OXIDATION OF DEOXYAMINOSUGARSEVFAAVINDEPENDENT
MONOOXYGENASE

By

Ahmad H. AMestarihi

Dissertation
Submitted to the Faculty of the
Graduate School of Vanderbilt University
in partial fulfilment of the requirements
for the degree of
DOCTOR OF RBSOPHY
in

Chemistry

December2012

Nashville, Tennessee

Approved by:
Professor Brian O. Bachmann
Professor Tina M. Iverson
Professor Michael P. Stone

Professor Richard N. Armstrong



¢2 Yeé t+3S ahdHegry Ga { SQRY

L OF yQi 0 S hidrfalithé lovedrid suppo@ ydrdhave given me



TABLE OF CONTENTS
PAGE
DEDICATIORKX XXX XXX X XXX XXX XXX XX XXX XX XXX XX XXX XX XXX X XXX i
ACKNOWLEDGMERMREXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX......... Vil
LIST OF TABRECXX X XXXX XXX XXX XXX XXX XX XX XX XX XX XX XXX XX XX XXX
LIST OF FIGUREXXXXXXX XXX XXX XXX XXX XXX XX XXX XX XXX XXX XXX X

LIST OF SCHEMESXXXXXXXXXXXXXXXXXXX XXX X XXX X XXX XXX XXXXXIV

LIST OF ABBREVIATIONS. ...t XV

LIST OF PUBLICATIQNS. ...ttt e et e e e eeaaeaans XMiii
CHAPTER

[ INTRODUCTION. ...ttt e e et e a e e e e eaena s 1

Biosynthesis of Mxygenated deoXysugars............ccccevveeeeeerennnninenne 2

Significance of deoxysugars in natural products.................... 2

Nitrosugarcontainingnatural products.............cccevvvvvvvvvveennnnns 5

Biosynthesis of deoxyaminosugars............cceeevvvvvvveennnnnnnnnn. 11

Comparative genomics of the nitro sugar functionality......... 14

Proposed deoxysugar-dkidation pathway..............ccccceeunnnnnns 18

Anthracyclines and deoxyaminosugar oxidatian...................ccc..ee.. 19

A brief history of anthracycline drugs..........cccceevvvvvviiiviinnnnnn, 19

Biosynthesis of baumycin............ccoovvvvviiiiiiiii 21

Deoxysugar genes in anthracyclines.............cccccvvvvieneeee. 23

The putative role of the flavoenzyme DnmZ......................... 25

Flavoprotein MONOOXYJENASES. ......cccuvruiieeeeeeeeiiiiie e e e e 27

Biochenistry of flavoproteins........cccoooovvvviiiiiiieeeee e, 28

The monooxygenase family............ccccoeeeiieiiiiiiiiiiii e, 30

Flavoprotein monooxygenase catalysSis..........cccoeeeeeeveveennnnnn. 31



Classifications of Flavoprotein monooxygenases................ 35
Dissertation StatemMeNL...........cocuuiiiiiiiiiiie e 44

RETIEIENCES. ... e e e 46

II. BIOCHEMICAL CHARACTERIZATIONEYWFAAVINDEPENDENT
NITROSOSYNTHASE IN THE BIOSYNTHETIC PATHWAYS OF EVERNINOMICIN AND

RUBRADIRIN. ...t e e e e e anns 61
INEFOAUCTION ... 61
ReSUItS and AISCUSSION......uueiiiiiiiieierie e 65

Comparative geNOMICS ......ccceeiiiiiiiiiiiiiree e e e e e 65
Preparaton of the putative oxidases and their aminosugar
SUDSIIALE. ... et e e 68
Enzymatic activities of ORF36 and RUbNS......................... 70
Proposed mechanism oftmysosynthase...........ccccccceeeennnnnes 73
(@] 3 Tod [ 1 (0] « N 75
Materials and MethOodsS............uuviiiiiiiiiiiii e 76
Bacterial frains, Plasmids and Material.............cccccccceeiinnnns 76
Preparation of theazido sugar substrate..............ccccveeeeeennn. 77
Cloning and overexpression of ORE36.............cccccvvvvviinnnnnn. 78
Cloning and overexpression @bNS................cccvvvvvvvvivinnnnnnn. 79
Preparation of-TDRepivancosaming.........ccccceeeeeeeeeeeeeeeeennn. 80
ORF36/RUbNB8 enzymatic reactions...........cccceeeeeeeeeeeeeeeeeeennn. 81
HPLE@VS assay af TDRepivancosamine reaction................. 82
RETEIBNCES.....eiiiiiii e a3

[ll. STRUCTURAL AND MECHANISTIC STUDIES OF THE NITROSOSYNTHASE ORF36

FROMMICROMONOSPORA CARBONXEBERAFRICANA ... 87
INEFOTUCTION ... 87
RESUILS. ... 90

Substrate preference of ORF36...........cccoooviiiiiiiiiiiiiiiieeieeei, 90



180, incorporation in the ORF36 oxidation reaction.............. 94

X-ray crystal structure of ORF36.............coooeiiiiiiiiei 97
Modeling of FAD and TBFepivancosamine in the active site99
Description of the active Site............ccceoeeeeeeeeiivi 101
DISCUSSION. .....eteeee ettt e e e e e 103
Substrate preference of ORF36..............cccceevviiiiiinieiennee, 103
Structural comparison of ORF36 and KijD3........................ 104
Proposed minimal mechanism of ORE36.......................... 106
CONCIUSIONS ...ttt e e 107
Materials and Methods.............coooiiiiiiiiiiiii e 108
Overexpression and purification of enzymes...................... 108

Preparation of other TDBugars substrates and intermediat&89

Purification of TDRBUQGAIS........ccvvvieeeriiiiiiiiiieeeeee e 109
ORF3@&nzymatic reactions with the aminosugar substrate4.10
180,-INCOrPOration @SSAYS..........oveviveveerereeeseseeeeeeeeeseeeeseeeeeen, 110
LGESI/MS method for ORF36 Substrates............cccccceeenees 111
Crystallization of ORF36.........ccoviiiiiiiiiiiiiiiiee e 112
Structure determination and refinement.................ccccvvveee. 113
Modeling of substrate and cofactar.............ccccceeeeeveeeeeeeennn. 114

] (=] (=] 1= 115
IV. RETR@LDOL ACTIVITY OF THE NITROSOSYNTHASE.DNMZ........... 121
oo 18 o 1o o 1A 121
ReSUIts and AiSCUSSION......uuueiiiiieeiee e e e 125
Proposed activity of DNMZ..........ccoooiiiiiiiiiiiiiiiieee e 125
Activity of DnmZ as a nitrososynthase..............cccccvvveeeeeennn. 127

Hydrazone derivatization of the DnmZ oxidation product...129

Tandem MS analysis of the hydrazone derivatives............ 131



Acid hydrolysis and HPIMS analysis of the
(Carboxymethyl)trimethylammoniurnydrazone derivative...133

High resolution MS measurements of the hydrazone

ENVALIVES.....coiiiiieiieeeeeeeeeteet e 136
Materials and Methods............cuviiiiiiiiiie e 138
Bacterial strains, Plasmids and Materials............................ 138
Cloning and overexpression of dnmZ............ccccceeeeeeinnnnns 138
Preparation of TDR-eprvancosamine............cccccvveeeeeeeennnnnns 139
DnmZ assay with TRRepivancosamine..........cccccceeeeeeennnnes 140
Derivatization of DnmZ products with hydrazines............... 141
LCGESIMS Method for DNMZ aSSayS.......cccceeeeiiiiiivviveeeeeennn. 141
] (=] (=] 102 142
V. SUMMARY AND FUTURE DIRECTIQNS........cooiiiiiiii e 147
SYNOPSIS . ettt ettt e e e e e e 147
FULUIe dir€CHIONS ....ciiiiiiie it 149
Mechanism of the nitro graoformation..............ccccvveeeeeenn. 149
Structural STUdIES......eevviieiiiii e 152
Catalytic competence and kinetic studies............ccceeeeeeennnn. 153

The interplay between the nitrososynthases and
glycosyltransferases...........ccccccovvvviiiiieeiiiieeeeeeeeaes 154
RETEIENCES.....eiiiiiiie e 155

Appendix

A. SUPPLEMENTARGURES FROM CHAPTERL.IL......coovvviiiiiine, 157
B. SUPPLEMENTARY FIGURES FROM CHARTER.Ill..........coovvvie. 176
C. MS AND MS/MS SPECTRA FROM CHARTER.IN...........covvvervrirrnnnns 180

Vi



ACKNOWLEDGMENTS

CKA& 62N] ¢2dZ RYyQli KI @Sance$fSnyaduiddaadh 6 t S 4 A 0
research committee, help from my lab colleagues and staff at Vanderbilt University, and

support from my family and friends.

| would like to express my deest gratitude to my advisor, ProBrian
Bachmann, for his outstanding guida&asupport, and patience, providing me with an
excellent atmosphere for conductingesearch. Prab . | OKY | yy Q& a dzLJLJZ2 N
encouragement exceeded my expectation even with matters outside of research. |
would also like to acknowledge the rest of my reseazommittee membersProf Tina
Iverson,Prof. Michael Stone, anérof Richard Armstrong for their excellent support

and guidance toward the completion of my PhD at Vanderbilt University.

| have been fortunate to work with several collaborators throughauy
research projects, which enriched my experience and knowledge. | would like to thank
Prof Tina Iverson (Vanderbilt University, Nashville, TN) for her willingness to collaborate
with our lab on solving the -Ky crystal structure of the nitrososynthaseRF36.
Particularly, | would like to thanRrof. Jessica Vey fromrof® L @ Sds@aghgraup
for conducting the crystallography experiments which resulted in a valuable publication.
| would also like to thank the research labs of Prof. Michael Burfmiversity of
California, San Diego, La Jolla, CA) and Prof.-WeangLiu (The University of Texas,
Austin, TX) for generously providing ExaAand RfbB expression constructs,
NBaLISOGABSted alye GKFyla G2AHatvadRUnidsitg | yASE Y

vii



Boston, MA)for supplying the essential synthetic substrate for the nitrososynthase,
TDRL-epivancosamine, which facilitated our initial biochemical characterization of

RubN8 and ORF36.

| would also like to thank all past andegent members of ta Bachmannab
who | got to know over the last several years. It has been very enjoyable working with all
of you and many thanks for your help, support and friendship. Especially |1 would like to
acknowledge a former member of the lab, Dr. Yunfeng Hu, wiepgred the ORF36

protein and participated in the initial biochemical characterization of the enzyme.

| am grateful for the funding we received for the research work described in this
dissertation from the Office of Naval Research. Their continuous suppat the
course of several years made the completion of this work possible. The graduate school
at Vanderbilt University also provided me with financial support in the form of teaching

assistantships and for that | am also grateful.

To all my friends at ahderbilt University, thank you very much for your
friendship and support. You made my life at Vanderbilt a truly memorable experience
and your friendships are invaluable to me. To my best frienaf Harold Moser, who
became like a father to me, follongnmy progress closely providing support and

encouragements, | am truly grateful.

Finally, I am very grateful to my big extended family in Jordan, brothers, sisters,

nephews and nieces, thank you for your love and support. To my beloved late parents,

viii



who have raised me to be the person | am today, thank you for all the unconditional

love, guidance, and support that you have always given me.



Table

I-1.

I-2.

LIST OF TABLES

Passible biosynthetic genes faevernitrose

Chssification of external flavoprotein monooxygenases................evvveeeennne



LIST OF FIGURES

Figure Page

I-1. Examples of some deoxysugars linkes&tural productscaffoldsX.................. 3
[-2.  Chemical structure of eVerniNOMICIN.............uuurueireeiii e 6
[-3.  Chemical structure of rubradirin.................uuuiiiiii 8
I-4.  Chemical structure of KijanimicCin................ccoeevvviiiiiiiiieeeeeeeeee s 10
I-5. Chemical structures of everninomicin and avilamycin...............cccccvvvveennnnns 15
I-6. Chemical structure of some anthracyclings................ccccccvvviiiiiiiieeeeeeeen, 20
I-7.  Chemical structures of several flavin Species...........cccvevvvvviviiieriiiiiniiiniinnnns 29
[-8.. Structures of several prototype flavoprotein monooxygenases.................. 37
[I-1. Chemical structures of everninomicin, rubradirin, and kijanimicin............... 63
[I-2. Chemical structures of avilamicin and everninomMICIN..............coovvvvvvveeeennnn. 66
[I-3. Chemical structures afepivancosamine andevernitrose..............ccccceeeeeen... 67
[I-4. SDSPAGHel of Niaffinity purifiedRUDNS..............ooeiiiiie 69
[I-5. LCGESIMSanalysis of the staudinger reduction of the synthetic (5:1k fazido

[I-6.

[-7.

congenerof TDRL-epirvancosamine by TCER..........ooovvvviviiiiiiiiiiiiiiiiiiiiiinees 70
HPLEESIMSchromatograms of théime course of RubN8 oxidatioreaction. 72
Tandem MS spectra of thaucleotidehydroxyaminosugar intermediate (above)
and thenucleotidenitrososugar product (below) frolRubN8oxidation reaction.

.................................................................................................................... 73

Xi



[Il-1. Pathway utilized for biochemal synthesis of DRL-epirvancosamie and the
TDPR4-Keto-3-amin0o SUQAr PrECUISOLS......uuurrrrrrrnrrnnnnnnnnasassasseaaasaaaeeaaaaaaaeens 91
ll-2. HPLEESIMStraces of orf36 oxidation reactions with three potential amino
SUQAN SUDSIIALES.......uuviiiiiiiiiiirer s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeees 92
l1I-3. The 0, incorporation studies of orf36 oxidation reaction.......................... a5
-4, SEruCtUre Of Of36... ... 98
[II-5.  Active Site 100PS Of OFf3G.......uuiiiiiiiiieiei e 101
IV-1. Chemical structure of known anthracyclines............ccccoeiiiiiiiiiieeneennnnns 122
IV-2. Carboncarbon bond cleavage reaction of2o-nitroso-3-exo- hydroxy
(gT0] g o o] g T o L= PP PP TPPPPPPPPPI 126
IV-3. Proposed pathway for the DnmZ monooxygenation activity and the spulese
cleavge and glycoslation activities...............c..oevvvviveeeiiiiiiiiiiiians 127
IV-4. SDSPAGHjel of Niaffinity purified DnmZ..................ccc 128
IV-5. HPL@VIS Aalyss of the dnmz reaction and the hydrozone conjugates of the
[0)X(To F= 1110 o I o] o To 11 [ SRR 131
IV-6. TandemLCGESIMSof the 2bromophenyl hydrozone derivative................. 132
IV-7. TandemLCGESIMS ORhe (Carboxymethyl)trimethylammoniumydrozone
EINVALIVE. ...ttt e e st e e e e e annr e es 133
IV-8.  Acid tydrolysis of the carboxymethytimethylammonum hydrazoe derivative

(above)and LEESIMS chromatogramsfdhe hydrolyzed species (belgw.. 134

Xii



IV-9. TandemLCGESIMSspectra of the hydrolysis products of the acid trea@adT
hydrazone deriative. Fragmentation of the hydrazone at m/z 188 (above), and
the hydrazone at m/z 215 (DeIQW.........ccceiiiiiiiiiiiie e, 136
IV-10. High resolution mass measuremts of the hydrozone derivative ®.®......137
V-1. LCGESI/MS chromatograms of the preparation of IIE#&vernosamine via the
methyltransferase Rubn7 from the rubradirin pathway.............cccccceeeeinnnns 150

V-2. LGESIMS chronatograms of the monooxygenation of TIRlRvernosamine by

Xiii



LIST OF SCHEMES

Scheme Page
I-1. Entry point intoTDRdeoxysugar secondary metabolismbacteria................... 11
[-2. Biosynthesis 0T DRL-epi-vanCoSaming..........ccoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 14
[-3. Oxidation of dibenzothiophene HYSzC..........c.ccccuviiiiiiiiiiiiciie e 19
[-4. Biosynthesis 0T DRL-daun0SamINe...............ccvvveveiiieeieeeeeieieriierneeneeennnnnnn... 24

I-5. Proposed pathway of latetep baumycin biosyn#sis including the role of

MONOOXYJENASES.......eeeeeeeernnnia e e e eeeeennn e e e e e eeeeara e e e e e e en s a e e e e e rennrnna s 30
I-7 . Reaction mechanism @khydroxybenzoate monooxygenase....................... 34
[I-1. Proposed pathway for the nitrososynthase oxygenation reactian.............. 75
IV-2. Hydrozone derivatizationf the proposed oximeldehydeproduct.............. 129

V-1. LCGESI/MS chromatograms of the preparation of IilB#ernosamine via the
methyltransferase Ran7 from the rubradirin pathway.............cccccceeeeeeenn. 150

V-2. LGESIMS chromatograms of the monooxygenatiohTDPL-evernosamine by

Xiv



LIST OF ABBREVIATIONS

ACP acyl carrier protein

AMC rubransarol, 3amino-4-hydroxy7-methoxycoumarin
APS advanced photon source

BVMOs BaeyerVilliger monooxygenases

CCkB cholecystokinin B

CHF congestive heart failure

CoA Coenzyme A

DBT dibenzothiophene

DHDP 3,4-dihydroxydipicolinate

DMSO dimethylsulfoxide

DNA Deoxyribonucleic acid

dTDP deoxythymidine diphosphate

DTT dithiothreitol

e.e enantiomeric excess

EDTA ethylenediaminetetraacetic acid

ESI electrospray ionization

FAD flavin adenine dinucleotide

FMN flavin mononucleotide

FMOs flavin-containing monooxygenases

FNOs microbial Nhydroxylating monooxygenases
FPLC fast protein liquid bromatography

GirT DA NJ NR Q &[(Carbox@ethyl)&iyhéthylammoniurydrazine]

XV



GT glycosyltransferase

HIV human immunodeficiency virus

HPLC high performance liquid chromatography
1Go half maximal inhibitory concentration
IPTG I ¢D-1-thiogalactopyranoside

kD kilo Dalton

KS ketosynthase

kv kilovolt

LB luria broth

LC liquid chromatography

LGCAT life Sciences collaborative access team
MAT malonylCoA:ACP acyltransferase

Mg milligram

MHz megahetz

pL microliter

uM micromolar

mL milliliter

mm millimeter

mM millimolar

MOE molecular operating environment

MS mass spectrometry

MWCO molecular weight cubff

NADP nicotinamide adenine dinucleotide phosphate
NCS non-crystallographic symmetry

XVi



NDP

Nm

NMR

OD

PCR

PDB

PKS

PLP

PMP

PPi

RNA

ROS

SAM

SAX

SDSPAGE

TCEP

TDP

TMP

Tris

uv

nucleotide diphosphate
nanometer

nuclear magnetic resonance
optical density

polymerase chain reaction
protein data bank

polyketide synthase
pyridoxal phosphate
pyridoxamine phosphate
pyrophosphate

parts per million

pounds per square inch
ribonucleic acid

reactive oxygen species
rotations per minute
SAdenosyl methionine
strong anion exchange
sodium dodecylsulfide polyacrylamide gel electrophoresis
tris(2-carboxyethyl)phosphine
thymidine diphosphate
thymidine monophosphate
tris(hydroxymethyl)aminomethane
ultra violet

volt

XVii



LIST OF PUBLICATIONS

. Vey, J.L., AMestarihi, A., Funk, M.A., Bachmann, B.O., and Iverson, T.M.
(2010 Structure and mechanism of ORF36, an Amino Sugar Oxidizing
Enzyme in Everninomicin Biosynthe&gchemistry49(43): 930eD317.

. Yunfeng Hu, Ahmad -Mestarihi, Catheria L. Grimes, Daniel Kahne and
Brian O. Bachmann, A unifying nitrososynthase involved in nitrosugar
biosynthesisJournal of the American Chemical Soci&Bp, 1575615757
(2008

. Alexander N.; Bortolus M.; Mestarihi A.; McHaourab H.; Meiler J.
(2008 De novo highresolution protein structure determination from
sparse spidabeling EPR dat&tructurel6, 18%195.

. Prusakiewicz, JJ, Turman, MV, Vila, A, Ball, Hllegtarihi, AH, Di Marzo,
V, Marnett, LDxidative metabolism of lipoamino acids and vanilloids by
lipoxygenases and cyclooxygenaseadrchives of Biochemistry and
Biophysi464(2), 2668, 2007.

XViii


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17493578&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17493578&dopt=Abstract

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

12



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

19



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)

26



OH Thimydilyl transferase OH

4,6-dehydratase o
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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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