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ABSTRACT

The soil bacteriunstreptomyces venezuel&P5230has been studied extensively for its
ability to produce the jadomycifamily of natural productsThis family of angucyclines
is distinguished by a characteristienzp]anthracene scaffoldhe 2,6-dideoxysugatr. -
digitoxose, and an amino acid that is usually fused directly into the polyaromatic
backbone as an oxazolone ring. Thearporation of the amino acid proceeds through a
spontaneous processhich can be exploited through precurdaected biosynthesis by
altering the nitrogen source 8treptomyces venezuel&5230ermentations

Precursordirectedbiosynthesis usingiamino acidé L-ornithine andL-lysine are
describedThis resulted in the successful isolation and characterizatianstructurally
unigue eightmembered L-ornithine ringcontaining jadomycin expanding on the
structural diversity permissible from thigpataneous process. Thecompound was
further derivatizedvia semisynthetic methodgo furnish a small library of jadomycin
amides containinga unigue eighimembered heterocycle.The isolation and
characterization of the jadomyelike analogueL-digitoxosylphenanthroviridin isalso
discussedBioactivities of these structurally novel jadomycins westablishedand the
structure activity relationshigvas exploredbetween theseompoundsand the typical
oxazolonering containing jadomycins.

In addition the characterization of JadX, a protein of undetermined function
coded for in the jadomycin biosynthetic gene clusteeported The ability ofJadX to
bind both chloramphenicol and jadomycingnd affect production of these natural
productsis demonstited, suggesting role in regulationThis work suggests JadX is a
new cl ass of Aatypical 0 r e gqydation ef dispargtel | at or
natural productsvia an endproductmediated control mechanism. This is the first
example of chardacer i zat i on -loifk etoh epsreo tfiediandsX and coul |

previously unknown group of important regulatory proteins.
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CHAPTER 1: INTRODUCTION

1.1.Natural Products Discovery

Many of t o dyaegleastdrugs usediorcteedtrhent of diseases have been
isolated from ohave beerinspired by natural sourcé§. he useraf @Pmaduct s
treatment oflisease and ailments dates back thousandsas§ yprimarily with the use of
plant extracts as medicingés.As science and chemical techniques advanced, interest
turned to isolation and characterization of the active compounds from these traditional
medicines, with some of the earliest examples includiaticylic acidand morphineboth
of which are still used today? The identification of new bioactivenatural products
gained interestrébm the pharmaceutical industry after tdescovery of penicillin/
Isolated fromPenicillium fungi, penicillin was found to have potent antibiotic activity
and low toxicity> ® As such pharmaceutical companies and academic laboratories began
compiling large libraries of microorganisms in an effort to identify new bioactive
metabolites. This sudden interésn microorganisms ultimately led to the discovery of
several important antibiotics includingstreptomycin (1),” chlortetracycline 2)°
chloramphenicol3)® *° and vancomycin4)** (Figure 1) These compoundsere of such
clinical and societal importance, Nobel Prize$hysiology andviedicine were awarded
for thesediscoveries, first to Fleming, Chain and Florey for penicillin in 19%¢later
to Waksman for streptomycin in 1952.

Unfortunately, asime passedproblems arose associated with theliseovery of
compounds slowing isolation and characterizat of new natural productsncreasing
the cost for their discoveryVith increasingcosts andower rateof discoveryof novel
moleculesinterest in natural produsfrom the pharmaceutical industry wanédespte
this reducedenthusiasm fonatural produat as a source of new bioactive compounds,
their continued importance in the medical field cannot be overstat@d12review by
Newman and Cragg identified thapproximately50% of all approved drugs between
1981 and 2010 were natural productetural product derivedr synthetic compounds
with a natural product pharmacophorBurthermore, \Wwen examining anticancer
therapeuticagents approved for clinical use between 124@ 2010, this number
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increass to @1%."° Even today, many natural products and their derivatives continue to
be evaluated for their potential as therapeutic medié¢fn@bth an estimated >99% of
naturalbacteria yet to be cultured, nature still represents a relatively untouched reservoir
of potential compounds.

OH OH
Oy s
S HN
oy ¥ o
O 0
3 4

Figure 1. Structures of the natural producssreptomycin {), chlortetracycline 2),
chloramphenicol3), and vancomycindj.

Of the major natural prodis producing organissn the Grarapositive
actinomycetes group of bacteria are among the best. SpecifidalyAttinobacteria
genus Streptomycesis one of the largest sources of bioactive natural prodtcts.

Streptomycespeciesare estimated taccount for the production afpwards 0f32% of
2



all identified bioactive metabolités.'® Many of these microbial natural products are
classified assecondary metabolites. These compounds are not essential for cell
proliferation, but rather, ae produced by the host organisoften in response to
physiological orenvironmentalstress in contrast to primary metabolites which are
essential for survivednd proliferation ofin organisni® Biosynthesis of these molecules
is accomplishedia a cascade oénzymes and proteins cooperativelgrking togetheto
furnish complexstructure. Genes codinfpr thesebiosyrthetic enzymes and proteiase
oftenphysically situatedn close proximity to one another in biosynthetic gene clusters
I Many of these biosynthetic clusters remain silent under atenclilturing conditions.
Only under very specific conditisnwill the organism activate production of these
pathways, making discovery of the natural products they produce often diffiGuie

suchficryptico family of natural productarethe jadomycins.
1.2.Jadomycin History: Initial Isolation and Structural Elucidation

The jadomycins were serendipitously discovered by Vining and cowonkéite
studying biosynthesis & from the soil bacteriunstreptomyesvenezuela¢gSP5230*
While incubating S. venezuelaean incubator malfunction resulted in overheating
Fermentationswere exposed to a temperature of 37 overnight effectively heat
shocking the bacteriaAfter 24 h, awltures which were typically colourlesgere instead
dark red.From these cultures the first example of theaglomycin family of natural
products,jadomycin A 6), was isolated and characteriz@€igure 2)** Conditions for
production of5 were refined by substituting galactose (usedpiarduction of3) with
glucose, and increasing the incubation temperature frofC28® 37 °C. Under these
conditions, major natural productproduction vas switched to5. The polyaromatic
backbone of5 suggested biosynthesis via a polyketide synthase (PKS) pathmway
addition, an L-isoleucine moietywas identifiedfused directly into theB-ring of the
jadomycin backbone, forming arBembered oxazolone gnsystent? Soon afterthe
glycosylated analage jadomycin B (6) was isolated (Figure 2)** This molecule was
found to containthe rare dideoxysugar -digitoxosebound to the aglyane via anO-
glycosidic inkage on the Bring (Figure 2).Continued work towards the optimization of
growth conditions for production & led to the discovery that in addition to heat shock,

3



S. venezuelaswitched production fron3 to 6 upon phage infemn or ethanol shock
during fermentation&. Of these stressing conditions, ethanol treatment resulted in the

highest production .

@)
\ o0 O S~
0 ey ) °

jadomycin A (5) jadomycin B (6)

Figure 2. Structures of jadomycin A5} including ring labeling and jadomycin B)(

1.3.Type-ll Polyketide Synthases (PKSand the Angucyclines

As previously mentionedhé actinomycetes are a large source of structurally diverse
secondary metabolite natural products. Many of the compounds profilicedder the
classificationof polyketide natural productBolyketides are a largarhily of structurally
diversecompounddound throughout natur@ith production occurring itbacteria, fungi
and plant$® Interest inthe polyketidesis mainly associated with their exceptional
biological activity and potential for drug discoverywith many exhibiting antibiotic,
anticancer, antifungal, arparasiic and even immunosuppressivactivity.?® The
biosynthesis of these molecules is accomplished by a family of enzymes lkas the
polyketide synthases (PKSsJhese enzymesct in a similar fashion to fatty acid
synthasegFASSs)in that they proceed via the covalent binding of a starter unit (acetyl
CoA, proponyl-CoA etc) to an acyl carrier protein (ACP) followed by ariges of
elongation steps fusing units togethartimately forming an extendecthain®
Differential reduction, dehydration and cyclization leads to a structurally diverse group of
compounds that are further dextized often by glycosylation or oxidatiomia postPKS
tailoring enzyme$?

ThePKSsarecategorized into three grouggpe |, type Il and type 11#° The type
| PKSs ae large multifunctional enzymes that act in a -temative fashion andire

responsible for the biosynthesis of macrolides, a group of compaamdsining large
4



lactone rings, examples inclutlee clinicallyimportanterythromycin 7)?°, and the first
isolated macrolide pikromycir8(*° (Figure 3).

Typell PKSs areusually complexes of multiple monfunctional proteins. The
type Il PKSs are only found in actinomyes and are responsible for the production of
highly cyclized, often polyaromatic natural produtt3his is accomplished through a
series ofiterative condensationguided bythe heterodimerketosynthasehain lengh
factor (KSi-KSp) and anacyl carrier protein ACP), produéng a nonreduced enzyme
tethered polyketide chain(Figure 3B).** Chain extensionength of these polyketide
intermediates isegulatedby the KSi-KSp, sygem™" # This is followed bythe appropriate
folding of the polyketide intermedigtagaindictated by the K$KSy system to ensure
specific cyclizatior?! Finally, a series of ketoreductasendaromatase/cyclases catalyze
the ring closingproducing a fully cyclized intermediate which can then be decorated by a
host of postPKS modifying enzymes (Figurd8R Some examples of type Il PKS derived
natual products include the clinically important doxorubi¢® and daunorubicir§10),

both currently in use adinical chemotherapeutic ages(Figure 3).*



A type | PKS derived type Il PKS derived type Il PKS derived
natural products natural products natural products

O OH OH O  OH

O‘O‘ o O‘O‘ o
OH O
/momo oH 0 OMeO OH 0 OH OH
ore ?J 77 I
HO OH
orNHe HO OH

(o)

erythromycin (7) pikromycin (8) doxorubicin (9) daunorubicin (10) tetrahydrox) ynaphtha\ene flaviolin (12)

B 2CoA-SH CO,

OO ©-CO Q*Q SO)O

Figure 3. (A) Structues of typical type I, Il and lll PKS derived natural products,
erythromycin ~ {), pikromycin @), doxorubicin 9), daunorubicin 10),
tetrahydroxynaphthalend 1) and flaviolin (2); (B) simplified biosynthetic mechanism
for the formation of the type Il PKderived doxorubicindj. Figure adapted from Shéh.

The third example of the PKSs are tlypd IIl PKSs Theseare single enzymes
that exist as hmodimers. These dimeric systems are responsible for catalyzing initiation,
elongation and cyclizationyielding polyketide product¥.Because of the simplicity of
the homodimeric system, the type Ill PKS derived ratproducts areoften not as
structurally complex as those produced by the type | or type Il PR&snples include
tetrahydroxynaphthalené& 1) and flaviolin (L2) (Figure 3).*

In the case of type Il PKSs, tifi@ding of theintermediatgolyketidechain plays
a large role in dictating the structure of the backbone offitred natural product.
Compound 5 and 6 structurally resemblethe agucyclines a unique group of
glycosylatedtype Il PKS derivedhatural poducts named for théi a n g teteadydlic
benzp]anthracenescaffoldfrom which they are derive(Figure 4).2** This large group
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of secondary metabolitesas identified in tb mid1960s with the discoveries obn
glycosylatedetrangomycin 13)* and tetrangulol{4)*, and today constitutes the largest
group of type Il PKS derived natural prodsi¢Figure 4).*” The structural diversity of
this group arises from the configions of polyaromatibackboneand the decoration of
these scaffolds by a wide array of pB¥{S tailoring enzymes, giving thesenspounds a
wide range of bioactivitie¥. The structural similarities o6 and 6 to the angucyclines,
and *°C-labeling experiments ining unpublished data)putatively identified the

jadomycins as a group of tylePKS derived natural products.

HO CH
L

OH O

tetrangomycin (13) tetrangulol (14)

Figure 4. Structures of benaanthracene (left), and the beajdnthracene derived
tetrangomycinq) and tetrangulolg).

1.4.Polyketide Elongation and Cyclization

With structural similarities identified between the jadomycirend thetypell PKS
derived angucyclinesyining and coworkers began ark to locateand identify theS.
venezuela®KS genes responsible for biosynthesis. In 18%&ne cluster consisting of
five open reading frames (ORFs)as identified” Predicted aminoacid sequence
comparisos of the ORFs identified strong similarities to subunits aftypell PKS
systenf® ORF1 and ORF2jgdA andjadB respectively) were showto likely code for
the keto-synthase (KS) units, KSand K$S, responsibldor polyketide chain elongation
andchain length determinatio@RF3 (adC) was identified asoding foranACP. ORF4
(jadD) was putatively characterized to code fobifunctional cyclase/dehydratase, and
ORFS5 {adE) likely coded fo aketoreductas&. The discovery ofadl was reported soon
after, and was found to be essential for cyclization of the proposed decaketide
intermediate (Scheme 1)n 2000 and 2001htee more genes were identifi¢edJ,
jadM, andjadN) for their roles in initial polyketide synthesis**jadJ wasidentified by

7



sequence comparis@a code foras anacylcoenzyme A carboxylaseesponsible for the
carboxylation ofacetytCoA to readily form malonyCoA for polyketide elongatiaft
jadM showed homology with a phosphopantetheinyl transferase, vl was
identified as a potential ac@@oA decarboxylase enzyme; all of which plaiakroles in
polyketide synthesis and chain elongatibfihe six genegadABCIMN code for the core
PKS enzymes responsible for the formation of a decapolyketide intermdiéltefrom
one acetylCoA and 9 malonylCoA units (Scheme 1)Heterologous expression of
jJadABCDEIin S. lividans1326 by Hutchinson and amorkers resulted in the isolation of
the angucyclinoneUWM6 (15) leading to belief at the time thet5 was a key
intermediate in jadomycin biosynthe&is” It was discovered later thab was likelynot
the true biosynthetic intermediate, aftimed spontaneously from another jadomycin

precursor in the absence of #mezymesladFGHY

Acetyl-CoA
JadABCJMN

+ _—

JadDEI

—_—

9 Malonyl-CoA

UWMS6 (15)

Scheme 1Biosynthetic brmation of the decapolyketidatermediate by JadABCJMN,
followed by cyclization to UWMG615) by JadDEI

1.5.JadFGH: Divergent Biosynthetic Pathways and Dead Ends

ORF6 (adF), ORF7 (adG) and ORFS8 jadH) werefirst reportedby Vining in the late
1990s andvere hypothesized to code faxygenasg importantin catalyzingpostPKS
reactions to producg*® *’ Understanding thbiosyntheticnechanisra of these enzymes,
and how they pertain to amino acidcorporation has been a large focusf the
angucycline academic community. Initial studidentified thatupon disruption ofadF
with an apramycinesistance gene, biosynthesis 6f was abolished and was
accompanied by the accumulation of the previpablaracterize@ntibiotic rabelomycin
(16) (Scheme 2}* “® Compoundl6 was lateridentified asa shunt productikely formed
from a spontaneous oxidation d5 (Scheme 2). Despitdiscovery of thisbiosynthetic
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dead endJoss of jadomycin production in the absence of JadF was the first example
illustrating the importance of the oxygenase enzymes gooduction of 5 and 6.
Following this studyyYang and Rohr published two comprehensive studies Igakinhe
natural products profiles ¢adG, andjadH disruption mutants. Disruption ¢ddH led to

the production of 2;8lehydreUWM®6 (17),* while thejadG disruption mutant led to the
production of 16, dehydrorabelormycin (18), and the glycosylated shunt product
digitoxosytdehydrorabelomycin 10), glycosylated by the glycosyltransferase JadS
(Scheme 2§°

0 OH
e
G OH O OH
gt
NG o )
S. &60) rabelomycin (16)
o
\
HO. CHs
o CHy Jio CH, Q ‘
(0] g
S. venezuelae ‘ OH ‘ O‘O
- 5
jadG disruption O‘O + O‘O +
oH O O OH
o OH O OH OH O OH HO—710

rabelomycin (16) dehydrorabelomycin (18) L-digitoxosyl-
Se dehydrorabelomycin (19)

“n o I CH,

H

o

OH OH O
2,3-dehydro-UWMS6 (17)

Scheme 2 Secondary metabolite productibg Streptomycesenezuela¢SP5230upon
g:%uption of oxygenase coding genagdF, jadG andjadH. Scheme aapted from Rixet
To initiateamino acid incorporation and subsequaxazolone ring formation, C
C bond cleavage ofthe Bring of the benzanthracene frame mustirst be
accompliked All products isolated from thesingle jadFGH disruption mutants
contained intact Bings, lacking amino acid incorporationlustrating the importance of
the enzymesodedfor by these genes fdacilitating B-ring C-C bond cleavage The
roles of these enzymes werarther probed byin vivo and in vitro evaluation of
compoundsl5, 16 and 17 as substrates for a series Sfreptomycestrains andthe
purified enzymeJadH?® When 17 was incubated with gadA deletion mutant ofS
verezuelae ISP5230 lacking the ability to produce the decaketide intermediate,
9



production of5 and 6 was observed (Scheme 3). This illustraiedwas apostPKS
substratein the jadonycin biosynthetic pathway. More interestingly, wh&n was
incubated with a engineeredtrain ofS. lividansexpressingadFGH, in the presence of
L-isoleucine,conversion tdb was observedjnequivocally demonstratinipe oxygenase
enzymes were responsible for theriBg cleavage (Scheme 3Dverexpressed and

purified JadH alssuccessfully utilized 7 as a substrate, producitg (Scheme 3§°
J Jto O CHs
L) LI T
+ N "o
L0 O \\C\\\Qo
=

o) ] CHs
H
N" o
OH O

HO

jadomycin A (5) jadomycin B (6)
3 HO CHjz HO CHs
© ‘ e i O i ‘
L ivi
C e OOL% L QU
© expressing N" "o
jadFGH OH O \\~\{ OH O OH
OH OH O \ ©
1,2-dehydro-UWM6 (17) y _ ‘ _
90'/7 jadomycin A (5) dehydrorabelomycin (18)

HO. CH
SO

OH O OH

dehydrorabelomycin (18)

Scheme 3 Natural products produced upon incubation 13f with fermentationsof
StreptomycesrenezueladSP5230jadA deletion mutant (top)S. lividansexpressing
jadFGH (middle), and incubation with JadH (bottofn).

A more recente-examination of the function of JadH Mang and coworkerglentified
that the enzymewas not responsiblefor the diret conversion ofl7 to 18, but rather,
conversion oflL7 to the hydroquinone intermediate CRDY (Scheme 4)Compound20
then undergoes spontaneous oxidation to fdé@Scheme 4)This proved JadH waa

bifunctionaloxygenasalehydras@nzyme' *°
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OITI-IO CHj; OHO CHj;
JadH Spontaneous
U — o

OH OH OH OH O OH

1,2-dehydro-UWM6 (17) CR1 (20) dehydrorabelomycin (18)

Scheme 4Enzymatic conversion df7 to the hydroquinone CR20) catalyzed by JadH
followed by spontaneous oxidation to folr®

With JadH notdirectly involved in the oxidative Bing cleavage, the potential
enzyme responsible were limited tadF or JadGWhile studyingthe divergence of the
jadomycin and the closely relatgdvocarcinM (21) biosynthetic pathwayéScheme 5)
using combinatorial biosynthetic methodologies, Rohr and coworkers showed that JadF
was likely the link between the PK&nd postPKS tailoring pathways in jadomycin
biosynthesis, acting as a j8hydratase responsible for hydrolyarsd decarboxylation
of the ACP-tetheed analogue ofl5 to form 17 (Scheme 5j" ** This implicated the only
remaining oxygenase JadG as the enzyme responsible for-@&hel€éavage of the B
ring.>* > Soon after the Jadfinding by Rohr, two separate articles meepublished by
Yang* and Roh? successfully identifying JadG as theygenase responsibier the GC
bond cleavagelnspired by thework of Rohr? illustrating the requirement of the
cofactors nicotinamide adenine dinucleotide phosphdfé¢ADPH), flavin adenine
dinucleotide FAD) and S-adenosyhethionine(SAM) to catalyze the full formation of
21, Yang and coworkers identifigddY, anORF in the jadomycin clusteasresponsible
for coding of aflavin-mononucleotide/FADKMN/FAD) reductase they postulated was
responsible for cofactor production for aglomycinoxygenases. Yang went on to show
upon incubation of Jad#nd JadGri the presence diB, FMN, NADH andL-isoleucine,
conversion to5 was observedScheme 5)° Although demonstrating thafadG was
responsible for the #ing cleavage, the exact mechanism of this conversion had pet t
identified. Past wrk by Vining and Rohrhad proposed amechanismimplicating a
BaeyerVilliger-like reaction to produce a 7memberedoxepinone ring containing
intermediaté® **This mechanismvas confirmed upon the incubation of GilOll, the JadG
homolog in the biosynthetic pathway 21, in the presence df8, together witha series

of cofactors and observing th@roductionof the oxepinone intermediat@2) by high
11



performance liquid chromagraphy (HPLC) analysis (Scheme 5). The structure was
confirmed by purification and subsequemiuclear magnetic resonanceNMR)
spectroscopyand high-resolution mass spectrometffRMS) analysis** It is proposed
that this intermediateis cleaved by thehydrolase JadK*" * accompanied by
decarboxylationto form a reactive aldehyde intermedi¢®3). It is at this point that
divergence betweemiosynthetic pthways producings, 21 and the kinamycins is
proposedScheme 5)">* *°In the case 021 andthe kinamycinsa series of enzymes act
on this aldehyde intenediate facilitating a structural rearrangement to furnish these
atypcal angucyclinones (Scheme %).the case of jadomycin biosynthesis, it is believed
that incorporation of the amino acid proceeds spontaneously via direct interaction
between the amingroup and this reactive aldehyde (Schem¥ B)ycosylation is then

accomplishedby the glycosyltransferase JadS giving the fully decora{@&theme 5).
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dehydrorabelomycin (18) CR1 (20) rabelomycin (16)
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gilvocarcin
pathway
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dehydrorabelomycin (19)

o
L-isoleucine O‘ H Jads O‘
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oxepinone aldehyde jadomycin A (5) jadomycin B (6)
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R, R'=H or COCHj3
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Scheme 5JadomycinPKS andpostPKS biosynthetic pathwaijlustrating the function
of all identified structural enzymes responsible for productiob arfid divergence of the
precursor related kinamycin and gilvocarcin biosynthetic pathwedapted and updated
from Fanet al*®
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1.6.Dideoxy Sugar Tailoring Gene Cluster

Glycosylaton of natural products is widpread, ands often extremely important for the
biological activity of these molecul&&¥® As previously described compound6 is
glycosylated with the rare 2@ideoxysugan-digitoxose R4) at the Dring via an O-
glycosdic linkage (Figure 5). The 2,6-dideoxy sugas are often found within natural
product steroidal glycosides, antibiotics, and antitumor compdtindsligitoxose
(Figure 5) has only been reportedn natural productdsolated fromactinomycete¥
including the typel PKS derivedtetrocarcin A (25) produced byMicromonospora
chalceaNRRL 11289*% andthe structurally related kifamicin (26) from Actinomadura
kijaniata, both decorated witmultiple L-digitoxosyl moieties (Figure 5 In the case of
6, the JadSglycosyltransferaséacilitates additiorof 24, but several enzymatic steps are
required for the biosynthesis of an activated NDBigitoxose substrate before this can

Ooccur.

oH ,OH

Ho$27rr

L-digitoxose (24) Oo—

tetrocarcin A (25) kijanimicin (26)

Figure 5. Structure of the 2,6dideoxysugat -digitoxose(24), andthe natural products
tetrocarcin A(25) and kijanimicin £6) glycosylated with.-digitoxose

Work by Wang, White and Vining in 2004 ceessfully identified 8 genes
(jadXOPQSTW), which by sequenceomparisonsvere found tocode for a series of
dideoxysugar tailoring enzymés.Putative functions were assigned by sequence
homology studies. A seried & venezueladSP5230single genedisruption mutants
lacking the ability to expreseach ofthe eight enzymes were created to probe their
importancefor jadomycin glycosylationThe mutants were grown in the presence-of
isoleucine and the cultumaediawas monitored for the production of bddhand6. All
disruptionmutants, with the exception tiejadX disruptionmutant, produced only as

the major natural product. Th@dX disruptionmutant appeared to produce both
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compounds, but at a reduced capacompared to the wild typ8 venezuela¢SP5230.
This suggested JadX may be important for glycosylation but was not esgeidtl
infra).®” The proposed-digitoxose biosynthetic pathway begins with trwupling of U-
D-glucose 1-phosphate 47) with a nucleotide triphosphate (NTPxatalyzed by
nucleotidylyltransferase Jag@ produce)}p-NDP-glucose 28) (Scheme 6)JadTthen
likely acts as a 4;8ehydratase, removing the@H and oxidizing the DH position,
forming the corresponding NDPR-keto-6-deoxyD-glucose 29) (Scheme 6). The
dehydratase, JadO, then removes ti@Hto form the corresponding NBE®4-diketo
2,6-dideoxyglucose intermediat8d). Compound30 then undergoes a reduction by the
ketoreductase,JadP, to form the NDR-keto-2,6-dideoxyD-glucose 81). Jady an
epimerase, investthe stereochemistry at -6 to form 32 The ketoreductase, JadV,
finishes the pathway by reducing the carbonyl at, @orming NDPRL-digitoxose 83).
Compound33 is transfeed to the jadomycin aglycone via the glycosyltransferase, JadS,

forming thefully glycosylateccompounds (Scheme 65’
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HO O JadQ JadT o
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o-p-oH  *NTP HOL_nop HO5-NDP
27 OH 28 20

Jado

S. venezuelae ISP5230
WT
HO. CH.
L
O, O, O,
O‘ Ho, oH NP JadV o Jadu o JadP o
N" "o HOZ1Q7 >0 HO HO R —

OH O \%\ O-NDP O-NDP O  O-NDP
o 33 32 31 30

a
R
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Jo l CHs Jo O CHs go O CHs

H H Jads H N NDP  JadV o o

+ HO O
N" o N""o - N" o HOMTS

o o . o o .
on \\“40 on c%o %o
] o] 3

jadomycin A (5)

OH O

jadomycin B (6) ILEVS1080 (34) jadomycin A (5)

Scheme 6Proposediideoxysugar biosynthetic pathwagkS. veezueladSP5230 wild
type (WT) andS. venezuelaédSP5230 VS1080j4dO disruptionmutant) producing
jadomycin B 6) and ILEVS108034) respectively.

In 2006, a study by Jakeman and coworReesexaminednatural product profile ofthe
jadOdisruption mutans§. venezuelaksP5230 VS1080 previously described by Vining.
Using optimized conditions for improved jadomycin productio®. venezuela¢SP5230
VS108 was grown irthe presence af-isoleucineas the sole nitrogen sourd&nalysis

and fractionatiorof the fermentation yieldethe unique natural produtitEVS1080(34)
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glycosylated with a @leoxyU-L-altropyranose moiety (Scheme®8)rhe presence of the
2-OH group on the sugalustrated that JadO wasinvolved removing this hydroxyl
group. Furthermore because Igcosylation of the natural product was still obserued
vivo with the nonphysiological substrate ND&deoxyaltropyranosgthis suggestd that
JadSis a promiscuous glycosyltransferase capable of acceptingpimgsiological
substrates and incorporating them into the structure of jadomyExysoiting the
substrate specificity of natural product glycdsamsferases is an alluring approach to

structural diversificatior®

1.7.Amino Acid Incorporation: Exploiting a Spontaneous Process

Spontaneous processes in natural product biosynthetic pathways are ragebbeen
reported” As previously mentionednithe jadomycin clustefadG hadbeen identified
to code for the enzyme=sponsible for the Bing opening™ ** This C-C bond cleavage
proceeds via a Baeyfilliger oxidation producinghe oxepinone intermediat22, which

is then cleaved to yield the reactive aldehyde23 (Scheme 5j* Traditionally, S.
venezuelaechlorampheniceproducing fermentations had been performed in minimal
media containinga sinde amino acidas the sole nitrogen soure!? At the time of
discovery of5 and6, media was supplemented withsoleucine (60 mM)lsolation of6

as the major natural product with the presence of the intact amino acid suggested the
possibility of a norenzymatic incorporation of the amino acid leadinghi® hypothesis
that fermentatios in the presence dffferentamino acids could lead tberivatization of
the oxazolone ringf The first reported use of amino acids other thagoleucine in
jadomycin productions was by Doull, whobserved differences in colour in
fermentations supplemented wittlifferent amino acid, suggestingthat modified
derivatives o6 may have been producédSeveral years latethe first isolated examples
of these derivatives were dlaaterized.” *"

The proposed mechanism famino acidinsertion involves thespontaneous
reaction of an amino acid witB3 to form an imine intermdiate (Schem@). It is
proposed thathis intermediate then quickly undergoes a series of intramolecular
cyclizationsinitiated by a Michael additiofrom the imine nitrogen to the quinone ring,

ultimatelyyielding theoxazolone ringontaining5 (Schemer).>
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Scheme?. Proposed mechanism for spontaneous amino acid incorporation forming the
oxazolone ringIncorporation otL-isoleucine is used as an example.

Exploitation of thisunique biosynthetic step has led to the isolation and characterization
of over 25 distincjadomycin variantscontaining the Snembered oxazolone rin@5

40), and some analogues containing atypicalclized rings of various size@1-44)
(Scheme 8)Several ofthese compounds and their structuaes outlined irScheme 8"

#78 Compelling evidence for the cyclization process &lasbeen demonstrated through

the chenical synthesisocfby OO6 Doherty and | ater 6dnga Yu i n
key series of fully glycosylated jadomycifis® Work has also been conducted on
structural diversificatin by semisynthetic methodologiesJakeman and coworkers
successfully produced jadomycin OPS4%) containing a terminalalkyne through
precursor directed biosynthesising the nosproteogenic amino aci@®-propargyiL-
serine (Scheme 8). The alkyne functbty wasthenused as a chemical handle, and
reacted with a series of azides to furnish a small library of jadomycin triaZifi€s3)
(Scheme 8§*
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