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Abstract

The explosion of microbial genome sequences has shown that bacteria harbor an immense, largely
untapped potential for the biosynthesis of diverse natural products, which have traditionally served
as an important source of pharmaceutical compounds. Most of the biosynthetic genes that can be
detected bioinformatically are not, or only weakly, expressed under standard laboratory growth
conditions. Herein we review three recent approaches that have been developed for inducing these
so-called silent biosynthetic gene cluster: insertion of constitutively active promoters using
CRISPR-Cas9, high-throughput elicitor screening for identification of small molecule inducers,
and reporter-guided mutant selection for creation of overproducing strains. Together with
strategies implemented previously, these approaches promise to unleash the products of silent gene
clusters in years to come.
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Introduction

Natural products remain a source of inspiration for chemists, biologists, and pharmacologists
alike. Extensive analyses by Newman and Cragg have shown just how valuable these
metabolites have been, especially in a clinical setting [1,2]: In the past ~35 years, more than
half of the drugs approved by the FDA in the United States were based on natural products.
The recent explosion in microbial genome sequences shows that this bounty is merely the tip
of the iceberg and that there lies a hidden realm of dark microbial matter that we cannot
readily access [3-7]. Specifically, genome sequences of prolific secondary metabolite
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producers routinely reveal many biosynthetic gene clusters (BGCs) — the sets of genes
responsible for the synthesis of a natural product — that are not actively expressed, or only
lowly-expressed, under standard laboratory growth conditions. These so-called silent or
cryptic BGCs outnumber the constitutively active ones by a factor of 5-10 [6-8]. Hence
methods that reliably awaken them would dramatically enhance our reservoir of potentially
therapeutic small molecules [6-13].

Aside from pinpointing molecules of pharmaceutical relevance, uncovering the hidden
metabolomes of bacteria also carries untold lessons in metabolism, chemical ecology, and
biosynthesis [13-17]. Although the primary metabolomes of bacteria are generally well-
understood, the complete secondary metabolome for any given prolific producer has yet to
be determined. Just how many secondary metabolites can an organism with ~30 BGCs
produce? Is this metabolome condition-dependent? How common is cross-talk between
BGCs and are there genomic rules for identifying it? A global understanding of secondary
metabolism would begin to provide answers to these questions.

Perhaps more important than what is produced by the store of silent BGCs is answering the
question of whay it is produced. That is to say, once the constituents of the secondary
metabolome have been established, the biological functions and roles they play in the
physiology of the producing host can be explored. Secondary metabolites generally facilitate
the interaction of a microbe with its environment and, as such, unveiling the secondary
metabolomes of bacteria will shed light onto microbial interactions and chemical ecology
[18,19]. This knowledge could in turn permit a bottoms-up reconstruction of the multipartite
interactions, mediated by the exchange of secondary metabolites [13-16]. Key to this
exchange are the regulatory circuits that control cryptic or induced secondary metabolism,
which presently is poorly-understood [13,20-22]. The question of when and how a
bacterium “‘chooses’ to activate a given silent BGC is a fascinating and unresolved one, and
detailed studies are sure to illuminate mechanisms, perhaps new ones, by which exogenous
signals or cues govern this process. Lastly, once new cryptic metabolites have been
characterized and linked to their cognate BGCs, biosynthetically-interesting transformations
can be explored, thus revealing new biosynthetic routes and enzymatic reactions.

That silent BGCs are an important frontier of natural products research has been recognized
by the research community and a number of methods have been developed for activating
them. Among the first methods were expression of a BGC in a heterologous host, insertion
of constitutive or inducible promoters, co-culture methods, and ribosome engineering. These
approaches have been extensively covered in the past [8-13,23]. Herein we review the most
recent strategies that have been developed, as well as improvements on previous
methodologies (Fig. 1). These include application of CRISPR-Cas9 methods for introducing
active promoters, high-throughput elicitor screening (HiTES) to identify small molecule
inducers, and reporter-guided random or transposon mutagenesis, all for the purpose of
awakening silent BGCs.
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Using CRISPR-Cas9 to Introduce Constitutive Promoters

Among genetic methods for activation of silent BGCs, perhaps the most widely-used is
replacement of the native promoter with known constitutive or inducible ones. Though
generally successful, the approach has two key limitations: (1) the organism of choice must
be genetically tractable with a sequenced, annotated genome, and (2) the BGC needs to be in
a single operon. These limitations make application of the approach challenging in the
“talented” Streptomyces genus [7], in which genetic manipulations are slow and multiple
genetic insertions very challenging. One solution to this quandary is the application of
CRISPR-Cas9 methods, a versatile genome-editing technology that is effective even in many
genetically intractable organisms (Fig. 2a) [24—-26]. This technology was tailored for
application in Streptomyces by several groups simultaneously, who each engineered
CRISPR-Cas9-based platforms for the genus and showed their ability to delete genes or
gene clusters and perform gene replacements [27-30]. Significantly, these platforms
demonstrated increased efficiencies and decreased time investments compared to
conventional genetic methods.

As a proof of concept, Cobb et al. first used CRISPR-Cas9 to knock-in constitutive
promoters upstream of previously characterized pigment biosynthetic gene clusters in
genetically tractable model Streptomyces strains [27], including the indigoidine cluster in
Streptomyces albus and the actinorhodin and undecylprodigiosin clusters in Streptomyces
lividans. These efforts resulted in successful activation of pigment production.

The method was further extended to two uncharacterized BGCs in Streptomyces
roseosporus with homology to clusters with known products [31]. Knock-in of a constitutive
promoter upstream of one cluster induced the production of the polycyclic tetramate
macrolactams alteramide A and dihydromaltophilin, both previously reported metabolites
(Fig. 2b) [32,33]. The second cluster targeted showed high homology to the known
phosphonate FR-900098 [34], and a bidirectional promoter cassette was introduced to drive
its expression. The engineered strain showed increased production of FR-900098 (Fig. 2b).

Finally, the strategy was also applied to uncharacterized BGCs in three Streptomyces strains.
In S. roseosporus, knock-in of an active promoter upstream of a type | polyketide synthase
(PKS) or a separate LuxR-regulated PKS induced production of a new metabolites, as
determined by LC-MS analysis. In Streptomyces venezuelae, insertion of a bidirectional
promoter to drive a type |11 PKS resulted in production of a pigment, the structure of which
was not reported. Finally, in Streptomyces viridochromogenes, an uncharacterized type Il
PKS was induced, and the major product of the engineered strain was structurally
elucidated. Based on NMR analysis, the novel brown pigment was shown to consist of a
dihydrobenzo[a]naphtha-cenequinone core with an unusual cyclohexanone modification.
(Fig. 2b) [31].

In an interesting extension of these studies, Kang et a/took advantage of CRISPR-Cas9 and
transformation-associated recombination (TAR) in a strategy they named mCRISTAR [35].
In this approach, CRISPR-Cas9 was used to induce double-stranded DNA breaks in
promoter regions of silent BGCs. The resulting fragments were reassembled via TAR with
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synthetic promoters replacing the native ones. The refactored clusters were then
heterologously expressed. The method was successfully used to activate tetarimycin A
production, which had previously been identified by heterologous expression of
environmental DNA [36]. Related applications have been reported as well: some Aspergillus
fumigatus isolates are known to produce the pigment trypacidin. By comparing sequences of
trypacidin-producing and non-producing strains, Brakhage and colleagues identified a single
nucleotide insertion in the PKS-encoding gene of the latter group [37]. CRISPR-Cas9
editing was then used to carry out a single-nucleotide deletion, which resulted in restored
synthesis of trypacidin in the non-producing strain.

In summary, CRISPR-Cas9-mediated gene editing is a generalizable strategy that could lead
to additional natural products. A limitation that remains is that genetic procedures, even if
simplified, are required. Still, we expect to see further applications of this strategy in the
future.

High-throughput Elicitor Screening

The small molecule signals that may induce silent BGCs in the gifted actinomycetes and
other bacteria remain poorly understood [6,7,38,39]. To address this aspect, we previously
developed a chemogenetic method for identifying elicitors for silent BGCs [13,40]. Referred
to as HIiTES (high-throughput elicitor screening), the approach consists of insertion of a
reporter gene into the BGC of interest to provide a rapid read-out for its expression.
Subsequently, small molecule libraries are screened to identify candidate elicitors. We first
implemented the approach in the B-Proteobacterium Burkholderia thailandensis [40,41]
Recently, it has been extended to streptomycetes, specifically S. albus (Fig. 3) [42,43]. The
surnon-ribosomal peptide synthetase (NRPS) gene cluster, unexplored in S. albus, was
chosen as a test case. Two different reporter constructs were generated: one containing a
promoter-reporter construct, in which the silent surpromoter (Pg,,) was fused to a triple
eGFP cassette (Pg, -eGFPx3), and inserted into a neutral site on the S. albus chromosome. A
second strain carried a site-specific insertion of eGFPx3 directly downstream of the native
Pg,r promoter. HITES with both strains using a ~500-member natural product library
identified ivermectin and etoposide as the best elicitors of the sur BGC (Fig. 3). lvermectin
is used globally as an antiparasitic agent while etoposide is employed clinically as an
anticancer drug. Needless to say, the stimulatory properties of these famous metabolites
were not anticipated, demonstrating one of the strengths of the HITES approach.

Detailed secondary metabolite analyses of S. a/bus as well as a sur-deficient S. albus strain
in the presence and absence of the elicitors identified the products of the BGC and led to 14
novel cryptic metabolites in 4 compound families [42] (Fig. 3): These included (i) the
surugamides, a family of cyclic octapeptides containing a combination of L- and D-amino
acids [44]; (ii) acylated surugamides with a butyryl group modifying the side-chain amine of
a Lys residue, (iii) the albucyclones, which contain an unusual isoquinoline quinone that
decorates the surugamide scaffold, and (iv) a group of linear decameric peptides with D- and
L-amino acids as well as an uncommon B-Ala residue [42,45]. An additional metabolite,
albuquinone A, was also identified but did not stem from the sur BGC, indicating that
etoposide and ivermectin induced other biosynthetic loci as well (Fig. 3)
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Surugamides A, D, and F were previously found from a marine Streptomyces species,
Streptomyces sp. JAMM992 [44,45]. Biosynthetic investigations showed that the surcluster
in this strain and in S. a/bus synthesized two completely disparate products. The two
flanking NRPSs (SurA and SurD, Fig. 3) generated the octapeptides, while the two internal
NRPSs (SurB and SurC) gave rise to the linear NRPs, providing an unorthodox instance of
one cluster producing two disparate compound families [42,45].

HIiTES in S. albus not only helped to identify the products of the surgene cluster, but also
aided in uncovering some aspects of its regulation. The expression of surR, a cluster-specific
transcriptional regulator was found to be downregulated by both ivermectin and etoposide
[42]. The identification of a pathway-specific repressor and modulation of its expression by
exogenous molecules provide a starting point for investigating the regulatory circuits that
control the surcluster [42,43]. As this example demonstrates, the advantage of HIiTES is that
it allows insights into both the product(s) and regulation of a silent BGC. The finding that
low doses of antibiotics enhance secondary metabolite biosynthesis will surely motivate
further research in the future [40,42]. A current limitation is that genetic manipulations are
required; nonetheless, with the unique ability to connect small molecule elicitors to silent
BGCs, additional applications and improvements of HiTES are sure to follow.

Reporter-guided Mutant Selection

Reporter-guided mutant selection (RGMS) is a recently developed method for enhancing
microbial secondary metabolism. It combines two effective technologies: genome-wide
mutagenesis to generate genetic diversity, and a reporter system to facilitate selection of
mutants, in which the desired BGCs are induced. Additionally, invaluable mechanistic
insights can be gleaned regarding the genes that, directly or indirectly, regulate and silence a
given BGC. Perhaps the first use of RGMS applied to natural products was demonstrated by
Askenazi et al. in selecting Aspergillus terreus mutants with increased production of
lovastatin, a natural product and cholesterol-lowering drug with potent inhibitory activity
against 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase [46]. A promoter-
reporter fusion plasmid containing the /ovFpromoter and the reporter gene b/e, coding for
phleomycin-resistance, was constructed and transformed into the fungus. LoVF expression
was monitored through phleomycin-resistance. Transformants were mutagenized with UV
light and mutants were selected on agar plates with elevated concentrations of the drug.
About 50% of the phleomycin-resistant mutants showed overproduction of lovastatin, thus
validating the approach.

The strategy was later adapted by Xiang et al. to improve secondary metabolite production
in Streptomyces spp. [47]. In order to reduce the high rates of false positive mutants from
single-reporter screens, a double-reporter system was developed, in which xy/E, a
catecholase that stains colonies brown in the presence of catechol, was fused to neo (coding
for kanamycin resistance) to provide faithful read-out of gene expression (Fig. 4). Mutants
that lead to induction of the chosen BGC would be both Kan-resistant and catecholase-
positive. In Streptomyces clavuligerus, the xylE-neo cassette was fused with the promoter of
ccaR gene, a transcriptional activator of clavulanic acid (CA) biosynthesis. Upon UV
mutagenesis, 90% of mutants showed improved CA production. Recently, this method was
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also successfully applied in two other streptomycetes, S. venezuelae and Streptomyces sp.
PGA®64, leading to the induction of jadomycin biosynthesis and to the discovery of two new
gaudimycin derivatives (Fig. 4) [48].

The disadvantage of UV mutagenesis is that the gene(s) implicated cannot be easily mapped.
Moreover, multiple mutations may be induced thus complicating downstream analyses.
Transposon (Tn) mutagenesis, on the other hand, is more amenable to identifying the genes,
whose mutations alter secondary metabolism. Along these lines, Xu et al. recently
performed Tn mutagenesis in Streptomyces coelicolorto screen for mutants with altered
levels of production of the tripyrrole antibiotic undecylprodigiosin (RED), the bright red
color of which provides a tractable read-out [49]. The approach identified hundreds of genes
that influenced RED biosynthesis, including those in DNA metabolism, protein
modification, branched-chain amino acid biosynthesis, and genes involved in signaling,
stress, and transcriptional regulation. These results underline the complexity of biological
pathways that affect natural product biosynthesis.

Ahmed and coworkers combined the advantages of the experiments above, that is
mutagenesis by Tn insertion (rather than by UV) in conjunction with genetic reporters
(rather than compound-specific colorimetric read-out), to investigate candicidin production
in S. albus [50]. This cluster is not silent, and hence the authors searched for genes that
affect its expression. A Tn insertion into a transcriptional regulator resulted in production of
the chemical trigger, butenolide 4, which then led to overproduction of previously-known
candicidins and antimycins. The authors suggested that the transcriptional regulator acts as a
new regulatory element in the butenolide system to control secondary metabolism in S.
albus. Accordingly, RGMS, like HITES, can report on the product of a given BGC and its
underlying regulation.

Perspective

The development of an arsenal of approaches for inducing silent BGCs in a short period of
time has been impressive [8,13,51]. Though largely complementary, each of the approaches
old and new still has disadvantages that may prevent it from broad application. In our
estimation, the ideal method is one that avoids challenging cloning and genetic procedures,
uses mono-culture methods, and side-steps heterologous expression. Genetic procedures
slow down the pace of discovery and reduce the throughput of any method. Co-culture,
while in some cases successful, sometimes suffers from reproducibility and, when conducted
on agar surfaces, scalability. Heterologous expression has been very useful but is generally-
speaking not well suited to compounds that arise from crosstalk of multiple genetic loci and
to the large BGCs typically expressed in actinomycetes. Methods that alter the regulation of
a given BGC, i.e. promoter insertion and heterologous expression, cannot provide insights
into the regulatory networks that underlie cryptic metabolism. As such, the search for the
ideal, high-throughput method for activating silent BGCs continues. But the success with the
approaches developed so far clearly illustrates that the pursuit of such a method will be
worth-while.
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Highlights

. Silent biosynthetic gene clusters are a treasure trove of new secondary
metabolites

. CRISPR-Cas9 methods allow for site-specific insertion of active promoters

. HITES enables identification of small molecule inducers for any silent gene
cluster

. RGMS combines promoter-reporters and mutagenesis to activate silent
pathways

. These and other approaches promise to unlock the biosynthetic potential of
bacteria
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Figure 1.
Recent strategies developed for activation of silent BGCs that are discussed in this review.

The strategies include insertion of constitutive promoters using CRISPR/Cas9, identification
of small molecule elicitors using HITES, and selection of mutants that induce a given BGC
using RGMS. All three approaches have recently been implemented in Streptomyces spp.
See text for details.
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Figure 2.
Manipulating expression of silent biosynthetic genes using CRISPR-Cas9. (a) CRISPR-Cas9

methods adapted for use in streptomycetes are used to insert an active uni- or bi-directional
promoter to drive expression of silent BGCs. (b) This approach has been used in S.
roseosporus and S. viridochromogenes, among other strains, to induce production of
alteramide A, FR-9000098, and a type Il PKS-derived pigment.
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Figure 3.
High-throughput elicitor screening in S. albus. The cryptic surcluster was targeted with two

reporter strains, one where the promoter-reporter construct P,,-eGFPx3was inserted into a
neutral chromosomal site and a second, in which eGFPx3 was incorporated site-specifically
into the surcluster downstream of APs,. HITES with these reporters revealed etoposide and
ivermectin as inducers of the sur cluster, which was subsequently shown to produce a
bouquet of metabolites, including surugamides, acyl-surugamide A, albucyclones, and
surugamide F variants. Both elicitors globally enhanced secondary metabolite synthesis,
leading to the identification of a new metabolite, albuquinone A.
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Figure 4.

Reporter-guided mutant selection in Streptomyces spp. A double reporter construct, xy/E-
neo, is placed under the control of a desired silent promoter and the strain is then
mutagenized using UV, chemical or transposon mutagenesis. Desired mutants are selected
on Kan plates and further by screening for catecholase-positive colonies. The metabolome of
the mutant and wt strain are then compared by HPLC-MS to identify the products of the
chosen silent cluster. This approach led to overproduction of jadomycin B and gaudimycin
D, among other products.
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