Biochemical Investigations on Microbial Prenyltréarases in

the Presence of DMAPP Analogues

Biochemische Untersuchungen an mikrobiellen

Prenyltransferasen in Anwesenheit von DMAPP-Analoga

Dissertation
zur Erlangung des Doktorgrades
der Naturwissenschaften
(Dr. rer. nat.)

dem
Fachbereich Pharmazie
der Philipps-Universitat Marburg

vorgelegt von

Mike Patrick Liebhold
aus Dresden

Marburg an der Lahn, 2014



ErstgutachterProf. Dr. Shu-Ming Li
ZweitgutachterProf. Dr. Michael Keusgen

Eingereicht ani0. September 2014

Tag der mindlichen Prifung2. Oktober 2014

Hochschulkennziffer: 1180



Dedicated to

my family






TABLE OF CONTENTS

Table of contents

List Of PUBICALIONS .......ooiiiiiee e e e [l
Share of author CONtHDULIONS.......... e V.
Oral and poSter PreSENTALIONS. ... ... it e e e e e e e e e eeeeeeeeennanes V..
ADDIEVIATIONS ...ttt ettt e e e e e e e e e e e e e e e e e eeas VI
SUIMIMIATY ettt e et e e e e et e e e et e e et b e e e e et e e e e et e e e e et e e eenme e e e et e e eeaneeeennns 1
ZUSAMMENTASSUNG. ... it iieeeeeee e e e s e e e e e e e e e e e e e et e e e e e assaaann e s e e e aenannaaeeeeeas 3
O oL oo [F o1 1 o] o I PP PRPPPPPIN 5
1.1. Ascomycota and ACtINODACIENIA .........cocmmmeerrieiiiiiiiee e 5
1.2. Prenylated aromatic secondary metaboliteS. coce.....cccoeviviiieeiiiiiiccie e 7
1.2.1. Prenylated flavonOIidS ...........uuuuimcriiieeeeeeieiics s e e e e e e e e e eeeeeer e e e eeeeannes 7
1.2.2. Prenylated COUMANINS ........cvviiiiiiiiee e e e eeee et e e e e e e e e e e naaaeaaaaaaeees 8
1.2.3. Prenylated XanthonesS.........coooo e e 9
1.2.4. Prenylated quinones and naphthalenes..............ccccooeiiiiiiiieees 10
1.2.5. Prenylated indole alkaloids..........ccceeooiiiiiiieieiieee e 10
1.2.5.1. Prenylated indole alkaloids derived friotnyptophan.............ccccoee..... 11

1.2.5.2. Prenylated indole alkaloids derived fromyptophan-containing

[0 10T 0] 10 =SS 12
1.3. Biosynthesis of prenylated aromatic secondstabolites.................ccovvvvriinnnn. 13
1.4, PrenyllranSferas@s .......ooovviiiiiiiieeeeeeeeee e e e e e e e e e e e et s 15
1.4.1.Cis- andtrans-prenyltransferases ...........ooovvvvvvvvesmmmmmmm e eeeeeeeeeeeeeieinnnnnn s 15
1.4.2. Protein prenyltransSferases ..........ccceeeeeeeiieiieeeeeeeeeeeeeceiiis s 16
1.4.3. AromatiC prenyltranSferases .........ucccceeiiiieieeeeiiiiiiiiee e ee e eeeeeee e 16
1.4.3.1. Prenyltransferases of the UbiA superfamily...............cccccviiiiiinnnnnns 16
1.4.3.2. Prenyltransferases of the CIOQ/NpPhB graup............uvvvvveiiinnnneeenn. 17
1.4.3.3. Bacterial prenyltransferases of the LIX@UQ .........ooevvvveiiiiiiiinnnnnnnnn. 18
1.4.3.4. Fungal prenyltransferases of the DMATSesi@mily ...........ccceeeeeennnn. 19



TABLE OF CONTENTS

1.5. Chemoenzymatic synthesis of prenylated ar@ncatnpounds.................ccevvvvvvrvnnnns 21
1.6. Chemical synthesis of prenyl diphosphates...............iiiiiiieeeee, 22
1.7. Prenyl diphosphate analogUES .........cccooeeiiiiiiiiiiiiiiiiiiie e ee e 23
2. AIMS Of thiS tNESIS ...t 25
3. RESUILS 8N AISCUSSION. ......uuiiiiiiiiiiiiiiie ettt 28

3.1. Biochemical investigations on alkyl and alBMAPP analogues in the presence of

fungalL-tryptophan prenyltranSferases ..........cccccceeeeiiiie e e 28

3.2. Biochemical investigations on alkyl and alBMAPP analogues in the presence of

fungal tryptophan-containing cyclic dipeptide priransferases.........ccccceeeevevieieeeenin 30.

3.3. Biochemical investigations on a benzyl DMARRlague in the presence of a fungal

L-tryptophan prenyltranSferase .......... oo 32

3.4. Biochemical investigations on microbial enzgmeatalyzing C5-, C6- and

C7-prenylations of-tryptophan towards unnatural allyl and benzyl digphates ........... 33
A, PUDBIICALIONS. ...ttt bbbt e e et e e e e e e e nnnenbbneee s 36

4.1. Expansion of Enzymatic Fried€lrafts Alkylation on Indoles: Acceptance of Unnalur

B-unsaturated Allyl Diphospates by Dimethylallylptgphan Synthases .............cccccc...... 36

4.2. Breaking Cyclic Dipeptide PrenyltransferasegiBgelectivity by Unnatural Alkyl

1970 1 0] 60

4.3. Regiospecific Benzylation of Tryptophan andrilzives Catalyzed by a Fungal
Dimethylallyl TranSTerase .......cooov oo 111

4.4. Unnatural DMAPP Analogues turn C-6 into thef@rable Alkylation/Benzylation

Position for Tryptophan C5-, C6- and C7-PrenylaiiZymes..........ccccceeveieeeeeeeeeeeneennen. 143
5. Conclusions and fUtUre PrOSPECES.........cceiiiiiiiiieeeeiiiiiese s e e e e eeeeeea s e e e e e e e e e e eeeeeeeennne 179
B. RETEIEBNCES. ... e e e e e e 181
Statutory DECIAratioN...........uuuiiiii et e e e e e e e e e e e e eeeereerannnn——— 199
F o L0V =0 [o =T o 41T o | £ 200
CUITICUIUM VITAIE ...ttt e e et e e e e s e e e e e s smmnnee e e 201



LIST OF PUBLICATIONS

List of publications

Julia Winkelblech*Mike Liebhold *, Xiulan Xie and Shu-Ming Li (2014). Unnatural DMP
Analogues turn C-6 into the Preferable Alkylatioefylation Position for Tryptophan C5-,

C6- and C7-Prenylating Enzyme3r.ganic Letters (submitted).

Mike Liebhold and Shu-Ming Li (2013). Regiospecific Benzylatioh Tryptophan and

Derivatives Catalyzed by a Fungal Dimethylallyl AséeraseOrganic Letters 15: 5834-5837.

Mike Liebhold, Xiulan Xie and Shu-Ming Li (2013). Breaking CycliDipeptide
Prenyltransferase Regioselectivity by Unnaturalyhxonors.Organic Letters 15: 3062—-3065.

Mike Liebhold, Xiulan Xie and Shu-Ming Li (2012). Expansion afiZymatic FriedetCrafts

Alkylation on Indoles: Acceptance of Unnaturfitunsaturated Allyl Diphospates by
Dimethylallyl-tryptophan Synthase®rganic Letters 14: 4882—4885.

Xia Yu, Georg Zocher, Xiulan Xidike Liebhold, Stefan Schutz, Thilo Stehle, and Shu-Ming
Li (2013). Catalytic Mechanism of StereospecificrRation of cis-Configured Prenylated

Pyrroloindoline Diketopiperazines by Indole PrergiisferasesChemistry and Biology 20:
1492-1501.

Jan Michael Schuller, Georg Zoch#tike Liebhold, Xiulan Xie, Mark Stahl, Shu-Ming Li
and Thilo Stehle (2012). Structure and Catalytic cManism of a Cyclic Dipeptide

Prenyltransferase with Broad Substrate Promiscdity.nal of Molecular Biology 422:87-99.

* these authors contributed equally to this work



SHARE OF AUTHOR CONTRIBUTIONS

Share of author contributions

o Estimated
Publication Authors equity ratio [%]
Expansion of Enzymatic FriedeTrafts Alkylation on Liebhold, M.; Xie, X.; 70
Indoles: Acceptance of UnnatugdUnsaturated Allyl Li, S.-M.

Diphospates by Dimethylallyl-tryptophan Synthases

(published)

Breaking Cyclic  Dipeptide  Prenyltransferaskiebhold, M.; Xie, X.; 70
Regioselectivity by Unnatural Alkyl DonorsLi, S.-M.

(published)

Regiospecific Benzylation of Tryptophan andiebhold, M.; Li, S.-M. 75

Derivatives Catalyzed by a Fungal Dimethylallyl
Transferas€published)

Unnatural DMAPP Analogues turn C-6 into th&inkelblech, J.; 35
Preferable  Alkylation/Benzylation Position folLiebhold, M.; Xie, X.;
Tryptophan C5-, C6- and C7-Prenylating Enzymés S.-M.

(submitted)

Catalytic Mechanism of Stereospecific FormaticYu, X.; Zocher, G.; 5
of cis-Configured Prenylated PyrroloindolineXie, X.; Liebhold, M.;
Diketopiperazines by Indole PrenyltransferasSchutz, S.; Stehle, T.;
(published) Li, S.-M.

Structure and Catalytic Mechanism of a CyclSchuller, J. M.; 5
Dipeptide Prenyltransferase with Broad SubstreZocher, G, Liebhold, M.;
Promiscuity (published) Xie, X.; Stahl, M.;

Li, S.-M.; Stehle, T.

Signature candidate Signature superviso

vV



ORAL AND POSTER PRESENTATIONS

Oral and poster presentations

Mike Liebhold, Xiulan Xie and Shu-Ming Li

Expansion of FriedelCrafts alkylation on indoles by using unnaturayladliphosphates
Short lecture and poster presentation, 25. Irseenturstofftage (Dechema),

20-22. February 2013, Kloster Irsee

Mike Liebhold, Xiulan Xie and Shu-Ming Li
Breaking of the regioselectivity of several premgisferases by non-natural alkyl donors

Poster presentation, 1. European Conference orrdld@&toducts: Research and Applications
(Dechema), 2225. September 2013, Frankfurt



ABBREVIATIONS

Abbreviations

For units of measurements, the international systémnits (Sl; Le Systeme international
d’unités) and units derived thereof have been usetbnyms and abbreviations are explained
in detail in the corresponding passage in the text.

2-pen-PP
2-pentenyl-PP
3-methylbutanyl-PP
4-methyl-3-pentenyl-PP

2-pentenyl diphosphate

2-pentenyl diphosphate (&taos-pentenyl diphosphate)
3-methylbutanyl diphosphate

4-methyl-3-pentenyl diphagph

5-DMATS 5-dimethylallyl tryptophan synthase

5-DMATSsc 5-dimethylallyl tryptophan synthase fromStireptomyces
coelicolor

6-DMATS 6-dimethylallyl tryptophan synthase

6-DMAT Ssa 6-dimethylallyl tryptophan synthase fromStreptomyces
ambofaciens

6-DMAT Ssy 6-dimethylallyl tryptophan synthase fromStreptomyces
violaceusniger

7-DMATS 7-dimethylallyl tryptophan synthase

2D NMR 2 dimensional nuclear magnetic resonance

A. clavatus Aspergillus clavatus

A. flavus Aspergillus flavus

A. fumigatus Aspergillus fumigatus

A. nidulans Aspergillus nidulans

A. niger Aspergillus niger

A. terreus Aspergillusterreus

A. versicolor Aspergillus versicolor

AGPP anilinogeranyl diphosphate

alkyl-PP alkyl diphosphate

benzyl-PP benzyl diphosphate

br broad (NMR signal)

C. purpurea Claviceps purpurea

CDsOD deuterated methanol

CDCls deuterated chloroform

CHCls chloroform

CoA Coenzyme A

Comp. compound

Vi



ABBREVIATIONS

Conc. concentration

COsYy correlation spectroscopy
Cyclo-L-Trp-L-Leu cyclo-L-tryptophanylt -leucinyl
Cyclo-L-Trp-L-Pro cyclo-L-tryptophanylt.-prolinyl

OH proton chemical shift

dc carbon chemical shift

D20 deuterium oxide

d doublet

DCM dichloromethane

DMA dimethylallyl

DMAPP dimethylallyl diphosphate

DMAT dimethylallyl tryptophan

DMATS dimethylallyl tryptophan synthase
DMS dimethyl sulfide

DMSO dimethyl sulfoxid

DMSO-d6 deuterated dimethyl sulfoxid

DNA deoxyribonucleic acid

DXP 1-deoxybp-xylulose 5-phosphate

E. coli Escherichia coli

EI-MS electron impact mass spectrometry
ESI-MS electrospray ionization spectrometry
FPP farnesyl diphosphate

GPP geranyl diphosphate

GGPP geranylgeranyl diphosphate

HCI hydrogen chloride

Hiss pentahistidine

Hiss hexahistidine

Hiss octahistidine

HMBC heteronuclear multiple bond correlation
HMG 3-hydroxy-3-methylglutaryl

HPLC high performance liquid chromatography
HR high resolution

HSQC heteronuclear single quantum coherence
Hz hertz

IPP isopentenyl diphosphate

IPTG isopropylp-thiogalactopyranoside

VI



ABBREVIATIONS

J
Keat
kDa
Kwm

L. maculans

L

L-Trp
LB

m
MAPP
MEP
MeOH
MHz
MTase
MVA
MS
multi
nx C-5
N. fischeri
NCS
Ni-NTA
NMR
NOESY
NRPS
ODsoo

P. aethiopicum
P. roqueforti
Ph. amygdali

PMTase
PPi
ppm

qa
rel. conv.

RP
rpm

S ambofaciens

VIl

coupling constant
turnover number

kilo Dalton

Michaelis-Menten constant
Leptosphaeria maculans
liter

L-tryptophan
lysogeny broth

multiplet

monomethylallyl diphosphate (also methylatlyphosphate)
2-C-methylD-erythritol 4-phosphate
methanol

mega hertz

methyltransferase
mevalonate

mass spectrometry

multiplicity

number of C-5 units, minimum 1
Neosatorya fischeri
N-chlorosuccinimide
nickel-nitrilotriacetic acid

nuclear magnetic resonance
nuclear Overhauser effect spectroscopy
non-ribosomal peptide synthase
optical density at 600 nm
Penicillium aethiopicum
Penicillium roqueforti

Phomopsis amygdali

protein methyltransferases
inorganic diphosphate

parts per million

quartet

relative conversion

reverse phase

revolutions per minute
Streptomyces ambofaciens



ABBREVIATIONS

S cinnamonensis
S coelicolor
S violaceusniger
Sa. cerevisiae
S

SAM

SeAM

SDS
SDS-PAGE
sp.

spp.

syn.

t

B

TBA

Tris

viv

[M]*

[M+H] "
[M-Na]*

xg

Sreptomyces cinnamonensis
Sreptomyces coelicolor
Sreptomyces violaceusniger
Saccharomyces cerevisiae
singlet
Sadenosyl-methionine
Se-adenosyl-methionine
sodium dodecyl sulfate
sodium dodecyl sulfate polyacrylamideajettrophoresis
species (sing.)

species (pl.)

synonymous
triplet
Terrific-Broth
tetrabutylammonium
2-amino-2-(hydroxymethyl)-propan-1,3-diol
volume per volume
molecular ion

molecular ion plus hydrogen
molecular ion plus sodium
gravitational acceleration






SUMMARY

Summary

Plants, bacteria and fungi provide a plethora védie structures derived from the primary as
well as the secondary metabolism. Representatibstances from secondary metabolite
pathways are flavonoids, coumarins, xanthones madoleé alkaloids. Although not necessary
for the growth and reproduction of the respectivgaaisms, nevertheless these compounds
give them an advantage over other organisms ifotheof, e.g. attractants or protection agents
against natural enemies as well as competitorsafthehment of isoprene unitsXrC-5) such

as dimethylallyl, geranyl or farnesyl moieties toraatic secondary metabolites as backbones
is a further step in the broad diversification béte compounds. Enzymes of the class of
prenyltransferases accomplish this prenyl transdaction in nature. The prenylated natural
products often exhibit strong pharmacological atéi® in contrast to their substrates.
Therefore, prenylated compounds represent intaegestargets for drug development.
Investigations on alternative alkyl residues trarable via prenyltransferases, i.e. prenyl
diphosphate analogues, could have the potent@hioan important role in the understanding

of the catalytic mechanism of these enzymes asageh the finding process of new drugs.

As the first project in this thesis, the acceptapicur chemically synthesized alkyl and allyl
diphosphates in the presence of threteyptophan prenyltransferases (FgaPT2, 5-DMATS,
7-DMATS) was elucidated. Retaining the double bongiposition and performing alterations
on the methyl groups of the allyl residue led tgular alkylated products and thereby showed
successful utilization of DMAPP analogues. Howedepending on the DMAPP analogue, the
regiospecificity of the applied prenyltransferaseas shifted partially or completely.
Furthermore, the enzymes did not catalyze the feansaction of alkyl diphosphates onto the
L-tryptophan scaffold, if no double bond was presentf it was relocated tg-position
compared to DMAPP.

Subsequently, the behavior of cyclic dipeptide piteansferases (AnaPT, CdpNPT, CdpC3PT,
FtmPT1, BrePT) towards the unnatural alkyl andlallgnors was examined. The cyclic
dipeptide prenyltransferases also used the unsetuRMAPP analogues resulting in the
formation of multiple products. Regardless of thenglation position and orientation for the
prenyl attachment (C-2 or C-3; regular or reveisdaje presence of DMAPP, the enzymatic
reactions with both DMAPP analogues, i.e. MAPP adrmakentenyl-PP, yielded a mixture of
C2-reverse as well as C3-reverse alkylated diastezes in different ratios depending on the

donor and used enzyme.
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After the successful alkylation aftryptophan and tryptophan-containing cyclic dipegs
utilizing simple unnatural allyl DMAPP analoguebgetacceptance of the structurally more
complex DMAPP analogue benzyl diphosphate wasdeBteliminary investigations showed
the successful usage of this benzyl donor by skveteyptophan and cyclic dipeptide
prenyltransferases, whereas FgaPT2 showed the shigletvity. FgaPT2 also displayed a
remarkable promiscuity using tryptophan analoguessubstrates and catalyzing a highly
regiospecific C5-benzylation. Consequently, thegesaf benzyl diphosphate instead of
dimethylallyl diphosphate results in a completdtshii the prenylation position from C-4 to
C-5.

To complete our findings regarding the acceptarfiesoatural alkyl and benzyl analogues by
prenyltransferases, several tryptophan C5-, C6- @ngbrenylating enzymes of fungal and
bacterial origin have been assayed with the thnedogues. Depending on the enzyme used,
one to four products could be identified from tmeubation mixtures. The predominant
products were regular C6-alkylated or C6-benzylaivatives in all cases. Therefore, for the
tested tryptophan C5-, C6- and C7-prenylating eregynC-6 seemed to be the preferred
position for attachment of the alkyl or benzyl nigie

The results obtained during this thesis show thytas well as benzyl analogues of DMAPP
are potential alternatives for chemoenzymatic Filiedrafts alkylations of simple indole
derivatives and tryptophan-containing cyclic dipggs and could be used for the production

of alkylated compounds.
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Zusammenfassung

Pflanzen, Bakterien und Pilze weisen eine Filleiaterschiedlichen Strukturen sowohl aus
dem Priméar- als auch aus dem Sekundarstoffwechsél ‘ertreter, der aus dem
Sekundéarstoffwechsel stammenden Substanzen, sted amderem Flavonoide, Coumarine,
Xanthone und Indol-Alkaloide. Wenngleich sie nidssenziell fir das Wachstum und die
Reproduktion der entsprechenden Organismen sinsk;vaffen diese Stoffe ihren Produzenten
dennoch einen Vorteil gegeniiber anderen OrganisouemBeispiel in Form von Lockstoffen,
als Fral3schutz sowie als Abwehrstoffe gegen Koekien. Das Anbringen von
Isopren-Einheiten (# C5) wie zum Beispiel Dimethylallyl-, Geranyl- odearnesyl-Gruppen
an diese Grundstrukturen aus dem Sekundarstoffwkddtsein weiterer Schritt zur breiten
Differenzierung dieser Stoffe. In der Natur bewe&kgen Prenyltransferasen diese
Prenylierungsreaktion. Prenylierte Naturstoffe wrijsim Gegensatz zu ihren Substraten,
oftmals starke pharmakologische Wirkungen auf. Daledlen sie interessante Molekle fir
die Entwicklung von Arzneistoffen dar. Untersuchengn, mit Hilfe von Prenyltransferasen
Ubertragbaren, alternativen Alkyl-Resten, sogereamirenyl-Diphosphat Analogen, kénnten
eine wichtige Rolle beim Verstehen der katalytischtechanismen dieser Enzyme und ebenso
bei der Entwicklung neuer Arzneistoffe spielen.

Zu Beginn dieser Dissertation wurde die Akzeptaiez ghemisch synthetisierter Alkyl- und
Allyl-Diphosphate durch drei L-Tryptophan-Prenyltransferasen (FgaPT2, 5-DMATS,
7-DMATS) aufgeklart. Wurde die Doppelbindung ffPosition beibehalten und nur die
Methylgruppen verandert, so fuhrte dies zur Bildwog regulér alkylierten Produkten und
zeigten damit die erfolgreiche Anwendung von DMARMRaloga. Es wurde jedoch eine
teilweise bzw. vollstandige Verschiebung der Reomeaditdt der verwendeten
Prenyltransferasen beobachtet, abhangig vom eizgeseDMAPP Analog. Die Enzyme
katalysierten hingegen nicht die Ubertragung vokyADiphosphaten mit fehlender oder bzw.
nachy-Position verschobener Doppelbindung.

Weiterhin wurde das Verhalten zyklischer Dipepti@#®/ltransferasen (AnaPT, CdpNPT,
CdpC3PT, FtmPT1, BrePT) gegeniuber unattrlichenlAlkyd Allyl-Donoren untersucht. Die
zyklischen Dipeptid-Prenyltransferasen  akzeptierteabenfalls die  ungesattigten
DMAPP-Analoga MAPP und 2-pentenyl-PP und fuhrtem Biudung mehrerer Produkte.
Ungeachtet der Position und Ausrichtung des Pre@gtes (C-2 oder C-3) in Anwesenheit von

DMAPP, brachten die Reaktionen dieser Enzyme eimeiMing von C2- sowie C3-revers
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alkylierten Diastereomeren in unterschiedlichen hé#nissen hervor, abhéngig vom
gewahlten Donor sowie Enzym.

Nach der erfolgreichen Alkylierung vanTryptophan sowie Tryptophan-haltigen zyklischen
Dipeptiden mittels einfacher allylischer DMAPP-Aogh wurde die Akzeptanz eines
strukturell komplexeren DMAPP-Analogons (Benzyl-BDgsphat) getestet. Vorangegangene
Untersuchungen zeigten, dass mehrerelryptophan- sowie zyklische Dipeptid-
Prenyltransferasen diesen Benzyl-Donor akzeptiemabei FgaPT2 den hdchsten Umsatz
verzeichnete. FgaPT2 wies aul3erdem eine breitetr@tdpeezifitat auf und nutzte sowonhl
L-Tryptophan als auch verschiedene Derivate hienlondiesen Féllen katalysierte diese
Prenyltransferase mit hoher Regiospezifitat eineB€bzylierung, was eine vollstandige
Verschiebung der Prenylierungposition von Posi@iea darstellt.

Um die Untersuchungen bezlglich der Akzeptanz niclattirlicher Alkyl- sowie
Benzyl-Analoga abzurunden, wurden verschiedene mazywelche Tryptophan an den
Positionen C-5, C-6 oder C-7 prenylieren, aus Rilge auch aus Bakterien zusammen mit
den drei DMAPP Analoga inkubiert. Je nach verwesigheEnzym konnten bis zu vier Produkte
isoliert werden. In allen Enzymassays war C6-atkydis oder benzyliertesTryptophan das
Hauptprodukt. Position C-6 des Indolringes wurdenisofir die C-5, C-6 oder C-7
prenylierenden Enzyme zur bevorzugten Angriffspdiaktie Ubertragung der Alkyl- oder des
Benzyl-Restes.

Die in dieser Dissertation genannten Ergebnissg@enei dass sowohl Allyl- als auch
Benzyl-Analoga von DMAPP als mogliche Alternativefiir chemoenzymatische
FriedelCrafts-Alkylierungen zur Herstellung unnatirlictkylerter Substanzen verwendet

werden konnen.



INTRODUCTION

1. Introduction

1.1. Ascomycota and Actinobacteria

Ascomycota comprise over 325 families in more tB@norders and constitutes the largest
phylum in the kingdom of fungi (Kirlet al., 2008). Ascomycota are wide spread in many
terrestrial and marine habitats (Manohar and Ragmak 2013) and live as saprophytes
(Barataet al., 2012), endophytes (Suryanarayarn2®l3) or plant- as well as animal-parasites
(Ceryngier and Twardowsk&013; Takamatsu2013). One type of growth is living as
unicellular yeasts and reproducing by either asytrimer symmetric division called budding
or fission, respectively. Another type is spreadmmulticellular hyphae and forming mycelia.
This filamentous form in turn can propagate eitasexually by development of conidia or
sexually by development of spores enclosed in alikaccell, the so-called ascus. For this
reason, these fungi are termed ascomycetes (Welrstaeber, 2007).
Especially, the two generaspergillus and Penicillium have been of long standing interest.
Different Aspergillus spp. are used for the industrial production afc#cid, itaconic acidl(,
kojic acid @), soy sauce and other far eastern food produdto (%t al., 1994; Bentley2006;
Karaffa and Kubicek2003; Nout and Aidoo, 2002; Steigdral., 2013). Mold cheeses are
manufactured with the assistance of species froenggnusPenicillium, e.g. Penicillium
roqueforti (P. roqueforti) and Penicillium camenberti (Jakobsenet al., 2002). Secreted
enzymes, instead of the whole organisms, have lissthextensively in industrial applications
(Oxenbgll, 1994) and new sources of such enzymes, Aspergillus parasiticus for
keratinolytic proteases oAspergillus versicolor (A. versicolor) for cellulose degrading
CMCases, were examined recently (Anitha and Padé&ni2013; Qaisaset al., 2014). An
important pharmaceutically used secondary metabasit the cholesterol lowering agent
lovastatin 8), which is produced mainly baspergillus terreus (A. terreus) (Albertset al.,
1980). Penicillium chrysogenum is of great importance due to its ability to produthe
antibiotic penicillin (G;4) and therefore researchers continuously strivantprove its
production capabilities (Scheckhubetral., 2013; Wanget al., 2014; Webert al., 2012).
However, fungi of the abovementioned genera andnskry metabolites thereof can also
threaten human health. In immunosuppressed patiaggergillus fumigatus (A. fumigatus)
may cause the respiratory disease aspergillosishvdan afflict other inner organs including
the central nervous system in severe cases (Dent®3§; Desoubeaust al., 2014). Species
of both,Aspergillus as well aPenicillium, are also considered as potential allergenic gsurc
5
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(Crameriet al., 2014). Secondary metabolites such as the mycacdlatoxin B (5) and
ochratoxin A 6) from Aspergillusor Penicilliumspp. are strong carcinogenic agents (el Khoury
and Atouj 2010; Kensleet al., 2011).

Actinobacteria are one of the largest phyla indtheterial kingdom. Members thereof are gram-
positive bacteria with guanine and cytosine richayeic DNA. Actinobacteria of the genus
Streptomyces are indigenous to soil and aquatic environmenth@m-areeet al., 2006;
Veyisoglu and Sahin2014) and are also found in a symbiotic relatigmsh higher plants
(Tanviretal., 2014). Distinct from other bacteria, members & genus grow in mycelia, form
hyphae and sporulate similar to filamentous fu@iater 1993; Flardh and Buttng2009).

2 O oH HO o H H g
HOMOH | \C( N 1_74

O = /__-O
o}
. L o /\ﬁkQ wd H o~
itaconic acid (1) kojic acid (2) :
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©10/VEO O OH O )
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Figure 1.1A selection of secondary metabolites from differ&sgergillus spp.,Penicillium spp. or
Streptomyces spp..

Streptomycetes cover the production of over 75%attral products from actinobacteria
(Watveet al., 2001). Since the discovery of the antibiotic stoepycin (7) in 1944 by Schatz

et al. a multitude of pharmacologically active substanees. gentamicin (CB), amphotericin

B (9) and diazepinomycinl(Q), have been found in divers®reptomyces spp. and other
actinobacteria (Lemket al., 2005; Manivasagast al., 2014; Procopicet al., 2012). Aside
from antibiotic effects, anti-inflammatory (Adt al., 2013), anti-viral (Serkedjievet al., 2012)
and anti-tumor (Luet al., 2012) activities have been observed. However,réte of new
bioactive compounds isolated from terrestrial soByycetes diminished over the years due to
the limited natural production of these compouridisw cryptic biosynthetic pathways were
identified through the sequencing of the completeagnes of sever&reptomyces spp., e.9.
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Streptomyces coelicolor (S coelicolor) A3(2), Streptomyces avermitilis and Streptomyces
griseus IFO 13350 (Bentlewt al., 2002; Ikedaet al., 2003; Ohnishet al., 2008). Subsequent
genome mining approaches helped to reveal sevewatompounds (Gomez-Escribagial .,
2012; Lauretet al., 2011). Marine actinobacteria including masigeptomyces spp. have also
been of increasing interest as another source &w bioactive secondary metabolites
(Manivasagaret al., 2014).

1.2.Prenylated aromatic secondary metabolites

Prenylated aromatic secondary metabolites areilglistd throughout all kingdoms of life.
These compounds fulfill various roles in their lamacterial or fungal hosts and the prenyl
residue is a key element for the presented biodbgind pharmacological activities (Botia
al., 2005; El-Seedtt al., 2010; Heide2009b; Lj 2010; Sunassee and Davies-Colenz&12).
The basic chemical structures of these metabditesrge from different primary biosynthesis
pathways and form various substance classes suchdades, flavonoids, coumarins,
xanthones, quinones and naphthalenes. Onto thaffelds, the naturally predefined prenyl
moiety, e.g. dimethylallyl (DMA), is then attached.
B 4
6

-
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Figure 1.2 A: Orientation of the prenyl moiety using the exdenpf DMAPP; B: numbering of the indole ring.

The prenyl residue can occur in two possible oagos after being transferred to the aromatic
compound. For a regular prenylation, the allyl yis attached via C-1’, whereas for a reverse
prenylation, the allyl moiety is attached via C{Bigure 1.2; A) onto the aromatic ring (Ar).
The prenylation position is labeled according te ttumbering of the scaffold the residue is
attached to. In case of an indole moiety, the ostare numbered N-1 and C-2 to C-7 (Figure
1.2; B).

1.2.1.Prenylated flavonoids

In plants, prenylated flavonoids are the largestigrof prenylated secondary metabolites and
production of these compounds was investigatechanely in the families of Fabaceae
(Leguminosae) and Moraceae (Bottaal., 2005). Other notable families are Euphorbiaceae
(Zakaria et al., 2012), Apiaceae (Umbelliferea) (Ohnogi al., 2012) and Cannabaceae
(Wesolowskaet al., 2014; Yuanet al., 2014). Flavonoids are polyphenolic compounds
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including a 1,4-benzopyrone structure. Prenylati&ohoids exhibit anti-inflammatory
properties (Hoseét al., 2011), vasorelaxant (Kiet al., 2013), antioxidative (Lag&t al., 2013),
hepato-protective (Yang al., 2013), estrogenic (Simomesal., 2012) and ant&aphylococcus
aureus activities (Manneret al., 2013; Sasaket al., 2012). The majority of the identified
prenylated flavonoids belong to the subclassedawbhes (Bottaet al., 2005), isoflavones
(Bottaet al., 2009) and chalcones (Sasekal., 2011).

= HO OH
HO o
OH O
sophoraflavone G (11) isowighteone (12) xanthohumol M (13)

Figure 1.3Examples of prenylated flavonoids.

The prenyl residue usually is attached to a caditom of the benzopyrone structure as in
sophoraflavone GL@) (Yamamotaet al., 1991) or glyceollins (Lynet al., 1976) obtained from
Sophora flavescens or Glycine max, respectively. Further examples of C-prenylataddhoids
are the isoflavone isowighteon®2j from Lupinus albus (Shenet al., 2012) and the chalcone
xanthohumol M 13) from Humulus lupulus (Yu et al., 2014). Apart from the aforementioned
C-prenylation, O-prenylated flavonoids have alserbelentified, such as amyrisin A-C from
Amyris madrensis (Penget al., 2012). Rare, but also found in nature is the coutimn of
prenylated and at the same time glycosylated flassn(Koyameet al., 2011).

1.2.2.Prenylated coumarins

Prenylated coumarins are produced mainly by plamisalso by bacteria as well as fungi and
exhibit strong pharmacological activity (Hejd09b; Venugopalet al., 2013). A lot of the
prenylated coumarin-producing genera belong tofdingly of Apiaceae (Gliszczynska and
Brodelius 2012). The isoprenoid moiety is affixed to a carloo oxygen of the hydroxylated
1,2-benzopyrone framework. Plants of the spe&iésnisia andFatoua provide mono- and di-
prenyl coumarins, respectively (Chiagatgal., 2010; Mojarraket al., 2011). In parsley linear
and angular furanocoumarins have been identifiedhicw are derived from
6-DMA-umbelliferone (demethylsuberosin) and 8-DMAxbelliferone (osthenol;14),
respectively (Karamad al., 2014). Organic extracts of coumarin-containinghfdaas well as
isolated prenylated coumarins such as umbelliprébfi) demonstrated antifungal activity
(Kurdelaset al., 2010), apoptotic effects on cancer cells (Gholetral., 2013; Haghighet al.,
2014) or anti-inflammatory effects (Huasgal., 2012). The anti-phosphodiesterase-4 activity
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of prenylated coumarins such as toddalinlB) (s of interest for the treatment of pulmonary
diseases (Limt al., 2014).

HO o0

osthenol (14) umbelliprenin (15) toddalin B (16)

Figure 1.4Examples of prenylated coumarins.

1.2.3.Prenylated xanthones

Plants, fungi and lichen are producers of xantharek derivatives thereof (El-Seedial.,
2009; Masters and Brgse€2012; Vieira and Kijjoa 2005). Numerous investigations
concentrated on prenylated xanthones f®@ancinia sp. (Tantapakuét al., 2012; Xiaet al.,
2012; Xuet al., 2014). The prenyl moieties are attached usuallyhat carbons of the
9H-xanthen-9-one nucleus in ortho-position of a hyglt@roup. Butyraxanthone F (Ta&t
al., 2013) and macluraxanthon&7f (Tehet al., 2013) found inPentadesma butyracea and
Mesua spp., respectively, are examples of C-prenylatedhones. Oblongifolixanthone A is a
three times prenylated xanthone isolated f@ancinia oblongifolia, which exhibits moderate
cytotoxic effects. Promising anti-cancer effectssffaet al., 2012), antimicrobial properties
(Al-Massaraniet al., 2013) and antihyperglycemic activity of xanthormtaining extracts,

includinga-mangostin 18), were also reported recently (Retual., 2011).

OH
O OH oOH O
X
CLI i 4OCQn
HO 0 0 0 = o
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| HO o OH 5

macluraxanthone (17) a-mangostin (18) variecoxanthone C (19)

Figure 1.5Examples of prenylated xanthones.

The genera ofAspergillus and Penicillium are fungal producers of prenylated xanthones
(Masters and Brase2012; Sanchezt al., 2011; Simpson2012). From these fungi, e.g.
Aspergillus nidulans (A. nidulans), C- and O-prenylated xanthones such as shamicaatand
variecoxanthone CLQ) have been identified (Masters and Br&# 2; Simpson2012).
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1.2.4.Prenylated quinones and naphthalenes

Prenylated quinones, hydroxyquinones and naphthoges belong to the group of
meroterpenoids, which are hybrid natural produotssisting of metabolites of the polyketide
as well as the terpene biosynthetic pathway. Tles®ndary metabolites are widespread
natural products and have been isolated from devergrine organisms such as bacteria, fungi,
algae and sponges (Sunassee and Davies-Calet0af; Suzukiet al., 2014) as well as
terrestrial organisms such as plants, fungi andebac(Galeet al., 1963; Madridet al., 2012;
Sedmerat al., 1991).

terreumol C (20) merochlorin A (21) adenaflorin B (22)

Figure 1.6 Examples of prenylated quinones and naphthalenes.

From the algaPerithalia capillaris, for example, regular and reverse di-prenylateidanes
(Sansom et al., 2007) and from the fungugcholoma terreum highly oxygenated cyclic
geranyl-hydroxyquinones, e.g. terreumol ZD)( were obtained (Yin et al.,, 2013b). The
potential usage of meroterpenoids as anti-inflaronyaide los Reyes et al.,, 2013) or
insecticidal (Centko et al., 2014) agents has lerstigated in recent years.

Prenylated naphthalenes, on the other hand, akenpabundant in nature. Naturally occurring
compounds are the antibiotic merochlorin22)(from Streptomyces sp. CNH-189 (Kaysser et
al., 2012) as well as the cytotoxic adenaflorin AE) 22) isolated fromAdenaria floribunda
(Hussein et al., 2004).

1.2.5.Prenylated indole alkaloids

Indole alkaloids comprised of an indole or indotevaining backbone and an isoprene
modification are naturally occurring secondary rhetdes (Li, 2010). The indole structure is
derived fromL-tryptophan and derivatives thereof, e.g. lineaegtides, cyclic dipeptides or
cyclic tripeptides biosynthesized by non-ribosompaptide synthases (NRPS) (Haymesl.,
2013; Kalbet al., 2013; Marahiel2009). In some cases, prenylated indoles areatkfrom a
precursor in the tryptophan biosynthesis, e.g.lmdderpenoids (Cagt al., 2013; Saikiat al .,
2008). The principal producers are fungi of theegaispergillus andPenicillium (Finefield
etal., 2012; Li 2010; Ruiz-Sanchigt al., 2011), but prenylated compounds can also be found
in bacteria or plants (Haquet al., 2013; Rajuet al., 2011). They carry prenyl moieties on
10
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various positions of the indole ring (L2010). These natural products attracted attention
consequence to their strong biological and pharfogozal effects (Lj 2010; Wallwey and L
2011). Therefore, diverse approaches are usedamatuch compounds, for example isolation
from novel natural sources (Peegal., 2013), chemical synthesis (Simpkiasal., 2013),
chemoenzymatic synthesis (L2010), and with the help of interdisciplinary apgaches
(Sunderhaust al., 2013a).

This thesis deals with indole prenyltransferasasthtalyze the formation of these compounds
from L-tryptophan or tryptophan-containing cyclic dipes. Thus, prenylated indole

alkaloids containing these structures are desciieéalv in more detail.

1.2.5.1.Prenylated indole alkaloids derived fromL-tryptophan

The most prominent representatives of this groepeegot alkaloids, which are found primarily
in the generdspergillus andClaviceps (Schardlet al., 2006; Wallwey and Li2011). The first
common precursor of these alkaloids is 4-DMAyptophan. Ergot alkaloids and their
semisynthetic derivatives are well known for tretnong toxic effects (Schardi al., 2006) as
well as their pharmaceutical utility including magne prevention (Haarmaret al., 2009)
postpartum hemorrhage prevention (Ezeatah., 2014) and treatment of Parkinson’s as well
as Alzheimer’s disease (Bonuccelial., 2009; Winbladet al., 2008). In diverséenicillium
spp., the secondary metabolites rugulovasine ApdBthe immunotoxie-cyclopiazonic acid
(23) have been isolated, which have the C-4 attachexdypmoiety incorporated into a multi-
ring structure similar to that of ergot alkaloidget al., 1969; Holzapfekt al., 1970; Hymery

et al., 2014). The tremorgenic toxin aflatrem is a C4-regerenylated indole diterpene found
in A. flavus (Gallagher and Wilsqri978).

—O0
A\
=z NH
a~cyclopiazonic acid (23) cochliodinol (24) 6-DMA-indole-3-carbaldehyde (25)

Figure 1.7 Examples of prenylated indole alkaloids.

Examples of Cb5-prenylated indole alkaloids are sheee D and E fromPenicillium
janthinellum (Smetaninat al., 2007) or the bis-indolyl-benzoquinones semicodcfiol A and
cochliodinol @4) from Chrysosporium mevdarium and Chaetomium sp (Breweret al., 1968;
Fredenhagest al., 1997). For the latter two compounds, antimicrobiadl cytotoxic effects
have been reported (Case#aal., 2013). Semicochliodinol B and isocochliodinol dhe
respective C6-prenylated counterparts of semicodhol A and cochliodinol (Fredenhagen
11
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al., 1997). The natural metabolite 6-DMA-indole-3-cddahyde R5) was identified with the
help of biochemical investigations of the prenylsgerase IptA fronstreptomyces sp. SN-593
(Takahashiet al., 2010). Indole derivatives with prenyl residuespasition C-6 such as
annonidine F and caulidine A, obtained from Africaadical plants, have shown anti-malarial
activity (Onguenet al., 2013).

1.2.5.2.Prenylated indole alkaloids derived from tryptophancontaining dipeptides

The cyclic dipeptides consist either of twaryptophan units or onetryptophan and another
aromatic or aliphatic amino acid (l2010). The majority of the prenylated cyclic dipdes is
derived fromcyclo-L-tryptophanylt-prolinyl, i.e. brevianamide F (Williamst al., 2000).
Fumitremorgins are a group of C2-DMA-brevianamide(tfyprostatin B; Scheme 1.1)
derivatives and are mycotoxins that exhibit strorggnorgenic effects, anti-cancer activity
(Borthwick, 2012; Frisvadt al., 2009) and also showed antifungal properties(ki., 2012).
These compounds, such as fumitremorgin A, verrgarand several derivatives thereof, have
been found in differenAspergillus and Penicillium strains (Anet al., 2014; Gallagher and
Latch 1977; Wanget al., 2012; Yamazaket al., 1980). In addition, brevianamide F derived
prenylated dipeptides such as notoamides (@hah, 2013; Katoet al., 2007; Tsukamotet

al., 2010), stephacidins (Greshoetial., 2008) and related substances (Petraj., 2013) have
been isolated from differemtspergillus spp.. Compounds such as notoamide28) carry a
reverse C2- or C3-prenylation, which is often ipmated into a bicyclo (2,2,2)-diazaoctane
ring, as well as a modified regular C7-prenylatidsukamotcet al., 2008; Tsukamotet al.,
2010).

%
] X NH HO, N
4 g o) N " o
H [0}
/
notoamide A (26) meleagrin (27) terezine D (28) fellutanine D (29)

Figure 1.8 Examples of prenylated indole dipeptides.

In the case otyclo-L-tryptophanylt-histidinyl, another suitable prenylation substrates
prenyl moiety is placed usually reversely at C-3tloé indole ring. Examples of such
compounds are th@enylated secondary metabolite roquefortine Gaiakd fromP. roqueforti
(Scott and Kennedyl976) and its more complex derivative meleag8m),(isolated from
Penicillium glandicola (Reshetilovaet al., 1995). Meleagrine and derivatives thereof have
shown antibacterial potential as Fabl inhibitorhd#get al., 2013). Further examples of
prenylated cyclic dipeptides are terezine Z8)(from Sporormiella teretispora, which is a
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C7-DMA-L-tryptophanylt-alaninyl cyclic dipeptide (Wangt al., 1995) or the C2-prenylated
fellutanine D R9), consisting of twoL-tryptophanyl moieties, isolated frofenicillium
fellutanum (Kozlovskyet al., 2000; Kozlovskyet al., 2001).

1.3.Biosynthesis of prenylated aromatic secondary metathites

For better understanding of the assembling mechenig prenylated indole alkaloids, several
gene clusters responsible for their biosynthesi® leeen studied intensively in recent years.
For this purpose, diverse methods such as genoméngnifeeding and gene deletion
experiments as well as biochemical characterizatiave been applied. Our research group
focused on the biosynthetic pathways of fumitrermmgand fumigaclavines with special
emphasis on the involved prenyltransferases. Ma@ae@ome of these prenyltransferases were
used in diverse experiments performed in this thddierefore, both pathways are described in
detail in the following paragraphs.

Scheme 1.Biosynthetic pathway of fumitremorgin A M. fischeri (modified from Mundgt al., 2012).

(e} (e} (e}
QTY%H TS s QTYKN — , D
tm| FtmMT
N NH, HO N— HN N—~_ HN —
H H H
O O

FtmP450-2
FtmP450-2
(¢] FtmP450-3
\ —_—

L-tryptophan L-prolin brevianamide F tryprostatin B

0]

N
FtmOx1
Ire
0
"%
12,13-

dihydroxyfumitremorgin C fumitremorgin B verruculogen fumitremorgin A

The biosynthetic pathway of the fumitremorgins asirfid in A. fumigatus and Neosartorya
fischeri (N. fischeri) (Scheme 1.1). The next intermediate, following tassembly of
L-tryptophan and-prolin to brevianamide F, is the C2-prenylatediicydipeptide tryprostatin
B catalyzed by FtmPT1 (Grundmann and RDO5; Maiyaet al., 2006). After multiple
modification steps catalyzed bysPenzymes and a methyltransferase (Kattal., 2009), the
intermediate 12,13-dihydroxyfumitremorgin C is certed to fumitremorgin B by subsequent
N-prenylation with FtmPT2, followed by an endopadation to verruculogen with FtmOXx1.
Verruculogen is the end-product of the biosynthpathway inA. fumigatus (Grundmanret
al., 2008; Steffaret al., 2009). The final step of this biosynthetic pathved\. fischeri is the

O-prenylation of verruculogen to fumitremorgin A bytmPT3. These biochemical
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investigations have also shown, that not all inedigenes have to be clustered and that they

can be found on different chromosomes of the sang@nessm (Mundgt al., 2012).

The gene cluster for biosynthesis of notoamides astéphacidins also uses
cyclo-L-tryptophanylt-prolinyl as a starter molecule and its centraheat is the C2-reverse
prenylated deoxybrevianamide E (Dietgal., 2010). Investigations on both pathways included
feeding experiments with chemically synthesizedog intermediates (Finefieldt al.,
2011a; Finefieldtt al., 2011b; Sunderhawes al., 2013b).

The other aforementioned biosynthetic pathway,istlith our research group, is that of the
clavine-type ergot alkaloids. The enzyme FgaPTalgaes the C4-prenylation oftryptophan,
the first pathway-specific step for fumigaclavimes. fumigatus (Scheme 1.2) (Unséld and, Li
2005). Subsequent methylation, oxidation and dedgeination of 4-DMAk-tryptophan lead
to chanoclavine-1-aldehyde (Coweal., 2010; Rigbers and LR008; Wallweyet al., 2010a).
These reactions are followed by a cyclization ieactatalyzed by the two enzymes FgaOx3
and FgaFS (Wallwewt al., 2010b) and two further steps including a hydrotigla and an
acetylation reaction leading to the last interm&xl(8S,9S)-fumigaclavine A (Liet al., 2009;
Wallwey and Lj 2011). The enzyme FgaPT1 is responsible for tha fieaction step in the
clavine biosynthesis, catalyzing the C2-prenylatiof (8S,9S)-fumigaclavine A to
(8S,9S)-fumigaclavine C (Unsdéld and R0DO6).

Scheme 1.Biosynthetic pathway of (8S,9S)-fumigaclavine Qiirfumigatus (modified from Wallwey and Li,

201 1) .
NH, N
FgaMT o \ FgaOx3 + FgaFS

COOH _ FgaPT2 COOH _ FgaOx1 FgaP450-2 2.

HN FgaDH FgaAT
. N
chanoclavine- (8S,99)- (8S,995)-

L-tryptophan 4-DMA-L-tryptophan 1-aldehyde fumigaclavine A fumigaclavine C

The prenylation reaction catalyzed by DmaW, a hagu¢ of FgaPT2, is an essential step in
the biosynthesis of ergot alkaloids derived framysergic acid inClaviceps purpurea

(C. purpurea) (Fliegeret al., 1997; Tsakt al., 1995). Up to the formation of the branch point
intermediate chanoclavine-1-aldehyde, the clawpe s well as the-lysergic acid type ergot
alkaloid pathways share the same enzymatic reasteps. Further reactions leactbysergic
acid and finally ergoamides such as ergometrirergopeptines such as ergotamine (Wallwey
and Li, 2011).
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A rather short biosynthetic pathway is the acegaalenin pathway, which consists only of
three genes and usesryptophan and anthranilic acid as starter moksul' he resulting cyclic
dipeptide is reversely prenylated at C-3 of theolading prior to an acetylation reaction (Yin
et al., 2009b). Apart from biosynthetic pathways of pregtl tryptophan-containing
dipeptides, those with tripeptidyl origin have alsen investigated (Haynefsal., 2013).

1.4.Prenyltransferases

Prenyltransferases encompass a wide family of eagyiound in all living organisms, creating
substances of the primary as well as secondaryboleten. These enzymes catalyze the
cleavage of a prenyl moiety from its diphosphate #re subsequent transfer of the resulting
isoprene carbocation onto other isoprenoid moigsigsno acids or aromatic structures as well
as a few non-aromatic structures (Heid@09a). The prenyl donors, i.e. prenyl diphosphate
originate from the terpenoid biosynthesis pathwag therefore consist of x C-5 units, e.g.
dimethylallyl diphosphate (DMAPP; n=1), geranyl higsphate (GPP; n=2), farnesyl
diphosphate (FPP; n=3) or geranylgeranyl diphog(@GPP; n=4) (Heid009a).

1.4.1.Cis- andtrans-prenyltransferases

FPP synthases are part of the class of short ¢hams-prenyltransferases and catalyze the
assembly of altrans configured FPP that serves as a key element infdimeation of a
multitude of isoprenoids (Dhat al., 2013). Plant secondary metabolites like carotesjard
turn, are formed by GGPP synthases (kiwal., 2014). Octaprenyl diphosphate synthases
(8 x C-5 units) belong to an enzyme group that catafyeeium to long (6-1& C-5 units)
chain elongations dfans-prenyl diphosphates. These prenyl residues canlibattached to
different quinone structures leading to substasoel as ubiquinone or menaquinone (Soballe
and Poolg1999).

In contrast, cis-prenyltransferases condense even longdt-mixed isoprenoid chains.
Undecaprenyl diphosphate consists of 2 1C5 units and is used as lipid carrier in the
peptidoglycan biosynthesis of bacteria (Teng arahgi2012). Dolichols usually range from
15 to 20 isoprene units and are for example impofftar protein glycosylation and cell wall
stability in Saccharomyces cervisiae (Sa. cerevisiae) and Candida albicans (C. albicans)
(Juchimiuket al., 2014; Orlowskit al., 2007). All these substances are dwarfed by inigtr
used natural rubbers, which exceed average moleadmhts of 1,000 kDa and therefore
comprise over 15,000 isoprene units, biosynthedwgezds-prenyltransferases from plants such

asTaraxacum spp. (Postt al., 2012; van Beilen and Poirie2007).
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1.4.2.Protein prenyltransferases

Another important subclass of prenyltransferasegantein prenyltransferases. The common
prenyl donors are FPP or GGPP and the resultabbcations are attached to an activated
cysteine in a CAAX motif of the corresponding pioteand serve as posttranslational
modifications (Moorest al., 1991; Zhang and Case$996). Due to the involvement of
farnesylated proteins in oncogenic reactions, thdetying prenylation reaction and its
inhibition have been research subjects for manysy@buhaiect al., 2013; Phanet al., 2006;
Souseet al., 2009; Zhuet al., 2014).

1.4.3.Aromatic prenyltransferases

Aromatic prenyltransferases are deeply involvedthia biosynthesis of many secondary
metabolites. These enzymes catalyze the transéetioa of a prenyl residue onto structures
such as phenols, phenolic acids, naphthalenesnitags and indoles (Botet al., 2005; EI-
Seediet al., 2009; Heide2009b; Li 2010). The acceptance of aromatic compounds tsethe
enzymes is one explicit feature to divide the dieeprenyltransferases into distinct enzyme
groups. Further discrimination characteristicstasr native organism and if the proteins are
soluble in the cytosol or membrane bound. Dependendivalent metal ions is an additional
criterion. Moreover, aromatic prenyltransferases/ meesent certain amino acid motifs or
exhibit distinct tertiary structures. There are esal possibiliies to categorize
prenyltransferases based on the described prope®ae classification variant of the
prenyltransferases comprises the UbiA superfartti/ CloQ/NphB group, the LtxC group and
the DMATS superfamily. These groups or superfamilage described in the following
paragraphs (Heid009a).

1.4.3.1.Prenyltransferases of the UbiA superfamily

Enzymes of this family are termed after the preaylsferase UbiA, responsible for an essential
step in the biosynthesis of ubiquinones. The oabieaction catalyzes the substitution of an
all-trans octaprenyl moiety onto 4-hydroxybenzoic acid byAJand COQ2 fronEscherichia

coli (E. coli) and Sa. cerevisiae, respectively (Ashbyt al., 1992; Melzer and Heige994).
Members of this family are also involved in the dhiemical synthesis of menaquinones,
plastoquinones, heme groups and vitamin E (Chedd.gr2014). The enzymes of this class
carry an aspartate rich NXxxDxxxD motif and thedactions are dependent on divalent metal
ions such as Mg and Mrf* as mediators in the catalytic dissociation of dgfhate from the

polyprenyl moiety (Melzer and Heidel994; Stec and Li2012). Furthermore, these
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prenyltransferases are membrane bodud to respective anchoring domains found in their
amino acid sequence (Cheng and2(014; Melzer and Heidd994).

LePGT-1 and LePGT-2 are two isoenzymes frarthospermum erythrorhizon and are
involved in the geranylation reaction of shikon@h@raet al., 2009; Yazakiet al., 2002).
Further members of this superfamily catalyze thenplation of naringenin, gestigenin,
isoliquiritigenin as well as glyceollin iBphoraflavescens as well asslycine max, respectively
(Akashiet al., 2009; Sasakét al., 2008; Sasakét al., 2011). Another entry into this enzyme
class is AuaA, which is involved in the biosyntisesi aurachin D in the myxobacterium
Sigmatella aurantiaca (Stecet al., 2011). The UbiA homologue UBIAD1 was discovered in
human cells and is involved in the vitamin K biosesis, which is important for maintaining
vascular homeostasis (Hegaetyl ., 2013; Nakagawet al., 2010). Recently, the crystallization
of UbiA revealed a tertiary structure consistingimfe alpha helices embedded in the membrane
and three helices that form a cap facing the cytd$w entrance to the central cavity is facing
sideways into the membrane, enabling the prenylabd quinones using long prenyl
diphosphates and the direct release of the prodoitigthe membrane. These findings gave
detailed information about the reaction mechanis$rthis type of prenyltransferases (Cheng
and Li, 2014).

1.4.3.2.Prenyltransferases of the CloQ/NphB group

The enzyme CloQ fromSreptomyces roseochromogenes catalyzes theprenylation of
4-hydroxyphenylpyruvic acid in the clorobiocin byoshesis (Pojeet al., 2003).NphB from
Septomyces sp. CL190 is involved in the biochemical synthedisaphterpin (Kuzuyamet
al., 2005). In contrast to the membrane bound enzyrhéseoUbiA superfamily, this group
comprises soluble enzymes found in bacteria as agelungi (Heide2009a). While these
enzymes also catalyze the prenylation of phenampounds, no aspartate rich (N/D)DxxD
motif is present and with the exception of NphB,eslzymes of this group do not depend on
divalent metal ions (Kuzuyamet al., 2005; Telloet al., 2008). Crystallization of NphB
revealed a new tertiary structure witheafi-p-a. (ABBA) barrel fold (Figure 1.9). This protein
structure is also termed prenyltransferase (PTiebarhich allows another classification into
the ABBA prenyltransferase family (Kuzuyardaal., 2005; Telloet al., 2008). This PT-barrel
is distinct from the triose-phosphate isomeraseehare. TIM-barrel, which features an eight
times recurring3-a motif (Figure 1.9) (Banneet al., 1975; Wierengat al., 2010). Recent
computational studies further elucidated and stterged the metal ion independent

prenylation mechanism of these enzymes (Bayse a1d R014).
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Furthermore SCO7190, an NphB homologue foundsirtoelicolor A3(2), catalyzes the
attachment of DMAPP onto 1,6-dihydroxynaphthaldfez{iyamaet al., 2005). PpzP belongs
to the biosynthesis cluster responsible for preaeglaphenazine-1-carboxylic acid in
Streptomyces anulatus 9663 (Salelet al., 2009). In 2012, Zochest al. discovered the second
phenazine prenyltransferase EpzPSircinnamonensis DSM 1042 and elucidated its crystal
structure. These enzymes are restricted to thefaanf C-5 or C-10 isoprene units. The first
farnesyl diphosphate prenyltransferase of the Qp@B group, DzmP, has been characterized
from the bacteriunMicromonospora sp. RV115 by Bonitzt al. in 2013 and is involved in the
biosynthesis of the benzodiazepine diazepinomidre newest entry into this enzyme group
is the 1,6-dihydroxyphenazine prenyltransferase Mdrom a marin&reptomyces sp., which

is the first membrane bound prenyltransferase usipigenazine derivative as substrate (Zeyhle
etal., 2014).

1.4.3.3.Bacterial prenyltransferases of the LtxC group

Members of the LtxC group prenylate indole-contagnsubstrates. These enzymes carry no
aspartate rich motif and are divalent metal iorepehdent (Edwards and Gerwi2k04). They
are predominantly expressed in bacterial hosts. tDubeir common features and relatively
high sequence similarity with fungal DMAT synthasess group of prenyltransferases could
likely be integrated into the DMATS superfamily.

LtxC from Lyngbya majuscula is a member of the lyngbyatoxin-& biosynthetic pathway and
geranylates the precursof){indolactam V at position C-7 to lyngbyatoxin Adi&ards and
Gerwick 2004). More recent investigations on the biosyintheuster of teleocidin B from
Sreptomyces blastmyceticus led to the discovery of LtxC homologous prenylsf@mase TleC
(Awakawaet al., 2014).

In the actinobacteriungalinispora arenicola, the reverse.-tryptophan N-prenyltransferase
CymbD is involved in the biosynthesis of the anflammatory and anti-bacterial cyclic peptides
cyclomarin and cyclomarazine, respectively (Schetla., 2008; Schultzt al., 2010). MpnD
from Marinactinospora thermotol erans catalyzes the reverse attachment of DMA on C-&nof
indolactam scaffold (Maet al., 2012). IptA is the first biochemically characteuzindole
prenyltransferase fron@ireptomyces sp. (SN-593) that produces diverse C6-DMA indole
derivatives and can likely be placed into the Ligfdup despite relatively low sequence
homology (Takahashi 2010). Biochemical investigadioon prenyltransferases from
Sreptomyces ambofaciens (S.  ambofaciens) and Sreptomyces  violaceusniger

(S violaceusniger) revealed two additional 6-DMAT synthases, nam@&fpMATSsa and

6-DMATSsy, respectively. (Winkelblech and,[2014).
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1.4.3.4.Fungal prenyltransferases of the DMATS superfamily

Prenyltransferases of tldemethylallyl tryptophansynthase (DMATS) superfamily are found
predominantly in fungi of the generaAsdpergillus, PenicilliumandClaviceps (Williamset al .,
2000). The enzymes are soluble proteins and carrgspartate rich motifs. They catalyze
mainly the formation of prenylated indole derivavand no divalent metal ions are required
for the catalytic reaction (Yu and ,.2012). Most of these enzymes show broad substrate
promiscuity while retaining a strong specificitygeeding the prenylation position.

Table 1.1A selection of indole prenyltransferases (PTs) ffamgi and bacteria.

strain position orientation reference
L-tryptophan PTs
FgaPT1 A. fumigatus C-2 reverse Unséld and Li2006
FgaPT2 A. fumigatus C-4 regular Unsold and Li2005
5-DMATS A. clavatus C-5 regular Yu etal., 2012b
SCO7467 S. coelicolor C-5 regular Ozakiet al., 2013
IptA Streptomyces sp. SN-593 C-6 regular Takahashet al., 2010
6-DMAT Ssa S. ambofaciens C-6 regular Winkelblech and Li2014
7-DMATS A. fumigatus Cc-7 regular Kremeret al., 2007
cyclic dipeptide PTs
FtmPT1 A. fumigatus C-2 regular Grundmann and L2005
CdpC2PT N. fischeri C-2 reverse Mundt and Lj 2013
CdpC3PT N. fischeri C-3 reverse Yin etal., 2010
CdpC7PT A. terreus C-7 regular Wunschet al., 2014
CTrpPT A. oryzae C-7/N-1 regular/reversgouet al., 2010
FtmPT2 A. fumigatus N regular Grundmanret al., 2008
FtmPT3 N. fischeri (@] regular Mundtet al., 2012
L-tyrosine PTs
SirD L. maculans @] regular Zouetal., 2011
TyrPT A. niger (0] regular Fanet al., 2014
other aromatic PTs
AstPT A. terreus C-2/N-1 regular/reversgarczet al., 2014a
TdiB A. nidulans C-2 reverse Schneidekt al., 2008
ArdB A. fischeri C-3 reverse Hayneset al., 2013
VrtC P. aethiopicum C regular Chooiet al., 2010
NscD N. fischeri C regular Chooiet al., 2013
Mpz10 Streptomyces sp.SpC080624SC-11C regular Zeyhleet al., 2014
DmzP Micromonospora sp. RV115 N regular Bonitzetal., 2013
XptB A. nidulans @] regular Pockrandet al., 2012
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The first DMATS, 4-DMATS, was obtained fro@ purpurea in 1992 by Gebler and Poulter
and catalyzes the C4-prenylation efryptophan. Later the corresponding gemeaW was
isolated, its amino acid sequence elucidated angrdnyltransfer reaction was proved in yeast
transformants, therefore 4-DMATS is also termed Bfr{@saiet al., 1995). Prenyltransferases
that attach the isoprene residue selectively toobtiee carbon atoms (C-2, C-3, C-4, C-5, C-6,
C-7) or the nitrogen atom (N-1) of the indole rimgregular or reverse orientation, have been
reported in recent years (I4010; Yu and Li2012). Examples of fungal prenyltransferases of
the DMATS superfamily together with bacterial pritfrgnsferases of the CloQ/NphB and LtxC
group are summarized agryptophan-, tryptophan-containing cyclic dipeptid_-tyrosine-
and other aromatic substrate accepting prenylteaasés in the Table 1.1.

The enzymes categorized as aromatic PTs exhiltihdideatures compared to the previously
listed prenyltransferases regarding the substeoaitédsnors used in the prenylation reaction. The
substrates for AstPT as well as TdiB and ArdB, atgisindolyl benzoquinone and a cyclic
tripeptide, respectively (Haynesal., 2013; Schneideat al., 2008; Tarczt al., 2014a). XptB
combines xanthones with a DMA residue (Pockrandt., 2012). VrtC was the first DMATS
to utilize geranylgeranyl diphosphate (GPP) insteaDMAPP and moreover transferred the
prenyl moiety onto a tetracyclic ring system (Chetadl., 2010). In addition, genome mining
revealed a group of DMAPP transferring homologued/ttC from different fungi, which
accepted also tetracyclic naphthacenedione anbeircase of NscD tricyclic anthracenones
(Chooiet al., 2012; Chookt al., 2013).

urnEaiafnin Psoaadlsagadl Vel el sttt

Figure 1.9Top: side view of the tertiary structures of trigg@sphate isomerase (PDB 5TIM) as well as NphB
(formerly named Orf2; PDB 17B6) and FgaPT2 (PDBX3léh cartoon presentation; Bottom: schematic
illustrations of secondary structures of TIM, NpaBd FgaPT2 (modified from Kuzuyaregal., 2005; Metzger
et al., 2009; Wierengat al., 2010).

Structural analyses on the four indole prenyltrarafes FgaPT2 (Figure 1.9) (Metzgeal.,
2009), FtmPT1 (Jost al., 2010), CdpNPT (Schullet al., 2012) and AnaPT (Yet al., 2013)
provided new insights into the tertiary structure @MAT synthases. All these fungal
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prenyltransferases exhibit the ABBA fold, which leen described for the bacterial enzymes
CloQ and NphB, previously (Kuzuyanahal., 2005; Metzgest al., 2010). Consequently, a
common origin has been suggested for the enzyméseoDMATS superfamily and of the
CloQ/NphB group (Bonitzt al., 2011).

1.5.Chemoenzymatic synthesis of prenylated aromatic cogmounds

As described previously, the biological and phamhagical activities of many secondary
metabolites depend on their prenylation and timeproved interaction with biomembranes and
proteins (Botteet al., 2005). This has also been discovered in cytottyxeExperiments with
diverse stereoisomers of prenylated cyclic dipastiiVollinskyet al., 2012a). Therefore, the
regiospecific production of unnatural prenylatedhpounds is of interest for current research.
Such compounds can be obtained by using aromatig/firansferases from fungi and bacteria
with alternative substrates via chemoenzymaticlmsis.

The fungalL-tryptophan prenyltransferases FgaPT2, 5-DMATS &RMATS catalyzed the
regiospecific regular C4-, C5- and C7-prenylatidrseveral simple indole derivatives in the
presence of DMAPP, respectively (Kremer and2008; Steffaret al., 2007; Yuet al., 2012b).
The bacterial prenyltransferases IptA and its hagoés 6-DMATSa and 6-DMATSy
catalyzed the formation of several C6-prenylatetbie derivatives (Takahashi al., 2010;
Winkelblech and Li 2014). The latter two enzymedso utilized GPP as prenyl donor
(Winkelblech and Li 2014). Furthermore, the significantly modified ahel derivatives
DMA-indoleacetonitriles and DMA-indolocarbazolesg.e 3-DMA-7-hydroxy-K252¢c 30),
were obtained in vitro using purified recombinamicterial and fungal prenyltransferases,
respectively (Ozakét al., 2013; Yuet al., 2012a).

HO o L. | oH X 0
OH O OO HO O .
O ool T |
T (LD
H H 0
3-DMA-7-hydroxy- 7-farnesyl-1,7-dihydroxy- 6-DMA-2,3-
K252¢ (30) 6-methylxanthone (31) dihydroxynaphthalene (32) 2'-DMA-hesperetin (33)

Figure 1.10Examples of different chemoenzymatically producezhplated aromatic compounds.

Cyclic dipeptide prenyltransferases in turn canused as biocatalyst for the formation of
different prenylated dipeptides. For FtImPT1 notyod2-regular, but also C3-regular
prenylated tryptophan-containing cyclic dipeptides/e been described (Wollinsley al.,

2012b). Recent investigations have also showrRimaPT1 is able to prenylate a non-aromatic
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carbon atom using the indole derivative indolylimaiee (Cheret al., 2012). Comparative
investigation on AnaPT, CdpNPT and CdpC3PT revedlad these enzymes produced
stereospecifically C3-prenylated cyclic dipepti€m et al., 2009a; Yuet al., 2013).

Not only compounds containing an indolyl moietyt biso other aromatic compounds could
be used as substrates:tyrosine and derivatives can be prenylated by thgrosine
prenyltransferases SirD (Rudolf and Poul#013; Zouet al., 2010) and TyrPT (Fagt al.,
2014). Recent studies on the xanthone prenyltreassfe XptB and the benzoquinone
prenyltransferase AstPT broadened the availabiityO-prenylated, O-geranylated and
O-farnesylated xanthones, e.g. 7-farnesyl-1,7-dibwy6-methylxanthone3(l) (Pockrandet
al., 2012; Tarczt al., 2014b). C- as well as O-, mono- and di-prenylatgttoxynaphthalenes,
e.g. 6-DMA-2,3-dihydroxynaphthalene33), were also formed using the-tryptophan
prenyltransferases or cyclic dipeptide prenyltrarestes (Winkelblech and,12014; Yuet al.,
2011). Prenyl and geranyl moieties have been athth different flavonoid substrates, e.g.
2'-DMA-hesperetin 3), in the presence of diverse prenyltransferaseb si$ 7-DMATS,
NphB and NovQ (Kumanet al., 2008; Ozaket al., 2009; Yu and Li2011).

1.6.Chemical synthesis of prenyl diphosphates

For in vitro investigations of the prenylation rgans of prenyltransferases, several
components including the prenyl diphosphates aeeles: To obtain the desired diphosphate
different chemical synthesis protocols can be a&pplihe prenyl analogues used in this thesis
have been synthesized following a protocol by Watelgt al. (1988). The general procedure
of this synthesis beginning with the correspondatgohol and yielding a trisammonium
geranyl diphosphate is described below (Scheme 1.3)

Scheme 1.FBchematic presentation of the chemical synthesigiEnyl diphosphate from geraniol (modified
from Woodside et al., 1988).

I o)
<§N—C| + _S_
W . W s, 9/0_9/0_ '
X NNoH W x NNl W x X O’P\O’P\o_ 3x (Bug)N

o -0 - O -0 -
.0 1.0 + n.0 1.0 +
s A POBO aBuN —— S BOEO anm,
o 0" O cation exchange X X O/P\O/P\O
resin

I: chemical reaction steps from alcohol to diph@dphll: exchange step of the diphosphate coumterio
(DCM = dichloromethane, ACN = acetonitrile).

The first step in this diphosphate synthesis is torination of geraniol using an
N-chlorosuccinimide (NCS)-dimethyl sulfide (DMS)-cphax. As described by Woodside
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al., the three reagents are added to dichlorometha@aMj at -30 to -40 °C. Due to the

thermolability of the NCS-DMS complex, the reactisthen kept at 0 °C. From the NCS-DMS
complex and the allyl alcohol an allyl-sulfoxonius formed, which is then subsequently
chlorinated by the free chloride anion derived fi@S (Scheme 1.3; I) (Coreyal., 1972).

After removal of NCS and DMS and related byprodigt®xtraction with water and pentane,
the organic phase (DCM/pentane) is concentratedtlamadesidue directly used for the next
reaction step. In this step, geranyl chloride reawetth tris-tetrabutylammonium (TBA)
hydrogen diphosphate (preparation see also Wooesatlg in acetonitrile at room temperature
to form the geranyl diphosphate-TBA salt in a dirdisplacement reaction (Scheme 1.3; I)
(Dixit et al., 1981). As the TBA could likely interfere in latenzymatic reactions, it has to be
exchanged with a smaller cation. This is achievedumneling the concentrated reaction
product over an ammonium equilibrated cation exgkeassin in an aqueous ammonium buffer.
The end-product geranyl diphosphate ammonium salbhktained after extraction with
ACN/isopropanol and after solvent evaporatiéior our subsequent experimentsrther

purification over cellulose column, as describedMyodsidest al., was not necessary

1.7.Prenyl diphosphate analogues

Modification of the prenyl moiety itself has beehlangstanding interest to understand and
regulate the mechanisms of prenyltransferases. @¥gears ago, experiments to determine
the reactivity range of a DMAPP prenyltransferasg @ FPP synthase towards simple branched
or elongated isoprene analogues have already lmewlucted (Nishin@t al., 1972; Popjalet

al., 1969). Further studies on farnesyl synthasesdecuhe synthesis and investigation on the
acceptance of cyclohexane containing DMAPP anamdiagakiet al., 2009a), of ether
derivatives (Nagaket al., 2009b) and of chloride substituted IPP and DMAPRI@gues
(Heaps and Poulte011). Due to the involvement of prenylation forcogenic Ras protein
activity (Berndtet al., 2011; Katoet al., 1992), possible inhibitors in form of the farnesyl
analogues have been of interest in diverse stubliethylfluorinated FPP analogues (Dolence
and Poulter 1995; Dolence and Poultef996), an unsaturated FPP analogue (Liu and
Prestwich 2004) and substituted aromatic anilinogeranyl dggthates (AGPP) (Robesdisal .,
2006) have been synthesized and tested. Additsymahetic approaches yielded derivatives of
the aforementioned AGPPs with the amino group exgbad with other heteroatoms such as
thiol, oxygen, methoxy or methyl groups. (Subraraaset al., 2008). Farnesyl analogues with
aryl instead of DMA moieties have been synthesaed used as inhibitors or substrates for

farnesyltransferases (Subramanghal., 2012).
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The synthesis and usage of DMAPP analogues wasgfisterest in the functional elucidation
of other transferases. To determine the functionisopentenyl diphosphate isomerases,
analogues containing tertiary nitrogen, epoxidgagtopyl, allene or alkyne moieties have been
synthesized and evaluated (Muehlbacher and Pplii88; Sharmat al., 2010; Walkeset al.,
2008). Different DMAPP analogues have been appiedharacterize the reactivity of an
aspulvinone DMA transferase (Takahagtal., 1978). The catalytic mechanism of CymD has
been further examined with assistance of fluorithai® well as isotopic labeled DMAPP (Qian
et al., 2012). Furthermore, an electrophilic aromatic stuigon catalyzed by 4-DMATS was
postulated using/Z mono- and di-methylfluorinated DMAPP analogueshi& prenyltransfer
reaction (Gebleet al., 1992).

The search for suitable alkyl donor analogues bdoto the studies of DNA- and protein-
methyltransferases (DNA-MTases, PMTases). The altnethyl donor of these enzymes is
Sadenosyl-methionine (SAM) (Struclet al., 2012). Investigations on iodoethyl substituted
(mustard gas like) analogues have shown that thalsstances bind covalently to DNA and
proteins (Osbornet al., 2007; Weller and Rajsk2006). DNA alkylation with alkyl, allyl and
propargyl or amino-allyl analogues, for sequencecsigc DNA derivatization and labeling
purposes has also been described (Dakicdf., 2006; Lukinaviciugt al., 2007). Comparable
results have been obtained with allyl and propaagylogues for diverse PMTases, leading to
alkylated protein derivatives accessible to “clatdling” (Islamet al., 2011; Wanget al.,
2011). More recently, the broader acceptance gf &8-adenosyl-methionine (SeAM) by
several PMTases has been observed and these asmtmgud be produced in multi gram scale
(Bothwell et al., 2012; Bothwell and Luo2014). The successful biochemical production of
SAM and SeAM analogues and subsequent utilizatjomeéthyltransferases was proven as a
suitable alternative to synthetic approaches (Seagh, 2014; Thomseet al., 2013). Finally,
SAM analogues have been used in the formatiort@fralte coumarin derivatives as precursors
of aminocoumarin antibiotics (Stechatral., 2009).

In this thesis, alkyl, allyl and benzyl analogué®MAPP were synthesized and tested towards
a series of prenyltransferases of the DMATS sup@lya The corresponding products have

been isolated and the structures were elucidated.
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2. Aims of this thesis

The following issues have been addressed in tesgh

Biochemical investigations on the acceptance ofladnd allyl DMAPP analogues by

L-tryptophan prenyltransferases and characterizatfi@mzymatic products.

Prenyltransferases of the DMATS superfamily showalr substrate promiscuity, but high
prenyl donor specificity. The aim of this thesissawta elucidate the behavior pitryptophan
prenyltransferases, with distinct regiospecificiards slightly modified DMAPP analogues
and to determine the importance of the double f@ottits position for an acceptance by these
enzymes. The following experiments were carried out
» Synthesis of alkyl and allyl DMAPP analogues.
» Overproduction of FgaPT2, 5-DMATS and 7-DMATS i coli and subsequent
purification.
» Incubation of assays containingryptophan and DMAPP analogues in the presence of
FgaPT2, 5-DMATS and 7-DMATS.
» Analysis of the enzyme activities and isolatiorthed enzyme products.
» Structure elucidation of the products by nucleargnetic resonance (NMR)
spectroscopy and mass spectrometry (MS) analysis.

» Determination of the kinetic parameters of the esponding reactions.

Biochemical investigations on the acceptance oflakd allyl DMAPP analogues by cyclic

dipeptide prenyltransferases and characterizafiemoymatic products.

It has been shown thattryptophan prenyltransferases catalyze the trangfaction of a
monomethylallyl as well as a 2-pentenyl moiety onttwyptophan. Depending on the allyl
donor, the position of the allyl residue is shiftedrtially or completely, compared to the
reaction with DMAPP. Consequently, we were intrigjt@ examine the reaction of tryptophan-
containing cyclic dipeptide prenyltransferases tasaoth allyl diphosphates. Emphasis was
put on the comparison of the natural reactionshef used prenyltransferases, i.e. C3- and
C2-prenylation as well as C2-reverse and regukamyation. The following experiments were
carried out:

» Overproduction of AnaPT, CdpNPT, CdpC3PT, FtimPTdl &nePT inE. coli and

subsequent purification
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> Incubation of assays containing respective natarabest-accepted substrates and
DMAPP analogues in the presence of AnaPT, CdpNEPQO3PT, FtmPT1 and BrePT.

» Analysis of the enzyme activities and isolatiorenzyme products.

» Structure elucidation of the products by NMR and dfalyses.

> Determination of the kinetic parameters of the egponding reactions.

Synthesis of a benzyl diphosphate and proof obtbehemical transfer ontotryptophan and

derivatives thereof

L-tryptophan and tryptophan-containing cyclic dipegs were successfully alkylated with two
simple allyl DMAPP analogues in the presence oéss\enzymes of the DMATS superfamily.
Further investigation focused on a more bulky amadoof DMAPP. Benzyl diphosphate
represented a suitable donor for the previously ggenyltransferase FgaPT2. The following
experiments were carried out:
» Synthesis of benzyl-PP.
» Overproduction of several indole prenyltransferasesE. coli and subsequent
purification.
> Incubation of assays containing respective natarabest-accepted substrates and
DMAPP analogues in the presence of several ind@eytransferases.
> Analysis of the enzyme activity and isolation okgme products of FgaPT?2.
» Structure elucidation of the products by NMR and dfalyses.

> Determination of the kinetic parameters of the egponding reactions.

Biochemical investigations on prenyltransferasdalgaing C6- and C7-prenylations towards

unnatural allyl and benzyl diphosphates.

Successful transfer of unnatural allyl diphosphatesbeen described using prenyltransferases
for various positions of the indole ring, with tagception of C6- and C7-prenyltransferases.
Recently, twdstreptomyces 6-DMAT synthases andiatyrosine O-prenyltransferase (TyrPT),
with L-tryptophan C7-prenyltransferase activity were iglated biochemically. These
additional enzymes allowed us to further invesgghe unnatural alkylation aftryptophan.
To compare the results of the bacterial 6-DMATShwiite fungal 5-DMATS, a bacterial
5-DMATS was elucidated additionally. The followiegperiments were carried out:

» Cloning and overproduction of the recombinant 5-DMA SCO74567 from

Streptomyces in E. coli and subsequent purification.
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Overproduction of the recombinant proteins of theo tC-6 prenyltransferases
6-DMATSsa and 6-DMATSy as well as the-tryptophan C7-prenylating TyrPT ia
coli and subsequent purification.

Incubation of assays containing L-tryptophan andABN® analogues in the presence of
5-DMATS, 6-DMATSss 6-DMATSsy and TyrPT.

Analysis of the enzyme activity and isolation ozgme products.

Structure elucidation of the products by NMR and ffalyses.

Determination of the kinetic parameters of the esponding reactions.
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3. Results and discussion

3.1.Biochemical investigations on alkyl and allyl DMAPP
analogues in the presence of fungal L-tryptophan
prenyltransferases

Indole prenyltransferases catalyzed regiospecigoylations on simple indole derivatives and
tryptophan-containing cyclic dipeptides (Kremer amd2008; Steffaret al., 2007; Yuet al.,
2012b). Likewise, structures of higher complexiticls as flavonoids, hydroxynaphthalenes,
indolocarbazoles, xanthones and tetracyclic poiglkstwere also converted by these enzymes
to prenylated derivatives (Choetial., 2012; Sancheet al., 2011; Yuet al., 2012a; Yuet al.,
2011; Yu and Lj 2011). These findings revealed a low specifictiyvards substrates of
different substance classes for several prenylieasses of the DMATS superfamily.

The prenylation reactions catalyzed by these engyare FriedelCrafts alkylations (Gebleat

al., 1992; Heide2009a) and represent a useful biochemical todhf®icreation of a multitude
of diversely alkylated aromatic compounds. Howeadioad usage of these enzymes is limited
by their high prenyl donor specificity. The enzymafisthe DMATS superfamily usually
accepted solely DMAPP as prenyl donor (Yu and20i12). Only recently, the acceptance of
GPP and FPP by DMAPP utilizing indole prenyltrans$es has been demonstrated (Pockrandt
et al., 2014; Pockrandt and | 2013; Tarczt al., 2014b; Winkelblech and |L.2014). Another
exception is VrtC, which uses GPP as natural isopseibstrate (Choei al., 2012). This donor
specificity motivated us to synthesize and testralt DMAPP structures in the presence of
L-tryptophan prenyltransferases.

Following the synthesis of GPP described by Woagaidl. (1988), four DMAPP analogues
were synthesized. Two carried modifications inficiag their allylic nature, i.e. either by
deleting the double bond or by shifting it to thposition via introduction of a methylene group
between diphosphate and the double bond. Otherfizatthns targeted the methyl groups of
the structure, either by deleting or by shiftingpok methyl group to the end of the allyl chain
(Scheme 3.1). The analogues were tested wdittyptophan as aromatic substrate in the
presence of the previously purified octahistidikiés§)-tagged protein FgaPT2 as well as the
hexahistidine (Hig-tagged proteins 5-DMATS and 7-DMATS. Interestingione of the used
enzymes displayed conversion with the double bomdified analogues. Based on these
results, it is proposed that the existence of tnbte bond ap-position is essential for the
enzymatic catalysis. Furthermore, product formaticas only observed in the presence of

FgaPT2 and 5-DMATS, but not in that of 7-DMATS. #amg influence of the regiospecificity
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by the alkylation agents was also detected. Monbytedtyl diphosphate (MAPP) was well
accepted by FgaPT2 and 5-DMATS. Both enzymes shoswesh higher activities with
2-pentenyl diphosphate (2-pentenyl-PP) than withPN®A To elucidate their structures, the
enzyme products were isolated on HPLC and analpyedMR and MS analyses. MS data
proved the monoalkylation of all of the isolatedmmunds. The NMR spectra revealed the
products that the products were regular C5-alkgllaaad C6-alkylated -tryptophan with
2-pentenyl-PP as allyl donor in the presence ofPH@aand 5-DMATS, respectively. Using
MAPP as allyl donor, FgaPT2 produced a mixture egutar C4- and C5-alkylated and
5-DMATS a mixture of regular C5- and C6-alkylatettyptophan, respectively (Scheme 3.1).

These results demonstrated clearly the shiftseofeioselectivity in the presence of unnatural
allyl donors. The kinetic parameters of both anaésg i.eKv andkcarvalues, were determined
and compared to the respective values for DMAPEIdssify their biochemical properties.
2-pentenyl-PP and MAPP showed weaker affinity talsdfrgaPT2 withkKm values around ten

to twelve times higher, compared to DMAPP. Kaevalues of 2-pentenyl-PP were two times
higher while the value of MAPP was around half iWla@DMAPP in the case of 5-DMATS and
therefore showed an insignificant preference towddIAPP and its analogues. Turnover
numbers, on the other hand, were relatively lovbfith analogues. Nonetheless, these DMAPP
analogues could be useful allyl donors for chempeatic synthesis catalyzed by enzymes of
the DMATS superfamily.

Scheme 3.Unnaturally alkylated products obtained in the pre of diverse-tryptophan prenyltransferases
(modified from Liebhold et al., 2012).
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For details on this work, please see the publiocaisection 4.1)

Mike Liebhold, Xiulan Xie and Shu-Ming Li (2012) Expansion ofzgmatic FriedetCrafts
Alkylation on Indoles: Acceptance of unnatupalinsaturated Allyl Diphosphates by DMAT
SynthasesOrganic Letters 14: 4882-4885.

3.2.Biochemical investigations on alkyl and allyl DMAPP
analogues in the presence of fungal tryptophan-coaining cyclic
dipeptide prenyltransferases

As described previously, prenyltransferases oINRATS superfamily are versatile enzymes
accepting a large number of aromatic substratds Wwgh specificity towards prenyl donors
(Yu and Li 2012). The chemoenzymatic attachment of the premoiety onto their natural
substrates, such astryptophan and tryptophan-containing cyclic dipegs$, is highly
regiospecific and can occur on seven positions@fridole ring system (LR010; Yu and Li
2012). Cyclic dipeptide prenyltransferases, e.gss-Higged AnaPT, CdpNPT, CdpC3PT
usually catalyze reverse C3-prenylation of the ledooiety of the cyclic dipeptide, while
Hise-tagged FtmPT1 and pentahistidine @tsgged BrePT catalyze regular and reverse
C2-prenylation, respectively (Grundmann and2d05; Schulleet al., 2012; Yinet al., 2013a;
Yin et al., 2009b; Yinet al., 2010). As demonstrated above, two allyl diphosplzetalogues
of DMAPP were successfully used by theryptophan prenyltransferases FgaPT2 and
5-DMATS (Liebholdet al., 2012). This inspired us to test these DMAPP anaegowards
cyclic dipeptide prenyltransferases.

At first, the DMAPP analogues 2-pentenyl-PP and NPAfre incubated in the presence of the
C3-prenyltransferases AnaPT, CdpNPT and CdpC3Pé&theg with their natural or best
accepted substrates. All three enzymes producetipleutompounds in moderate to high
yields. The products were isolated on HPLC usingirge phase 18 or silica gel columns and
subjected to NMR and MS analyses. It was shown kib#t, reverse C2- and C3-alkylated
derivatives were formed in different ratios. Theogucts containing the 2-pentenyl and
monomethylallyl moiety retained their overall starkemistry, i.ea-orientation for AnaPT and
B-orientation for CdpC3PT and CdpNPT, as observeddAPP. With two exceptions, the
introduction of a new stereo center at C-3’, led ttee formation of all possible
C-3'-stereocisomers (Scheme 3.2). To further ingas& the behavior of cyclic dipeptide
prenyltransferases towards DMAPP analogues, the twegular and reverse
C2-prenyltranferases, i.e. FtmPT1 and BrePT, wested, respectively. Structure elucidation

of the multiple products yielded comparable resassacquired for the C3-prenyltransferases.
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Both enzymes catalyzed the formation of C2- andalB$tated diastereomers (Scheme 3.2).
Thus, allyl DMAPP analogues completely break thgiagpecificity of these enzymes.
Furthermore, the ratios of the detected produotsmgty depend on the combination of enzyme,
substrate and used alkyl donor. To study the bimited behaviorKm andkeavalues were
determined for each enzyme-donor combination. Wthiése enzymes showed similar or even
higher affinity in comparison to DMAPP, theysvalues were much lower than that of DMAPP.
These results provide evidence for a common catadyility of C-2 and C-3 cyclic dipeptide

prenyltransferases in the presence of unnaturgl dénors.

Scheme 3.Z2- and C3-reverse alkylated products obtainetlémtesence of diverse cyclic dipeptide
prenyltransferases (modified from Liebhold et 2013).
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For details on this work, please see the publioaisection 4.2)
Mike Liebhold, Xiulan Xie and Shu-Ming Li (2013). Breaking cyclidipeptide

prenyltransferase regioselectivity by unnaturayldtonors.Organic Letters 15: 3062-3065.

31



RESULTS AND DISCUSSION

3.3.Biochemical investigations on a benzyl DMAPP analag in the
presence of a fungal -tryptophan prenyltransferase

As demonstrated above, investigations g@rnyptophan and cyclic dipeptide prenyltransferases
showed the successful alkylation of their respectsubstrates with unnatural DMAPP
analogues (Liebhold al., 2012; Liebholdet al., 2013). Similar alkenyl and also alkinyl as well
as aryl moieties were transferred onto proteingromatic compounds via SAM depended
methyltransferases (Islaehal., 2011; Stecheat al., 2009; Wangt al., 2011). Our preliminary
work encouraged us to examine several indole piramgferases of the DMATS superfamily

towards benzyl diphosphate (benzyl-PP).
Scheme 3.Benzylated products obtained framiryptophan derivatives in the presence of FgaRi@dffied
from Liebhold and Li, 2013).
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RESULTS AND DISCUSSION

After successful synthesis of benzyl-PP, we iditisdsted its acceptance by thiegyptophan
prenyltransferases (FgaPT2, 5-DMATS, 7-DMATS) asllwas six cyclic dipeptide
prenyltransferases (AnaPT, CdpNPT, CdpC3PT, CTrNPTL1, BrePT) in the presence of
their respective natural or best accepted substraiee enzymes accepted benzyl diphosphate
as unnatural donor. FgaPT2 showed the highesttgatiith a yield of about 60%, whereas the
yield for the other enzymes was very low. Thereftugher experiments were carried out with
FgaPT2. In addition ta-tryptophan, 25 other simple indole derivatives avassayed with
benzyl-PP. For 16-tryptophan derivatives including several substratéh a substitution on
the indole ring, product formation was clearly atvee. The products aftryptophan and eight
derivatives thereof showed yields of more than 1886 were isolated on HPLC. Their
structures were elucidated by NMR and MS analysgaPT2 showed activity with 5-hydroxy-
L-tryptophan, but not other C5-substituted derivegivThe NMR spectra unequivocally
revealed, with two exceptions, the C5-benzylatibthe accepted substrates (Scheme 3.3). In
the case of 5-hydroxy-L-tryptophan and 7-methylyptophan, a C6-benzylated compound
was observed as sole and as additional produgectsely (Scheme 3.3). For biochemical
characterization, th&wv and kcat values forL-tryptophan and benzyl-PP were determined.
Although FgaPT2 showed a much lower affinity tohd+PP than to DMAPP (Unséld and, Li
2005), the acceptance of this structurally morememDMAPP analogue makes FgaPT2 into
an interesting biocatalyst for chemoenzymatic sgsith

For details on this work, please see the publioaisection 4.3)
Mike Liebhold and Shu-Ming Li (2013) Regiospecific Benzylatioh Bryptophan and

Derivatives Catalyzed by a Fungal Dimethylallyl iséeraseOrganic Letters 15: 5834-5837.

3.4.Biochemical investigations on microbial enzymes calyzing
C5-, C6- and C7-prenylations ofL-tryptophan towards unnatural
allyl and benzyl diphosphates

At the beginning of this thesis, we investigateel éicceptance of a 4-DMATS (FgaPT2) and a
5-DMATS from fungi towards unnatural alkyl donotsgbholdet al., 2012). In a recent study,
the biochemical properties of two bacterial 6-DMAJynthases were characterized
(Winkelblech and Li2014) and with TyrPT a new fungal tryptophan Cémytating enzyme
has also been investigated (Fetal., 2014). These enzymes enabled us to complete wdiest

on DMAPPanalogue# the presence of C-6 and C-7 prenylating enzymes.
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RESULTS AND DISCUSSION

Firstly, we examined the behavior of the two baateL6-prenyltransferases 6-DMAEsand
6-DMATSsy with MAPP, 2-pentenyl-PP and benzyl-PP as allyl benzyl donors and
L-tryptophan as acceptor. Both enzymes accepteadrak DMAPP analogues. After isolation
on HPLC, subsequent analyses by MS antH-NMR revealed regular
C6-monoalkylated/benzylated compounds as sole ptdduall enzyme assays. In following
experiments, the fungal tryptophan C7-prenylatingyene TyrPT was incubated with the
unnatural DMAPP analogues. MS ar#i-NMR analyses showed that three to four
monoalkylated/benzylated compounds were obtaineadtition to the predominant regular
C6-alkylated/benzylated compounds, regular andrsev€7- as well as regular C5-alkylated
L-tryptophan was formed. To further elucidate thizvetjent behavior the bacterial
C5-prenyltransferase 5-DMATES(SCO7467) was overexpressed and purified as teschy
Osaki et al. in 2013, and then tested towards the DMAPP analegn the presence of
L-tryptophan. Structure elucidation again reveal&dalkyl/benzylt -tryptophan as one of the

predominant products and C7- as well as C5-alkglZbleL-tryptophan as side products.

Scheme 3.Alkylated and benzylated products obtained in ttesence of microbial tryptophan C5, C6 and C7-
prenylating enzymes (modified from Winkelblegthal., 2014 (submitted manuscript)).
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For better comparison, the results for 5-DMATS fheld and Lj 2013) were reproduced and
supplemented with the data obtained from incubatidttures of 5-DMATS with benzyl-PP,
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RESULTS AND DISCUSSION

which yielded C6- and C5-benzypdtryptophan as main and side product, respectiviediking

all data together, 11 alkylated/benzylatedryptophan derivates were isolated from the
incubation mixtures of the DMAPP analogues ardyptophan in the presence of the five
tryptophan prenylating enzymes (Scheme 3.4).Kihandk:atvalues for all DMAPP analogues
in the presence of the different enzymes were oheted. TheKyv values showed a relatively
high affinity of the tested enzymes towards MAPReatenyl-PP and benzyl-PP. Tha:
values for all enzyme-donor combinations on thesottand were much lower than those of
DMAPP.

The aforementioned data show, that C-6 of the mduolg is the favored position for the
biocatalytic attachment of the unnatural alkyl/bgnnoieties in the presence of the tested
tryptophan C5-, C6- and C7-prenylating enzymes.

For details on this work, please see the manus@getion 4.4)
Julia Winkelblecht, Mike Liebhold,* Xiulan Xie and Shu-Ming Li (2013Ynnatural DMAPP
Analogues turn C-6 into the Preferable Alkylatioefylation Position for Tryptophan C5-, C6- and

C7-Prenylating Enzyme©rganic Letters (submitted) [*equal contribution]
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ABSTRACT

Prenyltransferases of the dimethylallyl-tryptophan synthase (DMATS) superfamily catalyze Friedel—Crafts alkylation with high flexibility for
aromatic substrates, but the high specificity for dimethylallyl diphosphate (DMAPP) prohibits their application as biocatalysts. We demonstrate
here that at least one methyl group in DMAPP can be deleted or shifted to the d-position. For acceptance by some DMATS enzymes, however,
a double bond must be situated at the S-position. Furthermore, the alkylation position of an analogue can differ from that of DMAPP.

Prenyltransferases are a large family of enzymes found
in many living organisms such as bacteria, fungi, and
plants, which are responsible for transfer of a prenyl moiety
(nxC5) to another prenyl residue, a protein, or an aromatic
substrate.! The reactions catalyzed by the last enzyme
group, known as “aromatic prenyltransferases”, are often
Friedel—Crafts alkylations on different aromatic systems
such as indoles, naphthalenes, flavonoids, or phenylpropa-
noids, resulting in the formation of biologically active
metabolites.'? One special group of the aromatic prenyl-
transferases shares a significant sequence similarity with

T Institut fiir Pharmazeutische Biologie und Biotechnologie.

$Fachbereich Chemie.

(1) (a) Heide, L. Curr. Opin. Chem. Biol. 2009, 13, 171-179.
(b) Yazaki, K.; Tsurumaru, Y. Phytochemistry 2009, 70, 1739-1745.
(c) Li, S.-M. Nat. Prod. Rep. 2010, 27, 57-78.
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dimethylallyl-tryptophan synthase (DMATS) from Claviceps,’
and they are therefore classified as enzymes of the DMATS
superfamily.®® The members of this family are involved in
the biosynthesis of diverse important natural products
including ergot alkaloids and usually catalyze the transfer
of a dimethylallyl moiety from dimethylallyl diphosphate
(DMAPP) to different positions of the indole ring of
L-tryptophan and derivatives thereof.'® They showed
high flexibility toward their aromatic substrates and ac-
cepted even hydroxynaphthalenes, flavonoids, xanthones,
and tetracyclic napthacenediones as prenylation sub-
strates.”™>* In contrast, these enzymes are usually highly
specific toward DMAPP and did not accept other prenyl
diphosphates as prenyl donors.* One exception was found

(3) Tsai, H. F.; Wang, H.; Gebler, J. C.; Poulter, C. D.; Schardl, C. L.
Biochem. Biophys. Res. Commun. 1995, 216, 119-125.

(4) (a) Sanchez, J. F.; Entwistle, R.; Hung, J. H.; Yaegashi, J.; Jain,
S.; Chiang, Y. M.; Wang, C. C.; Oakley, B. R. J. Am. Chem. Soc. 2011,
133,4010-7. (b) Chooi, Y. H.; Wang, P.; Fang, J.; Li, Y.; Wu, K.; Wang,
P.; Tang, Y. J. Am. Chem. Soc. 2012, 134, 9428-37.
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for the newly characterized DMATS-type prenyltransfer-
ase VrtC, which only utilizes GPP.*° This feature prohibits
their usage as catalysts for Friedel—Crafts alkylation. We
expand in this study their potential application for alkyla-
tion with unnatural alkyl diphosphates.

S0P PPO” NN

2-pen-PP 3 \ )\/\ / MAPP 4
N"opp
)\A ¥  owapp2 W
OPP PPOM

3-methylbutanyl-PP 5 4-methyl-3-pentenyl-PP 6

Figure 1. DMAPP and its analogues.

For this purpose, four DMAPP analogues (Figure 1)
were successfully synthesized according to the method
described for GPP by Woodside et al.,” which were con-
firmed by 'H and *'P NMR analyses. The four DMAPP
analogues were used as alkyl donors for enzyme assays
with FgaPT2 and 7-DMATS from Aspergillus fumigatus as
well as with 5-DMATS from Aspergillus clavatus, which
catalyzed prenylation of L-tryptophan at C-4, C-7, and
C-5, respectively.>*® Enzyme assays with DMAPP were
used as positive controls (Figure 2). HPLC analysis of the
incubation mixtures revealed an almost complete conver-
sion of L-tryptophan to its prenylated products in the
three enzyme assays with DMAPP after incubation with
S ug of protein at 37 °C for 16 h (Figure 2). Shifting one
methyl group of DMAPP from C-3 to C-4, as in the case of
2-pentenyl diphosphate (2-pen-PP), strongly reduced the
activity of 7-DMATS. No product formation was detected in
the incubation mixture under assay conditions (Figure 2C).
In contrast, FgaPT2 and 5-DMATS still accepted 2-pen-PP
well as a substrate (Figure 2A and 2B) and conversion yields
of 37% and 91% from the respective assays with DMAPP
were achieved under these conditions.

For structure elucidation, the enzyme products 3a and
3b were isolated from the incubation mixtures of FgaPT2
and 5-DMATS, respectively, and subjected to NMR and
MS analyses. HR-MS data clearly showed the alkylation
of both compounds by detection of [M]" ions at m/z
272.1518 (3a) and 272.1509 (3b), which are 68 Da larger
than that of tryptophan.

In the "H NMR spectrum of 3a, signals of a 2-pentenyl
moiety proved the alkylation at a C-atom in a regular
pattern.*

The four aromatic protons of the indole moiety ap-
peared, according to their chemical shifts and coupling
pattern, in the same order as those of C5-prenylated indole
derivatives obtained from enzyme assays of 5-DMATS

(5) Woodside, A. B.; Huang, Z.; Poulter, C. D. Org. Synth. 1988, 66,
211-215.

(6) (a) Kremer, A.; Westrich, L.; Li, S.-M. Microbiology 2007, 153,
3409-3416. (b) Unsold, 1. A.; Li, S.-M. Microbiology 2005, 151, 1499—
1505.
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Figure 2. HPLC analysis of L-tryptophan after incubation with
DMAPP or its analogues at 37 °C and 16 h.

with DMAPP?* and therefore can be assigned to H-4, H-7,
H-2, and H-6.

This indicated a C5-alkylation of L-tryptophan by FgaPT2
in the presence of 2-pen-PP and is somewhat unexpected
for a C4-prenyltransferase with its natural substrate DM APP
(Scheme 1).° Therefore, we obtained various 2D NMR
spectra for 3a to confirm the structure. In the HMBC
spectrum, connectivities were clearly observed for H-4 of
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Scheme 1. Proposed Reaction Mechanisms and Enzyme Products of FgaPT2 and 5-DMATS with DMAPP and Analogues
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the indole ring with C-3 and C-8 as well as with C-1’ of the
alkyl moiety, proving unequivocally the C5-akylation of
L-tryptophan in 3a.

In the "H NMR spectrum of 3b, similar signals to those
of 3awere also observed for a 2-pentenyl moiety. However,
the "H NMR spectrum of 3b differed clearly from that of
3a, especially in the aromatic region, although the same
number and similar coupling patterns were observed in
both spectra. The signals of the four aromatic protons in 3b
corresponded very well to those of C6-prenylated indole
derivatives obtained from enzyme assays of IptA with
DMAPP.” This means that the alkylation of L-tryptophan
by 5-DMATS was shifted from C-5 in the presence of
DMAPP to C-6 in the presence of 2-pen-PP (Scheme 1).

The alkylation shifts from C-4 to C-5 for FgaPT2 and
from C-5 to C-6 for 5-DMATS could be explained by the
longer chain length and thus deeper extension of 2-pen-PP
into the reaction chamber in comparison to that of
DMAPP, so that C-1’ of the alkyl residue was closer to
C-5than C-4in FgaPT2 and to C-6 than C-5in 5-DMATS.
To prove the influence of chain length of the alkyl diphos-
phate on the enzyme activity and alkylation position,
the cis-methyl group of DMAPP was deleted to obtain
methylallyl diphosphate (MAPP) (Figure 1), which was
then used as an alkyl donor for enzyme assays of
L-tryptophan with FgaPT2, 5-DMATS, and 7-DMATS. Again,
7-DMATS showed no detectable conversion (Figure 2C).

(7) Takahashi, S.; Takagi, H.; Toyoda, A.; Uramoto, M.; Nogawa,
T.; Ueki, M.; Sakaki, Y.; Osada, H. J. Bacteriol. 2010, 192, 2839-2851.
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The enzyme activities of FgaPT2 and 5-DMATS were
reduced, in comparison to those of DMAPP and 2-pen-
PP, but still clearly detectable. Two and one product peaks
were detected in the HPLC chromatograms of the incuba-
tion mixtures of rL-tryptophan and MAPP with FgaPT2
and 5-DMATS, respectively. A conversion yield of 29% was
calculated for FgaPT2, and 44%, for 5-DMATS, respec-
tively. For structure elucidation, all three peaks were iso-
lated and subjected to NMR and MS analyses. HR-MS
data confirmed the presence of a butenyl moiety in their
structures by detection of [M+H] " at m/z 259.1471 (4a) and
259.1434 (4b) or [M]" ion at 258.1388 (4b+4c), which are
54 Da larger than that of tryptophan.

The 'H NMR spectra of 4a and 4b are similar to each
other in the region of olefinic and aliphatic protons. Signals
for a 2-trans-butenyl moiety were detected for both 4a and
4b. The spectra however differed clearly from each other
by the chemical shifts and coupling pattern of the four
aromatic protons in the spectrum of 4a and 4b.

The features of the aromatic protons of 4a indicated an
alkylation at C-4 or C-7. The HMBC spectrum clearly
showed connectivities of H-1' of the butenyl residue®
to C-2' (0¢ 131.2) and C-3’' (0¢ 125.0) as well as to C4
(0c 132.7) and C5 (O¢ 119.2) of the indole moiety. The
alkylation position at C-4 of L-tryptophan was confirmed

(8) The two protons at H-1" of the butenyl residue differ from each
other, probably due to the steric interaction with the side chain of
tryptophan. 0y 3.75 (1H, dd, 15.4, 6.3, H-1") and 0y 3.63 (1H, dd, 15.4,
6.3, H-1").
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by detection of additional connectivities in the indole
moiety.’

The coupling pattern of the four aromatic protons in 4b
indicated a substitution at C-5 or C-6. The order of these
coupling protons was found to be identical to those in 3a
and other C5-prenylated derivatives.”® The alkylation at
C-5 of L-tryptophan in 4b (Scheme 1) was also confirmed
by the observation of connectivities in its HMBC
spectrum.

Inspection of the '"H NMR spectrum of the product
peak isolated from the incubation mixture of L-tryptophan
and MAPP with 5-DMATS revealed the presence of two
compounds with a ratio of 1:1. Unfortunately, it was
difficult to separate them from each other by HPLC under
different conditions. Fortunately, it was yet possible to
elucidate their structures based on the obtained spectra,
because one of them can be easily identified as 4b by
comparison of their "H NMR spectra. The second one,
4c, showed similar signals and identical order in the
aromatic ranges to 3b and other C6-prenylated indole
derivatives’ and was therefore identified as a C6-alkylated
derivative. It seems that the smaller methylallyl group was
placed in the reaction site with a similar distance from
its C-1" to C-4 and C-5 in FgaPT2 or to C-5 and C6 in
5-DMATS, so that attacking from both positions was
possible.

To test the importance of the double bond at the
[-position to diphosphate, we prepared 3-methylbutanyl
diphosphate 5 and 4-methyl-3-pentenyl diphosphate 6
(Figure 1) and used them as alkyl donors for FgaPT2,
5-DMATS, and 7-DMATS. As shown in Figure 2, no
product formation was detected for any of the enzyme
assays. This proved that the double bond at the 5-position
is essential for the alkylation. Based on the protein struc-
tures of several prenyltransferases, it was proposed that a
carbocation will be first created with the help of several
basic amino acids.'® This carbocation must be then stabi-
lized by several amino acid residues, e.g. tyrosine, as well as
by the aromatic ring system of the substrate itself to protect
its reaction with undesired nucleophiles.'® Our data in this
study showed that stabilization of the carbocation by itself,
via a f-unsaturated C—C bond, is also essential for a
successful Friedel—Crafts alkylation. It would be of great
interest to create enzyme derivatives, e.g. by site directed
mutagenesis, which can stabilize such ions and accept also
saturated alkyl diphosphates as alkyl donors.

To compare the biochemical properties of FgaPT2 and
5-DMATS toward DMAPP and its analogues, kinetic
parameters were calculated from Hanes—Woolf and
Eadie—Hofstee transformations (Table 1). All the reactions

(9) Position C-5 (0¢c 119.2) is confirmed by connectivities of H-5
(0 6.74) to C-7 (d¢ 109.5) and C-9 (¢ 124.7) as well as connectivities of
H-10 (6y 3.29 and 2.90) and H-2 (6y 7.16) to C-9.

(10) (a) Metzger, U.; Schall, C.; Zocher, G.; Unsold, 1.; Stec, E.; Li,
S.-M.; Heide, L.; Stehle, T. Proc. Natl. Acad. Sci. U.S.A 2009, 106,
14309-14314. (b) Lik, L. Y. P.; Tanner, M. E. J. Am. Chem. Soc. 2009,
131, 13932-13933.
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apparently followed Michaelis—Menten kinetics. FgaPT2
accepted its natural substrate DMAPP with a Ky value of
4 uM, much better than MAPP and 2-pen-PP with Ky
valuesat40 and 56 uM, respectively. In contrast, 5-DMATS
has no significant preference and even a higher affinity to
MAPP than to DMAPP. The turnover numbers of FgaPT2
and 5-DMATS toward unnatural alkyl diphosphates were
found to be less than 3% of those with DMAPP but are
still within a realized range for use in chemical reactions. For
both enzymes, 2-pen-PP was accepted with a higher reaction
velocity than MAPP.

Table 1. Kinetic Parameters of FgaPT2 and 5-DMATS with
DMAPP and Analogues as Alkyl Donors

enzyme donor Ky (uM) ke (571 Eea/Km (s71-M™1)
FgaPT?2 DMAPP* 4 0.37 92500
MAPP 40 0.009 232
2-pen-PP 56 0.011 198
5-DMATS DMAPP? 76 1.3 17105
MAPP 40 0.005 136
2-pen-PP 131 0.023 174

“The data were adopted from ref 6b. ” The data were adopted from ref 2a.

In conclusion, the structure of the natural alkylation
reagent DMAPP can be modified and used as an alkyl
donor for some members of the DMATS superfamily, which
were successfully used for the prenylation of diverse aro-
matic substrates including indoles, hydroxynaphthalenes,
flavonoids, and tetracyclic napthacenediones.'*****" One
methyl group in DMAPP can be deleted or shifted, but
the double bond at the -position seems to be essential for
the stability of the formed carbocation. In comparison to
DMAPP, the alkylation of the smaller MAPP is in part
retained and in part shifted to one position, i.e. from C-4 to
C-5 by FgaPT2 and from C-5 to C-6 by 5-DMATS. With
2-pen-PP as an alkyl donor, the alkylation position was
completely shifted for one position. The acceptance of the
modified prenyl donors by prenyltransferases expanded
significantly the potential use of these enzymes as catalysts
in the chemoenzymatic synthesis. It would be interesting
to test the acceptance of the DMAPP analogues by other
prenyltransferases.
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Experimental Procedures
Chemicals

Dimethylallyl diphosphate (DMAPP), methylallyl diphosphate (MAPP) [trans:cis= 5:1], 2-
trans-pentenyl diphosphate (2-trans-pen-PP), 3-metylbutanyl diphosphate and 4-methyl-3-
pentenyl diphosphate were prepared according to the method described for geranyl
diphosphate by Woodside et al.." Crotyl chloride (Sigma Aldrich, Taufkirchen, Germany), 1-
chloro-3-methylbutane (TCI Europe, Zwijndrecht, Belgium) and 5-bromo-2-methyl-2-penten
(Alfa Aesar, Karlruhe, Germany) were used for the synthesis of MAPP, 3-metyl-butanyl and
4-methyl-3-pentenyl diphosphate, respectively. The synthesis of 2-pen-PP started with trans-
2-pentenol (Sigma Aldrich, Taufkirchen, Germany). L-tryptophan was purchased from Roth
(Karlsruhe, Germany).

Overproduction and purification of recombinant Proteins

Protein overproduction and purification was carried out as described previously for FgaPT2%

5-DMATS?® and 7-DMATS, respectively”.

Enzyme assays for determination of relative activities
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The enzymatic reaction mixtures (100 pl) for determination of the relative activities with
DMAPP and its analogues contained 1 mM L-tryptophan, 10 mM CacCl,, 2 mM of DMAPP or
its analogues, 1.0-1.5% (v/v) glycerol, 2.5% (v/v) dimethyl sulfoxide (DMSO), 50 mM Tris
pH 7.5 and 5 pg of purified recombinant protein. The reaction mixtures were incubated at 37
°C for 16 h. The reactions were then terminated with 100 ul MeOH. Protein was removed by
centrifugation at 13.000 x g for 10 min.

Enzyme assays for isolation and structure elucidation

Assays for isolation of the enzyme products were carried out in large scales (10 ml-25 ml)
containing L-tryptophan (1 mM), alkyl diphosphates (1-2 mM), CaCl, (10 mM), glycerol
(1.0%-1.5% v/v), DMSO (2.5% v/v), Tris HCI (50 mM pH 7.5) and up to 0.25 mg protein per
ml assay. For assays with 5-DMATS, protein was added in 2 consecutive steps with duration
of 4-6 h. After incubation for 16 h at 37 °C, the reaction mixtures were terminated with the
same volume of MeOH as that of the enzyme assay. The assays were centrifuged for 10 min
at 6000 rpm to precipitate protein, concentrated on a rotary evaporator to 1-2 ml and used as

samples for separation on HPLC.
Enzyme assays for determination of kinetic parameters

Assays for determination of kinetic parameters contained 1 mM L-tryptophan, 10 mM CaCl,,
glycerol (1.0-1.5% v/v), 2.5% v/v DMSO, 50 mM Tris HCI pH 7.5 and alkyl diphosphates in
final concentrations of 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0 and 2.0 mM. Protein
amount, incubation time and temperature varied between 5 pg and 10 pg, 30 min and 60 min
and 30 °C and 37 °C, respectively. The reactions were then terminated with 100 ul MeOH.

Protein was removed by centrifugation at 13.000 x g for 10 min.
HPLC analysis and isolation of enzyme products for structure elucidation

The enzyme products were routinely analyzed by HPLC on an Agilent series 1200 by using a
Multospher 120 RP-18 column (250 x 4 mm, Sum C+S Chromatographie Service,
Langerwehe, Germany) at a flow rate of 1 ml min”'. Water (solvent A) and methanol (solvent
B) were used as solvents for analysis and isolation of the enzyme products. A linear gradient
0f 40-100% (v/v) solvent B in 15 min to 20 min was used for analysis of the enzyme products.
The column was then washed with 100% solvent B for 5 min and equilibrated with 40%

solvent B for another 5 min. Detection was carried out by photo diode array detector.



The products of FgaPT2 with MAPP were isolated by repeated chromatography on a
Multospher 120 RP18 column (250 x 10 mm, 5 pm) with different gradients, e.g. 60-100% in
20 min, at 2.5 ml min” and the products with 2-pentenyl-PP on a Multospher 120 RP18
column (250 x 4 mm, 5 um) by using a gradient of 50-80% in 15 min at a flow rate of 1 ml
min™. For isolation of 5-DMATS products, a gradient of 40-100% in 15min with a flow rate
of Iml min" was used. After each run, the columns were then washed with 100% solvent B
for 5 min followed by Smin of equilibration with the corresponding condition at the beginning

of each run.
NMR and MS analyses

'H and *'P NMR spectra were recorded on a JEOL ECA-500 or a Bruker Avance 500 MHz
spectrometer. °C and two-dimensional spectra HSQC and HMBC were recorded on a Bruker
Avance 500 MHz spectrometer. Chemical shifts were referenced to the signal of DMSO-d; at
2.50 ppm or CD;OD at 3.30 ppm. Spectra were processed with MestRENova 5.2.2. The
isolated compounds were also analyzed by electron impact mass spectrometry (EI-MS) or
electrospray ionization mass spectrometry (ESI-MS) on an Auto SPEC (Micromass Co. UK
Ltd.).

Reference List

(1) Woodside, A. B.; Huang, Z.; Poulter, C. D. Org. Synth. 1988, 66, 211.
(2) Steffan, N.; Unsold, I. A.; Li, S.-M. Chembiochem 2007, 8 , 1298.
(3) VYu, X.; Liu, Y.; Xie, X.; Zheng, X.-D.; Li, S.-M. J. Biol. Chem. 2012, 287 ,1371.

(4) Kremer, A.; Westrich, L.; Li, S.-M. Microbiology 2007, 153, 3409.

43



FgaPT2

129 K, =0.056 mM

<114 K, =0.011s"

'E 10+ Hanes-Woolf =

_:E 2: 0.05 g
A\ 7= 0.04+ //

g 6= > nnal /

: J % v.uo

* 5 o0 /

o 47 ;

£ 3+ 0.014 /-

=2 ° c"o 0 01 02 03 04 05

> 3 8 . . [s] 3 & 8

0.0 0.1 0.2 0.3 0.4 0.5
conc. [mM]
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Figure S7. HMBC connectivities of 5-(2-trans-butenyl)-L-tryptophan (4b).



Table S1. HR-EI-MS and HR-ESI-MS data.

comp. chem. mode calculated measured deviation (ppm)
formula
3a C¢HxN,O, EI 272.1525 [M]" 272.1518 [M]" 2.6
3b Ci¢HN,0,  EI 272.1525 [M]" 272.1509 [M]" 5.7
4a C;sHgN,O,  ESI 259.1447 [M+H]" 259.1471 [M+H]" -9.6
4b CisHigN,O,  ESI  259.1447 [M+H]" 259.1434[M+H]" 4.8
4b+4c  C;sHN,O, EI 258.1368 [M]" 258.1388 [M]" 7.4

Table S2. '"H NMR Data of alkyl diphosphates.

2-pen-PP MAPP 3-methylbutanyl-PP  4-methyl-3-pentenyl-PP
5 3 1 3 1 5 5 3 1
NS Nopp LT opp )\/1\ WOPP
4 2 2 , opp 2
2 6

pos. Oy, multi J Oy, multi J Oy, multi J Oy, multi J
1 4.48,d, 6.6 4.43,t,6.7 3.94,q,6.8 397,q,7.0

4.47,d,7.5
2 6.00, dt, 15.5, 6.3 5.75,dt, 15.3, 6.4 1.50,q, 6.9 243,q,7.0
3 5.74,dt, 15.5,6.3 5.93,dq, 15.3, 6.6 1.67, m 5.30, m
4 215, m 1.77,dd, 6.6 0.9 0.87,d, 6.7 -
5 1.06,t,7.5 - 0.87,d,6.7 1.73, §"
6 - - - 1.79, s*

*: assignments of signals are interchangeable.

Table S2.*'P NMR Data of alkyl diphosphates.

2-pen-PP MAPP 3-methylbutanyl-PP 4-methyl-3-pentenyl-PP
-0 -0 -g -0 . -0 -0 -0 -0
o‘-..” O‘xlFl, O"-.g O‘wg _ | O'N.ltl, U\g ~ O\..::I, O“\::I, _
W\D/Exo/ ~0 N\O/u‘\o/ﬁ ~0 /\/\D/'[‘:\O/b‘\o Y\/\O,H\O/B ~o
Sp multi J Sp multi J op multi J Sp multi J
Py -10.05, d, 20.9 -9.98, d, 20.9 -9.87,d,20.9 -9.91, d, 20.9
Pp -9.37,d, 20.9 -8.49, d, 20.9 -9.29,d, 20.9 -8.45,d, 20.9
7
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The behavior of five cyclic dipeptide prenyltransferases, responsible for C2-regular, C2-reverse, or C3-reverse prenylation, was investigated in the
presence of the unnatural alkyl donors monomethylallyl and 2-pentenyl diphosphate. Both substrates were well accepted by the tested enzymes.
Interestingly, C2-reverse and C3-reverse monoalkylated derivatives were identified as enzyme products in all of the enzyme assays. These
findings indicate their similar reaction characteristics in the presence of unnatural alkyl donors.

Enzymes of the dimethylallyl tryptophan synthase
(DMATS) superfamily represent a versatile class of aro-
matic prenyltransferases. They are involved in the bio-
synthesis of biologically active natural products in fungi
and can be used as biocatalysts for chemoenzymatic
synthesis.! A large number of these prenyltransferases
usually catalyze transfer reactions of a dimethylallyl
moiety from dimethylallyl diphosphate (DM APP) onto
tryptophan or tryptophan-containing dipeptides regio-
specifically at one of the seven positions of the indole
moiety.'®¢ Furthermore, as in the case of FtmPT]1, pre-
nylation can occur in a regular or reverse manner, as for

' Institut fiir Pharmazeutische Biologie und Biotechnologie.

¥ Fachbereich Chemie.
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other enzymes illustrated in Scheme 1.> Most of these
enzymes show significant flexibility for their aromatic
substrates but a strict substrate specificity toward their
prenyl donors. They usually accept solely DMAPP but not
geranyl diphosphate (GPP).'*%? Only one known enzyme
from the DMATS superfamily, i.e., VrtC, utilizes GPP but
not DMAPP as prenyl donor.’ We have recently demon-
strated that two L-tryptophan prenyltransferases, FgaPT2
and 5-DMATS, are able to use the unnatural alkyl donors
monomethylallyl diphosphate (MAPP, 1, Figure 1) and
2-pentenyl diphosphate (2-pen-PP, 2, Figure 1), which
contain a double bond in the S-position to pyrophosphate
(PPi).* Partial or total shift of the alkylation positions was
observed in that study. The acceptance of 1 and 2 by
FgaPT2 and 5-DMATS as well as alkylation at different
positions significantly expands the potential uses of these
enzymes as biocatalysts for chemoenzymatic synthesis.
The results obtained in that study encouraged us to learn
more about the acceptance of these compounds by other

(3) Chooi, Y. H.; Wang, P.; Fang, J.; Li, Y.; Wu, K.; Wang, P.; Tang,
Y. J. Am. Chem. Soc. 2012, 134, 9428-9437.
(4) Liebhold, M.; Xie, X.; Li, S.-M. Org. Lett. 2012, 14, 4882-4885.
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members of the DMATS superfamily, e.g., by cyclic
dipeptide prenyltransferases.

Figure 1. Unnatural DMAPP analogues used as alkyl donors.

For this purpose, we first chose the three C3-prenyl-
transferases, AnaPT, CdpNPT, and CdpC3PT (Scheme 1),
and tested the acceptance of 1 and 2 in the presence of
their natural or best accepted aromatic substrates, i.e.,
(R)-benzodiazepindione (I), (S)-benzodiazepindione (II),
and cyclo-L-Trp-L-Leu (III), respectively.?®~¢ HPLC chro-
matography on both silical gel and reverse-phase C-18
(RP18) columns of the incubation mixtures with 20 ug
(AnaPT) or 50 ug of protein (CdpNPT and CdpC3PT) for
16 h showed that both alkyl donors were well accepted by
the three tested enzymes. Up to six product peaks, with two
to three dominant ones, were detected in the HPLC
chromatograms. Total product yields from 32.3% to
98.8% and from 35.5% to 96.5% were calculated for 1
and 2, respectively. For structure elucidation, we carried
out large-scale enzyme incubations and isolated the enzyme
products by repeated chromatography, if necessary, on
HPLC with RP18 and silical gel columns. The structures of
the purified products were elucidated by NMR and MS
analyses. For better understanding and comparison, we
named the enzyme products by using the number of
aromatic substrate (I, I, or III) and alkyl donor (1 or 2)
as well as the alkylation positions (a and b for C2- and ¢
and d for C3-alkylated products). The letters aand b as well
as ¢ and d denote also the different configurations at C3’ of
the alkyl moieties.

In the presence of the natural prenyl donor DMAPP,
AnaPT catalyzes o-prenylation at C3 of I and other
tryptophan-containing cyclic dipeptides.”®> In contrast,
CdpNPT and CdpC3PT catalyze f-prenylations at the
same position of these compounds.”¢

From incubation mixtures of AnaPT with I and 1, three
products, I-1a, I-1¢, and I-1d, were isolated and determined
as C2-reversely and C3-reversely alkylated derivatives. Both
I-1c and I-1d have an a-alkylation at C3, i.e., syn-cis
configuration of the fused indoline—diketopiperazine sys-
tem, asin the case of the product with DM APP. They differ
from each other by their configurations at C3’ of the alkyl
moiety, which were determined by HSQC, HMBC, and
NOESY experiments. Due to the free rotation of multiple
C—C bonds, the configuration at C3’ in I-1a cannot be
determined in this study. Interestingly, the C2-alkylated
I-1a was the dominant enzyme product (65.2%) of the
C3-prenyltransferase AnaPT, at nearly 2-fold the com-
bined yield of I-1¢ (14.4%) and I-1d (19.4%). Obviously,

(5) Yin, W.-B.; Xie, X.-L.; Matuschek, M.; Li, S.-M. Org. Biomol.
Chem. 2010, 8, 1133-1141.
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the regioselectivity of AnaPT was disrupted by the unnatural
alkyl donor 1. A similar phenomenon was also observed in
the presence of the larger alkyl donor 2. Two products were
identified in the enzyme assay of I with 2. This is con-
sistent with the observed higher flexibility of FgaPT2
and 5-DMATS toward 1 than 2 regarding the attack
possibility.* In comparison to the assay with 1, the
C3-alkylated derivative I-2d is the main product in the
assay with 2, and the yield of C2-alkylated I-2a was
approximately 42% of that of I-2d.

Scheme 1. Enzyme Reactions with the Natural Alkyl Donor
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From enzyme assays of CdpNPT with II in the presence
of 1 and 2, two product peaks each were obtained after
isolation on HPLC. Structure elucidation of the isolated
peaks revealed that they contained two C2- and two
C3-alkylated derivatives, respectively. Unfortunately, the
two C2-alkylated derivatives II-1a and II-1b, or I1-2a and
I1-2b, cannot be separated from each other, and their
structures were elucidated as a mixture. The ratios of the
product pairs given in Scheme 2 were calculated from
integrals in their '"H NMR spectra.

By comparing their "H NMR spectra, II-1a was unequiv-
ocally elucidated as the enantiomer of I-1a, and II-1b was
proven to be a diastereomer of II-1a. The "H NMR spectra
of II-1c and I1-1d overlapped almost completely with those
of I-1¢ and I-1d, respectively, proving that II-1c and II-1d
are enantiomers of I-1c and I-1d, respectively, and
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Scheme 2. C2- and C3-Alkylated Derivatives from Enzyme Assays of AnaPT, CdpNPT, CdpC3PT, FtmPT1, and BrePT with 1 and 2
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“Configuration at C3’ not determinable.

b Assignment of stereoisomer a or b to the structures not possible.

therefore carry an alkyl moiety at the S-position. The
structures of II-2a—II-2d were elucidated by comparison
of the NMR spectra with those of I-2a and 1-2d, respec-
tively. In the assay of CdpNPT with IT and 1, the product
yield of C2-alkylated derivatives is about 20% of that of
C3-alkylated ones (Scheme 2). Using 2 instead of 1 as alkyl
donor led to higher conversion yields, especially for
C2-alkalyted derivatives, which reached 30% of that of
C3-alkylated derivatives.

The third C3-prenyltransferase, CdpC3PT, like CdpNPT,
also catalyzed p-prenylation of tryptophan-containing
cyclic dipeptides in the presence of its natural alkyl donor,
DMAPP (Scheme 1).! Using 1 and 2 as alkyl donors,
CdpC3PT was assayed in the presence of its best reported

3064

aromatic substrate, cyclo-L-Trp-L-Leu (IIT). One C2-reversely
alkylated derivative each, III-1a or IIl-2a, and two
C3-reversely f-alkylated derivatives, III-1¢/III-1d or
II-2¢/I11-2d, were identified in the reaction mixtures of 1
and 2, respectively. In both assays, the product yield for the
C2-alkylated derivative is nearly identical to that of the
C3-alkylated derivatives together.

Taken together, AnaPT, CdpNPT, and CdpC3PT usually
catalyze, in the presence of DMAPP, regioselective reverse
prenylations at C3 of tryptophan-containing cyclic dipep-
tides.”>"4 However, in the presence of the unnatural alkyl
donors 1 and 2, they catalyze both C2- and C3-reverse
alkylations. The ratio of C2- to C3-alkylated derivatives
was strongly dependent on the enzyme and substrates used

Org. Lett, Vol. 15, No. 12, 2013
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and varied from 1:5 in the reaction mixture of CdpNPT
with IT and 1 to 2:1 in that of AnaPT with I and 1.

Identification of C2- and C3-alkylated products by three
C3-prenyltransferases with 1 and 2 raised a challenge to
investigate the behavior of C2-prenyltransferases. For this
purpose, we used FtmPT1 and BrePT, which catalyze
transfer reactions of a regular and a reverse prenyl moiety
onto C2 of cyclo-L-Trp-L-Pro (IV; Scheme 1), respectively.
HPLC analysis revealed the presence of the same product
peaks in the reaction mixtures of FtmPT1 and BrePT with
1, although the peak intensities differed. This phenomenon
was also observed for the two enzyme assays with 2.
Product yields of 96.4% and 97.7% were calculated from
enzyme assays with 20 ug of FtmPT1 for 16 h with 1 and 2.
From BrePT assays (50 ug, 16 h), the values were deter-
mined to be 69.7% for 1 and 32.2% for 2.

Interpretation and comparison of "H NMR spectra with
those of C2- and C3-prenylated derivatives®**® proved
indeed the presence of the same products in the corre-
sponding enzyme assays of FtmPT1 and BrePT, i.e., two
reversely C2- and two reversely C3-alkylated derivatives in
each assay. This means that both C2-prenyltransferases
catalyzed also C3-alkylation in the presence of the unnat-
ural alkyl donors 1 and 2. Interestingly, only reversely
C2-alkylated derivatives were identified, even in the assays
of the regular C2-prenyltransferase FtmPT1. It seems that
the unnatural alkyl donors are less bulky and therefore
more flexible than DMAPP. Thus, they can be easily
reached by C2 and C3 of the indole ring. The reverse
alkylations are likely the favored reactions. The total yield
of C3-alkylated derivatives IV-1c and IV-1d in the assay
of FtmPT1 with 1 reached nearly 30% of that of the
C2-alkylated TV-1a and IV-1b. In the assay of FtmPT]I
with 2, the product yield of IV-2¢ and IV-2d was even 86%
of that of IV-2a and IV-2b. The ratios of C3-alkylated to
C2-alkylated derivatives were found to be 1:4 for BrePT
with 1, and 1:10 for BrePT with 2.

Parallel alkylation at both the C2 and C3 positions of the
indole ring by five prenyltransferases in the presence of
unnatural alkyl donors breaks the regioselectivity of these
enzymes. It seems that 1 and 2 were placed in the active sites
of the tested enzymes in such positions, which allowed
alkylations at both positions C2 and C3. Even in the
presence of DMAPP, both C2 and C3 of IV are within a
possible distance for prenylation. However, a regularly
C2-prenylated intermediate would be more stable.® Breaking
FtmPT]1 regioselectivity was also observed for DMAPP
with poorly accepted cyclic dipeptides.’

To learn more about the behavior of the five prenyl-
transferases in the presence of 1 and 2, kinetic parameters
were determined and calculated from Hanes—Woolf and
Eadie—Hofstee transformations (Table 1). The observed
reactions apparently followed Michaelis—Menten kinetics.

(6) Jost, M.; Zocher, G.; Tarcz, S.; Matuschek, M.; Xie, X.; Li, S.-M.;
Stehle, T. J. Am. Chem. Soc. 2010, 132, 17849—17858.

(7) Wollinsky, B.; Ludwig, L.; Xie, X.; Li, S.-M. Org. Biomol. Chem.
2012, 10, 9262-9270.
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In comparison to DMAPP, both 1 and 2 were comparably
or even better accepted by the tested enzymes. However, the
turnover numbers for 1 and 2 were much lower than those of
DMAPP. For a given enzyme, no significant difference was
observed between turnover numbers of 1 and 2.

Table 1. Kinetic Parameters of the Tested Enzymes toward
Their Alkyl Donors®

DMAPP MAPP (1) 2-pen-PP (2)

KM kcat KM kcat KM kcat
AnaPT 156 1.5 52 0.020 80 0.011
CdpNPT — — 446  0.004 339 0.009
CdpC3PT 1400 0.098 1432  0.002 997 0.004
FtmPT1 74 5.57 49  0.007 63 0.015
BrePT 98 0.276 68  0.001 72 0.002

“Ky and ke values are in M and s,

DMAPP are from refs 2a,2b,2d,2e.

respectively. Data of

In conclusion, cyclic dipeptide prenyltransferases of
the DMATS superfamily also accept unnatural DMAPP
analogues and catalyze Friedel—Crafts alkylation. In com-
parison to the partial or total shift of alkylation position
observed for the tryptophan prenyltransferases FgaPT2
and 5-DMATS with 1 and 2 in a previous study,* the
regioselectivity was lost completely in the reactions of
the cyclic dipeptide prenyltransferases. Regardless of the
prenyltransferase, both C2- and C3-alkylated products
were detected. The ratios of the two C2- to the two C3-stereo-
isomers and those of the C2- to C3-alkylated products
strongly depend on the enzyme and alkyl donor used.
Moreover, all main products exhibit substitution patterns
of a reverse alkylation. Finally, the alkyl moieties at C3
have the same orientation as in the products with DM APP.

The results presented in this study provide evidence for
the fact that the members of the DMATS superfamily
share not only structural similarity>° but also the ability to
catalyze the same reactions, at least for the cyclic dipeptide
prenyltransferases tested in this study. This feature can be
considered as an important prerequisite for convenient
creation of desired enzyme derivatives by site-directed
mutagenesis.
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Experimental Procedures
Chemicals

Syntheses of dimethylallyl diphosphate (DMAPP), monomethylallyl diphosphate (MAPP; 1)
[trans:cis= 5:1] and 2-trans-pentenyl diphosphate (2-pen-PP; 2) were carried out as described
previously.'” (R)- and (S)-benzodiazepindione (cyclo-L-Trp-D-anthranilic acid (I) and cyclo-
L-Trp-L-anthranilic acid (IT)) were synthesized according to the method described by Barrow
and Sun.’ Cyclo-L-Trp-L-Leu (III) was purchased from Bachem (Bubendorf, Switzerland).
Cyclo-L-Trp-L-Pro (IV) was synthesized according to the method described by Caballero et

al.*
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Overproduction and purification of recombinant Proteins

The recombinant proteins FtmPT1, AnaPT, CdpNPT and CdpC3PT were prepared by
cultivation of Escherichia coli M15 [pREP4] (Quiagen) cells harbouring the expression
plasmid pAG12°, pWY22°, pHL5" and pWY25® respectively. The recombinant protein BrePT
was prepared by cultivation of Escherichia coli SoluBL21™ (AMS Biotechnology) cells

harbouring the expression plasmid pSY1.’

The cells were cultivated in 2.5 L Erlenmeyer flasks containing 1 L liquid teriffic broth (TB)
medium and supplemented with kanamycin (50 pg ml™'; BrePT) or with carbenicillin (50 pg
ml™'; other enzymes). The cultures were grown for 2-3 h at 37 °C and 220 rpm till an ODggo of
0.6 to 0.7 was reached. After addition of IPTG at final concentrations of 0.1 (FtmPTl,
BrePT), 0.5 (AnaPT, CdpC3PT) or 1.0 mM (CdpNPT) IPTG, the cells were further incubated
at 30 °C (FtmPT1, BrePT) or 37 °C (other enzymes) for 5 h (BrePT), 6 h (AnaPT, CdpC3PT)
or 16 h (FtmPT1, CdpNPT). Protein preparation and purification were carried out as described

. 5,6,8-10
previously.

Assays for determination of enzyme activities

The reaction mixtures (100 pl) for determination of the enzyme activities contained 1 mM
aromatic subtrate, 10 mM CaCl,, 2 mM 1 or 2, 1.0-1.5% (v/v) glycerol, 2.5% (v/v) dimethyl
sulfoxide (DMSO), 50 mM Tris pH 7.5 and 20 pg (AnaPT and FtmPT1) or 50 ug (CdpC3PT,
CdpNPT and BrePT) of purified recombinant protein. The reaction mixtures were incubated
at 37 °C for 16 h. For HPLC analysis on RP18 column, the reactions were then terminated
with 100 ul MeOH. Protein was removed by centrifugation at 17.000 x g for 15 min. For
HPLC analysis on silica gel column the reactions were terminated and extracted twice with

two volumes of ethyl acetate, dried in a vacuum centrifuge and dissolved in 200 ul CHCls.
Enzyme assays for isolation and structure elucidation

Assays for isolation of the enzyme products were carried out in large scales (10 ml-40 ml)
containing aromatic substrate (1 mM), alkyl diphosphates (2 mM), CaCl, (10 mM), glycerol
(1.0%-1.5% v/v), DMSO (2.5% v/v), Tris HCI (50 mM pH 7.5) and with a minimum of 0.1
mg and up to 0.5 mg protein per ml assay. After incubation for 16 h at 37 °C, the reaction
mixtures were terminated and extracted with two volumes of ethyl acetate. The assays were
then further extracted two more times with another two volumes and one volume of ethyl

acetate. The combined ethyl acetate phases were concentrated using a rotary evaporator. 'H
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NMR spectra were taken for the residues to determine product yields. After evaporation of the
NMR solvent, the samples were dissolved in a mixture of DMSO/MeOH and subjected to
preparative HPLC equipped with RP 18 columns.

Enzyme assays for determination of kinetic parameters

Assays for determination of kinetic parameters contained 1 mM of aromatic substrate, 10 mM
CaCl,, 1.0-1.5% (v/v)glycerol, 2.5% (v/v) DMSO, 50 mM Tris HCl pH 7.5 and alkyl
diphosphates in final concentrations of at least 0.002 mM and up to 20 mM. Protein amount
and incubation time varied between 6 ug to 30 ug and 30 min to 180 min at an incubation
temperature of 37 °C. The reactions were then terminated with 100 pl MeOH. Protein was

removed by centrifugation at 17.000 x g for 15 min.
HPLC analysis and isolation of enzyme products for structure elucidation

The enzyme products were routinely analyzed by HPLC on an Agilent series 1200 by using a
MultoSpher 120 RP-18 column (250 x 4 mm, 5p C+S Chromatographie Service, Langerwehe,
Germany) or MultoHigh100 Si column (250 x 4 mm, 5u C+S Chromatographie Service,
Langerwehe, Germany) at a flow rate of 1 ml min™. For reverse phase chromatography, water
(solvent A) and methanol (solvent B) were used as solvents for analysis and isolation of the
enzyme products. A linear gradient of 40-100% (v/v) solvent B in A in 15 min was used for
analysis of the enzyme products of FtmPT1, BrePT and CdpC3PT. The column was then
washed with 100% solvent B in A for 5 min and equilibrated with 40% solvent B in A for
another 5 min. For AnaPT and CdpNPT, a linear gradient of 55-100% (v/v) solvent B in A in
15min was used. The column was then washed with 100% solvent B in A for 5 min and
equilibrated with 55% solvent B in A for another 5 min. Detection was carried out on a photo

diode array detector.

For normal phase chromatography, chloroform (solvent C) and methanol (solvent B) were
used as solvents for analysis and isolation of the enzyme products. A linear gradient of 0-6%
(v/v) solvent B in C in 30 min was used for analysis of the enzyme products of AnaPT,
CdpNPT, FtmPT1 and BrePT. For CdpC3PT a linear gradient of 0-8% (v/v) solvent B in C
was used. The column was then washed with 50% solvent B in C for 5 min and equilibrated
with 0% solvent B in C for another 5 min. Detection was carried out by photo diode array

detector
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The products of BrePT and AnaPT with 1 as well as AnaPT and C3PT with 2 were isolated
by repeated chromatography on a MultoSpher 120 RP18 column (250 x 10 mm, 5 pm).
Gradients of 50-90% (v/v) in 20 min, 75-85% (v/v) in 20 min and 60-100% (v/v) solvent B in
A in 20 min at 2.5 ml min”" were used for BrePT, AnaPT with 1 as well as AnaPT and C3PT
with 2 respectively. For the isolation of the other enzyme products, different gradients in
consecutive steps were used. The products of FtmPT1 with 1 and 2 were isolated using a
gradient of 50-90% (v/v) solvent B in A in 20 min followed by further isolation with a
gradient of 60-100% (v/v) solvent B in A in 30 min on RP18 column. The isolation of
products of CdpNPT with 1 was carried out with gradients of 60-100% (v/v) in 20 min and
75-90% (v/v) in 30 min, those with 2 with gradients of 60-100% (v/v) in 15 min and 75-85%
(v/v) in 30 min. The products of BrePT with 2 were isolated first with a gradient of 50-90%
(v/v) in 20 min and then with 60-90% (v/v) solvent B in A in 20 min. CdpC3PT products with
1 were isolated by using a gradient of 50-90% (v/v) in 20 min and 75-100% (v/v) solvent B in
A in 30 min. After each run, the columns were washed with 100% solvent B in A for 5 min
followed by 5Smin of equilibration with the corresponding condition at the beginning of each

run.

If necessary, further separation by normal phase chromatography was carried out with
MultoHigh100 Si column (250 x 4 mm, Sum C+S Chromatographie Service, Langerwehe,
Germany) at a flow rate of 1 ml min™. Gradients of 0-4% up to 0-10% (v/v) solvent B in C
were used. After each run, the columns were washed with 50% solvent B in C for 5 min
followed by 5Smin of equilibration with the corresponding condition at the beginning of each

run.
NMR and MS analyses

'H NMR spectra were recorded on a JEOL ECA-500 or a Bruker Avance 500 MHz
spectrometer. Two-dimensional spectra HSQC and HMBC were recorded on a Bruker
Avance 500 MHz spectrometer. Chemical shifts were referred to the signal of CHCIs-d at
7.26 ppm for '"H NMR spectra as well as 77.0 ppm for °C NMR spectra. Spectra were
processed with MestRENova 5.2.2. The isolated compounds were also analyzed by electron
impact mass spectrometry (EI-MS) or electrospray ionization mass spectrometry (ESI-MS) on

an Auto SPEC (Micromass Co. UK Ltd.).
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NMR assignments

Reverse alkyl moiety was proven by the chemical shifts and coupling patterns of the signals
of H-1" and H-2’, e. g. H-1"at 6y 5.16 (1H, dt, 10.3,1.3) and 5.13 (1H, dt, 17.3, 1.3) as well as
H-2" at oy 6.06 (1H, ddd, 17.3, 10.3, 5.7) of I-1a. The protons of H-1" displayed constants for
a trans and a cis coupled proton of H-2’, which was also reflected by the signals of H-2". This

proved the presence of a terminal olefinic group.

For determination of the configuration at position C-2 and C-3 of C3 alkylated derivatives, the

coupling constants of H-11 were taken in consideration. For the &X-configuration of products

with I and B-configuration with II, a double doublet with couplings of around 9 and 7.5 Hz

(or a triplet with approximate 8 Hz) were observed as for the products of DMAPP with I and

IL'"' For the B-configuration in products from tryptophan-containing diketopiperazines, a

double doublet with coupling constants of about 11 and 6 Hz were detected.'?

C2- and C3-alkylated compounds were easily distinguished by comparison of the chemical
shifts of the signal for H-3” of the alkyl moieties. With 1 as substrate, chemical shifts of 3.93
to 3.83 ppm and 2.56 to 2.47 ppm were observed for C2- and C3-alkylated products,
respectively. In the case of 2, chemical shifts were detected at 3.61 to 3.52 ppm for C2- and
2.18 to 2.03 ppm for C3-alkylated products. In a similar manner, the C3’ stereoisomers
themselves can be also distinguished. For this purpose, the relative chemical shifts of H-1°, H-
2’ and H-4" for products with 1 or H-1°, H-2” and H-5" for products with 2 had to be
compared. In the case of D-Trp as indole moiety in I, the signals of H-1" and H-2’ of 3’S-
isomer were relatively up-field shifted, in comparison to those of the 3 ’R-isomer, while the
signals for H-4> and H-5’were downfield shifted. This phenomenon was also observed for
products of 1 and 2 with II and other tryptophan-containing cyclic dipeptides labeled as 3°S
and 3'R.
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Figure S1. HPLC analysis on RP18 column 1) and silica gel column 2) of reaction mixtures of AnaPT, CdpNPT,
CdpC3PT, FtmPT1 and BrePT with 1 or 2 at 37 °C and 16 h.
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Figure S2. Dependence of the product formation of the AnaPT reaction on the presence of 1 (MAPP) and 2 (2-

pen-PP).
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Figure S3. Dependence of the product formation of the CdpNPT reaction on the presence of 1 (MAPP) and 2 (2-
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Figure S7. HMBC correlations of C2-(3’-butenyl-)-(R)-benzodiazepindione (I-1a).
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Figure S8. HMBC correlations of C3a~(3’S-butenyl-)-(R)-benzodiazepindione (I-1¢).
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Figure S9. HMBC correlations of C3a-(3’R-butenyl-)-(R)-benzodiazepindione (I-1d).

~—x HMBC connections

3'Sand 3R

Figure S10. HMBC correlations of cyclo-C2-(3’R-butenyl-)-L-Trp-L-Pro and cyclo-C2-(3’S-butenyl-)-L-Trp-L-
Pro (IV-1a+1b).
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~x strong X medium X weak

Figure S11. NOESY correlations of C3a-(3’S-butenyl-)-(R)-benzodiazepindione (I-1¢).

~—x strong = medium = weak

Figure S12. NOESY correlations of C3a-(3’R-butenyl-)-(R)-benzodiazepindione (I-1d).
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Figure S21. 'H NMR spectrum of C2-(3’-butenyl-)-(R)-benzodiazepindione (I-1a) in CDCl;.
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Figure S22. HSQC spectrum of C2-(3’-butenyl-)-(R)-benzodiazepindione (I-1a) in CDCls.
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Figure S23. HSQC spectrum of C2-(3’-butenyl-)-(R)-benzodiazepindione (I-1a) in CDCls.
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Figure S24. HMBC spectrum of C2-(3’-butenyl-)-(R)-benzodiazepindione (I-1a) in CDCl;.
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Figure S25. HMBC spectrum of C2-(3’-butenyl-)-(R)-benzodiazepindione (I-1a) in CDCl;.
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Figure S26. NOESY spectrum of C2-(3’-butenyl-)-(R)-benzodiazepindione (I-1a) in CDCl;.
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Figure S27. NOESY spectrum of C2-(3’-butenyl-)-(R)-benzodiazepindione (I-1a) in CDCl;.
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Figure S28. NOESY spectrum of C2-(3’-butenyl-)-(R)-benzodiazepindione (I-1a) in CDCl;.
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Figure S29. 'H NMR spectrum of C3a-(3’S-butenyl-)-(R)-benzodiazepindione (I-1¢) in CDCl;.
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Figure S30. HSQC spectrum of C3a-(3’S-butenyl-)-(R)-benzodiazepindione (I-1¢) in CDCl;.
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Figure S31. HSQC spectrum of C3a-(3’S-butenyl-)-(R)-benzodiazepindione (I-1¢) in CDCl;.
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Figure S32. HMBC spectrum of C3a-~(3’S-butenyl-)-(R)-benzodiazepindione (I-1¢) in CDCl;.
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Figure S33. HMBC spectrum of C3a~(3’S-butenyl-)-(R)-benzodiazepindione (I-1¢) in CDCl;.
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Figure S34. NOESY spectrum of C3a-(3’S-butenyl-)-(R)-benzodiazepindione (I-1¢) in CDCl;.
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Figure S42. NOESY spectrum of C3a-(3’R-butenyl-)-(R)-benzodiazepindione (I-1d) in CDCls.
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Figure $60. "H NMR spectrum of cyclo-C3p-(3’S-pentenyl-)-L-Trp-L-Leu (I1I-2d) in CDCl; after separation of

4.4

4.6

mixture shown in Figure S58.
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A big challenge in organic synthesis is to reach a high regioselectivity. Enzymes catalyze usually highly regiospecific reactions and can function
as ideal biocatalysts for such purposes. Some secondary metabolite enzymes can even use distinctly different unnatural substrates and expand
therefore their potential usage in chemoenzymatic synthesis. We report here the acceptance of benzyl diphosphate as an alkyl donor by the fungal
dimethylallyl transferase FgaPT2 and the regiospecific enzymatic benzylation of tryptophan and several analogues.

Prenylated indole alkaloids such as notoamides, roque-
fortines, fumitremorgins, and ergot alkaloids are a large
group of natural products with diverse chemical structures
and strong biological activities." These compounds are
usually derived from r-tryptophan or derivatives thereof
as backbones and prenyl moieties as modifications.'®¢
The attachment of prenyl moieties (7 x C5 units) usually
increases the lipophilicity of the resulted products and
strengthens their interaction with proteins and biomem-
branes. Prenyl moieties are often critical for the intriguing
biological and pharmacological activities of the prenylated
compounds.® Prenyl transfer reactions, i.e. prenylations,
are catalyzed in nature by prenyltransferases, which can
be divided into several subgroups.> One such subgroup
comprises the members of the dimethylallyl tryptophan

(1) (a) Li, S.; Finefield, J. M.; Sunderhaus, J. D.; McAfoos, T. J.;
Williams, R. M.; Sherman, D. H. J. Am. Chem. Soc. 2012, 134, 788. (b)
Garcia-Estrada, C.; Ulldn, R. V.; Albillos, S. M.; Fernandez-Bodega,
M. A.; Durek, P.; von, D. H.; Martin, J. F. Chem. Biol. 2011, 18, 1499. (c)
Lindel, T.; Marsch, N.; Adla, S. K. Top. Curr. Chem. 2012, 309, 67. (d)
Williams, R. M.; Stocking, E. M.; Sanz-Cervera, J. F. Top. Curr. Chem.
2000, 209, 97. (e) Li, S.-M. Nat. Prod. Rep. 2010, 27, 57.

(2) Botta, B.; Vitali, A.; Menendez, P.; Misiti, D.; Delle, M. G. Curr.
Med. Chem. 2005, 12, 717.

(3) (a) Heide, L. Curr. Opin. Chem. Biol. 2009, 13, 171. (b) Li, S.-M.
Appl. Microbiol. Biotechnol. 2009, 84, 631.

10.1021/014029012  © 2013 American Chemical Society
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synthase (DMATS) superfamily. They are involved in the
biosynthesis of secondary metabolites and mainly catalyze
the transfer reactions of dimethylallyl moieties from di-
methylallyl diphosphate (DMAPP) onto various positions
of the indole ring of diverse indole derivatives including
tryptophan, tryptophan-containing cyclic dipeptides, or
complex structures.* For example, FgaPT2 is involved in
the biosynthesis of ergot alkaloids, e.g. fumigaclavines in
Aspergillus fumigatus, and catalyzes the prenylation of L-
tryptophan at position C-4 in the presence of DMAPP
(Scheme 1, a).” The prenylations catalyzed by the members
of the DMATS superfamily are often Friedel—Crafts
alkylations. Enzymes, which catalyze C-prenylations for
all of the six positions (C-2 to C-7) of the indole ring, have
been characterized in recent years.*® One common feature
of these enzymes is their high flexibility toward their

(4) (a) Takahashi, S.; Takagi, H.; Toyoda, A.; Uramoto, M.; Nogawa,
T.; Ueki, M.; Sakaki, Y.; Osada, H. J. Bacteriol. 2010, 192, 2839. (b) Liu,
C.; Noike, M.; Minami, A.; Oikawa, H.; Dairi, T. Appl. Microbiol.
Biotechnol.201310.1007/s00253-013-4834-9. (¢) Ozaki, T.; Nishiyama, M.;
Kuzuyama, T. J. Biol. Chem. 2013, 288, 9946. (d) Yu, X.; Li, S.-M.
Methods Enzymol. 2012, 516, 259.

(5) (a) Schardl, C. L.; Panaccione, D. G.; Tudzynski, P. Alkaloids
Chem. Biol. 2006, 63, 45. (b) Unsold, 1. A.; Li, S.-M. Microbiology 2005,
151, 1499.



aromatic substrates. They accept not only structures simi-
lar to their natural substrates, usually L-tryptophan or
tryptophan-containing cyclic dipeptides, but also signifi-
cantly different structures such as flavonoids or hydro-
xynaphthalenes as prenyl acceptors.**® On the other hand,
they display a strict substrate specificity toward their
prenyl donor and usually only accept DMAPP as a sub-
strate. One enzyme of this superfamily accepts geranyl
diphosphate (GPP), but not DMAPP, as a substrate.’
Acceptance of both DMAPP and GPP has been reported
for AnaPT recently.® The low flexibility toward alkyl
donors strongly prohibited their potential usage for che-
moenzymatic synthesis and synthetic biology. In recent
years, research on S-adenosyl-L-methionine (SAM) depen-
dent methyl transferases has shown that an array of SAM
analogues, with alkenyl, alkinyl, or aryl residues instead of
a methyl group, were accepted as unnatural cofactors and
alkylation agents.” We were intrigued to prove the ability
of indole prenyltransferases for using unnatural alkyl
donors. Therefore, we modified the DMAPP structure
and tested the acceptance of several DMAPP analogues
by enzymes of the DMATS superfamily.'

Our results with monomethylallyl diphosphate (MAPP,
Scheme 1, b) and 2-pentenyl diphosphate (2-pen-PP,
Scheme 1, ¢) showed that these unnatural alkyl donors
were well accepted by a number of prenyltransferases of
the DMATS superfamily, resulting in the formation of
different alkylated derivatives (Scheme 1).'° These works
indicated that the limited flexibility of such enzymes
toward their alkyl donors can be overridden in parts and
therefore encouraged us to test alkyl donors with a sig-
nificantly different structure to that of DMAPP. For this
purpose, we successfully synthesized benzyl diphosphate
from benzyl chloride according to a method described for
GPP," with a total conversion of 58% and a purity of over
90%, and used it as an alkyl donor for enzyme assays of
nine indole prenyltransferases with their respective natural
or reported best accepted aromatic substrates. The
substrates used included L-tryptophan (1a) for the three
L-tryptophan prenyltransferases FgaPT2, 5-DMATS,
and 7-DMATS and cyclic dipeptides for six cyclic dipep-
tide prenyltransferases.*® The tested dipetides were
(R)-benzodiazepindione for AnaPT, (S)-benzodiazepin-
dione for CdpNPT, cyclo-L-Trp-L-Pro for FtmPT1 and
BrePT, cyclo-L-Trp-L-Leu for CdpC3PT, and cyclo-L-Trp-
L-Trp for CTrpPT.*

(6) (a) Yu, X.; Xie, X.; Li, S.-M. Appl. Microbiol. Biotechnol. 2011,
92,737. (b) Yu, X.; Li, S.-M. ChemBioChem 2011, 12, 2280.

(7) Chooi, Y. H.; Wang, P.; Fang,J.; Li, Y.; Wu, K.; Wang, P.; Tang,
Y. J. Am. Chem. Soc. 2012, 134, 9428.

(8) Pockrandt, D.; Li, S.-M. ChemBioChem 2013, 14, 2023.

(9) (a) Wang, R.; Zheng, W.; Yu, H.; Deng, H.; Luo, M. J. Am. Chem.
Soc. 2011, 133, 7648. (b) Islam, K.; Zheng, W.; Yu, H.; Deng, H.; Luo,
M. ACS Chem. Biol. 2011, 6, 679. (c) Wang, R.; Ibanez, G.; Islam, K.;
Zheng, W.; Blum, G.; Sengelaub, C.; Luo, M. Mol. BioSyst. 2011, 7,
2970. (d) Stecher, H.; Tengg, M.; Ueberbacher, B. J.; Remler, P.;
Schwab, H.; Griengl, H.; Gruber-Khadjawi, M. Angew. Chem., Int.
Ed. 2009, 48, 9546.
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Scheme 1. Alkylations of L-Tryptophan Catalyzed by FgaPT2
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HPLC analysis revealed that benzyl diphosphate was
much better accepted by FgaPT2, with a conversion of
58.1% after incubation with 10 ug of enzyme in a 100 uL
assay at 37 °C for 16 h, than other enzymes. Product for-
mation was detected for 5-DMATS, 7-DMATS, AnaPT,
and CdpNPT with conversion yields between 1% and 3%
(data not shown). No product formation was observed for
other enzymes under the tested conditions (data not
shown). Based on the initial success with 1a, we tested
the acceptance of 25 additional tryptophan derivatives
(2a—26a) with modifications on the side chain or at the
indole ring by FgaPT2 in the presence of benzyl dipho-
sphate (Table S1). HPLC analysis showed that at least
16 of these compounds were accepted by FgaPT2 with
conversion yields from 0.8% for 5-methyl-pL-tryptophan
(17a) to 54.4% for rL-abrine (2a). D-tryptophan (13a) was
much poorer accepted than its L-form 1a, with a relative
conversion yield of 2.6%. Racemic tryptophan was con-
sumed to a similar conversion yield as pure L- and
D-tryptophan together, indicating that p-tryptophan was
consumed to a similar degree as in the enzyme assay with
pure p-isomer. In the incubation mixtures with other
racemic substrates, the conversion yield of each of the
enantiomers could not be determined in this study. There-
fore, the sum of their conversion yields were estimated
from the total amount of substrates. Conversion yields of
> 10% were observed for 1a and eight derivatives (2a—9a),
which were thereby chosen for isolation and structure
elucidation (Figure S1 and Tables 1 and S1). Total con-
versions of 35.5% for a-methyl-pL-tryptophan (7a) to
82.5% for 1a have been even achieved in the enzyme assays
for product isolation with 40 ug of protein per 100 uL
assay.

HPLC chromatograms of 1a—9a clearly showed one
product peak each (Figure S1). 2a, 4-methyl-pDL-trypto-
phan (3a), and -3-homotryptophan (4a) were consumed
to a comparable degree as la. Interestingly, among the
five tested CS5-substituted tryptophan derivatives, only
5-hydroxy-L-tryptophan (9a) was well accepted by FgaPT2
in the presence of benzyl diphosphate. In contrast,
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derivatives with substitutions at other positions of the
indole ring, as in the cases of 4- (3a), 6- (8a), and 7-methyl-
DL-tryptophan (6a) or 6-fluoro-pL-tryptophan (5a), were
very well consumed. These observations could indicate
C-5 of the indole ring as the favorable benzylation posi-
tion by FgaPT2 in the presence of benzyl diphosphate.
This hypothesis would also explain the high conversion of
3a to 3b. Interestingly, 5a was much better accepted than
8a, which could not be explained by different electron
densities on the benzene ring. It could be speculated that
the smaller fluorine atom would better fit in the reaction
chamber than a methyl group or there are interactions
between fluorine and amino acid residues in the reaction
chamber.

For confirmation of the benzylation and benzylation
position, the enzymatic products of the nine substrates
(1a—9a) were isolated on HPLC and subjected to high
resolution MS and NMR analyses. HR-EI-MS revealed
that these compounds are 90 Da larger than their respec-
tive substrates and confirmed the presence of a benzyl
residue in the structures of the enzymatic products. De-
tailed analysis of NMR spectra of the obtained enzymatic
products (see Supporting Information for structure
elucidation) confirmed the C5-benzylation in 1b—8b from
la—8a (Table 1). From the incubation mixture of 6a, an
additional product 6¢ with a C6-benzyl moiety was also
identified. It seems that the methyl group at C7 of the
indole ring reduced the regioselectivity of the FgaPT2
reaction. For 5-hydroxy-pr-tryptophan (9a), only the
Co6-benzylated derivative 9¢ was isolated, indicating a
complete shift in regioselectivity (Table 1). This proved
that FgaPT2 catalyzed in most cases the transfer reaction
of a benzyl moiety from benzyl diphosphate to C-5 of
tryptophan and derivatives. If this position is blocked, the
benzylation then took place at C-6. With its natural
substrate DMAPP as the prenyl donor, shifting of the
alkylation position was also observed, when the original
prenylation position C-4 was blocked, asin the case of 3a.'>

As aforementioned, the prenyltransferase FgaPT2 cat-
alyzes in nature the prenylation of L-tryptophan at position
C-4.°° It has been demonstrated that, in the presence of its
natural prenyl donor DMAPP, the overproduced and
purified FgaPT?2 accepted a large number of simple indole
derivatives and tryptophan-containing cyclic dipeptides
and catalyzed the regiospecific prenylation at C-4 of the
indole rings."* In the presence of two unnatural DMAPP
analogues MAPP and 2-pen-PP, FgaPT2 also catalyzed
the alkylation of L-tryptophan. In the case of the larger
alkyl donor 2-pen-PP, the alkylation position was shifted
from C-4 to C-5 (Scheme 1). For the smaller MAPP, both
C4- and C5-alkylations were observed (Scheme 1). In this
study, we reported the acceptance of benzyl diphosphate
by FgaPT2 and the highly regiospecific alkylation of
tryptophan derivatives. As observed for 2-pen-PP,'* the
alkylation position was shifted from C-4 to C-5. It seems

(12) Rudolf, J. D.; Wang, H.; Poulter, C. D. J. Am. Chem. Soc. 2013,
135, 1895.

(13) (a) Steffan, N.; Unsold, 1. A.; Li, S.-M. ChemBioChem 2007, 8,
1298. (b) Steffan, N.; Li, S.-M. Arch. Microbiol. 2009, 191, 461.
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Table 1. Selected Substrates and Their Benzylated Products”

COOH
> R R

H
C5-benzylated

R
5
R (CH2)n FoapT2 derivatives 1b - 8b
a .
R3 )\ N—R® 9 (predominant products)
H S E—— _+_
” ©\/OPP COOH
R2

R4

substrates 1a - 9a

N
H C6-benzylated
derivatives 6¢ and 9c¢

C5- Cé-
benzy- benzy-
yield R' R?® R® R* R® R® n lated lated

la(w 1000 H H H H H H 0 1b -
2a(y 936 H H H H H CH30 2b -
3a(p1) 80 CHs H H H H H 0 3b -
4a(vy 859 H H H H H H 1 4b -
5a(pL) 616 H H F H H H 0 5b -
6a(p) 3.3 H H H CHs H H 0 6b 6c
7a (o) 33.9 H H H H CH; H 0 7b -
8a(mn) 213 H H CHs;H H H 0 8b -
9a(1y 312 H OHH H H H 0 - 9c

“Relative yields are given in %; A total conversion yield of 58% was
dermined for 1a and defined as 100%. 100 uL assays contained 1 mM
aromatic substrate, 2 mM benzyl diphosphate, 10 mM CaCl,, 10 ug of
FgaPT2, and 50 mM Tris-HCI (pH 7.5) and were incubated at 37 °C for
16 h. Configurations of the substrates are given in parentheses. — = Not
detected.

that C-5 can be reached easier by the benzyl residue
than C-4. Substances with substitution at this position
were very poor substrates for FgaPT2 in the presence
of benzyl diphosphate. One exception was 5-hydroxy-L-
tryptophan, which was converted to a C6-benzylated
derivative.

Our results reported in this study provide experimental
evidence that some prenyltransferases, at least FgaPT2 and
several other enzymes including 5-DMATS, 7-DMATS,
AnaPT, and CdpNPT, can also utilize alkyl donors with
strongly modified structures from its natural substrate
DMAPP for Friedel—Crafts alkylation. To the best of
our knowledge, neither an acceptance of benzyl dipho-
sphate by a prenyltransferase as an alkyl donor nor a one-
step regioselective benzylation of tryptophan and deriva-
tives by secondary metabolite enzymes has been reported
previously.

Based on the results obtained from crystal structures of
three indole prenyltransferases and site-directed mutagen-
esis experiments,'* it was proposed that the prenyl transfer
reactions catalyzed by prenyltransferases in the presence of
DMAPP begin with the removal of pyrophosphate from
enzyme-bound DMAPP and the formation of a positively
charged dimethylallyl ion. The involvement of a cation
during the prenylation was confirmed by a positional

Org. Lett, Vol. 15, No. 22, 2013



Scheme 2. Proposed Reaction Mechanism for Benzylation of
L-Tryptophan and Derivatives (see Table 1 for detailed structures)

©/\OPP benzyl diphosphate

CH,),COOH
FgaPT2 J\ Ppi (CHz)
NH-R®

R%? (CH,),COOH
R
NH-R®
©/® | N

R? (CH,),COOH

/)

Iz

R1

H . NH—R®
TN
® N
J H
+ 2
H R R{_(CH,),COOH

NH-R?

isotope exchange in isotopically labeled DMAPP.!> The
electron-rich aromatic ring would attack the C-1 or C-3 of
this cation, resulting in the formation of different inter-
mediates, which undergo various fates to enzyme-specific
products.

In analogy to prenylations, a reaction mechanism can be
postulated for the benzylation of tryptophan and deriva-
tives by FgaPT2 in the presence of benzyl diphosphate

(14) (a) Metzger, U.; Schall, C.; Zocher, G.; Unsold, 1.; Stec, E.; Li,
S.-M.; Heide, L.; Stehle, T. Proc. Natl. Acad. Sci. U.S.A. 2009, 106,
14309. (b) Jost, M.; Zocher, G.; Tarcz, S.; Matuschek, M.; Xie, X.; Li,
S.-M.; Stehle, T. J. Am. Chem. Soc. 2010, 132, 17849. (c) Schuller, J. M..;
Zocher, G.; Liebhold, M.; Xie, X.; Stahl, M.; Li, S.-M.; Stehle, T. J. Mol.
Biol. 2012, 422, 87.

(15) Luk, L. Y. P.; Tanner, M. E. J. Am. Chem. Soc.2009, 131,13932.

Org. Lett,, Vol. 15, No. 22, 2013

(Scheme 2). Itis plausible that the pyrophosphate of benzyl
diphosphate is first removed by interaction with several
basic amino acids.'* The resulted benzyl cation will be
stabilized by interaction with tyrosine residues in the active
center and by its mesomeric system. It seems that benzyl
diphosphate and tryptophan derivatives are placed in
positions relative to each other so that an attack of the
indole residue with its C-5 becomes much easier than with
its C-4 as in the case of DMAPP. Removal of a proton
from C-5 rearomatizes the indole ring and results in the
formation of CS5-benzylated products. In the case of
5-hydroxy-L-tryptophan (9a), the C5 is blocked and C-6
is strongly activated by the hydroxyl group so that the
attack took place from C-6 of the indole ring.
Comparison of the biochemical properties of the three
dimethylallyltryptophan synthases FgaPT2, 5S-DMATS,
and 7-DMATS revealed different behaviors toward their
substrates. 7-DMATS showed a much higher flexibility
than FgaPT2 and 5-DMATS toward aromatic substrates.
This enzyme accepted indole derivatives, hydroxynaphtha-
lenes, and flavonoids as substrates.®!® On the other hand,
the two DMAPP analogues MAPP and 2-pen-PP were
very well accepted by FgaPT2 and 5-DMATS, but hardly
by 7-DMATS.'™ In this study, we showed that FgaPT2
can utilize benzyl diphosphate much better than 5- and
7-DMATS. These distinctive features increase their im-
portance as biocatalysts in chemoenzymatic synthesis and
expand their potential usage for Friedel—Crafts alkylations.
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Experimental Section

Chemicals

Synthesis of benzyl diphosphate was carried out as described previously.' L-tryptophan (1a)
was purchased from Roth (Karlsruhe, Germany); L-abrine (2a), 7-methyl-DL-tryptophan (6a),
6-methyl-DL-tryptophan (8a), L-tryptophan hydroxamate (10a), indole-3-propionic acid (11a),
indole-3-lactic acid (12a), D-tryptophan (13a), 1-methyl-DL-tryptophan (14a), N-acetyl-DL-
tryptophan (16a), S-fluoro-L-tryptophan (19a), 5-bromo-DL-tryptophan (20a), indole-3-
butyric acid (21a) and indole-3-acetic acid (22a) were purchased from Sigma Aldrich
(Taufkirchen, Germany); L-B-homotryptophan (4a), 5-hydroxy-L-tryptophan (9a), 5-methoxy-
DL-tryptophan (18a) and tryptamine (26a) were purchased from Fluka (Sigma Aldrich);
trans-indole-3-acrylic acid (15a) and serotonin (25a) were purchased from Alfa Aesar
(Karlsruhe, Germany); 4-methyl-DL-tryptophan (3a), a-methyl-DL-tryptophan (7a) and N-
acetyl-L-tryptophan ethylester (24a) were purchased from Bachem (Bubendorf, Switzerland);
6-fluoro-DL-tryptophan (5a) and indole-3-pyruvic acid (23a) were purchased from Acros
(Geel, Belgium); S5-methyl-DL-tryptophan (17a) was purchased from TCI (Eschborn,

Germany).

Overproduction and purification of the recombinant protein Hissg-FgaPT2

The recombinant protein Hiss-FgaPT2 was prepared by cultivation of Escherichia coli BL21
(DE3) pLysS (Invitrogen, Karlsruhe, Germany) cells harboring the expression plasmid
plU18.

The cells were cultivated in 2.5 L Erlenmeyer flasks containing 1 L liquid terrific broth (TB)
medium and were supplemented with kanamycin (50 pg ml™"). The cultures were grown for

2-3 h at 37 °C and 220 rpm till an ODgg of 0.7 to 0.8 was reached. After addition of IPTG to
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a final concentration of 0.5 mM, the cells were further incubated at 22 °C for 6 h. Protein

. . . . . . 2
preparation and purification were carried out as described previously.

Assays for determination of the enzyme activities

The reaction mixtures (100 pl) for determination of the enzyme activities contained 1 mM L-
tryptophan or derivatives, 10 mM CaCl,, 2 mM benzyl diphosphate, 1.0-1.5% (v/v) glycerol,
2.5-5.0% (v/v) dimethyl sulfoxide (DMSO), 50 mMm Tris-HCI (pH 7.5) and 10 pg of purified
recombinant protein. The reaction mixtures were incubated at 37 °C for 16 h. For HPLC
analysis on RP-18 column, the reactions were terminated with 100 pl MeOH. Protein was

then removed by centrifugation at 17.000 x g for 15 min.

Enzyme assays for isolation and structure elucidation

Assays for isolation of the enzymatic products were carried out in large scales (10 ml)
containing 1 mM L-tryptophan or derivatives, 2 mM benzyl diphosphate, 10 mm CaCl,, 0.0%-
1.5% (v/v) glycerol, 0.0-2.5% (v/v) DMSO, 50 mM Tris-HCI (pH 7.5) and 0.2 mg or 0.4 mg
of purified recombinant protein per ml assay. After incubation for 16 h at 37 °C, the reaction
mixtures were terminated with 10 ml MeOH and protein was removed by centrifugation at
4.750 x g for 15 min. The supernatant was then concentrated using a rotary evaporator.
'H-NMR spectra were taken from the residues for determination of the product yields. After
evaporation of the NMR solvent, the samples were dissolved in a mixture of DMSO/MeOH
and subjected to preparative HPLC equipped with RP-18 columns. Conversion yields were
calculated by measuring the decrease of peak areas of substrate after incubation and by use of
the absorption coefficient calculated from the signal ratios in the NMR spectra of the

substrate/product mixtures in the isolation assays.
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HPLC analysis and isolation of the enzymatic products for structure elucidation

The enzyme products were routinely analyzed by HPLC on an Agilent series 1200 (Agilent
Technologies Deutschland GmbH, Bdblingen, Germany) by using a Multospher 120 RP-18
column (250 x 4 mm, 5 pum, CS-Chromatographie Service, Langerwehe, Germany) at a flow
rate of 1 ml min~'. Water (solvent A) and methanol (solvent B) were used as solvents for
analysis and isolation of the enzymatic products. A linear gradient of 40-100% (v/v) solvent B
in A in 15 min was used for analysis of the enzyme assays. The column was then washed with
100% solvent B in A for 5 min and equilibrated with 40% solvent B in A for another 5 min.

Detection was carried out on a photo diode array detector.

The enzyme products were isolated on a Multospher 120 RP-18 column (250 x 10 mm, 5 pm,
CS-Chromatographie Service, Langerwehe, Germany). Gradients of 60-80% (v/v) in 15 min
(9¢), 70-90% in 20 min (Sb) and 70-90% (v/v) in 15 min (all other compounds) solvent B in
A at 2.5 ml min" were used. Each run comprised an isocratic section solvent B in A prior to
the gradient for 5 min. After each run, the column was washed with 100% solvent B in A for
5 min followed by 5 min of equilibration with the corresponding condition at the beginning of

the next run.

NMR and MS analyses as well as structure elucidation

NMR including two-dimensional COSY and NOESY spectra were recorded on a JEOL ECA-
500 500 MHz spectrometer (JEOL Germany GmbH, Munich, Germany). Chemical shifts
were referred to the signals of DMSO-d6 at 2.50 ppm as well as of CD;OD at 3.30 ppm. The
spectra were processed with MestRENova 6.0.2. The isolated compounds were also analyzed
by electrospray ionization mass spectrometry (ESI-MS) on a Q-Trap 2000 (Life Technologies

Ltd, Paisley PA4 9RF, United Kingdom) and high resolution electron impact mass
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spectrometry (HR-EI-MS) on an Auto SPEC (Waters MS Technology Centre, Manchester,
United Kingdom).

In the 'H-NMR spectrum of 1a (in CD;0D), the signals of the indole moiety at oy 7.59 (1H,
d, 0.8, H-4), 6y 7.26 (1H, d, 8.3, H-7), du 7.16 (1H, s, H-2) and oy 6.96 (1H, dd, 8.3, 1.6, H-6)
were very similar to those of 5-dimethylallyl-L-tryptophan (5-DMAT).? Solely the signal of
H-4 was slightly (approx. 0.10 ppm) downfield shifted. The signals of H-10 and H-11 in the
spectra of 1b and 5-DMAT were also nearly identical. These data proved unequivocally the
C5-benzylation of 1a by FgaPT2 in the presence of benzyl diphosphate. The slight difference
of the chemical shifts of H-4 in 1b from that of 5-DMAT could be explained by the
replacement of the dimethylallyl moiety by an electron-rich benzyl residue. Comparison of
the "H-NMR data of 2b, 4b — 7b with those of 1b as well as of the corresponding C5-
prenylated derivatives® revealed the same order and coupling pattern of the signals for
aromatic protons and therefore verified the attachment of the benzyl residue to the indole ring
at position C-5. Solely the signal of H-2 of 7b was slightly downfield shifted into the signals
of the benzyl moiety.

In the "H-NMR spectrum of 8b, two of three singlets for one aromatic proton each were
observed at 7.56 and 7.15 ppm, indicating a benzylation at C-4 or C-5. In the NOESY
spectrum of 8b (Figure S4) correlations between the singlet at &y 7.56 ppm (1H, s) and
signals of both H-10 at 3.50 ppm and 3.09 ppm (moderate), H-11 at 3.86 ppm (moderate) as
well as H-1" at 4.09 ppm (strong) were clearly observed. No correlation was detected between
the singlet at oy 7.56 ppm (1H, s) and the signal of H-13 (methyl group) at 2.22 ppm. Strong
correlations were observed between H-13 and H-1" as well as H-13 and the singlet at 7.15
ppm. These correlations can only be explained for a derivative with the benzyl residue at

position C-5 (8b) with the singlet at 7.56 ppm for H-4 and the singlet at 7.15 ppm for H-7.
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This explanation was also supported by the correlations of the H-2 signal at 7.10 ppm and

those of H-10 and H-11.

One doublet in the spectrum of 3b at 6.92 ppm with a coupling constant of 8.3 Hz indicates an
alkylation at C-5 or C-7 of the indole ring. The chemical shifts and coupling pattern of the
aromatic protons of the benzyl residue in 8b and 3b were very similar. They differed clearly
from those of most of the other products reported in this study. This could be explained by the
ortho-position of a methyl group to the benzyl moiety. Due to the hindrance of a free rotation
of the benzyl moiety, the protons of H-2"and H-6" as well as H-3"and H-5" differ from each

other. It is therefore plausible that the benzyl unit in 3b is attached to C-5 of the indole ring.

In addition to the product 6b, an additional product 6¢ was detected in the reaction mixture of
6a. One singlet at 7.15 ppm and two doublets at 6.86 and 6.67 ppm with a coupling constant
of 7.2 Hz indicated a C4- or C6-benzylation. The chemical shifts and coupling pattern of the
aromatic protons of its benzyl residue were very similar to those of 8b and 3b, indicating a
probable benzylation at the ortho-position of the methyl group. We therefore assigned the
benzylation to C-6 in 6¢.

In the "H-NMR spectrum of 9¢, three singlets for one aromatic proton each were observed at
oy 7.04 (1H, s), dy 7.01 (1H, s) and oy 6.98 (1H, s), which proved the attachment of the
benzyl moiety at C-6 of the indole ring, corresponding to prenylation position of the enzyme

product of a 6-DMATS from Streptomyces sp. SN-693.*

Determination of the kinetic parameters

Assays for determination of the kinetic parameters of L-tryptophan contained 1 mM of benzyl
diphosphate, 10 mm CacCl,, 0.15% (v/v) glycerol, 50 mM Tris-HCI (pH 7.5) and L-tryptophan
in final concentrations of 0.005 to 2 mM. Assays for determination of the kinetic parameters
of benzyl diphosphate contained 1 mM of L-tryptophan, 10 mM CaCly, 0.15% (v/v) glycerol,
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50 mM Tris-HCI (pH 7.5) and benzyl diphosphate in final concentrations of 0.01 to 2 mM. A
protein amount of 3 pg, an incubation time of 45 min and an incubation temperature of 37 °C
were used in both cases. The reactions were terminated with 100 ul MeOH. Protein was then

removed by centrifugation at 17.000 x g for 15 min.

Michaelis-Menten kinetics were determined by Lineweaver-Burk, Hanes-Woolf and Eadie-
Hofstee plots. Ky values of 12.6 uM and 95.8 uM were calculated for L-tryptophan and
benzyl diphosphate, respectively. The turnover number k., was found to be 0.014 s”. In
comparison to the value of 8§ uM with DMAPP as alkyl donor, the Ky value of L-tryptophan
was only slightly increased in the presence of benzyl diphosphate. In contrast, the affinity of
FgaPT2 to its natural substrate DMAPP with a Ky of 4 uM was much higher than to benzyl
diphosphate.” However, the affinity of FgaPT2 to benzyl diphosphate is still high enough to

be used as a catalyst in the chemoenzymatic synthesis.
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Table S1. Enzyme activity of FgaPT2 towards L-tryptophan and derivatives.

substrates"! structures rel. conv.” [%]  substrates" structures rel. conv."! [%]
L-tryptophan (1a) COCH 100 1-methyl-DL- COOH 2.1
WHQ tryptophan (14a) @ﬁ o,
N N
H I
L-abrine (2a) COOH 93.6 trans-indole-3- ___COOH 2.1
acrylic acid (15a
N H
4-methyl-DL- COOH 88.0 N-acetyl-DL- COOH 1.5
tryptophan (3a) QfNHz tryptophan (16a) Q_g\{H\\(
N N 0
H H
L-B-homo- COCH 85.9 5-methyl-DL- COOH 1.4
tryptophan (4a) { tryptophan (17a) m{f\%
k N
6-fluoro-DL- COOH 61.6 5-methoxy-DL- ~0 COCH n.d.
tryptophan (5a) __/ /\ (W tryptophan (18a) WHZ
N
H N
7-methyl-DL- COOH 35.3 5-fluoro-L- E COOH n.d.
tryptophan (6a) WHZ tryptophan (19a) {
N H
a-methyl-DL- COOH 33.9 5-bromo-DL- Br COOH n.d.
tryptophan (7a) MNH2 tryptophan (20a) Q_{{NHZ
N N
H H
6-methyl-DL- COCH 31.2 indole-3-butyric acid Q\f\/\COOH n.d.
tryptophan (8a) /Q_\{\{NHZ (21a) ) i
N H
H
5-hydroxy-L- HO COCH 21.3 indole-3-acetic acid Q_{COOH n.d.
tryptophan (9a) Q_\f\(NHz (22a) N\
N H
H
L-tryptophan o 14.5 indole-3-pyruvic COCH n.d.
hydroxamate N acid (23a)
i H N &)
(10a) N NH,
indole-3- COQH 5.2 N-acetyl-DL- o n.d.
propionic  acid w tryptophan ethylester o™
(11a) N\ (24a) &
H N Hg(
indole-3-lactic COCH 33 serotonin (25a) HO n.d.
acid (12a) Q—\(\%H Q—\(\NH2
v N
D-tryptophan COCH 2.6 tryptamine (26a) n.d.
(13a) - i NH,
\ NH, N
N H
H
DL-tryptophan see 1a+13a 105.2

(1a+13a)

[ for measuring of the activity 10 pg enzymes were used per 100 pl assay; I the relative conversion of L-
tryptophan refers to an absolute conversion of 58.0%; n.d.:not detected
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Table S2. HR-EI-MS data of the enzyme products of FgaPT2 with benzyl diphosphate and L-tryptophan or

derivatives.
HR-EI-MS data
benzylation chemical

compound  position formula calculated measured deviation[ppm]
1b C-5 CisHisN,O, 2941368 [M']  294.1385 [M ] -5.8
2b C-5 CioHyoN,O,  308.1525 [M']  308.1540 [M'] -4.9
3b C-5 CioHyoN,O,  308.1525 [M']  308.1537 [M'] -3.9
4b C-5 CioHyN,O,  308.1525[M']  308.1524 [M] 0.3
5b C-5 CisH7N,O.F, 312.1274 [M']  312.1261 [M] 4.2
6b+c” C-5+C-6 CoHyxN,0,  308.1525[M'] 308.1520 [M] 1.6
7b C-5 CioHyoN,O,  308.1525 [M']  308.1537 [M'] -3.9
8b C-5 CioHyN,O,  308.1525[M']  308.1531 [M] 2.0
9¢ C-6 CisHsN,O5 310.1317 [M']  310.1299 [M] 5.8

124

*MS data were obtained from the mixture of both compounds.
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Table S3. 'H-NMR data of benzyl diphosphate.

benzyl diphosphate
2 1
3 NOPP
5
Oy, multi J
H-1¢ 5.08,d, 6,8
H-2¢ 7,58,d,7.1
H-3¢ 7.53,t,7.4
H-4¢ 7.47,t,7.2
H-5’ 7.53,t,7.4
H-6’ 7,58,d,7.1
solvent 4.79 (D,0)

Table S4. *'P-NMR data of benzyl diphosphate.

benzyl diphosphate
Q0% o

o o P
a BT 4aNH,

Op multi J
Py -10.14,d,21.2
P -8.48,d,21.2
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Figure S1. HPLC analysis of incubation mixtures of benzyl diphosphate with tryptophan and derivatives. The
assays of 100 pl with 10 pg FgaPT2 were incubated at 37 °C for 16 h.
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Figure S4. NOESY correlations of 5-benzyl-6-methyl-DL-tryptophan (8b).
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ABSTRACT: The behaviors of two L-tryptophan C5-prenyltransferases 5-DMATS and 5-DMATSs,, two C6-prenyltransferases 6-
DMATSg, and 6-DMATS;s, and one L-tyrosine prenyltransferase with a tryptophan C7-prenyltransferase activity were investigated
in the presence of two unnatural alkyl (MAPP, 2-pentenyl-PP) and one benzyl donor (benzyl-PP). Structure elucidation revealed the
identification of C6-alkylated or benzylated derivatives as main products of these enzymes.

Secondary metabolites with biological activities represent an
important source for medicinal research and drug development.
They are widely distributed in nature, especially in plants and
microorganisms.'™ Among microorganisms, fungi of ascomycetes
and bacteria of actinomycetes are important producers of biologi-
cally active compounds.®* Due to significant progress in genome
sequencing and genome mining, a number of gene clusters in-
volved in the biosynthesis of such metabolites have been identi-
fied in recent years.*® A large group of natural products compris-
es the prenylated aromatic substances derived from prenyl di-
phosphate and an aromatic scaffold from different pathways.”!°
Prenyltransferases catalyze the linkage of these two residues and
play an important role in the creation of structural diversity of
these compounds. Indole prenyltransferases belong to the di-
methylallyltryptophan synthase (DMATS) superfamily, which
catalyze the underlying prenylation reaction of indole derivatives
in nature, and represent one of the most investigated class of
prenyltransferases.'! In the presence of the natural prenyl donor
dimethylallyl diphosphate (DMAPP), most members of this su-
perfamily usually show remarkable flexibility towards their aro-
matic substrates, but high regioselectivity of the prenylation posi-
tion on the indole ring.'”"> These characteristics were observed
for fungal tryptophan prenyltransferases, e.g. FgaPT2, 5-DMATS
and 7-DMATS from different Aspergillus spp., which catalyze
tryptophan C4-, C5- and C7-prenylations, respectively. Two
bacterial enzymes, SCO7467 from Streptomyces coelicolor A3(2)
and IptA from Streptomyces sp. SN-593, are tryptophan C5- and
C6-prenyltransferases, respectively.'>!® Recently, two further 6-
DMATS enzymes, 6-DMATSg, (SAMLO0654) from Streptomyces
ambofaciens (S. ambofaciens) ATCC238 and 6-DMATSs,
(Strvi8510) from Streptomyces violaceusniger (S. violaceusniger)
Tii 4113 were identified and characterized biochemically. These
two 6-DMATS enzymes showed high flexibility towards their
prenyl donor and acceptor.'” In contrast to other indole prenyl-
transferases, both DMAPP and geranyl diphosphate (GPP) were
used by both enzymes.'” Consequently, this flexibility makes

them interesting candidates for further investigations on the ac-
ceptance of unnatural alkyl or benzyl donors.

Biochemical investigations on the tryptophan prenyltransferases
FgaPT2 and 5-DMATS with monomethylallyl (MAPP) and 2-
pentenyl diphosphate (2-pentenyl-PP) showed that these enzymes
also accepted such unnatural alkyl donors. The alkylation posi-
tions were shifted partially or completely to the neighboring
position."® The tryptophan C4-prenyltransferase FgaPT2 even
accepted benzyl diphosphate (benzyl-PP) as substrate and cata-
lyzed the regiospecific benzylation of L-tryptophan at position C-
5. Our previous data on the reactions of tryptophan prenyltrans-
ferases with unnatural alkyl and benzyl donors were limited to
enzymes, which catalyzed the transfer reactions of dimethylallyl
moiety onto position C-4 and C-5 of the indole ring.'"®" In a
previous study, the behavior of the 7-DMATS from A. fumigatus
could not be investigated in detail, due to its low activity in the
presence of unnatural DMAPP analogues.'® After availability of
the two tryptophan C6-prenyltransferases 6-DMATSg, and 6-
DMATSg, as well as of the L-tyrosine prenyltransferase TyrPT
with a tryptophan C7-prenyltransferase activity”” in our laborato-
ry, we initiated to prove their behavior towards MAPP, 2-
pentenyl-PP and benzyl-PP.

The purified recombinant proteins 6-DMATSg, and 6-DMATSg,
were firstly incubated with L-tryptophan in the presence of one of
the three unnatural DMAPP analogues MAPP (I), 2-pentenyl-PP
(IT), and benzyl-PP (III). HPLC analysis of the enzyme assays
showed clear product formation in all of these reaction mixtures,
with the highest conversions of 91.2% and 89.7% observed in the
presence of 2-pentenyl-PP for 6-DMATSg, and 6-DMATSg,,
respectively (Figure 1). Lower conversion yields of 51.4% and
37.8% were observed in the incubation mixtures with MAPP and
13.7% and 8% with benzyl-PP (Figure 1, Scheme 1, Table S1). To
determine the alkylation position at L-tryptophan, enzyme assays
were prepared in large scale. The enzyme products Ia-Illa were
isolated from both assays of 6-DMATSg, and 6-DMATSg, on

and their structures were elucidated by MS and NMR
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analyzes. For better understanding, we named the products by a
combination of I (product from MAPP), II (2-pen-PP) or III
(benzyl-PP) with a (regular alkyl or benzyl at C-6), b1l (regular
alkyl at C-7), b2 (reverse alkyl at C-7), b (benzyl at C-7) or ¢
(regular alkyl or benzyl at C-5).

A) 6-DMATS,,

la
E _A_L MAPP (1)
E klla
g 2-pentenyl-PP (1)
i L™
£ __J . } ——  benzyl-PP (lIl)
0 5 10 15 20
B) 6-DMATS,,
la
% A A waee 0)
£ lla
L 2-pentenyl-PP (11)
§ _JL_I\"L__ benzyl-PP (Ill
0 5 0 15 »
time | min
C) TyrPT
la-Ib2
% e R s AP 0]
-:E a-llc
g i ’LAL 2-pentenyl-PP (1)
g _JLI\MC_ benzyl-PP (lIl)
’ s m‘rmh * ®

E) 5-DMATS,,

ILIRTIb‘H-IC

% MAPP (1)

:

g a1+

. A A - i 2-pentenyl-PP (I1)

§ n g ilb +lilc
===, benzyl-PP (Ill

tirme | min
F) 5-DMATS

2 la+lc

£ AN MAPP (1)

£ lla

; ~ h 2-pentenyl-PP (I1)

§ ——-ﬂ—j\%—ﬁ benzyl-PP (Ill)
[1] 5 10 15 20

time | min

Figure 1. HPLC analysis of the reaction mixtures of L-
tryptophan with unnatural DMAPP analogues

MS data confirmed the monoalkylation or benzylation of the
isolated products (Table S2). 'H-NMR analysis (For structural
elucidation see Supporting Information) proved the regular at-
tachment of the alkyl or benzyl residue onto position C-6 of the
indole ring in all of these cases (Table S4, Figure S9-S10). This
conclusion was drawn by comparison of the coupling patterns of
the signals for aromatic protons with those of the published data
for C6-alkylated L-tryptophan.'" In the presence of the natural
prenyl donors DMAPP or GPP, 6-DMATSg, and 6-DMATSg,

also catalyzes a C-6 prenylation.!” Therefore, the alkylation posi-
tion for both enzymes was proven to be independent of the used
alkyl or benzyl donor.

Taking the data on 6-DMATSg, and 6-DMATSg, with the previ-
ous published results on FgaPT2 and 5-DMATS'®'*?! together,
we have shown the behavior of tryptophan C4-, C5- and C6-
prenyltransferases towards unnatural DMAPP analogues. It would
be interesting to complete this series with C7-prenylating en-
zymes. A previous study showed that the tryptophan C7-
prenyltransferase 7-DMATS from A. fumigatus® accepted very
poorly MAPP and 2-pentenyl-PP."® Recently, CAK41583 from 4.
niger was identified as a tyrosine prenyltransferase (TyrPT),
catalyzing an O-prenylation at the phenolic hydroxy group of L-
tyrosine.”’ As in the case of SirD from Leptosphaeria maculans,”
TyrPT also catalyzed the transfer reaction of a dimethylallyl
moiety from DMAPP to C-7 of L-tryptophan and several deriva-
tives thereof.”” The broad substrate specificity of TyrPT led us to
test its activity for DMAPP analogues in the presence of L-
tryptophan. In analogy to 6- DMATSg, and 6-DMATSs,, TyrPT
was incubated with L-tryptophan in the presence of MAPP, 2-
pentenyl-PP and benzyl-PP. Product formation was detected in all
three incubation mixtures (Figure 1). However, the observed
enzyme activities were much lower than those of the two 6-
DMATS enzymes. Total product yields of 37.8, 17.5 and 7.8%
were calculated for 2-pentenyl-PP, MAPP and benzyl-PP, respec-
tively (Figure 1, Scheme 1, Table S1). This is justified by the fact
that L-tyrosine, but not L-tryptophan is the best accepted aromatic
substrate by TyrPT, also in the presence of DMAPP. Interestingly,
the ratio of the relative activities towards the three DMAPP ana-
logues was similar to those of the two 6-DMATS enzymes. In
contrast to the unique C7-prenylation of L-tryptophan by TyrPT in
the presence of DMAPP, interpretation of the '"H-NMR spectra of
the isolated peaks indicated the presence of more than one product
in the incubation mixtures with DMAPP analogues. Optimization
of the HPLC conditions and the application of a Chiralpak Zwix
(+) column (Supporting Information) allowed a partial separation
of these product mixtures.

HPLC analysis of the incubation mixture with 2-pentenyl-PP and
interpretation of the NMR data led to the identification of three
substances with a regular alkyl moiety attached to C-6 (Ila), C-7
(IIb1) and C-5 (Ilc), respectively. Product yields of 21.5, 9.9 and
3.3% were calculated for these products (Scheme 1, Supporting
Information). In addition, a reversely C7-alkylated L-tryptophan
(IIb2) was isolated with a product yield of 3.0% (Scheme 1,
Figure S21). With MAPP as alkyl donor, regularly C6- (Ia) and
C7-alkylated (Ib1) as well as reversely C7-alkylated derivatives
(Ib2) were identified by interpretation of their NMR-spectra
(Supporting Information). Product yields of 8.6, 5.7 and 3.2%
were calculated for Ia, Ib1 and Ib2, respectively. Regularly C6-,
C7- and C5-benzylated products (Illa, IIIb, Illc) with product
yields of 6.7, 1.5 and 1.1% were identified in the reaction mixture
of L-tryptophan with benzyl-PP. These results demonstrated clear-
ly that Cé6-alkylated or benzylated derivatives were predominant
products of TyrPT reactions in the presence of the unnatural
donors (Scheme 1) and differed clearly from that of L-tryptophan
with DMAPP.*

As described above, the two 6-DMATS enzymes from bacteria
catalyzed regiospecific alkylation and only one product with the
same position, i.e, C-6, was identified, independent of DMAPP,
GPP'” or DMAPP analogues MAPP, 2-pentenyl-PP or benzyl-PP.
In comparison, the fungal prenyltransferases FgaPT2 and
5-DMATS catalyzed regiospecific prenylation in the presence of
DMAPP.">!* But in the presence of the unnatural DMAPP ana-
logues, the regioselectivity was partially or completely shifted.
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1819 In the presence of L-tryptophan, the fungal L-tyrosine O-
prenyltransferase TyrPT also accepted DMAPP analogues as
substrates, but catalyzed the formation of C6- instead of C7-
alkylated or benzylated products as predominant products. These
results raised an important question. It seems that in the presence
of DMAPP analogues, C-6 is the preferable alkylation position for
enzymes, which usually catalyzed the prenylation of L-tryptophan
at C-5 (like 5-DMATS), C-6 (6-DMATS enzymes) and C-7
(TyrPT). However, it cannot be excluded that the observed regio-
specific alkylation or benzylation of L-tryptophan at the same
position by 6-DMATSg, and 6-DMATSg, in the presence of
DMAPP, GPP and DMAPP analogues is based on their bacterial
origin. 5-DMATS and TyrPT are fungal enzymes and therefore
showed different behaviors. The later hypothesis would be also
supported by the fact that FgaPT2 catalyzed tryptophan alkylation
and benzylation in the presence of these unnatural alkyl and ben-
zyl donors with partial or complete shift of attachment
positions.'®”

Submitted to Organic Letters

To clarify the possible reason for this difference, the tryptophan
prenyltransferase SCO7467 from the bacterium Streptomyces
coelicolor A3(2), which functions as a 5-DMATS (5-DMATSs,)
in the biosynthesis of 5-dimethylallylindole-3-acetonitrile,'®**
was overproduced in E. coli as reported by Ozaki,?* purified and
investigated in the presence of MAPP, 2-pentenyl-PP and benzyl-
PP. For comparison, the behavior of the fungal 5-DMATS from 4.
clavatus,” towards MAPP and 2-pentenyl-PP'® was reproduced in
this study. In addition, this enzyme was assayed with benzyl-PP in
the presence of L-tryptophan.

The previously reported data for S-DMATS were very well repro-
duced in this study by identification of C5- and Cé6-alkylated
products with MAPP, with products yields of 13.6 and 49.3%,
respectively. In the presence of 2-pentenyl-PP, the alkylation
position was completely shifted from C-5 to C-6. Similar to those
of MAPP, C5- and C6-benzylated products with yields of 5.7 and
22.8% were detected in the assay with benzyl-PP (Figure 1,
Scheme 1). Again, C6-alkylated or benzylated L-tryptophan repre-
sented the predominant product.

Scheme 1. Alkylation/benzylation of L-tryptophan catalyzed by C5-, C6- and C7-prenylating enzymes in the presences of

DMAPP analogues
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HPLC analysis clearly revealed product formation in the reaction
mixtures of L-tryptophan with the recombinant 5-DMATSg, in the
presence of all three DMAPP analogues (Figure 1). HR-MS data
confirmed the attachment of one alkyl or benzyl residue on the
substrate for all of the obtained products (Table S2). Structure
elucidation by NMR indicated that the isolated product peaks
consisted of more than one substance. C6-, C7- and C5-alkylated
derivatives were identified with ratios of 3:3:1 for 2-pentenyl-PP
and of 4:4:1 for MAPP. By using a Chiralpak Zwix (+) column,
the C7-alkylated products were purified from these mixtures
(Scheme 1, Figure S1, Table S4-S6). With 2-pentenyl-PP as alkyl
donor, a product yield of 9.3% was calculated for C5-(1l¢) and
27.9% each for C6-(Ila) and C7-(IIbl) alkylated L-tryptophan
(Scheme 1). In the case of MAPP, product yields of 9.2, 9.2 and
2.3% were determined for Ia, Ib1 and Ic, respectively. Inspection
of the NMR spectra of the products obtained with benzyl-PP
revealed the presence of 6-benzyl-L-tryptophan (IIla) with a
product yield of 5.0 % and 7-benzyl-L-tryptophan (IIIb) of 0.9%
(Figure S11, S22). In addition, signals of a C5-benzylated L-
tryptophan (IIle) with a product yield of 0.4% could also be
observed (Figure S25).

Determination of the kinetic parameters of the enzymes with the
DMAPP analogues indicated that the observed reactions were
consistent with Michaelis-Menten-kinetics. Ky, values in the range
0f 0.011 to 0.13 mM proved their relatively high affinity towards
the DMAPP analogues. In contrast, the turnover numbers of the
reactions with these DMAPP analogues were much lower than
those with DMAPP. As observed in Figure 1 and given in Scheme
1, 2-pentenyl-PP was accepted in most cases as the best unnatural
alkyl donor.

In conclusion, all the tested enzymes used MAPP, 2-pentenyl-PP
and benzyl-PP as substrates and catalyzed Friedel-Crafts alkyla-
tion or benzylation on the indole ring. The observed reactions
differ from each other in relative activities and regioselectivity of
the attached position and therefore one to four alkylated or ben-
zylated derivatives have been identified as enzyme products
(Scheme 1). From Scheme 1, it is obvious that in the presence of
unnatural DMAPP analogues, C-6 of tryptophan was the prefera-
ble alkylation and benzylation position for tryptophan C5-, C6-
and C7-prenylating enzymes. C6-alkylated or benzylated deriva-
tives were identified in all the reaction mixtures. It was found as
unique product in the cases of the both 6-DMATS enzymes with
all of the three DMAPP analogues or as one of two main products
in the reaction mixtures of 5-DMATSg, with MAPP and 2-
pentenyl-PP. Such derivatives were clear predominant products in
all other reaction mixtures. From Scheme 1, it is also clear that the
tryptophan C5-prenyltransferases 5-DMATS and 5-DMATSg, as
well as TyrPT with a tryptophan C7-prenyltransferase activity
also produced C5- or/and C7-alkylated or benzylated derivatives,
indicating a shift of the alkylation or benzylation position from C-
5 to C-7 and vice versa. The preference of C-6 for these enzymes
in the presence of the unnatural DMAPP analogues could be
explained by the fact that this position would provide more space
for an attack of the alkyl or benzyl carbocation. Further structural
analysis of these enzymes in complex with unnatural DMAPP
analogues would provide new insights into the substrate binding
sites and give a more accurate explanation for this interesting
phenomenon.
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Experimental Section

Chemicals

Synthesis of monomethylallyl-PP (MAPP), 2-pentenyl-PP and benzyl-PP was carried out as

described previously.!? L-tryptophan was purchased from Roth (Karlsruhe, Germany).

Overproduction and purification of the recombinant proteins
Gene expression and subsequent protein purification of the recombinant 6-DMATSs,-Hiss,
Hisg.6-DMATSsy, Hiss-TyrPT, 7-DMATS-Hiss and 5-DMATS-Hiss were carried out as

described previously.>*

Cloning and expression of 5-DMATSs. (SCO7467)

PCR amplification of SCO7467 from Streptomyces coelicolor A3(2) was carried out as
described by Ozaki et al.” The expression vector pHiss containing the coding sequence was
termed pML10. For optimal protein yield E. coli BL21 [DE3] cells harboring pML10 were
cultivated in 1 L liquid lysogeny broth (LB) medium supplemented with kanamycin (50 pg
ml~! ) till an ODggo of 0.6. For induction of gene expression IPTG was added to a final
concentration of 0.5 mM. After further incubation at 30°C and 220 rpm for 6 h, the

recombinant protein was purified as routinely on Ni-NTA agarose.

Assays for determination of the enzyme activities

The reaction mixtures (100 pl) for determination of the enzyme activities contained 1 mMm L-
tryptophan, 5 mMm CaClz, 2 mM alkyl-diphosphate (DMAPP, MAPP (I), 2-pentenyl-PP (II)) or
benzyl-PP (III), 1.0-1.5% (v/v) glycerol, 50 mm Tris-HCI (pH 7.5) and 7.5 uM of purified
recombinant protein. The reaction mixtures were incubated at 37 °C for 16 h. For HPLC
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analysis on a RP-18 column, the reactions were terminated with 100 pLL MeOH. Protein was

then removed by centrifugation at 17.000 x g for 15 min.

Enzyme assays for isolation and structure elucidation

Assays for isolation of the enzyme products were carried out in large scales (10 mL) (1 mM L-
tryptophan, 2 mM MAPP, 2-pentenyl-PP or benzyl-PP, 5 mMm CaClz, 0.0%-1.5% (v/v)
glycerol, 50 mMm Tris-HCI (pH 7.5)) with 2 to 4 mg of purified recombinant protein. After
incubation for 16 h at 37 °C, the reaction mixtures were terminated with 10 mL MeOH and
precipitated protein was removed by centrifugation at 4.750 x g for 15 min. The obtained

supernatant was then concentrated on a rotating vacuum evaporator.

HPLC analysis and isolation of the enzymatic products for structure elucidation

The enzyme products were analyzed on an Agilent series 1200 HPLC (Agilent Technologies
Deutschland GmbH, Boblingen, Germany) with a Multospher 120 RP-18 column (250 x 4
mm, 5 pm, C+S-Chromatography Service, Langerwehe, Germany) at a flow rate of
1 mL min~!. Water (solvent A) and methanol (solvent B) were used as solvents for analysis
and isolation of the enzyme products. For analysis of the alkylated tryptophan, a linear
gradient of 40-100% (v/v) solvent B over 15 min was used. The column was then washed
with 100% solvent B for 5 min and equilibrated with 40% solvent B for 5 min. Detection was
carried out on a photo diode array detector.

By using the same HPLC equipment and a semipreparative Multospher 120 RP-18 column
(250 x 10 mm, 5 pm, C+S-Chromatographie Service, Langerwehe, Germany), the enzyme
products were isolated at a flow rate of 2.5 mL min~! and a gradient of 60-100% solvent B in

20-25 min. If necessary an isocratic step solvent B before the gradient was included for 5 min.
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After each run the column was washed with 100% solvent B and equilibrated with 60%

solvent B for 5 min.

A much better separation of the L-tryptophan derivatives with different alkylation positions on
their indole ring was achieved by using a Chiralpak Zwix column (+) (150 x 3 mm, 3 um,
Chiral technologies Europe, Daicel Group, Illkirch Cedex, France). This column was used for
detailed investigations on the enzyme products in the incubation mixtures and for separation
of the product mixtures, which were isolated previously by using the reported semipreparative
Multospher 120 RP-18 column. Analysis of the enzyme assays and isolation of the products
were carried out at a flow rate of 0.5 mL min~! with water (solvent A) and methanol (solvent

B) as solvents. 50% solvent B was used in an isocratic run.

NMR and MS analyses as well as structure elucidation

NMR including two-dimensional HSQC and HMBC spectra were recorded on a JEOL
ECA-500 500 MHz spectrometer (JEOL Germany GmbH, Munich, Germany) or Bruker
Avance 600 MHz spectrometer (Bruker Corporation, Billerica, USA), respectively. Chemical
shifts were referred to the signals of CD3OD at 3.31 ppm. The spectra were processed with
MestReNova 6.0.2. The isolated compounds were also analyzed by electrospray ionization or
electron impact mass spectrometry (ESI-MS, EI-MS) on a Q-Trap 2000 (Life Technologies
Ltd, Paisley PA4 9RF, United Kingdom) and high resolution electrospray ionization mass or
electron impact mass spectrometry (HR-EI-MS, HR-ESI-MS) on an Auto SPEC (Waters MS
Technology Centre, Manchester, United Kingdom).

In the '"H-NMR spectra of Ia, signals of the indole moiety at y 7.60 (1H, dd, 8.1, 0.4), &n
7.15 (1H, d, 0.7), on 7.12 (1H, s) and don 6.89 (1H, dd, 8.1, 1.4) superimposed with those for
H-4, H-7, H-2 and H-5 of 6-monomethylallyl-L-tryptophan, respectively.! The signals of H-10
and H-11 as well as H-1" and H-4’ of Ia were also overlapping almost completely (maximum
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shift 0.03 ppm) with those of 6-monomethylallyl-L-tryptophan.' This proved unequivocally
the regular Cé6-alkylation of L-tryptophan with MAPP as alkyl donor in the presence of the
tested prenyltransferases (6-DMATSsa, 6-DMATSsy, TyrPT, 5-DMATSsc and 5-DMATY).
Comparison of the 'H-NMR spectra of Ila with that of C6-(2-pentenyl)-L-tryptophan' showed
nearly identical chemical shifts and coupling patterns for all of the protons. This verified the
regular alkylation of L-tryptophan at position C-6 of the indole ring by using 2-pentenyl-PP as
alkyl donor. The aromatic protons of IIla at dy 7.60 (1H, dd, 8.2, 0.6), ou 7.18 (1H, s), on 7.12
(1H, s) and 6n 6.93 ppm (1H, dd, 8.2, 1.5) showed the same coupling pattern and chemical
shifts as observed for Ia and Ila. These signals also corresponded to those of C6-alkylated L-
tryptophan derivatives' and therefore proved the C6-benzylation of L-tryptophan. The
chemical shifts observed for H-10 and H-11 at 3.48 ppm, 3.11 ppm and 3.82 ppm, also
overlapped very well with those of the other C6-alkylated L-tryptophan derivatives. The five
additional aromatic protons and two additional aliphatic protons observed in the 'H-NMR

spectra of IIla confirmed the presence of the benzyl moiety.

From the incubation mixtures of TyrPT and 5-DMATSsc, the regular alkylated products Ib1
and IIb1 as well as the regular benzylated product IIIb were isolated. The 'H-NMR spectrum
of IIb1 showed one singlet at 7.19 ppm, two doublets at 7.55 and 6.93 ppm and one triplet at
7.00 ppm in the aromatic region of the spectrum. This indicated an alkylation at position C-4
or C-7 of the indole ring. In the HMBC spectrum of IIb1 (Figure S16-S19), correlations
between H-10 at 3.13 ppm and C-2 at 124.7 ppm, C-11 at 56.5 ppm with two quaternary
carbon atoms at 109.9 ppm and 128.4 ppm were observed. Correlations between the proton at
7.00 ppm, which is either H-5 or H-6, and two quaternary carbon atoms at 128.4 ppm and at
125.1 ppm but not with that at 109.9 ppm were detected. Consequently, the quaternary
carbons at 109.9 ppm and 128.4 ppm were assigned to C-3 and C-9, respectively. Therefore,
the signal at 7.00 ppm was assigned to H-5. Further correlations were found between the

doublet at 7.56 ppm and the quaternary carbons C-3, C-9 and another one at 136.8 ppm.
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These correlations are only possible, if the proton at 7.56 ppm is for H-4 and the carbons at
136.8 ppm and 125.1 ppm are for C-8 and C-7, respectively. Thus, an alkylation at position C-
7 was proven. This was further confirmed by correlations between H-1" at 3.54 ppm and the
quaternary carbons at 125.1 ppm and 136.8 ppm, but not with that at 128.4 ppm (C-9). In
addition, the doublet at 6.93 ppm also correlated with the quaternary carbons at 125.1 ppm
and 136.8 ppm as well as the signal for H-1". The signals at 125.1 ppm, 136.8 ppm and 6.93

ppm were assigned to C-7, C-8 and H-6, accordingly.

The chemical shifts of the tryptophan moiety of Ib1l at 7.56 (H-4), 7.19 (H-2), 7.00 (H-5),
6.93 (H-6), 3.85 (H-11), 3.51 (H-10) and 3.14 ppm (H-10) almost completely overlapped with
those of IIb1. Similar spectrum was obtained for IIIb. Therefore, the alkylation position of

Ib1 and benzylation position of IITb were assigned unequivocally to C-7 of the indole ring.

In the presence of TyrPT, the additional products Ib2 and IIb2 were found by using MAPP
and 2-pentenyl-PP as alkyl donor, respectively. The coupling patterns and chemical shifts of
the aromatic protons of both compounds corresponded very well to those of Ib1l and IIbl,
confirming a C7-alkylation of L-tryptophan (Slight shifts of approximate 0.05 ppm were
observed). However, the signals of the alkyl residues of Ib2 and IIb2, displayed distinct
chemical shifts and coupling patterns in comparison to those of Ib1 and IIb1. The coupling
pattern for H-1" at on 5.12 (1H, dt, 17.3, 1.7) and 5.04 ppm (1H, dt, 10.3, 1.7) as well as for
H-2’ at 64 6.12 ppm (1H, ddd, 17.3, 10.3, 6.3) in the spectrum of Ib2 showed clearly a reverse
alkylation.” The same was true for H-1" at & 5.08 (1H, dt, 17.2, 1.5) and u 4.99 ppm (1H,
ddd, 10.2, 1.9, 1.0) as well as for H-2" at on 6.06 ppm (1H, ddd, 17.2, 10.2, 7.6) in the
spectrum of IIb2. This proved the reverse orientation of the alkyl residues of both
compounds. Consequently, Ib2 and IIb2 were identified as 7-(3’-monomethylallyl-)-L-

tryptophan and 7-(3’-pentenyl-)-L-tryptophan, respectively.
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Due to low conversion and unsuccessful separation on HPLC, I¢, II¢ and IIlc were elucidated
from the mixture with Ia, Ila and IIla, respectively. The aliphatic signals of the indole moiety
and those of the alkyl or benzyl residue for Ic were overlapped by those of Ia. The aromatic
signals of the indole moiety were distinct from those of Ia, and could be used to identify the
alkylation position. Comparison with the signals of C5-alkylated' L-tryptophan confirmed Ie¢
as C5-monomethylallyl-L-tryptophan. For Ilc and IIle¢ comparable results were obtained and
these compounds were assigned to C5-(2-pentenyl-)-L-tryptophan and C5-benzyl-L-

tryptophan, respectively.

Determination of the kinetic parameters

Enzyme assays for determination of the kinetic parameters of DMAPP and its analogues
MAPP, 2-pentenyl-PP and benzyl-PP contained 1 mM L-tryptophan, 5 mM CaCl; or MgCla,
0.15% (v/v) glycerol, 50 mMm Tris-HCl (pH 7.5) and the respective alkyl or benzyl
diphosphate in final concentrations of up to 0.5 or 1 mM. The reaction mixtures were all
incubated at 37 °C. For 6-DMATSs, a protein amount of 5 ug and an incubation time of 30
min were used in presence of 2-pentenyl-PP. For incubation with MAPP or benzyl-PP the
protein amount and incubation time were 10pug and 60 min The recombinant protein 6-
DMATSsy was assayed in amounts of 1 pg with DMAPP for 5 min and of 10 pg with other
DMAPP analogues for 60 min. The assays for TyrPT contained 15 pg protein and were
incubated for 60 min with 2-pentenyl-PP and 90 min with MAPP or benzyl-PP. 10 ug 5-
DMATSs: and an incubation time of 60 min were used for 2-pentenyl-PP. For MAPP, they
were 20 pg and 90 min. In the reactions with benzyl-PP, 25 nug protein and an incubation time
of 90 min were used. Kinetic parameters of 5-DMATS were obtained from enzyme assays
with 20 pg of purified protein and incubation time of 60 min. The reactions were terminated

with 100 uL. MeOH and the protein was removed by centrifugation at 17.000 x g for 15 min.
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Parameters of Michaclis-Menten kinetics such as Kwm, the turnover number kcac and the

catalytic efficiency kca/Km were determined by Lineweaver-Burk, Hanes-Woolf and Eadie-

Hofstee plots (Table S3)

9.
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Table S1. Enzyme activities of several prenyltransferases towards L-tryptophan in presence of DMAPP and its

analogues MAPP, 2-pentenyl-PP and benzyl-PP.

DMAPP [%]  2-pentenyl-PP [%] MAPP [%] benzyl-PP [%]

6-DMATSs, 100 91.2 514 13.7
6-DMATSs, 100 89.7 37.8 8

TyrPT 67.9 37.8 17.5 7.8
5-DMATSs. 83.1 65.1 20.7 6.7
5-DMATS 100 91.9 50.9 28.5
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Table S2. MS data of the enzyme products of the different prenyltransferases with L-tryptophan and DMAPP

analogues.
ESI-MS data HR-EI/ESI-MS data
Prenyl- Compound  Alkylation/benzyl- Chemical calculated measured  calculated measured Deviation
transferase ation position Sformula [ppm]
6-DMATSs. Ia C-6 C15sHigsN.O, 258.32 259.10 - - -
M]"  [M+HT'
IIa C-6 Ci6H20N20,  272.34 273.20 - - -
[M]” [M+H]"
IIla C-6 CisHisN2O,>  294.35 295.20 - - -
[M]” [M+H]"
6-DMATSsy Ia C-6 Ci5H1sN2O2  258.32 259.1 258.1368 258.1322 17.8
[M]” [M+H]"  [M] [M]*
Ila C-6 Ci6H20N202  272.34 545.4 272.1525 272.1557 -11.8
M]" [2*M]° [M]T[M]
I1la C-6 CisHisN,O, 294.35 295.20 - - -
[M]” [M+Na]"
TyrPT Ia C-6 CisHisN2O, 258.32 281.12 281.1266 281.1258 2.8
[M]* [M+Na]* [M+Na]® [M+Na]*
Ib1 C-7 CisHisN2O2  258.32 281.03 281.1266 281.1288 -7.8
[M]* [M+Na]®* [M+Na]® [M+Na]*
Ib2 C-7 rev CisHisN>,O> 258.32  281.30 281.1266 281.1255 3.9
[ M ] + [M+Na]+ [M+Na]+ [M+Na]+
IIa +Ilc C-6+C-5 Ci6H20N202  272.34 295.18 295.1422 295.1433 -3.7
[M]* [M+Na]®* [M+Na]® [M+Na]*
IIb1 C-7 Ci6H2oN202  272.34 295.10 295.1422 295.1395 9.1
[M]* [M+Na]® [M+Na]® [M+Na]*
IIb2 C-Trev Ci6HooN202  272.34 295.30 295.1422 295.1437 -5.1
[M]* [M+Na]® [M+Na]® [M+Na]*
[Ia+IIIec C-6+C-5 CisHisN>O,>  294.35 317.00 - - -
[M]” [M+Na]*
I1Ib1 C-7 CisHisN202  294.35 316.90 - - -
M]"  [M#Na]*
5-DMATSse Iatlc C-6+C-5 Ci5sHisN,O, 258.32 281.04 - - -
M]"  [M#Na]*
Ib1 C-7 Ci1sH1sN2O, 258.32 281.10 - - -
[M]* [M+Na]"
IMa+Ilc C-6+C-5 Ci6H20N202  272.34 295.20 295.1422 295.1399 7.8
[M]* [M+Na]®* [M+Na]® [M+Na]*
IIb1 C-7 Ci6H20N202  272.34 295.20 205.1422 295.1448 -8.8
[M]* [M+Na]®* [M+Na]® [M+Na]*
Ia+Illc C-6+C-5 CigH1sN>O, 294.35 295.09 - - -
[M]” [M+H]"
I1Ib1 C-7 CisHisN202  294.35 317.20 - - -
[M]” [M+Na]*
5-DMATS Ia+IIIec C-6+C-5 CigHisN2O2  294.35 295.14 - - -
[M]” [M+Na]*
- not meassured
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Figure S1. HPLC analysis of the reaction mixtures of L-tryptophan with MAPP (I), 2-pentenyl-PP (II) and
benzyl-PP (III) on a Chiralpak Zwix (+) column. The enzyme assays of 100 pL contained 1 mM L-tryptophan, 2
mM alkyl diphosphate, 5 mM CaCl, and 7.5 uM of purified protein were incubated at 37°C for 16 h.
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Figure S2. Dependence of the product formation of the 6-DMAT Ss, reaction on 2-pentenyl-PP,
monomethylallyl-PP (MAPP) or benzyl-PP in the presence of L-tryptophan.
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Figure S3. Dependence of the product formation of the 6-DMATSs, reaction on DMAPP in the presence of L-
tryptophan.
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Figure S4. Dependence of the product formation of the 6-DMATSs, reaction on 2-pentenyl-PP,
monomethylallyl-PP (MAPP) or benzyl-PP in the presence of L-tryptophan.
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Figure S5. Dependence of the product formation of the TyrPT reaction on 2-pentenyl-PP, monomethylallyl-PP
(MAPP) or benzyl-PP in the presence of L-tryptophan.
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Figure S8. HMBC connectivities of 7-(2-pentenyl-)-L-tryptophan (IIb1).

S22 169



99°'T
9T
£9°T
£9T
83T
89'T
83T
89T
06'T —
60°€
e
e
PT°E
Tee
LEE
LE°E
8e°e
8e°e
fa gy
e

CD.0D

H-4'

BFE
8r'e
05°€
05°€
76°€
15
4223
£8°¢
baE
S8°€
om.v.,

6rs

6EC

H,0

057G
057G +
05°S
T5'S
16°G -4
25'5
255 -4
£5°G
£5'6 4
#5'5 4
85'5 4
855 4
65°G
656
6554 o
0954 T
oqm‘ﬁ

095
1976
ﬁqm‘ﬁ
795
796
£9'G
w@m_ﬁ
680
0691
0691
e
ST
mnnm
9
sl

<
T

7.3 7.2 71 70 6.9 658 6.7
f1 {ppm)

74

7.6

7.7

H-3'

H2

564 562 560 558 556 554 552 550 548 546 5.44

5.66

1 {ppm)

=P'E

53

=0T
6°0
6°0

=00°T

3.5 3.0 25 20

4.0

Biopmy  *°
Figure S9. 'H-NMR spectrum of 6-monomethylallyl-L-tryptophan (Ia) in CD;OD.

5.5

8.0 7.5 7.0 6.5 6.0

8.5

60
660 W
00T

10¢
€0
#0°C
L0
PO
S0¢
90T
L07¢C
997 —
60°¢
e
[4%3
P1eE—
1€

CD,0D

H-5'

CH,OH

H-4"

8e'¢
6E'E

L)

(i3
8’
05°€
T8°€
65'¢

ethylene glycol

H,0

85'S
85'S
65°S
65°S
09°G

PS'S
55
§S°S
95'S
£8°S w

91'L
or'L
1L
1
65°L
657

19°¢

689
68'9
169 oy
69+ T
[

H-4

7.4 7.3 7.2 74
1 (ppm)

7.5

7.6

H-2'/ H-3

BHO0E L2

S0 [

kot
102
2o |

boz|”

0T |
0T
60

=0T

1 (ppm)

Figure S10. 'H-NMR spectrum of 6-(2-pentenyl-)-L-tryptophan (I1a) in CD;0D.

S23

170



68T —

997 —

Te'e
SE£°E
ar'e
o'e

CD,0D

OH

3

CH
"

e
vaes

18'e
e
£8°E
bEE \

PO

H,0

H-1'

858 —

H-7H-2

H-2'/H-3'/H-5"/H-6'

ki
T

lla

60
60

=0T
=00'¢

10T
8T

H8v

=00°T

3.0 25 20 15 10

35

4.5

f1 (ppm)

Figure S11. '"H-NMR spectrum of 6-benzyl-L-tryptophan (I1la) in CD;OD.

6.0 5.5 5.0

6.5

7.5

S9'T
9T
S9'T
97
99T
99'T

991
9T .\‘
06'T

99°¢
e
£1re
PTE

oT'e
7€
6°€
05°€
poe

CD.OD

H-4"

4

H-1'

75°€
€5
65'¢ -7
19°¢ \
8t
6L'E
¥8E
Sg'e
98¢
98'e
Okt
Wt
[4ad

Skt

ethylene glycol

H,0

My
e

¥5°S
95°g k
£8'S |

£5°G 3
85°6 4
85° 4
65°G 4
65°6 4
795 4
79'6 4
£o's
£9°G
b9'6
59°G
59°G
99'6 {f
295
zeo 4
769 4
269 4
69 4
66'9 4
o0z 4
oo
7o
1 4
557/ 4
55
957 4
mm.t&

S5°8

=

5.64 5.62 5.60 5.58 5.56 554 B2
f1 (ppm)

5.66

5.68

5.70

=0'€

T1°1T
1T

=0T
B0t
=96'0

=00'T

1 (ppm)

Figure S12. "H-NMR spectrum of 7-monomethylallyl-L-tryptophan (Ib1) in CD;OD.

171

S24



] BROS8R3 S B8I38BEA bt 8508 SANGRRERUTBISE8EY A& &
5] NN NGOG LR AT R a1 <+ M meReEag e m e a oSN H Soo
WO Ny S S B W)= -
H-2
H-4 HS He
M H,O CD.0D
o 24 73 72 ¥ 70
1 (ppm)
H-2'/ H-3'
5?72 5770 SfEB ‘ 5I | ‘ 5?58 5‘56 5,‘54
H-5'
1
H-1"
; 11b1 H-10
1
. H-4'
{ ' J H-11 U{m L
1 i
: At
& dat & Les B H i
S aco - S=m o ~ &
~— QO r—= ~ N — ™~ o
BIS E:O 7‘.5 7‘.0 5‘5 6‘0 5‘5 5.0 4‘.5 4'.0 3“5 3‘.0 2‘5 2“0 lI.S 1I‘D OI.S
1 (ppm)
Figure S13. 'H-NMR spectrum of 7-(2-pentenyl-)-L-tryptophan (IIb1) in CD;OD.
m /L/JL/ S S
H-5YC-5'
20
H-10/C-10 H-10/C-10 -
- - H-4'/C-4' - 30
-
H-1'C-1' 40
5 .
b1
‘# 50
E
_ CD,0D &
60 -
H-11/C-11
70
[-80
90
) T T T T T T T I7100
4.5 4.0 3.5 3.0 2.0 -] 1.0 0.5

2.5
2 (ppm)

Figure S14. HSQC spectrum of 7-(2-pentenyl-)-L-tryptophan (IIb1) in CD;OD.

172

S25



100

F110

H-4/C-4
® H-5/C-5
= 120
H-2/C-2 = H-6/C-6 H-2'/C-2'
- F130
3 1b1 -

H-3'/C-3' £
140 ks

150

[~ 160

170

& 180

9‘.0 B‘ 5 E:.O 7‘.5 7‘.0 0 ) ‘ GI‘O 5‘.5 SI.D
ppm
Figure S15. HSQC spectrum of 7-(2-pentenyl-)-L-tryptophan (IIb1) in CD;OD.
e
r10
-] - &
20
@

) H-51C4" &

40
e © E
£
= =

H-10/C-11 60

-3

70

o k80

90

T ¥ T ¥ T ¥ T r T T T T T 1 100

4.5 4.0 35 3.0 2.0 1.5 1.0 0.5

25
2 (ppm)

Figure S16. HMBC spectrum of 7-(2-pentenyl-)-L-tryptophan (IIb1) in CD;OD.

S26

173



100
H-10/C-3
- =] I-110
H-1'/C-6
vyl H-10/C-2 120
H-1YC-7 - o H-4/C-2'
H-1YC-2' —>® = © i
130
H-1/C-3 —*>® H-10/C-9 = -
@
-4'/C-3" H-5'/C-3 L
H1YC-8 H-4/C-3 140
-150
+ 160
170
- & 180
4“0 3‘.5 3‘.ﬂ - (legm) ZI.O 1“5 ll‘D GI.E
Figure S17. HMBC spectrum of 7-(2-pentenyl-)-L-tryptophan (IIb1) in CD3;OD.
r10
H-2/C-4'
H—2.’f—10 20
B ’ r30
(~3 =
!
H-6/C-1' H-3/C-1'
: 50
~60
70
80
90
T T ¥ T T T T T T 1 100
9.0 8.5 8.0 2.5 6.0 55 5.0 4.5

2 (ppm)

Figure S18. HMBC spectrum of 7-(2-pentenyl-)-L-tryptophan (IIb1) in CD;OD.

174 S27

f1 (ppm)

f1 (ppm)



IV

100
H-4/C-3 H-2/C-3
® -] F110
H-6/C-4
@ L] =
e ] 120
H-4/C-6—>a © & ; 5
Haic7 e oL e
A © P *—ys5icy 130
H-4/C-9 H-2/C-9 : =
® ®  ®<+—HBGIC8
11b1 R 4 - K 140 ’§
H-4/C-8  H-2/C-8 g
150
{160
. ) - 170
180
50 s 50 7 : 5 50 5 5 wE
12 {ppm)
Figure S19. HMBC spectrum of 7-(2-pentenyl-)-L-tryptophan (IIb1) in CD;OD.
FRESSHERE TONCSH225 N2IINRE8N] 285324832 |SHRILERIRYITOAS juage
MNREMNNMNNNG S GO OBOE GO E6 wwwwnws LR L R L R N L N o AR ed ed ed b o3 ed od ol ed oA N —
Y o N g et e N | T el — — N/
H-2
H-5
JA]I H-6 H,O ethylene glycol CD,CD
P T S "I A PR
Pp H-1'
H-2'
6I dl 6‘0 59 5.8 54 53 5‘2 5.1 5.0
| H-4'
H-10
' . H-11
1l 1 I |
[ T 1 W 'l |1
. - | | b ik LN BV
L ) Y &b o Nt i &
S ®-9 ] - o MmN ] @
— o - — =] — — — o~
80 75 70 65 60 55 50 45 a0 35 0 25 20 (s 10

f1 (ppm)

Figure S20. 'H-NMR spectrum of 7-(3’-monomethylallyl-)-L-tryptophan (Ib2) in CD;OD.

S28 175



880
mm.ox/\.
160

67'T —

€87
8T k
o]

£8°T
68T

T0°€
MO.MW
PO'E

e
B

CD,0D

oF'e
e
£&e
6b'E
69°€
0L°€
08t
86k
86v
86t
00°§

H,0

00's
00's

LOS -7
oH.m*
ar's

w09
09
P00
909
909
wod +
809
609

569
mm.o%
0024

e
€02
9T'L
e'L
8L

om.n%ﬂ
95°£

80'8 —

95'8 —

H-6

H-5

H-4

73

HH

7.5

f1 (ppm)

H-1'

H-2

#H0'T
= 560

= 1960

b2

i 1 460
= Iz

. 670

—— 00T

1.5 1.0

2.0

3.0

5.5 4.5 4.0
f1 (ppm)

6.0

8.0 7.5 7.0

8.5

Figure S21. 'H-NMR spectrum of 7-(3’-pentenyl-)-L-tryptophan (IIb2) in CD;OD.

68'T —

T

e
£e
ST'E-E

IEE

CD,0D

T
goe
8¢
8¢
egg/

0y —

MeOH

H,0

16'9
£6°9 1
£6'9 1
00°/
T0°¢ 4
107 4
£0°4
BT A
e ]
ST
8Tz o
R
e
zz's
wey
V'L
R

5L
85/
65°L
652

§5°8 —

H-2'/H-3'/H-5'1H-6

f1 (ppm

ET6°0
E96°0
=560

=61

s

0T
60
0%

=60

Figure S22. "H-NMR spectrum of 7-benzyl-L-tryptophan (I1Ib) in CD;OD.

S29

176



CD.0D

H-4'a/H-4'c

~

-

Il
N

ethylene glycol

H,0

fre)
@9
[X=]
hi
e

H-4c

H-4a

6.8 6.7

=)

7.0
H-3'a/H-3'c

7.5 7.4 7.3 7.2 Tl
H-2'a/H-2'c

7.6

=

f1 (ppm)

H-10a/H-10¢

H-11a/H-11¢

o
o
5
5
=

oo
=}
5T
I

32 3.6 35 34 33 32
f1 (ppm)

3.8

Hov

it

A9T
AT

=0
0
%m.o
80
%md
o
10
=120
20T

4.0 3.5 3.0 25 20

4.5

f1 (ppm)

Figure S23. "H-NMR spectrum of 6-monomethylallyl-L-tryptophan (Ia) and 5-monomethylallyl-L-tryptophan

(Ic) in CD;OD.

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

lla

ethylene glycol

7.2
f1 (ppm)

H-2'a/H-3'a

7.3

H-2'¢c/H-3'c

5.40

5.50

555

f1 (ppm)

H-1'c

5.65 5.60

5.70

©
o
T
e

H-11a/H-11c -10c ﬂHOa

H-10c

Ay
10T
ST
4
Hm.o
00T
fieg

f1 (ppm)

Figure S24. 'H-NMR spectrum of 6-(2-pentenyl-)-L-tryptophan (I1a) and 5-(2-pentenyl-)-L-tryptophan (Il¢) in

CDsOD.

177

S30



£L8°T 4
+9°CH
20°€
60°€ 4
[
e
6
vv.mjk

St €
St'e
P EA
P E
87" €
8F'E
mm.m;—
6L°E

08¢
8¢
8'e

e

£8'€

0

€D,0D

i

lila

== .Y

£0'b
8k

M F Sp

8k
om.w.,r
T6'9

269
Nm.o.,r
[UWE
T L4
T L4
[AWE
£1°/
Ve
ST'Z

ethylene glycol

H,O

H-1a

= v PT°E
N T6°E]

64T

H-1'c

i
914
9T L
9144
FANE
814
8T/
814
61’4
614
6r° £
0T
T L4
T4
T4
T4
LA
mw.hq
¥T LA
57
97/ A
92 £~

H-5a

H-6¢

H-4'a/H-4'c

/H-6'c

H-2a
H-2¢c

/H-6'a/H-2'/H-3'/H-5

/H-5

H-2'/H-3'

85'L
854
85°L
85°L
854
654
65°L
B6S°L

H-10a

H-10¢

f1 (ppm)

60

% 00T

= 89°0
J 09°H

£6°0)
TLCT
66'0)

—————— 1 Q67

Figure S25. "H-NMR spectrum of 6-benzyl-L-tryptophan (IIla) and 5-benzyl-L-tryptophan (Illc) in CD;0D.

S31

178



CONCLUSIONS AND FUTURE PROSPECTS

5. Conclusions and future prospects

In this thesis, novel strategies for chemoenzymsyitthesis of alkylated compounds were
developed by using prenyltransferases of the DMAUSerfamily and unnatural DMAPP
analogues.

Initially, four alkyl diphosphates were synthesized their reactions with threetryptophan
prenyltransferases investigated. The obtained tepubved that the existence of the double
bond in DMAPP and its localization &tposition are essential for the catalytic transfer
reactions. The regioselectivity of the prenyltramates was reduced and the alkylation position
was shifted partially or completely. Five unnatlyrakgular alkylated -tryptophan products
were obtained from the reaction with two prenylsf@nases. Incubation of five dipeptide
prenyltransferases with the respective natural est-bccepted substrates and two DMAPP
analogues provided further insights into the cailgroperties of enzymes of the DMATS
superfamily. The formation of C2- as well as C3eme alkylated compounds showed the
complete loss of the regioselectivity of these emzy. Due to the new stereo center formed
during the reverse alkylations, the enzymes cagalyae formation of respective diastereomers.
The enzymatic reactions yielded 27 reverse alkglatgtophan-containing cyclic dipeptides.
Furthermore, one new benzyl diphosphate was syimttbs-gaPT2 successfully catalyzed the
regiospecific benzylation reaction oftryptophan and simple indole derivatives. The emzy
produced eight C5- and two C6-benzylated tryptopdenivatives. Finally, the three alkyl and
benzyl donors were tested in the presence of tpyjan C5-, C6- and C7-prenylating enzymes
from fungi and bacteria. Several product were fatmiea different ratios by these
prenyltransferases, with C-6 being the favoredtmosfor the alkyl or benzyl attachment. From
the enzyme assays of these five prenyltransferasies, regular and two reverse alkylated
L-tryptophan derivatives have been characterized.

The acceptance of the unnatural alkyl and benzylodo by several prenyltransferases
significantly expands the potential use of theseyeres as catalysts for Fried€rafts
alkylations.

For future prospects, the following works shouldoeeformed:

> Investigations on the described DMAPP analogues wanthtural substrates in the
presence of prenyltransferases of the DMATS supelyato create new unnatural

alkylated compounds.
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Synthesis of additional conjugated allyl DMAPP aggies and testing their acceptance
by prenyltransferases.

Synthesis of allyl and benzyl DMAPP analogues ¢agyunctional groups and testing
their acceptance by prenyltransferases.

Mutational studies on different prenyltransferagesgnhance or alter the catalytic
properties towards DMAPP analogues as well asrtbduunderstand the structural and
mechanistic relationship of prenyltransferases.

Examination of acquired or altered pharmacologicaperties of unnaturally alkylated

indoles via cytotoxicity experiments.
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