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Little is known about how quinoxaline-2-carboxylic acid (QC) is synthesized in nature. On the basis of analysis of echinomycin biosynthetic
gene clusters as well as feeding experiments with labeled precursors, we have proposed a hiosynthetic pathway to QC and identified the
(25,35)-p-hydroxytryptophan as a key intermediate.

Quinoxaline antibiotics are chromodepsipeptides produceddouble-stranded DNA sandwiching two base pairs within its
by various species of streptomycetes that are widely distrib- U-shaped conformatioh.

uted in naturé.Echinomycin {, quinomycin A) and triostin Apart from the biological investigation of quinoxaline
A (2) are probably the best known members of the group antibiotics, the biosynthetic studies have been limited to
exhibiting potent antibacterial, anticancer, and antiviral feeding experiments with labeled amino acid precursamsl
activities? This class of antibiotics contains two quinoxaline- directed biosynthesis of the heteroaromatic carboxylic dcids.
2-carboxyl moieties linked to a cross-bridged cyclic octapep- T0 9ain a better understanding of the biosynthesis, we
tide dilactone core (Figure #)Echinomycin (1) is reported ~ ecently cloned the entire gene clustecif) encoding the

to be a strong inhibitor of transcriptibras well as DNA ~ Meégaenzyme complexes responsible for the formatidh of

synthesi$ which has been attributed to its ability to bind to O™ the basis of sequencing and homology analysis of the
ecmcluster as well as preliminary biochemical experimenta-

T Hokkaido University. (5) May, L. G.; Madine, M. A.; Waring, M. INucleic Acids Re2004,

* University of Southern California. 32, 65-72.
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Figure 1. Structures of quinoxaline antibiotics.

tion, we predicted that the biosynthesis of quinoxaline-2-
carboxylic acid 12, QC) involves eight genee¢m2—4, 8,
11-14), whereas five genesdm1, 6, 7, 17, D)8ncoding a
modular nonribosomal peptide synthetase (NRP&k

the HS-pant-PCP domain through thioester formation(3
4). Second, Ecm12 is responsible for thdydroxylation

of the tryptophan intermediate4 (— 5). The resulting
covalently tethered is then hydrolyzed by a putative type

Il thioesterase (Ecm)3to liberate the freg-hydroxytryp-
tophan6é. Analogous to the metabolic pathway of tryptophan,
oxidative cleavage of the indole 2,3-double bond by Ecm11
(6 — 7) and subsequent deformylation by Ecm14 would
afford 3-hydroxykynurenine3. To provide a mechanistic
rationale for the formation of the aryhitrogen bond
between C5 and N4 in the quinoxaline ring, we currently
hypothesized a novel oxidative rearrangem@&nt(9, via a
spirocyclic intermediate) mediated by Ecm4. Finally, oxida-
tion of the secondary alcohol 8fby Ecm3 and subsequent
cyclization (0— 11) followed by spontaneous aromatization
would furnish QC 12). Notably, our proposal is consistent
with a previous report that nitrogen atoms at the 1- and
4-positions in QC have their origins in the indole and amino
group ofL-tryptophan, respectivelp.

As an initial step to verify the biosynthetic proposal, we
directed our attention to the freg-hydroxytryptophan
intermediates. We assumed th&would have water-soluble
and cell-penetrable properties and be an effective small-
molecule probe for the precursor-directed biosynthetic stud-
ies. To date, detailed biosynthetic investigations of the
p-hydroxylation of amino acids through an aminoacyl
thioester intermediate have been limited to tyroXirend
histidine}® and little is known about thg-hydroxylation of

responsible for the peptide core synthesis and modificationstryptophan in the context of NRPS%17In this paper, a
(Figure 2). The NRPS assembly line lacks a carrier protein pair of diastereomers of tifel-labeleds-hydroxytryptophans
(ArCP) loading QC; instead, a fatty acid synthase acyl carrier have been synthesized. Precursor-directed biosynthetic stud-
protein (FabC) mediates the loading as well as the condensaies on Streptomyces lasaliensigve identified the native

tion of QC with serine, as previously reported for related
biosynthesis o by Streptomyces triostinicusnd Strepto-
myces echinatu. Having identified the gene cluster re-

biosynthetic intermediate and also established its relative and
absolute configuration for the first time.
Synthesis of thg-hydroxyl tryptophans, (2S,3R)-Hhd

sponsible for biosynthesis of echinomycin, we were able to (2S,3S)-17, commenced with the incorporation &fldabel
introduce the 14 open reading frames (ORFs) from the clusterat the indole C5 position via lithiation of a 5-bromoindole

(ecmt4, 6-8, 11-14, 16-18), S. lasaliensis fabGnd
Bacillus subtilisphosphopantetheine transferase gep@to
Escherichia coliand successfully engineer complete bio-
synthesis ofl.1

Although early precursor feeding experiments established

that QC originates from-tryptophan??little is known about

how QC is synthesized in nature. The putative functions of

each of the eight genesdm2—4, 8, 11 14) responsible for

QC biosynthesis have led to the proposal of a biosynthetic

transformation o into 12 as illustrated in Figure 2 First,
Ecm13 exhibits homology with free-standing adenylation
peptidyl carrier protein (A-PCP) paired domains of NRPS
subunits, which is surmised to activeBeand transfer it to

(9) For recent reviews, see: (a) Sieber, S. A.; Marahiel, MCAem.
Re».2005,105, 715—738. (b) Fischbach, M. A.; Walsh, C.Ghem. Reu.
2006,106, 3468—3496.
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2005,280, 4339—4349.
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2006,2, 423—428.
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derivative (18— 19) as shown in Scheme!&1°® Stepwise
installation of thea,3-unsaturated ester followed by protec-

(12) Recently, identification of the biosynthetic cluster of the structurally
related depsipeptide thiocoraline has been reported, in which a distinct
transformation oft-tryptophan into a heteroacromatic carboxylic acid,
3-hydroxyl-quinaldic acid, was proposed; see: Lombo, F.; Velasco, A.;
Castro, A.; de la Calle, F.; Brana, A. F.; Sanchez-Puelles, J. M.; Mendez,
C.; Salas, J. AChemBioChen2006,7, 366—376.
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2002,99, 14083—14088. (b) Yeh, E.; Kohli, R. M.; Bruner, S. D.; Walsh,
C. T. ChemBioChen2004,5, 1290—1293.
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(15) Chen, H.; Hubbard, B. K.; O’'Connor, S. E.; Walsh, C.Chem.
Biol. 2002,9, 103—112.

(16) (a) Chen, H.; Thomas, M. G.; O’Connor, S. E.; Hubbard, B. K;
Burkart, M. D.; Walsh, C. TBiochemistry2001,40, 11651—-11659. (b)
Yin, X.; Zabriskie, T. M.ChemBioChen2004,5, 1274—1277. (c) Ju, J.;
Ozanick, S. G.; Shen, B.; Thomas, M. GhemBioChen2004,5, 1281—
1285. (d) Haltli, B.; Tan, Y.; Magarvey, N. A.; Wagenaar, M.; Yin, X.;
Greenstein, M.; Hucul, J. A.; Zabriskie, T. @hem. Biol2005,12, 1163—
1168.

(17) For enzymatic hydroxylations of tryptophan residues, see: Ito, S.;
Takai, K.; Tokuyama, T.; Hayaishi, Q. Biol. Chem.1981,256, 7834.

(18) Fueki, S.; Tokiwano, T.; Toshima, H.; Oikawa, Birg. Lett.2004,

6, 2697—2700.

(19) Amat, M.; Hadida, S.; Sathyanarayana, S.; Bosch, Org. Chem.

1994,59, 10-11.
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Figure 2. Proposed pathway for quinoxaline-2-carboxylic acid (QC) biosynthesis and model for the NRPS assembly line of echinomycin.
Deduced functions (sequence homologues) of genes involved in echinomycin biosynthesis are as éalflotysQC activation (peptide
arylation enzymeentE);ecm?2, QC biosynthesis (type Il thioestergssT); ecm3, QC biosynthesis (isopropylmalate dehydrogelzads);

ecm4, QC biosynthesis (FAD-dependent oxidoreductislid); ecm6,

NRPS module 1-2 (nonribosomal peptide synthe&t€g; ecm?7,

NRPS module 3-4 (nonribosomal peptide synthetaseQ; ecm8 unknown (MbtH-like proteirmbtH); ecm11 QC biosynthesis (tryptophan
2,3-dioxygenase&do?2); ecm12, QC biosynthesis (cytochrome P450 oxidageX); ecm13, QC biosynthesis (mannopeptimycin peptide
synthetasenppB);ecm14, QC biosynthesis (erythromycin A esteraszB).

tion of the indole nitrogen yielded a common intermediate
20. In efforts to synthesizd 6, we utilized the Sharpless
catalytic asymmetric aminohydroxylation. Treatment26f
with CbzNCINa in the presence of ,RsQ(OH), and
(DHQD),AQN afforded C3-hydroxytryptophan derivati?é

in 45% yield and 78% e®, which was subjected to a Pd-
mediated hydrogenolysis to gia2. Hydrolysis of22 under
basic conditions to liberat&6 was not a trivial step due to
both the retro-aldol reaction and the epimerization. After
considerable experimentation, conversion2@fto 16 was
finally realized by enzymatic hydrolysis using Amano
protease P to producks in excellent yield (96% for two
steps)! Having a carefully controlled synthetic procedure
for the fragile molecule, we then turned our attention to the

(20) (a) Tao, B.; Schlingloff, G.; Sharpless, K. Betrahedron Lett1998
39, 2507—-2510. (b) Wen, S.-J.; Yao, Z.€kg. Lett.2004,6, 2721—2724.
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synthesis of the other diastereom&r??> The Sharpless
asymmetric dihydroxylation 020 produced a diol product
in 81% yield and>99% ee, which was then subjected to
regioselective mong-nitrobenzenesulfonylation to affo@8

in 64% yield?® Nucleophilic substitution o023 with NaN;
and subsequent exposure with Pd/C under, atrhosphere
yielded 25. Finally, enzymatic hydrolysis &5 proceeded
smoothly to producd? in good yield.

With a pair of the diastereomerjé-hydroxytryptophan
derivatives,16 and 17, in hand, feeding experiments using
S. lasaliensisvere then investigated. The crude extracts from
the culture broth were purified by silica gel chromatography

(21) Tao, J.; Hu, S.; Pacholec, M.; Walsh, COrg. Lett.2003 5, 3223~
3236.

(22) Attempts to invert the C3-hydroxyl group under Mitsunobu condi-
tions were unsuccessful.

(23) Feldman, K. S.; Karatjas, A. @rg. Lett.2004,6, 2849—2852.
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Scheme 1. Synthesis of a Diastereomeric Pair of
3-Hydroxytryptophans @, | 112334894
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2 eEN | Gnsp  #cE0% Figure 3. Comparative mass spectrometric analysis of echinomy-
s, : g ’ . . A .
’gHzC,Z 4% N cins isolated from culture broth extracts administered with or
without deuterium-labelef-hydroxytryptophans. (a) Echinomycin

standard. (b,c) Echinomycins obtained from the culturesSof
OH O m) PA/C, Hy, OH O

D : one  EIOAGEIOH (32) D Wom lasaliensisin the presence af6 and17, respectively.
—_— ="
N I Ry n) Amano protease P, N | NH,
H

Coz 23

) H,0, 95% (2 steps)
R1 24:R;=Cbz R=Ns
25:R; = H, Ry = NH,

(28, 38)-17

(@) 2HNMR i\
i

to afford 1. Analysis of the resulting by ESI-MS as well L

as'H and?H NMR revealed that onlyl7 was integrated s N A e S
into 1 incorporating a deuterium label, whereas no integration ® +NvR j

of 16 was observed on the basis of the amourftbfabeled ]

1 (Figures 3 and 4). We observed the integratiod bfnto WWWWW/\MMW L

1 through mass spectrometric analysis (Figure 3c), in which ¢y 1.\ur I

the major peak fol was shifted to 1124.35 corresponding J JLJL

to the expected (calcd for GiHgsDN1201:S,Na [M + Na]* . wJLLJM »ML__I_A S
8 7 6 5 4 3 2 1

1124.41) having a single deuterium label. As shown in Figure *  °*

4, the?H NMR spectrum of a CkCl, solution of the labeled  Figure 4. NMR analysis of echinomycins. (a,B) NMR spectra

1 showed a broad peak at 7.8 ppm corresponding toin CHyCl, of echinomycins obtained from the cultures 8&f

deuterium at H7 of the quinoxaline ring. Thus, these lasaliensisin the presence af6and17, respectively. (cjH NMR

experiments have not only identified the native biosynthetic SPectrum in CICIz of the echinomycin standard.

intermediate but also established its relative and absolute

configuration, 17, as depicted in Figure 3. The strict
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