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Given the challenges of discovering new natural products, further investigations into the regulatory
systems that control their production are needed. Herein, we describe an enantioselective, divergent syn-
thesis of two known autoregulators from Streptmyces rochei, the Streptomyces rochei butenolides

(SRBs), which regulate production of the antibiotics lankacidin and lankamycin. The synthesis hinges on
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two key reactions: enantioselective alkynylation and regioselective photo-oxidation. The synthetic route
also enabled access to nine derivatives, allowing for structure activity relationship studies. Specifically, we
developed a quantitative green-fluorescence protein (GFP) based reporter assay and used this assay to
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Introduction

y-Butenolides are commonly used by Streptomyces as signaling
molecules in natural product regulation (Fig. 1A)." These mole-
cules induce natural product production via binding to cluster
situated regulators, such as TetR-type repressors.” This
binding results in conformational changes to the repressors
that inhibit DNA binding and ultimately enable generation of
increased amounts of natural products (Fig. 1B). Avenolide (1)
was the first y-butenolide signaling molecule discovered, regu-
lating production of the anthelmintic avermectin via derepres-
sion of AvaR1.>* Since then, other mono-substituted buteno-
lides, such as the avenolide derivatives from Streptomyces albus
and the Streptomyces fradiae butenolide (SFB1, 2), have been
discovered to regulate avermectin and the macrolide antibiotic,
tylosin, production, respectively.>® Tri-substituted y-hydroxy
butenolides have also been found to be signaling molecules
but are generally less well studied compared to avenolide. The
Streptomyces rochei butenolides (SRB1,2, 3) were isolated as a
mixture with titers of 1.6 pg L' by the Arakawa group in
2012.” These ligands regulate production of the antibiotics lan-
kacidin and lankamycin via binding and subsequent release of
the repressor SrrA.® The only other structurally similar ligands
that have been isolated are the Streptomyces ansochromogenes
butenolides (SAB1-3, 4), which regulate production of the anti-
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assess key structural features for natural product induction in Streptomyces rochei.

fungal nikkomycins through binding to the repressor SabR1.’
Because of the low in vivo production of the tri-substituted
y-hydroxy butenolides, it is challenging to isolate sufficient
quantities of these molecules to study their effects on repres-
sor homologs. Access to a library of structurally diverse SRB
type ligands through organic synthesis would provide
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Fig. 1 (A) Structures of y-butenolide signaling autoregulators from
Streptomyces species. (B) Activation of a biosynthetic gene cluster
(BGC). The signaling molecules bind the repressor (R) which derepresses
gene expression, allowing for transcription of the BGC, and ultimately
natural product generation, to occur.
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enhanced insight into their role as signaling molecules for
natural product regulation. Described herein is an enantio-
selective, divergent synthesis of two natural SRBs and deriva-
tives, as well as development of a green fluorescent protein
(GFP) reporter assay, which allowed for determination of the
structure-activity relationship between the SrrA repressor and
SRB derivatives.

Divergent and enantioselective route
to access the natural SRB1 and SRB2

To confirm the structure and determine the configuration of
SRB1 and SRB2 the Arakawa group synthesized these com-
pounds through a vinyl lithium addition between known bute-
nolide 7 and an aldehyde sidechain corresponding to SRB1 or
SRB2 (Scheme 1A).">'" Global deprotection with boron tribro-
mide afforded the two C1' epimers of SRB1 and SRB2 in 5%
and 8% overall yield, respectively. Comparison of the optical
rotation data with the isolated mixture confirmed the configur-
ation at C1' to be R. While this synthesis was essential to con-
firming the structure of the SRB ligands, the low diastereo-
selectivity has a significant effect on overall yield of these com-
pounds. Additionally, the acidity at C4 of butenolide 7 typically
results in vinylogous addition when the menthyl ether is
absent. We envisioned these compounds could be accessed
more efficiently via a regioselective photo-oxidation of a chiral
disubstituted furyl alcohol (8) which could be obtained
through an enantioselective alkynylation with known 4-methyl-
furan-3-carbaldehyde (9, Scheme 1B).">'* This route would
allow for easy diversification to access a library of unique SRB
type molecules.

A) Arakawa (2012)

View Article Online

Organic & Biomolecular Chemistry

Results and discussion
Model system of alkynylation

The alkynylation was initially tested on the more encumbered
4-methylfuran-3-carbaldehyde (9) which is easily accessed in 6
steps from methacrolein, and an excess of acetyl protected
pent-4-yn-1-ol (10)."* Using the previously reported mandela-
mide ligand, L1, the reaction proceeded in 22% yield and 68%
ee (Fig. 2A and B)."” Removing the methyl group alpha to the
nitrogen of the amide (L2) decreased the enantioselectivity.
Increasing the bulk of the amino side of the ligand through
substituting the phenyl ring with a naphthyl group (L3, L4)
increased the enantioselectivities with the best selectivity
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(A) Synthetic route to access SRB1 and SRB2 by the Arakawa group. (B) Retrosynthesis of the SRBs.
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being observed with a ligand bearing substitution at the 1
position of the naphthyl rings, L3, affording 86% ee. Due to
the increased enantioselectivity, this ligand was implemented
in the synthesis of the SRB compounds.

Synthesis of SRB1 and SRB2

Initially, a convergent approach to the SRBs was employed via
synthesizing the complete alkyne side chain and then subjecting
to an enantioselective alkynylation (Fig. S4). Unfortunately, the
overall yields were low (2% over 11 steps) due to the difficulty in
accessing the alkyne partner; therefore, a divergent approach to
these molecules was employed. The synthesis of SRB1 and SRB2
commenced with an enantioselective alkynylation between
4-methylfuran-3-carbaldehyde (9) and 5-pentynoic acid methyl
ester (12) using the optimized mandelamide ligand, L3 to afford
the propargly alcohol (13) in 78% yield and 92% ee (Scheme 2).
The resulting alcohol was subjected to silyl protection with cata-
lytic iodine and N-methylimidazole, followed by alkyne hydrogen-
ation with platinum dioxide. The resulting methyl ester (8) was
converted to the Weinreb amide (14) using isopropylmagnesium
chloride. Alkylation of the amide with either isobutylmagnesium
bromide or (S)-2-methylbutylmagnesium bromide allowed for
diversification to the precursors for SRB1 (15a) and SRB2 (15b).
Deprotection of the silyl ether afforded the photo-oxidation pre-
cursors, which were subjected to furan photo-oxidation con-
ditions reported by Liu and coworkers."® Photo-oxidation using
singlet oxygen generated from Rose Bengal in the presence of the
base, tetrabutylammonium fluoride, afforded primarily the
desired regioisomers of the SRBs (7:1 and 9: 1 mixtures of SRB1
(3a)/SRB2 (3b): the regioisomer of SRB1 (r3A)/SRB2 (r3b), respect-
ively) in 12% (SRB1) and 7% (SRB2) over 7 steps and allows for
facile diversification. Unfortunately, the regioisomers were inse-
parable using standard silica gel chromatography. SRB1 (3a) and
rSRB1 (regioisomer of SRB1, r3a) were separated using preparative
scale  high-performance liquid chromatography (HPLC,
Fig. $17-19).

Proposed ligands for SAR with the receptor SrrA

With a diversifiable and enantioselective route developed, SRB
derivatives were synthesized to assess structural attributes
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necessary for derepressing SrrA, with a particular focus on
chain length and branching (Fig. 2). Other known Streptomyces
signaling molecules have similar scaffolds but vary in chain
length and branching at C2.>'*'®> Because the two natural
SRBs are branched at the tail of the C6' ketone, a series of
linear derivatives ranging from methyl to pentyl (SRB3-7) were
explored. These compounds were synthesized by alkylating the
Weinreb amide intermediate (14) with the corresponding
Grignard reagent. Additionally, the distance between the
hydroxyl group and the ketone was assessed (SRBS). Previously
studied avenolide-type derivatives contain different oxidation
patterns on the sidechain, resulting in different activities.” The
one carbon elongated SRB8 (3h), which was synthesized using
5-hexyne methyl ester, was synthesized to determine the
importance in the location of the ketone. Three additional
ligands were designed to probe the importance of the oxi-
dation state on the sidechain, SRB9-11. SRBY is the opposite
epimer at C1' of SRB1 and was synthesized using the opposite
enantiomer of the ligand. Previous studies have shown that
C1' epimeric y-butyrolactone signaling molecules can have
different activities."® The last two derivatives were proposed to
determine the importance of the C6' ketone. Specifically,
SRB10 replaces the ketone at C6' with a hydroxyl while SRB11
is completely deoxygenated at C6'. While deoxygenation at C6’
has previously been shown to greatly reduce activity,"* substi-
tution of a hydroxyl for the ketone is currently unexplored.
These compounds were synthesized by the reduction of inter-
mediate 16a in route to SRB1 (Scheme 3). With a library of sub-
strates in hand, their activity against the cognate receptor,
SrrA, was tested.

Development of a GFP based reporter assay to assess ligand
binding

Previously, the Arakawa group tested a subset of these com-
pounds, specifically the two natural SRB1,2, the enantiomer
SRB9, the C6' deoxo SRB11, and the C1’ ketone for their bio-
logical activities. Initial reports tested the induction of lankaci-
din and lankamycin using SRB1,2,9, and the C1' ketone via
induction assays.'® While the two natural compounds showed
induction, SRB9 showed a 10-fold decrease in induction,
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Scheme 2 Forward route to SRB1 and SRB2.
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whereas the C1’ ketone showed no induction. In a study of the
SRB biosynthesis, they obtained SRB11 and tested its ability to
bind SrrA using a gel-shift assay and observed a 100-fold
decrease in activity."* While both studies provide insight into
the activity of these compounds, they lack a quantitative
measurement of molecule derepression. Because of this, we
chose to assess the activity of the ligand library using a green
fluorescent protein (GFP) based reporter assay using the
repressor, SrrA, similar to assays we have previously developed
for other TetR type repressors (Fig. 3)."”*° First, biological
evaluation of the purified SRB1 and rSRB1 was performed and
compared to the mix (7:1, desired: undesired) (Fig. S7). As
expected, the pure undesired regioisomer rSRB1 had little-to-
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Fig. 3 Structures and overall yields of the proposed SRB ligands.
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no activity at up to the highest concentration texted (125 pM).
The pure desired regioisomer (pSRB1) was the most active
with a dissociation constant (Kp) of 5.6 pM. The mixed SRB1
regioisomers showed very similar activity (Kp = 5.7 pM) to that
of pSRBL1. Given the difficulty of the HPLC purification and the
very similar activities of the mix to the pure regioisomer, all
other SRBs and derivatives were tested as the mixtures. We
note that all of the mixtures were at least 5:1 desired:
undesired regioisomer with an average ratio of 7: 1.

As expected, both the natural branched ligands (SRB1 and
SRB2) had relatively low Kps. However, they also have low Ep,ax
values, indicating that their structure confers a high affinity
for SrrA, but not necessarily maximum GFP expression. This
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differs from the linear derivatives of SRB1-2, SRB5 and SRB6,
which exhibit comparable Kps but significantly higher Ey .«
values. All linear ligands (SRB4-8), apart from SRB3, have E,x
values higher than SRB1-2, indicating that branching plays an
important role in natural product regulation. Previously, we have
reported that shorter acyl chain lengths can have a dramatic
effect on repressor binding, with the shortest derivatives exhibit-
ing low repressor affinity and low GFP maximum (Fig. 4)."”*°
Unsurprisingly, the shorter ligands SRB3 and SRB4 have
higher Kps. This is likely because shorter chains cannot make
important contacts with amino acids in the ligand binding
domain. The C6’ ketone was also found to be very important
for binding SrrA and GFP expression, as the ligands that either
modify the ketone’s position (SRBS8) or reduce it (SRB10 or
SRB11) have much higher Kps and generally lower GFP
expression. The ligands lacking the C6' ketone (SRB10 and
SRB11) are two of the worst performing ligands showcasing
the importance of the oxidation state on the sidechain. This is
in agreement with the previous reports by Arakawa and co-
workers."" Interestingly, the Ep,,, of the branched SRBs (SRB1,
2, 8 and 10) are all relatively low, indicating that branching
plays an important role in derepression of SrrA. Although the
Eax for SRBY, the enantiomer of the natural SRB1, is one of
the highest, its Kp is ~7x greater than that of SRB1 which is in
accordance with what was reported by the Arakawa group.'’
Overall, SrrA has the highest affinity for ligands between 9-12
carbons that contain the C6' ketone (SRB1,2,5,6,7) with the un-
natural linear ligands generally having the highest GFP
expression. The cause for the lower E... observed in the

SRB Derivatives with Receptor SrrA
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Fig. 4 Results of the GFP reporter assay with SRB1-11 and the repressor
SrrA. Each point is an average of three biological replicates analyzed on
different days.
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natural substrates (SRB1,2) is still being investigated. It may be
that the branching does not cause as great of a conformational
change in SrrA compared to the linear compounds. S. rochei
may have purposely adapted this medium level of induction as
a protective measure to avoid self-toxicity during the pro-
duction of lankamycin and lankacidin.

Conclusions

The ligands SRB1 and SRB2 bind the repressor SrrA to upregu-
late production of the antibiotics lankamycin and lankacidin.
A diversifiable route featuring enantioselective alkynylation
and regioselective photo-oxidation was employed to provide
access to 11 total SRBs. This ligand library was tested in a GFP
reporter assay with the cognate receptor SrrA. Linear ligands
with chain lengths between 9-12 carbons performed best with
the ligand SRB6 having a very low Kps and high Ey,,. Synthetic
access to this class of signaling molecules in combination with
a quantifiable reporter assay will help better study the roles of
this class of ligands in other Streptomyces species.
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