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We herein report comparative analysis of two versions of the biosynthetic gene clusters of antimycins, a natural product family possessing up to
44 distinct entities. The biosynthetic pathway of antimycins is amenable to the high structural variation of the substrates, supported by successes
in heterologous expression of the ant cluster and in fluorine incorporation. The latter facilitated the investigation of the structure—activity
relationship into the usually invariable 3-formamidosalicylic acid moiety of the molecules.

Antimycin (ANT) antibiotics, with a remarkable variety
of biological activities, constitute a natural product family
now comprising up to 44 distinct entities." They share a
nine-membered dilactone core conjugated with an unusual
3-formamidosalicylic acid (FSA) moiety (Figure 1). The
major differences of the members are present at the C7 and
C8 positions of the core system, with the substitutions of
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carbon side chains highly varying in length and branching
(Figure S1). Important advances regarding ANT biosynthe-
sis were developed recently. in 2011, Hutchings and co-
workers first mined an ant cluster from the genome of an
attine ant-symbiotic strain Streptomyces sp. S4.%* In 2012,
Spiteller and co-workers characterized anthranilate as a
key intermediate during the conversion of L-tryptophan
into FSA.?® However, the ANT biosynthetic pathway
remains to be established. In this study, we focus on the
analysis of the genetic basis for ANT production, aimed at
providing an overall understanding in the biosynthesis to
account for the high structural variation of individual
members.
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Figure 1. Core structure of ANTs. For details of naturally
occurring members (R3; = H), please see Figure S1. Fluorinated
analogues in this study. 5'-F-A,,: Ry = CH,(CH,)4,CH3, R, =
CO(CH})z, and R3 = F, 5/-F-A4a: Rl = CHQ(CH2)2CH3, Rz =
CO(CH3),, and R; = F.

Given the fact that a number of Streptomyces strains are
known to produce ANTs, we employed a genome compari-
son strategy to access the genetic basis. Two different
producing strains, Streptomyces sp. NRRL 2288 and
S. blastmyceticus NBRC 12747, were subjected to sequen-
cing, yielding the genome drafts for comparative analysis.
This allowed identification of a genetic locus highly con-
served in sequence (51—68% identities) and organization
from both strains, containing 15 or 17 genes that include
a cassette (antC-D) encoding a nonribosomal peptide
synthetase (NRPS)/polyketide synthase (PKS) hybrid sys-
tem (Figure 2A). Compared to the 15-gene cluster from the
NRRL 2288 strain (namely ant;, with a sequence accession
number JX131329), the relatively longer 17-gene cluster
from the NBRC 12747 strain (namely ant,, JX137118)
has two additional genes encoding a pathway-specific
kynureninase (ant,P) and a phosphopantetheinyl trans-
ferse (PPTase) (ant,Q), respectively (Tables S3A and S3B).
To correlate the identified locus with ANT production, we
chose the NRPS gene ant;C for inactivation (Figure 3,
VII). The resulting mutant strain failed to produce ANTs,
supporting the fact that ANTSs are a group of nonriboso-
mal peptide—polyketide hybrid molecules in biosynthesis.

Hutchings and co-workers have identified two ant-like
gene clusters respectively from two genome-sequenced
strains (Figure 2A), S. albus J1074* (for ant;) and S.
ambofaciens ATCC 23877°° (for ant,), by using the cluster
(namely ants) from Streptomyces sp. S4 as the reference.*
Taking all the available into account, we found that these
five clusters falls into two forms different in length, depen-
dent on the absence or presence of two additional genes
antP and antQ. While the three 15-gene clusters, ant,, ant;,
and ants, are nearly identical (97—100% identities) in a
short (S)-form, the two 17-gene clusters, in a long (L)-form,
share the head-to-tail homology (38—81% identities) to
each other but differ in the flanking region. To confirm
the ANT-producing potential of the strains J1074 and
ATCC 23877, we fermented them and subsequently exam-
ined the product profiles. Indeed, UV absorbance-coupled
HPLC-MS analysis revealed that they both produced a
number of ANTs (Figure 3, III and IV). The PKS genes
ant;D and ant,D in these strains were accordingly
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inactivated, leading to complete abolition of ANT produc-
tion (Figure 3, VIII and IX). These findings provided the
experimental evidence to support the uniform paradigm for
ANT biosynthesis in J1074, S4, and ATCC 23877 as well as
NRRL 2288 and NBRC 12747.

We thus proposed that ANT biosynthesis in various
producing strains employs a common NRPS/PKS system
to assemble the skeleton (Figure 2B). The process may begin
with the utilization of FSA as a starter unit, the formation of
which can share certain steps with tryptophan degradation
in cells.'™ AntN, a putative tryptophan 2,3-dioxygenase,
could catalyze an oxidative C—C bond cleavage to give
N-formyl kyunurenine. This compound, after a deformyla-
tion, is subsequently converted into anthranilate by AntP, a
putative kynureninase. AntHIJKL are homologous to the
proteins PaaABCDE in the phenylacetyl-CoA catabolic
pathway.* They may act on the 2-aminobenzoate moiety,
which is assumed to be activated by CoA ligase-like protein
AntF in a peptidyl carrier protein (PCP) AntG-tethered
form, to participate in an epoxidation-coupled rearrange-
ment to afford FSA (Figure 2B). This reconstitution,
recently confirmed by Spiteller and co-workers,?® involves
a 1,2-shift of a carboxylate. AntC, a two module (M) NRPS
containing a N-terminal condensation (C), adenylation (A),
PCP, central C, A, ketoreductase (KR), and C-terminal
PCP domains, is presumably able to catalyze the sequential
elongation by using 1-threonine (Figure S4A) and pyruvate
as the extender units. AntC-M2, similar to CesA and CesB
for a-keto acid activation and subsequent keto-reduction by
the internal KR domain,” is likely responsible for building
the first ester bond of the dilactone core. AntD, a PKS
composed of the ketosynthase (KS), acyltransferase (AT),
acyl carrier protein (ACP), and thioesterase (TE) domains,
could then take over the linear intermediate and catalyze a
two-carbon extension to furnish the second ester bond by
subsequent cyclization/lactonization (Figure 2B).

Based on the above NRPS/PKS assembly logic, we
reasoned that the diversity may first take place in the
PKS AntD-catalyzed elongation. Analysis of the specifi-
city-conferring motifs revealed that AntD-AT is distinct
from those normally for malonyl-CoA, methylmalonyl-
CoA, or ethylmalonyl-CoA (Figure S3B), indicating the
potential with a broadened cavity for substrate binding.
For the AT substrate supply, we identified a crotonyl-CoA
reductase/carboxylase (CCR)-encoding gene antE in the
ant clusters (Figure 2A). CCRs have recently been recog-
nized for their substrate tolerance, as different alkylmalo-
nyl-CoAs can be synthesized via a reductive carboxyla-
tion of their E-2,3-ene precursors (originating from
fatty acid metabolism, Figure 2B).® However, AntE and
its functionally associated AntD-AT are predicted to be
extremely promiscuous in extender unit generation and
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Figure 2. Biosynthetic gene clusters and proposed pathway. (A) Gene organization of the ant clusters from various producing

Streptomyces strains, including NRRL 2288 (for ant;), NBRC

12747 (for ant,), J1074 (for ants), ATCC 23877 (for ant,), and S4

(for ants). For ant; and ant,, the deduced functions of the genes are labeled in color and summerized in Tables S3A and S3B. ID,
sequence identity. (B) Hypothesis for the FSA moiety formation, NRPS/PKS-catalyzed skeleton assembly, and postmodification in
ANT biosynthesis. The functional domains are indicated in color.

recognition to build the C7 side carbon chain, given the
presence of its 10 structural variations (in a length-variable
linear or branching form, or in an aromatic form, Figure S1)
in the ANT family. The diversity can then occur in the
NRPS/PKS-post tailoring stage. This requires a C8 ketor-
eduction, presumably catalyzed by an oxidoreductase
AntM, to afford the hydroxyl group for acyl appending.
AntB, a putative acyltransferase, likely catalyzes the transfer
of different acyl groups, some of which may derive from the
metabolism of amino acids, to construct the C8 side chain
that currently has 10 variations in total (Figures 2B and S1).

The S-form gene cluster ant; was then chosen for
heterologous expression. We first constructed a genomic
library of NRRL 2288 and identified a 44 kb DNA
fragment-containing fosmid by using the CCR gene ant; E
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as a probe. Sequencing analysis revealed that the entire
ant; flanks a truncated upstream nrps [orf(—2)] and
downstream genes (orf1—9) nearly identical to those found
in Streptomyces sp. FR-008 for candicidin biosynthesis.’
This fosmid was then subjected to engineering (Figure S2),
to integrate the elements for conjugal introduction (oriT)
and site-specific recombination onto the chromosome
(¢C-31 site and its associated integrase gene). Next,
the engineered fosmid was introduced into two genome
sequence-available hosts S. lividans and S. coelicolor,
respectively, which apparently lack the genetic basis to
produce ANTs. In contrast to no change of growth manner

(7) Chen, S.; Huang, X.; Zhou, X. F.; Bai, L. Q.; He, J.; Jeong, K. J.;
Lee, S. Y.; Deng, Z. X. Chem. Biol. 2003, 10, 1065-1076.
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and morphology found in the S. coelicolor recombinant
strain during a 7-day cultivation, cells of the S. lividans
recombinant strain were suddenly lysed on day 3. Finally,
HPLC-MS analysis of the culture extract of the S. coeli-
color strain was performed, indeed showing that this strain
produced a set of ANTs (Figure 3, VI). These findings clearly
indicated that the ant cluster, even in an S-form, contains
all the genetic elements for generating the FSA-conjugated
dilactone core and particularly its structural diversity.
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Figure 3. HPLC analysis of ANT production. I, standard; II,
S. sp. NRRL 2288; III, S. albus J1074; 1V, S. ambofaciens
ATCC 23877; V, S. blastmyceticus NRBC 12747; VI, AL2612
(S. ceolicolor M 145 carrying the ant; cluster); VII, AL2101 (S.
sp. NRRL 2288 derivative, Aant;C); VIII, AL2301 (S. albus
J1074 derivative, Aant;D); IX, AL2401 (S. ambofaciens ATCC
23877 derivative, Aant,D); and X, S. sp. NRRL 2288 supple-
mented with 6-fluoro-L-tryptophan. For the standard (A;-A4,
Figure 1 as the reference), the components “a” and “b” have not
been chemically discriminated. A;: R; = CH,(CH,)4CHj3, R, =
COCH(CH3)CH2CH3 (Ala) or COCHQCH(CH3)2 (Alb)a Az: Rl =
CHz(CH2)4CH3, R2 = COCH(CH3)2 (AZa) or COCHQCHzCH3
(A2b); A3Z R] = CHz(CHz)zCH3, Rz = COCH(CH;)CHch’;
(As,) or COCH,CH(CH3); (Asp); and Ay: Ry = CHy(CH,),CHa,
R, = COCH(CHy3); (A4,) or COCH,CH,CHj; (A4y).

Spiteller and co-workers showed that the FSA moiety of
ANTs can tolerate the structural alteration in biosynthesis,
such as fluorination;*® however, the resulting FSA-
fluorinated analogues have not been characterized indivi-
dually. To evaluate the effect of fluorine incorporation on
the biological activity, we fed 6-fluoro-L-tryptophan, other
than previously used fluoroanthranilate intermediates,?
into the producing NRRL 2288 strain for fermentation.
HPLC-MS analysis of the culture broth showed that,
indeed, a set of fluorinated ANTs were produced with

Org. Lett, Vol. 14, No. 16, 2012

their associated natural entities (Figure 3, X). Four com-
pounds were purified and subsequently characterized to be
the pairs A,,/5'-F-A,, and A4,/5'-F-A4, on the basis of HR-
ESI-MS and NMR analyses (Supporting Information).
New compounds 5'-F-A,, and 5-F-Ay, (Figure S9) were
then subjected to bioassays, with their parent compounds
As, and Ay, and the standard component Ajy, as the
controls. For the test using the mouse leukemia P388 cell
line, the activity of 5'-F-A,, or 5-F-A4, dramatically de-
creased, with a 50% inhibiting concentration (ICs, at 0.35
ug/mL for 5-F-A,, or at 3.5 ug/mL for 5-F-Ag,) 6-fold
lower than that of A,, or A4, (Table S5B). This is likely due
to the change in the binding manner of ANTs to target
proteins, as 5'-fluorination can alter the charge distribution
of the benzene ring of FSA. In contrast, the fluorinated
compounds retained the potent antifungal activity against
the test strain Candida albicans, which was comparable
(if not, only slightly decreased) to that of the corresponding
parent compounds (Figure S10). These results suggest that
the less cytotoxic, ANT-like fungicides, which are poten-
tially more safe to mammals, can be developed by FSA
modification.

In conclusion, we uncovered a uniform paradigm for
ANT biosynthesis, by characterization of the ant clusters (in
S-form or L-form) from various producing Streptomyces
strains. They employ a hybrid NRPS/PKS system to pro-
gram the skeleton assembly of the FSA-conjugated dilac-
tone core. The results strongly supported an overall
compatibility of the ANT biosynthetic machinery that
remarkably tolerates the change of the very early substrate
to generate the fluorinated starter unit 5-F-FSA and then to
initiate the extender unit-variable assembly process followed
by postmodification of the different acyl groups. The find-
ings reported here now pave the way for ongoing biochem-
ical investigations into mechanisms for this diversity.
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