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SI Materials and Methods

Construction, expression and purification of E. coli-produced GST-TcIE

To optimize conditions for expression and analysis of the precursor peptide (TclE), a GST-TcIE
translational fusion was created by overlap-extension PCR and introduced into the high copy E. coli
expression vector (pJG542) under control of an IPTG-inducible promoter. The glutathione S-transferase
(GST) encoding gene was sourced from pGEX-4T-1 (GE Life Sciences, Marlborough, MA, USA) and
amplified using oPB281 and oPB288 (Table S2). The tc/E gene was amplified from pBac115 (1) using
oPB282 and oPB289. Once assembled and the sequence verified, expression of GST-TclE was achieved
by transforming the construct into Rosetta 2(DE3) pLysS cells (EMD Biosciences), inoculating a single
colony into a 25 mL overnight culture (LB media, 37 °C, carbenicillin 100 mg/L and chloramphenicol
34 mg/L) followed by inoculation into a 1-L fermentation flask (LB media, 37 °C, carbenicillin 100
mg/L and chloramphenicol 34 mg/L). Cells were grown until the ODgo9 = 0.6-0.65 upon which 0.25 mM
IPTG was added to induce expression for 3 hours at 37 °C. The cells were then pelleted, and GST-TclE
was purified as described for GST-TcIE peptides isolated from B. subtilis mutant strains.

Purification of processed peptide intermediates.

For each B. subtilis tcl mutant or deletion strain, a single colony was grown overnight in LB medium (25
ml, 37 °C, 200 rpm) with spectinomycin (80 mg/L). This was used to inoculate LB medium (1 L, 37 °C,
200 rpm, 16 h or 8 h) with spectinomycin (80 mg/L) and xylose (1%) to induce production of the
biosynthetic enzymes. Cells were harvested by centrifugation for 15 min at 7,878 x g. Cell pellets were
frozen for later use. Thawed pellets were resuspended in 50 mM sodium phosphate buffer with 100 mM
NaCl, pH 7.5 (NaPiCl). DNase and a protease inhibitor tablet (Roche) were added, and the cells were
sonicated for 2 min (duty cycle, 50%; output, 6) on ice using a Branson Sonifier 450, followed by
centrifugation for 20 min at 32,539 x g. The clarified supernatant was incubated with glutathione resin
(1 mL of resin per liter of culture) for 30 min with gentle shaking at room temperature. The slurry was
collected by centrifugation for 5 min at 700 x g. The resin was washed with 3 x 10 mL of NaPiCl,
centrifuging after each wash. To elute the GST-peptide, the resin was incubated with 4 x 1 mL of 50
mM Tris HCIl, pH 8 with 10 mM reduced glutathione for 10 min at room temperature before
centrifuging. The combined 4 mL of elution supernatant was syringe filtered to remove any remaining
resin beads and was then concentrated using a 10 kDa MW cutoff Amicon spin filter (2,600 x g). The
concentrated GST-peptide was buffer exchanged into 10 mM NaPi, pH 7.5 buffer using the same
Amicon spin filter, concentrated to <100 uL, aliquoted and frozen at —80 °C. For ATcIM strains only,



tobacco etch virus (TEV) protease cleavage of the peptide was carried out on the resin. To do this, 20 pug
of TEV protease in 1 mL of NaPiCl containing 0.5 mM dithiothreitol (DTT) was added and incubated at
room temperature for 1 h. The resin was centrifuged and supernatant was collected. The resin was
washed with 2 x 1 mL of NaPiCl without DTT or protease. The 3 mL were combined, filtered and
concentrated to <100 uL with a 3 kDa MW cutoff Amicon spin filter, aliquoted and frozen at —80 °C.

Alignments and Data Analysis

The structural alignments generated by HHpred are displayed in this Appendix using JalView (2). The
structural models from Modeller were overlaid with their template structures using Chimera (3) and its
MatchMaker feature, but ultimately illustrated in this Appendix using Pymol (PyMOL Molecular
Graphics System, Version 1.7.4.1 Schrodinger, LLC.). The alignment of TcIM and its homologues was
generated with Clustal Omega (4) and displayed using JalView. Deconvolution of ESI-MS data was
achieved with MagTran (The Magic Transformer), a software package based on the Zscore algorithm

(5).



Fig. S1. Comparison of Tcl proteins from M. caseolyticus 115 and B. cereus ATCC 14579. (4)
Alignment of TclE precursor peptides from B. cereus and M. caseolyticus. The core peptide is shown in
red, and the leader peptide is shown in black. (B) The predicted functions of micrococcin biosynthetic
proteins from B. cereus (Bc) and M. caseolyticus (Mc).

A
B. cereus ATCC 14579: MGSEIKKALNTLEIEDFDAIEMVDVDAMPENEALEIMGASCTTCVCTCSCCTT
M. caseolyticus str. 115: MGSEFQTNNIEGLDVTDLEFISEEVTEKDEKEIMGASCTTCVCTCSCCTT
B
Mc Gene Product Bc Gene Product Identity/similarity/
(size, aa, (size, aa, Predicted function co Z’ra e %? y
GenBank ID) GenBank ID) verage 7o
AES; _’%ji)l A"l:}l)ll (1590535) 1 Ocin-ThiF-like protein 36/45/23
A];fjl; 35322) | WP lg)col{ ég?gé 6.1 TOMM cyclodehydratase 35/50/87
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ATI%I; 3(52(2))1 A’ic}l)Pl gig)l Short-chain dehydrogenase 38/57/99
ATI%§ 3(5421?1 ijlljsl %i?l Short-chain dehydrogenase 23/44/81

* Identity, similarity and coverage % numbers are based on a blastp comparison of

B. cereus ATCC 14579 and M. caseolyticus str. 115 tcl gene products.

® There is some discrepancy in the length of BeTell. It was originally deposited as BC5085 (547 aa),
but it was later determined this was an N-terminal truncation and BcTcll is actually longer (660 aa).
The 547 aa version has the GenBank ID AAP11954.1, while the 660 aa version has

GenBank ID WP_001031656.1.



Fig. S2. Integration plasmids and GST-TclE precursor peptide gene/protein sequences. (4)
Plasmid map of pLEGO harboring the biosynthetic genes (¢c/IJKLMNPS) for expression with a xylose-
inducible promoter after integration into the amyE locus of B. subtilis (6). (B) Plasmid map of
pTclE_GST, for thrC integration and constitutive expression of the precursor peptide, TclE. A TEV-
cleavage site was engineered between the N-terminal GST tag and TclE. (C) DNA sequence of the
TEV-TCcIE portion of GST-TcIE (spacer regions = lower case, TEV recognition site = underlined yellow
highlight, TclE = grey highlight) and the resulting peptide after TEV cleavage (core peptide =
underlined). The sequence of the untagged precursor peptide (TclE) is shown for comparison.
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Fig. S3. TclJ alignment and structural model. (4) TclJ is predicted to have a structure similar to ~450
residues of the C-terminus of LynD (PDB: 4VI1T). The HHpred alignment of TclJ and LynD
(probability >99%) identifies two conserved sequences involved in Mg>" binding in the active site of
LynD (LynD numbering): 423 EAXER 427, 548 EXXER 552; as well as a conserved C-terminus (572
PXPF 575) that also lies in the active site (7). The red asterisk (*) shows the predicted Mg-binding
residue in TclJ (E319) mutated in this study. (B) Overlay of the Modeller structure of TclJ (magenta)
derived from the HHpred alignment with LynD (cyan). Residues 107-562 of TclJ comprise the predicted
globular domain with the catalytic active site. The disparate size and large gaps in sequences between
the N-termini of the two proteins gives less confidence in the predicted structure of the ~100 N-terminal
residues of Tcll. (C) Close up of the ATP binding site in LynD (cyan) overlaid with TclJ (magenta):
ADP (green), phosphate (orange), Mg®" (grey spheres), and E548/E319 (cyan/magenta) (7). E548/E319
is from one of the two conserved EXXER motifs, which have been shown to coordinate Mg*" in the
homologous BalhD protein (8).
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Fig. S4. TclK structural modeling and expanded mass spectrometry data for modified TclE from
the TclK-defective strain. (4) HHpred alignment of TclK with N-terminal domain of NisB (probability
>99%). Based on inactivation of NisB by an R83A mutation (9), we mutated conserved R181 to alanine
for this study (*). Other residues identified in NisB as important for glutamylation of the NisA peptide
are labeled (*) (9). (B, left) Overlay of TclK model (magenta, from HHpred alignment and Modeller)
with NisB dimer (PDB: 4WD?9, C-terminus = cyan, N-terminus = green). Most of the TclK model aligns
well, but several loop regions differ. (B, right) Closeup of TclK model (magenta) with active site of
NisB (green) showing aligned residues that are important for glutamylation activity. (C) We observed a
degradation product in most samples prepared for mass spectrometry (peak 1 in MALDI and peaks a &
d in ESI). The m/z of the MALDI-MS peak is consistent with a peptide with the same modifications as
the main peptide (peak 2 in MALDI & b in ESI) but missing the first 8 residues of the TEV-cleaved
leader (GGSEFQTN, see Fig. S2). Peaks a & d in the ESI-MS spectrum are the [M+4H]*" and [M+3H]*"
ions of the degradation product. Since this product appears in the GST-purified peptide sample, and
results from cleavage of the peptide bond between two asparagines (N8 and N9, see Fig. S2B), which
are susceptible to acid-catalyzed cleavage (10), we propose this results from TFA-catalyzed cleavage
during workup. (D) Expanded windows of ESI mass spectrometry data for samples from 16 h cultures:
TcIK RI81A (top, left), TcIK R181A ATcIS (bottom, left); and from 8 h cultures: TclK R181A (zop,
right) and TclK R181 ATcIS (bottom, right). The insets show isotopic peaks for peak b in each panel
(same as in Fig 4B) labeled 1-10 with m/z values listed in the tables. The average mass of a 6-thiazole,
decarboxylated peptide is 5206.7 and its [M+4H]*" ion is peak b. Peak ¢ is an unknown contaminant
observed in most every LCMS run from the various mutant strains that elutes over a large time window.
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Fig. S5. TclL structural modeling and expanded mass spectrometry data for modified TclE from
the TclL-defective strains. (4) HHpred alignment of TclL with the C-terminal ~250 amino acids of
NisB (PDB: 4WD?9; probability >99%). Key residues identified in this domain of NisB as important for
elimination of glutamic acid from glutamylated Ser and Thr residues to form dehydroalanines and
dehydrobutyrines, respectively, are marked (*) (9, 11). A TcIL R49A (*) mutation was used in this study
to abolish enzyme activity resulting in the buildup of glutamylated peptide. (B) (left & middle) Overlay
of the TcIL structural model (Modeller) from the HHpred alignment (magenta) with the NisB dimer
(green = N-term, cyan = C-term). (right) Close up showing alignment of key (*) residues (TcIL —
magenta, NisB — cyan). (C) MALDI-MS data for modified peptide from 16-h culture of TclL R49A
mutant. (inset) Expanded view of lower intensity ion peaks: 2 Glu (m/z 5464, calc. m/z 5465.9), 3 Glu
(m/z 5595, calc. m/z 5595.0), and 4 Glu (calc. m/z 5724.1, barely above the noise). (D) Comparison of
MALDI-MS data for processed peptides from TclL R49A and ATcIL strains. TEV-cleaved peptide from
ATclL strain shows a simplified set of peaks, missing the lower (—18) m/z peak (*) that most likely arises
from weak elimination activity of TclL R49A toward a single glutamylated Ser or Thr residue, which
was also observed with the corresponding mutation in NisB (9). Data indicate TclL is not required to
form a complex with TclK (or TclIJNP) since all other modifications are the same in the two strains. (E)
ESI-MS data for peptides (0 Glu, 1Glu and 2 Glu) from 16-h cultures of TclL R49A, (insets) isotopic
details of the major ion peak (*) in each. Obs. values refer to the average mass obtained from
deconvoluting the envelope of isotopic peaks. Calc. values refer to the average mass of the 0, 1 and 2
Glu peptides containing a C-terminal ketone. (F) ESI-MS data for peptides from 8-h cultures of TclL
R49A, (insets) isotopic details of the major ion peak (*) in each. Comparison of insets in (£) and (F)
shows the shift from lower m/z at 8 h to higher m/z at 16 h for the most abundant isotope (insets, *) that
arise from the slow, perhaps nonspecific, reduction of the C-terminal ketone to the alcohol.
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Fig. S6. TcIN structural modeling and MALDI-MS data for modified TclE from the TcIN-
defective strain treated with formic acid or glutathione. (4) HHpred alignment of TcIN with a
putative nitroreductase from Anabaena variabilis ATCC 29413 (ava_ 2154, PDB: 3EQ7, probability
>99%). (B, left) Overlay of TcIN model (Modeller, magenta) with structure of the single-FMN-
containing putative nitroreductase (PDB: 3EO7, cyan). FMN is shown in green. (B, right) Close-up
showing FMN binding site and key phosphate-binding residues in 3EO7 structure. An R269A/S271A (*
in A) double mutant of the corresponding residues in TcIN was made to disrupt FMN binding in order to
inactivate the enzyme. (C) Comparison of MALDI-MS data for TcIN R269A/S271A peptide from 16-h
culture before (top) and after (bottom) incubation with 10% formic acid (>24 h) to rehydrate/ring-open
the thiazolines. Incomplete conversion of peptide to a single peak with 0 dehydrations suggests small
amounts of thiazole and Dha/Dhb are introduced over the longer culture time. (D) MALDI-MS data for
TcIN R269A/S271A peptide also show peaks consistent with glutathione (GSH ~A307) additions,
suggesting small amounts of Dha/Dhb modifications are present in the sample (lower m/z set is from NN
peptide cleavage) (12).
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Fig. S7. TclP structural modeling, mutant bioassays, and expanded mass spectrometry data for
modified TclE from the TclP-defective strains. (4) TclP is annotated as a short-chain dehydrogenase.
It was aligned with (R)-hydroxypropyl-coenzyme M dehydrogenase (PDB: 2CFC) using HHpred
(probability >99%). Three conserved active site residues shown to abolish activity in other short-chain
dehydrogenases (13) were chosen for mutation: Asn97(*), S126(*) and Y139(*). (B) The methanol
extract from TclP N97L showed no detectable bioactivity, however, extracts from TcIP S126A and TcIP
Y 139F retained activity. Extracts from cells expressing GST-TcIE only or the full wild type pathway +
GST-TclE are shown as negative and positive controls for bioactivity. (C) (left) Overlay of TclP model
(magenta) (Modeller) with tetrameric (R)-hydroxypropyl-coenzyme M dehydrogenase (2CFC, cyan),
NAD" is shown as green sticks. (middle) Close-up showing four conserved residues important for
catalysis in other short-chain dehydrogenases (13-15). (right) Alternative orientation of active site,
showing H-bonds from side chain of Asnl14 (Asn97 in TclP) to backbone of 11e90 in 2CFC. (D) ESI
mass spectrum of TEV-cleaved purified GST-peptide from TclP N97L mutant; major peak has m/z
expected for peptide with an intact threonine at the C-terminus (i.e., no decarboxylation). Since no C-
terminal processing has occurred, the isotopic pattern (inset) is consistent with a single product rather
than a mix of alcohol and ketone as found for intermediates that have undergone decarboxylation. (E)
MALDI-MS data for PP from ATcIP (fop) and TclP N97L (bottom) both show no oxidative
decarboxylation activity as the major product is consistent with a peptide containing 6 thiazoles. Peaks
consistent with minor amounts of 1-2 Ser/Thr dehydration are present (*) along with peaks for
subsequent glutathione additions (#).
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Fig. S8. TcIM alignments, mutant bioactivity assays, and mass spectrometry data for modified
TclE from TclM-deletion strains. Currently no homologous crystal structures are available for
structure modeling of TcIM. (4) Clustal Omega sequence alignment of several TcIM homologs from
different thiopeptide clusters including McTcIM: GenBank AIU53948.1, BcTcIM: GenBank
AAP11951.1, TbtD: GenBank ADG87279.1, LazC: GenBank BAOS57436.1, BerD: GenBank
AGN11669.1, NocO: GenBank ADRO01090.1, NosO: GenBank ACR48344.1, GetF: GenBank
AEMO00619.1. Blue highlighting indicates sequence conservation (light = low, dark = high). Red (*)
indicate amino acids that are the most important for catalytic activity in TbtD (16). (B) Bioassays of
methanol extracts indicate mutations of two conserved residues, Y222A and R235A, in TcIM did not
abolish activity. Extracts from cells expressing GST-TcIE only or the full wild type pathway + GST-
TclE are shown as negative and positive controls for bioactivity. (C) Expanded window of ESI mass
spectrometry data for TEV-cleaved peptides isolated from ATcIM and ATcIMATCcIS deletion mutants
(same data as Fig. 4). (D) (Left) MALDI-MS data for TEV-cleaved peptide from a 16-h culture of
ATcIM mutant strain. The long culture resulted in cleavage of the (presumably processed) core peptide
leaving just the leader peptide (GGSEFQTNNIEGLDVTDLEFISEEVTEKDEKEIMGA, expected m/z 3976 after
TEV cleavage) attached to the GST-tag. (Right & table) MALDI-MS data for TEV-cleaved peptide
obtained from an 8-h culture of the ATcIM mutant strain that was eluted from the affinity resin with 10
mM reduced glutathione prior to TEV-cleavage. Peaks d-g are consistent with full length modified
precursor with 0-3 additions of glutathione (A307 m/z) to the Dha/Dhb residues. Peaks a-c (*) are
consistent with 1-3 GSH addition products of the NN cleavage product described in Fig. S4.
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Table S1. Plasmids used to generate zc/ mutant strains.

Plasmid

Genotype®

Descriptionb

pLEGO

L7152D7

L7153C5

L7154C1

L769A1

L769B1

L769C1

L769D1

L769E1

L783A1

L762A1

L762D1

L783G2

L794C2

Py~ TClUKLMNPS

Tcl) E319A

TclK R181A

TclL R49A

TcIM Y222A

TclM R235A

TclP N97L

TclP S126A

TclP Y139F

TcIN
R269A/S271A

ATcIM

ATclS

ATclL

ATcIM,ATclS

Parental plasmid containing all MP1 processing genes. Used as template DNA for
generating all mutant constructs.

Tcl) E319A was amplified from pLEGO by OE-PCR using oPB465 as external forward
primer, oPB471 as internal reverse primer, oPB470 as internal forward primer and
oPB474 as external reverse primer

TclK R181A was amplified from pLEGO by OE-PCR using oPB475 as external forward
primer, oPB478 as internal reverse primer, oPB477 as internal forward primer and
0oPB476 as external reverse primer

TclL R49A was amplified from pLEGO by OE-PCR using oPB447 as external forward
primer, oPB485 as internal reverse primer, oPB484 as internal forward primer and
0PB483 as external reverse primer

TcIM Y222A was amplified from pLEGO by OE-PCR using oPB500 as external forward
primer, oPB534 as internal reverse primer, oPB533 as internal forward primer and
oPBO011 as external reverse primer

TcIM R235A was amplified from pLEGO by OE-PCR using oPB500 as external forward
primer, oPB536 as internal reverse primer, oPB535 as internal forward primer and
oPBO011 as external reverse primer

TclP N97L was amplified by from pLEGO OE-PCR using oPB507 as external forward
primer, oPB538 as internal reverse primer, oPB537 as internal forward primer and
oPB506 as external reverse primer

TclP S126A was amplified from pLEGO by OE-PCR using oPB507 as external forward
primer, oPB540 as internal reverse primer, oPB539 as internal forward primer and
oPB506 as external reverse primer

TclP Y139F was amplified from pLEGO by OE-PCR using oPB507 as external forward
primer, oPB542 as internal reverse primer, oPB541 as internal forward primer and
oPB506 as external reverse primer

TcIN R269A/S271A was amplified from pLEGO by OE-PCR using oPB448 as external
forward primer, oPB549 as internal reverse primer, oPB550 as internal forward primer
and oPB503 as external reverse primer

pLEGOATcIM was constructed by treating pLEGO with Sacl/Sall/Klenow and religating
plasmid

pLEGOATCcIS was constructed by treating pLEGO with Xhol/Bglll/Klenow and religating
plasmid

pLEGOATCcIL was constructed by treating pLEGO with Pstl/Sacl/Klenow and religating
plasmid

pPLEGOATcIMS was contructed by treating pLEGOATcIM (L762A1) with
Xhol/Bglll/Klenow and religated

@ Genotypes represent variations in pLEGO, which integrate into the amyE locus of B. subtilis; ® Full primer sequences are
provided in Table S2. OE-PCR: overlap extension polymerase chain reaction.
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Table S2. Primers used in this study.

Primer

Sequence (5'-3')

oPB281
oPB282
oPB288
oPB289
oPBO11
oPB447
oPB448
oPB465
oPB470
oPB471
oPB474
oPB475
oPB476
oPB477
oPB478
oPB483
oPB484
oPB485
oPB500
oPB503
oPB506
oPB507
oPB533
oPB534
oPB535
oPB536
oPB537
oPB538
oPB539
oPB540
oPB541
oPB542
oPB549
oPB550

CCGCCTTGAAAATACAGGTTTTCTCCTCCTTTTGGAGGATGGTCGC
CCTGTATTTTCAAGGCGGATCAGAATTCCAAACAAACAAT
GCGTCTAGAAAGGaGGtgGAGGTCATGTCCCCTATACTAGGTTA
CGCGGATCCTTAAGTTGTACAACAACTGCA
GCTGACACAACTTCTCCTGG
GTGAATCCTCGTCTTAATGATTCA
CTCTATCCAATTTCACATCTAAAAATCC
CAAGTTTAATGTCCAAACTTTTGAAGGTG
GTATATTATGGCCTAATGGCAGTTATCGAGAGAGACTCTT
AAGAGTCTCTCTCGATAACTGCCATTAGGCCATAATATAC
CTGTTACATTTACGCGTTATACTATAAGGC
GTACCTGGATTATTACCTATGACTTTCGG
AAGATATGTAGGCTTGTCCAATTCA
CCATAAAAAATTACTACAATGCAATGAATTTAAAACCTTCTC
GAGAAGGTTTTAAATTCATTGCATTGTAGTAATTTTTTATGG
GATAAGTATTCGTCACTTTTATCACCC
GGTCCTCATATCCGTCTAGCAATAGCTAATATTACAAAGA
TCTTTGTAATATTAGCTATTGCTAGACGGATATGAGGACC
CGAACAATAGATTAGGAATCAAACC
CTATCTGAGAAGGAAGATCAAGTAG
GTAAAGCAATAGGACTTGTTCCTCC
GGTCTATCTACCCACCCAATGATG
TTTCTTACAATAGCTCAAGCCTTTTTATTAAAAAACATGG
CCATGTTTTTTAATAAAAAGGCTTGAGCTATTGTAAGAAA
CATGGGAATAAGTAATATTAACGCATATTTCACTTGCTAT
ATAGCAAGTGAAATATGCGTTAATATTACTTATTCCCATG
GACAATATAATGGGGACTCTTCTCAAAAGCTTTTATTTC
GAAATAAAAGCTTTTGAGAAGAGTCCCCATTATATTGTC
CCATAGTTAGTATTGCAGCTCAACATGGCGTC
GACGCCATGTTGAGCTGCAATACTAACTATGG
CTAATGCCTATAGAACTCCTTTTTGTGTAAGTAAAGCTGG
CCAGCTTTACTTACACAAAAAGGAGTTCTATAGGCATTAG
AAATTCGCCACCCGGAGCTATTGCTTTTTGTATTTCGAAT
ATTCGAAATACAAAAAGCAATAGCTCCGGGTGGCGAATTT
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