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D. SUMMARY

Terpenoids represent the largest group of secondary metabolites comprising various
properties and activities. Due to the enormous diversity as well as manifold applications of
terpenoids, their microbial production is of growing importance for the biotechnological
industry. As consequence of their complex biosyntheses, bioprocesses, and product
properties, it is necessary to optimize the microbial production methods, even in already
established hosts. Moreover, the evaluation and engineering of alternative new platform
organisms with novel capabilities is crucial to expand the existing portfolio of producible
terpenoids.

The purple non-sulfur bacterium Rhodobacter capsulatus has already been validated as a
suitable production chassis for plant sesquiterpenes utilizing classical metabolic engineering
concepts. Based on these initial results, more complex terpenoids may now be produced and
a gradual control of gene expression may be beneficial. Additionally, for complex biosynthetic
pathways, a compartmentalization, or stabilization of key enzymes can be beneficial reducing
the accumulation of toxic intermediates, which might normally limit the cell viability and product
yields. The present work aims to broaden the applicability of R. capsulatus as a production
host for different terpene classes and to improve their biosynthesis at different cellular levels.
Hence, by [I] applying different metabolic engineering strategies for increased precursor
availability, the sesquiterpene p-caryophyllene, the diterpene casbene, the triterpene
squalene, and the tetraterpene B-carotene could successfully synthesized in R. capsulatus.
Besides the availability of precursor molecules, [II] the selective control of cellular processes,
e.g., via precise gradual control over target gene expression, was established in order to
improve the efficiency of complex biosynthetic pathways. For this purpose, a broad host range
Pic-based vector system was implemented in R. capsulatus and applied in combination with
photocaged IPTG derivatives with diverging water solubility to achieve light-controlled gene
expression. As a proof of concept, the synthesis of the intrinsic carotenoid biosynthesis was
successfully regulated by light. Subsequently, the general applicability of this light-controllable
expression system was demonstrated by transfer to other industrially relevant bacterial hosts
such as Escherichia coli, Bacillus subtilis, and Pseudomonas putida.

Immobilization of enzymes on the surface of appropriate carrier materials can lead to protein
stabilization and improved substrate channeling, thereby enhancing product yields and
reducing the accumulation of potentially toxic intermediates. Therefore, [III] granules of the
biopolymer polyhydroxybutyrate (PHB) were identified as promising bioplastic material
particularly suited for the invivo immobilization of recombinant enzymes in bacteria.
R. capsulatus is naturally capable to form PHB granules, which were successfully

functionalized for the first time in this phototrophic bacterium by attaching the fluorescent
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protein eYFP to the PHB granule surface. Since validation and optimization of in vivo
attachment of the target protein to the biopolymer matrix is a laborious process, it would be a
tremendous benefit to online-monitor and quantify this event in living cells during the production
and immobilization process. To this end, [IV] an alternative linker for in vivo protein
immobilization was developed in the non-native PHB producer E. coli combining the split GFP
system and PHB technology. This new linker system offers a biosensor function that allows
the in vivo detection of the target protein attachment to the biopolymer surface.

In this work, the heterologous terpene production in R. capsulatus was extended to different
terpene classes and a P c-based vector system was implemented allowing light-induced gene
expression and thus providing a method for the precise regulation of heterologous terpene
biosynthesis. By successfully decorating PHB granules and developing a new linker/sensor
system, the in vivo immobilization and simultaneous in vivo monitoring of the coupling process
became possible. Hence, a cornerstone was laid for improving terpene biosynthesis in

R. capsulatus using the PHB technology for enzyme scaffolding.

IX
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E. ZUSAMMENFASSUNG

Terpenoide stellen die grofte Gruppe der Sekundarmetabolite dar und weisen eine Vielzahl
an Eigenschaften und Aktivitaten auf. Aufgrund der enormen Diversitat und zahlreichen
Anwendungsmadglichkeiten ist deren mikrobielle Produktion von immer gréRer werdender
Bedeutung in der biotechnologischen Industrie. Infolge der Komplexitdt der
zugrundeliegenden Biosynthesen, Produkteigenschaften und Bioprozesse ist es erforderlich,
die Herstellungsverfahren in bereits etablierten Wirten weiter zu optimieren. Darlber hinaus
sind die Bewertung und Entwicklung alternativer Mikroorganismen als neue
Plattformorganismen mit neuartigen Fahigkeiten von entscheidender Bedeutung fur die
Erweiterung des bestehenden Portfolios an herstellbaren Terpenoiden. Das Nicht-Schwefel
Purpurbakterium Rhodobacter capsulatus wurde bereits initial auf seine Eignung als
Produktionschassis fur die Biosynthese pflanzlicher Sesquiterpene mit Hilfe klassischer
metabolic engineering Konzepte evaluiert. Auf Grundlage dieser ersten Ergebnisse kdnnen
nun komplexere Terpenoide produziert werden, zudem kdnnte eine graduelle Kontrolle der
Genexpression besonders in Bezug auf komplexe Biosynthesewege von Vorteil sein. So kann
beispielsweise eine Kompartimentierung oder Stabilisierung von Schllisselenzymen die
Anhaufung toxischer Intermediate verringern, die normalerweise die Zellvitalitat und
Produktausbeute negativ beeinflussen kdnnten.

Das Ziel der vorliegenden Arbeit ist es, R. capsulatus als Wirt fur die Produktion verschiedener
Terpenklassen zu etablieren und deren Biosynthese auf verschiedenen zellularen Ebenen zu
verbessern. So konnten durch [I] die Anwendung unterschiedlicher metabolic engineering
Strategien, mit dem Ziel einer erhdhten Verfligbarkeit von Vorstufenmolekilen, das
Sesquiterpen p-Caryophyllen, das Diterpen Casben, das Triterpen Squalen und das
Tetraterpen B-Caroten erfolgreich in R. capsulatus produziert werden. Daneben wurden [II]
Methoden zur selektiven Steuerung zellularer Prozesse, beispielsweise Uber eine prazise,
schrittweise Kontrolle der Zielgenexpression etabliert, um so die Effizienz der komplexen
Biosynthesewege zu verbessern. Hierfur wurde ein P c-basiertes Vektorsystem mit breitem
Wirtsspektrum in R. capsulatus implementiert und schlielich mit photocaged IPTG-Varianten
mit unterschiedlicher Wasserloslichkeit eingesetzt, um eine lichtgesteuerte Genexpression zu
ermdglichen. Hierdurch gelang es, die intrinsische Carotinoidbiosynthese erfolgreich durch
Licht zu regulieren. AnschlieRend wurde durch den Transfer auf andere industriell relevante
bakterielle Wirte wie Escherichia coli, Bacillus subtilis und Pseudomonas putida die
allgemeine Anwendbarkeit dieses Licht-gesteuerten Expressionssystems nachgewiesen.

Die Immobilisierung von Enzymen auf der Oberflache geeigneter Tragermaterialien kann zu

einer Stabilisierung des jeweiligen Proteins und zu erleichtertem Substratfluss fihren, wodurch



ZUSAMMENFASSUNG = XI

sich die Produktausbeute erhéht und die Akkumulation von (toxischen) Intermediaten
verringert werden kann.

Daher wurden [III] Granula des Biopolymers Polyhydroxybutyrat (PHB) als
vielversprechendes bioplastisches Material identifiziert, welches sich besonders fir die in vivo
Immobilisierung rekombinanter Enzyme in Bakterien eignet. R. capsulatus ist naturlicherweise
in der Lage PHB-Granula zu bilden und in dieser Arbeit wurden diese Biopolymere zum ersten
Mal erfolgreich in diesem phototrophen Bakterium funktionalisiert, indem das fluoreszierende
Protein eYFP an die PHB-Oberflache angelagert wurde.

Da die Validierung und Optimierung der erfolgreichen Bindung des Zielproteins and die
Immobilisierungsmatrix in vivo ein aufwendiger Prozess ist, ware es winschenswert, diesen
Vorgang in lebenden Zellen wahrend des Herstellungs- und Immobilisierungsprozesses online
zu Uberwachen und zu quantifizieren. Zu diesem Zweck wurde [IV] ein alternativer Linker fir
die in vivo Proteinimmobilisierung in dem nicht nativen PHB-Produzenten E. coli entwickelt,
der das split GFP-System und die PHB-Technologie kombiniert. Dieses neue Linkersystem
bietet eine Biosensorfunktion, die den in vivo Nachweis der Bindung des Zielproteins an die

Biopolymeroberflache ermdéglicht.

In der vorliegenden Arbeit wurde die heterologe Terpenproduktion in R. capsulatus auf
verschiedene Terpenklassen erweitert und ein P c-basiertes Vektorsystem implementiert,
welches eine lichtinduzierte Genexpression ermoglicht und damit eine prazise Regulation der
heterologen Terpenbiosynthese erlaubt. Durch die erfolgreiche Dekoration der PHB-Granula
und die Entwicklung eines neuen Linker-/Sensorsystems wurde die in vivo Immobilisierung
und gleichzeitige in vivo Uberwachung des Kopplungsprozesses erméglicht. Damit wurde der
Grundstein fir die Verbesserung der Terpenbiosynthese in R. capsulatus unter Verwendung

der PHB-Technologie zur Immobilisierung von Enzymen gelegt.
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l. INTRODUCTION

Exploring and understanding life with all its forms, colors and facets has always been the main
concern of biology, the science of life. However, it is human nature to bring acquired knowledge
into practice. The continuous striving for improvement drives us, it defines us, it makes us
unique on planet Earth. Thus, mankind has been trying to subdue nature since the beginning
of time. Fields are cultivated, animals are domesticated, and the landscape is shaped
according to one’s own ideas. This process was accelerated almost 200 years ago by the
industrial revolution. However, the increasing technologization of society also allows to gain
detailed insights into the secrets of life. The discovery of microorganisms, the deciphering of
the genetic code, the first genetic modification of an organism in the laboratory, are all
milestones in life sciences and the birth of a new sub-discipline, the modern biotechnology.
Learning from nature, understanding biological processes, developing further, and applying to
current problems: Biotechnology has the potential to provide answers to the fundamental
challenges facing humankind, such as climate change, famines, or resource scarcity. Its
origins are almost as old as mankind itself. Initially still coincidental, the properties of
microorganisms such as yeasts or lactic acid bacteria were used to produce high-quality food.
Today, biotechnological products have become essential for a modern society. Bioactive
compounds in medicines, food supplements, detergents or alternative fuels are just a few of
the numerous products of this branch of industry. Enzymes as natural catalysts for the
conversion of substrates into metabolites are of central importance in this context (Heux et al.,
2015; Prasad & Roy, 2017). Therefore, it is of particular interest to increase the variability,
activity, and stability of these proteins. Here, synthetic biology contributes to the development
and redesign of biological systems improving enzymatic processes as well as harnessing new
natural products (Boéttcher & Bornscheuer, 2010; Clarke & Kitney, 2020). Moreover, controlling
gene expression, e.g. by applying light as an external stimulus, allows orchestration of complex
biosynthetic pathways and thus precise regulation of metabolic flux rates towards desired
product formation (Binder, Frohwitter et al., 2016; Lalwani et al., 2021; Zhao et al., 2021).

In summary, it is possible to harness the potential of microorganisms by generating optimized
cell factories for the production of proteins as wells as high-valuable secondary metabolites
(Brown et al., 2017; Kulagina et al., 2021; Thak et al., 2020). Aim of this work was to develop
different strategies to improve secondary metabolite production in the anoxygenic phototrophic
bacterium Rhodobacter capsulatus. In the introduction, different metabolic engineering
concepts for the heterologous synthesis of terpenoids, a group of valuable natural products,
as well as the (light) regulation of biosynthetic pathways will be discussed. Second,

engineering techniques to improve enzymatic properties will be enlightened.

1



INTRODUCTION

I.1 Terpenoids — Applications, biosynthesis and biotechnological engineering

With up to 80,000 known compounds so far, terpenoids represent the largest group of
secondary metabolites in nature (Moser & Pichler, 2019). These very heterogenous
hydrocarbons are mainly produced in plants (Bergman et al., 2019; Pichersky & Raguso, 2018)
and fulfill various functions such as defense against herbivores (Qi et al., 2018), as signal
molecules for pollinators (Lipson Feder et al., 2021) or as antioxidants preventing
photooxidative stress during photosynthesis (Kumar et al., 2020). Furthermore, terpenoids are
also found in bacteria (Gozari et al., 2021), archaea (Matsumi et al., 2011), fungi (Chen & Liu,
2017; Elissawy et al., 2015), insects (Karlson, 1969; Quintana et al., 2003) and mammals
(Reddy & Couvreur, 2009). Due to their enormous structure and functional diversity, terpenoids
are used in numerous biotechnological applications (Tetali, 2019). Thus, they serve as
fragrances (Serra, 2015) or flavors (Vespermann et al., 2017) and are also important
components in pharmaceuticals (Ho et al., 2021; Kim et al., 2020) as well as pesticides
(Sparagano et al., 2013). Moreover, terpenoids are used in the production of biofuels (Mewalal
et al., 2017). Since conventional extraction of terpenoids from plant-based material is very
laborious and cost-intensive, recombinant production in more-easy to handle microorganisms
plays an increasingly important role (Cravens et al., 2019; Marienhagen & Bott, 2013).

All terpenoids are composed of different amounts of isoprene subunits (Cs) which primary
leads to a subdivision into mono- (C1o), sesqui- (C1s), di- (C20), tri- (Ca30) and tetraterpenes (Cao)
(Ruzicka, 1953). Moreover, a few examples of specialized terpenoid classes, such as hemi-
(Cs) (M. Li et al., 2018), sester- (Czs) (Li & Gustafson, 2021), sesquarter- (Css) (Sato, 2013)
and polyterpenoids (>Cs) (Swiezewska & Danikiewicz, 2005) are also described in the
literature. The precursor molecules of all terpenoids are the isoprene derivatives isopentenyl
diphosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) [see Figure 1]. These required
precursors can be produced via two independent biosynthetic pathways. While most
organisms only encode one of the two metabolic routes, plants are able to deploy both (Zeng
& Dehesh, 2021): (I) The 2-C-methylerythritol 4-phosphate (MEP) pathway, which occurs in
plastids, algae as well as bacteria originates from pyruvate and glyceraldehyde-3-phosphate
(GAP) (Rohdich et al., 2002), while (II) the mevalonate (MVA) pathway can be found in

eukaryotes and archaea with acetyl-CoA as the starting substrate (Goldstein & Brown, 1990).

2
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Figure 1. Schematic overview of terpenoid biosynthetic pathway and suitable metabolic
engineering strategies. The MEP pathway (yellow module) originating from the substrates GAP and
pyruvate consists of seven enzymatic reactions and is found in algae, bacteria, and plastids. On the
opposite, the MVA pathway (blue module) is found in eukaryotes as well as archaea and comprises six
steps. However, it is possible to integrate and overexpress the corresponding heterologous pathway in
one organism and thus to increase the amount of precursor molecules. The end products of both
metabolic pathways represent the isoprene derivatives IPP and DMAPP. These are further converted
to the prenyl pyrophosphates GPP, FPP, and GGPP (purple module), the precursor of all terpenoid
classes. Targeted overexpression of rate-limiting enzymes (symbolized by red 1) can further shift the
carbon flux towards the desired products. Numerous hosts naturally produce terpenes, for example
carotenoids in phototrophic organisms or sterols in fungi (green module). Disruption of this intrinsic
terpenoid production or downregulation of obligate metabolite biosyntheses (symbolized by red \/) can
lead to higher production of the desired prenyl pyrophosphates. The respective target terpene can finally
be obtained by expression of heterologous terpenoid synthases (red module). Substrates (CDP-ME: 4-
diphosphocytidyl-2-methyl-D-erythritole, CDP-MEP: CDP-ME-2-phosphate, DMAPP:
dimethylallylpyrophosphate, DXP: 1-desoxy-D-xylulose-5-phosphate, FPP: farnesyl pyrophosphate,
GAP: glycerinaldehyde-3-phosphate, GGPP: geranylgeranyl pyrophosphate, GPP: geranyl
pyrophosphate, HMBPP: (E)-4-hydroxy-3-methyl-but-2-enyl-diphosphate, HMG-CoA: B-hydroxy-B-
methylglutaryl-CoA, IPP: isopentenyl pyrophosphate, Me-cPP: 2-c-methyl-D-erythritol-2,4-
cyclodiphosphate, MEP: 2-c-methyl-D-erythritol-4-phosphate, MVA: mevalonate, MVP: mevalonate-5-
phosphate, MVPP: mevalonate-5-pyrophosphate, PYR: pyruvate); Enzymes (ACAT: acetyl-CoA
acyltransferase, CMK: cytidyl-methyl kinase, CMS: cytidyl-methylerythritol synthase, CrtBICDF:
enzymes involved in carotenoid biosynthesis, CrtE: geranylgeranyl pyrophosphate synthase, DXR: 1-
desoxy-D-xylulose-5-phosphate  reductase, DXS: 1-desoxy-D-xylulose-5-phosphate synthase,
Erg 9,1,7,11: enzymes involved in ergosterol biosynthesis, HDR: hydroxy-methyl-butenyl-diphosphate
reductase, HDS: hydroxy-methyl-butenyl-diphosphate synthase, HMGR: hydroxy-methyl-glutaryl
reductase, HMGS: hydroxy-methyl-glutaryl synthase, IDI: isopentenyl diphosphate isomerase, IspA:
farnesyl pyrophosphate synthase, MCS: methyl-erythritol-cyclo-diphosphate synthase, MK: mevalonate
kinase, PMD: pyrophosphate-mevalonate decarboxylase, PMK: phosphate-mevalonate kinase).

Starting from IPP and DMAPP, prenyl pyrophosphates are synthesized, which form the
precursor molecules of the later terpene classes. For this purpose, IPP and DMAPP are linked
by a prenyl transferase via a head-to-tail condensation resulting in geranyl pyrophosphate
(GPP) production (K. Wang, 2000). For additional elongation to farnesyl pyrophosphate (FPP)
or geranylgeranyl pyrophosphate (GGPP), further molecules of IPP are linked to the existing
structure (Ohnuma et al., 1997). The prenyl pyrophosphates GPP, FPP, and GGPP are the
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basis for the synthesis of all terpene classes. Numerous microorganisms naturally produce
terpenes, such as carotenoids in phototrophs (Paniagua-Michel et al., 2012) or sterols in fungi
(Jorda & Puig, 2020). Furthermore, the FPP synthase can be utilized as a phylogenetic marker
due to its wide distribution in various groups of organisms (Cantera, 2002).

As already mentioned, the extraction of terpenoids from plant material is not very effective,
thus for biotechnological applications the focus is rather on recombinant production in
microorganisms (Cravens et al., 2019). Thus, heterologous expression of terpene synthases,
often originating from plants, is employed to increase the respective efficiency using the well-
established production hosts Escherichia coli and Saccharomyces cerevisiae (Liang et al.,
2021; Paramasivan & Mutturi, 2017; Rinaldi et al., 2022; Ward et al., 2018). To generate
terpenoid yields of industrial relevance, it is necessary to further optimize these hosts by
metabolic engineering techniques as well as bioprocess improvement to ensure optimal
carbon flux rates towards the desired products (Carsanba et al., 2021; Dueber et al., 2009;
Moser & Pichler, 2019; Schempp et al., 2018). Different regulatory mechanisms in the
corresponding metabolic pathways, such as feedback inhibition of the 1-desoxy-D-xylulose-5-
phosphate synthase (DXS) by DMAPP and IPP in E. coli were already discovered (Banerjee
et al., 2013). Moreover, accumulation of intermediates such as B-hydroxy-p-methylglutaryl-
CoA (HMG-CoA), IPP, DMAPP and FPP are reported to cause toxic effects in bacteria (Dahl
et al., 2013; Pitera et al., 2007; Sivy et al., 2011). Therefore, overexpression of rate-limiting
enzymes of isoprenoid biosynthesis is a promising approach to enhance carbon flux and
negate potential cellular inhibitory effects (Donald et al., 1997; Engels et al., 2008; H. Lim et
al.,, 2020). Exemplary, in the Gram-positive bacterium Bacillus subtilis, plasmid-based
overexpression of the entire MEP biosynthetic pathway resulted in a 20-fold increased
production of the C3 carotenoid 4,4 -dianeurosporene (Abdallah et al., 2020). In addition to
MEP mediated overexpression approaches, the heterologous MVA pathway has already been
successfully integrated in bacteria in the pioneering work of Keasling and co-workers (Martin
et al., 2003). Here, heterologous biosynthesis of amorpha-4,11-diene with concomitant
insertion of the MVA gene cluster in E. coli was demonstrated. This laid the foundation for
numerous further studies on heterologous terpene production in bacteria, in which the
precursor supply was increased by introducing the recombinant MVA pathway (Jang et al.,
2011; C.-L. Liu et al., 2019; Yang & Guo, 2014; Yang & Nie, 2016). In contrast, insertion of a
functional MEP pathway in yeasts seems to be a great burden (Kirby et al., 2016). Since the
last two enzymes IspG and IspH containing iron-sulfur cluster and hence require additional
redox partners, which are not found in the cytoplasm of yeasts (Lill & Muhlenhoff, 2008), the
intermediate MECPP appears to accumulate and interrupt carbon flux within the cell (Carlsen
et al., 2013; Partow et al., 2012). Furthermore, as numerous microorganisms also show a

distinct intrinsic terpenoid production, it might be necessary to knockout or downregulate such
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competing pathways. By replacing the promoter for controlling FFP consuming squalene
synthase level with a weaker, glucose-dependent variant, it was possible to 3.4-fold enhance
the production of the sesquiterpene a-santalene in S. cerevisiae (Scalcinati et al., 2012).
However, indirect competition with metabolic pathways requiring carbon sources such as
polyhydroxybutyrate (PHB) biosynthesis must be considered as well (Mougiakos et al., 2019).
In the PHB deficient strain Cupriavidus necator H16 PHB4 (Raberg et al., 2014), product titers
of the sesquiterpene B-farnesene up to 26.3 uyM could be achieved by fed-batch processing
using fructose as substrate (Milker & Holtmann, 2021). More complex terpenoids are usually
highly hydrophobic, non-volatile and accumulate within a cell to partially cause membrane
stress (Verwaal et al., 2010). Thus, this process may constrain production efficiency due to
limited storage capabilities and toxic effects (C. Zhao et al., 2018). In S. cerevisiae, the
triterpene squalene was observed to accumulate in peroxisomes (G.-S. Liu et al., 2020). For
this, Wei and coworkers were able to increase squalene titers up to 11 g/L in a two-stage fed-
batch fermentation by introducing the whole squalene biosynthetic pathway into peroxisomes
as well as enhancing ATP, NADPH, and acetyl-CoA supply. In contrast, a heterologous
approach pursued the use of hydrophobic PHB granules for the storage of lycopene in E. coli.
Here, the terpene synthase as well as the genes required for PHB biosynthesis were
heterologously expressed and lycopene was observed to attach to the granule surface in vivo
(Y. Liu et al., 2020). Besides the exploitation of recombinant compartments, it is also possible
to utilize cellular membranes as storage media. For example, lycopene production in E. coli
could be increased 1.32-fold by overexpressing a heterologous Almgs protein from
Acholeplasma laidlawii in combination with host genes associated with membrane
biosynthesis (T. Wu et al., 2018).

Another possible target to improve isoprenoid biosynthesis is the terpene synthase itself, firstly
through enzyme engineering, i.e., the targeted replacement of individual amino acids as well
as truncation, or the addition of individual protein domains (Kschowak et al., 2020; Lauchli
et al., 2013; Ronnebaum et al., 2021). For example, by the heterologous expression of a
chimeric diterpene synthase from Emericella variecolor consisting of a terpene cyclase (TC)
domain and a prenyl transferase (PT) domain, the tricyclic diterpene variedene could be
produced in Aspergillus oryzae (Qin et al., 2016). Interestingly, a new macrocyclic ester
terpene (2E)-a-cericerene could additionally be synthesized, suggesting that the TC domain
could utilize different prenyl pyrophosphates as substrates. Finally, an exchange of the PT
domain with that from another chimeric sesterterpene synthase also originated from
E. variecolor allowed the in vivo production of (2E)-a-cericerene as the major product (Qin
et al., 2016). Moreover, since the synthesis of a terpenoid is a multi-step enzymatic reaction,
enzymes catalyzing adjacent steps in isoprenoid biosynthesis can be fused to enhance

enzyme activity or reducing the accumulation of (toxic) intermediates (Albertsen et al., 2011;
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Nogueira etal., 2019; Wang etal., 2021). Fusion of IDI and the downstream prenyl
pyrophosphate synthase led to a 5.7-fold increase in carotenoid production in E. coli and up to
58% higher lycopene yield in S. cerevisiae (Kang et al., 2019). Here, the peculiarity was the
utilization of a protein tag system with relatively short peptide pairs, allowing the construction
of scaffold-free modular enzyme assembilies.

Besides the aforementioned techniques for direct optimization of cellular processes, the
cultivation or production conditions may also be enhanced. This bioprocess optimization
includes the selection of a suitable growth medium composition including carbon and nitrogen
sources, sufficient gassing, for example with O or COg, ideal pH value as well as temperature
and precise timing of the appropriate cultivation period including an optimal start time for
production (Carsanba et al., 2021). Gruchattka and co-workers compared the potential of
metabolic networks of E. coli and S. cerevisiae to produce IPP in terms of carbon
stoichiometry, energy and required redox equivalents in silico using elementary mode analysis.
Here, they concluded that the MEP pathway can theoretically provide an almost 50% increased
amount of IPP than the MVA pathway due to the different precursors and associated carbon
stoichiometry. In addition, theoretical modeling revealed that supplementing glycerol in E. coli
and ethanol in S. cerevisiae as carbon sources enable the highest potential product yields
(Gruchattka et al., 2013). As an example for an in vivo bioprocess optimization, squalene
production in the oleaginous yeast Yarrowia lipolytica was increased 28-fold to 502 mg/L
compared to the parental strain by conventional overexpression of rate-limiting enzymes and
improved cultivation processes (H. Liu et al., 2020). To this end, the influence of the cultivation
vessel geometry was examined as well as the growth medium composition was improved by
using glucose as carbon source (leading to a C/N ratio of 40:1), a regulated pH value, and PBS
buffer supplemented with 1 mg/L cerulenin to inhibit competing fatty acid biosynthesis (H. Liu
et al., 2020).

In addition to the applications already described in detail, mostly in the established hosts E. coli
and S. cerevisiae, the production of terpenoids in oxygenic and anoxygenic phototrophic
bacteria offers numerous new possibilities [see Publication I, Chapter 11.3.1]. These groups
of microorganisms naturally generate carotenoids as photoprotective agents and therefore
have a strong intrinsic terpenoid production (Heck & Drepper, 2017; Lin & Pakrasi, 2019).
Moreover, phototrophic growth using sun light and carbon dioxide as an energy and carbon
source, respectively, offers an even more economical and ecologically friendly alternative to
competing manufacturing processes (George et al., 2020; Jodlbauer et al., 2021). In addition,
some bacteria are able to utilize atmospheric N2 via nitrogen fixation (Bothe et al., 2010; Klipp
et al., 1988; Masepohl et al., 2002).

The purple non-sulfur a-proteobacterium R. capsulatus is one of these organisms offering a

highly versatile metabolism to grow either photo(hetero)trophically or chemotrophically in the
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presence and absence of light, respectively (Strnad et al., 2010; Tabita, 1995; Weaver et al.,
1975). Furthermore, under phototrophic conditions R. capsulatus generates a large
intracytoplasmic membrane (Niederman, 2013). This system is formed by protrusions of the
cytoplasmic membrane resulting in the generation of numerous intracytoplasmic membrane
vesicles and is associated for the storage of hydrophobic metabolites and photosynthesis-
associated protein complexes (Heck & Drepper, 2017). Besides these unique physiological
properties, making R. capsulatus a promising new chassis organism for the production of
plant-derived sesqui- and triterpenes (Hage-Hulsmann et al., 2019; Loeschcke et al., 2017,
Troost et al., 2019), this bacterium is naturally capable to build up biopolymeric granules
consisting of polyhydroxybutyrate (PHB) as an energy and carbon storage compound (Kranz
etal., 1997; Mayet et al., 2013). These PHB granules are well-established immobilization
matrices regarding enzyme scaffolding in other hosts (Dinjaski & Prieto, 2015; J. X. Wong,
Ogura, et al., 2020), but such approaches are still missing in purple non-sulfur bacteria so far.
In general, combination of heterologous terpene biosynthesis and PHB technology is
conceivable in R. capsulatus and already established in the non-native PHB producer E. coli
(Lee et al., 2014; Y. Liu et al., 2020).

1.2 Gene regulation — Principles and (light-mediated) control

In nature, the ability of an organism to precisely regulate cellular processes in dependence of
changing environmental conditions or nutrient availability is of crucial importance. Therefore,
it must be ensured that, according to the principle of economy, genetic information is only
translated into physiological and morphological properties if they have an immediate benefit.
Consequently, gene expression and hence the entire protein biosynthesis are subjected to
precise control mechanisms. In bacteria, individual genes are assembled into gene clusters
that are placed under the control of specific promoters (Jensen, 2016; Osbourn & Field, 2009).
Their regulation, and thus the start of gene expression, is often determined by an external
stimulus such as defined environmental conditions, e.g., temperature, pH value, oxygen
availability, osmolarity or light as well as available nutrient sources represented by the
presence or absence of a corresponding inducer molecule (Banerjee & Ray, 2017; Hurme &
Rhen, 1998; Takano, 2016). In general, gene expression can be positively and negatively
regulated (Klier etal., 1992; Raymondjean etal., 1991). Positive gene regulation is
characterized by the stimulation of transcription by an activator protein that binds to its target
promoter, resulting in an enhanced affinity of the RNA polymerase to the corresponding
promoter region. In contrast, binding of a repressor protein to a promoter region prevents
transcription during negative gene regulation.

A classic model for both regulation approaches is the well-characterized lactose utilization

network from E. coli referred to as the /ac operon (Jacob & Monod, 1961). In addition to the
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promoter Pac, the lac operon consists of the three genes lacY, lacZ and lacA: The lac permease
(LacY) is a membrane-integrated lactose/H*-symporter responsible for the lactose uptake into
the cell (Abramson et al., 2004). The ingested lactose is subsequently converted by a -
galactosidase (LacZ) into the intermediates glucose, galactose and 1,6-allolactose (Juers
et al., 2012; Lederberg, 1950), respectively, whereas non-metabolizable thiogalactosides are
inactivated by a thiogalactoside transacetylase (LacA) (Marbach & Bettenbrock, 2012; Zabin
et al., 1962). The transcription of the lac operon is activated under glucose depletion and
derepressed by the availability of lactose (Lewis, 2013). Here, this regulation proceeds via the
global catabolite activation protein (CAP) and the /ac repressor protein (Lacl) (Busby & Ebright,
1999; Lewis, 2005). The latter is encoded by the constitutively expressed lacl gene and forms
a tetrameric structure (Lewis et al., 1996; Rutkauskas et al., 2009). In the absence of an
inducer, Lacl binds to two of three operator regions within the /ac operon, resulting in a loop
formation and consequently preventing the transcription of the /ac genes. In the presence of
an inducer molecule, its binding to Lacl results in a conformational change that detaches the
repressor from the operator region and allows expression of the lac genes (Wilson et al., 2007).
Since metabolizing glucose instead of lactose is energetically favorable, a second control
mechanism is necessary to ensure metabolization of the preferred nutrient when multiple
carbon sources are available.

In case of glucose depletion, the glucose importer remains phosphorylated as the P-group
would otherwise be transferred onto glucose. This in turn leads to the interaction of the
phosphorylated importer and an adenylate cyclase resulting in its activation (Nelson et al.,
1983). Thus, in the absence of intracellular glucose, cAMP molecules are produced that act as
an allosteric effector for the CAP protein, which in turn enables transcriptional activation of the
Pac promoter (Busby & Ebright, 1999). As a result, lac gene expression is regulated by both
(allo)lactose-mediated inactivation of the Lacl repressor and activation of CAP activator protein

via CAMP during glucose starvation [see Figure 2].
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Figure 2. Schematic overview of the E. coli lac operon as an example of bacterial transcription
regulation. In E. coli (the cytoplasmic membrane is depicted as yellow dashed line) the /ac operon
consists of three structural genes encoding a B-galactosidase/H*-symporter (LacY) for the active uptake
of lactose, a B-galactosidase (LacZ) for its conversion, and a galactoside transacetylase (LacA) for the
inactivation of thiogalactosides. In the absence of lactose, the transcription is inhibited by the repressor
Lacl. Passive diffusion across the membrane only occurs for synthetic inducers such as isopropyl p-p-
1-thiogalactopyranoside (IPTG). After binding of an inducer molecule, a conformational change of Lacl
occurs, resulting in a detachment from the promoter region. This allows transcription of the /ac genes
by the Pic promoter. In addition, in the absence of glucose, cAMP molecules are produced that serve
as an allosteric effector for the catabolite activation protein (CAP), which then enables activation of the
Piac promoter.

The availability of well-controlled expression systems is important for biotechnological
processes, such as microbial heterologous production of proteins and metabolites. This allows
production to be precisely adjusted to the host's growth phase for achieving maximum product
yields. For this purpose, gene expression is often initiated by adding a chemical inducer
enabling the optimal control over induction of gene transcription (Cheng et al., 2011; Donovan
et al., 1996). Further, the inducer should not cause any other undesired responses in the cell
and be able to pass the cell membrane. The described lac operon is a well-established
transcriptional regulation system for heterologous gene expression in different bacteria. Here,
the non-metabolizable surrogate isopropyl 3-p-1-thiogalactopyranoside (IPTG) is often utilized
instead of lactose to initiate Lacl derepression (Gomes et al., 2020; Hu et al., 2015; Lu et al.,
2018). In contrast to lactose, uptake of IPTG into the host organism can occur either by
diffusion or active transport via a LacY permease. Thus, these processes are decisive for
controlling intracellular inducer concentrations and for the final expression levels of target
genes. Since permease-dependent inducer uptake can result in a significant heterogeneity of

target gene expression, lactose permease deficient expression strains (e.g. E. coli Tuner
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(DE3)) have to be used for gradual induction and homogeneous expression response (Binder,
Probst, et al., 2016; Hansen et al., 1998). Furthermore, optogenetic switches have been
developed for precise, non-invasive control of cellular processes in bacteria as well as yeasts
and mammalian cells (Ankenbruck et al., 2018; Hartmann et al., 2020). For light-regulated
gene expression, a chemically modified inducer molecule forms the basis, to which a
photolabile protection group was fused, resulting in a so-called photocaged compound. This
compound can already be added at the beginning of a cultivation process and activated at a
specific time point by illumination. An example of such a photocaged compound is 6-
nitropiperonal (NP)-IPTG [see Figure 3] (Binder et al., 2014; Young & Deiters, 2007). Here,
the photolabile protection group is attached to two hydroxyl groups of the IPTG inhibiting its
binding to Lacl. Consequently, functionality can only be restored by a two-step reaction: After
irradiation with UV-A light (Amax = 365 nm), one of the two bonds is cleaved, resulting in two
different ester intermediates. These are subsequently resolved by intracellular hydrolases into

the non-toxic NP protecting group and functional IPTG (Young & Deiters, 2007).

/ UV-A \

)\ o QH

HDM/S HO&O S)\ &/S)\
NP-photocaged He "o Photo-removable IPTG
\ IPTG Ester intermediate group /

Figure 3. Light-induced release of IPTG from photocaged NP-cIPTG. The release of IPTG proceeds
in two steps. After irradiation with UV-A light, two ester intermediates are formed, which are
subsequently cleaved into the NP protection group and IPTG by intracellular hydrolysis.
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In addition to IPTG, numerous other inducer molecules have already been combined with
photolabile protection groups making them accessible for light-mediated applications in
bacteria: including cAMP (Engels & Schlaeger, 1977), erythromycin (Gardner et al., 2011),
arabinose (Binder, Bier, etal., 2016), salicylic acid as well as coumarin derivatives
(Hogenkamp et al., 2022), and other carbohydrates such as glucose, galactose, rhamnose and
lactose (Bier et al., 2016). Moreover, photolabile methionine was used in yeast to enable light-
mediated repression of a pMET17 promoter (Kusen et al., 2016). Conversely, to establish an
inducible system in S. cerevisiae, a photosensitive DMNP-EDTA chelator was utilized to
facilitate light-based Cu?* release in combination with a pCUP1 promoter (Kusen et al., 2017).
Besides applications in yeast, approaches in other eukaryotic systems have also been
pursued, such as photocaged ecdysone in human embryonic kidney (HEK) cells (W. Lin et al.,
2002), photocaged doxycycline in tobacco leaves (Cambridge et al., 2006) and coumarin-
caged 4-hydroxytamoxifen (P. Wong et al., 2017) as well as light-activated cyclofen in mouse
cells (Gorka et al., 2018).
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Furthermore, the activity of T7-RNA polymerase was set under control of a photocaged
tyrosine in the active site, allowing nucleotides to reach the catalytic center only after UV-A
exposure (Chou et al., 2010). In addition, other applications are available comprising small
molecules for direct DNA or RNA interaction, such as the binding of photocaged theophylline
to mRNA riboswitches (Walsh et al., 2014) as well as down-regulation of genes by photocaged
small interfering RNAs (Q. Wang et al., 2021) and photocleavable groups at the 5 cap of
eukaryotic mRNAs (Bollu et al., 2022).

Alongside the described applications, basing on chemically modified small photocaged
molecules, there is another group consisting of a variety of proteins harboring light-sensitive
chromophores such as photosensitive polymerases (Baumschlager etal.,, 2017),
recombinases (Sheets et al., 2020) or photoreceptors. These photoreceptors include red and
near infrared light-responsive phytochromes (Pham et al., 2018), light oxygen voltage (LOV)-
domains responsive to blue light (Pudasaini et al., 2015) as well as cryptochromes (Lin & Todo,
2005; Lopez etal.,, 2021). One way to apply photoreceptors is to directly modulate gene
expression by using light-dependent transcription factors or repressors respectively (Camsund
etal., 2011; Sumi et al., 2019). In addition, they can be combined with effectors, such as
response regulators to obtain a two-component light-dependent signaling system such as
Cph8/OmpR or CcaS/CcaR (Hirose et al., 2008; Olshefsky et al., 2016; Ong & Tabor, 2018).
In contrast to photocaged compounds, those photoreceptors offer the advantage to reversibly
control gene expression. However, the cofactors required for chromophore assembly must be

provided by the cell.

1.3 Enzymes — Natural biocatalysts, applications and enzyme engineering

Enzymes are biochemical catalysts that accelerate the conversion of substrates into products
while leaving these reactions unaltered. The substrate binds to the active site of the respective
enzyme forming an enzyme-substrate complex, which is kept together either by covalent or
non-covalent bonds including hydrogen and ionic bonds as well as van der Waals forces. The
activation energy for conversion into the product is lowered, thereby accelerating the reaction.
The majority of cellular processes are catalyzed by enzymes from protein biosynthesis to the
supply of energy in metabolic pathways. A distinction is made between different types of
enzymes: a large portion constitute proteins, another RNA-based ribozymes (Scott, 2007) or
holoenzymes, a combination of proteins and cofactors such as inorganic ions or prosthetic
groups like heme (Collins, 2006; Mowat et al., 2010; Nguyen, 2021). In addition to their
physiological function, numerous enzymes can be used industrially as well. Due to their wide
range of applications and promising characteristics, including enantio-, chemo- and
regioselectivity (Jiang & Fang, 2020), enzymes are an important part of biotechnological

approaches. They are either utilized directly as biotechnological compound like proteases,
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lipases and amylases in laundry detergents, or their reaction products are commercialized
such as amino acids and sugars (Dumorne et al., 2017; Gurung et al., 2013). In contrast to
conventional production processes based solely on chemical reactions, enzymes are derived
from renewable resources, so their use is considered particularly sustainable (Intasian et al.,
2021). In addition, biocatalysts are biocompatible and biodegradable, as well as in most cases
non-hazardous and non-toxic (Siedentop & Rosenthal, 2022). Moreover, enzymatic reactions
usually take place under mild conditions in an aqueous environment (Aschenbrenner et al.,
2009) and hence represents an advantage in view of environmental protection. Consequently,
there is great interest in the identification of new enzymes and their biotechnological use to
further broaden the product portfolio and to replace fossil-based manufacturing processes, as
well as the improvement of existing biocatalysts by engineering processes (Cirino & Sun, 2008;
Lancaster et al., 2018; Sheldon & Pereira, 2017). For example, enzymes are generally
engineered in order to improve their activity (Son & Kim, 2022), stability (e.g., pH- and
temperature stability or solvent compatibility) (Bommarius & Paye, 2013; Jia et al., 2012;
Kohler et al., 2018; Priyanka et al., 2019; Tian et al., 2017) as well as to achieve enhanced
substrate specificity (Xie etal., 2020) and selectivity (Kalkreuter et al., 2021). Several

engineering techniques for the optimization of enzyme properties are shown below [see

Figure 4].
Directed
evolution
Rational protein Fusion with a
design " reaction partner N

Immobilization on a matrix

Figure 4. Strategies for enzyme engineering. The properties and functionality of an enzyme can be
modified by a variety of techniques. At the molecular level, the enzyme structure can be altered either
randomly by directed evolution or strategically through in silico assisted rational protein design.
Furthermore, the target enzyme can be covalently fused to other enzymes involved in an enzymatic
reaction cascade (reaction partner) to improve substrate channeling and thereby reducing the
accumulation of toxic intermediates. Moreover, immobilization of enzymes to a matrix can enhance its
stability as well as reusability.
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Depending on available knowledge of the target enzyme in terms of sequence, structure and
function, three types of strategies can be applied for enzyme engineering, namely rational
protein design, directed evolution and a semi-rational approach (Ali etal., 2020). These
principles are briefly explained below, and a current example is given in each case to illustrate
the underlying methodology.

In rational protein design, individual amino acids are specifically exchanged requiring in-deep
knowledge about the structure-function relation of the target enzyme (Watanabe et al., 2018).
For example, using site saturation mutagenesis only one or few base triplets of a target gene
are altered, so that the natural amino acid can be replaced by other residues at the position(s)
of interest (Qu & Sun, 2022; Zheng, 2004). This method was for example applied to modify
nine amino acid residues in the access tunnels for the transport of substrates, products and
water to control the water entry to the active site of the cytochrome P450 monooxygenase BM3
from Bacillus megaterium. Here, the utilization efficiency of NAD(P)H could be improved, which
is usually impaired in presence of water leading to a reduced coupling efficiency of non-natural
substrates (Meng et al., 2022).

In contrast, directed evolution approaches do not require deeper knowledge of neither the
structure nor the catalytic mechanism (Markel etal., 2020). In this process, iterative
mutagenesis is induced e.g., via the use of an error-prone polymerase chain reaction to
randomly mutate the nucleotide sequence of the target gene (McCullum et al., 2010).
Subsequently, the generated protein variants can be screened for enhanced properties
(Nirantar, 2021). However, this approach is very laborious and requires a selection mechanism
associated to the targeted enzymatic characteristics respectively. Thus, screenings with
several thousand enzyme variants are not uncommon, as reported for directed evolution of an
oxidoreductase towards higher activity with more than 7,000 clones (Jiang et al., 2015), of an
o-amylase to enhance acid stability with around 5,500 clones (Y. H. Liu et al., 2012) or up to
15,000 mutants of a tryptophan synthase (Xu et al., 2020).

In a semi-rational approach, information about the protein structure and function are available,
so that promising amino acid motives can be computational preselected to significantly reduce
the amount of possible protein variants (Ali et al., 2020). In case of three glycosyltransferases
from Vitus vinifera the substrate binding site were mutated in silico and computationally
analyzed regarding their interaction with different glycoside and aglycone substrates and
enhanced enzymatic activity. Consequently, only six variants were generated by site-directed

mutagenesis to test their predicted effects (Joshi et al., 2019).

Since enzymatic reactions are usually part of multistep metabolic processes, the genetic fusion
of adjacent enzymes may be appropriate to facilitate substrate channeling and cofactor

recycling. Moreover, it can lead to stabilization of fusion partners and increased turnover rates
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through substrate channeling, as well as a reduction in the accumulation of toxic intermediates
within the cell (Aalbers & Fraaije, 2019; lturrate et al., 2009; Jeon et al., 2015; Kang et al.,
2019). Here, the choice of a suitable linker between both enzymes plays an important role to
ensure proper folding and protein stability as well as substrate channeling of charged
intermediates (X. Chen et al.,, 2013; Y. Liu etal., 2017, 2019). As an example, a protein
complex consisting of an alcohol dehydrogenase, an aldehyde dehydrogenase, and a short
cation-rich, a-helix forming polypeptide linker, was used for the enzymatic reduction of acetate
to ethanol (Kummer et al., 2021). Here, the protein folding software Rosetta’ (Das & Baker,
2008) was used to determine the optimal placement of the linker to achieve ideal proximity to
the active sites without simultaneously affecting the catalytic efficiency. This approach resulted
in an increased amount of the desired product by 90% and a 500-fold enhanced activity
compared to unfused enzyme variants (Kummer et al., 2021).

Another possibility is the immobilization of enzymes on a matrix for in vitro or in vivo
applications (Federsel et al., 2021; Hyeon et al., 2016; S. Liu et al., 2021; Oliveira et al., 2020).
These methods are often accompanied by an increased stability or improved temperature and
solvent tolerance (Guzik et al., 2014; Matsumoto et al., 2019; Su et al., 2018). In addition,
purification as well as reusability of the catalysts can be facilitated (Atirogdlu et al., 2021; M.
Zhao et al., 2019). In this context, the immobilization of proteins on granules consisting of the
biopolymer PHB (Dinjaski & Prieto, 2015; Tarrahi et al., 2020; Wong, Ogura, et al., 2020) is of
particular importance in this thesis and will be discussed in more detail as well as compared
with other in vivo immobilization approaches including catalytically active inclusion bodies
(CatlBs) [see Publication VI, Chapter 11.3.1]. PHB granules are naturally produced by
numerous bacteria, such as R. capsulatus, as a carbon storage compound under nutrient
limitation (Hahn et al., 1995; Kavitha et al., 2018; Kranz et al., 1997; Madison & Huisman,
1999). In addition, the biopolymer surrounded protein layer is suitable as an anchor matrix for
the display of biotechnologically relevant enzymes (Peters & Rehm, 2006; Rodriguez-
Abetxuko et al., 2020; Wong, Ogura, et al., 2020). However, PHB-based in vivo immobilization

of target enzymes has not been performed in purple non-sulfur bacteria so far.
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I.4 Outline of the thesis
The control of cellular processes in microorganisms and the improvement of their
biotechnological applications addressing different targets within a cell is part of synthetic
biology. Beginning with an optimized gene expression, obtained by adapted regulatory
systems, a precise coordination of complete metabolic routes can be favorable. For instance,
complex biosynthetic pathways can be adjusted by gradually inducible and non-invasive
regulatory mechanisms to ensure optimal production efficiency of the bacterial host. Moreover,
protein engineering techniques have the potential of tailoring various enzymatic properties.
The anoxygenic phototrophic bacterium R. capsulatus exhibits a highly flexible metabolism
including the ability to utilize various organic compounds as electron and carbon source.
Moreover, this bacterium can grow using (sun)light as energy as well as CO, and N; as carbon
and nitrogen source. Besides that, R. capsulatus possesses a strong intrinsic tetraterpene
production and has already been successfully established for the heterologous biosynthesis
of sesquiterpenes as well as complex membrane proteins. In addition, it is naturally capable
of producing the biopolymer PHB, a promising matrix for protein immobilization. Thus, this
thesis aimed to develop new tools for the implementation of synthetic (terpenoid) biosynthesis
pathways in R. capsulatus as host for the production of various terpene classes.
First, a general overview about the potential of phototrophic bacteria such as cyanobacteria
and purple non-sulfur bacteria for terpenoid production was given in the context of the
underlying metabolic engineering concepts [see Chapter Il.1.1]. Since R. capsulatus was
implemented in our group for the heterologous production of the sesquiterpenes valencene
and patchoulol, already established metabolic engineering concepts were applied in the
presented work to evaluate the general applicability of this phototrophic bacterium to produce
further prominent classes of terpenoids including Cis, C20, Cso and Cso terpenes [see
Chapter 11.1.2 & Chapter 11.1.3].
In order to continue the optimization of complex bioprocesses such as terpene production, the
selective control of gene expression can strongly affect the efficiency of biosynthetic pathways.
For this, a broad host range Puc-based vector system was developed for heterologous
expression e.g., in R. capsulatus to achieve gradual expression control and light-mediated
gene expression combined with conventional IPTG and photocaged IPTG derivates,
respectively. This concept was evaluated under non-phototrophic and phototrophic conditions,
followed by investigations of the adjustability of intrinsic carotenoid biosynthesis
[see Chapter 11.2.1]. Subsequently, the usage of caged inducer molecules was transferred to
other industrial relevant bacterial hosts such as E. coli, B. subtilis, and P. putida
[see Chapter 11.2.2].
Displaying enzymes, e.g. of more complex biosynthetic pathways, onto an intracellular surface
can lead to channeling substrate flux, thus enhancing conversion and hindering accumulation

of (toxic) intermediates. Therefore, common methods for the in vivo immobilization of proteins
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on different support materials were evaluated [see Chapter 11.3.1] and PHB granules were
identified as promising degradable biopolymers for enzyme immobilization and scaffolding.
Thus, PHB granules were evaluated for functionalization in R. capsulatus for the first time,
providing an alternative to already existing immobilization platforms [see Chapter 11.3.2]. Since
the detection of successfully immobilized target proteins to a matrix has been very laborious
so far, the next step was the implementation of the split GFP reporter as an easily visualizable
“click & play” linker module for the functionalization of those biopolymers in the non-native PHB
producer E. coli [see Chapter 11.3.3].

Consequently, new expression and in vivo immobilization techniques for Gram-negative
bacteria including the alternative phototrophic production host R. capsulatus were developed
and evaluated. The resulting production tools offer special properties for successful

implementation of heterologous terpene biosynthesis.
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Il. RESULTS

The following section is composed of eight manuscripts, which have either been published or
are about to be published in peer-reviewed journals. The presented work is based on joint
publications in the context of the “CKB — CLIB Kompetenzzentrum Biotechnologie”. In this
surrounding, | would like to mention Dr. Fabienne Knapp (née Hilgers, Institute of Molecular
Enzyme Technology, BioSC project CombiCom) for the fruitful collaboration. The own

contribution to the respective manuscript is indicated on the first page of each document.
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Introduction

Terpenoids, also known as isoprenoids, can be found in
all kingdoms of life [1,2]. They are the largest class of
plant secondary metabolites and primary constituents of
essential oils in plants and flowers [3.4]. Many terpenoids

have pharmacological bioactivities such as anticancer (e.g.
raxol), antimalarial (artemisinin), as well as antimicrobial,
anti-inflammatory [5], and anticholinesterase [6] proper-
ties suitable for treating various infecrions and also Alz-
heimer’s disease. Because of the structural diversity and
broad spectrum of natural functions, terpenoids further
play an increasingly important role as ingredients for food,
feed, cosmetics, and biofuels [7.8]. Terpenoids basically
consist of one t eight isoprene units (Cs) and are ac-
cordingly subdivided into hemi- (Cs), mono- (Cyy),
sesqui- (Cys), di- (Cap), tri- (Cyg), and tetra- (Cyy) terpe-
noids [Y]. The two Cs isoprene units, isopentenyl pyr-
ophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP), are considered as the starting points of ter-
penoid biosynthesis, which are subsequently connected
via repeated head-to-tail condensation. [PP and DMAPP
can both be formed by two independent biosynthetic
pathways: the 2-C-methylerythritol-4-phosphate (MEP)
pathway occurs in plant plastids and algae as well as
bacteria, and converts glyceraldehyde-3-phosphate (GAP)
and pyruvate into IPP and DMAPP [10]. In contrast, the
mevalonate (MVA) pathway uses aceryl-CoA as a pre-
cursor molecule and is mainly found in archaea and the
cyrosol of eukaryotes [11].

Since rerpenoids are usually extracred from plant-based
material, which results in considerable costs and material
expenditure, the research focus is shifting to bio-
technological production using versatile and accordingly
engineered microbes [12-14]. In addition to the two
well-established microbial production chassis Escherichia
coli and Saccharomyeces cerevisige [15], phototrophic or-
ganisms offer unique benefits for sustainable production
(Figure 1). Because phototrophic organisms naturally
produce terpenoids such as carotenoids and other pho-
topigments at high levels [16.17], they provide relevant
building blocks for heterologous terpenoid syntheses. In
addition, they form an extensive system of intracellular
photosynthetic membranes (either as thylakoid mem-
branes or intracytoplasmic membrane vesicles) that
particularly suits them for hosting membrane-embedded
enzymes and storage of hyvdrophobic compounds [15,19].
Furthermore, phototrophs can obtain energy from light
and utilize atmospheric CO; as a carbon source, thus
making them especially applicable for sustainable man-
ufacturing concepts.

www.sciencedirect.com
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Overview of different concepts for implementing and improving terpencid production in phototrophic bacteria. Based on the light-driven formation of
energy carriers and redox equivalents as well as the central carbon metabolism, oxygenic and anoxygenic phototrophic bacteria can be engineered to
produce plant terpenoids. The shown gear wheels symbolize frequently applied strategies to facilitate terpenoid formation in these hosts, including the
adjustment of illumination conditions as well as the modular combination of metabolic and enzyme engineering concepts (module 1-5) that will be
outllined in the following sections. The lower part of the figure shows exemplary structures for the main terpenoid classes.

In this review, we provide insights into the current state
of research on terpenoid production in oxygenic and
anoxygenic phototrophic  bacteria, including cyano-
bacteria and purple nonsulfur bacteria. Furthermore, we
discuss the effects of different illumination conditions
on terpenoid production in phototrophic bacteria. We
outline strategies on how this group of new microbial cell
factories can contribute to future sustainable production
and pharmaceutical applications.

Phototrophic bacteria as promising

biotechnological production chassis

All phototrophic bacteria share the ability to harness
light as an energy source for their metabolism and cell
growth. In the last decade, they are increasingly applied
as solar-powered microbial chassis to produce biofuels,
recombinant  proteins, and natural compounds.
Photosynthetic bacteria can be subdivided into two
groups, namely oxygenic and anoxygenic phototrophs,
depending on their type of photosynthesis. Like plants,
oxygenic phototrophs such as the cyanobacteria

Symechocystis or Synechococcus harbor two light-absorbing
photosystems and produce chemical energy, redox
equivalents (ie. ATP and NADPH), and molecular
oxygen during photosynthesis using H;0 as an electron
donor. In contrast, anoxygenic phototrophs such as the
genera Rhodobacter and Rhodopsendomonas, which belong
to the group of purple nonsulfur phototrophic bacteria,
perform anoxygenic photosynthesis using only one
photosystem and more reduced molecules than H;O as
electron donors.

Each group offers unique benefits valuable for diverse
biotechnological applications. Oxygenic phototrophs
generate high amounts of NADPH and thus efficiently
fix CO; in the Calvin cycle, thereby offering efficient
coupling of CO; reduction with bacterial photoproduc-
tion processes [20#®]. Anoxygenic phototrophs exhibit a
high merabolic flexibility as they prefer to grow under
photoheterotrophic conditions using various organic
compounds as carbon and electron sources. Therefore,
anoxygenic phototrophic bacteria are particularly suited

Current Opinion in Biotechnology 77 (2022) 102764
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Strategies for modular terpenocid pathway engineering in photosynthetic bacteria. In most cases, modular engineering was applied to improve the
precursor supply and metabolic flux of intermediates from the central carbon metabalism to the final terpencid. These approaches also involve
downregulation or elimination of competing metabolic pathways such as the biosynthesis of hopancids, polyhydroxybutyrate, and carotencids. GAP:
glyceraldehyde 3-phosphate, MEP: 2-C-methylerythritol 4-phosphate pathway, MVA: mevalonate pathway, IPP: isopentenyl pyrophosphate, DMAPP:
dimethylallyl pyrophosphate, Idi: IPP isomerase, GPP: geranyl pyrophosphate, FPP: farnesyl pyrophosphate, glyceraldehyde-3-phosphate, GGPP:
geranylgeranyl pyrophosphate, IspA: FPP synthase, CrE: geranylgeranyl pyrophosphate synthase, TS: terpene synthase.

for establishing production processes involving resource
recovery from organic waste streams [21]. In additon,
many anoxygenic phototrophs can grow photo-
autotrophically by performing light-dependent CO,
fixation but can also swirch to chemoautotrophic or
chemoheterotrophic growth modes. Furthermore, oxy-
genic and anoxygenic phototrophic bacteria are valuable
production platforms for industrially and pharmaceuti-
cally relevant terpenoids, including cycloartenol and lu-
peol [22], pinene [23,24ee], squalene [25-27],
astaxanthin [28], bisabolol [29ee] B-caryophyllene
[301], as well as the artemisinin precursor amorphadiene
[31,32]. Similar to nonphototrophic microbial hosts, the
production of terpenoids can also be optimized in pho-
torrophic bacteria by engineering the respective bio-
synthetic pathways at different levels. Most commonly,
various metabolic engineering strategies are applied and
combined in a modular way for enhancing the precursor

supply and terpenoid formation (hereafter referred to as
metabolic engineering modules, modules 1-5, Figure 2).

Especially for phototrophic bacteria, further engineering
aspects such as optimization of the illumination strategy
are important to consider. In the following, metabolic
engineering modules for the terpenoid production in
cyanobacteria and purple nonsulfur bacteria as promi-
nent representatives of the two groups — oxygenic and
anoxygenic phototrophic bacteria — are summarized
(‘Table 1).

Terpenoid production in oxygenic
phototrophic bacteria

The cyanobacteria  Sywechoeystis  sp.  PCC 6803,
Synechococens elongarus PCC 7942, and Synechococcus sp.
PCC 7002 have emerged as very promising hosts for
terpenoid  production in recent years [33]. These

www.sciencedirect.com
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Table 1

RESULTS

Terpenoids produced by phototrophic bacteria.

Module
QOrganism Terpenoid class Terpenoid Titer/specific yield® 1 2 3 4
Aerobic Synechocystis sp. PCC 6803 Hemiterpenoid Cs Isoprene 0.3 mg gDCW~™! - X X -
phototrophs 02mgL! - X = =
Moncterpencid Ci;  Limonene 6.7mgL’ - - X X
Sesquiterpenoid C5 a-bisabolene 186 mg L™ - X %X -
222mglL™! X = X =
179.4mg L' - - - -
a-bisabolol 96.3mgL " - - - - =
Patchoulol 17.3mgL~"" - - - - =
0.2mg L’ - = = = = [54]
Valencene 17.6mgL™" —Ni— 'k = as]
Triterpenaid Cag Cycloartenol 1.1 mgL! - - x - x [22]
Lupeol 0.3 mg gDCW-! - - x = x
Hydroxy-/marnerol  Not quantified - - X - X
2,3-oxidosqualene 1.1 mgL™! - - x - x
Squalene 51mgL! - = x - x
51mgL’ - X x - x [26]
0.7mgL"' ODe! - - - - x [55]
Synechococcus elongatus Hemiterpenoid Cs Isoprene 1260mgL! X X — X X [20ee]
PCC 7942 Monoterpencid Gy Limonene 21.0mgL™’ - X - - x [36]
09mgL' 0D x x x - - [56]
d—1
19mgL™’ X X X - X [40¢]
Sesquiterpenoid C,; Amorphadiene 19.8 mgL™' - x x - - [32]
a-farnesene 5.0mg L’ - x X x x [57]
46mg L’ - X x x - [58]
Triterpenoid Cag Squalene 12mgLl' 0Dz x x x - x [25]
95mgL ODyse! = x x = x [599]
5mgL~" ODyay ! - x x - - [32]
19mgL ' ODype' - x x - x [37]
Synechococcus sp. PCC 7002 Moncterpencid C,;  Limonene 4mglL! - = = = x [4]
Pinene 15mgL! - = = = = [23]
Sesquiterpenoid C.s «-bisabolene 06mgL’ - = = = x [60]
Tetraterpenoid C;o  Astaxanthin 3mg gDCW-! - - = = [28]
Anaerobic Rhodobacter capsulatus Sesquiterpenoid C5 Bisabolene 9800mgL"! X X X = X [46es]
phototrophs f-caryophyllene 130mg L’ - x x - - [30]
Patchoulol 24mglL~! - x x = = [499]
Valencene 18mglL™’ - X X = =
Diterpenoid Cuq Casbene Minor amounts - x - - - [27]
Triterpenaid Cag Cycloartenol 1.1imgL’ - x - x x [61]
03mg L™ - = x = = [22]
Lupeol {oxide) Minor amounts - - X - =
2,3-oxidosqualene 0.3 mg L™’ - X - -
Squalene 824 mglL~! - - x -
9OmgL’ - x - x = [27]
Botryococcene 110 mg L~! - X x - [44]
(Caa)
Tetraterpencid Cyny  p-carotene 30mgL’ - X = = =
Rhodobacter sphaeroides Monoterpenoid C;p  Pinene 05mg L™’ X X - - X
Sesquiterpenoid C5 Amarphadiene 60mgL~" - X = = =
Farnesol 405 mgL™" = e
551 mgL™’ - - - - X
Tetraterpenoid C;;  p-carotene 14.9 mg gDCW-' X X = = X
Lycopene 150.2mgL! X - % = X
o Coenzyme Qo 185.5mg L’ - - - - X
Rhodopseudomonas palustris  Triterpenoid Cag Squalene 233mgL™! - X - - X
15.8 mg gDCW-' - X - - X
Tetraterpenoid C,y  Canthaxanthin 4.7 mg L’ - - X - X
f-carotene 08mgL! - - X - X
Lycopene 72mgL! - - - -
(555 Coenzyme Qo 8.2 mg gDCW™' - X - x [45]

4 All values were rounded and converted to mg L~' or mg gDCW~".

® High-density cultivation (CellDEG).
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unicellular bacteria naturally produce terpenoids as part
of their photosvnthetic machinery, including car-
otenoids, hopanoids, and the phytol rtil of chlor-
ophvll [17].

In Sywechocysris sp. PCC 6803, a linear correlation between
the expression level of a heterologous bisabolene synthase
and the product vield was observed, suggesting the
highest possible terpenoid vield can be achieved through
by optimizing the expression of the terpenoid synthase
(TS). This assumption was confirmed for bisabolene pro-
duection, where codon optimization and testing of different
ribosome-binding sites (RBS) led to a strain with a bisa-
bolene titer up to 7.8 mg L', an almost 10-fold increase
compared with codon optimization alone [34] (@). TS
genes can be expressed using native promoters, such as
P . for pinene production in Syrechococcus sp. PCC 7002
[23]. Alternatively, synthetic inducible promoters, such as
Py o Py, controlling the expression through exogenous
inducer molecules, can be useful, which led to the for-
mation of a-bisabolene and valencene in Sywechocysiis sp.
PCC 6803 [29#+ 35]. Generally, studies indicate that re-
gardless of whether inducible or constitutive promoters are
used, high TS expression is required to create a strong
carbon sink and induce a metabolic ‘pull’ toward the rarget
compound [36].

Moreover, overexpressing rate-limiting enzymes to en-
hance precursor supply represents another common me-
tabolic engineering module (@). The overexpression of 1-
deoxy-D-xylulose 5-phosphate synthase and isopentenyl-
pyvrophosphate isomerase genes (#xs and /6f) was used in
several approaches to increase titers of squalene, a-bisa-
bolene, and isoprene, with a synergistic effect observable
upon overexpression of both genes [200e 26,37 58] Fur-
thermore, (£)-4-hydroxy-3-methyl-but-2-enyl pyropho-
sphate synthase (IspG) was also identified as a bottleneck.
Thus, increased isoprene production could be achieved
through simultaneous overexpression of s, i, and ispG
[20##]. Another study introduced the heterologous MVA
pathway into Sywechocystis sp. PCC 6803, but while in-
creasing isoprene production, the final isoprene titer was
significantly lower than the titers achieved by engineering
the native MEP pathway [39].

To increase farnesyl pyrophosphate (FPP) availability (@),
farnesyl pyrophosphate synthase (ispA) from E. cofi is
commonly overexpressed, leading to improved squalene,
a-bisabolene, and valencene titers in several engineered
strains [26,.35.37.38]. In Swwechocystis sp. PCC 6803 and
several other cyanobacteria, squalene is naturally furcher
converted to hopanoids. Therefore, the knockout of the
squalene-hopene cyclase gene (Ask) led to an accumu-
lation of the desired squalene product, which could be
further increased through other metabolic engineering
modules (@, @ & ®) [26]. Deletion of the squalene syn-
thase gene (Asgs) of Sywechocystis sp. PCC 6803 reduced

RESULTS
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the competition for FPP, leading to a 1.5-fold increased
valencene product tdter [35]. Afterward, the over-
expression of ispd was combined with a CRISPRi
knockdown of the native GGPP synthase ¢7F to direct
metabolite low toward FPP to increase valencene pro-
duction (@ & ®). This strategy led to a 3.7-fold increase in
production compared with the Asgs knockout strain only
expressing the valencene synthase [35]. For this approach,
the distribution of terpenoid precursors between the es-
sential natural photopigments derived from GGPP and the
product of interest needs to be carefully balanced to en-
sure high product titers while keeping the photosynthetic
machinery of the cell functional.

Furthermore, the identification of an appropriate ter-
pene synthase can be key to improve product vields
[20®e]. Three isoprene svynthases from different plant
species were compared regarding their potential for
isoprene production in 8. elongarus PCC 7942 (@),
showing significant differences between their enzyme
activities [20ee],

To increase the metabolic flux through the terpenoid
pathway (®), terpene synthases were fused to enzymes
providing their respective prenyl pyrophosphate pre-
cursor. For example, an isoprene synthase, a limonene
synthase, and a valencene synthase were fused to Idi
[20®#], a gerany] pyrophosphate (GPP) synthase [36] and
IspA [55], respectively, resulting in improved product
yields. Apart from TS selection and pathway optimiza-
tion, other targets were found to extend the potential for
enhancing terpenoid biosynthesis in  cyanobacteria
[40#.41]. The overexpression of the native essential
sigma factor rpoD in 8. elongatus PCC 7942 resulted in
enhanced light absorption, photosynthetic efficiency,
and higher carbon fixation, leading to an approximately
1.7-fold increase in specific limonene productivity [40e].
Consequently, the change of 670 RNA polymerase-de-
pendent gene expression groups might have a strong
potential to further enhance Hux through terpenoid
biosynthesis [40#].

By combining metabolic engineering modules @, @, @,
and @ for isoprene production, Gao and colleagues im-
pressively demonstrated production of 1.26 gL iso-
prene in S8, dongatus PCC 7942 after incubation over 21
days in a photobioreactor, resulting in 65% of fixed
carbon being directed toward isoprene during the sta-
tionary phase, marking the highest production using
cyanobacteria to date [20e#].

Terpenoid production in anoxygenic
phototrophic bacteria

Anoxvygenic phototrophic bacteria include purple non-
sulfur, purple sulfur, green nonsulfur, and green sulfur
bacteria [42]. In recent years, especially the first group

www.sciencedirect.com
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has emerged as a very promising platform to produce
terpenoids with the most prominent representatives
Rhodobacter capsulatus, Rhodobacter sphaeroides, and Rho-
dopseudomonas pafustris. In these bacteria, the formation
of photopigments and photosynthetic membranes is al-
ready induced under oxygen limitation [43]. Thus, their
mertabolic and morphological advantages for terpenoid
production can be exploited even in the absence of light.

In Rhodvbacter and Rhodopsendamonas, different hetero-
logous and species-specific promoters were applied to
express terpenoid biosynthesis genes (@). The Py, pro-
moter from K. coli and its variants (e.g. P, and P,,,) was
frequently used either as constitutive (i.e. in the absence
of the fac repressor) or inducible promoters [24=e 44471,
In addition, several strong promoters from Rhoedobacter
and other phototrophic bacteria such as Py, Py, and
P,z (derived from the respective photosynthesis genes)
and the promoter of the nitrogenase structural genes
(P,;) were broadly applied [31,46¢ 48]. Furthermore, a
strong RBS was shown to improve the expression of
pathway genes [24ee].

The evaluation of modular mertabolic engineering
modules first focused on increasing the supply of IPP,
DMAPP, and FPP not only by overproducing a set of
rate-limiting enzymes of the MEP pathway (Dxs, Idi,
and IspA) but also by co-expression of genes encoding
all enzymes of the heterologous MVA pathway (@ & @).
By differentially combining components of the isoprene
and prenyl phosphate module, the heterologous pro-
duction level of patchoulol, valencene, B-carvophyllene,
casbene, squalene, and B-carotene could be significantly
increased under phototrophic  growth  conditions
[27,30.49¢]. Similar results were achieved for a-bisabo-
lene [460¢] and amorphadiene [50], as well as squalene
and botryococcene [44] when RAodobacter was grown
under chemoheterotrophic conditions.

In some studies, different terpene synthases were com-
paratively evaluated (@) to improve final terpenoid
vields. For example, in the case of squalene, the activity
of five different synthases was compared. By co-ex-
pression of the synthase from Methylocoacus capsulatus
with ispA, up to 90 mg L' squalene could be achieved
27]. Finally, the flux of intermediates across complete
recombinant terpenoid pathways (®) was further opti-
mized either by suppressing competing cellular path-
ways or by the fusion of terpene synthases with
respective enzymes of the prenyl phosphate module. For
example, inactivation of the polyhydroxybutyrate
pathway in a R. sphacroides strain expressing the MVA
pathway genes resulted in an improved formation of
amorphadiene [50]. To optimize the bisabolene pro-
duction in R. capsudarus, increased NADPH availability
and optimization of the central carbon metabolism by
suppressing competing-side pathways in combination

RESULTS

with promorter screening resulted in almost 10 g L™ bi-
sabolene [460¢].

In most cases, however, the combination of multiple
metabolic engineering modules resulted in the highest
product formation. For example, pinene titers could be
increased up w ~540 pg L7 in R. sphaeroides by RBS
optimization (@), overexpression of rate-limiting en-
zymes (@ & @), and a direct enzyme fusion consisting of
a pinene synthase and a heterologous GPP synthase (®)
[24#2¢]. Here, all enzymes involved in the MEP pathway,
namely Dxs, Dxr, IspD, IspE, IspF, IspG, IspH, and Idi
were examined individually for their influence on final
terpene titers, thus providing a detailed insight into flux
bottlenecks in this module. In two other studies, Wang
and coworkers could increase squalene and coenzyme
Q1o (Co-Qyp) product titers in R. palustris by co-expres-
sion of dps and whid (for Co-Qqy) or ApnD (for squalene)
with dxs (@). Additionally, the carotenoid and hopanoid
pathways were blocked by deleting e7B and she (®),
resulting in improved Co-Q and squalene titers [45.51].
For further enhancing squalene synthesis, a fusion en-
zyme of the FPP synthase and the follow-up squalene
pathway enzyme HpnD was created, to channel FPP
toward the triterpene pathway and improve conversion
rates (®).

Effects of light on terpenoid production
Besides the above-described ‘classical’ engineering ap-
proaches, types of illumination conditions varying in (1)
intensity, (ii) applied light—dark cyeles, and (iii) the
emission spectrum were evaluated for improving pho-
totropic growth and terpenoid production (Figure 3).
Although some cvanobacteria are able to grow hetero-
trophically, photoautotrophic growth is preferred for
terpenoid production as it was shown to yield higher
patchoulol titers in Sywechacystis sp. PCC 6803 compared
with mixotrophic growth on glucose [54]. Therefore,
optimization of illumination conditions can contribute to
enhance terpenoid biosynthesis in cvanobacteria. Here,
light intensity is the main factor limiting growth and
terpenoid production. Syrechocystis sp. PCC 6803 grown
under high-light conditions (100 pEm ™2 s™") reached 2-
fold higher patchoulol titers than under low-light con-
ditions (20 pE m % s') [54]. Furthermore, applying a 12-
h:12-h light—dark cycle over a 10-day cultivation had a
beneficial effect on o-bisabolene productivity in Sy-
nechoeystis sp. PCC 6803 [34].

First studies of the effect of illumination conditions on
terpene production in Rhedopsendomonas revealed that
different light intensities and light—dark cycles also in-
fluence terpenoid biosynthesis in anoxygenic photo-
trophic bacteria. By applying increasing light intensities
for phototrophic cultivation (2000-5000 lux), it could be
demonstrated that moderate- to high-light conditions

Current Opinion in Biotechnology 77 (2022) 102764

www.sciencedirect.com

24



Figure 3
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Various aspects of the applied illumination conditions, including light spectra and intensities as well as light-dark cycles, can be investigated to
establish new, sustainable terpencid photoproduction processes with phototrophic bacteria.

(i.e. 30004000 lux) led to elevated carotenoid levels in
Rhodopsendomonas faecalis [67]. In addition, Rhodopsen-
domonas sp. grown under a 12-h:12-h light—dark cycle
showed an increased carotenoid production, whereas the
highest Co-Qyy levels were observed at shorter cycles
(3h:3h) [68]. The importance of the light-emission
spectrum for the biosynthesis of nonnative p-car-
vophvllene was initially analyzed in R. cpsulatus [30].
Here, the use of infrared-light LED with a maximum
emission wavelength of 850 nm, suitable for direct irra-
diation of bacteriochlorophyll «, instead of full-spectrum
light, increased the produet titer 1.5-fold.

Conclusion and outlook

In the past decade, complex metabolic engineering
strategies and concepts could successfully be transferred
from well-established heterotrophic microbes to photo-
trophic bacteria, thereby uncovering their high potential
to synthesize biotechnologically and pharmaceutically
relevant terpenoids. In some cases, vields were already
high enough to bring terpenoids produced by photo-
trophic bacteria to market (e.g. the R. sphaervides-based
production of valencene and nootkatone by the company
Isobionics, now BASF) [8]. However, when grown pho-
totrophically, the cultivation of eyanobacteria and purple
nonsulfur bacteria suffers from self-shading effects and
CO; availability, resulting in limited cell growth or
producrt vields. Therefore, innovative high-density cul-
tivation systems such as the CellDEG system, which
utilizes a COz-permeable membrane for bubble-free
aeration, are promising alternative photobioreactors to
further optimize illumination conditions and CO; supply
and thereby facilitate the formaton of biomass and
natural compounds [29e¢ 33.69]. In this context, it is

worth mentioning that oxygenic and anoxygenic photo-
trophic bacteria have evolved differently to thrive under
distinct illumination conditions. Thus, it can be crucial
to optimize all characteristics of light (i.e. the intensity
and spectrum as well as the applied light—dark cycles) to
maximize individual terpenoid production capacities of
the chosen production host and to identify the optimal
ratio between cell growth, productivity, and light-
mediated stress (Figure 3).

Recent progress in CRISPR—Cas-based genome editing
and gene regulation facilitated multifactorial engineering
of various phototrophic production strains. For example,
dCas12-mediated CRISPRi gene knockdown was ap-
plied for enhanced pyruvate availability and squalene
production in 8. dongatus PCC 7942 [59¢]. In addition,
genes encoding for the competing polyhvdroxybutyrate
pathway were deleted in R, sphaervides with
CRISPR-Cas9 to improve amorphadiene production
[50]. Furthermore, transposon Tn5-mediated chromo-
somal integration of larger gene clusters allowed more
complex modifications of the terpenocid pathway
[70#.71]. These synthetic biology tools, together with
genome-scale modeling of metabolic networks (e.g. de-
seribed in [72.73]) and '*C flux analyses of the terpenoid
metabolism [41,70¢] will offer a deeper understanding
and betrer control of these complex metabolic networks.
Based on this progress, design—build—test—learn concepts
can be applied [74] and will facilitate the development
of innovative biotechnological and biomedical applica-
tions for phototrophic bacteria in the near furture. For
example, the efficient coupling of alternative C-sources
from industrial waste streams (e.g. flue gas, organic
compounds from agricultural and food waste) or
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lignocellulose-derived substrates [37.42] with terpenoid
production could be key for the development of sus-
tainable and bioeconomically feasible terpenoid pro-
duction processes. Here, the flexibility and robustness of
such processes could be further improved by combining
diverging nutrient-recovery capacities of different (pho-
totrophic) microbes via cocultivation.

Finally, it should be noted that phototrophic bacreria of
the genus Riedobacter offer additional beneficial prop-
erties, including the formation of nontoxic lipopoly-
saccharides and the ability to colonize solid twmors,
making these bacteria suitable for furture biomedical
applications [75]. On the other hand, cyanobacteria such
as the edible Amthrospira platensis (spirulina) proved al-
ready-high potential for oral delivery of protein ther-
apeutics [76]. Thus, phototrophic bacteria might be
engineered as platform organisms for the iz situ delivery
of terpenoids with anticancer and other pharmaceurical
activities.
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ARTICLE INFO ABSTRACT

Keywords: Terpenes constitute one of the largest groups of secondary metabolites that are used, for example, as food-

Rhodobacter capsulatus additives, fragrances or pharmaceuticals. Due to the formation of an intracytoplasmic membrane system and

Eflgi'lee"i'lg biosynthesis of terpenes an efficient intrinsic tetraterpene pathway, the phototrophic a-proteobacterium Rhodobacter capsulatus offers

,D e“_’e"e casl!;:]ue favorable properties for the production of hydrophobic terpenes. However, research efforts have largely focused

squ Ileps:(:;:::m:l: on sesquiterpene production. Recently, we have developed modular tools allowing to engineer the biosynthesis

Tetralerpene pcarotene of terpene precursors. These tools were now applied to boost the biosynthesis of the diterpene casbene, the
triterpene squalene and the tetraterpene p-carotene in R. capsulatus SB1003. Selected enzymes of the intrinsic
isoprenoid pathway and the heterologous mevalonate (MVA) pathway were co-expressed together with the
respective terpene synthases in various combinations. Remarkably, co-expression of genes ispA, idi and dxs
enhanced the synthesis of casbene and p-carotene. In contiast, co-expression of precursor biosynthetic genes with
the squalene synthase from Arabidopsis thaliana reduced squalene titers. Therefore, we further employed four
alternative pro- and eukaryotic squalene synthases. Here, the synthase from Methylococcus capsulamts enabled
highest product levels of 90 mg/L squalene upon co-expression with ispA. In summary, we demonstrate the
applicability of R. capsulatus for the heterologous production of diverse terpene classes and provide relevant
insights for further development of such platforms.

1. Introduction

Terpenes are one of the largest groups of secondary metabolites that
are ubiquitously present in organisms of all kingdoms of life (Chen et al.,
2011; Dickschat, 2016; Schmidr Dannert, 2014). A multiude of plant
terpenes are applicable as ingredients in drugs, cosmetics or food
products because they exhibit diverse relevant properties including
antibiotic and antioxidant activities, a pleasant color, fragrance or flavor
(Efferth, 2017; Mahizan et al., 2019; Schempp et al., 2018; Wolosik
et al, 2013). Since the chemical synthesis of many terpenes is

economically unfeasible and the extraction from their natural sources
cannot be realized in a sustainable way, biotechnological approaches
represent a promising strategy for accessing these compounds (Ivai-
ienhagen and Bott, 2013; Schempp et al., 2018).

Terpenes are biosynthesized from the C5 isoprene building blocks
isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP), and classified as hemi- (C5), mono- (C10), sesqui- (C15), di-
(C20), ti(C30) and tetraterpenes (C40). The isoprene precursor scaf-
folds IPP and DMAPP are generated via the mevalonate (MVA) pathway,
which uses acetyl-CoA as substrate, or the 2-C-methyl-p-erythritol 4-
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phosphate (MEP) pathway (also referred to as DXP pathway), which
uses glyceraldehylde-3-phosphate (GAP) and pyruvate. While the MVA
pathway occurs in all eukaryotes and is less abundant in prokaryotes, the
MEP pathway is predominant in bacteria as well as in plastids of green
algae and plants (Frank and Gioll, 2017; Lombard and Morteira, 2011).
IPP and DMAPP are used as substrates for a series of condensation steps
to yield geranyl pyrophosphate GPP (C10), farnesyl pyrophosphate FPP
(€15) and geranylgeranyl pyrophosphate GGPP (C20). GPP can be
converted to monoterpenoids, FPP to sesqui- and triterpenoids, and
GGPP to di- and tetraterpenoids by respective terpene synthase
enzymes.

Key factors for successful heterologous production of terpenes in
bacteria are a suitable host organism and the employed terpene synthase
enzyme. Specifically, the bacterial host should provide a sufficient
precursor supply and an appropriate storage capacity for potentially
toxic compounds {Cravens et al., 2019; Das et al., 2007; Schempp et al.,
2018). To further optimize terpene production via metabolic engineer-
ing, molecular genetic tools need to be established for the applied host
system. In addition, terpene synthase enzymes from diverse origin were
reported to often differ significantly in their performance for a recom-
binant biosynthesis approach and thus represent a critical determinant
of success (Beekwildereral., 2014; Qiao et al., 2019; Troostet al., 2019).
Efforts in microbial terpene production have long focused on the use of
established workhorses such as E. coli and yeast, but more recently, also
alternative host organisms of the class of phototrophic bacteria are
receiving increased attention (Moser and Pichler, 2019; Schempp et al,,
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2018). An established representative of this group is the Gram-negative
facultative phototrophic non-sulfur purple w-proteobacterium Rhodo-
bacter capsulatus. This bacterium possesses the MEP pathway to yield IPP
and DMAPP, which are converted into each other by the IPP isomerase
Idi. The FPP synthase IspA catalyzes the elongation via GPP to FPP,
which is then further elongated by GGPP synthase CrtE, providing the
€20 scaffold GGPP as substrate for the phytoene synthase and the
following biosynthetic steps to form the Rhodobacter-specific caroten-
oids spheroidene and spheroidenone (see Fiz. 1). Under phototrophic
growth conditions, R. capsulatus generates an inwacytoplasmic mem-
brane system (ICM) from invaginations of the cytoplasmic membrane
(Chory et al., 1984). Besides its function of housing the photosynthesis
apparatus including the photopigments bacteriochlorophyll a and the
carotenoids, the ICM offers a storage space for heterologously produced
enzymes and compounds, thus possibly enabling the bacterium to sus-
tain increased accumulation of hydrophobic products. The applicability
of Rhodobacter species for heterologous terpene production has been
shown for several examples including sesqui-, wi- and tetraterpenes
(Beekwilder et al., 2014; Hage Hiilsmann et al., 2019; Khan et al., 2015;
Loeschcke et al., 2017, 2013; Orsi et al., 2019; Troost et al., 2019).
For sesquiterpenes, it was shown that the production capacity of
Rhodobacter can be increased by strengthening the elongation of prenyl
phosphates by co-expression of FPP synthase along with a sesquiterpene
synthase. Further, terpene production can be enhanced by increased
synthesis of isoprene units via the intrinsic MEP pathway by co-
expression of DxS (1-deoxy-p-xylulose 5-phosphate synthase) and Idi.

pyruvate MEP pathway MVA pathway
e 25, o acetoacetyl-Coa _HMGS J MG Goa
l DxR lH MGR
CDP-ME <3P MEP MPP < PMK - yp MK mva
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Fig. 1. Engineering concept for production of different terpenes inR. capsufatus. Inthe R, capsulatus intrinsic isoprenoid metabolism (red), the MEP pathway provides
€5 isoprene building blocks IPP and DMAPP, which are elongated and converted to C40 carotenoids. Recombinant terpene biosynthesis (gray box) is implemented by
expression of heterologous enzymes (purple): SQS: sgualene synthase (originating from different organisms) for conversion of FPP to squalene; CS: casbene synthase
from R. communis for conversion of GGPP to casbene; Crd and CrtY: phytoene desaturase and lycopene cyclase from P. ananatis for the conversion of phytoene to
f-carotene. To enhance terpene production, the DXP synthase and IPP isomerase (DxS and Idi from R. sphaeroides), as well as FPP synthase (IspA from R. capsulatis) of
the intrinsic isoprencid metabolism were additionally co-expressed (highlighted in green). Furthermore, an alternative route to build isoprene precursors from
central metabolism via mevalonate was installed (blue) by expression of the MVA pathway genes from P. zeaxanthinifaciens. Metabolites: GAP, glyceraldehylde-3-
phosphate; DXP, 1-deoxy-n-xylulose 5-phosphate; CDP-ME, 4-diphosphocytidyl-2-C-methyl-p-erythritol; CDP-MEP, CDP-ME 2-phosphate; MEcPP, 2-C-methyl-n-
erythiitol-2,4-cyclodiphosphate; HMBPP, 1-hydroxy-2-methyl-2-(E)-buteny! 4-diphosphate; HMG-CoA, (5)-3-hydroxy-3-methylglutaryl-CoA; MP, phosphomevalo-
nate; MPP, diphosphomevalonate. Further enzymes: DxR, DXP reductoisomerase; IspD, MEP cytidylyltransferase; [spE, CDP-ME kinase; IspF, MEcPP synthase; IspG,
HMBPP synthase; IspH, HMBPP reductase; HMGS, HMG-CoA synthase; HMGR, HMG-CoA reductase; MK, mevalonate-5-kinase; PMK, MP kinase; PMD, MPP
decarboxylase; CrtB, phytoene synthase; Crtl, phytoene desaturase; CrtC, hydroxyneurosporene synthase; CrtD, hydroxyneurosporene desaturase; CrtF, demethyl-
spheroidene O-methyltransferase; CrtA, spheroidene monooxygenase.
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Moreover, the introduction of the MVA pathway, which does not natu-
rally occur in this host, was demonstrated to enhance terpene produc-
tion. Such measures have enabled successful sesquiterpene production
in Rhodobacter (Beekwilder et al., 2014; Orsi et al., 2019; Troost et al.,
2019). Two Rhodobacter species, namely R. capsulatus and R. sphaeroides
have raised particular interest as microbial cell factories (Ieck and
Drepper, 2017; Orsietal, 2021) and the latter is industrially applied for
the production of the sesquiterpenes valencene and nootkatone mar-
keted by Isobionics (now BASF). The heterologous biosynthesis of other
classes of terpenes in Rhodobacter species is, however, less explored.

In the present study, we thus aimed to focus on the production of
representatives of C20, C30 and C40 terpenes, namely casbene, squalene
and p-carotene, in R. capsulatus SB1003. Hence, we employed the cas-
bene synthase RcCS from the castor bean shrub Ricinus communis (IMau
and West, 1994), the squalene synthase SQS1 from the small flowering
plant thale cress Arabidopsis thaliana (Busquets et al., 2008), and the
phytoene desaturase Crtl together with lycopene cyclase CrtY of the
proteobacterium Pantoea ananatis (Misawa et al., 1990). We further
evaluated metabolic engineering strategies, which were recently estab-
lished for sesquiterpene production in R. capsulatus by implementing
co-expression of precursor biosynthetic genes ispA, dxs, and idi of the
intrinsic isoprenoid metabolism and all genes of the MVA pathway
(Troost et al., 2019), for optimizing the production of di-, wi- and tet-
raterpenes. The here presented data demonstrate that the metabolic
engineering approach could successfully be transferred resulting in an
enhanced production of casbene and p-carotene. Surprisingly, squalene
produetion could not be improved when the A. thaliana synthase was
employed. We therefore tested four alternative squalene synthases from
the thermophilic cyanobacterium Thermosynechococcus elongatus, the
green colonial microalga Botryococcus braunii, the Gram-negative
methanotroph Methylococcus capsulatus, and Homo sapiens, finding
highest production by the latter two in an engineered background.
Therefore, the modular metabolic engineering approaches applied in
this study enabled us to identify genetic setups that resulted in improved
product titers of the target terpenes and demonstrate applicability of
R. capsulatus as a platform organism for di-, tri-, and tetraterpene
production.

2. Materials and methods
2.1. Bacterial strains and cultivation conditions

Escherichia coli strains DHS5x (Hanahan, 1983) and §17-1 (Simon
et al., 1983) were used for cloning and conjugational transfer (Klipp
et al, 1988) of DNA into Rhodebacter capsulatus. E. coli cells were
cultivated in LB medium (Luria/ Miller, Carl Roth: 10 g/L tryptone, 5
g/L yeast extract, 10 g/L sodium chloride) under constant shaking or on
LB agar plates containing 1.5 % agar (w/v, Bacto agar, Difco) at 37 "C.
Kanamycin was added to a final concentration of 50 pg/mL. R.capsulatus
strains SB1003 (Strnad et al., 2010) and SB1003-MVA (Troost er al.,
2019), which carries the MVA gene cluster (mvaA-idi-hse-mvk-pmk-mvd)
of P. zeaxanthinifaciens, were cultivated phototrophically on PY (pep-
tone-yeast) agar plates (10 g/L Bacto peptone, 0.5 g/L Bacto yeast
extract and 20 g/L Select Agar) or in liguid RCV minimal medium (1
mL/L 20 % MgSO, (w/), 1 mL/L 7.5 % CaCl, (w/v), 2 mL/L 1% EDTA
(w/v), 2.4 mL/L 0.5 % FeSO4 (w/v) supplemented with 2 mL/L 37 %
Hcl, 1 mL/L 0.1 % thiamine (w/v), 1 mL/L trace element solution [0.4
/L MnSO4(x1 Hz0), 0.7 g/L HaBOs, 0.01 g/L Cu(M03)2(x3 Hz0), 0.06
g/L ZnS04(x7 Hy0), 0.02 g/L NaMoO4(x2 H20)]; pH 6.8) at 30 "C under
anaerobic phototrophic conditions (bulb light, 2500 Ix). For incubation
of agar plates, anaerobic conditions were implemented by using airtight
cultivation containers and gas packs to deplete atmospheric oxygen
{(Microbiology Anaerocult A system, Merck KgaA, Darmstadt, Germany).
Liquid cultivations were performed in Hungate glass tubes, which can be
capped airtight with a septum and a screw cap.
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2.2. Construction of expression vectors

The di-, tri- and tetraterpene biosynthetic genes were obtained by
gene synthesis (Eurofins Genomics, Ebersberg, Germany) with opti-
mized codon-usage for expression in R. capsulatus (Supplementary
Table S1) and were designated as follows. We used casbene synthase
(encoded by ReCS) from Ricinus communis (NCBI Protein
XP_002513340.1) (Mau and West, 1994) for casbene biosynthesis.
Phytoene desaturase was used together with lycopene cyclase, encoded
by crtY-crtl from Pantoea ananatis (MCBI Protein P21687.1 and
P21685.1) (Misawa et al., 1990) for f-carotene synthesis. Different
squalene synthases were selected for biosynthesis of the triterpene. We
used the squalene synthase 1 (SQS1) from Arabidopsis thaliana
(At4g34640; NCBI Protein NP_195190.1) (Busquets et al.,, 2008), as in
our previous studies (Loeschcke et al, 2017). For BbSQS, we used a
version of the squalene synthase from Botryococcus braunii (GenBank
Protein AAF20201.1), which was employed to install squalene syn-
thesis inR. capsulatus before (iKhan et al., 2015) with a truncation of 26
amino acids at the C-terminus, which was previously shown to facili-
tate enhanced expressionin E. coli (Okada et al., 2000). We used TeSQS
from Thermosynechococcus elongates BP1 (NCBI Reference Sequence:
NP_681887.1), which has shown high in vitro activity and was func-
tionally expressed in E. coli (Katabami et al., 2015; Lee and Poulter,
2008). A truncated version of the human squalene synthase (NCBI
Reference AAH09251.1) was employed as HsSQS, with deletion of the
H-terminal 30 amino acids and the C-terminal 47 amino acids, based on
previous reports (Katabami er al., 2015; Thompson et al., 1998). The
squalene synthase McSQS from Methylococcus capsulatus str. Bath
(MCBI Protein CAA71097.1) was used because it was reported to be
expressed as a soluble protein (Ohtake et al, 2014). During gene
synthesis, restriction endonuclease recognition sites, and homologous
vector sequences were added at the 5’ or 3' ends, as appropriate for
cloning.

All terpene biosynthetic genes were cloned into the expression
vector pRhon5Hi-2 (Troost et al., 2019) carrying the host-specific Py
promotor (NCBI Genbank Accession MG208548). Vectors
pRhon5Hi-2-RcCS and pRhonSHi-2-crtY-crtl were constructed by
cloning the synthetic gene RcCS or the crtY -crtl cassette as Ndel/HindlIL
fragments into vector pRhon5Hi-2. To this end, crtY-crfl was amplified
via PCR, adding the restriction sites to the ends by use of appropriate
primers, while RcCS was obtained with Ndel/HindIll sites via gene
synthesis. The gene ispA (R. capsulatus SB1003) was amplified via PCR
using genomic DNA as template, introducing HindIll and Xhol sites
with the primers. The cassette ispA-dxsidi (dxs and idi from
R. sphaeroides 2.4.1) was obtained as Hindlll/Xhol-fragment by hy-
drolysis of vector pRhon5Hi-2-CnVS-ispA-dxs-idi (Troost et al., 2019).
These genes and gene cassettes were used to construct vectors
pRhon5Hi-2 -ReCS-ispA and pRhon5Hi-2-ReCS-ispA-dxs-idi, as well as
pRhonSHi-2-crtY -ertl-ispA  and  pRhonSHi-2-crtY-critl-ispA-dxs-idi.
Construction of pRhonSHi-2- SQS1 was previously described
(Loescheke etal, 2017). It was used as template to amplify SQS1 with
appropriate primers adding the necessary restriction sites to clone the
gene as an Xbal/Hindlll fragment in vectors pRhon5Hi-2-CnVS-ispA
and pRhonSHi-2-CnVS-ispA-dxs-idi (Troost et al, 2019), thereby
replacing the gene CnVS with SQS1 to generate expression vectors
pRhon5Hi-2-8QS1-ispA and pRhon5Hi2-SQS1-ispA-dxs-idi. The anal-
ogous constructs carrying the squalene synthase genes of other or-
ganisms were likewise constructed, with the difference that the 5" end
and 3' end extensions were added during gene synthesis, so that the
appropriate sequences could be readily excised without additional
PCR. Relevant gene sequences on each construct were verified by
sequencing performed by Eurofins Genomics (Ebersberg, Germany).
All oligonucleotide primers, plasmids and strains used in this study are
listed in Supplementary Table §2.
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2.3. Heterologous expression of terpene biosynthesis genes in
R. capsulatus

For introduction of terpene biosynthesis genes in R. capsulatus,
respective pRhonSHi-2-based vectors were transferred to the host via
conjugation as previously described (Klipp et al., 1988). Exconjugants
were subsequently selected and further cultivated on PY agar, contain-
ing 25 pg/mL kanamycin and 25 pg/mL rifampicin. For heterologous
expression of terpene biosynthesis genes, cultivation was conducted in
liguid RCV medium with 4 g/L malate containing 25 pg/mL kanamycin
under anaerobic phototrophic conditions (bulb light, 2500 lx) in 15 mL
Hungate tubes at 30 °C. Pre-cultures of 15 mL RCV medium containing
0.1 % (MNH,)2S0, were inoculated and incubated for 72 h. Expression
cultures were inoculated from pre-cultures to an initial ODggppy, of 0.05
in RCV medium containing 0.1 % serine as sole nitrogen source. The
omission of ammonium together with implementation of anaerobic
conditions ensured derepression of the P,y promoter and target protein
expression (Troostet al., 2019). A culture volume of 15 mL medium was
used for squalene and fi-carotene production cultures. For analysis of
casbene production, 14 mL cultures were overlayed with 0.5 mL
n-dodecane. Cultures were incubated for 2 days (48 h), until an ODssonm
of —2-3 was reached before sampling and product analysis. For analysis
of squalene and j-carotene, samples of cells corresponding to OD g5 =
7.5 in 1 mL (i.e. approximately 3 mL of the cultures, depending on the
specific cell density) were harvested by centrifugation (10 min, 1800 g,
4 (), the medium was discarded, and pellets stored at -20 °C. All cul-
tivations were conducted at least as triplicates and, for verification,
repeated in independent experimental runs.

2.4. Sampling and GC analysis of casbene

After 48 h of cultivation, expression cultures in Hungate tubes with
n-dodecane were incubated in a Multitron Standard incubation shaker
(Infors HT) for additional 24 h at 30 °C in horizontal position under
constant shaking at 130 rpm for further extraction of casbene from
expression cultures. Thereafter, 100 pL of the n-dodecane layer were
harvested for GC analysis. Casbene amounts could not be determined
quantitatively because an authentic reference was missing. Instead,
relative production levels were estimated in GC-FID analyses from areas
of peaks which exclusively occurred in samples from RcCS expression
cultures and were absentin those of the R. capsulatus wildtype SB1003 or
5B1003-MVA. The gas chromatograph 6890 N (Agilent) equipped with
an Agilent (5%-P henyl)-methylsiloxane HP-5 column (30 m length, 0.32
mm inside diameter, 0.25 pm film thickness) was used for splitless in-
jection of 2 pL sample volumes, using helium as carrier gas. The injector
temperature was set to 240 °C and the FID to 250 °C. The oven tem-
perature was held at 100 °C for 5 min, then ramped to 180 “C at 10 °C/
min, finally to 300 °C at 20 “G/min. Signals were detected using a flame
ionization detector (FID), and peak areas obtained at a retention time of
15.91 min were evaluated. GC-MS analysis was employed for corrobo-
ration of casbene (272 g/mol) accumulation in the n-dodecane layer. To
this end, 1 pL was injected directly into a Trace GC Ultra gas chro-
matograph coupled to an ITQ 900 mass spectrometer (Thermo Scienti-
fic). Separation was achieved in a capillary (30 m length, 0.25 mm
diameter) with a 0.25 pm film of FS-5 supreme (CS Chromatographie
Service). Split mode with a split ratio of 10 was used for the injector with
the inlet temperature set to 250 °C. The oven was programmed to start at
100 °C and a 1 min hold, after which temperature increased to 300 °C at
arate of 5 °C/min. Helium was used as carrier gasat a flow rate of 1 mL/
min. MS data were collected from 50 to 650 m/z during the temperature
ramp. The MS spectrum of a peak, which occurred at 29-30 min in the
extracted ion chromatogram (EIC) of 272 m/2, was found to match
previously published casbene spectra (King et al., 2014; Luo et al,
2016).
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2.5. Preparation of whole cell extracts for analysis of squalene and
f-carotene

Extraction of squalene from pelleted cells from R. capsulatus
expression cultures was performed by addition of 2 mL acetone. The
samples were vortexed, incubated at 50 °C and 600 rpm for 15 min and
cell debris was finally separated from acetone by centrifugation (3 min,
2900 g, 22 °C). The acetone supernatants were transferred into fresh
tubes and supplemented with 1.5 mL of 1 M NacCl solution and mixed.
Afrerwards, 1.8 mL n-hexane was added and samples were extracted for
30 s by mixing with a test tube shaker. Phase separation was reached by
centrifugation (1 min, 2900 g, 22 °C). Finally, the n-hexane organic
phases were transferred into fresh reaction tubes and dried using a
vacuum centrifugation (20 min, 30 °C).

2.6. HPLC analysis of squalene

Dried R. capsulatus cell extracts were solved in 150 pL methanol-
acetonitrile mixture (1:1) and used for analysis of produced squalene
via HPLC-UV/Vis with an LC-2010 HT system (Shimadzu). Reversed
phase chromatography was performed with a Kinetex €18 column (75
mm x 4.6 mm, 2.6 pm, Phenomenex) and a respective guard column.
Chromatograms were recorded at 202 nm. Sample volumes of 10 pL
were injected and the separation occurred with a flow rate of 1 mL/min
and at an oven temperature of 35 °C. The mobile phase consisted of
acetonitrile (A), methanol (B) and 2-propanol (C). Starting conditions of
14 min analyses were 80,20 (%A/B), followed by a gradient to solvent
compositions of 76/19/5 (%6A/B/C), then to 72/18/10 (%A/B/C), and
to 56/14/30 (%A/B/C), that were reached after 2.5 min, 4.25 min and
6.00 min, respectively. The last was held for 3 min, before returning to
starting conditions within 0.5 min. Those were maintained for 4.5 min
for re-equilibration. Squalene amounts were quantified by calibration
with a commercial authentic reference (Sigma-Aldrich). To account for
extraction losses, titers in the cultures were determined via calibration
curves generated by addition of defined amounts of authentic squalene
to cell pellets of the R. capsulatus wildtype, and analysis of squalene
signals after the same extraction procedure as applied for samples from
expression cultures,

2.7. HPLC andlysis of fi-carotene

Dried R. capsulatus cell extracts were solved in 150 pL pure ethanol
(p.a.) and analyzed by HPLC-PDA using an LC10Ai system (Shimadzu)
equipped with the SPD-M10Avp photodiode array detector (PDA). A
€30 reversed phase HPLC column (250 x 4.6 mm, 5 pm, YMGC-Europe
GmbH, Dinslaken, Germany) with a guard column filled with the same
material (20 mm x 4.0 mm) was used for chromatography at 30 °C
column oven temperature and 1 mL/min solvent flow rate. The mobile
phase consisted of methanol (A), ethyl acetate (B) and acetonitrile
containing 0.1 % formic acid (C). Starting conditions of 39 min analysis
runs were 15/15/70 (%A/B/C) for 4 min, followed by a gradient to 10/
70/20 (%A/B/C) in 15 min. This proportion was maintained for 14 min,
before returning to starting conditions within 1 min which was main-
tained for re-equilibration for 5 min. Chromatograms were recorded at
450 nm, and absorbance spectra {(from 350550 nm) of peaks were
extracted from PDA-data. Detected signals were analyzed in comparison
with authentic references of carotenocids that were expected to result
from heterologous gene expression, i.e. neurosporene (Standard from
CaroteNature, Miinsingen, Switzerland; 24.6 min), lycopene (Standard
from DHI, Hprsholm, Denmark; 32 min) and p-carotene (Sigma-Aldrich;
18.5 min). Titers of p-carotene in cell cultures were estimated based ona
calibration curve generated by addition of defined amounts of authentic
p-carotene to cell pellets of the R. capsulatus wildtype, and analysis of
p-carotene signals after the same extraction procedure as applied for
samples from expression cultures. The signal attributed to all-trans
p-carotene (18.5 min) was used for integration and additional signals
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putatively assigned to geometrical cis isomers (Bononi er al., 2002;
Schiedle et al., 2004) were ignored for quantification as the ratio of
all-trans to cis isomers was similar in all samples. Intrinsic spheroidene
was identified based on the relative retention time (26.8 min) and
known absorbance properties (Biitton, 1995).

2.8. Analysis of Rhodobacter capsulatus pigmentation and dry cell weight

R. capsulatus pigmentation was determined by UV-Vis spectropho-
tometry. To this end, cell material equivalent to 1 mL with an optical
density of 1 at a wavelength of 660 nm was harvested. Cell pellets were
dispersed in 50 pL H;0 and cells were disrupted by adding 1 mL ethanol
(p.a.). For a better cell disruption, samples were incubated for 5 min at
40 °C shaking (800 rpm). Afterwards, cell debris was pelleted by
centrifugation (2 min, max. speed, 22 “C). Absorption of the ethanol
samples at 455 nm was determined in a UV-Vis spectrophotometer
(Thermo Scientific) as a measure of spheroidene levels.

The correlation of dry cell weight (DCW) of photoheterotrophically
grown R. capsulatus in RCV medium to measured optical cell density at
660 nm, was determined by harvesting differently concentrated 1 mL
samples of liquid cultures of the wildtype strain R. capsulatus SB1003
with optical densities at 660 nm of 0.5, 1.0, 1.5, 2.0 and 2.5. After
centrifugation (10 min, 1100 g, 22 “C), supernatants were discarded and
cell pellets were stored overnight at -20 °C before pellets were dried for
24 h in a freeze dryer (Lyovac GT2, Steris). The sample tubes were
weighed before and after collection of cells to measure cell weight,
enabling determination of a correlation of 1 mL ODggopp, = 1 with 0.6
mgDCW.,

3. Results

3.1. Engineering concepts for the production of C20, C30 and €40
terpenes in R. capsulatus

In order to analyze if the recently developed tools for modular en-
gineering of sesquiterpenoid synthesis in R. capsulatus (Troost et al.,
2019) can be transferred to the phototrophic production of C20, €30 and
G40 terpenes, we used the diterpene casbene, the triterpene squalene
and the tetraterpene f-carotene as showcase targets (Fig. 1). The €20
diterpene casbene is produced in Euphorbiaceae (Dueber et al., 1978).
The compound is known to exhibit antifungal activity (Moesta and West,
1985) and represents the precursor of further pharmacologically active
diterpenes (Le et al,, 2009) which aceumulate in the plants (Liao et al.,
2009). The casbene synthase RcCS from castor bean Ricinus communis
was chosen for expression in R. capsulatus to catalyze the cyclization of
GGPP to casbene, since it could be functionally expressed in microor-
ganisms before (Reiling et al., 2004). The C40 tetraterpene f-carotene is
likewise derived from GGPP and occurs in microorganisms, fungi and
plants (Avalos and Limén, 2015; Sandmann, 1994). This pigment is of
interest for its antioxidant properties and provitamin A function (Britton
et al., 2008), and is utilized as food colorant in livestock industry to
enhance the color of e.g. salmon or egg yolk (Bauernfeind, 1981; Mot
tensen, 2006). We have previously identified the phytoene desaturase
crtl and lycopene cyclase Crty of the bacterium Pantoea ananatis (Mis-
awa et al., 1990) as suitable for the heterologous carotenoid biosynthesis
in Rhodobacter (Loeschicke et al,, 2013), where they can implement
conversion of the intrinsic GGPP condensation product phytoene to
p-carotene. Squalene belongs to the group of C30 triterpenes and occurs
as biosynthetic product in various microorganisms including fungi, all
plants and animals (Xu et al.,, 2016). The compound is applied e.g. in
cosmetics (Huang et al., 2009), and is discussed for applications in the
pharmaceutical and biofuel sector (Fox, 2009; Reddy and Couvrenr,
2009; Yoshidaetal, 2012).Inaddition, squalene is the central precursor
of valuable cyclic witerpenes as, for example, cycloartenol and lupeol
(Thimmappa et al, 2014). We selected the squalene synthase SQS1 of
Arabidopsis thaliana (Busquets et al., 2008), which we employed in our
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previous studies (Hage Hiilsmann et al., 2019; Loescheke et al,, 2017)
for successful conversion of FPP to squalene in R. capsulatus. The squa-
lene titers we previously obtained under microaerobic (i.e.
non-phototrophic) conditions in the wildtype strain S81003 were rela-
tively low (—8 mg/L) (Loescheke et al., 2017). We thusaimed to analyze
the transferability of the engineering strategies which prove successful
for sesquiterpene synthesis in our previous study (Troost et al,, 2019).

Accordingly, the FPP synthase IspA from R. capsulatus was co-
expressed to enhance the prenyl phosphate elongation. Furthermore,
the enzymes DxS and Idi (from R. sphaeroides) of the MEP pathway were
co-expressed in addition to the intrinsic enzymes in order to increase the
abundance of IPP and DMAPP. Finally, the isoprenoid biosynthesis
pathway via mevalonate of Paracoccus zeaxanthinifaciens (Hiimbelin
et al., 2002) was installed as an alternative route to C5 precursors of
terpenoid biosynthesis. For gene expression in R. capsulatus, we used the
host-specific Py promoter, which enables strong induction under
anaerobic conditions with serine as sole nitrogen source in the medium
(Troost et al, 2019). Codon usage adapted terpene biosynthesis genes
were thus cloned in the vector pRhon5Hi-2 together with ispA or the
cassette ispA-dxs-idi (Supplementary Table $1). These constructs were
used for expression in the wildtype strain SB1003 as well as the re-
combinant strain SB1003-MVA, which carries the MVA gene cluster in
the chromosome under control of P (Troost et al,, 2019).

3.2, Heterologous biosynthesis of GGPP-derived casbene and j-carotene

In order to evaluate the applicability of the modular R. capsulatus
engineering approach for production of the diterpene casbene, the
expression vectors pRhon5Hi-2-ReCS, pRhonS5Hi-2-ReCS-ispA  and
pRhon5Hi-2-ReCS-ispA-dxs-idi harboring the casbene synthase from
R. communis and MEP pathway genes were transferred into the strains
R. capsulatus SB1003 (wildtype) and SB1003-MVA (strain with recom-
binant MVA pathway). After photoheterotrophic cultivation in the
presence of n-dodecane for two days, samples of the solvent were pre-
pared for analyses by gas chromatography and flame ionization detec-
tion {(GC-FID). Since casbene is not commercially available as a reference
substance, we first compared obtained chromatograms of the wildtype
strain SB1003 and SB1003-MVA with samples of respective RcCS
expression strains, which exhibited a distinct additional signal. Relative
quantification of the putative casbene signal was conducted on the basis
of measured peak areas (Fig. 2A, left panel). GC coupled with mass
spectrometric detection was employed to corroborate accumulation of a
compound with a mass spectrum corresponding to previously reported
analyses of casbene (King et al., 2014; Luo et al., 2016) (Fig. 24, right
panel). Co-expression of ispA as well as ispA-dxs-idi in strain SB1003
resulted ina 1.7- and 2.3-fold increased casbene titer, demonstrating the
applicability of our previously established engineering tools (Troost
etal, 2019) also for diterpene production inR. capsulatus. The presence
of the MVA pathway showed no effect on casbene levels (SB1003-MVA
+ ReCS), or even a drastic decrease of the casbene levels when ispA or
ispA-dxs-idi were additionally co-expressed. In these strains, enhanced
stress levels may increase the risk of plasmid instability, but since the
result was confirmed in independent experimental runs, plasmid rear-
rangement effects appear rather unlikely. Therefore, we speculate
metabolic effects to be the reason for the low product levels in
SB1003-MVA under co-expression of the FPP synthase and MEP
pathway genes.

To evaluate the engineering concepts for tetraterpene production,
vectors pRhonSHi-2-crtY-crtl, pRhonSHi-2-citY-crtl-ispA and pRhonSHi-
2-crtY-crtl-ispA-dxs-idi were employed for p-carotene synthesis in
R. capsulatus strains SB1003 and SB1003-MVA. After 2 days of photo-
heterotrophic cultivation, carotenoids were extracted from cells and
subsequently analyzed (Fig. 2B, left panel). Using HPLC coupled with a
photo diode array detector, produced fi-carotene was quantified with an
authentic reference for calibration. The expression of the carotenoid
biosynthesis genes from P. ananatis alone and in combination with ispA in
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strain SB1003 resulted in similar titers of about 5 mg/L f-carotene. In this
strain, the co-expression of ispA-dxs-idi, however, led to a significant in-
crease to 30 mg/L. Co-expression of the MVA pathway genes had a pos-
itive effect, with mean titers roughly doubled yielding —10 mg/L
compared to the wildtype strain expressing Crtd and CrtY. This level
remained basically unchanged when ipA or ispA-dxs-idi were additionally
co-expressed in SB1003-MVA. In none of the strains, the intermediate
lycopene was detected. Specific yields of p-carotene are summarized in
the Supplementary Table 53.

HPLC-traces moreover revealed that in the engineered strains, the
intrinsic carotenoid biosynthesis was significantly altered by imple-
mentation of p-carotene production (¥ig. 2B, right panel). The amounts
of spheroidene, which accumulates as main carotenoid in the bacterium
under anaerobic conditions, were reduced upon expression of Crtl and
CrtY from P. ananatis. Interestingly, this effect did not seem to be
compensated when precursor biosynthetic genes were co-expressed. We
further observed that especially cells expressing only Crtl and CrtY
produced traces of neurosporene, an intermediate in spheroidene
biosynthesis. MNevertheless, heterologous terpene biosynthesis did not
affect phototrophic growth of R. eapsulatus for any of the terpene pro-
duction setups, as cell densities were all in the same range at the time of
sampling (see Fig. 51). In summary, we could demonstrate the biosyn-
thesis of casbene and moderate production of p-carotene as proof of
concept. For both, co-expression of the recombinant biosynthetic genes
with ispA-dxs-idi led to best results in the wildtype background, while
use of strain SB1003-MVA yielded rather inconclusive results.

3.3. Heterologous biosynthesis of the FPP-derived triterpene squalene

To test if squalene production could be likewise optimized in
R. capsulatus by the modular engineering approach, squalene synthase 1
(SQS1) from A. thaliana, here referred to as AtSQS, was introduced into
strains SB1003 and SB1003-MVA via the vectors pRhon5Hi-2-5Q81,
pRhonS5Hi-2-SQS1-ispA and pRhon5Hi-2-SQS1-ispA-dxs-idi. Cells were
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harvested after two days of photoheterotrophic cultivation for extrac-
tion and analysis by HPLC-UV, using an authentic reference for cali-
bration and determination of squalene titers (I'ig. 2, top panel). Squalene
titers of around 65 mg/L were reached by expressing the synthase alone
in R. capsulatus SB1003. Surprisingly, each metabolic engineering
approach — co-expression of ispA, ispA-dxs-idi, the MVA cluster, or their
combination — reduced titers to a minimum of around 12 mg/L
(R. capsulatus SB1003-MVA harboring pRhon5Hi-2-8QS51-ispA-dxs-idi).

To test, if product levels could be enhanced by applying our engi-
neering tools when squalene synthases from other organisms are
employed, we chose respective enzymes from four different organisms,
namely the thermophilic cyanobacterium Thermosynechococcus elonga-
tus (TeSQS), the green colonial microalga Botryecoccus braunii (BbSQS),
the Gram-negative methanotroph Methylococcus capsulatus (McSQS),
and Homo sapiens (HsSQS). These were selected as promising candidates
for having been functionally expressed in prokaryotes previously, or
exhibiting high in vitro activities (Katabami et al., 2015; Khan et al.,
2015; Lee and Poulter, 2008; Ohtake et al., 2014; Okada et al., 2000;
Thompson et al., 1998). Based on previous reports, full length sequences
or truncated versions were employed as detailed in the Methods Section
and in Supplementary Table $1. The genes were cloned in the
pRhon5Hi-2-based expression vectors for co-expression of precursor
biosynthetic genes and squalene analysis according to the above
described experiments.

In comparison to the initially tested AtSQS, expression of TeSQS and
BbSQS in R. capsulatus SB1003 led to much lower titers (around 20 mg/L),
while HsSQS and McSQS enabled titers in a similar range with 43 and 71
mg/L. This observation indicates that the analyzed synthases might exhibit
differences regarding their functional expression, stability, or activity.
Remarkably, very different patterns of product titers were observed upon
co-expression of precursor biosynthetic genes for every synthase, again
demonstrating a benefit of the modular engineering toolset. While product
titers could not be enhanced by co-expression of precursor biosynthetic
genes in the case of BbSQS, the low product levels obtained with TesQs
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latter case to investigate if intrinsic carotenoid levels differed in the set of
squalene production strains during phototrophic growth. We first
compared the strains SB1003 and SB1003-MVA and, remarkably, did not
observe an increase in the signal of the intrinsic carotenoids upon intro-
duction of the MVA pathway. Interestingly, carotenoid-specific absoiption
of ethanol extracts was also largely unaffected by squalene production in
comparison to the empty strain controls (Fig. 3, bottom panel). Hence, our
results indicate that squalene production did not consume significant
amounts of cellular isoprenoids at the expense of inwinsic carotenoid
biosynthesis, but the intrinsic metabolism was capable of compensating for
additional FPP consumption to some extent. Moreover, we did not observe
strong effects on cell growth (Fig. $2). In summary, our toolkits previously
established for the heterologous biosynthesis of sesquiterpenoids (Troost
etal, 2019) proved suitable to implement the biosynthesis of di-, tri- and
tetraterpenes. The different effects of individual combinations of engi-
neering modules (Table 1) highlight the value of easy-to-apply genetic
setups allowing to identify optimal production conditions.

4. Discussion

This study clearly demonstrates the applicability of R. capsulatus as
an alternative phototrophic production host for di-, tri-, and tetra-
terpenes using casbene, squalene and fi-carotene as model compounds.
In addition, we show the effects of metabolic engineering and use of
different terpene biosynthetic enzymes on terpene production .
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This study

The beneficial effects of enhancing the precursor synthesis in the
isoprenoid anabolic pathway for terpenocid production are well-known
(Moser and Pichler, 2019). Likewise, the necessity of fine-tuning due
to feedback and feedforward inhibitory effects within the biosynthetic
pathway has been discussed (Dahl et al., 2013; Hage-Hiilsmann et al.,
2019; Park etal., 2017; Troost et al., 2019). For casbene and p-carotene
production, co-expression of terpene biosynthetic enzymes from
R. communis and P. ananatis, respectively, with IspA, DxS and Idi was
most successful in our study. The same biosynthetic module also led to
best results in our previous study on heterologous sesquiterpene
biosynthesis in the host (Troost et al., 2019), when combined with the
additional expression of the MVA pathway (Table 1). However, in the
present study, strengthening the intrinsic isoprenoid metabolism of
R. capsulatus at the steps of DXP synthase, IPP isomerase and FPP syn-
thase was more effective than the implementation of the MVA pathway
or combinations of both. This might indicate an interaction between the
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MEP and MVA pathway, as recently discussed for R. phaeroides (0151
etal, 2020), but the exact mechanisms and factors influencing it remain
to be elucidated.

For squalene production, we used five different synthase genes from
all kingdoms, whose expression resulted in diverse initial product titers
and further produced differential results upon co-expression of precur-
sor biosynthetic genes. While co-expression of the MVA pathway genes
was not beneficial for product titers in most cases, and the ispA-dxs-idi
cassette either had no effect or reduced the production level in every
case, co-expression of ispA enhanced squalene levels when squalene
synthases from H. sapiens or M. capsulatus were used. These enzymesalso
showed relatively high initial product titers when expressed alone.
Therefore, accumulation of IPP or FPP, which has been reported to exert
inhibitory effects on human FPP synthase (Barnard and Popjak, 1981;
Park et al,, 2017), may be avoided due to more efficient conversion to
squalene. However, the A. thaliana synthase likewise produced a high
initial titer, but all engineering approaches led to reduced product
levels. This may indicate that furcher enzyme properties affecting sub-
strate inhibition, which is known for the squalene synthase from yeast
(Zhang etal,, 1993), are likely additionally relevant. In this context, it is
worth underlining that application of the same engineering toolkit for
the production of the sesquiterpenes patchoulol and valencene in
R. capsulatus revealed that swrain SB1003 MVA (Table 1), which facili-
tates the co-expression of the MVA pathway genes, was the best pro-
duction strain (Troost et al., 2019). This observation thus underpins the
value of the modular engineering concept which can help to further
develop Rhodobacter as a versatile platform organism for the production
of diverse terpene classes, allowing individual adaptation in order to
meet the requirements of the respective recombinant terpene pathway.

In general, terpene compounds are of high commercial interest.
Thus, diverse microbial production systems have been established for
their biosynthesis (Kallscheuer et al,, 2018; Moser and Pichler, 2019).
Rhodobacter species have been identified as suitable hosts for sesqui-
terpene production (Beekwilder et al., 2014; Ousi et al.,, 2019; Troost
etal, 2019) and are applied in industrial processes by [sobionics (now
BASF) (Schempp et al., 2018). Since the biosynthesis of other classes of
terpenes in these bacteria is less established, we aimed to explore di-,
tri-, and tetraterpene synthesis, choosing the above mentioned com-
pounds casbene, squalene and p-carotene as examples. Generally, the
heterologous microbial biosynthesis of the plant diterpene casbene and
derivatives thereof, which exhibit promising therapeutic effects, has
been established in the context of academic and industrial research (e.g.
by the company Evolva). Here, maximal production above 100 mg/L
was reached in 8. cerevisiae, aided by metabolic engineering (Callari
etal, 2018; Kirby etal., 2010; Wong et al., 2018). Recombinant casbene
biosynthesis with titers of — 30 pg/L (normalized to a cell density of 1)
has also been shown in E. coli (Reiling et al., 2004). Due to the absence of
a commercial reference, accurate quantification of the product is thus
far not possible via a straightforward calibration curve, and estimations
have relied on the use of other terpenes like a-gurjunene, cembrene or
in-house produced extracts. We demonstrate here for the first time
applicability of the w-proteobacterium R. capsulatus as phototrophic
production platform for this plant namral product. Further studies
including accurate product quantification are still necessary for assess-
ment of the prokaryotic host in comparison to the well-performing veast
systems, regarding casbene production.

In contrast to casbene, the tetraterpene f-carotene is an established
component of various commercial products, marketed by diverse com-
panies including BASF and DSM (Saini and Keum, 2019). While large
parts of the required demand are manufactured by chemical synthesis,
microbial production of natural f-carotene is gaining importance. Aside
from the use of microalgae and other microbes (Dufosse, 2017; Qiang
et al., 2019; Wichuk et al., 2014; Yuan and Alper, 2019), both,
5. cerevisiae and E. coli-based host systems have been established,
reaching titers at gram scale with the prokaryote after engineering
precursor biosynthesis and optimizing fermentation conditions (Lopez
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et al., 2019; Yang and Guo, 2014). We have now demonstrated that
R. capsulatus can accumulate 30 mg/L (15 mg/g DCW) f-carotene, which
is identical to the recently described yield that could be gained in the
closely related R. sphaeroides (Qlang et al., 2019), but notably without
bioprocess optimization.

Like fi-carotene, the triterpene squalene is used in diverse commer-
cial products, for which deep-sea shark liver oil has represented the
major source (Gohil et al., 2019). Obtaining the compound from wild-
type or engineered microorganisms in economically attractive processes
can offer a paradigm change and refrainment from this practice. Very
promising studies showed high-level squalene accumulation in natural
producers like marine eukaryotic Thraustochytrids (Aasen et al., 2016).
In addition, squalene biosynthesis has been engineered in established
microbial workhorses, which offer advantages in e.g., growth rates,
high-density fermentation and amenability to genetic modifications.
Here, squalene titers over 2 g/L have been demonstrated for metaboli-
cally engineered S. cerevisize under optimized conditions (Han et al.,
2018). E. colibased production reached 230 mg/L squalene upon
co-expression of precursor biosynthetic genes (Katabami et al., 2015). In
this study, human SQS produced higher titers than the T. elongatus
enzyme. In contrast, T. elongatus SQS was superior to the human syn-
thase for triterpene biosynthesis in §. cerevisiae (Qiao et al, 2019).
Squalene production has also been established in R. capsulatus before,
using SQS enzymes from B. braunii (iKhan et al., 2015). Here, engineering
of the MEP pathway led to ca. 14 mg/g DCW with glucose supplemen-
tation. In our previous study, expression of A. thaliana SQS1 and culti-
vation under non-phototrophie, microaerobic conditions led to titers of
8 mg/L squalene (Loeschcke et al., 2017). Compared to that, cultivation
under photoheterotrophic conditions in the present study enhanced the
titer by an order of magnitude. Generally, comparability of product
levels obtained in different studies is limited due to variation of multiple
parameters, e.g. in the expression system or cultivation regime. By the
direct comparison in this study, we identified the SQS from
M. capsulatus, which was previously only characterized in vitro, as most
suitable for high-level triterpene production in R. capsulatus (maximal
titer 90 mg/L, maximal specific yield 58 mg/g DCW), along with the
enzymes from A, thaliana, and H. sapiens, while B. braunii and
T. elongatus SQS enabled only minor product titers. Altogether, here
demonstrated product titers are promising but potential industrial
applicability remains to be elucidated in further research to assess e.g.,
bioprocess optimization.

Heterologous production of the named amounts of f-carotene and
squalene had different effects on the intrinsic carotenoid production of
R. capsulatus. Expression of Crtl and CrtY from P. ananatis effectively
redirected isoprenoid biosynthesis to p-carotene and led to a drastic
decrease in the intrinsic carotenoid spheroidene. This indicates that the
desaturase Crtl of P. ananatis (Iisawa et al., 1990) exhibits higher cat-
alytic activity than the intrinsic Crtl of R. capsulatus (Armsirong et al.,
1989), or has higher affinity to the substrate phytoene. Furthermore,
P. ananatis Crtl can use neurosporene as substrate for conversion to
lycopene by one further desaturation (Hunter et al., 1994), competing
with the intrinsic neurosporene hydroxylase CrtC. In addition, substrate
inhibition or feedback inhibition loops by products might not apply for
the recombinant enzymes. In this context, it remains to be elucidated
why low amounts of neurosporene and not lycopene were found to
accumulate in strains expressing f-carotene biosynthetic enzymes.
Interestingly, no obvious impairment of photoheterotrophic growth was
observed for crtY-crtl expressing strains, suggesting that p-carotene was
functionally incorporated in photosynthetic complexes, as previously
shown for closely related R. sphaeroides (Hunter et al., 1994). Biosyn-
thesis of squalene, which led to significantly higher product levels, only
had a minor impact on R. capsulatus carotenoid production, showing
that the intrinsic metabolism was capable of compensating for the
associated enhanced consumption of isoprene units. On the other hand,
it was interesting to note that co-expression of the MVA pathway did not
raise spheroidene levels strongly. Since the implementation of this
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pathway can lead to significant elevation of heterologous terpene
product levels (Beekwilder et al, 2014; Troost et al., 2019), this may
indicate a swict regulation system governing the accumulation of
intrinsic tetraterpenes.

In the light of urgently required ecologically friendly technologies
for building a sustainable bio-based economy, a paradigm change in the
chemical industries is aspired. Since phototrophic hosts can utilize CO,
for the synthesis of valuable compounds and - in contrast to plants — do
not compete for arable land or drinking water, their use as alternative
hosts promises sustainable terpene production processes (Frigaard,
2016; Heck and Drepper, 2017; Schempp et al., 2018), and has already
been adopted by industry in some cases (Dufossé, 2017). For the here
addressed compounds, the research interest in phototrophic host sys-
tems is documented by e.g., green alga Chlamydomonas-based biosyn-
thesis of casbene (Lauersen et al., 2018), microalga Dunaliella- and
proteobacterium R. sphaeroides-based production of p-carotene (Bon-
nefond et al., 2017; Qiang et al., 2019), and cyanobacteria- or proteo-
bacterium R. capsulatus-based synthesis of squalene (Khan et al., 2015;
Loeschcke et al, 2017). Our study contributes to this portfolio,
demonsurating the biosynthesis of these €20, C30 and C40 terpenes in
R. capsulatus, and moreover provides insightful case studies using
metabolic engineering and recombinant enzymes.
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Table S1. Sequences of terpene biosynthetic genes. Protein sequences that were used to design
codon usage adapted genes are indicated with Genbank ID. Full length sequences were used unless
truncations are specified. The start and stop codon of every gene is marked in bold.

RcCS from Ricinus communis

[NCBI Protein XP_002513340.1]
ATGGCCCTGCCCTCGGCCGCGATGCAAAGCAACCCGGAA AAGCTGAACCTGTTCCACCGE
CTGTCCAGCCTGECCACCACCTCGCT TGAGTATGGGAATAATCGCTTCCCGTTCTTTTCG
TCGTCGGCCAAATCGCACTTCAAGAA GCCGACGCAGGCGTGCC TTTCGTCGACGACCCAT
CAGGAAGTGCGCCCGCTGGCCTATTTCCCCCCCACCGTCTGGGGGAACCGGT TCGCGTCG
CTTACCTTCAACCCGTCGGAGTTCGAAAGCTATGACGAACGGGTGATCGTGCTGAAGAAG
AAGGTCAAGGATATCCTGATCTCCTCGACCTCGGAT TCGGTGGAGACCGTCATCCTGATC
GACCTTCTTTGCCGCCTGGGCGTCAGCTATCATT TCGAAAACGATATCGAGGAACTGCTG
TCGAAGATCTTCAACTCCCAGCCGGACCTTGTGGACGAAAAAGAGTGCGACCTGTACACC
GCGGCGATCGTCTTCCGCGTCT TCCGCCAACATGGCTTCAAGA TGTCGTCGGACGTCTTT
TCGAAATTCAAAGAT TCCGACGGCAAGTTCAAAGAGTCGCTGCGCGGCGACGCGAAGGGE
ATGCTGTCCCTGTT TGAAGCGTCGCATCT GAGCGTGCATGGCGAAGACATCCTTGAGGAA
GCGTTCGCCTTCACCAAAGATTATCTGCAATCGTCGGCGGTCGAGCTGTTCCCCAACCTG
AAGCGGCATATCACCAACGCGCTGGAGCAGCCGT TCCATTCGGGCGTCCCCCGCCT GGAG
GCGCGCAAGTTCATCGACCTGTACGAAGCCGATATCGAGTGCCGGAACGAGACCCTGCTG
GAATTTGCCAAGCTGGATTATAACCGCGTGCAGCTGCTGCATCAGCAAGAGCTGTGCCAG
TTCTCGAAGTGGTGGAAGGATCTGAACCTGGCCTCGGACATCCCGTACGCCCGGGA TCGG
ATGGCGGAGATCTTCT TCTGGGCGGTCGCGATGTACT TCGAGCCCGAT TATGCGCACACC
CGCATGATCATCGCCAAAGTGGTGCTGCT TATCAGCCT GATCGACGA CAGCA TCGACGCC
TATGCCACCATGGAGGAAACCCATATCCTGGCGGAAGCGGTCGCCCGCTGGGACATGTCG
TGCCTGGAGAAGCTGCCGGACTATATGAAA GTGA TCTACAAGCTGCTGCTGAACACGTTC
TCGGAGT TCGAGAAGGAGCT TACCGCCGA AGGGAAATCCTACT CGGTCAAGTATGGGCGG
GAGGCGTTCCAGGAGCTGGTGCGCGGCTACTATCTTGAAGCCGTCT GGCGGGACGAGGGC
AAGATCCCCTCGTTCGATGACTACCT GTACAACGGCTCGATGACCACCGGGCTGCCGCTG
GTGAGCA CCGCCTCGT TCATGGGUGTGCAGGAAATCACCGGCCTGAACGAATTCCAGTGG
CTGGAAACCAATCCCAAACTGTCGTACGCCTCGGGGGCGTTCATCCGGCTGGTCAACGAC
CTGACGTCCCATGT GACGGAACAGCAGCGCGGGCACGT GGCGTCCTGCATCGATTGCTAC
ATGAACCAGCACGGGGTCTCGAAAGACGAAGCGGTGAAAATCCTGCAGAAGATGGCCACC
GATTGCTGGAAGGAAATCAACGAGGAGT GCATGCGGCAGTCGCAGGT GTCGGTGGGGCAC
CTGATGCGGATCGTGAACCTGGCGCGCCTTACCGACGTCT CGTACAAGTATGGCGATGGC
TACACGGATTCGCAGCAGCTGAAACAGTTCGTGAAGGGCCTGTTCGTGGATCCGATCAGT
ATCAAGCTTTGA

CrtY and Crtl from Pantoea ananatis
[NCBI Protein P21687.1 and P21685.1]

The intergenic sequence between crtY and crtl is the original sequence

of the crt gene cluster from Pantoea ananatis (shown in blue)
ATGCAACCCCATTACGACCTGATCCTTGTGGGGGCCGGGCT TGCGAACGGCCTTATCGCG
CTGCGGCTCCAGCAGCA GCAACCCGATATGCGGATCCTCCTTATCGACGCCGCCCCGCAG
GCGGGCGGGAACCATACGTGGTCCTTCCACCACGATGACCTCACGGAATCGCAACACCGG
TGGATTGCCCCCCTGGTCGTCCATCATTGGCCGGA TTATCAGGTCCGCTTCCCGACGCGC
CGGCGCAAGCTGAACTCCGGCTATTTCTGCATCACGTCCCAGCGGTT TGCCGAAGTGCTC
CAGCGGCAGTTCGGGCCGCACCTT TGGATGGACACGGCGGTCGCCGAGGTGAACGCGGAG
TCCGTCCGGCTCAA GAAGGGCCAGGTGATCGGCGCGCGGGLCGTCATCCATGGGEGGGGE
TACGCGGCGAACAGCGCCCTGTCGGTGGGCTT TCAGGCCTTCA TCGGCCAGGAATGGCGG
CTTTCGCACCCCCATGGGCTCTCCTCCCCCATCATCATGGATGCGACCGTCGATCAGCAA
AACGGGTATCGCTTTGTGTACAGCCTGCCGCT TTCCCCGACCCGGCTCCT CATCGAGGAT
ACCCACTACATCGATAACGCGACGCTCGACCCGGAA TGCGCGCGGCAAAACATCTGCGAT
TATGCGGCCCAACAGGGGTGGCAGCTTCAGACGCTGCT GCGGGAAGA GCAAGGCGCCCTC
CCGATCACGCTGTCCGGGAACGCGGACGCCTTTTGGCAGCAGCGCCCCCTGGCCTGTTCG
GGGCTCCGGGCGGGGCTGT TCCATCCCACCACCGGLTAT TCCCTGECCCTGGCGGTCGEC
GTGGCGGATCGLCTCTCCGCGCTCGACGTCTTTACCT CCGCGAGCATCCATCATGCGATC
ACCCATTTTGCGCGCGAGCGCTGGCAGCAGCAGGGCTTTTTCCGCATGCTGAACCGCATG
CTGTTTCTCGCGGGGCCCGEGGACTCCCGCTGGCGGGTCATGCAGCGGT TTTACGGCCTC
CCCGAGGACCTCATCGCGCGCT TTTATGCGGGGAAGCT CACCC TGACCGACCGGCTCCGG
ATCCTGTCCGGCAAGCCGCCCGTGCCCGTCCTCOLGGLGC TCCAAGCGATCATGACCACG
CATCGGTGAAGAGCGACTACATGAAGCCTACTACCGTCATCGGGGCCGGCTTTGGCGGCC
TGGCCCTGGCCATCCGGTT GCAAGCCGLGGGTATCCCGGTGETTCTGCTTGAGCAACGCG
ACAAGCCGGGCGGCCGGGCC TACGTCTATGAAGA CCAGGGGT TCACCT TCGATGCGGGCC
CCACCGTCATCACCGACCCCAGCGOGATCGAGGAGCTGTTCGCCC TGGCC GGCAAGCAGE
TTAAAGAGTACGTCGAGCTGCTGCCGGTCACCCCCT TCTATCGGCTGTGCTGGGAGTCGG
GTAAAGTGTTCAACTACGACAATGACCAGACCCGGCTTGAGGCGCAGATCCAGCAGTTCA
ACCCCCGCGACGTCGAGGGGTATCGGCAGT TCCTGGAT TACT CCCGCGCCGTGTTCAAGG
AGGGCTACCTCAAGCTCGGGACGGTGCCGTTCCTCAGCTT TCGTGATATGCTCCGGGLCG
CCCCCCAGCT TGCCAAACT TCAGGCCTGGCGTTCCGTGTACAGCAAGGTCGCCAGCTACA
TCGAAGATGAGCATCTGCGCCAGGCCTT TTCCT TTCACAGCCTGCTTGTCGGGGGGAACE
CCTTCGCCACCAGCTCCATCTATACGC TGATTCACGCCCTGGAACGGGAATGGGGCGTGT
GGTTTCCCCGCGGGGGEACCGGCGECTCGTCCAGGGTATGATTAAGCTGTTCCAGGACC

RESULTS | 42



TGGGGGGCGAGGTCGT GCTCAATGCGCGTGTCTCGCACATGGAGACCACGGGTAACAAGA
TCGAGGCGGTGCATCTCGAAGATGGGCGCCGTTTTCTGACCCAAGCGGTGGCGTCCAACG
CCGACGTGGTGCATACCTATCGCGACCTGCTCTCGCAGCACCCCGCGGCGGTGAAGCAGT
CCAATAAGCTGCAGACGAAGCGCATGAGCAATTCCCTGTTCGTGCTCTACTTCGGGCTCA
ACCATCATCATGACCAGCTTGCGCATCATACCGTGTGCTT TGGCCCGCGGTATCGCGAAC
TGATCGATGAGATCTTCAACCATGACGGCCTTGCCGAAGATTTTTCCCTCTACCTGCATG
CGCCGTGCGTGACCGACTCCAGCCTGGCGCCCGAGGGGTGCGGCAGCTATTACGTGCTCG
CGCCGGTGCCGCATCTTGGCACCGCGAACCT TGACTGGACCGTGGAAGGGCCTAAGTTGC
GCGACCGCATCTTCGCGTATCTTGAACAGCATTATATGCCCGGCCT TCGGA GCCAGCTGG
TCACCCATCGGATGTTCACCCCGTTCGACTTCCGCGACCAGCTTAACGCCTACCATGGCT
CCGCGTTCTCCGTGGAACCCGTGCT TACCCAGTCGGCGTGGTTCCGGCCGCATAATCGCG
ACAAGACCATCACGAACCTTTATCTGGTGGGCGCCGGCACCCACCCGGGCGCCGGCATCC
CCGGCGTGATCGGCTCCGCGAAGGCGACGGCCGGGCT TATGCT TGAAGACCTGATT TGA

SQS1 from Arabidopsis thaliana

[NCBI Protein NP_195190.1]

ATGGGCAGCCTGGGCACCATGCTGCGCTAT CCGGATGATATCTATCCGCTGCT GAAAATG
AAACGCGCGATCGAAAAAGCGGAAAAACAGATCCCGECGGAACCGCATTGGGGCTTCTGE
TATAGCATGCTGCATAAAGTGAGCCGCAGCTTCAGCCTGGTGATCCAGCAGCTGAACACC
GAACTGCGCAACGCGGTGTGCGTGTTCTATCTGGTGCT GCGCGCGCTGGATACCGTGGAA
GATGATACCAGCATCCCGACCGATGAAAAAGT GCCGATCCTGATCGCGTTCCATCGCCAT
ATCTATGATACCGATTGGCAT TATAGC TGCGGCACCAAAGAATATAAAATCCTGATGGAT
CAGTTCCATCATGTGAGCGCGGCGTTCCTGGAACTGGAAAAAGGCTATCAGGAAGCGATC
GAAGAAATCACCCGCCGCATGGGCGEGGGCATGGCGAAAT TCATCTGCCAGGAAGTGGAA
ACCGTGGATGATTATGATGAATATTGCCATTATGTGGCGGGCCTGGTGGGCCTGGGCCTG
AGCAAACTGTTCCTGGCGGCGGGCAGCGAAGTGCTGACCCCGGA TTGGGAAGCGATCAGE
AACAGCATGGGCCTGTTCCTGCAGAAAACCAACATCATCCGCGATTATCTGGAAGATATC
AACGAAATCCCGAAAA GCCGCATGTTCTGGCCGCGCGAAATCTGGGGCAAATATGCGGAT
AAACTGGAAGATCTGAAATATGAAGAAAACACCAACAAAAGCGTGCAGTGCCTGAACGAA
ATGGTGACCAACGCGETGATGCATATCGAAGATTGCCTGAAATATATGGTGAGCCTGCGE
GATCCGAGCATCTTCCGCTTCTGCGCGATCCCGCAGATCATGGCGATCGGCACCCTGGCG
CTGTGCTATAACAACGAACAGGT GTTCCGCGGOGT GGT GAAA CTGCGCCGCGGCCTGACC
GCGAAAGTGATCGATCGCACCAAAACCATGGCGGATGTGTATGGCGCGTTCTATGATTTC
AGCTGCATGCTGAAAACCAAAGTGGATAAAAACGATCCGAACGCGAGCAAAACCCTGAAC
CGCCTGGAA GCGGTGCAGAAACTGTGCCGCGATGCGGGLCGT GCTGCAGAACCGCAAAAGC
TATGTGAACGATAAAGGCCAGCCGAACAGCGTGT TCATCATCATGGTGGTGATCCTGCTG
GCGATCGTGTTCGCGTATCTGCGCGCGAACTAA

TeSQS from Thermosynechococcus elongatus

[NCBI Protein NP_681887.1]
ATGCGCGTGGGCGTGAACCCGCCGATGATCCAGATGGTGCTGGAAAACCCGGTGAGCGTG
AAAGATGCGGAATGCTTCTGCCA GGAAATCCTGCCGCAGGTGAGCCGCACCTTCGCGETG
AGCATCCGCTTCCTGCCGGGCAACCTGGGCCGCGCGGTGCTGGTGGCGTATCTGATCTGC
CGCATCGCGGATACCGTGGAAGATGATCCGGTGGCGAGCATCGCGGCGAAAACCGCGCTG
CTGGATCATCTGCTGCAGTGCTTCGATAGCCCGGCGCTGGCGAACAGCTATGGCGAAACC
GCGCGCGGCGTGCAGGGCGAACCGGCGCATGT GCAGCTGGTGAAACATACCGGCATCGTG
TTCACCCTGTATCGCAGCCTGE CGCGCACCAGCCAGCAGCATGTGCAGCGCTGGGTGAGC
GAAATGGTGCATGGCATGAAAAAATTCATCAACCTGTATCCGAACGGCATCCGCATCCAG
ACCCTGGCGGAATATAAAGAATATTGCTATTATGT GGCGGGCACCGTGGGCTATCTGCTG
ACCGATCTGTGGCATGAACATAGCCCGAGCATCGGCGCGGATGAATATCAGGTGCTGCTG
AAACGCTGCGCGGCGTTCGGCGAAGCGCTGCAGACCGTGAACATCCTGAAAGATATCGCG
TGGGATGCGGAACATGAAAACAGCATCTATATCCCGAACGAAAGCCTGATCCTGCAGGGC
AGCAGCCATCAGACCCTGCTGAGCGCGGAACATCTGCAGCAGAACCATGCGGCGATCAAA
GAACTGATCGCGCTGGCGT GGCATGATCTGGATGAAGCGCAGGCGTATCTGCTGAGCGTG
CCGAAAGCGGCGATCCCGATCCGOCTGTTCTGCGTGCTGCCGCTGETGTTCGCGTATGEG
ACCCTGCGCGAACTGACCCATAGCACCGCGATGCTGCAGCCGGGCGGCGGCGTGAAAATC
AGCCGCGCGGAA GTGAAAAGCCTGATGGTGATGGGCCCGCTGAGCATCCTGAGCAACCAT
GGCCTGCGCTGGCT GATCGGCCAGGTGCGCCAGAAACCGT TCATCCTGGGCGGCCTGTAA

BbSQS from Botryococcus braunii

[NCBI Protein AAF20201.1 with 26 amino acid truncation at the C-terminus]
ATGGGCATGCTGCGCTGGGGCGTGGAAAGCCTGCAGAACCCGGATGAACTGATCCCGGTG
CTGCGCATGATCTATGCGGATAAATTCGGCAAAATCAAACCGAAAGATGAAGATCGCGGC
TTCTGCTATGAAATCCTGAACCTGGTGAGCCGCAGCTTCGCGATCGTGATCCAGCAGCTG
CCGGCGCAGCTGCGCGA TCCGGTGTGCATCTTCTATCTGGTGC TGCGC GCGCTGGATACC
GTGGAAGATGATATGAAAATCGCGGCGACCACCAAAATCCCGCTGCTGCGCGATTTCTAT
GAAAAAATCAGCGATCGCAGCT TCCGCATGACCGCGGGCGATCAGAAAGATTATATCCGC
CTGCTGGATCAGTATCCGAAAGT GACCAGCGTGT TCCTGAAACTGACCCCGCGCGAACAG
GAAATCATCGCGGATATCACCAAACGCATGGGCAACGGCATGGCGGATTTCGTGCATAAA
GGCGTGCCGGATACCGTGGGCGA TTATGATCTGTATTGCCATTATGTGGCGGGCGTGGTG
GGCCTGGGCCTGAGCCAGCTGT TCGTGGCGAGCGGCCTGCAGAGCCCGAGCCTGACCCGC
AGCGAAGATCTGAGCAACCATATGGGCCTGTTCCTGCAGAAAACCAACATCATCCGCGAT
TATTTCGAAGATATCAACGAACTGCCGGCGCCGCGCATGTTCTGGCCGCGCGAAATCTGG
GGCAAATATGCGAACA ACCTGGCGGAATTCAAAGATCCGGCGAA CAAAGCGGCGGCGATG
TGCTGCCTGAACGAAATGGTGACCGATGCGCTGCGCCATGCGGTGTATTGCCTGCAGTAT
ATGAGCATGATCGAAGATCCGCAGATCTTCAACTTCTGCGCGATCCCGCAGACCATGGCG
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TTCGGCACCCTGAGCCTGTGCTATAACAACTATACCATCTTCACCGGCCCGAAAGCGGCG

GTGAAACTGCGCCGCGGCACCACCGCGAAACTGATGTATACCAGCAACAACATGTTCGCG
ATGTATCGCCATTTCCTGAACTTCGCGGAAAAACT GGAAGTGCGCTGCAACACCGAAACC
AGCGAAGATCCGAGCGTGACCACCACCCTGGAACATCTGCATAAAATCAAAGCGGCGTGC
AAAGCGGGCCTGGCGCGCACCAAAGATGATACCT TCGATGAACT GCGCAGCCGCCTGCTG
GCGCTGACCGGCGGCAGCTTCTATCTGGCGTGGACCTATAACTTCCTGGATCTGCGCGGC

CCGGGCGATCTGCCGACCTTCCTGAGCGTGACCCAGCATTGGTGGTGA

HsSQS from Homo sapiens

[NCBI Protein AAH09251.1 with 30 amino acid truncation at the N-terminus
and 47 amino acid truncation at the C-terminus]

ATGGATCAGGA TAGCCTGAGCAGCAGCCTGAAAACCTGCTATCGCTATCTGAACCAGACC
AGCCGCAGCTTCGCGGCGGTGATCCAGGCGCTGGATGGCGAAATGCGCAACGCGGTGTGC
ATCTTCTATCTGGTGCT GCGCGCGCTGGATACCCT GGAAGATGATATGACCATCAGCGTG
GAAAAAAAAGTGCCGCTGCTGCATAACTTCCATAGCTTCCTGTATCAGCCGGATTGGCGC
TTCATGGAAAGCAAAGAAAAAGATCGCCAGGTGCTGGA AGATTTCCCGACCATCAGCCTG
GAATTCCGCAACCTGGCGGAAAAATATCAGACCGTGATCGCGGATATCTGCCGCCGCATG
GGCATCGGCATGGCGGAATTCCTGGATAAACATGTGACCAGCGAACAGGAATGGGATAAA
TATTGCCATTATGTGGCGGGCCTGGTGGGCATCGGCCTGAGCCGCCTGT TCAGCGCGAGC
GAATTCGAAGATCCGCTGGTGGGCGAAGATACCGAACGCGCGAACAGCATGGGCCTGTTC
CTGCAGAAAACCAACATCATCCGCGATTATCTGGAAGATCAGCAGGGCGGCCGCGAATTC
TGGCCGCAGGAAGTGTGGAGCCGCTATGTGAAAAAACTGGGCGATTTCGCGAAACCGGAA
AACATCGATCTGGCGGTGCAGTGCCTGAACGAACTGATCACCAACGCGCTGCATCATATC
CCGGATGTGATCACCTATCTGAGCCGCCTGCGCAACCAGAGCGTGTTCAACTTCTGECGEG
ATCCCGCAGGT GATGGCGATCGCGACCCTGGCGGCGTGCTATAACAACCAGCAGGTGTTC
AAAGGCGCGGTGAAAATCCGCAAAGGCCAGGCGGTGACCCTGATGATGGATGCGACCAAC
ATGCCGGCGGTGAAAGCGATCATCTATCAGTATATGGAAGAAATCTATCATCGCATCCCG
GATAGCGATCCGAGCAGCAGCAAAACCCGCCAGATCATCAGCACCATCCGCACCCAGAAC
TGA

McSQS fram Methylococcus capsulatus

[NCBI Protein CAA71097.1]
ATGAGCGGCACCCCGCCGAGCCAGCCGGEGCGCCATGAACATCTGAGCGATGATGAATTC
CAGGCGCATTTCCTGGATGGCGTGAGCCGCACCTTCGCGCTGA CCATCCCGCGCCTGCCG
GAAGGCCTGGCGCGCCCGGTGAGCAACGGCTATCT GETGTGCCGCATCGTGGATACCATC
GAAGATGAAGTGGCGETGACCAGCACCCAGAAACGCCGCTAT TGCGAACAT TTCGCGCGE
GTGGTGGCGGGCACCGCGECGGCGGEGCCGET GGCGGAT GAACTGTTCCCGETGETGAGE
GATCAGACCCTGGCGGCGGAACGCGAACTGATCGCGGCGATCCCGCGCGTGATCAGCATC
ACCCATGGCTTCGCGGCGCCGCAGCAGGAAGCGCTGGCGGAATGCGTGGCGACCATGAGC
CGCGGCATGGCGGAATTCCAGGATAAAGATC TGCGCCATGGCCTGGAAGATCTGCGCCAG
ATGGGCGATTATTGCTATTATGTGGCGGGEGTGGTGGGCGAAATGCTGACCCGCCTGTTC
TGCCATTATAGCCCGGAAATCGCGGCGCATCGCAGCCGCCTGATGGAACTGGCGTGCCCG
TTCGGCCAGGGCCT GCAGATGACCAACATCCTGAAAGATCTGTGGGATGAT CATGCGCGC
GGCGTGTGCTGGCTGCCGCAGGAAGTGTTCACCGAA TGCGGCT TCAGCCTGACCGAACTG
CGOCCGCATCATGCGAACCCGGATTTCGTGEGEGGCT TCGAACGCCTGATCGGCGT GGEG
CATGCGCATCTGCGCAACGCGCTGGAATATACCCTGCTGATCCCGCGCCATGAAACCGGC
ATCCGCGAATTCTGCCTGTGGGCGCTGGGCAT GGCGGT GCTGACCCTGCGCAAAATCCAT
CGCCATCCGTATTTCAGCGATAGCGCGCAGGTGAAAATCACCCGCCAGGCGGTGAAAGCG
ACCATCGTGACCAGCCGCCTGACCCGCGGCAGCGA TACCCTGCTGAAAGCGACCTTCCGE
CTGGCGGGCCTGGGLCCTGCCGGCGGCGGTGCCGGCGGCGGTGCTGCAGCCGCGCCCGATC
GATATCTGA
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Table S2. Oligonucleotides, plasmids and strains used in this study. Endonuclease restriction
sites are underlined.

Oligonucleotides

Name [ Application [ Nucleotide sequence (5'—3¢)
Cloning of crtY-crtl into pRhon5Hi-2 for B-carotene biosynthesis
Ndel_crtl’Y Fw PCR of ertY-cril ATATCATATGCAACCCCATTACGACCTGA
Hindlll_ertl’Y rv PCR of ertY-ertl GATCAAGCTTTCAAATCAGGTCTTCAAGCATAAGC
Cloning of SQST into pRhon5Hi-2 for squalene biosynthesis
At-SQS-tw PCR of SQS1 (A. thaliana) GCACCTGGCCGICTAGAAATAATTTTGTTTAAC
At-SQS-rev PCR of SQST (A. thaliana) | TTTAAAAGCTTTACGTATCTTAAGTTAGTTCGCGCGCAG
Cloning of ispA into pRhon5Hi-2-RcCS and pRhon5Hi-2-crtY-crtl
Hindlll_ispA R.c. fw |PCR of ispA (R. capsulatus) | ATTAAGCTTTGAAAGAAGGAGATATAATGTTTTCCGAACGTTTG
Xhol_ispAR.c.rv  |PCR of ispA (R. capsulatus) | ATATACTCGAGATATAACGCGTTCACTTGTCGCGTTCGATCAC

Plasmids

Name Characteristics / Reference
Plasmids used for cloning
] pBBR22b backbone (pBBR1 ori & mob, pET22b MCS),

pRhon5HI-2 K (DBSL15 aphil. Py, (ftom R_capsulatus) (Troost et al, 2019)
PRhONSHI-2-CnVS ispA %ﬁgggﬁ:jﬁ?{gﬁc nootkatensis), ispA (R. capsulatus)
pRhonSHI-2-CnVS-ispA-dxs-idi pRhon5HI-2-CnVS-ispA, dxs, idi (R. sphaeroides) (Troost et al., 2019)
Plasmids for casbene biosynthesis

pRhon5Hi-2-RcCS pRhon5Hi-2, ReCS (R. communis)

pRhon5Hi-2-ReCS -ispA pRhonSHi-2-ReCS, ispA (R. capsulatus)

pRhonSHi-2-ReCS -ispA-dxs-idi pRhon5Hi-2-ReCS-ispA, dxs, idi (R. sphaeroides)

Plasmids for B-carotene biosynthesis

pRhon5Hi-2-crtY-crtl pRhon5HI-2, crtY-crtl (P. ananatis)

pRhonSHi-2-crtY-crtl-ispA pRhonSHI-2-crtY-cril, ispA (R. capsulatus)

pRhon5Hi-2-crtY-crtl-ispA-dxs-idi pRhon5Hi-2-crtY-cril-ispA, dxs, idi(R. sphaeroides)

Plasmids for squalene biosynthesis

pRhon5HI-2-SQS1 pRhon5HI-2 carrying SQS1 (A. thaliana) (Loeschcke et al., 2017)

pRhon5HI-2-SQS 1-ispA pRhon5HI-2-SQS1, ispA (R. capsulatus)

pRhonS5Hi-2-SQS 1-ispA-dxs-idi pRhon5Hi-2-SQS81-ispA, dxs, idi (R. sphaeroides)

Strains

Name Characteristics or application / Reference

Escherichia coli

E. coli DH5a Used for plasmid amplification / cloning (Hanahan, 1983)

E. coli S17-1 Used for conjugational plasmid transfer (Simon et al., 1983)
Rhodobacter capsulatus

R. capsulatus SB1003 Wildtype strain, Rif? (Strnad et al., 2010)

R. capsulatus SB1003-MVA Strain SB1003 carrying the MVA gene cluster from P. zeaxanthinifaciens

under control of P, Riff/Gm® (Troost et al., 2019)
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Table S3. Specific f-carotene and squalene yields in R. capsulatus. Specific yields of B-carotene
(upon expression of CrtY and Crtl of P. ananatis), and squalene (upon expression of SQS of different
organisms: At, A. thaliana; Bb, B. braunii, Te, T. elongatus; Hs, H. sapiens; Mc, M. capsulatus) were
calculated based on reached cell densities at the time point of cell harvesting for product analysis and
a correlation of ODssonm = 1 with 0.6 mgDCW (dry cell weight). Coloration indicates higher (darker) and
lower (lighter) values for B-carotene (orange) and squalene (green). Co-expression of isoprenoid
precursor biosynthetic genes ispA (of R. capsulatus), dxs and idi (of R. sphaeroides) and the MVA
gene cluster (of P. zeaxanthinifaciens) is specified.

specific yield [mg/gDCW]
f::::.?!::smsrlr ain B-carotene squalene (SQS)
(ertY-crtl) At Bb Te Hs

— 3.11 46.44 14.44 10.00 25.11

+0.92 +5.45 +1.23 +0.82 +2.20
SB1003 2.83 41.11 12.67 5.56 34.44
+ispA +1.01 +245 +0.72 +0.31 +0.83
SB1003 15.06 9.33 3.22 4.67 19.56
+ispA-dxs-idi +4.39 +0.47 +0.16 +0.47 +1.81
SEBOEIR 5.5_? 28.33 9.22 13.33 2267

+3.73 +0.54 +0.57 +0.84 +0.47 +4.76
SB1003-MVA 7.39 24.1 11.67 9.78 35 32,56
+ispA +1.78 +0.16 +0.98 +0.63 +0.94 +6.53
SB1003-MVA 7.22 7.33 11.44 9.22 27.00 11.78
+ispA-dxs-idi +1.93 +152 +0.68 +1.66 +4.77 +1.37
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Fig. S1. Final cell densities of R. capsulatus cashene and B-carotene production cultures. Cell
densities of R. capsulatus strains SB1003 (light gray) or SB1003-MVA (dark gray) with pRhon5Hi-2-
based expression vectors carrying ReCS (from R. communis) or ertY-crtl (from P. ananatis) alone or in
combination with ispA or ispA-dxs-idi, were analyzed, using empty strain controls (ESC) as a
reference. To this end, the absorption of 1 mL diluted cell samples was measured at 660 nm at the
time points of sampling for analysis of product accumulation, i.e. after 48 h of cultivation at 30 °C
under anaerobic conditions in the light in RCV medium with serine. Data represent mean values of
three independent cultivations with the respective standard deviations.
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Fig. S2. Final cell densities of R. capsulatus squalene production cultures. Cell densities of
R. capsulatus strains SB1003 (light gray) or SB1003-MVA (dark gray) with pRhon5Hi-2-based
expression vectors carrying squalene synthases (SQS) from A. thaliana (At), T.elongatus (Te),
B. braunii (Bb), H. sapiens (Hs) or M. capsulatus (Mc) alone or in combination with ispA or ispA-dxs-
idi, were analyzed, using empty strain controls (ESC) as a reference. To this end, the absorption of
1 mL diluted cell samples was measured at 660 nm at the time points of sampling for analysis of
product accumulation, i.e. after 48 h of cultivation at 30 °C under anaerobic conditions in the light in
RCV medium with serine. Data represent mean values of three independent cultivations with the
respective standard deviations.
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Abstract: Terpenoids constitute one of the largest and most diverse groups within the class of sec-
ondary metabolites, comprising over 80,000 compounds. They not only exhibit important functions
in plant physiology but also have commercial potential in the biotechnological, pharmaceutical,
and agricultural sectors due to their promising properties, including various bioactivities against
pathogens, inflammations, and cancer. In this work, we therefore aimed to implement the plant
sesquiterpenoid pathway leading to -caryophyllene in the heterologous host Riodobacter capsulatus
and achieved a maximum production of 139 = 31 mg L~! culture. As this sesquiterpene offers
various beneficial anti-phytopathogenic activities, we evaluated the bioactivity of B-caryophyllene
and its oxygenated derivative pcaryophyllene oxide against different phytopathogenic fungi. Here,
both compounds significantly inhibited the growth of Sclerotinia sclerotiorum and Fusarium oxysporum
by up to 40%, while growth of Alternaria brassicicola was only slightly affected, and Phoma lingam
and Rhizoctonia solani were unaffected. At the same time, the compounds showed a promising low
inhibitory profile for a variety of plant growth-promoting bacteria at suitable compound concen-
trations. Our observations thus give a first indication that p-caryophyllene and B-caryophyllene
oxide are promising natural agents, which might be applicable for the management of certain plant
pathogenic fungi in agricultural crop production.

Keywords: terpenoids; sesquiterpene production; Rhodobacter capsulatus; p-caryophyllene; bioactiv-
ity; phytopathogens; plant pathogenic fungi; plant growth-promoting bacteria

1. Introduction

Among secondary metabolites, terpenoids including the class of sesquiterpenoids
represent one of the largest and most diverse groups with over 80,000 known compounds,
mostly isolated from plants [1-4]. Based on their number of carbon atoms, they can be
divided into the subclasses of hemi- (Cs), mono- (Cyg), sesqui- (Cys), di- (Cap), tri- (Csp),
tetra- (Cy0) and polyterpenes (>Cyg) [5,6]. In general, the terpenoid synthesis starts from the
two isoprene intermediates isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophos-
phate (DMAPP), which are provided either by the mevalonate (MVA) pathway or by the
1-deoxy-D-xylulose 5-phosphate (DXP) pathway, also known as the 2-C-methyl-D-erythritol
4-phosphate (MEP) pathway. While the MVA pathway uses acetyl-Coenzyme A (acetyl-
CoA) as a substrate and is predominantly found in eukaryotes (e.g., mammals, plants,
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and fungi), archaea and a few bacteria [7], the DXP pathway starts from glyceraldehyde-3-
phosphate (GAP) and pyruvate and primarily occurs in bacteria, cyanobacteria, and green
algae [8]. Starting from IPP and DMAPF, the elongation of linear prenyl pyrophosphates
is catalyzed by prenyltransferases via head-to-tail condensations and results in Cg ger-
anyl pyrophosphate (GPP), C;5 farnesyl pyrophosphate (FPP), and Cy geranylgeranyl
pyrophosphate (GGPP). Finally, GPP is used as a precursor molecule for the synthesis
of monoterpenoids, FPP for sesqui- and triterpenoid production, and GGPP for di- and
tetraterpenoid biosynthesis. Terpenes exhibit manifold functions in plant physiology and
development, including photoprotection (carotenoids), communication (e.g., pinene), or re-
pellant activity against predators and parasites (e.g., verbenone, 3-caryophyllene) [9-11].
Furthermore, terpenes are of commercial interest for the pharmaceutical sector due to
their various bioactivities suitable for the treatment of pathogen infections, inflammation,
or cancer [12,13]. For example, the sesquiterpene farnesol shows inhibitory effects against
antibiotic-resistant Staphylococci, not only inhibiting the growth of planktonic cells in free
suspension but also suppressing biofilm formation of Staphylococcus aureus, Staphylococcus
epidermidis, and Burkholderia pseudomallei [14-17]. In the past, these compounds were exclu-
sively obtained from essential oils of natural plant sources, requiring complex and time-
consuming downstream processing. p-caryophyllene, for example, was extracted from
Carnnabis sativa [18), clove basil, Ocimum gratissimum [19], or representatives of the plant
genus Cordia, such as Cordia verbenaceae [20]. However, the application of microorganisms
as heterologous hosts allows the establishment of alternative, cost-effective, and sustainable
biotechnological production processes [21-26]. As the efficiency of such processes strongly
depends on the achieved production titers, metabolic engineering of the applied hosts
together with the optimization of the respective secondary metabolite pathways has gained
more attention in the recent past [1,27-31]. So far, terpenoids were mostly produced in the
heterologous hosts Escherichia coli and Saccharomyces cerevisiae [32-36]. However, in recent
studies, the terpene production in less common microbes such as phototrophs has also
been established and optimized, as for example documented by the Rhodobacter-based
production of 3-farnesene, nootkatone, valencene, and amorphadiene [23,37-40], or the
production of various terpenes in cyanobacteria [41].

The phototrophic non-sulfur a-proteobacteria of the genus Rhodobacter feature some
unique physiological properties, making them interesting microbial hosts for heterolo-
gous terpene production: (i) the cell membrane is commonly considered to be a critical
determinant in terpenoid production since it can function as a storage compartment for
the involved enzymes and metabolites [42,43]. In this context, Rhodobacter seems to be
particularly suited for terpene production since the bacterium can form an extended intra-
cytoplasmic membrane system (ICM), thereby providing a naturally enlarged reservoir
for membrane-bound enzymes and terpenes [44,45]. (ii) As these phototrophic bacteria
produce the carotenoids spheroidene and spheroidenone using the DXP pathway [46,47],
they further offer a robust and effective isoprenoid metabolism that can be engineered for
efficient terpenoid production. (iii) Rhodobacter species enable photo(hetero)tropic growth
in low-cost minimal media at relatively high growth rates, allowing the utilization of
sunlight as an energy source for sustainable cultivation and production processes. Recent
studies could demonstrate that engineering the isoprenoid precursor biosynthesis can lead
to a strong increase of sesqui- and triterpenoid formation in R. capsulatus [39,48,49] and
R. sphaeroides [38,40,50-52]. In particular, the co-expression of a terpene synthase with the
FPP synthase [spA, and/or enzymes constituting the heterologous MVA pathway, resulted
in enhanced production of the corresponding plant terpenoids.

A major problem in agricultural crop production is the large number of plant-damaging
animals such as insects, mites, and nematodes or pathogens including viruses, bacteria,
and fungi, some of which lead to high economic losses of around 60% globally [53]. One of
the most widely distributed and destructive pathogens of plants causing white mold disease
in more than 400 host plants all over the world is the fungus Sclerotinia sclerotiorum (Lib.)
de Bary [54]. Another devastating example of fungal diseases is the plant vascular wilt
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caused by the Fusarium species [55]. Other fungal pathogens such as Phoma lingam [56,57],
Alternaria brassicicola [58], and Rhizoctonia solani [59,60] also cause major yield reduction
in important crops. To control these pathogens and due to the rapidly growing world
population and the resulting increase of food consumption, farmers are using synthetic
and biological substances as fertilizers, pesticides, or growth regulators side by side with
the cultivation of resistant or tolerant plant varieties [61-64]. Each of these methods has
its limitations, but so far, the use of pesticides is the most convenient and commonly used
method. Nevertheless, these can have numerous severe side effects on the environment,
including the soil [65]. The soil is inhabited by an enormous diversity of organisms that are
important players in maintaining a functional ecosystem and that comprise microorganisms
with beneficial properties for plant development and health. For that reason, effective
and sustainable alternatives are needed. Firstly, plants, as a part of a complex ecosystem,
can produce enormous amounts of secondary metabolites for their survival and maintenance.
Phenolics and terpenes are examples of metabolites that are produced by plants and act
as antimicrobial agents and feeding deterrents [66-72]. The presence of a wide range of
terpenes encouraged their use as nature-inspired plant protection agents in agriculture
or their use for drug development. One of the commonly stress-associated terpenes is
the sesquiterpene B-caryophyllene [73-75]. As mentioned in the previous section, various
studies showed that §-caryophyllene exhibits diverse biological activities against many
organisms. From a plant protection perspective (3-caryophyllene was reported to promote
plant growth, to induce plant defense genes, to attract entomopathogenic nematodes, and to
be active against certain plant pathogenic bacteria and fungi [76-80].

In this study, we therefore aimed to use the modular co-expression of DXP/MVA
genes in combination with the strictly controlled P,;y promoter to reconstitute the pathway
of the plant sesquiterpene p-caryophyllene in R. capsulatus and to optimize the production
under phototrophic growth conditions. For heterologous sesquiterpene production, the 3-
caryophyllene synthase QHS1 from Artemisia annua was used. Since this terpene offers a
variety of beneficial bioactivities, we further evaluated the potential use of 3-caryophyllene
and its oxygenated derivative (3-caryophyllene oxide as nature-derived fungicides. To this
end, the bioactivity of f-caryophyllene /oxide against both representative plant growth-
promoting bacteria and phytopathogenic fungi was investigated.

2, Materials and Methods
2.1. Bacterial Strains and Cultivation Conditions

The Escherichia coli strain DH5a and strain 517-1 were used for cloning and conjuga-
tion of plasmid DNA [81,82]. E. coli cells were cultivated at 37 °C using LB agar plates or
liquid medium (Luria/Miller, Carl Roth®, Karlsruhe, Germany), containing kanamycin
(25 pg mL ') when appropriate. R. capsulatus SB1003 [83] and SB1003-MVA [39], encom-
passing the chromosomally located genes munA, idi, hsc, muk, pmk and mud (also designated
as MVA gene cluster) from Paracoccus zeaxanthinifaciens, were used for plant terpene produc-
tion. All R. capsulatus strains used in this study were either cultivated on PY agar plates [84]
containing 2% (w/v) Select Agar (Thermo Fisher Scientific, Waltham, MA, USA) or in RCV
liquid medium [85] at 30 °C. Both media were supplemented with rifampicin (25 pg mL!).
For cultivation of the recombinant Rhodobacter strain SB1003-MVA, gentamicin (4 ug mL h
was further added to the medium. If not stated otherwise, photoheterotrophic cultivation
was conducted under anaerobic conditions and permanent illumination with bulb light
(2500 1x), as described previously [39]. All bacterial strains and plasmids used in this study
are listed in Table S1 (Supplementary Materials). All strains for bioactivity and minimum
inhibitory concentration (MIC) evaluation are listed in the respective results section.

2.2. Construction of Expression Vectors

The expression vectors used in this study are based on the pRhon5Hi-2 vector carrying
the promoter of the nifH gene for heterologous gene expression [39]. The sequence of
f-caryophyllene synthase QHSI1 from A. annua (UniProt: Q8SA63) was used to generate
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an appropriate synthetic gene whose DNA sequence is suitable for the codon-usage of
R. capsulatus. For DNA sequence adaptation, the Codon Optimization Tool by IDT Inte-
grated DNA Technologies and the Graphical Codon Usage Analyzer tool were used [86].
The 1.7-kb QHS1 gene was obtained from Eurofins Genomics. The synthetic DNA fragment
was flanked by appropriate restriction endonuclease recognition sequences (Xbal/ HindIII).
The final sequence of the synthetic DNA fragment is shown in the Supplementary Ma-
terials. For the construction, the Xbal/HindIIl hydrolyzed QHS1 fragment was inserted
into likewise hydrolyzed pRhon5Hi-2 as well as a variant, providing the additional iso-
prenoid biosynthetic gene ispA. Thereby, the expression vectors pRhon5Hi-2-QHS1 and
pRhon5Hi-2-QHS1-ispA were constructed, carrying the terpene synthase gene immediately
downstream of the Py promoter of the vector. Correct nucleotide sequences of all con-
structs were confirmed by Sanger sequencing (Eurofins Genomics, Ebersberg, Germany).
The QHS1 expression vectors are summarized in Table S1 (Supplementary Materials).

2.3. Cultivation of R. capsulatus for Heterologous Terpene Production

For the expression of the heterologous terpene biosynthetic genes, respective pRhon5Hi-
2-based plasmids were transferred to cells of different R. capsulatus strains via conjugational
transfer employing E. coli 517-1 as donor [84]. Thereafter, transconjugants were selected
and further cultivated on PY agar containing kanamycin (25 ug mL 1) and rifampicin
(25 ng mL b. Subsequently, Rhodobacter cells were cultivated in airtight 4.5 mL screw
neck vials (Macherey-Nagel, Diiren, Germany) or airtight 15 mL hungate tubes [87] in
liquid RCV medium containing kanamycin (25 ug mL ') and rifampicin (25 pg mL~1).
Precultures were cultivated in 15 mL RCV medium containing 0.1% (NHy)2504 inoculated
with cells from a freshly grown PY agar plate and incubated for 48 h at 30 "C and with
bulb light illumination. Expression cultures were inoculated from precultures to an optical
density at 660 nm of 0.05 in 4.5 mL or 15 mL RCV medium containing 0.1% serine as an
exclusive nitrogen source. Subsequently, cells were incubated at 30 “C under permanent
illumination with bulb light (3.6 mW cm 2 at 850 nm) or IR light (5.6 mW ecm 2 at 850 nm)
for 3-5 days. For microaerobic expression cultures, cells were cultivated in 20-60 mL
RCV medium containing 0.1% serine in 100 mL flasks at 30 °C and 130 rpm in the dark.
The absence of ammonium and the cultivation under oxygen-limited conditions led to the
induction of the P,-dependent target gene expression. For the extraction of the produced
sesquiterpenes, the cultures were overlaid with 150 uL or 500 uL n-dodecane, respectively,
during inoculation [88].

2.4. Extraction, GC Analysis and Quantification of Sesquiterpenes

Basically, analysis of produced sesquiterpenes was conducted as described in Troost
et al,, 2019 [39]. In the following, the procedure is briefly described. To facilitate terpene
extraction into the organic phase (1-dodecane) after cultivation, screw neck vials or hun-
gate tubes were incubated in a horizontal position under permanent shaking (130 rpm,
30 °C, 24 h, in the dark) using a Multitron Standard incubation shaker (Infors HT). The n-
dodecane samples were analyzed by gas chromatography (GC) using the Agilent 6890N
gas chromatograph equipped with a (5%-phenyl)-methylpolysiloxane HP-5 column (length,
30 m; inside diameter, 0.32 mm; film thickness, 0.25 um; Agilent Technologies) and a flame
ionization detector (FID). The temperatures of the injector and FID were set to 240 and
300 °C, respectively. The GC was loaded with a 4-uL sample of each n-dodecane layer using
a split ratio of 100:1 with helium as carrier gas. The following column temperatures were
used during analysis: (i) 100 °C for 5 min, (ii) increased of temperature with a heating rate
of 10 °C per min up to 180 °C, (iii) increased of temperature with a heating rate of 20 °C per
min up to 300 °C. The signal of -caryophyllene produced in R. capsulatus was verified by
comparison of its retention times to a corresponding reference (B-caryophyllene from Sigma
Aldrich, product number: 22075, retention time: 10.13 min). In order to determine the
final product titers, the transfer efficiency from producing cells into the n-dodecane phase
was determined as described in Supplementary Method section “ Analysis of n-dodecane-
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mediated 3-caryophyllene extraction from phototrophically grown R. eapsulafus”. In brief,
accumulated terpenes were extracted from cell lysates using n-dodecane. Subsequently,
products were quantified using calibration curves of the reference compound, taking into
account the specific transfer efficiencies of B-caryophyllene.

2.5. Effect of B-Caryophyllene and p-Caryophyllene Oxide on Plant Pathogenic Fungi

Isolates of the plant pathogenic fungi P. lingam, S. sclerotiorum and A. brassicicola were
obtained from the Leibniz-Institut DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Braunschweig, Germany), while isolates of F. oxysporum, R. solani
were obtained from the INRES, Plant Diseases and Plant Protection, University of Bonn.
All isolates were sub-cultured on potato dextrose agar (PDA) at 24 °C and were used in
this study to evaluate the bioactivity of the compounds on hyphal growth.

To test the bioactivities of B-caryophyllene and -caryophyllene oxide, compounds
were dissolved in a mixture of DMSO and Tween 20 (ratio of 1:2) to prepare differently
concentrated stock solutions. These were mixed with PDA to gain the final concentrations
62.5, 125, and 250 ug mL Land to prepare PDA agar plates with terpenoids. The final
DMSO and Tween 20 concentrations were always 1% (v/v) and 0.5% (v/?), respectively.
Fungal discs with a diameter of 0.5 cm were cut from the culture media of freshly grown
agar plates without terpenoids and placed upside down in the middle of PDA plates
containing the chemicals. PDA plates with 0.5% (v/v) DMSO and 1% (v/v) Tween 20
alone were used as control. All plates were incubated for 7 days at 24 °C. Subsequently,
the diameter of the fungal colony was measured, and the percentage of growth inhibition
compared to the solvent control was calculated. Differences between the treatments were
statistically analyzed using SigmaPlot software by one-way analysis of variance (ANOVA)
and multiple comparisons for significance were performed at (p < 0.05) using the Holm-
Sidak method.

2.6. Determination of the Minimum Inhibitory Concentration (MIC) of B-Caryophyllene and
B-Caryophyilene Oxide in Liquid Cultures of Bacteria

The minimum inhibitory concentration of f-caryophyllene and B-caryophyllene was
determined according to reference [89]. For the precultures, 10 mL Miiller Hinton (MH)
medium (Merck, Germany) was first inoculated in 100 mL flasks with four single bacterial
colonies. For R. capsulatus, RCV was used. The liquid cultures were incubated for 18 h at
130 rpm and 37 °C (R. capsulatus at 30 °C). For the main cultures, MH or RCV medium
was supplemented with differently concentrated stock solutions of p-caryophyllene and
[3-caryophyllene oxide in a mixture of DMSO and Tween 20 (ratio 1:2) to gain final concen-
trations of 62.5, 125, and 250 pg mL L. All bacterial cultures were adjusted to a cell density
corresponding to an optical density at 625 nm of 0.1 and then diluted 50-fold with medium
for B. subtilis, P. putida, P. ﬂuur@scms, R. rhizogenes and P. polymyxa and 2-fold for R. capsulatus.
For the inoculation of 96-well microtiter plates (Greiner Bio-One GmbH, Frickenhausen,
Germany), 50 uL. MH medium with the corresponding concentration of the substance to
be tested and the solvent controls were mixed with 50 uL of previously diluted bacterial
culture, resulting in an end optical density at 625 nm of 0.001 and 0.025, respectively.
The solvent control contained 1% (v/v) Tween 20 and 0.5% (v/v) DMSO. After inoculation,
the microtiter plates (MTPs) were first shaken in a SpectraMax i3x (Molecular Devices,
San Jose, CA, USA) plate photometer for 20 s to mix the solution and then incubated for
20 hat 37 °C. R. capsulatus was incubated at 30 °C and 300 rpm. For subsequent determina-
tion of the MICs, the optical density of cell cultures was determined at 625 nm in a plate
photometer. The MIC was defined based on the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) guidelines as the compound concentration at which an
optical density at 625 nm minus the background absorbance equals 0 [90].

3. Results

In the past, terpenoids were exclusively obtained from natural plant sources, e.g., by ex-
tracting them from essential oils, requiring a complex and time-consuming downstream

54



Microorganisms 2021, 9, 168

RESULTS

6of 19

processing. The heterologous production of sesquiterpenes in a suitable microbial host,
however, bears many benefits. For example, it offers the possibility to solely produce
a desired compound so that it can be rather easily purified without the need of remov-
ing closely related constituents [21,34]. Thus, we here aimed to reconstitute the plant
sesquiterpene pathway of B-caryophyllene in R. capsulatus and optimize the production
under phototrophic growth conditions. Since many sesquiterpenoids exhibit promising
antimicrobial activities, the antifungal efficacy of B-caryophyllene and its oxidized form
against phytopathogenic fungi were evaluated.

3.1. Establishment of B-Caryophyllene Production in R. capsulatus via Overexpression of
Isoprenoid Precursor Genes

Recently, we described the heterologous synthesis of the plant sesquiterpenoids va-
lencene and patchoulol in the phototrophic bacterium R. capsulatus and its modular im-
provement by engineering the biosynthesis of the central precursor FPP [39]. To evaluate if
R. capsulatus and the modular engineering principle can analogously be applied for the syn-
thesis of the plant-derived sesquiterpene B-caryophyllene, we expressed the gene encoding
{3-caryophyllene synthase QHSI from A. annua in the bacterial host. To this end, the expres-
sion vectors pRhon5Hi-2-QHS1 and pRhon5Hi-2-QHS1-ispA, carrying an additional copy
of the intrinsic FPP synthase gene ispA, were transferred to the R. capsulatus wild type strain
SB1003 and strain SB1003-MVA. The latter strain additionally contains the chromosomally
integrated MVA pathway genes derived from Paracoccus zeaxanthinifaciens and thus offers
a second isoprenoid biosynthesis pathway. To compare the -caryophyllene production
in all Rhodobacter strains grown under phototrophic conditions, cells were incubated in
the absence of molecular oxygen and ammonium under constant bulb light illumination.
Terpene accumulation was determined in the late stationary growth phase by analyzing
n-dodecane samples via GC-FID measurements. The increase of f-caryophyllene produc-
tion in tested R. capsulatus strains is shown in Figure 1 as relative values using R. capsulatus
SB1003 solely carrying the plasmid-encoded QHS1 gene as reference strain.

As shown in Figure 1, the expression of the 3-caryophyllene synthase gene QHST in
R. capsulatus strain SB1003 led to a measurable production of B-caryophyllene. Remarkably,
the co-expression of QHS1 and ispA in the R. capsulatus strain SB1003 as well as QHST ex-
pression in the engineered SB1003-MVA strain did not result in increased p-caryophyllene
synthesis. However, concerted expression of QHST and ispA in R. capsulatus SB1003-MVA
led to a considerable increase of sesquiterpenoid production of about 300% in comparison
to the reference strain.

3.2. Optimization of B-Caryophyllene Production in R. capsulatus via Modification of
Cultivation Conditions

In the above-described experiments, we could demonstrate that modular engineering
of the isoprenoid biosynthesis can also be applied to improve 3-caryophyllene production
in R. capsulatus. Next, we analyzed whether the modification of cultivation conditions
including a prolonged cultivation time or the change of illumination parameters can further
improve the product yield in the better-performing strain SB1003-MVA. First, B-caryophyllene
accumulation was comparatively analyzed over five days in photoheterotrophically-grown
cultures of R. capsulatus strain SB1003-MVA carrying pRhon5Hi-2-QHS1 or pRhon5Hi-2-QHS1-
ispA. Product formation was determined by analyzing the overlaid n-dodecane samples via
GC-FID measurements (Figure 2, blue bars).
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Figure 1. Heterologous p-caryophyllene production in the R. capsulatus strains SB1003 and SB1003-
MVA. The -caryophyllene synthase gene QHSI from A. annua was expressed in R. capsulatus SB1003
wild type (grey bars) and SB1003-MVA (blue bars), which additionally carries the MVA gene cluster
from P! zeaxanthinifaciens to enable a second isoprenoid biosynthesis route. Moreover, the ispA gene
encoding the R. capsulatus FPP synthase was co-expressed on the same plasmid to further enhance
sesquiterpene production fiters. Product formation was determined in cell cultures after three days
of photoheterotrophic cultivation (gas-tight hungate tubes, 30 °C) under ammonium depletion and
constant illumination with bulb light (3.6 mW cm~2 at 850 nm). The produced B-caryophyllene was
sampled in overlaid n-dodecane phases for GC-FID analysis. The increase of p-caryophyllene production
in engineered R. capsulatus strains is shown as relative values. To this end, the R. capsulatus SB1003
carrying the plasmid-encoded QHSI gene was used as a reference strain. Values are means of three
independent biological replicates (1 = 3) and error bars indicate the respective standard deviations.

The highest product levels could be detected after three days of cultivation, where cells
have typically reached the beginning of the stationary growth phase. The elongation of the
cultivation time did not show increased product accumulation so that all further produc-
tion experiments were carried out for three days. Under standard phototrophic conditions,
conventional light bulbs are used for the illumination of R. capsulatus cells [39,49]. This con-
ventional light source offers a broad emission spectrum with a relatively high proportion
in the infrared (IR) light range (>750 nm; 3.6 mW cm ™2 at 850 nm) suitable for excitation of
bacteriochlorophyll a (BChl @) exhibiting excitation maxima at 800 and 860 nm (Figure S6,
Supplementary Materials, Reference [91]). To improve the illumination conditions for
sesquiterpene production under phototrophic conditions, we subsequently analyzed if the
use of (i) alternative cultivation vessels offering a better light penetration of cell cultures by
a more favorable surface-area-to-volume ratio (Table S2, Supplementary Materials) or (ii) a
customized IR-LED array (5.6 mW cm 2 at 850 nm) suitable for specific excitation of the
photopigment BChla with high light intensities can help to increase product formation.

To investigate the influence of illumination conditions on the heterologous production
of B-caryophyllene, the strain SB1003-MVA carrying the expression vector pRhon5Hi-
2-QHS1-isp A was cultivated over three days under photoheterotrophic conditions and
constant illumination with bulb light or IR light in an ammonium-depleted medium in
screw neck vials. As shown in Figure 2, the change of cultivation vessel geometry resulted
only in a slight increase of p-caryophyllene production of R. capsulatus SB1003-MVA
(pRhon5Hi-2-QHS1-ispA), whereas high irradiation with IR light led to a 1.9-fold increase
of the final product accumulation. These results indicate that the applied illumination
conditions should be taken into account to reach high product yields when R. capsulatus is
used as an alternative terpene production host. This assumption is further supported by the
observation that product levels were much lower in R. capsulatus SB1003-MVA (pRhon5Hi-
2-QHS1-ispA) cultures that have been grown under non-phototrophic, i.e., microaerobic
conditions (Figure 2, green bars). For non-phototrophic cultivation, R. capsulatus SB1003-
MVA (pRhon5Hi-2-QHS1-ispA) was grown in 100 mL, unbaffled shake flasks containing

different volumes of medium in the dark to implement different aeration conditions
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(green bars). Those conditions could lead to the formation of -caryophyllene oxide,
the oxygenated derivative of 3-caryophyllene. As previously described, a filling volume of
60 mL is most suitable for the induction of intrinsic terpene formation and P,;-mediated
target gene expression in R. capsulatus [39], which is corroborated by the observed p-
caryophyllene production levels. Nevertheless, only a quarter of the product yield could
be achieved under microaerobic, non-phototrophic growth conditions when compared
to the corresponding values of phototrophically grown cells (R. capsulatus SB1003-MVA,
pRhon5Hi-2-QHS1-ispA, 3 days, bulb light), and only traces of the oxygenated derivative
were detectable (data not shown). However, to fully understand the effects of varying
cultivation conditions on p-caryophyllene production, further experiments have to be
performed in future studies.

700
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Figure 2. Heterologous B-caryophyllene production in the R. capsulatus strain SB1003-MVA with
dependence on the cultivation time and illumination conditions. The B-caryophyllene accumulation
was determined in R. capsulatus QHS1 expression strains SB1003-MVA (pRhon5Hi-2-QHS1) and
SB1003-MVA (pRhon5Hi-2-QHS1-isp A). First, product formation was determined in cell cultures after
three, four, and five days of photoheterotrophic cultivation in 15 mL hungate tubes using standard
illumination conditions (bulb lights, 3.6 mW c¢m~2 at 850 nm) and RCV medium supplemented
with (1.1% serine. Blue bars represent the results of this experiment. Second, illumination conditions
were changed by cultivating R. capsulatus strain SB1003-MVA (pRhon5Hi-2-QHS1-ispA) for three
days under photoheterotrophic conditions using either constant illumination with bulb lights (BL;
3.6 mW cm™2 at 850 nm, yellow bar) or IR-emitting diodes (IR; 5.6 mW cm™2 at 850 nm, red bar).
Here, 4.5-mL screw neck vials were used to improve light penetration due to a more favorable surface-
area-to-volume ratio of this cultivation vessel. For non-phototrophic cultivation, the same strain
was grown in 100-mL, unbaffled shake flasks containing different volumes of serine-supplemented
RCV medium (shake flask, green bars). In all cultures, the produced p-caryophyllene was sampled
in overlaid n-dodecane phases for GC-FID analysis. The increase of B-caryophyllene production is
shown as relative values using R. capsulatus SB1003-MVA carrying the QHSI expression plasmid
pRhon5Hi-2-QHS1 as a reference strain. Values are the means of three independent biological
replicates (11 = 3) and the error bars indicate the respective standard deviations.

To accurately determine the final product titers, we analyzed (i) the individual transfer
efficiency of -caryophyllene from intact cells into the n-dodecane phase, (ii) the effect of
the ICM, which is formed by R. capsulatus cells under phototrophic conditions, on sesquiter-
penoid extraction, (iii) the differences in terpene transfer efficiencies when comparing single
and repeated n-dodecane extraction, and finally (iv) the effect of the presence and absence
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of organic solvent on the final product titers (Supplementary Method section “ Analysis of
n-dodecane-mediated p-caryophyllene extraction from phototrophically grown R. capsula-
tus”). Finally, we were able to determine a product titer of 90 + 19 mg L 1 -caryophyllene
for R. capsulatus SB1003-MVA with pRhon5Hi-2-QHS1-ispA after 3 days of cultivation in
hungate tubes under bulb light. This titer could be further increased by using IR light
and screw neck vials for cultivation, reaching a final product titer of 139 4+ 31 mg L 1
Based on these values and the reached cell densities, the respective productivities were
further calculated (Table S3, Supplementary Materials).

In summary, we showed that R. capsulatiss can efficiently synthesize the sesquiterpene
[3-caryophyllene. Furthermore, the modular adaptation of precursor gene expression under
phototrophic growth conditions as well as the adjustment of cultivation conditions resulted
in an increased sesquiterpenoid formation.

3.3. Evaluation of Bioactivities of B-Caryophyllene and B-Caryophyllene Oxide against Different
Phytopathogenic Organisms

The agricultural industry is affected by a dwindling number of effective antimicrobial
substances. On the other hand, farmers have to control plant pathogenic organisms
without damaging non-target organisms. As B-caryophyllene and p-caryophyllene oxide
offer a variety of beneficial bioactivities [70,79,92-95], we evaluated the potential use
of those two sesquiterpenes as a nature-derived fungicide. To this end, we analyzed the
activity against different phytopathogenic fungi, as well as various plant growth-promoting
bacteria (PGPB).

3.3.1. Bioactivities of p-Caryophyllene and 3-Caryophyllene Oxide against
Phytopathogenic Fungi

We investigated the bioactivity of B-caryophyllene and B-caryophyllene oxide,
which can be formed spontaneously by uncatalyzed processes [96,97], against the plant
pathogenic fungi S. sclerotiorum, F oxysporum, A. brassicicola, P. lingam, and R. solani.
This analysis would additionally reveal whether the compound’s oxygenation influences
potential antif'u.ngal properties. Therefore, PDA agar plates were supplemented with
increasing concentrations of both compounds, fungal discs were transferred onto these
plates and fungal growth was determined. Evaluation revealed that the degree of growth
inhibition due to direct terpene exposure varied depending on the compound and the
fungus (Figure 3).

Both compounds inhibited the hyphal growth of S. sclerotiorum when compared to
the solvent control. The inhibition reached up to 30% when the fungus was exposed to 8-
caryophyllene, while it was up to 40% when the fungus was cultivated on medium contain-
ing B-caryophyllene oxide. The effect against F. oxysporum was less pronounced. Around
20% inhibition was observed when the fungus was cultivated on the -caryophyllene-
supplemented medium, while it was around 30% in the case of 3-caryophyllene oxide.
Finally, the presence of B-caryophyllene in the growth medium slightly inhibited the
growth of A. brassicicola while inhibition was higher and reached a maximum of 10% when
[-caryophyllene oxide was used. No significant effect of both compounds was observed
against P. lingam and R. solani (Figure S7, Supplementary Materials). Our results thus reveal
that B-caryophyllene and its oxidized form possess antifungal activity against certain phy-
topathogenic fungi and that 3-caryophyllene oxide tends to be more effective in inhibiting
fungal growth.
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Figure 3. The effect of B-caryophyllene and B-caryophyllene oxide on the hyphal growth of plant
pathogenic fungi. The effect of B-caryophyllene and p-caryophyllene oxide against S. sclerotiorunt (A),
F. oxysporum (B) and A. brassicicola (C). Final concentrations of 62.5 pug mL~1, 125 pg mL~1, and 250
ug mL~! of B-caryophyllene (grey bars) and p-caryophyllene oxide (blue bars) in PDA growth
medium were used. Medium mixed with the solvents DMSO and Tween 20 (final concentrations,
0.5% and 1% v/ v, respectively) was used as the control (black bars). An equally sized disk with fungal
mycelium was placed in the center of each plate and incubated for seven days at 24 “C. Subsequently,
the diameter of each fungal colony was measured, and the relative growth compared to the solvent
control was calculated. Each bar represents the mean =+ standard deviation of three independent
biological measurements with three technical replicates each (n = 9). Different letters on the top of
the bars indicate significant differences between the treatments based on ANOVA and Holm-Sidak
post-hoc method (p < 0.05), while the same letters represent no significant differences.

3.3.2. Antimicrobial Activities against Plant Growth-Promoting Bacteria

As the previous investigations showed antifungal properties against several phy-
topathogenic fungi, the use of the sesquiterpenoids as natural compound-based plant
protection products could be considered. To investigate potential toxic off-target effects
on bacteria that promote plant growth, we next examined whether the addition of f3-
caryophyllene/oxide affects the growth of bacteria at concentrations used in the hyphal
growth assay. For this purpose, the growth of representatives of the plant growth-promoting
bacteria (PGPB) group [98-100], including the two diazotrophic bacteria Rhizobiunt rhizo-
genes and Rhodobacter capsulatus [101,102], the two bacilli Bacillus subtilis [103,104] and
Paenibacillus polymyoxa [105], as well as the pseudomonads Pseudomonas fluorescens [104] and
Pseudomonas putida [106] was analyzed in presence of B-caryophyllene and 3-caryophyllene
oxide. Both compounds were added to diluted bacterial cultures in increasing concentra-
tions. After overnight incubation, the MICs were determined according to the respective
optical density of the cell cultures (Figure 4).

The bacteria R. rhizogenes, R. capsulatus, B. subtilis, and P. polymyxa did not show
reduced cell growth in comparison to the solvent control upon the addition of the two ter-
penes (-caryophyllene and 3-caryophyllene oxide (Figure 4A-D). These bacteria showed
an increase in growth, which could be explained by the metabolization of the terpenes.
For P. putida, no effect of f-caryophyllene oxide was detected compared to the solvent con-
trol (Figure 4F). B-caryophyllene showed an influence on P. putida, which was concentration
independent since all tested concentrations led to comparable cell growth. The cell densi-
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ties were about 40% lower compared to the solvent control. This effect was also observed
for P. fluorescens, where the two terpenes reduced growth by up to 40% (Figure 4E).
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Figure 4. The influence of p-caryophyllene and B-caryophyllene oxide on the growth of plant
growth-promoting bacteria. Final concentrations of 62.5 pg mL ™}, 125 ug mL™! and 250 ug mL ™!
of p-caryophyllene (grey bars) and p-caryophyllene oxide (blue bars) were added to cultures of
R. thizogenes (A), R. capsulatus (B), B. subtilis (C), P. polymyxa (D), P. fluorescens (E) and P. putida (F)
in 100 pL MH medium (R. capsulatus in RCV medium) in MTPs. The final solvent concentration
was 1% (v/v) Tween 20 and 0.5% (v/v) DMSO. To determine the influence of the terpenes on the
growth of the bacteria, the cells were incubated stationary for 20 h at 37 °C (R. capsulatus at 30 °C)
and the cell density was measured at 625 nm using a plate photometer. The solvent control (control,
black bars) was MH or RCV medium containing 1% (v/v) Tween 20 and 0.5% (v/v) DMSO. Values
are means of three independent biological replicates (11 = 3) and error bars indicate the respective
standard deviations.

In summary, for B-caryophyllene and p-caryophyllene oxide, no MIC could be deter-
mined for any of the tested PGPB, but a reduction of cell growth could be observed for
both Pseudomonads. As a diverse group of different representative soil bacteria was tested,
the results nevertheless indicate that $-caryophyllene and 3-caryophyllene oxide do not
exhibit strong broad-spectrum antibacterial activities at concentrations which considerably
inhibit the hyphal growth of S. sclerotiorum and F. oxysporum (63 ug mL ™ 1).

4, Discussion

The management of plant pathogens in the process of crop production is crucial,
no matter whether organic, integrated, or conventional farming practices are applied.
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For many decades, synthetic pesticides were considered the fastest and most effective pest
and pathogen control method. Recently, due to the rise of public health concerns about pes-
ticide toxicity and harm to the environment, many of these effective chemicals were banned,
thereby markedly limiting the options for plant protection. Therefore, it is important to
find environmentally safe and sustainable natural products to control pathogens and thus
ensure yield and food quality. In this context, plant metabolites are a rich source of bioactive
compounds explorable for the use of preventing and controlling plant pathogenic microbes.
In the last decade, several studies investigated terpenoids as potential antiphytopathogenic
compounds [67,71,76,77,107,108]- B-caryophyllene is a natural bicyclic sesquiterpene that
is a constituent of many essential oils. Many studies showed that these essential oils,
which are containing (3-caryophyllene as one of the main ingredients, are active against
plant pathogens [109-111]. For example, methanol extracts from Artemisia annua leaves,
one of the common B-caryophyllene producers, strongly inhibit the growth of the plant
pathogenic fungi F. oxysporum and Fusarium solani [79]. In another study, the essential
oil from Murraya paniculata leaves showed inhibitory activities on the mycelial growth of
S. sclerotiorum, a fungus that poses a high risk to several crops. The gas chromatography
analysis of the essential 0il composition introduced pB-caryophyllene as one of the main
constituents (23.8%) [109]. Furthermore, essential oils from Piper aduncim, which also
has p-caryophyllene as one of its main constituents (7.2%), inhibited the mycelial growth
of the fungus 5. sclerotiorum [110]. As a second alternative or complementary means
for plant protection, there is also a multitude of important and useful microorganisms
that support plant growth, which are called plant growth-promoting bacteria and plant
growth-promoting fungi (PGPF). To offset the negative effects of chemical substances or
make their use superfluous, more and more PGPB are now being used in agriculture [112].
Microorganisms can fulfill different functions in this process. Bacillus subtilis, for example,
accumulates at the root system during the germination of various plants and prevents
competing harmful fungi from spreading [103]. Diazotrophic organisms can supply plants
with biologically available nitrogen by fixing atmospheric dinitrogen, thus making it avail-
able to the plants [113]. When fighting phytopathogens, it is important to consider and
ideally avoid negative off-target effects on the above-mentioned beneficial microorgan-
isms. Corresponding tests are therefore now frequently included in the first evaluation of
antimicrobial activities.

So far, no studies were investigating the effect of pure (-caryophyllene and
B-caryophyllene oxide against a selection of phytopathogenic fungi aiming to determine
and compare the potential antifungal properties of the two compounds and species-specific
differences in sensitivity. In our current study, we show the potential of sustainable pro-
duction of B-caryophyllene in the heterologous host Rhodobacter capsulatus and the species-
specific promoting or inhibitory effects for selected plant growth-promoting bacteria for
both of the tested sesquiterpenoids at appropriate compound concentrations. Furthermore,
we tested the bioactivities of both p-caryophyllene and f§-caryophyllene oxide against
several plant pathogenic fungi and showed that both substances were active against certain
fungi. Interestingly, the oxidized form tended to be even more effective, and additionally
has a more beneficial activity profile concerning the PGPB. These results are supported
by previous reports which are introducing p-caryophyllene as a bioactive compound in
its purified form [79] and as a component of several essential oils [109,110]. The purified
p-caryophyllene showed a MIC of 130 ug mL ! for F. oxysporum [79], which is below the
maximal concentration tested in this study. However, our plate-based approach is not
completely comparable with the method used for MIC determination in liquid medium.
According to our results, the inhibitory effect of the hyphal growth was different depending
on the tested fungus. Such a difference is dependent on the fungal species and frequently
described by previous studies showing that the novel fungicide 3-[5-(4-chlorophenyl)-
2,3-dimethyl-3-isoxazolidinyl] pyridine (SYP-Z(048) affected several pathogenic fungi in
different ways [114]. Overall, our current results demonstrate that both 3-caryophyllene
and -caryophyllene oxide exhibit bioactivity against plant pathogenic fungi and therefore
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could be suitable as potential fungicides in agriculture as, in contrast to many broad-
spectrum pesticides, they do not harm many species of plant growth-promoting bacteria.
However, despite the sesquiterpenes being natural compounds, which are often associated
with non-harmful ecotoxicological profiles, effects against Pseudomonas species were cor-
roborated and will need to be taken into account. So far, there is only limited information
about the individual activities of terpenes against plant pathogens and the underlying
molecular mechanisms. To be able to explain the differences we observed in the activity
of the two terpenes against the different organisms and to get more data on the activity
spectrum, our investigations need to be extended by including more target and non-target
organisms. In addition, the respective modes of action on the molecular level have to be
determined. Besides additional plant pathogens, this not only includes analyzing further
plant growth-promoting bacteria, but it must be tested if plant growth-promoting fungi
react sensitively to the terpenes, as indicated by a previous promising study [80]. In partic-
ular, fungi of the genus Trichoderma, which are said to have many advantageous properties
for plants, could be investigated more closely [115,116].

To be able to provide appropriate quantities of an active antifungal substance, the het-
erologous production of promising sesquiterpenes in a suitable microbial host bears various
benefits, such as the possibility to solely produce the desired compound without complex
downstream processing and in high amounts. Therefore, we established the biosynthesis of
the plant sesquiterpene f-caryophyllene in the heterologous production host R. capsulatus
under phototrophic and non-phototrophic conditions. For this purpose, the intrinsic iso-
prenoid biosynthesis pathway was optimized in terms of its precursor supply. In particular,
the P;r-based co-expression of ispA and the genetically integrated MVA pathway resulted
in a substantial increase in sesquiterpenoid production of around 300%. These results are in
agreement with previous studies, where engineering of isoprenoid precursor supply was a
valuable tool to increase the terpenoid production in Rhodobacter [38,40,48] and other bacte-
rial hosts [23,117-125]. Also, we were able to increase the terpene production level further
by changing the cultivation conditions from bulb light in a 14 mL hungate tube to IR light
in a 4.5 mL screw neck vial, achieving a final -caryophyllene titer 0f139.29 + 31.35mg L. !
and a specific productivity of 1.30 £ 0.32 mg g 1 dry cells h L. In recent studies, production
titers around 220 mg L~ ! [126] and specific productivities of 1.15mg g ! dry cells h~* [127]
were achieved in E. coli. Thus, we attained yields comparable to the current literature
and successfully established R. capsulatus as a heterologous host for the production of
-caryophyllene. Furthermore, the p-caryophyllene yields achieved in R. capsulatus could
be sufficient to use this host as a microbial system for in situ agent delivery. In the future,
sesquiterpenoid producing R. eapsulafus might thus be applicable as cell extracts with
biocontrol activities for plant protection or as engineered antiphytopathogenic PGPB that
can be added as live cultures to soils contained in vertical farming.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com /2076-2
607/9/1/168/s1. Figure S1: Transfer efficiency of the p-caryophyllene reference compound from
cultivation medium into the n-dodecane phase in the presence of intact R. capsulatus cells in hungate
and screw neck vials, Figure S2: Transfer efficiency of the f-caryophyllene reference compound from
cultivation medium into the n-dodecane phase in the presence of intact and disrupted R. capsulatus
cells, Figure S3: Extraction efficiency of the p-caryophyllene reference compound from cultivation
medium in the presence of disrupted and intact R. capsulatus cells by repeatedly using n-dodecane
as organic solvent over four days, Figure $4: Comparison of relative f-caryophyllene formation
in R. capsulatus production strains cultivated with and without an n-dodecane layer, Figure 55:
Quantification of extracted p-caryophyllene via a calibration curve of B-caryophyllene reference
signals in GC-FID analyses, Figure Sé6: Emission range of different light sources and the absorption
spectrum of phototrophically cultivated R. capsulatus cells [128], Figure 57: Effect of p-caryophyllene
and p-caryophyllene oxide on the hyphal growth of plant pathogenic fungi, Table S1: Bacterial strains
and plasmids used in this study, Table S2: Cultivation vessel specifications, Table 53: Productivities
of p-caryophyllene in R. capsulatus SB1003 cultures.
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1. Supplementary methods

Bacterial strains and plasmids

RESULTS

All bacterial strains, plasmids and oligonucleotides used in this study are listed in Table 51.

Table S1. Bacterial strains and plasmids used in this study.

Strains, plasmids Relevant features or description References
Strains
FD80lac ZAM15 A(lac ZYA-argF) U169 rec Al endAl
E. coli DH5a ”‘ iy amghytiind e ki [81]
hsdR17 phoA supEdd thi-1 gyrA96 relAl deoR
Ec294::[RP4-2 (Tck:Mu)(Km®:T; thi, pro, hsdR
E. coli S17-1 A sl WM reed bt pro 82]
hsdM' TpR Sm®
R. capsulatus SB1003 Wild-type, Rif* [83]
R ('apsillahls SB1003- ?Blﬂﬂ}derivalive, ca_u'ying the ch:omosnma_lly
MVA intergrated MVA cluster from Paracoccus [39]
zeaxanthinifaciens, Rif*, Gm®
Plasmids
o pBBR1mcs (basic vector, rep mob CmF), pET22b (MCS,
pRUCHSHI2  pelk), pBSLIS (sphll), Pur e
pRhon5Hi-2-QHS1 pRhon5Hi-2 with Pax QHSI This study
pRhon5Hi-2-QHS1-ispA  pRhon5Hi-2 with Puit QHSI-ispA This study
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Analysis of n-dodecane-mediated B-caryophyllene extraction from phototrophically grown
R. capsulatus.

The extraction of sesquiterpenoids from microbial cell cultures is mostly performed via a two-phase
cultivation using an n-dodecane layer (1/;, of the culture volume) as solvent phase which is added prior
to cultivation [88]. In analogy to our prior work [39], we performed the extraction and quantification of
p-caryophyllene as described in the Materials and Methods section.

To quantify the final product titers, a calibration curve was generated using a pure B-caryophyllene
reference from Sigma Aldrich. However, the correlation of signals from n-dodecane extracted samples
with the reference signals does not take into account extraction efficiencies of f-caryophyllene when
using n-dodecane as organic solvent It can be assumed that, in dependence of its specific properties, it
only diffuses to a certain extent into the n-dodecane layer. In addition, terpenes that are produced in the
cytoplasm of R. capsulatus can additionally be retained by the intracytoplasmic membrane system
thereby further affecting the transfer into the organic phase. Therefore, the transfer efficiency of [3-
caryophyllene from cultivation medium into n-dodecane in the presence of intact and disrupted R.
capsulatus cells was first determined for both hungate and screw neck vials. For this purpose, the
reference compound was first mixed with 14 mL or 4.5 mL of phototrophically grown R. capsulatus
SB1003 cells (cultivation parameters: anaerobic growth, 30 °C, approx. up to ODé60nm = 2.5) in
appropriate amounts (3-caryophyllene: 71.4 mg L' and 881.4 mg L !, respectively). For this purpose,
11.48 pL or 51.7 pL B-caryophyllene, which is an oil, was added as a 10-fold dilution in diethyl ether.
After addition, the cultures were sealed and vortexed for 1 min. Subsequently, the reference substance
was extracted using n-dodecane as described. The transfer efficiency was determined via GC analysis
by comparing peak areas of the specific signals from appropriately diluted solutions to samples that
had undergone extraction (Figure S1).

transfer efficiency [%]

hungate screw neck vial

Figure S1. Transfer efficiency of the 3-caryophyllene reference compound from cultivation medium into the n-
dodecane phase in the presence of intact R capsulatus cells in hungate (dark blue) and screw neck vials (light blue).
For extraction, 71.4 mg L+ or 881.4 mg Lt |3-caryophy].le.ne were added to 14 mL or 4.5 mL cell culture (OD660nm
= 2.5), respectively. For details, see text above. Values are means of triplicate measurements. Error bars indicate the
respective standard deviations.

By using intact R. eapsulatus cells, a transfer efficiency of around 85% could be determined for both
the hungate and the screw neck vial. Thus, it could be shown that there are some methodological losses,
which have to be considered for product quantification. To moreover analyze if putative interaction of
intracellularly produced sesquiterpenoids with the Rhodobacter ICM can further decrease product
transfer, the experiment was repeated using disrupted cells. However, as the transfer efficiencies were
nearly equal for the hungate and the screw neck vial, all further experiments were only performed for
the hungate cultivation. First, equally cultivated R. capsulatus wildtype cells (OD660nm = 2.5) were
disrupted using a ball mill (3 = 10 min, 30 Hz, Mixer Mill MM 400, Retsch GmbH, Germany) and
subsequently mixed with the same amount of reference compound as described previously. Extraction
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and quantification were performed as described for intact cell samples and signals were subsequently
compared to those of the non-extracted reference compounds (Figure S2).

100+

transfer efficiency [%]
s g 3

~
&
1

intact cells disrupted cells

Figure S2. Transfer efficiency of the 3-caryophyllene reference compound from cultivation medium into the n-
dodecane phase in the presence of intact (dark blue) and disrupted (light blue) R. capsulatus cells. For extraction,
71.4 mg L' B-caryophyllene were added to 14 mL cell lysate (OD660nm = 2.5). For further details, see text above.
Values are means of triplicate measurements. Error bars indicate the respective standard deviations.

It could be seen, that disrupted cells lead to a strong decrease of the extraction efficiency (35%) in
comparison to the previous measurement using intact cells (85%), suggesting that this hydrophobic
terpenoid (logP = 5.35; values were calculated using the ALOGPS2.1 online tool described by Tetko et
al. 2005; doi:10.1007/510822-005-8694-y) is strongly attached to the intracytoplasmic membrane system.
Hence, for calculating the final production titers, the individual transfer efficiency for disrupted cell
cultures (here termed c: or ‘transfer efficiency coefficient’, factor: 1.6474) was taken into account.

Besides the above described negative effect of cellular components on the extraction efficiency, we
further analyzed, if repeated n-dodecane-dependent sesquiterpenoid extraction should be considered
for an optimal estimation of the overall production titers. Thus, an experiment with repeated
sesquiterpenoid extractions from disrupted wildtype cultures that were mixed with the reference
compound as described above was performed over four days (Figure S3). For quantitative analysis of
[p-caryophyllene, a calibration curve with the authentic reference compound ranging from 0.5 to 4 mg
mL ! n-dodecane, were used (slope: 382.16; see also depicted below in Figure S5).

2 g2 5 8

compound amount [mg/L culture]
-
H

-

O

Figure S3. Extraction efficiency of the (-caryophyllene reference compound from cultivation medium in the
presence of disrupted (dark blue) and intact (light blue) R. capsulatus cells by repeatedly using n-dodecane as
organic solvent over four days. See text above for details. For repeated extraction, 71.4 mg L™ B-caryophyllene were
added to 14 mL cell lysate (OD660nm = 2.5). Subsequently, 500 uL. n-dodecane was used for a 24 h extraction period
over a total duration of four days. Single extraction procedures were repeated four times and the sesquiterpenoid
concentration of each fraction was analyzed via GC. Values are means of triplicate measurements. Error bars

indicate the respective standard deviations.
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The overall extraction efficiency was increased by repeated extraction to 39% for disrupted cells in
comparison to the amount determined after the first extraction. Therefore, it has also to be taken into
account by which factor the quantification on day 1 underestimates product titers (here termed cex or
‘coefficient for repeated extraction’; factor: 1.3897) in order to calculate the final product titers.

Finally, we analyzed if the presence of an n-dodecane layer positively or negatively affects the [3-
caryophyllene formation in R eapsulatus cells during cultivation. Therefore, an experiment with
repeated sesquiterpene extraction out of production cultures that had been cultivated (3 days) with and
without an n-dodecane layer before extraction was performed over four days (Figure 54). For the
analysis of the (3-caryophyllene producing R. capsulatus cultures grown without a solvent layer, equal
amounts of n-dodecane were added after cultivation and prior to the extraction procedure.

120+

3

g

compound amount [%]
s 8

20

with dodecane  wi/o dodecane

Figure S4. Comparison of relative 3-caryophyllene formation in R. capsulatus production strains cultivated with
(dark blue) and without an n-dodecane layer (light blue). Data was normalized to the amount of sesquiterpene
extracted from cultures with n-dodecane. See text above for details. For R. capsulatus cultures containing the n-
dodecane layer, 500 pL of the solvent was added before cultivation. In contrast, the same amount of solvent was
added to cultures without n-dodecane after the cultivation. Compounds were extracted and analyzed as described

above. Values are means of triplicate measurements. Error bars indicate the respective standard deviations.

Almost no changes of p-caryophyllene formation could be observed in the absence of the n-
dodecane layer. Hence, the n-dodecane layer can alternatively be added after cultivation of the
Rhodobacter production strains prior to the extraction procedure without any product losses. However,
it must be considered that an addition of the organic solvent after cultivation is only reasonable for non-
volatile terpenoids, as otherwise the product loss could be excessively high.

In summary, product titers of R. capsulatus B-caryophyllene production cultures were determined
by analysis of n-dodecane extraction samples from disrupted cells. To this end, R. capsulatus strains were
cultivated without the solvent, disrupted and then extracted one time with n-dodecane. Using the
calibration curves obtained with reference compounds (Figure S5) and taking into account the
cultivation parameters » and rp, as well as the above described results on losses of this procedure (Figure
52 and 53), equation 1 was used for calculating the final p-caryophyllene titers. The dodecane volume
ratio rp represents the ratio of the dodecane volume which was used for the calibration curve (1 mL) to
the dodecane volume which was used as a solvent layer during extraction of the production cultures.
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m, a
compound amount [—g] =L _.1000mL + Ct * Cox )]
L culture, S*UsTp

pa = peak area [pA + s

s = slope of calibration curve

v = culture volume [mL]

o = dodecane volume ratio

c, = transfer efficiency coefficient

cox = coefficient for repeated extraction

20001 382 16x
g 1500 %
B
1]
® 1000
[+ -
L4
1]
£ 500 .
)
0 1 2 3 4 5

mg/1mL n-dodecane

Figure 85. Quantification of extracted -caryophyllene via a calibration curve of 3-caryophyllene reference signals
in GC-FID analyses. The signal intensities of the authentic reference compound, which were measured as peak
areas [pA”s], were correlated to compound quantities [mg] in 1 mL solvent in different concentrations. Mean values
of detected signals of n-dodecane extraction samples from disrupted cells of the best R. capsulatus production strain
(SB1003-MVA with pRhon5Hi-2-QHS1-ispA) are indicated (black lines from Y-axis to calibration line). As the
extracts from R. capsulatus cultures were prepared with n-dodecane volumes of 500 uL for hungate cultures and
150 pL for screw neck vials, the extracted amount of biosynthetic product [mg] could be calculated from the linear
equations in consideration of the respective solvent amount. These data were used for calculation of product levels
in cultures, taking the used culture volume, and factors rp, ct and cex into account, as described above.
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2. Supplementary data

Emission range of used light sources and in vive absorption spectrum of phototrophically

grown R. capsulatus culture

A B BChie

25

i

absorption [a.u]

T

Y
£

blue light IR light
300 400 500 600 700 aoo0 a00

wavelength [nm)]

0.5

Figure S6. Emission range of different light sources and the absorption spectrum of phototrophically cultivated R.
capsulatus cells. To illuminate phototrophic cell cultures of R. eapsulatus more speciﬁca.lly, a custom-made LED
panel (A) was developed by Vossloh-Schwabe Lighting Solutions GmbH & Co. KG (Kamp-Lintfort, Germany).
Each LED array, carries 130 IR (Amax= 850 nm, max. 5.6 mW cm?) and 130 blue-light LEDs (Ama = 455 nm, 4.0 mW
cm?) on a joint area of 1950 cm? (697 x 280 mm), suitable for specific excitation of photopigments spheroidene
(indicated as Sph) and bacteriochlorophyll a (BChl a). In addition, the array offers 63 UV-A LEDs (Ama= 364 nm,
max. 7.6 mW cm?) in a separate area of 900 cm? (361 = 250 mmy), suitable for applying photocaged inducers (see for
example [128]) for future optogenetic approaches with R. capsulatus. Light intensity quantifications were cond ucted
using a Thermal Power Sensor (5302C, Thorlabs Inc, USA). The emission maxima for the following light sources
are shown in (B): (i) Blue LEDs emit blue light at around 450 nm (blue area) and (ii) IR LEDs emit light at around
850 nm (light red area). Additionally, a whole-cell absorption spectrum of a R. capsulatus culture is shown (dark
red line). The three peaks at around 480 nm represent the carotenoid spheroide.ne, while the peaks at 380 nm, 600
nm, 800 nm and 860 nm represent BChla.

Specifications of cultivation vessels for anaerobic growth of R. capsulatus cultures.

Table S2. Cultivation vessel specifications.

Cultivation vessel Hungate Screw neck vial

Vessel Specification Hungate tube (Bellco Glass) Screw neck vial N13, clear (MN)

Total volume 16.5mL 4.5 mL

Working volume 15 mL 4.2 mL

Glassiype Typel .cla-ss B borosilicate glass, Typel .bo.rosil:icaie glass (FIOLAX®),
transmission > 90% at 850 nm transmission > 90% at 850 nm

Wall thickness 1.05 mm 0.95 mm

Lateral surface area ~ 60.3 cm? ~18.5 cm?

Surface-to-volume-ratio 4.02cm! 4.40 cm!




RESULTS

Productivities of p-caryophyllene in R. capsulatus SB1003 cultures.

Table S3. Production titers of B-caryophyllene in R. capsulatus SB1003 cultures.

Compound

B-caryophyllene

Rhodobac ter c apsulatus strain

SB1003-MVA/pRhon5Hi-2-QHS1-ispA

Cultivation vessel

Hungate tube

Screw neck vial

Titer at below defined ime point (mg L*

90.39 +18.61 mg L™

139.29 + 31.35 mg L

culture)
Time point of highest titer (h) 72h 72h
OD at the time point of highest titer (660 nm) 2.79 +0.09 2.50 + 0.06

Cell mass at the time point of highest product
titer (gDCW L' culture)

1.67 +0.05 gDCW L*

1.50 + 0.04 gDCW L

Volumetric productivity (mg L' h!)!

1264026 mg L' h!

1.9340.44 mg L' h!

Specific yield at above defined time point (mg
gDCW1)

54.01 +9.64 mg gDCW!

93.41 £23.40 mg gDCW!

Specific productivity ( mg gDCW ! h')!

0.75 + 0.13 mg gDCW ' h*!

1.30 +0.32 mg gDCW ' h!

! Productivities per hour were calculated based on product levels that were present at the time points when

highest titers were reached and are thus not necessarily maximal productivities.
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Codon optimized DNA sequence of p-caryophyllene synthase QHS1 from A. annua for

expression in R. capsulatus.

The shown sequence encompasses the QHS1 gene referring to the mRNA sequence published in
GenBank: AF472361.1, encoding the QHS1 protein (UniProtKB - Q85A63). At the 5™-end, the synthetic
DNA fragment carries a short sequence derived from pET22b (between the Xbal and Ndel sites)
harboring the corresponding ribosome binding site (RBS).

Xbal RBS Ndel/Start
TCTAGAAATAATTTTGITTAACTTTAAGAAGGAGATATACATATGAGCGTGAAAGAAGAAAAAGTGATC
CGCCCGATCGTGCATTTCCCGCCGAGCGTGTGGGCGGATCAGTTCCTGATCTTCGATGATAAACAGGCGG
AACAGGCGAACGTGGAACAGGTGGTGAACGAACTGCGCGAAGATGTGCGCAAAGATCTGGTGAGCAGC
CTGGATGTGCAGACCGAACATACCAACCTGCTGAAACTGATCGATGCGATCCAGCGCCTGGGCATCGCG
TATCATTTCGAAGAAGAAATCGAACAGGCGCTGCAGCATATCTATGATACCTATGGCGATGATTGGAAA
GGCCGCAGCCCGAGCCTGTGGTTCCGCATCCTGCGCCAGCAGGGCTTCTATGTGAGCTGCGATATCTTCA
AAAACTATAAAAAAGAAGATGGCAGCTTCAAAGAAAGCCTGACCAACGATGTGGAAGGCCTGCTGGAA
CTGTATGAAGCGACCTATCTGCGCGTGCAGGGCGAAGGCGTGCTGGATGATGCGCTGGTGTTCACCCGCA
CCTGCCTGGAAAAAATCGCGAAAGATCTGGTGCATACCAACCCGACCCTGAGCACCTATATCCAGGAAG
CGCTGAAACAGCCGCTGCATAAACGCCTGACCCGCCTGGAAGCGCTGCGCTATATCCCGATGTATGAAC
AGCAGGCGAGCCATAACGAAAGCCTGCTGAAACTGGCGAAACTGGGCTTCAACCTGCTGCAGAGCCTGC
ATCGCAAAGAACTGAGCGAAGIGAGCCGCTGGTGGAAAGGCCTGGATGTGCCGAACAACCTGCCGTAT
GCGCGCGATCGCATGGTGGAATGCTATTTCTGGGCGCTGGGCGTGTATTTCGAACCGAAATATAGCCAGG
CGCGCATCITCCTGGCGAAAGTGATCAGCCTGGCGACCGTGCTGGATGATACCTATGATGCGTATGGCAC
CTATGAAGAACTGAAAATCTTCACCGAAGCGATCCAGCGCTGGAGCATCACCTGCATCGATATGCTGCC
GGAATATCTGAAACTGCTGTATCAGGGCGTGCTGGATATCTATATCGAAATGGAAGAAATCATGGGCAA
AGAAGGCAAAGCGCATCATCTGAGCTATGCGAAAGAAAGCATGAAAGAGTITCATCCGCAGCTATATGAT
GGAAGCGAAATGGGCGAACGAAGGCTATGTGCCGACCGCGGAAGAACACATGAGCGTGGCGITCGTGA
GCAGCGGCTATAGCATGCTGGCGACCACCTGCTTCGTGGGCATGGGCGATATCGTGACCGATGAAGCGTT
CAAATGGGCGCTGACCAAACCGCCGATCATCAAAGCGAGCTGCGCGATCGCGCGCCTGATGGATGATAT
CCATAGCCAGAAAGAAGAAAAAGAACGCATCCATGTGGCGAGCAGCGTGGAAAGCTATATGAAACAGT
ATGATGTGACCGAAGAACATGTGCTGAAAGTGITCAACAAAAAAATCGAAGATGCGTGGAAAGATATC
ACCCGCGAAAGCCTGGTGCGCAAAGATATCCCGATGCCGCTGAT GATGCGCGTGATCAACCTGGCGCAG
GTGATGGATGTGCTGTATAAACATAAAGATGGCTTCACCAACGTGGGCGAAGAACTGAAAGATCATATC
AAAAGCCTGCTGGTGCATCCGATCCCGATCTGAAAGCTT

Stop HindIIl
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Bioactivities of p-caryophyllene and p-caryophyllene oxide against phytopathogenic fungi
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Figure S7. Effect of B-caryophyllene and B-caryophyllene oxide on the hyphal growth of plant pathogenic fungi.
Effect of B-caryophyllene and {-caryophyllene oxide against A) P. lingam and B) R. solani. Final concentration of
62.5 ng mLt, 125 pg mL* and pug mL of B-caryophyllene (gray bars) and f3-caryophyllene oxide (blue bars) in PDA
growth medium were used. Medium mixed with the solvents DMSO and Tween 20 (final concentrations, 0.5% and
1% w/v, respectively) was used as control. Fungal mycelium was placed in the center of each plate and incubated
for 7 days at 24 °C. Subsequently, the diameter of the fungal colony was measured, and the relative growth
percentage was calculated. Each bar represents the mean + standard deviation of 3 independent biological replicates
(n=9). No significant differences based on ANOVA test (P < 0.05).
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Light-mediated control of gene
expression in the anoxygenic
phototrophic bacterium
Rhodobacter capsulatus using
photocaged inducers

Fabienne Hilgers*, Fabian Hogenkamp?!, Oliver Klaus?,
Luzie Kruse?, Anita Loeschcke?, Claus Bier? Dennis Binder?,
Karl-Erich Jaeger?, Jérg Pietruszka®** and Thomas Drepper*

‘Institute of Molecular Enzyme Technology, Heinrich Heine University Disseldorf at
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University Disseldorf at Farschungszentrum Jilich, Jalich, Gerrmany, “Institute of Bio- and
Geosdiences: Biotechnology (IBG-1), Forschungszentrum Jalich, Jilich, Germany

Photocaged inducer molecules, especially photocaged isopropyl-p-p-1-
thiogalactopyranoside (cIPTG), are well-established optochemical tocls for
light-regulated gene expression and have been intensively applied in
Escherichia coli and other bacteria including Corynebacterium glutamicum,
Pseudomonas putida or Bacillus subtilis. In this study, we aimed to implement a
light-mediated on-switch for target gene expression in the facultative
anoxygenic phototroph Rhodobacter capsulatus by using different clPTG
variants under both phototrophic and non-phototrophic cultivation
conditions. We could demonstrate that especially 6-nitropiperonyl-(NP)-
clPTG can be applied for light-mediated induction of target gene expression
in this facultative phototrophic bacterium. Furthermore, we successfully applied
the optochemical approach to induce the intrinsic carotenoid biosynthesis to
showcase engineering of a cellular function. Photocaged |PTG thus represents
a light-responsive tool, which offers various promising properties suitable for
future applications in biology and bioctechnology including automated multi-
factorial control of cellular functions as well as optimization of production
processes.

KEYWORDS

caged compounds, light-controlled gene expression, optogenetics, purple non-sulfur
photosynthetic bacteria, Rhodobacter capsulatus
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Rhodobacter capsulatus

GRAPHICAL ABSTRACT

Introduction

In the field of optogenetics, the application of light offers
various advantageous properties such as non-invasive control
with high spatiotemporal resolution (Deiters, 2009; Drepper
et al., 2011; Brieke et al., 2012; Gardner and Deiters, 2012;
Bardhan and Deiters, 2019; Baumschlager and Khammash,
2021). In this context, photo-labile protecting groups are
useful for controlling a multitude of cellular processes
including cell signaling (Liu et al, 2017; Bardhan and
Deiters, 2019 Kolarski et al, 2019) or gene expression
(Young and Deiters, 2007; Gardner et al., 2011; Binder et al.,
2014; Bier et al,, 2016; Kusen et al, 2016; Hogenkamp et al.,
2022). For light-regulated gene expression, especially
photocaged isopropyl-p-n-1-thiogalactopyranoside (cIPTG)
was applied, e.g, for automated optimization of heterologous
gene expression in Escherichia coli using a high-throughput
screening system (Wandrey et al, 2016). The growth medium
can be supplemented with photocaged PTG, which remains
non-functional, until a light-pulse releases the inducer from its
caging group so that it can induce expression of target genes
under control of a lac (or lac-type) promoter by specific
interaction with the Lacl repressor. Photocaged IPTG has further
been utilized to control gene expression in the Gram-positive
bacteria Corynebacterium  glutamicum (Binder et al, 2016;
Burmeister et al,, 2021) and Bacillus subtilis as well as the Gram-
negative bacterium Pseudomonas putida (Hogenkamp et al., 2021).
However, the applicability of photocaged inducer molecules for
light-mediated control of bio(techno)logical processes has not been
studied so far in phototrophic bacteria, since the individual emission
spectra of applied light sources might hamper the separation of
photosynthetic from optochemical control processes. In this study,
we thus evaluated if photocaged IPTG can be used to implement

Frontiers in Bioengineering and Biotechnology

gl

02

0,
level
s L0BmL
a YT e
aerobic
growth
o15mL
" microaerobic
growth
-"/
phototrophic
42 mL growth

non-invasive light control for target gene expression in the
facultative anaerobic phototroph R. capsulatus.

R. capsulatus is a metabolically versatile bacterium that is able to
grow either under phototrophic conditions (ie., in the absence of
oxygen and presence of light) by performing anoxygenic
photosynthesis or under chemotrophic conditions (in the
presence of an electron acceptor, eg. molecular oxygen)
(Stoppani et al, 1955; Tabita, 1995; Strnad et al., 2010). Upon
reduction of oxygen tension, R. capsulatus starts to form an
intracytoplasmic membrane (ICM) system, which harbors the
photosynthesis apparatus (Drews and Oelze, 1981; Wu and
Bauer, 2008; Tucker et al., 2010; Drews, 2013). Since this ICM
system can function as a naturally enlarged storage compartment for
membrane-embedded enzymes and metabolites, the phototrophic
lifestyle renders novel approaches possible where R. capsulatus is
applied as an alternative host for the production of otherwise
difficult-to-express membrane proteins as well as hydrophobic
secondary metabolites such as plant-derived terpenoids (Khan
et al, 2015; Loeschcke et al, 2017; Hage-Hiilsmann et al, 2019;
Troost et al,, 2019; Hilgers et al., 2021; Klaus et al,, 2022).

Phototrophic growth offers robust and relatively fast cell
division of R. capsulatus cells, as the broad emission spectrum of
bulb light or natural daylight is suitable for the excitation of all
photopigments, namely the carotenoids spheroidene (Ai;, =454,
478, 509 nm) and spheroidenone (N = 500nm) as well as
bacteriochlorophyll a (BChl a, A&, = 800 and 860 nm) (Obeid
et al., 2009; Boran et al., 2010; Katzke et al., 2010; Elkahlout et al.,
2019). In the presented study, we evaluated whether
optochemical induction of gene expression can be established
under non-phototrophic and phototrophic growth conditions by
using UV-A light-responsive ¢IPTG. For phototrophic
cultivation of R. capsulatus cells, cell suspensions were
illuminated using near infrared (NIR) light-emitting LEDs
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FIGURE 1

Establishment of optochemical control over gene expression inR. capsutatus under non-ph
Light-controlled expression of the reporter gene eyip in R. capsuiatus using photocaged |
with UV-A light (purple flash symbol), the protection group is cleaved off, the previously inactive IPTG molecule is released and induces Lacl

rophicand phototrophic growth conditions. (A)
TG; red circle with blue frames). Upon illumination

tac™

rmediated eyfp expression. (B) For analyzing light-dependent control of gene expression, R. capsulatus cells were either cultivated under non-
phototrophic conditions (i.e., aerobic or microaerobic conditions in Round Well Plates with filling volumes of 0.8 and 15 mL, respectively) or

anaerobic, phototrophic growth conditions us
Photocaged IPTG variants NP-cIPTG, BC-c| and BEC-
and subsequent enzymatic hydrolysis (purple circles)

(Amax = 850 nm) instead of commonly used broad-spectrum bulb
light to aveid unintended activation of the optochemical on-
switch (Figure 1A).

Since the formation of the ICM system might function as
natural, hydrophobic diffusion barrier, which could affect the
uptake of caged inducer molecules under phototrophic growth
conditions, we additionally evaluated the applicability of the three
differentially soluble cIPTG variants 6-nitropiperonyl photocaged
IPTG (NP-cIPTG), 4,5-bis(carboxymethoxy)-2-nitrobenzyl
photocaged PTG (BC-cIPTG) and 45-
bis(ethoxycarbonylmethoxy)-2-nitrobenzyl ~ photocaged ~ IPTG
(BEC-cIPTG) (Hogenkamp et al, 2021) for this optochemical
approach (Figure 1). While the well-established NP-cIPTG shows
a low solubility in the cultivation medium resulting in the formation
of an emulsion, BC-cIPTG offers an approximately 200-fold higher
water-solubility. In contrast, BEC-cIPTG exhibits low water-
solubility but offers hydrophobic side chains that might enhance
its ICM-permeability. The original water solubility of IPTG is

Frontiers in Bioengineering and Biotechnology

NIR light LED as sole light source (red LED diodes; A, = 850 nim, small scale screw neck vials). (C)
G used in this study as well as the respective cleavage sites addressed by photolysis

restored via the uncaging process, leading to a dissolution of the
emulsion-like mixture after UV-A illumination.

As those photocaged molecules strongly differ in
hydrophobicity and water-solubility, we wanted to compare
their general usability for light-controlled gene expression in
R. capsulatus under phototrophic (formation of high ICM levels)
and non-phototrophic (moderate to low ICM formation)
that
photocaged inducer molecules and especially NP-cIPTG can

conditions. In summary, we could demonstrate
be applied for light-mediated control over gene expression in
the phototrophic bacterium R. capsulatus. Furthermore, we
successfully applied this optochemical approach to control the
intrinsic carotenoid pathway to showcase engineering of
secondary metabolite biosynthesis. This optochemical on-
switch thus offers various promising properties suitable for
biotechnological applications in phototrophic hosts including
automated bioprocess engineering approaches under defined
light conditions.
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Results

clPTG-mediated light control of gene
expression in R. capsulatus under non-
phototrophic conditions

In order to establish a cIPTG-based optochemical control
of gene expression in the facultative phototrophic organism
R. capsulatus, we first constructed the expression plasmid
pRholHi-2-eYFP containing the repressor gene lacl and the
Lacl-controlled P, promoter originating from the shuttle
vector pEKEx2 (Eikmanns etal., 1991) (Supplementary Table
51) as well as the downstream located eyfp reporter gene,
whose expression was first analyzed in R. capsulatus under
aerobic and microaerobic conditions (i.e., low and
intermediate induction of ICM formation) in the dark

Since we performed small scale cultivation of R. capsulatus
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in the BioLector microbioreactor for the first time, the filling
volume of the Round Well Plates as well as the shaking
frequencies were experimentally determined to adjust the
aeration of cultures during non-phototrophic growth
(Figure 1B; Supplementary Figure S1). To this end, the R.
capsulatus strain carrying the corresponding eyfp expression
vector pRholHi-2-eYFP was cultivated in the dark without
the addition of IPTG but with varying filling volumes and
shaking frequencies (800 pL and 800 rpm, 1,000 uL or
1,500 uL and 400 rpm) for 48 h at 30°C. In these cultures,
bacterial growth (scattered light intensity, Supplementary
Figure S1A) and the dissolved oxygen tension (DOT;
Supplementary S1B)
Sufficient conditions for aerobic and microaerobic growth

Figure were  online-monitored.
were found to be 800 pL filling volume and 800 rpm shaking
frequency or 1,500 pL and 400 rpm, respectively. To evaluate

the functionality and inducibility of the Lacl/P,,, promoter
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system in R. capsulatus under non-phototrophic growth
conditions, IPTG was added at increasing concentrations
(0-10 mm) to the medium after 9h of cultivation (early
logarithmic growth phase) and reporter gene expression was
analyzed by detecting the specific eYFP fluorescence
(Supplementary Figures S2A,B). The results showed a
comparatively high eyfp expression for IPTG concentrations
of 1 mMm and above; thus, 1 mum was chosen as sufficient inducer
concentration in all further experiments. To evaluate, whether
cIPTG derivatives can be applied for light-controlled gene
expression in  R. capsulatus under non-phototrophic
conditions, we analyzed the induction response of NP-
cIPTG, BC-cIPTG and BEC-cIPTG in comparison to IPTG
for the strain R capsulatus SB1003/pRholHi-2-¢YFP in the
absence and presence of UV-A light (., = 365nm, 1 mW/
cm®, 30min). Both experiments revealed considerable
induction levels for all three cIPTG derivatives leading to
induction levels of at least 70% and up to nearly 150% in
comparison to IPTG (Figures 2A.C). The corresponding
measurements of the respective cell densities (Figures 2B,D)
further revealed that cell growth was slightly affected by the
respective photolysis products or UV-A light exposure under
aerobic conditions and considerably less influenced under
microaerobic conditions, This can also be confirmed by the
growth curves and fluorescence measurements (Supplementary
Figures S4A,B, §5).

However, only NP-cIPTG showed a reasonably low
induction level under light exclusion for aerobic and
microaerobic cultivation conditions over 48 h in RCV medium
at 30°C, whereas the use of BC-cIPTG and BEC-cIPTG led to
high illumination-independent fluorescence signals. In order to
analyze, if the Rhodobacter cultivation medium is responsible for
the observed instability effect, the light-independent cleavage of
IPTG was analyzed in a control experiment using the well-
established strain E. celi Tuner (DE3) (Binder et al., 2014). To
this end, we measured the induction of eyfp reporter gene
expression upon addition of cIPTG variants, which were
previously incubated either in LB or RCV medium
(Supplementary Figure S4C). These data show that no auto-
hydrolysis was observed for any cIPTG derivative in sole RCV or
LB medium and thus could give a first hint that host specific
enzymes or metabolites might be involved in the light-
independent hydrolysis of BC- and BEC-cIPTG at least under
aerobic and microaerobic growth conditions. We therefore
identified the non-toxic and functional NP-cIPTG as the most
promising candidate for light-controlled induction of gene
expression in R capsulatus under non-phototrophic conditions.

In a next step, we evaluated the applicability of cIPTG as an
optochemical on-switch under phototrophic conditions, where
additional bottlenecks may arise such as permanent
illumination necessary for photosynthesis and the extensive
formation of ICM that might function as additional cellular
diffusion barriers.
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Light-mediated induction of gene
expression in R. capsulatus under
anaerobic, phototrophic growth
conditions

In the laboratory, phototrophic R. capsulatus cultures are
typically grown in sealed hungate tubes under constant
illumination with bulb light to ensure both a strict oxygen
exclusion and optimal light conditions. First, we analyzed
whether illumination of cultures, which is essential for
phototrophic growth, already leads to unwanted uncaging
effects. For this purpose, we wused 1,2-dimethoxy-4-
nitrobenzene (DMNB) as a molecular UV-A light detector
suitable for the analysis of nitrobenzyl-based photouncaging
processes (Pelliccioli and Wirz, 2002; Nakayama et al., 2011;
Brieke et al, 2012). Under UV-A light exposure, the DMNB
molecule undergoes a photoconversion into 2-methoxy-5-
nitrophenolate (MINP) accompanied by a precisely detectable
increase of absorption at A, = 422 nm (Supplementary Figures
$7A-C) (Van Riel et al,, 1981; Zhang et al., 1999). To detect
undesired uncaging processes induced by different light sources
applicable for phototrophic cultivation of R. capsulatus cells
(Kaschner et al,, 2014; Peters et al., 2019; Hilgers et al, 2021),
the DMNB solution was exposed for 48 h either to bulb light
(broad emission spectrum with high NIR light and low UV light
components) or NIR light (monochromatic, A,,., = 850 nm).
Additionally, a dark control and samples with increasing UV-A
light exposure times from 30 to 90 min were performed
(Supplementary Figure 57D).

Interestingly, analysis of photochemical MNP formation
at 422 nm after 24 and 48 h revealed that exposure to bulb
light leads to absorption values comparable to samples that
were irradiated by UV-A light for 30 min. Thus, bulb light is
not applicable as a light source for the phototrophic
cultivation of R. capsulatus if cIPTG is intended to be used
as an optochemical on-switch. In contrast, NIR light at
850 nm (ie, the absorption maximum of the
photopigment BChl a) seems to be a promising alternative
light source, as even after 48 h no photoconversion of DMNB
could be detected in comparison to the dark control. To
determine, which NIR light intensities are needed for
efficient phototrophic growth of R. capsulatus, cells were
cultivated with NIR light of increasing intensities ranging
from 0.5 mW/em® up to 5.1 mW/cm® using a custom-made
NIR light LED panel (Hilgers et al., 2021) and analyzed the
growth behavior (Supplementary Figure S8). The data
revealed that both too high and too low NIR light
intensities have a negative effect on phototrophic growth
due to insufficient energy supply or adverse cultivation
temperatures. However, illumination properties of NIR
LED panels could be appropriately adjusted for
phototrophic growth of R. capsulatus: An NIR-light
intensity of 1.7mW/cm® led to similar cell densities as
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compared to bulb light irradiation without exceeding the
optimal growth temperature. It is worth mentioning that
an altered color could be observed for R. capsulatus
cultures grown under NIR light illumination, which might
indicate an adaptation of photopigment synthesis or
accumulation.

Next, we analyzed whether photocleavable cIPTG derivatives
can be applied for UV-A light-dependent control of gene
expression in phototrophically growing R. capsulatus cells. To
this end, the strain R. capsulatus SB1003 carrying the plasmid
pRholHi-2-eYFP was cultivated under constant NIR light
expression in cIPTG-
supplemented cultures was induced after 6h (early
logarithmic growth phase) with 30min of UV-A light
(365 nm; ~2mW/cm®). Resulling eYFP fluorescence signals

llumination and reporter gene

were analyzed when cells reached the stationary growth phase
(48 h). As shown in Figure 3A, UV-A light-induced uncaging of
the cIPTG derivatives NP- and BC-cIPTG resulted in even higher
eyfp expression levels as in the control experiment, where
conventional PTG was added to UV-A exposed cultures,
while the expression strength of BEC-cIPTG was slightly
lower. Remarkably, changing the water solubility and thus the
hydrophobicity of cIPTG did not result in improved eyfp
expression levels under phototrophic growth conditions. Based
on the approximately similar fluorescence signals observed after
IPTG and NP-cIPTG induction under aerobic, microaerobic, and
phototrophic conditions, it can thus be concluded that the
putative [PTG diffusion barrier formed by ICM do not exert a
significant influence on NP-cIPTG uptake. In addition, as
previously observed in cultures that have been grown under
aerobic and microaerobic conditions, BC-cIPTG and BEC-
cIPTG were not stable during phototrophic cultivation,
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resulting in almost equally high induction levels in the control
(-UV) as compared to the UV-A light exposed cultures (+UV).
In contrast, NP-cIPTG showed sufficient stability and neglectable
toxicity under phototrophic growth conditions (Figure 3;
Supplementary Figures 54,86).

Further it should be noted that the cell density-normalized
eYFP fluorescence under phototrophic conditions is
significantly higher than under aerobic or microaerobic
conditions (Supplementary Figure 52). Similar results were
obtained in the study of Katzke and co-workers, where the
protein yield of the T7 expression strain R. capsulatus B10S-
T7 was superior under phototrophic growth conditions
(Katzke et al., 2010). This observation further supports the
assumption that an increased energy availability during
phototrophic growth might facilitate efficient synthesis of
heterologous proteins in R. capsulatus. In this context, it
is worth mentioning that phototrophically cultivated
R. capsulatus cells showed an increased eYFP fluorescence
in the presence and absence of conventional IPTG, when
cultures were additionally illuminated with UV-A light.
This might that UV-A  light

illumination, although it was only briefly applied in an

observation indicate
early phase of cell cultivation, can also lead to an excitation
of the photopigment BChl a in the Soret band (Happ et al.,
2005; Xin et 2007). This further

photosynthesis and thereby facilitate energy-demanding

al., might boost
processes including eyfp over-expression if applied NIR
light exposure is not sufficient for full BChl a excitation.
Additionally, phototrophically grown cultures without
supplemented PTG exhibited a high basal epfp expression
level (Figures 2, 3; Supplementary Figures S2A-C). Since wild-
type control cultures without an expression plasmid did not show
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significantly increased fluorescence levels, the promoter system
appears to be affected by high basal expression, possibly caused
by an insufficient amount of the Lacl repressor. As noted in
previous studies, increasing thelevel of Lacl has been shown to be
extremely valuable for reducing basal expression and thereby
increasing the tightness of an expression system (Dubendorf and
Studier, 1991; Studier, 1991).

The data presented so far can be summarized as follows:
1) the eyfp expression experiments clearly demonstrated that NP-
cIPTG can be used as an optochemical on-switch for light-
dependent induction of heterologous gene expression in
R. capsulatus. 2) Neither constant illumination with NIR light,
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which is required for photosynthesis, nor the formation of ICM
negatively affected the function of light-responsive cIPTG.
Hence, this optochemical switch can be wused for the
facultative bacterium under both

phototrophic non-

phototrophic and phototrophic growth conditions.

Optimization of pRholHi-2-eYFP

As mentioned above, phototrophically grown R. capsulatus
cultures exhibited a high basal eyfp expression level under
uninduced conditions (Figure 3). Therefore, we next analyzed if
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Light=-controlled induction of carotenaid productionin phototrophically grown R. capsulatus SB1003 AcrtEF cells carrying pRholtHi=crtE=crtF.

(A} Intrinsic carotenoid synthesis of R. capsuiatus starting from the terpene Cs building blocks IPP and DMAPP. Deletion of genes encoding the
relevant carotenoid pathway enzymes Crtk and CrtF results in a carotenocid-deficient strain (Hage-Hilsmann et al., 2019). The genes crtE and crif
were cloned in a plasmid and placed under control of the Pra- promoter to facilitate IPTG-based control. Light-mediated induction of crt gene
expression was achieved by using NP-cIPTG. IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; FPP, farnesyl pyrophosphate;
IspA, FPP synthase; GGPP, geranylgeranyl pyrophosphate; CrtE, GGPP synthase; CrtB, phytoene synthase; Cril, phytoene desaturase; CrtC,
hydroxyneurosporene synthase; CrtD, hydroxyneurosporene desaturase; CrtF, demethylspherocidene O-methyltransferase. (B} Pigmentation of
phototrophically grown R. capsulatus strains SB1003 AcrtEF (AcrtEF), SBLOO3 AcrtEF/pRhaltHi-crE-crtF supplemented with 1 mm NP-cIPTG under
non=illuminated (-UV, L-crtEF) or UV=Alilluminated conditions (+UV, L-crtEF) and SB1003 wildtype strain (SB1003). Besides liquid cultures, cell pellets
corresponding to an optical density at 660 nm of 2.5 are shown. (C} Carotencid absorption at 484 nm of R. capsulatus SB1003 AcrtEF/pRholtHi-
crt-crif (L-crtEF) cultures supplemented with 1 mum NP-clPTG (+NP-cIPTG + UV and -UV) are shown in comparison to the respective absorption of
extracts from R capsulatus SB1003 wildtype (SB1003) cells. In addition, cell cultures supplemented with 1 mm IPTG (positive control, +IPTG) or
without IPTG (negative control, -IPTG) were likewise analyzed after 48 h of phototrophic cultivation [RCYV mediurn, 30°C, screw neck vials, NIR light
Amax = 850 nm, 1.7 mW/cm?)]. R. capsulatus SB1003 AcrtEF cultures were used to determine the background absorption at 484 nm and thus
corresponding values were subtracted from all other values. Induction was performed after a cultivation time of six or 18 h via UV-Alightexposure at

365 nm (~2 mW/cm?) for 30 min. Values are rmeans of individual biological triplicates. Error bars indicate the respective standard deviations

the expression properties of the Lacl/P,, system can be further
improved. In a recent publication, it was shown that the well-known
shuttle vector pEKEx-2 (Eikmanns et al., 1991), which was used for
isolating the lacl’-Py,-lacO fragment in this work, showed likewise
high basal target gene expression in uninduced C. ghitamicum
cultures (Bakkes et al, 2020). The authors proved that this
plasmid features two unfavorable parts (Figure 4), which might
hamper tight Lacl-mediated gene expression and plasmid stability.
Firstly, the nucleotide sequence of the repressor gene lacl revealed a
deviation from the original E. coli K12 sequence at the 3'-end
resulting in a substitution and elongation of the last 19 amino acid
residues of Lacl (starting from amino acid residue 341), which might
lead to decreased repressor activity. Secondly, the plasmid backbone
harbors a duplicated DNA sequence upstream of the lacl gene that
corresponds to a correct Lacl C-terminal coding sequence, which
might lead to plasmid instability due to homologous recombination.
After reconstitution of the original /acl sequence, leaky target gene
expression could be significantly decreased (Baldees et al., 2020).
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Following these recent findings, we replaced the likewise occurring
wrong lacl gene variant on pRholHi-2-eYFP (in Figure 4 designated
as L-eYFP) accordingly by an intact lacl and deleted the DNA
duplicate region (519 bp) approximately 1.5 kb upstream of the lacl
gene in the plasmid backbone (pRholHi-2_Alac-eYFP; in Figure 5
designated as 1_Alac-eYFP). To analyze, if the Rhodobacter
expression plasmid can be further improved, we finally
implemented an in silico optimized ribosome binding site
consisting of an optimized Shine-Dalgarno (SD) and SD-spacer
sequence (pRholtHi-eYFP, in Figure 5 designated as Lt_Alac-eYFP;
for SD and spacer sequences, please see the Supplementary
Material). Subsequently, Lacl-controlled eyfp reporter gene
expression in all three constructs was analyzed in R. capsulatus
5B1003 under phototrophic conditions to evaluate the influence of
those modifications on the basal expression level and induction
factor of the respective expression systems (Figures 45 ,C).

As already observed in the previous measurements, the
expression plasmid pRholHi-2-eYFP leads to a high basal eyfp
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reporter gene expression with an induction factor of only ~1.8
(Figures 4B.C). After reconstitution of the original lacl gene from
E. coli and the deletion of the homologous lacl region in the plasmid
backbone (pRholHi-2_Alac-eYFP), the fluorescence level after
induction was slightly decreased but the basal expression was
also reduced leading to an induction factor of ~2.5. However, the
in silico calculation of an optimized RBS for eyfp expression in
R. capsulatus (pRholtHi-eYFP) finally led to a 1.8-fold increased
eYFP fluorescence level when compared to pRholHi-2-¢YFP and an
induction factor of ~3.2. Further, the gradual inducibility of the
novel plasmid variant pRholtHi-eYFP  (Lt_Alac-eYFP) was
evaluated in R capsulatus under both non-phototrophic and
phototrophic growth conditions. For this purpose, IPTG was
added to the medium at increasing concentrations (0-10mm)
after 9h of cultivation (early logarithmic growth phase) and
reporter gene expresion was analyzed by detecting the specific
eYFP fluorescence (Supplementary Figures S52D-F). The
optimized plasmid shows an improved induction profile with a
gradual induction response. Additionally, the influence of the
induction time point was evaluated under non-phototrophic and
phototrophic growth conditions revealing the induction of reporter
gene expression can be performed under both applied conditions in
the lag, early, mid-logarithmic and late-logarithmic growth phase
without having a strong influence on the growth or induction of
eYFP gene expression (Supplementary Figure S3).

Further, toxicity measurements with the R. capsulatus
SB1003 wildtype strain revealed no significant impairments of
UV-A light or the photolysis products on cell growth
(Supplementary Figure 56). Subsequently, this plasmid variant
was used to reevaluate the cIPTG-mediated induction of eyfp
expression in R. capsulatus under phototrophic conditions
(Figure 4D). For this purpose, only NP-cIPTG was applied.
As  expected, the fluorescence intensity of cultures
supplemented with IPTG and NP-cITPG after UV-A
illumination was comparably high and the basal expression
could be reduced (induction factor of ~5.2) in comparison to
the previous measurement (Figure 3A, induction factor for NP-
cIPTG ~2.9). Thus, not only the optimization of the plasmid
backbone, but also the in silico optimization of the RBS sequence
clearly increased the tightness and strength of this expression
plasmid.

Optochemical control of a secondary
metabolite pathway in phototrophically
grown R. capsulatus

Finally, we applied the light switch to modulate an intrinsic
biosynthetic secondary metabolite pathway of R. capsulatus. We
chose the early enzymatic step of the carotenoid pathway as
suitable target, which is responsible for the conversion of the
precursor molecule farnesyl pyrophosphate (FPP). FPP is a key
metabolite that is essential for the synthesis of the photopigments

Frontiers in Bioengineering and Biotechnology

09

RESULTS

10.3389/fbice.2022.902059

spheroidene and spheroidenone (belonging to the class of
tetraterpenoids) and heterologous sesqui- and triterpenoids
(Figure 5A) (Troost et al, 2019; Hage-Hilsmann et al., 2021;
Hilgers et al, 2021).

In a mutant strain lacking the relevant carotenoid
biosynthesis genes crtE and crtF, intrinsic carotenoid
biosynthesis cannot be performed, which results in a distinct
greenish-colored phenotype (Figure 5B, Hage-Hulsmann et al.,
2019). We used this strain  for light-controlled
complementation of the observed mutant phenotype, by
placing ertEF expression under Lacl/P,, control. For this
purpose, the plasmid pRholtHi-crtE-crtF was transferred to
the carotenoid deletion strain R. capsulatus SB1003 AcrtEF and
cells were grown phototrophically for 2 days under NIR light
(Mex = 850 nm, L.7mW/cm®). Firstly, the influence of the
induction level on carotenoid production was evaluated by
addition of IPTG concentrations ranging from 0 to 1 mum.
Interestingly, in contrast to the eYFP reporter gene
expression, increasing [PTG concentrations did not lead to
gradually elevated carotenoid levels but rather to an on-or-off
response possibly due to suboptimal fluxes of intermediates
(Supplementary Figure S9). Nevertheless, this test system was
subsequently evaluated for light-controlled regulation of
carotenoid production using NP-cIPTG. Induction of the
plasmid-encoded genes crfE and crtF was performed after six
or 18 h via appropriate UV-A light exposure (30 min, A,,,, =
365 nm, 2 mW/cm?) or by adding IPTG at the respective time
point. For quantification of the carotenoid accumulation, the
absorption of the cultures containing IPTG as well as
R. capsulatus SB1003 wildtype and SB1003 AcrtEF cultures
as corresponding positive and negative controls were
analyzed using a Tecan Microplate reader (Figure 5C), While
R. capsulatus SB1003 AcrtEF cultures without induction of
crtEF  expression exhibited a similar pigmentation as
observed in the control strain (AcrtEF) (Figure 5B), addition
of IPTG resulted in a clearly visible change of the cell coloration
indicating a partial complementation of the phenotype that is
caused by the crtEF gene deletion. This observation could be
verified by quantitative analysis of the corresponding
carotenoid absorption (Figure 5C). In addition, optochemical
induction of crtEF gene expression using NP-cIPTG could
almost completely restore the carotenoid-deficient phenotype
resulting in a pronounced carotenoid absorption level thereby
demonstrating the applicability of caged inducers as light-
responsive on-switches for secondary metabolite biosynthesis
under phototrophic conditions. This may open up new
strategies for the dynamic control of complex secondary
metabolite pathways such as the terpene pathway in
phototrophic bacteria, which were recently shown to be
promising alternative production hosts for the sustainable
production of plant terpenes (Hage-Hiilsmann et al,, 2019;
Troost et al., 2019; Hilgers et al., 2021; Klaus et al., 2022), In

this context, the optochemical control of the carotenoid
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production might offer the possibility to precisely activate the
carotenoid biosynthesis pathway in R. capsulatus cells allowing
to modulate the FPP level for improving heterologous terpene
production. This approach seems to be promising since an
efficient terpene production requires a suitable FPP supply
(Loeschcke et al., 2017; Troost et al., 2019; Hilgers et al.,
2021). In near future, heterologous production of terpenes
could thus be improved by performing phototrophic growth
with optochemically controlled carotenoid levels to ensure an
optimal supply of the FPP intermediate.

Discussion

Two aspects were considered for establishing photocaged
inducers as alternative optochemical on-switches suitable for
light-driven induction of gene expression in the phototroph
R. capsulatus: 1) the general functionality of photocaged
inducers including their stability during cell cultivation, their
non-toxicity, and their induction efficiency and 2) specific
characteristics such as the compatibility of absorption spectra
of photocaged inducers and photopigments as well as the robust
applicability of the light-responsive inducer molecules under
diverging growth conditions.

‘We could show that neither the three cIPTG derivatives nor
the photoproducts are toxic for R. capsulatus and can basically be
applied for inducing Lacl/Pp.-based target gene expression.
However, only NP-cIPTG showed a sufficient stability in non-
phototrophic and phototrophic Rhodobacter cultures when
grown in the absence of UV-A light. The photoconversion of
NP-cIPTG resulted in a specific activation of the P, promoter
leading to a strong expression of downstream located genes
irrespective of the chosen growth conditions. Remarkably, in
some cases we could observe even higher induction levels when
cIPTG instead of IPTG was used. These findings could be
explained by an improved diffusion of the caged IPTG
derivatives over the bacterial cell membrane in comparison to
IPTG. Similar enhancement of photocaged inducer mediated
induction of gene expression could also be observed in other
bacterial expression hosts (Hogenkamp et al., 2021; Hogenkamp
et al, 2022),

To retain the specific UV-A light responsiveness of cIPTG
during phototrophic growth, we applied NIR light-emitting
LED panels as alternative light sources. Irradiation of BChl a
at 850 nm was shown to be sufficient for phototrophic growth
thereby making the spectral range of 300-800 nm available for
optochemical and optogenetic approaches. Besides the use of
photocaged inducers these approaches thus may also include a
variety of photoreceptors such as the well-known blue light-
responsive  photoreceptors of the LOV-, BLUF- or
cryptochrome  families (Briggs and Christie, 2002;
Gomelsky and Klug, 2002; Lin and Todo, 2005; Losi and
Girtner, 2008; Drepper et al., 2011; Losi et al., 2018) or red
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light-sensing phytochromes (Levskaya et al., 2005; Rockwell
et al.,, 2006; Tang et al., 2021).

Consequently, light-mediated regulation of gene expression
in photosynthetic microbes using photocaged inducers opens up
the possibility to optimize production of valuable secondary
metabolites including terpenes. The combination of different
optochemical and optogenetic switches further offers multi-
factorial light-driven regulation approaches in principle
allowing the gradual and dynamic control of complex
biological processes with high spatial and temporal resolution.
In future, this tool could thus prove valuable e.g., for automated
control processes, where different light stimuli control cellular
production processes in response to signals of intermediate- or
product-specific biosensor in a dosed-loop or microfluidic setup
(Toettcher et al., 2011; Milias-Argeitis et al,, 2016; Lalwani et al,,
2018; Boada et al., 2020). Thus, photocaged inducers can
contribute to non-invasive, light-mediated optimization of
sustainable production processes in photosynthetic microbes.

Material and methods
Bacterial strains and plasmids

The Escherichia coli strain DH5a (Hanahan, 1983) was used
for cloning and the strain §17-1 (Simon et al., 1983) for the
conjugational transfer of expression plasmids. Al E. coli strains
were grown at 37°C on LB agar plates or in liquid LB medium
(Luria/Miller, Carl Roth®), supplemented with kanamycin
(50 pg mL™") when necessary. The R. capsulatus strain
SB1003 (Strnad et al,, 2010) was grown on PY agar plates
containing 2% Select Agar (Thermo Fisher Scientific) or in RCV
liquid medium containing 15mm  ammonium  and
supplemented with kanamycin (25pg mL™') at 30°C. For
cultivation of strain SB1003, rifampicin (25 pg mL™") was
used additionally. If not stated otherwise, cultivation was
conducted under anaerobic, photoheterotrophic conditions
and permanent illumination with bulb light (2500 lx), as
described previously (Troost et al., 2019).

All bacterial strains as well as the construction and genetic
properties of plasmids used in this study are listed in
Supplementary Table S1.

Cultivation of R. capsulatus for target gene
expression

The aerobic and microaerobic expression cultures were
grown in RCV + ammonium medium at 30°C using 48-well
Round Well Plates” in a BioLector microbioreactor system
(m2p labs, Germany) applying variable filling volumes and
shaking frequencies to control dissolved oxygen tension (800,
1,000 and 1,500 pL; 800rpm or 400 rpm, respectively).
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Cultures were inoculated with an optical density of
0.1 determined at 660 nm. The cell density was measured
during cultivation via scattered light intensity at 620 nm and
the eYFP fluorescence intensities were online-monitored
using a 508/532nm flter. Heterologous and homologous
gene expression was induced during early logarithmic
phase (after approx. 9 h) via UV-A light exposure (VL-
315. BL lamp, Vilber Lourmat, France; ~1 mW/cm?,
30 min exposure) in RCV medium that was supplemented
with BC-, BEC- or NP-cIPTG (1 mum) or by adding IPTG
(1 mu) directly after light exposure in corresponding control
cultures. In a previous study it could be demonstrated that
these illumination conditions were sufficient for almost
complete photoconversion of all ¢IPTG derivatives
resulting in the full release of the active inducer molecule
(Hogenkamp et al., 2021). The phototrophic expression
cultures were inoculated with a starting ODggonm of 0.5 in
completely filled 4.2 mL screw neck vials (N13; Macherey-
Nagel, Daren, Germany) using tight screw caps with a
bonded septum (Macherey-Nagel, Diiren, Germany) in
RCV + ammonium medium at 30°C. Those were shown to
be appropriate cultivation vessels for phototrophic growth in
a previous study (Hilgers et al,, 2021). To establish adequate
environmental conditions for anoxygenic photosynthesis,
cells were permanently illuminated with NIR light
(850 nm, 1.7 mW/cm®) using customized LED panels that
have been described previously (Hilgers et al., 2021). The
expression was induced after 6 h by UV-A light irradiation
(365 nm, 2 mW/cm’, 30 min exposure, the UV-A light LEDs
are also installed on the panels) using NP-, BC-, or BEC-
cIPTG (1 mum) added prior to cultivation. Due to the slightly
higher distance of the vials to the LED panels during
phototrophic cultivation in comparison to MTP and a
possible shading effect of the increasingly colored R.
capsulatus cells, we increased the UV-A light intensity to
2mW/cm® to ensure a full uncaging of cIPTG. The same
concentration of IPTG was used for corresponding control
experiments. After 48 h of cultivation, R. capsulatus biomass
and eYFP fluorescence were determined. For comparable
measurements, 800 uL. of each vial were transferred to one
well of a Round Well Plate and further incubated at 30°C for
1.5h in a BioLector microbioreactor system (m2p labs,
Germany) (800 pL, 800 rpm) to ensure O,-dependent eYFP
chromophore maturation. After eYFP maturation was
completed, the cell density was measured via scattered
light intensity at 620 nm and the eYFP fluorescence was
determined by using a 508/532nm filter. Tt should be
noted that the low solubility of NP-cIPTG in the
cultivation medium can promote the formation of an
emulsion-like solution, which can interfere with the
determination of cell densities via the measurement of

scattered light intensities in this experimental setup.

Frontiers in Bioengineering and Biotechnology

RESULTS

10.3389/fbice.2022.902059

DMNB-actinometry

For the DMNB assay, 1.25mm DMNB was dissolved in
aqueous KOH solution (0.5 m) with 10% (v/v) DMSO. The
alkaline DMNB solution was subsequently incubated under
the same conditions applied for phototrophic growth of
R capsulatus. DMNB  photoconversion to MNP was
monitored by the increase of absorption at a wavelength of
422 nm (100 pl, Tecan Infinite M1000 Pro microplate reader).
The UV-A exposure was carried out using a UV-A hand lamp
(VL-315. BL 45W, Vilber Lourmat, France; 54 mW/cm?® at
365 nm for 1.5cm distance to light source), the other light
sources were used as described above.

Carotenoid production

The carotenoid complementation assay was performed using
4.2 mL screw neck vials (N13; Macherey-Nagel, Diiren, Germany)
for cultivation of R. capsulatus SB1003 AcrtEF in NP-cIPTG
supplemented RCV medium containing 15my ammonium
[starting ODggpnm = 0.1, 30°C, anaerobic conditions, permanent
illumination with NIR light (850 nm, 1.7 mW/cm®)]. The
expression of the crEF genes located on the Py,-based
expression vector pRholtHi-crtE-criF was induced after six or
18h via UV-A light exposure (365nm, 2 mW/cm®, 30 min
exposure). [PTG was added at the same time points to the
respective control strains. After 48 h, carotenoid accumulation
was analyzed in 100 uyL RCV via absorption measurement at
484 nm using an Infinite M1000 Pro microplate reader (Tecan
Group LTD., Maennedorf, Switzerland).

For all illumination experiments, intensities of different light
sources were quantified at relevant wavelengths (ie. 365 and
850 nm) by using a Thermal Power Sensor (S302C, Thorlabs Inc.,
United States).

Synthesis of photocaged compounds

NP-cIPTG (Young and Deiters, 2007; Binder et al., 2014),
BEC-cIPTG and BC-cIPTG (Hogenkamp et al, 2021) were
synthesized as published previously.

Determination of compound purity by
gNMR

The purity of the NP-cIPTG, BEC-cIPTG and BC-cIPTG was
determined via quantitative NMR. (Methanesulfonyl)methane
was utilized as internal standard for BC-cIPTG and 3,5-
bis(trifluoromethyl)bromobenzene for NP-cIPTG as well as
BEC-cIPTG. The spectra were measured at 20°C on a Bruker
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Avance/DRX 600 spectrometer with 64 scans each and 30 ps
relaxation time between each scan. The results in Supplementary

Table 52 are means of triplicate measurements.
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1 Supplementary Methods

Bacterial strains and plasmids

RESULTS

All bacterial strains, plasmids and oligonucleotides used in this study are listed in Table S1.

Table §1: Bacterial strains, plasmids and oligonucleotides used in this study.

Strains, plasmids, Relevant features, description or sequences References
oligonucleotides
Strains
E. coliDHSa. F~ @80lacZAMIS AflacZ¥A-argF) U169 recAl endAl [1]
hsdR17 phoA supE44 thi-1 gyrA96 relAl deoR
E. coli S17-1 Ec294:[RP4-2 (TcR:Mu)(KmR::Tn7)] recA, thi, pro, [2]

hsdR hsdM* Tp®, Sm®

E. coli Tuner(DE3)

FompT hsdSs (rg” mg”) gal dem lacY1(DE3)

Novagen, Merck KGaA

R. capsulatus SB1003 Wild-type, Rif® [3]
R. capsulatus SB1003 AertE, AertF, Rif® Sm® [4]
AcrtEF
Plasmids
pRholHi-2-eYFP pBBR-MCS-derivative, Km®, CmF®, with Smal/Xhol This work
inserted lacl-Py-lacO, eyfp
pRholHi-2_Alac-eYFP pRholHi-2-e YFP derivative with homologous lac! This work
fragment deletion and reconstituted E. coli lacl
pRholtHi-cYFP pRholHi-2-e YFP derivative with homologous lacl This work
fragment deletion, reconstituted E. coli lacl and
in silico calculated Py, RBS (i.e., Shine-Dalgarno and
spacer sequence)
pRholtHi-ertE-crtF pBBR-MCS-derivative, Km®, Cm¥, with inserted crtE This work

crtl

. pRhuf[{i.z.eYFP pBBRI1-MCS-derivative, KITIR. C]TIR. Py with Smal/Xhol Troost, unpub]ished
inserted eyfp ) 7 -

pRhotHi-2-lacl-eYFP pBBR I-MCS-derivative, Km®, Cm®, pBBR22b-lacl, (5]
Pr7-1lacO-MCS with Ndel Xhol inserted eyfp

B Oligonucleotides )

1) Smal_Ptac_eYFP_fw Binds at the 5’ end of the /acl, gene on pEKEX-2-eYFP This work
plasmid, contains Smal site.
5°-ATATCCCGGGCAAACATGGCCTGTCGC
TTG-3"

2) Binds at the 3” end of the eyfp gene on pEKEX-e-¢YFP This work

Xhol_Ptac_eYFP_rev plasmid, contains Xhol site.
S-ATATCTCGAGCACACTACCATCGGCGC

_TAC-3’

3) Binds at the 3’end of the plasmid pRholHi-2-eYFP This work

pRholHi-dlacI _fw downstream of the redundant /ac/ region, inserts
homologous regions for InFusion® cloning.
5°-CGTTGCGCAATTCCGCGAACCCCAGAGT-3"

4) Binds at the 5°end of the plasmid pRholHi-2-eYFP This work

pRholHi-dlacl_rev

upstream of the redundant lacl region, inserts
homologous regions for InFusion® cloning.
5"-CGGAATTGCGCAACGCAATTAATGTAAG
TTAG-3’
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5) Binds at the 3’ end of the plasmid pRholHi-2-eYFP This work
pRholHi_fw downstream of the lacl gene variant.

5-ATTCACCACCCTGAATTGACTCTC-3”
6) Binds at the 5° end of the plasmid pRholHi-2-e YFP This work
pRholHi_rev upstream of the lacl gene variant.

5’-GCGAGGGCGTGCAAGATTC-3’
7 Binds at the 5° end of the native lacl gene of E. coli, This work
lacI_EC_fw inserts homologous regions for InFusion® cloning.

57-CTTGCACGCCCTCGCTCACTGCCCGCTTTC

CAG-3”
8) Binds at the 3" end of the native lacl gene of E. coli, This work
lacl_EC_rev inserts homologous regions for InFusion® cloning.

5’-TTCAGGGTGGTGAATGTGAAACCAGTAACG

TTATACGATG-3"
9 Binds at the 3° end of the plasmid pRholHi-2_Alac- This work
pRholtHi_RBS_fw eYFP and inserts homologous regions for InFusion®

cloning.

5-ACAAGGAGGTATTCATATGACCATGATT

ACGCCAAGC-3¢
10) Binds at the 5° end of the plasmid pRholHi-2_Alac- This work
pRholtHi_RBS_rev eYFP and inserts homologous regions for InFusion®

cloning.

5¢-TGAATACCTCCTTGTGAAATTGTTATCCG

CTCAC-3°
11) Binds at the 5° end of the crtE gene in the R. capsulatus This work
CrtEF_genome_fw SB1003 genome, inserts homologous regions for

InFusion® cloning.

5-AGGAGGTATTTTCATATGTCTCTGG

ATAAACGTATCGAG-3’
12) Binds at the 3" end of the cr7F gene in the R. capsulatus This work
CrtEF_genome_rev SB1003 genome, inserts homologous regions for

InFusion® cloning.

5’- CTCGAATTCGGATCCTCAGCCGC

GTTCGGCCTC-3”
13) Binds at the3” end of the plasmid pRholtHi-e YFP. This work
pRholtHi-crtEF_fw 5’- GGATCCGAATTCGAGCTCC-3"
14) Binds at the 5° end of the plasmid pRholtHi-e YFP. This work

_ pRholtHi-crtEF_rev 5’- ATGAAAATACCTCCTTGTGAAATTG -3°

15) Binds at the RBS of plasmid pRholtHi-crtE-crtF and This work
pRholtHi-crtEF-QC_fw  inserts optimized RBS/spacer

5’- CAAGGAGGTTTCATATGTCTCTG

- GATAAACG-¥°

16) Binds at the RBS of plasmid pRholtHi-crtE-crtF and This work

pRholtHi-crtEF-QC _rev

inserts optimized RBS/spacer
5'- TATGAAACCTCCTTGTGAAA
TTGTTATCCG -3’
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All recombinant DNA techniques were carried out using E. coli DH5a as described by
Sambrook et al.[6]. Construction of expression vectors were carried out using restriction and
ligation cloning. The PCR fragment containing the gene for lacl? and the Puc promoter was
amplified from a synthetic gene construct on the shuttle vector pEKEx-2 (Eurofins Genomics,
Ebersberg, Germany) with oligos 1 and 2 generating appropriate Smal/Xhol restriction sites at



its 5°- and 3’-ends. This fragment was inserted into the likewise hydrolyzed plasmid pRhofHi-
2-eYFP to build the plasmid pRholHi-2-eYFP.

For construction of the optimized pRholHi-2 Alac-eYFP plasmid, the redundant 1.5 kb lacl
fragment upstream of the original lac/ gene was deleted and the lacl gene variant was replaced
by the original lacl gene from E. coli K12. Both changes were conducted in one cloning step.
For this purpose, three PCR fragments were generated: the first one encompasses the region
between the deleted redundant lac/ fragment and the original lac! gene of the plasmid backbone
(oligos 3 and 6), the second one encompasses a native version of the lacl gene from E. coli
(oligos 7 and 8) and the third one encompasses the plasmid backbone after the lacl gene until
the redundant lac! region (oligos 4 and 5). Subsequently, the three fragments were assembled
via InFusion® Cloning (Takara Bio Europe, St Germain en Laye, France).

The plasmid pRholtHi-eYFP was constructed using the pRholHi_Alac-eYFP by changing the
RBS consisting of the Shine-Dalgarno and spacer sequence upstream of the eyfp reporter gene.
An in silico optimized RBS and RBS-spacer including an Ndel site prior to the start codon of
eyfp (for sequences see chapter “DNA sequences of Pr.c promoter regions including their RBS,
RBS-spacers and/or MCS™) was calculated with the Salis Lab RBS calculator
(https://salislab.net/software/predict_rbs_calculator) [7]. The plasmid backbone was amplified
via PCR using olios 9 and 10, which featured homologous regions containing the optimized
RBS and reassembled via InFusion® Cloning (Takara Bio Europe, St Germain en Laye,
France).

For the plasmid pRholtHi-crtE-crtF, the genes crtE and crFE were amplified from the genome
of R. capsulatus SB1003 with oligos 11 and 12 generating appropriate homologous regions for
InFusion® Cloning (Takara Bio Europe, St Germain en Laye, France) at their 5°- and 3”-ends.
The plasmid backbone was amplified via PCR from the pRholtHi-eYFP using oligos 13 and
14. The PCR fragment was inserted into the amplified backbone to build the plasmid pRholtHi-
crtE-crtF. Additionally, an in silico optimized RBS and RBS-spacer including an Ndel site prior
to the start codon of c¢rtE (for sequences see chapter “DNA sequence of CrtE and CrtF from
R. capsulatus SB1003 for cIPTG-mediated expression in R. capsulatus cultures”) was
calculated with the Salis Lab RBS calculator
(https://salislab.net/software/predict rbs calculator) [7]. The adaption of the RBS spacer was
performed via QuikChange using oligos 15 and 16.
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2 Supplementary Data

Determination of suitable cultivation parameters for aerobic and microaerobic growth of
R. capsulatus

RESULTS
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Figure S1: (A) Cell growth of R. capsulatus SB1003/pRholHi-2-eYFP expression cultures
under varying filling volumes and shaking frequencies. The bacteria were grown in RCV
medium for 48 h in Round Well Plates in the dark at 30 °C. To identify filling volumes and
shaking frequencies that are appropriate for aerobic and microaerobic growth, the following
cultivation conditions were applied: (i) 800 rpm and with 800 pL RCV medium (blue), (ii)
400 rpm and 1000 pL. RCV medium (green) and (iii) 400 rpm and 1500 pL. RCV medium
(grey). Cell growth was analyzed by determining the scattered light intensity using a BioLector
system. Values are means of individual biological triplicates. Error bars indicate the respective
standard deviations. (B) Dissolved oxygen tension (DOT) of the same R. capsulatus cultures as
described in A). The DOT was determined in plates with oxygen sensitive optodes during
cultivation of Rhodobacter in the BioLector system (lex = 520 nm, Aem = 600 nm). Values are
means of individual biological triplicates. Error bars indicate the respective standard deviations.

To control the oxygen level during non-phototrophic growth, the filling volume of the Round
Well plate as well as the shaking frequencies were appropriately adapted so that a maximal
aeration (around 100%) and a minimal aeration (< 25%) were maintained throughout the
cultivation. For this purpose, bacterial growth (Figure S1A) and the dissolved oxygen tension
(DOT; Figure S1B) were online-monitored using the scattered light intensity and DO optodes
(m2p-labs, Germany), respectively. A filling volume of 800 uL and a shaking frequency of
800 rpm resulted in a constant oxygen tension of 100% (Figure S1B, blue line). To reduce the
DOT during R. capsulatus cultivation, a filling volume of 1000 pL and a shaking frequency of
400 rpm were applied. However, these conditions were not sufficient for constant microaerobic
growth, as the oxygen tension increased up to 100% during stationary growth phase (Figure
S1B, green line). Therefore, a lager filling volume (1500 uL) at the same shaking frequency
were used, which led to a strongly decreased oxygen tension of under 25% during both
logarithmic and stationary growth phase (Figure S1B, grey line).

99



Determination of IPTG concentrations sufficient for the induction of eyfp reporter gene
expression in R. capsulatus under aerobic, microaerobic and phototrophic conditions
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Figure S2: Relative eYFP fluorescence intensities of R. capsulatus SB1003/pRholHi-2-eYFP
cultures grown aerobically (A), microaerobically (B) or anaerobically (C) and supplemented
with increasing amounts of IPTG. Aerobic and microaerobic cultures were incubated in 800 pLL
or 1500 pL RCV medium and a shaking frequency of 800 rpm or 400 rpm for 48 h in the dark
at 30 °C. Induction of gene expression was performed after 9h by adding IPTG at
concentrations ranging from 0 to 10 mM. Phototrophic cultures were incubated in 4.2 mL RCV
medium for 48 h at 30 °C under constant illumination with bulb light (2000 Ix) and IPTG was
added prior to culture inoculation. In vivo fluorescence intensities of all cultures were
determined by using a BioLector system (e YFP: Aex = 508 nm, lem = 532 nm) and values were
normalized to cell densities. Values are means of individual biological ftriplicates. Error bars
indicate the respective standard deviations.

RESULTS

100



D E
100000+ 100000+
3 3
= 5o0oo = 300004
2 £
H H
§ £
E o000 E 60000
2 8
§ g
g 40000 40000
] g
= =
£ 20000 E 20000
¥ L |;| - Ll
wt 0 0025 005 01 05 1 5 10 wt 0 0025 005 01 05 1 5 10
- conirol PTG () sanfrol IPTG [mM]
100000
T
z g 1
£ go000 ==
Zz
g
H
£ soooo:
:
P
g 40000
o
3
2
E 20000
o
: mil
wt D 0025 05 01 05 1 5 10

control PTG [mM]

Continued figure S2: Relative eYFP fluorescence intensities of R. capsulatus
SB1003/pRholtHi-e YFP cultures grown aerobically (D), microaerobically (E) or anaerobically
(F) and supplemented with increasing amounts of IPTG. Aerobic and microaerobic cultures
were incubated in 800 pL or 1500 uL RCV medium and a shaking frequency of 800 rpm or
400 rpm for 48 h in the dark at 30 °C. Induction of gene expression was performed after 9 h by
adding IPTG at concentrations ranging from 0 to 10 mm. Phototrophic cultures were incubated
in4.2 mL RCV medium for 48 h at 30 °C under constant illumination with bulb light (2000 1x)
and IPTG was added prior to culture inoculation. In vivo fluorescence intensities of all cultures
were determined by using a Biolector system or a Tecan Microplate reader (eYFP:
Aex = 508 nm, Aem = 532 nm) and values were normalized to cell densities. Values are means of
individual biological triplicates. Error bars indicate the respective standard deviations.

Considerably high eyfp expression levels could be seen for IPTG concentrations of 1 mM and
above, thus 1 mM was chosen as a sufficient inducer concentration in all further experiments.
The induction profile using the optimized expression plasmid pRholtHi-eYFP shows an
enhanced gradual induction in comparison to the precedent plasmid.
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Influence of the induction time on the eyfp reporter gene expression and growth of
R. capsulatus under microaerobic and phototrophic conditions
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Figure S3: Effect of different induction time-points on eYFP fluorescence intensities and cell
growth of R. capsulatus SB1003/pRholtHi-eYFP cultures grown microaerobically (A,B) or
anaerobically (C,D). For induction of eYFP gene expression, IPTG was supplemented at
different time points (Oh, 4h = lag phase, 18 h = early logarithmic growth phase, and 24h = mid-
logarithmic growth phase). Microaerobic cultures were incubated in 1500 pL RCV medium
and a shaking frequency of 400 rpm for 48 h in the dark at 30 °C. Phototrophic cultures were
incubated in 4.2 mL. RCV medium for 48 h at 30 °C under constant illumination with bulb light
(2000 Ix). Additionally, the influence of increasing cell densities on NP-cIPTG uncaging was
evaluated in anaerobically grown R. capsulatus cultures (E,F). For light-induction of eYFP
gene expression, growth media were supplemented with 1 mM NP-cIPTG prior cultivation and
cultures were subsequently illuminated with UV-A light (365 nm, ~2 mW/cm?) for 30 min at
the given time points (4h = lag phase, 20 h = early logarithmic growth phase, and 40h = late
logarithmic growth phase) or kept in the dark (-). Corresponding control cultures were
supplemented with ImM IPTG at the same time points. While cultures that were induced after
both 4h and 20h have 44h for eYFP production (fluorescence measurement after 48h or 64h of
the total cultivation time, respectively), the cultivation time could not be expanded accordingly
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for cultures induced after 40h, because R. capsulatus cultures start to die after approximately
72h under the here applied cultivation conditions. For those cultures, the fluorescence
measurement was conducted after 72h of the total cultivation time, corresponding to an eYFP
production time of 32h. In vive fluorescence intensities (e YFP: Aex = 508 nm, Aem = 532 nm)
and biomass of all cultures (scattered light intensity at 620 nm or absorption at 660 nm,
respectively) were determined at the above stated time points by using a BioLector system or a
Tecan Microplate reader and fluorescence values were normalized to cell densities. Values are
means of individual biological triplicates. Error bars indicate the respective standard deviations.

The results demonstrate that the induction and uncaging works well even under higher cell
densities. The slightly lower fluorescence intensity after 40h in Fig. S5 E is most probably due
to a shorter time span from induction to the final e Y FP measurement.
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Toxicity and stability of photocaged IPTG variants in different cultivation media
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Figure S4: A-B) Growth curves of R. capsulatus SB1003/pRholHi-2-e YFP expression cultures
in the presence of the photocaged IPTG variants compared to an uninduced (0 mM) and induced
(1 mM IPTG) expression culture. Cells were grown over 48 h using a BioLector system (RCV
medium supplemented with 1 mM of each caged compound, 30°C, 800 rpm and 800 pL filling
volume for aerobic cultures (A), 400 rpm and 1500 pL for microaerobic cultures (B)). Cell
growth was analyzed by determining the scattered light intensity. After 9 h, formation of
photoproducts was induced in cultures of R. capsulatus via light exposure at 365 nm
(~1 mW/cm?, indicated by dashed lines) for 30 min. The addition of IPTG was used as a control
to comparatively analyze cell growth. Values are means of individual biological triplicates.
Error bars indicate the respective standard deviations. C) eYFP in vivo fluorescence intensity
of E. coli Tuner (DE3)/pRhotHi-2-lacl-eYFP expression cultures supplemented with the
photocaged inducers which were previously incubated under different conditions. The three
caged inducers (1 mM) were either incubated in LB (grey bars) or RCV (orange bars) medium
for 48 h at 30 °C and added to the E. coli cultures afterwards in appropriate concentrations
resulting in an end concentration of 50 uM. The E. coli cultures were incubated in the dark for
20 h in LB medium at 30 °C. in vivoe stability of the photocaged IPTG variants is reflected by a
low induction of reporter gene expression. As positive control, E. coli Tuner (DE3)/ pRhotHi-
2-lacl-eYFP cultures supplemented with and without IPTG were used. In vivo fluorescence
intensities were determined by using a BioLector system (eYFP: Lex = 508 nm, dem = 532 nm)
and are shown in relation to the respective fluorescence intensities of the positive control
cultures (50 uM IPTG). All values are normalized to cell-densities and are means of individual
biological triplicates. Error bars indicate the respective standard deviations.

The elevated scattered light values at the beginning of the cultivation (i.e., before UV-A light
exposure, Figure S4 A and B) can be attributed to the poorer water solubility of NP-cIPTG at
concentrations of 1 mM, as a certain amount of these compounds initially form emulsions in
the cultivation medium. Consequently, they contribute significantly more to the scattered light
value than the bacterial cells that are initially still present in low numbers. However, exposure
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to UV-A light dissolves these emulsions, which is reflected by the rapid decrease in the
scattered light intensity after 9 h.

This control experiment with the well-established expression strain E. coli Tuner(DE3) [5]
indicated that cIPTG instability was not detectable in sole LB or RCV medium. This gives a
first hint that the instability of BC-cIPTG and BEC-cIPTG might be caused by using
R. capsulatus as expression host, probably due to host specific enzymes or metabolism
products.
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Effect of UV-A light illumination on growth and eyfp reporter gene expression of
R. capsulatus SB1003/pRholHi-2-eYFP cultures under aerobic and microaerobic

conditions
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Figure S85: Cell growth and eYFP fluorescence during cultivation of R. capsulatus
SB1003/pRholHi-2-eYFP. Cells were grown over 48 h in RCV medium at 30°C, 800 rpm and
with 800 pL filling volume for aerobic conditions (panel A) and 400 rpm and 1500 uL for
microaerobic conditions (panel B) using a BioLector system. Induction of eYFP gene
expression was performed using 1 mM of IPTG (blue lines; uninduced grey lines).
Simultaneously, cultures were incubated with (light lines) and without (dark line) UV-A light
exposure at 365 nm (~1 mW/cm?) for 30 min. The time point of induction is indicated by the
dashed lines (9 h). Cell growth was analyzed by determining the scattered light intensity and
the in vivo eYFP fluorescence intensities were measured at tex = 508 nm, Aem =532 nm, as
depicted in both center graphs in the middle, and normalized to cell densities, as shown in the
bottom graphs. Values are means of individual biological triplicates. Error bars indicate the

respective standard deviations.



RESULTS

Detailed toxicity analysis of UV-A light illumination and NP-cIPTG on growth of
R. capsulatus SB1003 wildtype cultures under phototrophic conditions
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Figure S6: Cell growth during phototrophic cultivation of R. capsulatus SB1003 wildtype.
Cells were grown over 48 h in RCV medium at 30°C in screw neck vials under NIR light
(hmax = 850 nm, 1.7 mW/cm?). At the indicated time points, cultures were supplemented with
photolysis product (NP) resulting in an end concentration of 1 mM (orange lines), illuminated
with UV-A light at 365 nm (~2 mW/cm?) for 30 min (purple lines). The photolysis product was
generated by a complete uncaging of an NP-cIPTG solution under UV-A light. Simultaneously,
cultures were incubated in the presence of UV-A light and photolysis products (blue lines). The
time point of illumination and/or addition of NP-cIPTG photolysis products (4h, 20h, or 40h)
are indicated by the dashed lines. R. capsulatus cells that have been cultivated phototrophically
without UV-A exposure and addition of NP-cIPTG photoproducts were used as a corresponding
control experiment (black lines). Cell growth was analyzed by determining the absorption
at 660 nm using a Tecan Microplate reader. Values are means of individual biological
triplicates. Error bars indicate the respective standard deviations.
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DMNB-actinometry for photochemical monitoring of UV-A light exposure
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Figure S7: Photochemical monitoring of UV-A light exposure using DMNB actinometry. (A)
Photochemical formation of 2-methoxy-5-nitrophenolate (MNP) from
1,2-dimethoxy-4-nitrobenzene (DMNB) using UV-A light in aqueous potassium hydroxide
solution [8]. (B) Colorimetric changes of DMNB solution upon increased UV-A exposure. (C)
Light-mediated conversion of DMNB (1.25 mM) after 0, 1, 5, 10, 20, 40 and 60 min of mid-
power UV-A light exposure (5.4 mW/cm?). The grey dashed line indicates respective maximal
absorption differences of AAma= 422 nm in the blue range; the insert shows the relation
between absorbance at 422 nm and the duration of UV-A exposure. (D) Light-mediated
formation of 2-methoxy-5-nitrophenolate (MNP) from a 1.25 mm DMNB solution in aqueous
potassium hydroxide was determined spectrophotometrically via the increase of absorbance at
422 nm after illumination with bulb light (BL, 2500 1x) and NIR light (NIR, Amax= 850 nm;
1.23 mW/cm?) for 24 h or 48 h. DMNB photoconversion was compared to samples that have
been exposed to UV-A light for 30-90 min (hmac= 365 nm; 5.4 mW/cm?) or kept unexposed
(dark control, DK). Values are means of triplicate measurements. Error bars indicate the
respective standard deviations.
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Evaluation of NIR-light intensities for optimal phototrophic growth of R. capsulatus
SB1003 expression cultures
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Figure S8: (A) Detected NIR light intensities [mW/cm?] at Amax= 850 nm of NIR panels from
Vossloh-Schwabe [9] for increasing intensity settings, which can be set via a rotary knob with
a continuous adjustment are shown in comparison to the NIR light amount of bulb light (BL)
at Amax= 850 nm. Light intensity quantifications were conducted using a Thermal Power Sensor
(S302C, Thorlabs Inc, USA). (B) Medium temperature at suitable NIR light intensities after
48 h of cultivation and two pictures of corresponding R. capsulatus SB1003 cultures in the
cultivation vessel as well as the respective optical density at 660 nm. The cultivation
temperature of 33 °C should not be exceeded to avoid adverse effects on cell growth. The
culture without any growth impairment and with the highest cell density is marked with a green
frame and can be compared to cultures exposed with bulb light (BL).

For the determination of suitable NIR light intensities for efficient phototrophic growth of
R. capsulatus, cells were cultivated with NIR light of increasing intensities ranging from 0.5
mW/cm? up to 5.1 mW/cm? (Figure S5 A) and analyzed with respect to their growth behavior
(Figure S5 B). Screw neck vials, which were used as cultivation vessels, were placed in a
distance of approx. 10 cm from each NIR panel. Adequately grown cultures without any sunken
cells could only be detected for NIR light intensities of 1.7 mW/cm? and 3.1 mW/cm?
represented by cell numbers corresponding to an optical density at 660 nm of 2.9 and 2.7, which
are comparable to the optical density of cultures grown in bulb light (ODgsonm= 3.1). Lower or
higher NIR light intensities led to decreased cell densities and unequally distributed cultures
with sunken cells indicating a hampered cell viability. Presumably, this was on the one hand
due to the insufficient exposure intensity and on the other hand due to the excessively high
temperature of over 33 °C in the cultivation medium for the highest NIR light intensity. For all
following experiments, an NIR light intensity of 1.7 mW/cm? was chosen as this condition
offers an appropriate medium temperature and the highest cell density after 48 h.
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Influence of increasing IPTG concentrations on the carotenoid production in NIR-
illuminated R. capsulatus SB1003 AcrtEF cells harboring an expression plasmid carrying
crtEF genes under Puc control
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Figure $9: Carotenoid absorption at 484 nm of R. capsulatus SB1003 AcrtEF/ pRholtHi-crtE-
crtF (L-crtEF) supplemented with IPTG concentrations ranging from 0 to 1 mMm are shown in
comparison to the respective absorption of R. capsulatus SB1003 wildtype (SB1003 wt) cell
extracts. In addition, R. capsulatus SB1003 AcrtEF (AcrtEF wt) cultures were likewise
analyzed after 48 h of phototrophic cultivation (RCV medium, 30 °C, screw neck vials, NIR
light (kmax = 850 nm, 1.7 mW/cm?)). Induction was performed after a cultivation time of 6 h via
addition of IPTG. Carotenoid absorption values are normalized to the cell densities. Values are
means of individual biological triplicates. Error bars indicate the respective standard deviations.



RESULTS

DNA sequences of Piwc promoter regions including their RBS, RBS-spacers and/or MCS

PEKEx-2:
Piwc promoter lac operator

TTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACA
ATTTCACAC ACAGAATTAAAAGATATGACCATGATTACGCCAAGCTTGC
ATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTC

pUC18/19 MCS BamHI

pRholHi-2-eYFP and pRholHi-2_Alac-eYFP:
Pic promoter lac operator

TTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACA

ATTTCACAC ACAGAATTAAAAGATATGACCATGATTACGCCAAGCTTGC
ATGCCTGCAGGTCGACTCTAGAGGATCCAAGGAG ATG-eyfp
pUC18/19 MCS BamHI  optimized SD

(between Shine-Dalgarno sequence and start codon)

pRholtHi-eYFP:
Piwe promoter lac operator

TTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACA

optimized SD Ndel

Optimized 8 bp RBS-spacer (between Shine-Dalgarno sequence and start codon)
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DNA sequence of CrtE and CrtF from R. capsulatus SB1003 for cIPTG-mediated

expression in R. capsulatus cultures

The shown sequence encompasses the crtE (red bases) and crtF gene (blue bases) referring to
the mRNA sequence published in GenBank: CPO01312.1, encoding the GGPP synthase CrtE
and the demethylspheroidene O-methyltransferase CrtF (UniProtKB: P17060 and P17061,
respectively). The sequence was optimized using a 6 bp RBS-spacer between the Shine-
Dalgarno sequence and start codon.

[... [lacO RBS opt. SD  Start crtE
TAACAATTTCACAAGGAGGTTTCATATGTCTCTGGATAAACGTATCGAGTCGGC
GCTGGTCAAGGCGCTGTCACCCGAGGCTTTGGGTGAATCTCCGCCGTTGCTTGCC
GCCGCGCTGCCTTACGGGGTGTTTCCCGGCGGCGCGCGGATCCGGCCGACGATCC
TTGTCTCGGTCGCGCTCGCCTGTGGCGACGATTGCCCGGCGGTCACCGATGCCGC
GGCCGTGGCGCTGGAGCTGATGCATTGCGCGAGCCTCGTGCATGACGATCTGCCC
GCCTTCGACAATGCCGACATCCGGCGCGGCAAGCCGAGCCTTCACAAGGCCTATA
ATGAACCGCTTGCGGTTCTGGCGGGCGACAGCCTGCTGATCCGCGGCTTCGAAGT
GCTGGCCGATGTCGGCGCCGTCAACCCGGACCGGGCGCTGAAGCTGATCTCGAA
ACTGGGTCAGCTGTCGGGGGCGCGCGGCGGGATCTGCGCCGGTCAGGCCTGGGA
AAGCGAATCCAAGGTCGATCTGGCCGCCTATCATCAGGCGAAGACCGGGGCGCT
GTTCATTGCCGCGACCCAGATGGGGGCGATTGCGGCGGGCTACGAGGCCGAACC
CTGGTTCGATCTGGGCATGCGGATCGGCTCGGCCTTCCAGATCGCCGACGACCTG
AAAGACGCGCTGATGTCGGCCGAGGCAATGGGCAAGCCCGCCGGGCAGGACATC
GCGAACGAACGCCCGAATGCGGTCAAGACGATGGGCATCGAGGGCGCGCGCAAA
CATCTGCAAGATGTGCTGGCGGGGGCGATCGCCTCGATCCCGTCCTGCCCCGGTG
AGGCGAAGCTGGCCCAGATGGTGCAGCTTTACGCCCACAAGATCATG
Stop  Start crtF

GACATCCCGGCCAGCGCCGAGAGGGGCTGATCGTGCCGAAGGACGACCACACG
GGCGCGACGGCCGACCGGACCGCGCAGCCGACAGGAACGGGAAAGCAGCCGCT
GGTTCCGGGCCAGCCCGGGGCGGCGCCGOTGCAGCCOGGGGCGGATGAATTTCTTC
ACCCGGATCGCGCTGTCGCAACGGCTGCATGAAATCTTCGAACGCCTGCCGCTGA
TGAACCGCGTCACCCGGCGCCGAGGGCGAGGCGCTCTTCGACATCATTTCGGGCTT
CGTGCAAAGCCAGGTTCTCTTGGCGATCGTCGAATTCCGGGTGCTGCATATTCTG
GCCGGGGCCTCTTGGCCCTTGCCGCAACTGGCCGAACGCACCGGCCTGGCCGAGG
ACCGGCTGGCGGTGCTGATGCAGGCCGCCGCCGCCTTGAAGCTGGTGAAATTCCG
CCGCGGTCTGTGGCAGCTTGCCCCGCGTGGCGCCGCCTTCATCACCGTGCCAGGG
CTCGAGGCGATGGTGCGCCATCACCCCGTCCTTTACCGCGATCTGGCCGATCCGG
TGGCTTTTCTGAAAGGCGACATCGAACCCGAGCTGGCGGGCTTCTGGCCCTATGT
CTTCGGGCCGCTGGCGCAGGAAGATGCGGGGCTCGCCGAGCGCTATTCGCAGCTG
ATGGCCGACAGCCAGCGCGTCGTGGCCGATGACACCTTGCGGCTTGTCGATCTGC
GCGATGCCAAGCGGGTGATGGATGTGGGCGGCGGCACCGGGGCCTTCCTGCGCG
TCGTGGCCAAGCTTTACCCCGAGCTGCCCTTGACGCTGTTCGACCTGCCGCATGTG
CTGTCGGTGGCGGACCGCTTCAGCCCGAAGCTCGATTTCGCGCCGGGCAGCTTCC
GCGACGATCCGATCCCGCAGGGCGCCGATGTCATCACTTTGGTGCGCGTGCTGTA
TGACCATCCTGACAGCGTCGTCGAACCGCTTCTGGCCAAGGTGCATGCCGCCTTG
CCGCCGGGCGGGCGTCTGATCATCTCGGAGGCGATGGCGGGGGGCGCAAAACCC
GACCGTGCCTGCGATGTCTATTTCGCCTTCTACACGATGGCGATGAGTTCGGGGC
GCACGCGTTCCCCCGAAGAGATCAAGCAAATGCTTGAAAAAGCTGGGTTCACCA
AGGTGTCGAAACCGCGGACCCTGCGCCCCTTCATCACCTCGGTGATCGAGGCCGA
ACGCGGCTGA

Stop
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Determination of photocaged compound purity by gNMR

Table S2: Compound purities determined by gNMR.

Compound Purity [ %]
NP-cIPTG 88.9+34
BEC-cIPTG 90.7+ 1.3
BC-cIPTG 79.6+ 1.8

The spectral and (photo-)chemical properties (solubility, absorption maximum, molar
extinction coefficient, uncaging quantum yield, uncaging half-life time) of the photocaged
compounds NP-cIPTG, BEC-cIPTG and BC-cIPTG have been reported previously [10].
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Effect of Photocaged Isopropyl 3-p-1-
thiogalactopyranoside Solubility on the Light
Responsiveness of Lacl-controlled Expression Systems in

Different Bacteria

Fabian Hogenkamp®,” Fabienne Hilgers',” Andreas Knapp,"” Oliver Klaus,™ Claus Bier !

Dennis Binder," Karl-Erich Jaeger,™*

Photolabile protecting groups play a significant role in control-
ling biological functions and cellular processes in living cells
and tissues, as light offers high spatiotemporal control, is non-
invasive as well as easily tuneable. In the recent past, photo-
responsive inducer molecules such as 6é-nitropiperonyl-caged
IPTG (NP-cIPTG) have been used as optochemical tools for Lac
repressor-controlled microbial expression systems. To further
expand the applicability of the versatile optochemical on-
switch, we have investigated whether the modulation of clPTG
water solubility can improve the light responsiveness of

Introduction

In general, optogenetics combines genetic and optical methods
to allow fast control of cellular functions with high spatiotem-
poral resolution and in a non-invasive fashion" The control
over gene expression by light can basically be realised by
employing genetically encoded photoreceptors or chemically
photocaged (bio)molecules. Recombinant photoreceptors are
typically based on light-responsive two- or one-component
systems, are extensively studied and have been successfully
employed as reversible photoswitches for light-mediated in vivo
signal transduction in various biological applications.”
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appropriate expression systems in bacteria. To this end, we
developed two new cIPTG derivatives with different hydro-
phobicity and demonstrated both an easy applicability for the
light-mediated control of gene expression and a simple trans-
ferability of this optochemical toolbox to the biotechnologically
relevant bacteria Pseudomonas putida and Bacdillus subtilis.
Notably, the more water-soluble clPTG derivative proved to be
particularly suitable for light-mediated gene expression in these
alternative expression hosts.

Besides the use of photoreceptors photolabile protecting
groups were established as optochemical tools for a variety of
diverse applications” In recent years, many approaches were
published, in which photocaged compounds have been used
for controlling different cellular processes, ranging from cell
signalling,®®* over drug delivery" to gene expression.” In this
context, especially 2-nitrobenzyl-photocaging groups (NB) and
their derivatives such as 6-nitropiperonyl (NP) were commonly
used to mediate an adequate and well-characterised UV-A light-
triggered release of bioactive molecules.”” To implement
caged compounds as versatile optochemical switches, a variety
of photolabile protecting groups has been developed focusing
on the i) redshifted absorption,***! ii) higher quantum yields'
and iii) an improved solubility"® Especially for in vivo
approaches an excellent stability towards enzymatic hydrolysis,
good biocompatibility, and low overall toxicity of caged
compounds (also including the photolysis products) are
indispensable/™ In addition, the extend of the caged com-
pound’s solubility could further modulate their ability to pass
bacterial cell membranes either through passive processes
including free diffusion and porin-based uptake or by active,
membrane transporter-mediated processes.””

In the recent past, photoresponsive inducer molecules such
as caged derivatives of doxycycline,"* isopropyl [-p-thiogalac-
topyranoside (IPTG)**” or several other carbohydrates® have
been used as irreversible optochemical switches for appropriate
microbial expression systems. Especially the applicability of 6-
nitropiperonyl photocaged IPTG (NP-cIPTG, 1) for bioengineer-
ing approaches using Escherichia coli™® and Corynebacterium
glutamicum™ as production hosts could be demonstrated.
However, a further expansion of the applicability in different
expression hosts was for instance hindered by the low water-

539 © 2020 The Authors. Published by Wiley-VCH GmbH
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solubility of NP-cIPTG (1; 0.7 mm), as appropriately high inducer
concentrations were not soluble in the cultivation medium.

Derivatives of the 2-nitrobenzyl group with improved
solubility in aqueous media have been applied before (Figure 1
A). Tsien and co-worker as well as Ni et al. conceived a 4,5-bis
(carboxymethoxy)-2-nitrobenzyl protecting group (BC, 2), which
they stated to be highly water-soluble.

However, they masked the carboxylate 2 as acetoxymethyl
ester 3 to facilitate diffusion across cell membranes."** Russell
et al. published a similar derivative 4, but bearing an additional
third carboxy group in the benzylic position, for the synthesis of
photolabile tyrosine, whereby a solubility of at least 30 mm was
reached."™ As the formation of a dioxolane is required for the
protection of IPTG, previously reported a-carboxy-2-nitrobenzyl
(a-CNB, 5-8) photocages'™='® were not considered, because
the wo-carboxy-group increases solubility, but concurrently
blocks the position where the dioxolane is later formed.

Based on these results the BC protecting group 2 was
chosen in this work as a candidate for the synthesis of a
charged, highly water-soluble photocaged IPTG derivative (Fig-
ure 1 B) and was further applied to determine the influence of
the solubility and the charge on the inducer uptake through
the cell membrane and the resulting expression response. In
addition, the 4,5-bis(ethoxycarbonylmethoxy)-2-nitrobenzyl pro-
tecting group (BEC, 9) harbouring lipophilic ester moieties, was

selected as an alternative caging group, which might facilitate
its passive diffusion across cell membranes. Afterwards, enzy-
matic hydrolysis of the ester moiety could lead to intracellular
accumulation."* To comparatively analyse the effect of caged
inducer solubility on light dependent control of gene expres-
sion in bacteria, the two new cIPTG derivatives BEC-cIPTG (104,
derived from 9) and BC-clPTG (10b, derived from 2} were
synthesised and the maximum solubility was quantified. The
photophysical properties as well as photolysis in aqueous media
were characterised. Subsequently, the in vivo applicability of
the newly synthesised compounds for light-inducible gene
expression was analysed in comparison to the well-established
NP-cIPTG (1) in E.coli in a time-resolved manner. Finally, we
investigated whether optochemical control of gene expression
can also be implemented in the alternative expression hosts
Pseudomonas putida and Bacillus subtilis, which exhibit individ-
ual morphological and physiological properties. Therefore, we
used the photocaged IPTG derivatives 1, 10a, and 10b together
with appropriate Lacl repressor-controlled expression systems
and comparatively evaluated their light-responsiveness.

A 2 R'=R:=QCH,COH R¥=H Makings (1984) 123l Nj (2007 )2
g3 3 R'=R'=0CH,CO.CH,0Ac R =H Makings (1994),11281 Ni (200701251
. | 4 R!'=R=0CH,GO:H R®=CO;H Russdl (2012}l
Ty § RI=RE=H R¥=CO;H Milburn (1989)1'%3] Gee (1995),1'5¢ Niu (1996),1'4 Braitingsr (2000)1165]
[ 6 R'=R"=0Me R?=CO;H Russell (2010)0%
R g, TR'=H RI=COH  R®*=CO;H Schaper (2002)'%
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Figure 1. Photolabile protection groups and their application in this work. A) A variety of previously published photolabile protection groups with improved
aqueous solubility or membrane permeability based on the NB photocaging group. B} Three photolabile protection groups were used in this work to
construct the photocaged IPTG variants NP-cIPTG (1), BEC-cIPTG (10a) and BC-cIPTG (10b), strongly differing in their water solubility. These caged inducer
molecules (red dot with blue frame) are biologically inactive; however, upon illumination with UV-A light, their activity can be restored by a two-step cleavage
process. Subsequently, the IPTG binds the repressor protein Lacl releasing Lacl from the Py, P, or P, promoter and thus inducing gene expression. This
principle was applied to analyse the effect of cIPTG solubility on the inducibility of Lacl repressor-controlled target gene expression in E. coli, P. putida, and

B. subtilis.
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Results
Synthesis and photochemical properties of clPTGs

The BC-cIPTG (10b) was synthesised in a three-step reaction
(Scheme 1; yield over three steps: 24%) from 4,5-bis
(ethoxycarbonylmethoxy)-2-nitrobenzaldehyde (11), which was
obtained following the previously reported procedure by Ni et
al. (see the Supporting Information)."*! The 2-nitrobenzalde-

oR
OR OR RO
RO RO
al b) NO,
NOs NG, 5
HT g oo g
LK 8
HO \(
OH
11 12 10a
c)[
e 10b
a
11,12 10a: R = CH;C0,E
2 - i
) 0 NO, 10b; R = CH3C0; Li
00
NO; _ 4 .
H"S0 HO 5
DH
13 1

Scheme 1. Synthesis of BEC-, BC- and NP-photocaged IPTGs 10a, 10band 1:
a) Triethyl orthoformate, pyridinium p-toluenesulfonate, ethanol, reflux, 19h
(89 %); b) IPTG, p-toluenesulfonic acid, CH,CL, RT, 20 h (45 %); ¢) 0.2 m LIOH
(aq.), MeOH, 0°C-RT, 1 h (59%); d) IPTG, sulfuric acid, DMSO, 0°C-RT, 24 h
(21 %).
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Scheme 2. Two-step release sequence after photolysis of BEC- and BC-
photocaged IPTG 10a and 10b by irradiation with UV-A light and a
subsequent enzymatic hydrolysis by a microbial esterase, as previously
described**

ChemBioChem 2021, 22, 539-547 www.chembiochem.org

hyde derivative 11 was reacted with triethyl orthoformate to
form the corresponding acetal 12 in 89% yield, which then was
converted to BEC-cIPTG (10a; 45%) in a transacetalisation, as
the direct acetalization was not feasible. In this step the triethyl
orthoformate was preferred to the trimethyl orthoformate due
to the occurrence of transesterification during the acid-
catalysed reaction, which was leading towards a mixture of
products. After deprotection under basic conditions the BC-
cIPTG (10b) could be obtained in 59% yield as the correspond-
ing lithium-salt, which promised advantageous solubility prop-
erties compared to the free-acid. NP-cIPTG (1) was synthesised
from  6-nitropiperonal  (13)  according to literature
procedures***! The purity of BEC-cIPTG (10a), BC-cIPTG (10b)
and NP-cIPTG (1) was determined by gNMR (Table S3 in the
Supporting Information).

Due to the structural similarity of the newly synthesised
caged compounds 10a and 10b to the NPcIPTG (1), IPTG (14)
should be released upon UV-A light exposure in a two-step
photocleavage reaction as previously described.** In the first
step the irradiation with UV-A light leads to the formation of
ester intermediates 15 and 16, which might subsequently be
cleaved by a microbial esterase. The corresponding nitroso
compounds 17 are formed as the photo by-product (Scheme 2).

The in vitro characterisation (Tables 1 and S2, Figures 51-53)
of the new photocaged compounds 10a and 10b showed
uncaging quantum yields (@,) and molar extinction coefficients
(&) in the range of previously reported caged compounds.®”)
The resulting photolytic efficiencies (ed,) are all in the same
order of magnitude. However, more importantly the uncaging
half-life time of the photolytic cleavage amounts to 2.2 min for
BEC-cIPTG (10a), 3.5 min for BC-cIPTG (10b), and 3.4 min for
NP-cIPTG (1). This underlines the fast formation of the ester
intermediates 15 and 16 (Figure S4, Table 52). Full photo-
conversion of the cIPTG variants (1 mm) by irradiation with UV-
A light (375 nm, 6.4 mW cm~?) was achieved in less than 30 min
for 10a and 1. For derivative 10b about ~5% of the starting
material remained after irradiation for 30 min (Figure S15).

The BC-clPTG (10b) showed a maximum solubility of
147 mm in deionised and degassed water, which is over
200 times higher than the maximum solubility of NP-cIPTG
(1), but only ~8% of the maximum solubility of IPTG (14)
itself (Table 1). Other previously reported photocaged carbohy-
drates were in the range of 4-58 mm.“? In contrast, the BEC-

Table 1.
Compound A, [nm] €¥ Pl D gD P
m'em™']  [min]  [mm] [m~'em™]

= 241 1690 34 0.7 050 845

336
10a*! 298 1810 22 <01 068 1230
10b" 242 3543 35 147 046 1630

340
14 204 - - 1941 - -
[a] £=molar extinction coefficient at 4 =375 nm. [b] t,; = uncaging half-
life time. [¢] s=solubility in deionised and degassed water. [d] @,=
uncaging quantum yield upon 375 nm irradiation. [e] measured in MeOH.
[fl measured in sodium phosphate buffer (0.1 mm, pH 7.5).

541 © 2020 The Authors. Published by Wiley-VCH GmbH
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clPTG (10a) displayed a more than 7-times lower solubility of
< 0.1 mMm, as expected due to the ester-protected carboxylic
acids. Since the possible higher membrane permeability of BEC-
clPTG might result in an improved in vivo applicability, this
cIPTG derivative was additionally used for further investigations.

Applicability of cIPTGs for light-controlled gene expression in
bacteria

After the successful synthesis of BEC- and BC-cIPTG (10a and
10b), we next analysed whether the different solubility of the
cIPTG derivatives (solubility in agueous solvents: 10b>1>>10a,
see Table 1) affect the inducibility of Lacl repressor-controlled
expression systems. The regulatory system, which originally
controls the lactose consumption in E cofi, is one of the most
often used regulation mechanisms for triggering heterologous
gene expression in this host"® The development of different
recombinant promoters (e.g., P,. P.. P;;), whose activities can
be tightly and gradually controlled by the concentration of the
added inducer (e.g. the non-hydrolysable lactose analogue
IPTG) led to its broad applicability in basic research and
biotechnological production processes. Furthermore, the devel-
opment of light-responsive NP-clPTG (1) allowed for non-
invasive light-mediated control of gene expression in E. coli.®*
To further optimise light responsiveness of this promising
optochemical on-switch in E coli and to facilitate its trans-
ferability to other industrially relevant microbes, we used the
following Gram-negative and -positive bacteria as appropriate
model hosts offering individual morphological and physiolog-
ical properties: i) E.coli Tuner(DE3) is a lactose permease-
deficient strain and was shown to be well suited for NP-cIPTG-
based light control of gene expression, because the uptake of
appropriate inducers is solely dependent on passive diffusion
processes. Previous studies using E. coli Tuner(DE3) revealed a
very stringently controlled and homogeneous gene expression
that gradually responded to changes of illumination time or
light intensity.®™®<"! ii) P. putida KT2440 is a rod-shaped, Gram-
negative soil bacterium, which offers a pronounced tolerance
towards xenobiotics"® as well as redox stress.*® Besides its
genetic accessibility and its FDA certification as a host-vector
biosafety system,”" P. putida exhibits an extraordinary versatile
metabolism that makes it especially suited for a variety of
biotechnological applications including the production of
various high-value natural products and their derivatives.”? iii)
Bacillus subtilis DB430 is a Gram-positive bacterium commonly
used as a “microbial cell factory” for high-level production and
secretion of proteins for industrial applications.”” In contrast to
the Gram-negative bacteria used in this study, B. subtilis
possesses a more rigid and thick cell wall which might act as an
additional diffusion barrier for the photocaged IPTG molecules,
but lacks an outer membrane. For all the here tested bacterial
hosts, expression systems encompassing Lacl-controlled, IPTG-
inducible promoters have been successfully established in
recent studies (Table S1).%'% 224

To exclude detrimental effects of the new caged inducers or
UV-A light exposure on cell viability, we first analysed the

ChemBioChem 2021, 22, 539-547 www.chembiochem.org

growth of E. coli, P. putida and B. subtilis cells in the presence of
the cIPTG derivatives 10a and 10b as well as their correspond-
ing photoproducts in comparison to conventional IPTG (14). For
these studies, we used inducer concentrations that were
sufficient to fully induce reporter gene expression in the
respective expression hosts (Figure S5). Comparative growth of
all strains clearly demonstrated that UV-A light exposure
(30 min, 365 nm, ~1 mWcm™) did not lead to considerable
growth impairments in the presence (Figure S6) or absence
(Figure 57) of IPTG (14) and its photocaged derivatives 1, 10a
and 10b. Furthermore, the stability of 1, 10a and 10b were
analysed by measuring the fluorescence intensity of cultures in
the dark (Figure S6 A). The data clearly reveals a pronounced
in vivo stability of the new cIPTG derivatives 10a and 10b over
20h in LB medium at 30°C.

Expression studies in E. coli: To further evaluate the applic-
ability of the new cIPTG derivatives 10a and 10b in comparison
to 1 in E coli, we used the well-established strain £. coli Tuner
(DE3) carrying the eYFP expression vector pRhotHi-2-acl-
EYFP.%*™ Initially, we could observe that, in contrast to the
variants 1 and 10a which form an emulsion-like structure at
relevant concentrations in LB medium without considerable
amounts of ethanol or DMSO, variant 10b can be completely
dissolved in the cultivation medium, superseding the use of
additional solvents. To compare the UV-A light-induced gene
expression mediated by differently soluble photocaged IPTG
variants during E. coli cultivation, light exposure was carried out
for 30 min in order to ensure sufficient photoconversion of 1,
10a and 10b (Figure S4). First, the general applicability of cIPTG
variants was evaluated by analysing eYFP expression in cultures
that reached the stationary growth phase. As shown in
Figure 2A, illumination of the already established NP-cIPTG
resulted in comparable eYFP expression levels as in the control
experiment, where conventional IPTG (14) was added. In
contrast, the new water-soluble BC-cIPTG (10b) and the more
hydrophobic BEC-cIPTG (10a) led to a slight decrease of
reporter gene expression in this experimental setup.

To analyse the properties of the cIPTG variants in more
detail, eYFP expression was subsequently online monitored
during batch cultivation of E coli. lllumination of BC-cIPTG
(10b) resulted in the fastest induction response in the early
logarithmic growth phase (~4-7 h after inoculation) as also
indicated by a lower half-maximal responsiveness with t,; .0 =
4.16 h when compared to NP-cIPTG (1) and BEC-cIPTG (10a; tys
mal =441 and 4.51 h, respectively, Table S4 and Figure S8). Thus,
these results give a first indication that NB caging group
derivatives with improved water-solubility such as BC might
slightly facilitate the overall uptake of cIPTG in E. coli. However,
the lower final eYFP expression levels in the respective cultures
point to a less efficient enzymatic release of IPTG from ester
intermediates 15 and 16, which is eventually caused by the
increasing size of these photolabile protecting groups. All in all
the differential solubility of tested cIPTG variants in aqueous
solvents seems to play a minor role for optochemical in vivo
applications in E. coli, since only marginal differences of light-
controlled gene expression could be observed.

542 © 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Light-controlled gene expression in A) E. coff Tuner{ DE3)/pRhotHi-
2-lacl-EYFP, B} P. putida KT2440/pVLT33-GFPmut3 and C) B. subtilis DB430/
pHTO1-sfGFP using NP-, BC-, and BEC<IPTG. A) In vivo eYFP fluorescence
(Aey =508 nm, A, =532 nm) of E. coli cultures supplemented with 50 pm of
each cIPTG variant is shown in relation to a 50 pm IPTG (14) after 20 h
(stationary growth phase). Induction was performed after 2.5 h by UV-A light
exposure at 365 nm (~1 mWcm™?) for 30 min or the addition of 50 pm 14,

B) In vivo GFPmut3 fluorescence (4., =508 nm, A, =532 nm} of P. putida
cultures supplemented with 1 mm of each cIPTG variant is shown in relation
to a1 mm IPTG (14) control after 20 h (stationary growth phase). Induction
was performed after 3 h by UV-A light exposure at 365 nm (~1 mWcm™) for
30 min or the addition of 1 mm 14. C) In vivo sfGFP fluorescence

(A, =488 nm, A, =520 nm) of cultures supplemented with 1 mm of each
cIPTG variant is shown in relation to a 1 mm IPTG (14) control after 20 h.
Induction was performed after 5 h by UV-A light exposure at 365 nm

(~1 mWecm™) for 30 min or the addition of 1 mm 14, In vivo fluorescence
intensities were normalized to cell densities, and values are means of
triplicate measurements. Error bars indicate the standard deviations.

Expression studies in P. putida: Next, we analysed whether
the optochemical cIPTG/Lacl system can be transferred to the
Gram-negative bacterium P. putida KT2440 and if the solubility
of the caged inducer has an effect on its in vivo applicability. In
the following experiments, we used P. putida KT2440 carmying
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the expression vector pVLT33 harbouring a GFPmut3 gene,
which is under control of the P, promoter (Table S1), and the
same experimental setup as established for reference strain
L. coli Tuner(DE3).

Because we could observe only basal induction of gene
expression when 50pm IPTG (14) was added to P.putida
expression cultures (Figure S5), 1 mm of each IPTG derivative
was used. As depicted in Figure 2B, the comparison of GFPmut3
fluorescence in P. putida cultures that reached the stationary
growth phase demonstrates an induction of reporter gene
expression of about 70 9% for BC-cIPTG (10b) when compared to
conventional IPTG (14). In contrast, the use of NP- and BEC-
cIPTG (1 and 10a) led to a lower induction response of ~50%
or less. For BC-cIPTG (10b) the maximal responsiveness value
tos na OF 2,62 h is significantly slower than IPTG (14; t,s gou=
141h; Figure 58 and Table 54). In summary, clPTG constitutes
an optochemical tool that can be used as an optogenetic switch
for Lacl-controlled expression systems in P. putida, but compa-
rative expression studies revealed that maodified IPTG variants
10a, 10b and 1 work less efficient than in E. coli. Remarkably,
only the variant BC-cIPTG (10b) that offers an increased
solubility in aqueous solution showed a satisfactory applicability
for controlling gene expression by light. Similar to the E. coli
Tuner(DE3), P. putida lacks a specific lactose permease.”” There-
fore, IPTG can only pass the cytoplasmic membrane via passive
diffusion processes. Furthermore, in pseudomonads including
P. putida, the outer membrane exhibits a reduced permeability
as compared to E coli The uptake of small water-soluble
molecules is mainly mediated by a defined set of specific porins
such as OprF, which is characterised by a significantly slower
diffusion rate compared to the more unspecific E. coli porins
OmpF and OmpC.252% As a consequence, the water-soluble
compound 10b could be transported over the outer membrane
in a slower process.

Expression studies in B. subtilis: The Gram-positive bacterium
B. subtilis was used as an expression host to determine the
effect of inducer solubility on the uptake process, which is here
solely influenced by the permeability of the cytoplasmic
membrane and the sumrounding cell wall. As this bacterium is
not able to use lactose as a carbon source, and a lactose
permease-encoding gene could not be identified in the
genome,”” the uptake of inducer molecules is most probably
restricted to passive diffusion. To evaluate the cIPTG applic-
ability, we used the B. subtilis DB430/pHTO1-sfGFP strain, where
fluorescence reporter expression is driven by the Lacl-controlled
P,.. Promoter.”* Similar to P. putida, we added the respective
inducer at a concentration of 1 mm to ensure full induction of
recombinant gene expression (Figure S5). Remarkably, illumina-
tion of BC-cIPTG (10b) led to a strong and fast induction
response comparable to the results obtained with IPTG (14;
Figures 2C and S8, Table S4). In contrast, the induction with
BEC-cIPTG (10a) led to a sfGFP expression level of around 75 %
in comparison to IPTG (14), while addition of NP-cIPTG (1)
resulted in only 50% sfGFP fluorescence. Based on this
observation, we cannot exclude that the cell wall of B. subtilis,
which is much thicker (20-80nm) than in Gram-negative
organisms (5-10 nm),”” is less permeable for the more hydro-
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phobic cIPTG variants. In addition, the extremely fast respon-
siveness of BC-cIPTG (10b) in B. subtilis (tysgn~2.3 h), which
also outperforms the respective induction response in E coli
(tys5ma1 ~ 4.3 h), might indicate an efficient catalytic cleavage of
the ester intermediate after photoconversion. It should be
noted that addition of BC- and BEC-cIPTG resulted in an
increased basal target gene expression in non-illuminated
cultures, which might be due to a slightly reduced stability of
these cIPTG derivatives probably caused by a minimal catalytic
release of the respective caging groups.

Analysis of expression heterogeneity: Finally, we elucidated, if
the differential solubility of the applied cIPTG derivatives has an
effect on the expression heterogeneity. For E. coli strain Tuner
(DE3), we have previously proven a homogeneous induction
response for both IPTG (14) and NP-cIPTG (1), which is primarily
due to the absence of the permease and the resulting inducer
uptake by diffusion™ In contrast, for Bacillus species consid-
erable expression heterogeneities are frequently described.”
For the direct comparison of expression heterogeneity,
fluorescence of the reporter proteins was determined at the
single-cell level in light-exposed and non-illuminated cell
cultures of E coli and B.subtilis using flow cytometry. The
results indicate that reporter gene expression was induced
homogenously in E. coli cells irrespective of the added cIPTG
variant (Figure S9 A) thereby corroborating observations from
microfluidic investigations with NP-cIPTG (1).°" Similarly, the
differential solubility of cIPTG variants did not affect the rate of
expression heterogeneity in B. subtilis although it is generally
more pronounced than in E. coli (Figure S9 B). Thus, expression
heterogeneity is not provoked by a varying efficiency of inducer
uptake.

Discussion

We developed the two new cIPTG derivatives 10a and 10b
with varying hydrophobicity and aimed to analyse whether the
change of cIPTG solubility affects the inducibility of Lacl
repressor-controlled target gene expression in E coli, P. putida
and B. subtilis. In the here presented in vivo studies, the
derivatives are stable against spontaneous hydrolysis and did
not induce elevated basal expression of target genes in the
dark. In E. coli, only marginal differences of light-controlled
gene expression could be observed for the new cIPTG variants
in comparison to the well-established NP-cIPTG (1). Never-
theless, the increased water-solubility of derivative 10b and its
homogeneous dispersion without addition of an organic
cosolvent, noticeably improves the applicability of this clPTG
derivative. The transfer to P.putida and B.subtilis clearly
demonstrated that the solubility of photocaged inducer mole-
cules is an important aspect that has to be considered for the
establishment of a light-controlled expression system. Here, BC-
clPTG (10b), the variant that offers an increased solubility in
aqueous solution, resulted in high expression levels together
with a comparable or even increased induction factor in
comparison to IPTG (for direct comparison of cIPTG derivatives’
induction factors see Table 55). In this context it should be
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noted that, besides the improved solubility in microbial
cultivation media, the diverging hydrophobicity of the cIPTG
variants as well as the negative charge in case of BC-IPTG might
additionally affect the complex processes that are involved in
light-induced gene expression. These processes include i) the
efficiency of photoconversion under the applied cultivation and
illumination conditions, i) the enzymatic hydrolysis of cIPTG
ester intermediates by cytoplasmic, periplasmic or extracellular
esterases, and iii) the individual permeability of cell membranes
for clPTG, the ester intermediates or released inducer. Thus, the
individual physiological and morphological properties of the
chosen microbial expression host might exhibit relevant differ-
ences such as the respective membrane composition or the
ability for active inducer uptake via appropriate transporters. In
Gram-negative bacteria, for example, the inducer has to pass
two membranes, a process that occurs through i free diffusion
(both membranes), ii) passive transport processes involving
unspecific or specific porins (outer membrane), and iii) active
transport mechanisms that are facilitated by suitable permeases
(cytoplasmic  membrane). In Gram-positive bacteria, even
though only one membrane needs to be passed, the surround-
ing cell wall is much thicker than in Gram-negative hosts and
thus a distinct interaction with the differently soluble cIPTG
variants might additionally influence their uptake. However, to
unravel the role of individual properties of respective bacterial
strains for cIPTG uptake and IPTG release, further experiments
have to be performed in future studies.

In conclusion, we have constructed two new caged IPTG
variants, characterised their (photo)chemical properties and
demonstrated an easy applicability for the light-mediated
control of gene expression in Gram-negative and Gram-positive
bacteria. Because of their differential solubility, BC-, NP- and
BEC-cIPTG constitute a valuable “starter set” which enables an
easy access to a robust, light-responsive expression system in a
broad variety of different hosts. Due to the non-invasive nature,
the here presented optochemical on-switches additionally allow
the external triggering of gene expression in closed biological
systems thereby making, for example, anaerobic expression
hosts more accessible in the near future.

Experimental Section

General remarks: All chemicals for synthesis were obtained from
commercial suppliers and used without further purification unless
stated otherwise. Solvents were reagent grade and were dried as
well as purified by common methods. Thin-layer chromatography
(TLC) was performed using pre-coated silica gel plates (Polygram®
SIL G/UV, Macherey-Nagel) and components were visualised by
oxidative staining or UV light. Flash chromatography was per-
formed on silica gel (Merck silica gel 60 (0.063-0.200 um) and
solvents for flash chromatography (petroleum ether/ethyl acetate)
were distilled prior to use. Optical rotation was determined at 20°C
on a Perkin Elmer Polarimeter 241 MC against sodium D-line and
melting points were recorded using a Biichi melting point B-545
apparatus. The NMR spectra ('"H and "*C) were measured at 20°C on
a Bruker Avance/DRX 600 spectrometer in deuterated solvents
(CDCl;, [DGIDMSO, D;0). The chemical shifts are given in ppm
relative to the solvent ('H: CDCl,=7.26 ppm, 'H: [D]DMSO=
3.31 ppm or 'H: D;0=4.79 ppm/"C: CDCl; =77.16 ppm or “C: [D,]
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DMSO =39.52 ppm). Signals were assigned by means of H COSY,
HSQC and HMBC experiments. The IR spectra were recorded with a
Perkin Elmer SpectrumOne IR-spectrometer ATR (Waltham, USA).
HRMS (ESI) spectra were recorded by the centrum of analytics of
the Heinrich Heine University. UV/Vis absorption spectra were
recorded on a Genesys 105 UVNIS Spectrophotometer (Thermo
Scientific) and uncaging experiments were performed in a quartz
cuvette with the LUMOS 43° from Atlas Photonics at 375 nm. Light
intensity was quantified using a Thermal Power Sensor (5302 C,
Thorlabs Inc, USA) and the decay was detected by a Jasco HPLC
system [column: Hyperclone 5p ODS (C18) 120 (Phenomenex)]
combined with an UV/Vis-detector.

Synthesis of 4,5-Bis(ethoxycarbonylmethoxy)-2-nitrobenzylalde-
hyde diethyl acetal (12): To a solution of 4,5bis
(ethoxycarbonylmethoxy)-2-nitrobenzaldehyde (11) (3.004,
844mmol) in ethanol (50 mL) triethyl orthoformate (1.88g,
12.6 mmol, 1.50 equiv.) and pyridinium p-toluenesulfonate {424 mg,
1.69 mmol, 0.20 equiv.) were added and heated under reflux for
19 h. A dean-stark trap filled with molecular sieve (3 A) was utilised
for the constant removal of water. After the reaction was completed
as indicated by TLC, it was washed with saturated NaHCO, solution.
The aqueous phase was then extracted with CH,Cl, and the
combined organic phase was dried with anhydrous Na,SO, and
concentrated under reduced pressure. The residue was purified by
flash column chromatography on SiO, (petroleum ether/ethyl
acetate 85:15) to yield a yellow solid (3.22 g, 7.51 mmol, 89%). R=
0.25 (petroleum ether/ethyl acetate 80:20) m.p. 62.1°C; '"H NMR
(600 MHz, [DJDMSO): 6=1.12 (t, *J;, =7.1 Hz, 6 H, 2"-H), 1.22 (t,
Y10 and 1100 =7.1 Hz, 6 H, 11-H and 11-H), 350 (dq, Y, :,=9.3 Hz,
Uz =71Hz, 2H, 1,-H), 362 (dg *y,, =93 Hz, *fy, =7.1Hz,
2H, 1'y-H), 418 (q, Y1011 or 1010 =7.1 Hz, 2 H, 10-H or 10-H), 4.19 (q,
ot or 1w =7.1 Hz, 2H, 10-H or 10™-H), 4.96 (s, 2 H, 8-H), 4.99 (s,
2H, 8-H), 5.88 (s, 1 H, 7-H), 7.09 (s, 1 H, 6-H), 7.57 ppm (s, 1 H, 3-H);
3C NMR (151 MHz, [DJDMSO): 6=14.0 (C-11 and C-11), 14.9 (C-2),
60.8 (C-10 or C-10'), 60.9 (C-10 or C-10'), 65.5 (C-8 or C-8), 65.6 (C-8
or C-8), 97.7 (C-7), 110.6 (C-3), 111.5 (C6), 1279 (C-1), 1414 (C-2),
146.5 (C-4), 150.2 (C-5), 168.1 (C-9 or (-9, 168.1 ppm (C-9 or C-9');
IR (ATR-film): v"=2981, 1755, 1692, 1581, 1526, 1446, 1346, 1291,
1196, 1176, 1080, 878, 796cm'; HRMS (ESI:: m/z caled for
C,gH,,NO " 447.1973 [M+NH,] *; found: 447.1972.

Synthesis of BEC-cIPTG (10a); To a solution of 4,5bis
(ethoxycarbonylmethoxy)-2-nitrobenzylaldehyde diethyl acetal (12)
(1.00 g, 2.33 mmol, 1.50 equiv.) in dry CH,Cl, (6 mL) IPTG (370 mg,
1.55mmol) was added. After 5min p-TSA (11.8 mg, 0.06 mmol,
4mol%) was added to the suspension and it was stirred at room
temperature for 20 h. After the reaction was completed as indicated
by TLC, a small amount of triethylamine was added and the
reaction was concentrated under reduced pressure. The residue
was purified by flash column chromatography on SiO, (petroleum
ether/ethyl acetate 50:50 to 20:80) to yield a white solid (403 mg,
0.70 mmol, 45%). R;=0.35 (petroleum ether/ethyl acetate 20:80);
mp. 104.5°C; [a]= —68 (c=1.0 in CHCl,); 'H NMR (600 MHz, CDC,):
6=131 (t, Y0 o 1rw=72Hz, 6H, 11-H and 11-H), 1.35
d, Joyaamscn=68Hz, 3H, C