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Abstract

Natural products (NPs) are a rich source of medicines, but traditional discovery methods are often 

unsuccessful due to high rates of rediscovery. Genetic approaches for NP discovery are promising, 

but progress has been slow due to the difficulty of identifying unique biosynthetic gene clusters 

(BGCs) and poor gene expression. We previously developed the metabologenomics method, which 

combines genomic and metabolomic data to discover new NPs and their BGCs. Here, we utilize 

metabologenomics in combination with molecular networking to discover a novel class of NPs, the 

tyrobetaines: nonribosomal peptides with an unusual trimethylammonium tyrosine residue. The 

BGC for this unusual class of compounds was identified using metabologenomics and 

computational structure prediction data. Heterologous expression confirmed the BGC and suggests 

an unusual mechanism for trimethylammonium formation. Overall, the discovery of the 
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tyrobetaines shows the great potential of metabologenomics combined with molecular networking 

and computational structure prediction for identifying interesting biosynthetic reactions and novel 

NPs.

Graphical Abstract

Historically, natural products (NPs) have been our best source of medicines with 64% of 

FDA-approved small molecule drugs being inspired by NPs.1–3 Many of these bioactive NPs 

are secondary metabolites produced by actinomycetes: soil dwelling Gram-positive bacteria. 

Discovery of novel NPs from actinomycetes via traditional means (i.e., screening crude 

fermentation broths for bioactivity)4,5 is no longer viewed as a viable strategy due to the 

high rates of rediscovery.6,7

Improvements in sequencing technologies allowed whole genome sequencing of bacteria 

including Streptomyces (the largest genus within the Actinobacteria) and resulted in the 

birth of genome mining, which uses bioinformatics analysis of biosynthetic gene clusters 

(BGCs) to expedite discovery of NPs. These studies revealed that approximately 70% of 

putative BGCs differ significantly from known BGCs,8–10 suggesting that numerous 

chemically diverse NPs have yet to be found.11 New NPs have been discovered via genome 

mining.12–18 However, large scale application has been slow to be realized.18 This is in part 

due to bioinformatics challenges in identifying BGC families (GCFs) that produce the same 

molecule or close structural analogues.11,18 Additionally, many clusters are silent (i.e., 

present in the genome of a bacterium but transcriptionally inactive),19,20 further 

complicating identification of novel NPs.

A few computational methods that utilize different parameters have been developed to 

identify GCFs.11,18,21,22 The method that we previously developed analyzes the number of 

homologous genes shared, the proportion of nucleotides involved in pairwise alignment, and 

the amino acid sequence of the BGC proteins to group BGCs into GCFs.11 This method 

correctly grouped 103 known BGCs into 41 GCFs that produce structurally related NPs. 

Additionally, it identified 4045 GCFs that have no characterized members.

While the discovery of new GCFs suggests new NPs, confirmation requires identification of 

the molecules. Without advanced knowledge of structures or bioactivities, detection of novel 

NPs is very difficult. To address this, we developed metabologenomics, an automated, 

untargeted method for identifying NPs based on binary correlation between a BGC and a 

molecule identified by liquid chromatography high-resolution mass spectrometry (LC-

HRMS).11 This method has two main advantages: (1) It requires no prior knowledge of the 
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molecular structure or bioactivity, and (2) it requires physical detection of the NPs by LC-

HRMS, thus avoiding silent BGCs. In our preliminary report, analysis of 178 strains grown 

under four growth conditions allowed identification of 2521 unique compounds, 110 of 

which were known NPs. Of the known NPs, 27 had experimentally established BGCs, 

allowing for development of a scoring metric that identifies correlations between a NP and a 

GCF, with a score of 300 or better being highly predictive.11 Metabologenomics has already 

allowed the identification of several novel NPs, including tambromycin23 and the 

rimosamides.24

We hypothesized that metabologenomics could be improved by incorporation of molecular 

networking. Molecular networking is a pattern-based clustering of small molecules based on 

mass and fragmentation (MS2) patterns.25–29 It is a powerful method of dereplication 

because it allows determination of whether compounds with unique masses are structurally 

related to known NPs. Others have used molecular networking in combination with genome 

mining to identify novel NPs.18,27,30–32 On the basis of these successes, we expected that 

incorporation of molecular networking into metabologenomics would allow identification of 

families of NPs with interesting chemical structures.

Here, we used metabologenomics in combination with molecular networking to discover a 

new class of NPs, the tyrobetaines, and their BGC. The tyrobetaines are non-ribosomal 

peptides (NRPs) that have an unusual N-terminal trimethylammonium. The predicted BGC 

was confirmed via heterologous expression. Interestingly, the enzymatic activity responsible 

for the trimethylation of the N-terminal amine is probably localized to a domain within a 

nonribosomal peptide synthetase (NRPS), consistent with a novel type of NRPS N-

methyltransferase that installs multiple methyl moieties. Phylogenetic analysis of the N-

methyltransferase further supports its unusual reactivity. The discovery of the tyrobetaines 

and their BGC demonstrates the power of combining metabologenomics with molecular 

networking for the discovery of new NPs and interesting biosynthetic chemistries.

RESULTS AND DISCUSSION

Discovery of a New Family of NPs, the Tyrobetaines

Metabologenomics is a powerful technique for discovering a NP and its BGC, but it is less 

adept at identifying families of molecules. Using metabologenomics in combination with 

molecular networking, we identified a new family of NPs that we named the tyrobetaines. 

This family of NPs includes tyrobetaine (m/z = 587.3073), chlorotyrobetaine (m/z = 

621.2667), tyrobetaine-2 (m/z = 387.1917), chlorotyrobetaine-2 (m/z = 421.1525), 

dichlorotyrobetaine (m/z = 655.2281), and dichlorotyrobetaine-2 (m/z = 455.1129, Figure 

S1A–F). Initially, tyrobetaine and chlorotyrobetaine were both discovered using 

metabologenomics. However, it was unclear from the original data whether these molecules 

were structurally related. MS2 analysis and molecular networking revealed that tyrobetaine 

and chlorotyrobetaine clustered together, suggesting that they are structurally related and 

allowing us to hypothesize that tyrobetaine and chlorotyrobetaine were part of the same 

family of molecules. Additionally, the MS2 analysis and molecular networking revealed 

other masses of interest that turned out to be the four additional tyrobetaine analogues 

mentioned above (Figure S1G–I).
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Tyrobetaine is produced at detectable levels in 32 of the 269 strains examined (Table S1). 

Chlorotyrobetaine was detected less frequently (26 times) and was observed at lower levels 

than tyrobetaine. Tyrobetaine-2 is produced by 29 of the 32 tyrobetaine producers and often 

has a similar ion intensity to tyrobetaine. Chlorotyrobetaine-2 is produced less often than 

tyrobetaine-2 (26 strains) and is usually produced at lower levels than tyrobetaine-2. 

Chlorotyrobetaine and chlorotyr-obetaine-2 are produced by the same 26 strains.

To identify the tyrobetaine GCF, the metabologenomics score for each ion was analyzed 

(Table S2). GCFs are named by the type of NP followed by an underscore, the letters GCF, a 

period, and an identifying number (e.g., NRPS_GCF.432) and can be accessed on our 

previously developed Web site (http://www.igb.illinois.edu/labs/metcalf/gcf/).11 Several 

GCFs had high correlation scores (>300) to the tyrobetaines. This is probably because many 

of the tyrobetaine-producing strains are close relatives and, thus, share many of their BGCs 

(Figure S2A,B).11

The tyrobetaine GCF was identified by examining the predicted GCFs for tyrobetaine, 

chlorotyrobetaine, tyrobetaine-2, and chlorotyrobetaine-2. The four molecules share nine of 

their top 10 scoring GCFs (Table S2). Analysis of the top 10 tyrobetaine-producing strains 

revealed three GCFs were common to these strains (NRPS_GCF.424, NRPS_GCF.83, and 

NRPS_GCF.432, Table 1). AntiSMASH33 and PRISM34 prediction software were used to 

predict the size of the NPs produced by each BGC. NRPS_GCF.424 has one adenylation 

domain and is predicted to produce an NP that is smaller than tyrobetaine (~200–300 Da). 

NRPS_GCF.83 has eight adenylation domains and is predicted to produce an NP that is 

larger than tyrobetaine (~1100–1300 Da). NRPS_GCF.432 has four adenylation domains 

and is predicted to produce a molecule that is approximately the size of tyrobetaine (~400–

500 Da, Figure S1J,K). NRPS_GCF.432 is thus the best candidate GCF for the tyrobetaines.

Distribution of NRPS_GCF.432

A blastp search35 for proteins encoded by NRPS_GCF.432 revealed that 51 Streptomyces 

strains in the NCBI database have NRPS_GCF.432 (Table S1). We examined their 

distribution using a Streptomyces phylogeny that we generated. All strains with NRPS_GCF.

432 fell into a single clade (Figure S2A,B). However, some strains (e.g., Streptomyces 

rimosus subsp. pseudoverticillatus NRRL B-3698) produce tyrobetaine but appear to lack 

NRPS_GCF.432 (Table S1). The genome assemblies of these strains are of poor quality, 

leaving open the possibility that the BGC is present, but not observed. We found that 

NRPS_GCF.432 was present in Streptomyces rimosus subsp. pseudoverticillatus NRRL 

B-3698, based on a PCR assay for the TybD gene (Figure S2C).

Structure Elucidation of the Tyrobetaines

Tyrobetaine (12 mg) and chlorotyrobetaine (2 mg) were isolated from 25 L of spent media 

from Streptomyces sp. NRRL WC-3773. Tyrobetaine has an unusual N-terminal 

trimethylammonium along with the unnatural amino acid 3-hydroxyleucine (Figure 1a). Full 

structure elucidation can be found in the Supporting Methods, Figures S3 and S4, supporting 

NMR files, and Tables S3 and S4. MS2 analysis suggests that tyrobetaine consists of a 

trimethylammonium tyrosine, tyrosine, hydroxylated leucine, and alanine (Figure 1b). NMR 
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analyses confirmed this. The second tyrosine was determined to be L-tyrosine via Marfey’s 

analysis (Figure S3A). The alanine was primarily L-alanine with some D-alanine also 

observed (Figure S3B). It is unclear whether this center was racemized during purification or 

if both L- and D-alanine are added to the growing peptide. The hydroxyleucine appears to be 

a single stereoisomer (Figure S3C), but a lack of standards prevented its stereochemical 

elucidation. The stereochemical assignment for the first tyrosine was not determined due to 

the stability of the trimethylammonium moiety to acid hydrolysis.

Chlorotyrobetaine has a nearly identical structure to tyrobetaine but with a chlorine on its N-

terminal tyrosine residue (Figure 1a). MS2 and NMR data support this assignment (Figure 

S4A). The position of the chlorine is further supported by comparison with synthetic N,N,N-

trimethyl-3-chlorotyrosine (Figure S4B).

While dichlorotyrobetaine, tyrobetaine-2, chlorotyrobetaine-2, and dichlorotyrobetaine-2 

were not isolated, we deduced likely structures based on their HRMS and MS2 data (Figures 

S1C–F and S4C–F). Dichlorotyrobetaine appears to be monochlorinated on each of the 

tyrosine residues (Figure S4E). The other molecules appear to contain only the two tyrosine 

residues and are likely biosynthetic intermediates or degradation products of tyrobetaine, 

chlorotyrobetaine, and dichlorotyrobetaine, respectively.

NRPS_GCF.432 Is the Tyrobetaine BGC

The genes in NRPS_GCF.432 from Streptomyces sp. WC-3703 were analyzed using 

BLAST35 to assign their potential functions (Figure 2a and Table S5). The open reading 

frames for this BGC were named tyb. Boundaries for the BGC were estimated by comparing 

the BGCs from multiple tyrobetaine producing strains. NRPS_GCF.432 includes a NRPS 

(TybD) that is predicted to generate a tripeptide consisting of two tyrosine residues and an 

unknown amino acid (Figure 2b and Table S6). Additionally, TybD contains an N-

methyltransferase domain that likely is responsible for the methylation of the N-terminal 

tyrosine. TybD ends with a condensation domain, which likely catalyzes the addition of the 

alanine. NRPS_GCF.432 also contains a phosphopantetheinyl transferase (TybE) and an 

amino acid adenylation domain (TybF) that are predicted to load the alanine (Table S6). 

TybP is predicted to encode a P450 monooxygenase that has 74% identity to Tem23, an 

enzyme that catalyzes the conversion of leucine to 3-hydroxyleucine in telomycin 

biosynthesis,36 suggesting that TybP hydroxylates the leucine in tyrobetaine. Interestingly, 

this cluster lacks a halogenase to chlorinate chlorotyrobetaine. Also, no thioesterase domain 

is present to cleave the peptide from the NRPS.

NRPS_GCF.432 also contains genes with homology to ones that encode enzymes known to 

produce methoxymalonate (TybH-L) and a polyketide synthase (PKS, TybM). These genes 

are highly conserved, being present in all analyzed tyrobetaine producing strains. Thus, it is 

possible that a larger precursor is being produced that incorporates tyrobetaine and 

methoxymalonate. This could explain the lack of thioesterase observed in the NRPS. TybM 

contains a C-terminal thioester reductase domain (Table S5) that could be responsible for 

off-loading. However, no larger masses consistent with such a structure were observed in 

any of our mass-spectrometric analyses.
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To experimentally demonstrate that NRPS_GCF.432 is the tyrobetaine BGC, the BGC from 

Streptomyces rimosus subsp. rimosus NRRL B-2659 was heterologously expressed in 

Streptomyces lividans 66 (S. lividans 66 pRAM6). This strain showed production of 

tyrobetaine and tyrobetaine-2 (see Figures 2c and S5A,B), while the parent S. lividans 66 

that lacks NRPS_GCF.432 showed no production. Production of tyrobetaine by the 

heterologous expression strain is comparable to that of many of the native producing strains 

with an LC-HRMS intensity of 1.1E7 (see Tables 1 and S1). Co-spiking with purified 

tyrobetaine further confirmed that NRPS_GCF.432 is responsible for production of 

tyrobetaine. No chlorinated analogues were observed in the extracts from S. lividans 66 

pRAM6.

The lack of a halogenase in the BGC combined with the inability of the heterologous 

expression strain to make chlorotyrobetaine or chlorotyrobetaine-2 implies that the 

halogenase is not found on NRPS_GCF.432. Analysis of the genomes of chlorotyrobetaine 

producing strains revealed only one halogenase that is known to chlorinate a product similar 

to the tyrobetaines: the halogenase present in the complestatin BGC. The complestatin GCF 

is NRPS_GCF.83, a cluster with high correlation scores for both chlorotyrobetaine and 

chlorotyrobetaine-2, suggesting that it could be the halogenase responsible for chlorination 

of these compounds (see Tables 1 and S1 and S2). This halogenase typically transfers two 

chlorines to hydroxyphenylglycine residues. However, some halogenases such as Hpg13 

from the biosynthesis of enduracidin are known to install two chlorine atoms on its native 

substrate but only one when acting on a non-native substrate such as ramoplanin,37 

suggesting that the site and number of chlorines transferred may be substrate dependent. If 

the complestatin halogenase is indeed responsible for chlorination of chlorotyrobetaine, it 

suggests that it is a relatively promiscuous enzyme that might be used for chlorination of 

other tyrosine containing NRPs, a highly sought after reaction in the pharmaceutical 

industry.37

Feeding Experiments to Study Tyrobetaine Biosynthesis

To further investigate the biosynthesis of the tyrobetaines, the native producer Streptomyces 

sp. NRRL WC-3703 was grown with stable isotope labeled L-tyrosine, L-leucine, L-alanine, 

or methionine (Figure 3 and Figure S6). Growth on D4-labeled L-tyrosine resulted in 

incorporation of four or eight deuterons consistent with two tyrosine residues and either 

three, four, or seven deuterons in chlorotyrobetaine, consistent with one tyrosine and one 

chlorinated tyrosine. Growth on D10-labeled L-leucine resulted in the incorporation of eight 

or nine deuterons in tyrobetaine and chlorotyrobetaine, which corroborates the incorporation 

of hydroxyleucine. The greater incorporation of eight compared to nine deuterons suggests 

that the hydroxyleucine may be epimerized to the D-amino acid prior to incorporation. 

However, no epimerase exists in the cluster to support this hypothesis. Growth on D4-labeled 

L-alanine resulted in incorporation of four deuterons providing evidence that L-alanine is 

present. Growth on methionine (methyl-13CD3) resulted in the incorporation of three 13CD3 

methyl groups, suggesting that methylation of the nitrogen is via S-adenosyl methionine 

(SAM).
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Feeding studies with 3-chlorotyrosine were performed with the heterologous expression 

strain S. lividans 66 pRAM6. We hypothesized that if the tyrosine was chlorinated before 

being loaded onto the NRPS, we should be able to see production of chlorinated analogues. 

A similar technique was used by Müller and co-workers to show that the chlorinated 

tyrosine found in chondrochlorens A and B was made via loading of 3-chlorotyrosine.38 

Growth of S. lividans 66 pRAM6 on various concentrations of 3-chlorotyrosine (1 μM to 1 

mM) resulted in no detectable chlorotyrobetaine or chlorotyrobetaine-2. These results 

suggest that chlorination occurs either on the PCP-bound tyrosine or on the product after 

release from the NRPS. Halogenation of a PCP-bound amino acid has recently been shown 

to be the mechanism utilized in glycopeptide biosynthesis,39 further supporting our 

hypothesis that the halogenase from the complestatin GCF may be responsible for the 

halogenation of these molecules.

Phylogenetic Analysis of the NRPS N-Methyltransferase

The mechanism of trimethylammonium installation appears to be different from other 

trimethylammonium containing compounds. Trimethylation of amines is typically 

performed by stand-alone SAM-dependent methyltransferases. For example, in some 

bacteria, phosphatidylcholine is formed after three methylation events catalyzed by 

phosphatidylethanolamine N-methyltransferase (PmtA).40 Although heterologous 

expression shows that the genes needed for trimethylation lie within NRPS_GCF.432, no 

stand-alone N-methyltransferases are present in the BGC. The isotope labeling studies 

suggest that the methyl groups are from SAM, and there is a SAM-dependent N-

methyltransferase domain in the NRPS. However, to the best of our knowledge, NRPS 

encoded N-methyltransferase domains have only been reported to transfer a single methyl 

group to the nitrogen of PCP-linked amino acids.41,42 The ability of the N-methyltransferase 

domain in TybD to transfer three methyl groups suggests it is a highly unusual NRPS N-

methyltransferase domain.

A phylogenetic tree comparing the N-methyltransferase of TybD to proteins from the 

UniProtKB/Swiss-Prot database was generated (Figure 4a and S7A). Twenty-three 

methyltransferases with known products were identified to have significant similarity (E 

value < 10, identity > 25%) to the N-methyltransferase domain of TybD. Additionally, two 

methyltransferases known to trimethylate their substrates (Dph5 and EgtD) were included. 

Interestingly, the methyltransferase domain of TybD fell between the clade containing the 

NRPS N-methyltransferase domains, which transfer a single methyl group, and PmtA, 

which transfers three methyl groups.40 The other trimethylating enzymes (Dph5 and EgtD) 

were distantly related. Dph5 catalyzes the trimethylation of a modified histidine on 

translation elongation factor 2 and is only found in eukaryotes and archaea, potentially 

explaining the distance.43 EgtD is commonly found in bacteria but is known to very 

selectively modify histidine.44 Comparison of crystal structures of EgtD and PmtA reveal 

similar SAM binding regions but drastically different substrate binding regions, providing a 

potential explanation for the difference.44 A phylogenetic tree comparing the N-

methyltransferase of TybD to nonredundant protein sequences in NCBI was also generated 

(Figure 4b and S7B). The TybD N-methyltransferases from tyrobetaine producing strains 

were all organized into a single clade. A few N-methyltranferases known to transfer a single 
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methyl group were found (e.g., those in the biosynthesis of lyngbyatoxin, pristinamycin, or 

virginiamycin), but all were distantly related. No known trimethylating enzymes were found 

on this tree, which includes the 500 homologues most similar to the methyltransferase 

domain of TybD. Interestingly, the N-methyltransferases most closely related to TybD are 

annotated as hypothetical NRPS. These homologues also have their N-methyltransferases 

located “first” (i.e., before the first peptide carrier protein), suggesting they could possibly 

transfer three methyl groups to the free N-terminus of their putative NRPS products. The rest 

of the N-methyltransferases on the tree are also annotated as “hypothetical NRPS” with a 

mixture of the N-methyltransferases being “first” and “not first” (i.e., unable to transfer three 

methyl groups).

Bioactivity Analysis of the Tyrobetaines

Compounds containing trimethylammonium moieties (e.g., glycine betaine, proline betaine, 

and carnitine) are commonly used as osmolytes in all domains of life,45–47 but they are 

extraordinarily rare in peptide NPs. A SciFinder search for compounds containing 

trimethylammonium tyrosine revealed only one peptide NP, 4862F, an HIV-1 protease 

inhibitor produced by Streptomyces I03A-04862.48 The few other matches were free 

trimethylammonium tyrosine; derivatives of free trimethylammonium tyrosine from lichen,
49 marine sponges,50–53 plants,54 beetles,55 and human blood;56 or synthetic derivatives of 

peptide NPs.57–60 These results indicate that tyrobetaine is a structurally interesting NP.

The single agent antibiotic and anticancer activity of tyrobetaine and chlorotyrobetaine was 

tested (Table 2). They showed no detectable activity at 100 μM against either the ESKAPE 

pathogens (Enterococcus faecalis ATCC 19433, Staphylococcus aureus ATCC 29213, 

Klebsiella pneumoniae ATCC 27736, Acinetobacter baumannii ATCC 19606, Pseudomonas 

aeruginosa PAO1, and Escherichia coli ATCC 25922) or the human lung cancer cell line 

A549. We hypothesized that tyrobetaine might synergize with oxytetracycline given its co-

occurrence in the S. rimosus strains (Figure S2B). However, no synergy was observed when 

E. coli ATCC 25922 was cotreated with the two compounds. It was also proposed that 

tyrobetaine might be a protease inhibitor given its structural similarity to the angiotensin 

converting enzyme inhibitor K-2661,62 and the HIV-1 protease inhibitor 4862F.48 

Tyrobetaine showed no activity against these proteases (Table 2). We expect that tyrobetaine 

does have a biological function that we have yet to discover.

CONCLUSIONS

In this study, metabologenomics and molecular networking were used to discover the 

tyrobetaines, a new class of NPs with an unusual N-terminal trimethylammonium. 

Metabologenomics combined with computational structure prediction allowed identification 

of the tyrobetaine BGC, which was confirmed using heterologous expression. Intriguingly, 

this discovery revealed a previously undescribed activity for a NRPS N-methyltransferase, 

trimethylammonium formation. Additionally, this study demonstrated the power of 

combining metabologenomics with molecular networking and computational structure 

prediction for the discovery of novel NPs and their biosynthetic enzymes.
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METHODS

Details of experimental procedures are provided in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure elucidation of tyrobetaine and chlorotyrobetaine. (a) The structure of tyrobetaine 

and chlorotyrobetaine with key NMR correlations indicated. (b) The MS2 spectrum for 

tyrobetaine with key masses indicated. *Indicates the mass after removal of the 

trimethylammonium. LOH = hydroxyleucine. Red masses indicate observed masses. Δppm 

values are indicated in parentheses after the key masses. Key mass losses are in purple.
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Figure 2. 
Tyrobetaine BGC and heterologous expression. (a) The BGC for the tyrobetaines from 

Streptomyces sp. WC-3703. Arrows indicate genes. The color of the arrow corresponds to 

the type of gene (indicated below the arrows). See Table S5 for BLAST analysis. (b) 

AntiSMASH NRPS domain predictions for TybD, TybE, and TybF. A = adenylation domain 

with subscript indicating the predicted amino acid (Y = tyrosine, X = no consensus, A = 

alanine). MT = N-methyltransferase. T = thiolation domain. C = condensation domain. See 

Table S6 for NRPS adenylation domain predictions. (c) Extracted ion chromatogram for 

tyrobetaine (587.30–587.31) in wild type S. lividans 66, S. lividans 66 pRAM6 

(heterologous expression of NRPS_GCF.432), purified tyrobetaine, and S. lividans 66 

pRAM6 spiked with purified tyrobetaine.
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Figure 3. 
Feeding experiments with stable isotope labeled amino acids. Mass spectrum from spent 

media from Streptomyces sp. NRRL WC-3703 grown on (a) medium alone or medium with 

(b) D4-L-tyrosine, (c) D3,13C-methionine, (d) D10-L-leucine, or (e) D4-L-alanine. (f) 

Structure of tyrobetaine with likely location of stable isotopes. Yellow bar indicates the m/z 

for tyrobetaine. Colored bars indicate isotopically labeled tyrobetaine. See Figure S6 for 

chlorotyrobetaine.
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Figure 4. 
Phylogenetic analysis of TybD N-methyltransferase. (a) Phylogenetic tree for the N-

methyltransferase of TybD compared to that of known methyltransferases from the 

UniProtKB/Swiss-Prot database. NMT = N-methyltransferase. Functions of proteins are 

indicated by color and defined by text of the same color. Black numbers are bootstrap 

support percentages. (b) A portion of the phylogenetic tree for the N-methyltransferase of 

TybD compared to that of nonredundant protein sequences from NCBI. The products of 

known NRPS N-methyltransferases are indicated in purple text. Black numbers are FastTree 

support values. See Figure S7B for the full figure.

Parkinson et al. Page 16

ACS Chem Biol. Author manuscript; available in PMC 2019 April 20.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u

s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t

Parkinson et al. Page 17

Ta
b

le
 1

S
tr

ep
to

m
yc

es
 S

tr
ai

n
s 

T
h
at

 P
ro

d
u
ce

 t
h
e 

T
y
ro

b
et

ai
n
es

 a
n
d
 P

o
te

n
ti

al
 B

io
sy

n
th

et
ic

 G
en

e 
C

lu
st

er
sa

St
ra

in
 I

D
H

R
M

S 
In

te
ns

it
y

N
R

P
S 

G
en

e 
C

lu
st

er
 F

am
ily

b

T
yb

C
l-

T
yb

T
yb

-2
C

I-
T

yb
-2

N
R

R
L

 W
C

-3
86

8
1
.4

E
+

0
9

7
.8

E
+

0
6

2
.2

E
+

0
9

1
.3

E
+

0
7

4
2
4

8
3

4
3
2

5
2
5

4
3
6

5
9
9

4
6
5

4
6
9

8
5

N
R

R
L

 W
C

-3
70

3
1
.3

E
+

0
9

8
.9

E
+

0
7

1
.1

E
+

0
9

4
.1

E
+

0
8

4
2
4

8
3

4
3
2

5
2
5

4
3
6

5
9
9

4
6
5

4
6
9

8
5

N
R

R
L

 W
C

-3
88

2
1
.1

E
+

0
9

5
.1

E
+

0
6

6
.6

E
+

0
8

2
.0

E
+

0
7

4
2
4

8
3

4
3
2

5
2
5

4
3
6

4
6
5

4
6
9

8
5

N
R

R
L

 W
C

-3
87

7
6
.4

E
+

0
8

7
.2

E
+

0
7

1
.6

E
+

0
9

2
.9

E
+

0
8

4
2
4

8
3

4
3
2

5
2
5

4
3
6

5
9
9

4
6
5

4
6
9

8
5

N
R

R
L

 W
C

-3
77

3
5
.9

E
+

0
8

6
.8

E
+

0
6

1
.2

E
+

0
9

1
.2

E
+

0
8

4
2
4

8
3

4
3
2

5
9
9

4
6
5

8
5

N
R

R
L

 W
C

-3
92

9
4
.4

E
+

0
8

4
.1

E
+

0
7

3
.4

E
+

0
8

4
.8

E
+

0
7

4
2
4

8
3

4
3
2

5
2
5

4
3
6

5
9
9

4
6
5

4
6
9

8
5

N
R

R
L

 B
-2

65
9

3
.2

E
+

0
8

3
.2

E
+

0
7

3
.0

E
+

0
7

4
.4

E
+

0
8

4
2
4

8
3

4
3
2

5
2
5

4
3
6

5
9
9

4
6
5

4
6
9

N
R

R
L

 W
C

-3
92

7
3
.1

E
+

0
8

7
.5

E
+

0
7

2
.3

E
+

0
8

4
.0

E
+

0
7

4
2
4

8
3

4
3
2

5
2
5

4
3
6

5
9
9

4
6
5

4
6
9

8
5

N
R

R
L

 W
C

-3
90

8
3
.1

E
+

0
8

1
.8

E
+

0
6

1
.3

E
+

0
9

6
.7

E
+

0
6

4
2
4

8
3

4
3
2

5
9
9

8
5

N
R

R
L

 B
-2

66
1

1
.8

E
+

0
8

2
.8

E
+

0
7

6
.1

E
+

0
7

1
.8

E
+

0
7

4
2
4

8
3

4
3
2

5
2
5

4
3
6

5
9
9

4
6
5

4
6
9

8
5

a H
R

M
S

 =
 h

ig
h
 r

es
o
lu

ti
o
n
 m

as
s 

sp
ec

tr
o
m

et
ry

. 
T

y
b
 =

 t
y
ro

b
et

ai
n
e.

 C
l-

T
y
b
 =

 c
h
lo

ro
ty

ro
b
et

ai
n
e.

 T
y
b
-2

 =
 t

y
ro

b
et

ai
n
e-

2
. 
C

l-
T

y
b
-2

 =
 c

h
lo

ro
ty

ro
b
et

ai
n
e-

2
.

b G
en

e 
cl

u
st

er
 f

am
il

ie
s 

ar
e 

n
am

ed
 b

y
 T

y
p
eO

fN
at

u
ra

lP
ro

d
u
ct

_
G

C
F
.I

d
en

ti
fy

in
g
N

u
m

b
er

 (
e.

g.
, 
N

R
P

S
_
G

C
F.

4
2
4
).

 T
h
e 

n
u
m

b
er

s 
in

d
ic

at
ed

 h
er

e 
re

fe
r 

to
 t

h
e 

id
en

ti
fy

in
g
 n

u
m

b
er

 f
o
r 

an
 N

R
P

S
 G

C
F.

 T
h
e 

G
C

F
s 

ca
n
 

b
e 

fo
u
n
d
 a

t 
h
tt

p
:/

/w
w

w
.i

g
b.

il
li

n
o
is

.e
d
u
/l

ab
s/

m
et

ca
lf

/g
cf

/.

ACS Chem Biol. Author manuscript; available in PMC 2019 April 20.

http://www.igb.illinois.edu/labs/metcalf/gcf/


A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u

s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t

Parkinson et al. Page 18

Table 2

Antibiotic Activity, Anticancer Activity, and Protease Inhibition of Tyrobetaine and Chlorotyrobetainea

organism/protease

tyrobetaine MICb 

or IC50
c (µM)

chlorotyrobetaine MICb 

or IC50
c (µM) oxytetracycline MIC (µg/mL)

oxytetracycline + 32 
µg/mL tyrobetaine 

MIC (µg/mL)

E. faecalis ATTC 19433 >100 >100 ND ND

S. aureus ATCC 29213 >100 >100 ND ND

K. pneumoniae ATCC 27736 >100 >100 ND ND

A. baumannii ATCC 19606 >100 >100 ND ND

P. aeruginosa PAO1 >100 >100 ND ND

E. coli ATCC 25922 >100 >100 4 8

A549 human lung cancer >100 >100 ND ND

ACE >10 ND ND ND

HIV-1 protease >10 ND ND ND

a
ND = not determined. ACE = angiotensin converting enzyme.

b
Minimum inhibitory concentration (MIC) for bacteria determined based on CLSI

guidelines.

c
50% inhibitory concentration (IC50)
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