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ABSTRACT 

The biosynthetic pathways of natural products involve unusual biochemical reactions catalyzed 1 

by unique enzymes. Aminopropylation, though apparently simple, is an extremely rare modifica-2 

tion outside polyamine biosynthesis. The canonical pathway used in the biosynthesis of peptide-3 

adenylate antibiotic microcin C of E. coli (Eco-McC) entails alkylation by S-adenosyl-4 

methionine-derived 3-amino-3-carboxypropyl group of the adenylate moiety and subsequent 5 

decarboxylation to yield bioactive aminopropylated compound. Here, we report the structure and 6 

biosynthesis of a new member of the microcin C family of antibiotics, Bsu-McC, produced by 7 

Bacillus subtilis MG27, that employs an alternative aminopropylation pathway. Like Eco-McC, 8 

Bsu-McC consists of a peptide moiety that facilitates prodrug import into susceptible bacteria, 9 

and a warhead - a non-hydrolyzable modified isoasparaginyl-adenylate, which when released in 10 

the cytoplasm, binds aspartyl-tRNA synthetase (AspRS), inhibiting translation. In contrast to the 11 

Eco-McC, whose warhead carries a single aminopropyl group attached to the phosphate moiety 12 

of isoasparaginyl-adenylate, the warhead of Bsu-McC is decorated with a tandem of two 13 

aminopropyl groups. Our in silico docking of the Bsu-McC warhead to the AspRS-tRNA com-14 

plex suggests that two aminopropyl groups form extended interactions with the enzyme and 15 

tRNA, stabilizing the enzyme-inhibitor complex. We show that tandem aminopropylation results 16 

in a 32-fold increase in the biological activity of peptidyl-adenylate. We also show that B. 17 

subtilis adopted an alternative pathway for aminopropylation in which two homologous 3-18 

aminopropyltransferases utilize a decarboxylated S-adenosylmethionine as a substrate. Addition-19 

ally, Bsu-McC biosynthesis alters the social behavior of the B. subtilis producer strain, resulting 20 

in a sharp decrease in the ability to form biofilms. 21 

  22 
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INTRODUCTION 1 

Natural products comprise a treasure trove of unusual chemical structures and biochemical re-2 

actions that produce them. Ribosomally synthetized post-translationally modified peptides 3 

(RiPPs) constitute a vast superfamily of natural products that combine structurally and function-4 

ally diverse groups of compounds.
1
 RiPPs play important roles in bacterial physiology, including 5 

the mediation of quorum-sensing signals,
2
 induction of complex morphogenesis,

3
 serving as 6 

metallophores,
4
 enzyme cofactors,

5
 etc. Many RIPPs have antimicrobial or antifungal activity,

6
 7 

making them prospective leads for future antibiotic development. 8 

RiPPs are classified into several families depending on the type of post-translational modifica-9 

tions and the enzymes that introduce them.
1,7

 Microcin C-like compounds (McCs) constitute a 10 

unique family of RiPP antibiotics modified with nucleotides.
7
 A typical McC is a peptide nucleo-11 

tide consisting of a short formylated peptide and an adenosine or, less commonly, modified cyto-12 

sine monophosphate moiety linked to a C-terminal isoasparagine residue (iN) via an N-P 13 

phosphamide bond. The best-studied member of the family, microcin C from Escherichia coli 14 

(Eco-McC), is a peptide-adenylate that is active at submicromolar concentrations against 15 

Enterobacteria, including clinically relevant E. coli, Salmonella, Shigella, and some strains of 16 

Klebsiella and Yersinia.
8,9

 McC acts via a rare Trojan horse mechanism (Figure 1A). The peptide 17 

part of McC is responsible for binding to conserved YejABEF oligopeptide transporter and effi-18 

cient import into the target bacteria.
10

 Once in the cytoplasm, the peptide part is deformylated by 19 

the peptide deformylase PDF and then digested by cellular aminopeptidases,
11

 releasing the ac-20 

tive warhead, an isoasparaginyl-adenylate, pMcC. pMcC is a non-hydrolyzable structural analog 21 

of aspartyl-adenylate, a transient intermediate of the tRNA
Asp

 aminoacylation. The warhead 22 

binds aspartyl-tRNA synthetase (AspRS) and prevents aminoacylation of tRNA
Asp

, thereby in-23 

hibiting translation and halting cell growth.
12

 24 

A minimal biosynthetic gene cluster (BGC) sufficient for producing a bioactive peptidyl-25 

adenylate comprises only three genes: mccA, encoding a peptide precursor; mccB and mccC, 26 

coding for the family-defining nucleotidyltransferase and a major facilitator superfamily (MFS) 27 

export pump, respectively.
13

 MccB modifies the MccA precursor peptide in a two-step reaction 28 

(Figure 1B), resulting in the formation of a bioactive peptidyl-acyl-N-P-adenylate
14,15

 or 29 

peptidyl-acyl-N-P-cytidylate.
9,16

 Many mcc BGCs, including that of E. coli, acquired additional 30 

genes responsible for secondary post-translational modifications or self-immunity.
17

 The 31 
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peptidyl-adenylate of E. coli is additionally decorated with a rare post-translational modification, 1 

an aminopropyl group attached to the phosphate moiety.
18

 This modification is introduced by the 2 

sequential action of MccD
Eco

, the S-adenosylmethionine-dependent 3-amino-3-3 

carboxypropyltransferase (ACP transferase), and MccE1
Eco

, the N-terminal decarboxylase do-4 

main of the bifunctional MccE
Eco

 protein (Figure 1B).
19

 The addition of the aminopropyl group 5 

increases the inhibitory activity of the peptidyl-nucleotide eight-fold,
19

 thus constituting a func-6 

tionally important secondary modification. Identification of new activity-enhancing modifica-7 

tions of RiPPs and characterization of their biosynthetic pathways provide invaluable tools for 8 

engineering new-to-nature molecules with desired properties. 9 

 10 

Figure 1. (A) Schematic diagram showing the mode of action of peptidyl-nucleotide antibiotics. 11 

(B) Organization of the biosynthetic gene cluster (top) and the key steps in the biosynthetic 12 

pathway of E. coli microcin C (bottom). MccA
Eco

 - precursor peptide, MccB
Eco

 – 13 

adenylyltransferase, MccC
Eco

 - major facilitator superfamily export pump, MccD
Eco

 – 14 

aminocarboxypropyl (ACP) transferase, MccE1
Eco

 domain – decarboxylase, MccE2
Eco

 domain – 15 

N-acetyltransferase, MccF
Eco

 – L,D peptidase. MccE2
Eco

 and MccF
Eco

 are responsible for im-16 

munity function. YejABEF and PDF – cellular oligopeptide transporter and peptide deformylase, 17 

respectively. The isoasparaginyl-adenylate warhead of microcin C is designated pMcC. R stands 18 

for the N-terminal part of MccA
Eco

, MRTGNA. Eco-McC – adenylated MccA
Eco

, Eco-McCacp - 19 

adenylated MccA
Eco

 decorated with 3-amino-3-carboxypropyl group, Eco-McCap – mature 20 

aminopropylated peptidyl-adenylate E. coli, MTA - 5'-methylthioadenosine. 21 

 22 
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Here, we report a new member of the McC-like RiPP family produced by B. subtilis MG27. 1 

The B. subtilis McC-like compound carries a unique secondary modification consisting of a tan-2 

dem of two aminopropyl groups attached to the phosphate moiety of adenylate. Despite the 3 

structural similarity between E. coli and B. subtilis McCs, both microbes evolved alternative 4 

pathways for aminopropylation. In contrast to E. coli McC, B. subtilis McC aminopropylation 5 

modification requires decarboxylated S-adenosylmethionine as a substrate and is catalyzed by 6 

two aminopropyltransferases, MccM1
Bsu

 and MccM2
Bsu

. We demonstrate that tandem 7 

aminopropylation results in a 32-fold increase in the bioactivity of peptidyl-adenylate. We also 8 

show that Bsu-McC biosynthesis causes hyperactive growth of B. subtilis MG27 and reduces its 9 

ability to form biofilm. 10 

RESULTS 11 

B. subtilis MG27 produces a peptidyl-nucleotide compound with a secondary modification 12 

at the phosphate group. 13 

During a bioinformatic search for mcc-like biosynthetic gene clusters (BGCs) encoded in se-14 

quenced bacterial genomes we identified a gene for a putative MccB-like nucleotidyltransferase 15 

(MccB
Bsu

) in the genome of the environmental strain of Bacillus subtilis MG27, a rhizosphere 16 

bacterium promoting grass growth and pathogen antagonism.
20

 The mccB
Bsu

 is a part of a puta-17 

tive BGC that includes a gene encoding an MFS-like export pump (MccC
Bsu

) and two genes cod-18 

ing for putative SAM-dependent enzymes, MccM1
Bsu

 and MccM2
Bsu

 (Figure 2A). A gene coding 19 

for RimL-like N-acetyltransferase MccE2
Bsu

 is located downstream of the putative mcc
Bsu

 BGC 20 

and transcribed in the opposite direction. MccE2
Bsu

 is homologous to the C-terminal domain of 21 

the E. coli MccE
Eco

, 
21

 which allowed us to speculate that mccE2
Bsu

 could also be a part of the 22 

mcc
Bsu

 gene cluster. In the intergenic region between mccB
Bsu

 and mccM2
Bsu

, we annotated a 23 

short open reading frame encoding a 22-amino-acid-long peptide with C-terminal asparagine 24 

residue (Figure 2A). We hypothesized that this peptide (MccA
Bsu

) is a precursor for a McC-like 25 

compound. 26 

To test if B. subtilis MG27 produces a biologically active McC-like compound, we analyzed 27 

the inhibitory effect of the B. subtilis MG27 spent medium on bacterial cell growth using a drop-28 

diffusion assay on agar lawns. We did not detect growth inhibition of the laboratory strain of 29 

B. subtilis 168 or E. coli BL21, which precluded activity-based compound identification. The 30 

absence of antibiotic activity suggests that either B. subtilis MG27 does not produce the McC-31 
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like compound under standard laboratory conditions, or the compound is not toxic to model mi-1 

croorganisms tested. 2 

 3 

Figure 2. The B. subtilis MG27 mcc gene cluster (mcc
Bsu

) and its products. (A) Architecture of 4 

the mcc
Bsu

 cluster and the sequence of predicted precursor peptide MccA
Bsu

. Arrows representing  5 

genes are colored according to their functional annotations: mccC
Bsu

, MFS transporter; mccB
Bsu

, 6 

nucleotidyltransferase; mccM1
Bsu

 and mccM2
Bsu

, SAM-dependent enzymes; mccA
Bsu

, precursor 7 

peptide; mccE2, acetyltransferase. (B) MALDI-TOF MS analyses of the spent media of the con-8 

trol B. subtilis 168 carrying empty pHT01 control vector (upper panel) or pHT-mccCM1BAM2
Bsu

 9 

plasmid (lower panel). [M+H]
+
 ions related to the mccCM1BAM2

Bsu
 expression products are 10 

labeled in red. (C) MALDI-TOF/TOF MS analysis of the [M+H]
+
=1222.5. [M+H]

+
 product ions 11 

at m/z = 250 and m/z = 779 correspond to adenosine and FDGPVMiN peptide, respectively. The 12 

[M+H]
+
 product ions at m/z = 1087 and m/z = 973 correspond to the modified peptides that lost 13 

adenosine and adenine moieties, respectively. The difference in 194 Da between [M+H]
+
=779 14 

and [M+H]
+
=973 matches the phosphate residue (80 Da) bearing an unknown 114-Da modifica-15 

tion designated with "X". The product ion [M+H]
+
=1108, corresponding to the mature peptide 16 

that lost the 114-Da unknown modification, is complemented by [M+H]
+
=115. 17 

 18 

To construct an inducible mcc
Bsu

 expression system, we aimed to transfer the putative mcc
Bsu

 19 

BGC into a heterologous host. However, first, we needed to determine whether the mccE2
Bsu

 20 

gene, transcribed in the direction opposite to other cluster genes, is a part of mcc
Bsu

 BGC. Based 21 

on its homology to McC immunity acetyltransferase MccE2
Eco

,
21

 which acetylates the amino 22 

group of the Eco-McC warhead, thus preventing its binding in the active center of aspartyl-tRNA 23 

synthetase, we hypothesized that MccE2
Bsu

 also functions as an immunity protein. We speculated 24 

that in the heterologous expression system, mccE2
Bsu

 could potentially rescue E. coli from the 25 
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inhibitory activity of E. coli peptide-adenylate (Eco-McC) or aminopropylated peptide-adenylate 1 

(Eco-McCap), the congeners of the putative B. subtilis McC. To test this hypothesis, mccE2
Bsu

 2 

was cloned into the pBAD vector under an arabinose-inducible promoter, and the susceptibility 3 

of E. coli expressing predicted acetyltransferase to McC variants was assessed. As expected, the 4 

mccE2
Bsu

 expression effectively protected E. coli BL21 cells against both aminopropylated and 5 

non-aminopropylated forms of Eco-McC in an antibiotic drop-diffusion assay (Figure S1). These 6 

results demonstrate that similar to the C-terminal acetyltransferase domain of MccE
Eco

, the sin-7 

gle-domain MccE2
Bsu

 is responsible for the immunity function. 8 

Next, we cloned the putative mcc
Bsu

 core cluster (mccCM1BAM2
Bsu

) into the pHT01 vector for 9 

IPTG-inducible expression in the B. subtilis 168 laboratory strain. However, no inhibitory activi-10 

ty against B. subtilis 168 or E. coli BL21 was detected in the spent medium from mcc
Bsu

-11 

expressing B. subtilis. To confirm the production of the McC-like compound, we used MALDI-12 

TOF MS analysis to compare the spent media from cultures of B. subtilis 168 strains carrying 13 

either the pHT-mccCM1BAM2
Bsu

 or the control empty pHT01 plasmid, both grown under induc-14 

ing conditions. In the spent medium of B. subtilis 168 expressing mcc
Bsu

, two mass ions, 15 

[M+H]
+
=1222.5 and [M+H]

+
=1392.6, which were absent in control, were detected (Figure 2B). 16 

MALDI-TOF/TOF MS analysis of the major mass ion [M+H]
+
=1222.5 unambiguously identified 17 

the compound as an seven residue-long C-terminal part of the MccA
Bsu

 peptide modified with 18 

adenosine monophosphate carrying an additional 114-Da moiety on the phosphate group (Fig-19 

ure 2C). The [M+H]
+
=1392.6 mass ion (Figure 2B) corresponds to the same modified peptide 20 

with an additional two-residue N-terminal extension. No mass ion matching the modified full-21 

length (22-residue) MccA
Bsu

 was detected. When we compared the mass spectra of spent media 22 

from the B. subtilis cells harboring pHT-mccCM1BAM2
Bsu

 and the natural producer B. subtilis 23 

MG27, the same mass ions, [M+H]
+
=1222.5 and [M+H]

+
=1392.6, were identified in both sam-24 

ples (Figure S2) and no other MccA
Bsu

-related mass ions detected. These results confirm that 25 

mature B. subtilis McC (Bsu-McC) is a modified C-terminal fragment of the precursor peptide, 26 

likely trimmed from the N-terminus by cellular peptidases before secretion, as seen in other 27 

RiPPs produced by Bacilli.
22

 28 
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B. subtilis peptidyl-adenylate is modified by two aminopropyl groups in a sequential two-1 

step reaction. 2 

To elucidate the structure of Bsu-McC, we first determined the mass of the compound purified 3 

from B. subtilis MG27 spent medium (Figure S3) using high-resolution mass spectrometry. The 4 

measured mass of the protonated compound (FDGPVMiN-AMP-X) is 1222.5081 (Figure 3A). 5 

The calculated monoisotopic mass of the protonated adenylated MccA
Bsu

 fragment 6 

(FDGPVMiN-AMP, C44H63N13O17PS) is 1108.3923 Da. Assuming that the sought modification 7 

replaces the proton on the phosphate moiety, the mass difference of 114.1158 Da corresponds to 8 

the chemical formula C6H15N2
 
(mass error 0.08 ppm). 9 

Next, we performed a detailed NMR analysis. Before the measurements, we partially removed 10 

the peptide part of the Bsu-McC using a mixture of purified E. coli PepB, and PepN 11 

aminopeptidases
11

 to simplify the spectra. This treatment yielded a partially digested peptide 12 

containing five C-terminal amino acid residues, GPVMiN (Figure S4). We first recorded spectra 13 

at 293 K of the partially processed Bsu-McC dissolved in a 90%/10% H2O/D2O solution at pH 14 

~5. The 3 amino acids preceding the phospho-amide bond could be easily assigned based on 15 

homonuclear TOCSY and ROESY spectra (Figure S5, Table S1). When we analyzed the 
1
H/

13
C 16 

HSQC and 
1
H/

13
C HSQC-DIPSI spectra, we detected two different propyl groups in addition to 17 

the ribose ring and AMP adenine (Figure 3B, Figure S6, Table S1). 18 

To identify the chemical group(s) attached to the phosphate moiety, we recorded J-resolved ex-19 

periments with or without 
31

P π pulse in the t1 evolution period. Only protons with a direct scalar 20 

coupling towards the 
31

P nucleus should show a different multiplet structure in the two spectra.
23

 21 

The resulting spectra (Figure 3C, Table S1) allowed unambiguous identification of the propyl 22 

group linked to the phosphorous, with chemical shift values of 4.21 ppm/68.3 ppm for its α 23 

methylene group, 2.08/28.9 ppm for the central β methylene, and 3.15/47.4 ppm for the γ meth-24 

ylene group that is bound to the central nitrogen (Figure S6, Table S1). In the second propyl 25 

group, no proton showed any coupling to the 
31

P. The chemical shifts of the protons in this pro-26 

pyl group perfectly matched the published chemical shift values for the spermine.
24

 Thus, our 27 

data suggest the presence of the tandem aminopropyl group attached to the phosphate of the 28 

peptidyl-adenylate. 29 

The phospho-amide proton and the secondary amine proton on the nitrogen atom separating 30 

both propyl groups were not visible in the spectra in water. To observe them, we lyophilized the 31 
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sample and dissolved it in 200 µL of DMSO-d6. Further acidification of this solution with 1 µL 1 

of concentrated (37%, 12 M) DCl revealed the phospho-amide group at 9.83 ppm for its proton 2 

and 
15

N value of 117.6 ppm (Figure S7A, Table S1). The secondary amine proton showed up as a 3 

large signal that coupled to the protons of both propyl groups (Figure S7B, Table S1). 4 

Altogether, analysis of the combined MS and NMR spectra allowed us to identify an unusual 5 

3-((3-aminopropyl)amino)propyl group attached to the phosphate moiety of the peptidyl-6 

adenylate (Figure 3D). 7 

 8 

Figure 3. MccM1
Bsu

 and MccM2
Bsu

 catalyze the sequential addition of two aminopropyl groups 9 

on peptidyl-adenylate. (A) High-resolution mass-spectrum and chemical formula of Bsu-McC. 10 

(B) Two-dimensional 
1
H - 

13
C HSQC (blue), and HSQC-Dipsi (red) NMR spectra show the as-11 

signment of the two aminopropyl groups that decorate the phosphate group of the AMP moiety. 12 

(C) The overlay of two J-resolved spectra with (red) or without (magenta) recoupling of the 
1
H, 13 

31
P coupling constants identifies those protons with a direct scalar coupling constant to the 

31
P. 14 

Dashed arrows point to the chemical shift values of the 
31

P coupled ribose CH2 protons and the α 15 

proton of the proximal propyl group, for which the two spectra are different. (D) Proposed chem-16 

ical structure of Bsu-McC with numbering of the tandem aminopropyl atoms. R stands for the 17 
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peptidyl moiety FDGPVM. (E) MALDI-TOF MS analysis of spent media (left panel) and cell 1 

content (right panel) of B. subtilis 168 harboring plasmids with mcc
Bsu

 cluster variants and con-2 

trol vector. For detailed spectra analysis, see the text. 3 

 4 

To uncover the mechanism of post-translational modification, we engineered a series of plas-5 

mids carrying the mcc
Bsu

 cluster with specific gene deletions and analyzed the resulting biosyn-6 

thetic products by mass spectrometry. As shown in Figure 3E, the spent medium from the 7 

B. subtilis 168 cells expressing the minimal mccCBA
Bsu

 BGC contained no detectable mass ions 8 

corresponding to the peptidyl-adenylate. However, the MALDI-TOF MS analysis of the cells 9 

sample identified the product ion corresponding to the full-length precursor peptide decorated 10 

with adenylate ([M+H]
+
=2856.6, Figures 3E and S8A). When putative methyltransferase gene 11 

mccM1
Bsu

 was added to the minimal mccCBA
Bsu

 cluster, new mass ions, [M+H]
+
 at m/z 2913.6 12 

and m/z 1665.4, were detected in the cells sample and the spent medium, respectively (Figure 13 

3E). Subsequent MALDI-TOF/TOF MS analysis (Figure S8B) identified the [M+H]
+
 at m/z 14 

2913.6 as the adenylated MccA
Bsu

 modified with a 57-Da moiety attached to the phosphate. This 15 

modification matches the addition of a single aminopropyl group. The mass ion [M+H]
+
 = 16 

1665.4 corresponds to the N-terminally truncated seven-residue-long fragment of the same com-17 

pound. No difference was detected between the mass spectra of B. subtilis cells carrying the min-18 

imal mccCBA
Bsu

 or extended mccCBAM2
Bsu

 BGCs (Figure 3E), indicating that peptidyl-19 

adenylate cannot serve as a substrate for the MccM2
Bsu

. Expression of the core mcc
Bsu

 BGC con-20 

taining both putative methyltransferases (mccCBAM1M2
Bsu

) resulted in the accumulation of the 21 

fully modified peptidyl-adenylate containing a tandem of two aminopropyl groups 22 

([M+H]
+
=2970.7, Figures 3E and S8C) within the cells. Although both biosynthetic intermedi-23 

ates, the peptidyl-adenylate and aminopropylated peptidyl-adenylate, were observed within the 24 

producing cells along with the fully modified compound, only mature Bsu-McC 25 

([M+H]
+
=1222.5) was detected in the spent medium (Figure 3E). Together, our data demonstrate 26 

that modification of MccA
Bsu

 proceeds in three consecutive steps: first, the MccB
Bsu

 27 

nucleotidyltransferase adenylates the precursor peptide, next the MccM1
Bsu

 28 

aminopropyltransferase installs the first aminopropyl group, followed by the final step of 29 

aminopropylation performed by MccM2
Bsu

 enzyme. 30 
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The biosynthesis of Bsu-McC hijacks the polyamine biosynthetic pathway. 1 

Sequential installation of aminopropyl groups on the phosphate moiety of the adenylated 2 

MccA
Bsu

 precursor peptide resembles the aminopropylation pathway in the biosynthesis of 3 

E. coli McC.
19

 Although, in contrast to E. coli (Figure 1B), mcc
Bsu

 BGC lacks gene(s) coding for 4 

a decarboxylase, hypothetically, an unknown cellular decarboxylase may perform the function of 5 

MccE1
Eco

. However, in the presence of SAM, neither MccM1
Bsu

 nor MccM2
Bsu

 modified puri-6 

fied adenylated precursor MccA
Bsu

 (Figure S9) in an in vitro assay (Figures S10). Moreover, we 7 

never observed a mass ion corresponding to 3-carboxy-3-aminopropylated peptidyl-adenylate, 8 

the putative intermediate products of this reaction (Figure 1B and 3E, right panel), in samples 9 

prepared from whole cells. We therefore surmised that MccM1
Bsu

/MccM2
Bsu

 may utilize 10 

decarboxylated SAM (dcSAM), an intermediate product of the spermidine biosynthetic pathway, 11 

as a source of the aminopropyl group. 12 

 13 

Figure 4. MccM1
Bsu

 and MccM2
Bsu

 use decarboxylated SAM as a substrate for 14 

aminopropylation. (A) MALDI-TOF MS analysis of in vitro aminopropylation reactions. 15 

MccM1
Bsu

 transfers the aminopropyl group from dcSAM to peptidyl-adenylate MccA
Bsu

-AMP 16 

([M+H]
+
=2856.6). MccM2

Bsu
 converts aminopropylated peptidyl-adenylate ([M+H]

+
=2913.6) 17 

into tandem aminopropylated form ([M+H]
+
=2970.7) using dcSAM. (B) SpeD

Bsu
 activity is re-18 

quired for the maturation of Bsu-McC in vivo. MALDI-TOF MS analysis of mcc
Bsu

 products in 19 

wild-type and ΔspeD B. subtilis genetic background. (C) Scheme of B. subtilis peptidyl-20 

adenylate aminopropylation pathway. R stands for the N-terminal part of MccA
Bsu

, 21 

MKVKKIKKKKPIKIGFDGPVM. 22 
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 1 

To test this hypothesis in vitro, we converted SAM into dcSAM using the purified housekeep-2 

ing E. coli SAM decarboxylase SpeD (Figure S11) and added it as a substrate to the reaction 3 

mixture containing purified adenylated MccA
Bsu

 (Figure S9) and MccM1
Bsu

 and/or MccM2
Bsu

 4 

enzymes. The reaction was also supplemented with 5'-methylthioadenosine/S-5 

adenosylhomocysteine nucleosidase Mtn
Eco 

to relieve potential product inhibition of 6 

aminopropyl/aminocarboxypropyltransferases.
19

 Figure 4A shows that in the presence of 7 

dcSAM, MccM1
Bsu

 converted adenylated MccA
Bsu

 into the aminopropylated compound. In 8 

agreement with our in vivo experiments (Figure 3E), MccM2
Bsu

 alone did not modify the 9 

adenylated precursor peptide in the presence of dcSAM. However, in the presence of MccM1
Bsu

 10 

and MccM2
Bsu

, a compound with a mass matching the mature unprocessed Bsu-McC was ob-11 

served (Figures 3E and 4A). To examine whether MccM2
Bsu

 shares the same narrow specificity 12 

for dcSAM as MccM1
Bsu

, we purified the product of the first aminopropylation reaction 13 

(MccA
Bsu

-AMP-ap) catalyzed by MccM1
Bsu

 and used it as a substrate in a second 14 

aminopropylation reaction with MccM2
Bsu

 in the presence of either SAM or dcSAM. MALDI-15 

TOF MS analysis revealed that MccM2
Bsu

 modified the monoaminopropylated substrate only in 16 

the presence of dcSAM (Figure S12), confirming that the entire biosynthetic pathway relies on 17 

this unusual metabolite. 18 

In B. subtilis, SpeD is the only enzyme able to decarboxylate SAM.
25

 Therefore, to confirm the 19 

proposed biosynthetic pathway in vivo, we constructed the B. subtilis 168 speD deletion mutant 20 

and analyzed the McC-like compounds produced by this strain. As expected, the adenylated pep-21 

tide was readily made in the B. subtilis cells lacking functional SpeD, but no aminopropylated 22 

species were detected (Figure 4B). 23 

Combined, our in vivo and in vitro data show that MccM1
Bsu

 and MccM2
Bsu

 jointly modify the 24 

phosphate group of the peptidyl adenylate by sequentially adding two aminopropyl groups using 25 

dcSAM as a substrate (Figure 4C). 26 

The presence of two aminopropyl groups increases the bioactivity of McC. 27 

Purified Bsu-McC did not affect the growth of B. subtilis 168 and had only a minor inhibitory 28 

effect on the growth of E. coli BL21, even at 2 mM (Figure S13). The resistance of B. subtilis 29 

could be due to the absence of the YejABEF oligopeptide transporter
10

 or the presence of ge-30 

nome-encoded S51 family peptidases MccG, which cleaves the carboxamide bond of 31 
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isoasparaginyl-adenylate, thus providing immunity to McC-like compounds.
26

 However, the lack 1 

of Bsu-McC inhibitory effect on E. coli cells is puzzling. Theoretically, it could be caused by 2 

poor uptake of Bsu-McC by E. coli YejABEF, inefficient processing of the Bsu-McC peptide by 3 

E. coli cellular aminopeptidases, or weak binding to the cellular target. 4 

To address this conundrum, we first performed in silico docking of tandem-aminopropylated 5 

isoasparagine-adenylate into the active site of AspRS using the crystal structure of the E. coli 6 

AspRS in complex with tRNA
Asp

 and aspartyl-adenylate (PDB: 1C0A)
27

 as a template for model-7 

ing. The docking model, generated using CB-Dock2
28

 and further refined with Molsoft ICM-Pro 8 

3.9, shows that without tRNA, the Bsu-McC warhead fits nicely into the enzyme's catalytic 9 

pocket without clashes with the polypeptide backbone or side chains (Figure 5A). The 10 

isoasparagine-adenylate moiety of Bsu-McC superimposes well with the natural substrate 11 

aspartyl-adenylate with a root mean square deviation (RMSD) = 0.48 Å, making similar hydro-12 

gen bonds, polar, and van der Waals contacts with AspRS active site residues (Figure 5A-C). The 13 

tandem aminopropyl groups of the Bsu-McC warhead contribute to binding by interacting with 14 

several polar and hydrophobic side chains of AspRS residues. Of these, the most prominent con-15 

tact is by the secondary amine of the proximal aminopropyl group, which is predicted to make a 16 

hydrogen bond with the carboxylic group of E482 (Figure 5B). The more flexible distal 17 

aminopropyl group makes polar contacts via its primary amine with the carboxylic group of 18 

E437 and carbonyl of H448, while the propyl group makes hydrophobic interactions with the 19 

side chain of M447 (Figure 5B). 20 
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 1 

Figure 5. (A) Structure of E. coli AspRS/tRNA
Asp

 complex with the natural substrate aspartyl-2 

adenylate (PDB: 1c0a) and with superimposed tandem-aminopropylated isoasparagine-adenylate 3 

docked into the enzyme active center using CB-Dock2 homologous template fitting server and 4 

further refined with the docking package of Molsoft ICM-Pro. The protein is shown in grey rib-5 

bons, and the aspartyl-adenylate/tandem-aminopropylated isoasparagine-adenylate are shown as 6 

thick CPK-colored sticks, except carbon atoms are in pink and yellow, respectively. The tRNA is 7 

removed for clarity. The insets (B) and (C) are the zoom-in views of the selected area in AspRS, 8 

showing the contacts of the respective ligands with the residues of the substrate-binding pocket 9 

(thin CPK-colored sticks, except carbon atoms are in beige) located at interacting distances of 10 

<3.5Å. Dashed lines indicate likely polar (blue) and hydrophobic (yellow) interactions. (D) Tan-11 

dem aminopropylation increases the bioactivity of E. coli McC. Minimal inhibitory concentra-12 

tion (MIC) of E. coli McC antibiotics without secondary modification (Eco-McC), and with a 13 

single (Eco-McCap) and tandem aminopropyl groups (Eco-McCapap). MIC of the compound is 14 

defined as a minimal concentration at which a growth inhibition zone is visible in a drop diffu-15 

sion assay. 16 

 17 
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The model also suggests that the warhead placement in the catalytic pocket does not interfere 1 

with the tRNA binding. Instead, the phosphates of the tRNA 3’-terminal dinucleotide electrostat-2 

ically attract the positively charged amines of Bsu-McC aminopropyl groups, further stabilizing 3 

its binding to AspRS (Figure S14A). Moreover, the presence of tRNA in the complex with 4 

AspRS sterically blocks access to the active site pocket, hindering the Bsu-McC warhead disso-5 

ciation (Figure S14B). These observations suggest that the extended interactions of the two 6 

aminopropyl groups with AspRS and tRNA should enhance the stability of the enzyme-inhibitor 7 

complex. Therefore, similar to the warhead of the Eco-McC, the warhead of Bsu-McC is ex-8 

pected to inhibit the activity of E. coli aspartyl-tRNA synthetase. 9 

Inspired by our in-silico model, we generated a doubly aminopropylated E. coli McC by using 10 

purified E. coli McC (Eco-McCap) as a substrate for aminopropylation by MccM2
Bsu

 in the pres-11 

ence of dcSAM (Figure S15). The unmodified (Eco-McC), mono-aminopropylated (Eco-McCap), 12 

and tandem-aminopropylated (Eco-McCapap) compounds were evaluated for their inhibitory ac-13 

tivity towards McC-sensitive E. coli BL21 using drop-diffusion assay. Results showed that the 14 

0.25 µM Eco-McCapap produced a growth inhibition zone comparable to 1 µM mono-15 

aminopropylated peptidyl-adenylate or 8 µM unmodified E. coli peptidyl-adenylate (Figure 5D). 16 

As expected, moderate overexpression of AspRS, but not ProRS, protected E. coli BL21 against 17 

Eco-McCap and Eco-McCapap toxicity (Figure S16). These findings are in line with our in-silico 18 

prediction, revealing that the addition of the second aminopropyl group significantly enhances 19 

Eco-McC's toxicity against E. coli BL21, reducing the apparent MIC by 4-fold and 32-fold com-20 

pared to the mono-aminopropylated and unmodified compounds, respectively. 21 

Production of Bsu-McC changes the social behavior of B. subtilis strains. 22 

While studying the Bsu-McC biosynthesis, we noticed that B. subtilis 168 harboring the plas-23 

mid expressing mccCM1BAM2
Bsu

 exhibited colony morphology different from that of the same 24 

strain carrying an empty vector as control. To take a closer look at the impact of Bsu-McC pro-25 

duction on the social behavior of bacteria, we examined the ability of the biofilm-proficient 26 

B. subtilis 3A38 strain harboring plasmid expressing mccCM1BAM2
Bsu

 to form biofilms. As ex-27 

pected, B. subtilis 3A38, which carries the control vector, produces a compact wrinkled biofilm 28 

structure after one day of growth on modified LB agar (Figure 6A). In contrast, under the same 29 

growth conditions, B. subtilis 3A38 harboring plasmids expressing either minimal mccCBA
Bsu

 or 30 

complete mccCM1BAM2
Bsu

 BGC does not form biofilm. Instead, it forms a thin layer of actively 31 
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growing bacteria (Figure 6A). To confirm the mcc
Bsu

-dependent change in colony morphology, 1 

we constructed a B. subtilis MG27 mccB
Bsu

-null mutant (mccB
Bsu

ΩloxP) strain and tested it for 2 

biofilm formation. As shown in Figure 6B, the wild-type Bsu-McC-producer strain forms a large 3 

diffuse actively growing macro-colony on the modified LB agar, distinct from that of biofilm-4 

deficient ΔspeD mutant. Under the same conditions, the isogenic mccB
Bsu

-null mutant cells 5 

readily formed a well-developed, thick, wrinkled biofilm (Figure 6B). 6 

 7 

Figure 6. McC
Bsu

 production changes the social behavior of B. subtilis. (A) Expression of mcc
Bsu

 8 

BGC prevents biofilm formation in heterologous hosts. B. subtilis 3A38 strain harboring either 9 

an empty pHT01 vector or pHT01 expressing indicated mcc
Bsu

 genes were grown on the biofilm-10 

inducing modified LB agar supplemented with IPTG for 24 h. (B) Inactivation of Bsu-McC pro-11 

duction renders the native producer B. subtilis MG27 strain biofilm-proficient. B. subtilis MG27 12 

w.t., ΔspeD mutant, and mccB
Bsu

 null mutant (mccBΩloxP) were grown on modified LB agar for 13 

24 h. B. subtilis MG27 ΔspeD mutant was used as a biofilm-negative control. Strains used in the 14 

biofilm-formation tests produced either no Bsu-McC ("Bsu-McC
-
"), adenylated peptide only 15 

("Bsu-McC*
+
"), or tandem–aminopropylated microcin C ("Bsu-McC

+
"). 16 

 17 

The absence of a biofilm-producing phenotype may result either from an unknown signaling 18 

function of Bsu-McC or from a metabolic perturbation in the Bsu-McC-producer cells. To test if 19 

Bsu-McC can act as a paracrine signal molecule that alters cell differentiation and complex colo-20 

ny morphology, we repeated the biofilm formation experiment using the modified LB agar sup-21 

plemented with Bsu-McC. However, no reversal of phenotype was detected under these condi-22 
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tions (Figure S17). This observation indicates that the primary cause of the observed changes in 1 

colony morphology is the perturbation in cell metabolic state upon Bsu-McC production. 2 

 3 

DISCUSSION 4 

Secondary modifications such as macrocyclization, oxidation, hydroxylation, dehydration, 5 

epimerization, acylation, glycosylation, etc., are common in RiPPs.
29

 These modifications are 6 

necessary for enhancing bioactivity,
30,31

 improving stability of the molecules,
22,32

 or overcoming 7 

resistance.
9
 Among the enzymes involved in the secondary modification of natural compounds, 8 

SAM-dependent methyltransferases are among the most common. These enzymes typically use 9 

SAM as a methyl group donor, transferring it to a heteroatom or, less often, to a carbon atom in 10 

RiPPs.
33

 In contrast, the use of SAM as an ACP donor is very rare, with only a few known bio-11 

chemical reactions. These include posttranscriptional modification of tRNAs
34

 and biosynthesis 12 

of siderophores such as staphylopine
35

 and pseudopaline,
36

 the antibiotic nocardicin A,
37

 and 13 

several other small molecules.
38

 Unlike most other natural compounds, the biosynthesis of McC 14 

relies on SAM as a source of the aminopropyl group. Consequently, decarboxylation of the ACP 15 

group should occur either before or after its transfer to the phosphate moiety of McC. In E. coli 16 

or Y. pseudotuberculosis McC, the aminopropylation reaction involves two steps: first, 17 

aminocarboxypropyltransferase MccD transfers the ACP group to the phosphate of the peptidyl-18 

nucleotide compound, followed by ACP decarboxylation by pyridoxal-5′-phosphate (PLP)-19 

dependent decarboxylase MccE1 (Figure 1B).
9,19

 Interestingly, similar coupled reactions were 20 

described in the biosynthesis of several natural translocase I inhibitors, including caprazamycin, 21 

sphaerimicin, muraymycin, and others. However, the first step in these reactions is catalyzed by 22 

an unusual PLP-dependent aminobutyryltransferase, while the decarboxylation step is performed 23 

by Mur23,
39

 which is homologous to MccE1 (22 % sequence identity). 24 

The AlphaFold-predicted structures of B. subtilis 3-aminopropyltransferases, MccM1
Bsu

 and 25 

MccM2
Bsu

,
40

 exhibit significant structural homology with the 3-amino-3-26 

carboxyaminopropyltransferase MccD
Eco

 (Suppl Fig. S18). However, unlike MccD
Eco

, they show 27 

high specificity for dcSAM as the aminopropyl group donor (Figure 5C, Figures S10 and S12). 28 

The structural determinants that restrict the substrate specificity of these enzymes to dcSAM 29 

remain to be elucidated. Notably, dcSAM is a key intermediate in the biosynthesis of spermidine 30 
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and spermine, which are found in both prokaryotic
41

 and eukaryotic
42

 cells. To the best of our 1 

knowledge, MccM1
Bsu

 and MccM2
Bsu

 are the first known enzymes outside the polyamine bio-2 

synthetic pathway to utilize dcSAM as a substrate. 3 

Using dcSAM as an aminopropyl donor may seem like a more efficient strategy and, 4 

therefore, might be expected to be more widespread in nature. However, mcc BGCs containing 5 

the mccD-mccE1 gene pair are found across diverse bacterial phyla,
17

 while BGCs encoding 6 

mccM1/mccM2 homologs are restricted to a small subset of Bacilli. This distribution may reflect 7 

the metabolic cost of producing aminopropylated McC within the cell. For instance, disruption of 8 

the spermidine biosynthetic pathway inhibits planktonic growth of Gram-negative bacteria,
43

 9 

whereas Gram-positive B. subtilis
44

 and Streptococcus pneumoniae
45

 can grow normally without 10 

producing spermidine. This suggests that repurposing a portion of the cellular dcSAM pool to-11 

ward McC-ap biosynthesis may impose a smaller fitness burden on Gram-positive than Gram-12 

negative bacteria. Additionally, unlike SAM, dcSAM is not a universal metabolite. Many bacte-13 

ria lack SAM decarboxylase and instead rely on alternative spermidine biosynthesis pathways 14 

that bypass dcSAM.
46

 Thus, using SAM as a source of 3-amino-3-carboxypropyl group, which 15 

requires further decarboxylation of the intermediate product by a dedicated enzyme like MccE1 16 

represents a more adaptive aminopropylation strategy. This versatility may have contributed to 17 

the broader distribution of BGCs containing mccD/mccE1 homologs across bacterial species.  18 

Adding a single aminopropyl group to McC enhances its bioactivity eightfold, while the se-19 

cond aminopropyl group increases it fourfold further (Figure 5D). This dramatic increase likely 20 

results from improved molecular fit and stability within the AspRS active site, which leads to 21 

more effective enzyme inhibition. Our structural modeling supports this view, providing insights 22 

into the molecular basis for the improved inhibitory efficacy. The model suggests that extended 23 

interactions of the two aminopropyl groups with the AspRS active center residues, as well as 24 

with the phosphates of the tRNA 3’-terminal nucleotides, stabilize the enzyme-inhibitor complex 25 

and sterically hinder the Bsu-McC warhead dissociation. These findings highlight the potential of 26 

aminopropylated derivatives of McC as templates for designing potent AspRS inhibitors. Such 27 

inhibitors could serve as valuable tools in developing novel antimicrobial agents, especially 28 

against resistant bacterial strains. Further investigations of Bsu-McC biosynthesis and its struc-29 

tural properties may inspire innovative approaches for engineering RiPP-based antibiotics with 30 

enhanced specificity, greater efficacy, and reduced susceptibility to resistance mechanisms. 31 
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B subtilis are among the most prevalent microbes in the rhizosphere, competing with diverse 1 

bacterial species.
47

 Production of antibiotics and quorum sensing inhibitors, as well as the for-2 

mation of root-associated biofilms, are the bases for effective biocontrol and prevention of bacte-3 

rial diseases of plants.
48–50

 Although the effects of Bsu-McC on the soil microbiome remain un-4 

known, we observed an unexpected impact on the social behavior of the producer strain. Both 5 

natural Bsu-McC producer B. subtilis MG27 and the laboratory strain of B. subtilis 3A38 6 

heterologously expressing mcc
Bsu

 exhibited reduced biofilm formation (Figure 6). Unlike some 7 

RiPPs (e.g., lanthipeptides SapB,
51

 AmfS,
3
 and SapT

52
) that induce morphogenic effects like 8 

sporulation in certain Streptomyces strains, Bsu-McC inhibits rather than promotes biofilm for-9 

mation and does not act as a paracrine signal on bacilli if supplemented in trans (Figure S17). Its 10 

production likely disrupts metabolic pathways, slowing down the complex regulatory cascade 11 

that leads to biofilm development.
53,54

 For instance, Bsu-McC biosynthesis could cause a reduc-12 

tion of cellular dcSAM concentration, thus hindering spermidine synthesis and postponing bacilli 13 

entering the biofilm state.
44 

However, deletion of mccM1
Bsu

/M2
Bsu

 did not rescue this phenotype 14 

(Figure 6), suggesting the effect is not due to reduced dcSAM or spermidine synthesis.
44

 15 

A second possible explanation is ATP depletion in cells actively producing the peptidyl-16 

adenylate. In B. subtilis, the expression of many genes strongly depends on the cytoplasmic lev-17 

els of ATP or GTP.
55

 Biosynthesis of Bsu-McC might elevate (p)ppGpp levels, as seen in E. coli, 18 

where AspRS activity is inhibited by accidentally released McC warhead, eliciting stringent re-19 

sponse.
56

 Accumulation of high levels of (p)ppGpp with concomitant depletion of the intracellu-20 

lar concentration of GTP may lock B. subtilis cells in a motile state, preventing their differentia-21 

tion and biofilm formation.
57

 This could explain the actively growing flat colony morphology 22 

observed in Bsu-McC-producing B. subtilis strains. Whether the Bsu-McC biosynthesis depletes 23 

the cellular energy pools or triggers complex regulatory cascades warrants further investigation, 24 

which could reveal novel insights into microbial physiology. 25 

 26 

EXPERIMENTAL SECTION 27 

Bacterial strains and growth conditions 28 

B. subtilis MG27 strain was generously provided by Prof. Oscar P. Kuipers (University of Gro-29 

ningen, Groningen, the Netherlands). B. subtilis 168 and 3A38 strains (Bacillus Genetic Stock 30 
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Center, USA) were used as heterologous hosts for the mcc
Bsu

  production. Cloning was per-1 

formed in E. coli NEB5α (NEB). E. coli BL21 (DE3) strain (NEB) was used as a protein expres-2 

sion host. E. coli BL21 strain (NEB) was used for the McC susceptibility tests. E. coli BW25113 3 

ΔyejA from the KEIO collection
58

 was used to purify E. coli McC lacking the aminopropylated 4 

group. E. coli and B. subtilis strains were routinely grown in LB supplemented with appropriate 5 

antibiotics and inductors as required. 6 

Molecular cloning and strain construction 7 

The genomic DNA of B. subtilis MG27 and the corresponding primers listed in Table S2 were 8 

used for PCR amplification of mcc
Bsu

 BGC and individual genes. To verify MccE2
Bsu

 immunity 9 

role, mccE2
Bsu

 was cloned into a pBAD_SalRBS vector
59

 derived from pBAD-His (Invitrogen), 10 

between SalI and HindIII. mccB
Bsu

 was inserted into the pET22_MBP plasmid
60

 between BamHI 11 

and XhoI to create an in-frame fusion with N-terminal MBP. For heterologous production of C-12 

terminally his-tagged MccM1
Bsu

 and MccM2
Bsu

, corresponding PCR-amplified genes were in-13 

serted between NdeI and XhoI of the same vector, replacing mbp. For heterologous expression of 14 

mcc
Bsu

 BGC variants in B. subtilis, mccCM1BAM2
Bsu

 and mccCM1BA
Bsu

 were inserted between 15 

BamHI and EagI of the modified pHT01 E. coli-B. subtilis shuttle vector (MoBiTech).
22

 pHT-16 

mccCBAM2
Bsu

 and pHT-mccCBA
Bsu

 vectors were constructed using overlap-extension PCR
61

 of 17 

mccC
Bsu

 and mccBAM2
Bsu

 or mccBA
Bsu

, respectively, and subsequent cloning as above. 18 

B. subtilis 168 and MG27 mutants were constructed using a single cross-over pSC vector and 19 

Cre-loxP recombination system described in ref.
62

. B. subtilis MG27 mccB
Bsu

ΩloxP was con-20 

structed by sequential integration and excision of the pSC vector containing a 300-bp mccB
Bsu

 21 

fragment. B. subtilis MG27 and 168 ΔspeD mutants were constructed using two rounds of inser-22 

tion-excision of the pSC vector with the corresponding DNA fragments upstream and down-23 

stream of speD. The second excision of the integrated plasmid resulted in a single loxP site in the 24 

place of speD. 25 

Protein extraction and purification 26 

Vectors pCA24-pepB, pCA24-pepN, pCA24-speD purified from ASKA collection strains
63

 27 

were used for His-PepB, His-PepN, and His-SpeD
Eco

 production, respectively. For protein ex-28 

pression, 4 mL of an overnight culture of E. coli BL21(DE3) harboring corresponding vector 29 

were inoculated to 400 mL of LB medium containing either 100 µg/mL of ampicillin (for 30 
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pET22_MBP-mccB
Bsu

, pET22_mccM1
Bsu

, pET22_mccM2
Bsu

) or 34 µg/mL of chloramphenicol 1 

(for pCA24-pepB, pCA24-pepN, pCA24-speD). Cultures were grown at 37 °C with vigorous 2 

shaking until the OD600 reached ~0.6. Then cell cultures were cooled down in iced water for 3 

10 min, induced with 0.25 mM IPTG , and moved to grow at 18 °C for 20 H with moderate shak-4 

ing. Cells were harvested by centrifugation at 3 500 x g at 4 °C for 20 min, resuspended in 5 

20 mL of buffer containing 20 mM Tris-HCl pH 8.0, 500 mM NaCl, and 10% glycerol, and fro-6 

zen at -80 °C. Upon thawing on ice, phenylmethylsulfonyl fluoride (PMSF) was added up to 7 

1 mM, and then cells were lysed by sonication. Obtained lysates were clarified by centrifugation 8 

at 15 000 x g at 4 °C for 1 h. 9 

For the MBP-MccB
Bsu

 purification, the cleared lysate was loaded on the MBPTrap HP 1 mL 10 

column (Cytiva) prewashed with TSG buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% 11 

glycerol). The column was washed with 20 mL of TSG buffer following the protein elution with 12 

TSG buffer supplemented with 10 mM maltose. For further purification, protein fractions were 13 

filter-concentrated using an Amicon Ultra-15 Centrifugal Filter Unit with 30 kDa cut-off (Merck 14 

Millipore) and loaded on a HiLoad 16/600 Superdex 200 pg (Cytiva) gel-filtration column equil-15 

ibrated with 20 mM Tris-HCl pH 8.0, 150 mM NaCl buffer and eluted with 1 mL/min flow rate. 16 

To purify MccM1
Bsu

-His, MccM2
Bsu

-His, His-SpeD, His-PepB, or His-PepN, the respective 17 

cleared lysates were loaded on the HiTrap TALON crude 1 mL column (Cytiva) prewashed with 18 

the TSG buffer. After the washing step with 20 mL of TSG buffer supplemented with 5 mM im-19 

idazole, the proteins were eluted by a linear 5 to 250 mM gradient of imidazole in the TSG buff-20 

er. For further purification, fractions containing the protein of interest were buffer-exchanged to 21 

20 mM Tris-HCl pH 8.0, 50 mM NaCl, and 5% glycerol and then loaded on MonoQ column 5/50 22 

GL (Cytiva). After washing with 20 mM Tris-HCl pH 8.0, 50 mM NaCl, the proteins were eluted 23 

in a 20-min linear gradient of NaCl (0.05 to 1 M) in 20 mM Tris-HCl pH 8.0 buffer with 24 

1 mL/min flow rate. His-tagged 5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase 25 

Mtn
Eco

 was purified as described in ref.
19

 26 

The purity of recombinant proteins was >95%, as judged by Coomassie Brilliant Blue staining 27 

after SDS-PAGE. The concentration of proteins was determined by absorption at wavelength 280 28 

nm using the theoretical extinction coefficient. 29 

B. subtilis and E. coli McCs extraction and purification 30 
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Vectors pA7 and pA7-ap
13

 transformed to E. coli BW25113 ΔyejA
58

 were used to produce Eco-1 

McC peptide adenylate and Eco-McCap aminopropylated peptide adenylate, respectively. Bsu-2 

McC was produced heterologously in B. subtilis 168 harboring pHT-mccCM1BAM2
Bsu

 vector. 3 

The corresponding overnight cultures grown in 100 mL of LB supplemented with 100 µg/mL 4 

ampicillin (E. coli) or 10 µg/mL chloramphenicol (B. subtilis) at 37 °C were pelleted at 3 500 x g 5 

for 10 min. Eco-McC and Eco-McCap-producing E. coli strains were resuspended in 1 L of M9 6 

minimal medium supplemented with 3 µg/mL thiamine, 0.02% yeast extract, 0.2% glycerol, 7 

0.2% glucose, 0.02% casamino acids and 100 µg/mL ampicillin. The cells were grown at 37 °C 8 

with vigorous shaking for 18 h. Bsu-McC-producing B. subtilis 168 strain was resuspended in 9 

M9 minimal medium supplemented with 50 μg/mL L-tryptophan, 0.02% yeast extract, 0.4% sor-10 

bitol, trace elements (134 µM EDTA, 31 µM FeCl3, 6.2 µM ZnCl2, 0.76 µM CuCl2, 0.42 µM 11 

CoCl2, 1.62 µM H3BO3, 0.081 µM MnCl2), 10 µg/mL chloramphenicol, and 0.1 mM IPTG. The 12 

culture was incubated at 37 °C with vigorous shaking for 2.5 days. 13 

Cells were pelleted by centrifugation at 10 000 x g for 1 h. The supernatants were collected, fil-14 

tered through the 0.45 μm membrane filter (Durapore, Merck Millipore), supplemented with TFA 15 

up to 0.3%, and loaded on the C18 cartridge (Mega Bond Elut C18 10 g, Agilent Technologies). 16 

The column was washed with 100 mL of 2.5% acetonitrile in 0.1% TFA and eluted with 15% 17 

acetonitrile in 0.1% TFA. The microcin-containing fractions were vacuum-dried. The pellets 18 

were dissolved in 0.1% TFA and loaded on the Zorbax Eclipse Plus C18 column (5 μm, 19 

4.6 x 250 mm, Agilent Technologies) for reverse-phase HPLC purification. McCs were eluted in 20 

a 30-min 0 to 15% linear acetonitrile gradient in 0.1% TFA with 1 mL/min flow rate and absorp-21 

tion detection at 260 nm and 280 nm. Fractions containing McCs were verified by mass spec-22 

trometry, dried, and stored at -20°C. 23 

The published extinction coefficient for adenosine monophosphate (E
mM

 = 15.4 at 259 nm at 24 

pH 7.0) was used to calculate peptidyl-nucleotide concentrations.
64

 25 

Processing of peptide part of Bsu-McC and NMR analysis 26 

To process the peptide part of Bsu-McC 100 μM of the compound was incubated at 30 °C with 27 

10 μM PepB and 5 μM PepN aminopeptidases and 1 mM MnCl2 in 20 mM HEPES-NaOH buff-28 

er, pH 7.5, for 16 h. The reaction was quenched with an equal volume of 0.1% TFA in acetoni-29 

trile. The mixture was incubated 30 min at 4 °C before centrifugation at 20 000 x g at 4 °C for 30 
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15 min. The supernatant was vacuum-dried, resuspended in 0.1% TFA, and loaded on Prep-C18 1 

(100Å, 5 µm, 10 x 250 mm, Agilent Technologies) HPLC column. Processed Bsu-McC was elut-2 

ed in a 30-min 0% to 20% gradient of acetonitrile in 0.1% TFA at 3 mL/min flow rate. 3 

NMR spectra were acquired at 293 K on an 800 MHz Bruker Neo spectrometer (Bruker 4 

Biospin, Billerica, USA), equipped with a QCPN cryoprobe. The initial sample contained 3.4 mg 5 

of partially processed Bsu-McC dissolved in 200 µl of a 90%/10% H2O/D2O solution at pH ~5. 6 

TOCSY and ROESY spectra were acquired as matrices of 16k x 512 points, sampling a window 7 

of 12ppm centered at 4.70 ppm in both dimensions, with 4 respectively 32 scans per increment. 8 

The 
1
H, 

15
N HSQC spectrum was acquired as a matrix of 2k x 128 complex points, sampling a 9 

window of 12 ppm centered at 4.70 ppm in the 
1
H dimension and of 36 ppm centered at 119 ppm 10 

in the 
15

N dimension, with 128 scans per increment. The 
1
H, 

13
C HSQC and dipsi-HSQC spectra 11 

were recorded as matrices of 2k x 256 points, sampling a window of 12 ppm centered at 4.70 12 

ppm in the 
1
H dimension and of 80 ppm centered at 40 ppm in the 

13
C dimension, with 32 and 64 13 

scans per increment, respectively. J resolved experiments with or without 
31

P π pulse in the t1 14 

evolution period were recorded with 16k x 64 points covering spectral windows of 12 ppm and 15 

60 Hz in the direct and indirect dimensions. All spectra were processed with Topspin4.1 (Bruker 16 

Biospin, Billerica). 17 

Reconstitution of Bsu-McC biosynthesis in vitro 18 

To obtain dcSAM, 0.5 mM SAM was incubated with 5 μM recombinant SpeD
Eco

 in 50 mM 19 

HEPES-NaOH pH 7.5 buffer supplemented with 50 mM NaCl at 30 °C for 16h. The reaction 20 

was stopped by the addition of an equal volume of 0.2% TFA in acetonitrile, incubated for 21 

30 min on ice, and centrifuged at 20 000 x g for 15 min at 4 °C. The supernatant was collected 22 

and lyophilized. The pellet was then resuspended in 7.5% methanol in 15 mM ammonium ace-23 

tate buffer, pH 3.5, and loaded on YMC-Triart C18 (S-5μm, 150 x 4.6 mm, YMC Europe) col-24 

umn for the isocratic elution at 1 mL/min flow rate. 25 

For in vitro adenylation, 50 μM of chemically synthesized MccABsu peptide (Genescript) was 26 

incubated with 3 μM of recombinant MBP-MccBBsu in 50 mM Tris-HCl pH 8.0 buffer supple-27 

mented with 10 mM MgCl2, 2 mM ATP, 5 mM DTT, and 150 mM NaCl at 28 °C for 16 h. The 28 

reaction was stopped by adding an equal volume of 0.2% TFA in acetonitrile, incubated for 30 29 

min on ice, and centrifuged at 20 000 x g for 15 min at 4 °C. The supernatant was vacuum dried. 30 

The pellet was resuspended in 0.1% TFA and loaded on YMC-Triart C18 (S-5μm, 150 x 4.6 mm, 31 
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YMC Europe) for reverse-phase HPLC. The peptide-adenylate was eluted in a 20-min 0% to 1 

50% gradient of acetonitrile in 0.1% TFA at 1 mL/min flow rate. 2 

To reconstitute the di-aminopropylation pathway in vitro, 250 μM dcSAM and 50 μM adenyl-3 

ated MccABsu were combined with 5 μM MccM1Bsu or 5 μM MccM2Bsu, or both, in the pres-4 

ence of 1.5 μM MtnEco, 250 μM tris(2-carboxyethyl)phosphine (TCEP), and 50 mM HEPES pH 5 

7.5. Reactions were incubated at 30 °C for 16 h. For MS analysis, reactions were then quenched 6 

by adding TFA up to 0.1%, and desalted using C18 ZipTip Pipette Tips (Millipore). To purify the 7 

aminopropylated products from corresponding in vitro reactions the same protocol was used as 8 

for MccBBsu reaction purification. 9 

In vitro synthesis and purification of di-aminopropylated McC
Eco

 10 

100 μM Eco-McCap was incubated with 5 μM MccM2
Bsu

 in the presence of 0.5 mM SAM, 11 

3 μM SpeD
Eco

, 0.5 mM TCEP, and 1.5 μM Mtn
Eco

 in 3 mL of 50 mM HEPES-NaOH pH 7.5 12 

buffer. The reaction was incubated at 30 °C for 24 h and then quenched with an equal volume of 13 

0.2 % TFA in acetonitrile. After 30 min incubation at room temperature, the proteins were pre-14 

cipitated by centrifugation at 15 000 x g at 4 °C for 15 min. The supernatant was collected and 15 

vacuum-dried. The dried sample was dissolved in 0.1% TFA water solution, centrifuged at 16 

15 000 x g for 15 min, and loaded on Prep-C18 (100Å, 5 µm, 10 x 250 mm, Agilent Technolo-17 

gies) column for HPLC purification. The di-aminopropylated form of Eco-McC (Eco-McCapap) 18 

was separated at a 3 mL/min flow rate in a two-step gradient of acetonitrile in 0.1% TFA: 0 to 19 

10% in 5 min, 10 to 12% in 10 min. The presence of Eco-McCapap in the collected fractions was 20 

verified by MS analysis. The corresponding fractions were vacuum dried, resuspended in 0.1% 21 

TFA, and subjected to a second round of reverse-phase HPLC on Triart C18 (S-5 μm, 150 x 4.6 22 

mm, YMC Europe) column. Eco-McCapap was eluted in a 10-min 0% to 20% gradient of acetoni-23 

trile in 0.1% TFA at 1 mL/min flow rate. The purified compound was vacuum dried and stored at 24 

-20 °C. 25 

Mass spectrometric analysis 26 

For MALDI-TOF analysis, liquid samples or cells harvested from agar plates were mixed in 27 

2:1 ratio with the matrix solution (20 mg/mL 2,5-dihydroxybenzoic acid (Sigma), 0.5% 28 

trifluoroacetic acid (TFA) in 30 % acetonitrile) on a steel target plate. Reflector mode on the 29 

UltrafleXtreme II MALDI-TOF-TOF (Bruker Daltonics), equipped with a neodymium laser 30 
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(355 nm), was used to detect mass/charge ratio (m/z) values of molecular ions with measurement 1 

accuracy within 0.1 Da. LIFT mode was used to obtain fragmentation spectra with the accuracy 2 

for the product ions within the 1 Da range. Mass-spectra processing was performed via 3 

FlexAnalysis 3.2 software (Bruker). 4 

The high-resolution mass spectrometry analysis was performed as a part of LC-MS analysis on 5 

Agilent 1200 HPLC equipped with the UV and 6550 iFunnel QTOF LC/MS detectors and Jet 6 

Stream Technology ion source (Agilent Technologies). The analyzed compounds were loaded on 7 

Poroshell 120 SB-C18 column (2.7 µ, 2.1 x 100 mm, Agilent Technologies) at 40 °C using a lin-8 

ear (0 to 80%) gradient of acetonitrile in 5 mM ammonium acetate buffer (pH 5.2) at 0.2 mL/min 9 

flow rate. The electrospray source was set to positive ion mode at 4 kV, 290 °C. Data were ana-10 

lyzed using MassHunter Qualitative Analysis 10.00 software (Agilent Technologies). 11 

Morphological assays 12 

The cultures of tested strains were grown in 5 mL LB media at 37 °C with vigorous shaking for 13 

20 hours. 2-μL drops of the cultures were placed on the surface of the modified LB agar (1% 14 

Tryptone, 0.5% yeast extract, 0.5% NaCl, 2% glycerol, 20 μM MnCl2.and 2.5% agar) for biofilm 15 

development.
65

 Plates were incubated at 37 °C for 24 hours. 16 

McC susceptibility drop diffusion assay 17 

100-µL aliquot of an overnight culture of E. coli BL21 cells carrying either empty 18 

pBAD_SalRBS plasmid, pBAD-mccE2
Bsu

 , pBAD-aspS or pBAD-proS were inoculated into 19 

20 mL of warm LB medium containing 1% agar and 100 µg/ml ampicillin poured into a Petri 20 

dish and allowed to solidify. For mccE2
Bsu

 immunity test and aspS/proS protection test, the soft 21 

agar was additionally supplemented with 1- and 10-mM arabinose, respectively. 3-μl drops of the 22 

serially diluted McC solutions were deposited on the surface of the soft agar and allowed to ab-23 

sorb. Plates were incubated at 37 °C for 12 h to form bacterial lawn, and the growth inhibition 24 

zones became visible. The compound's minimal inhibitory concentration (MIC) was defined as a 25 

minimal concentration of an antibiotic at which the growth inhibition zone was observable. 26 

ASSOCIATED CONTENT 27 
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