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Natural products from microbes, and the actinomycetes in particu-
lar, have been the sources of some of the most important antimicro-
bial drug classes, including the β-lactams, tetracyclines, macrolides, 
aminoglycosides, rifamycins and glycopeptides. Indeed, four-fifths 
of antibiotic scaffolds approved for clinical use over the past dec-
ade have been microbial natural products1. Despite these successes, 
natural products have fallen out of favor in antibiotic drug discov-
ery for several reasons, including the fact that traditional antibiotic 
screens of actinomycete extracts often yield known compounds. This 
has resulted in estimates that millions of actinomycetes need to be 
screened to identify new antimicrobial natural products2, a daunting 
task even in the era of automated high-throughput screens. On the 
other hand, over two decades of experience in screening libraries of 
synthetic compounds have not met expectations either. Faced with 
no clear direction on where to find new antibiotic leads, the phar-
maceutical sector has gradually phased out their antibiotic discovery 
programs3 and moved to more tractable areas of clinical need.

At the same time that the pharmaceutical sector is abandon-
ing natural products for antibiotics and other clinical indications, 
recently available genome sequences from multiple bacterial and envi-
ronmental metagenomes have revealed a remarkably rich potential 
for the production of natural products4,5. Furthermore, techniques 
to genetically modify these organisms and their associated biosyn-
thetic gene clusters are becoming more sophisticated, offering the 
possibility of expanding chemical diversity using synthetic biology 
approaches. There is an opportunity here to increase the chemical 
space of structurally complex and synthetically intractable molecu-
lar scaffolds using enzymes that modify core scaffold structures6.  

These modifications can affect pharmacology and target affinity and, 
in the case of antibiotics, mitigate resistance.

One of the main challenges in the field is the identification of 
microbes with the biosynthetic capacity to produce desired com-
pound classes. It has been estimated, for example, that the frequency 
of specific scaffolds in antibacterial producers ranges over 6 orders of 
magnitude: from 1 in 10 for antibacterials such as streptothricin, to 
1 in 107 for daptomycin7. A similar calculation for the glycopeptide 
antibacterials (GPA), the class that includes the clinically important 
drugs vancomycin and teicoplanin, revealed that ~150,000 actinomyc-
ete strains need to be screened to identify a glycopeptide producer7.

The glycopeptide class is one where synthetic biology approaches 
could prove especially useful in expanding diversity through, for exam-
ple, the known modifications by halogenation, oxidation, sulfation, 
acylation and glycosylation8, and total synthesis is so far impractical on 
a commercial scale. The class includes two dominant, clinically relevant 
scaffolds, vancomycin and teicoplanin, each of which is composed of 
a highly cross-linked and modified heptapeptide; a third, related scaf-
fold complestatin shares some structural features with GPAs but lacks 
antibacterial activity. Similarly, the ansamycin class of natural prod-
ucts includes the rifamycin antibacterials and antitumor agents such 
as geldanamycin, both of which present opportunities for expansion of 
chemical diversity through scaffold-modifying enzymes.

Here we report a systematic approach for the discovery of new anti-
bacterials from actinomycetes using resistance as a trait for selecting 
GPA-producing organisms. By applying a screen for resistance, we 
greatly enrich isolated cultures for GPA producers, thereby improv-
ing efficiency of discovery by at least four orders of magnitude over 
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historical estimates (Fig. 1). Using this strategy, we isolated a new 
GPA, pekiskomycin, with a rare peptide scaffold and novel chemical 
modifications. Furthermore, we also demonstrated the versatility of 
our screening process in harnessing natural product diversity by iden-
tifying a producer of geldanamycin, an ansamycin, using a rifampin-
resistance screen. This work offers an approach to access and expand 
the chemical diversity of antimicrobials as well as associated enzymes 
and other natural product scaffolds.

RESULTS
Resistance enrichment screen for putative GPA producers
It is well known that antibacterial producers need to evolve a self- 
protection mechanism to avoid suicide9. We reasoned that this would 
be an appropriate filter to identify antibiotic-producing organisms from 
a library of actinomycetes. GPA resistance is most frequently achieved 
in both producers and pathogens by a conserved vanHAX operon that 
modifies cell wall precursors to terminate in d-Ala-d-Lac rather than 
the canonical d-Ala-d-Ala10,11. The ability to recognize various GPAs 
varies, however, among the producers and the pathogens.

We randomly selected 1,000 actinomycete strains from our  
in-house library of environmental actinomycetes. These were screened 
for resistance to vancomycin at 20 µg/ml and 39 were found to be 
resistant (~4%). The resistance genotype of the 39 strains was verified 
by positive amplification of the vanHAX GPA-resistance genes.

The vancomycin-resistant strains were further analyzed for the 
presence of GPA biosynthetic genes, using a series of diagnostic prim-
ers (Supplementary Table 1), designed from conserved regions of 

signature genes representing GPA biosynthetic machinery (Fig. 2). 
These genes offer a molecular fingerprint for the presence of glyco-
peptide biosynthetic clusters. In particular, the amplicons differentiate 
between vancomycin and teicoplanin GPAs as well as the structur-
ally related but nonantibacterial natural product complestatin12. GPA 
fingerprint analysis of the 39 resistant strains identified one isolate 
WAC (Wright Actinomycetes Collection) 1227 as a likely vancomycin- 
group GPA producer (Fig. 3a). A control fingerprint screen of  
200 vancomycin-sensitive strains from the same collection identified 
no GPA-producing candidates, demonstrating that resistance is a use-
ful discriminating filter to identify antibacterial producers.

To investigate whether application of the resistance filter early 
in the process can also facilitate the discovery process from natu-
ral sources, we used vancomycin (20 µg/ml) for selective isolation 
of glycopeptide-resistant strains from soil samples. GPAs are pro-
duced by a number of diverse genera of the order Actinomycetales 
(Supplementary Table 2). The relatively fast-growing members of the 
Streptomyces genus readily outnumber rarer genera when isolated on 
common laboratory media. The introduction of the selection strat-
egy ensured exclusive isolation of GPA-resistant strains, irrespective  
of their phylogeny, relative abundance or growth rate. We selected 
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a b cFigure 1  Comparison of resistance-based GPA 
screening with other screening approaches 
and their rates of success. (a) In this culture-
independent method, the soil metagenome is 
captured in cosmids to create a megalibrary 
(107 clones) in E. coli. The frequency of 
finding a vancomycin-group GPA is estimated 
at 1 in 2 million clones and for a teicoplanin-
group GPA, 1 in 5–10 million clones. (b) The 
phenotype-based screening is the conventional 
and most commonly used method for new 
antibiotic discovery. The method involves 
isolation, followed by activity-guided selection 
of antimicrobial producers, followed by 
identification of the molecules yielding a GPA 
producer in every 150,000 strains screened. 
(c) The resistance-based screening is a 
hybrid approach involving initial isolation in 
the presence of GPA, permitting only a very 
small subset of strains from the soil. GPA 
fingerprinting analysis shows 1 in every  
10 strains has the potential to produce a GPA.
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Figure 2  The heptapeptide core of the glycopeptides varies in amino acid 
composition and intra-strand cross-links, creating scaffold diversity. The 
nonantibiotic, anti-complement, complestatin core peptide is cross-linked 
to create a two-ring structure, whereas the antibiotic scaffolds represented 
by vancomycin and teicoplanin are cross-linked to create three- and four-
ring core structures, respectively. The watermarks represent the site of 
action of monooxygenases (oxyB-blue, oxyC-gray, oxyE-red) for cross-linking 
of the heptapeptide, the conserved tailoring enzyme halogenase (halI-
green) and the enzyme involved in biosynthesis of the nonproteogenic, 
amino acid dihydroxyphenyl glycine (dpgC-yellow). The panel of these 
conserved genes constitutes the GPA fingerprint PCR detection set for WAC 
strains. Shown in the table is the amplicon fingerprint key that serves to 
discriminate among different glycopeptide scaffolds.
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100 vancomycin-resistant strains in this fashion and explored their 
GPA biosynthesis potential.

Enrichment of the culture collection using vancomycin raised the 
number of potential GPA producers. Here, out of the 100 resistant 
strains, 11 strains tested positive using our fingerprinting method 
for GPA biosynthetic clusters (Fig. 3b). The unique identity of the 
producers was determined using the diagnostic BOX PCR approach, 
where amplicon patterns exclusive to each genome are compared13. 
We also identified several resistant strains that amplified singular 
biosynthetic genes or their combinations which were inconsistent 
with the expected GPA fingerprint pattern. We expect that either 
these are degraded GPA biosynthetic clusters or they represent other 
biosynthetic programs.

GPA biosynthesis fingerprints discriminates among scaffolds
Our PCR-based molecular fingerprint strategy enabled us to rap-
idly screen resistant organisms for their potential to produce GPAs. 
One of the challenges of natural product discovery is dereplication, 
the rediscovery of known molecules. Bacteria, even across different  
genera, can produce identical secondary metabolites14. We recognized 
that a phylogenetic analysis of our amplified, fingerprint biosynthetic 
genes would offer a new approach to dereplication.

The fingerprint GPA amplicons were sequenced and used to con-
struct an unrooted Bayesian phylogenetic tree for the concatenated 
translated sequences of the three core GPA biosynthetic genes (oxyB, 
oxyC and dpgC) (Fig. 3c). The relatively short amplicons make estima-
tion of phylogenetic trees for individual genes challenging; however 
when concatenated, the signal in the GPA biosynthetic sequences 
became strong enough that the major GPA types resolved into distinct 
branches. Based on this analysis we rapidly predicted the relatedness 
of each of the novel clusters to those previously reported and used 
these predictions to identify the strains most worthy of additional 
exploration without full genome sequencing or purification of the 
target molecules. This approach facilitates rapid screening of GPA 
producers for chemical diversity.

The known GPA producers branched into the separate vancomycin 
and teicoplanin groups (Fig. 3c). Among the new strains, only three 
(WAC1420, WAC4229 and WAC1438) did not group with known 
GPAs suggesting that these three may produce a novel scaffold.

Validation of the screening procedure
Having investigated the genetic potential of 12 resistant strains for 
GPA biosynthesis, we next examined their ability to produce a GPA. 
Only one of these strains, WAC4169, which we predicted to be a 

vancomycin-group producer, yielded readily detectable quantities  
of a GPA. A molecule with mass 1,477.4674, as determined by  
high-resolution mass spectrometry (HRMS), was identified as  
N,N-dimethylvancomycin (Fig. 4a and Supplementary Fig. 1). This 
GPA, first reported in 1988 (ref. 15), has an unusual trimethylated 
primary amine on the N-terminal leucine, which was confirmed by 
NMR (Supplementary Figs. 2 and 3).

The phylogenetic tree also predicted a clade for strains comprising 
known, as well as putative, teicoplanin-group producers identified  
by the GPA-fingerprinting amplicon pattern. We selected WAC1375  
as a representative of the clade for further verification. A draft 
sequence of the genome revealed a GPA biosynthetic cluster,  
including oxyE connecting 4-hydroxyphenylglycine-1 and  
3,5-dihydroxyphenylglycine-3 of the heptapeptide in the teicoplanin 
group (Fig. 5a and Supplementary Table 3). A-domain predic-
tion of the nonribosomal peptide synthase modules identified 
the teicoplanin heptapeptide core (Supplementary Table 4 and  
Fig. 4b). Optimization of the fermentation conditions and sub
sequent purification of an associated GPA (Supplementary Fig. 4) 
identified it as teicoplanin aglycone, an unexpected result given the 
presence of several genes encoding predicted scaffold-modifying 
enzymes. Further optimization of production may yield additional 
GPA molecules from this cluster. The results of both WAC4169 
and WAC1375 validate the potential of GPA fingerprinting and the 
associated phylogenetic analysis in identifying and differentiating  
GPA scaffolds.

Identification of the novel GPA pekiskomycin
We next investigated the GPA-producing potential of the strains that 
did not group with either vancomycin- or teicoplanin-group members 
in the phylogeny (Fig. 3c). Follow-up studies identified conditions  
for GPA production in WAC1420. These results were supported  
by RT-PCR amplification of the biosynthetic gene transcripts, 
using the GPA fingerprinting primers under the same conditions 
(Supplementary Fig. 5).

NMR, mass spectrometry and chemical degradation analysis of 
the GPA purified from WAC1420 identified a GPA not previously 
described, which we named pekiskomycin (Fig. 4c, Supplementary 
Figs. 6–13 and Supplementary Table 5), in recognition of the col-
lection site, Pekisko, Alberta, Canada. Pekiskomycin is an unusual 
GPA with several unique features and others shared with both canoni-
cal GPA scaffolds. The peptide has three intramolecular cross-links 
similar to those of vancomycin, consistent with the absence of oxyE 
in the GPA fingerprint. Unlike vancomycin, pekiskomycin lacks the 
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Figure 3  The abundance and diversity of 
GPA producers. (a) In a nonselective screen 
of 103 actinomycetes, GPA resistance is 
infrequent and biosynthesis is a subset of 
resistance. (b) A selective isolation in the 
presence of vancomycin found 11% of strains 
had the potential to produce a GPA, a notable 
enrichment of the GPA producers. (c) The 
composite phylogenetic tree from the amplicon 
sequences of oxyB, oxyC and dpgC differentiates 
between the producers of GPAs with a 
vancomycin and teicoplanin scaffold as well as 
outliers. Follow-up studies with selected strains 
verified the prediction model with WAC4169 
and WAC1375, showing the presence of the 
expected scaffold. WAC1420 and WAC4229 
clustered close to each other but on an outlying 
branch, constituting a variant backbone.
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N-methyl-Leu at residue 1 and an asparagine at residue 3; rather it has 
N,N-dimethyl-Ala and glutamic acid, respectively, at these positions. 
On the other hand, tyrosine at residue two (instead of the β-hydroxy-
Tyr characteristic of the vancomycin group) and sulfation are features 
shared with the teicoplanin group of molecules. Though pekisko-
mycin has modest antibacterial activity, it has some effect against  
vancomycin-resistant enterococci-type B (Supplementary Fig. 14). 
Consistent with the antibacterial spectrum, isothermal titration 
calorimetry measurements of pekiskomycin with the N,N-diacetyl-
Lys-d-Ala-d-Ala tripeptide give a Kd of 66.6 µM, 36-fold weaker 
than the value for vancomycin (1.82 µM; Supplementary Fig. 15). 
Pekiskomycin therefore may act more as a signaling molecule than 
as an antibacterial16.

A draft genome sequence of WAC1420 revealed an ~86-kb clus-
ter containing 41 coding sequences, consistent with the predicted 
biosynthetic requirement, export, regulation and resistance to 
pekiskomycin (Fig. 5b and Supplementary Table 6). Among the scaffold- 
accessorizing genes are a glycosyltransferase, two methyltransferases 
and a sulfotransferase (pek25). Sulfotransferases are the least abun-
dant of all the GPA-modifying enzymes and have been previously 
found only with teicoplanin-related antibacterials17–20. To the best of 
our knowledge, pekiskomycin is the first naturally occurring sulfated 
GPA that does not have a teicoplanin scaffold.

Biosynthesis phylogeny allows early dereplication
Our strategy of using concatenated fingerprint sequences for phylog-
eny distinguished between different GPA scaffolds with high confi-
dence. We further postulated that the model could be equally useful 
in grouping different strains with identical or highly similar GPA 

products, and thus can be used for early dereplication. To explore 
this hypothesis, we selected WAC4229, which is present on a branch 
very close to WAC1420. These two strains are distinguished by mor-
phology, geography of isolation, BOX PCR amplicon pattern and 16S 
rRNA gene sequence (Supplementary Fig. 16). We purified the GPA 
from WAC4229 and confirmed it to be identical to pekiskomycin. We 
also generated a draft genome for WAC4229 and identified a cluster 
capable of pekiskomycin biosynthesis (Supplementary Table 7). The 
cluster shows 90% identity with its counterpart in WAC1420, except 
for one of the ends, which shows evidence of multiple recombination 
events (Supplementary Fig. 17).

Resistance-based discovery of ansamycins
Finally, we tested whether our approach of resistance-guided strain 
selection followed by phylogeny-based classification would also be 
applicable to other scaffolds. We chose the ansamycin natural products 
for follow-up study, owing to their known chemical diversity and impor-
tance in antibiotic therapy (e.g., the RNA polymerase inhibitor rifamy-
cin) and anticancer therapy (e.g., the HSP90 inhibitor geldanamycin).  

Dimethylvancomycin Teicoplanin class GPA

Pekiskomycin

a b

c

Figure 4  GPAs identified in the screen. (a) Structure of dimethylvancomycin 
isolated from WAC4169. The molecule has a trimethylated amino 
terminus instead of monomethylation in vancomycin. (b) Purification 
and analysis of the GPA from WAC1375 identified teicoplanin aglycone, 
confirming the predicted GPA group for the molecule. (c) Structure of 
pekiskomycin with its characteristic amino acids, alanine and glutamic 
acid (green) at position 1 and 3, respectively, in the heptapeptide core. 
The GPA is dimethylated (red) at N-terminal alanine at position 1 and is 
also sulfated at β-hydroxytyrosine (blue). A methylated glucose moiety 
(gray) is present on the hydroxyphenylglycine-4.
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Figure 5  GPA biosynthetic clusters from the draft 
genomes of WAC strains. (a) Organization of the 
GPA biosynthetic cluster in WAC1375 showing 
a typical teicoplanin heptapeptide core and 
presence of oxyE (orf29). The cluster lacks the 
vanRS two-component system for regulation of 
self-protection. (b) Gene cluster for pekiskomycin 
in WAC1420 with the modular organization of the 
nonribosomal peptide synthase (NRPS) genes.  
The nonconserved amino acids coded by A-domains 
in modules 1 and 3 could not be predicted in silico.  
The cluster, flanked by genes for resistance 
on either side, has an operon (pek11-pek15), 
predicted to be involved in sulfate uptake and 
transfer, not found in any other sulfated GPA 
biosynthetic clusters. The ORFs are color coded 
based on their putative functions and the 
NRPS. Domains: condensation (C), adenylation 
(A), thiolation (T), epimerization (E) and a 
thioesterase (TE) for peptide chain termination. 
HPG, 4-hydroxyphenylglycine; DHPG, 3,5-
dihydroxyphenylglycine; Bht, β-hydroxytyrosine. 
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Using rifampin (20 µg/ml) we selectively 
identified 213 resistant actinomycete strains. 
These were then screened by PCR for the pres-
ence of the conserved aminohydroxybenzoic 
acid synthase (AHBA) gene (Supplementary 
Table 1), yielding 16 unique, putative, 
ansamycin producers (a 7.5% rate of success 
(Fig. 6a and Supplementary Fig. 18)). A 
phylogenetic tree based on AHBA sequence 
amplicons identified four strains branching 
with the known rifamycin producer (Fig. 6b). Bioassay of the fermen-
tation products of these strains was consistent with the production of 
an RNA polymerase–targeted antibacterial (Supplementary Fig. 19).  
Out of the five strains that grouped in the geldanamycin group  
(Fig. 6b), we selected WAC5038 for follow-up studies and confirmed that 
it produced geldanamycin (Fig. 6c, Supplementary Figs. 20 and 21).

DISCUSSION
Natural products can provide useful leads for the development of 
therapeutic agents but have fallen out of favor in recent years largely 
because of their low hit rates (e.g., 1 in 150,000 for GPAs7) and their 
tendency to yield known molecules. The drug discovery sector  
therefore has turned increasingly to synthetic molecules, but these 
often lack the chemical complexity (e.g., number of stereocenters, 
H-bond donors and acceptors, ring systems) that track with the bio-
activity of natural products. The emerging area of synthetic biology 
offers a potential solution to this challenge of chemical complexity8, 
and here access to libraries of scaffolds and associated modifying 
enzymes is critical.

In recent years, the approach of screening metagenomic libraries 
of DNA from soil for natural product biosynthetic clusters has also 
evolved greatly. Although this strategy benefits from the ability to 
screen otherwise unculturable strains, it is technically demanding, 
requiring large cosmid libraries (107 clones) isolated from a substan-
tial mass (hundreds of grams) of starting material, the isolation of 
overlapping clones to complete clusters and eventually expression in 
heterologous hosts for compound production.

Our approach of resistance-guided isolation overcomes many of 
these hurdles as it requires a small number of strains to be screened 
(~10 strains for a GPA) and also provides ease of sampling multiple 
environments because only small quantities of soil or other source 
material is needed. We note that such approaches have in the past 
been applied for the enrichment of producers of aminoglycosides and 
lincosamides21,22. Furthermore, the identification of the producing 
organism also enables ready access to the entire biosynthetic gene 
cluster and source of the produced molecule upon fermentation. The 
addition of phylogeny-based cluster analysis also offers a facile way 
to dereplicate known structures.

Using GPA resistance as a discriminating filter, we eliminated ~96% 
of strains not producing GPA. The up-front triage of GPA-sensitive 
strains by selection on vancomycin also provides an opportunity to 
enrich the library for slow-growing or less abundant actinomycetes, 
thereby increasing genetic diversity (Supplementary Table 8).

Our results offer an explanation for the historically low detection-
rate estimates for GPA producers. Traditionally these were detected 
by cell-killing phenotype screens of cell-free extracts of actinomycetes 
grown on various media; these represent only a small subset of the 
total biosynthetic potential in the soil microbiome4. In our screen we 
addressed this limitation by using fingerprinting primers that detect 
putative GPA-producing strains even in the absence of antibacterial 
production. This approach increases the success rate by more than 
four log scale values over historical estimates.

In addition to improving the frequency of identification of anti-
bacterial producers, we simultaneously addressed the dereplication 
issue by constructing a phylogenetic tree with amplicons from bio-
synthetic genes. The phylogenetic data highlight the diversity of hits 
from the screen exemplified by the strains bearing GPAs with differ-
ent conserved cores; WAC4169 (vancomycin group) and WAC1375 
(teicoplanin group) as well as WAC1420 and WAC4229 both with 
a noncanonical peptide core. This approach informs downstream 
exploration of various producers based on the desired outcomes: new 
scaffolds, variations of known scaffolds (and therefore likely sources 
of new accessorizing enzymes) and avoidance of similar clusters.

The results of the phylogenetic analysis also indicate that the 
use of vancomycin for isolation did not create a bias in favor of the  
vancomycin-group scaffold. This is because the sensitivity of  
the producers and resistant pathogens toward various GPA molecules 
is determined independently by the ability of their respective sensor  
kinases to recognize each GPA23,24. Thus, the use of vancomycin  
during isolation does not compromise the likelihood of discovering 
a GPA active against vancomycin-resistant enterococci.

Of all the candidate GPA producers we investigated, only WAC4169 
(the producer of dimethylvancomycin) expressed readily detectable 
amounts of the GPA under our standard growth conditions. The novel 
heptapeptide pekiskomycin from WAC1420 was produced in low 
abundance and required purification of sufficient quantities for down-
stream analysis. This finding supports the hypothesis that any easily 
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Figure 6  Rifampin-assisted isolation of 
ansamycin producers. (a) A collection of  
213 rifampin-resistant strains were screened  
by PCR using AHBA synthase–specific 
degenerate primers, which yielded 16 possible 
ansamycin producers and a hit rate of 7.5%.  
(b) Phylogenetic analysis of partial AHBA 
synthases from 7 known ansamycin biosynthetic 
(Supplementary Table 9) gene clusters and 16 
identified from this study. (c) Production assays 
confirmed WAC5038, which clusters near the 
geldanamycin AHBA synthase, does produce 
geldanamycin (Supplementary Fig. 19).
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detectable activity is likely to have been already discovered during 
earlier activity-based screens2,25. Because such screens rely exclusively 
on the ability of the bacterium to express the requisite biosynthetic 
genes under laboratory conditions, the inherent potential to produce 
molecules remains unsampled. These latent producers represent the 
pool of strains that escaped detection in earlier screens. Our results 
demonstrate that these clusters can in fact occur at much higher fre-
quencies than previously anticipated. Once novel leads are identified 
by, for example, our biosynthetic fingerprint and associated phylog-
eny, the strain can be strategically modified or conditions manipulated 
to enhance bioproduction26,27. Also, we note that the GPA producers 
obtained in this study are obtained from resistance-based enrichment 
using only vancomycin. Similar screens in the presence of different 
GPAs from the same soils may yield more novel producers that were 
lost because of their sensitivity to vancomycin.

Finally, the application of the resistance-based screening approach 
for discovery of ansamycins using a rifamycin resistance filter not 
only confirmed the high hit rates obtained in the GPA screen but also 
yielded a diverse set of ansamycin producers. In fact, we found more 
putative ansamycin producers for nonantibiotic groups than rifamy-
cin analogs. The easy identification of a geldanamycin producer shows 
that the scope of our strategy is not limited to antibiotics discovery 
but can be applied to the discovery of various diverse natural products 
with other pharmaceutical applications.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Isolation of actinomycetes and screening. The strains used in the study are 
a subset of the Wright Actinomycetes Collection (WAC), isolated from soil 
samples across Canada, Cuba, Nigeria and France. For isolation, 1 g dry weight 
of soil was treated with dry heat, phenol or rehydrated in 9 ml water. Serial 
dilutions of suspension or supernatant were spread on either Streptomyces 
isolation media28 or Humic acid Vitamin Agar29 supplemented with Nalidixic 
acid (100 µg/ml). Actinomycete colonies were isolated based on their colony 
morphology and restreaked on Bennett’s Agar for further verification and 
purification before making the spore suspension. Antibiotic-resistant strains 
were isolated following the same protocol but supplemented with vancomycin 
(10 µg/ml) or rifampin (20 and 50 µg/ml).

Primer design and PCR conditions. The degenerate PCR primers for GPA 
biosynthesis fingerprinting were designed using the consensus sequences of 
the conserved regions in the respective genes (oxyB, oxyC, halI, dpgC, oxyE). 
Conditions for PCR amplification were standardized using available producer 
strains (Supplementary Table 2). A touchdown program with annealing tem-
perature decreasing from 62 °C to 58 °C for initial four cycles followed by  
26 cycles at 57 °C was used for all GPA fingerprinting primer sets except oxyE, 
for which a constant annealing temperature of 55 °C for 30 cycles was used. 
AHBA synthase gene–specific primers were used as previously described30. 
For amplification of 16S rRNA gene fragments, vanHAX28 and BOX PCR14, 
protocols standardized earlier were followed. Phylogenetic analysis. Translated 
amplicon sequences for each of oxyB, oxyC and dpgC from 12 candidates iden-
tified in this study were collected along with the corresponding sequences from 
the published A40926, teicoplanin, vancomycin, balhimycin, A47934, VEG 
and TEG clusters where available.

The AHBA synthase analysis was conducted using 16 newly identified 
translated amplicons and 7 previously identified AHBA synthases involved 
in ansamycin biosynthesis (Supplementary Table 9). The translated sequences 
for each gene were aligned with MUSCLE, using default parameters31 and 
manual curation. Two sequences were marked with ‘missing’ symbols; 
unavailable dpgC from TEG cluster and oxyB from WAC1438 where the ampli-
fied monoxygenase did not align with the others. The final alignment consisted 
of 727 sites and 20 taxa.

This alignment served as input for Bayesian phylogenetic analysis in MrBayes 
3.2.0 using a mixed amino acid model prior, allowing gamma rate variation and 
a fraction of invariant sites. Starting from random trees, two runs of five million 
generations with four chains of MCMC were sampled every 1,000 generations. 
The final average s.d. of split frequencies was 0.005662. A 50% majority rule 
consensus tree was estimated from these samples using a burn-in of 1,000.

Glycopeptide production and detection. For starter cultures, fresh spores from 
12 putative GPA producers were inoculated in 3 ml Streptomyces Vegetative 
Media (SVM) and incubated at 30 °C and 250 r.p.m. for 48 h. A 1% inoculum 
for 50 ml production media (Bennett’s, SAM, R2YE or V40P) was used and 
further incubated for 8 d. The cell pellet was lysed using equal volume (w/v) 
of 1% NH4OH solution, on a gyratory shaker at 4 °C for 1 h. The lysate was 
centrifuged at 13,000 r.p.m. for 20 min and the supernatant was concentrated 
under reduced pressure. The cell mass were re-extracted using 10 volumes 
of acetone following the same procedure, followed by concentration using 
a rotary evaporator. The cultures on solid media were extracted from agar 
plugs following the same procedure as for cell pellets. The culture supernatant 
and the extracts were tested for antimicrobial activity against Escherichia coli 
DH5α and B. subtilis by Kirby Bauer disc diffusion assay.

Isolation and purification of the GPAs. For isolation, 1% of SVM starter cul-
ture of WAC4169 and WAC1375 or WAC1420 and WAC4229 were inoculated 
in 1 liter SAM broth or 8 liter modified Bennett’s agar (10 g potato starch, 2 g 
casamino acids, 1.8 g yeast extract, 2 ml Czapek’s mineral mix, 5 g NaCl, 0.5 g 
K2HPO4, 15 g agar, 1 g l-proline, 1,000 ml water), respectively. The cultures 
were incubated for 1 week (WAC4169 and WAC1375) or 3 weeks (WAC1420 
and WAC4229) at 30 °C followed by extraction using 1% NH4OH solution. The 
filtrate was adjusted to pH 7.0 with 5 M HCl and evaporated under reduced 
pressure with 2% (W/V) HP-20 (Diaion) resin to give a residue Fra-E. This 
was loaded on a 1 liter HP-20 column eluting with H2O (2 liters), 10% metha-
nol (2 liters), 20% methanol (2 liters) and 40% methanol (2 liters) to yield 
four fractions Fra-E-1, Fra-E-2, Fra-E-3 and Fra-E-4. For WAC4169 extracts,  
Fra-E-2 was concentrated under reduced pressure and was purified using 

semi-preparative high-performance liquid chromatography (HPLC; Atlantis, 
prep T3, 10 × 100 mm) with elution at 8% acetonitrile in H20 (0.1% FA) to 
give 10 mg of dimethylvancomycin. For WAC1420 and WAC4229 extracts, 
the fraction Fra-E-3 containing the molecule was further purified by passing 
through a Sephadex LH-20 column (100 ml), eluting with 30% methanol, to 
give 26 subfractions. Subfractions Fra-E-3-7 to Fra-E-3-13 were combined and 
purified by semi-preparative HPLC (Atlantis, prep T3, 10 × 100 mm), eluting 
with 12% acetonitrile in H2O (0.1% FA), to give pure pekiskomycin (~2.8 mg).  
The WAC1375 Fra-E was partially purified by FLASH chromatography using 
C18 reversed-phase column. Each fraction with absorbance at 220 nm and 
280 nm was evaporated under reduced pressure and further purified by 
affinity chromatography32. The resin for the column was prepared by link-
ing N,N-diacetyl Lys-d-Ala-d-Ala to NHS-activated Sepharose 4 Fast Flow  
(GE Healthcare Life Sciences, USA) following manufacturer’s instructions.

Geldanamycin production. WAC5038 was grown on SM (2% soy, 2% mannitol)  
agar media for 7 d. Agar plates were then extracted with acetone overnight. 
The extract was filtered to remove agar pellets and the acetone extract 
was dried down under reduced pressure. The resulting extract was resus-
pended in a mixture of acetonitrile-water (1:1) and analyzed using liquid  
chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) 
with an Agilent 1100 series LC system (Agilent Technologies Canada, Inc.) 
and a QTrap LC/MS/MS system (Applied Biosystems/MDS SCIEX).

Isothermal titration calorimetry. For isothermal titration calorimetry  
of pekiskomycin binding to d-Ala-d-Ala, various dilutions of N,N-diacetyl 
Lys-d-Ala-d-Ala tripeptide (50, 100, 150 and 600 µM) were prepared in 
sodium citrate buffer (pH 5.1) with 0.22% DMSO final concentration with 
vancomycin at 10 µM, and pekiskomycin at 10 µM and 50 µM. Both the anti-
biotic stock solutions were in 100% DMSO, all working solutions had a final 
DMSO concentration of 0.22%.

Titrations were performed in a Nano Isothermal Titration Calorimeter Low 
Volume (Nano ITC LV) with a gold reaction vessel.

The tripeptide, at a concentration of 100 µM, was loaded into the 50 µl 
titration syringe and 300 µl of the vancomycin at 10 µm was loaded into 
the cell. This was followed by experiments of 100 µM tripeptide titrated into  
10 µM pekiskomycin and 600 µM tripeptide into 50 µM pekiskomycin. For all 
the experiments, the binding affinity (K), enthalpy (∆H) and entropy (∆S) for 
binding of the tripeptide to the GPAs were measured. In addition to the bind-
ing study, a background titration of tripeptide into buffer with 0.22% DMSO 
was also collected. A 60-s baseline was collected before the first injection was 
delivered and was equilibrated to baseline before starting of each assay.

Genome sequencing of WAC strains. Genomic DNA was submitted for 
sequencing on the Illumina MiSeq platform at the Farncombe Genomics Facility, 
McMaster University. For WAC1375, ~1 Gbp of sequence data was produced 
consisting of paired 150 bp reads. WAC4229 was sequenced using paired 250-bp  
reads totaling ~1.33 Gbp. Prior to assembly, reads were trimmed 3′ to Q30 using 
the FASTX-toolkit (version 0.0.13; http://hannonlab.cshl.edu/fastx_toolkit/
index.html). WAC1375 and WAC4229 reads were corrected, assembled and 
scaffolded into contigs using Fermi33. For WAC1420, Genomic DNA was sub-
mitted for sequencing on the 454 FLX platform using Titanium chemistry at the 
Farncombe Metagenomics Facility, McMaster University. 292 Mbp of data was 
produced and assembled with MIRA using the quickswitch parameters ‘–job = 
genome,denovo,454,accurate’ and setting the number of passes to 8 (ref. 34).

Identification of biosynthetic clusters. The assembled contigs for WAC1375, 
WAC1420 and WAC4229 were checked for the presence of GPAbiosynthetic 
clusters using the A47934 cluster (accession U82965) as a query in BLAST35. 
For WAC4229 three large overlapping contigs were manually merged to pro-
duce the cluster. The contig for each cluster was submitted to antiSMASH for 
further exploration of the GPA biosynthetic clusters36.

HRMS and NMR experiments. High-resolution mass spectra (HRMS) 
were obtained using Thermo Fisher-XL-Orbitrap Hybrid mass spectrometer 
(Thermo Fisher, Bremen, Germany) equipped with electrospray interface 
operated in positive ion modes. 1D and 2D NMR experiments were done using 
Bruker AVIII 700 MHz instrument equipped with a cryoprobe in DMSO-d6. 
Chemical shifts are reported in parts per million relative to tetramethylsilane 
using the residual solvent signals at 2.50 p.p.m. (1H NMR) and 39.5 p.p.m. 
(13C NMR) as internal signals.

http://hannonlab.cshl.edu/fastx_toolkit/index.html
http://hannonlab.cshl.edu/fastx_toolkit/index.html
http://www.ncbi.nlm.nih.gov/gene/?term=U82965
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