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ABSTRACT: Bacteria produce natural products (NPs) via
biosynthetic gene clusters. Unfortunately, many biosynthetic
gene clusters are silent under traditional laboratory conditions.
To access novel NPs, a better understanding of their regulation is
needed. y-Butyrolactones, including the A-factor and Streptomyces
coelicolor butanolides, SCBs, are a major class of Streptomyces
hormones. Study of these hormones has been limited due to
challenges in accessing them in stereochemically pure forms.
Herein, we describe an efficient route to (R)-paraconyl alcohol, a
key intermediate for these molecules, as well as a biocatalytic
method to access the exocyclic hydroxyl group that differentiates
A-factor-type from SCB-type hormones. Utilizing these methods, a
library of hormones have been synthesized and tested in a green fluorescent protein reporter assay for their ability to relieve
repression by the repressor ScbR. This allowed the most quantitative structure—activity relationship of y-butyrolactones and a
cognate repressor to date. Bioinformatics analysis strongly suggests that many other repressors of NP biosynthesis likely bind similar
molecules. This efficient, diversifiable synthesis will enable further investigation of the regulation of NP biosynthesis.

B INTRODUCTION

Natural products (NPs) have played a vital role in drug
discovery, exhibiting a wide range of structures and
bioactivities.'" NPs isolated from the Gram-positive soil-
dwelling bacteria Streptomyces are important sources of
antibiotic, antifungal, antiparasitic, and anticancer treatments,
as well as many other medicines and agricultural chemicals.” A
multitude of uncharacterized NP biosynthetic gene clusters
(BGCs) exist in Streptomyces strains,” ° suggesting an
untapped source of structurally diverse, bioactive NPs.
Unfortunately, many of these NPs are “silent” (i.e., produced
at undetectable levels) when grown in the laboratory.” Having
a molecular understanding of the regulatory systems that
control production of NPs is essential for maximizing the NP
potential from Streptomyces and identifying novel biological
probes and leads for drug discovery.

Small-molecule hormones are known to control tran-
scription of BGCs.® Streptomyces utilizes small-molecule
autoregulators such as y-butyrolactones (GBLs), y-butenolides,
and methylenomycin furans (MMFs) to control transcription
of NP BGCs.””™"® For example, auto-inducing factor (A-
factor),'® Streptomyces coelicolor butanolide 2 (sCB-2),"
virginiae butanolide A (VB-A),"” and IM-2'® are GBLs that
have been shown to regulate the production of streptomycin,
actinorhodin, virginiamycin, and minimycin, respectively
(Figure 1A). GBLs stimulate the production of NPs by
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binding to cluster-situated TetR-type repressors, releasing the
repressors from upstream of the BGCs and inducing
transcription (Figure 1B).19 Genetic evidence su§gests that
>60% of Streptomyces strains use GBL-type ligands,”” and more
recent genomics analyses suggest that GBLs may be wide-
spread in other bacteria including other Actinobacteria as well
as Proteobacteria.”’ However, only 19 GBLs and butenolides
from 8 Streptomyces species, along with 2 from Salinispora
species, have been identified to date.”'”*” They differ in the
length, branching, and stereochemistry of their fatty acid side
chains. While early reports suggest that each repressor is highly
specific for its ligand, more recent studies suggest that there
may be crosstalk between bacterial strains via shared or similar
ligands,1%16232¢

The SCB-type hormones from S. coelicolor are one of the
best studied of the GBLs. Takano and co-workers performed
initial studies, first with antibiotic stimulation assays and then
with an engineered kanamycin resistance assay.”'”*> While
these works were essential for beginning to establish ground
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Figure 1. (A) Structures of GBL hormones that induce production of NPs. The NPs they induce along with the producing strain are listed below
each structure. (B) Mechanism by which hormones derepress the repressors of NP biosynthesis. Receptors (R) prevent the production of NPs.
Production of a hormone by its synthase (S) followed by binding to R results in the release of R and induction of NPs.

rules for repressor-ligand selectivity, they were limited in two
important areas. First, the assays were only semi-quantitative,
requiring analysis of growth halos for activity. Second, nearly
all of the molecules examined were racemic mixtures, likely
because of the challenge involved in developing asymmetric
routes to these molecules. Unfortunately, stereochemical
mixtures can have dramatic effects on observed results, as
exhibited in a recent study of the induction of paulomycin in
Streptomyces albus.”* Specifically, paulomycin production was
induced upon heterologous production of natural SCBs, as
confirmed by mass spectrometry. However, when a racemic
mixture of synthetic SCB2 was used, no induction was
observed. It is possible that the wrong enantiomer may inhibit
activation or that timing of exposure to the SCBs differed
between the heterologous expression and synthetic hormone
experiments. Having access to enantiopure hormones would
enable further understanding of these results.

In this work, we sought to develop an easily diversifiable,
stereoselective route to A-factor-type and SCB-type hormones.
An efficient and inexpensive route to the key intermediate (R)-
paraconyl alcohol was developed, and the native SCB
ketoreductase ScbB was successfully adapted as a biocatalyst
for the reduction of A-factor-type hormones to SCB-type
hormones. Access to enantiomerically and diastereomerically
pure molecules, combined with the development of a green
fluorescent protein (GFP) reporter assay, enabled the first truly
quantitative studies capable of exploring structure—activity
relationships for hormones with the repressor ScbR. This work
has also allowed us to probe crosstalk of the ScbR repressor
with hormones originally isolated from other bacteria. Overall,
the synthetic route to stereochemically pure GBLs in
combination with a quantitative activity assay will enable
future exploration of ligands for other repressors, especially
those bioinformatically predicted to bind hormones structur-
ally similar to those that bind ScbR.

B RESULTS AND DISCUSSION

Accessing Protected (R)-Paraconyl Alcohol and
Enantiopure A-Factor-Type GBLs. Chemical synthesis of
GBLs typically involves the generation of the common core,
paraconyl alcohol (5, Scheme 1A), followed by alcohol
protection and incorporation of the required side chains via
either an aldol reaction or acylation and subsequent reduction
of the ketone.'®*°”** While many routes exist to access
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Scheme 1. Routes to (R)-Paraconyl Alcohol
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racemic paraconéyl alcohol, few enantioselective syntheses have
been reported.”>*”***° (R)-Paraconyl alcohol has previously
been synthesized using a lipase enzymatic resolution strategy in
7 steps with a 9% overall yield and 83% ee.’’ The low
stereoselectivity of this process led A(?payee and co-workers to
explore a chiral auxiliary approach.”® Impressively, they were
able to access (R)-paraconyl alcohol in just 4 steps with a 35%
yield and 95% ee. However, this route requires a relatively
expensive starting material (6, Scheme 1A) and long reaction
times. Given the importance of (R)-paraconyl alcohol for the
synthesis of stereochemically pure GBLs, as well as many other
NPs, we sought an alternate route that could more rapidly
provide (R)-paraconyl alcohol from inexpensive starting
materials. Drawing inspiration from recent work on the
synthesis of (S)-3-fluoromethyl-y-butyrolactone, we envi-
sioned a Wittig olefination of the cheap and commercially
available dihydroxyacetone (7) with (carbethoxymethylene)-
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Scheme 2. Synthesis of A-Factor-Type y-Butyrolactones
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triphenylphosphorane (10, Scheme 1B). Olefination and
transesterification proceeded well, giving the free butenolide
without the need for column chromatography (Scheme 2).
Protection of the free alcohol afforded the protected
butenolide (10) in 75% yield over 2 steps. With the protected
butenolide in hand, various conditions for asymmetric
reduction were explored. In the synthesis of (S)-3-fluorometh-
yl-y-butyrolactone, Rh-catalyzed asymmetric conjugate reduc-
tion was utilized.”> While this yielded enantiopure products,
we wished to avoid the need for high-pressure hydrogenation
reactions. For this reason, hydrogenolysis with copper hydride
was examined. Inspired by Buchwald and Lipschutz,**** (R)-p-
tol-BINAP with polymethylhydrosiloxane (PMHS) was found
to provide 9 in good yield (65% vyield) and excellent
stereoselectivity (>95% ee, Figure S1).

This improved route to 9 allowed us to access a variety of
stereochemically pure GBLs for biological evaluation. Specif-
ically, we chose to target A-factor from Streptomyces griseus
(1a), along with other A-factor-type hormones, including
exocyclic ketone derivatives of IM-2 and the SCB hormones.
Acylation of the core was carried out with NaHMDS and the
respective acyl chlorides to give these molecules in yields
ranging from 55 to 70%. Gratifyingly, a single diastereomer was
isolated, as evidenced by 'H NMR and polarimetry. Silyl
deprotection of compounds 1la—i allowed access to the
natural A-factor (1a) and several A-factor-type hormones that
have not previously been observed in nature (compounds 1b—
i).

Biocatalytic Reduction of A-Factor-Type to SCB-Type
Hormones. With the A-factor-type hormones in hand,
reduction conditions were explored. Previously reported
attempts at chemo-reduction of A-factor-type hormones via
Luche and Noyori conditions resulted mixes of diastereomers
(Figure 2A).”** Ketoreductases are widely used in numerous
systems to afford improved stereoselectivity.”® Recently,
Hyster and co-workers used a ketoreductase (KRED300) to
reduce the exocyclic ketone of another f-ketolactone en route
to the bicyclic darunavir side chain.”” While KRED300
efficiently and selectively reduces the exocyclic ketone, it
unfortunately gives the opposite stereochemistry to that
needed to access the SCB-type hormones. To identify an
enzyme capable of this reduction, the biosynthetic pathway for
the SCB hormones was explored (Figure 2B and Scheme S1).
The biosynthesis of the SCB hormones begins with ScbA
catalyzing a transacylation reaction between dihydroxyacetone
phosphate (DHAP, 17) and fatty acyl-CoA esters.”” After a
spontaneous cyclization, ScbC reduces the butenolide to the
butyrolactone and the phosphate is then removed by a
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Figure 2. (A) Previous reduction methods for A-factor-type
molecules. (B) Biosynthetic route for SCB-type GBLs.

phosphatase. Finally, the NADPH-dependent ketoreductase
ScbB converts the A-factor-type molecules into the SCB
hormones (Scheme S1). Heterologous expression of the
enzyme ScbB in E. coli was successful at 30 mg/L (Figure
S2A). Preliminary attempts to reduce kSCB2 (1c) with an
excess of NADPH resulted in good conversion. For this reason,
NADPH recycling systems were explored. The common
glucose-6-phosphate/glucose-6-phosphate dehydrogenase
(G6P/G6PDH) successfully generated the product (Figure
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Figure 3. (A) General scheme for ScbB-catalyzed reduction of A-factor-type GBLs to SCB-type GBLs. (B) Substrate scope for ScbB-catalyzed
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)6><105- )6x105-
8 ax1054 523 8 4x1054
o . o
w ('8
e e
S 2x105+ S 2x105+
w w
o o
0 ................... 0_.. ...........................
L) ) 1
1 10 100 1000 1 10 100 1000
Inducer Concentration (uM) Inducer Concentration (uM)
SCB2 - SCB6 -o- SCB1 SCB2
-6~ SCB7 - SCB8 SCB3 - SCB6
[ Reduced EA Ketone
C)ex10:4 D) 3x10°%; ;
3 .
3 d
8 4x1054 2x108-
it 2
= 2x1054 ’ 1x108-]
E /§ N
14 ) o
O D=7 0_‘
: y fn o0} :r [(e} v N :') N~
1 10 190 1000 88888888
Inducer Concentration (uM) PRI RR S
-~ SCB1 -o- kSCB1
SCB3 kSCB3 C6 C7 C8 C9

Figure 4. GFP reporter assay results for (A) hormones of varying chain lengths, (B) hormones with differing branching patterns, and (C)
hormones with differing oxidation states. Data shown are averages of at least 3 biological replicates with standard error of the mean indicated.
Graphs for all hormones along with ECy, E,.,, and Hillslope can be found in the Figure S4 and Table S1. (D) AUC for both the SCB-type
hormones (alcohol, light purple) and A-factor-type hormones (ketone, dark purple). Molecules are organized from the shortest side chain on the
left to the longest side chain on the right with length indicated below the molecules (C6—C9). * indicates a hormone with a branched side chain.

S2B). A buffer scan was then performed and revealed that a
HEPES buffer provided excellent conversion of the model
substrate. Utilizing these optimal conditions, the remaining
substrates were tested (Figure 3). Although isolated yields are
low due to solubility issues in aqueous media and low levels of
competing hydrolysis of the A-Factor type molecules,
conversion of the substrates shows the efficiency of ScbB
(Figure 3B). Side-chain lengths from 6 to 9 carbons were well
tolerated as well as differing branching positions. Interestingly,
kIM-2 (1b), which only has a 4-carbon chain, resulted in lower
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turnover, suggesting that a minimal chain length is necessary
for optimal activity. Gratifyingly, the diastereomeric ratio is
improved upon the previously reported conditions. The
reduction is also scalable, with a 0.235 mmol reaction of
kSCBS (1i), resulting in 47% isolated yield. From the success
observed with the endogenous ScbB, it is likely that other
ketoreductases involved in hormone biosynthesis from
Streptomyces species may be effective biocatalysts for accessing
other understudied signaling hormones.
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GFP-Reporter Assay Allows Structure—Function
Analyses for Relief of Repression of ScbR. After
establishing a route to stereochemically pure A-factor-type
and SCB-type hormones, we chose to explore their abilities to
act as ligands for the S. coelicolor repressor ScbR. Others have
previously used fluorescence reporter assays to identify
agonists and antagonists of transcription factors.""~* Addi-
tionally, Voigt and Takano have utilized fluorescence reporter
assays to explore ScbR as a component for genetic circuits.****
However, to date, no one has used such assays to quantitatively
determine structure—activity relationships for ScbR ligands.
Herein, a plasmid-based GFP reporter assay in E. coli was
developed (Figure S3A,B). Comparison to a control plasmid
with no repressor revealed a good range of activity (Figure
S3C). Synthetic hormones were screened for their ability to
relieve ScbR repression of gfp transcription in a dose-
dependent manner, enabling determination of ECsy, E. .,
and Hill coefficient for each molecule (Figure 4A—C, Table S1,
and Figure S$4). Electrophoretic mobility shift assays were also
performed, and the results compared well with the GFP assay
(Figure SS5). Every active molecule had a Hill coefficient
greater than 1, suggesting cooperativity of binding. This is
consistent with ligand binding seen with other TetR-type
repressors.”” The ECg, values are higher than those needed to
see activation in the native system. This is not surprising, given
that constitutive expression of ScbR from the strong promoter
BBa_J23100 (Registry of Standard Biological Parts) leads to
protein levels that are assuredly higher than in vivo expression
in the native host. The higher protein levels of ScbR would
need higher amounts of molecules to see relief of repression
compared to the native system, which likely has much lower
levels of ScbR. Overall, we chose to compare molecules based
on the area under the curve (AUC) because it has previously
been shown to best combine the information obtained from
the ECsy Engo and Hillslope (Figure 4D).***® Side-chain
length was found to have a prominent effect on activation with
a chain length of seven carbons (SCB6 and SCB1) being the
most effective with six, eight, and nine carbons (SCBS8, SCB2,
and SCB7, respectively) having higher ECy, values but similar
E,..x values. Interestingly, this differs from previous work in
which SCB2 was found to be more effective than SCB6."’ This
difference could be due to previous use of racemic mixtures or
the less quantitative kanamycin assay. Gratifyingly, the overall
trend of shorter chains (e.g., six carbons) and longer chains
(e.g, nine carbons) being less potent was consistent with the
previous reports. In addition to chain length, chain branching
was also explored. SCB1 and SCB3, both of which have a
methyl branch at carbon 6 of the side chain, had similar
potency to linear SCB6 but slightly higher E_,, values. This is
intriguing because Streptomyces utilizes primarily branched
chain fatty acids, compared to other bacteria such as E. colj,
and may suggest a method for selectivity. Unsurprisingly,
branch position also plays an important role. SCB4 and SCBS,
which have methyl branches at carbon 3 and 4 of the side
chain, respectively, are much less potent. Finally, the exocyclic
hydroxyl of the SCB-type hormones is essential for potent
activation. When comparing reduced SCB1 and SCB3 to their
oxidized counterparts kSCB1/A-factor and kSCB3, a signifi-
cant reduction in E _, and increase in ECs, are observed
(Figure 4D). This is particularly interesting, given that the A-
factor controls production of streptomycin in S. griseus. This
selectivity may protect against crosstalk between S. coelicolor
and S. griseus.
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In addition to exploring SCB-type and A-factor-type
hormones, two other hormone types were explored. The
MMFs are another type of hormone produced by S. coelicolor.
While the MMFs and SCBs are biosynthesized from similar
starting materials, they ultimately give structurally distinct
hormones. Others have previously demonstrated that the
MMEF receptor is unable to respond to SCBs.'* Herein, we
have demonstrated that the reverse is also true. MMFs are
unable to relieve ScbR inhibition (Figures S4 and SS). This is
supportive of individual Streptomyces strains having multiple
orthogonal hormones that control different biosynthetic
pathways. The acyl homoserine lactones (AHLs) are quorum
sensing molecules that are produced by Gram-negative
bacteria. We were able to confirm previous reports that
AHLs are incapable of relieving ScbR inhibition (Figures S4
and SS). This implies that these bacteria do not cross-activate
each other. However, it remains to be seen if they are capable
of inhibiting one another.

Bioinformatics Analyses of Bacterial Genomes Sug-
gest that SCB-Type Hormones Are Widespread. Previous
studies have suggested that the phylogenetic trees of hormone
receptors can predict the types of molecules that they bind."’
The topology of these trees indicates that the receptors likely
cluster based on the structure of their ligands and their DNA
binding domains. However, these analyses were limited to
fewer than one hundred strains. To further assess this
hypothesis, we have generated the largest ScbR phylogenetic
tree to date with 406 predicted TetR types repressors (Figure
5). We found that the known receptors separate well in the

SrrA
—————
SabR1

—_———

AvaR1

JadR3

/'

BarA

02

Figure S. Phylogenetic tree for repressors known (colored and
indicated) and predicted to bind GBL hormones. The full tree with all
repressors identified and with bootstrap values can be found in Figure
S6.

tree, supporting the fact that the receptor sequence could be
predictive of ligand specificity. ScbR and FarA, which both
bind SCB-type molecules, are in the same clade, along with
many other receptors likely to bind SCB-type hormones.
Interesting, JadR3, which also binds SCB-type hormones, is
found in a different clade. This may be due to a difference in
the DNA-binding portion of the enzyme. ArpA, the only
receptor known to bind A-factor-type molecules (ArpA), is
found in a separate clade with a handful of other receptors.
Interestingly, BarA, which binds the VB hormones, appears to
be alone in the phylogentic tree. However, that may be due to
undersampling. Finally, the receptors that bind the butenolide-
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type hormones (SrrA and SabR1) are together in another
clade, providing strong support for the hypothesis that the
ligand structure may be predictable based on receptor
phylogeny. The clusters containing ScbR, FarA, and JadR3
are large clades, suggesting that many receptors likely respond
to SCB-type hormones. Analysis of hormone BGCs in the
genome neighborhood of the predicted repressors further
confirms their likely structural similarity.

B CONCLUSIONS

Regulation of production remains understudied for the
majority of NPs. GBLs and the repressors they release are a
common type of NP regulatory system. Herein, we have
developed routes to stereochemically pure SCB-type and A-
factor-type hormones. These syntheses enabled structure—
function evaluation utilizing a GFP-based reporter assay. While
the natural SCB-type hormones had the best activity, activity
was still observed for others such as A-factor, suggesting that
some crosstalk may occur. However, crosstalk to other classes
of hormones such as the MMFs and AHLs appears to not
occur. Bioinformatics analyses of uncharacterized clusters
suggest that many repressors similar to those that respond to
SCB-type and A-factor-type hormones exist and may also be
activated by these hormones. Future studies will focus on
identifying ligands for many of these currently uncharacterized
receptors. The ability to synthesize stereochemically pure A-
factor-type and SCB-type hormones will greatly expedite the
studies of these repressors and ultimately lead to the discovery
of regulation systems for many NPs.

B EXPERIMENTAL SECTION

Experimental details can be found in the Supporting Information.
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