
Chemical
Science

EDGE ARTICLE
An engineered b
Department of Chemistry, The University o

E-mail: ksryan@chem.ubc.ca

† Electronic supplementary informa
10.1039/d0sc05843b

‡ Current address: Institute of Medicina
Medical Sciences & Peking Union Medica
China.

Cite this: Chem. Sci., 2021, 12, 8817

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 22nd October 2020
Accepted 15th May 2021

DOI: 10.1039/d0sc05843b

rsc.li/chemical-science

© 2021 The Author(s). Published by
iosynthetic–synthetic platform for
production of halogenated indolmycin antibiotics†

Elesha R. Hoffarth, Sunnie Kong, Hai-Yan He‡ and Katherine S. Ryan *

Indolmycin is an antibiotic from Streptomyces griseus ATCC 12648 with activity against Helicobacter pylori,

Plasmodium falciparum, and methicillin-resistant Staphylococcus aureus. Here we describe the use of the

indolmycin biosynthetic genes in E. coli to make indolmycenic acid, a chiral intermediate in indolmycin

biosynthesis, which can then be converted to indolmycin through a three-step synthesis. To expand

indolmycin structural diversity, we introduce a promiscuous tryptophanyl-tRNA synthetase gene (trpS)

into our E. coli production system and feed halogenated indoles to generate the corresponding

indolmycenic acids, ultimately allowing us to access indolmycin derivatives through synthesis. Bioactivity

testing against methicillin-resistant Staphylococcus aureus showed modest antibiotic activity for 5-, 6-,

and 7-fluoro-indolmycin.
Antibiotic-resistant bacteria pose a great threat to human
health,1–4 and the rates of new antibiotic discoveries and clinical
approvals have been in a steep decline since the 1980s.1 Without
the discovery and development of new antibiotics, drug-
resistant pathogens, such as methicillin-resistant Staphylo-
coccus aureus (MRSA), will become increasingly prevalent.2–4

One strategy to increase antibiotic development has been to
“rediscover” known, but underdeveloped, antibiotics.1 One
such example is indolmycin, which was originally discovered in
1960 from Streptomyces griseus ATCC 126485 but was not origi-
nally developed for clinical use because of its narrow spectrum
of activity6–10 and its interference with tryptophan catabolism in
the liver.9,10 However, reignited interest in this old antibiotic led
to the discovery of its activity against Helicobacter pylori,6 Plas-
modium falciparum,11 and MRSA.12 For MRSA, indolmycin was
found to be active against mupirocin- and fuscidic acid-
resistant MRSA strains, with strains resistant to indolmycin
emerging infrequently and with reduced tness compared to
sensitive strains.12 In addition, indolmycin has been shown to
have minimal activity against common members of the human
microbiota, suggesting that its narrow spectrum of activity is an
asset.6 The rst indole-substituted derivatives, 5-hydroxy and 5-
methoxyindolmycin, were made by precursor-directed feeding
of the indolmycin producer, Streptomyces griseus ATCC 12648,
and they showed modest improvements in bioactivity against S.
aureus and Escherichia coli.13 Two practical synthetic routes to
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indolmycin and some indole-substituted derivatives have been
reported more recently,14,15 which enabled access to a small
variety of indole-substituted derivatives. Additionally,
a previous patent has described synthetic methods to produce
a variety of derivatives; however, these methods do not appear
to offer stereochemical control, and some require tailoring
steps specic to each analog.16 Therefore, further development
of indolmycin would benet from a simpler diversication
method that could be applied to produce a wider variety of
analogs with stereochemical control.

Inspired by early biosynthetic studies,17,18 our group previ-
ously identied the indolmycin gene cluster and elucidated the
biosynthetic pathway, demonstrating that indolmycin (1) is
assembled from tryptophan, arginine and S-adenosylmethio-
nine (SAM) in a three-part process (Fig. 1).19 In the rst part, L-
arginine is oxidized by Ind4 in an oxygen- and PLP-dependent
reaction to 4,5-dehydro-2-iminoarginine, which is then enan-
tioselectively reduced by imine reductase Ind5 and its chap-
erone Ind6 to 4,5-dehydro-D-arginine. In the second part,
tryptophan (2) is deaminated by PLP-dependent transaminases,
giving indole pyruvate (3). Compound 3 is then methylated by
SAM-dependent C-methyltransferase Ind1 to 3-methyl-
indolepyruvate (4) which is reduced by NADH-dependent
ketone reductase Ind2 to form indolmycenic acid (5). Then, in
the third part, 4,5-dehydro-D-arginine and 5 are coupled in an
ATP-dependent fashion by Ind3 and Ind6, resulting in an
oxazolinone-cyclized molecule, N-desmethyl-indolmycin, which
is nally N-methylated by Ind7, a SAM-dependent N-methyl-
transferase, to form 1.

Armed with the elucidated biosynthetic pathway for 1, we set
out to create an in vivo system tomake 1 in E. coli. We rst cloned
all necessary genes into four plasmids and co-expressed the
genes in E. coli (Fig. S1†), a strain which we named E. coli
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Fig. 1 Indolmycin biosynthesis from Streptomyces griseus ATCC 12648. (a) Indolmycin biosynthetic gene cluster. (b) Indolmycin biosynthetic
pathway from Streptomyces griseus ATCC 12648. (c) Semi-synthetic scheme towards indolmycin and derivatives using indolmycin biosynthetic
genes. The dashed arrow indicates a predicted side-product based on LC-MS analysis.
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I1234670P5 (Table S1†). We found that the genes needed to
produce indolmycin in E. coli were ind1, ind2, ind3, ind4, ind6,
ind7, ind0 and pel5, a homologous gene of ind5 from Paenibacillus
elgii B69 showing better production of active protein in E. coli.20,21

We also relied on the activity of endogenous E. coli aminotrans-
ferases to catalyze the initial tryptophan deamination step.
Fig. 2 Biosynthetic production of 5 and semi-synthetic production of 1
production of 1 from E. coli I1234670P5. (b) Synthetic scheme to 1 from
compound 1 isolated after semi-synthesis and final purification by semi-
numbered.
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However, only a small amount of 1 was produced (�170 mg L�1 of
bacterial culture) and the yield could not be improved despite our
best efforts (Fig. 2a). However, we found that this construct
produced substantial amounts of 5 ([M + H]+ ¼ 220 m/z) at 40–
50 mg L�1 of culture, along with a shunt product, C-desmethyl-
indolmycenic acid (6; [M + H]+ ¼ 206 m/z).
. (a) Extracted ion chromatograms show production of 5 with minimal
5, adapted from literature methods.14,15 (c) Total ion chromatogram of
preparative HPLC. Compounds are indicated with coloured boxes and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Compound 5 itself has been a focus of total synthetic efforts
toward 1, as it is the key chiral precursor.14,15,22–26 Since
production of 5 was much higher than that of 1 from E. coli
I1234670P5, we pursued a semi-synthetic method of obtaining 1
using our biosynthetic platform to access 5, combined with
a three-step chemical transformation (Fig. 2b). We attempted to
remove extraneous genes from our biosynthetic platform by
only including ind0, ind1, and ind2, but the changes resulted in
reduced amounts of 5 (Fig. S2†). At this time, it is unclear which
of the other genes may be contributing to the production of
compound 5. Therefore, we employed the full eight-gene
construct toward synthesis of 5. We then adapted the three-
step synthesis to make indolmycin,14,15 in which puried 5
was esteried to make the ethyl ester (7; [M + H]+ ¼ 248 m/z;
Fig. S3a†), cyclized to give N-desmethyl-indolmycin (8; [M + H]+

¼ 244 m/z; Fig. S3b and S4a†), and methylated at the exocyclic
nitrogen to give 1 ([M +H]+¼ 258m/z; Fig. 2, S4b and Table S4†).

Then, we wanted to make derivatives of 1 from indole
derivatives, which are more widely accessible than derivatives of
2. The tryptophan synthase (TrpS) from Salmonella enterica has
been previously shown to couple a wide variety of indole
derivatives to L-serine to generate derivatives of 2.27 We were
able to replace pel5 with trpS in our biosynthetic platform
without a reduction in the amount of 5 produced (Fig. S1b†),
and we named the resulting strain E. coli I1234670TS. When we
fed 5-uoroindole to E. coli I1234670TS, we observed increased
production of uorinated metabolites, 5-uoro-indolmycenic
acid (5F-5; [M + H]+ ¼ 238 m/z) and 5-uoro-C-desmethyl-
indolmycenic acid (5F-6; [M + H]+ ¼ 224 m/z) (Fig. 3a). We then
optimized the feeding conditions, nding that 5F-5 amounts
Fig. 3 Addition of the trpS gene to the biosynthetic platform allows incor
and without trpS (E. coli I1234670TS and E. coli I1234670P5, respectively)
corresponding extracted ion chromatogram are shown to the right of the
incorporated into an analog of 5 (>48% of underivatized 5 by LC-MS anal
were incorporated into an analog of 5 at lower levels (6–22% of underiv
purification; and light blue indicates indoles that did not show detectabl
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were optimal when we fed E. coli I1234670TS with 0.5 mM 5-
uoroindole per day over two days (Fig. S5†).

To determine the scope of indole derivatives accepted by our
biosynthetic platform, we fed a variety of indoles to E. coli
I1234670TS and monitored the production of 5 and its deriva-
tives by LC-MS. Out of the indoles tested, we found that uo-
rinated and chlorinated indoles substituted at the 5-, 6- and 7-
positions were the best accepted by the biosynthetic platform
(Fig. 3b, S6 and S7†). We predict that lower acceptance of
indoles substituted at the 4-position may be due to steric
hindrance, as 4-uoroindole was moderately accepted, while 4-
chloroindole was not observed at all. Although we observed LC-
MS peaks consistent with conversion of some of the azaindoles
and hydroxyindoles into 5 derivatives, further work is required
to conrm, optimize and scale up the purication of these
compounds (Fig. S7†). Cultures producing derivatives of 5,
substituted at 5-, 6- and 7-positions, were further scaled up for
purication of the 5-derivatives and downstream synthesis of 1-
derivatives (Fig. S8–S10 and Table S4†). Each puried derivative
of 5 and 1 was characterized by HR-MS and NMR (Table S3 and
ESI Methods†). Overall, cultures fed with the uorinated
indoles produced a higher amount of 5-derivatives than the
cultures fed with the chlorinated indoles.

1 and its derivatives were tested against MRSA (Fig. S11†).
While the uorinated derivatives showed bioactivity, the chlo-
rinated derivatives of 1 did not show bioactivity at themaximum
amount tested in the disk diffusion assay (30 mg). We deter-
mined MIC50 values for each uorinated compound (Table 1).
The MIC50 values demonstrate that 1 is a more potent inhibitor
of MRSA than its derivatives, while 6F-1 showed the most potent
inhibition of MRSA compared to any of the derivatives, followed
poration of substituted indoles into 5. (a) LC-MS analysis of strains with
when fed 5-fluoroindole. Chemical structures of compounds with the
traces. (b) Indole derivatives tested. Dark blue shows indoles that were

ysis; Table S5†) and further purified; medium blue indicates indoles that
atized 5 by LC-MS analysis; Table S5†) but were not further verified by
e incorporation into 5.

Chem. Sci., 2021, 12, 8817–8821 | 8819



Table 1 MIC50 values determined for 1 and its derivatives against
MRSA. Values represent the average of three replicates � the standard
deviation. For 1, 5F-1, 6F-1 and 7F-1, concentrations ranging from 50
mg mL�1 to 0.128 ng mL�1 were tested, and for 5Cl-1, 6Cl-1 and 7Cl-1,
concentrations ranging from 200 mg mL�1 to 0.512 ng mL�1 were
tested. The reported MIC50 value for indolmycin is 0.5 mg mL�1 (range:
0.125–2 mg mL�1) against MRSA12

MIC50 (mg mL�1)

1 1.21 � 0.04
5F-1 32.5 � 19.6
6F-1 6.49 � 0.03
7F-1 16.7 � 4.2
5Cl-1 >200
6Cl-1 >200
7Cl-1 >200
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by 7F-1 and 5F-1. The lack of bioactivity of the chlorinated
compounds may be due to the bulky chlorinated substituent
hindering the compounds' abilities to bind to the tryptophanyl-
tRNA synthetase (TrpRS) target, which is supported by docking
studies of the analogs into a bacterial TrpRS structure
(Fig. S12†).

Here we have shown that 5-, 6- and 7-uorinated and chlo-
rinated indole derivatives are accepted as substrates by S.
enterica TrpS, E. coli tryptophan aminotransferase, Ind1 and
Ind2. The uorinated indoles, particularly 5-uoroindole,
showed greater incorporation into 5 than the chlorinated
indoles, perhaps because the larger chlorine atom may have
steric hindrance in some of the enzyme active sites, reducing
the efficiency of turnover. This result is consistent with previous
studies on TrpS from S. enterica, which shows the lowest
acceptance for 4-chloro, 5-chloro and 5-bromo indoles.27 Other
tested indoles, 5- and 6-hydroxyindoles and 7-azaindole, were
only minimally converted to derivatives of 5 by this semi-
synthetic platform, and 4-hydroxyindole and 4-, 5-, and 6-
azaindole were not converted at all. Azatryptophans have been
previously made using TrpS but required longer reaction times
due to reduced nucleophilicity,28–30 which may explain our
results. For 4-hydroxyindole, previous studies of hydroxy-
tryptophan production by S. enterica TrpS are limited;29

however, E. coli TrpS was shown to accept 4-hydroxyindole
during the production of psilocybin.31 It is unclear at this time
why the 4-hydroxylated derivative of 5 was not observed. The
substrate acceptance and 5-derivative production could be
further improved with optimized reaction and purication
conditions and engineering of strains and enzymes. For
instance, TrpS has already been the target of many enzyme
engineering studies focused on improving the substrate
scope.32–38

Previous work by Demain and co-workers demonstrated
successful production of 5-hydroxy and 5-methoxy derivatives of
1 from S. griseus fed with the corresponding derivatives of
indole or 2; however, 6-substituted derivatives were not con-
verted to derivatives of 1.13 By contrast, our system incorporated
halogenated substituted indoles at the 6-position, meaning that
the semi-synthetic method overcomes one limitation of the
8820 | Chem. Sci., 2021, 12, 8817–8821
purely biosynthetic method. Development of this semi-
synthetic method has also helped to identify some key
hurdles to creating a purely biosynthetic method. These
hurdles, such as accumulation of 5, an apparent role of proteins
in Parts I or III (Fig. 1) in the formation of 5, and substrate scope
bottlenecks, could be addressed in future attempts to produce 1
from E. coli. Furthermore, the biosynthetic portion of our
system also overcomes challenges associated with synthetic
methods. Synthetic studies were typically associated with
making 5 through methods such as using a chiral auxiliary,25

epoxide ring-opening,14,24 lipase-assisted enantioselective acet-
ylation,15 or a combination of these methods,26 and few
attempts to synthesize halogenated derivatives have been re-
ported, as the methods employed are likely to be incompatible
with halogenated indole precursors. A patent has described
methods to produce several derivatives of 1, including 4Cl-1 and
6F-1, but stereocenters were not controlled, to the best of our
knowledge, and some analogs utilized additional tailoring steps
or entirely unique routes.16 Therefore, these patented methods,
individually, are not robust enough to enable production of
a wide variety of derivatives, making a broad search for poten-
tially bioactive candidates challenging. Our semi-synthetic
method of obtaining 1 and its derivatives offers a simple and
halogen-compatible alternative to purely synthetic methods
that could be used to expand and diversify the accessible
indolmycin molecules for broad bioactivity searches. Broad
bioactivity searches could be followed by optimization of this
platform, or creation of another, to produce enough amounts of
the desirable compounds to continue work beyond the initial
bioactivity testing. We note that this type of semi-synthetic
method could also be applied to the diversication of other
tryptophan-derived molecules. Moreover, the uorinated
derivatives of 1 showed bioactivity against MRSA, demon-
strating that these compounds may serve as useful molecules
for development of new antibiotics. Overall, this work lays
a foundation for making derivatives of 1, while demonstrating
the value of combining synthetic and biosynthetic methods to
make and diversify natural product-derived compounds.
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