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ABSTRACT: Recent efforts to sequence, survey, and functionally
characterize the diverse biosynthetic capabilities of bacteria have
identified numerous Biosynthetic Gene Clusters (BGCs). Genes
found within BGCs are typically transcriptionally silent, suggesting
their expression is tightly regulated. To better elucidate the
underlying mechanisms and principles that govern BGC regulation
on a DNA sequence level, we employed high-throughput DNA
synthesis and multiplexed reporter assays to build and to
characterize a library of BGC-derived regulatory sequences.
Regulatory sequence transcription levels were measured in the
Actinobacteria Streptomyces albidof lavus J1074, a popular model
strain from a genus rich in BGC diversity. Transcriptional activities
varied over 1000-fold in range and were used to identify key
features associated with expression, including GC content, transcription start sites, and sequence motifs. Furthermore, we
demonstrated that transcription levels could be modulated through coexpression of global regulatory proteins. Lastly, we developed
and optimized a S. albidof lavus cell-free expression system for rapid characterization of regulatory sequences. This work helps to
elucidate the regulatory landscape of BGCs and provides a diverse library of characterized regulatory sequences for rational
engineering and activation of cryptic BGCs.
KEYWORDS: synthetic biology, regulatory sequences, Streptomyces, biosynthetic gene clusters, cell-free expression systems,
oligonucleotide library synthesis

Beyond essential genes for core metabolism, many bacteria
harbor genes to synthesize a variety of metabolites that

can enhance fitness in different competitive environments.1−4

These biosynthetic genes often localize in genomes in regions
known as Biosynthetic Gene Clusters (BGCs), which encode
proteins for regulating, synthesizing, and transporting secon-
dary metabolites. Since these secondary metabolites also have
many uses in medicine, agriculture, and industrial settings,5,6

considerable efforts have been invested to discover novel
BGCs and isolate their cognate biosynthetic products.7−9

Genomic and metagenomic sequencing has dramatically
increased the rate that BGCs are identified in microbes and
across environments, which is further propelled by new
computational tools and databases to accurately stratify BGC
types and subtypes. While these advances have led to an
exponential rise in the number of BGCs cataloged,9−12

experimental characterizations and validations of BGCs have
remained challenging. Under laboratory conditions, BGCs are
generally transcriptionally silent in their native host or in a
heterologous host, and the conditions to trigger their activation
or tune their genetic regulation are poorly understood. Even if
specific molecules are produced from BGCs, they often can
have cryptic or unknown functions that may require further
detailed and labor-intensive studies.13

Numerous strategies have been developed to activate “silent”
BGCs.13 Testing environmental stimulatory signals or triggers
through growth condition optimization has been a useful and
sometimes fruitful approach. For instance, altering growth
media compositions, treating populations with chemical
perturbations, or coculturing BGC-harboring microbes with
other microbes have all demonstrated some level of success to
induce BGC expression and elicit secondary metabolite
synthesis.14−17 Another strategy is to take BGCs from
challenging native hosts and transform, express, and screen
them in a heterologous host more amenable to laboratory
cultivation and analysis. This heterologous expression
approach enables high-throughput screening of diverse and
complex metagenomic DNA samples (e.g., environmental
DNA) for their biosynthetic potential.18−21 Synthetic biology
also offers a pathway refactoring approach where synthetic
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versions of natural BGCs are synthesized de novo with well-
characterized promoters and ribosomal binding site (RBSs)
sequences replacing the native regulatory elements and all
genes are codon optimized to improve heterologous
expression. While these efforts are resource-intensive, they
have shown recent successes in generating new secondary
metabolites.22−25

Due to the notable metabolic burden of producing
secondary metabolites, BGCs are generally tightly regulated
and their gene expression control offers an interesting target
for direct BGC activation. For instance, rewiring gene
regulatory networks by tuning the expression of key global
regulatory genes could in turn activate BGCs.26 Modulating
expression of regulatory genes, including both pathway/cluster
specific regulators and broad global regulators, have been

shown to induce expression of cryptic BGCs and synthesis of
novel secondary metabolites.27−30 These studies suggest that
rewiring regulatory networks may potentially be a simple and
generalizable approach to activate secondary metabolism. A
deeper profiling of BGC gene regulation could therefore
accelerate the secondary metabolite discovery pipeline.
Massively Parallel Reporter Assays (MPRA) have emerged

as a powerful tool to systematically dissect gene regula-
tion.26,31−33 By leveraging high-throughput DNA oligonucleo-
tide library synthesis, MPRAs enable systematic and functional
characterization of a large and diverse sequence space for
elucidating fundamental principles that drive gene regulation
and expression. Here, we describe the use of this general
approach to assess gene expression determinants of BGC
regulatory sequences. We employed MPRA to characterize a

Figure 1. Mining and construction of a regulatory sequence library from Biosynthetic Gene Clusters. (A) Overview of our pipeline to characterize
transcriptional activities of regulatory sequences in S. albidof lavus J1074. Regulatory sequences are mined from intergenic regions of MIBiG BGCs.
Subsequently, a start codon, unique barcode sequence, and restriction digest sites are added to each sequence and all compiled sequences are
synthesized together as an oligonucleotide pool. Following cloning in E. coli and subsequent conjugation into S. albidof lavus, targeted DNA-seq and
RNA-seq are used to measure transcriptional activities of each library sequence. (B) Different gene function categories associated with CDSs
downstream of mined intergenic regions. Categories were assigned by their smCOG designations. (C) Distribution of length of intergenic regions
where regulatory sequences were mined in BGCs. (D) Distribution of the GC content within the first 100 base pair of the regulatory sequences
mined from BGC intergenic regions.
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library of >3000 natural BGC regulatory sequences using
Streptomyces albidof lavus J1074 (previously Streptomyces albus
J107434) as a model host. This regulatory library was
transcriptionally active and exhibited expression ranges
spanning >1000-fold that was correlated with GC content in
the regulatory sequences (RSs). In addition, coexpression of
global regulatory factors altered the expression capacity of
different regulatory sequences. To accelerate MPRA studies in
Streptomyces, we further developed and optimized a Strepto-
myces cell-free expression system capable of single-pot
multiplex transcriptional characterization of regulatory sequen-
ces. These efforts offer a more systematic analysis of BGC
regulation and a large set of characterized regulatory sequences
that can be leveraged to better modulate and activate the
expression of BGCs and other synthetic biology efforts in
Actinobacteria.

■ RESULTS AND DISCUSSIONS

Mining and Generating a BGC Regulatory Sequence
Library in a Model Actinomycetes. Since most regulatory
sequences (RSs) in BGCs remain poorly characterized, we
sought to perform an unbiased systematic survey of transcrip-
tional capacities of different regulatory sequences found in
BGCs. We chose S. albidof lavus J1074 as the bacterial host to
characterize regulatory sequences in because this strain has
been a useful host for heterologous expression of BGCs and is
a model Actinobacteria from a genus rich in BGC diversity.35,36

In order to facilitate screening a large set of diverse regulatory
sequences, we leveraged MPRAs, which have been used
extensively in bacteria for diverse applications ranging from
characterizing diverse metagenomic regulatory sequences,
assaying regulatory sequence composability, dissecting key
sequence features underlying gene expression, and more.31−33

Furthermore, while regulatory sequence libraries have been
screened in Streptomyces before,37−39 the transcriptional
landscape of native BGC regulatory sequences have not been
explored. To that end, we first mined in silico putative
regulatory sequences from untranslated intergenic regions
upstream of coding genes in BGCs, which were then
synthesized in a pooled library, cloned into expression vectors,
and then introduced into S. albidof lavus for MPRA measure-
ments (Figure 1A). Our library of regulatory sequences was
compiled from ∼400 full length BGCs in the Minimum
Information about a Biosynthetic Gene cluster (MIBiG)
database.40 These curated BGCs produced a diverse array of
secondary metabolite classes and were sourced from microbes
with diverse phylogenetic origins (Figure S1A). Since Actino-
bacteria are prolific secondary metabolite producers,1 the
largest proportion of BGCs were derived from Actinobacteria
genomes. Polyketides constituted the largest fraction of the
curated BGC diversity followed by nonribosomal peptides
(NRPs) and ribosomally synthesized and post-translationally
modified peptides (RiPPs), respectively. The compiled BGCs
ranged from 1 kilobase (kb) to 150 kb in size, with an average
length of ∼41 kb (Figure S1B) and encoding ∼20 annotated
coding sequences (CDS) (Figure S1C) with about half of the
CDSs carrying gene function annotations. While most of the
CDSs were biosynthesis genes, a minor subset of CDSs were
genes related to regulatory and transport functions (Figure
1B). From these BGCs, we extracted 3189 5′ intergenic
regions that were at least 100 base pairs (see Materials and
Methods). These intergenic regions had an average length of
∼360 bp and majority of them were shorter than 1000 bps
(Figure 1C). On average, each BGC yielded an average of
eight valid 5′ intergenic regions. From each 5′ intergenic
region, we selected 100 base pairs from the 3′ end, which
corresponded to regions directly upstream of start codons used

Figure 2. Transcriptional activity of BGC-derived regulatory sequences (RS) in S. albidof lavus. (A) Histogram showing the distribution of
transcriptional activity of 2186 regulatory sequences in S. albidof lavus is displayed in blue. 795 RSs below the expression detection threshold (i.e.,
observed >10 DNA reads but >10 RNA reads) were given a pseudovalue and displayed in gray. Expression level of the constitutive Streptomyces
promoter ermE* is denoted by the dotted line. (B) Box plot showing transcriptional activity of RS grouped by their GC content. Center line denote
the median, with boxes showing top and bottom 25th percentiles. Whiskers are 1.5× the respective boxes and values beyond the whiskers are
displayed as individual points. (C) Distribution of primary TSS locations of 853 regulatory sequences measured in S. albidof lavus. (D) Sigma factor
motifs generated from regulatory sequences upstream of TSS from all active regulatory sequences (left panel) and the top 10% highest expression
regulatory sequences (right panel). Between each −35 and −10 sequence motif, the distributions of spacer lengths are shown.
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to identify 5′ intergenic regions, to yield a 3189-member
library composed of 100 bp putative regulatory sequences
(sequences that encoded a BamHI or PstI restriction cut sites
in the 100 bp region were removed). Since regulatory sequence
GC content is known to correlate with bacterial gene
expression,31,41 we also assessed the GC content of our
regulatory sequences and observed two discrete clusters of GC
content distribution: a major peak centered around ∼65% GC
and a minor peak centered around ∼35% GC reflected the
genomic GC content bias of known bacteria that are prolific
secondary metabolite producers40,42 (Figure 1D).
For each member of the regulatory sequence library, we

assigned two unique 12-mer DNA barcode tags to yield a final
library of 6378 constructs for pooled oligonucleotide library
synthesis and multiplex reporter assays. The final library also
included an inducible ptipA,43 constitutive ermE*,44 and a
panel of endogenous S. albidof lavus promoters previously
identified to be constitutively expressed38 as control regulatory
sequences. Each construct was synthesized with an ATG start
codon, aforementioned DNA barcode, BamHI and PstI
restriction digestion sites for cloning, and common flanking
sequences for pooled PCR amplification. The synthesized
oligonucleotide library pool was amplified and restriction
digest cloned upstream of an ATG-less mCherry reporter gene
in the pJP50 shuttle vector (a pIJ1025745 derivative, see
Materials and Methods) with the ΦBT1 integrase. We
transformed the cloned library first into E. coli S17 strain
and then used bacterial conjugation to deliver the library from
E. coli S17 to S. albidof lavus J1074. Sequencing of the
regulatory library in S. albidof lavus validated that ∼6000
unique RS-barcode constructs were successfully integrated into
the S. albidof lavus genome, representing a ∼90% coverage of
the designed library.
Multiplexed Measurements of BGC Regulatory

Sequences in S. albidof lavus. To quantify the transcrip-
tional capacity of our BGC regulatory sequence library in
S. albidof lavus, we performed targeted DNA-seq and RNA-seq
on the cell population upon growth in rich media. After
collapsing down on the replicate DNA barcodes, 2981 putative
regulatory sequences were successfully integrated into the
S. albidof lavus genome (Figure S2A). Of those, 2186
sequences exhibited measurable transcriptional activity levels
while the other 795 sequences had transcriptional levels below
detection threshold (detectable DNA reads but no RNA reads;
see Materials and Methods). Briefly, transcriptional activity
levels were determined by normalizing the relative RNA
abundance by the relative DNA abundance for each regulatory
sequence. Individual transcriptional measurements were highly
reproducible between biological replicates, and to a lesser
extent, between barcode replicates (same regulatory sequences
measured with two unique DNA barcode sequences) (Figure
S2B). Transcriptional levels spanned over a 1000-fold range of
expression, indicating that the BGC regulatory sequences
contained a transcriptionally diverse set of regulatory
sequences (Figure 2A). Comparing the transcriptional levels
of BGC regulatory sequences against the widely used
constitutive Streptomyces promoter, ermE*, showed that the
vast majority of BGC regulatory sequences had lower
transcriptional levels than ermE* (Figure 2A). Only 24
regulatory sequences (approximately 1% of measured regu-
latory sequences) exhibited higher transcriptional level than
ermE*. In addition, none of the 24 sequences outperformed
ermE* expression by more than 5-fold (most were between 2−

4-fold higher than ermE*), indicating that expression levels of
regulatory sequences derived from BGCs are generally weaker
in S. albidof lavus than a common constitutive promoter ermE*.
This observation suggests that BGC expression could be
improved by using heterologous regulatory sequences such as
ermE* or other characterized regulatory sequences with higher
expression than ermE*.37,38

Next, to better contextualize the distribution of BGC
regulatory sequence expressions, we explored the relationship
between transcription levels and various global properties, such
as GC content, phylogenetic origins and types of BGCs from
which the regulatory sequences were derived. Regulatory
sequence GC content has been noted to inversely correlate to
gene expression in many other bacteria, with low GC content
sequences exhibiting higher expression levels.41 In agreement
with previous findings, we also observed that BGC regulatory
sequence expression was inversely correlated to GC content
(Figure 2B). Accordingly, we observed that regulatory
sequences with measured transcriptional levels, in contrast
with sequences with transcriptional levels below the level of
detection (i.e., inactive or silent regulatory sequences), had
lower average GC content (Figure S2C). In addition to GC
content, we also compared transcriptional expression level
distributions of regulatory sequences partitioned by either their
phylogenetic origins, chemical compound type of their
respective BGC metabolite, or functional class of their
downstream gene. While a few transcriptional measurement
distributions exhibited statistically different averages, none of
the averages differed by more than an order of magnitude,
suggesting that no categorical classifications could organize
regulatory sequence gene expression by their transcriptional
levels (Figure S2D). Therefore, to better identify gene
expression determinants, we next dissected the relationship
between expression and DNA sequence features at the base
pair level.
Core bacterial transcription is mediated by sigma factors that

interact with a bipartite cis-regulatory DNA sequence motif,
commonly known as the −10 and the −35 sequence motifs. In
order to map sigma factor binding locations in the BGC
regulatory sequence library, we first compiled transcription
start sites (TSS) of regulatory sequences using a k-means
clustering approach as previously described.31,46 TSS locations
were highly correlated between biological replicates (r > 0.98)
and barcode replicates (r > 0.95) (Figure S3A,B) and therefore
all replicate data were pooled and the TSSs were compiled to
yield 853 primary TSS locations (k-means clusters containing
≥70% of TSS calls). In contrast to the ∼2100 transcriptional
level measurements, a fewer number of primary TSS locations
were identified due to the relatively higher number of RNA
reads required for robust TSS mapping (see Materials and
Methods). The bulk of primary TSS locations were found
within 50 bp from the start codon (Figure 2C), in agreement
with TSS locations of native regulatory sequences in
S. coelicolor.47 Interestingly, we also noted the high prevalence
of leaderless transcripts in Streptomyces species (∼24% of
primary TSS were mapped to ≥10 bp).47 A subset of
regulatory sequences with primary TSS (∼41%) appeared to
have multiple TSS locations and this observation correlated
with GC content; regulatory sequences with more than one
TSS locations had significantly lower regulatory sequence GC
content than sequences with a single TSS location (t test, p-
value <0.005) (Figure S3C,D).
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Next, using primary TSS locations for each regulatory
sequence, we analyzed the upstream regulatory regions to
identify sigma factor binding sites. Using BioProspector,48 we
identified an enriched bipartite sequence motif (ttgacn/
TAnnnT) (Figure 2D) similar to the canonical sigma factor
motif from E. coli (TTGACA/TATAAT). Interestingly,
between E. coli and S. albidof lavus, both of their −10 and
the −35 sequence motifs are similar, but their −10 motifs
appear to be stronger than their −35 motifs. In the −35 motif
from S. albidof lavus, −33 G has the highest signal, similar to
the primary sigma factor, HrdB, binding motifs identified from
Streptomyces coelicolor RNA-seq results (ntGacn/tAnnnT).47,49

In addition, the most common spacing between the −10 and
−35 motifs was 17 bp, which reflects the optimal canonical
sigma factor motif spacings.50 Next, to identify sequence
features associated with high gene expression, we selected a
subset of sequences with top 10% highest transcriptional levels
and searched for sequence motif, which yielded a similar but
slightly different motif (Figure 2D). For highly expressed
sequences, the entire −35 motif was generally more conserved.
Specifically, the TTG motif was more prominently in addition
to the −31 C base. For the −10 motif, on the other hand, the
−12 T base was stronger in highly expressed regulatory
sequences. Lastly, within this subset of high expression
sequences, we observed that a higher proportion of sequences
had the 17 bp canonical optimal spacing between the −10 and
−35 motifs (Figure 2D).
Given that many different sequence properties (i.e., −10/−

35 sequence motif and interaction, GC content, spacer
sequence, 5′ mRNA stability, and TSS region composition)46

can affect gene expression, we attempted to integrate these
features into a model of gene expression in Streptomyces
albidof lavus using a subset of 835 RSs. First, each sequence
feature was independently compared against transcription

level. Similar to previous reports,31,46,51 we find in general that
the −10 motif strength and the −10/−35 sequence motif
interaction score showed the strongest correlation to gene
expression (Figure 3A). Next, these sequence features were
combined to generate a multiple linear regression (MLR)
model to capture the relationship between sequence features
and transcriptional activity levels. This model was subjected to
multiple rounds of subsampling, training, and cross-validation,
and we found that the linear model trained on 80% of the data
could explain ∼14% of the observed variance (r = 0.38) on
average in the other 20% of the data (Figure 3B,C). We note
that similar previous MLR models, which were trained on
expression data from similar experiments but different
regulatory sequence library and in bacterial species, could
explain a higher proportion of variance,46 which suggests that
BGC RS expression in this particular microbe may rely on
other regulatory expression mechanisms or utilize sequence
features not considered in our MLR model.

Modulation of BGC Regulatory Sequence Expression
Using Global Regulatory Proteins. Having characterized
key sequence properties that underlie expression of BGC cis-
regulatory sequences, we next aimed to dissect the trans-
regulatory mechanisms that drive BGC expression. Global
regulatory proteins have pleiotropic roles in bacterial gene
regulatory networks, capable of drastically rewiring the cellular
transcriptome and modulating gene expression at many loci. As
such, global regulatory proteins could be potent factors that,
when coexpressed, may activate secondary metabolism and
improve natural product yields.9 We thus sought to determine
whether heterologous expression of global regulatory factors
could induce direct transcriptional changes in our BGC-
derived regulatory sequence library. To that end, we first
assembled a list of candidate global regulatory proteins that
were previously used to improve natural product yields in

Figure 3. Modeling the transcriptional activity of BGC-derived regulatory sequences using a multiple linear regression. (A) Pearson correlation
between measured gene expression and various sequence features for 835 BGC regulatory sequences. (B) Correlation between predicted and
measured gene expression levels for varying percentages of the data used for training and testing sets. (C) Example multiple linear regression model
using 80% of the data set as training and 20% of the data as the test set.
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different Streptomyces species (Table S1). DNA-binding global
regulators we explored included IndYR, AbrC3, AfsQ1, and
XNR3487. lndYR, a GntR-like transcription factor, is an
endogenous factor in S. globisporus that regulates the
expression of landomycin E gene cluster and also yields higher
titers of actinorhodin (ACT) and moenomycin when
heterologously expressed in S. coelicolor and S. ghanaensis,
respectively.52−54 The two-component system (TCS) response
regulator (RR) AbrC3 could activate the natively silent ACT
gene cluster when heterologously expressed in S. lividans.55,56

Furthermore, AbrC3 also increased synthesis of desferriox-
amine when overexpressed in S. agrillaceus.57 AfsQ1, another
TCS RR, exhibits pleiotropic phenotypes when heterologously
expressed; in S. lividans, AfsQ1 increased ACT and
undecylprodigiosin antibiotic production, while in S. coelicolor,
it improved coelimycin production and altered phosphate

metabolism and morphological development.58−61 The
endogenous TCS RR from S. albidof lavus, XNR3487, did not
have any experimentally verified function but has high
sequence homology to S. coelicolor CseB (87% sequence
identity), which is a regulator of extracellular stress response
pathway.62 CseB is known to regulate the expression of sigE, a
sigma factor that has been shown to modulate secondary
metabolism expression in response to cell wall damage.63−65 In
addition, we also explored non-DNA binding global regulators
documented to induce BGC activation, including bldA, bldB,
and f f r. Notably, bldA, a tRNA gene that translates a rare
Streptomyces codon, TTA, is only expressed in the late
morphological development phase and genes required for
secondary metabolism frequently encode the TTA rare
codon.66,67 BldB is a small 98 AA protein that is indispensable
for aerial mycelia formation and antibiotic synthesis in

Figure 4. Modulating transcriptional activities of regulatory sequences through expression of global regulatory proteins. (A) Normalized activity of
two fluorescent reporter genes in S. albidof lavus showing comaintenance and fluorescent reporter expression from two separate plasmid constructs
using two different integration systems (pJP12, which shares vector backbone for the RS library and integrates through ΦBT1; pJP19, which shares
vector backbone for the global regulator constructs and integrates through ΦC31) measured through a microplate reader. (B) Transcriptional
activity between induced and uninduced samples across each regulator-RS library. Orange and blue data points represent RS with more than 4-fold
differential expression compared to uninduced condition. The positive control of induction, ptipA, is displayed in green square. Sequences that had
altered expression changes are represented in green circles. (C) Heatmaps showing the number of RS with altered transcriptional activity (increase
on left panel and decrease on right panel) for each global regulator as well as RS that can be modulated by more than one regulator.
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S. coelicolor with little known about its mechanism of
action.68−70 Lastly, f rr is a gene encoding the Ribosome
Recycling Factor that increased toyomycin synthesis when
overexpressed in S. diastatochromogenes.71−73 Other global
regulatory factors were considered (AdpA, AtrA, crp, metK,
and NdgR), but our attempts to generate the necessary
expression constructs were unsuccessful. Together, we ex-
plored seven diverse global regulators for their capacity to
induce expression changes in our BGC-derived regulatory
sequence library.
To test and screen each regulator for their impact on our RS

library, we first generated different S. albidof lavus strains that
could be induced to overexpress each global regulator, then
transformed the RS library into each strain, and finally
measured the transcriptional levels of the RS library by deep
sequencing as before. Briefly, we cloned each regulator
downstream of a thiostrepton inducible promoter in a
pIJ6902 shuttle vector and conjugated the plasmids from
E. coli to S. albidof lavus where they integrated into the
genomes using the ΦC31 integrase system. We then
performed library conjugations, via the ΦBT1 integration
system, into each regulator strain to yield eight different
S. albidof lavus library-regulator populations (seven regulator
strains and one strain with an empty pIJ6902 vector as a
control). The two integration systems, ΦBT1 and ΦC31, are
reported to be compatible in other Streptomyces strains.74 We
confirmed compatibility in S. albidof lavus through sequential
integration of two plasmid constructs, pJP12 which encodes a
constitutive ermE*-eGFP and integrates via ΦBT1, and pJP19
which encodes an inducible ptipA-mCherry and integrates via
ΦC31, and subsequent fluorescence measurements (Figure
4A). Regulatory sequence abundance distributions of each
library populations were similar to that of the original RS
library constructed in the wild-type S. albidof lavus (Figure
S4A). To profile transcriptional activation of regulatory
sequences with and without global regulator expression in
parallel, library populations were cultured with and without
thiostrepton induction and targeted DNA and RNA-seq was
performed as before. Transcriptional levels from these
regulator-RS library samples had similar correlations between
biological, technical, and barcode replicates as the original RS
library samples (Figure S4B). However, we noted that fewer
regulatory sequences had detectable transcription; the initial
RS library had ∼2200 measurable sequences while regulator-
RS library samples had ∼1000 measurable sequences on
average (Figure S4C). Rarefaction curves of RNA samples
from the regulator-RS library suggested that differences in
sequencing coverage likely does not explain the observed
discrepancies between the number of measurable sequences
(Figure S4D). The differences in the number of measurable
sequences between the libraries may reflect the metabolic
burdens elicited by additional antibiotic selection required for
the regulator expression construct (further decrease in
measurable sequences were also observed in thiostrepton
induced regulator-RS library samples). Overall, these results
highlight the feasibility of assessing RS library activity in the
context of different global regulatory proteins via pooled MPR
assays.
To enable robust transcriptional comparisons between

samples, we median normalized each sample and compared
expression of each regulator-RS library in induced and
uninduced conditions (Figure S4E). First, we confirmed
thiostrepton induction in all library populations by assessing

activation of a control thiostrepton-inducible ptipA promoter
present in each library. Indeed, we detected induction of ptipA
promoter across all samples (ranging from 4-fold to 300-fold
increase) (Figure S4F). 4-fold induction was used as a
threshold to designate RS as those with altered expression
levels (up or down regulated) from nonresponsive regulatory
sequences. We further filtered out any regulatory sequences
that also showed differential expression in the empty vector
library (i.e., “no regulator”) to control for any effects by the
vector itself (Figure S4G). On average, heterologous
expression of a global regulator resulted in about 18 RS
upregulated and 22 RS downregulated on average, which is
∼1% of the RS library (Figure 4B). Overall, there were 279
unique sequences with altered expression spanning 169 distinct
BGCs. The ptipA sequence was the most differentially
expressed sequence for each library, averaging a ∼100-fold
increase; upregulated RS had an average of ∼5.8-fold increase,
while downregulated RS had ∼5.6-fold decrease in expression,
reflecting the relatively weak magnitudes of gene expression
changes. Interestingly, the endogenous S. albidof lavus TCS RR
XNR3487 had the largest number of differentially altered RS
(65 downregulated and 77 upregulated), suggesting that
regulatory network rewiring with endogenous factors may
induce the largest gene expression changes. Furthermore,
majority of gene expression changes were orthogonal with
minimal overlap of altered sequences between regulators,
which suggests that expression of different global regulators
could differentially modulate different BGC regulatory
sequences (Figure 4C). Lastly, we observed that DNA binding
regulatory factors generally yielded more differentially ex-
pressed sequences (average of ∼38 downregulated and ∼25
upregulated) compared to non-DNA binding pleiotropic
global regulators (average of ∼10 upregulated and ∼9
downregulated), highlighting that as one may expect, the
non-DNA binding global regulators are less likely to activate
secondary metabolism through transcriptional regulation than
DNA-binding factors.

An in Vitro S. albidof lavus Transcription System for
Regulatory Activity Measurements. A key bottleneck for
multiplexed, library scale transcriptional assays such as the ones
demonstrated in this study is the need for high-efficiency
transformation protocols. Recently, cell-free expression systems
have emerged as a powerful platform for rapid and high-
throughput characterization of regulatory sequences.75 Cell-
free extracts (i.e., cell lysates) prepared from cultured cells
contain native transcriptional machinery and can recapitulate
cellular transcriptional profiles. As such, cell-free expression
systems are especially suited for profiling regulatory sequence
libraries in nonmodel microbes where efficient transformation
protocols are not available or are difficult to carry out at the
necessary scale. Previously, several reports described cell-free
Streptomyces lysates that use T7 promoters and purified T7
RNA polymerases to drive transcription.76−78 Encouraged by
these successes, we sought to develop a novel cell-free
expression system for S. albidof lavus for multiplexed transcrip-
tional reporter assays with the aim of establishing a
generalizable platform reliant on native transcriptional
machinery for rapid and massively parallel transcriptional
measurements that are concordant with in vivo transcriptional
measurements. To that end, we used a previous approach we
described for generating simple bacterial cell lysate systems.46

Briefly, cells were cultivation in a liquid medium, lysed through
sonication, incubated in a runoff reaction, and dialyzed (Figure
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5A). Buffer concentrations of Mg-glutamate and K-glutamate,
which are important cell-free reaction substrates,79 were
optimized using Broccoli, an RNA aptamer that fluoresces
when bound to DHFBI-1T, as a reporter. We found that our
optimized S. albidof lavus cell-free lysate could robustly
producing a Broccoli signal compared to a control construct
(Figure 5B, Figure S5A).
Using a previously described set of 234 regulatory sequences

(RS234) quantified in different cell-free expression systems,46

we then measured transcriptional activities both in vivo and in
vitro in S. albidof lavus and found that the two measurements
were reasonably well correlated (r = 0.71) (Figure 5C).
Interestingly, the strong constitutive promoter ermE* in vivo
exhibited low transcriptional activity in vitro, in accordance
with our observation that the S. albidof lavus extract did not
yield measurable Broccoli signal when the reporter was driven
by an ermE* promoter (data not shown). Nevertheless, we
next measured the transcriptional activity of our BGC RS
library using the S. albidof lavus lysate and compared the in vitro
activity to in vivo data. Overall, we observed a weaker but
notable correlation (r = 0.54) between in vitro and in vivo
transcriptional measurements (Figure 5D). We found that GC
content of the RS more strongly influenced gene expression in

vitro (r = −0.59) than in vivo (r = −0.1) (Figure S5B). RS with
low GC content had higher transcription in vitro than in vivo,
while high GC RS had higher transcription in vivo than in vitro
(Figure 5D). These results suggest that differences in
transcriptional capacity in S. albidof lavus cellular and cell-free
environments may yield notable differences in gene expression
measurements while still conserving general expression
patterns, and that further optimizations are necessary to
generate a lysate that more accurately reproduces the absolute
in vivo Streptomyces transcriptionally activity.

■ CONCLUSION

Here, we developed a diverse library of regulatory sequences
mined from BGCs to systematically characterize and dissect
the transcriptional capacity of the model Actinobacteria,
S. albidof lavus J1074 (previously S. albus J1074). A large
range of transcriptional levels (>1000-fold) could be generated
from BGC-derived regulatory sequences. To our knowledge,
this data set is the largest set of regulatory sequences
characterized to-date in S. albidof lavus using MPRAs and
hopefully constitutes a useful resource for modulating gene
expression and BGC activation in S. albidof lavus. Furthermore,
we expect that transcriptional activities of BGC derived

Figure 5. Cell free expression platform for rapid characterization of regulatory sequence activities in S. albidof lavus. (A) Overview of generating a
S. albidof lavus cell-free expression system to measure transcriptional activities of regulatory sequence libraries. Following preparation of cell extracts,
cell-free reaction is assembled by mixing cell lysates with optimized buffers and plasmids containing the RS libraries. The reaction is then incubated,
and then separate DNA and RNA sequencing libraries are prepped and sequenced. (B) Transcriptional assay with S. albidof lavus cell-free lysate
using a Broccoli reporter construct (blue) and a negative control (orange). (C) Quantification of S. albidof lavus cell-free expression system with an
established set of 234 regulatory sequences (RS234). The constitutive promoters ermE* with two separate barcodes are denoted by purple circles.
(D) Correlation between in vivo and in vitro transcription measurements on the BGC-derived RS library. GC content of the regulatory sequences
are denoted in different colors.
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regulatory sequences we characterized can be generally
extended to other evolutionarily related heterologous hosts
such as S. coelicolor, S. avermilitis, and S. lividans to also
potentially aid in heterologous BGC activations, although
strain level differences in native regulatory factors may cause
unexpected differences in regulatory sequence expression
levels.80,81 In this study, we identified GC content as a key
sequence feature that correlated with transcriptional activity of
BGC regulatory sequences. In addition, we demonstrated that
the expression levels of different sets of regulatory sequences
could be modulated through parallel expression of global
regulatory factors including both DNA-binding transcription
factors and non-DNA-binding factors. Finally, we developed an
in vitro platform to more rapidly measure the transcriptional
potential of regulatory sequences in S. albidof lavus. We
observed transcriptional discrepancies between in vitro and in
vivo measurements that appeared to be GC-dependent, which
may impact future studies relying on Streptomyces cell-free
lysates.
While we demonstrated robust transcriptional measure-

ments of BGC regulatory sequences, one limitation is that
short synthesized sequences were introduced into a heterol-
ogous host. Thus, this method would not capture any native
context dependent regulatory effects, such as those of
Streptomyces Antibiotic Regulatory Proteins (SARPs) which
are cluster/pathway specific transcriptional regulatory proteins.
Coexpression of cognate SARPs of each BGC (which can be
carried out using the same expression system demonstrated
here for global regulatory proteins) would enable a more
focused dissection of gene regulation on a BGC specific scale.
In addition, the synthesis of the length of the library also may
be a limitation on our ability to capture effects of further
upstream regulatory elements. We envision that further
improvements in the oligonucleotide library synthesis tech-
nologies will facilitate screening of longer, more complex
libraries.
Our results highlight that complex regulatory rewirings can

be potentially generated via combinatorial expression of global
regulatory proteins to further diversify gene expression patterns
and assist in BGC activation. For example, the aforementioned
SARPs have been shown to encode more TTA codon on
average than other proteins found in the Streptomyces
genome.66 Therefore, coexpression of both SARPs and bldA
(tRNA gene encoding the rare TTA codon) may yield more
successful activation of various BGCs through synergistic
interactions than what we observed with the bldA gene alone.
On the other hand, coexpression of both parts, a histidine
kinase and a response regulator, of a two-component system or
expression of an engineered constitutively active response
regulator,82 may yield more dynamic changes in BGC
expression. In addition, exploring other classes of regulatory
factors, such as ECF sigma factors which are found abundantly
in Streptomyces genomes,83 may further increase our capacity to
induce BGC activation. Lastly, improvements upon the cell-
free expression system described here may yield more accurate,
robust, and high-throughput systems to dissect complexity of
gene regulation in BGCs. For instance, our preparation of
S. albidof lavus cell extract employed a dialysis step that
removes small molecules of less than 10 kDa. The 90-amino
acid omega subunit of the S. albidof lavus RNA polymerase
(∼9.7 kDa) is nonessential but indispensable for morpho-
logical differentiation and secondary metabolism/antibiotic
production in Streptomyces.84−86 Further studies to assess

whether the omega subunit is lost during cell-free extract
preparation and any associated impact on lysate performance
can provide a better mechanistically basis for our observed
differences between in vitro and in vivo transcriptional
capacities. In addition, the culturing regimen used to generate
cell-free extract was co-opted from previous works which
aimed to optimize expression yields from orthogonal tran-
scriptional machineries. Thus, expanding upon culturing
regimen, such as longer culturing time scales, to access more
diverse metabolic phases may yield new cell-free extracts with
more desirable transcriptional profiles. Together, our work
demonstrates an application of high-throughput approaches to
dissect BGC gene regulation using S. albidof lavus to yield
deeper understanding of the transcriptional regulatory
mechanisms that govern secondary metabolism.

■ MATERIALS AND METHODS
Mining, Synthesis, and Cloning a Regulatory Se-

quence Library from BGCs. From the MIBiG database
(version 1.4), we selected “complete” BGC entries and mined
for putative regulatory sequences. 5′ intergenic regions of every
annotated coding sequences were initially selected from each
BGC. Intergenic regions shorter than 100 base pairs were
discarded and from the remaining sequences, 100 base pairs
directly upstream of each start codons were compiled.
Subsequently, sequences containing BamHI or PstI restriction
digest cut sites were removed from the library. Finally, to each
sequence, an ATG start codon and a unique 12 base pair
barcode (>1 hamming distance from all other barcodes) were
added to the 3′ ends. Resulting sequences were then flanked by
BamHI (5′) and PstI (3′) restriction digest sites and common
amplification sequences to yield 165 base pair sequences. Each
regulatory sequence was synthesized twice with unique
barcodes to yield a final oligonucleotide library of 6387
sequences (Agilent, G7721A). The oligo pool was diluted to
20 pM and amplified in 16 parallel 20 μL PCR reactions (1×
Q5 Hot start HiFi Master Mix (NEB, M0543L), 0.5 μM each
primer JP194, JP195) for 7 cycles to prevent overamplification
(95 °C 30 s, 7 cycles: 95 °C 10 s, 72 °C 30 s; and 72 °C 2
min). PCR reactions were pooled and cleaned up with beads
(Beckman Coulter, A63881). pJP50 plasmid was constructed
by replacing the ermE promoter region of pIJ12057 plasmid
with a synthetic DNA construct (IDT, gBlock) containing a
multiple cloning site and a start codon less mCherry reporter
construct flanked by fd and t0 terminators using NEB Builder
HiFi DNA assembly (NEB, E2621L). Resulting assembly
reaction was transformed into NEB turbo competent cells
(NEB, C2984H) and positive clones were selected with 50 μg/
mL hygromycin (Invitrogen, 10687010). Purified oligo pool
and pJP50 backbone were restriction digested with PstI and
BamHI, PCR purified, and ligated with T4 DNA ligase (NEB
M0202T). Resulting library ligation reaction was PCR purified,
resuspended into a 100 μL aliquot of E. coli MegaX DH10B
electrocompetent cells (Invitrogen, C640003), aliquoted into
four prechilled 1 mm cuvettes (Bio-Rad, 1652089), electro-
porated, and recovered in 4 mL SOC at 37 °C for 1 h.
Subsequently, 5 μL of the recovery culture were used to plate
serial dilutions to determine cloning coverage (>1500×
cloning coverage). Rest of the recovery culture was passaged
through two subsequent liquid selections in LB with
hygromycin grown overnight at 30 °C. Finally, library plasmid
DNA was midiprepped (Zymo, D4200) and transformed into
E. coli S17 for subsequent conjugation reactions.
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Cloning Inducible Global Regulator S. albidof lavus
Strains. Inducible regulator plasmids were generated through
Gibson Assembly using NEB builder HiFi DNA assembly with
PCR amplified regulator genes with overhang homology to
pIJ6902 plasmid and linearized pIJ6902 plasmid backbone
transformed into NEB turbo competent cells and selecting for
resistant colonies with 50 μg/mL apramycin (Sigma, A2024).
Resulting plasmids were miniprepped and transformed into
E. coli S17 strain for subsequent conjugation into S. albido-
f lavus. Briefly, E. coli S17 strains with regulator plasmids were
cultured overnight at 37 °C. Next day, the E. coli strains were
diluted 100-fold into a 5 mL LB culture with apramycin and
grown until mid log phase was reached (OD600 = 0.5). Then,
cultures were pelleted in a prechilled centrifuge and washed
twice with cold LB without antibiotics. Then, 1 μL of
S. albidof lavus spore stock (∼108 spores) was inoculated into
100 μL 2×YT media for each conjugation reaction and
activated by heat shocking for 10 min at 50 °C. Activated
spores were mixed with washed S17 strains, spun down,
resuspended in 100 μL 2×YT, and plated on 30 mL ISP4 agar
supplemented with 10 mM MgCl2. Conjugation reactions were
carried out at 30 °C for 14 h and then 1 mL antibiotic solution
containing 30 μL each of 1000× apramycin and nalidixic acid
(Sigma N8878) stock solution was overlaid to each
conjugation plate. Selections were carried out for 14 days at
30 °C, until ex-conjugants were visible. To prep spore stock
from conjugants, single colonies were inoculated into R5A
media with nalidixic acid and apramycin and grown for 2 days
at 30 °C. Subsequently, cells from liquid cultures were plated
on ISP4 agar plates and incubated at 30 °C for 14 days then
spores were harvested.
Library Scale Conjugation into S. albidof lavus. To

transform the regulatory sequence libraries into S. albidof lavus,
we performed an optimized conjugation protocol adapted from
a previous study.18 Briefly, we scaled up the number of S17
E. coli strains 10-fold (50 mL of mid log cultures) and
S. albidof lavus spores 50-fold (∼5 × 109 spores per
conjugation) compared to a standard conjugation reaction.
For each library (i.e., regulator-library pairs), we performed 4
optimized conjugation reactions on 150 mm Petri dishes
(Fischer, FB0875714) with 60 mL ISP4 agar with 10 mM
MgCl2. Selective antibiotic solution overlay consisted of 2 mL
distilled water supplemented with 60 μL of 1000× hygromycin
and nalidixic acid (and apramycin for regulator-library pairs)
stock solutions. Following selection for 14 days at 30 °C,
spores were prepped directly from the four conjugation plates
to yield stocks of ∼108 spores/μL.
Sequencing Library Preparation in S. albidof lavus. All

Streptomyces cultures were propagated in 125 mL baffled
Erlenmeyer flasks (KIMAX, 10−140−6) with 20−30 glass
beads (Zymo, S1001) added to disrupt clumping. Initially, ∼10
μL of library spore stock (∼109 spores) were resuspended in
200 μL 2×YT media, activated through heat shock at 50 °C for
10 min and inoculated into 20 mL R5A media with nalidixic
acid and hygromycin. For strains with regulators, apramycin
was also included. To induced regulator expression,
thiostrepton (Sigma, T8902) was supplemented to 50 μg/
mL final concentration. For the BGC library in the wildtype
S. albidof lavus strain, we cultivated 2 biological replicates and
for libraries in inducible regulator S. albidof lavus strains, we
cultivated 2 biological replicate each for induced and
uninduced conditions. Following incubation in a shaker (250
rpm) at 30 °C for 48 h, cultures were diluted 50-fold into fresh

20 mL R5A media with appropriate supplements and
incubated for 24 h. Dilution was repeated once more into 50
mL media, cultures were incubated for additional 16 h and
then harvested. Cells from the final 50 mL cultures were
pelleted through centrifugation and washed twice in cold PBS.
Subsequently, the pellets were resuspended in 2.4 mL RNA-
snap buffer.87 Approximately 1.6 mL of resuspended cells were
transferred into bead beating tubes (BioSpec, 330TX)
preloaded with ∼100 μL 0.1 mm glass beads (BioSpec,
11079101). Samples were bead beat (BioSpec, 112011) for 5
min at 4 °C in two intervals. Next, samples were subjected to
heat shock at 97 °C for 7 min and spun down for 10 min at
15 000 rpm. 500 μL of supernatants were transferred to 2 mL
nuclease free water in a 5 mL tube and then 2.5 mL
phenol:chloroform:isoamyl alcohol (Sigma, P2069) was added.
Samples were vortexed and spun down in a prechilled
centrifuge at 17,500 rpm for 1 h. 2 mL of the top aqueous
layer and phenol chloroform extraction was repeated once
more. Next, 1.25 mL of the aqueous layer was transferred to a
new 5 mL tube and ethanol precipitated (3.75 mL ethanol, 125
μL 3 M NaOAc), and resuspended in approximately 400 μL
nuclease free water. 50 ng of the resulting samples were used as
templates to prep DNA library sequencing samples. For each
sample, regulatory sequence was amplified in a 20 μL PCR
reaction: 10 μL Q5 Hot start HiFi Master Mix (NEB,
M0543L), 0.2 μL 100× SYBR green (Invitrogen, S7567), 6.8
μL nuclease free water, 1 μL each of 10 mM forward and
reverse primers (Supporting Information), and 1 μL template.
PCR (95 °C 30 s, cycle: 95 °C 10 s, 65 °C 10 s, 72 °C 10 s;
and 72 °C 2 min) was performed on a real time PCR machine
(Bio-Rad, CFX-96) and the reaction was terminated during
exponential amplification phase (∼20 cycles). 0.1 μL of the
first PCR reaction was used to perform a second 20 μL (1× Q5
Hot start HiFi Master Mix, 1× SYBR green, 0.5 μM of p5_X
and p7_X amp2 primers (Supplementary Table)) PCR (95 °C
30 s, cycle: 95 °C 10 s, 72 °C 30 s; and 72 °C 2 min) reaction
(ran on real time PCR machine to terminate reaction during
exponential amplification) to add sample barcode indexes and
Illumina p5 and p7 adapter sequences, yielding DNA library
sequencing samples. For RNA libraries, we started with 50 μg
of each sample and digested DNA with TURBO DNase
(Invitrogen, AM2239) as follows: 2 × 50 μL reactions
containing 5 μL TURBO DNase buffer, 2 μL TURBO
DNase, 1 μL RiboLock RNase inhibitor (Thermo Scientific,
EO0384), and 42 μL water with 25 μg RNA sample and
incubated at 37 °C for 1 h. Two digestion reactions of each
sample were pooled together, purified up using RNA clean and
concentrator (Zymo, R1017), and eluted in 40 μL. Next, we
performed three reverse transcription reactions for each sample
using gene specific primer targeting the mCherry reporter
transcript (JP616) and SSIV (Invitrogen, 18090010). First, 11
μL of the purified total RNA samples, 1 μL 10 mM DNTPs,
and 1 μL 20 μM mCherry primer were incubated at 65 °C for
5 min and then on ice for 1 min. Next, a master mix consisting
of 4 μL SSIV buffer, 1 μL 100 mM DTT, 1 μL RiboLock, and
1 μL SSIV were added and samples were incubated on a
thermocycler with the following protocol: 55 °C for 90 min, 80
°C for 15 min. Next, 1 μL each of RNase A (EN0531) and
RNase H (M0297S) were added and samples were incubated
at 37 °C for 30 min to remove remaining RNA. Samples were
purified using 2× SPRI beads (Beckman Coulter, A63881),
and eluted in ∼18 μL. Adapter sequences were ligated to the
samples as follows: to 5.1 μL cDNA template add 2 μL 40 μM
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DNA adapter (JP_adapter), incubate at 75 °C for 3 min and
on ice for 1 min, then add 2 μL T4 RNA ligase buffer, 0.8 μL
DMSO, 0.2 μL 100 mM ATP, 8.4 μL 50% PEG 8000, and 1.5
μL T4 RNA ligase (NEB, M0437M), and incubate for 16 h at
22 °C. Adapter ligated samples were cleaned up using 2× SPRI
beads and eluted in ∼20 μL. Three adapter ligation reactions
were carried out for each sample. Four RNA library sequencing
samples were prepared from each adapter ligated sample using
the same 2 step qPCR protocol described above for prepping
DNA library sequencing samples. All sequencing samples were
pooled together following quantification of dsDNA concen-
tration (Invitrogen, Q32851) of each sample, cleaned up using
2× SPRI beads (Beckman Coulter, A63881), and sequenced
with an Illumina NextSeq 300-cycle (150 pair-end) midoutput
kit (Illumina, 20024905). The all the raw FASTQ files for the
manuscript can be accessed at ArrayExpress: E-MTAB-9223.
Sequencing Analysis and Computational Workflow.

Raw sequencing reads were pair end merged using SeqPrep.
Then using a custom python script, merged reads with low
quality scores were removed (expected error >2 for the full
merged read). Next, counts of each regulatory sequence
construct with correct barcode identifiers were tallied with up
to 4% mismatch tolerance in regulatory sequence regions and
no mismatch allowed in barcode regions. Counts of each
construct were divided by the total sum of all constructs to
yield relative abundance measurements. For constructs with
>10 DNA and >10 RNA counts, we calculate a Tx value by
dividing its relative RNA abundance by its relative DNA
abundance. Constructs with <10 DNA and <10 RNA reads
were designated as missing from the library while constructs
with >10 DNA reads but <10 RNA reads were designated as
below the detection threshold for their transcriptional
activities. Replicate Tx values (technical, biological, and
barcode replicates), were averaged to yield a final set of Tx
values for each sample. When Tx values between samples, each
sample was median normalized prior to comparison.
Sequences with more than 4-fold expression differences
between induced and uninduced samples were classified as
differentially expressed.
TSS and Motif Analysis. TSS calls for each RNA read was

determined through alignment against the reference regulatory
sequence. For each regulatory sequence with more than 200
RNA reads, we processed all TSS calls of each regulatory
sequence to yield TSS locations through a k-means clustering
algorithm. Briefly, starting with 16 evenly spaced seeds from 0
to 100, clusters were reduced if two clusters are found within
10 base pairs of each another or if the cluster contained <1% of
all TSS calls. We defined primary TSS location of each
sequence as the cluster that contained ≥70% of all TSS calls.
Secondary TSS locations were defined as clusters that
contained >10% of all TSS calls.
We identified enriched bipartite sequence motifs (−10 and

the −35 sigma70 motifs) from regulatory sequences upstream
of primary TSS locations using BioProspector.48 BioProspector
algorithm was executed with the following parameters: -d 1 -n
200 -a 1 -w 8 -W 8 -g 14 -G 19, and the regulatory sequence
library was used to normalize for background distribution.
Spacer between the sequence motif was determined by the
median distance rounded to nearest integer value between the
two motif locations across all analyzed upstream sequences.
Cloning Fluorescent Reporter Plasmid Construct.

Two individual reporter plasmids were constructed to test
for integration system compatibility. An eGFP insert

(amplified with JP262/JP263) and pIJ10257 vector were
digested with NdeI and XhoI and ligated to yield vector pJP12.
An mCherry insert (amplified with JP351/352) and pIJ6902
(linearized with JP349/350) were cloned via Gibson Assembly
through NEB builder HiFi DNA assembly.

Development and Optimization of a Cell Free
Expression System Using S. albidof lavus. Streptomyces
albidof lavus were propagated in 125 mL baffled flask with glass
beads as described above. Compositions of all buffers and
reaction mixtures can be found in Supporting Information.
Briefly, 2 μL spore stock was activated in 500 μL 2×YT for 10
min at 50 °C, inoculated into 20 mL R5A media supplemented
with nalidixic acid, and incubated at 30 °C for 48 h at 250 rpm.
400 μL of the resulting culture was used to inoculate fresh 20
mL of the same liquid media (50-fold dilution) and incubated
for 24 h. 2 mL of the resulting culture was used to inoculate
two fresh 50 mL of the same liquid media (50-fold dilution
each) and incubated for 16 h. Cells were then pelleted in 50
mL falcon tubes in a prechilled centrifuge. Pellets were washed
twice in 50 mL S30A buffer, and the once in 5 mL S30A buffer.
Cells were then resuspended in 1 mL S30A per 1 g of wet cell
mass (100 mL of cells yielded ∼6−700 mg wet cell pellet).
Resuspended cells were lysed through sonication using Q125
sonicator (QSonica) while incubated on an ice slurry with the
following protocol: 50% amplitude, cycles of 30 s on 30 s off
until a total of 500J has been applied. Lysates were transferred
to a prechilled 1.5 mL Eppendorf and centrifuged at 4 °C for
30 min at 12 000g to pellet residual cellular debris. Supernatant
was then removed to a new Eppendorf tube and runoff
reactions were performed by incubating the supernatant at 30
°C for 90 min at 250 rpm Lysates were centrifuged again for 30
min, and the supernatant was transferred to a dialysis cassette
(Slide-A-Lyzer Dialysis cassette kit 10K MWCO, Thermo
Scientific, 66382), and dialyzed in S30B buffer for 3 h at 4 °C.
Lysates were centrifuged one last time for at 4 °C for 10 min at
12 000g and supernatant were removed, aliquoted, snap frozen
and stored at −80 °C. Protein qubit assay kit (Invitrogen,
Q33212) was used to measure protein concentration of
S. albidof lavus cell lysate, about 18.5 mg/mL. Cell free reaction
was optimized by combining the lysate, amino acids, energy
buffer, PEG with varying the concentrations of Mg-glutamate
(0, 3, 6, 9 mM) and K-glutamate (0, 30, 60, 90 mM) to test 16
different reaction conditions. To 7.5 μL of the reaction mix
described above, we added 2 μL reporter plasmid pTOPO-
F30-Broccili (final concentration of 50 mM), and 0.5 μL of 10
mM DHFBI-1T (Tocris, 5610). In negative control reactions,
2 μL of water were added instead of the reporter plasmids.
Each reaction condition was tested in triplicate on a 96 well
skirted PCR plate (BioRad, HSP9601) sealed with optical plate
seal. Fluorescence measurements were performed in a Biotek
H1 plate reader for 16 h at 30 °C using and 482 nM excitation
and 505 nM emission. We observed maximum fluorescence
measurements from 6 and 9 Mg-glutamate and 90 mM K-
glutamate at around 5 h post incubations. We next compared
fluorescence measurements using 6 and 9 mM Mg-glutamate,
and 90 and 150 mM K-glutamate and observed highest
fluorescence measurements from 9 mM Mg-glutamate and 150
mM K-glutamate.

Sequencing Library Prep with S. albidof lavus Cell
Free Expression Systems. Cell free transcriptional reactions
were carried out in 10 μL reactions containing 7.5 μL cell
lysate and reaction mixtures and 2.5 μL plasmid DNA library
(final concentration of 50 mM). Reactions were incubated at
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30 °C for 1 h and harvested. Reaction was purified using Zymo
RCC and elution in 50 μL. 2 μL of the purified reaction was
diluted 10-fold and used as a template to prep DNA
sequencing libraries as described above. To prep RNA
sequencing library, 5 μg of the purified reaction was used to
perform a 20 μL DNase digestion reaction (2 μL Turbo DNase
buffer, 1 μL Turbo DNase, 0.5 μL RiboLock RNase inhibitor).
Reaction was purified using Zymo RCC kit and eluted in 20
μL. 11 μL of the resulting elution was used to perform a 20 μL
reverse transcription reaction as described above, purified
using 2×SPRI beads, and eluted in ∼12 μL. Two AL reactions
were carried out as described above. The resulting adapter
ligated samples were used to prep RNA sequencing libraries as
described above.
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