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ABSTRACT

Streptomyces
coelicolor

Hydrogen atoms are abstracted from the C2 ' and C3'-pro-S positions of an ( S)-tryptophanyl precursor, with overall ~ syn stereochemistry,
during the biosynthesis of the C-terminal ~ Z-2',3'-dehydrotryptophan residue of the calcium-dependent lipopeptide antibiotics (CDAS) in
Streptomyces coelicolor . The absence of f-hydroxytryptophanyl, or other possible intermediates, further suggests a direct dehydrogenation
mechanism similar to that proposed for the  L-tryptophan 2 ',3'-oxidase from Chromobacterium violaceum

In addition to proteinogenic amino acids, nonribosomal antibiotics (CDAs) (Figure 1).Also present within the
peptides typically comprise a wide range of unusual amino a-series CDAs is a C-terminZit2’,3'-dehydrotryptophanz-

acid residues, which in part accounts for their structural ATrp) residue. Many other nonribosomal peptides and
diversity and broad spectrum of biological activitieé\ related natural products also contain dehydroamino acids
common theme in the biosynthetic diversification process including telomycin, Keramamide F, and the microsclero-
is the hydroxylation of amino acid precursors or residues dermins G/I which all possessATrp residues.

within nascent or mature nonribosomal peptideshe

resultings-hydroxylated amino acid residues can be further 3) (a) Chen, H.: Hubbard, B. K. O'Connor, S. E. Walsh, CChem.
modified through oxidation, glycosylation, methylation, Biol. 2002,9, 103—112. (b) Lu, W.; Oberthur, M.; Leimkuhler, C.; Tao,

macrol nization. an her transformati r exampl J.; Kahne, D.; Walsh, C. Rroc. Natl. Acad. Sci. U.S.£004 101, 4390—
acrolacto . atq ! and other tra .S ormatiéhar exa P, 4395. (c) McCafferty, D. G.; Cudic, P.; Frankel, B. A.; Barkallah, S.; Kruger,
we recently identified an as_paraglnyl oxyge_nase (AsnO) that g G.; Li, W. Biopolymers (Pept.Sci002,66, 261—284. (d) Miao, V.;
fB-hydroxylates an asparagine precursor prior to phosphoryl- Br_ost,bR.I; %hatpplﬁ, JI.:Z%B% 3KS.; %gf;fit-Le Gal, M.-F.; Baltz, Rl thdian

. . icrobiol. Biotechnol. ,33, .
ation by a phosphotransferase enzyme (HasP) Ieadlng toth (4) Neary, J. M.; Powell, A.; Gordon, L.; Milne, C.; Flett, F.; Wilkinson,

3-phosphohydroxyasparagine residue found within the deB.; Smith, C. P. Micklefield, JMicrobiology 2007,153, 768—776.

; M- i i (5) (a) Hojati, Z.; Milne, C.; Harvey, B.; Gordon, L.; Borg, M.; Flett,
capeptide lactone core of the calcium-dependent IlpopeptldeF_; Wilkinson, B.; Sidebottom, P. J.; Rudd, B. A. M.; Hayes, M. A.; Smith,
C. P.; Micklefield, J.Chem. Biol.2002,9, 1175—-1187. (b) Milne, C,;
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Sciences, Kerman, Iran. Chem. Soc2006,128, 11250—11259. (c) Uguru, G. C.; Milne, C.; Borg,
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Figure 1. Calcium-dependent antibiotics (CDASs) produced by the
wild-type S. coelicolor® CDA1, Ry = OPQH, and Ro= H; CDA2,

Ry = OPQH,; and Ro = CHg; CDA3, Ry = OH and Ro = H;
CDA4, Ry = OH and Ry = CHjs. The a-series contains-ATrp
(R11 = m-bond) and the b-series containsTrp (R;; = H,H) at
position 11.

Little is known about the nature of the enzymes involved
in the dehydrogenation of amino acid residues during

nonribosomal peptide biosynthesis. However, related enzyme
activities have been characterized. Notably, the tryptophan

side chain oxidase (TSO) frorPseudomondsand the
L-tryptophan 23"-oxidase (LTO) fromChromobacterium
violaceund both catalyze the oxidation of tryptophan residues
to their corresponding,,/3-dehydro derivatives by different

The synthesis of (2'S,3'R)-[344]-tryptophan 1 was
achieved via the Vilsmeier formylation of indo2 with
deuterated dimethylformamide (DM#) (Scheme 1). Lit-

Scheme 1. Synthesis of (2'S,3'R)-[3H,]-Tryptophanl and
(2'S,3'S)-[2',3%H,]-Tryptophan7
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erature procedures for this formylation typically utilize DMF

mechanisms. Despite this, protein sequence alignment of the2S the solvent: However, to conserve the labeled precursor,
LTO, TSO, and other enzymes involved in the formation of the reaction was optimized using toluene as a solvent, such
a,8-dehydroamino acidgeveals little sequence similarity. ~ thata 1.2:1 molar ratio of indole to DM&r was required to
Moreover, none of these enzymiesdisplay any obvious ~ 9enerate indole-3-deuterocarboxaldehyglén 64% yield
sequence similarities with putative proteins encoded by genes(Pased on DMF-f). The deuteroaldehyd8 was then
from within or outside the CDA biosynthetic cluster. In light Subjectéd to an Erlenmeyer condensation witkacetyl
of this, we set out to probe the mechanism of tryptophan glycine!? This resulted in an intermediate azalactone, which
dehydrogenation during CDA biosynthesis, using classical Was subjected to methanolysis to givB[3'-Hy]-2',3"-
stereochemical studies. To do this, we proposed to feeddehydrotryptophan derivativé in 44% qverall yield, with
synthetic stereospecifically C3'-deuterated tryptophans to anone of theE-isomer. Thez-configuration of4, and the
Streptomyces coelicolatrain WH101° The WH101 strain ~ Similarly prepared unlabeled isotopontgrwas confirmed

is derived from theS. coelicolorM145 parental strain but Y NMR and X-ray crystallography (see Supporting Infor-
possesses a deletion in tEiA gene which encodes a matlpn). Enantioselective hydrosgenatlon of usmg the
bifunctional enzyme that is essential for both histidine and hodium()-RR)-DIPAMP catalyst? gave (253 R)'[3") Hll]'
tryptophan biosynthesis. Using the Trp auxotrophy, it should N-acetyltryptophan methyl estérin a yield of 85%.'H

be possible to follow the fate of the Trp-Gdeuterium atoms ~ NMR clearly shows that6 is diastereomerically pure,
during CDA biosynthesis using electrospray ionization (ESI) consistent with the fact that the Wilkinson-type catalysts are
mass spectrometry. all known to hydrogenate exclusively wilynstereochemis-

try.1%¢ Also, optical rotation indicated th# is >95% ee,

(7) (a) Takali, K.; Hayaishi, OMethods Enzymoll987,142, 195—-217.

(b) Takai, K.; Sasai, Y.; Morimoto, H.; Yamazaki, H.; Yoshii, H.; Inaoue,
S.J. Biol Chem.1984,259, 4452—4457.

(8) (@) Genet, R.; Denoyella, C.; Ménez, A.Biol Chem.1994, 269,
18177—-18184. (b) Genet, R.; Bénetti, P.-H.; Hammadi, A.; Ménez].A.
Biol. Chem.1995,270, 23540—23545.

(9) (@) Gondry, M.; Lautru, S.; Fusai, G.; Meunier, G.; Ménez, A.; Genet,
R. Eur. J. Biochem2001,268, 1712—1721. (b) Kupke, T.; Uebele, M.;
Schmid, D.; Jung, G.; Blaesse, M.; Steinbacher].SBiol. Chem.2000,
275, 31838—31846. (c) Thibaut, D.; Ratet, N.; Bisch, D.; Faucher, D.;
Debussche, L.; Blanche, B. Bacteriol.1995,177, 5199—5205.

(10) Barona-Gomez, F.; Hodgson, D. EMBO Rep.2003 4, 296—
300.

(11) (a) Downie, I. M.; Earle, M. J.; Heaney, H.; Shuhaibar, K. F.;
Tetrahedronl1993,49, 4015—4034. (b) Ho, J. Z.; Elmore, C. S.; Wallace,
M. A;; Yao, D.; Braun, M. P.; Dean, D. C.; Melillo, D. G.; Chen, Belv.
Chim. Acta2005,88, 1040—1047.

(12) (a) Busca, P.; Paradisi, F.; Moynihan, E.; Maguire, A. R.; Engel, P.
C. Org. Biomol. Chem2004,2, 2684-2691. (b) Marino, S. T.; Stachurska-
Buczek, D.; Huggins, D. A.; Krywult, B. M.; Sheehan, C. S.; Nguyen, T.;
Choi, N.; Parsons, J. G.; Griffiths, P. G.; James, |. W.; Bray, A. M.; White,
J. M.; Boyce, R. SMolecules2004 9, 404-426. (c) Cativiela, C.; Mayoral,

J. A.; Melendes, EJ. Org. Chem.1984,49, 2502—2504. (d) Oba, M.;
Uneo, R.; Fukuoka, M.; Kainosho, M.; Nishiyama, X.Chem. Soc., Perkin
Trans. 19951, 1603—1609.
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which is in line with the enantioselectivity observed in many || | RN

related hydrogenation reactions using Rh@®R)-DI-
PAMP 1B Attempts to hydrolyze the acetyl and methyl ester
protecting groups oB, under basic or acidic conditions,
resulted in either decomposition or epimerization at C2'. To
overcome thisg was incubated with the aminoacylase from
Aspergillussp. (Acylase ¥ in phosphate buffer at pH 5.8
for an extended period of 3.5 h, which results in the
hydrolysis of both theN-acetyl and methyl ester groups.
Acylase | is highly enantioselective faramino acid deriva-
tives# allowing for a very effective double kinetic resolution,
resulting in enantiomerically pure '&@3'R)-[3"2H,]-tryp-
tophanl in a yield of 86%.

The doubly labeled (83'9-[2',3"-?H,]-tryptophan?, with
the opposite configuration at G3vas similarly prepared by
asymmetric reduction &-2',3'-dehydrotryptophan derivative
5 using deuterium gas and Rh(I)-(R,R)-DIPANMPThe
dideuterated intermedia8(>95% ee) was then hydrolyzed
with the acylase to give the produtt which again proved
to be enantiomerically pure. With both labeled tryptophans
in hand, it remained to establish conditions that would allow
for maximum incorporation of the synthetic precursors into
a Z-ATrp-containing (a-series) CDA. To do this, the Trp-
His auxotrophicS. coelicolorstrain, WH101, was grown on
a series of defined minimal liquid media supplemented with

His and Trp and the culture supernatants were extracted onto  ©-

C18 (bond-elute) cartridges. However, electrospray ionization
(ESI) LC-MS analysis of the resulting extracts showed no
production of CDAs. Despite this, WH101 was shown to
produce CDAs when grown on a modified SV2 liquid
mediun? with reduced soy peptone supplemented with His
(50 ug mL™Y) and Trp (37.54g mL™1) (SV2a). Given that
the soy peptone of SV2a provides cau@dmL™* of Trp, it

is thus possible to supply ca. 85% of required Trp, in the
stereospecifically deuterated forms. Accordingly, WH101
was grown in SV2a with either the (2'S,3'S)- or (2'S,3'R)-
deuterated tryptophan&or 1 and the culture supernatants
were analyzed by ESI-LC-MS. In each case, the major
product was CDA4a with a minor amount of CDA3a which

have retention times in agreement with authentic standards

(see Supporting Information). However, the protonated,

sodiated, and potassiated molecular ions of CDA4a and.

CDA3a produced from media enriched in the §3'S)-
deuterated tryptophanare clearly 1 mass unit higher than
molecular ions of unlabeled CDA4a and CDA3a (Figure 2
and Supporting Information). This is consistent with retention
of the C3'-pro-Sdeuterium atom in the-Trp residue at
position 3 of CDA and loss of the Gpro-Sdeuterium atom
during oxidation toZ-ATrp at position 11. Clearly, the C2
deuterium atom of is necessarily lost during the epimer-

(13) (a) Hengartner, U.; Valentine, D.; Johnson, K. K.; Larscheid, M.
E.; Pigott, F.; Scheidl, F.; Scott, J. W.; Sun, R. C.; Townsend, J. M.;
Williams, T. H.J. Org. Chem1979,44, 3741—3747. (b) Vineyard, B. D.;
Knowles, W. S.; Sabacky, M. J.; Bachman, G. L.; Weinkauff, Dl. Am.
Chem. Soc1977,99, 5946—5952. (c) Hammadi, A.; Meunier, G.; Ménez,
A.; Genet, R.Tetrahedron Lett1998,39, 2955—2958. (d) Hammadi, A;
Ménez, A.; Genet, RTetrahedron1997,53, 16115—16122. (e) Koenig,
K. E.; Knowles, W. SJ. Am. Chem. S0d.978,100, 7561—7564.

(14) Chenault, H. K.; Dahmer, J.; Whitesides, G. MAm. Chem. Soc.
1989,111, 6354—6364.
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Figure 2. (A) Mass spectrum of CDA4a froi8. coelicolonWH101
grown on SV2a supplemented with (2S)-tryptophamz 1495.6
(IM + H]* CsH79N14026 requires 1495.5); 1517.5 ([M- NaJ*
CsH7aN14026Na requires 1517.5); 1533.6 ([M K]+ CeH7eN14026K
requires 1533.5). (B) CDA4a from WH101 supplemented with
(2'S,3'S)-[2',3%H,)-tryptophan? shows that the major isotopomer
of the protonated, sodiated, and potassiated molecular ions is 1 mass
unit higher than the wild-type CDA4a as a result of incorporation
of a single deuterium atom. (C) CDA4a from WH101 supplemented
with (2'S,3'R)-[3"?H4]-tryptophanl shows molecular ions that are

2 mass units higher than the wild-type, consistent with the
incorporation of two deuterium atoms. An identical pattern was
observed in the MS of CDA3a, obtained from feeding labeled and
unlabeled Trp (see Supporting Informatiorifignals due to a
residual trace of CDA3a [M+ Na]*.

ization of L-Trp to p-Trp3 and the dehydrogenation to
Z-ATrpl1®

In agreement with this, the monodeuteratedS(2'R)-
tryptophanl with opposite configuration at Cgives CDA4a
and CDA3a products which are isotopically enriched by two
deuterium atoms (+2 amu). The @¥o-Rdeuterium atom
of 1 is thus retained in the-Trp3 andZ-ATrpll residues
of CDA. This confirms that the C3'-pro48ydrogen atom is
abstracted during theyndehydrogenation of the C-terminal
L-Trp residue of CDA. Interestingly, analysis of the isotopic
patterns of CDA4a and CDA3a produced fratmand 7
indicates ca. 60% level of isotopic enrichment, which is lower
than the 85% which is predicted on the basis of the isotopic

(15) Epimerization during nonribosomal peptide biosynthesis has been
shown to result in the complete exchange of tkproton of amino acyl
thioester intermediates with the solvent: Stachelhaus, T.; Walsh, C. T.
Biochemistry2000,39, 5775—-5787.
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composition of the Trp in the medium. This could be due to
the fact that WH101 in the absence of PriA is deficient in
indole-3-glycerol phosphaté As a result, thex-subunit of
the tryptophan synthase232 complex is unable to generate
indole. This would allow theS-subunit to catalyze the
reversible PLP-dependent cleavage of labelddp to form
indole andL-Ser, which could exchange with unlabeled
L-Ser® In additionS. coelicoloris known to excrete indole-
3-acetic acid when fed with-Trp.r” This requires a Trp

nonribosomal peptide thiostrepton, operate with anti stereo-
chemistry®® This pathway would thus be expected to result
in the abstraction of the C®ro-R hydrogen atom of an
L-tryptophanyl precursor. Alternatively, Trp dehydrogenation
catalyzed by thé>seudomona3SC is suggested to occur
via an indolyloxazoline intermediate (Scheme 2, path b),
followed by isomerization. However, the TSO reaction results
in a mixture ofE- andZ-ATrp isomers.Moreover, in CDA
biosynthesis, the formation of such an oxazoline intermediate

transaminase to generate indole pyruvate prior to decarboxyl-in a cyclic peptide precursor could be prohibited due to

ation and oxidatiod” The facile enolization of indole

geometrical constraints. Similarly, the mechanism proposed

pyruvate followed by the reverse transamination could also for the cyclic peptide oxidas&dinvolves tautomerization of

account for the loss of the Trp-C8euterium label.
There are several possible pathways by whichzH2€Trp
residue of CDA might be biosynthesized. Figsthydroxyl-

imine intermediates resulting in bo andZ-dehydroamino
acids (Scheme 2, path c), which is not in accordance with
the stereochemical course of the CDA Trp dehydrogenation.

ation followed by dehydration (Scheme 2, path a) could take On the other hand,-tryptophan 2',3'-oxidase (LTO) from

Scheme 2. Proposed Mechanisms for the Dehydrogenation of

Amino ALK Residues
ai:%(a %HL ];(a %HL ];(a
A
CH, e Iﬁ, %ﬁ(

apathway: (a)3-hydroxylation followed by dehydratioh$c18.19
(b) oxidation to an oxazoline intermediate followed by isomeriza-
tion;” (c) oxidation to an imine followed by tautomerizati&h(d)
direct dehydrogenatioh.

R=

place as in the biosynthesis of a dehydroproline residue of

pristinamycin 1,.°¢ However, noS-hydroxylated Trp con-

taining CDA intermediates have been isolated to date.
Moreover, both heme-dependent and non-heme hydroxylases

typically affect hydroxylation of unactivated methylene
groups, with retention of stereochemistfyn addition, most

Chromobacteriumiolaceunt catalyzes the dehydrogenation
of N-Boc--Trp to theZ-ATrp derivative abstracting the G3
pro-S proton with identicalsyn stereochemistr§? It is
therefore most likely that a direct dehydrogenation, similar
to the mechanism proposed for L¥@nd the fatty acyl-
CoA dehydrogenas®,occurs during the biosynthesis of the
Z-ATrp residue in CDA (Scheme 2, path d). This knowledge
will assist with the future identification and characterization
of the enzymes involved in the biosynthesis aff-
dehydroamino acid residues, which will be valuable in efforts
aimed at engineering new non-ribosomal peptides of thera-
peutic importance.
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