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ABSTRACT: Actinobacteria are renowned for their ability to

produce a wide range of bioactive molecules, including many
anticancer compounds and antibiotics that are critical in the battle

against antimicrobial resistance. Despite identification of a vast D

array of biosynthetic gene clusters (BGCs) through genome O

mining, much of this biosynthetic potential remains unexplored, | B (1

partially due to the fact that many remain silent or cryptic under ‘ )

typical laboratory conditions. Regulatory networks can provide Discovery and prioritization
clues to the location of yet undiscovered gene cluster families or be [.:> | 1 of BGCs
leveraged to predict their expression. Here, we investigate the T -
associations between regulatory genes and BGCs to uncover their
predictive capabilities in discovering and prioritizing gene clusters
for downstream wet-lab validation. By analyzing the protein
domain architectures of 128,993 potential regulators derived from 440 complete Streptomyces genomes, we uncovered various
associations between biosynthetic classes, biological activities of their products, and regulator families. Specifically, subsets of the
Streptomyces Antibiotic Regulatory Protein (SARP) and LuxR families were strongly associated with biosynthetic pathways encoding
the production of bioactive compounds. After closer genomic inspection of the small SARPs, we discovered 82 putative SARP-

associated BGCs that escaped detection by state-of-the-art software. This shows that continued exploration of regulatory systems will
not only deepen our understanding of Actinobacteria’s biosynthetic capabilities but also facilitates discovery and prioritization of
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high-potential BGCs in future genome-mining applications.

B INTRODUCTION

The introduction of antibiotics as clinical agents has drastically
changed prevention and treatment of infectious diseases,
saving millions of lives worldwide. However, the mass
production and extensive use of these valuable natural
products have created unprecedented selection pressures,
causing the spread of resistance among bacteria and the
emergence of multidrug-resistant strains.”” Simultaneously, the
success rate of traditional antibiotic development through
high-throughput screening has dramatically declined, pointing
to the need for innovative approaches to discover novel
metabolites with clinical potential.”* As producers of two-
thirds of all clinically used antibiotics and numerous other
medically relevant bioactive molecules, members of the
phylum Actinobacteria are a prime source of specialized
metabolites.”® Their potential lies hidden within their
genomes, which contain sets of colocalized genes typically
encoding enzymes that act within the same biosynthetic
pathway, known as biosynthetic gene clusters (BGCs).” Recent
advances in genome sequencing and computational methods
such as artificial intelligence have enabled scientists to identify
numerous biosynthetic genes and gene clusters,” ' although
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only a fraction have been experimentally characterized, as
many remain silent or are sparingly expressed under standard
laboratory conditions.'”"* This is mainly due to our limited
knowledge and inability to replicate the environmental stimuli
that trigger the host’s native regulatory system, which in turn
controls the expression of BGCs and production of
metabolites."

To characterize this unexplored potential, researchers have
developed several methods that introduce such stimuli in the
laboratory, including varying strain-cultivation conditions,
cocultivation, or high-throughput elicitor screening strat-
egies."*'® Despite these efforts, the success rate of random
screening for bioactive compounds remains low, primarily
because of the frequent rediscovery of known compounds.'’
Additionally, the sheer number of predicted BGCs makes it
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Figure 1. Regulatory domain co-occurrence network and subclustering of SARP regulators. (A) Regulatory domain co-occurrence network in
Streptomyces genomes. Each node in the network represents a unique PEFAM domain, with node size proportional to the frequency of its occurrence
in the data set. Nodes are connected by edges if their respective PFAM domains co-occur within a single protein. The width of the edges indicates
the frequency of these co-occurrences, while edge transparency reflects the proportion of times the smaller node co-occurs with the larger one,
highlighting instances where the smaller domain consistently co-occurs with the larger domain. Subclustering within the network was performed
using the Markov Clustering Algorithm (MCL) using the frequency of co-occurrence as weight. The complete Cytoscape network file can be
downloaded from the supplementary data files. (B) Subclustering of SARP family regulators. A detailed view of the subclustering within the SARP
family, illustrating the different subclasses identified based on domain composition.

difficult to identify and prioritize those with the potential to
become novel drug targets. This challenge, in turn, complicates
the use of more targeted approaches, such as heterologously
expressing BGCs in alternative hosts.'® Since regulation is
crucial for the transcription of BGCs, addressing these
challenges can benefit from a deeper understanding of this,
in order to aid effective prioritization of promising drug targets
as well as elicitation of expression of BGCs in their native
hosts.

Various strategies have been developed to harness the
regulatory machinery to address these challenges.'” These
approaches typically focus on regulators, typically transcription
factors (TFs), which together form complex regulatory
networks. These networks are controlled by both global
(pleiotropic) regulators that control numerous targets, and
cluster-situated regulators (CSRs), which are believed to
influence the expression of genes within specific pathways.””*!
CSRs, in particular, have gained attention for their potential to
directly regulate BGC expression, which is of interest not only
for insights into how to trigger expression, but also for
prioritizing BGCs for experimental validation. For instance,
regulators from the Streptomyces antibiotic regulatory protein
(SARP) family are well-known CSRs of antibiotic BGCs and
are often considered markers for promising drug targets.”*”**
However, the presence of CSRs in BGCs and their association
with biological activities or biosynthetic classes has not been
comprehensively and quantitatively studied or characterized.
Even within the SARP family, there are subtypes, and some are
believed to be more frequently associated with antibiotic
BGCs, although this has yet to be systematically explored.”

In this work, we provide a comprehensive analysis of the
domain architectures of regulators and their associations with
BGCs to identify markers for potential novel or relevant
chemistry and bioactivity. By providing a systematic overview
of the most common regulatory types in Streptomyces species,
the model organism of Actinobacteria, and associating these
with predicted BGCs, we identified 11 regulatory subgroups
that have a preferential association with BGCs compared to
other genomic regions. Further exploration using SARP- and
LuxR-type regulatory subclasses as genomic markers for
discovery allowed us to pinpoint 82 and 86 regions with
predicted new biosynthetic potential. Taken together, these
findings not only enhance our understanding of the regulatory
system but also demonstrate the method’s effectiveness in
prioritizing promising gene regions for experimental validation,
potentially contributing to acceleration of the discovery
process of novel bioactive molecules and drug candidates.

B RESULTS

Mapping the Regulatory Protein Family Landscape
in Streptomyces. To obtain insights into the distribution of
genes encoding CSRs relative to BGCs, we first generated a
comprehensive overview of regulatory proteins in Streptomyces
species. For this, all protein-coding regions potentially
encoding transcriptional regulators were extracted from 440
complete Streptomyces genomes. This collection included all
completely assembled genomes available as of August 2023,
ensuring that no genes or BGCs were missed due to their
location at contig edges (Table S1). This identified 128,993
putative regulators corresponding to a collection of 1375
regulatory-associated PFAM domains. Next, we identified the
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Figure 2. Functional assessment of regulatory subclasses most strongly associated with BGCs. (A) Analysis of the top 14 regulatory subclasses,
displaying the proportion of hits within BGC regions and the classification of the nearest core gene. BGC classes are categorized into NRPSs, PKSs,
RiPPs, terpenes, saccharides, and others, as defined by antiSMASH. Visualizations were generated using iTOL.”” (B) Functional assessment of
regulators and associated BGCs, based on BGCs from the MIBiG v3.0 database.”® The detected BGCs must be at least 50% similar to a MIBiG
BGC, and the regulator—BGC association must have been observed at least 10 times.

domain composition of each putative regulator to classify them
into subgroups of related regulatory proteins. Given that
different proteins often share common domains, we analyzed
the co-occurrence of specific domains within individual
proteins. The resulting data were visualized as a domain co-
occurrence network (Figure 1A). In this network, each node
represents a unique protein domain, and edges indicate co-
occurrence of domains within the same protein. The most
frequently occurring domains were TetR_N (PF00440, n
46,647), HATPase c (PF02518, n = 36,759), and Respon-
se_reg (PF00072, n = 31,031) (Table S2). From the network,
we identified several regulatory protein families. The most
common families are labeled in Figure 1A, with histidine
kinases (n = 49,215) and the TetR family (n = 48,005) being
the most prevalent, followed by (anti)sigma factors (n
18,822), the LuxR family (n = 16,183), and the LysR family (n
= 13,444).

To identify which regulatory genes might be associated with
BGCs, we further subdivided the families into subclasses
through manual curation (Figure 1B). Consistent with existing
literature,”>*> SARP family regulators could be divided into
four distinct subclasses: (1) small SARPs, which consisted

solely of the transcriptional regulatory protein C-terminal
(Trans_reg C, PF00486) and the bacterial transcriptional
activator domain (BTAD, PF03704); (2) medium-sized
SARPs, which also contain the NB-ARC (PF00931) domain;
(3) large SARPs, primarily characterized by one of two types of
tetratricopeptide repeats (TPR_10, PF13374 and TPR_12,
PF13424); and finally, (4) a combinational subclass of SARPs
and a LuxR family type (LAL) that contains AAA ATPase
domains (AAA 16, PF13191, or AAA 22, PF13401) instead
of tetratricopeptide repeats. This process was repeated for all
possible combinations within the network. See Table S3 for a
complete overview of these combinations.

Identifying Functional Relationships of Regulatory
Gene Families with BGCs. Next, we explored associations
between regulatory genes and BGCs to identify which (sets of)
regulatory protein families show associations with natural
product biosynthetic classes or biological activities. We
evaluated the ratio of regulatory genes located inside versus
outside of antiSMASH-predicted BGC regions for all domain
combinations (Figure SIA). On average, 14.2% of regulatory
genes were found within predicted BGC ranges, which, given
that 14.6% of coding regions fell within these ranges, is similar
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Figure 3. Cluster similarity network of candidate cluster regions containing a small SARP encoding gene. In the network on the top, each node
represents a single cluster region, while edges are defined by the BiG-SCAPE* similarity clustering algorithm, linking BGCs with high similarity.
Node colors indicate the number of biosynthetic-associated Pfams detected within each candidate BGC. At the bottom, three selected BGCs are
explored in detail, with colors representing the annotations of different enzyme classes within the genes. The target SARP is indicated within a
yellow box.

to the frequencies of genes in general (Figure S2B). Therefore, regulators (single domain TetR_C_33, PF13305), genes for
we focused on regulatory subclasses in the upper quartile of the three subclasses of LuxR regulators (AAA_16, small-sized, and
association, identifying 12 subclasses that appear to be more large-sized PAS-LuxRs), genes for three subclasses of SARP-
closely linked to BGCs. These included genes for TetR family family regulators (small-sized, medium-sized, and SARP-LAL),
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as well as genes for LitR-, XRE-, ScbR-, NrdR-, and LexA-
family regulators. For each of these subclasses, we identified
the BGC class of the closest core gene to determine
relationships between regulatory genes and certain BGC
types (Figure 2A).

The resulting associations were further scrutinized to find
matches that are associated with specific BGC classes, or even
to specific gene cluster families (GCFs). Notably, this includes
some of the regulatory genes with the highest in-BGC ratios,
namely, large PAS-LuxR (97.6%), NrdR (95.6%), and LexA
(91.8%). Genes encoding the large PAS-LuxR regulators are
primarily found adjacent to genes recognized by antiSMASH’s
bacilysin HMM profile (n = 79/82), which falls under the
“other” category. This recognition indicates similarity to
bacilysin-related ligases, which are associated with biosynthesis
of the dipeptide antibiotic bacilysin. Genes encoding NrdR-
and LexA-type regulators are commonly associated with
nonribosomal peptide synthetase (NRPS)-independent (NI)
siderophore BGCs. Further inspection revealed that genes
encoding both NrdR and LexA regulators mainly co-occur
within members of a GCF with unknown function (NrdR n =
352/427, LexA n = 360/461). Beyond these BGC-specific
regulators, genes encoding XRE-like regulators (65.2% in-BGC
ratio) were frequently observed within predicted terpene
BGCs (n = 92/105 in-BGC), predominantly within the
hopene cluster and its homologues (MIBiG BGC0000663,
similarity >90%), although they are not strictly limited to this
GCF. Similarly, genes encoding LitR-like regulators (42.3% in-
BGC ratio) are also commonly associated with terpene BGCs
(n = 66/120 in-BGC) but also frequently occur in NRPS-like
clusters (n = 45/120 in-BGC).

To inform genome mining and prioritization of BGCs, a
crucial question to answer is which regulatory genes may serve
as beacons (or at least indicators) for BGCs with specific types
of natural product chemistry or bioactive potential. Genes
encoding SARP-family regulators are well represented with
three of the four subgroups showing higher in-vs-out BGC
ratios. The SARP subfamily that is most strongly associated
with BGCs is that of the small SARPs (82.1%), followed by
medium-sized SARPs (57.6%) and the SARP-LuxR hybrids
(SARP-LALs) with the AAA ATPase domain AAA 16
(42.6%). Genes encoding small SARPs are found across
various BGC classes, with the majority associated with genes
for different types of polyketide synthases (PKSs, n = 440/864
in-BGC), while those encoding medium-sized SARPs are more
commonly associated with NRPSs (n = 92/227 in-BGC) and
ribosomally synthesized and post-translationally modified
peptides (RiPPs, n = 74/227 in-BGC). In contrast, genes
encoding SARP-LALs are more frequently linked to type I
polyketide synthases (T1PKSs, n = 69/210 in-BGC). Addi-
tionally, genes encoding other LuxR family regulators,
including the LuxR-AAA 16 (35.9% in-BGC ratio) and small
PAS-LuxRs (48.8% in-BGC ratio), also tend to be more
associated with BGCs for T1PKSs (n = 538/1034 and n = 76/
105 in-BGC, respectively). To determine whether SARP
regulator-BGC associations extend beyond Streptomyces
species, we analyzed the presence of their genes across BGCs
in the antiSMASH database, based on the occurrence of BTAD
and trans reg c domains (Figure 1B). As expected, SARP
genes are primarily found in Streptomyces sp. (68%), but also
appear in other bacterial genera, such as Paenibacillus sp. (7%),
Lentzea sp. (7%), and Rhodococcus sp. (6%). The distribution
of regulator-BGC functions is similarly broad across classes,

with T1PKS, terpenes, and NRPSs being the most common
(Table S4). Genes encoding ScbR-like regulators of the TetR
family (70.1% in-BGC ratio) are primarily connected to BGCs
encoding butyrolactones (n = 347/487 in-BGC), small
signaling molecules known to regulate morphological develop-
ment and specialized metabolite production.”

Since some of these regulatory genes are associated with
various BGC types, we investigated whether any are more
specifically linked to certain BGC functions. To do this, we
retrieved the known biological activity of the product of the
most similar MIBiG BGC, if exceeding a similarity threshold of
50% (Figure 2B). For LitR, NrdR, ScbR, and TetR_C 33, the
proportions of regulatory gene-containing BGCs without
MIBiG-based associations with a known function were 84.3,
75.8, 49.8, and 47.8%, respectively. For those BGCs that could
be connected to a known function, we observed that, although
several LuxR family regulators were associated with T1PKS
BGCs, the specific functions of these BGCs varied. Genes
encoding small PAS-LuxRs were most frequently linked to
BGCs specifying antifungals, while SARP-LALs and LuxR-
AAA 16 were also associated with antibacterial activity.

Regulators as Markers for Identifying Novel Bio-
synthetic Gene Clusters. Next, we investigated whether
regulatory genes with a high in-BGC ratio could serve as
beacons for potentially novel BGCs. We focused on small
SARP genes, as they not only have the highest in-BGC ratio
after the cluster-specific regulators (82.1%, n = 864/1053) but
also are associated with a diverse range of BGC types (Figure
2A) known to specify compounds with antibacterial,
antifungal, or cytotoxic activity (Figure 2B). We specifically
examined the 17.9% (n = 189) of small SARPs encoded
outside the boundaries of BGCs belonging to known classes
detected by antiSMASH. Since predicted BGC regions may
not accurately represent the true boundaries, regulatory genes
situated just beyond the edge of a BGC could still be
functionally linked to that BGC. To account for this, we
identified genetic regions at least one approximate BGC length
(20 kb) away from any other gene cluster, resulting in 82
regions with a substantial distance from predicted BGCs. To
explore structural similarities within these regions, we applied
the clustering algorithm BiG-SCAPE,” which grouped them
into 49 singletons and 11 clusters of similar gene regions
(Figure 3). The functional annotation of each candidate BGC
was manually assessed to evaluate its potential involvement in
secondary metabolism. To streamline this process, we
quantified the number of biosynthesis-related PFAMs within
each gene region, allowing us to prioritize gene clusters more
likely associated with secondary rather than primary metabo-
lism. Indeed, gene clusters with a higher abundance of
biosynthetic PFAMs often displayed annotations linked to
known biosynthetic functions, such as aminotransferases,
methyltransferases, condensation domains, and P450 oxidor-
eductases. For a comprehensive overview of all BGC regions
and detected biosynthetic related domains, we refer to Table
Ss.

We have highlighted three candidate BGCs to demonstrate
the potential of using small SARPs as markers for discovering
and prioritizing novel BGCs, including those not detectable by
rule-based methods (Figure 3). The first region
(NZ_CP123923.1) features genes encoding the subunits of
NADH quinone oxidoreductase, an enzyme that catalyzes the
reduction of quinones to hydroquinones, as well as various
genes associated with menaquinone biosynthesis, a pathway
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known to encode potential antimicrobial drug targets. We also
observed a gene encoding an AMP-dependent synthetase/
ligase (QHGA49 RS15290) that has hits to protein-coding
genes from three BGCs in MIBIiG (BGC0000595S,
BGC0000596, and BGC0000597) with similarity scores of
56, 56, and 51%, respectively. These hits correspond to BGCs
for RiPPs, many of which encode antibiotics. In addition, we
identified a double-repeat sequence (TTGCAGT-N10-
TTGCAGT) matching the SARP binding pattern upstream
of a putative menaquinone biosynthesis gene
(QHG49_RS15195) using de novo motif discovery, suggesting
likely control of this operon by a SARP.

The genes surrounding the small SARP regulatory gene in
the second region (NZ_CP025407.1), spanning from
CXR04_RS25705 to CXRO04 RS25765, show over 50%
ClusterBlast similarity in antiSMASH to several terpene
clusters. These include genes encoding oxidoreductases,
transferases, and a transporter, although the region lacks the
core genes required for antiSMASH detection. Upstream of
this operon, three genes, for a Lacl regulator
(CXR04_RS25800), an ABC transporter
(CXR04_RS25810), and a glycoside hydrolase
(CXR04_RS25820), respectively, revealed a combined sim-
ilarity score of 52% to the aborycin BGC (BGC0002285), a
type I lasso peptide RiPP.

The third region (NZ_CP047019.1) contains several
enzyme-coding genes commonly associated with secondary
metabolism and that show sequence similarity to genes from
known BGCs, including those for cremeomycin
(BGC000129S) and diazaquinomycin H/J (BGC0001848).
Specifically, it includes a gene for a fructose-bisphosphate
aldolase (A7X85 RS43425), which shows 63 and 49% BlastP
identity to protein-coding genes from the cremeomycin and
diazaquinomycin clusters, respectively, as well as to a gene for a
3-dehydroquinate synthase IT (A7X85 RS43430), with S2 and
51% amino acid identity. Both of these genes also exhibit 51%
identity to two of the three genes from a benzoate-forming
subcluster of the platensimycin cluster (FJ655920). Addition-
ally, there is similarity to genes for an FAD/NAD(P)-binding
protein (A7X85_RS43500) with 64 and 61% identity, and an
adenylosuccinate lyase gene (A7X85 RS43505) showing 68
and 64% identity. Furthermore, genes within this region show
similarity to genes from two streptozotocin BGCs
(BGC0002294 and BGC0002313), including a 2-oxoglutarate
(20G) and Fe(II)-dependent oxygenase-like gene
(A7X85_RS43410, 58% identity), two O6-methylguanine-
DNA methyltransferase (MGMT) genes (A7X85 RS4351S
and A7X85_RS43520) with 55 and 65% identity, respectively,
and a sigma factor gene (A7X85 RS4352S, 69% identity),
suggesting that the region is likely to encode a secondary
metabolic pathway.

We repeated the process for the small PAS-LuxRs (Figure S2
and Table S6). The clustering resulted in 14 clusters and 23
singletons, of which all GCFs displayed ClusterBlast similarity
with PKSs, particularly type I and type II PKSs. In contrast to
SARP genes, which are associated with a broader range of
BGC types, PAS-LuxR detection predominantly identifies PKS
regions, which could be used to prioritize novel PKSs for
experimental characterization.

B DISCUSSION

In this work, we analyzed regulatory genes not only based on
their general annotations but more extensively on their domain

architecture using a protein domain co-occurrence (DCN)
strategy.”” This approach allowed us to group regulatory genes
into families and further refine them into subfamilies, which we
then associated with their presence within predicted BGC
ranges. This information can, in turn, be used to prioritize
BGCs that contain a regulatory gene known to be more
associated with a specific BGC class or functional classification.
For instance, to identify terpene-associated clusters, we show
that regions with XRE-type regulatory genes may be of interest.
Similarly, when targeting antifungal compounds, regions
containing small-sized PAS-LuxR genes could be explored,
which agrees with previous work on antifungal compound
discovery.>"** However, it is important to note that many of
the predicted BGCs lack functional annotations from the
MIBiG database, which currently limits the use of functional
annotations and bioactivities as a means to prioritize BGCs.
The refinement into subfamilies of regulatory genes
demonstrates that, rather than studying regulatory families as
a whole, studying these subfamilies results in better
associations. This aligns with previous speculations about
SARPs, where mainly representatives of the small SARP
subfamily are considered promising targets for activation
approaches.””*> Indeed, we identified several subgroups of
SARPs among those that are most frequently associated with
BGCs, with small SARPs having the highest in-BGC ratio,
reaffirming their importance for BGC regulation in Strepto-
myces species. In addition to small SARPs, we propose medium
SARPs and SARP-LALs encoding genes as promising targets
for further exploration, based on their high prevalence within
predicted BGC regions. Aside from these SARPs, we also
included an “other” category, which consists of regulators that
may not follow the typical domain structure, such as those
missing one of the common domains. This could be due to
currently unknown and unidentified domains within these
genes, suggesting that future improvements in domain
identification could lead to better classifications, not only for
this regulatory gene family but for all regulatory genes.
Current methods for BGC prioritization and discovery often
focus on specific gene markers, such as the decRiPPter
algorithm,9 which detects precursor peptides in RiPP BGCs,
and the ARTS approach,3‘ which prioritizes BGCs based on
self-resistance markers within the clusters. Here, we hypothe-
size that regions containing small SARPs, which remain
undetected by current rule-based BGC prediction algorithms,
may represent novel BGC regions and could serve as additional
markers for their discovery. These rule-based methods are
grounded in experimentally validated BGCs, which rules out
noncanonical BGCs encoding yet-undiscovered biosynthetic
pathway types. Accordingly, we demonstrate that targeting
small SARP genes outside the predicted BGC boundaries can
serve as an effective strategy for identifying novel noncanonical
BGC candidates. We applied the same approach to regions
containing PAS-LuxR genes and identified several novel,
previously undetected PKS-like regions, further demonstrating
that this method can be a valuable addition to BGC detection.
The HMM profiles and scripts from this study can be used to
identify regulator-BGC associations in Streptomyces and
beyond, integrating this regulatory-focused approach into
custom workflows. To ensure that these novel BGC candidates
are not artifacts of genomic degradation, it is important to
assess the conservation of the regions, particularly the operons
within them, across multiple species. Conserved regions are far
less likely to be undergoing degradation or loss, making them
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more likely candidates for novel BGCs. Given that the
detection boundaries are arbitrarily set and the regulatory
gene may not be part of the same operon, integrating
additional data types could help pinpoint the exact BGC.
For instance, transcription factor binding site (TFBS)
predictions or de novo TFBS discovery,”™*> accounting for
the autoregulation of target genes,’® could help identify the
precise regulon of the regulatory gene. Supplementing this with
coexpression data could further refine cluster boundaries and
provide insights into expression conditions.’”*® Ultimately,
this integrative strategy, leveraging multiple markers and data
types, will provide a more comprehensive and sophisticated
approach to BGC detection and prioritization.

Finally, artificial intelligence will likely lead to the
identification of a large number of yet unknown gene cluster
families (GCFs) for novel bioactive compounds. For large
GCFs with many BGCs, an important strategy for rapid
assessment of the biosynthetic potential will be to analyze at
least a few BGCs, each associated with different regulatory
gene families. This would make it likely that they are expressed
under different conditions and thus increase the chances that
the molecular product will be observed for at least one of them.
As an example, recently a new GCF was identified for RiPPs
(class V), which encodes novel modifying enzymes. Of the two
BGCs analyzed within this GCF, the SARP-associated BGC for
cacoidin was highly expressed,”” while that for pristinin that
only contained a LuxR regulatory gene was near-silent.”

B CONCLUSIONS

Advances in experimental and computational methods have led
to a substantial increase in the number of available bacterial
genomes and predicted BGCs within them. With this
abundance of clusters, there is great potential for the discovery
of novel natural products, yet it also raises the challenge of how
to prioritize BGCs for experimental validation and prevent the
rediscovery of known compounds."’ Current genome mining
tools typically rely on either rule-based approaches, which are
grounded in experimentally characterized compounds and thus
provide high reliability but are limited by the availability of
such data, or machine learning-based methods, which can
identify many potentially novel clusters but also generate a
higher number of false positives.*”*' In this work, we
investigated whether regulatory genes could aid in the
prioritization of BGCs with bioactivities of interest, aiming
to enhance BGC detection algorithms and provide researchers
with a more effective way to identify clusters for experimental
validation. Our findings show that the detection of specific
regulatory genes can not only aid in the prioritization of BGCs
with targeted functions but also reveal the potential for
discovering many more previously undetected BGCs. Thus, we
anticipate that incorporating regulatory predictions will
become a crucial component in the effective detection,
prioritization, and expression of BGCs, streamlining the
discovery of novel natural products with bioactive potential
and beyond.

B METHODS

Strain Collection. A total of 440 complete Streptomyces
genomes were downloaded from the NCBI database in August
2023. Accession numbers and strain identifiers are listed in
Table S1.

Regulatory Protein Domain Detection. To identify
regulatory-associated coding regions, we extracted 1375 profile
hidden Markov models (pHMMs) from PFAM v36.0"” using
27 regulation-focused keywords. These keywords included
structural identifiers such as “helix—turn—helix (HTH)” and
“helix—loop—helix (HLH)”, as well as general identifiers like
“repressor”, “activator”, and “DNA binding”. An overview of
the keywords can be found in Table S2. A total of 128,993
regions matched the regulatory pHMM selection by using
hmmsearch of HMMER v3.3.2 (https: //hmmer.org/ ) with the
gathering (GA) threshold. Each corresponding protein
sequence was then searched against the entire PFAM library
to generate a detailed overview of all present domains.
Overlapping hits were filtered by selecting those with the
highest normalized bitscore according to the PFAM profile
cutoff.

Domain Co-Occurrence Network Construction. For
each protein, all coexisting domains were counted and used to
construct a network using NetworkX v3.3,*> where nodes
represent the domains and edges represent their co-occurrence
within a single protein. Only co-occurrences detected at least a
hundred times were retained to obtain the most common
association patterns. The cluster algorithm MCL v14—137*
was applied with an inflation threshold score of 6, and the
resulting network was visualized by Cytoscape v3.10.2.*°

Associating Protein Domains with Biosynthetic Gene
Clusters. Gene clusters were detected in the Streptomyces
collection using the prediction software antiSMASH v7.1.0*
with detection strictness “relaxed”. A custom version of the
multiSMASH"” workflow was utilized to extract the BGC
ranges and annotations for each BGC. Each protein domain
was then compared to these BGC ranges to calculate the ratio
of hits within or outside the range. For hits located within a
BGC range, the corresponding BGC class and any available
functional annotations were noted. This process was repeated
for protein domain combinations, identified through co-
occurrence network subclusters (Table S2). The functional
assessment of regulators was based on annotations from the
MIBiG v3.0 database.”® To minimize false positives, we filtered
out BGCs with less than 50% similarity to a MIBiG cluster and
removed associations observed fewer than 10 times. Con-
servation of SARP regulators was determined by searching the
antiSMASH v4"® database for PFAM PF03704.21 and
PF00486.32 using cblaster v1.3.18" with the -u 2 -mh 1 -g 1
flags.

Candidate BGC Detection and Clustering. The
candidate BGCs were identified by selecting all small SARPs
located outside the antiSMASH-predicted BGC boundaries,
with a minimum distance of 20 kb from the predicted BGC
borders. The target genes were then side-loaded into
antiSMASH v7.1.0"° using the --sideload-by-cds flag, which
generates subregions around specified locus tags with a default
size of 20 kb. These sideloaded regions were used as input for
the BiG-SCAPE v1.1.8"” clustering algorithm. The resulting
networks were visualized using Cytoscape v3.10.2.*

B ASSOCIATED CONTENT

Data Availability Statement

All analysis scripts and data generated in this study are
available at https://github.com/HAugustijn/regulator_
profiling/
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