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Introduction

Les hopanoides sont des triterpénoides pentacgsliquésents chez de nombreux
procaryotes de groupes taxonomiques variés, notamoiez les méthanotrophes, certains
méthylotrophes, les cyanobactéries, certaines testdixatrices d'azote et les bactéries
pourpres non-sulfureuses (Rohmer et al, 1984; Tabdarrimond, 2007). Les hopanoides
sont également considéerés comme des biomarquewrspajeulations et des processus
bactériens dans les environnements modernes etr@an@Rohmeret al, 1979 ; Talbot et
Farrimond, 2007). Les hopanoides sont les équitsalbiologiques des stérols dans les
membranes bactériennes (Ourisson et al, 1987;. éfdumang et Poralla, 1999): ils modulent la
fluidité des membranes phospholipidigues et pemnettde renforcer la stabilité et
'imperméabilité de ces membranes afin de protdgsrorganismes de facteurs de stress
externes comme la chaleur, le pH, la dessiccafi@anol... (Poralleet al, 1984; Porallaet
al, 2000;. Joyeux et al, 2004; Welanéeal, 2009).

Les bactériohopanepolyols (BHPs) eg §ont les principaux hopanoides trouvés chez les
bactéries. Ces composés présentent une chainaldapaiyhydroxylée en Lliée par une
liaison carbone/carbone au groupement isopropyle dquelette hopane. Le
bactériohopanetétrol (BH™ et 'aminobactériohopanetri@l sont les composés majoritaires.
lIs sont généralement accompagnés de diplop®ret de diploptérol2. Les hopanoides
bactériens présentent, cependant, de nombreuséstiorss structurales, au niveau du
squelette pentacyclique, du centre asymeétriqueositipn C-17, C-22 ou C-34 et au niveau
de la chaine latérale (position et nature des g®udpnctionnels) (Rohmer, 1993; Talbot et
Farrimond, 2007). La biochimie des hopanoides eesiiée étre tres intéressante (Rohater
al., 1993; Duvoldet al, 1997b; Rohmer, 1999, 2008), puisqu’elle a peraislécouverte
d'une nouvelle voie de biosynthese pour les umg@ggréeniques, la voie du méthylérythritol
phosphate (MEP). Cette voie est présente dans upagil des eubactéries et dans les
chloroplastes de tous les organismes phototrofdeglus, les travaux sur la biosynthese des
hopanoides ont permis de mettre en évidence deellesivenzymes impliquées dans la
formation des hopanoides epsd_es expériences déja effectuées et certainsuxasa cours
ont mis en évidence les informations suivantes.

- La chaine latérale polyhydroxylée est dérivéebdubose lié par son carbone C-5 au
squelette triterpénique (Flesch et Rohmer, 1988mriNst et al, 1988; Rohmeset al,

1989)
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- Le groupement méthyle terminaldu squaléne, correspondant au méthylene oléfirdgue
diploptene, est engagé dans la liaison avec leopent

- Le diplopténe est le précurseur putatif de la pdrtierpénique.

- L’adénosylhopane fréequemment rencontré chez leles est un intermédiaire présume
(Neunlistet al. 1985b; Stampf, 1992 ; Rohmer, 1993).

- Le passage du squaléne, du diploptene ou du batod@anetétrol s’accompagne d’'une
réaction de réduction. Cette réduction ne corredpas a un transfert d'hydrure dérivé du
NAD(P)H, mais s’accompagne du transfert d'un hydnegéchangeable (Toulouse, 2012).
A partir de ces données, un schéma biogénétiquetimgfique a été proposé pour la

biosynthése des hopanoides bactériens gn(Rbhmer, 1993). L'adénosylhopa® serait

dérivé du couplage entre le diplopteBeet le radical 5'-déoxyadénosyle catalysé par une
enzyme a radical et a cluster,Bg(Schéma 1, réaction 1). Le clivage consécutif'déénine
conduirait au ribosylhopan23 (Schéma 1, réaction ll), intermédiaire putatif cpgrait
considéré comme un précurseur commun possible ptur BHT 6 et le
35-aminobactériohopanetrigl (Rohmer, 1993). La réduction (Schéma 1, réactitnou
'amination réductrice (Schéma 1, réaction 1V) dibosylhopane meneraient alors

respectivement au BHE ou au 35-aminobactériohopanetifalRohmer, 1993).

Au cours de ce travail, nous nous sommes intéremsédactériohopanepolyols et plus
particulierement a leur biosynthese. Un premiejgbré été mené sur des souches mutantes de
Streptomyces coelicoloil nous a permis d’'une part de caractériser dgemes impliqués
dans la formation de la chaine latérale chez detietérie, et d’autre part d’isoler le
ribosylhopane. Dans un deuxiéme projet, nous adécst la synthese de I'adénosylhopane
et d'un isotopomere bisdeutérié. Lanalogue margye@r la suite été incorporé dans le BHT
dans un troisieme projet, et le suivi du marquamgsra permis de démontrer I'implication de
'adénosylhopane dans la biosynthese des hopaneid€ss. Enfin, dans un dernier projet,
nous avons mené des études sur lorigine du groepemamino présent dans

I'aminobactériohopanetriol.
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Schéma 1Moie de biosynthése hypothétique pour la biosysghides hopanoides eps(.es
geneshpnHet hpnG sont annotés chddethylobacterium extorqueret Rhodopseudomonas

palustrisTIE-1, le genéhpnOchezR. palustris

La biosynthése des hopanoides cheStreptomyces coelicolorA3(2) :

I'identification du ribosylhopane comme un intermédaire (Chapitre |)

Les Streptomycesont des eubactéries filamenteuses, aérobiesagh @ositives. Elles
appartiennent a la classe des actinomycetes aitvilams les sols. Sur le plan de la génétique,
Streptomyces coelicoloA3(2) est le représentant le mieux connu de cegtébas qui
produisent nombre d’antibiotiques utilisés en médetiumaine et vétérinaire. Le premier
génome deéstreptomycesntierement séquencé est celuiSleoelicolorA3(2), publié a partir
d'une bibliothéque ordonnée de cosmides (Bendkyal, 2002). Un cluster de génes
(SCO6759-6771) a été détecté sur le cosmide SCHABtA et a été suppose impliqué dans la
biosynthese des hopanoides (Poratlal, 2000). Parmi ces 13 cadres de lecture ouverts (en
anglaisopen reading frameou ORF), le generfl4 (SCO6765) présente une similarité

significative avec le genbpnG (27,7% d'identité, 31,5% de similarité avec desrtécde
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35%), ce dernier codant pour la protéine respomsabl clivage de l'adénine a partir
d’adénosylhopane ché#. extorquen®tR. palustrisTIE-1 (Bradleyet al, 2010; Welandeet

al., 2012). Selon l'analyse bio-informatique, le gemfl8 (SCO6769) code une enzyme
appartenant a la famille des aminotransférasesladsec Ill qui nécessitent la présence de
phosphate de pyridoxal. Il est 'homologue du gépeO qui est indispensable pour la
biosynthese de I'aminobactériohopanetriol clhezpalustrisTIE-1 (Welanderet al, 2012)
(Schéma 1, réaction 1IV). Dans ce projet, la prodactes hopanoides chez des mutants
caractérisés par la délétion des geod$4 ou orf18 a été étudiée. La partie génétique de ce
travail surS. coelicolorA3(2) et la construction des mutants obtenus peertion du géne de
résistance a I'apramycine dans le gene dont onsuguirimer I'expression ont été effectuées
par E. Kannenberg (Université de Tubingen et Athéhsversité of Georgia), E. Takano
(Université de Groningen) et T. Hartner (Universig@Tabingen). L'analyse des hopanoides a
été réalisée en collaboration avec P. Schaefferivéisité de Strasbourg) et H. Talbot
(Université de Newcastle).

Le type sauvage d8. coelicoloret les mutants avec une délétion des gémist ou
orf18 ont été cultivés sur un milieu solide dans deselsalle Petri emballées (Poradiaal,
2000). Aprés extraction et purification (Neunktal, 1985;. Renoux et Rohmer, 1985), les
hopanoides ont été identifiés par différentes tegles analytiques (GC, GC-MS, HPLC,
APCI-MS" et RMN).

Le type sauvage d8. coelicolorn’accumule que I'aminobactériohopanetriocomme
hopanoide en 4. Le phénotype au niveau des hopanoides des sonultestestorfl4 et
Aorfl8 a suggére les fonctions de ces genes mutes.

L'absence du génerf14 dansS. coelicolorinduit 'accumulation du seul adénosylhopane
25 comme hopanoide eng4-ce qui indique que le couplage du diplopt8revec un groupe
adénosyle est toujours possible, mais que la wamsition de 'adénosylhopane en d'autres
hopanoides en 4 en particulier en aminobactériohopanetiolest bloquée. Ces résultats
sont en accord avec la fonction postulée du gerfé4: le codage de l'enzyme de
désadénylation pour produire le ribosylhop@®a partir d’adénosylhoparn®s. En outre,
I'absence de quantités détectables d’adénosylh@iadieez le type sauvage &e Coelicolor
indique que dans cette souche l'adénosylhopaneosgwarte comme un intermédiaire, a
renouvellement rapide subissant les modificatianqmpEmentaires catalysées par la protéine
codée par le germfl4.

La délétion du gene orfl8 conduit a une disparition complete de

I'aminobactériohopanetrial et a la formation de petites quantités de BidTa biosynthése
~ 8 ~



de I'aminobactériohopanetriol a été restaurée lardg géne silencieux a été réintroduit. A
coté du BHT, des traces de ribosylhopane ont éecties pour la premiere fois dans une
bactérie. La structure de son triacétate a étéiroodd par spectrométrie de masse et
spectroscopie RMN et par comparaison avec un étibantgynthétique (Duvold et Rohmer,
1999). Cette découverte est une preuve solide roaafit le réle du ribosylhopane comme
intermédiaire dans la biosynthese des hopanoides. I'&bsence d'aminotransférase
fonctionnelle dans le mutanbrf18, la biosynthese de I'aminobactériohopanetriobésuée.
Ainsi, on peut supposer que le ribosylhopane, @audiétre converti par une aminotransférase
en aminobactériohopanetriol, peut étre réduit p&raldose réductase non spécifiqgue au BHT,
qui n'est normalement pas détectable dans le tgpgage deS. coelicolor.D’aprés sa
séquence, la protéine codée par le gerig8 serait une aminotransférase appartenant a la
famille desN-acétylornithine aminotransférases. Elle est damtsée agir sur un aldéhyde.
Par conséquent, cette protéine codée par le gdi8 est supposée catalyser I'amination
réductrice du ribosylhopane (sous sa forme aldékyden sous sa forme hémicétal cyclique)
en aminobactériohopanetriol. Cette conclusion esifarme a la voie de biosynthése des
hopanoides postulée (Schéma 1) et a la découvdmate du mutanthpnOdeR. palustris
TIE-1, dans lequel le généhpnO a été annoté comme une ornithine:oxo-acide
aminotransférase putative (Welandral, 2012). Il est possible que ce géene soit impliqué
dans la formation d’aminobactériohopanetriol. Iléggnte des homologies avec la
N-acétylornithine aminotransférase (ArgD) qui agmiquement sur un aldéhyde. Par
conséquent, le ribosylhopane sous forme d’aldéHyae 26 (Schéma 1) semble étre le
substrat approprié pour une telle aminotransfécaske par le géenlepnO (Rohmeret al,
1993; Welandeet al, 2012).

Hémisynthese d’adénosylhopane et d’'un isotopomerasadeutérié (Chapitre

)

L'élucidation de la biosynthése des BHPs nécesaitearactérisation des genes et la
purification des enzymes impliquées. D'importargaantités de hopanoides sont nécessaires
pour pouvoir mener a bien les essais enzymatiquesshopanoides naturels sont cependant

tres difficiles a isoler et généralement obtenusqgeantités infimes a partir de sources

natuelles. C’est pourquoi la synthése chimique &p&@&omme un moyen approprié pour
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produire ces molécules. De plus, le recours a lthgge chimique est nécessaire afin
d'obtenir des isotopomeéres marqués, qui reprédehiternil indispensable pour tester les
systémes enzymatiques impliqgués dans une biosynthes

Nous avons développé une méthode de synthése pemimeétobtenir pour la premiere
fois l'adénosylhopane déprotégé en 14 étapes, awves les centres asymétriques
correspondant a ceux du composé naturel (Schém&etje méthode consiste en une
élongation de la chaine latérale du diplopte®e facilement accessible a partir de
I’'hnydroxyhopanones6 extraite de la résine de Dammar. La stratégiella pvidente serait
d’effectuer un couplage entre un dérivé hopanigneCg et un dérivé de l'adénosine.
Cependant, d’apres la littérature, des réactionsodplage de type Wittig (Stampf, 1992) ou
des réactions assistées impliquant un hopanyliti{fReanet al, 2007) n‘ont pas permis
d’obtenir le composé désiré avec des rendemenifassaints. Nous avons donc choisi de
synthétiser 'adénosylhopane via une réaction datinése croisée, car cette méthode, en plus
de son efficacité remarquable, présente une graméence envers les groupes fonctionnels
et les structures volumineuses.

Les réactions de métathese croisée ont été temtéesplusieurs catalyseurs (Schéma 3)
dans diverses conditions. En effet, en présence exces de homohop-30-e686 (Stampf,
1992; Duvold et Rohmer, 1999) par rapport a la
6-N-benzoyl-5'-désoxy-5'-méthylene-2'@‘tsopropylidéne adénosiré? (Ranganathaet al,
1974; MclLaughlinet al, 1985; Eppacheet al, 2004) le rendement de la réaction s’est
nettement amélioré. Le meilleur résultat a été rabtavec le catalyseur de deuxiéme
génération de Hoveyda-Grubbs H IlI, sous irradiatidoro-ondes. Nous avons ainsi obtenu
'adénosylhopen@8 et le dimére du dérivé d’adénosi avec des rendements respectifs de
59% et 40%. La dimérisation du homohop-30-&Ben'a pas été observée, probablement a
cause d'un fort encombrement stériqgue di a la ipasit de la chaine latérale du squelette

hopane et a 'encombrement stérique introduit @auclcle D et E.
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métathése croisée

1) NH4/MeOH

2) (NCOOK),, AcOH, Py \/g,

40

Adénosylhopane 25

Schéma 2Hémisynthése de I'adénosylhop&tte

es—N

Mes/N N\Mes /N N‘Mes N‘Mes

ke S
SOZN Mez
Gl

HI % Zhan-1B

Schéma 3 Catalyseurs pour la métathese croisée

L'hydrogénation catalytique [Pd/C, RtORh(PPB)sCl, catalyseur de Crabtree] de la
double liaison carbone/carbone de I'adénosylho@ha été obtenue avec des rendements

décevants, et cela méme sous pression. Ce prolaléterésolu par l'utilisation de diimide,

une petite molécule ayant facilement acces a ldldoiaison. Nous avons donc obtenu le
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produit désirét0 avec un rendement de 73%. La déprotection du groept acétonide dans
I'acide trifluoroacétique aqueux a fourni 'adénitmypane libre25 (Schéma 2).

Pour la synthese de I'analogue bisdeutérié nécespaur les tests biologiques, nous
avons essentiellement suivi la méme stratégie @lle atilisée pour I'adénosylhoparib
(Schéma 4). L'acide acétique deutérié (abondarmepgjue 98%) a été utilisé en tant que
source de deutérium pour engendrer le diimide bigdi& utilisé lors de I'étape de réduction.
Malgré les précautions prises pour éviter la commation par I'eau, I'abondance isotopique
’H/'H de I'adénosylhopan@5 était modérée: [30,34H,] adénosylhopan@5-D avec une
abondance isotopique de 60% en C-30 et C-31°H}0et [31°H]adénosylhopan@5-D avec
une abondance isotopique de 32% en C-30 ou C-H ré&eiltats sont probablement dus a
I'utilisation de CHCO,D (abundance isotopique 98%) en large exces (60qgd.est une
source de proton et a un effet cinétique primairefaareur de I'incorporation des protons
minoritaires a la place des deutérium majoritaingexcés de CHCO,D est cependant
nécessaire pour obtenir une réaction compléteappart de marquage serait probablement
amelioré en utilisant un GAE0O,D avec un enrichissement en deutérium supérieetlh du
produit utilisé.

1) NHy/MeOH

2) (NCOOK),, AcOD, Py \)?/

TFA

25-D

Schéma 4 Synthese de I'adénosylhopane deut2beD.

Afin de vérifier la structure du composé, I'adénbspane25 a été acétylé. Les spectres
RMN du dérivé acétylé ont été comparés avec ceuXadénosylhopane naturel acétylé.
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Toutes les données analytiques se sont révéléescénformes a celles décrites dans la
littérature. La structure de I'adénosylhopane hiseléé 25-D a été validée en comparant ses
spectresH-RMN et **C-RMN des son acétates (di- et triacétates) avek des acétates du
compos&5 en abondance naturelle (Neunlist et Rohmer, 1988Bhnlistet al, 1988).

Incorporation de [H]adénosylhopane dans le bactériohopanetétrol parru

systéme acellulaire déMethylobacterium organophilun{Chapitre III)

L'adénosylhopane a été proposé comme précursedatifpiies hopanoides bactériens en
Css dans notre schéma biogénétique initial (SchémaJag recherche dans le génome de
Methylobacterium extorquersssuggéré que I'adénosylhopane serait dérivé dplage entre
le diploptene3 et un radical 5'-déoxyadénosyl produit par uneyereza radical SAM codée
par le génénpnH (Schéma 1, réaction |) (Bradley al, 2010). Ces auteurs ont supposé que
pendant la biosynthese, l'adénosylhopane conduiaitadénine et au ribosylhopane
phosphorylé, en raison de I'accumulation d’adérfagyane et de la production bloquée de
BHT dans le mutanthpnG de M. extorquens(Schéma 5). L’hypothese d'un dérivé du
ribosylhopane comme d’intermédiaire putatif a édfarcée par la détection de ribosylhopane
dans un mutant dé&treptomyces coelicoloPar ailleurs, nous avons démontré que le
ribosylhopane est réduit en BHT par un systemelidagke brut deM. organophilum Une
réductase nécessitant le NAD(P)H comme cofactehar@, 2000; Bodlenner, travaux non
publiés) serait impliquée dans la transformatiotéridure du ribosylhopane en BHT de
Methylobacteriumspp. (Schéma 5). En outre, la forme aldéhyde bosylhopane est en
équilibre avec deux autres anomeres furanoses- (2% 33-ribosylhopane) et est
probablement le substrat approprié pour la rédadtasonnue. Bien que les gengnG et
hpnH aient été caractérisés dahk extorquenset que l'adénosylhopane ait été suggéré
comme intermédiaire essentiel dans la biosyntheéséapanoides fonctionnalisés, aucune
preuve moléculaire directe n’a permis de prouves tadénosylhopane serait converti en
BHPs (par exemple en BHT). Par conséquent, il tserdéressant d’incorporer de

I'adénosylhopane deutérié dans les hopanoidessaa@s un systeme acellulaire brut.
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\ OH OH \\ OH O
Bactériohopanetétrol Ribosylhopane (forme aldéhyde)

Schéma 5 Schéma biogénétique présumé pour la biosynthesecHaines latérales des
hopanoides bactériens egsChezMethylobacteriunspp. (Bradleyet al, 2010). Les fleches
pleines indiquent les étapes pour lesquelles deséls génétiques ont été obtenues. Les
fleches en pointillées sont utilisées pour lestiéas hypothétiques.

Methylobacterium organophilud@SM 760 a été choisi comme microorganisme modéele,
car il est facile a cultiver et produit du BHT etuatres hopanoides complexes dérivés du
BHT (éther et glycoside de BHT) en quantités safftes dans un temps relativement court.
Aucun cofacteur n’est utilisé pour hydrolyser l'adgine, mais du phosphate inorganique
serait nécessaire au cas ou une purine nucléokioEpporylase serait exigée. Le systeme
acellulaire contenant les enzymes a été incubé aM&DPH et une solution
d’adénosylhopane dans THF.

Le BHT acétylé a été analysé par GC/MS pour meskabondance isotopique des
fragments contenant la chaine latérale. L'interdat® signaux M+2 des fragments de BHT
acétylé contenant la chaine latérale a augmentéucerouve que l'acétate de BHT est
marqué. Cela indique également que le marquadel @st uniquement présent sur la chaine
latérale en € La contribution des adénosylhopanes mono- eehigdié au BHT marqué est
cohérente avec leur composition originale de dauté(d, 60%, d; 32%). Afin de prouver
que la conversion d’adénosylhopane en BHT est eatigoe, le fH]adénosylhopane a été
incubé avec des extraits cellulaires inactivés IbsuAucun marquage au deutérium n’'a été
détecté dans le BHT.

Bien que ni le ribosylhopane, ni le phosphoriboggbne n’aient été isolés comme
intermédiaires présumés, il ne fait aucun doutelquenosylhopane est I'un des précurseurs

de la biosynthése du BHT chét organophilum Récemment, la biosynthese de la chaine

~ 14 ~



latérale des hopanoides a été partiellement réedléeRhodopseudomonas palustilisE-1
(Welanderet al, 2012). De plus, le genbpnH a été caractérisé pour la biosynthese
d’adénosylhopane de la méme maniére que sheextorquensCependant, le gengonG
était défini comme étant une hydrolase de nucléstidonduisant ainsi directement au
ribosylhopane a partir d’adénosylhopane. Ce désdcne met pas en doute le réle de
I'adénosylhopane comme premier intermédiaire darntsdsynthese de la chaine latérale des
hopanoides, mais il requiert pour étre levé l'idieation du géndnpnGet la purification de la

protéine correspondante (travaux actuellement arsaans notre laboratoire).

Tentative d’identification de [l'origine du groupe amino terminal de

I'aminobactériohopanetriol (Chapitre 1V)

Le génehpnO a été annoté cheR. palustrisTIE-1 comme une ornithine:oxo-acide
aminotransférase putative et impliguée dans la dion de I'aminobactériohopanetriol
(Schéma 1, réactiotVV). Sa délétion induit 'absence de ce hopanoidegivuit autres
bactéries possédant un géne homologue de cehg@@contiennent également des copies du
géneshcde la squaléne/hopéne cyclase, et certainesal’elids sont capables de produire le
35-aminobactériohopanetriol (Welandsral, 2012). Par exemple, le gene SCO6769 Gez
Coelicolor, un autre producteur d'aminobactériohopanetrist, supposé coder pour une
aminotransférase appartenant a la famille dlesétylornithine aminotransférases, dont tous
les membres agissent sur des acides aminés basibaesest enzymatique de cette
aminotransférase nécessite lidentification du donndu groupement amino. Plusieurs
candidats (aspartate, glutamate, glutamine, ormétbt alanine) sont possibles et ont été testés
chez le type sauvage & palustrisqui ne produit que de I'aminobactériohopantrioncoe
hopanoide en 4.

L'incorporation in vitro des acides aminés précédents marqués°Mua donné des
résultats positifs quel que soit lPamino acide éestle triacetate du
[**N]Jaminobactériohopanetriol a été détecté par spexrie de masse dans tous les cas.
Cela est probablement dii & un métabolisme rapideadedes aminés marqués‘aN et au
transfert du groupement amino marqué vers le bamelar, ou a une aminotransférase peu
sélective.

Afin de tenter d’éclaircir ce point, des expérienctincorporation de ribosylhopane et
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d’acides aminés marqués &N dans I'aminobactériohopanetriol ont été tentéescaun
systeme acellulaire dB. palustris Dans ces conditions, la biosynthése des acidéséam
serait largement bloquée, ce qui entrainerait malinsterférences lors de I'expérience.
D’aprés l'analyse de I'aminobactériohopanetriol tglée par SM, aucun marguage n'a été
détecté. Cela indique que soit la protéine n'estgmivée, soit que le taux de conversion du
ribosylhnopane en aminobactériohopanetriol est fedple pour permettre une détection de
I'enrichissement isotopique de I'aminobactériohagdnl par spectrométrie de masse.
L'expression du(des) gene(s) et la purificationlarotéine correspondant sont nécessaires

afin de poursuivre ces investigations.
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1. Hopanoids are spread in sediments, eukaryotes and

prokaryotes

Hopanoids are pentacyclic triterpenes of the hopseres that represent the most
abundant family of complex organic substances orthE®@urissonet al, 1987). They are
widespread in some eukaryotes, in many prokaryagesvell as in the organic matter of
sediments.

Eukaryotic hopanoids can be divided into two typEsose with an oxygenated function
at C-3 e.g.3-hydroxy and 3-oxohopanoids) are derived fromaydization of oxidosqualene.
They have been occasionally discovered in scatteard of higher plants. For instance,
hydroxyhopanone, the first known hopanoid, wasaiwal from the dammar resin obtained
from Hopea species. To date, it is still the most easily asit#e starting material for
hopanoid hemisynthesis (Mills and Werner, 1955hadthopanoids produced by eukaryotes
are known as 3-deoxyhopanoids.g. diplopterol 2, Fig. 2). They derive from squalene
cyclization and are distributed in a few specie$eofis, mosses, lichens and fungi (Ourisson
et al, 1987 and references cited therein) (Fig. 1). atoids in eukaryotes remain, however,
rare and few, and constitute only one of the mangomfamilies of plant triterpenes.
Therefore, any deep mining for the biochemistrgwaryotic hopanoids is denied due to the
data paucity.

Since the 1970’s, the presence of hopanoids has draelually reported from crude oils
and the organic matter of all sediments: maringeestrial, young or old (from soils or muds
only a few years old to shales at least 1.8y18 old), rich or poor in organic matter (in crude
oils or coals, in oil shales, in dry shales, intpem limestonesetc). The hopanoids found in
geological sediments are called geohopanoids. Totil amount was estimated on the order
of 10" tons, which happens to be the order of magnitsfenated for the total mass of
organic carbon in all presently living organismauf@son and Albrecht, 1992)! So far, more
than 200 individual structures of geohopanoids hbeen fully identified. Due to their
saturated polycyclic structures that are residamiodegradation and to diagenesis, the rigid

backbone was preserved with only small structurahges (Fig. 1).
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(A) Typical structures of eukaryotic hopanoids

Hydroxyhopanone " OH  Zeorine . Diploptene
isolated from dammar resin isolated from lichens isolated from ferns

(B) Typical structures of geohopanoids

O

/@ S\\ /%/\/COZH ! 'OH
\ \\ \\ .

Fig. 1. Typical hopanoids found in eukaryotes (A) and sexlits (B).

The ubiquitous presence and the huge amounts diogaooids, together with their
extremely varied structures, make them very usefebchemical markers and, more
importantly, the attractive “molecular fossils” bacteria. This argument was supported, on
the one hand, by the fact that diplopte®ievas detected in the early 1970’s in a few
prokaryotes (Gelpiet al, 1970; Bird et al, 1971; De Roseet al, 1971). It was then
consequently interpreted as the precursor of sdntteedG, or smaller geohopanoids (Bisd
al., 1971). On the other hand, isolation of the higdntyphiphilic bacteriohopanetet®(BHT)
from Acetobacter xylinunshed light on the origin of complex geohopanoialstaining up to
35 carbons (Forstest al, 1973; Haighet al, 1973). However, BHT was not proven as a
precursor of geohopanoids until its correct strieetuas identified as asgbacteriohopanoid
that possesses an additional linear polyhydroxgl&seside chain linked to the C-30 carbon
atom of the hopane side-chain (Rohmer and Ouris$®r6b). To date, numerous diverse
hopanoid structures have been elucidated from & wahge of bacteria from different
taxonomic groups. Moreover, the transformation loése bacterial hopanoids into their
geological analogues is accomplished by mostly watbwn maturation reactions taking
place in sediments (Ourissehal, 1979; Bisseret and Rohmer, 1993; Schaeffexl., 2008).
According to these results, hopanoids derived filmmteria are widely considered as the

precursor of the geohopanoids (Ourisstal, 1979).
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2. Bacteriohopanoids present huge structural diversityfrom a

wide range of bacteria

Hopanoids produced by bacteria present an imprestiactural diversity (Fig. 2). The
most readily detected hopanoids, diplopté&@nd diploptene with the usual g skeleton,
are present, at least in trace amount, in all hojdasynthesizing bacteria (Rohmet al,
1984). Tetrahymandb (Fig. 2) derivatives with the quasi-hopanoid garoemane skeleton
are characteristic ddhodopseudomonas palustaisd the relateBradyrhizobiunmspp. (Bravo
et al, 2001). The majority of bacterial triterpenoids #ne Gs bacteriohopanepolyols (BHPS),
called here bacteriohopanoids, that bear an additiG; side chain linked by a carbon/carbon
bond to the isopropyl group of the hopane skeleton.

Structures of BHPs differ in modifications of thenpacyclic ring system and also in the
number, position and nature of functional groupthefside chains (Rohmer, 1993; Talbot and
Farrimond, 2007). The most commonly occurring sildain structures contain three hydroxyl
groups at C-32, C-33 and C-34 positions with anotlydroxyl (bacteriohopanetetrol, BHg)
or amino group at C-35 (aminobacteriohopanefrjolThese two compounds represent the
most common & bacteriohopanoids, and are usually found in ardevesuite of organisms
(Ourissonet al, 1987; Rohmer, 1993). The structural variationsba€teriohopanoids and
their source microorganisms are listed below (Eignd table 1):

- Methylation at C-2, C-3, C-12 or C-31 and presesfagouble bonds at C-6 and/or C-11.

Presence of a methyl group at §-@n ring A was first found in the BHPs from the
cyanobacteriunNostoc muscorumand in diplopterol fromMethylobacterium organophilum
(Bisseretet al, 1985). In the latter bacterium, it was even aquanmed by trace amounts of
20-methyldiplopterol (Stampket al, 1991). B-Methyldiplopterol was later found in all
Methylobacteriumspp. (Knaniet al, 1994) and also iBradyrhizobium japonicurwith the
accompanition of @methyltetrahymanol (Braveet al, 2001). B-MethylBHT has been
discovered in trace amounts ethylobacterium organophilunand is considered as
characteristic feature of cyanobacteria (Zkaal, 1996; Summonst al, 1999). A tentative
structural assignment foanethyladenosylhopane according to an APCI-LCIM@ectrum,
was reported fromBradyrhizobium japonicur(iTalbotet al, 2007a).

Methylation at C-B positions occurs in the BHPs in all acetic acidtbaa (Rohmer and
Ourisson, 1976a; Zundel and Rohmer, 1985a; Peisal@rRohmer, 1992) and also in most
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Type | methanotrophs (Neunlist and Rohmer, 1985&ji€ et al, 2000a). In acetic acid
bacteria,e.g. Acetobacter acetssp.xylinum (Rohmer and Ourisson, 1986) aAdetobacter
europaeugSimoninet al, 1994), this feature is usually accompanied byaturation of the
ring system at C-6 and/or C-11.

Complex bacteriohopanoids possessing an additroe#hyl group at C-31 were reported
from Acetobacter europaeu$imoninet al, 1994). The unsual &2Methyl BHT has been
identified from the marine spond¥akortis simpleXCostantincet al, 2000).

- The presence of hydroxyl group(s) at C-30 and/&1®f the side chain.

Hopanoids8 and9 with five functional groups, containing an additbmydroxyl group at
C-30 or C-31, were reported in cyanobacteria (Betset al, 1985; Zhacet al, 1996) and
methanotrophic bacteria (Neunlist and Rohmer, 1985@jic et al, 2000a; Talbotet al,
2001). A unique hexafunctionalized side chain $tmecl0, containing five hydroxyl groups
and a terminal amino group, is only present in Typgethanotrophs (Neunlist and Rohmer,
1985a; Cvejicet al, 2000a; Talbokt al, 2001).

- Addition of functional moieties to the terminal fttional group of @s bacteriohopanoids
on the side chain.

Bacteriohopanoids bearing an aminohexasg.(6), N-acylaminohexoses(g.17) or a
hexosuronic acide(g.15) linked to the C-35 hydroxy group of BHI via a glycosidic bond
were discovered in the thermoacidophiecyclobacillus acidocaldariugLangworthyet al,
1976) and the purple non-sulfur bacteriimodospirillum rubrun{Llopiz et al, 1992).

A carbapseudopentod® linked to the terminal hydroxyl group of BHT via ather bond
is frequently present in numerous bacteria (Reremck Rohmer, 1985; Flesch and Rohmer,
1988b; Neunlistet al, 1988; Flesch and Rohmer, 1989; Knahial, 1994; Simoniret al,
1994; Vilchezeet al, 1994; Herrmanrt al, 1996; Cvejicet al, 2000b; Talbott al, 2003b;
Joyeux et al, 2004; Talbotet al, 2007a). Production of the guanidine substitutedT B
cyclitol etherl9is, however, restricted tdethylobacteriunspp. (Renoux and Rohmer, 1985;
Knani et al, 1994). Tentative assignment of new structurdg)ysbased on APCI-LC/MSof
the aceylated derivatives, was reported by Tadbatl. from cyanobacteria from sedimentary
samples€.9.BHT ether20 possessing a carbapseudopentose moiety with axydroup at
C-2'instead of an amino group) (Talbot and Farndy@007).

Other functional groups linked to BHT or aminobaicieopanetriol include carbamoyl

groups to C-35 and/or C-34 hydroxyl groups of BHIg(21 and22) (Renoux and Rohmer,
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1985; Neunliset al, 1988), amino-acidse(g.13 and14) (Neunlistet al, 1985) or fatty acids
(e.g. 11 and 12) (Seemann et al, 1999) to the terminal amino group of

aminobacteriohopanetri@lvia an amide bond.

- Side-chain modification of £ bacteriohopanoids with 5'-deoxy adenosyl moietg.25)
linked to the hopane skeleton via carbon/carbondb@t C-30 was reported in
Rhodopseudomonas acidophilideunlist and Rohmer, 1985b; Flesch and RohmeB8ii,9
Neunlistet al, 1988; Talbotet al, 2007a). Another unique hopanoid side-chain stine@4
containing a ribonolactone moiety was foundNitrosomonas europaeéSeemanret al,
1999).

- Presence of the two diastereoisomers at C-34 insBhs been only observed in the
Acetobacterspp. (Peiseler and Rohmer, 1992) or at C-22 inddweirated BHTs of the
Acetobacterspp. (Rohmer and Ourisson, 1976b, 1986) and imasy¢hopane25 of
Rhodopseudomonasidophila(Neunlistet al, 1988). Moreover, 32,35-anhydro-BH5V has
not only been found as a geohopanoid, but is alealyced by the spongB. simplex
(Costantincet al, 2012).

- The unexpected discovery of &BHT in a few Gram-positive bacteria suchFsnkia
spp. and related species (Rosa-Petral, 2001).
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Table. 1.Examples of source microorganisms of functionalizacteriohopanoids.

Derivatives of1l8
© S
MR o | ® w
w § % o w | L B | & o o B = >
N 1
Tle|e|xs = |5 | |® 5|55 o S
4| | o) O bR, |lkr|lerlrlr|lr|lr NN [NM]NM]N
Type ,15,18,31,35,38,39 \/ ,\/ \/ ,\/ \/
2 Typellle’ss’38 N v N
3 ;
s Methylocella palustri& J J
C
£ (Type Il
()
= Methylacidiphilumspp® ¢y
(Verrucomicrobia
Cyanobacterig®?32330:3231 | 4 \ \
Purple non-sulfuf
\ \ VR
bacterl ,10,13,14,17,19,23,33,3p
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g 8 Frankiaspp® |
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g & | Bradyrhizobium japoniuf® | N
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Acetic acid bacterfq?+2528:3444 | N NI I
Burkholderiaspp®>® | \ N
Alicyclobacillus acidocaldariug?*3|
Frateuria aurantid | v V
Zymomonas mobili$ | N N
Desulfovibrid | v NI

'Bisseretet al.(1985):?Blumenberget al.(2006);°Bravoet al.(2001);*Cvejic et al. (2000a)>Cvejic et al.(2000b):°*Flesch and Rohmer (1988);
"Flesch and Rohmer (1989)4errmannet al. (1996); °Joyeuxet al. (2004);°Kleemannet al. (1990);*Knani et al. (1994): *4_angworthy and
Mayberry; (1976)Llopiz et al.( 1992) *Neunlistet al. (1985} **Neunlist and Rohmer (1985¢fNeunlist and Rohmer (1985&)Neunlist
and Rohmer (1985b}2Neunlist and Rohmer (1985¢7Neunlistet al. (1988);*°Peiseler and Rohmer (1992¥Porallaet al. (1980);%’Renoux
and Rohmer (1985)*Rohmeret al. (1984); *Rohmer and Ourisson (1976b°Rohmer and Ourisson (1986jRosa-Putraet al. (2001);
2'Seemanret al. (1999} 2®Simoninet al. (1994} *°Stampfet al. (1991);*°Summonset al. (1999):*'Talbot et al. (2001);**Talbot et al. (2003);
%Talbotet al. (2007a) **Talbot et al. (2007b):**van Windenet al. (2012);**Vilchezeet al. (1994} 3'Zhaoet al.(1996);**Zhou et al. (1991);
39zundel and Rohmer (19854JZundel and Rohmer (1985b)
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Bacteriohopanoids are characterized by a hugetstaldiversity, a high polarity and a
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strong amphiphilic character. Therefore, no gener@thod has been developed so far for the
screening of intact hopanoids. Furthermore, ismhatof the BHPs, which are highly
functionalized and amphiphilic, proved difficultecause they can hardly dissolve in most of
the usual solvents. The structure elucidationritadt hopanoids is hence generally performed
on their peracetylated derivatives, which allow ftheification by chromatographic methods
and the detection in the resulting fractions by fingerprints of methyl groups of hopane
skeleton and by the acetyl groups observedHbhIMR spectra. The widely used method for
detection of bacteriohopanoids was developed bynRohthe crude extracts were treated by
periodic acid (HIOe¢) to cleave the polyhydroxylated side chain, fokamlvby sodium
borohydride (NaBl) to reduce the resulting aldehydes to a mixturgniiary alcohols
which were then acetylated for the convenient mation process and the easy analysis by
GC-MS (Rohmer and Ourisson, 1976b; Rohnetral, 1984) (Fig. 3). Although the
derivatization results in the loss of informatiaor the side chain structural diversity, this
methodology is still the most general way to detbetpresenc of bacteriohopanoids. Among
the bacteriohopanoids discovered so far, only asldhopane 25 escapes from this

derivatization method.

OH OH 1) HslOg .
2 /" X 2) NaBH,4 | ., acetylation | .,
T N S YT o Y ok
\'\ OH \\ \
X=0orNH 29-(2'-hydroxyethyl)-hopane 4

Fig. 3. HslOs/ NaBH, derivatization on the polyhydroxylated side chafitbacteriohopanoids.

A procedure requiring no further derivatization lidpanoids was also developed for
hopanoid analysis. This method employs a solid@hasxtraction followed by
semi-preparative HPLC purification of complex baietiehopanoids, and it has been proved
efficient for the isolation and quantification ofdividual hopanoids (Moreaat al, 1995;
Roth et al, 1995). A novel method usingtmospheric pressure chemical ionization liquid
chromatography/ion trap mass spectrometry (APCIME)) allows rapid screening of intact
BHP peracetates that are not suitable for conveati@€sC/MS techniques, such as the
aminobacteriohopanetri@l, adenosylhopan25 and many other complex BHPs. This feature
makes APCI-LC/M8 an interesting alternative for the rapid detectbhopanoids in diverse
biological and in environmental samples (Talkbtal, 2001; Talbotet al, 2003a; Talbotet
al.,, 2003b; Talbotet al, 2007a, b). This method requires reference samfudesthe
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identification, thus it is better suited for theegion of known hopanoids.

Thanks to these analytical methods, a wide randmadtferiohopanoids has been detected
and their distribution has been elucidated. Th&t fieport concerning hopanoid distributions
in prokaryotes in 1984 pointed out the absenceapfahoids in Archaea as well as their
ubiquitous presence in vast bacteria, including ynanethanotrophs, methylotrophs,
cyanobacteria, nitrogen fixing bacteria and purmme-sulfur bacteria (Rohmet al, 1984).
Although hopanoid biosynthesis does not requirecydien (Rohmeeet al, 1979) and their
presence has been reported in facultative anaetmditeria grown in strictly anaerobic
conditions, e.g. Rhodopseudomonas vanni¢heunlist et al, 1985), Rhodopseudomonas
palustris (Neunlist et al., 1988)Rhodopseudomonas acidoph{ideunlistet al, 1988) and
Zymomonas mobligFlesch and Rohmer, 1989; Herrmaan al, 1996), hopanoids have
traditionally been regarded as being derived mdmagn aerobic organisms. In the last years,
hopanoids have been observed in a range of faeeltar obligate anaerobes, such as
anaerobic ammonium oxidazing and sulfate reducengdsia (Thielet al, 2003; Sinninghe
Damstéet al, 2004; Hartneet al, 2005; Blumenberegt al, 2006; Fischer and Pearson, 2007,
Rattrayet al, 2008). Besides aminobacteriohopanetetrol froesulfovibrio(Blumenberget
al., 2006), a genus of sulfate reducing bacteria,othlg other intact structure reported from
anaerobes is BHT. No unsaturated ring system ohylaéed BHPs structures have been
found in the investigated anaerobes.

More recently, genome analysis was engaged in thdies concerning hopanoid
biosynthesis, and allowed a more accurate overvadwhopanoid distribution among
eubacteria. The successfully characterizggdialene-hopene cyclagehg gene is widely
considered as an indicator of the potential hoghpodducers as it is required to produce all
hopanoids. Analysis of the genome sequences of thare600 bacteria revealed that only 10%
containedshcgenes and suggested an abundance of hopanoid thiesinin bacteria lower
than expected (Fischer and Pearson, 2007). Stundilesling non-cultivable organisms, using
polymerase chain reaction (PCR) and metagenomia diedm different ecosystems,
confirmed that the true fraction of hopanoid proghscin most environmental samplesg(
diverse farm soils and mine drainage) may be noenttoan 10% and in aquatic systems it
could be less than 5% (Pearsral, 2007). Recently, a new and apparently ubiquitposp
of hopanoid producers, the members of which alsssggs theshc genes but have no
identifiable close relatives, was identified by ag#nomic analyses (Pearsenal, 2009;
Pearson and Rusch, 2009). If we take into condiderghat the majority of bacterial species

remains uncultivable, this reflects how little isndwn about the phenotypes of



hopanoid-producing bacteria (Hugenholtz and Pa2@6;1Rappe and Giovannoni, 2003).
3. Bacteriohopanepolyols serve as biomarkers for baadtal

environments

Triterpenic biomarkers in hopane series are widskd in organic geochemistry. Many
studies have employed BHP fingerprinting in an mafie to elucidate present bacterial
community composition, according to their limitedoguction in specific individual, or
classes and groups of organisms (Talbot and Fandma007). Moreover, as most BHPs
appear to be relatively resilient to degradatidwirt potential is highlighted as sedimentary
tracers for past bacterial population distributioAsninopentol 10 and its 3-methylated
analogue serve as markers for type | methanotrgésnlist and Rohmer, 1985c; Cvept
al., 2000a; Talbott al, 2001); the occurrence of methylation at C-3 ansaturation at C-6
and/or C-11 at the same time is an important siraticharacter of the BHPs produced by
acetic acid bacteria (Peiseler and Rohmer, 19%Me&thylhopanoids are used as biomarkers
for cyanobacteria, although their finding irRlhodopseudomonas palustagain challenges
this possibly too narrow interpretation (Raslahal, 2007). Even the widespread BlgTand
BHT cyclitol etherl8, which are thus not diagnostic for any particgeoup of organisms or
processes, help to indicate the bacterial actbhagterially derived organic matter according
to their presence and relative abundance.

Production of BHPs is also related to different ismvments. Their distribution in
sedimentary organic matters can reflect certainsystem changes. For example,
adenosylhopang5, the tentatively identified 2-methyladenosylhopane structurally related
compounds were recently proposed by Coekeal. (Cooke et al, 2008) as synthesized
exclusively by soil bacteria, thereby possibly d¢asng a novel tracer for tracking soil
derived organic matter (OM) input into aquatic seeints (Talbot and Farrimond, 2007;
Cookeet al, 2008, 2009). The presence of the tentativelgtiled unsaturated BHT cyclitol
ethers A° or A™) and structurally related™-BHT in high concentration between 500 and
600 ka in the Congo deep see fan, which were peapass possible biomarkers for
nitrogen-fixing Trichodesmiumcyanobacteria, was interpreted by a decrease tnent
supply to surface waters, resulting in more intgedagic N fixation (Handlegt al, 2010).

In summary, BHPs offer great potential as molecoiarkers of bacterial populations and

processes due to the taxonomic variation exprelsgdtie producer organisms, which could
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provide a valuable record of bacterial communityudures in modern or ancient

environments. However, very little is known abol¢ tdiagenetic processes implied in the
conversion of a bacterial biohopanoid into the ggamoids found in sediment; on the other
hand, the interpretation of hopanoids as indicatbisertain bacterial groups ultimately relies

on the understanding of their physiological rolenadern bacteria.

4. Biological function of bacteriohopanoids

Hopanoids are regarded as surrogates to sterolsmyptbecause of their amphiphilic
nature, a characteristic feature of membrane ljplig also because of their flat, rigid
skeleton resulting from the allans ring junctions of the pentacyclic triterpene rigigstem
and of a length corresponding to the half of thekiness of a phospholipid bilayer (Rohmer
et al, 1979; Ourissort al, 1987). They have been shown to be localized encglioplasmic
and outer membranes of certain bacteria (Jakhlké, 1992; Jirgenst al, 1992; Simoniret
al., 1996) andin vitro experiments have shown that these molecules drgert in
condensing artificial membranes and enhancing iseosity of liposomes.

The condensing effect of hopanoids on phospholgydrs was proved by Kannenbety
al.(1994). Hopanoids are able to regulate membranglitffuand induce order in the
phospholipid matrix of membranes, thus reducing etwalar permeability and increasing

liposome membrane stability (Fig. 4).

IAOAR, e TR
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Fig. 4. Schematic representation of the condensing actigposed by elongated hopanoids
(BHT) on phospholipids in bilayer membranes (Karberg and Poralla, 1999lack circles
polar phospholipid headgigzaglines attached fatty acids.

The sterol-surrogate function of hopanoids was aspported by their increased
concentration in membranes Aficyclobacillus acidocaldariusat high temperatures and at
acidic conditions (Porallat al, 1984). Deletion of theshc gene inRhodopseudomonas

palustrisresulted in the lack of hopanoid production andseguently caused the increase of
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membrane permeability. In addition, a severe growfect, as well as significant
morphological damage, was observed in Bigalustrismutant when cells were grown under
acidic and alkaline conditions. Putative role ofp&noids in membrane integrity and pH
homeostasis was thus suggested according to thssgbbgical study (Welandeat al, 2009).

Hopanoids have also been proposed to be a respomsgreme alcohol concentrations.
In the alcohol-toleranEymomonas mobilighe bacteria are rendered sensitive to ethanol in
the presence of inhibitors preventing hopanoidymtsesis (Sahret al, 1993). However, the
correlation between ethanol concentration in medamd hopanoid content id. mobilis
membranes was found controversial in later studdedy minor changes were observed in
hopanoids concentration and composition over a walgge of ethanol concentrations
(Hermanset al, 1991; Moreatet al, 1997).

Another example of a biological function of hopat®iwas described f@treptomyces
coelicolor, in which hopanoid production is strongly linkedaerial growth and sporulation:
these triterpenoids may alleviate stress in aemalelium by diminishing water permeability
across the membrane (Pora#tal, 2000). A recent physiological study on hopanadis
Rhodopseudomonas palustrdemonstrated that unmethylated and, @opanoids are
sufficient to maintain cytoplasmic but not outermi®ane integrity (Welandest al, 2012).
These results imply that hopanoid modificationsjuding methylation of the A-ring and the
addition of a polar head group, may have biologiactions beyond playing a role in
membrane permeability

Hopanoid function is not restricted to membranatesl activities alone. For example,
hopanoids were reported to be capable of aligniejulose microfibrils excreted by
Acetobacteria. xylinunfHaigh et al, 1973). An extracellular function for hopanoids teeen
observed as well. Nitrogen-fixing Actinomycetes dhe genus Frankia form
nitrogenase-containing vesicles that are surroundgdmultiiamellate lipid envelopes
containing hopanoids. It is assumed that the lgndelope serves as an oxygen barrier to
protect nitrogenase from exposure to oxygen (Kleened al, 1994; Nalinet al, 2000; Abe,
2007). However, the absence of hopanoids in hetet®cwhich are formed biNostoc
punctiformeand express nitrogenase that supplies adjacemdtatege cells with fixed N,
suggests that there is no functional link betweedfixBtion and hopanoid inNostoc
punctiforme(Doughtyet al, 2009).

In conclusion, hopanoids certainly have a strongaoh on the barrier properties of
biological membranes in different culture condig8oout apparently can have several other

specific functions in many bacteria, most of whimtobably have not been identified yet.
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Construction of deletion mutants and phenotypeysmalvill be necessary to identify specific

functions in selected species.

5. Biosynthesis of bacteriohopanoids

Numerous efforts have been dedicated in orderuocigdte the biosynthesis of bacterial
hopanoids. Pioneer work was done by Rohmer and arkess, utilizing isotopic labeled
substrates as tracers to elucidate hopanoids fmmat selected bacteria. The possible
enzymatic reactions and putative precursors ingbimebacteriohopanoid biosynthesis could
thus be deduced according to the labeling restritsresting features have been revealed
thanks to the labeling experiments, as well asgireetic studies being carried out in recent

years.

5.1. Synthesis of the € precursors isopentenyl diphosphate and

dimethylallyl diphosphate

Bacterial hopanoids are derived from isopentenylsuvia the mevalonate-independent
methylerythritol phosphate (MEP) pathway that isduby most prokaryotes, green algae as
well as some higher plants (Rohnetral, 1996; Rohmer, 1999) (Fig. 5b). The MEP pathway
was unexpectly discovered by the labeling experistrat intended to elucidate the origin of
Cs side chain (Flesch and Rohmer, 1988b). The lafpgdatterns found in the isoprene units
after introduction of [IC]- and [2*°C]acetates differed completely from those expected
from the mevalonate pathway (Fig. 5a), which wasnimously admitted as the sole
biosynthetic pathway towards isopentenyl diphosphl{#®P) and dimethylallyl diphosphate
(DMAPP), the universal precursors of isoprenoidbviimg organisms.
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Fig. 5. Biosynthesis of isoprene units via the mevalonaéhway (a) and via the MEP

pathway (b).

Further incorporation experiments usiftC-labeled precursors (glucose, erythrose,
pyruvate) as well as deuterium labeled glucose ar@methylerythritol unveiled the
mysteries of MEP pathway: IPP and DMAPP are derivech pyruvate and glyceraldehyde
3-phosphate (GAP) via €-methylD-erythritol-4-phosphate (Rohmet al, 1993; Duvoldet

al., 1997a; Duvolceet al, 1997b; Rohmer, 1996, 2007).
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5.2. Synthesis of triterpenes of hopane series frolRP and DMAPP

Stepwise head-to-tail additions of IPP to DMAPP afuither to other derived
allyldiphosphorate under catalysis of prenyltraredes result in geranyl diphosphatggfC
farnesyl diphosphate (€), and geranylgeranyl diphosphate{fCTwo farnesyl diphosphate
units can be condensed tail-to-tail by squalen¢hsyges to yield squalene (Fig. 6).

&L - .
N-"opp )\V/ IPP X N-"opp

DMAPP geranyl diphosphate

(z )wOPP

A \@" B — X A A —_—

OPP
w )\/\/K/\OPP
L@
X > OPP

—_— N X N N
geranylgeranyl diphosphate

farnesyl diphosphate

squalene

Fig. 6. Formation of squalene from IPP and DMAPP.

Squalene is then cyclized to hopene by the key rapzgpf hopanoid biosynthesis,
squalene-hopene cyclase (SHC; EC 5.4.99.17) (Seakt Poralla, 1986; Oclet al, 1990;
Ochset al, 1992). This SHC reaction involves formation ofefiring structures, 13 covalent
bonds, and nine stereocenters and therefore iobtlee most complex one-step enzymatic
reactions (Fig. 7). Only a few SHCs have been ariand biochemically studied so far
including Alicyclobacillus acidocaldariu§SHC, Methylococcus capsulatHC, Zymomonas
mobilis SHC, Bradyrhizobium japonicunsHC, Streptomyces peucetius SHC, Tetrahymena
thermophilaSHC andRhodopseudomonas palust8$1C (Siedenburg and Jendrossek, 2011
and references cited therein). SHC enzymes preslent degree of substrate selectivity but a
high degree of product specificity (Andirg al, 1976), and they are capable of accepting a
wide variety of squalene analogues4€Cs;) and efficiently perform sequential ring-forming

reactions to produce a series of unnatural cyaiggyenoids. By utilizing such properties of
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the enzyme, unnatural novel polycyclic polyprenoldss/e been generated by enzymatic
conversion of chemically synthesized substrate cgpueds (Hoshinoet al, 1999 and

references cited therein).
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Diploptene 3 Diplopterol 2

Fig. 7. The polycyclization reaction of squalene to hopen&HCs

5.3. Origin of additional methyl groups on hopane skelan from

methionine

The last biosynthetic step corresponding to the ifitation of the hopane skeleton
concerns the introduction of additional methyl greuwhich are found on saturated carbon
atoms of the hopane skeleton. Methionine is thelnnethyl donor for the additional methyl
groups of B-methyl BHTs of Acetobacter pasteurianusZindel and Rohmer, 1985b),
2B-methyldiplopterol ofMethylobacterium organophilunfiZzundel and Rohmer, 1985b) or
31-methyl BHT of Acetobacter europaeu&Simonin et al, 1994). The additional methyl
groups were all labeled by an unspecified methyhatiprocess upon feeding with
[CDs]methionine with retention of all three deuteriutoras.

Recently, ahpnP gene was characterized fromRbodopseudomonas palustgsrain
(Welanderet al, 2010). It was annotated as a rad&aldenosylmethionine (SAM) methylase
and was indicated to be necessary for the metbylai C-2 of bacteriohopanoids. At present,
thehpnPgene appears to be a potent predictor of the dggagroduce 2-methylhopanoids,
for it is identified so far as the only gene enghiethe methylation process among the tested
bacteria.

An additional genehpnR was identified very recently for the methylatiohhopanoids
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at C-3 in the obligate methanotrophethylococcus capsulatustrain Bath (Welander and
Summons, 2012). Like thbpnP gene,hpnR gene was also annotated as a radical SAM
protein possibly containing a B-12 binding domdminformatic analysis revealed that the
taxonomic distribution ohpnRextends beyond methanotrophic and acetic acicebaciThe
distribution of the C-3 methylase in oxygen-demagdbacteria seems robust for now and
can be seen as further evidence for the use oftBythepanes as proxies for the occurrence

of aerobhic metabolisms in ancient environments.

5.4. Polyhydroxylated Cs side chains of bacteriohopanoids are derived

from a D-ribose derivative.

Feeding experiments using fiClacetate on Rhodopseudomonas palustris
Rhodopseudomonas acidophiéad Methylobacterium organophiluniFlesch and Rohmer,
1988b), as well as [£C]-, [2-**C]-, [3-2°C]-, [5-*°C]- or [6-*C]glucose intoZymomonas
mobilis (Rohmeret al, 1989) indicated that the side chain @f Gacteriohopanoids (BH®
and aminobacteriohopanetriol) was derived from abD-pentose derivative, xylulose
5-phosphate, via the non-oxidative pentose phosplpatthway (Fig. 8), because the
distribution of isotopic enrichment observed in thgpplementary £ unit was in total
agreement with that derived from this metaboliccpss (Fig. 9). Moreover, the labeling
result also pointed out that the C-5 carbon atomth&f D-pentose derivative, which
corresponds to the C-6 carbon atom of glucose liwkesd to the C-30 position of the hopane

skeleton.
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Fig. 8. Non-oxidative pentose phosphate pathway. Ributepbosphate generated from
glucose 6-phosphate via oxidative pentose phosplmthway is converted into
ribose-5-phosphate and xylulose-5-phosphate imdimeoxidative phase of pentose phosphate
pathway. Further conversion of these pentose deresleads to the formation of fructose
6-phosphate which regenerates glucose 6-phospizatmelization.
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Fig. 9. Side-chain labeling pattern of BHT frofiC-labeled glucose or [Clacetate via
non-oxidative pentose phosphate pathway.

The stereochemistry of this side-chain was unandugly determined as B 33R and
34S by the comparison of the natural BHT with eightsgble synthetic diastereomers with
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varied stereochemistry at C-32, C-33 and C-34 @etsand Rohmer, 1989) and also by the
chemical correlation with adenosylhop&teof known absolute configuration (Neunledtal
1988). The consistent side-chain configuration olesk in nearly all elongated
bacteriohopanoids indicates thabaibose derivative is a likely precursor for thedagnal

Cs unit that it is attached to the C-30 carbon atdrtne hopane framework via its C-5 carbon
atom.

Labeling experiments not only revealed the origih tbe G side chain of &
bacteriohopanoids, but also allowed verifying tlom-+equivalence of the two carbons from
the isopropyl group of the hopane skeleton. Indélee,C-30 position was always labeled
whereas the C-29 position was never labeled ithallbacteriohopane derivatives when they
were derived from the labeled precursors{i}acetate which is converted vivo into
[3,4-°C]glucose (Flesch and Rohmer, 1988a), and®¢3- or [6-°C]glucose (Sutter, 1991;
Rohmeret al, 1993); on the other hand, C-29 could be labeted when [4**C]glucose was
incorporated (Toulouse, 2011) (Fig. 10). This shebweat there was no free rotation around
the C-21-C-22 bond in the cationic intermediatehvaitpositive charge at C-22 arising from
squalene cyclization. The carbon atom C-30 thabigled to G side chain corresponds only
to the terminalZ-methyl group of squalene. Cyclization of [2550;]squalene, where the
two terminalZ-methyl groups are labeled, Bficyclobacillus acidocaldariusSHC protein
showed that th&- or E-methyl groups of squalene corresponds respecttediye methylene
(C-29) or the methyl group (C-30) of the diplopteside chain (Hirsch, 2004).
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Fig. 10 Partial labeling results of hopanoids arisingrrf8-*>C]-, [4-*C] and [62°C]glucose
(Toulouse, 2011).
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5.5. Coupling between a triterpene moiety and @-ribose derivative

The nature of the reaction, which permits the cioigpbetween the triterpene moiety and
a D-ribose derivative, was first proposed by Rohreerl. according to few already known
enzymatic reactions that probably had similar cottera (e.g. the biosynthesis of
Sadenosylmethionine) (Neunlist and Rohmer, 1983esdh and Rohmer, 1988b; Rohmer,
1993) (Fig. 11). It was presumed to involve a noglelic hopane derivative, such as
diploptene3, and an electrophilip-ribose derivative possessing a good leaving gaedup-5
(e.g. ribose 5-phosphate, ribose 5-diphosphate ®adenosylmethionine) yielding
30-(5'-ribosyl)hopan&€3 or adenosylhopang5 via a cationic intermediate with a positive
charge at C-22, hence interpreting the simultanepussence of the two C-22
diastereoisomers of BHT in acetic acid bacteriahfRer and Ourisson, 1976b, 1986) and of

adenosylhopane iRhodopseudomonagidophila(Neunlistet al, 1988).
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5.0 ,.OH o) Adenylation 0
3 Y/\Q\w b » 1OH fé‘«,,/ 1-OH
i = )on
©]

HO OH OH 03 Deadenylation OH

® - _0 — > BHP derivatives

Fig. 11 Proposed substitution reaction for the coupliegeen a triterpene moiety and a
D-ribose derivative (Rohmer, 1993).

The incorporation experiment of [6°6k]glucose into the hopanoids @ymomonas.
mobilis also shed light on the essence of the couplingctima (Duvold, 1997).
[5,5-°H,]Xylulose 5-phosphate is synthesiziedvivo from [6,6°H.]glucose, and both of the
two deuterium atoms were retained on the C-31 iposaf complex bacteriohopanoids (Fig.

12). Accordingly, an oxidation of the C-5 positiohxylulose 5-phosphate and a subsequent
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addition reaction between the hopanoid derivatind the pentose precursor are definitely
excluded for the formation of the side chains aftbaohopanoids. The coupling reaction was

supposed to be a substitution.

PHO CH,OH
2
OH o OH OH
HO — o ., L. OR
OH B -
¢D,0H CD,OP
[6,6-2H,]glucose [6,6-?H,]xylulose 5-phosphate

Fig. 12. Labeling patterns of thesGide-chain after the incorporation with [6}8,]glucose
into the hopanoids ddymomonas mobilis

According to the mechanism suggested for the cogpteaction, a cationic intermediate
with a positive charge at C-22 would be involvedvadl as a consequently reduction leading
to 30-(5'-ribosyl)hopane derivative. Thereforasihot necessarily unexpected ttzat hydride
would be introduced from NAD(P)H, which is a generafactor for enzymatic reductions,
such as the DXR or LytB catalyzed reactions in EP pathway (Fig. 5). However,
deuterium labeling at C-22 has never been obsenvdtie presence of a diastereomeric
mixture of NADPH synthesizedn vivo from [1-°H]glucose inZymomonas mobiljsvhereas
all other reduction depending directly (reductioatatyzed by the DXR) or indirectly
(reduction catalyzed by lytB) on NADPH were chaesicied by a deuterium atom on the
carbon atom corresponding to the site of reduc{©haron, 2000; Toulouse, 2011). This
result showed that the hydrogen atom on C-22 positioes not correspond to a hydride
transfer from NADPH, but to the transfer of an emuteable hydrogen atom ‘(ldr H)

originating from water of the environment.

Since this non-labeling of C-22 position was in tcadiction with the proposed
substitution mechanism, an alternative hypothesas wroposed for the formation of
bacteriohopanoid side chain: an adenosyl radicailldvbe involved in the coupling reaction
(Charon, 2000). It was suggested to be generated &adenosylmethionine by a reduced
iron-sulfur cluster, yielding the well known 5'-dg@adenosyl radical, thus giving
adenosylhopang5 as a putative intermediate.

This hypothesis is consistent with the results ioketh from already performed
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experiments. Firstly, feeding experiments with*{C]acetate irR. acidophilahas shown that
the labeling patterns of the-ribose moiety of adenosylhopane were quantitivegntical
with those of the side chains of all the other B##ivatives (Flesch and Rohmer, 1988b),
indicating that they were derived from the samegiori Moreover, adenosylhopane is
frequently isolated in various hopanoid-producirerteria (Neunlist and Rohmer, 1985b;
Seemannet al, 1999; Bravoet al, 2001; Talbotet al, 2007a). The small amounts of
adenosylhopane usually found in many hopanoid predus in agreement with the role of an
intermediate in a biosynthetic process, being @ikt converted with a high turnover into
the major bacteriohopanoids with linear side chaing.g. BHT 6 or
35-aminobacteriohopantridl). Last but not least, although the adenosyl radioald either
arise from homolytic cleavage of adenosylcobalafooenzyme B) or from single-electron
reduction ofS-adenosylmethionine (coenzyme iron-sulfur clustérg latter is more often
consumed as a co-substrate rather than a truetapfac/arious enzymatic processes (Marsh
et al, 2010).

A possible mechanism shown in Fig. 13 would gereaat intermediate having a radical
at C-22 position. The radical would first acceptedectron from [4Fe-4%]. The resulting
anion may be protonated by an acid residue of tilmyme active site, and then provide
adenosylhopan@5 (Fig. 13, mechanism A). Alternatively, the radicatermediate would
accept a radical Hrom a cysteine thiol in the enzyme active sitefford adenosylhoparizs.
The resulting radical from deprotonated cysteineltmight then transfer an electron to
oxidized iron-sulfur cluster [4Fe-4%]and form a new disulfide bond. The cysteine thiol
residue is then restored to its deprotonated foynthe reduction promoted by cofactor
NAD(P)H (Fig. 13, mechanism B). This mechanism nspired by the mechanism of
ribonuleotide reductase, which catalyzes the foonatof 2-deoxyribonucleotides in
Escherichia col(Eklundet al, 1997; Mulliezet al, 2001). The two hypothetical mechanisms
for the protonation process on C-22 position areagreement with the fact that the conversion
of squalene or diplopterginto elongated bacteriohopanoids is accompanidd avreduction
involving the transfer of an exchangeable hydroggem, which could be either in the form of

H* or in the form of H
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Fig. 13. Hypothetical mechanisms for the coupling betwegtogtene3 and a radical SAM
enzyme as the donor of an adenosyl group.

Recent genetic study on hopanoid biosynthesiMéthylobacteriumfurther confirmed
this idea (Bradleyet al, 2010). The gene required for adenosylhopane foomé annotated
as a radical SAM enzyme complexed to a reduced EktSer. Deletion of this gene in
Methylobacterium resulted in the deficiency of elongated bacten@mwids but the
accumulation of a § hopanoid, diplopten8. The authors thus proposed that adenosylhopane
was the first precursor in the side chain biosysithef Gs bacteriohopanoid derivatives.

Although diploptene was suggested as the possieleusor for the hopane moiety, the
incorporation of tritium labeled diploptene intgsacteriohopanoid derivatives was only
achieved once from the cell-free system Axetobacter pasteurianusTritium labeled
29-(2'-hydroxyethyl)-hopané acetate was isolated afteglBgs/NaBH, derivatization on the

side chain, therefore indicating the formation ritfum labeled elongated bacteriohopanoids
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(Rohmer, unpublished work). However, most incorporaexperiments in other cell-free
systems of different bacteria using isotope labelgdoptene failed (Rohmer, 1993). This
could be interpreted by the nature of the enzymadigpling reaction between the triterpene

moiety and a radical SAM enzyme, which is defiryiteénsitive to the presence of oxygen.

5.6. Ribosylhopane as a putative intermediate of § bacteriohopanoids

Ribosylhopane23 is a rather likely hypothetical intermediate inettside chain
biosynthesis of ¢z bacteriohopane derivatives (Rohmer, 1993). Itasilg derived from
adenosylhopan@5 by hydrolysis. Although it has never been detedbefbre from any
bacterium, its role as a key intermediate in th#e-sihain formation of hopanoids was
supported by convincing arguments.

Incorporation experiments of PH]glucose into the complex hopanoids Zfmomonas
mobilis indicated that a reduction step was engaged in biesynthesis of the
polyhydroxylated linear side-chains of BHT derivas (Sutter, 1991; Charon, 2000). The
C-35 position of the BHT glycoside, correspondingthie C-1 hemiketal ab-glucose, was
found to be labeled with two deuterium atoms aifteorporation. The first deuterium atom
corresponds to the originally labeled Hlglucose, whereas the second one can only be
derived from NADPH, which is synthesizedle novoin Z. mobilis in the presence of
[1-°H]glucose. This NADEH-dependent reduction pointed out that the righbstate
probably possesses a functional aldehyde carbaoybgand this carbonyl group can only be
located on the C-35 carbon atom, since no deutelabeling has been observed on the C-32,
C-33 or C-34 positions of the BHT glycoside. Intfaihe possible candidate is the open
aldehyde form of 30-(5'-ribosyl)hopa26, which is normally present as a minor isomer in
equilibrium with ribosylhopan23. The open aldehyde for@6 may explain the presence of
two diastereoisomers at C-34 position of BHT#cetobacteispecies (Peiseler and Rohmer,
1992): this isomerization of the C-34 chiral centre position of the terminal carbonyl group
occurs via enolization, directly giving the @4BHT series (Charon, 2000) (Fig. 14).
Although ribosylhopan3 has not been isolated, the lactd&¥(Fig. 2) bearing a unique
carbon/carbon bond between hopane and ribonolacth@®e isolated fromNitrosomonas
europaea(Seemanret al, 1999). It would directly result from the oxidatiof ribosylhopane

23, thus strengthening the hypothesis of the presehibosylhopane in bacteria.
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Fig. 14.The reduction step leading to tt81R- and B49-BHT epimers from ribosylhopane
23.

For the biosynthesis of 35-aminobacteriohopanettiale can assume that it is directly
derived from ribosylhopan23 via a reductive amination or, alternatively, fr&HTs that are
generated from ribosylhopane. However, the lattrpretation seems unlikely given that all
the known enzymatic reactions involving the trangfean amino group usually occur on
some electrophilic fragmeng.(g.an acyl or oxo group or phosphorylated furanosi)ch is
attacked by a nucleophilic N atom and then follovagda reduction. It is obviously not the
case when BHB is the substrate. Therefore, it is plausible spme that ribosylhopar23
is the branching point between the biosynthesBHT 6 and 35-aminobacteriohopanetribl
Similar to the bioconversion leading to BHT fronbasylhopane, the open for@6 of
ribosylhopan&3 possessing the aldehyde carbonyl group at C-8tre likely the precursor
of aminobacteriohopanetridl, and an aminotransferase would be required foredactive

amination as it is fairly well known for the traesfof an amino group to an oxoacid.

With all these data, a reasonable hypotheticalybitbetic pathway leading to BHg or
aminobacteriohopanetridl could be proposed as shown in Fig. 15. Adenosylheg, as
the first precursor for side chain biosynthesigjasved from diplopten8 under catalysis of
a radical SAM enzyme. Subsequent cleavage of adeyrmup of adenosylhopa2é affords
ribosylnopane23 as a key intermediate. This hemiketal is in elQdiim with the open
aldehyde form26. Further reduction or reductive amination of thdehyde26 leads to the
formation of the two major 45 bacteriohopanoids, BH& or 35-aminobacteriohopanetrig)

respectively.
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6. Objectives of this thesis

To date, there are more than 200 hopanoids haveen lreported, presenting an
impressive structural diversity. Most of the mochtiion on hopanoid structures happened on
the polyhydroxylated side chains, and it was prepdothat hopanoid side chain structures
carry taxonomic and/or physiological informatiomdéed, most bacteriohopanepolyols are
more specific to certain organisms or environmemfering thus great potential as
biomarkers for bacterial communities. A robust iptetation of hopanoids in modern and
ancient settings relies on the better understanalinigeir phylogenetic distribution. However,
only limited knowledge has been obtained so fahis area. Genome analysis recently serves
as a valuable tool to predict hopanoid productipiicteria, especially for those that may not
be cultivable or only produce hopanoids under aegavironmental conditions (Porak al,
2000). Full characterization of the genes involwedacteriohopanoid biosynthesis would
allow scientists to decipher how the structurakdsity of hopanoids is linked to their sources.
Therefore, deeper understanding of hopanoid bibegnt is absolutely indispensable and
would provide a better basis for interpreting theamng of these geologically important
molecules.

Compared to the well-established biosynthetic pathvor the pentacyclic skeleton of
triterpenoids in hopane series, very little is kmowoncerning the formation of their
polyhydroxylated side-chains. The main interesthis thesis is thus to investigate the side
chain biosynthesis of 4& bacteriohopanoids (BHT and aminobacteriohopargtrieour
projects concerning hopanoid side-chain formatiosalected bacteria were performed.

The first project is engaged in the characterizatb the genes required for hopanoid
production inStreptomyces coelicoloh3(2). Identifying the genes responsible for vasou
hopanoid modifications will provide robust toolsiliastrate the possibly involved enzymatic
reactions in hopanoid synthesis and predict theahoij structure based on genomic or
metagenomic sequence information.

Considering that sufficient amounts of hopanoid sttgtes are required for enzyme
assays and the difficulties for the isolation ofunal hopanoids and their tiny amounts in the
nature, the second project is focused on the clamjnthesis of natural adenosylhopane as
well as its deuteriated isotopomer, which repres#m critical tool for testing the viability of
the biosynthetic scheme.

Incorporation of synthesized adenosylhopane ingob@cteriohopanoids was performed
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in Methylobacterium organophiluto verify the role of adenosylhopane as a keyimégliate
in the biosynthesis of hopanoid side chain.

In the last part, primary investigation was carriedut concerning
aminobacteriohopanetriol biosynthesis. Attemptsewaade to identify the possible donor for
the terminal amino group of 35-aminobacteriohopamiet which will promote better
understanding of the relative enzymatic reactiovolved in the side chain formation of

aminobacteriohopanetriol.
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Chapter I

Hopanoid biosynthesis in Streptomyces
coelicolor A3(2): identification of
ribosylhopane as an intermediate
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I.1. The gene cluster associated with hopanoid biosyntbkis in

Streptomyces coelicol A3(2)

Streptomyces coelicoldk3(2) is the genetically best known representatifz¢he groug
of soil-dwelling, filamentous bacteria with a complex lyete involvingmycelial growth anc
spore formation. fie A3(2) strain has one linear chromosome and tasnpds.The single
chromosome was sequenced and annotated in 2002afmioondered cosmid librai(Bentley
et al, 2002). t was considered to be grouped into thregions: the core and two arms. |
the one hand, the core regicomprisesabout half of the chromosome and contains
essential genes for the survival of the organiThe two arms regions, on the other he
code for nonessential functions like the bnthesis of Secondary metabolit”, hydrolytic
exoenzymes and so oW\ cluster of genes (SCO67-6771) has been detected on
annotated cosmid SC6ABcated on one arm regi and were supposed to kimplied in
isoprenoid biosynthesi@Bentley et al, 2002). his gene cluster comprises 13 open rea
frames(ORFs), seven of which by their similarity are ceated to hopanoibiosynthesis
(Porallaet al, 2000) (Fig. 19).

) o <2 o o ) o o o ) o
D B, 2 > S = 2 = = >
<3l o O X~ = > N C o = (s

Fig. I-1. Isoprenoid/hopanoid biosynthetic genes on cosmidAS@®m S. coelicolor A3(2).
Black arrows indicate the genes probainvolvedin hopanoid biosynthesiO8, phytoene or
squalene synthase; 09, phytoene or squalene sgnth@ unknown function; 11, phytoer
dehydrogenase; 12, polyprenyl diphosp synthase or faesyl diphosphate synthase;
significant similarity also in the conserved motifs to otheuagn-hopene cyclases; 1
lipoprotein; 15, hypothetical protei; 16, putative 4-hydroxy-8ethylbu-2-en-1-yl
diphosphate synthas@&y7, putative -deoxyD-xylulose 5phosphate synthase; 18, putal
aminotransferase; 19, DNBinding protein; 20, unknown functiot

The gene orfl3 is annotated as a putative ortholog
squalene-hopene/tetrapreyturcumene cyclasgC:5.4.99.17, EC:4.2.1.12€In the so far
invested genomes, the hopanoid biosynthetic genes alwaground thesqualene-hopene
cyclase(shc) locus. Upstream of thorfl3 gene, a group of genesr{8, ¢ and 11) that
probably encode for twphytoen/squalene synthases and a corresponding dehyds®yars
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present in the same order as thos&mzobiumNGR 234,Bradyrhizobium japonicunand
Zymomonas mobiligPerzl et al, 1998), pointing out the possibly retained funactb
relationships among these groups of genes. Moretwerputative genesrf8, 9, 12and 13
are sufficient to explain the synthesis of hopenenffarnesyl diphosphate.

Two genes,orfl6 and orfl7, located downstream of th&fl3 gene are annotated as
4-hydroxy-3-methylbut-2-en-1-yl  diphosphate syn#éhas(spG (EC:1.17.7.1) and
1-deoxyb-xylulose 5-phosphate synthasixg (EC:2.2.1.7) respectively. The latter protein
was discovered to be required in the non-mevalopateway for isoprenoids biosynthesis
(Rohmer, 1999), suggesting that hopanoid biosymhesy depend on the alternative
pathway.

Theorfl4 gene is predicted to encode for a putative liptgang on which the conserved
domain belongs to the phosphorylase superfamilyr¢har-Baueret al, 2009). Members of
this family include: purine nucleoside phosphorgla$NP), Uridine phosphorylase and
5'-methylthioadenosine phosphorylase (MTA phosplage). These proteins catalyze the
cleavage of a nucleoside to its corresponding badesugar-1-phosphate (or sugar).

The genome annotation 8f coelicolorA3(2) classifies therf18 gene as encoding for an
aminotransferase. A Basic Local Alignment Searcbl TBLAST) search of ORF18 protein
shows that it possesses a putative conserved do(@eNi _like) corresponding to the
N-acetyl ornithine aminotransferase family. This iignbelongs to a pyridoxal phosphate
(PLP)-dependent aspartate aminotransferase supltfahe major groups in this CD
include: ornithine aminotransferase, acetylornghiaminotransferase, alanine-glyoxylate
aminotransferase, dialkylglycine decarboxylase, mdmrabutyrate aminotransferase,
B-alanine-pyruvate aminotransferase, adenosylmatieeBramino-7-oxononanoate
aminotransferase, and glutamate-1-semialdehydearlifiomutase. All these enzymes
belonging to this family act on basic amino acidsl dheir derivatives are involved in
transamination or decarboxylation.

As a possible member of acetyl ornithine aminatfarase family, ORF18 is expected to
catalyze the replacement of the keto group af-amo acid by thex--amino group (or 5-amino
group in the case of ornithine) from a basic amawdd. Otherwise, it could act on an
aldehyde group instead of @keto group, as acetylornithine aminotransferasegDA
[EC:2.6.1.11] in the metabolism of arginine andlipe The proposed function fits the
requirement of the reductive amination leading teir@bacteriohopanetriol from

ribosylhopane.
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Indeed, besides minor amount of diploptene, andotdviohopanetriol is the only
elongated bacteriohopanoid detected in wild-t@ecoelicolorA3(2) (Porallaet al, 2000).
Hopanoid biosynthesis i8. coelicolorA3(2) is severely affected by growth conditionseTh
strain does not produce hopanoids, or only minoowants (a fewug/g, dry weight) in liquid
culture but produces them on solid medium when idptng. Mutants defective in the
formation of aerial mycelium and unable to sporiligénerally do not synthesize hopanoids,
whereas mutants, which form aerial mycelium butspores, do (Porallat al, 2000). This
observation suggests that hopanoids may protectcelie against water loss through the

plasma membrane in the aerial mycelium.

In this study, the putative function of the t8o coelicolorgenesprfl14 andorfl8, were
investigated. The hopanoid phenotypes were analyetge mutants respectively defective in
the orf14 and orf18 genes, and allowed to deduce the role of the quorelng genes by
comparison with the homologous genes of known fanst

Construction of theAorfl4 and Aorf18 mutants, as well as complementationAoif18
deletion mutant was carried out by E. Kannenbergiérsity of Tubingen and Athens,
University of Georgia), E. Takano (University ofdaingen) and T. Hartner (University of
Tlbingen). Analysis of hopanoid profiles was parfed in collaboration with P. Schaeffer
(University of Strasbourg) for GC and GC/EI-MS ams&88 and H. Talbot (University of
Newcastle) for APCI-LC/MS
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|.2. Characterization of theorf14 and orf 18 genes

I.2.1. Hopanoid production inAorfl8 strain of S. coelicolormutant

Aorfl8 strain ofS. coelicolomutantwere grown on a solid medium R2YE in Petri dishes
with cellophane films applied on the top to faeilé harvesting of lipids (Poralé&t al, 2000).
Formation of the ash gray aerial myceliums was ofesk The extracts from lyophilized cells
were first treated by 0 and then NaBkito cleave the polyhydroxylated side chains of
hopanoids (Rohmer and Ourisson, 1976b; Rolehat, 1984) and acetylated with A@/Py.
29-(2'-Hydroxyethyl)-hopand acetate and diplopteng were present, indicating that the
Aorfl8 strain was capable of producing elongatgglf©opanoids.

In order to identify the hopanoid composition, freeze-dried cell extracts were directly
acetylated and then analyzed by gas chromatograeltron impact ionization mass
spectrometry (GC/EI-MS) and atmospheric pressureematal ionization liquid
chromatography/ion trap mass spectrometry (APCIME’).

BHT tetraacetate was identified by comparison témton times and mass spectra with
that of acetylated BHT dflethylobacterium organophilurfRenoux and Rhomer, 1985) by
using GC/MS and with the reported data by using ABC/MS" (Talbotet al. 2003a) (Fig.
I-5). The presence of BHT tetraacetate Sn coelicolorwas further confirmed by NMR
spectroscopy.

More interestingly, ribosylhopane triacetate wateded by GC/MS and APCI-LC/MS
for the first time from a bacterium. The GC ressitows the retention time of acetylated
ribosylhopane ofs. coelicoloris identical to that of the synthesized compoundvpld and
Rohmer, 1999; Bodlenner, unpublished work). It isorth to mention that the
35B-ribosylhopane decomposes during GC/MS analysisngirise to a degradation product
with a molecular ion at m/z 550, and having a srorétention time in GC (Fig. I-2A). lon
m/z 550 is also a characteristic fragment of ribosglite triacetate in EI-MS spectra by
losing two molecules of AcOH (Fig. I-3). The EI-MPectrum of this fragment gives iam’z
191, the typical fragment of hopanoids producedibyg C cleavage, anth/z 287, probably
resulted from the loss of one molecule of etherfoora fragmenim/z329 (Fig. I-2B and Fig.
[-3). The 3m-ribosylhopane was however stable under the sam#MG&@onditions, and

showed all the important fragments in MS spectroyets those observed from the
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synthesized compounds, which a mixture of 3a- and 3%-anomer [for the mass spectra
natural and chemically syntheed ribosylhopane (35and 3B), see Appendi2-6].

3T =3 70-7/875 SM 7B

5408 NI
L n 1 01E3
= TIC M8
205 1'\} 080514PS0
s g 2
: 4«{39 ] \
= | 4128 4158
oS (SR azoy " / \ __5513
B Smr, T HRIE A0 aa75 4510 4000 4700 470 amst __ SM1 S100_si72 sase 557 541 5508 5054 a7en
- Ao R E— L L
2 80
z 3 - . nc
3« m/z330 BH1 35a-Iabosvlhopane
2 : A
3 A
27
“3
[ e T UL S 0 I 2 B S T e e e e
54 &5 56 7 S8 59 [-1s] 81 62 &3 (%] -2 65 67 68 68 70 fal 72 73 74 75 76
Time (min)
e o105
o —
o 191
s
so
s
e 287 B
= ‘TJ
=2
=
111.00 | | 329
a0 |
25 a5.0e 153 05
205 evoz 121 01 s ny ZOO0A { szl
10 | | I \ 367 26
o ‘ i A SV _
S LT T T (0 TP T TN O B RN vk vt o5 oa
o 100 150 200 zso 300 350 a00 450 50
.

Fig. I-2. (A) Partial GC chromatogram showing the presence of | tetraacetate,
ribosylhopan triacetate and the degradation prom/z 550. (B) EIMS spectrum of th
degradation produeh/z550.
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Fig. I-3. Possible fragmentations of ribosylhopane triacebgt&l-MS.
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Presence of the two anomers of ribosylhopane tase® was also confirmed by
APCI-LC/MS" (Fig. 1-4). For each anomer, both [M+H§71 and [M+H-AcOH] 611 were
found in the full mass spectrum in similar abundarferagmentation of [M+H-AcOHPB11
resulted in the ions more characteristic for ritlhsgane peracetate (Table I-1). The MS
spectra of acetylated ribosylhopane are in accoelawith the MS spectrum of
adenosylhopane after initial loss of the adenirsdb@tet al, 2007a).

Table I-1. Ribosylhopane triacetate fragments derived fronCAPC/MS"

[M+H]*  [M+H-AcOH]® [M+H [M+H ring C ring C ring C ring C
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Fig. I-4. Mass chromatograms, full mass and MPectrums of ribosylhopane triacetate by
APCI-LC/MS".

These two anomers of ribosylhopaneo3nd 3B) were further isolated from thieorf18
mutant of S. coelicolor and separated by RP-HPLC. Their structures wereatifoksel
respectively by NMR spectroscopy. The derived NNbRcdra are consistent with the reported
data of the chemically synthetic ribosylhopane (@ldvand Rohmer, 1999; Franget al.
1991; Neunliskt al. 1988; Stampf, 1992; Pan, 2005).

As adenosylhopane triacetate and aminobacterioletpantetraacetate are not amenable
to GC/EI-MS due to their highly functionalized angilic nature and/or larger molecular
weight, the crude acetylated cell extracts wereatlly analyzed by APCI-LC/MS(Talbot et
al., 2003a; Talbott al, 2007a). The signature of aminobacteriohopaneteivhacetate has
not been detected, but the characteristic fragméots adenosylhopane triacetate were
observed (Fig. I-5).
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Fig. I-5. Partial APCI-MS base peak and mass chromatogréiowisg tetraacetate BHT,
ribosylhopane triacetate and adenosylhopane tateet

The deletion of th@rf18 gene resulted in the absence of aminobacteriotebpainin S.
coelicolor. In order to confirm the role adrfl8, this silenced gene was reintroduced via a
hygromycine-selective plasmid. This construct sgeibed again aminobacteriohopanetriol
like the wild-type strain (Table I-2, entry 3), wkas, in the construct bearing the plasmid

alone withourfl8 gene, aminobacteriohopanetriol was not detectabl€Tl-2, entry 4).

Table I-2. Identification of the activity of therf18 gene produced i8. coelicolor

Strains diploptene  adenosylhopane ribosylhopane T Blminobacteriohopanetriol
1 Wild-type + - - - +
2 Aorfl8 + + + + }
3 orfl8reintroduced + - - - +
4 Empty plasmid + - + + -
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|.2.2. ORF18 protein is essential in the biosynthes of

aminobacteriohopanetriol

Deletion of the orfl8 gene in S. coelicolor resulted in the absence of
aminobacteriohopanetriol as the only enlongatggl H®panoid. In whilst, BHT, which is
normally absent in the wild-type strain, was acclatad as a major product. Small amounts
of ribosylhopane and trace amounts of adenosyll®pamere also detected.
Aminobacteriohopanetriol biosynthesis was restomten a copy of therfl8 gene was
re-introduced. These results indicate that dhid8 gene is required in the biosynthesis of

aminobacteriohopanetriol f&. coelicolor

This is the first report of ribosylhopane as a ratproduct in a bacterium. Isolation of
ribosylhopane in tiny quantity fromdorf18 mutant is in agreement with its hypothetical role
as a precursor of bacteriohopanepolyols (BHPs}eaus of a final product, in hopanoid
biosynthesis. Serving as an intermediate, ribogdhe is supposed to have a high turn-over
and to be consumed in further transformation intmalf hopanoids, such as
aminobacteriohopanetriol in the wild-type straidd@HT in the Aorfl8 strain where it is
present in a significant amount. In addition, thecumulation of small amounts of
ribosylhopane may result from the relatively loviicééncy of the enzyme(s) involved in the
biosynthesis of BHT, which is not a normal intermag¢el of S. coelicolor According to the
hypothetical biosynthetic scheme for hopanoid sidan biosynthesis in bacterium (Fig. I-6),
ribosylhopane is supposed to be converted to BHanwinobacteriohopanetriol respectively
via two independent pathways. When thd18 gene is expressed in the wild-ty/&
coelicolor, ribosylhopane is completely converted into amautbriohopanetriol, and no
other Gs bacteriohopanoids are detected. However, whemihis route is blocked as in the
Aorfl8 strain, intermediates like adenosylhopane andsyilhopane can be accumulated to
some extent. The reduction of ribosylhopane intolfBhiay be performed by a non-specific
aldose reductase. This unusual biosynthetic praoeSscoelicoloris suggested by the rather
low BHT concentration in thaorf18 mutant as compared to the aminobacteriohopanetriol
content in the wild-type strain. Last but not ledlsé trace amount of adenosylhopane, which
has not been detected from wild-typecoelicolor is in accordance with the fact that it might

also act as an intermediate in the formation @f Gacteriohopanoids. However, its
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relationship with ribosylhopane can not be provgdhe hopanoid-production pattern of the
Aorfl8 mutant. Adenosylhopane may be the precursor alyilhopane, as presumed from
the hypothetical hopanoid biosynthesis pathwayt oray be derived from ribosylhopane via

adenylation.
NH,
/N \
T
o N/ hydronS|s OH OH
7, Tio /,, O
T OH adenylatlon OH
A Ih Ribosylhopane reductase
denosylhopane ylhop /’/Orf18 l(unspecific)
OH OH OH OH
%{?\_( M z)?
o OH OH

OH NH,

Aminobacteriohopanetriol

Fig. I-6. Hypothetical pathway for the side-chain biosyrtietof bacteriohopanoids i8.
coelicolordeduced from the hopanoid phenotypA@if18 mutant.

1.2.3. Hopanoid production in Aorf14 strain of S. coelicolormutant

The Aorfl4 strain was grown under the same conditions asthtbzed for theAorf18
strain of S. coelicolor The strain did not lose the ability to producepdmmoids since
diploptene was still present. Noz{hopanoid has been observed aftejiGd/NaBH,
degradation (Rohmer and Ourisson, 1976b; Roheteal, 1984). This fact indicated the
absence of elongated hopanoids, such as BHT oroéadteriohopanetriol. However, the
hopanoids with no free vicinal hydroxyl groups a8 and C-33, like adenosylhopane,
escape from this derivatization method and thusgma¢ the G, bishomohopanol 4 after
derivatization. APCI-LC/MS analysis was therefore performed on the acetylatede
extracts for the directed search of adenosylhopameich was found as the only

functionalized Gs bacteriohopanoid in significant amount (Fig. 1-7).
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Fig. 1-7. Partial APCIMS base peak and mass chromatograms showing tlsenges o
adenosylhopane triacetateSncoelicolo Aorf14 mutant.

1.2.4. ORF14 protein is required to produce both bacteriolopanetetrol and

bacteriohopanetriol

The strain lacking theorfl4 gene failed to produce aminobacteriohopanetriol,
accumulated adenosylhoparThis mutant still contains a functional copy of tphetative
aminotransferase ORF18 and the unknenzymés) for BHT production, which means it
capable of converting rilsylhopane, if there is aninto aminobacteriohopanetriol or BH
However, no trace of ribosylhopane, BHT or aminobaghopanetriol has been detected,
adenosylhopane was observed as the 035 hopanoid identified by ACI-LC/MS" method.
This fact suggesthat the biosynthesis of ribosylhopaneblocked and that adenosylhopa
serves as a possible precursor of ribosylhopiThis argument is consistent with t
presumed function of the deleted geThe conserved domain in ORF14 suggested tt
might act like a nucleosidase or phosphorylase belongintpe phosphorylase superfam
cleaving the adenosyl group from adenosylhopaneaffiodding ribosylhopane consequen
In the wild-type S. coelicolo, adenosylhopane is supposed to be transfc into
ribosylhnopane. However, when thorfl4 gene is removed fronS. coelicoloy the

deadenylation is apparentijocked. Adenosylhopane, the subséraf the encoded enzyme
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accumulated, and the corresponding product, ribaggne or any further derivatives, are not

produced.

Alternatively, the hopanoid profile of theorfl4 strain may be differently interpreted.
Adenosylhopane and ribosylhopane are derived froworamon precursor via separated
pathways, as the supposed biosynthesis of BHT améhobacteriohopanetriol from
ribosylhopane. This argument is, however, probabitenable, because no novel hopanoid
was detected in this study. Diploptene can notesaw a direct precursor either, since the
delected generfl4 is supposed to encode for a hydrolysis/phosphsiohgaction instead of
an addition/substitution reaction which would prolyabe required for the conversion of
diploptene into ribosylhopane.

1.2.5. Bioinformatic exploration of hopanoid biosyrhesis associated genes

in S. coelicolor

Recently, it was shown irMethylobacterium extorquensnd Rhodopseudomonas
palustris that thehpnG gene, a putative nucleoside phosphorylase or asidase, and the
hpnH gene, a radical SAM protein, are required for d@dition of the bacteriohopanoid; C
side chain (Bradleyet al, 2010; Welandeet al, 2012). ThehpnG and hpnH genes are
frequently found in the same locussig and other genes associated with the biosynthésis o
hopanoids, indicating that those genes are closelgted to hopanoid production. For
example, a hopanoid biosynthesis locus was destiib@éymomonas mobilisonsisting of
the genestipnA-Eandshc(hpnPF (Perzlet al, 1998). Continuing pasihcare found the genes
hpnG andhpnH Granted, inZ. mobilis hpnH is in a convergent orientation with respect to
hpnA-G but one gene beyorigphnH and running in the same convergent directioispsi, an
essential enzyme of IPP biosynthesis and therefsential for the biosynthesis of hopanoids.
Extending the gene symbol sequence, the syrhpolc and hpnH are suggested for these
genes in NCBI databank. Annotation for thepanoid-associatechpn genes is listed in
appendix 1. According to the putative function, tpre HpnH is supposed to utilize an
iron-sulfur redox cluster an8-adenosylmethionine to carry out the conversiodipfoptene
to adenosylhopane, which was suggested as theirtestmediate in hopanoid side-chain
biosynthesis (Bradlegt al, 2010); protein HonG may be engaged in the sulesggileavage
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of the adenosyl group from adenosylhopane, affgrdiibosylhopane 35-phosphate or
ribosylhopane as an intermediate (Braddewl, 2010; Welandeet al, 2012). Ribosylhopane
or phosphorilated ribosylhopane was, however, ndgtacted in these studies.

Comparison of the conserved domain on ORF14 protéimthose on HpnG proteins in
NCBI data bank shows significant similarity (Cd Igtm 212; Bit Score: 67.75; E-value:
2.04e-14). A BLAST analysis suggested that $hecoelicolorORF14 protein may be a
homolog to the two recently reported HpnG#nextorquengandR. palustris(Bradleyet al.
2010; Welandeet al. 2012). The identity of ORF14 toward4. extorquensHpnG is 67%
(E-value: 2e-07; query cover: 40%) and 40% (E-vale10; query cover: 50%) towarts
palustris HpnG. Analysis on co-occurring proteins basedl@ $TRING database showing
that up to 96% bacterial genomes, which encodeafiparent SHCs, also have ORF14
homologs. Based on the strong linkage of ORF14epravith HpnGs and SHCs, as well as
the altered hopanoid phenotype a&brfl4 mutant of S. coelicoloy protein ORF14 is
consequently suggested as a HpnG protein.

To further explore the nature of the HpnG proteiasa purine nucleoside phosphorylase
or as a nucleosidase, protein sequences of ORFd4hanother nine HpnG proteins from
diverse species of bacteria were aligned together ith w
5'-methylthioadenosing/adenosylhomocysteine ~ (MTA/AdoHcy) nucleosidase mfro
Escherichia coli(Fig. 1-8). MTA/AdoHcy nucleosidase is a key ensamm a number of
critical biological processes in many microbes.sThucleosidase catalyzes the irreversible
hydrolysis of the R-C' bond of MTA or AdoHcy to form adenine and the esponding
thioribose (Leeet al, 2003). Alignment of these protein sequences shbas4.6% amino
acid residues were identical, and important amitid eesidues of the active sites are fairly
conserved from MTA/AdoHcy nucleosidase (Fig. I-Bhe catalytic residues (E12 and D197)
are invariant as are the residues involved in doatohg the catalytic water (M9, E174 and
R193). Moreover, M173 is also strictly conservethose role is to stabilizing and orienting

the ribose moiety of the substrate.
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Nitrosococcus ocean: ATCC 19707
Hethrlobacterium extorauens AM1
Hitrosomonas europaca ATCC 159718
Hagnetospiril lum mameticum AMBE-1
Ivmomonas mobilis sobsp. mobilis ZH4
Aefdithinbaci 1lns sp. GET-221
Ehodopsendomonas palustris BisBlE
Hitrosospira sultiformis ATCC 25196
Strestomyces coelicolor 43(2)
Fhodospirillum rubrom 4TCC 11170
Escherichia coli UMNOZE

32 SLHLQL Hitrosococcus ocean! ATCC 13707
33 GVETI Hethrlobacterium extorquens AM1
3 HLVI e PV AARRAAIDL YDOENY-~ A Hitrosomonas europaea ATCC 19718
19 GIPVG L=JEGA--EG} TG Hagnetospiril lum magnet icum AMB-1
23 KVl DSIRLEESLRRIMQENT I--AdH mj fymomonas mobilis sobsp. mobilis ZH4
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k) GLI‘FICSSSDF[Q,LMLAEFD—PIH--RGM @ -: Fhodopsendomonas paustris BisB18
33 GA AEAAGUATGLE-HAGA-~- -4 Nitrosospira multiformis ATOC 25196
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n FLIPLC, PAAAARASWRLM-ERGC——5W L Fhodospirillum rubram ATCC 11170
42 EVALLESEICKVAAALCATLLL--EHCEPD' 5L Escherichia coli UMAOZE
" H L] - & L] -
I EQYC TDFYWLGSLLEQLEC-ELPL HTETILSSPEERT  Mitrosocooous oceani ATOC 15707
87 ADe———e—eececee= =QRFFADFELARRLSECLTDAFDEYY., SAVATMIVADEA  Methrlobacterium extorquens Al
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L e ot b B
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88 G606 ~CLLPYDLNWRARLLGCLPD-QLHVAGG SEVLTSTSAKE  Hitrosospira multiformis ATOC 2519
~VPCVATDRLVKELARAVPG--RIVHTG Wmﬁ:ﬁ Streptomyees coelicolor 4303
mmslxmsvcu Ehodespirillm rubrum ATCC 11170

FHPAEL STLLGLGGOMOKAL RTLRETVAPAL RY ACKAf == mm

Escherichia coli UMHOEZS

Hitrosococous oceani ATCC 14707
Methvlobacterium extorquens aM1

Hitrosomonas europaea ATCC 9718
Magnetospirillum mameticum ANB-1
Iymononas mobilis subep. mobilis IM4
Acidithiobacillus sp. GG1-221
Fhodopseudominas palustris BisBIS
Hitrosospira multi formis ATUC 25156
Streptomyces coelicolor A3CE)
Ehodespirillm rubrum ATCC (1170
Escherichia moli UNHOZE

Hitrosococous oceani ATCC 15707
Methrlobacter fum extorquens aM1
Hitrosomonas europaea ATCC |9718
Masnetospiril lum mameticum 4HB-1
Iymononas mobilis subsp. mobilis ZM4
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Fig. 1-8. Sequence alignment of various species of HpnG im®ot@ith the ORF14 protei
and MTA/AdoHcy nucleosidas
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Fig. 1-9. Active sites of MTA/AdoHcy nucleosidase Bf coli (Leeet al, 2003). A schematic
representation of the interactions made betweemtldeosidase and formycin Aotted
lines represent protein-protein or protein-ligand hydrogends with distances in angstroms
(A). Residues donated from a neighboring subueitshown irshaded boxes

Lower identity (1.7%) is found for the alignmerittbe sequences of the ORF14 and the
same HpnG proteins witk. coli. PNP. Conservation of the phosphate binding &0,
R24, R87 or S90) is not observed (Eriehal, 1997; Bennetet al, 2003, Stefadi et al,
2012). However, a few residues coordinated withrithese (V178, E179 and M180) and base
(V178, E179, M180 and D204) retain.

Based on the conserved domain of ORF14, we presiatet may more likely encode
for a nucleosidase. Therefore, the activity of ORLsupposed to cleave the adenine moiety

from the adenosylhopane, resulting ribosylhopastead of ribosylhopane 35-phosphate.

The HpnO protein, a homolog of ornithine-oxo-acidigotransferase, was shown to be
required in the biosynthesis of aminobacteriohop@iein R. palustris(Welanderet al,
2012). All the tested bacteria with the genes hagalis to thehpnO gene ofR. palustris
have been shown to produce terminal aminoBHPs (Wilelaet al, 2012). This fact matches
with the role of the HpnO protein as an aminotrarafe associated with hopanoid

biosynthesis. The protein sequencesRofpalustrisHpnO and ORF18 were compared and
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resulted in 52% of identity (E value: 5e-167; quenver; 98%), indicating that therfl8

gene may be a homolog hpnOgenes.

The genes on cosmid SC6A5 were queried to the gemdinat were predicted to contain
a copy ofhpnQ A synteny map representing the distribution Sif coelicolor genome
homologs in other genomes based on NCBI databastkawed in Fig. I-10. Each row on the
map corresponds to one genome replicon (chromosoplasmid).

Great resemblance is found not only for the hommlisggenes but also for the preserved
co-localization of genes on chromosomes of diffespecies. Conserved DXS homologs in
these genomes suggest that the biosynthesis akis®|n these microbes may depend on the
MEP pathway. SHCs and putative aminotransferaseprasent in all the analyzed genomes.
This is consistent with their predicted ability ppoduce aminoBHPs. Another group of
conserved genes @fl5 homologs, some of which are classified asitheH gene as irR.
palustrisandCatenulispora acidiphilaSequence of ORF15 was further compared to thibse o
the documented HpnH proteins (159 hits) in NCBlabase. Significant identities were
shown from 100% to 49% with the maximal e-valuelef*. This indicates thabrfl5 gene
may be associated with hopanoid biosynthesE.inoelicoloy catalyzing the first step in the
side-chain formation to produce adenosylhopane.

An apparently conserved genomic region, includimg putative squalene synthases, one
dehydrogenase, SHC, the SAM radical protein andentide phosphorylase, was observed
on chromosomes of the aminoBHP-producing bact&ha.relative position of these genes in
the genomes is consistent (an example is givengnlfl). Exceptional conservation of the
synteny group not only points out the orthologoases with similar functions, but may also
reflect important functional relationships betweka genes: these hopanoid-associated genes

may interact one with each other in critical ways.
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Fig. 1-10. Synteny map with representation by pairs of germm:@culated from NCBI
databank. (1) Sequence similarity is valued by tBdsdirectional best hit or at least 30%
identity on 80% of the shortest sequence (minLr&). @2) A rectangle has the same size as
the CDS to which it is homolog. (3) The color oé ttectangles reflects synteny conservation,
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with the exception of the white co; a group of rectangles which share a common «

shows that there is a conservation of the syntetyden the current gome and the genon

of the synteny mapgctangles filled with whitcolorindicate homologs that don’t belong t

synteny group. fie color code has to be interpreted by replicen,by rov. The same color
on two synteny map rows doesn't indicate any synteny icelahip (4) The filling of a

rectangle reflects the alignment quality betweea two proteins.(5) a. Streptomyces.
coelicolor, b. Streptomyces avermiti; c. Catenulispora acidiphil; d. Acidothemus
cellulolyticus e. Bradyrhizobium japonicu; f. Bradyrhizobium sp. BTAIil; g.

Bradyrhizobium sp. ORS27; h. Rhodopseudomonas palustrisi. Oligotropha

carboxidovorans j. Nitrobacter hamburgens, k. Pelobacter carbinolict; I. Beijerinckia

indica; m. Aciddbacteriun capsulatum n. Methylocella silvestr; 0. Nitrobacter

winogradskyj p. Nitrosospira multiformi; q. Methylococcus capsulat; r. Desulfovibrio

salexigens s. Nitrosomonas europa; t. Methylacidiphilum infernorui;; u. Microcystis

aeruginosa.

Streptomyces coelicolor AJ(2) NC_003860

P P ) _ Y o i
& & & o2 3 Ny €T
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& & & g o )

e e ia—

Rhodopseudononas palustris TIE-1

Fig. I-11. Consistent synteny patternspairwise representation betwegncoelicolorandR.
palustris.

Given these information, the genes probably inwbl#e hopanoid biosynthesis iS.

coelicolorare summarized in tabl-3 with putative functions
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Table 1-3. Genes hypothetically involved in hopanoid bioswsik in S. coelicolor
Annotation was given according to the Genome Ptofarallaet al. (2000) and our work.

orf SCO locus Homologs Annotation Hypothetical or known function
08 6759 hpnC Squalene/phytoene synthase Synthesis of squalene
09 6760 hpnD Squalene/phytoene synthase Synthesis of squalene
11 6761 hpnE Squalene-associated dehydrogenase Synthesis d¢éisqua
Formation of hopanoid cyclic
13 6764 shc Squalene-hopene cyclase P 4
backbone
14 6765 hpnG Hopanoid biosynthesis associatedlef_:\vage of adenine from side
phosphorylase chain
15 6766 hpnH Hopanoid biosyni[hesis associate_Addition of adenqsyl grqup to
radical SAM protein isopropyl hopane side chain
inobacterioh triol
18 6769 hpnO  Ornithine-oxo-acid transaminase a_mmo ac ?”O opanetrio
biosynthesis
|.3. Conclusion

Deletion mutation of two gene®rfl4 and orfl8, in Streptomyces coelicoloA3(2)
produced strains with two distinct hopanoid prdfihat differed from those found in the
wild-type strain. This work provides evidence fmking the genesrfl4 andorf18to specific
reactions of hopanoid side chain biosynthesis. drfie4 gene is involved in the formation of
ribosylhnopane from adenosylhopane. The homologréf4 gene were present in the
majority of hopanoid producing organisms, suggestime central roles of adenosylhopane
and ribosylhopane, which was identified for thetfitime in a bacterium, in the formation of
hopanoid side chain. Thafl8 gene is required for aminobacteriohopanetriol yntisesis.
Examination of the nucleotide sequencesri8 gene in bacteria might have the potential to
predict the production of terminal aminoBHPs. Chteazation of theorf14 andorfl8 genes

in S. coelicolomelps us to better elucidate the pathway of hojdagide-chain biosynthesis.
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|.4.

Experimental Part

.4.1. Bacteria and Culture conditions

Wild-type strain used in this study &reptomyces coelicolok3(2). TheAorf 14 and

Aorfl8 mutants were obtained from Dr. E. Kannenberg andTDHartner (University of

Tlbingen). The strains used in complementationafl8 deletion mutant are obtained from

Prof. E. Takano (University of Groningen). All aules on agar solid medium R2YE (Poralla

et al 2000) were cultivated on cellophane discs at GQir? Petri dishes. Cellophane was

placed above the solid medium, and cultures weyeigion the surface of cellophane without

direct contact with the agar medium. At the endhef cultures, they were harvested with the

cellophane paper together for subsequent extracfidipids. The growing time of different

strain varies: 3 days for wild-type strain, 7~8 sl&yr theAorf18 strain, 16 days for the strains

in complementation experiment and 8~10 days foAtr&lL4 strain.

1.4.

R2YE medium used in the cultivation of 8l coelicololA3(2) strains:
Yeast extract 4 g/L
Malt extract 10 g/L

Glucose 4 g/L

Agar 20 g/L

pH=7.5

Apramycin 50 ug/mL (for Aorf 14 and Aorfl8 strains and complementation

experiment)

Hygromycine  5Qug/mL (only for the complementation experiment)

2. ldentification of bacteriohopanoids fromS. coelicolor

1.4.2.1. Aminobacteriohopanetriol tetraacetate fromwild-type S. coelicolor

~ 70 ~



35-Amino-(22R,32R,33R,34S)-bacteriohopanetriol tetraacetate

OAc OAc
32 3?3 34735
OAc NHAc

The lyophilized cells collected from 36 Petri disheere extracted with MeOH/CHLI
(2:2, v/v, 150 mL) under reflux for 45 min for tlerdimes. The combined extract was
concentrated and dried under vacuum overnight. fHsegdue was acetylated with acetic
anhydride in pyridine (1:2, v/v, 1 mL) at room teangture overnight and then evaporated to
dryness. The directly acetylated cell-extracts wast purified by FCC (EtOAc/DCM, 1:4).
The fractions containing hopanoids were furtherifa by preparative TLC using
MeOH/CHCl, (5:95, v/v) as the eluent, and afforded aminobadiepanetriol tetraacetate
(0.14 mg) (R=0.54) (Neunliskt al, 1988).

'H-NMR (300MHz, CDC}): /ppm = 6.069 (1H, tJ = 6.2 Hz, -NHAC), 5.091 (1H, dd,) =

6.2, 4.0 Hz, 33-H), 4.996 (1H, dddl= 6.3, 6.2, 3 Hz, 34-H), 4.913 (1H, ddtk 9.6, 3.9, 3.5
Hz, 32-H), 3.584 (1H, ddd] = 14.7, 6.2, 3.1 Hz, 35 3.295 (1H, dtJ = 14.6, 6.3Hz,
35-H,), 2.014 (3H, s, B,C00-), 1.989 (3H, s, B,CO0-), 1,961 (3H, s, B,CO0-), 1.877
(3H, s, G;CONH-), 0.867 (6H, s,@and 14-Me), 0.825 (3H, dJ= 6.4 Hz,22RMe), 0.767
(3H, s, 1B-Me), 0.734 (3H, s, &Me), 0.712 (3H, s, B-Me), 0.603 (3H, s, IBMe).

3C-NMR (75MHz, CDCY): é/ppm = 170.4 (CHCO-), 170.2 (CHCO-), 169.9 (2 CHCO-),
71.8 (C-32), 71.5 (C-33), 70.5 (C-34), 55.9 (CH),2 (C-17), 50.2 (C-9), 49.1 (C-13), 45.7
(C-21), 44.1 (C-18), 41.9 (C-3), 41.6 and 41.5 (@8l C-14), 41.4 (C-19), 40.1 (C-1), 38.8
(C-35), 37.2 (C-10), 35.8 (C-22), 33.5 (C-15), 38223), 33.1 (C-7), 33.0 (C-4), 30.7
(C-30), 27.3 (C-20), 25.5 (C-31), 23.8 (C-12), 2803:CONH-), 22.7 (C-16), 21.4 (C-24),
20.8 and 20.6 (BH;COO-), 19.6 (C-29), 18.5 (C-2 and C-6), 16.4 an@16-26 and C-27),
15.7 and 15.6 (C-25 and C-28).

EI-MS spectrum (direct-inletin/z= 713 (M", 9%), 698 (M-Me, 4%), 653 (M-AcOH, 25%),
638 (M'-Me-AcOH, 6%), 492 (ring C cleavage, 100%) (Budeikicz et al, 1963), 432 (ring
C cleavage-AcOH, 19%), 369 (Mside-chain, 21%), 312 (ring C cleavage-3AcOH, 26%)
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253 (ring C cleavage-3AcOH-AcNH, 46%), 191 (ringl€avage, 86%)

1.4.2.2. Ribosylhopane triacetate and bacteriohopagtetrol tetraacetate from Aorfl8
strain

The lyophilized cells collected from 340 Petri dishwere extracted with MeOH/CHCI
(1:2, viv, 500 mL) under reflux for 45 min for tleréimes. The combined extract (1.4 g) was
concentrated and then acetylated with A9 (1/2, v/v, 6 mL). The acetylated extract was
fractionated by flash chromatography using>CH (60 mL) and then AcOEt/DCM (2:8, vlv,
60 mL) to give pink/orange fractions containing aopids. The proper fractions were
collected, concentrated and then further purified & TLC method on silica gel
(AcOEt/hexane, 1:5, v/v) (Schaeffer al, 2008). Lipids were visualized on preparative TLC
under UV light (366 nm) using rhodamine as revelato

Further purification by RP-HPLC (MeOH/iPrOH/8, 33/16/1 by G Polaris Varian,
250x20 nm, fum, 1 mL min') of fraction R 0.23 afforded bacteriohopanetetrol tetraacetate
(2.5 mg), of fraction R0.14 afforded 3&-ribosylhopane triacetate (0.5 mg) and of fracfipn
0.32 afforded 3@-ribosylhopane triacetate (1 mg).

358-Ribosylhopane triacetate

'H NMR (500 MHz, CDCJ): 6/ppm = 6.121(1H, br.s, 35H); 5.318 (1H, br.ddJ = 5.0 Hz,
34-H), 5.181 (1H, ddJ = 6.4, 5.0 Hz, 33-H), 4.123 (1H, m, 32-H), 2.11H(3, -COGs),

2.077 (3H, s, -COHj), 2.064 (3H, s, -COB3); 0.945 (6H, s, Band 14-Me), 0.925 (3H, d,
J= 6.4 Hz,22RMe), 0.842 (3H, s, ¢Me), 0.810 (3H, s, IBMe), 0.788 (3H, s, prMe),

0.690 (3H, s, 18-Me).

13C NMR (125 MHz, CDCI3)s/ppm = 170.0, 169.7, 169.5, 98.3, 82.3, 74.8, 7681, 54.3,
50.3, 49.2, 45.9, 44.4, 42.1, 41.8, 41.6, 41.53,487.4, 36.4, 33.6, 33.4, 33.3, 33.2, 31.0, 30.8,
27.5,23.9,22.7, 21.6, 21.2, 20.9, 20.7 (x2), 20807, 16.6, 16.5, 15.9 (x2).
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EI-MS spectrum (direct inlet)m/z = 670 (M, 2%), 610 (M—AcOH, 50%), 595
(M*—AcOH-Me, 19%), 550 (M-2AcOH, 2%), 449 (ring C cleavage, 7%) (Budzikiexvit
al., 1963), 435 (17%), 389 (ring C cleavage—AcOH, 87369 (M—side chain, 25%), 329
(10%), 287 (11%), 269 (15%), 191 (ring C cleavd@f%).

35a-Ribosylhopane triacetate
pAc

O N35

. "oac
(22 32 =33
OAc

'H NMR (500MHz, CDCY): é/ppm = 6.362 (1H, dJ = 4.5 Hz, 3B-H), 5.207 (1H, dd, =
6.8, 4.5 Hz, 34-H), 5.041 (1H, dd= 6.8, 3.6 Hz, 33-H), 4.193 (1H, m, 32-H), 2.114(3,
-COCH3), 2.103 (3H, s, -COB3), 2.058 (3H, s, -COB3), 0.945 (6H, s, B and 14-Me),
0.922 (3H, dJ = 6.4 Hz,22RMe), 0.842 (3H, s, #Me), 0.811 (3H, s, IBMe), 0.788 (3H,
s, $-Me); 0.687 (3H, s, 18Me).

EI-MS spectrum (direct inletym/z = 670 (M, 2%), 610 (M-AcOH, 27%), 595
(M*-AcOH-Me, 9%), 550 (M—2AcOH, 1%), 449 (ring C cleavage, 29%) (Budzikiexvet
al., 1963), 389 (ring C cleavage-AcOH, 67%), 369'{slde chain, 26%), 329 (7%), 287
(7%), 269 (14%), 191 (ring C cleavage, 100%).

(22R,32R,33R,34S)-Bacteriohopanetetrol tetraacetate

19 20

OAc OAc
21 30 5
/,, 35
2 ¥ 32 z 34
OAc OAc
16 o9

'H NMR (500MHz, CDCY): §/ppm = 5.259 (1H, ddd] = 6.6, 5.6, 2.3 Hz, 34-H), 5.218 (1H,
dd,J = 5.6, 4.4 Hz, 33-H), 5.020 (1H, dddi= 9.6, 4.3, 3.4 Hz, 32-H), 4.376 (1H, dbi=
12.2, 2.5 Hz, 35-), 4.139 (1H, ddJ = 12.1, 6.6 Hz, 35-F), 2.083 (3H, s, -COBy), 2.077
(3H, s, -CO®l3), 2.070 (3H, s, -COBy), 2.050 (3H, s, -COBs), 0.926 (6H, s, B and
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14a-Me), 0.891 (3H, d,J = 6.4 Hz,22RMe), 0.832 (3H, s, #Me), 0.795 (3H, s, 1BMe),
0.775 (3H, s, Me), 0.665 (3H, s, 1BMe).

13C NMR (125 MHz, CDCJ): 8/ppm = 170.8 EOCHs), 170.5 (COCHs), 170.1 (COCHy),
169.8 (COCHs), 71.8 (C-34), 71.5 (C-33), 69.4 (C-32), 62.1 (8):F6.0 (C-5), 54.2 (C-17),
50.3 (C-9), 49.1 (C-13), 45.8 (C-21), 44.3 (C-148,0 (C-3), 41.7 and 41.6 (C-8 and C-14),
41.5 (C-19), 40.2 (C-1), 37.3 (C-10), 36.0 (C-223,6 (C-15), 33.4 (C-23), 33.2 and 33.1
(C-4, C-23 and C-7), 30.8 (C-30), 27.5 (C-20), 260931), 23.9 (C-12), 22.7 (C-16), 21.6
(C-24), 21.0 (-C@Hs), 21.0 (-CQH3x2), 20.8 (-C@H3x2 and C-11), 19.8 (C-29), 18.6
(C-2 and C-6), 16.5 and16.4 (C-26 and C-27), 16d18.8 (C-25 and C-28)

EI-MS spectrum (direct-inletym/z = 699 (M-Me, 2%), 654 (M-AcOH, 2%), 594
(M*-2AcOH, 1%), 493 (ring C cleavage, 82%) (Budzikiemvet al, 1963), 433 (ring C
cleavage-AcOH, 10%), 369 (\Mside-chain, 21%), 253 (ring C cleavage -4AcOH, 31981
(ring C cleavage, 100%).

1.4.2.3 Adenosylhopane triacetate from\orf14 strain

Adenosylhopane triacetate

The freeze-dried cells from 35 petri dishes werdraeted and acetylated as for
aminobacteriohopanetriol tetraacetate. The totatydamted lipid extracts were analyzed
following methods previously established, using leefimo Surveyor LC interfaced to an
LTQ-MS. Adenosylhopane was identified by comparisbmetention times and mass spectra
to published information (Talbet al. 2007a).

ACPI-MS? of the molecular ion peak/z788 [M+H]": m/z= 611 ([M+H-N-acetyl adeniné]

100%), 551 ( [M+HN-acetyl adenine-AcOH] 4%), 509 ([M+HN-acetyl
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adenine—~AcOH-CKCOJ", 2%), 491 ([M+H-N-acetyl adenine—2AcOH] 4%), 191 (ring C
cleavage, 1%), 178Nfacetyl adenine+H] 27%)
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Chapter 11

Hemisynthesis of adenosylhopane and of a
deuteriated isotopomer
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[1.1. Introduction

(22R)-Adenosylhopane has been found in fairly large am® in a few species of
bacteria (Neunlist and Rohmer, 1985b; Seenetral, 1999; Bravecet al, 2001) and in trace
amounts in many hopanoid producing bacteria (Talbbtal, 2007a). It possesses a
carbon-carbon linkage between the C-30 carbon aibtine hopane moiety and the C-5'
carbon atom of adenosine. The commonly occurringfigoration of adenosylhopane was
determined by circular dichroism and high-field NMpRectroscopy, and was indicated aR,22
32R, 3R, 34R and 3R (Neunlist and Rohmer, 1985b). Trace amount of
(229-adenosylhopane as the minor isomer was also tegpdrom Rhodopseudomonas
acidophila (Neunlist et al, 1988). Chemical conversion of adenosylhopane into
bacteriohopanetetrol (BHT) permitted the determdmatof the stereochemistry of all
asymmetric centers of the side-chain of BHT aR, Z2R, 33R and 34 (Neunlistet al, 1988)
Later syntheses of the eight possible diastereowfeBHT with different chirality at C-32,
C-33 and C-34 confirmed that the absolute configmeof the G unit was identical to that of
aD-ribitol linked via its C-5 carbon atom to the hapaskeleton (Bisseret and Rohmer, 1989).
The same configuration was also found for 35-amactdriohopanetriol via chemical
correlation with  BHT (Neunlist and Rohmer, 1988)s avell as in other complex
bacteriohopanoidse(g. BHT glycosidel6 and BHT cyclitol ethed8) (Renoux and Rohmer,
1985; Flesch and Rohmer, 1989). The consistentcidan configuration further supported
the hypothesis deduced from the labeling experisméimat the € units of the elongated
bacteriohopanoids originated from caribose derivative (see general introduction and/or
chapter 1). Adenosylhopane was consequently coresidas a possible intermediate in the
biosynthesis of the 45 hopanoids, leading to BH& and aminobacteriohopanetripl(Flesch
and Rohmer, 1988b; Rohmetral, 1989).

In the purpose of elucidating the side-chain bitisgsis of bacteriohopanoids, a
sufficient amount of adenosylhopane is necessaryutare enzyme tests. In principle, there
are two distinct methods to produce complex homofermentation and appropriate
chemical hemisynthesis. The obvious limitationsf@fmentation for complex hopanoids
come from their poor solubility in most solventslaheir amphiphilic character, which makes
their extraction largely troublesome. Moreoverpientation is only appropriate for a few of

them because many complex hopanoids are produckddbdgria in only trace amounts.
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Chemical synthesis, on the other hand, allows tuess to a broad range of naturally
occurring hopanoids in sufficient amounts. Manyodf have been invested to synthesize
ribosylhopane, BHT and many other related strustyBisseret and Rohmer, 1989; Stampf,
1992; Duvold, 1997; Pan, 2005). Some synthetid¢esjras are quite successful with excellent
stereochemistry control and good overall yieldswkeeer, adenosylhopane has not been
successfully synthesized with the reported methmgles, mostly due to the huge hindrance
introduced by the adenosine moiety and the penliacygerpene structure. We therefore
attempted to look for an alternative synthetic pat for adenosylhopane, which could also
be easily applied to the preparation of other radiyioccurring hopanoids or even non-natural
analogues. Moreover, considering the needs of psottabeled hopanoids for future
biochemical investigation, this strategy should &de to introduce isotopes, such as

deuterium, into the hopanoid structure convenieaig economically.
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1I.2. Review of the reported syntheses of adenosylpane and

hopanoids in related stuctures

Adenosylhopan@5, ribosylhopan&€3 and its lactone analogul are the only reported
biohopanoids with cyclic side chains. Consideririge tstructural resemblance between
adenosylhopane and ribosylhopane, as well as thi#ged examples of adenosylhopane
synthesis, some of the reported synthetic stratefpe ribosylhopane derivatives are also
reviewed in this section.

Chemical synthesis of hopanoids has gained materare attention since the access to
hydroxyhopanoné6, the universal starting material, was allowed (Btanet al, 1957).
Approaches on preparation of adenosylhopane arfbdnoids with related stuctures were
mainly based on two routes. The first strategynspired by the supposed biosynthesis of
bacteriohopanoid side chains, coupling thus arpiiee moiety and an appropriate chiral
building block of G side chain. In the case of the synthesis of adémmsane or
ribosylhopane, an appropriately protected adenosireribose derivative was used for the
side chain extension. In the other approach, agéimmsane is derived from adenine and a
ribosylnopane derivative via adenylation. The marmoblems encountered by these
methodologies are always the poor yields obtairgdttie coupling reaction between the

triterpene moiety and the-ribose derived moiety.

11.2.1. Coupling between hopane skeleton and a siddain building block

Carbon/carbon linkage between g @iterpene and a-ribose derivative was postulated
for the biosynthesis of thesEbacterial hopanoids two decades ago (Flesch arunBig
1988b; Rohmer, 1993). On the one hand, a biominpetitocol using an adenosine derivative
as a chiral source for the; Gide chain seems therefore to be a convenientimect way to
synthesize adenosylhopane. On the other handranchpproach is widely employed in the
syntheses of natural products (Henessian, 1983refiedence cited therein). Carbohydrates
and terpenes are widely used as enantiomerically ggnthons. This strategy offers obvious
advantages: numbers of reactions are usually liniéed stereochemistry control is often

excellent, since most of the chiral centers areaaly fixed within the building blocks.
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[1.2.1.1. Coupling via Wittig-type reactions

Ribosylhopane derivative®2 and33 were synthesized via a chiron approach involving a
Wittig condensation between the phosphonium Zaknd the methyl ribosid80 (Franciset
al. 1991; Stampf, 1992). The phosphonium 28ltvas prepared from 29-iodohopane, which
was prepared from hopan-2928 by Rydon’s iodination, via a solvent-free reactieith an
excess of molten triphenylphosphine (Bisseret aoldnfer, 1989). Although the yield of the
Wittig coupling could be improved from 17% to 369% bsing LIHMDS as base instead of
n-BulLli, it is still not satisfying. The subsequematalytic hydrogenation afforded the protected
ribosylhopane32 (Fig. II-1). Because of the troublesome deprotectf the methoxy group
on the ribose ring, benzyl ribosi@8 was employed as an alternative chiron for thelsgis
of ribosylhopane, involving the LIHMDS promoted ¥gtcondensation (Duvold, 1997). The

resulting yield was, however, lower (10-15%). Thecrtased condensation yield was

compared to the methoxy group of ribosBfFig. II-1).

A 17%

explained by the increased steric hindrance inteduby the benzyl group of ribosi@4d,
/"'(\OH gl \/g K\Pphs B: 36%

r\/é ‘0

O/{>

. 1o 15%

28 hopan-29-ol 29 31 (\/é o
o o%

o._0O o0._ 0
x30 x31

Conditions: A. 1) n-BuLi; 2) H, PtO,. B. 1) LIHMDS; 2) H,, PtO,. C. 1) LIHMDS; 2) H, Pd/C

Fig. 1I-1. Synthesis of protected ribosylhopane derivat®2snd33 by Wittig condensation
using different bases (Stampf, 1992; Duvold, 1997).

Another strategy for the coupling between the hepsikeleton and a ribose moiety was
developed by Stampf (1992): a Wittig-Horner typacteon using a more stabilized and more
reactive hopanyldiphenylphophine oxi8é The isolated yield of the coupling between oxide
34 and riboside80 rose to 62% in the best case. The subsequentaliion of PPFO.H and
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the following catalytic hydrogenation were achievadgood yields. Clean deprotection of
methoxy group turned out to be troublesome. HealBg-methyl ribosylhopane32 in
aqueous dioxane with HCI afforded the fully depcteéd product in moderate yield, even
after prolonged reaction time. Without further figeation, subsequent acetylation of
deprotected ribosylhopane was achieved by utilizhogO/Py and afforded ribosylhopane
peracetatd7. Ribosylhopan8&7 was synthesized for the first time by this workhunodest
overall yield (23%) starting from oxid#4 (Fig. 11-2).

OMe

POPh, o)
L -BuLi I, NaH, THF ’
/Q "hPOth 30, n-BuLi, THF /Q ,,ré\:IIOH /Q N0
\\ 62% \ : 82% \\ 'o/(f
o) o)
34 35 MeO O 36 cis & 36 trans
OMe OAc
o 1) HCI, dioxane 0
H2, PtOQ , 2) ACQO, Pyr r.t. ,
70% oy e ¢/ Ohc
° ? {— 65% \\ oA
\\ o two steps ¢
32 37

Fig. lI-2. Synthesis of ribosylhopane triacet@#via Wittig-Horner reaction (Stampf, 1992).

An attempt to synthesize (8radenosylhopane was further performed by Stan@®ZL
via a similar Wittig-Horner condensation (Fig. N-3The protected 5'-deoxy adenosine
5'-aldehyde39 was used as the chiral building block of the sibain. Disappointing yields
were obtained not only for the coupling step, bilgoafor the subsequent catalytic
hydrogenation with RO to afford (28)-33,34O-isopropylidene adenosylhopane £-20.
Because of the tiny amount of synthetic adenosyhepderivative obtained, the structure
was only verified byH-NMR and mass spectrometry. The poor overall yieds attributed to
the increased steric hindrance introduced by tlemiaé moiety of adenosine-5'-aldehygie
(as compared to the methoxy group of ribos3@e The main advantage of this methodology
is that the aldehyd89 was not exposed to the strong bases requirechéogéneration of
non-stabilized phosphorane Wittig reagents resgitinconsequent decomposition (Kgral,
1986; Wnuk and Robins, 1991). The stabilized yhelsulting from diphenylphosphine oxide
(229-34 was, however, not as reactive as the non-stablilaees. This reduced reactivity
might be another factor leading to the poor yieldh® coupling step. Nevertheless, as the

first report on adenosylhopane synthesis, it predjcn the one hand, valuable experimental
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data, and on the other hand, pointed out the m#iautty in the synthesis of adenosylhopane

— the steric hindrance resulting from the bulky dog skeleton and adenosine moiety.

NHBz
¢ N
N N/J
o
) 1) n-BuLi, THF; 2) NaH, DMF SN "o
: "'QS\POth : (228 -
4% o
(225)-34 (2285)-38 cis/ (225)-38 trans = 1/ 1
NH, NHBz
</ , \N N \N

H,, PtO,, EtOH, cCHCl; N" N Ox N N//’
0 0
<10% )w) "0
H 228 <,
\ (0]

(225)-40

Fig. 1I-3. Tentative synthesis of (&adenosylhopane via Wittig-Horner reaction (Stampf
1992).

[1.2.1.2. Coupling via Julia olefination

Tentative studies on the synthesis of ribosylhopaneising Julia olefination was fully
unsuccessful (Fig. 1I-4) (Stampf, 1992). The pamaativity of the 29-hopanyl phenyl sulfone
41 probably also originates from the steric hindraoicthe bulky hopane framework.

n-BuLi SO,Ph
)\? o >< \)\? EN

(e] 0
OMe

R \ ){
:O: B
e

R= CH,OTs, CH,l, CHO

O
O

Fig. lI-4. Unsuccessful tentative synthesis of ribosylhopaadulia coupling reaction
[1.2.1.3. Coupling via an organolithium mediated cposs-coupling strategy

Considering the high reactivity and low steric hismtte demand of organometallic
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reagents, a novel fg+Cs] strategy was developed by Panal. to synthesize ribosylhopane
and other bacteriohopanepolyols (Petnal, 2007). This methodology was based on the
metallation of hopanyl phenyl sulfid&3 and its efficient coupling to an aldehyde derived
from D-ribose.

Fig. 1I-5 shows the organolithium assisted cauplreactions in the synthesis of
ribosylhopane. 29-Phenylthiohopané3 was easily prepared from hopan-29-8B.
31-Hydroxy ribosylhopaneg5 and 46 were prepared via a two-steps one-pot reaction.
Reductive lithiation of43 was achieved by using lithium 4,4'4it-butylbiphenylide
(LIDBB), which is very efficient for the cleavagé G6-S bond. Ribosid&0 or 31 was added
subsequently in one pot, due to the high reactofithe metallated hopane intermediate. Best
yield (81%) of coupling between 29-phenylthiohopdB8eand30 was obtained by optimizing
Cohen’s procedure (Cohen and Doubleday, 1990). tinfately, the use of benzyl riboside
31 under the same optimized conditions resulted amla lower yield (< 8-10%), while
giving hopane44 as the major product. This is probably due toititeraction between the
bulky hopane skeleton and the bulkier benzyloxyugro 31 as compared to the methoxy

group in30.

R R e R

28 43 44
O\ aldehyde adducts yields
30: R'= Me 45 81%
31: R'=Bn 46 12%

Fig. 11-5. Coupling between hopane and riboside througtheti#d hopane intermediate (Pan
et al.2007).

Following deoxygenation of the additional hydroxsogp at C-31 position and further
derivatization of the desired produg2 gave ribosylhopane triacete®@ in high yields (Fig.
[1-6).
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0 1) CS,, LIHMDS, then Mel 0
/Q o 2)nBUSNH; HCI /Q Do
\ OH O/$ 85% \\ O/$
OAc

1) HCI, THF/dioxane 0
2) Ac,0, Pyr. ):?/ , " OAC
92% \ OAc

37

Fig. 11-6. Deoxygenation and deprotection of 31-hydroxyriboggane45 (Panet al., 2007).

This LiDBB promoted hopane-riboside coupling wascmunore efficient than the
reported Wittig-type strategies. However, the st@rndrance resulting from hopane skeleton

and some bulky substitution group at C-1' positbribose still remained a severe problem.

1.2.2. Direct adenylation on ribosylhopane derivatie

With all the knowledge gathered about ribosylhopapethesis and the well-discribed
methods for building a glycosidic bond, adenosyfl@pmay be theoretically prepared from
linkage of the N-7 nitrogen atom of adenine to &5 carbon atom of ribosylhopane.
Stampf (1992) attempted the glycosydic couplingribbsylhopane triacetat87 to free
adenine 47 in the presence of SnClas a Lewis acid (Fig. 1l-7). However, no
(22R)-adenosylhopan@5 was obtained, but instead itso3%omer 48 with a poor yield
(<10%). Compoundt9 was the major product. Treatment of 2ibosylhopane triacetates
(229-37 with adenine and Sngled to the formation of compourk®, without trace amount
of coupling product. The poor solubility of adeni@ and ribosylhopane peracet&é in
acetonitrile was considered as the main reason thikyside reactions were promoted.
Moreover, the coupling position of adenihéto the C-35 position of ribosylhopaB& could
not be determined by*C-NMR spectroscopy due to the insufficient amourft o
adenosylhopane isomd8. Last but not least, the application of this melblogy is also
limited considering the many synthetic steps resuto reach ribosylhopane.
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ﬁ

SnCly, CHch

OAc OAc OAc OAc Q\ OAc OAc
49
<10% H2N
47

- - NHAc

SnCly, CHQCN
OAc OAc OAc OAc

(225)-37

Fig. 1I-7. Tentative synthesis of adenosylhopane via glydesydupling reactions (Stampf,
1992).
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11.3. Syntheses of (2R)-adenosylhopane and of a deuteriated

isotopomer

[1.3.1. Introduction

The goal of this project is to develop a concise fiexible approach for the synthesis of
adenosylhopane with good yields and excellent stéwemical control of all asymmetric
centers, starting from easily available startingtanals. This approach should be readily
applied to the preparation of other natural or turaé bacteriohopanepolyols with potential
biochemical interest. Moreover, it should also &llan easy access into the introduction of
isotopes into hopanoid structure to meet the neédisture biochemical investigation. From
the atom-economic point of view, isotopes shouldirieoduced in the final steps of the
synthesis.

According to the previous studies on the synthesmdenosylhopane and ribosylhopane
derivatives, the cross coupling strategy accordgiing biomimetic (G + Gs) sequence is the
most direct way. The major difficulties we mightcennter are the steric hindrance induced
by the hopane skeleton and the instability of ademo substrates under harsh reaction
conditions. To our knowledge, a coupling strateggdd on olefin cross-metathesis (CM)
would be promising because of its efficiency (catalreactions with usually high yield in
relatively short reaction times), mildness (no otteagents are required for pre-activation of
the C atoms on the coupling sites, and reactioms tgpically performed under mild
temperature) as well as high tolerance towardouarfunctional groups and bulky structures
(e.g.tri- or tetrasubstituted olefins that present hagric hindrance). Moreover, the desired
olefin product is suitable for further structurdleoration. The subsequent hydrogenation of
the carbon-carbon double bond will enable us t@thice deuterium easily and economically.
Although no report involving CM reactions in theeparation of triterpenoids of the hopane
series was given, this novel type of reactions theen widely employed in the synthesis of
many other natural compounds, including carbohydrgAljarilla et al, 2010), nucleosides
(Amblard et al, 2005) and steroids (Morzycki, 2011). Therefotés plausible to explore the
use of CM for the synthesis of adenosylhopane.
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[1.3.2. Olefin cross metathesis

Olefin cross metathesis has been proved to bef@reat way to build an intermolecular
carbon-carbon bond. A general mechanistic scheméaéoCM reaction of two symmetrically
substituted olefins (in practice, this is quitefidiflt) is presented in Fig. 1I-8 (Hérisson and
Chauvin, 1971). The first step in the catalyticley@fter the first catalyst turnover to produce
A) is a [2+2] cycloaddition reaction between oldéimand a transition-metal carbeAeo give
a metallacyclobutan€. The latter undergoes subsequent collapse in @uptiwe fashion to
afford a new olefin produdd and a new metal carbene (alkylide&)which carries the
alkylidene fragment R Similarly, E can react with a molecule &fvia G to yield D andA,
which then re-enters the catalytic cycle. The estlt is thaD is formed fromB andF with

A andE as catalytic intermediates (Connon and Bleché&g32.

R

1
R1z.:/R1 ]:L[M] R1:/R2
B % R R» \ D
C

/=M el

Fig. 11-8. Mechanism of olefin metathesis (Connon and Blec2€03).

[1.3.2.1 Efficiency and selectivity of CM reactions

As it is the case with most transformations, the tmportant questions concerning any
CM reactions are those concerning efficiency arldcsigity. The goal of a successful CM
reaction is to achieve high yield of the CM produdth minimal amounts of competing
dimerization (self-methathesis) products. If twefols of similar reactivity are subjected to
CM condition, assuming full conversion, 10 equivédeof one coupling partner must be used
to achieve a synthetically efficient yield of 90%.the meantime, the yield of homodimer
from the other coupling substrate is reduced fr&% 2o 10% (Chatterjeet al, 2003). The

stereoselectivity of product formation is anothetical issue for CM. Although th& olefin



is usually thermodynamically favored as the majoss-product, when the energy difference
between th& andZ isomers is small, thEe/Z selectivity would be largely attenuated.

CM of two identical olefins eliminates the questimincross product selectivity. Kranusz
and co-workers were able to dimerize various $tallcleosides through CM promoted by
the biphosphane catalyst, Grubbs’ cataly$tgéneration (G-1) (10%-20%) (Batowt al,
2001) (Fig. 11-9). Yields were moderate 45%) and the reaction was largely unselective with
regard to olefin geometry. The author cited thehbiion effect of the N atom present in
pyrimidines on ruthenium catalyst to interpret vélugh large amounts of catalyst are required
to achieve acceptable CM yields (Furstner and Lavagw, 1997). And indeed, metathesis
with N containing products, for example nucleosjagdgfrded lower yields compared to those

obtained from metathesis dimerization of sugandgires (Huang and Herdewijn, 2011).

RO B

B = thymine, uracil or acetylcytosine; R = TBDPS

Fig. 11-9. Homodimerization of nucleotides (Batoakal, 2001).

CM of two different olefins has the inevitable dealje of competing homodimerization.
The mechanism of metathesis allows equilibrationd @he product distribution of a
metathesis reaction is governed by the relativergie®e of product olefins: the most
thermodynamically stable isomer is favored (Snatral, 2001). A general observation that
has been made is that the activation energy bsurifi@r electronically deactivated and
sterically hindered olefin are high, often resugtin diminished reactivity towards metathesis.
If the desired olefin product is kinetically tragbe@nd does not undergo a secondary
metathesis, a higher yield can be anticipated @g & undesired products undergo secondary
metathesis. A selectivity model for CM was proposedcerning the functionalized olefin
reactivity, categorizing olefins into four group€h@atterjeeet al, 2003). In general, a
reactivity gradient exists from most active typggéd | olefin) to least active type (Type IV
olefin), with sterically unhindered, electron-riotefins categorized as type | and increasingly
sterically hindered and/or electron-deficient aisffalling into typell through IV.
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- Type | olefins undergo rapid dimerization and tegulting homodimers will participate in
secondary metathesis.
- Type Il olefins homodimerize and the homodimersTanee 1V olefins.
- Type lll olefins are active in metathesis but do m@modimerize.
- Type IV olefins are not reactive towards metathesis
As summarized in Fig. 1I-10, CM between two Typeolefins gives a statistical
distribution of hetero- and homodimers, in whiclseahe yield of the reaction can be
improved by increasing the equivalents of one olefiCM while decreasing the formation of
homodimer of the other olefin. Higher selectivify@M can be facilitated by coupling olefins
of different types. Good CM yields can then be acéd with low stoichiometric ratios of two

olefins (Chatterjeet al, 2003 and references cited therein).

Type N Type ll X Type T Type v
Type IV/\ No Reaction No Reaction No Reaction ~ No Reaction
Type III/\ Selective Low Reaction Non-selective
Typelll X Selective Non-selective
Type |/\ Statistical

Fig. [1-10. CM mode of selectivity.

It should be noted that different catalysts reqdiféerent definitions of olefin types and
the model of CM selectivity does not apply in adises. Besides electron deficiency, steric
bulk and sometimes chelation effect on rutheniuay jgls deactivating factors for CM. Indeed,
CM is known to be more difficult than dimerizatiaimg closing or ring opening metathesis
due to the loss of advantages from statistics,opgtiand ring tension relief respectively.
Despite of the relatively low yields and unprediut¢areaction scope, CM is more and more
employed as a key step into multistep procedurésiraio the synthesis of natural products
(Prunet, 2005), such as nucleoside analogues amndids (Morzycki, 2011), which show

great structural similarity with our target molee@denosylhopane.

11.3.2.2. Olefin cross metathesis in the synthestd natural products

A CM coupling with phosphorylated thymidine derivat highlighted the superiority of

Grubbs’ 2% generation catalyst (G ) over G | in terms oftbactivity and functional-group
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tolerance, and its potential for CM modification bfologically important molecules.
Moreover, the intramolecular chelation of the naotides to ruthenium was cited as the
reason of the large amounts of catalyst consum@¥)2Lera and Hayes, 2001) (Fig. 11-11).

I\ =N\=0
fg?o MesNYNMes ON_
o c 880" )

N = 3
NH Cl S 0]
TBSO/\Q/ 7]/ PcyPh Gl O\P/OMe
OP OMe + //g?o o-\__
0" \— o DCM o
/\g 7]/"“" TBDPSO"" N/i
TBDPSO O)\” o

Fig. 11-11. Coupling of nucleotides by CM (Lera and Hayes,100

However, a similar strategy was not successful wihevas applied to the synthesis of
3'-phosphonoalkenyl adenosine analogues (Huanddendewijn, 2011) (Fig. 11-12). CM of
allylphosphonate with adenosine derivative did gige the desired coupling product, but the
CM with a sugar moiety afforded the CM product dutatively. This result was in accord
with the observed decreased reactivity of nitrogentaining substrates towards CM, which
are more often the nucleotides, compared to thata odugar substrate. Although no

interpretation was given by the authors, steridrance seemed a likely explanation.

o / A

f o B = Ade or Ade®? EtO \{7’

HO RO OR
100% /
X, Gl 0
EtO- P o I //
EtO-
Eto )( OEt X

Fig. 1I-12. CM in the synthesis of modified nucleoside phosyaite (Huang and Herdewijn,
2011).

Successful CM was reported to couple the proteStetboxy-5-methyleneadenosine or

uridine analogues with six-carbon amino acids (haliglylycines) in the presence of
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Hoveyda-Grubbs catalysf'®@generation (H 1l) or Grubbs catalyst G Il respesiy, giving
nucleoside analogues with a C5'-C6' double bonduf\émd Robins, 1993; Andrei and Wnuk,
2006) (Fig. 11-13). It is worth to mention that pection of the amino group at C-6 position of
the adenosyl coupling partner was necessary ttitéaei CM reactions. CM failed with the
adenosyl substrate containing a free amino groilmewhe 6N-benzoyl derivative afforded
good vyields for CM products, and the di-protectetiivitive even better yields, which is
consistent with the observed deactivation of ruilmancatalyst in the presence of an amino
group (Batoux et al, 2001). Furthermore, an interesting protocol wasetbped by the
authors to perform CM under pressure, which prostfitient when the activation energy
barrier of the metallacyclic transition state iolpably too high to achieve under classical

thermal conditions.

NHR

o [
B o
m GllorHIl EtOMB M;T\'T"Mes IR
s @ N "Ru= \/\)\H/OEt
OXO DCM, 60 °C 6. 0O cl (T) I
x iPr HIl

B = Uri, Ade, AdeB? or AdeB%

Fig. 1I-13. Coupling of nucleosides with amino acids by CM (Wnand Robins, 1993;
Andrei and Wnuk, 2006).

In the field of steroid chemistry, ruthenium-medihtmetathesis is largly employed in
total synthesis and hemisynthesis of these policychtural products (Morzycki, 2011).
However, limited examples were documented using f6iMhe modification of the steroid
side chain. CM reaction of steroidal terminal alefwith two-fold excess of 3-perfluoroalkyl
propene reagerl catalyzed by ruthenium carbine H Il afforded tlesided products in good
yield (Fig 11-14). Interestingly, reactions of tseeroidal olefin with the shorter side chain (n =
0) were completelye-stereoselective, while substrate with the longee (h = 2) afforded
diastereomeric mixtures with thleolefin prevailing. The unexpected stereoselegtiniight
be explained by the huge steric bulk present in metallacyclobutane intermediate

corresponding to theé isomer (Eignerovét al, 2008).
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HIl

B —

* Rl

RO 51

R=TBS or THP; n =0 or 2; R; = n-C6F13, n-C3F7 or i-C3F;

Fig. 11-14. CM between steroid and perfluoroalkyl prop@&igEignerovaet al, 2008).

However, without the help of inductive effects dfet perfluoroalkyl group, CM of
A*?-steroid52, catalyzed by H Il catalyst, with excess of simglleeness3 are rather sluggish
and low-yielding €.g.12% vield achieved for th&**cholesterol derivative) or do not occur
at all (Fig. 1I-15). All attempts to apply stigmasdl (with an additional Z#ethyl group)
derivatives in metathesis reaction (CM or RCM) ddjl probably due to steric reasons
(Czajkowska and Morzycki, 2009).

HIl
+ /\/\O)J\ﬁ/)/
52

OCH;€ OCH;

R =H, Me, i-Bu,

Fig. 1I-15. CM betweemzz-steroid52 and 3-butenyl stearat8 (Czajkowska and Morzycki,
2009).

Steric hindrance remains an important factor indfuglies on CM of steroids, especially
for the dimerization of steroidal olefins. Successfixamples for steroid dimerization were

reported by Edelszteiet al. (2009) only under the assistant of microwave hneati

11.3.2.3. Applying CM into the synthesis of adenodiiopane

To date, among the few works using ruthenium-mediabetathesis for the synthesis of
triterpenes, only ring-closing metathesis has besrployed to construct the polycyclic
skeleton (Srikrishnat al, 2010). Therefore, our work will be the first repof a side chain

elongation in the hopane series by CM. Accordingh® present knowledge on metathesis
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involving nucleosides or steroid-like structuresyeyal precautions should be taken into
account in order to facilitate CM for the couplibgtween an adenosine derivative and the
hopane moiety.

Theoretically, there are three ways to performabgpling via CM from different starting
materials (see Paths A, B and C, Fig. 11-16). Pathequires diplopten& as a coupling
substrate: the bulky pentacyclic skeleton reprasanhuge steric hindrance and is usually
inert to chemical derivatization. Path C involvési®&oxy-4',5'-didehydroadenosibd, which
is an enol ether with an activated C/C double bdud to the electron-donating effect from
the adjacent oxygen atom, and thus presents hagtivity towards CM reactions according
to the general selectivity model (Chatterggeal, 2003). However, using adenosine derivative
54 as a starting material might causpimerization on C-4' position of adenosine duéhto
E/Z stereoselectivity of CM and further hydrogenatiofherefore, coupling between

homohop-30-enB5 and a 5'-vinyl adenosine derivative (path B) seampeomising choice.

=TT
)

T -
<

O _.Ade
0. 0
O _.Ade
55 o><'o
O\ . Ade
"////\/ + m,
O><O 54

5'-deoxy-4',5'-didehydroadenosine

Fig. 11-16. Three possible ways for CM reaction between thpahe skeleton and an
adenosine moiety.

Although metathesis usually presents high toleranoeards functional groups,
appropriate protection of the 6-Nlaf the adenosine moiety is required, probably beeaof
the chelation to ruthenium by amino group, whichakens the reactivity of the catalysts.
Higher reactivity was reported for a NgN-dibenzoyl adenosine substrate towards CM
reactions (Andrei and Wnuk, 2006). The increasedicsthindrance caused by the second
benzoyl group may, however, disfavor the couplingg the bulky hopane skeleton.
Furthermore, oxidation of BLN-dibenzoyl adenosine to the corresponding 5'-aldehy
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analogue, the precursor of 5'-methylene adenopnoged to be much more difficult than that
of its mono-protected or unprotected analogs (Ceaigl, 1986). For these reasons, we shall
use 6N-benzoyl-5'-deoxy-5'-methylene-2-3-isopropylideneadenosiré&? for the coupling.

The advent of the catalysts G Il (Huaegal, 1999; Trnka and Grubbs, 2001) and H I
(Garberet al, 2000; Gessleet al, 2000) had a tremendous impact on the CM reaclibase
ruthenium alkylidenes contain nonlabile, stericdlipderedN-heterocyclic carbene ligands
with strongo-donor and poott-acceptor properties, which help to stabilize tHeelectron
ruthenium intermediates during metathesis (Connad Blechert, 2003). They display a
functional-group tolerance akin to that of bisphumpe-based catalyst G I, but have a
reactivity closer to that of the highly active yetophilic molybdenum catalyst, and are thus
by far superior to G | catalyst in terms of reaityivRecently, a novel ruthenium catalyst,
Zhan-1B, with 5-aminosulfonyl substituted 2-isopyey styrene ligand has been reported to
be more stable and highly active towards metathesistions, including CM (Zhan, 2007).
We thus found these three catalysts of great istéoe the synthesis of adenosylhopane.
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11.3.3. Retrosynthetic analysis

The synthetic strategy toward adenosylhopane wagmied based on the advantage of
the coupling of an appropriate protected 5'-methgéelenosine substrate and a triterpene
moiety possessing a terminal C-C double bond ad @l C-31 position via cross-metathesis.
Then the desired carbon-carbon double bond couldrdskiced to afford saturated
adenosylhopane and, when necessary, two deuteriitmmnsamay be introduced by
hydrogenation into the product. The hopane moies wbtained in a few steps from
hydroxyhopanon&6. The starting material of adenosine mo#thjis commercially available.

Cross metathesis N
|:(><
NHP NH,
TN g
N ’N/J NP

P = protection group 0 — Volj
o0

Fig. [I-17. Retrosynthetic analysis for the hemisynthesisdeih@sylhopan25
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11.3.4. Preparation of functionalized hopane and adnosine derivatives

[1.3.4.1. Preparation of hopane derivative

Hydroxyhopanones6 was extracted from commercially available Dammesinm and
purified by crystallization (Dunstaat al, 1957) with a yield of ca. 5.5 g/kg (Fig. 1I-18).
Subsequent Wolff-Kishner reduction afforded dippt 2 in a 90% yield. Key point to
obtain this high yield is to remove extra hydrazmenohydrate and water as much as
possible before KOH powder is added in. The follmyvreaction could reach a temperature
above 200°C to facilitate the successive deprotonations @& tlydrazone intermediate.

Otherwise the total yield would be affected.

extraction

, /'ﬁ)H N,H,.H,0, KOH
Dammarresin ——M» - s

(HOCH,CH,),0
210°C
90%

SOCl, | " 1) 9-BBN, THF, rt ’ DMSO,(COCI),, EtsN
DCM, 2,6-lutidine \\ [/ 2) NaOH, H,0, \\ [ DCM, -78°C
0°C 45% (2 steps) 87%

3 28

228/ 22R~9/1

)? PhsP=CH, )?
: Ko _— = : g2
z ,éR\ z ’(\
\ DMSO/ THF, 50°C \‘\
98%
58 55

Fig. 11-18. Preparation of homohop-30-e5&

Diplopterol 2 was then dehydrated in the presence of S@LCHive diploptene as the
major product accompanied by hop-21-&®in a 3.3:1 ratio, which was determined by
'H-NMR spectroscopy (Fig. 11-19). 2,6-Lutidine wakosen as the base, for its hindered
nitrogen atom improved the regioselectivity of glienination (Pan, 2005).

\/\Qﬁm DCM,SZC,):Iztidine \/\Q[/ * \/\%/

0°C

2 3 59 3/59~3.3/1

Fig. 11-19. Regioselectivity of dehydration of diploptei®l
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The mixture of diplopten® and its isomeb9 was directly engaged in the next step
without further purification. Hydroboration/oxidati of the terminal olefir8 (Stampf, 1992)
majorily afforded (23)-hopan-29-ol 28 with the C-22 configuration of the natural
biohopanoids with isolated yield of 45% startingnir diplopterol 2 (Fig. 11-18). The
(229-epimer could be easily separated fromR22pimer by ordinary silica gel
chromatography. Hopan-30-&88 was obtained via Swern oxidation (Duvold, 1999nir
primary alcohoR8. Then aldehyd&8 was treated with a Wittig reagent to afford hope3@
55in high yield (Ensminger, 1974) (Fig. 11-18).

11.3.4.2. Preparation of adenosine derivative

In the synthesis of 5'-vinyladenosit®, adenosine-5-adehyd& was an important
intermediate. Protection of the 6-amino group @& #ddenine ring is necessary, otherwise the
yield of the following cross-metathesis would begy affected (Andrei and Wnuk, 2006).
According to  Moffatt and  co-workers  (Ranganathanet  al, 1974),
6-N-benzoyladenosine-5'-adehy8@is synthesized from compoul@ via Moffatt oxidation,
subsequent protection of the resulting crude aldehiiberation of the hydratg+H,O and
dehydration of the aldehyde hydrate to yield aldiet89 (Fig. 11-20).

s

HONEO | /=N
3 N 1) TMSCI, Py. 7/%/ 1) DCC, Cl,CHCOOH, DMSO  (PhNHCH),
o )

72 NH, ————————~
- ) 2) BzCl, Py 2) (COOH), H,0, MeOH MeOH
)<O NS N 3) NH H,0 ) (COOR):H, 59%, 2 steps

94%

\ /)

o
. h/N/KEO)_N/éN Dowex-50, H* form /KE)_ /=N Benzene, reflux
d‘. H = ) NHBz THF, HQO H NHBz 75%
)<o NN 64% O
61 39 ¢ H,0
BzHN
o B! \ﬁ
. = 0 /<N HO, / 4
H o ,~N PhsPCHgBr, n-BuLi /\E)_N N~ N
| N S =\, NHBz 0
5 7 ZNNHBZ - THF, -40°C N6 N
)<o NaN 75% )< SN 07/0
39 82 - 63

Fig. 11-20. Preparation of adenosine derivate2
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The parent nucleoside N-benzoyl-2',3'O-isopropylideneadenosin60 was prepared
from commercially available compoudd via a one-pot reaction (McLaughlet al, 1985).
Oxidation of 60 was conveniently achieved by treatment with DMSOd a
N,N-dicyclohexylcarbodiimide (DCC) in the presencedafhloroacetic acid. However, the
resulting crude aldehyde can not be purified viastHl chromatography, because such
aldehydes readily epimerize at C-4' or eliminatee thcetonide function, giving
3',4'-unsaturated aldehydes upon attempted chrgmeguby (Jones, 1969; Kjat al, 1986).
Therefore, the crude aldehyde was directly proteatith N,N-diphenylethylenediamine. The
corresponding derivativel was easily crystallized from EtOH. In order toahtthe useful
but quite sensitive aldehyd89, the N,N-diphenylimidazolidine61 must be carefully
recrystallized. Sometimes quick flash chromatogyaphs necessary in order to remove most
of the impurities from the crude mixture beforerystallization. It is worth to mention that
the protected compoun@l may also epimerize at C-4' after prolonged or aeguk
purification by flash chromatography on silica ¢eig. 11-20).

Treatment of the crystalliné1 with Dowex 50 (H) resin in aqueous THF at room
temperature readily regenerated the aldehyde gsurts and stable hydraB9H,0 in 75%
yield. Prolonged stirring with Dowex 50 {H resin could lead to the appearance of
2',3"O-deprotected product. After careful washing withtevaand pre-dryinginder vacuum
overnight,39H,O was dehydrated by azeotropic distillation witimkene using a Dean-Stark
trap to afford the free aldehy@8. However, care should be taken since cyclonualieds, a
less polar, benzene-insoluble side product coulédstly obtained by prolonged distillation.
5'-Deoxy-5'-methyleneadenosiB@ was further derived via a Wittig reaction from elhgde
39 (Fig. 11-20).

[1.3.4.3. Coupling of homohop-30-ene 55 and the Snayl adenosine derivative 62

CM reactions between homohop-30-este and 5-vinyl adenosine derivatie2 were
tested under different conditions (Fig. 11-21 arable 1I-1). Initial attempts with alken@2
and one equivalent of homohopeb® in the presence of H Il catalyst failed to give th
desired producB8 under reflux conditions (Table II-1, entry 1). $hiack of reactivity
resulted probably from the highly steric hinderedtatiacyclobutanyl transition state during
CM, together with an activation energy barrier foigh to be overcome under classical
thermal conditions. However, we were pleased totls@e38 could be isolated with an up to

13% yield when the same reaction was performedrumé@owave irradiation. Dimes4 was
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also isolated in 43% yield, resulting from the geltathesis of the nucleoside substée
The rest corresponded to starting mate®&land62, which were found unreacted (Table 1I-1,
entry 2).

Ruthenium catalyst G Il could also promote CM bem®5 and62, but the yield of the
cross producB8 was lower (Table II-1, entry 4), suggesting higb#iciency of H Il catalyst
than that of G Il in the presence of an adenosylietyo Finally, the
N,N-dimethylaminosulfonyl group containing Hoveyda—@s-type complex catalyst,
Zhan-1B, was almost as active as H Il for this Gdation, and similar yields of the coupling

product and dimer were obtained (Table II-1, eBity

NHBz \ NHB2
Ay el
NP NTIN
0 Cat. 10 mol% M@
‘\é\’ l//r\ ' \ -, /I'O \‘é\‘ 'l//(\ 34R “ %
o+~ 0
% 62 38 |E/Z=4/1~51
N NHBz
Cat=GIl, Hll or Zhan-1B Z 7
N= N N
I\ BzHN _\N., 0 O N="
AN ! AN
MesNYNMes N/ > < 2
., Zhan-1B N - 0
(Ru: OXO o7§
iprg SOzNMe, 64 E/Z~10/1

Fig. 11-21. CM reaction of homohop-30e®® and 5'-vinyl adenosine derivatige.

On the one hand, dimerization of homohop&Bevas not observed, suggesting that it
might belong to type lll olefins for CM reaction&iq. 1I-10). On the other hand, the
adenosine derivative2 seemed to act like a type Il olefin (Fig. II-10jndergoing
homodimerization slowly. Furthermore, the corregpog product64 was proved essentially
inactive to secondary CM, because the attempted€zidtions between homohopéesteand
dimer 64 under microwave irradiation at 75 °C did not letn the formation of
adenosylhopen@8, but allowed us to recover the two starting reégye@iven these features,
the crucial point to obtain higher yields for theupling compound8 is to maintain a low

concentration of adenosine derivative as compacedhat of homohopene, minimizing
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thereby the amount of dimerization. Stoichiometexcess (10 eq.) of the less reactive
homohopené&5 was thus introduced, and, as expected, the yieltienosylhopen88 rose
from 13% to 59% in the presence of Zhan-1B catalysier microwave irradiation (Table II-1,
entry 5). However, the CM yield was only modergimbably due to the low reactivity of
homohopen®&5. Adenosine substra@® was fully consumed under these conditions, resylti
in 40% of dimer64. A prolonged reaction time failed to increase jteld in 38, further
supporting that dime84 was indeed unable to undergo a secondary hetetatinesis with
excess homohop-30-eB&. The inability of compoun&5 to homodimerize, probably due to
a strong steric hindrance induced by the hoparesystem and the pseudo-axial position of
the side chain, allowed us to recycle the largessob5.

Table II-1. Optimization of reaction conditions foross-metathesis between homohogehe
and adenosine derivatié2.

Catalyst Condition 5562ratio  Products
1 HIl 40°C, DCM, 24 h 1/1 No reactiol
2 Hl MW¢, 75 °C, DCM, 3 h 1/1 38 (13%),64 (43%)
3 Zhan-1B MW, 75 °C, DCM, 3 h 1/1 38 (12%),64 (45%)
4 Gl MW, 75 °C, DCM, 3 h 1/1 38 (6%)
5 Zhan-1B MW, 75 °C, DCM, 3 h 10/1 38 (59%),64 (40%)
6 HI In sealed tubes, DCM, 75 °C, overnight 10/1 38(51%),64 (46%)
7 Zhan-1B In sealed tubes, DCM, 75 °C, overnight /110 38 (52%),64 (43%)
8 H Il MW, 75 °C, perfluorobenzene, 3 h 1/1 38(6%), 64 (78%)

10 mol% of catalyst was usédReaction was conducted under reflux, ambient pressYield of 64 was
not measured.MW is abbreviation of microwave irradiation.

The same reactions were performed in sealed tubesimic the rapid heating effect
under microwave conditions (Table II-1, entry 6 and A night long reaction time was
required to reach an even slightly lower CM yietdlicating that the highly beneficial effect
of microwave irradiation did not only arise fromethapid heating allowed in the microwave
oven (purely thermal/kinetic effect), but also sospecific thermal microwave effect, such as
wall effect and the selective heating of strongignmwave absorbing heterogeneous catalysts
in less polar reaction medium.

Furthermore, polar solvene.g DCM) is required to enhance the heating effect of
microwave. Although perfluorobenzene was reportexid capable of increasing activity of
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CM catalysts (Samojlowicet al, 2008), its apolar character led to less efficiegating by
microwave and probably thus resulted in a loweldyd 38 in comparison to that obtained
with the use of DCM (table 1I-1, entry 2 and 8).

The cross-metathesis prodi88 was found to be predominantly in tBeconfiguration.
Based on the integration of the 32-H and 33-H dgyjn& both E)- and g)-adenosylhopene
38 in the 'H-NMR spectrum [E)-32-H 4.74 ppm, 4)-32-H 5.03 ppm, £)-33-H 4.96 ppm,
(2)-33-H 4.85 ppm], the proportion & isomer varied from 75% to 80%. Energy calculation
of E and Z isomers using MMFF molecular mechanics by Spaawaly showed a slightly
lower energy for theH)-adenosylhopen88. (876.92 kJ/mol foE-38 and 895.09 kJ/mol for
Z-38) Therefore, theE selective CM reaction might be explained by thet fthat the
metallacyclic transition state corresponding to Bi88 was less hindered than that of the Z

isomer.

[1.3.4.4. Carbon/carbon double bond reduction and eductive labeling of
adenosylhopene 38

Reduction of the C-C double bond38 turned out to be more challenging than expected.
Catalytic hydrogenation o088 afforded disappointing yields even under pressarghe
presence of various metallic catalysts, such a€ Pd10%), Adam’s catalyst (Voorhees and
Adams, 1922; Stampf, 1992) (<10%), Wilkinson’s bzt (Osbornet al, 1966) (0%) and
Crabtree’s catalyst (Crabtree, 1979) (0%), probadhlye to the steric hindrance of the
molecule allowing only restricted access of thealyat to the double bond. This difficult
accessibility to the olefin was circumvented by tise of the small sized diimide, which is a
short-lived reagent and can be implicated in thducgon of nonpolar multiple bonds. A
concerted mechanism concerning the reduction ofyransetrical C/C double bond by
cis-diimide has been proposed (Spears and Hutchiri€88). Diimide is converted into,N
via a six-center cyclic transition state, whicifaamed by thesynaddition of dihydrogene to
the double bond (Fig. 11-22).

H R:., LR R

N° 1., aR2 N’H\. R1’2 +

Nt L — | LR — = H;C—CH; + N,
H Ry VR, “H” = 3

Fig. 11-22. Mechanism of diimide reduction on a carbon/cartouble bond (Miller, 1965).

~ 103 ~



Diimide is typically generated through the oxidatiof hydrazine, through the
decarboxylation of potassium azodicarboxylate (PADBAthrough thermal decomposition of
sulfonylhydrazides. A recently developed one-pototgrol for the formation of
2-N-benzenesulfonylhydrazide (NBSH) and subsequentidé alkene reduction was proved
equally efficient (Marsh and Carbery, 2009). Howeveonsidering the future labeling
reduction with deuterium, the acid promoted diimgneration from PADA would be of
great interest. Furthermore, acid catalysis mayedpep equilibration of thdrans- and
cis-diimide, favoring thus the hydrogen transfer frtracis-isomer to the alkene.

Direct treatment of38 with PADA and acetic acid led to partial deprotentiof
6'-N-benzoyl group. This protecting group was thereferaoved before diimide reduction by
a mixture of saturated methanolic ammonia solugiod dichloromethane to afford compound
65. Diimide reduction of the C30-C31 double bond démosylhopené5 was then achieved
by a continuous addition of PADA and acetic acid36 h, and afforded the desired product
40 with a good vyield of 73%. This reaction requiredagge excess of diimide and long
reaction time, probably because of the highly credvdubstitution patterns of the double
bond resulting into the relatively low reaction eain comparison to that of the
disproportionation of diimide to nitrogen gas andazine, the major competing process that
can significantly consume the reducing agent. bheoto suppress this disproportionation as
much as possible, PADA was added into the reactioture in small portions, and a drop of
anhydrous acetic acid was added only when theggtrevolution had stopped, thus keeping
a low concentration of diimide. On the other ham@ter should be avoided in this case,
because it has been reported as a very powerfibiioh of diimide reductions in aprotic
solvents, such as pyridine (Hamersma and Snydék)19he presence of oxygen was not
found to be deleterious, but in the present expanisthe reaction mixture was flushed with

nitrogen to avoid possible complications.
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Fig. 11-23. Preparation of adenosylhopa2efrom compoun®8.

Only minor changes were necessary to get the dentdabeled adenosylhopa&-D.
Compounde5 was first treated first with C¥DD for H-D exchange to avoid introduction of
extra protons from the amino group. Deuteriatedi@a@eid CHCOOD (98 atom% D) was
adopted as deuterium source to generate dideuiieridd in situ (Fig. 11-24). Reduction of
65-D with dideuteriodiimide was much slower than reduciwith diimide due to a primary
deuterium kinetic isotope effect. The relative si@action afforded decreased yield (60%) of
40-D as compared to that of natural abundadA®ge but allowed us to recover unreacted
adenosylhopené5 after 36 h treatment with PADA and AcOEH-NMR spectrum of the
recycled starting materiéb showed that th&/Z ratio had decreased from 5/1 (before diimide
reduction) to 1/1 (after diimide reduction), indicg a faster rate of hydrogenation of the
trans olefin over that of thecis olefin. This phenomenon has been frequently oleskix
diimide reduction, and was attributed to the mdugtered transition state in the case of the
transolefin (Miller, 1965).

NH, NH,

R

N N

</ , \N </N \N </ ’ \N
¥ 7 J
N N/ N N/ N N/

o 1)PADA, AcOD b o b o

” 2)H,0 YOTYY cHoy Meoroc “E ] F
\\ 0/(\ 0% \\ 5 © o Me D OH

90%

65R = NH, 40-D 25-D
MeOD
E 65-D R = ND,

Fig. lI-24. Preparation of deuteriated adenosylhofzs®.

H/(®*H +'H) isotopic abundance @0-D was determined by mass spectrometry. In spite
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of careful precaution against contamination by wadeuterium content was modest: 60%
[30,312H,]adenosylhopane and 32% [36}- and [312H]adenosylhopane accompanied by 8%
natural abundance adenosylhopane. This incomm@étdihg was due to the large excess of
only 98% labeled CKCOOD (60 eq.) and a primary deuterium kinetic dfféavoring
sufficiently the protonation by the low amountspobdtons, thus leading to a mixture ofHy,
NoHD and ND,. The labeling ratio can be probably improved bingsCH;COOD with
higher deuterium enrichment, but the obtained lagelvas largely efficient to perform the

future incorporation experiments.

[1.3.4.5. Deprotection of adenosylhopane and its déeriated isotopomers

Acid-catalyzed isopropylidene deprotectiord@fand40-D with a methanolic solution of
TFA gave respectively adenosylhop&teand25-D in high yields (Fig. 11-23 and Fig. 11-24).
This reaction was conducted at 0 °C on a rotarypensor, in order to remove the
2,2-dimethoxypropane continuously and shift thectiea equilibrium. Purification of the
desired adenosylhopar® proved, however, tricky, due to the amphiphili@dcter of the
molecule and its poor solubility in polar solvengésich as acetonitrile, methanol and water,
preventing purification by reversed phase HPLC on iexchange chromatography. A
successful purification was finally achieved vilcsi gel (0.063-0.200 mm) chromatography
(DCM/MeOH/NHs*H,0 100:7.5:0.5) under gravity.

11.3.4.6. Configuration of adenosylhopane and of & deuteriated isotopomers

To confirm the structure, the synthesized adenapdahe25 was acetylated (Fig. 11-23).
The spectroscopic data of adenosylhopane acedétes (Fig. 11-23) were compared with
those of natural acetylated adenosylhopane (Neuahid Rohmer, 1985b; Neunlist al,
1988). All the analytical data @6a-cwere consistent with those described previoushe T
assignments of thtH- and**C-NMR signals were made with the help of 2D NMR ctpe
(*H-'H COSY, HMBC and HSQC) by comparison with thoseaoted from previously
performed work (Pan, 2005; Toulouse, 2011).

The structure of deuteriated adenosylhop@beD was confirmed by comparing its
'H-NMR and**C-NMR spectra with those of natural abundance asighopane25 (Table

[1-3). Four different configurations at C-30 and3C-of adenosylhopar#b-D were obtained
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after dideuteriodiimide reduction. Given that didmireacts faster wittEf-adenosylhopene,
which is the dominant isomer, the major productiteng fromsynaddition of diimide to
the trans double bond should be [BBIR-’H,]- and [3(531S-?H,]adenosylhopane. The
[30R,31S°H,]- and [3(831R-*H,Jadenosylhopane diastereomers would be generateteby
attack of diimide to the)-adenosylhopene from different faces. (Fig. 11-25)

e
hopane,{'.3 DH R R D adenosine
N\ > ho ane"‘) (”'H —— I 1
H" 303" adenosine P H adenosine hopane H
H__
(E)-adenosylhopene J=48Hz
hopaneﬁH hopane H adenosine Jra8hz -y oo
H p adenosine )S—SQH S H adenosine
T D D
N=N hopane D
D
N=N
> [ H adenosine
hopane,/p_pcadenosine DrsP g ;*@i
H/_\30 3™y —  hopane’ H) (H ‘adenosine —— hopane H
v D/,
(Z)-adenosylhopene J~11.1Hz
hopane.  _.adenosine o H H D adenpsine
7=\ — fopané.y [.adenosine =—— :
Hb I5H D'S RD hopane D /
(N Heeooov
N=N Jx 111 Hz

Fig. 11-25. The four different diastereomers of [3034;]Jadenosylhopane resulting from
diimide reduction of f)- and g)-adenosylhopenO.

For natural abundance adenosylhop2bhdhe two protons at C-31 (31;ldnd 31-H) are
magnetically non-equivalent because of the chiaalter at C-32. A similar situation was
found for 30-H and 30-H, which are adjacent to the asymmetric center a2 CAssuming a
straggled conformation of the side chain of adelmagane25, four differentJ-J coupling
constants observed from the splittingldfNMR signals of 31-Hwere interpreted as follows
(Table 11-3).

- A coupling constant of 13.7 Hz is attributed to teminal coupling between 31sldnd

31-H,. The same value was also observed for 31-H
- Avalue of 8.4 Hz, which characterizes the signmitteng of 32-H signal as well results

from the coupling between 31;ldnd 32-H.
- The coupling constani,; =11.1 Hz originates from the coupling between 30add

30-H, in theanti spatial relationship, which leads to a configunatwith a dihedral angle
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close to 180°. Therefore, the last constdpi.éne= 4.8 Hz) characterizes JaJ coupling
between 30-H and 31-H when the two adjacent C—H bonds aregaucherelative
position. The dihedral angle between thgaacheprotons is around 60°, resulting thus in
a smaller value for the corresponding coupling tams(Fig. [I-25).

A similar interpretation can be applied to the sigsplitting for 31-H (Table 1I-3).

Two largest coupling constanfyé, and Ja) apparently disappears in thel-NMR
spectrum of deuteriated adenosylhop@beD and the shape of the peaks turned into a dd
from a dddd. Absence dfem indicated that there was one and only one deuestiC-31
position. The apparent disappearancéd,qf between 30-H and 31-H can be explained by the
reason that 30-H and 31-H are always in ¢faeicheform, which was in accord with the
supposed major configurations (RB1R-°H,- and [30531S°H,Jadenosylhopane)
originating from E)-adenosylhopane. Presence of RIUSH,)- and
[30S,31R-’H,Jadenosylhopane can not be proven ffétfNMR, because the protons from the
minor products, including the mono-deuteriated apomer and natural abundance
adenosylhopane, which are generated from the insenfabeling of adenosylhopefb, can
not be differentiated due to their low intensitglaheir nearly identical chemical shifts.

The only partial deuteriation and the occurrencefoalr bisdeuteriated diastereomers
resulted in difficulties to interpret tHéC-NMR spectrum o25-D. The disappearance of the
two singlets for carbons C-30 and C-31 pointedtbatpresence of two deuterium atoms in
these positions. The roughp shifts of carbon C-30 and carbon C-31 were fownthfedited
HSQC spectrum as -430 ppb and -410 ppb respectiVhly signals of carbons C-32, C-22
and C-21 became more complex due to the deuteriamsaat C-30 and/or C-31 positions.
However, values of thg or y shifts resulting from each configuration could ro¢
determined.
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Table 11-2. *H- and**C-NMR of the acetonide of (8- and (2%)-adenosylhopan40 and
of the bisdeuteriated (B-isotopomer0-D.

Proton | (22R)-40° (22R)-40-D" (229-40°

2-H 8.35 (1H, < 8.35 (1H, < 8.736 (1H, <

8-H 7.89 (1H, s) 7.90 (1H, s) 8.036 (1H, s)

35-H | 6.03 (1H, ddJasss= 2.4 Hz) | 6.03 (1H, ddls 3s= 2.4 HZ) E'-%m (1H, ddJss35 = 2.2

-NH, | 5.85(2H,s,) 5.92 (2H, s,) —

34-H 551 (1H dd J33 a4 = 6.5 Hz,| 5.51 (1H ddd J33 34 = 6.4 Hz,| 5.547 (1H, dd,Jgg 4= 6.4
J34 35— 2.4 ) J34 35— 2.4 HZ,J32 34= 1.2 HZ) Hz, J34 35— 2.2 HZ)

33-H 4.80 (1H, dd,Js334 = 6.5 Hz,| 4.80 (1H, dddJs;334 = 6.4 Hz,| 4.835 (1H, ddJs33,= 6.4
J32 33= 3.5Hz ) J32 3= 3.5 J31 33= 1.2 Hz HZ) Hz, J32 33= 3. lHZ)

2H | 50 Shs bl S E | o 8k, Sy T T 4202 M m)

Me,C 1.60 and 1.38 (6H, 2s) 1.60 and 1.38 (6H, 2s) 131&1.399 (6H, 2s)

88-Me | 0.928 (3H, s) 0.927 (3H, s) 0.952

140-Me | 0.921 (3H, s) 0.920 (3H, s) 0.938

22-Me | 0.83 (3H, dJ=6.2 Hz) 0.732

4o-Me | 0.834 (3H, 5) 0.838-0.827 (6H, m) 0.849

108-Me | 0.800 (3H, s) 0.798 (3H, s) 0.812

48-Me | 0.779 (3H, s) 0.778 (3H, s) 0.793

18a-Me | 0.656 (3H, s) 0.655 (3H, s) 0.612

Carbon | (22R)-40° (22R)-40-D° Carbon | (22R)-40° (22R)-40-D°

C1 40.2 40.32 C-22 36.3¢ 36.35, 36.28 and 36.

C-2 18.7 18.7 C-23 334 334

C-3 42.1 42.1 C-24 21.6 21.6

C-4 33.30r 33.2 33.30r33.2 C-25 15.9 or 15.8 15.9 or 15.8

C-5 56.1 56.1 C-26 16.6 or 16.5 16.6 or 16.5

C-6 18.7 18.7 Cc-27 16.6 or 16.5 | 16.6 or 16.5

C-7 33.30r 33.2 33.30r 33.2 C-28 159 0r15.8| 159 0r 15.8

C-8 41.7 41.6 C-29 20.0 20.0

C-9 50.4 50.4 C-30 314 —

C-10 37.4 37.4 C-31 30.0 —

C-11 20.9 20.9 C-32 87.67 87.63 and 87.60

C-12 23.9 23.9 C-33 84.0 84.0

C-13 49.3 49.2 C-34 84.3 84.3

C-14 41.8 41.8 C-35 90.5 90.5

C-15 33.6 33.6 Cc-2 153.0 152.9

C-16 22.7 22.7 c-4 149.4 149.4

C-17 54.4 54.3 C-5' 120.3 120.3

C-18 44.3 44.3 C-6' 155.4 155.5

C-19 41.5 41.5 Cc-8 139.8 139.8

C-20 27.5 27.5 CMe, 114.4 114.4

C-21 45.74 45.70 -@Hy3), 27.1 &25.4 27.1 and 25.4

2 (CDCl, 75 MHz).? (CDCE,

~ 109 ~

150 MHz) £ (CDCl, 250 MHz) (Stampf, 1992)




Table 1I-3. 'H- and *C-NMR of deprotected (#)-adenosylhopane25 and of the

bisdeuteriated isotopom2b-D.

Proton 25° 25-D®

2-H 8.77 (1H, < 8.72 (1H, <

8-H 8.61 (1H, s) 8.60 (1H, s)

“NH, 8.29 (2H, s) 8.28 (2H, s)

34-OH 7.74 (1H, d-J34‘34_OH= 55 HZ) 7.73 (1H, d134’34_o|_| =51 HZ,)

33-OH 7.04 (1H, d-J33‘33_OH= 5.8 HZ) 7.03 (1H, d133’33_o|_|= 5.6 HZ)

35-H 6.72 (1H, dJ34V35: 4.4 HZ) 6.72 (1H, d]34’35: 4.4 HZ)

34-H 5.43 (1Hpseuday,J = 4.7 Hz) 5.43 (1Hpseudad,J = 4.8, 3.9 Hz,)

33-H 4.77 (1Hpseudaq,J = 5.2 Hz) 4.77 (1Hpseuday,J = 5.0 Hz)

32-H 4.56 (1Hpseudadt, J = 8.4, 4.8 H) 4.57-4.54 (1H, m)

31-H, %11% |S1H dddd,\]gem 13.7 Hz, Jgoa 1= | 2.11 (1H dd,\]gla 3= 8.3 Hz Jgob 31a—

. z \]31332— 8.4 Hz Jgob 31a— 4 7 HZ) 4.6 HZ)

31-HQ 32?-%3231H dddd]gem— 13.7 Hz J30b 31b 1.93 (1H, br. dd,.]31b’32 = \]303’31[): 4.9
= 11.3 HZ,J31p,32= J30a,316= 5.0 H2) Hz)

30-H,and 20-H | 1.82-1.76 (2H, m)

21-H 1.75-1.72 (1H, m) 1.82-1.71 (3H, m)

22-Me 0.994 (3H, dJ = 6.3 H2) 0.993 (3H, di = 6.3 H2)

8p-Me 0.959 (3H, s) 0.961 (3H, s)

14a-Me 0.948 (3H, s) 0.949 (3H, s)

4o-Me 0.882 (3H, s, 0.883 (3H, s)

4-Me 0.819 (3H, s) 0.820 (3H, s)

10p-Me 0.815 (3H, s) 0.816 (3H, s)

180-Me 0.665 (3H, s) 0.667 (3H, s)

Carbon 25° 25-D" Carbon 25" 25-D°

C-1 40.5 40.5 C-21 46.3} 46.3¢

C-2 19.0 19.0 C-22 36.94 36.90, 36.86 and 36|81

C-3 42.3 42.3 C-23 33.6 33.6

C-4 33.4 33.4 C-24 21.8 21.8

C-5 56.4 56.4 C-25 16.0 or 16.1 16.0 or 16.1

C-6 19.0 19.0 C-26 16.8 or 16.7 16.8 or 16.7

C-7 33.6 33.6 C-27 16.8 or 16.7 16.8 or 16.7

C-8 41.9 41.9 C-28 16.0 or 16.1 16.1 or 16.0

C-9 50.7 50.7 C-29 20.4 20.3

C-10 37.6 37.6 C-30 32.3 —

C-11 21.2 21.2 C-31 31.0 —

C-12 24.2 24.2 C-32 85.23 85.20 and 85.15

C-13 49.6 49.6 C-33 and C-34 75.24 and 75.16 7&n7175.15

C-14 42.0 42.0 C-35 90.0 90.0

C-15 33.9 33.9 c-2' 153.8 153.8

C-16 23.0 23.0 c-4' 150.6 150.6

C-17 54.6 54.6 C-5' 121.3 121.3

C-18 44.5 44.5 C-6' 157.6 157.6

C-19 41.8 41.8 c-g 140.0 140.0

C-20 27.9 27.9

# (pyridine-D5, 60

0 MHz)"(pyridine-D5, 150 MHz)
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11.4. Conclusion

A concise and flexible approach has been develofeed the hemisynthesis of
adenosylhopane with excellent stereochemical cbatrall asymmetric centers. It includes as
key steps, a cross metathesis between two olefingining either the hopane moiety or a
protected adenosine derivative and a subsequenideiireduction of the resulting olefin (Fig.
[I-26). This strategy also allowed the access toteleated adenosylhopane isotopomers via

the reduction step.

' “, 5 steps, 35% /Q, SN
LT fon LTS
- N

= </ SN
55 ) \ [ _
Hydroxyhopanone 56 25, 4 steps, 29%

25-D, 4 steps, 36% (e}

NH, NHBz > /Q OH
N z H
</ / Y </N AN \ OH

_ [
N~ 7 6 steps, 20% N—,

O — >
HO o) X e

o f— oA

57 62

Fig. 11-26. Schematic summary for the synthesis of adenosgihe®b and its isotopomer
25-D.

The synthetic protocol described here is of genetdity because it might also give
access to tritiated adenosylhopane and to othergated hopanoids via cross metathesis
between homohoperi and a proper methylene derived partner. It reptese versatile tool
to access to diverse/many complex bacterial hopandior biosynthetic studies.
Adenosylhopan@5 seems indeed to be the most difficult natural hophisolated to date to
synthesize, because of the proximity of the triéemg skeleton and adenine. Once again, we
were impressed to see that nature has succeedled difficult task of joining such hindered
pieces by a carbon-carbon bond, with the help ofoae preorganized environment in the

active site, and thus giving rise to plenty of edrstructures.
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1I.5. Experimental Part

Hydroxyhopanone 56

Finely ground resin (1 kg) was extracted with matig4 L) by simmering for 1 hr. After
the mixture had stood overnight, the undissolvedens was filtered off and the extract
evaporated under reduced pressure. The resida@®Qig batches, was dissolved in ether (450
mL) and the dammar acids removed by shaking wittHKgIution (5%, 250 mL) and then
with water. The ethereal solution was dried with,$@, and its volume adjusted to 4.5 mL
per 1 g of extract used. The solution was kept df @or several days and was then decanted
from the solid which separated and which genefaligly adhered to the sides of the flask.
The solid was washed with ether and crystallizednfracetone or isopropyl acohol to give
hydroxyhopanenone as white needles (5.5 g perdt kegsin).

(This procedure has been described by Dunrstaih, 1957)

Diplopterol 2

To a suspension of hydroxyhopandste(1 g, 2.5 mmol) in diethylene glycol (100 mL)
was added hydrazine monohydrate (12 mL, 0.25 nidli mixture was vigorously stirred.
The reaction mixture was refluxed at 170 °C for, 2zatber which time, the flask was cooled
down to room temperature. Hydrazine and water vadgstlled off under reduced pressure
(33 °C, 9 mmHg) before KOH powder (2.5 g) was added the reaction mixture was
refluxed overnight at 210 °C. The mixture was akowo reach room temperature before

water and BO were added. The two phases were separated, andgteous layer was
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extracted twice with EO. The combined organic phases were dried overcanbg NaSO,
and filtered through cotton. The filtrates were mwated to dryness providing a crystalline
product2, which was further purified by FCC (PE/EtOAc 14(Q)87 g, 90%).

(This molecule has been previously described ifitbature: Stampf, 1992).

'H NMR (300 MHz, CDCY): d/ppm = 2.22 (1H, dtJ = 9, 10.4 Hz, 21-H), 1.91 (1H, m),
1.205 and 1.176 (6H, 2s, 22-Me), 0.953 (6H,aBd 14-Me), 0.842 (3H, s, #Me), 0.811
(3H, s, 1B-Me), 0.789 (3H, s,[f+-Me), 0.758 (3H, s, IBMe).

3C NMR (75 MHz, CDCJ): é/ppm = 73.9, 56.1, 53.9, 51.1, 50.3, 49.8, 44.11 421.9, 41.8,
41.2, 40.3, 37.4, 34.4, 33.4, 33.2 (2C), 30.8, 2%16, 24.1, 22.0, 21.6, 20.9, 18.7 (2C), 17.0,
16.7, 16.1, 15.8.

MS (El, direct inlet, positive mode 70 eMj/z= 428 (M, 3%), 410 (M-H,O, 14%), 395
(M*-CHz, 7%), 367 (M-side chain-2H, 17%), 341 (6%), 299 (4%), 231 (172007 (ring C
cleavage, 19%), 191 (ring C cleavage, 100%), 1897 149 (56%), 121 (26%).

(229)- and (2R)-Hopan-29-ol 28

A solution of diplopteroR (812 mg, 1.89 mmol) in dry DCM/2,6-lutidine (35 fBL3 mL)
was cooled down to 0 °C under Ar. Then freshlyilkst SOCh (1.4 mL, 19 mmol) was
added dropwise to this mixture. After 20 min ofrratig at this temperature, the reaction
mixture was quenched with a saturated solution &C; and extracted twice with DCM.
The combined organic phases were dried over anbhgddaSO, and filtered through cotton.
The solvents were evaporatad vacua After drying overnight under vacuum, the crude
mixture (diploptene/hop-21-ene, ca. 3/1, mol/mofswdissolved in dry THF (45 mL) under
Ar. Then a solution of 9-BBN in THF (0.5 M, 43 mR1.5 mmol) was added at O °C. The
reaction mixture was stirred for 24 h at room terapge. An aqueous solution of NaOH (3
M, 30 mL) was added to the stirred reaction mixairé °C, followed by 30% D, (30 mL).
The two phases were separated after being vigoratisied for 1 h at 40 °C. The aqueous
phase was extracted twice with,@t The combined organic phases were dried over

anhydrous NaSf©and filtered through cotton. The solvents werepevated under reduced
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pressure. The crude product was purified by FCOQEREAC, 8:1) to yield alcohol epimers at
C-22285(36mg, 4.5%) an@8 (357 mg, 44%) as colorless crystals.

(These molecules have been previously describdéukifiterature: Stampf, 1992; Duvold and
Rohmer, 1999; Pan, 2005)

(229-Hopan-29-ol 28§.

Rr 0.34 (toluene/EtOAc, 9 :1)
M.p. 209-210 °C (Lit: 209-210 °C, Duvold and Rohrmég9).

'H NMR (300 MHz, CDCY): 6/ppm = 3.63 (1H, ddla, 205 3.1Hz,Jz0s, 205 10.6 Hz, 29-1),
3.38 (1H, ddJz, 265 6.7 HzZ,Joea 205 10.6 Hz, 29-H), 1.05 (3H, dJz, 3= 6.4Hz, 25-CH),
0.953 (6H, s, B and 14i-CHs), 0.845 (3H, s, ¢CHs), 0.813 (3H, s, 1BCHs), 0.790 (3H, s,
4B-CHs), 0.721 (3H, s, 1BCHs).

13C NMR (75 MHz, CDCJ): é/ppm = 67.76, 56.13, 54.26, 50.42, 49.26, 44.3%A242.10,
41.81, 41.72, 41.66, 40.32, 39.60, 37.38, 33.634(B333.28, 33.24, 27.17, 23.97, 22.64,
21.58, 20.93, 18.69 (2C), 18.15, 16.60, 16.51,0,519.76.

MS (El, direct inlet, positive mode 70 e\ivz= 428 (M, 5%), 369 (M-side chain, 7%), 207
(ring C cleavage, 100%), 191 (ring C cleavage, 70%9 (55%), 121 (16%).

(22R-Hopan-29-ol 2&
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Rr 0.40 (toluene/EtOAc, 9 :1)

M. p. 190-192 °C.

'H NMR (300 MHz, CDCJ): d/ppm = 3.74 (1H, dd)s, 200= 3.0HZ,Jgen= 10.6 Hz, 29-19),
3.34 (1H, dd 22, 294~ 7.3 Hz,Jgem= 10.6 Hz, 29-K), 0.948 (6H, s, B and 14-CHjz), 0.930
(3H, d,J22, 30= 6.7Hz, 2R-CHj3), 0.843 (3H, s, 4-CHz3), 0.812 (3H, s, 1®CHz), 0.789 (3H, s,

4B-CHg), 0.710 (3H, s, 18CHy).

(225)-Hopan-30-al 58

A solution of (COCH (1.1 mL, 12 mmol) in dry DCM (10 mL) was cooledvdo at
-78 °C under Ar, and dry DMSO (1.1 mL, 15 mmol)dry DCM (1 mL) was added slowly.
The alcohol28s (644 mg, 1.5 mmol) in dry DCM (120 mL) was addddwdy, and the
reaction mixture was stirred at —78 °C for 3 h.eAfthis time the reaction was quenched with
triethylamine (5.2 mL) at —78 °C, and then the mmigt was allowed to attain room
temperature and stirred for additional 1 h. Thectiea mixture was poured into water and
extracted with DCM twice. The combined organic @sawere dried over anhydrous S&;
and filtered through cotton. The solvents were evated under reduced pressure. The crude
product was purified by FCC (PE/EtOAc 35:1) to gial crystalline product (600 mg, 94%)

(This molecule has been previously described iditbature: Duvold and Rohmer, 1999)

M.p. 179-180 °C (Lit: 180-181 °C, Duvold and Rohr&e9).

'H NMR (300 MHz, CDCY): o/ppm = 9.42 (1H, oz, 26= 4.4 Hz, -CHO), 2.54-2.43 (1H, m,
22SH), 2.24-2.12 (1H, m), 1.20-1.89 (1H, m), 1.10H(3, J»» 30= 6.7 Hz, 28-CHs), 0.956
(6H, s,  and 14-CHs), 0.845 (3H, s, 4CHs), 0.813 (3H, s, 1BCHs), 0.790 (3H, s,
4B-CH), 0.730 (3H, s, 1B-CHs).
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13C NMR (75 MHz, CDCY): é/ppm = 205.07, 56.08, 53.89, 50.52, 50.34, 49.4%H4 42.06,
41.83, 41.80, 41.60, 40.88, 40.29, 37.37, 33.4538333.26, 33.22, 27.73, 23.91, 21.97,
21.57, 20.86, 18.66, 16.60, 15.86, 15.77, 14.90.

MS (El, direct inlet, positive mode 70 e\ivz= 426 (M, 7%), 369 (M-side chain, 8%), 368
(M*-C3HgO), 206 (ring C cleavage, 18%), 205 (100%), 19hg(rC cleavage, 85%), 149
(25%)

(225)-Homohop-30-ene 55

30

/@ 31

17

A suspension of NaH (126 mg, 5 mmol) in DMSO (2.b)was stirred at 75 °C for 50
min. The light green suspension was cooled dowiodomn temperature, added into a solution
of PPRCH3Br (1.9 g, 5.4 mmol) in DMSO (27 mL) and stirredrabm temperature for 20
min to afford a light green-grey suspension. Thaulted mixture was then added into a
solution of aldehyd&8 (297 mg, 0.70 mmol) in THF (20 mL) and stirred ight at 50 °C.
The reaction was quenched with water, and extrabtied times with pentane. The combined
organic phases were dried over anhydrousSg filtered through cotton, and evaporated to
drynessin vacuoto give an almost pure crystalline product, whweass further purified by
FCC (petroleum ether) to yield the terminal olefis (290 mg, 98%). R0.67 (petroleum
ether/EtOAc 20:1).

M.p. 203-205 °C

'H-NMR (600 MHz, CDCY): §/ppm = 5.53 (1H, dddlso31a= 17.8 Hz,Js0,316= 9.5 HZ,Jo2 30=

9.1 Hz, 30-H), 4.85 (1H, dddgos12= 17.8 Hz,Jgem= 2.0 Hz,Jss.315= 0.5 Hz, 31-H), 4.85

(1H, dd,Js031= 9.5 HZ,Jgem= 2.0 Hz, 31-H), 2.21 (1H, ddaz1.20= 9.7 Hz,Jo0.30= 9.1 Hz,

Jo226= 6.5 Hz, 22-H), 1.8 (1H, tddo1 20= 9.7 HZ,Jo0 21 = J17.21= 4.8 Hz, 21-H), 1.01 (3H, d,
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J2220= 6.5 H, 2R-Me), 0.960 (6H, s, [8@Me and 14-Me), 0.851 (3H, s, #Me), 0.818 (3H,
s, 1B-Me), 0.796 (3H, s,[f+Me), 0.710 (3H, s, IBMe).

13C-NMR (150 MHz, CDGJ): §/[ppm = 145.3, 112.0, 56.1, 54.1, 50.4, 49.2, 45404, 42.2,
42.1,41.9, 41.8, 41.7, 40.3, 37.4, 33.5, 33.83,38.2, 27.6, 24.0, 22.3, 22.0, 21.6, 20.9, 18.7,
16.6, 15.9.

MS (El, direct inlet, positive mode 70 eMji/z= 424 (M, 19%), 409 (M—CHs, 5%), 369
(M*=side chain, 20%), 203 (ring C cleavage, 100%),(tidf) C cleavage, 88%).

6-N-benzoyl-2',3'-O-isopropylideneadenosine 60

To 2',3'O-isopropylideneadenosirr (1.4 g, 4.7 mmol) in freshly distilled pyridine3
mL) is added TMSCI (4.7 mL, 37 mmol), and the migtwas stirred at ambient temperature
overnight. After adding benzoyl chloride (1.1 mL39nmol) at 0 °C, the mixture was allowed
to warm up to room temperature and stirred forduditeonal 2 h. The reaction was stopped by
adding water (10 mL) at 0 °C with stirring. Afteirang 5 min at 0 °C and another 5 min at
room temperature, 30% aqueous ammonia (20 mL)deddAfter stirring an additional 30
min the mixture is partitioned between equal volar(® mL) of DCM and phosphate buffer
(pH = 7). The organic phase was washed with w&et@ mL), dried with anhydrous B8O,
and evaporated to dryness. The crude compound wégegd by FCC (DCM/ MeOH 100:3,
100:4, 100:4.5) to yield crystalline prod&fl (1.8 g, 94%).

(This molecule has been described in the literatditaughlinet al, 1985)

M.p. 147-149 °C (Lit: 148-150 °C, Stampf 1992)

'H NMR (300 MHz, CDCJ): 6/ppm = 9.37 (1H, br., -NH) 8.74 (1H, s, 2-H), 8(164, s, 8-H),
8.03-8.00 (2H, m, arom. H), 7.62-7.47 (3H, m, ar6t}.5.96 (1H, d,J = 4.6 Hz, 1-H), 5.21
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(1H, dd,J = 5.9, 4.6 Hz, 2-H), 5.09 (1H, dd,= 5.9, 1.3 Hz), 4.52 (1H, m, 4-H), 3.96 (1H,
dd, J = 12.6, 1.7 Hz, §H), 3.79 (1H, ddJ = 12.6, 2.2 Hz, 5H), 1.63 and 1.37 (3H, s,
M62C).

13C NMR (75 MHz, CDC)): d/ppm = 164.7 (C=0), 152.2 (2-C), 150.5 (6-C), 15Q1L),
142.5 (8-C), 133.4, 132.9, 128.8, 128.0, 124.2 51@¢4.2 (MeC), 94.0 (1'-C), 86.3 (4'-C),
83.2 (2'-C), 81.5 (3-C), 63.2 (5'-C), 27.5 (3@}, 25.2 (MeC).

MS (ESI):m/z= 434 [M+Na].

6-N-Benzyol-5'-deoxy-2',3'O-isopropylidene-5',5'-(N,N'-diphenylethylenediamino)adeno
sine 61
_Ph

.
5'4' 8
N O /SN
Ph 3 N
< v 4 6 _NHBz

/2

O)YON

To a solution of @N-benzoyl-2',3©-isopropylidene adenosirg® (1.8 g, 4.38 mmol) and
N,N-dicyclohexylcarbodiimide (2.7 g, 13.1 mmol) in dBMSO (14 mL) was added
dropwise dichloroacetic acid (0.18 mL, 2.2 mmolDMSO (1.5 mL) at 0 °C. After stirring

/

5
/
N

N</\

for 2.5 h at ambient temperature, a solution oflioxacid dihydrate (1.1 g, 8.8 mmol) in
methanol (4.5 mL) was added slowly. The mixture ween stirred for another 30 min and
then filtered. The crystalline residue of dicyclafieirea was washed with ice-cold methanol.
N,N-Diphenylethylenediamine (975 mg, 4.6 mmol) waseatitb the combined filtrate and
washings and the resulting solution was stirredbatm temperature overnight. The mixture
was diluted with EtOAc after being concentratedameacuum, and washed with water three
times. After evaporating the solvent, the crude poomd was purified by FCC (DCM/MeOH,
100:1.5). Proper fractions were collected, conegattr and then recrystallized in EtOH to
give N,N-diphenylimidazolidiné1 as light brown crystals (2.0 g, 76%).

(This molecule has been described in the literatappacheet al, 2004.)
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M.p. 133-135 °C (Lit: 131-133 °C, Stampf 1992).

'H NMR (300 MHz, CDCJ): 6/ppm = 9.19 (1H, br. s, -NH), 8.73 (1H, s, 2-H))48.02 (2H,
m, arom. H) 7.81 (1H, s, 8-H), 7.63-7.50 (3H, nprar H), 7.23-7.14 (4H, m, arom. H),
6.82-6.70 (6H, m, arom. H), 6.17 (1H, dF 2.2 Hz, 1'-H), 5.75 (1H, d] = 2.6 Hz, 5-H),
5.21 (1H, ddJ = 6.2, 4.6 Hz, 3'-H), 5.17 (1H, dd&: 6.2, 2.2 Hz, 2'-H), 4.63 (1H, dd~= 4.6,
2.6 Hz, 4'-H), 3.74-3.57 (4H, m, GBH,), 1.49 & 1.33 (6H, 2s, ME).

13C NMR (75 MHz, CDC)): é/ppm = 164.6 (C=0), 152.8 (2-C), 151.2 (6-C), 14QIK0),
146.4, 141.6 (8-C), 133.6, 132.7, 129.3, 129.1,82R27.9, 122.9 (5-C), 118.3, 118.2, 115.0,
113.5, 113.4, 88.4 (1'-C), 86.9 (4'-C), 83.7 (2-8).1 (3-C), 73.3 (5-C), 58.3, 47.7, 46.8,
27.3,25.7.

MS (ESI):m/z= 604 [M+H1].

6-N-Benzoyl-9-(2,30-isopropylidene-D-ribo-pentodialdo-1,5-furanosyl)adenine
Hydrate 39<H,0

OH

5' & 8
HO O q /§N
5 N
; NHBz

N -2

Dowex 50 (H) resin (3 g) was added to a solution66f(2.8 g 4.6 mmol) dissolved in
THF/H,O 1:1 (240 mL) and stirred for 4 h at room tempa®at The resin was removed by
filtration and washed with THF (5x10 mL). The comdx filtrates were concentratedda. v2
of the volume and the resulting white, amorphousi swas removed, washed with water, and
driedin vacuoto afford39-H,0 (1.3 g, 67%) as a stable hydrate.

(This molecule has been described in the literatappacheet al, 2004.)

'H NMR (300 MHz, DMSO-D6)s/ppm = 11.21 (1H, br. s, -NH), 8.76 (1H, s, 2-HEB(1H,

s, 8-H), 8.06-8.03 (2H, m, arom. H), 7.68-7.53 (3, arom. H), 6.32 (1H, d = 5.8 Hz,

-OH), 6.27 (1H, d)J = 2.6 Hz, 1'-H), 6.20 (1H, d} = 6.1Hz, -OH), 5.37(1H, dd = 2.7, 6.1
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Hz, 2'-H), 5.07 (1H, dd)J = 1.7, 6.1 Hz, 3'-H) 4.85 (1H, ddd~= 4.9, 5.7, 6.1 Hz, 5'-H), 4.08
(1H,dd,J=1.7, 4.8 Hz, 4'-H), 1.56 & 1.35 (6H, 2s, M

MS (ESI):m/z= 450 [M+Na].
Adenosine derivatives aldehyde 39 and cyclonucledsi 63

A suspension of hydrated aldehy8@H,O (1.3 g, 3.1 mmol) in benzene (75 mL) was
heated under reflux for 2 h using a Dean-Stark enosdr and evaporated. The residue was
driedin vacuoto afford aldehyd&9 (1.1 g, 85%) and cyclonucleosi@8 (190 mg, 15%) as

an inseparable mixture.

6-N-Benzoyl-2', 3'-O-isopropyldieneadenosine-5-aldehyde 39

SES2 = NHBz

/
XN
2

'
@)
pd

(Aldehyde39 has been described in the literature: Ranganahaty 1974 and Eppacher
et al, 2004.)

'H NMR (300 MHz, DMSO-D6)s/ppm = 11.24 (1H, br. s, -NH), 9.33 (1H, s, CHOp®
(1H, s, 2-H), 8.60 (1H, s, 8-H), 8.06-8.03 (2H,amm. H) 7.68-7.53 (3H, m, arom. H), 6.58
(1H, s, 1'-H), 5.51 (1H, dd,= 1.7, 6.0 Hz, 3'-H), 5.43 (1H, d,= 6.0 Hz, 2'-H), 4.8 (1H, d]

= 1.6 Hz, 4'-H), 1.55 & 1.37 (6H, 2s, MB).

MS (ESI):m/z= 432 [M+Na].

(5'S)-6-N-Benzoyl-8,5'-cyclo-2',3'O-isopropyldieneadenosine-5'-aldehyde 63
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(This molecule has been described in the literattppacheet al, 2004.)

'H NMR (300 MHz, CDCJ): s/[ppm = 9.23 (1H, br. s, -NH), 8.75 (1H, s, 2-H))338.00 (2H,
m, arom. H), 7.72-7.45 (3H, m, arom. H), 6.31 (BH1'-H), 5.39 (1H, dd] = 2.1, 6.4 Hz,
5'-H), 5.08 (1H, dJ = 5.7Hz, 3"-H), 4.54 (1H, d] = 5.7 Hz, 2'-H), 4.49 (1H, d] = 6.4 Hz,
4'-H), 1.51 & 1.27 (6H, 2s, ME).

MS (ESI):m/z= 410 [M+H]".

6-N-Benzoyl-5-methylene-2',3'O-isopropylidene adenosine 62

2 8
6 = 4 O qr /\N
N N

OXQ.

/)

NHBz

I
NS ON

O
I\J(/ \

To a stirred suspension of methyltriphenylphosptionbromide (1.8 g, 5 mmol) in dry
THF (80 mL) under Ar was added a solutiont-&uLi in THF (3.1 mL, 2.1 mmol) at —40 °C.
The bright yellow solution was warmed up to 0 °Q@ atirred for another 1 h before being
cooled to —40 °C again. The mixture of aldehg8eand cyclonucleosidé3 (880 mg, 85/15,
mol/mol) in anhydrous THF (40 mL) was added sloag stirring continued at —40 °C for 2
h and overnight at 0 °C. A saturated )XdHH,O (60 mL) was added. The layers were
separated. The aqueous layer was extracted twibeB#OAC. The two organic fractions were
combined and washed with NaHgB,0 and brine. After drying over anhydrous NaSthe
residue was evaporated to drynessacuoand purified by FCC (DCM/MeOH 100:4) to give

terminal olefin62 as a colorless solid foam (588 mg, 67%).

~121 ~



H NMR (300 MHz, CDCY): é/ppm = 8.78 (1H, s, 2-H), 8.08 (1H, s, 8-H), 8.02:89 (2H,
m, arom. H), 7.60-7.46 (3H, m, arom. H), 6.17 (tHJ) = 2.0 Hz, 1'-H), 5.88 (1H, ddd,=
17.2, 10.5, 6.8 Hz, 5-H), 5.54 (1H, di= 6.2, 2.0 Hz, 2-H), 5.24 (1H, ddd apparentJ,
17.2, 1.3 Hz, 6'-)), 5.13 (1H, ddd apparent like dt= 10.5, 1.1 Hz, 6'-k), 5.01 (1H, ddJ =
6.2, 3.3 Hz, 3-H), 4.71 (1H, dd= 6.8, 3.3 Hz, 4'-H), 1.62 & 1.40 (6H, 2s, M.

¥C NMR (75 MHz, CDGJ): d/ppm = 164.7, 152.6, 151.3, 149.7, 142.2, 134.3,5,3132.7,

128.8, 127.8, 123.5, 118.4, 114.5, 90.7, 88.4, 844, 27.0, 25.3.

MS (ESI):m/z= 408 [M+HT.

(E)-33,340-Isopropylidene-6'-N-benzoyl adenosylhop-30-ene

NHBz

8'</N SN

[

NPz
s 0—\%,
N 0

/ ~
22 o
32 8
35
% NN
o)

EC R
)VO N NHBz
\

Z~

E(-38

Z}-38

Procedure A. Compounds5 (156 mg, 0.37 mmol®2 (15 mg, 0.037mmol) and Ru-catalyst

(10 mol%) were dissolved in dry DCM (3.6 mL) at aertd temperature under an atmosphere

of Ar and the resulting solution was heated ovdrngg 75 °C (oil bath) in a pressure tube

(Ace glass). Volatiles were evaporated and theduesivas purified by flash chromatography
(DCM to DCM/MeOH 100:3) to afford compourd8 (15 mg, 52%E/Z~ 5/1) as a mixture of
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two isomers which was used in the next step witladher purification and dimes4 (6 mg,

43%) as a by-product.

Procedure B.Compoundb5 (210 mg, 0.49 mmol%2 (20 mg, 0.049 mmol) and Ru-catalyst
(10 mol%) were dissolved in dry DCM (5 mL) in a leshtube equipped with a Teflon-coated
stirrer bar and heated under microwave irradia@n/5 °C for 3 h (Power: 40~60 W,
Pressure: 1.5~2 Bar). The mixture was then evaporat drynessn vacuoand purified by
flash chromatography (DCM to DCM/MeOH 100:3) tooaff compound38 (23 mg, 59%,
E/Z ~ 5:1) and dimeb4 (7.5 mg, 40%)Compound38 was isolated as a colorless solid as a
mixture of the E/Z isomers that were not separd®0.47 (DCM/MeOH 100:3).

'H-NMR (300 MHz, CDC}) for (E)-38 and ©)-38: s/ppm = 9.29 (6H, br. s, -NHC=0), 8.82
(5H, s, 2-Hand, 8.11 (5H, s, 8-y, 8.13 (1H, s, 8-K), 8.04-8.01 (12H, m, Ar-H),
7.63-7.51 (18H, m, Ar-H), 6.14 (6H, dga 35 = 1.9 Hz, 35-Ks and35-Hang, 5.57 (5H, dd,
Ja334= 6.2 Hz,Jas 35= 1.9 Hz, 34-Kand), 5.53 (1H, ddJss34= 6.1 Hz,Jas 35= 1.8 Hz, 34-Hy),
5.47 (5H, ddJs031= 15.4 HZ,Jo5.30= 8.9 Hz, 30-Hand), 5.38 (1H, ddJs0.31= 11.0 HZJps 50=
9.9 Hz, 30-Hiy), 5.37 (5H, ddJs31= 15.4 Hz Ja1 3= 7.4 Hz, 31-Kand), 5.28 (1H, ddJso 1=
11.0 Hz,J513,= 8.7 Hz, 31-Hs), 5.03 (1H, ddJs1 3o = 8.7 Hz,Jsp33= 3.0 Hz, 32-Hs), 4.96
(5H, dd,Ja3.34= 6.2 HZ,J35.33= 3.0 Hz, 33-Kland, 4.85 (1H, ddJsz34= 6.0 Hz,J3p33= 3.0 Hz,
33-He), 4.74 (5H, ddJs1 3> = 7.3 HZ,Js033 = 2.8 Hz, 32-Kang), 2.71-2.65 (1H, m, 22-H),
2.17-2.11 (5H, m, 22-Hng, 1.65 and 1.41 (36H, 2s, M®), 1.01 (3H, dJi 20 = 6.2 Hz,
22R-Me;g), 0.97 and 0.95 (6H, 2s,p8Ve s and 14-Megs), 0.93 and 0.92 (30H, 2s,
8B-Meyans and 14--Meyang), 0.89 (15H, dJsz20= 6.4 Hz, 2R-Meyans, 0.84 (18H, s, éMe),
0.80 (18H, s, 18-Me), 0.781 (18H, s,B+Me), 0.64 (18H, s, IBMe).

(Subscript tis’ characterizes thtH-NMR signals of £)-38, and trans’ for (E)-38)

3C-NMR (75 MHz, CDC}) for (E)-38 6/ppm = 164.5, 152.6, 151.1, 149.6, 142.1, 133.6,
132.7, 128.7, 127.8, 124.5, 123.5, 114.3, 91.25,88.8, 84.4, 56.0, 54.0, 50.3, 49.1, 44.8,
44.3,42.0, 41.8, 41.7, 41.5, 40.5, 40.2, 37.34,3%.3, 33.2, 33.2, 27.5, 27.0, 25.4, 23.9, 21.9,
21.7,21.5, 20.9, 18.6, 16.5, 15.9, 15.8.

HRMS (ESI):m/z[M+Na]", calcd for GoHsgNsNaQy": 826.525, found: 826.524.
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Homodimer of 5'-methylene adenosine 64

Dimer 64 was isolated as a solid mixture of two isomersO(3L R 0.16 (DCM/MeOH
100:3).

'H-NMR (300 MHz, CDCY): §/ppm = 9.24 (7H, br. s, -NHBz), 9.11 (2H, br. sHBZ*), 8.79
(2H, br. s, 2-H*), 8.63 (7H, br. s, 2-H), 8.10 (28],8-H*), 8.04-8.02 (22H, m, Ar-H), 7.95
(2H, s, 8-H), 7.64-7.44 (26H, m, Ar-H), 6.15 (2H,Jg » = 1.5 Hz, 1"-H*), 6.06 (7H, dly » =
1.7 Hz, 1-H), 5.72 (7H, dd} = 3.4, 1.5 Hz, 5"-H), 5.63 (2H, dd= 5.5, 1.3 Hz, 5'-H*), 5.56
(2H, dd,Jp 3= 6.1 HzJ;.» = 1.5 Hz, 2-H*), 5.44 (7H, ddl».5 = 6.3 Hz,Jy » = 1.7 Hz, 2"-H),
5.14-5.11 (2H, m, 3-H*), 4.94 (7H, ddy 3 = 6.3,J3.4 = 3.3 Hz, 3-H), 4.69-4.67 (2H, m,
4-H*), 4.63 (7H, m, 4'-H), 1.63 and 1.38 (12H, Rt&,C*), 1.59 and 1.36 (42H, 2s, M&).

’C-NMR (75 MHz, CDCY): slppm = 164.7, 152.7%, 152.4, 150.9, 149.8*, 149.72.4*,
142.3, 133.5, 133.4*, 132.8*, 132.7, 131.2*, 1301Q8.9%, 128.7, 128.0, 127.9%, 123.6,
114.6*%, 114.5, 91.1*, 90.7, 87.3, 85.4*%, 84.5, 84&4.0, 83.5*, 27.0, 27.0%, 25.3*, 25.2.

(Superscript “*” characterizes the NMR signals tiee minor isomer of dimeg4)

HRMS (ESI):m/z[M+Na]", calcd for GgHsgN1oNaQs': 809.277, found: 809.277.

(E)-33,340-Isopropylidene adenosylhop-30-ene K)-65
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(2)-33,340-Isopropylidene adenosylhop-30-ene Z)-65

32+—0 g
3\3 BSN/%N
O Y >:S,
)TO N, NH2
NN
>

To a mixture of compound&)-38 and ¢)-38 (150 mg, 0.19 mmol) in DCM (5 mL) was

added a solution of ammonia in MeOH (7N, 20 mLP&C, and the mixture was stirred at
5 °C for 5 days. The volatiles were evaporated #rel residue was purified via flash
chromatography (DCM to DCM/MeOH 100:2) to give axtare of E)-65 and §)-65 (120
mg, 0.17 mmol, 91%) as a colorless solid which wssd in the next step without further
purification. R 0.36 (DCM/MeOH 100:5).

'H-NMR (300 MHz, CDC}) for (E)-65 and ©)-65: 6/ppm = 8.36 (1H, s, 2'-i), 8.35 (4H, s,
2'-Hyang, 7.91 (1H, s, 8'-K), 7.89 (4H, s, 8"-khny), 6.07 (4H, dJss35= 1.8 Hz, 35-Ks and
35-Hyang, 5.90 (10H, br. s, -Nb), 5.54 (4H, ddJss34 = 6.2 Hz,J2435 = 1.9 Hz, 34-any),
5.50 (1H, ddJs334= 6.2 Hz,J3435= 1.9 Hz, 34-Ky), 5.45 (4H, ddJs031= 15.3 Hz,Jp2.30=
8.1 Hz, 30-Kang), 5.36 (4H, ddJso31= 15.3 Hz,J313,= 6.8 Hz, 31-Hang), 5.31-5.29 (2H, m,
31-H and 30-Ky), 4.97 (1H, ddJs1 3= 4.7 Hz,J3033= 2.9 Hz, 32-H), 4.94 (4H, ddJs334=
6.3 Hz,J3233= 3.1 Hz, 33-Kang, 4.83 (1H, ddJz334= 6.3 Hz,J3233= 3.1 Hz, 33-K), 4.69
(4H, dd,Js132= 6.8 Hz,J3233= 2.9 Hz, 32-Kang), 2.72-2.63 (1H, m, 22-44), 2.17-2.09 (4H,
m, 22-Hrang, 1.63 (3H, s, M&Ceio), 1.61(12H, S, M&Cyang), 1.40 (15H, s, MgC), 1.00 (3H, d,
Jo229 = 6.4 Hz, 2R-Megs), 0.96 and 0.94 (6H, 2sp8Veys and 14-Megs), 0.93 (12H, s,
8B-Meyang), 0.92 (12H, s, 18Meyany), 0.89 (12H, dJoz20= 6.4 Hz, 2R-Meyans, 0.834 (15H,
s, 4-Me), 0.799 (15H, s, BMe), 0.779 (15H, s,ptMe), 0.640 (15H, s, kBMe).
(Subscript tis’ characterizes thtH-NMR signals of £)-65, and trans’ for (E)-65).

3C-NMR (75 MHz, CDCY) for (E)-65: d/ppm = 155.5, 153.0, 149.4, 141.7, 139.8, 124.8,
120.3, 114.2, 90.8, 88.4, 85.0, 84.4, 56.1, 54014,549.1, 44.9, 44.3, 42.1, 41.8, 41.7, 41.6,
40.5, 40.3, 37.4, 33.5, 33.4, 33.3, 33.2, 27.5,205.4, 23.9, 22.1, 22.0, 21.7, 21.6, 20.9, 18.8,
18.7, 16.6, 15.9.

~ 125 ~



HRMS (ESI):m/z[M+H]", calcd for GsHesNsNaQs™: 722.499, found: 722.498.

Preparation of dipotassium azodicarboxylate (PADA)

To a vigorously stirred cold water solution of KO@0%, 60 mL) was added
azodicarbonamide (1 g, 8.6 mmol) portion wise dyrihh at 0 °C. After the addition was
complete the mixture was stirred for an additiohaur at room temperature. The bright
yellow salt was filtered through a sintered glasd awashed with cold anhydrous methanol
(8%x4 mL), and dried over,B®s under vacuum for 24 h. The salt, which was usedtte
deuteriation, was gently ground to a powder undgri\d atmosphere and treated with equal
weight of methanol-d4. The slurry was left overnigit 5 °C under N Methanol was
removed under reduced pressure, and the residustarasl under vacuum in the presence of
P20s.

33,340-Isopropylidene adenosylhopane 40

Procedure C To a stirred slurry of PADA (90 mg, 0.46 mmol) pyridine (1 mL) in a
two-neck round bottom flask equipped with a condensder N atmosphere was added a
solution of65 (32 mg, 0.046 mmol) in pyridine (3 mL). The mixtuvas heated to reflux, and
a solution of anhydrous acetic acid (0.030 mL, GrBbol) in pyridine (0.1 mL) was carefully
added dropwise. Each drop of acetic acid solutias added after the end of Evolution.
The mixture was left under reflux until the yellaslor vanished. Another five portions of
PADA and subsequent acetic acid were necessangtedse the conversion. The reaction was

guenched with water, and extracted with dichlordraré three times. The combined organic
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phases were washed with brine and dried over anhgd¥aSQ;, filtered through cotton, and
evaporated to drynessn vacuo The crude product was further purified by flash
chromatography (DCM/MeOH 100:1 to 100:2) to yiekek tsaturated produetO (23 mg,
73%). CompoundO was isolated as a colorless solig 0F88 (DCM/MeOH 100:5).

M.p. 256-257 °C.

[0]? +34 € 0.35, CHCY).

'H- and™*C-NMR data see Table II-2.

HRMS (ESI):m/z[M+H]", calcd for GsHe;NsNaQs™: 724.514, found: 724.514.

[30,312H,]- 33,340-Isoproplylidene adenosylhopane 40-D

NH,
¢ N
L
D (@]
"0

Compounde5 (51 mg, 0.073 mmol) was dissolved in a mixtureCéf30D/CDCk (1:2)
under an atmosphere of,for H-D exchange. After 5 min standing, the solgemtere
carefully evaporated under vacuum. The same proeedas repeated three times, and the
labeled intermediat€5-D was carefully dried overnight under vacuum in fresence of
P,Os. 40-D was prepared following procedufe using PADA (850 mg, 43.8 mmol) and
AcOD (98 atom%, 3.3 mL, 56.9 mmol) to generate eeated diimidein situ. Compound
40-D (31 mg, 60%) was isolated as a colorless solith witreacted starting materiéb (8.6
mg, 17%). CompoundtO-D has R 0.38 (DCM/MeOH, 100:5). Deuterium content 49-D
was calculated from HRMS (ES) spectrum by evalggdiive relative intensities of tme/z724,

725 and 726 peaks corresponding to each isotoparatral abundance adenosylhopane 8%;

~ 127 ~



monodeuteriated adenosylhopane 32%; bisdeuterededosylhopane 60%; trisdeuteriated

adenosylhopane 0%. This corresponds to an avefdgbzdeuterium per molecule.

NMR data see Table IlI-2.

HRMS (ESI):m/z[M+H]", calcd for GsHesD2NsNaQs™: 726.527, found: 726.526.

Adenosylhopane 25

NH,
Z SN
e
0
» /""OH
OH

Procedure D. A solution of40 (6.3 mg, 9 umol) and TFA (2 mL) in CHZMeOH (2:1, 5 mL)
in a round bottom flask was shacken under reducesspre (450~500 mbar) at 0 °C for 2h30
(rotary evaporator). When starting material coutdnmore be detected by TLC, the reaction
mixture was evaporated to dryness and the resicisepurified by column chromatography
on silica gel (63-200 pm) (CHgMeOH/NH,OH, 100:2:0.5 to 100:5:0.5 to 100:7.5:0.5) to
afford adenosylhopan25 as a colorless solid (5.3 mg, 8 pmol 90%)0R9 (DCM/MeOH
100:5).

[a]?% +34 € 0.3, THF).

NMR data see table 1I-3.

HRMS (ESI):m/z[M+H]", calcd for GoHgsNsOs+: 662.501, found: 662.500.
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[30,31°H,]Adenosylhopane 25-D

NH,
Z SN
e
D 0]
» /""OH
D bH

Deprotection 0#40-D (9.3 mg, 13.2 umol) by TFA (3 mL) in CHZMeOH (2:1, 7 mL)
following procedure D afforded deuteriated adenosyine25-D (7.7 mg, 11.6 pmol, 90%).
R 0.09 (DCM/MeOH 100:5). Deuterium content 26-D was calculated from HRMS (ES)
spectrum: natural abundance adenosylhopane 8%; deateriated adenosylhopane 32%;

bisdeuteriated adenosylhopane 60%; trisdeuteradedosylhopane 0%.
NMR data see table 11-3.
HRMS (ESI):m/z[M+H]", calcd for GoHe2D2NsOs": 664.513, found: 664.513.
Adenosylhopane acetates 66a-c

Adenosylhopane25 (1.8 mg) was acetylated overnight at room tempesain the
mixture of acetic anhydride and pyridine (0.3 mly,v1/2). Solvent and reagent were
removed under vacuum afterwards. The resultingdueswas purified by preparative thin
layer chromatography (GEl,/MeOH, 100:5) to afford adenosylhopane diacetia (0.042

mg) (Neunlistet al, 1988), triacetaté6b (0.62 mg) (Neunlist and Rohmer, 1985b; Neunlist
et al, 1988) and tetraaceta®éc (0.79 mg).
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Adenosylhopane diacetate 66a

Rf 0.30 (DCM/MeOH 100:5).

'H-NMR (300 MHz, CDCY): o/ppm = 8.30 and 7.95 (2x1H, 2s, 2'-H and 8'-H)8q&H, br.s,
-NH), 6.14 (1H, d,J = 5.5 Hz, 35-H), 5.87 (1H, dd,= 5.7, 5.5 Hz, 34-H), 5.38 (1H, ddi=
5.5, 4.5 Hz, 33-H), 4.15 (1H, td,= 8.4, 4.3 Hz, 32-H), 2.14 (3H, SHgCOO-), 2.06 (3H, s,
CHsCOO-), 0.94 (9H, m, BMe, 14-Me and 2R-Me), 0.84 (3H, s, &Me), 0.81 (3H, s,
108-Me), 0.79 (3H, s, B-Me), 0.68 (3H, s, 1BMe).

MS (EI, direct inlet, positive mode 70 eMji/z= 746 (M, 9%), 686 (M—AcOH, 6%), 626
(M'=2AcOH, 24%), 595 (6%), 538 (15%), 491 (5%), 389%), 367 (M-CH,CO-side
chain, 9%), 191 (ring C cleavage, 10%), 136 (adefih) 100%).

Adenosylhopane triaacetate 66b
NHAc

N
¢ 1Y
Nz
0—\%,
"'OAc
’22 32 B
% OAc

Rf 0.38 (DCM/MeOH 100:5).

'H-NMR (300 MHz, CDCY): d/ppm = 8.87 (1H, s, NCOCHp), 8.69 and 8.06 (2x1H, 2s,
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2'-H and 8'-H), 6.14 (2H, d,= 5.5 Hz, 35-H), 5.94 (1H, dd,=J = 5.5 Hz, 34-H), 5.42 (1H,
dd,J = 5.5, 4.5 Hz, 33-H), 4.17 (1H, td,= 8.4, 4.3 Hz, 32-H), 2.60 (3H, SHgCONH-),
2.15 (3H, s, El3CO0-), 2.06 (3H, s, B:COO-), 0.94 (9H, m, BMe, 141-Me and 2R-Me),
0.84 (3H, s, 4-Me), 0.81 (3H, s, 1BMe), 0.79 (3H, s, BMe), 0.68 (3H, s, 1B&Me).

MS (El, direct inlet, positive mode 70 e\jvz= 788 (M, 2%), 610 (M—N,N-acetyladenine,
4%), 595 (ring C cleavage, 2%), 491 (1%), 389 (686), (M'—CH,CO-side chain, 4%), 191
(ring C cleavage, 11%), 178acetyladenine—H, 100%).

Adenosylhopane tetraacetate 66¢
NAc,
8 </N | N

)

Rf 0.66 (DCM/MeOH 100:5).

H-NMR (300 MHz, CDCY): é/ppm = 88.97 and 8.21 (2x1H, 2s, 2'-H and 8'-H)8§2H, d,
J=5.5 Hz, 35-H), 5.96 (1H, dd,= J = 5.5 Hz, 34-H), 5.42 (1H, dd,= 5.5, 4.5 Hz, 33-H),
4.21-4.17 (1H, m, 32-H), 2.37 (6H, s, 24CONH-), 2.16 (3H, s, B3;COO0-), 2.09 (3H, s,
CH3COO-), 0.94 (6H, br. s,8Me and 14-Me), 0.94 (3H, dJ = 6.1 Hz, 2R-Me), 0.84 (3H,
S, 4-Me), 0.81 (3H, s, 1®Me), 0.79 (3H, s, B-Me), 0.69 (3H, s, 18Me).

MS (EI, direct inlet, positive mode 70 eMj/z = 830 (M, 0.3%), 788 (M—CH,CO), 662
(1%), 610 (M—CH,CO-N,N-acetyladenine, 8%), 595 (ring C cleavage-C8, 5%), 491
(3%), 389 (16%), 367 (M-CH,CO-side chain, 8%), 191 (ring C cleavage, 20%), 178
(N-acetyladenine—H, 100%).
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Chapter III

Incorporation of deuteriated
adenosylhopane into bacteriohopanetetrol
by a cell-free system from
Methylobacterium organophilum
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[11.1. Introduction

Bacteria of the genudMethylobacteriumare well-studied examples of facultative
methylotrophs. These bacteria are classified-psoteobacteria and are capable of growth on
methanol, methylamine and a variety of C;, and G carbon sources. They are non-motile
rod-shaped and are obligatory aerobic. Becaus@eif tistinctive pink pigmentation, they
are sometimes referred to as PPFMs (pink-pigmentacultative methylotrophs).
Methylobacteriunstrains are commonly found in soils, as well aghensurface of leaves of

numerous plants (Corpet al, 1986).

[11.1.1 Hopanoid production in Methylobacterium

Several species dfiethylobacteriunmhave been shown to produce a number of hopanoids
in abundant quantities to date (Renoux and Rohh®&5; Knani et al., 1994, Bradley al.
2010). Diploptene3, diplopterol2, 23-methyldiplopterol and BHT6 are present in all the
examined strains (Fig. IlI-1).g2Methyldiplopterol is always produced in large amwut
its relative content depends on the growth conafitiand the nature of the culture (Bisseret et
al., 1985; Renoux and Rohmer, 1985). The preseificRo-anethyldiplopterol was only
reported inMethylobacterium organophiluifStampfet al, 1991). Three complex hopanoids
were found in most of thMethylobacteriunstrains, including glucosaminyl BHI6, BHT
cyclitol etherl8 and guanidine-substituted BHT cyclitol etl€ (Fig. 1lI-1). One of the two
former bacteriohopanepolyols (BHPs) is normally thain product. The presence of a
guanidinium group on the carbapseudopentose mofahe BHT ethed 9 seems presently to

be restricted to the gentvéethylobacterium
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Diploptene 3 Diplopterol 2 Bacteriohopanetetrol 6 2p-Methyldiplopterol
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2a-Methyldiplopterol BHT glycoside 16 BHT cyclitol ether 18, R=H
BHT cyclitol ether 19, R = —Q:ﬁHz
NH,

Fig. llI-1. Hopanoids produced byethylobacteriunspp.
111.1.2. Hopanoid biosynthesis inMethylobacterium

Given that Methylobacteriumspp. produce many types of hopanoids in important
amounts and that they can grow on a variety ofaadources, they represent ideal model
strains for the study of bacteriohopanoid biosysithe Labeling experiments with.
organophilumwith L-[methyl-°H,*C]methionine on.-[methyl*Hs]methionine indicated that
this amino acid is the actual methyl donor for #fiemethyl group of 2-methylhopanoids,
probably viaS-adenosylmethionine (Zundel and Rohmer, 1985b)s @hgument was recently
further supported by the characterization oftipePgene frormRhodopseudomonas palustris
TIE-1 (Appendix 1) (Welandeet al 2010). This gene was suggested to encode forM SA
radical enzyme required for the methylation at &-the bacteriohopanoids.

Incorporation of*C-labelled acetate into hopanoidshf organophilumnot only led to
the discovery of the MEP pathway for the biosynithe$ isoprene units, but also showed that
the BHPs are derived from a unique carbon/carbakagie between the triterpenic hopane
moiety and the C-5 carbon atom abaibose derivative, which arises from the non-okida
pentose phosphate pathway (Flesch and Rohmer, 1988b

While we were performing this work, investigationsn the elucidation of
bacteriohopanoid biosynthesis at genetic level hasen reported by other groups. The
genome oMethylobacterium extorquesM1 has been partially sequenced. It contains open
reading frames with significant similarity to gerfesmerly supported to be involved in the
biosynthesis of hopanoids (Vuilleumiet al, 2009; Bradleyet al, 2010). ThehpnA-Fand

hpnP genes were suggested to be involved in the camgtruof hopanoid cyclic backbone.
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Another three genesipnG hpnH andhpnl, were characterized froid. extorquensand are
suggested to be necessary in the side-chain blossistfor bacteriohopanoids (Appendix 1).

Protein HpnH belongs to the radic&adenosylmethionine (SAM) superfamily of
enzymes that utilizes an iron-sulfur redox clusted SAM to carry out diverse radical
mediated reactions. The deletionhpinH gene inMethylobacteriunresults in the absence of
Css hopanoids; only diploptene and diplopterol wer@dpiced (Bradleyet al, 2010).
Accordingly, the radical SAM protein was presumedsérve as the possible adenosyl donor
to the double bond of diploptene, leading to thentation of adenosylhopane.

The sequence ¢fpnGfrom Methylobacteriumndicates that it might encode for a purine
nucleoside phosphorylase (PNP) homolog (Bradle¥020The activity of PNPs is to cleave
adenine (or guanine) from the corresponding nualeoand results in phosphate addition to
the ribose. The cleavage reaction is believed ¢taged through ann& mechanism with an
oxocarbenium intermediate with ordered substratelibg and with product release as the
rate-limiting step (Fig. 11-2) (Bennett al, 2003 ; Kline and Schramm, 1995; Erienal,
1997). An acidic amino acid residuad.the active site Asp 240 of tiiescherichia coliPNP)
is proved to participate in the catalytic mechanipnomoting the cleavage of the glycoside
bond by protonating the N-7 nitrogen atom of theim moiety. The phosphorolysis is
accomplished with an inversion of the configuratarC-1 of ribose moiety.

Morover, deletion of thénpnG gene led to the accumulation of adenosylhopanthes
single extended hopanoid. This observation meaatsfainther modification on the side chain
probably requires the loss of the adenine moietyd @&uggests that ribosylhopane

35-phosphate could be the possible intermediat@d{Byet al, 2010).

f“J\ NH, NH, NH;
0~ "0

W < S ) AL
( o :

N \N

.0

(N N H

~H — ® - /\ \opo3
0 o=

1-OH 3 QO 1-OH

HO / POy HO /
OH OH

Fig. llI-2. Sy1 mechanism for &. coli PNP catalyzed phosphorolysis reaction (Benetedd.,
2003).
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The next step of hopanoid biosynthesid/iethylobacteriunmight involve the loss of the
phosphate group to give ribosylhopane. The cormedipg gene(s) is(are) yet unknown (Fig.
[11-3). This hypothesis is supported by our disagvef ribosylhopane in &treptomyces
coelicolor mutant (see Chapter I) and our work in which rifhegpane has been proved to be
reduced into BHT in a crude cell-free system Mf organophilumin the presence of
NAD(P)H (Bodlenner, unpublished work).

A reduction step is involved in the further transfiation from ribosylhopane to BHT,
requiring NAD(P)H as a cofactor (Charon, 2000; Bwodier, unpublished work) (Fig. 111-3).
Incorporation of [12H]glucose into BHT derived hopanoids fymomonas mobilipointed
out that a NAD(PH dependent reduction happens on a carbonyl grocgidd at the C-35
position (Charon, 2000). The putative substrataost likely to be the open aldehyde form of
ribosylhopane, which is normally present like fdrtae aldehydes in equilibrium with the
two furanose isomers (@5and 3B-ribosylhopane).

Last but not least, théapnl gene, located upstream b&pnH was annotated as a
glycosyltranferase and was suggested to be engageé production of glucosaminyl BHT
16 and BHT ethersl8 and 19 (Fig. 2) in Methylobacterium(Bradley et al, 2010). A
bioinformatic search for homologs of thenl gene in InterPro database shows that they are
also present in other reported microbial producéBHT ether, such a8dymomonas mobilis,
Frateuria aurantia and Acetobacter spp Glycosyltranferases catalyse the transfer of
monosaccharide moieties from the glycosyl donaualig an activated nucleotide sugar, to a
glycosyl acceptor molecule, usually an alcohol.sTdmnotation of thapnl gene is consistent
with previous studies on the biosynthesis of glacaisyl BHT 16 and BHT etherl8 in Z.
mobilis (Vincent et al, 2003): A N-acetylD-glucosamine (GIcNAc) derivative probably
obtained from the enzymatic co-factor UDP-GIcNAdikely a precursor of the sugar ring of
glycoside 16. The resulting glycosidd6 may be further transferred into ethB8 via an

oxidativeendoopening of the sugar ring.
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Fig. 1lI-3. Hypothetical biosynthetic scheme for the biosysiheof hopanoids in
Methylobacterium

The identification of thehpnG and hpnH genes represents a major progress in the
elucidation of the side-chain biosynthesis of bagh®panoids at the genetic level. The role
of adenosylhopane as a crucial intermediate is suglported. However, no direct molecular
proof is given that adenosylhopane is enzymaticatbynverted into elongated 3£
bacteriohopanoidse(g. BHT). Therefore, an incorporation experiment ofitdeiated labeled

adenosylhopane intos€hopanoids is of great interest.
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l11.2. Incorporation of deuteriated adenosylhopane into
bacteriohopanetetrol by a cell-free system fronMethylobacterium

organophilum

Incorporation experiments of deuteriated adenogdhe into BHT were conducted with
a cell-free system fromvl. organophilum A cell-free system is aim vitro tool widely used to
study biological reactions that happen within cellsile reducing the complex interactions
found in a whole cell. Subcellular fractions can derived via cell lysis and isolated by
ultracentrifugation to provide the molecular maemn required for the side-chain
modification of bacteriohopanoids, while many o tither cellular components are removed.

M. organophilumis known as good hopanoid source, for it is easygrow and it
produces hopanoids in large amounts within a redbtishort time. The total amount of
bacteriohopane derivatives could reach up to 13gndy¥y cells within 24 h incubation
(Renoux and Rohmer, 1985). More importantM. organophilum is ideal for the
incorporation experiment performed in a crude sgditem, because it can produce BHT but
never as a major compound. Accordingly, the ditutid [?H]BHT, which is synthesizede
novofrom the introduced®H]adenosylhopane by the cell free system, by enumge natural
abundance BHT produced during the culture shoulgigeificantly minimized. For these
reasons,M. organophilumDSM 760 was chosen as the model microorganismotor
investigation.

According to the hypothetical biogenetic pathway the side-chain biosynthesis in
Methylobacterium the presence of inorganic phosphate may be mdjuim promote the
cleavage of adenosyl group under catalysis of a.PMi@ crude extract was therefore
prepared by ultrasonic cell breaking in a phospbatér (50 mM, pH=7.5) and subsequent
ultracentrifugation, in order to eliminate unbrokealls and large cell debris containing
natural abundance BHT and hence to diminish isotdpution of the analyzed BHT. For the
reduction of ribosylhopane into BHT, NADPH was peavto be a preferred cofactor hh
organophilum(Bodlenner, unpublished work) and was thus addethé cell-free system.
Insolubility of adenosylhopane in water is a probler enzymatic reactions, which require

an agueous environment. Adenosylhopane was theréfst dissolved in THF (10% volume
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of the crude extract) and then added into theeogtiacts (Siirolaet al, 2011).

After 24 h incubation at 30 °C, BHT was isolatedaatetraacetylated derivative via a
standard procedure (Renoux and Rohmer, 1985). dinple was analyzed by GC/EI-MS for
isotopic abundance measurements of the corresppricigments. Incorporation ratio was
calculated from the isotope distribution of the diglll ions of {H]BHT tetraacetate in
comparison to that of the corresponding ions oliratisotopic abundance. Evidence for
intense labeling of acetylated BHT was observethasntensity oim/z+1 andm/z2 signals
of the fragments containing the side chaiif714 (M), 699 (M'-CHs), 654 (M-AcOH) and
493 (ring C cleavage)] increased, but not for tegmentsm/z 369 (M-side chain) or 191
(ring C cleavage), indicating that tRel-labeling only occurred on thesGide chain (for
fragmentation of BHT by EIMS, see general experitalepart).

In order to minimize the influence of backgroundseo incorporation percentage was
calculated only for the fragmem®/z191 and 493, which have the highest intensitiesrgm
all fragments (Table I1I-2). An adjusted valuenofz+1 orm/z+2 intensity for each fragment in
natural abundance is given a§; = x; + 2 X §; (with deviation of 95%).5; is the sample
standard deviation that was calculated by the ¥otig equation:

5o |[Bealim 22

n—1
where x; is the observed values of the sample items and the mean value of these
observations, whilen stands for the size of the sample. The adjusteeeVvéi of the natural
abundance fragments in Table I1ll-2 was calculateainf the data obtained from six

independent experiments.
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Table IlI-1. ®H isotope distribution of fragments/z191 andm/z493 from BHT tetraacetafe.

N Fragmenm/z191 Fragmenin/z493
Conditioné&
% of M+1 to M % of M+2 to M % of M+1 to M % of M+Bb M
1  Naturaf 20+4 5+2 28+3 6+1
2 A 19 4 47 47
3 B 21 4 36 18
4 C 24 1 29 6
5 D 19 2 28 6

4Fragments are analyzed via GC/MS. Isotopic pattefiise samples were measured according to the
the signal intensities observed for ion curnet, m/z-1 andm/z+2.
® All the incorporation experiments were performe8@eC for 24 h.

A. Deuteriated adenosylhopane with cell-free extimphosphate buffer.

B. Deuteriated adenosylhopane with cell-free extirad EA buffer.

C. Decomposed deuteriated adenosylhopane afteri?ghosphate buffer and then incubated with

the cell-free extract.

D. Deuteriated adenosylhopane with inactivatedfcedl extract in phosphate buffer.
¢ Reference: BHT tetraacetate isolated from the pellets apart from the supernatant in the same
experiment.
4 High signal/noise ratio.

In order to check the influence of inorganic phadphon the bioconversion of
adenosylhopane into BHT, an incorporation experimems also performed with a
triethylamine (TEA) buffer (50 mM, pH=7.5). Decreadsn/z+1 andm/z +2 intensities for
fragmentm/z 493 were observed in the absence of phosphatdesu@ptation in TEA buffer
(Table 11I-1, entry 2), in comparison to that obid from phosphate buffer (Table 1lI-1, entry
3). Although we can not exclude some inhibitingeeff of TEA on the conversion of
adenosylhopane into BHT, we observed that a saffitcamount of phosphate salt apparently
increases the activity of the enzymes. This obsenvas, to a certain degree, inherent with
the involvement of a PNP in adenine cleavage ([Braell al, 2010).

Given that the introducetH-labeled adenosylhopane is in fact a mixture oheacand
bisdeuteriated isotopomerdifd, ~ 1/1.9), the same ratio should be founddH]BHT after
bioconversion. Incorporation percentage fréih]- or [*Hs]adenosylhopane respectively was
determined by dividing the amount ofHBHT or [°H,]BHT with the total amount of

molecules:
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Amount of PH1]BHT: R = x; — x,,4¢

Amount of PH2]BHT: R' =4, — %0e — %

Total amount of moleculest + R + R’
where x corresponds to the intensity af/z1 signal (relative to natural abundancg),
corresponds to the intensity ai/z+2 signal (relative to natural abundance), subscrip
corresponds to the observed value, subscrnptz” to natural abundance and superscript “ ' ”
is to indicate the value derived froAHp]BHT.

Accordingly, molar percents’fl,]- and fH;]BHT were determined as 23% and 12%
from phosphate buffedf/d; ~ 1.9/1), and 9% and 5% from TEA buffel/d; =~ 1.8/1). This
ratio is consistent with that of the incubatétilabeled adenosylhopane and indicates that the
incubated fH]adenoyslhopane is the only deuterium source, taatl there is no isotopic
kinetic effect in the enzymatic reaction(s), whiek plausible since the side-chain
modifications do not happen on tf¢ labeled C-30 and/or C-31 positions.

In order to confirm that the conversion of adenbsphne into BHT is enzymatic,
[?H]adenosylhopane was incubated in a boiled inastiV@ell free system. N&H labeling
was found in BHT tetraacetate (Table I1lI-2). Thesgible chemical degradation of
adenosylhopane into another possible BHT precunsas also checked by leaving
adenosylhopane in phosphate buffer with 10% THBO0atC for 3 days’H labeled BHT was
not detected, indicating that, as expected, ad#m@sgne cannot be spontaneously converted
into BHT in a buffer. According to TLC analysis,eambsylhopane seemed to be still present,
but incubation of this adenosylhopane sample witM.aorganophilum cell-free system
resulted in no formation ofH labeled BHT, indicating indeed that most of firelabeled
adenosylhopane was decomposed into unknown compdhatican not be converted by the

cell-free system into BHT.
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[11.3. Conclusion

Successful incorporation of deuteriated adenosyhepinto bacteriohopanetetrol was
achieved in Methylobacterium organophilunvia a cell-free system. Although neither
ribosylhopane nor phosphoribosylhopane, as putatitesmediates, have been detected by
GC-MS, there is no doubt that adenosylhopane camwireerted into BHT and is thus a likely
a precursor in BHT biosynthesishh organophilum

Recently, hopanoid side chain biosynthesis wasgtigrtevealed inRhodopseudomonas
palustrisTIE-1 (Welandeet al, 2012). ThéenpnH gene was characterized for adenosylhopane
biosynthesis as iM. extorquensHowever, thehpnG gene was annotated as a nucleotide
hydrolase leading thus to ribosylhopane directnfradenosylhopane. This disagreement
does not deny the role of adenosylhopane as tse @ hopanoid intermediate in the
biosynthesis of hopanoid side chain, but requikes full identification of thehpnG gene
product. The next and last step is the identifozatof the catalytic activity of all gene
products supposed to be involved in bacteriohomhhimisynthesis with the expression of the
gene and isolation of the corresponding enzymets Whl probably be more difficult for a
HpnG which is a [4Fe-4S] cluster protein and guiéasitive towards 9thus needs to be

manipulated in a glove box under a strictly anaerabmosphere.
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l11.4. Experimental Part

[11.4.1. Bacteria and cultures

Methylobacterium organophilu@SM 760 was grown on a modified medium of Hestrin
& Schramm (Hestrin and Schramm, 1954) (6x500 mLpP4h conical flasks on a rotator
shaker (200 rpm) at 30 °C. The cells were harvelsédédre the end of the exponential growth
phase (0.D.~0.6) by centrifugation (8 000 rpm, l@)mand then washed with buffer (A.
sodium phosphate buffer: 50 mM NgO/Na,HPO,*, 0.5 mM, MgCs, 1 mM dithiothreitol,
pH 7.5; B. TEA buffer: 0.1 M triethylamine, 0.5 mMgCl,, 1 mM dithiothreitol, pH 7.5).
After centrifugation (8 000 rpm, 10 min), the cel& g) were suspended in buffer (15 mL)
and sonicated (8x40 s with 3 min pause at 0 °Cg Gilude cell extract was centrifuged
(10 000 rpm, 10 min). The cell pellet was freeziedirand the supernatant was used directly
for the incubation experiments.

Modified Hestrin & Schramm Medium:

Yeast extract 59
Bacteriopeptone 59
Glucose 1lg

Citric acid anhydrous 1.04¢g

NaHPO, 2749
H20 1L
pH =6.8

111.4.2. Isolation of bacteriohopaneterol from M. organophilumcells

The freeze-dried cells were extracted with CH#CH;OH (2:1, v/v) three times under
reflux. The combined extracts were brought to dsgnecetylated with A©/pyridine (1:2
v/v) and the excess of reagents was evaporatecacuo The residue was separated by
preparative TLC (silica gel, cyclohexane/ethyl ateB:7) to give an apolar fraction (Rf > 0.7)
containing diploptene, diplopterol, and acetylatetteriohopanetetrol and ribosylhopane.
The mixture was further purified by preparative TK$ilica gel, cyclohexane/ethyl acetate

5:1), yielding pure BHT tetraacetate (0.16 < Rf.2Q).
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111.4.3. Incorporation of deuteriated adenosylhopare into
bacteriohopanetetrol

A solution of deuteriated adenosylhop&te(200ug) in THF (500 pL) was added to the
supernatant (5 mL) in a glass screw cap vial, vo#ld by a solution of NADPH (1.5 mg) in
water (100 pL). Another portion of cofactor solutizvas added after 4 h incubation. The
sample was incubated for another 20 h with shaldh@00 rpm and at 30 °C. It was
freeze-dried and directly acetylated overnightcam temperature with A©/pyridine (1:2
vlv, 3.9 mL). The mixture were filtered over cottand washed with toluene (3x2 mL) and
CH.Cl; (3x2 mL). The combined filtrates were concentratedacuum, and the residue was
subjected to preparative TLC (silica gel, cyclohexathyl acetate 3:7) to give an apolar
fraction (Rf > 0.7) containing diploptene, diplopgkand acetylated bacteriohopanetetrol and
ribosylnopane. The Ilatter were further purified kyreparative TLC (silica gel,
cyclohexane/ethyl acetate 5:1), yielding pure Bldifaacetate(0.16 < Rf < 0.20), which was
analyzed by GC-EIMS.
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Chapter 1V

Attempts of identification of the origin of the
terminal amino group of
35-aminobacteriohopanetriol in
Rhodopseudomonas palustris

~ 147 ~



~ 148 ~



IVV.1. Introduction

35-Aminobacteriohopanetriol is one of the most tiexatly found Gs bacteriohopanoids
(Ourisson et al, 1987; Rohmer, 1993). The hypothetical biosynthgtathway for the
side-chain biosynthesis of aminobacteriohopanepioposes that it is derived directly from
ribosylhopane via reductive amination (Rohmer, 3998is argument was supported by our
study on aStreptomyces coelicolonutant, which is deficient in a putative aminosfenase
required for the biosynthesis of aminobacteriohep@ol from ribosylhopane. A Basic Local
Alignment Search Tool (BLAST) search of this uneegsed protein showed that it belongs to
the acetylornithine aminotransferase family thatlyaes the exchange of the amino group
from an amino acid with the carbonyl group from ttker substrate. Indeed, deletion of this
putative aminotransferase blocked the productioanaihobacteriohopanetriol 8. coelicoloy
and allowed us to isolate trace amount of ribogyd#ime for the first time in a bacterium.

The role of ribosylhopane as the possible precun$@minobacteriohopanetriol is also
suggested by Welandet al. (2012). Although the authors did not detect ribboggane, the
hpnO gene was characterized froRhodopseudomonas palustfl$E-las required in the
aminobacteriohopanetriol biosynthed$is.palustrisstrain lacking théypnOgene is not able to
produce aminobacteriohopanetriol but BHT as they @3 bacteriohopanoid. The enzyme
encoded by thepnOgene is proposed to be a homologue of acetylongithminotransferase,
ArgD (Welanderet al, 2012). ArgD (EC:2.6.1.11) is the enzyme requirethe fourth step of
arginine biosynthesis, catalyzing the reductive ramon of 2-oxoglutarate to vyield
L-glutamate (Fig. IV-1)N-Acetyl-L-ornithine donates its 5-amino group and is comeketd
N-acetyli -glutamate 5-semialdehyde (Fig. IV-1).

0} o

)LNH 0 )J\NH NH,

+ + M
0]

o o o H 0] 0]

N-acetyl-L-ornithine 2-oxoglutarate N-acetyl-L-glutamate L-glutamate
5-semialdehyde

Fig. IV-1. Transamination catalyzed by the ArgD enzyme.

Further elucidation of this reductive aminationpsteould involve the expression and
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purification of the responsible enzyme. Identifyithg hopane substrate on the one hand and
the possible donor for the terminal amino groupawfinobacteriohopanetriol, on the other
hand, is required to allow enzyme tests in thertutkor this reason, we conducted a series of
experiments to look at the amino acid candidatesnguR. palustris as a model

microorganism.

IV.1.1. Hopanoid biosynthesis irRhodopseudomonas palustris.

R. palustrisis a gram-negative purple non-sulfur bacteriumjciwrhas been found to
grow in swine waste lagoons, earthworm droppingarime coastal sediments and pond
waters. Young cells dR. palustrisare very motile. Formation of clusters of cellieh are
attached to each other with the flagella, is charatic for older cultures. The color of the
cell can go from translucent white/yellow (chempti@ growth in the dark) to dark blood red
(phototrophic growth).

R. palustrisis known as one of the most metabolically versdidcteria ever described. It
has the ability to switch between the four diffédremdes of metabolism that support life
(Larimeret al, 2004) (Fig. IV-2):

- Chemoheterotrophic: Energy and carbon from orgaompounds.
- Chemoautotrophic: Energy from inorganic compouaas carbon from carbon dioxide.
- Photoheterotrophic: Energy from light and carlrem organic compounds.

- Photoautotrophic: Energy from light and carbamircarbon dioxide.

H* Aerobic Anaerobic

Chemoheterotrophic Photoheterotrophic
growth growth

Lignin
monomers,
other organic

compounds )
Lignin

monomers,
other organic G\
compounds NG

Cell i
material Ay

material )

Chemoautotrophic Photoautotrophic

CO, growth growth

Thiosulfate, Hy,
other inorganic
electron donors

Thiosulfate,
H,, other inorganic
electron donors

Fig. IV-2. Metabolic modes oR. palustris(Larimeret al, 2004).
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R. palustrisis an attractive model organism for the study opdnoid biology.R.
palustris type strain DSM 123, produces only diplopt&néiplopterol2, tetrahymanob and
aminobacteriohopanetridl as the @ hopanoids (Neunliset al, 1988; Kleemanret al,
1990). It was chosen for this reason in this stuflirain TIE-1 produces additional
2B-methyldiplopterol and BHB and approximately no tetrahymarto{Welanderet al. 2009,
2012). Since growth dR. palustrisdoes not require hopanoids under all conditionsl@hter
et al, 2009), harvesting of hopanoids is less depenaderthe environment. Furthermore, its
versatile metabolic modes allow more accesses parmmd accumulation. A group of genes
involved in hopanoid biosynthesis has been idaedifirom R. palustris(Kleemannet al,
1994; Welandeet al, 2010; Doughtyet al, 2011; Welandeet al, 2012) (Fig. IV-3). The
hpnN gene was annotated as a putative transporter neigp® for movement of hopanoids
from the cytoplasmic to the outer membrane (Dougdttyal, 2011); thehpnO gene was
suggested to be engaged in the biosynthesis ofcdmateriohopanetriol (Welandet al,
2012) (For the annotation of other related gene#Appendix 1).

@ & L fOE o F & & O

9}’ ‘(\Q 0}5 \(\Q \(\Q ‘(\Q 4}\ (\Q \(\Q -\‘R \(\Q \(\Q

o o A © b KD A NS S & A o B o TN 8
1kb

Fig. IV-3. Graphical depiction of the putative hopanoid bidegtic gene cluster oR.
palustris TIE-1 (Welanderet al, 2012). Red arrows represent genes that were showe
involved in hopanoid biosynthesis, black arrowsrespnt genes that are expected to be
associated with hopanoid production, gray arrowsasent genes not involved in hopanoid
biosynthesis, and white arrows are genes with petakdundant copies elsewhere on the
chromosome. The numbers under the arrows représegene numbers corresponding to the
genome annotation, while the labels above the arae the gene names.
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IV.1.2. Catalytic mechanism of the pyridoxal phosphate dependent
aminotransferase

The protein encoded by thepnO gene was predicted to belong to the pyridoxal
phosphate (PLP)-dependent aspartate aminotransfeup&rfamily. In the reaction catalyzed
by PLP-dependent aminotransferase, a prototropéairangement followed by hydrolysis
reversibly converts PLP to pyridoxamine 5'-phosph@MP). In the subsequent step, the
amino group from PMP is transferred to the aminceptor to regenerate PLP (Fig. 1V-4)
(Walsh, 1979).

In all the PLP-dependent enzymes yet examined;dbazyme is bound to the active site
via an imine linkage to the.amino group of a lysine residue, and this aldimsée active
form of the resting enzyme. For the first half-g@t, the amino group dondt, ana-amino
acid, enters into imine linkage with the coenzymeai transaldimination, liberating the
active-site lysine amino group. Once this initiaine (aldimine) has formed, the acidity of
the a-hydrogen of the donok has been increased because the carbanion, om pestmval,
is extensively stabilized by resonance. Thus, thetraction of that proton is readily
accomplished by an active-site base. Subsequettnation of the carbanion would yield the
ketimine product. If the enzyme promotes hydrolysishe ketimine, the produc will be
ana-oxo acid and the amine form of the coenzyme, PMP.

The second half-reaction then constitutes the sad@f the steps of the first half-reaction,
with PMP oxidized back to pyridoxal level and theguct aldimine (derived from PMP and
the amino group acceptor C) reduced to the correipg amino acid. Expulsion of the
product D from the product-coenzyme imine is ingthby attack of the active-site lysine’s
g-amino group to yield a free amino acid D and regetes the resting-enzyme-coenzyme

aldimine, ready for another catalytic cycle.
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Fig. IV-4. The transfer of an amino group from an amino &ctd ana-oxo acidC catalyzed
by PLP-dependent aminotransferases (Walsh, 1979).
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IV.2. Attempts of the identification of the origin of the terminal

amino group of aminobacteriohopanetriol

The major enzymes in the acetyl ornithine aminafamse family correspond to
ornithine  aminotransferase,  acetylornithine  amewferase, alanine-glyoxylate
aminotransferase, dialkylglycine decarboxylase, mdmrabutyrate aminotransferase,
B-alanine-pyruvate aminotransferase, adenosylmatiegBramino-7-oxononanoate
aminotransferase, and glutamate-1-semialdehydaridemutase. Several possible amino
acids, including ornithine, alanine, aspartatetaghate and glutamine, were hence tested as

possible amino donors in order to find out the triggmdidate.

IV.2.1. Attempted feeding experiments with™N labeled amino acids orR.

palustris

R. palustriscan live with or without oxygen, going throughfdient metabolic modes. Its
growth rate, however, is severely influenced bywdho conditions. WherR. palustrisis
grown photoheterotrophically at 30 °C for 5 days roadified Rhodospirillaceaemedium

(http://www.dsmz.de/microorganisms/medium/pdf/DSMZ&dtm27.pdf, ~ca. 0.6 g

lyophilized cells were harvested from a 1 L culiwely half of this amount (~0.3 g/L) were
obtained wherR. palustriswas incubated under aerobic conditions at the sameerature
within the same time. The content of aminobacten@metriol remained, however,
unchanged (3.3 mg/g dry weight).

In order to harvest aminobacteriohopanetriol irelatively short time, the culture &.
palustriswas incubated under the anaerobic condition aed ¥éth*>N labeled amino acids
(2 mM). Yeast extract and ammonia acetate were vethdrom the original media.
Ammonium chloride was left as the orf§N natural abundance nitrogen source, in order to
diminish the dilution of°N from natural abundance nitrogen sources. In ake éxponential
phase, aminobacteriohopanetriol tetraacetate wadatésl and analyzed by EI-MS
(direct-inlet).

Intense™®N labeling was observed however in the feeding expnts with®N labelled
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aspartate, alanine, glutamate and glutamine irfriggments containing the side-chain?,M
M*—CH;, M"™~AcOH and the fragments containing rings D, E aidé shain derived from
ring C cleavage. In contrast, no labeling was foimthe fragmentsn/z369 (M'—side chain)
and 191 (ring C cleavage) (for the fragmentatioraminobacteriohopanetriol tetraacetat by
EIMS, see general experimental part and Table I§hiries 2, 3, 4 and 5). The incorporation
percentage obtained from these experiments remased20%. It is consistent with the
original ratio of*°N (from amino acid}#N (from NH,CI) in the media. These results indicate
that the terminal amino group of aminobacterioh@paol was successfully labeled, but the
possible donor can not be identified since labetegplts can't be differentiated from one to
another. The possible reasons why all the amind aandidates were incorporated into
aminobacteriohopanetriol are that the aminotraasteiis not specific to certain amino acid,
or alternatively, that th&N-labeled amino group was transferred to the rigimdidate via the
amino acid metabolism iR. palustris(Fig. IV-5). Thea-amino group of aspartate and alanine
can be easily transferred into glutamate by theespongding aminotransferases. Generation
of glutamate from 2-oxoglutarate and glutaminehis main pathway for glutamate synthesis
in bacteria. And glutamate ubiquitously acts asadoof amino groups for biosynthetic

reactions in numerous trasamination reactions.

Table IV-1. M+1/M ratio of different fragments derived from srobacteriohopanetriol
peracetate analyzed by EI-MS.

Fragments M*—AcOH’ ring C cleavage  M*—side chaih ring C cleavage
Amino acids 654/653 493/492 370/369 192/191
1 | Natural abundanée 48 30 30 19
2 | ™N-Asp 62 49 37 19
3 | ™N-Ala 66 47 31 19
4 | ®>N-Glu 64 43 32 19
5 | ™N-GIn 68 48 30 19
6 | *N,-ornithine 50 31 29 18

% Natural abundance of aminobacteriohopanetriol @ained from the cells grown on DSM No.27
medium.
® High signal/noise ratio.

No obvious labeling on the side chain of aminobaat@®panetriol was observed whBn
palustris was grown with extragenouSNy-ornithine, indicating that ornithine or acetyl

ornithine is less likely a donor for the terminahiao group of aminobacteriohopanetriol
~ 155 ~



(table IV-1, entry 6). The fact that the amino grswf'°N,-ornithine can not be transferred
into glutamatein vivo suggested that the additional ornithine may malmy utilized to
synthesize proteingenic amino acid arginine oruppd/ polyamines in this bacterium (Fig.

IV-5).

o] o]
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TRY T oM Ho. “__OH HMOH HoN ~_OH
oxo acid glutamine ~ NHz 0r glutamate N-acetyl glutamate N-acetyl ornithine
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o] o]
glutamate ithi ©
. . o .
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i HN__N ~_OH
o o or oxo acid oxo acetate* "y WI( ﬁN’HQV\/\g
* .
2-oxo glutaramate transaminase aspartate citrulline arginine
(e.g. alanine transaminase fumarate®
transaminse)
HO O NH, NH,
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NH, o HOJ\/\H/OH 12! Y \/\/\“/
o HOOC._LNH o]
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i ) aspartate \ECOOH argininosuccinate
NH; or amino acids o
HMOH ‘
[e] o
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Fig. IV-5. Partial metabolism of glutamate, glutamine, aspartanine, ornithine and related
compounds irR. palustris Amino acids are printed in bule, enzymes in rad eetabolic
pathways in green. Compounds labeled with * aresaor be converted into, intermediates in
citrate cycle. Points on both ends of an arrewindicate noticeable reversibility of this
reaction under biological conditions. Double arrows are used when interconversion of
two compounds proceeds via different reactionsoi lolirections.

IV.2.2. Attempted incorporation of N labeled amino group into

aminobacteriohopanetriol via a cell-free system adR. palustris

In order to avoid the distribution 0PN from our target amino acids into other
metabolites, incorporation experiments with a delé system oR. palustriswere performed.
With this methodology, the biosynthesis of amin@lacould be largely suppressed, resulting
thus in less interferences between the metababidymts.

The cells were harvested before the end of exp@ehase. The cell-free system was
obtained by sonication in phosphate buffer (50 npM,= 7.5) in the presence of PLP as a

cofactor. After centrifugation, the supernatant wiactly used for the incorporation step.
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1>N-amino acids were added in the cell extract ad alsynthetic [33H]ribosylhopane
(Bodlenner, unpublished work), the putative sulbstcd the transamination reaction. After 24
h at 30 °C, the reaction was stopped by freezimg, e samples were lyophilized and
acetylated. The fractions containing aminobactenpatmetriol tetraacetate were analyzed by
EI-MS (direct-inlet). Aminobacteriohopanetriol te&icetate was isolated in small amounts in
all cases, and nbN labeling was detected by mass spectrometry (T&bR. Only natural
abundance was found in the most intense fragnmefzt492), which is derived from the ring
C cleavage and contains ring D, E and the sidenclhgi analyzing the relative intensities of

the most intense/z492, 493 and 494 signals.

Table IV-2. Incorporation of [35H]ribosylhopane and“°N-labeled amino acids into
aminobacteriohopanetriol by cell-free systeniRopalustris’

15, : :
N-amino acidq Natural
NJAsp [PN]JAla [™N]GIu [**N]GIn [**N,]Ornithine

C

Fragment abundanc® [

493/492
Fragment| (%)
m/z492 | 494/492
(%)

31+1 32 34 30 32 31 33

7.0+0.5 8.5 9.1 7.8 8.4 7.8 16.1

2 All the samples were analyzed by EI-MS (direcethl

®Natural abundance of aminobacteriohopanetriol waaioed from extract of the dry cells and was
expressed with sample deviation of 95% (For theutation, see Section I11.2).

“ No amino acid was introduced, only deuterium labelbosylhopane was present.

4 High signal/noise ratio.

Two possible explanations for the negative labelregults may be proposed. The
responsible enzyme is inactive, or the conversicate r of ribosylhopane into
aminobacteriohopanetriol is so low that the traz®ant of">N-aminobacteriohopanetriol (if
there is any) could not be detected by EI-MS; nitively, the tested®™ amino acids were
not the precursors of the terminal amino group w@hin@bacteriohopanetriol. The
aminobacteriohopanetriol fractions were always agunied by other pollutants, which can
be hardly removed by TLC techniques. As a consempueminobacteriohopanetriol was
present as a minor component in the fractions aedlyby mass spectrometry, accurate
measurement of the incorporation percentage wasithpossible due to the high signal/noise
ratio, but in any case no high incorporation watimed. The use of liquid chromatography
techniques is a necessity for further purification.
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I\VV.3. Conclusion

The attempts to identify the origin of 35-NHf aminobacteriohopanetriol failed.
Incorporation experiments with differefiN-amino acids afforded nearly identical labeling
patterns. Feeding experiments in amino acid po@esewot suitable for this investigation
because of the scrambling of labeling raised byntlkeéabolisms of amino acids. The enzyme
tests in cell-free systems barely resulted in &Y labeling on aminobacteriohopanetriol,
either due to the low reactivity of the putativeiaotransferase or due to the limited types of
amino acids that have been tested. Expression pé genO and purification of the

corresponding enzyme are required in the futurestigation.
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IV.4. Experimental Part

IV.4.1. Bacteria and culture

Rhodopseudomonas palustrisDSM 123 (DSMZ-Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH) was grownofaheterotrophically in DSM
medium No. 27 at 30 °C for 4-5 days in top-filletbppered 250 mL flasks and under
continuous illumination with a 40-W tungsten lamf@average yield: 0.6 g/L, lyophilized
cells).

DSM No. 27 medium

Sodium succinate  1.00 g

KH,PO, 0.50¢g

MgSO, X 7H,0 0.40g

NacCl 0.40¢g

NH,CI 0.40g

CaCl X 2H,0 0.05¢g

Yeast extracts 0.30 g

(NHy)-acetate 0.50¢g

EtOH 0.50 mL

Fe (1) citrate solution (0.1% in D) 5.00 mL
Vitamin By, solution (1 mg in 10 mL D) 0.40 mL
Trace element solution SL-6 1.00 mL
Distilled Water 1050.00 mL
pH=6.8

IV.4.2. General procedure for feeding experiments ith N amino acids

R. palustriscultures for feeding experiments were grown on alifred DSM No. 27
medium. Yeast extract and ammonia acetate weraaegplby sodium acetate (0.53 g/L) and
>N-amino acids (2 mM)*N amino acids'fN L-aspartater®N L-alanine,**N L-glutamate,
5N L-glutamine and®N, L-ornithine) were purchased from Eurisotope and asedelivered.
The bacterial cells were harvested at the end ef ¢xponential growth phase by
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centrifugation (10 000 rpm, 4 °C, 10 min), freezeed and extracted under reflux with
CHCI3/CH3OH (2:1, v/v). The combined extracts were takendtgness, acetylated with
Ac,O/Py and then separated by flash chromatographyWBEAc 1:1 to EtOAc). The
fractions were monitored by analytic TLC. The pnopdraction containing
aminobacteriohopanetriol tetraacetate was furtieified by preparative TLC (DCM/MeOH
100:4) and afforded aminobacteriohopanetriol teetete (R = 0.33). The resulting

compound was analyzed by El-mass spectrometry.

EI-MS spectrum of natural abundance aminobactepahetriol tetraacetate (direct-inlet):
m/z= 713 (M', 9%), 698 (M-Me, 4%), 653 (M-AcOH, 25%), 638 (M-Me-AcOH, 6%), 492
(ring C cleavage, 100%) (Budzikiewiet al, 1963), 432 (ring C cleavage-AcOH, 19%), 369
(M*-side-chain, 21%), 312 (ring C cleavage-3AcOH, 26%253 (ring C
cleavage-3AcOH-AcNH, 46%), 191 (ring C cleavage/36

IV.4.3. General procedure for "N labeled amino acids and
[35-*H]ribosylhopane incorporation experiments in cell-fee systems ofR.
palustris

A R. palustrisculture grown on DSM medium No. 27 was harvesefdre the end of the
exponential growth phase (0.D.~0.6) by centrifugat(10 000 rpm, 10 min), and then
washed with sodium phosphate buffer (50 mM, M@ mM, dithiothreitol 1 mM, PLP 0.1
mM, pH 7.5). After centrifugation (10 000 rpm, 10n the cells were suspended in the
buffer (0.6 g/ 10 mL) and sonicated (8x40 s wittni® pause at 0 °C). The crude cell extract
was centrifuged (10 000 rpm, 10 min). The cell gtelvas freeze-dried, and the supernatant
was used directly for the incubation experiments.

A solution of deuteriated ribosylhopane (20§) in THF (400uL) was added to the
supernatant (4 mL) in a glass screw cap vial, fodid by a solution 0PN amino acid (30 eq.
to ribosylhopane) in water (0.5~1 mL). The sampbswncubated for 24 h with shaking at
200 rpm at 30 °C. It was freeze-dried and acetgllateernight with AgO/pyridine (1:2, vlv,
3.9 mL). The mixture was filtered over cotton anastved with toluene (3x2 mL) and &H,
(3x2 mL). The combined filtrates were concentritedier reduced pressure. The residue was
subjected to preparative TLC (DCM/MeOH 100:4) arffrded aminobacteriohopanetriol

tetraacetate (R= 0.33), which was analyzed by direct-inlet EI-s1apectrometry.
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Ultimate target of this study is to elucidate tloeniation of the € side-chain bacterial
triterpenoids of the hopane series. To understhedenzymatic reactions involved in this

pathway, relevant genes were characterized angriluetic intermediates were identified.

Hopanoid production by tw&treptomyces coelicoloA3(2) mutants defective in the
orf14 andorf18 genes respectively was analyzed via various chiagnaphy techniques and
mass spectrometry (FCC, GC, HPLC, EI-MS, GC/MS, RPC/MS"). The different
hopanoid profiles allowed characterization of #14 and orf18 genes, whose putative
functions were further supported by bioinformaacslysis.

i) ORF14, which was annotated as a lipoprotein, wasqa to be required in hopanoid
biosynthesis inS. coelicoloy because the strain lackinggfl4 gene only accumulated
adenosylhopane as the extended hopanoid. The OgBigin shows significant similarities
to the enzymes HpnG protein and MTA/AdoHcy nucldases, suggesting that it possibly
catalyzes the hydrolysis of adenosylhopane intosgthopane.

i) Deletion of the orfl18 gene from S. coelicolor blocked the production of
aminobacteriohopanetriol, but allowed us to detkose hopanoids that were generally not
seen in the wild-type strain, including adenosyHmgy ribosylhopane and
bacteriohopanetetrol. The putative intermediatesythopane was isolated for the first time
from a living organism and its structure was caonéd by NMR spectroscopy. The unique
hopanoid phenotype, as well as the annotation oFIBRprotein as an aminotransferase,
indicated its hypothetical function of transferriag amino group to the C-35 position of
ribosylhopane and generating aminobacteriohopahetri

iii) The cluster of genes associated with hopanoid btbggis inS. coelicolowas compared
with other microbial genomes that contain the gemegiired for aminobacteriohopanetriol
production. The relative location of the homolog@eses is well preserved, indicating the
homologous traits of these microorganisms in tefimopanoid production. This analysis also
suggested that the genefl5 is probably engaged in the side-chain formatiora aadical
SAM enzyme, catalyzing the production of adenogyfite from diploptene and a
5'-deoxyadenosyl radical.

The conclusions above are in total agreement Wwegthhtypothetical biosynthetic pathway
for hopanoid side-chain formation. Adenosylhopaee/es as a precursor of ribosylhopane,

which could lead to the formation of BHT and amiacteriohopanetriol via reduction and
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reductive amination respectivly.

To meet the needs of future biochemical investigatadenosylhopane and a deuteriated
isotopomer were synthesized from hydroxyhopanonkamenosine via a concise approach.
Cross-metathesis and diimide reduction were emplagethis convergent synthesis as the
key steps (Fig. 16). The huge steric hindrance edhiy the bulky hopane skeleton and the
adenosyl group was consequently circumvented witiwod to moderate yields. This
methodology presents a general utility for the prapon of functionalized bacteriohopanoids.
Replacement of the adenosyl moiety with other acyal cyclic synthons would allow the

access to a vast array of hopanoid structures.

. 5 steps, 35% J: ]
‘ ! : 17N
ﬁ')H \»\ r\ ~ N2
N

¢ N
55 N N/J
Hydroxyhopanone 56 o
1OH
NH, NHBz > —— . /Q /
N N \'\ ¢
oy oy .
N~ 6steps, 20% N 25 4steps, 29%
o) > o) '
HO ‘ ) S ) / 25-D 4 steps, 36%
/o/ﬁ "0/%
57 62

Fig. 16.Hemisynthesis of adenosylhopane and of a deutdriabtopomer.

The role of adenosylhopane as an intermediate hm gide-chain formation of
bacteriohopanoids was further confirmed by the ereyests conducted with a cell-free
system ofMethylobacterium organophilumDeuteriated adenosylhopane was successfully
converted into deuteriated BHT via enzymatic reactiNADPH is required as a reducing

co-factor.

The last aspect of the project concerns the détetion of the origin of the terminal
amino group of aminobacteriohopanetriol and was sumicessful. Feeding experiments in
vivo with Rhodopseudomonas palustasd enzyme tests with a cell-free system from the
same bacteria witf°N-amino acids gave no valuable information. Puaificn of the

corresponding aminotransferase is probably necgdsaelucidate the enzymatic reaction
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leading to aminobacteriohopanetriol from ribosylaoe.

This Ph D thesis sheds light on the side-chaisyithesis of bacteriohopanoids. Many
questions are, however, still remaining:
i) Although a SAM enzyme was suggested as the 5'-de®nosyl radical donor to
promote the production of adenosylhopane from giggioe, such function of a SAM protein
has not been reported. Generally, the 5-deoxya@sygmadical serves as an oxidizing reagent
to generate other radicals, rather than being coneduas a real substrate. How does this
enzyme work in the biosynthesis of adenosylhopdh@ss it take diploptene or squalene as
the substrate? Are there other co-enzymes involved?
i) Ribosylhopane was derived from adenosylhopane, viitpresently can not prove
whether the responsible HpnG enzyme is a nuclessigda purine nucleophosphorylase.
Therefore there is a possibility that ribosylhopd@tephosphate might be involved in the
side-chain formation.
lii) The reductase required in the production of BHTmfrobosylhopane has not been
documented.
iv) Origin of the terminal amino group of aminobacteapanepolyols is unknown.
Deep understanding of these enzymatic reactionsnitdy requires purification and

characterization of the corresponding enzymes.
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General experimental part
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Reagents and solvents

Reagents were purchased from Sigma-Aldrich, AcAd&a Aaesar, Roth Carl. Their
purity was more than 98% in all cases. Thionyl ddwwas distilled immediately before use.
2-Hydroxyhopanone was extracted from Dammar resinoming to reported method
(Dunstanet al, 1957). N,N-Dicyclohexylcarbodiimide was purified by distillah under
reduced pressure (b.p. 122 °C at 6 mmHg), anddtered at 5 °C. Dowex 50 {Hresin was
purchased from Aldrich and was activated right beefesse with 10% HCI solution in water.

All solvents were distilled before use. Dry solissnsed in moisture sensitive reactions
were obtained as follows: THF was freshly distilfenin sodium benzophenone ketyl before
use. CHCI, was distilled over fOs. Pyridine was distilled over KOH and then storegro

molecular sieves (4A). DMSO was purchased fromisld(sure sealed) and used directly.

TLC analysis

The progress of reactions was monitored by analytlin layer chromatography using
aluminum-coated Merck 60§ silica plates. UV visible spots were directly \aimed under
UV light at A = 254 nm. Compounds containing the hopane skeletoid be revealed on
TLC plate by UV light £ = 366 nm) after spraying with berberine hydrocidersolution in
EtOH (1 %).

Purification techniques

Most products were purified by flash column chroogaaphy (FCC) using Merck 60
230-400 mesh silica gel and appropriate eluentgnadylhopan5 and25-D were purified
by FCC using Merck 60 63-200 um silica gel undewgy.

Compounds in the amount of less than 10 mg wer#iguli via preparative thin layer

chromatography using Merck 6Qsfrsilica gel plates (0.25 mm layer thichness).

Melting Points

Melting points were measured with a BIBBY SMP3 agus and are corrected with
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benzophenone (m.p. 48+£1.5 °C).

Optical rotations

Optical rotations were measured at 20+2 °C usirgglaof 10 cm in length 1 mL in

volume.

Cell lysis

The bacterial cells were disrupted by sonicatiangiSONIFIER B-30. Duty cycle: 60%,

output control: 6, pulsed.

Optical density measurements

Optical densities of the bacterial cultures wereasueed on spectrophotometer Genesys
10UV, using photometer cuvettes of 1 cm in lengtth & mL in volume. The light wavelength
is 595 nm forMethylobacterium organophiluroultures and 660 nm fd&Rhodopseudomonas

palustriscultures.

Spectroscopic analysis

'H-NMR and **C-NMR were performed on BRUKER Avance 600 spectrtem¢500
MHz for *H, 150 MHz for'C), Bruker Biospin 500 spectrometer (500 MHz #dr 125 MHz
for 1*C) and BRUKER Avance 300 spectrometer (300 MHZ'ftr75 MHz for'C). Most of
the measurements were carried out using GR€Ilsolvent and with CDglé = 7.26 ppm) as
internal standard folH-NMR and CDC} (9 = 77.0 ppm) as internal standard t8€-NMR.
NMR spectra of adenosylhopa@8 and25-D were recorded in pyridine-D5 as solvent and
with pyridine-D5 ¢ = 8.73, 7.58 and 7.21 ppm) as internal standard'#BNMR and
pyridine-D5 ¢ = 149.9, 135.5 and 123.5 ppm) as internal stanfard*C-NMR. NMR
spectra of adenosine 5'-aldehyg#H,0 and39 were derived using DMSO-D6 as the solvent
and with DMSO-D6 § = 2.50 ppm) as internal standard fet-NMR and DMSO-D6 § =
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39.52 ppm) as internal standard fo€-NMR.

The abbreviations represent the multiplicity of MR signals:

S singlet

d doublet

t triplet

q quadruplet
m multiplet

dd doublet of doublet

ddd doublet of doublet of doublet

dddd  doublet of doublet of doublet of doublet

arom aromatic

br broad

13C-NMR assignments of known hopanoids were basedanlier assignments (Stampf,
1992; Pan, 2005) and were supported by additioxérements including DEPT, HSQC and
HMBC techniques. Assignments of new synthetic commgis were based on earlier
assignments (Pan, 2005; Toulouse, 2011) of straltywelated compounds and supported by
additional DEPT and 2D NMR spectroscopiC shift values of the carbon atoms in the
hopanoid skeleton did not depend significantly lo@ mature of the side-chain and remained
virtually unchanged after introduction of new carbaoms or functional groups in the C
side-chain. Numbering of adenosylhopane skeletshasvn in Fig. 17. The hopane skeletons

and G side chains of all the complex hopanoids folloe same order.

19 20 7 NH;
OAc OAc N_5 L&
12 21 30 g & SNT
/., 35 33 34 35 < / J
17 22 44 B 9N R N/ >
2 16 5 OAc OAc 19 20 o—35 3
21 30 32 1.
3 = /1, 34 OH

S M7 22 33=
“, : 31 -
. 6 \{ oH %
24 23 29

Fig. 17.Molecule numbering pattern of BHiand adenosylhopargs.

GC-MS spectra were acquired on a Thermo TSQ Quantass spectrometer connected
to a Thermo Trace GC ultra gas chromatograph (Rijatior, HP-5 MS column, 30 m, 0.25

mm i.d., 0.25um film thichness). Helium (constant flow 1 mL/mwgs used as carrier gas.
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The temperature program for GC analysis was: 3 aniB5 °C; from 55 °C to 320 °C at
10 °C/min; 50 min at 320 °C.

Mass spectra were produced a Thermo TSQ Quanturs spastrometer at 70 eV in the
electron ionization mode (EIMS) over a mass ranfj®®800 Da (cycle time 0.5s). The
source temperature was set at 230 °C. Compounds characterized by their parent ion and

by the typical fragmentation patterns of hopandkig. 18).

m/z 369
side-chain cleavage

fr

ring C cleavage

D — m/z 492 for aminobacteriohopanetriol tetraacetate
m/z 191 m/z 493 for BHT tetraacetate

Fig. 18.Typical hopanoids fragments observed by mass-spretry under EI mode.
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Appendix 1. Genes hypothetically involved in the biosynthedibacteriohopanoids

Gene Annotation Hypothesized or known function References
hpnA Hopanoid associated sugar epimersase Involvedéncsiain formation 1
hpnB Putative glycosyltransferase Involved in side cliaimation 1
hpnC Squalene synthase Synthesis of squalene 1
hpnD Squalene/phytoene synthase Synthesis of squalelternative patheway 1
hpnE Squalene-associated FAD-dependent desaturase Signtiisqualene-alternative patheway 1
hpnF Squalene-hopene cyclase Formation of hopanoidaclgeltkbone 2
hpnG Hopanoid biosynthesis associated phosphorylase v&@eaof adenine from side chain 3,4
hpnH Hopanoid biosynthesis associated radical SAM pmotei Addition of adenosyl group to side chain 3
hpnl Glycosyltransferase Possibly involved in side chain formation 5
hpnJ Hopanoid biosynthesis associated radical SAM pmotei Possibly involved in side chain formation 5
hpnK Hopanoid biosynthesis associated protein (ydjC) sibbsinvolved in side chain formation 5
hpnL Conserved hypothetical protein Possibly involvediite chain formation 5
hpnM Hopanoid biosynthesis associated protein (Ttg2D) ssiy involved in side chain formation 5
hpnN RND superfamily exporter Probable hopanoid transppsimilar to eukaryotic Ptc 6
hpnO Ornithine-oxo-acid transaminase Production of af@wberiohopantriol 4
hpnP Hopanoid A-ring methylase Methylates A ring at C-2 7
hpnR Hopanoid A-ring methylase Methylates A ring at C-3 8

References indicated the publication in which egate’s function was demonstrated or hypothesizeldedzlet al. (1998); 2. Reipeet al.(1995); 3. Bradlewt al
(2010); 4. Welandegt al. (2012); 5. Hypothesized function; 6. Dougktyal, (2011); 7. Welandest al, (2010); 8. Welander and Summons (2012)
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Appendix 2. EI-MS spectrum (direct-inlet) of chemically synsimed ribosylhopane (a mixture ofB%and 3% anomers)
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Appendix 4. GC/EI-MS spectrum of 3bribosylhopane isolated fromorfl8 mutant ofS. coelicolor
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091007PS_05 #63-67 RT: 0.71-0.75 AV: 5 SB: 10 1.16-1.18, 0.44-0.51

Appendix 5. EI-MS spectrum (direct-inlet) of B&ribosylhopane isolated fromorf18 mutant ofS. coelicolor
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Appendix 6. GC/EI-MS spectrum of 3bribosylhopane isolated fromorf18 mutant ofS. coelicolor
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» Triterpénoides bactériens de série hopane en  Scme Chimiges
Css : biosynthese de la chaine latérale

Les bactériohopanepolyols (BHPs) en Css sont les principaux hopanoides trouvés chez les
bactéries. Ces composés présentent une chaine latérale polyhydroxylée en Cs liée par une liaison
carbone/carbone au groupement isopropyle du squelette hopane. lls présentent de nombreuses
variations structurales au niveau de la chaine latérale qui apporte des informations taxonomiques et
physiologiques. Le bactériohopanetétrol (BHT) et I'aminobactériohopanetriol sont les composés
majoritaires. En outre, ces deux BHPs seront les parents de la plupart des BHPs complexes.
L'élucidation de la biosynthése de la chaine latérale en Cs des hopanoides s'est donc trés
intéressante pour une meilleure compréhension de la distribution phylogénétique et la signification
biologique de BHPs.

Au cours de ce travail, le ribosylhopane a été isolé pour la premier fois chez une bactérie.
Cette découverte est une preuve solide confirmant le r6le du ribosylhopane comme intermédiaire
dans la biosynthese des hopanoides. En outre, deux genes impliqués dans la formation de la chaine
latérale des BHPs chez Streptomyces coelicolor ont été caractérisé. L'adenosylhopane serait
converti par une phosphorylase en ribosylhopane; une aminotransférase est nécessaire pour la
formation de I'aminobactériohopanetriol du ribosylhopane. De plus, nous avons développé des
syntheses consices de I'adénosylhopane et d’'un isotopomére bisdeutérié. L'analogue marqué a par
la suite été incorporé dans le BHT par un systeme acellulaire de Methylobacterium organophilum, et
le suivi du marquage nous a permis de démontrer l'implication de l'adénosylhopane dans la
biosynthése des hopanoides en Cgs.

Mots-clés: bactériohopanetétrol, aminobactériohopanetriol, ribosylhopane, adenosylhopane,
deutériation, biosynthése.

Css Bacteriohopanoids represent the majority of hopanoids produced by bacteria. They bear
an additional Cs side chain linked by a carbon/carbon bond to the isopropyl group of the hopane
skeleton. The Cs side chains present an impressive structural diversity and carry taxonomic and
physiological information. The most common Css bacteriohopanoids are bacteriohopanetetrol (BHT)
and aminobacteriohopanetriol. Moreover, these two compounds are proposed as the parents of most
complex bacteriohopanoids. Therefore, elucidation of the biosynthesis of hopanoid side chains is in
great interest for a better understanding of the physiological distribution and biological importance of
bacteriohopanoids.

In this work, ribosylhopane was isolated for the first time from a bacterium. This discovery is a
solid proof for the role of ribosylhopane as an intermediate in the biosynthesis of hopanoid side
chain. In addition, two genes involved in the hopanoid production in Streptomyces coelicolor have
been characterized. Adnosylhopane may be converted into ribosylhopane by a phosphorylase; and
an aminotransferase is required for the formation of aminobacteriohopantriol from ribosylhopane.
Moreover, we have developed a concise strategy for the hemisynthesis of adenosylhopane and a
deuteriated isotopmer. The subsequent incorporation of the deuteriated adenosylhopane into BHT by
a cell-free system in Methylobacterium organophilum proved that adenosylhopane is indeed a
precursor of Cgs bacteriohopanoids.

Key words: bacteriohopanetetrol, aminobacteriohopanetriol, ribosylhopane, adenosylhopane,
deuteriation, biosynthese.
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