m DECHEMA Materials

FORSCHUNGSINSTITUT Chemical Engineering
Stiftung biirgerlichen Rechts Biotechnology
Forschungsberichte Nr. 25

Laura Drummond
2021

Investigation of Non-Canonical
Terpene Biosynthesis

f\"\opp

f‘\’\opp Wopp
IPP

&0
* o

Herausgeber: DECHEMA-Forschungsinstitut * Stiftung birgerlichen Rechts
Vorstand: PD Dr.-Ing. Mathias Galetz (Vorsitzender), PD Dr. Jonathan Z. Bloh
Sitz der Stiftung: Frankfurt am Main

www.dechema-dfi.de



Investigation of Non-Canonical

Terpene Biosynthesis

Dissertation
zur Erlangung des Doktorgrades

der Naturwissenschaften

vorgelegt beim Fachbereich 15 — Biowissenschaften
der Johann Wolfgang Goethe-Universitét

in Frankfurt am Main

von
Laura Drummond

aus Curitiba, Brasilien

Frankfurt am Main (2021)

(D 30)



Vom Fachbereich 15 - Biowissenschaften der

Johann Wolfgang Goethe-Universitat als Dissertation angenommen.

Dekan:
Prof. Dr. Sven Klimpel

Goethe-Universitat Frankfurt, Institut fiir Okologie, Evolution und Diversitét

Gutachter:
Prof. Dr. Jens Schrader
DECHEMA-Forschungsinstitut, Industrielle Biotechnologie

Prof. Dr. Eckhard Boles

Goethe-Universitat Frankfurt, Institut fir Molekulare Biowissenschaften

Datum der Disputation: 21. Juli 2021



Schriftenreihe des DECHEMA-Forschungsinstituts

Band 25

Laura Drummond

Investigation of Non-Canonical Terpene Biosynthesis

D30 (Diss. Universitat Frankfurt am Main)

Shaker Verlag
Duren 2021



Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.

Zugl.: Frankfurtam Main, Univ., Diss., 2021

Copyright Shaker Verlag 2021

All rights reserved. No part of this publication may be reproduced, storedin a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
ofthe publishers.

Printedin Germany.

ISBN 978-3-8440-8226-5

ISSN 2197-6155

Shaker Verlag GmbH « Am Langen Graben 15a « 52353 Diren

Phone: 0049/2421/99011-0 + Telefax: 0049/2421/99011-9
Internet: www.shaker.de « e-mail: info@shaker.de



Publications:

Expanding the Isoprenoid Building Block Repertoire with an IPP Methyltransferase
from Streptomyces monomycini

Laura Drummond, Max J. Kschowak, Jurgen Breitenbach, Hendrik Wolff, Yi-Ming Shi,
Jens Schrader, Helge B. Bode, Gerhard Sandmann, and Markus Buchhaupt

ACS Synthetic Biology 2019 8 (6), 1303-1313

DOI: 10.1021/acssynbio.8b00525

Microbial Cell Factories for the Production of Terpenoid Flavor and Fragrance
Compounds

Florence M. Schempp, Laura Drummond, Markus Buchhaupt, and Jens Schrader
Journal of Agricultural and Food Chemistry 2018 66 (10), 2247-2258

DOI: 10.1021/acs.jafc.7b00473

Patent application:

Markus Buchhaupt, Max Kschowak, Laura Drummond, Jens Schrader. EP3425051 -
METHOD FOR THE PRODUCTION OF ISOPRENOIDS BY HETEROLOGOUS
EXPRESSION OF A PROTEIN IN A MICROORGANISM. Application Number
17179874, European Patent Office, 2017.






Acknowledgements

This doctoral thesis was developed between 2015 and 2019 at the DECHEMA
Research Institute (DFI1) as part of the project New to Nature Terpenes, funded by the
Fachagentur Nachwachsende Rohstoffe (FNR), and with a scholarship from the
program Science Without Borders (Ciéncia sem Fronteiras) founded by the Brazilian
federal government in 2011. The program is a joint effort of the Ministry of Education
and the Ministry of Science and Technology through their respective funding agencies
- CAPES and CNPq. | would like to thank CNPq for providing and administrating my
scholarship during its four years of duration.

Special thanks to Prof. Dr. Jens Schrader, the first examiner of this thesis, my principal
advisor and “Doktorvater”, for the guidance and support, for the opportunity of working
at DECHEMA, and for the encouragement to research on terpenes. Thanks to Prof.
Eckhard Boles for agreeing to be the second examiner of this thesis.

The work was closely supervised by Dr. Markus Buchhaupt, team leader of the
Industrial Biotechnology (IBT) group at DECHEMA Research Institute, whom | wish to
thank for invaluable scientific discussions over the course of the project, and for the
motivation to research unconventional terpenes.

Important support was also rendered by members of the IBT research group,
especially Max Lepple (geb. Kschowak), Ina Depentori (geb. Huth), and my students
Rupa Bhattarai and Clara Bérnsen, who prepared their theses and manuscripts based
on the project. | wish to thank all of them for their collaboration and group work. Thanks
to Dr. Hendrik Schewe for helping with GC-MS and many other lab-related questions.
| would like to thank my office peers from the 4" floor Angelika Horst, Magdalena
Patzold and Florence Schempp, for the good conversations, motivation when needed,
and nice office environment.

Thanks to the members of the DECHEMA Band, current and past, especially to
Mathias Réhrig, for all the music we played together during these years. Music is the
best therapy.

Thanks to my family and friends, for the unconditional love and continuous support,
even at great distance. Very special thanks to JJ, for the support during the writing of

this thesis, and for all the love.






Table of Contents

LIST OF ABBREVIATIONS 1X
LIST OF FIGURES Xl
LIST OF TABLES XVl
ZUSAMMENFASSUNG XIX
ABSTRACT XXV
1 INTRODUCTION 1
1.1 TERPENES, TERPENOIDS, ISOPRENOIDS 2
1.2 ORIGIN AND HISTORY 3
1.3  ISOPRENE RULE 4
1.4 NATURAL OCCURRENCE AND FUNCTIONS 6
1.5 ECONOMIC IMPORTANCE 11
1.6 BIOSYNTHESIS 14
1.6.1 BIOSYNTHESIS OF TERPENE PRECURSORS 14
1.6.2 TERPENE BIOSYNTHESIS 19
1.6.3 NON-CANONICAL TERPENES 23
1.7 METHYLTRANSFERASES AND COFACTOR SYNTHESIS 26
1.8 MICROBIAL PRODUCTION OF TERPENES 31
1.9 MOTIVATION 35
2 MATERIALS AND METHODS 39
2.1 MATERIALS 39
2.1.1 CHEMICALS 39
2.1.2 MEDIA 40
2.1.3  BUFFERS AND SOLUTIONS 41
2.2 MICROORGANISMS, EXPRESSION PLASMIDS AND PRIMERS 42
2.2.1 MICROORGANISMS 42
2.2.2  PLASMIDS 43
2.2.3  PRIMERS 47
2.3 EQUIPMENT AND KITS 48
2.4 SOFTWARE AND DATABASES 50
2.5 MOLECULAR BIOLOGY METHODS 50
2.5.1 PCR 50
2.5.2  RESTRICTION DIGEST 50
2.5.3 DNALIGATION 51
2.5.4 TRANSFORMATION 51
2.5.5 PLASMID DNA EXTRACTION 51
2.5.6 AGAROSE GEL ELECTROPHORESIS 51




2.6 BIOCHEMICAL METHODS 51

2.6.1 PROTEIN EXPRESSION, EXTRACTION AND PURIFICATION 51
2.6.2  PROTEIN QUANTIFICATION THROUGH BCA TEST 52
2.6.3 POLYACRYLAMIDE GEL ELECTROPHORESIS 52
2.7 IN VITRO ASSAYS 52
2.7.1  IN VITRO METHYLTRANSFERASE INCUBATIONS 52
2.7.2  INVITRO TKMAT/MTAN INCUBATIONS 52
2.7.3  INVITRO TKMAT/MTAN-MT INCUBATIONS 53
2.7.4 N VITRO INCUBATIONS WITH PLANT TERPENE SYNTHASES 53
2.8 IN VIVO PRODUCTION OF TERPENES 54
2.8.1 PRODUCTION OF ALKYLATED ISOPRENOIDS 54
2.8.2  INVESTIGATION OF VOLATILE PRODUCTION BY S. MONOMYCINI 54
2.9 ANALYTICAL METHODS 54
29.1 GC-MS 54
2.9.2 LC-MS 55
2.10 BIOINFORMATICS METHODS 56
2.10.1 BLAST 56
2.10.2 PROTEIN MODEL GENERATION 56
3 RESULTS 57
3.1 IDENTIFICATION OF NOVEL METHYLTRANSFERASE CODING REGIONS BY SEQUENCE COMPARISON 57
3.2 PROTEIN HOMOLOGY MODELING OF PRENYLPYROPHOSPHATE METHYLTRANSFERASES FROM S. MONOMYCINI
AND S. COELICOLOR 64
3.3 IN VITRO ASSAYS WITH THE PRENYLPYROPHOSPHATE METHYLTRANSFERASE FROM S. MONOMYCINI 66
3.4 IN VITRO INCUBATIONS WITH METHYLTRANSFERASE MUTANTS 75
3.5 IN VIVO EXPERIMENTS, 76
3.5.1 HETEROLOGOUS EXPRESSION OF THE OPERON FROM S. MONOMYCINI 76
3.5.2  ISOTOPE LABELING OF METHYLATED COMPOUNDS AND IDENTIFICATION OF LONG-CHAIN METHYL-TERPENES 80
3.5.3  INVESTIGATION OF IN VIVO PRODUCTION OF TERPENES BY WILD STRAIN STREPTOMYCES MONOMYCINI ___ 90
3.6 ENZYMATIC ASSAYS WITH IPPMT AND IN SITU SAM AND SAM ANALOGS FORMATION 929
3.6.1 INSITUSAM PRODUCTION WITH TKMAT 101
3.6.2 IN VITRO FORMATION OF UNCONVENTIONAL TERPENES USING SAM ANALOGS 103
3.6.3 SAM AND SAM ANALOGS DETECTION 107
3.7 PRODUCTION OF NON-CANONICAL TERPENES USING PLANT TERPENE SYNTHASES 114
4 DISCUSSION 125
4.1 IDENTIFICATION OF NOVEL METHYLTRANSFERASE CODING REGIONS BY SEQUENCE COMPARISON 125
4.2 PROTEIN HOMOLOGY MODELING OF IPPMT FROM S. MONOMYCINI AND GPPMT FROM S. COELICOLOR 126
4.3  IN VITRO ASSAYS WITH MT FROM S. MONOMYCINI, 127
4.4 [N VITRO INCUBATIONS WITH METHYLTRANSFERASE MUTANTS 137
4.5 IN VIVO EXPERIMENTS 138
4.5.1 HETEROLOGOUS EXPRESSION OF OPERON FROM S. MONOMYCINI 138
4.5.2  ISOTOPE LABELING OF METHYLATED COMPOUNDS AND IDENTIFICATION OF LONG-CHAIN METHYL-TERPENES
138

4.5.3  INVESTIGATION OF /N VIVO PRODUCTION OF TERPENES BY WILD STRAIN STREPTOMYCES MONOMYCINI ___ 142
4.6 IN SITU COFACTOR FORMATION 146
4.7 PRODUCTION OF NON-CANONICAL TERPENES USING PLANT TERPENE SYNTHASES 148

\!



5 CONCLUSIONS 153
6 REFERENCES 157
7 APPENDIX 175
CURRICULUM VITAE 179

Vil



