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Abstract 

Prenylation is a common step in the biosynthesis of many natural products and plays an important role in 

increasing their structural diversity and enhancing biological activity. Muscoride A is a linear peptide 

alkaloid that contain two contiguous oxazoles and unusual prenyl groups that protect the amino- and 

carboxy-termini. Here we identified the 12.7 kb muscoride (mus) biosynthetic gene clusters from Nostoc 

spp. PCC 7906 and UHCC 0398. The mus biosynthetic gene clusters encode enzymes for the 

heterocyclization, oxidation, and prenylation of the MusE precursor protein. The mus biosynthetic gene 

clusters encode two copies of the cyanobactin prenyltransferase, MusF1 and MusF2. The predicted 

tetrapeptide substrate of MusF1 and MusF2 was synthesized through a novel tandem cyclization route in 

only eight steps. Biochemical assays demonstrated that MusF1 acts on the carboxy-terminus while MusF2 

acts on the amino-terminus of the tetrapeptide substrate. We show that the MusF2 enzyme catalyzes the 

reverse or forward prenylation of amino-termini from Nostoc spp. PCC 7906 and UHCC 0398, respectively. 

This finding expands the regiospecific chemical functionality of cyanobactin prenyltransferases and the 

chemical diversity of the cyanobactin family of natural products to include bis-prenylated polyoxazole linear 

peptides. 

 

Introduction 

Cyanobactins are a family of linear and macrocyclic natural products that are produced through post-

translational modification of short precursor proteins (1−3). These post-translational modifications include 

oxidation, heterocyclization, proteolytic cleavage, and prenylation (1,3−7). The prenylation of cyanobactins 

is performed by members of the ABBA prenyltransferase superfamily (7,8). The structure of ABBA 



prenyltransferase consists of a central barrel of 10 antiparallel β-strands surrounded by α-helices (9−11). 

The central barrel forms a catalytic chamber where substrate binding and catalysis occur (8−10). The 

cyanobactin prenyltransferases have a broad substrate tolerance and accept a range of linear and 

macrocyclic peptide substrates (7,8). Prenylated natural products are widely distributed in bacteria and 

fungi (12,13). Prenylation increases the lipophilicity of natural products and enhances their affinity for 

biological membranes (14,15). Prenylated derivatives often show biological and pharmacological activities 

clearly distinct from their nonprenylated precursors (16), making these enzymes valuable biocatalysts in the 

structural modification of small molecules. 

Muscoride A is a peptide alkaloid produced by the terrestrial freshwater cyanobacterium Nostoc muscorum 

IAM M-14 (17). This bisoxazole natural product contains two contiguous methyloxazole residues, and 

unusual carboxy- and amino-terminal prenyl groups, and displays modest antimicrobial activity (17). 

Muscoride A has a reverse prenyl on the α-nitrogen of Val and a forward prenyl on the carboxyl group of 

the terminal methyloxazole (17). Muscoride A has served as a useful platform to test methods of oxazole 

construction, and a number of total synthesis methods have been accomplished (18−23). However, the 

biosynthetic origins of this peptide alkaloid remain unclear. 

The structure of muscoride A (17) suggests that it might be synthesized through post-translational 

modification of a precursor protein via the cyanobactin biosynthetic pathway. Here, we identify muscoride 

biosynthetic gene clusters from draft genome sequences, characterize a new muscoride variant, and 

demonstrate that the regioselective prenylation of this peptide alkaloid is catalyzed by two dedicated 

cyanobactin prenyltransferases that belong to the ABBA family of aromatic prenyltransferases. 

 

Identification of the Muscoride Biosynthetic Gene Cluster 

Muscoride A is reported from the cyanobacterium Nostoc muscorum IAM M-14.(17) We detected 

muscoride A (m/z 513.3) from Nostoc sp. PCC 7906, an identical pure strain held in the Pasteur Culture of 

Cyanobacteria, by HR-LC-MS (Figure S1). We extracted high-molecular-weight genomic DNA from Nostoc 

sp. PCC 7906 and obtained an 8.3 Mb draft genome sequence. We identified a 12.7 kb cyanobactin 

biosynthetic gene cluster through tBLASTn searches using VirF1 and AgeF1 prenyltransferases from the 

viridisamide and aeruginosamide biosynthetic pathways (3) as query sequences against a standalone BLAST 

database. This putative muscoride (mus) gene cluster encoded 10 cyanobactin biosynthetic proteins 

organized in a bidirectional operon (Figure 1). 

To demonstrate that the musA-G genes encode muscoride A production in vivo, we cloned the entire mus 

operon from Nostoc sp. PCC 7906 into a broad host range yeast/bacteria shuttle vector pMQ123i (24) 

placed downstream of a pTac promoter to generate the expression plasmid pDK-mus1. The pDK-mus1 and 

pMBI plasmids were used to cotransform Escherichia coli TOP10. The pMBI plasmid encodes four yeast 

mevalonate-dependent isoprenoid pathway biosynthetic genes that can convert mevalonate to isopentenyl 

pyrophosphate (IPP), a precursor to DMAPP (25). HR-LC-MS guided metabolite profiling of E. coli cells 

transformed with pDK-mus1 and pMBI plasmids revealed the presence of muscoride A, for which the LC 

retention time and HRMS profile matched authentic muscoride A from Nostoc sp. PCC 7906 (Figure 2). E. 

coli cells carrying pMQ123i alone did not produce muscoride A (Figure 2). These experiments established 

that the musA-G genes confer muscoride A biogenesis in vivo. 

Muscoride A Biosynthesis 

The mus biosynthetic gene cluster shares a set of core biosynthetic enzymes common in other cyanobactin 

pathways but nevertheless differs in a number of key areas (Figure 1). The organization of biosynthetic 



proteins encoded in the mus gene cluster suggests that muscoride A biosynthesis proceeds through the 

heterocyclization of Thr in the MusE precursor protein core by MusD to yield methyloxazolines followed by 

oxidation by MusOX to yield the methyloxazoles (Figure 1). The MusOX shares 73% identity with ThcOx 

from Cyanothece sp. PCC 7425 (26). The MusE precursor protein encodes a conserved leader sequence 

with an atypical QLDLSEEEL heterocyclization enzyme MusD recognition sequence (27). Heterocyclization is 

a widespread modification of Cys, Ser, and Thr in cyanobactin pathways (28). 

However, thiazoles and oxazoles are not contiguous in the cyanobactins reported to date but are instead 

interspersed in the macrocycle (1). Natural products with multiple contiguous oxazoles, thiazoles, or both 

are rare in nature but include the macrocyclic telomerase inhibitor telomestatin from Streptomyces 

anulatus 3533-SV4 (29), the linear cytotoxic alkaloids tantazoles and mirabazoles from Scytonema mirabile 

BY-8-1 (30,31), and the linear peptide antibiotics plantazolicins A and B from Bacillus amyloliquefaciens 

FZB42 (32). Some myxobacteria also produce natural products with multiple contiguous heterocycles 

including the antibiotics myxothiazole A (33) and althiomycin (34), as well as the antiviral thiangazol (35). 

The mus biosynthetic gene cluster encoded an N-terminal protease, MusA, and a truncated C-terminal 

protease, MusG, which lacked the protease and macrocyclase domains entirely (Figure 1, Table S1). The 

mus biosynthetic gene cluster encoded MusE, an unusual 66 amino acid cyanobactin precursor protein with 

a conserved leader sequence, atypical cleavage recognition sequences, and a VPTT core sequence 

corresponding to the expected muscoride tetrapeptide backbone (Figure 1). A typical N-terminal cleavage 

recognition sequence GVSPS is located directly before the cleavage site in the MusE precursor protein 

(Figure 1). However, the MusE precursor protein encodes an additional two amino acids (Gly and Val) after 

the VPTT core, which must be removed during maturation of muscoride. It is unclear how this might be 

achieved given the absence of either an obvious cleavage sequence or a functional C-terminal protease 

(Figure 1). It is possible that MusA catalyzes both proteolytic reactions, but this requires experimental 

validation (Figure 2A). 

The mus gene cluster encoded two prenyltransferases, MusF1 and MusF2 (Figure 1). These two enzymes 

shared a sequence identity of 66%. We hypothesized that these prenyltransferases would catalyze the 

forward O-prenylation and reverse N-prenylation of the excised tetrapeptide core. 

Genome-Driven Discovery of Muscoride B 

Bioinformatic analysis of public databases and unpublished Nostoc genomes identified 12 complete mus 

biosynthetic gene clusters (Figure S2). The 12 mus biosynthetic gene clusters shared a conserved gene 

order and encoded 10 cyanobactin biosynthetic enzymes that shared a sequence identity ≥88% at the 

nucleotide level compared to Nostoc sp. PCC 7906. The MusE precursor proteins shared near identical 

sequences (Figure 2). The precursor proteins differed mainly in the core sequence encoding predicted 

peptides with VPTT, VPTS, IPTS, IPSTS, or IPTSS sequences (Figure 2). Inspection of the Nostoc sp. UHCC 

0398 MusE precursor protein core sequence suggested that the muscoride encoded in this biosynthetic 

gene cluster would contain three contiguous oxazoles (Figure 2). Mass spectrometry analysis of a methanol 

crude extract confirmed the production of the expected bis-prenylated pentapeptide muscoride variant 

from Nostoc sp. UHCC 0398 strain (m/z 580.3124, Δ −1.0 ppm), which exactly matched the bioinformatics 

predictions (Figures S3 and S4). This muscoride variant from Nostoc sp. UHCC 0398 was named muscoride 

B. The musA-G genes from Nostoc sp. UHCC 0398 were cloned into the pMQ123i vector to create the pDK-

mus2 plasmid and used together with the pMBI plasmid to cotransform Escherichia coli TOP10 as 

previously described. Muscoride B was detected from crude extracts of E. coli expressing the pDK-mus2 and 

pMBI plasmids for which the LC retention time and HRMS profile matched authentic muscoride B from 

Nostoc sp. UHCC 0398 (Figure 2). 



Mass spectrometry analysis revealed the presence of muscoride B which after loss of two 68 Da units fits 

the linear structure of Ile-Pro-Ozl-mOzl-Ozl-carboxylic acid. This is the heterocyclized and oxidized form of 

the IPSTS peptide (Figure S3). Prominent losses of two 68 Da units in the ion source (MS) and trap (MS2) of 

an ion trap mass spectrometer (ITMS) from the protonated compound of muscoride B indicate the 

presence of two prenyl units connected to heteroatoms (Figure S3). Similar fragmentation of two 68.06 Da 

units from muscoride B is seen in the high-resolution QTOF spectra, and the behavior is identical to that of 

muscoride A (Figure S4). In addition to prenyl group fragmentation, the rest of the protonated muscoride B 

molecule fragments in ITMS reside mainly between the subunits in a manner that is exactly identical to that 

of muscoride A (Figure S1 and Figure 3). With the sodium adduct of the molecular ion, the loss of CO2 was 

observed, but again, muscoride B fragmentation was fully comparable to that of muscoride A. When 

muscoride B was analyzed with QTOF, numerous small ion fragments were produced from which many can 

be explained only by fragments originating from the proton-deficient heterocyclic areas of the molecule 

(Figure S4). 

Again, the product ion spectrum pattern was very similar compared to that of muscoride A (Figure S4). The 

ion masses of protonated and sodium adducts with 0–2 prenyl units match within ±2.7 ppm accuracy to the 

0–2 prenylated Ile-Pro-Ozl-mOzl-Ozl-carboxylic acid pentapeptide structure. A methanol extract of 2.0 g of 

lyophilized cells of Nostoc sp. UHCC 0398 was fractionated in an SPE-cartridge to purify muscoride B. A 

sufficient amount (20 μg) of purified muscoride B was subjected to a 1D and 2D NMR study to locate and 

determine the exact structure of prenyl moieties (Tables S2 and S3). This revealed the forward positions of 

prenyl groups for both the C- and N-terminus (Figure 2, Table S3). NMR analysis (1H, 1H–1H COSY, 1H–1H 

TOCSY, 1H–1H ROESY, and 1H–13C HMBC) provided firm evidence for N-prenylation of Ile and prenyl ester 

of heterocyclized Ser (Figure S5 and Table S3). The muscoride A and B prenyl group δH and δC values 

closely matched with values from the forward prenyl attached to the N-terminal and to the C-terminal of 

aeruginosamide and virenamide (A, B)3, analogous reference compounds (Tables S2 and S3). We 

performed UV spectroscopy of pure muscoride B to support the proposed structure of muscoride B derived 

from MS and NMR data. Muscoride A shows a 252 nm UV absorption maximum in methanol (17) that 

originates from two conjugated oxazoles. Muscoride B shows an almost identical UV absorption maximum 

of 256 nm, which suggests the presence of a highly similar aromatic chromophore system with the oxidized 

heterocyclized amino acids as in muscoride A and in all other cyanobactins described with an oxazole 

structure (Figure S6, ref 1). All MS and NMR data obtained were in accordance with the proposed 

muscoride B structure. The N- and C-terminal nitrogen and oxygen atoms in the muscoride B structure 

were the only heteroatoms that could bond prenyl groups. In principle, nitrogen atoms in heterocyclic rings 

and in Pro could bond with a prenyl group forming a quaternary cation. However, this has not been 

previously described. These results show that strains of the genus Nostoc can produce polyoxazole linear 

peptides with termini protected by prenyl groups. The cyanobactins described to date have dispersed 

thiazoles or oxazoles (1), and muscorides are the only reported cyanobactins with multiple contiguous 

oxazoles. 

Regiospecific Prenylation by MusF1 and MusF2 

Comparison of the chemical structures of muscoride A and B demonstrated regiospecific prenylation of the 

muscoride core sequences in the biosynthesis of muscorides by Nostoc spp. PCC 7906 and UHCC 0398 

(Figures 1 and 2). The predicted tetrapeptide substrate of the MusF1 and MusF2 prenyltransferases, Val-

Pro-mOzl-mOzl, was synthesized. Synthesis of this predicted biosynthetic intermediate 1 followed the 

previously published tandem cyclization route for multiple oxazole rings (36) (Scheme 1) with some 

modifications. Affordable and commercially available amino acids were used as building blocks for the 

synthesis of muscoride A precursor. First, Boc-protected l-Thr 2 was connected to l-Thr methyl ester 

hydrochloride 3 via (benzotriazol-1-yloxy)-tripyrrolidinophosphonium hexafluorophosphate (pyBOP)-



mediated amide coupling. Boc protection was removed from the dipeptide 4 with trifluoroacetic acid in 

dichloromethane. Hydroxy groups of the formed dipeptide 5 were protected with triethylchlorosilane (TES-

Cl) to give bis-triethylsilyl ether-protected dipeptide 6 that was subsequently coupled with Boc-Val-Pro-OH 

7 in the presence of pyBOP and triethylamine. The formed tetrapeptide 8 was deprotected in situ and 

cyclodehydrated by diethylaminosulfur trifluoride (DAST) to give bisoxazoline 9 that, in turn, was oxidized 

in the presence of bromotrichloromethane and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to bisoxazole 10. 

Finally, bisoxazole 10 was hydrolyzed to give the carboxylic acid 11 followed by Boc deprotection with a 4 

M solution of HCl in 1,4-dioxane to yield unprenylated muscoride A precursor 1 (Scheme 1). 1H and 13C 

NMR spectra of synthesized compounds are presented in Figures S7–S14. 

The genes encoding the MusF1 and MusF2 prenyltransferases from Nostoc spp. PCC 7906 and UHCC 0398 

were cloned, overexpressed (Figure S15), and used in biochemical assays with the unprenylated muscoride 

A precursor 1. Nostoc sp. PCC 7906 produces bis-prenylated muscoride A 12 (Figure 3). Muscoride A core 1 

subjected to MusF1 and MusF2 enzymes from Nostoc sp. PCC 7906 produces muscoride A 12 with 

matching retention times. However, muscoride A core 1 incubated with the MusF1 and MusF2 enzymes 

from Nostoc sp. UHCC 0398 produced bis-prenylated muscoride variant 14 with a retention time that did 

not match that of 12, because of the forward prenyl in the amino-terminus instead of a reverse prenyl. 

MusF1 from both strains catalyzed the forward prenylation on the carboxy-terminus 17 with matching 

retention times. Nostoc sp. PCC 7906 also naturally produces amino-termini monoprenylated counterpart 

15, which had a matching retention time when 1 was subjected to the MusF2 enzyme from Nostoc sp. PCC 

7906 to produce 15. The MusF2 from Nostoc sp. UHCC 0398 catalyzes forward prenylation on the amino-

terminus 16, which does not have a retention time identical to that of 15, due to the reverse prenyl on the 

amino-terminus of 15. Structures with forward prenyl(s) eluate later in LC, because forward prenyl is more 

hydrophobic compared to reverse prenyl. Nostoc sp. UHCC 0398 naturally produces muscoride B 13 and 

also amino-terminus monoprenylated counterpart 18 (Figure S16). Retention times of 18 and 13 have 

shifted later because of an additional heterocycle in the core compared to muscoride A 12 (Figure S16). 

This makes muscoride B more hydrophobic, and this led to later elution in LC (Figure S16). Peak areas 

supporting Figure 3 are presented in Table S4. This experiment showed that the MusF1 enzyme catalyzes 

the forward O-prenylation of the carboxy-terminus while the MusF2 enzyme catalyzes the N-prenylation of 

the amino-terminus (Figure 3). Both enzymes were tested together and individually in vitro. Our results 

show that monoprenylation was visible with a single enzyme and bisprenylation occurs in the presence of 

both enzymes. Moreover, the MusF1 enzymes from Nostoc spp. PCC 7906 and UHCC 0398 both catalyzed 

the forward prenylation of the carboxy-terminus. The two MusF2 enzymes differed notably as the MusF2 

from Nostoc sp. PCC 7906 catalyzed reverse prenylation whereas MusF2 from Nostoc sp. UHCC 0398 

catalyzed forward prenylation (Figure 3). 

We also tested a range of synthetic substrates that contain thiazoles or oxazoles with free carboxy- and 

amino-termini to support our finding on regioselective prenylation with MusF1 and MusF2 from Nostoc sp. 

UHCC 0398. The MusF1 and MusF2 enzymes were tested independently and together providing evidence 

for the regioselective prenylation by these enzymes (Table S5). Prenylation is a ubiquitous post-

translational modification reaction, and prenyltransferases are important in enhancing structural diversity 

of numerous natural products families (16,37,38). 

Phylogenetic Analysis of Cyanobactin Prenyltransferases 

The MusF1 and MusF2 prenyltransferases share 66% sequence identity. We constructed a sequence 

similarity network of 932 proteins sharing the ABBA aromatic prenyltransferase fold from the 

nonredundant database at NCBI (Figure 4). The cyanobactin prenyltransferases formed a distinct cluster 

separate from other ABBA aromatic prenyltransferases (Figure 4). We compared MusF1 and MusF2 to 40 

characterized ABBA aromatic prenyltransferases from different natural product pathways, including 



cyanobactins, indole alkaloids, and aminocoumarins (Figure 4). This analysis demonstrated that the MusF1 

and MusF2 prenyltransferases are likely to be paralogous copies of genes resulting from a duplication event 

(Figure 4). The MusF1 and MusF2 enzymes appear to have arisen through duplication and subsequent 

specialization for prenylating the carboxy- and amino-termini of linear peptides. Prenylated natural product 

pathways frequently encode multiple prenyltransferases (39,40), many of which are likely to have evolved 

through duplication events (Figure 4). 

Natural product pathways encoding bis-prenylation include PenI and PenG prenyltransferases from the 

penigequinolone I biosynthetic pathway of Penicillium thymicola (39), a sequential prenylation cascade 

within echinulin biosynthesis by EchPT1 and EchPT2 from Aspergillus ruber (40), and bis-prenylation of 

paxilline by a single prenyltransferase JanD (41). Our results demonstrate that MusF1 and MusF2 catalyze 

the regiospecific prenylation of the peptide-termini to produce bis-prenylated muscorides. ABBA 

prenyltransferases are known to have a promiscuous substrate specificity (8). MusF2 from Nostoc sp. PCC 

7906 reverse prenylates the amino-terminus, whereas MusF2 from Nostoc sp. UHCC 0398 forward 

prenylates the amino-terminus. The cyanobacterial prenyltransferase AmbP3 from Fischerella ambigua 

UTEX1903 was shown to have the ability to prenylate in forward or reverse orientations by this single 

enzyme using DMAPP (15). Here we show that MusF1 and MusF2 encode unusual prenyltransferases acting 

on peptide-termini. Prenylagaramides are known to be O-prenylated on Tyr (42), and trunkamides are O-

prenylated on Thr and Ser (4). The N- and C-prenylation of Trp has recently been reported (38,43). TruF 

prenyltransferase O-prenylates Thr, Tyr, and Ser on cyclic or linear peptide substrates (8). Linear 

aeruginosamides are prenylated on the N-terminus and methylated on the C-terminus by a bifunctional 

enzyme AgeMTPT (44). These results demonstrate that cyanobactin pathways are a rich source of 

regiospecific and stereospecific prenyltransferases that act on a variety of linear and macrocyclic peptides. 

Their promiscuity for different peptide substrates, solubility, and amenability to protein engineering make 

cyanobactin ABBA prenyltransferases attractive biocatalysts. 

Conclusions 

Cyanobactins are a rapidly growing family of natural products produced through post-translational 

modification of precursor proteins. We identified muscoride biosynthetic gene clusters by genome mining 

from Nostoc sp. PCC 7906 and Nostoc sp. UHCC 0398 and report the discovery of a new muscoride variant. 

We showed that MusF1 and MusF2 catalyze the specific prenylation of carboxyl- and amino-termini, 

respectively. This study expands the substrates of the cyanobactin ABBA prenyltransferases and hints at a 

rapid evolution in substrate preferences for an unusual family of aromatic prenyltransferases. Together this 

work expands the cyanobactin family to include linear polyoxazole bisprenylated peptides. 
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Figure 1. Muscoride (mus) biosynthetic gene cluster from Nostoc sp. PCC 7906 encoding the MusE 

precursor protein with leader sequence and a VPTT core. The mus biosynthetic gene cluster encodes two 

specific prenyltransferases, MusF1 and MusF2, which catalyze the formation of the muscoride A 

bisprenylated natural product (12). 

 



 

Figure 2. (A) Representative alignment of MusE precursor proteins showing the conserved leader and 

variable core sequences from various strains of Nostoc. (B) Muscoride B (13) from Nostoc sp. UHCC 0398. 

(C) Heterologous expression of mus biosynthetic gene clusters from Nostoc spp. PCC 7906 and UHCC 0398. 

 



 

Figure 3. Biochemical assays demonstrating the regiospecific prenylation of the muscoride tetrapeptide 

precursor with MusF1 and MusF2 prenyltransferase Nostoc sp. PCC 7906 and Nostoc sp. UHCC 0398. * 

indicates MSE spectrum different from muscoride spectra. 

 

 



Scheme 1. (a) l-Threonine methyl ester (3), pyBOP/Et3N, CH2Cl2, rt, 16 h; (b) TFA/CH2Cl2 1:3, rt, 4 h; (c) 

TES-Cl, py, rt, 16 h, 49%; (d) Boc-Val-Pro-OH (7), pyBOP/Et3N, CH2Cl2, rt, 16 h, 86%; (e) DAST, CH2Cl2, −55 

to 0 °C, 5 h, 18%; (f) BrCCl3, DBU, CH2Cl2, 16 h, 25%; (g) NaOH, MeOH/THF, rt, 16 h, 32%; (h) 4 M HCl in 1,4-

dioxane, rt, 3.5 h, quant. 

 

 

Figure 4. Sequence similarity network and phylogenetic analysis of relationships between members of the 

ABBA family of aromatic prenyltransferases. (A) Sequence similarity network based on 932 members of the 

ABBA family of aromatic prenyltransferases (alignment score of ≥20, ≥ 21% sequence identity). Clusters 

with more than 10 representatives are shown. (B) Phylogeny of 42 ABBA aromatic prenyltransferases from 

a variety of natural product families showing the monophyly of cyanobactin prenyltransferases and the 

position of the MusF1 and MusF2 enzymes. 
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Figure S1. Ion trap mass spectrum (MS) and product ion mass spectra (MS2) of protonated [M+H] + and 

sodiated [M+Na] + muscoride A from Nostoc sp. PCC 7906.  
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Figure S2. Conservation of gene order in 12 complete mus biosynthetic gene clusters from a variety 

of strains of the genus Nostoc. 
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Figure S3. Ion trap mass spectrum (MS) and product ion mass spectra (MS2) of protonated [M+H] + and 

sodiated [M+Na]+ muscoride B from Nostoc sp. UHCC-0398.  
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Figure S4. Annotated high resolution QTOF product ion mass spectra (MS2) of protonated [M+H] + muscoride 

B and A with their structures and fragmentation schemes. 
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Table S1. Annotation of the mus gene cluster from Nostoc sp. PCC 7906. 

Nostoc sp. PCC 7906 Blastp results 
   

Protein Length Predicted 

function 

Description Identity 

(aa %) 

Organism Accession  

MusA 706 N-terminal protease PatA/PatG family cyanobactin  

maturation protease  

93 Nostoc linckia WP_099068419 

MusH 544 Methyltransferase PatA/PatG family cyanobactin  

maturation protease  

95 Nostoc linckia WP_099068420 

MusB 66 Unknown Cyanobactin biosynthesis system 

PatB/AcyB/McaB family protein 

100 Nostoc linckia WP_099068421 

MusF1 300 Putative C-terminal 

prenyltransferase 

LynF/TruF/PatF family peptide 

O-prenyltransferase 

95 Nostoc linckia WP_099072935 

MusF2 303 Putative N-terminal 

prenyltransferase 

LynF/TruF/PatF family peptide 

O-prenyltransferase 

66 Nostoc linckia WP_099072934 

MusE 66 Precursor peptide Hypothetical protein 97 Nostoc linckia WP_099068418 

MusD 781 Heterocyclase Adenylate cyclase 96 Nostoc linckia WP_099068417 

MusG 461 Oxidase SagB/ThcOx family 

dehydrogenase 

95 Nostoc linckia WP_099068416 

MusC1 301 Unknown Cyanobactin biosynthesis  

PatC/TenC/TruC family protein 

84 Nostoc linckia WP_099076588 

MusC2 70 Unknown Cyanobactin biosynthesis  

PatC/TenC/TruC family protein 

90 Nostoc linckia WP_099072933 
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Figure S5. 1H Proton (0.8-5.6 ppm), 1H Proton (6.0-9.0 ppm), 1H-1H COSY, 1H-1H TOCSY, 

ROESY and  1H-13C HMBC spectra of muscoride B. 
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Table S2. 1H and 13C NMR spectral data for muscoride B major rotamer (80:20) in pyridine-d5. 

Proton shifts for minor rotamer are in parenthesis. 

No δC (ppm) δH (ppm) COSY
a
 TOCSY ROESY HMBC 

1 25.6 1.68 (1.54)   - 4, 5, 5’    2, 3, 4 

2 17.9 1.62 (1.49)   - 4, 5, 5’    1, 3, 4 

3 133.6 -   - -  -   - 

4 124.6 5.43  5, 5’ 1, 2, 5, 5’     

5 49.4 3.38  4, 5’ 1, 2, 4, 5’, 7  5’   

5’   3.24  4, 5 1, 2, 4, 5  5   

6  - 7.42  -  -    5 

7 64.1 3.40 (3.44)  8 1, 4, 5’, 8, 9, 10, 10’, 11  8, 13   

8 38.3 1.85 (1.79)   9 7, 9, 10’, 11     

9  nd 1.20 (1.10)  8 7, 8, 10, 10’, 11  5, 8, 11  7, 8, 10 

10 24.7 1.93 (1.98)  10’, 11 7, 9, 10’, 11     

10’   1.32 (1.26)  8, 10,11 7, 8, 9, 10, 11  11, 14’   

11  nd 0.94 (0.90)  10, 10’ 7, 8, 9, 10, 10’   10’, 14’  8, 10 

12  nd -   -  -  -   - 

13  nd 3.66  13’, 14, 14’ 13, 14, 14’, 15, 15’, 16  13’   

13’   3.80  13, 14, 14’ 13, 14, 14’, 15, 15’, 16  13, 15   

14  nd 2.17  13, 13’, 14’, 15’ 13, 13’, 14’, 15’, 16     

14’   1.92  14 13, 13’, 15, 15’, 16  13, 15   

15  nd 2.20 (13’), 14’, 15’, 16 13, 13’, 14’, 16  14’   

15’   2.11 14, 15 13, 13’, 14’, 15, 16  14’   

16  nd 5.63 15, 15’  13, 13’, 14, 14’, 15, 15’  15   

17  nd -   -  -   -   - 

18  nd 8.91*   -  -   -   - 

19  nd -   -  -   -   - 

20  nd -   -  -   -   - 

21 151.1 -   -  -   -   - 

22 11.2 2.64   -  -    21, 23 

23 126.0 -   -  -   -   - 

24  nd -   -  -   -   - 

25  nd 8.91*   -  -   -   - 

26  nd -   -  -   -   - 

27  nd -   -  -   -   - 

28  nd 4.96 29, (31, 32)  29, 31, 32   29, 30  

29 119.0 5.53 28, (31, 32)  28, 31, 32     

30 139.3 -   -   ‘-   -   - 

31 25.3 1.66  (28, 29)  28, 29   29, 30, 32 

32 17.7 1.67  (28, 29)  28, 29   29, 30, 31 

* Signal can be either of these atoms 
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Table S3. Comparison of muscoride B prenyl group δH and δC values to muscoride A (Nagatsu et 

al., 1995), aeruginosamide (Lawton et al., 1999) and virenamide A and B (Carroll et al., 1996) values. 
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Figure S6. UV spectrum of pure muscoride B shows the maxima at 207 and 256 nm. 
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Figure S7. 1H and 13C NMR data of methyl (tert-butoxycarbonyl)-L-threonyl-L-threoninate 4. 
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Figure S8. 1H and 13C NMR data of methyl L-threonyl-L-threoninate 5. 
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Figure S9. 1H and 13C NMR data of methyl O-(triethylsilyl)-N-[O-(triethylsilyl)-L-threonyl]-L-

threoninate 6. 
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Figure S10. 1H and 13C NMR data of methyl (3R)-2-[(3R)-2-[(S)-1-[(S)-2-[(tert-

butoxycarbonyl)amino]-3-methylbutanoyl]pyrrolidine-2-carboxamido]-3-

[(triethylsilyl)oxy]butanamido]-3-[(triethylsilyl)oxy]butanoate 8. 
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Figure S11. 1H and 13C NMR data of methyl 2'-[(S)-1-[(tert-butoxycarbonyl)-L-valyl]pyrrolidin-2-

yl]-5,5'-dimethyl-4,4',5,5'-tetrahydro-[2,4'-bioxazole]-4-carboxylate 9.  
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Figure S12. 1H and 13C NMR data of methyl 2'-[(S)-1-[(tert-butoxycarbonyl)-L-valyl]pyrrolidin-2-

yl]-5,5'-dimethyl-[2,4'-bioxazole]-4-carboxylate 10. 
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Figure S13. 1H and 13C NMR data of 2'-[(S)-1-[(tert-Butoxycarbonyl)-L-valyl]pyrrolidin-2-yl]-5,5'-

dimethyl-[2,4'-bioxazole]-4-carboxylic acid 11.  
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Figure S14. 1H and 13C NMR data of 2'-[(S)-1-(L-Valyl)pyrrolidin-2-yl]-5,5'-dimethyl-[2,4'-

bioxazole]-4-carboxylic acid 1. 
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Figure S15 Biochemical assays demonstrating the regiospecific prenylation of the muscoride 

tetrapeptide precursor with MusF1 and MusF2 prenyltransferases from Nostoc sp. PCC 7906 and 

Nostoc sp. UHCC 0398. * = MSE spectrum different from muscoride spectra. 
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Table S4. Peak areas from in vitro prenyltransferase assays and from extracts of Nostoc sp. PCC 

7906 and Nostoc sp. UHCC 0398 analyzed with UPLC-QTOF. 1 = muscoride A core. 

    PCC 7906     
Substrates  Prenyltransferase  Area 

1 DMAPP   F1 F2   non-Pr N-Pr C-Pr bis-Pr 

+ +  + -  1917 - 9701 - 

+ +  - +  - 17588 - 5 

+ +  + +  - - 53 52231 

Nostoc sp. PCC 7906 extract  - 1132 43 52231 

          

   UHCC 0398     
Substrates  Prenyltransferase  Area 

1 DMAPP  F1 F2   non-Pr N-Pr C-Pr bis-Pr 

+ +  + -  580 - 17227 498 

+ +  - +  17 24344 - 118 

+ +  + +  15 19446 2 16972 

+ -  - -  3282 - - - 

+ +  - -  2898 - - - 

Nostoc sp. UHCC 0398 extract  4 893 305 16972 
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Table S5. Synthetic substrates used for the in vitro reactions with MusF1 and MusF2 from Nostoc 

sp. UHCC 0398. 

Terminus Name Formula MusF1 MusF2 

Carboxy 5-Methyl-2-phenyl-1,3-oxazole-4-carboxylic acid C11H9NO3 + - 

5-(Oxolan-2-yl)-1,3-oxazole-4-carboxylic acid C8H9NO4 - - 

2-Thiophen-2-yl-1,3-thiazole-4-carboxylic acid C8H5NO2S2 + - 

2-(Acetylamino)-1,3-thiazole-4-carboxylic acid C6H6N2O3S - - 

2-(Aminomethyl)-4-methyl-1,3-thiazole-5-
carboxylic acid hydrochloride  C6H9ClN2O2S  - - 

4-Thiazolecarboxylic acid C4H3NO2S - - 

Amino VPPP C20H33N4O5 - + 

VPTT C18H33N4O7 - + 

VPTT-Me C19H35N4O7 - + 
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Table S6. Oligonucleotide primers used to generate mus operon (from Nostoc sp. PCC 7906) expression 

plasmid.  

Primer Name Sequence (5’-3’) 

Mus_PCC7906_1st1_5' cgagctcggtacccggggaaggagatatacATGTCTAAAGTCAAGATCGTCCCTG 

Mus_PCC7906_1st1_3' GTTTCTGTTGCTAACGTCTCTAAAGC 
Mus_PCC7906_1st2_5' GTTAGCCGGACAAATAGAACCACAAG 

Mus_PCC7906_1st2_3' gttttatcagaccgcttctgcgttctgatttaTCAATTCATCCTATAATACAGCTTCGC 
Mus_PCC7906_2nd1_5' aattggatcctctagattctccatacAGGAGGAATAATATGAAACCAGAAAATCAAAAGC 

Mus_PCC7906_2nd1_3' CCACAAGTCACGATTGTTACTTC 
Mus_PCC7906_2nd2_5' GTGCCAATTCTAATGGTGATG 

Mus_PCC7906_2nd2_3' ctttagacatgtatatctccttccccgggtaTCACGAAGATTTTTTTGTACCTAG 
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Table S7. Oligonucleotide primers used to generate mus operon (from Nostoc sp. UHCC 0398) expression 

plasmid.  

Primer Name Sequence (5’-3’) 

Mus_UHCC0398_1st1_5' cgagctcggtacccggggaaggagatatacATGTCTAAAGTCAAGATAATCCCTGGAC 

Mus_UHCC0398_1st1_3' GTGTTTCACCTTCTGTTGCTAACGTC 
Mus_UHCC0398_1st2_5' CATTGAAGCTTTTGCTGATGATG 

Mus_UHCC0398_1st2_3' ttatcagaccgcttctgcgttctgatttaTTAATTCATATCATAATATAGTTTCACATGC 
Mus_UHCC0398_2nd1_5' aattggatcctctagattctccatacAGGAGGAATAATATGAAACCAGAAAATCAAAAGC 

Mus_UHCC0398_2nd1_3' CAGAAGAATTGTTTGCTGTGC 
Mus_UHCC0398_2nd2_5' AGCAATTCTGCAAGGATTCTTTG 

Mus_UHCC0398_2nd2_3' ctttagacatgtatatctccttccccgggtaTTATTTCGTGCCTAGTATAAACTCTCC 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


