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CHAPTER |

INTRODUCTION

Many organisms, such as bacteria, plants dadgi are capable of synthesizing
structurally diverse bioactive natural products. The diversity of structure and bioactivity
of many of these compoundsled to their use in pharmaceutical and agricultural
applicatims?! Bacterialnatural productsoften contain sugar moieties attached to their
core scaffoldsand play significant rolein conferring biological activitMany of these
bioactive sugars are derived frodeoxyaminosugar oxidatios, the most common of
which are deoxynitrosugars.

The recent advances in gene cluster elucidatiarf several natural products
containing theseN-oxidized sugars have enabled the proposal of biosynthetic pathways
of these important moieties and set the stage for biochemical characterization of the
enzymesnvolved intheir biosynthesisThe biosynthdt pathwaysof deoxyaminosugar
moieties in several natural products have been wellstudied however, enzymes
responsiblefor the amine oxidationin many deoxynitrasugarcontainingand related
natural productshave not been characterized previousdor investigations.

Given the biological importance of deoxysugar attachments, advances in
studying new biosynthetic pathways will provid@pportunities forin vivo pathway
engineering leading to the production of new glycoconjugates with varied biological
activities. Particularly, thecharacterization of the biosynthetic gefsp for the key

oxidation of aminsugas, clearly present the opportunity to increase the sugar

1



structural diversity of a vast array djlycosidesvia in vivo or in vitro pathway
manipulation®® Additionally discoveringnew biocatalysts able to perform synthetically
difficult enantioselectiveamine oxidations will have significant implicationsithe

development of alternative synthetic methods.

Biosynthesis of Noxygenated deoxysugars

Significance of deoxysugars in naa products

Deoxysugars areommon structuralappendagesof many bioactive natural
products and are commonly found attached to Iy&etide scaffolds Several
therapeutically important drugs such as the antibiotic vancomycin dedanticancer
agentdoxorubicincontain sugarsttachedto their aglycoe cores*® These sugars play
important rolesin the biological activity by participating in the interaction between the
drug and the cellular targetin some cases, sugars participatethe mode of action of
many drugs as they contributeto a variety of processes, including active

transmembraneransport, stabiliation of protein foldingand enzymenhibition.*®

The most prevalent sugaramong sugacontaining bacterial secondry
metabolites are deoxysugars, often dearyinosugars, the biosyntheses of which have
been recently reviewed ° Structures of someommondeoxysugars are shown in figure

I-1.



OH \ H3CO™ "NH
\ 0] o] 0
/
OH OH
OH OH OH NO, OH
D-fucose D-desoamine D-forosamine D-kijanose
OH
o~OH o OH_ O OH
HOW o How W

NH, OH 2 H3CO NO,

L-epivancosamine L-daunosamine L-mycarose L-evernitrose

Figure 1. Examples of some deoxysugars found linked to several natural product scaffolds

Deoxygenation D these sugars proceeds via nucleotide diphosphate (NDP)
activation of édeoxyhexoses, usuallyglucose. The most common NDP activation is
performed by attaching thymidine diphosphate (TD#)the anomeric carbon ob-
glucosel-phosphate® TDRactivated sigars are the most structurally diverse class of
nucleotide sugars found in nature. After NBE&tivation, deoxygenation proceeds via a

4-keto-6-deoxy intermediate which is shared among all known deoxysugar pathways.

A less common but very important sugarodification, deoxyaminosugar
oxidation to hydroxylaming nitroso~ YR YA GNR &dzZAF NBA dzy Alj dzSt &
glycochemical diversityNatural products containingN-oxidized deoxysugarsxhibit a
broad range of biological activities including antibacteriahtitumor, antimalarial,
anticholesteromic, antiviral, and antidiabetic activite®'? The oxidizd congeners of
deoxyaminosugars exist in many natural products such as everninomicin, rubradirin and

kijanimicin!**®> The hydroxylaming nitroso, and nitrosugawariants have been isolated

from the fermentation broh of the everninongin producer Micromonospora



carboneceavar. africana It has been shown that the antibacterial activity among these
derivatives varied significantfy Modulation of biological activity through enzymatic
deoxysugar modification could have significant impact on the development of

therapeutically important agents derived from various natural glycoconjugates.

Because of the biolagal importance of these deoxysugar moieties in various
natural products, there has been a growingerest in developing new strategies for
altering the deoxysugar appendages of important glycoconjugates either by synthetic or
biosynthetic engineering appaches. Biosynthetic engineering strategies reqgoed
understanding of the enzymes involved in the deoxysugar modifications and attachment
to their corresponding aglycas. The gene clusters of many bioactive compounds
containing deoxysugars have besequenced and deposited into gene data bgnk
which made functional assignments of the encoded enzymes feasible. This enabled
genetic and biochemical characterization of the biosynthetic pathways of several known
deoxysugars. Interestingly, studying teepathways showed that several sugar
biosynthetic enzymes and glycosyltransferases (GiEs) broad substrate specificity
allowing their use bothin vivo and in vitro for altering the sugar moieties in these
compounds, a process termed glycodiversificatio Several successful
glycodiversification studies have been performed on natural product glycoconjugates
such as vancomycin and calicheamicin, yielding a new generation of glycorandomized

derivatives of altered biological activitié<*®



These glycodiversification startegies can be applied for many other natural
product scaffolds utilizingubstrateflexible erzymes to generate libraries of substances
for in vitro or in vivoglycoslation. Enzymes in the deoxysugar pathways can be further
manipulated through protein engineering which can result in an expanded pool of
glycorandomized derivatives. This new genenatof compounds of varied biological
activities could lead to the discovery of potentially important drugs to mitigate the

daurting threats of human diseases.

Nitrosugarcontaining natural products

Deoxynitrosugars artound in many isolated secondary naoliteswith diverse
scaffolds including spirotetronate antibioticansamycinsand orthosomycirs.>**> One
of the first reported deoxynitrosugacontaining natual products ishe orthosomycin
antibiotic everninomtinfrom Micromonospora carbonaceazar. africanawhich includes
a deoxynitrosugamoiety, evernitrose™> This nitrosigar iscalled D-rubranitrose in the
polyketide rubradirinisolated from Streptomyces achromoges and is structurally
related tob-kijanose from the spirotetronate polyketide antibiotic kijanimycin produced
by the ActinomyceteActinomadura kijaniatd* ' These compoundpossess potent
antibacterial activity among other important biological activities. Bel®wai brief
description of these three important nitrosugapontaining natural products with

emphasis on theignificance of their attached nitrosugar moiety.



Everninomicin

Everninomicin, producd byicromonospoa carbonaceavar. africang is an
oligosacchride which belongs to the orthosomycin class of antibiotics and possess
potent activity against Grarpositive and Grammegative bacteria including vancomycin
resistant enterococci methicillin resistant staphylococgi and penicilliaresistant
streptococi?’® The structure of everninomin is composed of eight deoxysugars
including a terminal nitrosugafL-evernitrose) and acelytated withorsellinic and

dichloroi®everninicacidmoieties (Figure-2).

llini id
dichloroisoeverninic acid orsefiinic a\(zl OH
OH / HO
Cl Cl
[¢]

H3;CO oH ]
H,CcO_ 71070 o) O o O oX=8 o 0 ooV o
3 HO 0 ~

OH HO HO
O,N
AN o

L-evernitrose Everninomicin

Figure 2. Chemical structure of everninomicin.

The mechanism of action of everninomicin involves inhibition of protein
biosynthesis by binding to the ribosomal protein L16 whiffecis the function of the
50S ribosomal subunft. Everninomicinvas developed througphase Il clinical studies
when its further development was discontied in May of 200@or the stated reason
& G Kdance between efficacy and safety did not justify further development of the

product.?* However, because dfs potent antibacterial activityresearchers have been



interested in its structure diversification to create a number of everninomicin
derivatives for structureactivity studies. Only limited chemical derivatization
experiments of everninomicin were perfoed for that purpose which proved
challenging perhaps because of the complexity of the sugar linkages in orthosoftycins.
This gave rise to thmterest of studying thebiosynthesisf everninomicinwhich could
potentially lead to theutilization of the natural biocatalystsn its biosynthetigpathway

to compliment the chemical synthetimethods in the rational drug design process.

The deoxynitrosugar moiety in everninomieuas shown to be important for the
antibacterial activity.For insance, antibacterial activity of the nitrosugar congener
againstStaphylococcus aureuwgas shown to bd 25 foldhighercompared to thabf the
aminosugar congenef® This highlights the signifinae of studying theenzymes
responsible for the Mxidation of this important deoxysugar moietfhe knowledge
that can be gained from understanding this important biochemical transformattowtd

greatlyimpactcurrent efforts towards everninormin strucure diversification.

Rubradirin

Rubradirin, produced byStreptomycesachromogenesvar. rubradiris is an
ansamycin antibiotic that possesssignificant activity against Grapositive bacteria
including multidrugresistance strains oStaphylococcus aurst® The structure of
rubradirin is comprised of four distinct moieties; the polyketide scaffold rubransarol, 3

amino-4-hydroxy7-methoxycoumarin ~ (AMC), the aromatic  bridge -3,4



dihydroxydipicolinate (DHDP)na@ the nitrosugabD-rubranitrose (2,3,8rideoxy-3-G4-O-

dimethyl- 3-Gnitro-D-xylo-hexose), (lgure I3).

D—rubranit\rose NO, \ OO o} OCHj3
w N

OCH;

rubranserol
—

Rubradirin

Figure 3. Chemical structure of rubradirin.

The antibacterial activity of rubradirin involves inhibition of thenction of
microbial ribosomes by selective prevention of translation chain initiation during protein
synthesis?* It has also been shown that the aglyeoof rubradirin is a potent inhibitor
of the human immunodeficiency virus (HIV) reverse transcriptasehe polyketide
scaffold rubrasarol does not inhibit bacterial RNA polymerase or ribosomal functions
on its own, whichhighlightsthe importanceof the additional structuraklements in

rubradirin including the deoxynitisugar moiety.

The gene cluster of rubradirin has been recently sequenced and deposited in the
NCBgene data bank. Functional analysigtos clusterbased onsequence homologies,

identified thegenesresponsible for the biosynthesis of the aminosugar precursor of the



nitrosugar D-rubranitrose™® The lack of a gene that icodesa G5 epimerase in the
rubradirin geneclusteris consistent with thed-configuration of the nitrosugar moiety.
Additionaly, a putative oxidase generubN8 was also found in the rubradirin gene
cluster and proposed to perform Noxidation of an aninosugar precursorin the

biosynthesiof D-rubranitrose.

It is worth noting that only the nitroso congener of rubradrin (protorubradirin)
was isolatedfrom the fermentation ofthe producerStreptomycesachromogenesar.
rubradiris when it was grown in comlete darkness. After isolation, protorubradirin
readily converted to rubradin upon exposure to ambient light. Based on this
observation, it was proposed thatthe nitroso congener of rubradirin is the true

secondary metabolite and that thaitro groupis formed through photooxidatiorf®

Kijanimicin

Kijanimicin, produced byActinomadura kijaniatais a spirotetronate antibiotic
and exhibits a broad range of antibacteriattigity against Grampositive bacteria,
anaerobes, and the malaria parasi®asmodium falciparurff It has also been shown
that derivatives of kijanimicin possegotent activity against human liver and breast
cancer cell line&’ The structure of kijanimicin includes a pentacyclic polyketide core,
linked to four Ldigitoxose wunits and the nitrosugar, ,24,6tetradeoxy4-
(methylcarbamyB3-Gmethyl3-nitro-D-xylo hexopyranos&nown asb-kijanose(Figure 4

4). Kijanimicin derivatives are also known to be produced by other-GighGram



positive bacterial strains (actinomycefe such asStreptomyces, Micromonospqgra
Actinomadura Saccharothrix and Verrucosispord* Most members of this class of
compounds exhibit antibacterial and attmor activities and many possess other
biological activities. Example$ these compoundgclude tetrocarcins and arisostatins,
which have been shown to be inducers of apoptdSischlorothricins, as
anticholesterolemic agents* tetronothiodin, a cholecystokinin B (C®K inhibitor®

MM46115, an antiviral drug active against parainfluenzae virus 1 and vitus 2.

D-kijanose

OH

5
55

o)

. W)
H3cong
Ho 4L

kijanimicin

Figure 4. Chemical structure of kijanimicin.

The deoxysugar moieties that decorate the polyketide core of kijanimicin play an
important role in the biological activity of this compound. Although no strucotvity
studiesyet assedhe importance of thebD-kijanose sugar, it is likely that thunusually

modified deoxynitreugar is important for biological activity.
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Biosynthesis of deoxyaminosugars

Deoxyaminosuagrs ai important class of deoxysugar moieties biosynthesized
by a variety &organisms such as plants, fungi and bact&i&ased on gene functional
analysis of several natural products possessingxidized deoxysugars, it iargely
thought that the precursors of these important moieties are deoxyaminosugars.
Therefore, understanding the biosynthetic pathways of these sugar precursors is very
helpful in the elucidation of the fdxidation pathway Before the introduction of the
amine group the precursor sugar must be in its deoxygenated form. Enzymatic
deoxysugar modifications are always carried out on nucleotide activated sugars such as
thymidine diphosphate (TDRugars. All known TBdugars are derived from glucode
phosphat which is converted to TBRjtucose by a thymidilyl transferase and then to
TDP4-keto-6-deoxyD-glucose by TDB-glucose 4,&ehydratse (Scheme -I). This
provides the entry point for further deoxygenation and other enzymatic modification

steps includingransamination®

OH OH
Thimydilyl transferase 4 6-deh t (@)
Hﬁ)o/ﬁ' Ho/&% M m
N "o HO
HOpo, /—\, HO OTDP HOOTDP
TP PPi

Schemel-1. Entry point into TDRIeoxysugar secondary metabolism in bacteria.

Deoxyaminosugars are produc&®m their deoxygenatedetosugarprecursors
via a transamination reaction carried out by a transaminase or an aminotransferase

11



which substitutesthe keto group with an amino group. These enzymes are usually
dependent on pyridoxal phosphate (PLP), a cofactor that reacts with glutamate, which
transfers itsh -amino group to PLP to make pyridoxamine phosphate (PMP). PMP then
transfers its nitrogen to the sugaigrmingan aminosugar: Aminotransferase catalysis
proceeds via a highly conserved mechanism typically vyielding -regiad

enantioselective amine installatiof.

The structure of Desl an aminotransferaseinvolved in D-desosamine
biosynthesis inStreptomyces venezuelaen the presence of PL&nhd the aminosugar
product revealed amxternalaldimine intermediate in whicla lysine residués in close
proximity to both G1 Q 2 &nd thd @4 atom of the sugar substraf® This residue
likely plays a role in mediating the proton transfers that oceuduring the
transamination yielding a-€ equatorial amine installation. Unlike Desl, PseC another C
4 aminotransferasérom Helicobacter pyloriintroduces a & axial amino group into a
4-ketosugar’® Interestingly, the hexose moiety was found to be rotated by°li8PseC

compared to Desl resulting in this interesting opposite stereochemistry of theamin

group.

Biosynthesis of TDR-epi-vancosamine
The biosynthesis oTf DRL-epivancosamingSchemel-2) is a good example to
discuss because this unusual moietyorse of the most modified deoxyaminosgurs

found in natural products Eight enzymatic steps anmequired for its biosynthesis
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starting from glucoseThere are twol-epivancosamine sugatsked to the aglycone
scaffold in chloroeremomycin, a member of the vancomycin family of glycopeptide
antibiotics produced byAmycolatopsis orientalid The biosynthetic gene clustesf
chloroeremomycirhasbeen sequenced which facilitated the vitro studiesof TDPL-
epivancosamine bisosynthesfs. In these studies, ife enzymes from the
chloroeremomycirpathway, EvaAE, have been shown to be involved in its biosynthesis
starting from TDS-deoxy4-keto-D-glucose® These five enzymes were shown to
perform G2 deoxygenation by EvaA;3Camination and methylation by EvaB and EvaC

respectively, & epimerization byevaD, and-@ ketoreduction by EvagScheme-R).

To reconstitute the biosynthesis of TIDEpivancosaminein vitro, the TDP
glucose 4,&lehydratse (RfbB) from the rhamnose biosynthetic pathway, was used to
generate the entry sugaf DP4-keto-6-deoxyh -D-glucose™ The RfbB activity requires
nicotinamide adenine dinucleotide phosphaldADP) which is bound to the enzymét.
was shown thathe dehydration by EvaA, 2@ehydratase, produces the unstable FDP
linked 3,4dioxo-6-deoxy sugar which is susceptible to TDP elimination witkholien
formation.>® The 3-amino group is formed upon the activity of the aminotransferase,
EvaB, a PLP dependent enzyme. It was also shown that the activity of this enzyme is
enhanced by the inclusion of 1 mM glutamine in tresay. The&>3 methylation step is
carried out by the activity of EvaC, a SAM dependent methyltransferddas
methylation is followed by the activity of the-Z epimeraseEvaD whichresults in a
change of the sugaroofiguration from D to LThe final step of TDRepivancosamine

biosynthesis ighe activity of theNADPHlependentG4 ketoreductase, EvaE, which

13



reduces the keto group on-€ to a hydroxyl group. TBRepivancosamine is then

attached to the aglycone scaffold of chloroeromygcin by a glycosyltransferase.

OH

4,6-dehydratase o 2,3-dehydratase o fo)
HO o) (RfbB) o] (EvaA)
HO — T HO - o OTDP
HOGTDp NADP+ HOGOTDP

aminotransferase (EvaB) | PLP
methyltrasferase (EvaC) SAM

C-4 ketoreductase C-5-epimerase

» (EvaE) (EvaD) o
HowOTDP - 07~0TDP 0
NH, NADPH o) NH,

TDP
TDP-L-epivancosamine NH, O

Scheme. Biosynthesis of TDRepi-vancosamine.

Comparative genomics of the nitro sugar functionality

The availability of gene cluster data mfany isolated natural products provided
the opportunity to analyze genes based on sequence and profseions prior to
carrying out biochemical characterization of the encoded enzymegueice based
analysis alone isnsufficient for identifying/discoveringa precise biosynthetic gene
especiallyfor large gene clusters that may contain up to 100 gehmyever, multiple
gene disters of related compounds can hkenalyzedvia a comparative genomic
approach which carsubstantiallysimplify identifying genes of interesComparative
genomic analysfd was performel on the related orthosomycinsverninomicin and

avilamycin which is described beloff.
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Avilamicinis arother orothosomycinoligosaccharide structurally we similar to
everninomicin butlacks the nitrosugar moietyFigure 45).** It is produced by
Streptomyces viridochromogenasd consists of heptasaccharide deoxysugar chain and
one PKSlerived dichloroisoeveninic acid moiety. Anothernstiural dfference between
the two oligosaccharides is the presence tbe orsellenic acid moiety atSCof the
deoxysugar ring H of everninomicin which is replacedrbgcetyl group in avilangn.

Like everninomicin, avilamin wasshown to be active against manyrg@ér+
positive bacteria, includingmerging problem organisms, such as vancomyesistant
enterococci, methicillinresistant staphylococci, and penicilfiesistant pneumococci
The mode of action of avilamin is similar to that of everninomicin, whichvolves
inhibition of protein biosynthesis by binding to the S0ribosomal subuniof the

bacterial ribosomeé?

OH
Cl Cl

HsCO on o
BT g% 0ot 6028 0 o TP
HO (0] oH HO HM

Avilamicin
OH
OH HO
Cl Cl
o
H4CO OH o
(0]
Q o~ =9 o9 &Wo ° -
Hscowo HO (ﬁw ° HO 3@% >
O,N OH )

Everninomicin

Figure 15: Chemical structures of everninomicin and avilamycin.
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There are two gene clusters described for avilamieithe public domain (AVIL,

AVIA) andwo for everninomicin (EVER, BAJEepresenting four different producer8y
comparing these four clusters and applying simglibtractiveanalysis, genes that are
likely to be involvedn the nitrosugar biosynthesouldbe proposed This approach led
to the identification of nine candidate genes for the nitrosugar biosynthesis prasent
the two everninomicin producersMicromonospora carbonacae var. aurantiaead
Micromonospora carbonaceaar. africana, while abseat in the two avilamycin
producers; Streptomycesviridochromogenesand Streptomyces mobaraens{§able {

1) .45

Table }1. Possible biosynthetic genes farevernitrose. Nine genes present in the everninomicin gene
clusters (EVEA andVER) but absent in the avilartip gere clusters (AVIL, AVIA). Orf36/42 gene pair
(shown in red) from EVEA, EVER clusters, respectively, is the likekiddse in the biosynthesis of the
nitrosugar moiety.

EVEAyenes EVERjenes Putative encoded enzymes

Orf37 Orf43 (C3 aminotransferase)
Orf40 Orf46 (C4 ketoreductase)

Orf39 Orf45 (G5 epimerase)

Orf38 Orf44 (C3 methytransferase)
Orf35 Orf21 (glycosyltransferase)
Orf36 Orf42 (flavinr-dependentoxidase)
Orf19 Orf4 (copper-dependentoxidase)
Orfl8 Orf3 (RNA methyltransferase)
Orf41 Orf47 (G4 O-methlytransferase)
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Sequence homology analysis of thegenes,allowed the identification of five
encodedenzymes involved in the biosyntkis of the aminosugasrecursor thatshared
high sequence similarity and identity with their counterparts i thell characterized
TDRL-epivancosamin@ &biosynthetic pathway3® The nitrosugar L-evernitrose is
structurally very similar to TDPepivancosaminewith the difference being the N
oxidation on € and theC4 OGmethylation inL-evernitrose Among the genes shared
between the two pathways weregenes that encode &3-aminotransferase, G
methyltransferase, G-epimerase and @-ketoreductase. Therf35/21 gene pairwas
found to share sequence homology wigenes encodinglycosyltransferaseand hence
is possibly responsible for the glycoslation Legvernitrose The orf41/47 gene pair
shares sequence homology witk4 O-methyltransferase likely responsible for
introducingthe methoxy group at € of the nitrosugar, a functionality that is repkxt
with a hydroxyl in TDRepivancosamine. The sequenoe homology analyses excluded
two of these nine geneas candidates fothe biosynthesiof evernitrose. Namely, the
orf18/3 genepair which has reasonable homology to RM#ethyltransferase geneand
the Orf19/4 gene pair homologous t@opper-dependent oxidse genesnvolved in
primary metabolismThe only remaining and likely oxidase responsible for the oxidation
of the aminosugaramongthese nine gene pairis orf36/42. The encoded proteins of
these genes have moderate sequence homology with the flavin dependent
monooxygenase dibenzothiopheroxidase DszC which has been shown to oxidize a
sulfide group to a sulfone via a sioxide intermediate’® ORF36 also sharesoderate

sequence similarity (~ 25%) with the aBGdA dehydrogenase family of enzymes. Acyl
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CoA daydrogenases are flavitlependent enzymes and aresed as a structural model

for classD flavinrdependent monooxygenases.

Proposed deoxysugar-dxidation pathway

As mentionedabove the oxidase proposed to form the nitrosugar congener
from the deoxyaminasgar precursorin the everninomicin pathway is ORF8®&m
Micromonospora carbonaceaar. africana This putative flavinrdependent enzyme
shares high sequence identity and similarity with other homologues irbibgynthetic
pathways of nitrosugacontainirg natural products such as RubN8 from the rubradirin
pathway and KijD3 from the kijanimicin pathwakll of theseputative N-oxidaseshare
moderate homology withthe flavinrdependentdibenzothiophene oxidas®szC which
oxidizes dibenzothiophene (DBT) BT sulfone (DBEas shown inrscheme 43. This
two-step oxidation requires the flavimononucleotide (FMNandthe NADPH cofacter
as well as an external flavin reductase to provide reduced flavin whigtliatesthe
monooxygenatiorcatalysis Reduced flain is known to reactvith molecular oxygen to
form the CAa-hydroperoxyflavin, a reactive oxygen species that is responsible for the
electrophlic oxidation of the substratd” The oxygenation step results in the
incorporation of one oxygen atom into the substrate, ubpas a hydroxyl group, and
the formation of the Cd4ahydroxyflavin. The hydroxyflavin readily loses a water

molecule and is recycled to participate in furthheunds ofoxidations.
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O, FMNH,  HoO, FMN Oy FMNH,  H20, FMN o"S“o
DBT DBTO DBTO,

Schem 3. Oxidation of dibenzothiophea by DszC.

The oxidation mechanism for the aminosugars by the {naflavindependent
oxidases coulthe envisioned in a similar manner whereby the reduced flavin is provided
by the function of an externallavin reductase. Monooxygenation mediated byaC4
hydroperoxyflavin results in the formatiomf a hydroxylamine intermediate and
consequently, similar flavidependent oxidation steps result in the production of
further oxidized intermediates perhaps via the nitroso and ultimately the nitro

functionality.

Anthracyclines and deoxyaminosugar oxidation

A brief history of anthracycline drugs

Anthracyclines are another class of natural products with deoxysugar moieties
attached to their tetracyclic polyketide core§ome anthracycline compoundse
consideed the most effective anticancer drugs and possess a wide range of activity
against several types of human canc&® The first discovered anthracyotis were
doxaorubicinand dauneubicinwhen theywere isolated fromStreptomyces peucetius
early 1960s' °* The tetracyclic structure ofdoxorubicin and daunorubicinincludes

guinonehydroquinone groups remsented by rings-8 (Figure-6). The sugar moiety in
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thesetwo compounds is amino-2,3,6trideoxy-L-fucose, also known as daunosamine.
Doxorubicinand daurnorubicin share the same tetracyclic core with the difference of a
hydroxyl group on €3 in doxorubtin. This small structural difference has significant
effect on the spectrum of the anticancer activity @dxorubicinvs. daunarubicin For
exampledoxorulicin and some of its analogs were found to have less acute toxicity,
cause less cardiomyopathy, and in general more potent anticancer acfivity.
Additionally, daunorubicin shows activity in acute lymphoblastic or myeloblastic
leukemias® whereasdoxorubicinis more active against breast cancer, childhood solid

tumors, soft tissue sarcomas, and aggressive lymphaothas.

baumycin 5 NH,

OH

Figure 16. Chemical structure of some anthracyclines.

idarubicin

epirubicin

The use ofloxorubicinand daunorubicinin clinicis facingsome challenges such

as the development of resistance in tumor cells or toxicity in healthy tissues, resulting in
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somecases in chronic cardiomyopathy and congestive heart failure (CHF) among other
side effects. Therefore, theris a need forimprovedanthracycline analogs with varied
pharmacokinetics for the treatment of different types of cancer. Hundreds of new
doxorubtinanddaunorubicinanalogs were synthesized but only few of them made it to
clinical development and approv¥l. Among the best approved analogues were
epirubicir®® and idarubicin®®!, alternatives to doxorubicin and daunorubicin
respectively. The only difference betweerpirubicin and doxorubicin is the
epimerizatonat @ Q 2F Rl dzy2al YAY S Ogkhe yardxyl lomtheK S 2 NR Sy
axial indoxorubicinto the equatorial inepirubicin Interestingly, this minostructural
difference resulted in significant changes in the pharmacokinetic properties which led to
improvements in distribution volume and total bodyeatance®® The idarubicin
analogue ofdaunorubicinis made from the removal of the-shethoxy group in ringd

and was shown to possess broader spectrum of antiea activity. It was speculated

that this improved activity may be attributed to increased lipophilicty and stabilization
of the drugtopoisomeraseDNA ternary comple® Other approved anthracyclin

6364 and mitoxantroné&>®’

analogues include pirarubicin, aclacinomyaiifaclarubicin)

(a substituted aglyconic anthraquinone).

Biosynthesis of baumycin
Baumycin is an another anthracycline compound derived fdanmnorubicinand
has been shown to exhibit high efficacy against grpositive bacteria and certain

cancer ell lines such as leukemia cefls1210). The structure of baumycin includes a
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non-sugaracetal moiety attached at-€ Q LJ2 & hdidaudosamhéugar (Figure-|
6).68-71

In Streptomyces peucetiushe polyketide core inbaumycin is produced by a
Type 1l polyketide synthase (PKS). The fistf®ons of the 24carbon decaketide chain
are synthesized from the incorporaticof a single propinyl starter unit from propinyl
CoA followed be 9 iterative condensations of malonyl extender dhithie minimal PKS
proteins that catalyzehte formation of this long chaipolyketide are an acyl carrier
protein (ACP), ketosynthase (KS) and a malGoyl:ACP acyltransferase (MA¥The
polyketide chaa is converted to 1zleoxyalkalonic acid catalyzed by the dps gene
cluster which includes Dpsk, an NADPH dependdet@eductase, and cyclases DpsF
and DpsY that catalyze the formation of ring D and C, respectively. The subsequent
polyketide modificatios are catalyzed by the dnr gene cluster which includd C
oxygenase, a SAM dependent alkalonic acid methyltransferase, ring A cycdlase, C
ketoreductase, and a-T1 hydroxylasé? This series of polyketide modifications yiels
rhodomycinone (Figure 16), the precursor fordoxorubicin and daunorubicin The
daunoamire sugar is then attached by DnrS, a glycosyltransferase followed by
additional modifications on the tetracyclic core to yield daunoruBfiwhich is a
precursor for doxorubicin and baumycin. The biosynthesis of tttal anoiety at @1 Q
position of the daunosamine sugarunclear however, based on gene cluster analysis;

a possible pathway is proposed and discudseldw.
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Deoxysugar genes in anthracyclines

The biosynthetic genes of the deoxysugadanosamine indoxorubicin
daunorubicinand baumycin were assigned based on sequence homologies with other
sugar modifying enzymes and further studied by gene manipulation. It was shown that
the minimal enzymes required fardaunosamine biosynthesis and attachment are
enmded by thednmLMJIVUTS gené$These genes were cloned into the heterologous
host Streptomyces lividanand the resultant recombinant strain was fed with the
aglycore ¢Grhodomycinone.Scheme-# illustrates the enzymatic steps required for the
biosynthesis of TDRdaunosaminestarting from D-glucosel-phosphate. The DnmL
enzyme is highly homologous to the wkilown glucosel-phosphate
thymidylyltransferases which calyze the conversion ob-glucosel-phosphate into
TDPRD-glucose’’ This sugar is converted to TBRIeoxy4-keto-D-glucose catalyzed by
DnmM, a TD®-glucose 4,&lehydratase. The-keto sugar is then further dehydrated
by DnmT, a 2;8ehydratase to yield the 3;dioxo-6-deoxysugar nucleotide which can
be transaminated by DnmJ, a3G@minotransferaseAt this stage, the sugar can undergo
epimerization by DnmU, a-&epimerase resulting in configuration change fromo L-
deoxysugar. The last sugar modificatiorfdye glycoslation appears to be catalyzed by
DnmV, a <«ketoreductase, which yields the TiEaunosamine, the sugar donor
substrate of DnmS, a glycosyltransferase. It was also shown that the aglycon of DnmS is

Grhodomycinone, a precursor for the anthracyclirdsxorubicinand daunorubicin
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Thimydilyl transferase

4,6-dehydratase o)
DnmL - Dn?lnM o)
/\‘ HO
TP PPi

HO POs HOGTDP HOOTDP
2,3-dehydratase
(DnmT)

C4 cs

O,
W\OTDP ketoreductase WOTDP epimerase (o) aminitransferase ©. o
NH, - -~ -
OH (©Onmv) O NH, (DnmU)  NH, OTDP  (DnmJ) o)

Scheme#4: biosynthesisof TDRL-daunosamine.

Further analysis of th8treptomyces peucetiwnthracycline gene cluster reveals
the presence of additional sugar modifying/attachment emeg. These enzymes
include DnrH.a glycosyltransferase, anBnmZ,a flavoprotein homologousot ORF36
from the evernnomicin pathway The deoxysugar gerdnrxwhich encodes a C3 SAM
dependent methyltransferaswas also found in the clusteFhe C3anethyltransferasas
not required for the biosynthesi®of L-daunosamine becausehis sugarlacks C3
methylation. Inkrestingly, DnrX shares higlsequence similarity with the 3
methyltransferase, ORF38, from thmutative deoxynitrosugarL-evernitroeQ pathway
(66% identity, 76% similarityDnrX is also homologous to EvaC from the -EDP
epivancosamine patvay (66% identity, 78% similarity).

The presenceof these extra deoxysugar genesiggests that thie encoded
enzymes catalyze sugar modification/attachment steps for a second deoxysugar. To
date, no anthracycline compound with two deoxysugar appendagssblean isolated
from the anthracycline producefStreptomycespeucetius which gives rise to the

importance of elucidating the biosynthetic route of theon-sugaracetal moiety in
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baumycin. One possibilityould bethat the formation of this unusual moietig a result

of terminal deoxysugar degradation whereby the sugar undergoesCabond cleavage,
perhaps combinedwith other chemical/enzymatic steps. To resolve this intriguing
mystery, it is essential to biochemically confirm the putative roles of thekbtianal
deoxysugar enzymes. The glycosyltransferase DnrH and -th&keforeductase DnrX
have well known andharacterized homologues in other deoxysugar pathways hence,
their characterization seems less attractive. Elucidation of the function of thetipata
flavin-dependent enzyme DnmZ however, seems more interesting considering its
homology to ORF36, RubN8, and Kif@8posed tobe involvedin deoxyaminosugar

oxidation.

The putative role of the flavoenzyme DnmZ

As mentioned aboveDnmZ shares high segpuce hanology with theproposed
flavinrdependent enzymes ORF36, RubN8 and KijD3 proposed to be involved in
deoxyaminosugar oxidation. For example, DnmZ sh@@86 sequence similarity with
ORF365%0 Identity).This suggests that all of these enzyntigsly catalyze a similar
deoxyaminosugar oxidation reaction. Given the fact that there no deoxysugar
moieties with N-oxidation in any of the anthracycline derivatives produced by
Streptomyces peucetiusolated to date, proposing &le for DnmZ seems di€ilt;
however, one scenario can be envisioned whereby Deatdlyzes a deoxyaminosugar

oxidation similar to that proposed for its homologues, whereby the resulting sugar
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moiety undergoes further enzymatic or chemical transformations either before or after
glycoslation.

The biosynthetic origin of the terminalon-sugaracetal moiety in baumycin is
unclear but one possible route for its formation tisrough enzymatic or chemical
modificationsof a deoxysugar precursor. The presence of extra sugar genes in the
anthracycline gene cluster Sftreptomycepeucetiussupports this hypothesi€ The G3
methyltransferase DnrX is likely involved in the production of TB#2deoxyaminosugar
substrate of the putativeDnmZ enzyme One pathway of thisubstrate could be
proposedin whichthe DnrX activity follows the transamination by DnmJ forming t#3e C
methylated sugar. This methylation step provides a diversion fromLitteunosamine
pathway and maybe a key requirement for subsequent deoxyaminosugar oxidation
activity. This is consistent with the methylatiort &3 in the deoxynitrosugars-
evernitrose, Drubranose, and-kijanose'*'* *> The subsequent steps to produce the
DnmZ substrate could be carried out by the5Cepimerase DnmU and G4
ketoreductase yielding TRRepivarcosamine, a substrate precursor proposed for the
ORF36 homologue. Amine oxidation of this sugar by DnmZ could set the stage for other

enzymatic or chemical transformatiots ultimately orm baumycin (€&heme 45)
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Schemis. Proposed pathway of latestep baumycin biosynthesis including the role of DnmZ.

Flavoprotein monooxygenases

As discussedarlierand based on sequence homologi#s enzymeresponsible
for the formation of the niro functionality in nitrosugaicontainng natural products is
likely a flavindependent monooxygenase. Enzymes of this family are capable of efficient
and specific insertion of one or more oxygen atoms into an organic substrate, a reaction
not easy to perform viaraditional chemical syntheseS Although many chemical
catalysts have been designed to address the difficulty of oxygenation reactions, the
exquisite specificity and efficiency of omooxygenases remain unmatched.he
discovery and characterization ofrew flavin-dependent monooxygenase, will extend
our knowledge ofimportant biosynthetic pathways, suppothe current efforts of

natural pooduct structure diversification, as well agroduce new efficient biocatalysts
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to perform difficult oxygenation reaction8elow is a brief background on flavogeins

with emphasis orilavin-dependentmonooxygenases.

Biochemistryof flavoproteins

Flavin exists in nature in three principle formrgyoflavin (vitamin B2), flavin
mononucleotide(FMN), and flavin adenine dinucleotide (B/asshown in figure-7.%°
The FMN and FAD forms are the prosthetic groups for flavoprqtantsthere are well
characterized mechanisms for their interconversions. Flavins have bright yellow color,
like most flavoproteins, and a characteristic dWsrption that changessignificantly
depending on the oxidation state of the flavin. This unique spectrophotpmetric property
allowed the study of the catalysis of many flavoproteins. Flavins undergo one electron
reduction to give stable semiquinone radicaldowing them to mediate between the
common two electron oxidations (e.g NAD(RAD(P)H) and one electron oxidations

carried out by heme oiron-sulfur cluster proteins.
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Figure +7. Chemical structures of several flavipecies.

In free solution, a mixture of oxidized and reduced flavin exists in an equilibrium
in which a certain amount of radical is formed. At pH 7, only about 5% flavin
semiquinone radical is stabilized for a 1:1 mixture of oxidized and reduced fldwn.
semiquinone radical can exist in a neutral or anionic f¢Rigure 47). Binding to the
enzyme can provide up to 100% semiquinone radical stabilization. Fofflakie-
dependent oxidases, the bound reduced anionic flavin reacts with molecular oxygen to
yield a caged radical pair of neutral flavin radical and superoXdadtgmel-6). This
radical pair can react in several pathways. The two radicals can collapse to form the C4a
hydroperoxide anion which upon protonation forms the electrophilic -C4a
hydroperoxide, a species that is involved in hydroxylation reactions. The peroxide
species can undergo hydroperoxide elimination to regenerate oxidized flavin. Oxidized
flavin can also be formed via a second @tectron transfer from the radical pair. A

third route of the radical pair is the dissociation to its free components, flavin radical
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and superoxideln the oxygenation mechanism, the Gdydroperoxide can act as an
electrophile such as in aromatic hydroxylatifhsor when deprotonated, as a

nucleophile such as in Bge-Villiger monooxygenasés.
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Scheme 6. Geneal mechanism of oxygenation reactions catalyzed by external flavoprotein
monooxygenases.

The monooxygenase family

Besdes flavoprotein monooxygenases, aumber of other different types of
enzymes have evolved in nature to carry out monooxygenation reagtiolhe
cytochrome P450 family of monooxygenases is one of the best characterized
monooxygenases. These are hegataining enzymes and occur idatvely abundant
isoforms. Thecatalytic mechanism of P450 monooxygenases is tightly coupled to
substrate binding® Upon binding of the substrate, the heme cofactor can be reduced
by gaining ectrons from reduced flavin. The flavin is typicaly reduced by an external

flavin reductase that accepts electrons form the NARBehzyme The reduced heme is
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then used to complete the monooxygenation of the substra@ytochrome P450
monooxygenases arebapleof hydroxylating carbon atoms regioselectively, which has
been shown to be of great value to modify sterols and steroids.

Other classes of monooxygenases include -heme monooxygenas&s and
copperdependent monooxygenas&$ A few new types of monooxygenases have been
discovered in recent years that d@ihcontain the aforementioned cofactors including
the polyketide monooxygenase Act\NOkf6, involved in actinorhodin biosynthesis in
Streptomyces coelicol8t Another example is the quinol monooxygenase Ydiim
Escherichia colvhich oxidizes multiringed aromatic substrates without freaticipation
of any cofactof® Aclacinomycirll0-hydroxylase, involved in anthracycline biosynthesis
in Streptomyces purpurasceris another rare type of monooxygenases as it depends on
SaderpsyH-methionine asa cofactor® Flavindependent monooxygenases are perhaps
the most ubiquitous of monooxygenases. They perform a wide range of
monooxygenation reactions with high g® and/or enantioselectivity. A brief

background on flavidependent monooxygenases is disussed below.

Flavoprotein monooxygenase catalysis

Flavoprotein monooxygenases are a broad group of enzymes which share similar
properties and mechanistic featur5One common property of these enzymes is the
use of NADH or NADPH to supply the reduced flavin which reattsnelecular oxygen
to form C4aperoxide required for oxygenation of the sutee. When protonated, the

C4aperoxide is a potent electrophile and can participate in hydroxylation reactions such
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as aromatic hydroxylatiorfs. The flavin peroxide anion can also react asualeophile
and is employed by a second subgroup of monooxygenasesxample of which is
cyclohexanone monooxygena& These two subgroups of monooxygenasssare
common but distinctive properties. In most electrophilic monooxygenabese is an
exquisite control mechanism to ensure that the NAD(P)H cofastonlyused wherthe
substrate is bound to the enzyme for oxygenatfrBubstrate binding is required for
rapid reduction of flavin by NAD(P)H. For the nucleophilic monooxygenasestaselbst
binding is usually not required for flavin reduction bueti4aperoxide formed upon
reaction with Q stabilized by the protein is only reactive in the presence of the
substrate for oxygertransfer®® In contrary, the C4aydroperoxide in electrophilic
monooxygenases ery unstable in the absence of the substrate.

One of the most well studied electrophilic monoxygenasegstigdroxybenzoate
hydroxylase and its basic mechanism appears to be followeadst members of this
class® These enzymes can be studied spectrophotometrically exploiting the flavin
absorbance and fluorescence propertiésThe mechanism ofp-hydroxybenzoate
hydroxylase monooxygenation starts with forming the flaMADPKsubstrate ternary
complex resulting in a loagavelengthabsorbing charge transfer between the NADPH
as a donor and oxidized flavin aan acceptor (Scheme -FF). The next step is the
reduction of the flavin cofactor which is also accompanied by significant change in
absorbance and fluorescence causing another long wavelength charge transfer in which
reduced flavin is the donor and NADR the acceptor. The NADRpeciesis then

released forming the enzyrmeduced flavirsubstrate complex. The resulting anionic
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reduced flavin can then react with molecular oxygen forming the enzgde
hydroperoxidesubstrate intermediate complex. This inbeediate has distinctive
spectrum with a wavelength maximum at 380 nwhich isformed with a pseudo first
order constant directly proportional to the oxygen concentration. Oxygen transfer from
the hydroperoxyflavin can then take place resulting in a comp}¢ enzymeCla
hydroxyflavin and the noaromaticmetastabledienone (intermediate 111). The following
step is the rearomatization to form intermediate Il that includes the more stable
hydroxylated product, a step that occurs at sufficiently slow ratattallows the
determination ofKs. The final stp is the dehydration of the C4sydroxyflavin torecycle

the oxidized enzyme readgr the nextround of catalysis.
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Schemed7 . Reaction mechanism oflpydroxybenzoate nonooxygenase.

For phydroxybenzoate hydroxylase, it has been found that the flavin exisits in
two different conformations: one is mostly buried in the protein core and ideally
positioned for hydroxylation and the other is partially solvent exposed artdlsaifor
reduction by NADPEF. The mobility of the flavin cofactor has been also confirmed in the
structural studies of the related phenol hydroxyldge.

In nucleophilic monooxygenation, LQreacts with reduced flavin to form the
flavin peroxide. This is the nucleophifiavin-oxygen intermediate that participates in
the oxygen transfer to the substrate as in &er-Viliger monooxygenasés. ** In
cyclohexanone monooxygenase, the flavin {éeoxide formed after the reaction of
reduced flavin with molecular oxygeman be slowly protonated to yield the G4a

hydroperoxyflavin, or it can react with cyclohexanoag a nucleophile to form the
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Criege intermediate which rearranges to tior Gearbolacem.”® The resulting
hydroxyflavin undergoes elimination of water regeating the oxidized flavin for next
cycle of catalysi¥®’ The NADPspeciesmust be bound during the reaction to protect

the reactive C4ahydroperoxide.

Clasdications of Flavoprotein monooxygenases

Several hundred flavoenzymes have been characterized to *dateMost of
these enzymes contain a naovalently boud flavin in the form of FMN or FAD but
there are someenzymesthat bind the flavin cofactor covalently. Examples of flavin
covalently bound enzymes include vaniiyj¢ohol oxidase which contains FAD bound to
a histidine residué® In p-cresol methyl hydroxylase, the FAD is linked to a tyrosine
residue. It has been shown that this covalent linkage is beneficial for catalysis in the case
of vanillytalcohol oxidasé® For all internal or exrnal flavoprotein monooxygnases
however, the flavin cofactor is not covalently linked to the enzyme.

Classification of the big family of flavoenzymes has bestablishedbased on
different criteria such as the types of reactions they catalyze, cofaetguirements,
sequence homology and structural folds. More recently, external flavoprotein
monooxygenases have been classified by following similar criteria mentioned above.
They were divided into six different subclassed- Aas shown irtable [-2. These
subclasses were discriminated based on sequence similarty, specific structural motifs,
types of reactions and cofactor requirementStructures of some prototype flawn

dependent monoxgenases are shown in figur.r®
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Table 12 classification of external flavoprotein monooxygenasés.

Class Reactions Cdactor Coenzyme Structural fold
A Hydroxylation, FAD NAD(P)H 1 FAD/NAD(R)inding domain
epoxidation
B BaeyecVilliger, FAD NADPH 2 FAD/NAD(P)inding domains,
N-oxidation 1 helical domain
C Light emission,-S FMN
oxidation, G NAD(P)H  TIM barrel
BaeyecVilliger
D Hydroxylation FAD AcytCoA dehydrogenase (mode
q NAD(P)H
E Epoxidation FAD 1 FAD/NAD(Minding domain
q NAD(P)H
1 FAD/NAD(P)inding domain
F Halogenation C FAD 1 helical domain
NAD(P)H
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Figure 8.”° Structures of several primtype flavoprotein monooxygenases. The FAD cofactor is shown
in sticks. (A) Class A:lydroxybenzoate 3monooxygenase from Pseudomonas fluorescence (B) Class B:
phenylacetone monooxygenase from Thermobifida fusca (C) Class C: alkanesulfonate monoasggen
from Escherichia coli (no FMN cofactor wasystallizedwith the enzyme). (D) Class F: tryptophan 7
halogenase from Pseudomonas fluorescens.

Class A

Enzymes of this subclass are encoded by a single gene and contain a tightly
bound FAD cofactor. Redian of the FAD cofactor depends on the NADH or NADPH
coenzyme with immediate release of the NAD$pecies after reductionClass A
flavoprotein monooxygenaseare structurally composed of a dinucleotide binding

domain adopting the Rossman foféfor the binding of the FAD cofactor.
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Class A flavoptein monooxygenases are known to catayzpioxidation
reactions. Squalene monooxygenasa weltkknown exampleis a key enzyme in the
commited pathway for cholesterol biosynthesighich catalyzeghe epioxidation of
squalene across aC double bond to yield oxidosqualef&The activity of this enzyme
is dependent on NADRgytochrome p450 reductase for reducing equivalents.

The recently characterizeBaeyer-Villiger enzymeMtOIV represents an atypat
class A monooxygenase. Tleszymecatalyzes the keframe modifying step in the
biosynthesis of mithramycin, an anticancer drug and calcium lowering agent. MtOIV
cleaves acarboncarbon bondessential for the conversion of the biologically inactive
premithramycin B into the active drug mithramycilf. Unlike most members of this
class, MtOIV uses peroxyflavin intermediate as its oxygenating species instead of the
electrophilic hydroperoxyflavin typically used in class A flavoprotein monooxygenases.
Another flavoprotein epioxidase that belongs toig subclass igeaxanthin epoxidase
specific for carotenoids with -Bydroxybt -cyclohexenyl ring. This enzyme requires
NADPH and ferrodoxilike reductives for activity®

The crystal structures of enzymes of this subclass show motifs for the FAD
OAYRAY3I NBIA2Yy HKI OWRBASY§E SR RESIKIG 0AYRA
FAD. There is no distinct domain for binding of the NADPH coenzyme consistent with its
transientcomplex formation for the reduction of the flavin and rapid release as NADP
Recent structural characterization ofhydroxybenzoate 3nonooxygenaséFigure 18),

a member of this subclass, showed an additional fingéxt sequence containing a
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highly caiserved DG motif involved in binding of both pyrophosphate moieties of

NADPH and FATS®

Class B

Enzymes of class B flavoprotein monooxygenases are encodedsigle gene
and bind tightly to the FAD cofactor. They commonly depend on the NADPH coenzyme
as reducing equivalents and keep the NADPH/NAdpRcies bound during catalysis.
Their structure is composed of two dinucleotide binding domains adopting tlserRan
fold for the binding of both FARnd NADPH. All members of thitess are single

component FAEzontaining monooxygenases with specificity for NADPH.

Class B flavoprotein monooxygenaseme also called multifunctional
monooxygenases because they aldeato oxidize both carbon and hetero atoms. This
classof enzymescan also be divided into three sequence related subfamilies: flavin
containing monooxygenast&$ (FMOs) microbial Nhydroxylating monooxygenas&s

(FNOs)and Bayer-Villiger monooxygenas&s(type | BVMOSs).

Flavincontaining monooxygenases were originally named mixed function
monooxygenase¥® Theyare known to play an important role in detoxificationdrfigs
and foreign molecules in humans complementing the activities of cytochrom@ p45
enzymes This subclasscatalyzes monooxygenation of carbon bonaactive

heteroatoms such as sulfur, nitrogen, phosphorous, selenium and iodine.
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N-hydroxylating monooxygnases catalyze the Mydroxylation of primary
amines and hence, play an important roletlire biosynthesis of bacterial siderophores
They have sequence homology withlavin-containing monooxygenaseand require
NADPH and FAD for activity. Unlflevin-containing monooxygenasebl-hydroxylating
monooxygenaseshow lower affinity for FAD which hindered mechanistic studies of
their catalysis.Ornithine hydroxylase (PvdAjatalyzesthe hydroxylation of the side
chain primary amine of ornithine in the initiadtep of the biosynthesis of the
Pseudomonas aeruginossiderophore pyoverdin® Kinetic studies of this enzyme
showed that binding of the substratarget isnot required to trigger redction of the

flavin by NADP?

Class B Bayafilliger monooxygenases (BVMQstgatalyze an atypical
oxygenation reaction convertg a ketone or an aldehyde to ester or lactdnéOne of
the first studied enzymes of this family is cyclohexanone monooxygenase, from
actinobactersp. NCBBI 98712 This enzyme performs Bger-Villiger oxidations on a
wide variety of cyat ketones with exquisite regi@nd enantioselectivity. Bayafilliger
monooxygenases can be identified based on thespnce of two Rossman fold domains
for FAD and NADPH binding. It was shown that phenylacetone monooxygenase, a well
characterized Beyer-Villiger monooxygenaseand member of this subfamilyhas
dinucleotide binding domains flanked o helical domains Wich are unique for this

type of monooxygenases®
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Class C

This class behms to multicomponent monooxygenases and commonly encoded
by multiple genes for the monooxygenase and the reductase components. Class C
flavoprotein monooxygenases use FMN as a cofactor which is reduced by the reductase
component using NADPH or NADH fadueing equivalents. The general structural core

for the monooxygenase component displays a -bidirel fold***

The most weltknown exampleof this class are bacteridlicifrases which are
enzynes that emit light upon oxidation of lorghain aliphatic aldehyde's? Lucigrases
contain two heterodimeric subunits; one is the oxygenase component and the other is
used for the reductase activitpther examples of thislassnclude 2,5diketocamphane
1,2-monooxygenase, a typdl BayerViliger monooxygenasE€’ The oxygenase
component of this enzyme consists of two subunits for FMN binding similar to

luciferases.

Anaher exampleis alkanesulfonate monooxygenas¥.Structural studies of this
enzyme revealed that it has a Tbarrel fold where the monooxygenation catalysis
proceedes viahe formation of an FMNnonooxygenaseeductase complex'® One
more example of this series is dibenzothiophene monooxygenase (BSa®)s enzyme
is involved in desulfunizatioof benziothiophens. It was recently shown that BS is
able to utilize either FMNH(2) or FADH(2) when coupled with a flavin reskittiat

reduces either FMN or FAB As discussedibove this enzyme shares moderate
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homology with the flavirdependent monooxygenase proposed to catalyze the

oxidation of deoxyaminosugars.

Class D

Thisclass of fhvoprotein monooxygenases is typically encoded by two genes;
one is for the monooxygenase and the other is for the flavin reductase conmponke
reductase component useBAD as a cofactor and NA@H NADPH as a coenzyme.
These enzymes are structurallyrhologous to acyCoA dehydrogenases and are mostly

h-helical proteins.

Members of thisclass are typically active omegioselective hydroxylation of
aromatic substrates.The prototype is <4ydroxyphenydcetate 3-monooxygenase
(Figure 48) which catalyzes the conversion of-lydroxyphenylacetate to 3;4
dihydroxyphenylacetaté?* The oxygenase component (HpaB) introduces a hydroxyl
group into the benzene ring of-Aydroxyphenylacetate using molecular oxygen and
reduced flavin, while the reductase component (HpaC) provides free reduced flavins for
HpaB!?**** Another example i2,4,6trichlorophenol monooxygenasehich catdyzes
sequential dechlorinations by oxidativand hydrolytic reaction$** The acyiCoA
dehydrogenase is a sequence related model forscR2sflawprotein monooxygenases

whichcatalyzefl ( (G & -oxidfioRin the mitochondria of celf$®
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Clas E

Class E flavoprotein monooxygenases aso encoded by two geneghe first
geneencodes the monooxygenase component, and sieeondencodes the reductase
component. They use reduced FADfactorgenerated from the reductase activitp
mediate the mmooxygenatiorcatalysis The reductase component can use either NADH
or NADPH as reducing equivalents. No structures are availablenfoymmes ofthis
subclass however, sequenece analysis indicate the presence of Rossman fold for
dinucleotide binding and wggest that they evolved from class A flavoprotein

monooxygenases.

Class E flavoprotein monooxygenases are relatively rare. Styrene
monooxygenasdrom Pseudomonas putides oneof the few known enzymes of this
class'?® This enzymexidizes styrene in an enantioselective manteform (S)styrene
epoxide with an e.e. of 99% Mechanistic studies of this enzyme suggested ttiet
reduced flavin does not havéo be actively delivered by the reductasdo the
monooxygenasandthe monooxygenaseomponent carstabilize the peroxyflavin after

binding reduced FABNd reacting with molecular oxygef’

Class F
Class F flavoprotein monooxygenasesas®encoded by two genesnefor the
monooxygenese andne for the reductase compomés. Thisclass of enzymes uses

reduced FAD generated by the reductase component which uses NADPH or NADH as
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coenzyme for reducing equivalents. The general structural fold for FAD bimdihgs

enzymeclasss the Rossman fold.

The prototype for class Flavoprotein monooxygenases igyptophan 7
halogenase fromPseudomonas fluorescetf§ Monooxygenation by this enzyme, and
related halogenases proceed via the formation of the Cd4éanydroperoxyflavin
intermediate which reacts with the chloride ion to form HOCI. In the catalysis of
tryptophan Zhalogenase, this highly reactive nucleophile will travel through al10
tunnel to reach and halogenate the bound tryptegn substrate regioselectively® In
this respect, the chloride ion and not the substrate to be halogenated, is regarded as the

substrate for monooxygenation.

Dissertation Statement

Deoxynitrosugar moieties are included in many isolated natural products and
known to play significant rofan conferring biological activity. These unusual sugars are
distributed among various scaffolds includisgirotetronate antibiotics,ansamycins,
and orthosomycins. Examples of natural products containingcgi@trosugars include
everninomcin, rubradirin,and kijanimicin for which the biosynthetic gene clusters have
beenrecentlysequenced. These recent advances in gene cluster data have enabled the
proposal of biognthetic pathways for theaminosugar Mbxidation to generate
hydroxylaming, nitroso and nitro-sugars.Prior to our investigations there was no

biochemicaldata available fothe enzymes responsible fahis key oxidation to yield
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these important deoxysugar modifications.We have targted the producers of
everninomcin, rubradirin and baumycirto identify and biochemically characterize the

enzymés) responsible for their deoxyaminosugar oxidations.

Chapter 1l describes the initial biochemical characterization of treav
nitrososynthase ORF36, a flaadapendent monooxygenase, from the everninami
biosynthetic pathway and its homologue RubN8, from the rubradirin biosynthetic
pathway which reveals their radeas flavindependent monooxygenases in the
deoxysugar Moxidation pathway. Chapter |Ill details additional biochemical
characterization of ORB36 including solving its-[3 structure by Xay crystallography
and studying its substrate specificity towards several deoxyaminosugar intermediates.
This chapter also describ&%-incorporation experiments aimed at the investigation of
the mechanistic dtails of the nitrososynthase catalysis. Chapter IV discusses the role of
the DnmZ, a nitrososynthase homologue, from the baumycin biosynthetic pathway. The
surprising role of this flavidependent nitrososynthase in @eoxysugar € bond

cleavage and itsonfirmed role of deoxyaminosugar oxidation alsodiscussed.

In summary, this workletailsthe biochemical characterization dfiree flavin-
dependent nitrososynthaseomologuesrevealinga new and important deoxysugar -N
oxidation pathwayfor a vast arry of deoxysugacontaining natural productsThe
surprising retrealdol activity of the nitrososynthasenzyme explainsa once not
understoodpathway in the biosynthesisf baumycinlike compounds and provides new

opportunitiesfor utilizing this importanbiocatalyist in organic chemical synthesis.
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CHAPTER Il

BIOCHEMICAL CHARACTERIZATIONNEWRLAVINDEPENDENT NITROSOSYNTHASE
IN THE BIOSYNTHETIC PATHWAYS OF EVERNINOMICIN AND RUBRADIRIN

Introduction

Many bioactive bacterial natural products aeppended tohighly modified
deoxysugarmoities that are often important for th& biological activities.These
deoxysugar appendagesare typically biosynthesized in the form of nucleotide
diphosphate (NDP) sags beforethe attachment to their correspoding aglycones by
the activity of glycosyltransferased hymidine diphosphateTDR-activated sugars are
the most structurally diverse class of nucleotide sugars found in natDeoxygenation
of these sugars proceeds via akdto-6-deoxy intermediate, catalyzed by a64,
dehydratase, whichprovides the atry point into TDRleoxysugar secondary
metabolism inbacteria’? Deoxyaminosugars are among the most prevalent sugars in

sugarcontaining bacterial secondary metabolites.

The recent advances in gene cluster elucidations of glycoslated natural products
facilitated the studies of se&val deoxyaminosugar pathwaysBiosynthesis of
deoxyaminosugars  includes genes encoding dehydrataseisomerases,
aminotransferases, methyltransfesas, and glycosyltransferasédhe hosynthesis of
TDRL-epivancosamine(Scheme -R) is ore of the well-studied deoxyaminosugar

pathways. Five mzymes from theébiosynthetic pathway o€hloroeremomycirproduced
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by Amycolatopsis orientalivave been shown to be involved in its biosynthesis starting
from TDP6-deoxy-4-keto-D-glucose. Theseenzymes were shown to perform €
deoxygenation by EvaA;3Xamination and methylation by EvaB and EvaC respectively,

G5 epimerization by EvaD, anédtetoreduction by EvaE.

Oxidized congeners of deoxyaminosugars also exist in many natural products
such as everninomicirffrom Micromonospora carbonaceaar. Africana and var.
aurantiaca rubradirinfrom Streptomyces achromogenear. rubradiris and kijanimycin
from Actinanycete Actinomadura kijaniatéEigure H1).>’ Hydroxymino, nitroso, and
nitrosugar derivatives of everninomicin habeen isolated from the fermentation of
some of its produceré.It was shown that the Mxidation of deoxyaminosugars leads to
significant changén the antibacterial activity of the parent molecule. For exde) the
antibacterial activity agains$taphylococcus aurewgas 125 fold greater for the tmo-
vs. the aminesugar variantof everninomicir®. This underlinesthe significamce of
studying the biosythetic pathway of this important desxigar modification The
knowledge thatwill be gained from understanding this importaNtoxidation reaction
will impact current efforts towards natural product structure diversificatias wellas
introduce new biosynthetic enzymes to be utilized fortleerwise difficult to perform

oxidation reactions.

The oligosaccharideeverninomicin belongs to the orthosomycin class of
antibiotics and possess potent activity against Grarpositive and Grammegative

bacteria includig vancomycin resistargnterococci methicillin resistanstaphylococgi
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and penicillinresistant streptococct® The structure of everninomin is composed of
eight deoxysugars including terminal nitrosugar, orselliniand dichloroisoeverninic
acid moieties The nitrosugar in everninomicin is called 2;8i@eoxy-3-Gmethy}t4-O-
methyk3-nitro-L-ribo-aldohexoepyranose or gernitrose which is structurally relateto
Drubranitrose presentin the polyketide rubradirin and tob-kijanose in the

spirotetronate polyketide antibiotic kijanimicshown in figure HL.
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Figure H1. Chemical structures of everninomicin, rubradirin, aniakimicin.

Structurally related to everninomicinare the heptasaccharides avilaaiys*
which lack thenitrosugar moiety and hence, were good candidates for performing

comparative genomic analysis to identify thibe nitrosugar biosyntheticgene in
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everninomicins. These analyses identified a cassette of genes most of them having
homologues in the biochemically characterizegpivancosamine pathway in the
biosynthesis ofchloroeremomycin Theorf36 gene from M. carbonaceavar. Africana
(orf42 from M. Var. aurantiacg was proposed to encode a flaviltependent oxidase
responsible for the Poxidation of a TDRminosugar precursor to form the-E nitro

group present in the nitrosugar moiety in everninomitin.

Homologues of the putativ®ORF36enzyme were also found in theecently
sequenced gene clusters of the nitrosugantaining compounds rubradirin and
kijanimicin. ORF36 is 63% identical to RubN8 from the rubradirin biosynthetic pathway
and 65% identical to KijD3 from the kijanimicin pathway. The high sequence sieslari
among these enzymes and their moderate homology to flapendent enzymes,
suggests that they play roles asoXidases in the biosynthesis of the nitrosugar moiety

in their corresponding natural product pathways.

Despite this striking sequendmsed analysis, biochemical characterization of
these putative flavirdependent enzymes in the -dbikidation of aminosugarsas not
been previously performed. In this study, we targeted the producers of everninomicin
and rubradirin and amplified the two putativitavin dependent oxidase genesf36
from M.carbonaceavar. africana and rubn8 from S. achromogenesar. rubradiris
Genes wereamplified from their corresponding genomic DN the polymerase chain
reaction (PCR). The PCR products were subcloned irfld 28pexpression plasmid and

transfomed to E.coliBL21DE3J via electroporation. The proteins were overexpressed
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and purified to homogeneity by Niaffinity chromatography. A close analog to the
authentic substrate evernosamine (TEpivancosamine), l&ing the C4 ©O
methylation, was preparedn situ by a Staudinger reductidh of a synthetic azide
congener withtris(2-carboxyethyl)phosphineNext, we developed an HESIMS method

to assay the activity of the putative oxidases with the synthetically preparedLTDP
epivancosamine. Besides the putative oxidase and the substrate-&pPancosamine,
the assay included FAD, NADPH and an external flavin reductaséiaiobacterium

fischert*to generate reduced flavin required for catalysis.

Results and discussion

Comparative genomics

Avilamyins are heptasaccharidegth structuresvery similar to everninomicins
but lacking the nitrosugar moiety (Figure2)l Another main structural difference is the
lack of the terminabrsellinic acidnoiety present in everninomicins which is replaced by
an acetyl groupin avilamgins The auilability of gene cluster data for these
oligosaccharides from different bacterial producers facilitated a comparative genomic
analysis to identify the genes responsible for the biosynthesis of the nitrosugar moiety
in everninomicins. These analyses wgmerformed ontwo everninomicin producers:
Micromonospora carbonacae var. aurantiaead Micromonospora carbonacea var.

africana, and two avilamycin producers;Streptomyces viridochromogeneand
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Streptomyces mobaraensisThis comparative genomic approach identified a cassette
of genes as candidates for the biosynthesis of the nitrosugarretvose, homologues of
which are found in the biosynthetic pathway of the aminosugepivancosamine from

the chloroeremomycirbiosynthesis. A list of these genes was shown in table |
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Figure H2. Chemical structures of avilaneyn and everninomicin.

ThelL-epivancosamine moiety in chloroeremomycin is an aminosugar structurally
related to the nitrosugar evernitrog® lacking the C3 #xidation and the C4 O
methylation (Figure 1B); therefore, most enzymes responsible for its biosynthesis are
shared with those in the-S S NI A (i NR & SQ& o*Maditiéngl g ivar® LI (G K
identified in the everninomicin clusters that likely account for the G#éhylation and

the C3 Noxidation. Theorf41 gene from the EVEA cluster encodeSAM dependent C4
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O-methyltransferase most likely responsible for the methylation of the C4 hydroxyl

group to form the C4 methoxy group lirevernitrose.

ez~ ez~
OH
HO HaCO OH

NH, NO,

L-epivancosamine L-evernitrose

Figure 3. Chemical structures afepi-vancosamine and-evernitrose

Three additional genes encoding putative oxidases in the everninomicin clusters
were also identified in this comparative genomic analysis nanwef36, orfl8, orf19
from the EVEA clustexfl8 has a reasonable homology to RiNwthyltransferase
genes, whereasorf19 is homologous to gaper-dependent oxidase genes involved in
primary metabolismtherefore, neither islikely to be involved in the biosynthesis of the
nitrosugar moiety in everninomicinthe only remaining and likely oxidase responsible
for the N-oxidationan aminosugaiprecursoris orf36 in the EVEA cluster. Thgenehas
moderate sguence homology with the flavidependent monooxygenase
dibenzothiopher oxidase DszGvhich has been shown to oxidize a sulfigi®upto a
sulfone via a sulixide intermediate'® The encodeddRF36 RubN8 and KijD3 proteins
also sharedmoderate sequence similarity 25%) with the acyCoA dehydrogenase
family of enzymes. AcylCoA dehydrogenases amrdso flavin-dependent enzymes and

areused as a structural model fatassD favin-dependent monooxygenases.
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Preparation of the putative oxidasgeand their aminosugar substrate

We targeted the producers of everninomitirand rubradirirt® to prepare the
putative enzymes responsible fothe aminosugaioxidation to form the nitro groupn
their deoxynitrosugar moieties. The ger@$36 from Micromonosporavar. africanaand
rubn8 from Streptomyces achromogenesr. rubradiris were proposed to encode a
flavin-dependent nonooxygenase responsible for the-dXidation of a TDfctivated
deoxyaminosugar precursét?* We amplified these genes using the genomic DNA of
their producersvia the polymerase chain reaction (PCR), and cloned the resulting gene
products into the Ndel/Hindlll site of the expression plasmid pETZBe gene products
were desgned to encode an {fierminal hexahistidine tag to facilitate the protein
purification using a Ki-affinity column. The recombinant plasmids were transformed to
the E.colistrain BL21 (DE3)r overexpressionBoth proteins were found to require 0.1
mM i ¢b-1-thiogalactopyranoside (IPTG) and the best expression temperature was
found to be 28 °CAnalysis of the purified proteins by SBAGE showed protein bands
consistent with their calculated molecular weighd kD as shown in figure-# for the

Ni#*-purified RubNS8.
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Figure H4. SDSPAGE gel of Ni2affinity purified RubN8.

- A

I Of 2aS adz aid NI (-$SDRLepitafic@sanuns,sin whiphth@4 i k h
methoxy group is replaced by a hydroxyl group, was prepareth bsitu Staudinger
reaction of its synthetic azide congener with trisarboxyethyl)phosphine (TCEP)
(Figure H5). The azide congener was kindly provided to us by Prof. Daniel Kahne
research groupat Harvard University> We expected TDRepivancosomine to be a
candidate substrate for the amine oxidation by the proposed oxidases although it lacked
the C4 Gmethylation because aaverninomicin ariant, in which the methoxy group at
G4 of the nitrosugar moietyis replaced by a hydroxyl group, was also isolated from the
fermentation of M. micromonosporavar. africana® HPL@VS analysis of the above
mentioned Staudinger reaction showed that 95% of (81} k" YA E(GdeNB 2 F
epivancosamine azide could be reduced idDRepivancosamine providing the

aminosugasubstrate for ORF36 and RubN8 biochemicaladtarization.
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TDRL-epirvancosamine by TCEP.

Enzymatic activities of ORF36 and RubN8

As discussed in thiatroduction, ORF3@&nd RubN8 from the eveinomycin and
rubradirin biosynthetic pathways,espectively, are proposed to be flawilependent
enzymes responsible for the Wxidation of TDRctivated aminosugamwhichultimately
producss its nitrosugarcongener These putativexidasesshare moderge homology
with the flavindependent enzyme Dsz@hich oxidizes dibenzothiophene (DBT) to DBT
sulfone (DBTOZY. This twostep oxidation requires flavin mononucleotide (FMN)
NADPH, andan external flavinreductase to provide reduced flavin whicin turn,
provides reducing equivalents and mediates the monooxygenatiReduced flavin
reacts with molecular oxygen to form th&4a-hydroperoxyflavin, a reactive oxygen
species that is responsible for the elemphilic oxidation of the substrat€. The

oxygenation results in the incorporation ohe oxygen, usually as a hydroxyl group, and
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the formation of reduced C4hydroxy flavin The hydroxyflavirreadily loses a water

molecuk to generatethe oxidized flavimequiredfor a subsequent round of catalysis.

With flavindependent enzyme cofactaequirements taken into consideratigft
we designed an enzymatic assay for both ORF36 and RubN8constitute their
activities in vitro. In addition to the putative oxidase the assay included FAD,
Photobacterium fischerflavin reductase, andNADPH Considering the possibility that
reactive oxygen species (ROS) may oxidize-LHpPvancosamine,all enzymatic
reactions were also performed in the presencka catalytic excess of catalase and
superoxide dismutaselhe catalase catalyzes the decomposition of hydrogen peroxide
to oxygen and water while the superoxide dismutase catalyzes the dismutation of the

superoxide anion into oxygen and hydrogen perexid

Product formation was assayed by electrospray HMBSCusing a graphitic
Hypercarb column inthe negative ion mode, which effectively separated all TDP
products?® As shown in Figurl-6, time course assayevealed rapid disappearance of
TDRL-epivancosamine (m/z) 544), transient appearance of intermediary hydroxylamine
(m/z) 560), and ultimaty the formation of the nitroso compound TDEpi-
vancosonitrose (m/z) 558 aral species of +18 mass units &n/z) 576. Of note, only
0KS | Iy 2 Y-&Nancdsaminé Svas oxidizedonsistent with the catalytic
competence known for the TBSugarmodifying enzyras. The formation of the TDP
nitrosugar congener was only observed at slow rates ambiguous to be counted as an

enzymatic conversionControl reactions omitting ORF36/RubN8, FAD, or NADPH
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produced m detectable oxidation productsyhich validated the athenticity of the
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Figure 16. HPLEESIMS chromatograms of the time course of RuUbN8 oxidation reaction.

Tandem MS fragmentation of selected product igfsgure H7) showed diagnostic
fragmentation patterns of thehydroxylamino intermediate and thaitroso product

includingthe loss of TDP a6 6 Yk 1 nam0 Yy R 383 Q&nothBrS K @ RNJ
fragment ion with low intensity representing the loss of the hydroxylamino group from

the TDP3-hydroxyaminosugar intermediate was observed at m/z 527.
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Figure #7. Tandem MS spectra of theucleotide-hydroxyaminosugar intermediate (above) and the
nucleotide-nitrososugar product (below) from RubN8 oxidation reaction.

Proposed mechanisrof nitrososynthase

Based on our biochemical data obtained in this work, a mihimechanism can
be proposed for the catalysis of thiew nitrososynthase enzyméSchemell-1). The
four-electron flavinmediated oxidation of an amine to a nitroso functional group likely
involves two monooxygenation stepsThe first step involvs the oxation of the
aminosugar to the corresponding hydroxylamine via a flavin monooxygenase
mechanismsimilar to that ofL-ornithine N5oxygenas& from pyoverdinbiosynthesis

and p-hydroxybenzoate hydroxylasérom Acinetobacter calcoaceticus® In this
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mechanismwe propose that boundeduced FADgenerated by flavin reductase, reacts
with molecular oxygen to form flavi@4ahydroperoxide which acts as thelectrophilic
oxidizing species in the formation of the hydroxylamino sugar.rékelting flavinC4a-
hydroxide loses a water molecule recynyj the oxidized FAD cofacton the second
step, the oxidation of the hydroxylamino sugar intermediate to the nitroso sugar may
proceed via an iterative oxidative process in which the boundigdiaoperoxy flavin
mediates another monooxygenation to ultitedy form the nitroso sugar. This requires
the regeneration of reduced flavioy the flavin reductase/NADPH for the second round
of oxidation To confirm FAD recycling, reactions were perforrbgdtoichiometrically
limiting NADIPI. The formation of the hydxylamine was observed, but no further
oxidation products appeared tih additional NADRA was addd to the reaction,
suggesting further reducing equivalents are required for the second monooxygenation

step via the supplied NADPH/flavin reductase enzyme.
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Scheme HL. Proposed pathway for the nitrososynthase oxygenation reaction. Pathway B was proposed
to be not likely to occur, because limiting the NADPH coenzyme resulted in the formation of only the
hydroxylamino intermediate.

Conclusion

In this study,the proposed flavirdependent enzymes RubN8 and ORF36 were
shown to be capable of oxidizing a synthetic aminosugar substrate analogua-(TDP
epivancosamine), lacking the C4nt@thylation, to its corresponding nitroso congener.
The oxidation appears to preed via a hydroxylamino intermediate and requires
reduced FAD generated by an external flavin reductasthn WIAADPH as reducing
equivelent Although the C4 @nethylation in the authentic aminosugar substrate may
affect subsequent oxidation reactions, ourtdaare consistent with previous studies

showing that the nitroso variant of rubradirin is the direct oxidation product when
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fermentations were performed in the absence of ambient lighkidation to the nitro
group remains to be further investigated and gsible pathways may include latent

(photo)chemical process or endogenous reactive oxygen species fROS).

Taken together, the biochemical data presented in this work provide the first
evidene for a new class of flawtkependent monooxygenase we termed a
nitrososynthase responsible for the-dxidation of deoxyaminosugars in vast array of
nitrosugarcontaining natural product pathways. The observed monooxygenase activity
of RubN8 and ORF36 isratt biochemical evidence for the deoxyaminosugar N
oxidation in the rubradirn and the everninomicin pathways, respectively, and can
explain the roles of nitrososynthase homologues in related biosynthetic pathways. This
study provided the basis for moreethiled biochemical characterization of this

important class of enzymes and their roles in several biosynthetic pathways.

Materials and methods

Bacterial strains, Plasmids and Material

All reagents were obtained from Sigmddrich Corporation and used tout
further purification unless otherwise noted. ColiTOP10 and BLAZREJ competent
cells were obtained from Invitrogen Inc. (Carlsbad, CA) and Novagen (Madison, WI),
respectively. Restriction endonucleases and T4 DNA ligase were obtained from New

England Biolabs (Ipswich, MA). The pET28a expression vector was purchased from
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Novagen Inc. Tagplus DNA polymerase was purchased from Stratagene Inc. (La Jolla,

CA). DNA primers were obtained from Operon Biotechnologies (Huntsville, AL).

Preparation of theazido sugar substrate

The azido congener of TEM@pivancosamine shown in figured] was prepared
by Prof.Daniel Kahn@ & NI & S I NI HDepartBntzfICHenstry Gnd Ehemical
Biology, Harard Uniersity. The following procedure was provide&olvents were
reagent grade and were further dried when necessary. Analytical-lager
OKNRZ2 Yl G423INFLIKe gl & LISNF2NYSR 2y It aa LI G
Sorbent Technologies), with detection by UV and/or spraying wviQ4(50%). Flash
chromaography was carried out on silica gel (60 Ac38 > Y0 = LIIzZNOKIF &SR T NP
Technologies. Analytical HPLC of synthetic reaction mixtures was performed on a
Hewlettt  O1 I NR Mmnn aASNASa AyadNHzySyd dzaiy3a | f
(250 mm x 4.6 min Compounds bearing a thymidine chromophore were monitored at
an absorbance of 270 nm. Synthetic reactions were monitored by HPLC using gradient A
(linear gradient from bD/0.1% NHHCQ to 100% MeOH/0.1% NHCQ over the
course of 25 min). PreparativdPLC was performed on a Varian ProStar instrument
dzaAAy3a | tKSy2YSyYySE [dzylt wmn >Y [/ my O2fdzYy oH
recorded on Varian Inova 400 or 500 MHz spectrometers. Mass spectra (ESI) for
synthetic compounds were obtained using an Adil€achnologies LC/MSD instrument

(Model #G1956B).
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Thymidine 5(3-amino-2,3,6trideoxy-3-Gmethyla,b-l-arabino  hexopyraasyl
diphosphate), TDP agpi-L-vancosamine azide (5). The protected TDPvapcosamine
(reference: Org. Lett., Vol 6,2004) 38 mgs >Y2f 0 61 a8 RAAEING SR Ay
(2:2:1, 4 mL) and stirred at room temperature for 16 h. Following evaporation, the
residue was redissolved in MeOHM(2:1, 2 mL) and purified by reversgldase HPLC.
(18 mg, 92%) was obtained as its ammonium $&lt: 9.0 min, method A. 1H NMR (400
all X 5Hh0Y H®HpHY6.246R21 (M,dHAIH)O52% 5.0 (dt, 31,2l
=J1,P = 9.0, J1,2a = 2.1 Hz, 1 FH{)14.47 (m, 1 H, 31), 4.02 (m, 3 H, #, 5'H2),
3.52.3.47 (m, 1 H, 5H), 3.16 (dJ4,5 = 10 Hz, 1 H,-#), 2.22- 2.08 (m, 2 H, 242) 2.07
(d, ,J2a,2b = 12.6 Hz, 1 H;k#4 ), 1.71 (s, 3 H, thymidine CH3), 11561 (dd, J1,2b =
9.0, J2a,2b = 12.6 Hz, 1 HH#), 1.25 (s, 3 H, £H3), 1.13 (d, J5,6 = 6.4 Hz, 3 FHB):
3IPNMR (6 al 1 X [/ 5qlB.610cY2.82. LRMS (ESI) for C17H27N5013P2

(570.12): 571 [M1HL.

Cloning and overexpression of ORF36

This protein was cloned, expressed and purified by Dr. Yunfen@htugene
encoding ORF36 was amplified from genomic DNWiofomanospora carbonacewgar.
africana (NRRL 15099) using the following primers: 5'
GCALATATGCGGCGGATCTTCGCGC3 and -TTGAAGCTNTATTACGCCGA
GGTCCGGGAGBGNdel and Hindlll restriction enzyme sites underlined). PCR reactions

were carried out using Tagplus Digglymeraseaccording to the manufacturprotocol.
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Subcloning of orf36 into the Ndel/Hindlll sites of pET28a yielthedrecombinant
plasmid pET286N for expression as an-tBrminal hexahistidine fusion protein.
Plasmid pET286N was transformed int&. Cb BL21(DES3) for heterologous expression
of ORF36. Cultures &. ColBL21(DE3)/pETZBN was grown at 37°C to an OD600 of
0.6, at which point the -culture was induced with 0.1mM isoprepstia-D-
thiogalactopyranoside (IPTG) and grown an additional 6 hetr28°C. Cells were
harvested by centrifugation and stored a80°C until needed. IPTG inducé&d Coli
BL21(DE3)/pETZ®N cells were resuspended in buffer A (@®1 Imidazole, 0.5M NacCl,
20mM TrisCl, pH 7.5) and lysed by sonication. The lyate was loan&da charged snl
Histrap crude column (Amersham Biosciences) and pdriiy FPLC at a flow rate of
5mU/min. The column was washed with buffer A (@M Imidazole, 0.5M NacCl, 260M
TrisCl, pH 7.5) and buffer B (5@6M Imidazole, 0.5M NaCl, 20M TrisC| pH 7.5) using

a step gradient. Fractions containing ORF36 were analyzed bpag@Ihe protein
was desaltedvia a desalting column (HisTrap) using buffer C @@ TrisCl, 1mM

dithiothreitol and 5% glycerol, pH 7.5) and stored&Q °C until assayed.

Cloning and overexpression ofibN8

The gene encoding RubN8 was amplified fistreptomyces achromogenesar.
rubradiris(NRRL3061) genomic DNA. The following PCR primer pairs were used to clone
the gene into the Ndel/Hindlll site of pET28a (restrictidmh 1 S& dzy RSNI Ay SR

TCATATETGGAGACGGAACAGGELCQC | TRAGETICACCGGCTGTCCACEGGC
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0 QP w S-digestdi PARNp®Jlcts were subcloned into the digested pET28a vector to
yield pET284is6-RubN8. Cultures dt.coliBL21(DE3) transformants (1 L iaubroth

(LB) media with 50 pg/mL kanamypwere grown at 37 °C to an OD600 of 0.6 at which
point the cultures were induced with 0.25 mM isoprofiythio-i -D-galactoside (IPTG)

and grown for additional 16 h. Cells were harvested by centrifugation armbriradt-

80°C until needed. Frozen cells were resuspended in binding buffer [20 mM imidazole,
0.5 M NaCl, 20 mM sodium phosphate (pH 7.5)] and lysed by sonication. After
clarification by centrifugation at 10000g, the lysates were loaded onto-bhafged 5

mL HisTrap column and purified using FPLC (Amersham Biosciences) with a flow rate of
5 mL/min. The column was washed with 50 mL of binding buffer and proteins were
eluted with a gradient of imidazole (ZDO mM imidazole). Fractions containing the
proteins were analyzed by SEFAGE, pooled, concentrated to 5 mL and desalted by
FPLC using a 5 mL size exclusion desalting column (HiTrap) from Amersham Biosciences.
The column was equilibrated with 50 mL desalting buffer [ 20 mM Tris.HCI, 5%qglycerol, 1
mM DTT, pl 7.5], the proteins were then loaded onto the column (maximum of 1.5 mL)
and eluted at a flow rate of 5 mL/min. Fractions containing the protein were analyzed

again by SDBAGE and stored &80 °C until assayed.

Preparation ofL-TDRepi-vancosamine
L-TDRepi-vancosamine (4D-desmethyl -TDRevernosamine) was prepared by

reduction of a synthetic azide congener (0.5mM) with 1ImM trs(2
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carboxyethyl)phosphine (TCEP) in 20 mM-CTtigpH 7.5) at 22°C for 24 hours. Amino
sugar was stored in small aliquots-&) °C for assays. HPLC/MS, perforrfagd-TDR
epivancosamine enzymatic reaction described below, indicateat the extent of

reaction was > 96%.

ORF36/RubN8 enzymatic reactions

ORF36 activity was assayed in 20 mM-Hf3$ buffer (pH 7.5) in the prasee of
0.4 ¢ 2 mM NADPH, 3@M FAD, 25QuM L-TDPRepivancosamine, 0.001 mg/ml of the
NAD(P)H oxidoreductase of Photobacterium fischeri (Boehringer Mannheim, Mannheim,

Germany) and 0.5mg/ml of ORF36 per 50 pl. Reactions were maintained at 30 °C.

Solutionsof the substrateL-TDPRepivancosamine, flavin adenine dinucleotide
(FAD) and nicotinamide adenine dinucleotide phosphate (NADPH), were made in 20 mM
TrisHCI pH 7.5. RubN8 was aliquoted in storage buffer [20 mM Tris.HCI, 5% glycerol, 1
mM DTT, pH 7.5].1&vin reductase was stored in 40% glycerol, 1 mM EDTA, 0.1 mM DTT
and 50 mM potassium phosphate, pH 7.0. The catalase and superoxide dismutase
enzymes were made in [20 mM Tris.HCI 40% glycerol, pH 7.5]. In a total volume of 50
uL, 250 uM of the subsite, L-TDPRepi-vancosamine, was incubated with 30 uM FAD, 1
U/mL catalase, 1 U/mL superoxide dismutase, 0.001 mg/mL flavin reductase, and 2 mM
NADPH. Control assays lacking RubN8, FAD or NADPH were performed. The reaction
was initiated by the addition of.8 mg/mL RubN8 or 0.5 mg/mL ORF36. The time course

of the reaction was followed by HPLC/MS at 30 °C.
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HPLC/MS assay fasTDRepi-vancosamine reaction

The oxidéon of L-TDPRepivancosamine to corresponding products was carried
out usingan Agilent 1100 HRL system (Agilent, Palo Alto, CA), comprising a binary
pump and refrigerated autosampler. Mass spectrometry was performed by wsing
ThermoFinnigan (San Jose, CA) LCQ Quantum Deca XHitheasional lon Trap Mass
Spectrometer equipped with an API elecpray ionization source outfitted with 50
>Y LP5d RSI QiADI DR LAAZASRE® ¢KS AyeSOirazy O
detected using a Thermo Hypercarb column (3mm x 5cm). Mobile phase: (A) H20
with 50 mM ammonium acetate and 0.1% (Y/diethylamine and (B) H2O/acetonitrile
(5:95) with 50mM ammonium acetate and 0.1% (v/v) diethylamine. Gradient conditions
were as follows: & min, B = 15%;-55 min, linear gradient to 35% B; 15 to 16 min,
linear gradient to 100%B; 16 to 21 min, hold BR00%; 21 to 22 min, linear gradient to
15% B; 280 min, B = 15%. The flow rate was maintained 0.3 ml/min. The mass
spectrometer was operated in the negative ion mode, and the electrospray needle was
maintained at 3,400 V. The ion transfer tube was aeped at-47.50 V and 278C. The
tube lens voltage was set t@l6 V. The mass spectrometer was operated in full scan
mode. Full scan spectra were acquired from m/z 50.0 to 1500.0 full and product ion
a0l ya | a ¥F2t548with Yollisppm angngypad /B> T p p-$6lpwgtip
O2ftAaA2Yy SYSNBE&H2BAWK: D2 ADMRY-548ywibNAEE 27T
O2ttAaAirz2y Sy SNB® wihEollisiomenkrgypofr30%bdatapwere acquired
in profile mode. The following optimized parameters were usedtii®@ detection: N2

sheath gas 46 psi; N2 auxiliary gas 13 psi; spray voltag®/'3.4 k
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Chapter Il

STRUCTURAL AND MECHANISTIC STUDIES OF THE NITROSOSYNTHASE ORF36 FR
MICROMONOSPORA CARBONAGERAFRICANA

Introduction

The experiments outlined in Chapter Il sdebing the activity of the
nitrososynthases ORF36 froMicromonospora carbonacewar. africana, and RubN8
from Streptomyces achromogenegar. rubradiris formed the basis for further
biochemical characterization of this new class of flal@pendent monooxygenases.
ORF36 and RubN8 were shown to catalyze ts¢e@ Noxidation of a close substrate
analog, TDR-epivancosmine, resulting in the formation of m$troso congener via a
hydroxylamino intermediaté.Although no enzymatic oxidation to the nitro group was
observed, the nitroso sugar produist consistent with prewus studieswith rubradirin,
which suggested that the nitro oxidation state is a result of photo oxidation of the
nitroso group®

Several enzymes in natucatalize theN-oxidation of aminesFor example, he
Rieske, aminopyrrolnitrilN-oxygenase (PrnD) catalyzes the unudimlin-dependent
oxidation of an arylamine to an arylnitro grodpAnother example is theon-heme di
iron monooxygenase (AurF) froBtreptomyces thioluteushich catalyzes the formation
of unusual polyketide synthase starter umtnitrobenzic acid fromp-aminobenzoic
acid in the biosynthesis dhe antibiotic aureothin® N-Oxidation can alsobe catalyzed

by P450 enzymésnd several singleomponentflavin monooxygenases.
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Our preliminary biochemical characterization of ORF36 and RubN8 showed that
the nitrososynthase is a flavitependent monooxygenase. Flavindependent
monooxygenases are a diverse class of enzyosmsable of efficient and specific
insertion of one or more oxygen atoms into an organic substrate, a reaction that is
difficult to achieve via standard chemical synthesigidation reactionscatalyzed by
flavinrdependent monooxygenasdaclude hydroxylation, halogenation, sulfoxidation,
and Baeyewilliger oxidation. The double N-oxidation of aminosugars by the
nitrososynthaserepresents a new addition to this set of reactiviti@hisnew enzyme
may be best classified as Class D flasontaining monooxygenase based on its
sequence homology with acfloA dehydrogenasewhich are sequence models for this
class. Members of class D flagiontaining monooxygenasetypically hydroxylate
aromatic substrate&! Interestingly, nitrososynthases have more sequence similarities
with acytCoA dehydrogenases (~25%) than with flaoontaining monooxygenases
(~15%) contrary to their biochemical eviderstgygesting a monooxygenase activity.

Class Olavoprotein monooxygenaseare typically encoded by two genes; one
encodes themonooxygenaseavhile the other encodesthe flavin reductase component.
The reductase component uses FAD as a cofactor and NADAD#?HNas a coenzyme.
These enzymeare structurally homologous to aeloA dehydrogenases and are mostly
h-helical proteinsIn our previous biochemical characterization of the nitrososynthase
ORF36, it was shown that its activity requires flavin and NABRK significant
enhancement reached upon the inclusion of an external flavin reductdaathermore,

ORF36 was shown to display weak, reversible binding for odiflerdn. ORF36 was also
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shown to utilize both FAD and FMN as its flavin cofactors with preference to FAD. This
cofactor promiscuity was observed in the class D flavoprotein monooxygeftase
hydroxyphenylacetate monooxygenase fréxninetobacter baumannt?

Our recent biochemical characterization of thetrososynthase ORF36 was
impeded by several challengescinding the lengthy synthesis of the TD®ugar
substrate, its storage instability, and the low affinity of the flavin cofactor which
typically provides a convenient spectrophotometric monitoring odth ¥t I Ay O2 FI O
redox states. To address these challenges, we developed a moutifietto procedure
utilizing six purified enzymes to generate the close substrate analog-L-TDP
epivancosamine, lacking the C4n@thylation, in sufficient quantitieto study enzyme
turnover of this substrate and its TEdPMinosugar precursors in its biosynthetic
pathway® Additionally, we studied the nitrososynthase oxidation reaction with the
biogenic TDR-epivancoamine under*?0, and observed oxygen incorporation into the
oxidation products and intermediates which provided more evidence for a
monooxygenase mechanism. Finally, in collaboration With2 F & ¢ A yebearthOSNE 2y Q
group, Dr. Jessica Vey solved thB 8tructure of ORF36 by-fdy crystallography, which
revealedimportant chemical and physical constraints of the protein scaffolat houses
the flavindependent double Moxidation of the TDRminosugar® Taken together
these studies provided important biochemical details of the nitrososynthase responsible
for the N-oxidation of deoxyaminosugars in everninomicin and related rstrgar

containing bioactive natural poucts.
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Results

Substrate preference of ORF36

An everincreasing number afitrososynthase homologs have been deposited to
the GenBank corresponding to their oxidative role as fladpendent enzymes in the
biosynthesis of many nitrosugarcontaining natwal products™*’ The structural
modificationsof the nitrosugar moiety in theseompoundsare mostly conserved with
notable functional variability at-@ posiion which can be found as hydroxyl;n@thyl
or N-carbamoyl group. Functional variability also includes the @sitionleading to
LI2a&aA0Af AGASE 06SG6SSy G KF The deisitybfStruGures y R
of the aminosugaprecursorsubstrates is in contrast with the high sequence identity
between all the nitrososynthase homologu@s several nitrosugar pathwalfs which
prompted us to investigate whether the reported nitrososynthases act on a common
intermediate biochemically upstream tie last biosynthesized aminosugar substrate

the correspondig pathways!®

To address this possibility and further investigate the timing of aminosugar
oxidation toultimately yield the nitrosdunctionality, we reconstiited the biosynthetic
pathway for the aminosugar TBRepi-vancosamine using enzymes obtained by the
Walsh group from the chloroereomycin pathwdyand studied the activity of ORF36
with two additional upstream TDP linked kéto-3-aminosugar intermediates in this
pathway (Figure IH1). We were unable to isolate enough quantities from this multistep

enzymatic synthesis of these TB&gar intermediates to perform Michaelenten
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kinetics due to theirdw storage stabilityhowever, we were able to compare turnover

of substrates at identical, titrated substrate concentrations |(B0).

OH
Me O e
e o RfbB O=_0 EvaA B
HO HO < OTDP
OHorop OHoToP J Evall
EvaC
Me Me 0 Me &
HOSZAT ™ oToP  Evae  MEZAQZTOTOP Evap ¢
- O -
HHa Wiz NH, OTDP

TDP-L-epivancosamine

Figure I41. Pathway utilized for biochemical synthesis of TDEpi-vancosamire and the TDP-keto-3-

amino sugar preursors.This figure is taken from reference 14 in which the author of this document is a
coauthor.

Analysis of the enzyme assaysHL@VSshowed that all potential aminosugar
substrates displayed a degree of chemical competence for single oxidation t
hydroxylamine, bt only TDR-epivancosamine underwent double oxidation to form

both the hydroxylamine and subsequently the nitrososugar prod&ajure ll-2).
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Figure Figure H2. HPLEESIMS traces of ORF36 oxidation reactions with three potentihino sugar
substrates. (A) TDRepivancosamine (m/z 544) at 0 min (blue) and 100 min (green), hydroxylamine
intermediate (m/z 560) at 15 min (red), and nitroso product (m/z 558) at 100 min (purple). (B}F®BP
amino-4-keto sugar substrate(m/z 542) at0 min (blue) and 100 min (green) and hydroxylamine
intermediate (m/z 558) at 100 min (purple). (C) TDRB-amino-4-keto sugar substrate (m/z 542) at 0
min (blue) and 100 min (green) and hydroxylamine intermediate (m/z 558) at 100 min (purfleis
figure is taken from reference 14 in which the author of this document is a coauthor.

The two 3-amino-4-keto sugar precursors of TRRepivancosamingFigure IH
2B,CXiffer in the configuration at & with the firstbiosynthesizedketosugar having a D
configuration and upon the activity of EvaD, its L congener is formed. TheL-BDP
amino4-keto sugar(Figure I2B)was assayed by including a catalytic excess of the C
epimerase (EvaD) in the nitrososynthase oxidation reactiims TDHR-aminasugar
substate was rapidly oxidized to its hydroxylamino congener but did not further oxidize

to other species undethe ORF36 assay conditions (Figur2B) The TD®-3-amino-4-
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keto sugar precursor was also oxidized to its hydroxylamino oxidation state, but at a
substantially slower apparent rate than when the epimerase was added to reactions
(Figure 1H2C) This is iragreementwith its recently reported partial oxidation by KijD3,
which likewise only evidenced the formationahydroxylamine® Unlike these studies,
however, we did not observe additional peaks at m/z = 527 rationalized by the authors
as a fragmenof the hydroxylamine This mass correspondsaaeduction productthe
identity of whichremains undetermined. In our ORF36 assays, the tketd D- and L-
aminosugar substrates were oxidized to their corresponding hydaoxino compounds

and no otherdetectable TDRBugar decomposition products were appat by MS or

MS/MS analysis.

The oxidation of TDRepivancosamine generated from the reconstitution of its
natural biosynthetic pathway confirmedur previous results using the chemically
synthesized compourld and importantly, validated the successful biosynthetic
production of its two TDH-keto-3-amino sugar precursors. In summary, these data
indicate that thedouble Noxidation catalyzed by the nitrososynthase O&F3proves
with substrates more closely related to TDEpivancosamine and only a single
oxidation step to a hydroxylamine occurs for thiBR3-amino-4-keto sugar precursors.
The oxidation of the @ Omethylated congener of TDIPepivancosamine remain® tbe
investigated to determine whether this additional methyl group has any effect on the
oxidation activity of ORF36. However, the isolation of everninomicin variants fom
carbonaceavar. africana with both Omethyl and hydroxyl functionality in their

corresponding nitrosugar moieti&% suggests that @nethyl substitution at this position
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is not essential for nitrososynthase reactivity anghy occur prior or sudiequentto

amine oxidation reaction®

180, incorporationin the ORF36 oxidation reaction

To determine whether the incorporation of the oxygen atom into #@eino
sugar substrateipon ORF36 aistity with TDP-epivancosamineomes from molecular
oxygen as opposed to oxygen fromQH we perfomed the ORF36 oxidation reaction
under 0,. The incorporation of molecular oxygen into the substrate would also
support the flavindependent monooxygenase catalysi© provide a control reaction,
the same previous ORF36 assay with -TBpivancosamine undel’0, was repeated.
Reactions contained the same concentrations of NADPH, FAD, flavin reductase, and
ORF36were incubatel with catalytic excess of catal#Seunder atmosphere of either
80, or °0,. As shown in figure B, HPL@AS analysis showesingle oxygen atom
incorporation corresponding to the hydrglamine intermediate (m/z = 560) andhd
nitroso product (m/z = 558)which demonstrated enrichment of the +2 m/z shift at 86%

and 87% incorporation, respectively
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Figure 111-3. The **0, incorporation studies of ORF36 oxidation reaction. (A) Summarypobposed
species observed in thésozincorporation experiments. (ED) %o, incorporation with ORF36 and TRP
epivancosamine incubated with°o, (green) and0, (red). Masses shown under structures correspond
to unlabeled species. HPLHEZS and MS/MS datavere collected at a 15 min reaction time, when the
hydroxylamine intermediate was most abundant. (B) Ti2@pivancosamine (m/z 544 antk= 4.5 min).

(C) Hydroxylamine (m/z 560, antk = 5.3 min). (D) Peaks ak values of 79 min are proposed to
correspord to the nitroso compound tr = 8 min) and an additional oxidation product at m/z 576&E

7.8 min). This new mass has a retention time distinct from that of the nitroso sugar, and on the basis of
MS/MS analysis, the additional mass of the m/z 576 iondgnstrained to the pyranose ring. One
possible structure is the &iydroxylamino4-keto sugar, which is detected as a hydrate under ESI
conditions. MS/MS analysis supports this hypothesis in that the labeled ion at m/z 578 readily
fragments to an ion at m/A60.09, and this fragmentation pattern is identical to the reaction product of
the TDPRL-3-amino-4-keto sugar shifted by 2 mass unit$his figure is taken from reference 14 in which
the author of this document is a coauthor.

In addition to confirming e incorporation of molecular oxygen into the
expected oxidation products, these experiments also showed oxygen incorporation for
additional reaction products. We observed a +2 m/z shift in what we have previously
assigned to be the electrospray inducedlrate of theTDPnitroso sugar(M + HO, m/z
= 576 )* However, the single incorporation of oxygen into this species and the lack of

demonstrable baclkexchange of laded nitroso with HO rule out the proposed
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dihydroxylamino species. Closer examination of the HPLC/MS chromatograms indicated
that within the broad peak encompassing this region, the nitrososugar (m/z 558), and
the compoundat m/z = 576 possess differenetention times (8.8 and 7.8 min
respectively). Both compounds contain fragmentation peaks diagnostic of aUdaP
including the loss of TDP (m/z = 401) and TMP (m/z = 321) but the unknown m/z 576
compound demonstrated an additional major fragment at 5B&8licating loss of water.
Further characterization of the compourad m/z 576 wasmpededby the lack othe
availability of enough quantities and the inherent storage stability. HoweVae
MS/MS analysis demonstrated th#tte oxidation is constrainedot the pyranose ring,

and considering the likelihood th#te oxidation is occurring on the-84 heteroatoms,

we proposedhat the m/z576 peak corresponds to a product oxidized &, dkely the

G4 ketone. Consistent with that, this putative structurkases similar retention time

and fragmentation pattern with the hydroxylamino product generated from the
oxidationof the substrate analog TEFB-amino-4-keto sugar Figure 1H2). It shouldbe

noted however, that other structures are possible, includiagpossible electrocyclic
rearrangement of the hydroxyketone (not showf)Further structural elucidation of
these oxidation products via cheraicderivatization is discussed in chapter IV which

revealed a surprising outcome.
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X-ray crystal structure of ORF36
Ly O2fftlFo0o2NIGA2Y 6AGK tNRFTD® ¢CAYyl LOSNE2YC
to crystallize anddetermine the structure of the ORMBenzyme* The polyalanine
model of human shorbranched chain acyCoA dehydrogenase (PDB Z3Whas used as
the search model to determinghe structure toa 3.15 A resolution by molecular
replacement Figure 1H4). ORF36ormed a tetramer with 3,500 Aof surface area
buried per monmner. Size exclusion chromatography on a Superd@d0Scolumn
confirmed the tetrameric structure of ORF36 in solution. The monomers of ORF36 adopt
a threedomain fold with the Nand Gterminal helical domains separated by ssheet
domain Figure IH4B). The oligomerization interface of ORF36 is predominated by

interactions between the adjacent@rminal helical domains
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Figure IH4. Structure of ORF36. (A) The ORF36 tetramer is shown as a cartoon representatiora with
transparent surface, colored by domain.The-tidrminal domains (residues-129) are colored gray, the

O Sy (i Nhedét domains (residues 13P35) green, and the @rminal domains (residues 23398)
purple. (B) ORF36 monomer shown in cartoon representatiavith modeled FAD and TDE
evernosamine shown as transparent sticks. Colors are as follows: yellow for FAD carbons, magenta for
TDRL-evernosamine carbons, red for oxygen, blue for nitrogen, and orange for phosphate. The view in
panel B is rotated 45° atut a vertical axis from the bottom monomer shown boxed in panel Fhis
figure is taken from reference 14 in which the author of this document is a coauthor.

As this work was being prepared for publication early 2010, thecwire of the
nitrososynthas KijD3 wasreported'® and appeared in the EMBDRali searcli* as the
closest structural homolog. Both KijD3 and ORF36 share structural similarity with
members of the acyCoA dehydrogenase superfamilywhich includes oxidases,
dehydrogenases and flavoontaining monooxygenases. The structural folds of ORF36
and KijD3 are surprisingly closer to those of the dehydrogenases than the
monooxygenase functional homologshich isin contrast with their functions as
monooxygenasedOne explanation for this could be that the monooxygenase activity of
the nitrososynthases evolved independently from a€glA dehydrogenases, while other
class D monooxygenases and the #0gA dehydrogenases underwent a divarg

evolutionary route.
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Modeling of FAD and TDRepi-vancosamine in the active site

Attempts to cocrystallize ORF36 with the flawwofactors FAD and FM&ach in
their oxidizedand reducedforms, as well as with the substrate TDEpivancosamine
were ursuccessful. None of these experiments resulted in the appearance of new
electron density for the substrate oheé flavin cofactor. Thereforehe FAD cofactor and
the substrate TDR-epivancosamine were modeled into the active site of ORF36 using a
combindion of manual and automated methods. Ideal cofaesoibstrate distances and
geometry were predicted based on comparison with the-stmictures of flaving

containing monooxygenases in complex with their substr&tés.

The resulting predicted model suggests that the-fimaned pockets in the active
site of ORF36 bind thisoalloxazineiing of the flavin cofactor and the TDP moiety of
TDRL-epivancosamine. Rigles in the vicinity of the predicted isoalloxazine ring
pocket, particularly at loops L3, L5 and L9, are conserved in nitrosynthases and are
similar to those in acyCoA dehydrogenases and flasontaining monooxygenases. In
contrast, the adenine nuclemle moiety of the flavin cofactor in this predicted model is
in a region in the active site where the loops are in an open conformation. Loop 7 in
both dehydrogenases and flavaontaining monooxygenasgshich forms specific
contacts with flavin, is grter in enzymes that preferentially bind FAD and longer in
enzymes that preferentially bind FMN, and is known to undergo a conformational
change upon flavin binding to facilitate contacts with the nucleotide moiety. This loop is
similar to those found iracyFCoA dehydrogenase superfamily that utilizes FAD as their

flavin cofactor. This is supported by the observation that the activity of ORF36 is
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significantly improved with the FAD cofactor as compared to that with FMN. In this
ORF36 structure, loop L7 @uts a conformation that likely will undergo adjustment

upon flavin binding.
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Figure IHp @
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residies 272y n0 X h 1 Yy R hy éofver20ld [hyyTQ NB/ERA Rdddo poovan2 LIh
FYR hwmnanX of 22 L337p)andht theBermiirRsig®ap Lid Trgsidues 39012). (A) A ribbon
diagram of ORF36 shown with modeled flavin (yellow carlsdrand TDR-evernosamine (magenta
carbons) as sticks. Active site loops L3, L5, L7, and L9, are predicted to interact with flavin and are
colored orange, active site loops L1, L4, L6, L8, and L11 are predicted to interact with substrate and are
colored puple, and active site loops L2 and L10 are predicted to interact with both substrate and
cofactor and are colored teal. (B) A ribbon diagram of human short branchbdin acyl CeéA
dehydrogenase (PDB entry 2JI?9) highlighting loops L1 to L11 colored amwlored as in (A). (C) A
ribbon diagram of A. baumannii 4-hydroxyphenylacetate monooxygenase (PDB entry 2JB°’4r)
highlighting loops L1 to L11 colored as in (A). (D) Stereoview of the ORF36 loop L10 containing a tandem
cispeptide. Loop L10 is shown in skis with teal carbons. The Q378377 and P37-¥378 bonds both
adopt a cis conformation. Modeled flavin and substrate are displayed as in TA)s figure is taken from
reference 14 in which the author of this document is a coauthor.
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Description of the ative site
The predicted active site of ORF36 contains amino acid residues mainly from the
centrali -sheet domainand the Nterminal helical domainbut alsoincludes residues
from the Gterminal domain of an adjacent monom&tThe base of the active site fe
is formed along heli®4. Flavin binding is predicted to be mediated by interactions with

residues inh4, i1, h ¢ Ihg Rvhereassubstrate binding presumably occurs via
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interactions with residues in"4 and " €8 helices. Additionally, loops 411
surrounding the active site likely play a role in substrate binding and catalysps L1,
L2, L4, L5, L6, L7, L8 and Hiffer in structure compared to their counterparts in the
aforementioned structural homologs of nitrososynthases, suggesting that tkely |

play an important role in conferring substrate and cofactor specificity.

The active siteof both ORF36 and KijD3 meas@@ A wide by 20 A deepnd
appearto be solvent exposedThis isn contrast to the active sites in flavoontaining
monooxygerases and acyCoA dehydrogenases. This unusually large pocket results
from the open conformations of looplsl, L2, L4, L6, L7, and Ld1IORF36 and KijD3
which isunlike the more compact conformations of their counterpartsthe acytCoA
dehydrogenasesral flavincontaining monooxygenasebost of these loops are known
to have interactions with the substrate in the a€®A dehydrogenase superfamily,
suggesting that significant main chain conformational changes may occur upon
substrate binding. Of notepbp L10 located on the floor of the active site cleft in ORF36
likely contains tandem cipeptide bonds between GIn 376 and Pro 377 and between
Pro377 and Tyr 378lthough the assignment of geeptide bondis speculativeat this
resolution,modeling theloop with transpeptide bonds or with only a single gisoline
resulted in disallowed Ramachandran angles for Tyr 378 and poor agreement of the
main chain with the electron densitylhis assignment is also supported with the
observation that KijD3, withts L10 sequence identical to that of ORF36, contains

tandemcispeptide bongin this location'®
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The crystallographic temperature factors of residues in th@p$s surrounding
the active site in both ORF36 and KijD3 are significantly higher when compared to
residues in the remainder of the protein. Temperature factors, also known as atomic
displacement parameters or-factors, can reflect the thermal motion atoms and hint

at regions of increased relative mobility in a given structure.

Discussion

Substratepreference of ORF36

The nitrososynthase activity of ORF36 with 1f@pi-vancosamine confirms that
this aminosugar is preferred over itskétosugar upseam congeners. Moreover, the-O
methylation of the C4 hydroxyl group of TDEpivancosamine was shown not to be
necessary for the nitrososynthase activity. This was an expected outcome, because a
variant of everninomicin lacking the @t methylation in itsiitrosugar moiety was also
isolated fromM. carbonaceavar. africana®® The single oxidation of the TDPkdto
sugar substrates suggests that nitrososynthasesénktiosynthesis of other nitrosugar
containing natural products may act on closely related precursors nemtessarily
identicalto TDPRL-eivancosamineThe retention times of the oxidation products from
the 4-keto aminosugar substrates matches that of thieroso sugar produced from the
activity of ORF36 with TRRepivancosamine. This led us to propose a shunt reaction
product, the C4 ketone, in which thehydroxy position of TDRepivancosamine is

oxidized perhaps via dehydrogenation or hydroperoxylated the C4 hydroxyl to the
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ketone oxidation state. Other oxidation possibilities may also exist. Preliminary
experiments of the ORF36 activity with the authentic substrate -@@Pnosamine,
which is protected by @nethylation at C4, showed the productiar only the nitroso
sugar with no additional oxidation products. The proposed oxidation of the C4 position
of TDPRL-epivancosamine upon ORF36 activity is intriguing and further experimentation
should be performed to validate the identity of the proposedustures. Chapter IV
details some chemical derivatization experiments and HPLC/MS analysis of the
derivatized oxidation products of the nitrososynthase activity with -[DP

epivancosamine which reveals a surprising outcome.

Structurd comparison of ORF36nd KijD3

The overall structure of ORF36natches that of its KijJ3 homolog from the
kijanimicin biosynthetic pathway with a romteansquaredeviation of 0.76 A between
the @& atoms of the tetramers of the two proteins The maindifferences in both
sequence and structure betweghese two homologsire found inthe regions that map
to the active site cleft, and may be related to differences in function and substrate
binding. Of note, variations in the interface of the predicted isoalloxazine and the TDP
binding sites may account for substrate preference. The TDP and the isoalloxazine
binding pockets themselves are almost completely conserved in both enzymes. The
major structuralvariations between ORF36 and KijD3 are apparent in the active site

loops L2, L4 and L6 located within the centratheet domain, and L7 and L8 of the C
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terminal domain.Thehigh crystallographic temperature factodf these regions in both
enzymes may reflect flexibility that facilitates movements of the substrmtethe

cofactor upon catalysis.

The active site of kb nitrosoynthases ORF36 and KijD3 are relatively large and
highly solvent accessible with their loops adopting open conformations. In comparison
with structures of the acylcoA dehydrogenases and class D flaaantaining
monooxygenasesexclusion of wate from the active site is presumably facilitated by
conformational changes of loop, L4, L6, L7, L8 and LIhe active site residues have
elevated temperature factors compared to the remainder of the protein likely
accounting for substrate and cofactonobility. Additionally both enzymegossessa
tandem cispeptide bond within the active site loop L10which likely undergoes
isomerization initiating a conformational change to facilitate -catalysihiese
observations suggest thahe active site loopsnay undergosignificant conformational
changesfollowing cofactor and substrate bindingonformational adjustments upon
substrate binding are known for many enzyrfes, which suggest that the open active
site architecture of both ORF3Band KijD¥ maybe be physiologicallielevant. The
open loops in these enzymes may facilitate entry of the relatively large TDP sugar
substrates, and the FAD cofactor. While further experiments are required to examine
this possibility, this confonational variability in the active site may be necessary to
prevent unwanted side reactions or nonproductive FAD cycling in the absence of

substrate.
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Proposed minimal mechanism of ORF36

Our biochemical characterization experiments outlined in this wonkfiomed
the previously proposed monooxygenase activity of the nitrososynthase ORF36. The
HPLEVS analysis of ORF36 activity suggests that the enzyme first oxidizes TDP
epivancosamine to the hydroxylamine intermediate which undergoes a seftavid-
deperdent N-oxidation step to yield the nitroso sugar. These two oxidation steps result
in single incorporation of oxygen into in the nitrososugar product evidenced by the
results from performing the ORF36 oxidation reaction und&,. Based on these
observatons, and with typical falvidependent monooxygenase mechanisms taken into
consideration, we propose that ORF36 oxidation activity is mediated by -{lxan

hydroperoxide acting as an electrophile in a nucleophilic substitution reat4on.

Under this monooxygenation scenari®RF36 likely first binds reduced flgvin
generatedby an external flavimeductasewhich readily reacts with molecular oxygen to
form the oxidative electrophile flaviC4ahydroperoxide. This series of transformations
are typical for flavirdependent monooxygenasé$.Subsequently, the aminosugar
substrate binds and undergoes oxidation to form the hydroxylamino intermediate while
the flavin cofactor is transformed to the Ghgdroxyflavin which upon dehydration
regenerates tle diffusible oxidized flavin to be released along with the hydroxylamine. A
similar second Mxidation step followed by dehydration generates the nitroso sugar
product. Alternatively, the nitroso sugar could be generated via a dehydrogenase
mechanism simdr to that catalyzed by the homologous a80dA dehydrogenase. We

performed the ORF36 oxidation reaction with TD#pivancosamine under limited
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concentration of NADPH (0.4 mM) and observed the formation of only the
hydroxylamine intermediate suggestingatithe second oxidation step requires reduced
flavin. Therefore, we favor a monooxygenase activity that involves iterative electrophilic
oxygenation followed by dehydration over the dehydrogenase mechanism. In support of
molecular oxygen participation inaalysis, incorporation of singi€O atom into the

final product could be only observed when the oxidation reaction was performed under

180,, but not B*%0.

Conclusions

This work provided important biochemical characterization of tieav flavin-
dependentnitrososynthase ORF36 which catalyzes thexhation of the aminosugar
TDRL-epivancosamine to its corresponding nitrososugar. We propose that the
tetrameric enzyme undergoes conformational changes upon binding of the flavin
cofactor and the substrate tofacilitate the monooxygenation catalysis. The
nitrososynthase enzyme represents a new class of fldependent monooxygenases
with an acyCoA dehydrogenase fold. The surprising contrast in the function of the
nitrososynthase compared to its structurallosest homologs suggests that
nitrososynthases have functionally evolved divergently from-8oA dehydrogenases.
This could have implications on the growing number of enzymes annotated aS@&yl
dehydrogenasdike enzymes, while they possibly perfornffekent oxidation reactions.

Future investigations of the activity of ORF36 with other aminosugar substrates such as
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the authentic C4 @nethylated TDR-evernosamine will lead to a better understanding

of the molecular determinants controlling selectivipnd catalysis by this new class of
enzymes. The biochemical characterization experiments provided in this work allowed
the proposal of reasonable minimal mechanism whichssiiie stage for future

mechanistic and structural studies.

Materials and methods

Overexpression and purification of enzyme®RF36 fromM. carbonaceavar.
africana’, EvaAE fromAmycolatopsis orientaft§ and RfbB fronBalmonella enterica
(strain LT2Y>® were purified from freshly transformed. coliBL21(DE3) by nickel
affinity chromatography apreviously described with the exception of EvaE, which was
isolated as an insoluble preparation. EvaE preparations were generated from 3 L
induced cultures, which were disrupted via a French pressure cell. The insoluble fraction
was isolated by centrifugemn and washed with 20 mM TeldCl, pH 7.5, resuspended in

10 mL, 20 mM TrBICI, pH 7.5, 5% glycerol, and storedd& °C prior to use.

Preparation d TDR6-deoxy-4-keto-D-glucose Reactions (1 mL) containing 8
Ya O Ke Y dighospliaategiutbse disodim salt (4.5 mg), 50 mM T+#4Cl (pH 8.0),
4 mM NADP, and 160 pM RfbB were incubated at 24 °C for two hours. Proteins were
removed by 10K molecular weight cutoff filtration (Centricon, Millipore Corp.) and the

product was purified via SAXPLC (see belogllowed by lyophilization. The final yield
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was 4.0 mg bTDR6-deoxy4-keto-D-glucose(88% yield) TDR6-deoxy-4-keto-D-glucose
was analyzed by EBCMS, which determined the m/z to be 563.20 1+ H2O]

calculated for @HsN>Oy6P; is 563.07).

Prepaation of other TDPsugars substrates and intermediateOther TDP
sugars were biochemically synthesized frofDR6-deoxy4-keto-D-glucose using
purified enzyme preparations and the general procedures outlined by €hex*® with
the following modifications. Briefly, thimidire-@iphosphate3-amino-2,3,6trideoxy-3-
CGmethyl-D-erythrohexopyranosi-ulose (the TDH-keto-3-amino D-sugar), was
synthesized via tandem reaction with EvaA, EvaB and Eva@uaified as described
below in a 36% overall yieldif three steps. ESICmass spectra yieldethe m/z of
560.27 ([MH + HOT, calculat@ for G7HxsN3O14P, is 560.10). The substrate thymidine
5-diphosphe3-amino-2,3,6trideoxy-3-GmethytL-arabinchexose (TDRepivancosamine)
was generated fromthe TDP4-keto-3-amino D-sugar (1 mM) in a iImL reaction
containing 100 mM TsHCI (pH 7.5), 5 mM NADPH, @0 EvaD and 5@QL of the
resuspended EvaE pellet. The reaction was incubated at 24 °C for 2 h, proteioslland
debris were removed using a 10K centrifugal filter (Centricon), and the product was
purified by SAXIPLC (described below) followed by lyophilization which resulted in 300
Mg (55% vyield) offDRL-epivancosamine ESLC MSconfirmed the mass offDRL-

epivancosaming¢[M-H] calculated for GH,gNsOy3P is 544.11found 544.27.

Purification of TDPsugars. Preparative enzymatic reaction progress was

followed via HPLC using a series 600 Waters HPLC system with a Waters 2996 diode

109



array detector. Analytidaseparations were performed on an Adsorbosphere strong
anion exchange (SAX) column (5 mm, 4.6 x 20 mm, Alltech Associates) and a linear
gradient of 50 to 500 mM NHICQ, pH 3.5, at 1 mL/min for 45 min. Preparative HPLC
separations were performed using &rsi-preparative Adsorbosphere SAX column (5
pm, 22x 250 mm) using a similar protocol, but at 10 mL/min. The pH of the fractions
containing TDfhromophores (267 nm) were immediately adjusted to ~7 with 1 M
NH,OH and fractions containing reaction produan& pooled, lyophilized and stored at

-80 °C until assayed. Resuspended compound concentrations were determined by
measuring the absorbance at 267 nm using a Nanodrop spectrophotometer (Thermo,

Inc.) and comparison to a standard curve of dTDP.

ORF36 enzyme reactions with the aminosugar substratesReactions of
ORF36 withihe TDP4-keto-3-aminoD-sugarand TDRL-epivancosaminevere performed
Ay | G241t @2tdzyS 2F pn > O2yGFAYyAYy3d on >a
FAD, 1 U/mL catalase, 0.0518Vin reductase, and 2.0 mM NADPHe TDP4-keto-3-
amino L-sugarwas generated in situ by including @M EvaD in the reaction witls D-
sugar precursarAll reactions were initiated by addition of 328 hwCoc YR wmna >
samples were withdrawn at incasing time points (@ 120 min) and were quenched
gAGK mn >[ 2F | @& anfilSanalyzédby HEBIMSIEentrdl dssays

were performed omitting ORF36, FAD, or NADPH.

80,-incorporation assaysReactions with*?0, gas were performed in & mL

round bottomflask fitted with a rubber septum and a balloon (~5 mL, connected via a

110



syringe needle). The reaction vessel at 4 °C was connected via stainless steel cannula to
a closed gas cylinder (Cambridge Isotope Laboratories) containing 1 La22°psthat

was also fitted with a rubber septum. A freshly prepared solution (#QC0containing 20
mMTrisl / £ LI T®pX on >a C!'53% m !kY[ OFGlFtlas:
NADPH, and 0.5 mg/mL ORF36 was introduced into the flask and the entire reaction
system was degassed in vacuo (25 mm Hg) for 20 minutes. TH&O, cylinder was
opened to release sufficierfO, to fill the flask and the small balloon with <1® mL of

gas. Reactions were initiated by the addition of 30 uM of vacuum degassed-€fibP
vancosamine viaa gastight syringe. Reactions were followed for 2 h 2@ °C by
withdrawing 25 pL aliquots via syringe at increasing time points, quenching via addition
of 25 pL acetone and storing samples&Q °C until analyzed by {ESI/MS as described

below.

LCGESI/MS method for ORF36 SubstrafEise oxidation of ORF36ilsstrates was
analyzed using Agilent 1100 HPLC system (Agilent, Palo Alto, CA) with a LCQ Quantum
Decca XP ion trap mass analyzer (ThermoFinnigan, San Jose, CA) equipped with an API
St SOUGNRALINT & A2YyATFdA2Yy &2 dz2NOSsilEahcapll8yR oA (K |
LyaSouAazya 2F mn >f ¢6SNB aSLINIIGSR dzaAy3a |
Mobile phases were: (A),B with 50 mM NEHCHCOOand 0.1% (v/v) diethylamine and
(B) HO/acetonitrile (5:95) with 50 mM NMCHCOO and 0.1% (v/v) dietylamine.

Gradient conditions were as follows:50min, B = 15%;-55 min, linear gradient to 35%
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B; 15 to 16 min, linear gradient to 100% B; 16 to 21 min, B = 100%; 21 to 22 min, linear
gradient to 15% B; 230 min, B = 15%. The flow rate was maintaine@.atml/min. The

mass spectrometer was operated in both the negative ion and full scan profile modes

and the electrospray needle was maintained at 3,400 V. The ion transfer tube was
operated at-47.50 V and 275°C. The tube lens voltage was set@d/. Tk collision

energy for all product ion scans was set at 30%. For-LdpPvancosamine 10, full

LINE RdzOG FyR A2y a0l ya -mWNE @m@pdimimp &@Rfbig p a Y
For the assays witthe 3-amin-4-keto sugarsthe scans were set as followsi % wp p

pny T peeripdp p H60IBata were acquired in profile mode. The following
optimized parameters were used for the detection;: $theath gas 46 psi;oMuxiliary gas

13 psi; spray voltage 3.4 kV.

Crystallization of ORF36Initial crystallization conditions for ORF36 were
identified by sparse matrix screening and were improved using diffrat@sed
feedback on the Life Sciences Collaborative Access Tea@A{DSbeamlines 2D-D,
21-ID-F, and 2iID-G at the Advanced Photon Source (APS), andnbea 91 at
Stanford Synchrotron Radiation Lightsource (SSRL). Optimized crystals of ORF36 were
grown using the hanging drop vapor diffusion technique at 277 K from drops containing
1 pL protein solution (7 mg/mL ORF36 in 20 mM Tris.HCI, 5% glycerol, DTMMpH
7.5) and 1puL crystallization solution (0.1 M Tl pH 8.5, 0.2 M MgCl110%
polyethylene glycol 4000), equilibrated against 1 mL crystallization solution. Crystals
belonging to the hexagonal space group P65 reached a maximal size of & 0.dhmm
x 0.4 mm in 56 days. The volume of the unit cell was consistent with a tetramer in the
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asymmetric unit and 53% solvent content. Crystals were cryoprotected by equilibration
in crystallization solution supplemented with 20% glycerol or 20% ethylgm®lgand

cryo-cooled in liquid nitrogen prior to data collection.

Native data set 1 was collected at 100 K at the beamlirtbZ2 of the Advanced
Photon Source using a Rayonix MX 225 detector. Native data set 2 was collected at 100
K on beamline 2 at SRL using a MarUSA MarMos325 CCD detector. Data

integration and scaling were performed Wwithe HKL2000 suite of programs.

Structure determination and refinement. The structure of ORF36 was
determined by molecular replacement in Pha¥eusing a polyalanine version of the
human shortbranched chain acyCoA dehydrogenase tetramer as the search model
(PDB entry 2JF (35), 25% sequence identity). Molecular replacement was only
successful with the Native data set 1. The molecular replacement solution was
transferred into the higheresolution Native data set 2 and refined using alternating
rounds of manuamodel bulding in XtalVie®? and refinement in CN®&with strict non
crystallographic symmetry (NCS) constraints. Once the R-cryst reached 26%, each chain
was examined for main chain differences, which were observediwtitie centrali -
domain between the ORF36 monomers. As a result, during the final four cycles of
refinement, each monomer was refined with NCS restraints applied to thend C

terminal domains, but deviations from NCS were allowed in the centdalmain

The final model of ORF36 comprises residues 1 to 395 (of 412 total residues),

with several breaks observed in chains B, C, and D. In chain B, electron density for
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residues 143151, 177184, and 22235 is not observed; in chain C, electron density for
residues 144156, 176182, 218221 and 235 is not observed; in chain D electron density
for residues 22&27 and 316 is not observed. The test sé reflections for the Re
consisted of 9.1% of the data, totaling 2816 reflections. The final model h&s,af
24.2%, an Re of 28.1%, 88.5% of residues in the most favored regions of the
Ramachandran diagram, 10.9% in the additionally allowed regions, 0.6% in the
generously allowed regions, and 0.0% in the disaltbwegions Figures I was

preparedwith PyMOL*® Figure IH5 was prepared using MOLSCR{RIfid Raster3(%

Modeling of substrate and cofactorFAD was modeled into the active site by
superpositioning the ORF36 structure with that of human shwanched chain acsCoA
dehydrogenase (PDB entry Z3)Fand using the position of bound FAD from 2JIF as a
starting point. Attempts to improve the position of FAD using the molecdtaking
program Molecular Operating Environment (MOE, Chemical Computing Group,
Montreal, Canada) did not result in a solution that both alleviated steric clashes
between the FAD and protein and retained a reasonable position for the isoalloxazine

ring.

A model for TDR-evernosamine was constructed by manual combination of
deoxythymidine diphosphate (ligand name TYD) and thevapcosaminyl derivative of
vancomycin (ligand name VAX), badailable via the HIOp servef® The TDR:-
evernosamine was manually positioned within the active site such that the amino sugar

was within 5.5 A of the expected position of the C4ahaf isoalloxazine ring, but the
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location of the TDP varied. The docking algorithm in MOE was used to improve each
manual starting point. Docking was performed using a radius of 10 A around the initial
position of the ligand, the triangle matcher algorithfor placement, London dG
rescoring, and force field refinement. Between 30 and 100 positions were retained from
each trial and validated manually by evaluating the orientation of the sugar moiety in
the active site, and the distance of the amino group frtihra expected position of C4a

of the isoalloxazine ring. The optimized position for IEBRernosamine had a location

of the TDP similar to that experimentally observed for the ordered dTDP moiety of

dTDPphenol in complexvith the nitrososynthase KijD'$.
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Chapter IV

RETREALDOL ACTIVITY OF THE NITROSOSYNTHASE DNMZ

Introduction

The anthracycline antibioticand anticancer gentsare very important class of
aromatic microbial polyketidel® These red compounds are produced by some strains
of Streptomyces and about one quarter of them was found inso-called rare
actinomycetes' Anthracyclines are diversified structurally through modifications in their
tetracyclic polyketide core and a wide array of attached deoxysugar appendages. The
high interest in sidying anthracyclines arose from their remarkable pharmaceutical
properties especially their potent antitumor activities. Consequently, they have been
some of the most intensively studied natural products over the past 50 years.

Daunorubicin and doxorubicin produced Byreptomyces peucetiuse among
the first isdated anthracyclines (Figure-ly%’ Clinically, they are useful against several
types of cancer especially solid tumors that are normally resistant astrtypes of
chemotherapy.However, he use of anthracyclines for cancer treatmeist usually
accompanied byindesired side effects such as destated cardiotoxicity’ Therefore,
researchers have been interested in developing synthetic anderothiogenic

anthracycline derivatives to achieve improved pharmacological properties. To that end,
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many efforts have been made to diversify the structures of anthracyclines with the aim

of creating a wider spectrum of activities and reduced toxitify.
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Figure IV¥1. Chemical structure of known anthracyclines

The tetracyclic polyketide core in anthracyclinestyipically assemlbed from

acetyl units in the formof malonyt CoA by an iterative, type Il polyketide synthase

followed by aromatase,cyclase and tailoring enzym&S:’ This yelds the basic

tetracyclic structure which undergoes subsequent enzymatic modification steps. The

biosynthesis of most anthracyclines stawith the incorporation of a propinyl starter

unit from propinytCoA, catalyzed by a ketoreductase and a thioeskraln

daunorubicin, a precursor for baumycithe minimal PKS proteinthat catalyze the

formation ofthe long chaimpolyketide are an acyl carrier protein (ACP), ketosynthase

(KS) and a malonf@loA:ACP acyltransferase (MATThe polyketide chain is converted

to 12-deoxyalkalonic acid catalyzed by the dps gene cluster which inciDgsk an
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NADPH dependent-Retoreductase, and cyclases DpsF and DpsY thatyzatdhe
formation of ring D and C, respectivéRThe subsequent polyketide modifications are
catalyzed by the dnr gene cluster which include$2Coxygenase, a SAM dependent
alkalonic acid methyltransferase, ring A cyclase/ Ketoreductase, and a-Cl
hydroxylase€® This series of polyketide modifications yielBidiodomycinone(Figure IV
1), the precursor fodoxorubicinand daunorubicin.

Perhaps themost important chemical modification of thenthracyclineaglycone
coreis glycosylation at one or several positiohishas been shown that the deoxysugar
moieties are requiredor the antimicrobial and antitumor activitie§" The deoxysugar
moieties are usually attached at posiidG7 and/or C10 of the aglycone core by a
variety of glycosyltransferasé$?* In daunorubicin, the deoxysugadaunosamine is
attached at € of the tetracyclic polyketide. The biosynthesis of théaunosamine
sugar has been studied via molecular genetidsich identified six biosynthetic genes
responsible for the formation of its TEdetivated derivative starting from glucode
phosphate® The presence of additional deoxysugar genes in the daunorubicin gene
cluster such adnrhwhich encodes a glycosyltransferase, indicated that daunorubicin is
a precursor foffurther glycoslated downstream derivatives. Daunorubicin was shown to
be a precursor of baumycin, which includes a 1soigar acetal moity attached at4C
hydroxyl of the daunosamine sug&rOther baumycidike compounds such as the
angiostatic agent TAN120 (Figure V1) have alsdeen isolated from Streptomyces
peucetius’’ Besidegdnrh, two more deoxysugar genes were foumdthe daunorubicin

gene clusterdnrx which encodes a SAM dependen3@nethyltransfease, anddnmz
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which encodes a flavidependent nitrososynthase homologous to ORF36 described in
chapters Il and Iff

The DnmZprotein shares high sequenckeomology withthe nitrososynthases
ORF36, RubN8 and Kijt¥3° For example, DnniZshares 70% sequence similarity with
ORF36(59% lIdentity).This strongly suggests that DnmZ catatyzeflavindependent
deoxyamingugar oxidation.Given the fact that thereare no N-oxidized deoxysugar
moieties in any of the anthracycline deaitives produced byStreptomyces peucetius
isolated to datethe role of DnmZ in the biosynthesis of these compounds is seemingly
puzzling. However, one scenario can be envisiongd which DnmZ catalyzes a
deoxyaminosugar oxidation similar to thatarried out by its nitrososynthase
homologues, whereby the resulting sugar undergoes further enzyraatior chemical
transformations either before or after glycoslation.

Our investigations to elucidate the role of DnmZ in bthesynthesiof baumycin
like anthiacyclines from Streptomyces peucetiusaimed at providing biochemical
evidence of its activity as a flavitependent nitrososynthase. Additionally, we were
interested in investigating the fate of the-dkidation product of DnmZ and the possible

pathways forits further enzymatic or chemical modifications.
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Results and discussion

Proposed activity of DnmZ

The biosynthesis of the nesugar acetal moiety attached at the C4 hydroxyl-of
daunosamine in baumycin (Figure-1Y is not yet studied Synthesis ofits carbon
skeleton and functionalities are hard to assign to known enzymatic transformations.
One possibility is that this-Zarbon moiety originates from a deoxysugar precursor
which undergoes enzymatic and/or chemical modifications involammgrboncarbon
bond cleavageThe presence of additional genes that encode for deoxysuogmtifying
enzymes in the anthracycline gene clusterStfeptomyces peucetiuss in support of
this hypothesis® We proposed that the DnmZ enzyme could catalyze a flavin
dependent Noxidation of a TDRminosugar precursor to yield its roBo congener
given its high similarity with the nitrososynthas€@©ORF36and RubN8 The GC3
methyltransferase DniX is likely involved in the production of ¢hTDP activated
deoxyaminosugar substrate of the DnmZ enzyme. Oimsynthetic pathway of this
substrate could be proposed in which tH®AM dependent methyltransferasenrX
activity follows the transamination by DnmJ forming th& @ethylatedTDRsugar. Tis
methylation stepis not required for the biosynthesis efdaunosaminé and maybe a
key requirement for subsequent deoxyaminosugar oxidation activity. $resnsistent
with the methylation at € in the deoxynitrosugars-evrnitrose, bD-rubranose, and-
kijanose biosynthesized via a nitrososynthase actiVity" The subsequent stefto

produce the DnmZ substrate could be carried out ¥4 ketoreductase(possibly
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DnmV) to yieldTDPRL-epivancosaming which was shown to be a substrater the
nitrososynthase homologue ORF3¥mine oxidation of thisSTDRsugar by Dnrd could
set the stage fofurther enzymaticand/or chemical transformationsltimately resulting
in the formation of the7-carbon acetal moiety in baumycin.

Pillayand coworkers®” reported a chemical precedetinn which acarbon-carbon
bond cleavage ahe norbornane2-exonitroso-3-exo-hydroxybicyclo[2.2.1]heptane was
observedupon reflux ofthis compound in methandgFgure I\f2). It was shown that the
cleavage results ithe formation of an aldehyde at C3 and an oxime &t & the
molecule. The authors clarified that the igG2-nitroso-3-hydroxy configuration is
required for the cleavage reaction because it facilitates the easy proton transfer from

the hydroxyl group to the nitroso group.

heat o
< OH  MeoH Z
|

S

Ne NOH

Figure IV¥2. Garbon-carbon bond cleavage reaction of-@xo-nitroso-3-exo-hydroxy norbornane

A similar scenario could be envisioned for the TDP linkedlit@&0-G-4-hydroxy
sugar product of DnmZ in which an enzyme mediatedC@®ond cleavage resultsthe
formation of an aldehyde at C4 and an oxime at fZfi(e 1\/3). The nitroso congener
of TDPLepivancosamin®& possesses the traasonfiguration for the rtroso-hydroxy
groups and a cleavage reaction in this case wdlkly beenzymatically catalyzed. If

this proposed transformation is proven true, it would represent a retldol activity of
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the nitrososynthase DnmZ, a rfation not known for any falvindependent

monooxygenase characterized to date.
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Figure 1¥3. Proposed pathway for the DnmZionooxygenation activityand the subsequentcleavgeand
glycoslation activities.

Activity of DnmZ as a nitrososynthase

Given the hgh sequence homology of DnmZ with the characterized flavin
dependent nitrososynthase ORF36, it is expected that both enzymes catalyze similar
deoxysugar Pbxidation reaction. To confirm this, we amplified tideamz gene from
Streptomyces peucetiugia the mlymerasechain reaction (PCR), cloned it into the

Ndel/Hindlll sites of pET28a expression vector, and transformed the resulting plasmid

127



into the BL21 DEEcoli bacterial strain via electroporation. Expression conditions for
the protein were found to beimilar to those previously described for its ORF36 and
RubN8 homologues. The protein was purified byaffinity chromatography and

analyzed by SDBAGHKHgure 1\/4).
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Figure V4. SDPAGE gel of Niffinity purified DnmzZ

We used the biogenic aminosaigT DPL-epivancosamine as a substrate to assay
the nitrososynthase activity of DnmZ and followed the same assay conditions performed
for ORF36 oxidation reaction. The HRRLE analysis of the DnmZ assay showed similar
reaction profile as that of ORF36 initately yielding products with m/558 and 576
previously identified as the nitrososugar congener and a shunt oxidation product
respectively.

According to our proposed retraldol activity of Dnmz, the @34 bond cleavage
would result in an aldehyde at @hd an oxime at C3 of the TEFhitro-4-hydroxy sugar
(Figure IV3). This TDP linked compound with terminal oxime and aldehyde groups has

an m/z of 558 in the negative mode. Aldehydes are known to exist in their hydrated
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form which is consistent with theommpound appearing at m/z 576 previously proposed
to be an oxidation shunt product. These two compounds elute at a very similar

retention time suggesting that they exist in equilibrium.

Hydrazone derivatization of the DnmZ oxidation product

The proposed dre-aldehyde product formed upon TBRRepivancosamine
oxidation by DnmZ could be confirmed by a hydrazone derivatization at the aldehyde
group (Scheme IZ). Aldehydes are known to react with hydrazines to form their

corresponding hydrazone derivativ&s.

H
H,N—N—R 5
wOTDp Hydrazine / _/ OTDP
Og / - = 'Tl_ N~
N~ by NOH
OH R”

Scheme IM2. Hydrozone deriviization of the proposed oximeldehyde product.

We performed this derivatization by incubating the completed DnmZ assay
separately with  three hydrazine compounds; phenyl hydrazine;- 2
bromophenylhydrazine; and -hydrazineN,N,Ntrimethyl-2-oxo-ethanaminiumchloride,
1y26Yy | & DA NI NFRETHe incubahid tirdeSoy thesedr&nitibids wab 2h at
room temperature and the mixtures were immediately analybgcHPLEMS. The GirT
hydrazone derivative advantageously possesses the positively charged
trimethylammonium group facilitating analysis in the positive mode unlike the phenyl

and the 2bromophenyl hydrazone derivatives which were best analyzed in the imegati
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mode aided by deprotonation of their attached nucleotide phosphates. As shown in

figure IV5, HPL&a { LIS 14a |4 YkiQa O2NNBaLRyRAy3 (2
hydrazone derivatives were observed at different retention times. The
phenylhydrazone deriveve was observed at 31.1 minutes matching the expected m/z

of 648. The D NR Y2 LK@y f KERNI T 2yS RSNAODI G§ADBS | LILISI NB
726 and 728 at similar abundance corresponding to the bromine isotopic distribtition.

Finaly, the GirT hydrazone derivative was observed at 26.4 minutes with m/z of 673 in

0KS LRAAGAGBS Y2RS® ¢KS 20aSNBIFGA2Y 2F Yki Qa
consistent with the proposed TEiPked oximealdehyde product however, further

structure daracterization is required to validate the identity of these conjugates.
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Figure IV5. HPLEMS analysis of the DnmZ reaction and the hydrozone conjugates of the oxidation
product.

Tandem MS analysis of the hydrazone derivatives.

To further confim the identity of the three TDH#nked hydrazone derivatives, we
performed a tandem MS fragmentation of their corresponding product ions.
Fragmentation of the phenyland the 2bromophenylhydr T 2y S LINR RdzO0 A 2Yy &
648 and 728 respectively, resulted in ghdiagnostic fragment ion at m/z 4p1
corresponding to the TDP anion, and its dehydrated form at m/z 383 (Figiie TWie
presence of these fragment ions, confirms the thymidine diphosphate linkage present in
their deoxyaminosugar precursors. Another sigs with lower intensity at m/z 529 was
observed from the fragmentation of the-l@omophenylhydrazone product ion of m/z
728 (Figure N6). This fragment corresponds to thiess of the Zbromophenyl

hydrazone moiety which supports the presence of the pyepd TDP linked oxime.
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Figure V6. Tandem LESIMS of the 2bromophenyl hydrozone derivative

Changingthe fragmentation conditiondor these two hydrazones in both the
negative and the positive modes did not result in any additional observable fragmen
ions diagnostic of the hydrazone side of these derivatives. Therefore, we performed
tandem MS fragmentation of the GirT hydrazone product ion of m/z 673 in the positive
mode. The hydrazone side of this molecular ion is positively charged, and as expected
fragmentation produced several fragment ions that could be easily assigned to relevant
structures. Of note were the fragments that representéal the loss of thymidine

monophosphate (TMP) at m/z 351, and thesd of TDP at m/z 271 (Figure-AV
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Anather fragment was observed at m/z 170 whigha result ofthe cleavage of the

I OS G {obddd as shown iridure 1\47.
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Figure I¥7. Tandem LESIMS of the GirT hydrozone derivative

Acid hydrolysis andHPLEMSI y' I f € a A a

27

GdKS

iZafivill NR Q&

Ké RNJ T

We aimed to obtain more structural evidence of the hydrazone conjugates by

hydrolyzing these derivatives with 1 M HCI and analyzing the resulting mixture by HPLC

MS. The acid hydrolysis of these acetal molecules would result in the formation of an

alcohol on the hydrazone side and an aldehyde on the oxime side of the molecule

(Figure I¥8). The TDP moiety is readily hydrolyzed upon acid treatment.
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hydrazine is present in excess, the newly formed aldehyde species is expected to form a
secand hydrazone conjugate at the anomeric C1 of the original sugar.-MBL&halysis

both in the negative and positive modes identified no molecular ions corresponding to
the expected kdrolyzed fragments of the aciieated phenyl and 2bromophenyl
hydrazore derivatives. This is perhaps due to the lack of ionization of the small
molecular weight hydrolysis products possessing neutral charge. However, the acid
treatment of the positively charged GirT hydrazone derivative produced twoiepat

m/z 188 and 2% corresponding to both the oxime and the alcohol hydrazone

conjugates while the original GirT hydrozone disappeared (Figese 1V
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Figure 1¥8. Acid hydrolysis ofhe (carboxymethyl)trimethylammoniumhydrazone derivative (above),
and LEGESIMS chromatogramsof the hydrolyzed species (below).

Further MS/MS analysis of these species showed fragment ions consistent with

their structures (Figure Fg). Of note, fragmentation of the hydrazone derivative at m/z
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188 resulted in species corresponding to tleed of the trimethylammonium group at
m/z 129; dehydration of the secondary alcohol at m/z 170, and the cleavage of the
amide bond to yield a fragment ion with m/z 87. The oxime hydrazone derivative at m/z
215 also showed a fragment corresponding to theslof the trimethylammonium
group at m/z 156 as well as a fragment corresponding to the formation of the
protonated trimethylammonium species at m/z 60. These tandem MS data strongly
support the structure assignent of the original GirT hydzane derivaitve and provide
more evidence for the carbeoarbon bond cleavage of the TlaRached nitrososugar

product of DnmZ oxidation.
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Figure IV9. Tandem LESIMS spectra of the hydrolysis products of the acid treated GirT hydrazone
derivative. Frgmentation of the hydrazone at m/z 188 (above), and the hydrazone at m/z 215 (below).

High resolution MS measurements of the hydrazone derivatives

To further verify the identity of the hydrazone derivatives, we performed high
resolution LEESIMS measurerants. Reaction mixtures of all three original hydrazone
conjugates and the two formed upon acid treatment of the GirT hydrazaere
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measured. As shown inigare 1\V10, mass accuracies of less than 2.70 ppm were
confirmed for all of the hydrazone conjugateneasured. Taken together, these high
resolution mass measurements are consistent with the assignegttares of the TDP

linked hydranes and are in support of the proposed deoxysug& Bond cleavge

mediated by DnmZ activity.
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Figure IV¥10. High resolutio mass measurements of the hydzane derivatives.

Conclusion

In this work, weused the nitrososynthase Dnmz fratreptomyces peucetiue
show that the formation of thereviously uncharecterizedcetal moiety in bauiycinis
derived from the cleavage of a carbearbon bondmediated byDnmZN-oxidationof a

TDRdeoxyaminosugar.This retrealdol activity of DmnZrepresents anew flavin-
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dependent monooxygenase function which is of great significance for elucidating the
biosynthetic pathways of various natural products such as baumi@ranthracyclines.

This additional monooxygenase reactivity is also helpful in chemical synthesis and
provides green biocatalysis for some difficult to perform reditdol reactions. Futwr
investigations of this pathway should focus on elucidating the glycosylation
requirements as well as the reduction steps of the oxime and aldehyde groups to

ultimately form the alcohol functionalities.

Materials and methods

Bacterial strains, Plasmidsnd Materials.

All reagents were obtained from Sigmddrich Corporation and used without
further purification unless otherwise notedE. coliTOP10 and BL21 (DE3) competent
cells were obtained from Invitrogen Inc. (Carlsbad, CA) and Novagen (Madison, WI),
respectively. Restriction endonucleases and T4 DNA ligase were obtained from New
England Biolabs (Ipswich, MA). The pET28a expression vector was purchased from
Novagen Inc. Tagplus DNA polymerase was purchased from Stratagene Inc. (La Jolla,

CA).

Cloningand overexpression of dnmZ.
The gene encoding DnmZ was amplified from the genomic DBepitomyces

peucetius’dza Ay 3 G KS T2t CAATCARAAGRBATETBEGCAABH-Y R p Q
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AAGCTTTCATCGGCCCAACBCTIO Q ObRSL YR | AYRLLL NBaidN]

underlined). PCR reactions were carried out using Tagplus DNA polymerase according to
the YI ydzF I O dzZNB Q& LINBmZig@ thedNddl/dartd D Gids/ok pEF282
yielded recombinant plasmid pETZB for expression as antBrminal hexahistidine
fusion protein. Plasmid pETZ8N was transformed by electroporation int&. coli
BL21(DE3)f heterologous expression of DnmZ. Cultureg&o€oliBL21(DE3)/pET2ZBN

were grown at 37°C to an OD600 of 0.6, at which point the culture was induced with 0.1
mM isopropyibeta-D-thiogalactopyranoside (IPTG) and grown an additional 6 hours at
28°C. Cdl were harvested by centrifugation and stored -80°C until needed. IPTG
induced E. coli BL21(DE3)/pEAZ28 cells were resuspended in buffer A (20 mM
Imidazole, 0.5M NaCl, 20mM @, pH 7.5) and lysed by sonication. The lysate was
loaded onto a charge8-mL Histrap crude column (Amersham Biosciences) and purified
by FPLC at a flow rate of 5mL/min. The column was washed with buffer A (20 mM
Imidazole, 0.5 M NaCl, 20 mM F&§ pH 7.5) and buffer B (500 mM Imidazole, 0.5 M
NaCl, 20 mM Tr€l, pH 7.5) usg a step gradient. Fractions containing DnmZ were
analyzed by SB@@ge and buffer was exchanged via a desalting column (HisTrap) using
buffer C (20 mM Tr€l, 1 mM dithiothreitol and 5% glycerol, pH 7.5) and storedB@at

°C until assayed.

Preparationof TDRL-epi-vancosamine.
TDRL-epivancosamine was biochemically synthesized from Thymigite

diphospheh -D-glucose using the general procedures outlined by Chen et al. The
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following enzymes were used to biochemically transform Thymigir@phospheh -D-

glucose to TDRepivancosamine: RfbB from the rhamnosesyinthetic pathwa$fand,

EvaAE fromchloroeremomycin biosynthetic pathway. Preparative enzymatictien
progress was followed via HPLC using a series 600 Waters HPLC system with a Waters
2996 diode array detector. Analytical separations were performed on an Adsorbosphere
strong anion exchange (SAX) column (5 um, 4.6 mm 20 mm, Alltech Associates) and a
linear gradient from 50 to 500 mM NHCQ (pH 3.5) at 1 mL/min for 45 min.
Preparative HPLC separations were performed using a semipreparative Adsorbosphere
{1 . O2ftdzYy op >YI HH YY Hpn YYO dzaAy3a I &ar’
values of thefractions containing TDP chromophores (267 nm) were immediately
adjusted toD7 with 1 M NHOH, and fractions containing reaction product were pooled,
lyophilized, and stored at80 °C until they were assayed. Resuspended compound
concentrations were deterined by measurement of the absorbance at 267 nm using a
Nanodrop spectrophotometer (Thermo, Inc.) and comparison to a standard curve of

dTDP.

DnmZ assay with TDRepi-vancosamine.

Reactions of DnmZ with TEM@pivancosamine were performed in a total vola
2T pn > O2yU0FLAYAy3d on >a &dzaiN}iSZ on >
superoxidedismutase, 0.4 U/mL flavin reductase, and 2.0 mM NADPH. All reactions were

AYAOAILIO0SR 0@ FTRRAGAZ2Y 2F wmp >a 5yY%:I NBIFOGA
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acetone, ad mixtures stored at80 °C until they were analyzed by-ESIMS. Control

assays were performed without DnmZ, FAD, or NADPH.

Derivatization of DnmZ products with hydrazines.

Upon completion of the DnmZ reaction with TD&pivancosamine, the reaction
mixture (50 uL) was incubated with the corresponding hydrazine (1 mM) for 2 h at room
temperature. The mixture was kept aB0 °C until analyzed by HRMS. The following
hydrazines were used for the derivatization experiments: phenylhydrazine, 2
bromophenyk @ RN} T AyS> FyR DANINRQa NBF3ISyd 6/ 1IN

chloride hydrazide; -HydrazineN,N,Ntrimethyl-2-oxo-ethanaminium chloride).

LCESIMS Method for DnmZ assays.

DnmZ assays were analyzed using Thermo Finnigan (San Jose, CA) TSQ®
Quantum tiple quadrupole mass spectrometer equipped with a standard electrospray
A2YAT FOGAR2Y &2dz2NDS 2dziFAGGSR 6AGK + pn >Y 7
OFLIAtTEFINED® Ly2SOGA2Yya 2F wmn > 6SNB aSLI NG
Thermo Inc.). Molé phases were (AHO with 50 mM NHCHCOO and 0.1% (v/v)
diethylamine and (B) aJB/acetonitrile mixture (5:95) with 50 mM NBHRCOO and
0.1% (v/v) diethylamine. Gradient conditions were as follows: linear gradient from O to
100% B from for 30 min, 100B4rom 30 to 40 min, 100% A from 40 to 50 min. The flow
rate was maintained at 0.2 mL/min. The mass spectrometer was operated in both the

negative ion and full scan profile modes, and the electrospray needle was maintained at
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3100 V. The ion transfer tubevas operated at47.50 V and 275 °C. The tube lens

voltage was set te46 V. The collision energy for atbguct ion scans was set at 25%.
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CHAPTER

SUMMARY AND FUTURE DIRECTIONS

Synopsis

Flavinrdependent monooxygenases are a diverse class of oxidative biocatalysts
many of which have been extensively studied over the past few decadesey have
been shown to catalyze a remarkable wide variety of reactions such as regioselective
hydroxylations, epioxidations, Bay¥illiger oxidations and enantioselective
sulfoxidatons. he exquisite specificity and efficienayf these enzymes are often
unparalleledcompared tochemical catalysts. Reat advances in genome sequence
data suggested that many more flawiependent monooxygenases exist and await
discovery and charactemation. The work presented in this dissertation describes the
biochemical characterization of a new flaadependent monooxygnase, which catalyzes

the N-oxidation of deoxyaminosugars in vast array of glycosylated natural products.

The nitrososynthase honhmgues ORF36 and RubN8 from the everninomicn and
the rubradirin biosynthetic pathways, respectively, were shown to catalyze the amine to
nitroso oxidation of the deoxyaminosugar TD&pivancosaminé> Biochemical
evidence provided in this work, indicates that the nitrososynthase catalysis involves two
FADdependent monooxygenation steps whichthe aminasugar is first oxidized to the
corresponding hydyxylamine, followed by a second iterative -biygenation to

ultimately form the nitrososugar. The nitrososynthase activity is significantly enhanced
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by the inclusion of an external flavin reductase which generates the reduced flavin
cofactor required for mediating the ggenation catalysis. The ®mzyme used for
reducing equivalents in thimteresting flavirdependen monooxygenation catalysis is

NADPH.

Several TDRminosugar intermediates in the biosynthetic pathway of IDP
epivancosamin® were examined as candidate substrates for theotiation by the
nitrososynthases ORF36 and RubN8. The aminosugar substrates upstream-of TDP
epivancosamine underwent only singd&idation reations terminating in the
hydroxylamine oxidation state pointing to the substrate catalytic competence of the
nitrososynthase enzyme. Performing the nitrososynthase catalysis urld@s
demonstrated that the source of oxygen in the oxidation intermediaad products
stems from molecular oxygen rather than from water, which is consistent with flavin
dependent monooxygenase catalysis. Thry crystal structuref the nitrososynthase
ORF36revealeda tetrameric enzyme that shares a fold with a€ylA dehydrogenases

but has an unusually larggpen active site.

Surprisingly, the nitrososynthase Dniindm Streptomyces peucetiwgas shown
to mediate a carbortarbon bond £ S| @I 3 S -hgibxynitrésSsugar produced
from the N-oxidation of TDR-epivancosamine, catalyzed by the same enzyme. This
retro-aldol activity represents a new and important addition to the functions known for
flavinrdependent monooxygenases. Furthasre, it explains the biosynthetiorigin of

the once not understood nosugar acetal moiety in baumyelike natural products.
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Future directions

Mechanism of the nitro group formation

The pathway for the conversion of nitrososugars to their nitrosugageaers
remains to be elucidatedlothat end, fermentations ofS.achromogenesn complete
darkness produced predominantly protorubradirin, the nitroso congener of rubradirin,
which reportedly converted to rubradirin (i.e the nitrososugar moiety was p&dlto its
nitrosugar congener) upon exposure to ambient ligffhis suggested that the oxidation
to the nitro group is induced photochemically and that the nitrososugannah product
congeners are the original biosynthetic metabolites. Seemingly at odds with this, the
nitrososugar analog of everninomicin was also produced from the fermentatiavi. of
carbonacaevar. africanaalong with other derivatives including the nisogar analog
under ambient ligh Other possibilities for the nitro group formation include oxidation
via endogenous reactive oxygen speties by flavindependent monooxygenation
catalyzed by the nitrososynthase. In our HIRLE analysis of the nitrososynthase assay,
we observed a mass peak corresponding to the-miBsugar, but it was forming at
low rates, ambiguous to be counted as an enzymatic conversimce the TDE
epivancosmine substrate lacks C4@thylation and was shown to undergo enzymatic
carboncarmbon bond cleavage upon the nitrososynthase catalysis, the authentic-C4 O
methylated TDRminosugar substrtae (TRRRRvernosamine) is perhaps more suitable
for studying the nitro group formation mechanism. We performed preliminary

nitrososynthase assays Withis substrate, which was prepared enzymatically from-TDP
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L-epivancosaime via the @#ethyltransferase RubN7rom the rubradirin pathway
(Figure V1), and found that both ORF36 and RubN8 were able to catalyze conversions
to the nitrososugar(Figure MI). Additionally, and as expected, there was no hydrate
observed for this nitrososugar product, consistent with the protection of thé C

position. Surprisingly, DnmZ did not oxidize I@Rernosamine suggesting diversity in

catalytic competence among nitsosynthases.

RubN7
9]
Ho ZAQ7 oror  —Gr—>

NH,
TDP-L-evernosamine

4.00E+07 -

Intensity

1.00E+00 - - e
2 3 4 5 6 7 8

Time (min)

Figure V1. LGESI/MS chromatograms of the rpparation of TDRL-evernosamine via the

methyltransferaseRubn7 from the rubradirin pathway.
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Figure V2. LGESIMS chromatograms of the wnooxygenation of TDR-evernosamineby ORF36.

A good way to study whether the nitro group formation is catalyzed by a
nitrososynthase activity is to isolate the C4@thylated TDRitrososugar and perform
enzymatic assays of this substrate with the nitrososynthase ORF36. Analysis by HPLC
MS usingour established methods would show whether this transformation is carried
out enzymatically. The major challenge that faces this approach is that thessuafR
are produced in low quantities and are susceptible to hydrolysis of their attached TDP
moiety. Chemical synthesis of these deoxysugar nucleotides is an alternative route to

obtain sufficient quantities for enzymatic assays.
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Structural studies

Cocrystallization of the nitrososynthases with FAD or FMN cofactors and/or an
aminosugar substrate remainan important experimentto perform. Preliminary
cocrystallization attempts have been so far unsuccegsdtihaps due to the complexity
of substrate and cofactor binding requirements. The nitrososynthase KijD3 from
Kijaniata atinomadurawas successfully cocrystallized with the nucleotide thymidine
diphosphate phenol (dTBFhenol)!* While the resulting structure provided only little
details about the molecular determinates of catalysis, it gave hope for finding
appropriate cocrystallization conditions for the enzsssubstrate or enzymasubstrate

cofactor complexes.

The nitrososynthase estructures would reveal important amino acid residues
required for catalysis, while site directed mutagenesis of these residues would validate
their roles in the monooxygenation mieanism. We performed site directed
mutagenesis experiments on selected residues chosen based on modeling TDP
epivancosamine and FAD into the active site of ORI @6ever, none of the mutations
abolished the nitrososynthase activity. As discussed in telhdfl, the nitrososynthase
likely undergoes significant conformational adjustment upon swbst binding and
catalysisthus, identifying the active site residues would require obtaining enzyme

substrateFAD cestructures.

As mentioned above preliminary experiments suggested that the catalytic

competence vary among nitrososynthases. For example, unlike ORF36, DnmZ showed
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no monooxygenase activity with the C4n@thylated substrate (TDRevernosamine).

It is intriguing to investigate the structural diffsmces among nitrososynthases that
allows this interesting selectivity. The recent success in crystallizing the DnmZ enzyme
08 5N WS&aaaoOl +GCalf@ria Staid &riversit) Klortiridges deisiepl G

towards the completion of these structuraivestigations.

Catalytic competence and kinetic studies

Biochemical characterization of the nitrososynthase enzymes included in this
work revealed important substrate preference data and set the stage for further
catalytic competence studies. Our sucdas&nzymatic production of the aminosugar
substrate TDR-evernosamine and the preliminary data of its oxidation by the
nitrososynthases studied in this work is an effort towards the completion of this goal.
MichaelisMenten kinetic measurements of the available aminosugar substrates will
adAy GUKS Stdz-OARIFGAZ2Y 2F (KS yANRaAzZzadylGKlFIasSQa
that may render kinetic studies problematic via our HRAE methods include the
availability of the substrates in sufficient quantities, and the susceptibility to hydrolysis

of their attached TDP moieties. Chemical synthesis of the-StipBr substrate’§ and

the use of internal standals are possible solutions for these issues.
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The interplay between the nitrososynthases and glycosyltransferases

The remarkable nitrososynthase catalysis described in this work, results in the
formation of TDRinked sugar donor substrates of unusual nimditions. The
subsequent sugar cleavage upon the DnmZ activity raises the question as to how this
cleaved sugar gets attached to its corresponding anthracycline aglycone to ultimately
form baumycinlike glycosides. One possible scenario for the glycosias that the
resulting cleaved sugar exists in equilibrium with its Joteaved form which can
facilitate its glycoslation by the glycosyltransferase DRrHhis equilibrium could
further exist after glycoslation and combined with subsequent chemicalnayreatic
reduction steps may result in the formation of several baumyisia compounds:**°
Performing glycoslation experiments using the glycosyltranséebagH identified in the
anthracycline biosynthetic pathway Btreptomyces peucetiwgould test this proposed
pathway. Some natural product glycosyltransferases require a partner for activity and it
has been shown that eexpression of the GT with its gaer greatly improves the
solubility of GTs. Gene disruption studies showed that the DnrS glycosyltransferese in
the daunorubicin biosynthesis requires a protein partner, DnrQ, for its actiifpese
considerations should be taken into account when designing the glycoslation
experinents. The commercial availability of the aglycone substrate daunorubicin is

advantageously suited for conducting these studies.

It is also intriguing to determine the preferred substrate for the GT responsible
for glycoslating of the Mxidized sugar in @rninomicin biosynthesis. The identity of

the TDPsugar donor substrate of glycoslation would reveal important clues into the

154



interplay between the nitrososynthase ORF36 and the subsequent activity of the GT.
The aglycone substrate can be obtained viaila fmydrolysis oeverninomicindescribed

by Ganguly, Sarre, and SzmulewictJi8. Patent 3,920,629. Our succespfalduction

of two biogenicsugar donorsubstrate candidateswill aid in the completion of these

studies.
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Figure Al. SBBAGE analysis of the overproduction of RubN8. From left to right, Lane 1: Molecular
weight markers; Lane 2: Uninduced total protein extract; Lane 3 Induced total protein; Lane 4:-Flow
through of Nf* column; Lane 5: &oled fractions from Ni* column; Lane 6: Desalted fraction.
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Figure A2. DSIPAGE analysis of the overproduction of RubN8. From left to right, Lane 1: Molecular
weight markers; Lane 2: Uninduced c#lee extract; Lane 3 Induced cdllee extract; Lae 4: Flow
through of NF* column; Lane 5: Pooled fractions from Ricolumn; Lane 6: Desalted fraction.
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Figure A3. HPLC/MS analysis of the reduction of TiPBi-vancosaminewith TCEP.
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Figure A4. HPLC/MS analysis of RubN8 catalyzed oxidation reactions with 250 uMN-&P
vancosamine and 2nM NAD(P)H.
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Figure A5. HPLC/MS analysis of RubN8 catalyzed oxidation reactions MifL-epi-vancosamine and
400 uM NAD(P)H.
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Figure A6. MS and Tandem MS of product ions for RubN8 catalyzed reactions. Shown spectra are MS
(above) and MS/MS (below) of the substrate (starting material) FD&pi- vancosamine.
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Figure A13. MS and Tandem MS of puad ions for ORF36 catalyzed reactions. Shown spectra are MS
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Figure A14. MS and Tandem MS of product ions for ORF36 catalyzed reactions. Shown spectra are MS
(above)and MS/MS (below) of the hydrated TDBPepi-vanconitrose oxidation product (m/z 576).
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GTGGCGGCGGATCTTCGCGCGCCGCTCACGCCGGCGGGGCGCACGGTGGTCG
ACCTGCTTGCCGGCGTGATCCCGAGAATCAGTGCGGAGGCCGCCGACCGGGA
CCGCACCGGCACCTTCCCGGTGGAGGCGTTCGAGCAGTTCGCGAAGCTCGGGT
TGATGGGCGCCACCGTTCCCGCCGAGCTGGGCGGCCTGGGGTTGACCCGGCT
GTACGACGTGGCGACCGCGCTGATGCGGCTGGCCGAGGCCGACGCGTCCACC
GCGCTGGCCTGGCACGTGCAGCTCAGCCGGGGCCTCACCCTCACCTACGAGTG
GCAGCACGGCACGCCGCCGGTGCGCGCGATGGCGGAGCGGLCTGCTGCGGGL
GATGGCGGAGGGCGAGGCCGCCGTCTGCGGCGCGCTCAAGGACGLCCCCCGG
CGTGGTCACCGAGCTGCATTCCGACGGCGCCGGCGGCTGGCTGCTGTCGGGC
CGCAAGGTGCTGGTCAGCATGGCGCCCATCGCGACCCACTTCTTCGTGCACGC
CCAGCGGCGCGACGACGACGGCTCGGTGTTCCTCGCCGTGCCGGTCGTGCAC
CGCGACGCCCCCGGGCTCACGGTGCTGGACAACTGGGACGGCCTGGGAATGC
GTGCCTCGGGGACGCTGGAGGTGGTCTTCGACCGGTGCCCGGTCCGGGCCGA
CGAGCTGCTGGAGCGCGGCCCGGTCGGGGCCCGGCGGGACGLCCGTGLTGGL
CGGGCAGACGGTCAGCTCGATCACCATGCTCGGCATCTACGCCGGCATCGCCC
AGGCGGCCCGGGACATCGCGGTCGGTTTCTGCGCGGGGCGCGGCGGCGAGC
CACGGGCCGGTGCCCGGGCGCTGGTCGCCGGGCTGGACACCCGGCTCTACGC
GCTACGCACCACGGTCGGCGCGGCGTTGACCAACGCCGACGCGGCGTCGGTC
GACCTGTCCGGCGACCCGGACGAACGCGGCCGACGGATGATGACCCCGTTCCA
GTACGCGAAGATGACCGTCAACGAGCTGGCCCCGGCGGTGGTGGACGACTGC
CTCAGCCTGGTCGGCGGCCTCGCCTACACGGCCGGGCACCCACTCTCCCGGCT
CTATCGCGACGTGCGGGCCGGCGGGTTCATGCAGCCCTACAGCTACGTGGACG
CCGTCGACTACCTGAGCGGTCAGGCACTTGGACTCGACCGGGACAACGACTAC
ATGAGCGTGCGCGCGCTCCGCTCCCGGACCTCGGCGTAG

Figure Al15 Orf36 DNA sequence fromMicromonospora carbonaceavar africana (NRRL 15099)
(Genbank locus accessioAX574199).
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VAADLRAPLTPAGRTVVDLLAGVIPRISAEAADRDRTGTFPVEAFEQFAKLGLMGATVP
AELGGLGLTRLYDVATALMRLAEADASTALAWHVQLSRGLTLTYEWQHGTPPVRAMA
ERLLRAMAEGEAAVCGALKDAPGVVTELHSDGAGGWLLSGRKVLVSMAPIATHFFVHA
QRRDDDGSVFLAVPVVHRDAPGLTVLDNWDGLGMRASGTLEVVFDRCPVRADELLER
GPVGARRDAVLAGQTVSSITMLGIYAGIAQAARDIAVGFCAGRGGEPRAGARALVAGL
DTRLYALRTTVGAALTNADAASVDLSGDPDERGRRMMTPFQYAKMTVNELAPAVVDD

CLSLVGGLAYTAGHPLSRLYRDVRAGGFMQPYSYVDAVDYLSGQALGLDRDNDYMSV
RALRSRTSA*

Figure A16. ORF36 amino acid sequence (does not include His6 tag).
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ATGGAGACGGAACAGGCCCCCCGGCCGGLCCGAGCCACCCGGCGACCTGACCACC
GCCATCACCGCGCCAGGTGAACAGCTGCTGACCCTCCTGGACCGGCACCTGCCCC
GGATACGCGCCCAGGCGGCGCCGAACGACCGGGACAGCACCTTCCCCGCCGCGA
CGTTCCACGGCTTCGCGCGCGACGGCGTGCTGGGCGCGACCGTGCCCGCCGAAC
TGGGAGGGATGGGCGTCAGCCGGCTTCACGACGTGGCGGTCGCGCTTTTGCGGG
TCGCCGAGGCGGACGCCTCGACCGCACTGGCCTTGCACGCCCAGTTCAGCCGGG
GAATCACCCTGACATACGAGTGGCTGCACGGCCCGCCGCCGACCCGGAAACTGG
CCGAGCGGCTGCTGCGCGCGATGGCCCGCGGCGAGGCGGTGATCGGCGGCGCG
GTGAAGGACCACGGACGAGAGACCACCCGGCTGCGCCCCGACGGCTCCGGTGGL
TGGCTGCTGTCCGGACGCAAGACTCTGGTGACGATGGCGCCGATCGCGACGCACT
TCGTCGTCTCCGCCCAGGCGCCGGCCGCCGGGGGAACAACGCTGCTGTACGCCC
CCATCGTGGCACGGGACACCCCGGGGCTCTCCATCGTCGACGGATGGACCGGCC
TGGGCATGCGGGCGTCCGGCACGCTCGACGTGGCGTTCGACGACTGCCCGGTGC
CCGCCGGAAACCTGCTGGCGCGTGGCAGCGTCGGCGCGCACAGCGACGLGGLC
CTCGCCGGGCAGGCGGTCAGCTCCGTCGCCATGCTCGGCATCTACGTCGGCGTC
GCCCAGGCCGCCCGCGACCTCGCGGTGGAGACCATGGCCCGGCGGTCGGCCAC
ACCGCCCGCGGCCTCACGCACCCTGGTCGCCGAGACCGAGGCGCGGCTGTACGC
GCTGCGGGCCACCGCATCGGCTGCGCTCGTCAACGTCGACGAACTGTCGCCACGT
CACGACATGGATCCCGATGAGCGCGGCCGGCGGATGATGACCCCGTTCCAGTGC
GCCAAAGTCATGGTCAACCAACTGGCGGCCGCGGTGGTCGACGACTGCCTCACCG
TGGTGGGCGGGGCCACCTACGCGGCGGAGCACCCGCTGGCCCGGLTGTCCCGG
GACGTGCGGGCCGGCCGGTTCATGCAGCCGTACACGTACGCCGACGGGGTCGAC
TACCTGAGCGCCCAGGCGCTCGGTTTGGAAAGAGACAACAACTACGTGAGCCTGC
GGGCCACCCGGCCGGTGGACAGCCGGTGA

Figure A17 rubN8 DNA sequence fromStreptomyces achromogenese var. rubradifB/RRLG61)
(Genbank locus accessioAJ871581).
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METEQAPRPAEPPGDLTTAITAPGEQLLTLLDRHLPRIRAQAAPNDRDSTFPAATFHGF
ARDGVLGATVPAELGGMGVSRLHDVAVALLRVAEADASTALALHAQFSRGITLTYEWL
HGPPPTRKLAERLLRAMARGEAVIGGAVKDHGRETTRLRPDGSGGWLLSGRKTLVTM
APIATHFVVSAQAPAAGGTTLLYAPIVARDTPGLSIVDGWTGLGMRASGTLDVAFDDCP
VPAGNLLARGSVGAHSDAALAGQAVSSVAMLGIYVGVAQAARDLAVETMARRSATPP

AASRTLVAETEARLYALRATASAALVNVDELSPRHDMDPDERGRRMMTPFQCAKVMV
NQLAAAVVDDCLTVVGGATYAAEHPLARLSRDVRAGRFMQPYTYADGVDYLSAQALG
LERDNNYVSLRATRPVDSR*

Figure A18. RubN8 amino acid sequen(Genbank accession: CAI94696) (does not include His6 tag).
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Figure B1. Evolutionary relationships of 13 taxa including nitrososynthases (ORF36 and KijD3Jo#cy!
dehydrogenases (ACADS), and flavincontaining monooxygenases. The evolutionary history was
inferred using the Neighboedoining method.
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Figure B2.Active site loops. The loops that form the active site are as follows: the loops betwa&gn

anda4 (loop L1; residues 106109),b1 andb?2 (loop L2; residues 13442), ®andb4 (loop L3, residues
158164),b4 andb5 (loop L4; residues 17880),b6 andb7 (loop L5; residues 26213),b9 anda6 (loop

L6; residues 24253),ac Q a&atyOR 0 gKKS NB Ay RAOF 1Sa (KA& Aa FNRY |y
residues 27280),a7 anda8 (loop L8; residues 31817),ay Q adyOR o f 2 2 LJ [ ¢853),885 & A RdzS &
andalo0, (loop L10; residues 37%79) and at the @erminus (loop L11; residues 39012). (A) Aibbon

diagram of ORF36 shown with modeled flavin (yellow carbons) and-T#8Rernosamine (magenta

carbons) as sticks. Active site loops L3, L5, L7, and L9, are predicted to interact with flavin and are

colored orange, active site loops L1, L4, L6, L8, lahtlare predicted to interact with substrate and are

colored purple, and active site loops L2 and L10 are predicted to interact with both substrate and

cofactor and are colored teal. (B) A ribbon diagram of human short branchbdin acyl CéA

dehydrogenae (PDB entry 2JIE)), highlighting loops L1 tol1 colored are colored as in (A). (C) A

ribbon diagram ofA. baumanniid-hydroxyphenylacetate monooxygenase (PDB entry 2JBT) highlighting
loops L1 to L11 colored as in (A). (D) Stereoview of the ORF36 loop L10 containing a tanemantidie.

Loop L10 isleoown in sticks with teal carbons. The Q3F877 and P37¥378 bonds both adopt a cis
conformation. Modeled flavin and subséte are displayed as in (A).
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Figure B3 Size exclusion chromatogram of ORF36. Size exclusion chromatography of ORF36 on a
Supedex S200 column resulted in a single, monodisperse peak. The 10.8 mL elution volume
corresponds to an approximate molecular weight of 185 kD, which is consistent with the 176 kD
calculated for a tetramer.
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L1

Figure B4Surface representation oftte active site clefts of nitrososynthases, ag§bA dehydrogenases,
and flavin-containing monooxygenases are shown colored byaBtor. Active site loops are labeled L1

L11. Surfaces of each enzyme are shown colored using a rainbow color ramp in whiclonesponds

to the highest Bfactor and blue corresponds to the low-factor. Areas of the surface that form the

base of the active site cleft are shown in grey. Substrates andaztors are shown as sticks with atoms
colored as follows: FAD: carbons, i@b, oxygen, red; nitrogen, blue; phosphate, orange; TDP
evernosamine, dTDP, CoenzymeA persulfide: carbons, magenta; oxygen, red; nitrogen, blue; phosphate,
orange. (A) ORF36. Modeled FAD and IERernosamine are displayed as sticks. In this oriemat,

loop L9 is concealed. The B factor color ramp gradient minimum and maximum values are 70 and 180
A respectively, and for this structure, the Wilson B is 111 20kth an average protein B factor of

115.3 K. (B) KijD3 (PDB entry 3M9V) with the dTBRITDPphenol displayed as sticks. As in (A), loop

L9 is concealed. The B factor color ramp minimum and maximum values for this panel are 10 arfd 80 A
and the average protein B value is 27.8. AThe Wilson B factor was not reported. (C) Human
short/branchedchain acylCoA dehydrogenase (PDB entry 2JIF). The FAD molecule is concealed by the
protein surface in this orientation, and coenzymeA persulfide is shown in stick representation. Loops L9
and 10 are concealed in this orientation. The B factor calamp gradient has minimum and maximum
values of 14 and 60%Athe Wilson B is 25.84%and the average protein B factor is 22.76.AD)A.
baumannii4-hydroxyphenylacetate monooxygenase (PDB entry 2JBR). FMiydoxyphenylacetate,

and loops L3, L9 anld10 are concealed in this orientation. The B factor color ramp gradient minimum
and maximum values are 40 and 96,/&nd the average protein B value is 56.77. Arhe Wilson B factor
was not reported.
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Figure B5. Location of the FAD and TRRevernosanine molecules modeled within ORF36 active site.
Chain A of ORF36 is shown colored by domain as in Figug IlChains B, C and D are colored white,
black and grey, respectively. The modeled small molecules (shown as transparent sticks) are colored as
follows: FAD, yellow carbons, TRfevernosamine, magenta carbons, oxygen, red; nitrogen, blue;
sulfur, gold; phosphorus, orange. (A) The physiologically relevant tetramer, with modeled ligands
shown at one active site. (B) A closer view of the labele®FE36 monomer, shown in stereo. The
monomer is shown in the same orientation as in Figure 5b, with the other three chains of the tetramer
colored as in (A). Selected secondary structural elements from chain C are labeled in white text.
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Figure B6 Stereview diagrams depicting the active site loops. Panel (A) shows the ORF36 active site
loops, displayed as in Figure 7a. (B) Human short branetieain acyl CéA dehydrogenase active site,
displayed as in Figure B2b. (&) baumannii4-hydroxyphenylacetéde monooxygenase displayed as in
Figure B2.
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Figure B7. Schematitiagram of the active site. (A) Residues lining the putative FAD binding site are
diagrammed. (B) Residues in the vicinity of the modeled FAD cofactor and-IFé&YBrnosamine
substrateare shown. Rx the ribityl diphosphonucleotie of the modeled FAD cofactor.

183



Figure B8Sequence alignment of ORF36 and putative nitrososynthases. Strictly conserved residues are
highlighted in black and residues with >70% similarity are boxed. Ressdoear the intersection of
modeled isoalloxazine and TBPevernosamine are boxed in teal and marked with a teal square;
residues near the isoalloxazine of modeled FAD are boxed in orange and marked with black triangles;
residues near the nucleotide of naeled FAD are boxed in orange and marked with orange squares;
and residues near the modeled TBFevernosamine are boxed in purple and marked with purple
squares. Secondary structural elements and loops-L11 are marked above the alignment and
highlighted orange (areas involved in flavin binding), purple (areas likely involved in substrate binding)
or teal (areas located near the intersection of the putative flavin and substrate binding sites).
Sequences aligned with ORF36 are: KijD3 (UniProtKB ID B3)MR&B10 from the tetrocarcin A
biosynthetic pathway ofM. chalcea(UniProtKB ID B5L6K4); RubN8 from the rubradirin biosynthetic
pathway of (UniProtKB ID Q2PC69); B1VRP3, uncharacterized protein fongriseus D3CDS4,
uncharacterized protein fromMicromonosporasp. L5. These proteins were identified by a BLAST
search of the ORF36 sequence (UniProtKB ID B5APQ9) and all had scores > 45mhares Bf less than
1x10"®. Sequences were aligned using ClustalW, and the figure was genegtaging ESPript.
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