur at a position initially occupied by the a-proton, orfrom the
opposite face. The latter would be reasonable, but the former requires the radical
intermediate to be relatively flexible and able to rotate to expose the opposite face of the
radical to the thiol for the crosslink to form on the same face as the abstracted a-proton, as
that face would be occluded by the dAdo-H otherwise. Of course, if the peptide contained
D-amino acids, we could rationalize the addition, but then would have to postulate that
dAdoe can access both faces of the Ca, which would be unreasonable. We know that peptide
substrates in all cases are ribosomally synthesized and contain all L-amino acids. While
structural data on radical SAM enzymes are sparse, in all cases where data are available, the
H-atom donor and acceptors are within VDW distance of one another and it is likely that
radical intermediates are controlled in enzyme active sites by limiting their movement.57-59
The stereochemical outcomes of the reaction are not explained by the prevailing
mechanisms in the literature,%0 as summarized in Fig. S9.
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Our alternative working model that can account for the observed regiochemistry is shown in
Fig. 8B. We postulate that instead of direct coupling between the a-carbon radical and the
thiol, the radical intermediate formed by dAdoe H-atom abstraction undergoes conversion to
a more stable intermediate that can be trapped from either face by the thiol side chain. For
example, the initially formed captodatively-stabilized radical intermediate may undergo an
oxidation to a ketoimine, which is subsequently trapped by the thiol of the substrate on
either face of the planar intermediate leading to sterecisomeric crosslinks in the product
(Fig. 8B). Such a mechanism of action, would explain the curious regioselectivity of the
sactipeptide maturases, as the preference for the re- or s/- would then be dictated by binding
determinants of the peptide to the maturase.

This new paradigm immediately suggests an intriguing mechanistic parallel between the
sactipeptide and lanthipeptide biosynthetic reactions discussed earlier. As it will be recalled,
the biosynthesis of the thioether crosslinks in lanthipeptides requires that the Ser or Thr
residue be activated to a Dha or Dhb prior to being trapped by a Michael addition (see Fig.
8A). By analogy to the lanthipeptides, the 2-electron oxidation of unmodified sactipeptide
substrate to a ketoimine would provide an activated intermediate for the reaction with Cys,
which could then occur from either face to produce both possible stereoisomers. Presumably,
the protein dictates which product is observed by using the conformation of the bound
substrate to impose regioselectivity.

The Tte1186 maturase and peptide pair was identified bioinformatically and shown to be
involved in a thioether crosslink formation. At present, the biological function of this
modified product is not known. However, the methods used here to identify and characterize
the reaction catalyzed by Tte1186 may be useful in studying the growing bioinformatically
identified RiPP systems.>7
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ABBREVIATIONS
NRPS non-ribosomal polypeptide synthetases
RiPPs ribosomally-synthesized post-translationally-modified peptides
SAM S-adenosyl-L-methionine
RS radical SAM
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dAdoe 5’-deoxyadenosyl radica
5-dAdo 5/-deoxyadenosine
E. coli Escherichia coli
LC-MS liquid chromatography-mass spectrometry
HPLC high-performance liquid chromatography
IPTG isopropyl p-D-1-thiogalactopyranoside
PIPES 1,4-piperazinediethanesulfonic acid
PMSF phenylmethanesulfonyl fluoride
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
TCA trichloroacetic acid
Tris tris(hydroxymethyl)aminomethane
LB Lennox broth
EPR electron paramagnetic resonance
SPASM subtilosin A, pyrrologuinonline quinone, anaerobic sulfatase, mycofactocin
SCIFF six-cysteines in forty-five
RC radical SAM cluster
AC auxiliary cluster
KPi potassium phosphate
TFA trifluoroacetic acid
DTT dithiothreitol
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Figure 1.
(A) The mature nisin peptide has thioether crosslinks between Cys and dehydroalanine

(Dha) and dehydrobutyrine (Dhb) residues. (B) The sactipeptide subtilosin A is shown,
highlighting the three thioether crosslinks. In its fully mature form, subtilosin A is
circularized. The stereochemistry at the three attachment sites is shown in red. The
sactipeptides are distinct from the lanthipeptides in that the thioether crosslinks are formed
to the Ca of the peptide. (C) Sequence logo for the SCIFF peptides showing the conserved
C-terminal sequence. The figure was generated by aligning 100 SCIFF sequences selected
from Interpro family IPR023975 using the Clustal Omega®! multiple sequence alignment
and visualized by Weblogo.52.63
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All RS enzymes use the site differentiated [4Fe-4S] cluster to catalyze the reductive cleavage
of SAM. Upon reduction from the +2 to the +1 oxidation state the [4Fe-4S] mediates an
inner sphere electron transfer to SAM generating the dAdoe. This strong oxidant then
abstracts a H-atom from substrate to initiate a radical-mediated transformation.
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Figure 3.
Reductive cleavage of SAM activity assay for wildtype and Cys— Ala variants of Tte1186.

SAM standard (a) elutes at ~ 25 min and 5’-dAdo standard (b) elutes at ~ 41 min. The mass
spectrum of each standard is above the corresponding peak. No 5’-dAdo was observed when
SAM was incubated with wild-type Tte1186 in the absence of dithionite (c), but it was
observed when SAM and wild-type Tte1186 were incubated in the presence of dithionite
(d). No 5’-dAdo was detected in all variants that lacked the RC (ARC, e; ARC/AAC1, h; and
ARC/AAC2, i). Variants lacking AC1 and/or AC2 (AACL, f; AAC2, g; and AACL/AAC2, j)
were still able to reductively cleave SAM. The elution of SAM and 5’-dAdo was monitored
at 260 nm.
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Figure 4.
Representative mass spectra of Tte1186a isolated after incubation with Tte1186 and

dithionite in the absence (black spectrum) and presence (red spectrum) of SAM. The peaks
corresponding to the charge states of Tte1186a are highlighted with the gray box with the
respective charge above the corresponding peak. (A) Mass spectra of Tte1186a isolated from
the reactions not quenched with iodoacetamide. The spectra on the right expands the peak
for the +4 charge state to show that the Tte1186a isolated from the reaction containing SAM
(red spectrum) is 2.0348 amu (4 x 0.5087) lighter than peptide isolated from the reaction
lacking SAM (black spectrum). (B) Mass spectra of Tte1186a that was quenched with
iodoacteamide after 6 hr incubation with Tte1186 and dithionite in either the presence or
absence of SAM to alkylate all free cysteine thiolates. The spectrum on the right expands on
the region corresponding to the +5 charge state isotope envelope to show that the peptide
isolated from the reaction containing SAM (red spectrum) is 59.033 amu (5 x 11.8066)
lighter than the peptide isolated from the reaction lacking SAM (black spectrum).
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CID MS/MS fragmentation spectrum of the +8 charge state peak of Tte1186a. (A) CID
fragmentation spectrum of unmodified Tte1186a from reactions in which SAM was omitted.
The four Cys residues in the sequences shown correspond to Cys 24, Cys 28, Cys 32, and
Cys 36. Cys residues that were alkylated by iodoacetamide are shown in blue. The sequence

shows the conserved C-terminus and that the observed & and y~ion fragments covered

majority of the C-terminus. (B) CID fragmentation spectrum of modified Tte1186a from
reactions in which SAM was present. The three Cys residues (blue) correspond to Cys 24,
Cys 28, and Cys 36 that are alkylated by iodoacetamide. The sequence shows the conserved

C-terminus and that the observed & and y~ion fragments covered majority of the C-

terminus. No & or y~ions were observed for the sequence between Cys 32 (red) and Thr 37
(red) due the cyclic structure imposed by a thioether crosslink. Furthermore, all - and y~
ions that contained Cys 32 through Thr 37 lacked two hydrogens and one carbamidomethyl

group.
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Figure 6.

Mass spectra of Tte1186a after incubation with wild-type Tte1186 and the six cluster
variants. Incubation with wild-type Tte1186 and SAM in the presence (a) or absence (b) of
dithionite served as the positive and negative controls. The spectra focus on the [M+4H]**
charge state peak of the Tte1186a peptide. The mass spectra of Tte1186a isolated from
reactions containing each Tte1186 cluster variant was identical to the mass spectrum of the
peptide isolated from the wild-type Tte1186 negative control (AAC1, c; AAC2, d; ARC, ¢;
ARC/AAC2, f; ARC/AACL, g; AAC1/AAC2, h). Only wild-type Tte1186 was able to
catalyze the formation of the crosslink in Tte1186a in the presence of SAM and dithionite,
as indicated by the 0.5102 amu shift of spectrum a relative to the rest of the mass spectra.
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Figure 7.
Continuous wave electron paramagnetic resonance (EPR) spectroscopic analysis of the FeS

clusters of wild-type Tte1186 and variants under reducing conditions in the presence (A) or
absence (B) of SAM. The experimental spectra (black) represent Wild-type, a; AAC2, b;
AACI, c; ARC, d; AACL/AAC2, e; ARC/AAC2, f; ARC/IAACL, g. Spectral simulations (red)
were carried out using least squares fitting and a minimal set of components. In the case of
AAC1/AAC2, a single component was used to simulate the RS cluster in the absence (Ae) or
presence (Be) of SAM. The ARC/AAC2 and ARC/AAC1variants required two species each
to simulate the spectra. Spectra were recorded at 10K, with a 9.4 GHz microwave frequency,
modulation amplitude of 10 G, and 100 uW microwave power. The wild-type spectra in Aa
and Ba were simulated using the g-values from the double cluster variants in the following
compositions: Aa, 17% RC-SAM, 17% ACla, 26% AC2a, and 39% AC2b; Ba, 10% RC-
SAM, 50% RC+SAM, 8% ACla, 10% AC2a, and 2% AC2b.
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Proposed mechanisms of thioether crosslink formation in lantipeptides and sactipeptides.
(A) Mechanism of thioether crosslink formation in lanthipeptides. Substrate is activated to

generate a reactive intermediate (Dha or Dhb), which undergoes Michael addition to

generate the initial crosslink. (B) Proposed mechanism for radical-mediated thioether cross-
links in sactipeptides. The distinguishing feature of this mechanism relative to those shown
in Fig. S5 is formation of a reactive intermediate, such as a ketoimine, analogous to Dha or

Dhb in the lantipeptide mechanism, which would be trapped from the re- or siface to

generate mixed regioselective outcomes.
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