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Abstract

The environmental change and depleting fossil resources demand for novel and alternative approaches
for the production of functional molecules. To date, most of the applied active ingredients in
pharmaceuticals, cosmetics, food, home care products, etc. are natural molecules or related derivatives.
Their generation is primarily conducted by chemical synthesis, because natural occurrence is often
limited or natural sourcing is too expensive. However, sustainability, reducing CO, emission and
independency from fossil resources are modern needs of our growing society. Therefore, replacing
traditional, environmentally doubtful production routes for chemicals and generating bio-based,

circular refineries is a particular strategy to protect our environment.

With the help of modern biotechnological methodologies, genetic information can be extracted from
natural sources and transferred to heterologous hosts. These engineered bio-refineries can
consequently convert renewable resources to chemical building blocks, enzymes or active ingredients.
Such industrial biotechnology approaches open up economically efficient and sustainable production
possibilities. In that context, strain development, fermentation process development and downstream
processing are particular requirements in order to achieve a green and holistic process. For some
products like proteases this process is well developed and theses enzymes are widely applied in
commercial products. However, industrial biotechnology approaches are underrated for the
commercial production of complex, natural products that rely on multiple biosynthetic steps.
Especially the high complexity and elaborate strain development are obstacles that lowers industrial

related research activities, but have to be overcome in the future.

Meanwhile, many tools and software are available that facilitate the laboratory work and allows for
fast, safe and reliable genetic modification of microbial strains. Digitization (in terms of big data and
artificial intelligence) will also affectively improve and support strain development. Accordingly, many
big companies and start-ups start focusing on reliable and sustainable production routes for functional

molecules by industrial biotechnology approaches.

Copying and activating natural biosynthesis in heterologous production hosts can provide for efficient
access to complex molecules. This is possible in the case of terpenoids that have diverse and approved
functionalities of commercial interest. All terpenoids rely on the same precursors that are subsequently

processed by further enzymes. These processing steps are generally highly specific for the production




of a single terpenoid. Accordingly, once an efficient microbial platform for the production of the

universal terpene precursor is built, it can be applied for the production of all kinds of terpenoids.

Therefore, one aim of the presented work was the generation of a bacterial terpene production
platform. This platform was successively optimized by modulating enzymes actively involved in
terpene biosynthesis. In order to improve the screening efficiency, a read-out system that encompasses
production of the red coloured terpene lycopene was developed. Consequently, the optimized terpene
production platform was used to produce diterpenes, evaluate terpene synthase enzyme mutants and

to characterize unknown terpene synthase activities.

Another particular aim of this study was the holistic and sustainable process development for terpene
production. In this context, I investigated the possibility to convert low value renewable resources to
Taxadiene, the particular precursor of Taxol. A stable and reproducible fermentation process was
developed that was also approved for the production of other terpenoids (Cylooctat-9-en-7-ol,
Cubebol, Copaene, Verticillene, Aphidicolan-16-3-ol). Terpene capture and purification processes
were major challenges I was confronted with, because emulsion forming and solubility issues of
derived extracts kept terpene recovery low. Therefore, new process strategies for capture by stepwise
extraction and liquid/liquid chromatography, as an alternative purification approach to HPLC, were

investigated and evaluated for the Taxadiene and Cembratrienol isolation.

Three enzymes from the Basidiomycota C. puteana (annotated as putative terpene synthases) were
characterized. Two of three enzymes were functional sesquiterpene synthases and allowed for the

specific production of the refreshing agent Cubebol and a-Copaene (patented).

In parallel, I studied the structure function relationship of terpene synthases by virtual protein
modelling and molecular dynamics studies. These results indicated structural insights of terpene
synthases and allowed for the specific generation of enzyme mutants capable producing alternative

terpenoid macrocycles (Apdicolan-16-8-ol synthase, Cubebol synthase, Taxadiene synthase).
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General Introduction
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Bio-economy

The environmental change leads to rethinking of the future based economy. Specifically, the depletion
of fossil resources, climate change and raising world population demands for sustainable and
innovative strategies[1, 2].The Bio-economy strategy 2030 is a chance to innovate in sustainability
under ecological and economic constraints and complies with the modern needs of a growing
society[3-5]. The generation of processes for bio-based materials and compounds that are derived
from renewable resources is a particular focus that can be achieved by biotechnological concepts[6-
9]. In this context, native or modified microorganisms are used to convert and/or degrade biomass
thereby generating valuable molecules. Introducing the required biosynthetic genetic information into
a suitable microbial host allows for targeted molecule or enzyme production. Advantageous,
microorganisms applied are wusually fast growing, engineerable and non-hazardous[7, 10].
Consequently, biotechnological production processes are expanding across industrial sectors (see

Figure 1).
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Figure 1: Biotechnological derived products
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SysBioTerp

E:Bio - Innovation Competition Systems Biology (E:Bio) is a particular topic of the Bio-economy
strategy 2030, which is financially supported by the federal ministry of education and research. The
E:Bio initiative focused on the identification of innovative systems biology solutions for the
predominant problems of our society[11]. The funding program was initiated helping to secure global
food and nutrition as well as contributing to modern health care strategies. In this context, the health
care research activity of the SysBioTerp program (see Figure 2) was financially supported with more

than 3.7 million Euros.

ZN I sl Federal Ministry of Education and Research
Sl Health research framework program

Funding program:

E:Bio Innovation Competition
Systems Biology
Project:
SysBioTerp
=
~ Fraunhofer
IGB

RUHR ==E E
UNIVERSITAT ;?_:= E FRIEDRICH-ALEXANDER
BOCHUM S ST === ChlANGEN -NURNBERG

TUT

Technische Universitat Minchen

 phytowelt

GroeaTechnologies GmbH

Figure 2: Project funding
The focus of this research collaboration was the development of a bacterial strain that efficiently
produces structural minimized, biological active taxanoids from low value, renewable raw materials

(see Figure 3).
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Microbial upclycling

Structural minimzed,
bio-active taxanoids

Raw materials

Figure 3: Principle idea of the project SysBioTerp

In terms of E:Bio, a particular project part was the mathematically based modulation and optimization
of metabolic fluxes inside the cell. In order to achieve a balanced bio-refinery that efficiently produce
taxanoid molecules under ecologically and economically constraints, a consortium of eight specialty
divisions was acquired. The project was led and coordinated by Prof. Thomas Briick and Dr. Monika
Fuchs both, from the Werner Siemens-Chair of Synthetic Biotechnology at the TU Munich.
Moreover, the TU Munich contributed to the consortium, expertise in metabolic engineering, strain
development and process development (Werner Siemens Chair of Synthetic Biotechnology), up- and
downstream processing (Bioseparation engineering Group), metabolomics and structure elucidation
(Chair of Biochemistry) and systems biology (Specialty Division for Systems Biotechnology). Other
partners actively supported the project in terms of identification of enzymes that modify and “bio-
activate” the core structure (Ruhr-Universitit-Bochum: Microbial Biotechnology; Fraunhofer
Institute for Interfacial Engineering and Biotechnology; PhytoWelt Green Technologies GmbH). Last
not least, the Department of Chemical and Biological Engineering of the Friedrich Alexander
University in Erlangen developed and conducted biological activity screening assays. The consortium

and their respective tasks are highlighted in Figure 4.
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Figure 4: Project process flow

Aim of this work

The wotld of terpenoids is fascinating. Thousands of functions and possible applications awaken
considerable attention from various industries. Terpenes will and do contribute to satisfy modern
needs of our society, help protecting the environment and support us to live healthier and longer.
Nevertheless, their generally low natural abundance demands for new environmentally compatible
sourcing strategies. One particular strategy is the biotechnological production of these natural
compounds. Thanks to advances in genetic engineering and in process engineering the basis of
industrial terpene production is set. However, genetic engineers are driving microorganism to
maximum performance, thereby neglecting its applicability in an industrial setting. Therefore, new,
universally applicable and holistic process strategies have to be developed encompassing production,
capture and purification processes. Furthermore, improved methods to introduce functional groups
to the terpene skeleton have to be developed. To that end, this PhD thesis describes and demonstrates

new process strategies for the sustainable production and purification of functional terpenoids.
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Theoretical Background and Methodologies
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Terpenoids

The class of terpenoids is the largest natural product family group found in nature[12, 13]. These
compounds, which are often structurally complex, exhibit diverse physical, chemical and/or biological
properties and functions[14-16]. Due their specific characteristics they are often used as a flavor,
fragrance, cosmetic, food and/or pharmaceutical ingredient[17-19]. Interestingly, terpenoids are all
derived from the same universal building blocks, namely dimethylallyl diphosphate (DMADP) and
isopentenyl diphosphate (IDP)[20]. These isoprene units are naturally synthesized by two
evolutionarily distinct pathways. More specifically, the mevalonate pathway, predominantly found in
eukaryotes and archaea, converts acetyl-CoA over the central intermediate mevalonate in five
enzymatic reactions to IDP[21, 22]. In contrast, the general prokaryotic bio-synthesis of terpenes relies
on seven enzymatically catalyzed steps that convert Pyruvate and Glyceraldehyde 3-phosphate to IDP
and DMADP|21, 22]. This pathway’s central metabolite is the 1-deoxy D-xylulose 5-phosphate which

gives this pathway its name (see Figure 5).
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Figure 5: Biosynthesis of terpenes
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In all kingdoms, the isopentenyl diphosphate isomerases enzyme family catalyzes the isomerization
reaction from IDP to DMADP. This step is essential for the synthesis of longer allylic chains by prenyl
transferases that successively adds up to four IDP molecules to DMADP btw. geranyl diphosphate,
farnesyl diphosphate (FDP), geranylgeranyl diphosphate (GGDP), etc. by a head to tail condensation.
The general biosynthesis strategy for tri- and tetraterpenoids relies on a head to head condensation
reaction of two molecules FDP and GGDP, respectively. The number of isoprene units merged,
classify terpenoids into hemi (1), mono (2), sesqui (3), di (4), sester (5), tri (6), tetra (8) and poly (8+)
terpenoids (see Figure 6)[20].

Classification of terpenoids

Fuel-additives
- Hemiterpenoids - chemical building
DMADP blocks
Head-to-tail condensation reactions Tail-to-tail condensation reactions
DMADP
+
Iop
8 Fl;
- Monoterpenoids Fra:r\;?lrcses
2 . . Triterpenoids
2x GDP 2x FDP Apo-carotenoids
API f API
- Sesquiterpenoids . Flavors Squalene, Diapophytoene Nutraceuticals
Fragrances Pigments
3 Nutraceuticals
X FDP )
. Tetraterpenoids
2x GGDP - Carotenoids
- Diterpenocids = API
Phytoene
GGDP

DMADP:
1DP
GDP:
FDP
GGDP:
APl

Figure 6: Classification of terpenoids

Terpenoids diversity is derived from the cyclization process of the linear allylic chains. These reactions
are catalyzed by terpenoid synthases also known as terpenoid cyclases[20]. Due to changes in carbon
bonding, hybridization and stereochemistry during the enzyme’s cyclization reaction cascade, they
belong to the most complex reactions naturally occurring[23, 24]. Terpene cyclases are classified into
two main classes[20]. Class I terpenoid synthases coordinate the substrate (linear or pre-cyclized allylic
chains) by a Mg*" triade that allows for cleavage of the pyrophosphate group generating a highly
reactive carbon cation and inorganic pyrophosphate. In contrast, class II terpenoid synthase reaction
are dependent from an aspartic acid side chains that enables protonation of the terminal carbon-
carbon bond of the linear allylic chains providing for a cyclized compound with the pyrophosphate

group retained.
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Terpenoid synthase protein structures are assembled by three evolutionarily conserved domains (o,3,y
— see Figure 7)[20]. The a-domain catalyzes the class I reactions. Class II reactions are conducted at
the interface of the 3- and y-domain. Interestingly, both reactions can be conducted by a single,
bifunctional enzyme that contains all three domains (e.g. Abietadiene synthase, Aphidicolan-16-$-ol

synthase)[25, 20].

Class | terpene synthase Class Il Terpene Synthase Terpene synthase with all structural domains

Figure 7: Classification of terpene synthases

In nature, terpenes are often further modified by the introduction of functional groups, which is often
required to gain a biological function[12, 27, 28]. The hydrophobic, rigid and specific shape of a
terpenoids’ three-dimensional structure in combination with a functional group, provides for specific

interaction with various targets|[12, 29].

Taxol and derivatives

In the late 1960s scientist isolated a compound from the bark of the pacific yew tree that exhibits anti-
cancer properties towards leukemia, carcinosarcoma, and lung cancer cells[30]. Subsequently, they
demonstrated that this compound binds to beta tubulin thereby stopping its depolymerization|[31, 32].
Based on the tree’s Latin name faxus brevifolia they called the compound Taxol. However, the low
natural abundance of Taxol and the slow growth of the tree required alternative, sustainable sourcing
strategies[33]. Initially, de movo chemical synthesis approaches were developed, but the synthesis
procedure comprised more than 40 steps[34]. A breakthrough was achieved by the development of a
semi-synthesis approach that utilizes 10-Deacetylbaccatin I1I, which can be isolated from the needles
of the European yew (faxus baccata), to fabricate Taxol in fewer synthesis steps. However, both
chemical approaches generated tons of toxic waste as byproduct[33]. The first sustainable Taxol
production process was established by utilizing plant cells cultures[35]. Nonetheless, slow growth,
costly purification steps and necessity of metrics of waters for the production, still demands for

alternative production strategies[33].
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To that end, scientists intensively researched on the elucidation of the biosynthetic pathway to use
this information for biotechnological attempts[36, 37]. In the 90ies the first key step was discovered
unraveling the initial step of Taxol biosynthesis[38]. The first significant step is the cyclization of
GGDP to Taxadiene (TD), a three cyclic diterpene. TD’s molecular structure is still apparent in Taxol
(see Figure 8). On the way from TD to Taxol several cytochrome p450 monooxygenase (CYP),
acetylase and transferase steps are required. Interestingly, some of the enzymatically catalyzed
reactions or spontaneous rearrangements have not been elucidated and understood, yet[36]. The initial
TD CYP hydroxylation processing reaction already produces significant limitations in heterologous
bio-synthesis imitation[39]. The enzyme generates iz planta 5-alpha-hydroxy taxadiene (SHTD)[30].
However, heterologous expression of this enzyme and evaluating its function zz vzvo as well as in i vitro,
revealed that the annotated intermediate 5SHDT is only produced as a byproduct in minor amounts[40-
42]. Accordingly, complete elucidation of the natural Taxol biosynthesis and its utilization for

heterologous, biotechnological attempts is pending.

Central intermediates of the Taxol biosynthesis

~ =

Taxadiene 5-a-hydroxy taxadiene 10-deacetylbaccatine Il Taxol

Figure 8: Central metabolites of the Taxol biosynthesis

Aphidicolin — Aphidicolan-16-$-ol

Aphidicolin (AC) is a tetracyclic diterpenoid with four hydroxyl groups[43]. This bio-active substance
has been firstly isolated in 1970ies from the fungus Cephalosporium aphidicolia and still to date, AC has
been exclusively found in the fungal kingdom([44, 45]. It is a potent inhibitor of eukaryotic DNA
polymerase o and it is often used as cell synchronization agent[46-48]. Moreover, anti-viral and anti-
tumoricidal activities have been recently demonstrated for AC[49, 50]. Hence, this diterpenoid is a

highly interesting lead structure for further drug development.

Notably, the biosynthetic cluster was identified in the fungus Phoma betae and the biosynthesis
elucidated (see Figure 9)[51]. AC is synthesized naturally from GGDP by a diterpene class II and class

I cyclization reaction producing Aphidicolan-16-8-ol[52]. This reaction is conducted by the
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bifunctional Aphidicolan-16-3-ol synthase (acs). Subsequently, Aphidicolan-16-3-ol. is hydroxylated
by two CYPs (pbP450-1, pbP450-2) reactions generating AC[51].

OPP PPO

ACS ACS
— P —_— P
Class Il Class |
OH
OH |
s
PbP450-1/2 PbP450-1/2
— ——

HOW
HO—

Figure 9: Biosynthesis of Aphidicolin

Cyclooctatin — Cyclooctat-9-en7-ol

The tricyclic diterpene Cyclooctatin (CO) was firstly isolated from the broth of Streptomyces
melanosporofaciens while screening for anti-inflammatory compounds[53]. Its activity relies on the
reversible inhibition to lysophospholipases thereby blocking the hydrolyses of fatty acids. The
biosynthesis of CO starts with the cyclization of GGDP to the 5-8-5 fused ring system cyclooctat-9-
en-7-ol. This reaction is catalyzed by the cylooctat-9-en-7-ol synthase[54, 55]. Structure function
analyses of cylooctat-9-en-7-ol synthase allowed for the identification of catalytic relevant amino acid
side chain in the active site cleft. In this regard, specific amino acid substitutions lead to the production
of abortion products within the cyclization cascade (see Figure 10)[54]. Consequently, a production
system for the targeted generation of the highly valuable diterpenes cembren A and dollabelatriene

was created.
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Cylooctat-9-en-7-ol Synthase

Figure 10: Cyclooctat-9-en-7-ol synthase product portfolio

As depicted in Figure 11, Cylooctat-9-en-7-ol further reacts in the natural host by two successive
hydroxylation steps to CO. The CYPs CotB3 and CotB4 were identified to conduct this hydroxylation
in the native host[56]. The natural producer is inefficient in terms of growth and product titer.
Therefore, alternative biotechnological production routes have been investigated recently[57].

However, the P450 hydroxylation still remains a limiting step for commercial CO production.

P450
CotB3
_—

P4s0

CotB2 CotB4
—_—

Class I

GGDP Cyclooctat-9-en-7-o0l Cyclooctat-9-¢n-5,7-diol Cyclooctatin

Figure 11: Biosynthesis of Cyclooctatin
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(Diapo)-Carotenoids

(Diapo)-Carotenoids are widely distributed in nature and exhibit interesting pigment properties|58,
59]. The carotenoid molecular structure exhibits a polyene chromophore which provides for a specific
compound coloration. For example, well known carotenoids are Lycopene and B-carotene that give
tomatoes and carrots their typical color. Moreover, the high desaturation in carotenoids molecular
structure allows for excellent anti-oxidative action[60]. In this regard, carotenoids and their partly
collourless derivatives have received considerable attention from food, pharmaceutical, and cosmetic

industry and their biotechnological production is in the scope of various companies[61, 62].

These ubiquitous pigments are naturally synthesized by many organisms particularly in plants, fungi
and bacteria. Commonly, they act as light harvesting, photoprotection agent or as a phytohormone
precursors[59]. Carotenoids are derived from two molecules FDP or GGDP merged in a head to head
condensation leading to diapo-phytoene or phytoene, respectively (see Figure 6). Further modification
by desaturases, hydroxylases, transferases and/or lyases lead to the myriads of carotenoids and their

derivatives found in nature (see Figure 12).

Carotenoids

0
| /\’f IAvA
Ay Y Y

/,
=2 ':x“'l ,.._-v’{h:/ = -

/

Figure 12: Diversity of carotenoids and its derivatives
Lycopene has been used as a read-out system to improve heterologous terpene production through
specific pathway optimization[63, 64]. More specifically, it is highly suitable for the optimization of

diterpene production platforms, as both terpenoid classes rely on the GGDP precursor.
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Microbial Terpene Production

Terpenoids are already used in various industries because of their valuable physical, biological or
chemical characteristics[22]. However, natural occurrence is in most of the cases limited. Therefore,
evaluation und targeted engineering of heterologous hosts is a sustainable and attractive alternative to

natural sourcing[65, 606].

Terpenoids all rely on the same building blocks IPP and DMAPP which is commonly bio-synthesized
by two metabolic pathways in nature. The generation of production platforms able to produce high

amounts of these precursors provide for commercial terpene production[67].

The most common used production hosts are E. co/i and S. cerevisiae reaching terpene titers of up to
27,4 g/L [68] and 23 g/1 [69], tespectively. However, other production systems have also great
potential to be applied in commercial production (Pseudomonas putida, Bacillus subtilis, Yarrowia

lipobytica)[70-72].

Hence, choosing the perfect host is not trivial as growth, atom efficiency or enzyme
solubility/functionality/ modification (e.g. glycosylation) ate all impacting the final terpene yield[66].
In this accordance, some terpenoids can be effectively generated by one host and are hardly to produce
in other production hosts. Taxadiene for example, the first key intermediate in the Taxol biosynthesis,
can be hardly generated in . cerevisiae (8.7 mg/L) [73], but good yields were reported in engineered
E. cli (1 g/L) [74]. To that end, we chose to focus on the production of functionalized Taxanoids in
E. coli.

Evaluation of Promoter Systems

Gene expression in all organism is conducted by polymerases. These enzymes bind to a promoter
sequences on the DNA strand which subsequently results in the translation of the DNA to generate
mRNA required for protein biosynthesis. Promoter regions are often regulated by short DNA
sequences just in front of the promoter sequence (repressor or activator regions). One famous system
is the lac-operon. For heterologous enzyme expression in E. co/i this repressor is often combined with
a promoter sequence recognized by the viral T7 RNA polymerase[75]. The T7 polymerase is a very
powerful enzyme for fast and extensive protein-biosynthesis. However, strong overexpression also
results in side effects like the formation of inclusion bodies, strong depletion of central metabolites or

initiation of the dying phase[9, 76, 77].

Terpene biosynthesis by the DXP-pathway involves 7 enzymes|[21]. Overexpression of all enzymes
would require extensive energy resources. Interestingly, the pathway is regulated by its intermediates.

Accordingly, overexpression of the first enzyme dxs, results in the upregulation of the subsequent
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enzymes within this pathway[74]. An additional overexpression of prenyl transferases and terpene
synthases provides for diverse possibilities to generate terpene molecules. Still, this requires relevant
energy resources. For terpene production in E. co/i this results in a depletion of the central metabolites
Pyruvate and Glyceraldehyde 3 phosphate, that directly affects viability of the cell. In the case of
terpene whole cell biosynthesis by a T7 lac-operon regulated expression, the productivity of the host
is limited. Even if applied in the culture’s stationary phase, timely restricted production, equal inducer
distribution and difficult repeatability limits commercial application[9]. Unfortunately, the initiation of

expression by addition of IPTG cannot be regulated neither stopped and re-initiated.

In order to overcome the “all or nothing” strategy, other promoter systems (e.g. polymerases) can be
used. 'The inducible XylS/Pm system from Pseudomonas sp. allows for gene expression strength
regulation by varying inducer concentration or inducer molecule itself[78, 79]. Another strategy next
to inducible systems is the application of native polymerases and its promoter sequence. These
promoters are not dependent from addition of an inducer molecule. They are often activated by central
metabolites or genes regulating the internal metabolism. For example, the Lac-1 promoter sequence is
accessible to the polymerase in the presence of Lactose[80]. Moreover, modulation of the expression
strength is possible by genetic modification of the promoter sequence. This modification affects the

polymerase binding affinity[81].

Generation of Optimized Polycistronic Operons for Terpene Production

Terpene biosynthesis is dependent on a cascade of enzymatic reactions. If the secondary metabolism
is activated by the overexpression of the first cascade’s enzyme dxs, the other DXP-pathway enzymes
will automatically be up- regulated by intermediates or activated regulatory elements|[74]. Nevertheless,
some of these enzymes still display bottlenecks. Their individual overexpression lead to increasing
terpene titers[82]. However, expressing several proteins at once commonly require several plasmids
and energy resources. Accordingly, the metabolic burden increases and different selection markers are

required to prevent plasmid loss.

BioBrick cloning is a well-established method to produce polycistronic operons[83]. This helps to
combine several genes in a row under one promoter sequence. Accordingly, the number of plasmids
required can be reduced. Biobrick follows the strategy of compatible sticky ends that are released by
restriction enzymes recognizing different nucleotide patterns. This allows for continuous cloning
having the possibility to add one gene after another. The length of the operon is limited due to plasmid
size restriction. The produced polycistronic operon can be easily transferred into an expression vector
afterwards. This has already been demonstrated for the production of the tetraterpene beta-

carotene[84]. The focus in this study was the modulation of the ribosomal binding sites to identify a
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metabolically optimized production platform for terpene production. In this study they used a T7
promoter systems. In this study we adapted the Biobrick cloning to generate a library using a
constitutive promoter system that do not require induction. This allowed for direct, visual observation

of the productivity of constructed polycistronic operons (see Figure 13).
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Figure 13: Adapted BioBrick cloning for terpene production optimization

Fermentative Production of Terpenoids

Fermentation describes the controlled cultivation of microbial or eukaryotic cells. An obvious
advantage compared to shake flask experiments for instance is the regulation of pH and the dissolved
oxygen inside the vessel. This allows for stable cultivation conditions that return reproducible results
and higher cell densities. In the case of terpene production, microbial fermentation systems are most
commonly applied. Yeast or bacteria can achieve high cell densities and they grow fast. The growth

rate can be determined according to:

_ ldc,
’u_cx dt
and

B S
ﬂ—umaxKS_I_S

Substrate uptake and product production rate can be calculated by the following equations.

27



1ds

q5=aa
_1dp
qp_cxdt

The coefficient Yxs represents the share of grams substrate that are required to generate 1 g of

biomass. Yps represents the analogues share of product and substrate, and can be considered as atom

efficiency grade.
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In fed-batch fermentation processes the control of carbon sources allows for strategic feeding to
enhance the biomass and product yield. An immediate increase for dissolved oxygen inside the reactor
is an indication for complete consumption of the primary carbon source. Another indication for
complete primary carbon source conversion is a pH increase that originates from Acetate uptake by
the microorganism. In this context, a feeding protocol was developed in VBA scripting that takes the
signal of pH increase into account to initiate carbon feeding. This protocol provided for an

autonomous and stable running fermentation process.

In parallel, the batch media, feed composition and process control were optimized to generate a
reproducible, stable and efficient fermentation process. Other fermentation strategies (e.g. # sitn
terpene extraction) were investigated due to commonly adherent problems for microbial fermentation

process for terpene production as listed:

1. Distribution/ Location of the product

Terpenes core structures are hydrophobic. The molecule easily diffuses through the cell membrane
according to the concentration gradient. However, when the terpene concentration increases
relevant amounts of product are incorporated or attached to the cell membrane due to their

physico-chemical properties|9].

2. Functionalization of the terpene
Diffusion, especially of the initial product released by terpene synthases, limits an efficient

functionalization of P450 catalyzed hydroxylation inside the cell[41].
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3. Toxicity and Inhibition

Terpenes physico-chemical properties often provide for a biological function. Hence, a possible

interaction with the product and the cell viability should be investigated[§].

4. Depletion and Stability

During fermentation decreasing product yield is observable. These can be traced back to depletion
by aeration[9]. Especially, monoterpenes and sesquiterpenes have low boiling point. Strong
aeration will subsequently lead to a product depletion[85]. Therefore, aeration should be adequate,

even if diterpenes or higher terpenes are produced.

Some terpene products are also quite instable due to oxygen level, temperature, light etc. and their

structure can be rearranged to more stable derivatives[85].

Capture and Purification of fermentatively derived Terpenes

Evaluation of different Capture strategies

Extraction of terpenes were performed by adsorption and absorption studies. Both strategies were

applied for post-cultivation batches and during the fermentation process (i situ). Figure 14 gives an

overview of the tested scenarios in this study.
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Figure 14: Different capture methodologies for fermentatively derived terpenes

In general adsorption returns a more specific binding of the target molecule, which results in reduced
complexity of the extract for purification. However, the costs for adsorption material is high compared
to solvents and unfortunately, the regeneration and re-use is limited due to reduced binding affinity][8,

9]. Another limitation is the handling, cleaning and dispose of the adsorption material after treatment

with the bacterial broth.
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Post-cultivation liquid/liquid extraction was optimized in order to reduce emulsion formation at the
interface. Therefore, a two-step extraction protocol was devised. In a first step an ethanol ethyl acetate
mixture breaks the cells and precipitate most of the proteins. After centrifugation of the cell debris,
the liquid is mixed with hexane. This results in a phase separation and an extract with relatively low

complexity[9].

In situ liquid/liquid extraction can be easily conducted by addition of a solvent that is hardly miscible
with the culture medium (bi-phasic fermentation). However, a solvent must be identified which is not-
toxic to the cells neither to the environment, can absorb the product and does not form stable

emulsions. Moreover, the solvent and the product must be separable afterwards.

Evaluation of different Purification strategies

Chromatographic separation is a common method for the isolation and purification of chemical and
biological molecules. More specifically, liquid chromatography (LLC) is one of the standard
methodologies applied in research and industry. The isolation is based on the interaction of the target
molecule with the stationary phase. Moreover, variation of the mobile phase can enhance or reduce

this interaction with the stationary phase providing for the possibility to isolate the compound in high
purity[86].

Liquid/liquid chromatography (LLC) uses a liquid phase as mobile as well as stationary phase[87].
Accordingly, combining mobile and stationary phase must generate a bi-phasic system (e.g. water and
benzine). Similar to the classical LC, the interaction of the target molecule with the liquid stationary
phase allows for the compound’s isolation. Additionally, in LL.C an interaction with the mobile phase
is also required. To that end, changing mobile and stationary phase is also possible for the separation

process.

In the case of Hexane and water one can imagine that a very hydrophobic molecule will not solve or
interact with water (e.g. dodecane). However, if you take Ethanol, it will solve in water as well as in
the Hexane phase. A number to specify the compound is the log-p value, which represents the
partition coefficient of the molecule in an n-octanal-water bi-phasic system. This number is correlated
to the hydrophobicity of the compound and it can be theoretically determined or even estimated by

computational simulation calculation (e.g. in COSMO-RS)[88].

The hexane-water-ethanol mixture is a good example to demonstrate the behavior of ternary mixtures.
Those mixtures can be displayed in triangle diagram showing the biphasic system (section II see figure

15) and mono-phasic system (section I see figure 15) for different shares of hexane, water and ethanol.
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To separate a molecule by LLC the distribution of the target molecule should be equal in both phases

in the biphasic systems.

Solvent B

Binodale T, Mono-phasic

Binodale

Conode
_____ Bi-phasic
BinodaleT, / ' =Tl
Solvent A Solvent C

Figure 15: Example of a ternary mixture displayed in a triangle diagram

The composition of a ternary system can be varied to change the polarity and hydrophobicity of both
phases. The characteristic of a biphasic system slightly changes along a conode. However, other
variations of the mixture affect the distribution of the target molecule. The binodal curve represents
the border of the biphasic zone. Mixtures close to this line are most probably instable. Especially,

because many ternary systems are also affected by their temperature (see figure 15 red dotted lines).

A parameter to determine the stability of a biphasic system is the settling time. It represents the time
that is required for two phases to completely separate after shaking. Long settling times lead to
complicated separation processes and the risk of phase leakage during the separation process. Another
impacting factor for long settling times can be the target molecule itself or the mixture applied.
Molecules that interact or stay at the interface of both liquids dramatically change the behavior of the

ternary mixture.

Nevertheless, once a suitable and stable biphasic system is identified this separation technology

provide for high throughput rates (compared to HPLC) and the possibility to scale up the process
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easily. The recovery rate of the molecules is close to 100% and the process conditions are mild (temp,

pressure, etc.)[8, 9]. Figure 16 shows a general process flow of LLC method development.

t[min]

Determination of the Preparation of the
distribution coefficient machine —
Equilibrium state

Load sample and
separate target
compound

Figure 16: Process Flow for LLC separation for terpene purification

There are different procedures/machines how to apply LLC. Counter-current-LLC pumps both
phases in different direction, similar to a counter-current extraction. Centrifugal partitioning
chromatography pumps the mobile phase through the stationary phase, which is held in position by

centrifugal force.
Cytochrome p450 Monooxygenases — Reductases

Cytochrome P450 oxygenase (CYP) is the largest and most versatile enzyme superfamily[89]. They
are particularly needed for biosynthetic functions and xenobiotic oxygenations[90]. They integrate
atmospheric oxygen into carbon hydrogen bonds that provides for the possibility of further
biochemical processing. In order to achieve this reaction, oxygen initially binds to a ferrous atom that
is centrally coordinated by enzyme bound heme[91, 92]. The subsequent reductive activation process,
produces the highly reactive ferryl-oxo species, as depicted in Figure 13. This transition state generally
attacks the substrates non-activated carbon hydrogen bond and substitute a hydrogen by a hydroxyl

function.
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Figure 17:Process of CYP catalyzed hydroxylation reactions

Electrons for the ferryl-oxo generation are usually provided by the cofactors NADH or NADPH but
cannot be directly obtained from these cofactors. Thus, redox partner systems are engaged to facilitate
the transport of the electrons to heme[93]. CYPs generally receive reducing equivalents either by the
interaction of a flavoprotein and an iron sulfur-protein or by a cytochrome p450 reductase (CPR)[93].
Both systems have evolved in eukaryotes and prokaryotes. The eukaryotic mitochondrial and
microsomal CYP-systems are mostly membrane associated or covalently bound by a membrane
anchor. In contrast, bacterial CYP-systems are generally cytosolic and soluble. CPRs are structurally
conserved and can be arbitrarily applied for the electron transfer of CPR dependent CYP systems
(Figure 14)[42]. Although, flavoproteins and iron-sulfur proteins are also structurally similar across

kingdoms, they cannot substitute each other[94].
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Figure 18: General electron transfer in P450 catalyzed reactions

CYP hydroxylation reaction are often the limiting step in heterologous whole cell biosynthesis
approaches, because they rely on cofactors and are dependent from the efficiency of the electron
transfer[95]. The enzyme from the bacillus megaterium P450 BM3 contains both, a mammal-like CPR
and a CYP domain in a single enzyme[96]. This chimeric enzymes allows for improved electron
transfer and accordingly, served as a model for the development of CYP-CPR fusion enzymes[97].
Major limitations, however, lie in the individual evaluation of fusion site (N- or C-terminal), linker
sequence and truncation for every construct. Moreover, functional and sufficient expression in whole

cell bio-refineries is challenging due to the big protein size and low solubility[95, 97].
Introduction of Functional Groups to the Terpene Skeleton

Statistically, introduction of functional groups to the high dense carbon terpene core structure is likely
to result in a biological activity[12, 98, 99]. One possibility is the introduction of oxo-functionalities.
Sustainable approaches encompass the specific hydroxylation by P450 mono-oxygenase or lipase

mediated epoxidation reaction[90, 100].

Lipases catalyzes the reaction of an acid to a per-oxo acids in the presence of H,O». This per-oxo acid
attacks the olefinic bonds releasing an epoxide and the original acid. In this context, a methodology
was developed to epoxidate TD[9]. Compared to commonly applied epoxidation reactions that are

initiated by perchloric acid, this strategy represents a mild and green alternative.
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P40 Monooxygenases are commonly highly specific. Whole cell biosynthesis for the production of
hydroxylated terpenes have been demonstrated. However, limitations for industrial application are

often related due to low turnover[41, 42]. This originates from several sources:
- Low enzyme solubility

- Low electron transfer rate (CYP-CPR)

- Substrate already outside the cell

- High metabolic pressure

- Toxic products

Alternative strategies in whole cell biosynthesis like the implementation of mutated Bacillus megaterinm
BM3 variants (natural fused p450 enzyme with reductase domain) to overcome electron transfer
limitation was demonstrated successfully[101]. However, mutation of this enzyme lowers product

specificity by widening substrate acceptance.

Therefore, new P450 hydroxylation strategies were investigated. The idea to in-vitro hydroxylate a
terpene skeleton by P450 monooxygenase is favorable due to low reaction volumes, high turnover
possibility and easy extraction of the target compound[102]. In order to improve electron transfer rate
and subsequently hydroxylation efficiency, different reductase systems were screened. One approach
was the generation of fusion enzymes, however low solubility of the complex remained a major issue.
Alternatively, a bacterial reductase system in combination with a bacterial mono-oxygenase was
investigated. This combination lead to high turnover rates of the substrate. Subsequently, this
reductase system was also screened for its possibility to transfer electron to plant P450 mono-
oxygenase. The successful approach led to further development encompassing the generation of a

cloning vector for a P450-CYP library generation (CYP-Swinger).

CYP-Swinger: New strategies for the efficient oxo-functionalization of diterpenes by new-to
nature oxygenase-reductase combinations

Oxo-functionalities are very common and widely distributed in nature. These reactions are primarily
catalyzed by CYPs that make up the biggest enzyme super family found in nature[89]. CYPs are
particularly needed for biosynthetic functions and for xenobiotic oxygenation reactions[90, 103]. They
integrate atmospheric oxygen into carbon hydrogen bonds that provides for the possibility of further
biochemical processing. Interestingly, over 93% of the listed terpenoids in the Dictionary of Natural

Products contain more than two oxo-functionalities[12]. The high carbon density in combination with
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the oxo-functionalization generates unique molecular shapes and structure that can provide for a

biological function|[104, 105].

However, hydroxylation processes in biotechnological whole cell approaches still remains challenging,
especially in bacterial fermentation processes[41, 95]. Most of CYPs are membrane bound and
truncation of the respective membrane anchor is required to express the protein soluble. However,

these shortening can affect protein folding and its activity.

Another limitation in heterologous CYP expression lies in the necessity of a reducing partner[93]. The
reducing partner provides electron equivalents for the generation of the highly reactive ferryl-oxo
species inside the CYP’s cofactor heme. There exist several different CYP-reductase systems,
however, the common limitation in whole cell production systems is the efficient and fast electron
transfer between these partners. Fusion enzymes consisting of a CYP and a CPR connected by a linker
sequence, were generated and functionally tested in previous work[106]. This approach was successful
demonstrated and re-constructed for the hydroxylation of TD[107]. Experiments revealed that this
fusion construction setting (e.g. fusion site, linker sequence) cannot be equivalently applied for other
CYP hydroxylation approaches (e.g. hydroxylation of cembratrienol). However, we demonstrated that
the CPR from T. baccata can be substituted by a CPR from Roseus catharanthus resulting in improved
TD hydroxylation[107]. However, TD turnover to hydroxylated taxanoids remains below 10% (w/w)
in fermentation experiments. Especially the low protein expression, due to the big protein size (124
kDa), and co-factors dependency were identified as particular bottlenecks for low turnover rates[107].

Therefore, we set out to develop new hydroxylation strategies to improve this limiting step.

Inspired by the heterologous CO biosynthesis previously described [57], we abandoned the fusion
enzyme approach and developed a system, independently expressing the CYP and CPR[107]. This
plasmid was designed with specific enzyme restriction sites that allows for simple and fast replacement

as well as further addition of CYPs and CPR sequences (see Figure 15).
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Figure 19: CYP-Swinger Operon (RBS = Ribosomale binding site; RS = restriction site)
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The system was successfully tested by successful hydroxylation of TD[107]. Furthermore, we
assembled the genetic sequences responsible for CO biosynthesis (CotB3, CotB4, Afr-Afx) and cloned
them into the newly designed plasmid. This construct was functional as well, and we were able to
produce Cyclooctat-9-en 5,7-diol[107]. Subsequently, we changed oxygenase and reductase partners

in order to investigate if an electron transfer across different reductase systems is possible (see Figure

16).
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Figure 20: Experimental approach to test functionality of native and non-native CYP-reductase systems hydroxylating TD and
Cylooctat-9-en-7-ol

Indeed, we were able to show similar activity for TD hydroxylation using the flavin dependent
reductase system (Afr-Afx). Furthermore, implementation of CPR from R. catharanthus, for cylooctat-
9-en-7-ol hydroxylation, was functional as well. Hence, we assumed that the electron transfer took
place also in non-native CYP-reductase systems tested[107]. Even though electron transfer systems
were changed, we assume that the non-native reducing equivalents were able to generate the ferryl-

oxo species in the CYP, respectively. This transferability has not been demonstrated to date.

Moreover, we screened the CYP-reductase systems for their activity on non-native terpenoid scaffolds

(TD, Cyclooctat-9-en-7-ol, Dolabellatriene, Verticilene — see Figure 17)[107].
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Figure 21: New-to-Nature experimental setting to identify CYP activity for non-native substrates

These new-to-nature combinations revealed measurable activity of CotB3 on all targets screened[107].
However, amounts produced were too low to structurally elucidate these compounds. To further
improve and facilitate the screening, we investigated if it is possible to conduct a biotransformation
of purified terpenes with engineered bacteria expressing CYP and reductase system[108]. In this
context experiments, encompassing different temperatures, time points, solubilizing agents, etc. were

conducted to identify an efficient biotransformation hydroxylation setting.

During the experiments we examined that the hydroxylation reaction primarily takes place in the
stationary phase (Best performance was with stored, over-night cells at 4°C)[108]. Unfortunately, the
designed plasmid encompasses constitutive promoters that expressed proteins during cell growth.
Hence, we believe that changing promoter system to strong and inducible will increase the

biotransformation rate substantially and allow for further improvement of the CYP-Swinger-System.
Protein Modelling

Homology Model and Docking — Non- expert level
In silico prediction of proteins is a common tool used in research. Modelling is predominantly used to

identify binding sites and to identify lead structures that bind to a specific target (structure/activity
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relationship-studies). Many tools have been developed to examine and predict the motion of proteins

to improve computational methodologies in order to reduce experimental work[109].

Therefore, great interest lies in solving protein structures of pharmaceutical targets by crystallographic
studies. Only few researchers have focused on solving terpene synthases’ crystal structures so far as
they do not represent a target for pharmaceutical applications[20]. However, crystal structure can also

be used to study and understand reaction mechanism[55].

Interestingly, terpene synthase tertiary structure is highly conserved similar even though their sequence
identity is often below 20%. Terpene synthases are identified by their conserved motifs DXDD and
NSE plus DXXDD/E and ate accordingly classified. Their structure consists of 13 alpha helices in a
barrel structure[20]. This provides for good protein homology models, which can be solely
constructed based on their primary sequence information. However, to date the functionality neither

the product outcome can be forecasted.

Homology modelling can also be applied for the elucidation of terpene synthase reaction
mechanisms|[23, 55]. Docking the substrate into the active site of the proteins allows for rough
estimation of amino acids that interact with the substrate during the cyclization reaction. Targeted
amino acid substitution can stop the mechanism and an abortion product is released. This facilitates
the evaluation of carbo cation intermediates on the way to final product. This is another strategy
compared to labelling of the substrate. Additionally, protein mutants can provide for the production

of commonly inaccessible terpene products.

There are many tools available to perform a protein modelling task. However, the vast variety and
partly incompatible programs can easily stop all enthusiasm to continue the research in 7 silico protein
modelling[26]. Prediction of a protein homology model is accessible by online tools (Expasy, RaptorX,
Zen Lab). In this study RaptorX was used that provides a protein structure usually within 72 hours.
The protein is predicted using crystal structure already available at the protein data base. However,
cofactors like metals, which are catalytically relevant in terpene synthase reactions, are not yet included

in the model. Hence, it is important to add these cofactors prior to any function-structure analyses.

The easiest way to implement the metal ions in the model is by the tool modeler [110]. For this tool a
reference structure is required that already has the cofactors co-crystalized. A closely related reference

structure to the expected homology model’s activity, will return good results.

Chimera (UCSF) is a good program to start with [111]. Once the initial model is predicted and loaded

in the software, the reference structure can be added as well, and subsequently be aligned. Starting the
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add-on Modeler return a refined structure based on the reference structure and include the cofactors

ad-hoc.

The next step is preparation of the enzyme for docking. Chimera has a ready to use tool that adds

hydrogens, charge, etc. in a few clicks (AutoDock Prep)[112].

Afterwards the substrate must be prepared as well. Prior, the substrate must be produced and the

molecule’s charges annotated. There are several possibilities like:

- Draw the chemical structure (ChemDraw, Avogadro, etc.)[113]
- Or download the 3D structure (e.g. PubMed)

- Or extract the ligand from a crystal structure (e.g. Chimera)

Afterwards, a geometrical optimization of the substrate should be performed. This can be done again
by several tools (Chem3D, Avogadro, etc.). The substrate can subsequently be loaded into Chimera

and should be saved as a mol? file.

Implantation of the add-on AutoDock Vina to the Chimera software environment facilitates the
docking procedure. After the tool has started, receptor and ligand can be defined. A box can be drawn
around the active site that represents the docking zone for the substrate. After docking calculation
and evaluation of the output, good results can be saved individually. The process flow is depicted in

tigure 22.
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Figure 22: Process Flow for terpene synthase structure function analysis
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Molecular Dynamics — Expert Level
In order to perform molecular dynamics studies, the docked enzyme substrate complex must be

separated again into a receptor molecule and the ligand (saved as separate files (mol2 und pdb)).

The ligand atoms must be specified prior to simulation. This can be done by the software Yasara.
After specification safe the ligand as pdb file. The online service paramchem allows for
parametrization of the produced ligand[114]. The outcome is a str file that can be divided into a

parameter (par) and topology file (top) by petl.exe running stream_split.pl (see appendix).

The receptor can be loaded in VMD. The commands in the appendix provides for generation of psf

and pdb file for the receptor and the ligand, respectively.

After restarting VMD and opening the tool psf merge, ligand and receptor can be combined in a single
file returning receptor-ligand.psf and receptor-ligand.pdb. Addition of a water sphere is conducted by

another command listed in the appendix.

Subsequently, simulation.config, which includes all parameters necessary to run the simulation, allow
for namd2 molecular dynamic simulation. Therefore, Windows CMD must be started and the
directory changed to the folder containing Namd2.exe. The command “namd?2.exe simulation.conf >
simulation.log &” returns a dcd file and a log file. The dcd file can be loaded in VMD together with
the respective pdb file. The receptor-ligand complex at different time points of the simulation are now
presented (so called frames). Figure 23 demonstrates the process flow to run a molecular dynamic

simulation of a protein-ligand complex.
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Synopsis

Virtual enzyme design and 7 silico-based structure function analyses of proteins are helpful tools for
enzyme engineers. However, the numerous tools that are available, strongly complicates the choice
which software to use and how to use it. Surely, there are powerful tools available that fulfill all
requirements needed in a single program. However, they are very expensive and the complexity of
ubiquitous software often requires solid expertise. In order to access z sz/ico modeling for non-experts
using free of charge software, we developed a strategy and a process flow for the structure function
analyses of terpenoid synthases. Our initial goal was protein prediction, based on the primary protein
sequence solely, homology model refinement and active site cleft investigations. In this context, a
process flow for reliable 7z silico protein modeling was developed. Generated protein models were
subsequently evaluated and protein mutants produced to experimentally prove our 7 silico results. The
paper “Insights into the Bifunctional Aphidicolan-16-8-ol Synthase through Rapid Biomolecular

Modeling Approaches” describes the optimized procedure to examine a diterpenoid synthase 7 silico.

Initially, the bifunctional enzyme was predicted from the primary sequence. The predicted model was
missing essential co-factors and the structure was built upon on an open protein crystal structure
conformation. Terpene apo-protein crystal structures that are in open, catalytic inactive conformation
represent the majority of published terpene synthases. The cyclization process of terpene synthases is
initiated by a conformational change of the enzyme after the substrate is bound to cofactors and the
enzyme’s active site cleft. In this “closed conformation” the cascade of hydride shifts, carbon bond
rearrangements and generation of cyclic molecule structures takes place. To that end, the predicted
ACS homology model was refined in order to obtain a closed conformation enzyme. The refinement
method included introduction and optimized positioning of cofactors generating a reliable model for
further docking studies. CDP was docked in the refined homology model. Our findings were further
compared to computational expensive molecular dynamics studies (NAMD) that revealed that our
new protein structure function analyses approach produces similar results requiring less time
(computational and preparation) and molecular dynamics experience (e.g. scripting, protein and ligand

parametrization).

The protein-ligand complex was investigated and targeted alteration of the enzyme’s active site cavity
conducted. We demonstrated that the reaction from syn-CDP can be aborted prematurely providing
access to the primaradiene and labdanoid diterpenoids (Y658, D661). This method provides for
insights into molecular conformational changes of ACS and allows for a rapid and precise prediction

of relevant amino acids involved in the cyclization reaction cascade.
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Max Hirte, Nicolas Meese, Michael Mertz, Monika Fuchs* and Thomas B. Briick*

Werner Siemens Chair of Synthetic Biotechnology, Department of Chemistry, Technical University of Munich, Munich,
Germany

Diterpene synthases catalyze complex, multi-step C-C coupling reactions thereby
converting the universal, aliphatic precursor geranylgeranyl diphosphate into diverse
olefinic macrocylces that form the basis for the structural diversity of the diterpene natural
product family. Since catalytically relevant crystal structures of diterpene synthases are
scarce, homology based biomolecular modeling techniques offer an alternative route to
study the enzyme’s reaction mechanism. However, precise identification of catalytically
relevant amino acids is challenging since these models require careful preparation
and refinement techniques prior to substrate docking studies. Targeted amino acid
substitutions in this protein class can initiate premature quenching of the carbocation
centered reaction cascade. The structural characterization of those alternative cyclization
products allows for elucidation of the cyclization reaction cascade and provides a new
source for complex macrocyclic synthons. In this study, new insights into structure and
function of the fungal, bifunctional Aphidicolan-16-3-ol synthase were achieved using a
simplified biomolecular modeling strategy. The applied refinement methodologies could
rapidly generate a reliable protein-ligand complex, which provides for an accurate in silico
identification of catalytically relevant amino acids. Guided by our modeling data, ACS
mutations lead to the identification of the catalytically relevant ACS amino acid network
1626, T657, Y658, A786, F789, and Y923. Moreover, the ACS amino acid substitutions
Y658L and D661A resulted in a premature termination of the cyclization reaction cascade
en-route from syn-copalyl diphosphate to Aphidicolan-16-B-ol. Both ACS mutants
generated the diterpene macrocycle syn-copalol and a minor, non-hydroxylated labdane
related diterpene, respectively. Our biomolecular modeling and mutational studies
suggest that the ACS substrate cyclization occurs in a spatially restricted location of the
enzyme’s active site and that the geranylgeranyl diphosphate derived pyrophosphate
moiety remains in the ACS active site thereby directing the cyclization process. Our
cumulative data confirm that amino acids constituting the G-loop of diterpene synthases
are involved in the open to the closed, catalytically active enzyme conformation. This
study demonstrates that a simple and rapid biomolecular modeling procedure can
predict catalytically relevant amino acids. The approach reduces computational and
experimental screening efforts for diterpene synthase structure-function analyses.

Keywords: homology modeling, aphidicolin, diterpene, diterpene synthase, homology model refinement
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INTRODUCTION

With more than 50,000 different molecules known to date
terpenes are the greatest natural occurring product family found
in organisms from bacteria to fungi, mammals, and plants.
They are all derived from the isoprene units’ dimethylallyl
diphosphate and isopentenyl diphosphate. Condensation
reactions of this molecules lead to the formation of different
length phosphorylated linear terpenes, serving as substrate
for terpene synthases. This enzyme family carry out highly
stereo complex C-C coupling reactions, resulting in structurally
complex macrocycles that contribute to the structural and
functional diversity of terpenes (Christianson, 2017). Diterpenes
are derived from the linear aliphatic precursor geranylgeranyl
diphosphate (GGDP) being cyclized by diterpene synthases.
More specifically, diterpene synthases are classified into class
I and class II enzymes based on the structural presence of
the conserved motifs DDXD or DDXXD/E and NSE/DTE,
respectively. While class II reactions perform a protonation
initiated cyclization reaction to generate phosphorylated bicyclic
structures, class I reactions are initiated by hydrolyses of
the GGDP pyrophosphate moiety that is coordinated by a
Mg?*-triad thereby generating mono- or poly-cyclic structures.

The natural product Aphidicolin, initially isolated from the
fungus Cephalosporium aphidicola, is a hydroxylated, tetracyclic
diterpenoid that exhibits a broad range of biological activities
and applications (Brundret et al, 1972; Dalziel et al.,, 1973).
More specifically, it is a potent inhibitor of the eukaryotic
DNA a-polymerase with a commercial application as a cell
synchronization agent. The compound is in pharmaceutical
development due anti-tumor, anti-viral, and anti-leishmanial
activity (Ikegami et al.,, 1978; Pedrali-Noy et al., 1980; Kayser
et al., 2001; Edwards et al., 2013; Starczewska et al., 2016).
Recently, other organisms including the fungus Nigrospora
sphaerica and the pathogenic fungus Phoma betae have been
identified as natural Aphidicolin producers. Current data
suggests that Aphidicolin biosynthesis is exclusive to fungal
metabolism and that natural sources for Aphidicolin are
limited (Starratt and Loschiavo, 1974; Fujii et al., 2011; Lopes
and Pupo, 2011). Nevertheless, elucidation of the responsible
Aphidicolin biosynthetic gene cluster in P. betae allowed for the
identification of a bifunctional diterpene synthase that contains
both a functional class I and class II domain (Oikawa et al,,
2001). The Aphidicolan-16-88-ol synthase (ACS) generates the
stereo-chemically demanding Aphidicolan-16-3-ol (AD)—core
structure of Aphidicolin—structure via a two-step reaction as
depicted in Figure 1 (Oikawa et al., 2002).

Initially, GGDP is rearranged in the class II active site cleft by
protonation to the bicyclic syn-copalyl diphosphate (syn-CDP).
Subsequently, syn-CDP is elaborated to AD in the class I active
site (Adams and Bu'Lock, 1975; Oikawa et al., 2002). As depicted
in Figure 2 the cyclization mechanism in the class I active site,
initiated by the hydrolysis of the pyrophosphate group, results

Abbreviations: ACS, Aphidicolan-16-p-ol synthase; AD, Aphidicolan-16-B-ol;
GGDP, geranylgeranyl diphosphate; LRS, labdane related diterpene synthase; syn-
CDP, syn-copalyl diphosphate.

Geranylgeranyl
diphosphate

Syn-copalyl Aphidicolan-16-R-ol
diphosphate

FIGURE 1 | Model of a bifunctional diterpene synthase. In the case of ACS
GGDP is initially converted to syn-CDP in the class Il active site (located
between B and y domain). Syn-CDP is further cyclizied to AD in class | active
site (a-domain).

in 8-B-pimaradienyl carbocation formation. A subsequent attack
of the vinyl group, bridging the C ring, directly undergoes a
Wagner-Meerwein rearrangement and results in the formation of
the aphidicolenyl carbocation. Eventually, this cation is quenched
by water thereby generating AD.

Terpene cyclization mechanisms are conventionally
elucidated by radio labeling of protons and carbons (Dickschat,
2017). This substrate specific labeling provides for identification
of unusual hydride shifts and rearrangements. Alternatively,
the enzyme’s cyclization mechanisms can be probed by altering
amino acids, trying to terminate the reaction cascade at a specific
transition state (Morrone et al., 2008; Janke et al., 2014; Schrepfer
et al, 2016; Jia et al, 2017). Therefore, random mutagenesis
can be performed but the screening effort for this methodology
is elaborate without an efficient high throughput screening
options (Lauchli et al, 2013). Biomolecular modeling allows
for the rational identification and in silico modulation of amino
acid networks that are involved in complex reaction cascades
(Pemberton et al., 2015; Schrepfer et al., 2016; Christianson,
2017; Escorcia et al., 2018). This methodology provides for
a knowledge based approach of enzyme mutagenesis and
screening. Nevertheless, a particular challenge for this strategy
is based on the missing structural information for most
terpene synthases. However, as their structural elements and
domains are highly conserved (Christianson, 2017), homology
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Syn-copalyl
diphophate

Syn-copalyl
carbocation

Pimaradicnyl
carbocation

FIGURE 2 | Proposed cyclization mechanism of the ACS class | reaction (Oikawa et al., 2002).

Wa, gn er-Meerwein rearrangement

Aphidicolenyl

; Aphidicolan-16-8-ol
carbocation

modeling is a potential route to identify catalytically relevant
amino acids despite the low primary sequence identities in
this enzyme family (Xu and Li, 2003). Unfortunately, most
available crystal structures of terpene synthase are deposited
in the open apo-enzyme configuration that is catalytically
inactive. This open enzyme conformation presents an additional
obstacle when catalytically relevant amino acids have to be
identified in silico. At present, only two diterpene synthase
structures have been reported in the closed, catalytically
active form (Liu et al., 2014; Serrano-Posada et al., 2015).
Therefore, automated homology modeling approaches will
almost always result in catalytically non-relevant open enzyme
configuration. Moreover, while prediction tools can place
large cofactors (i.e., FAD, NADH, Heme) correctly in the
apo-protein framework, ligand-metal interactions are difficult
to predict because of the multiple coordination geometries
and the lack of sufficiently accurate force field parameters
(Khandelwal et al., 2005). Hence, structure function predictions
that depend on the interplay between the amino acids of the
protein framework with small metal ions cannot be conducted
solely by application of automated software tools. In this
context, a rational combination of structural information by
superposition and extraction of cofactors is performed to
prepare the protein structure for docking studies. Nevertheless,
this approach often neglects reliable positioning of the cofactor
coordinating amino acids. Additionally, falsely predicted
positioning of amino acid side chains in the active site cleft
can lead to invalid interpretation of a homology model based
protein-ligand complex. To improve this situation, this study
elucidated rapid and simple methodologies to refine diterpene
homology models for docking studies thereby allowing for
reliable structure-function predictions. In this context, an
ACS class T homology model of the a-domain was predicted
from the primary sequence. Subsequently, these models were
compared to catalytically relevant closed terpene synthases
structures. The location of metals was refined and fitted against
specifically selected structural templates and multiple docking
studies were carried out and validated. Our in silico results
were experimentally evaluated by ACS mutagenesis studies.
This lead to an identification of essential amino acid residue
sidechains that are necessary for retaining the enzymes activity.
Additionally, we detected amino acid substitutions that abort
the catalytic reaction cascade en- route from syn-CDP to
AD. Structural analyses and elucidation of these compounds

revealed the formation of syn-copalol and a labdane related,
non-hydroxylated diterpene by the ACS mutants Y658L and
D661A. Our approach of a protein homology model based
structure function analysis can be easily adapted for other
terpene synthases. This methodology allows for rapid and simple
analysis of the catalytically relevant amino acid network that
help studying complex reaction cascades and developing new
biocatalysts.

MATERIALS AND METHODS

Materials and Chemicals

All genes used were synthesized by Life technologies GmbH and
the codon usage was optimized for E. coli if not stated otherwise.
Primers were obtained from Eurofins Genomics GmbH. Strains
and plasmids were obtained from Merck KGaA. All chemicals
used were obtained at highest purity from Roth chemicals
or Applichem GmbH. Enzymes were purchased from Thermo
Fisher Scientific.

Software and Web-Tools

RaptorX was applied for homology modeling studies (http://
raptorx.uchicago.edu; Killberg et al., 2012). The initial predicted
structure was analyzed and further modified in the environment
of UCSF Chimera software package (Pettersen et al., 2004; http://
www.cgl.ucsf.edu/chimera). Comparative modeling by spatial
restraints was performed by MODELLER (Eswar et al., 2006), and
all substrate docking studies performed by AutoDock Vina (Trott
and Olson, 2010; http://vina.scripps.edu). Chemical structures
were drawn by PerkinElmer ChemBioDraw Ultra (http://
www.cambridgesoft.com). For ligand preparation the Avogadro
(Hanwell et al., 2012; https://avogadro.cc/) software package was
used. A syn-CDP toppar stream file was generated by CHARMM
General Force Field program version 1.0.0 for use with CGenFF
version 3.0.1 (https://cgenff.paramchem.org; Vanommeslaeghe
et al., 2010, 2012; Vanommeslaeghe and MacKerell, 2012). Two
ns molecular dynamic studies of the docked ACS model B in
a water sphere have been performed under CHARMM general
force field by NAMD (Phillips et al., 2005; http://www.ks.uiuc.
edu/Research/namd/). NAMD was developed by the Theoretical
and Computational Biophysics Group in the Beckman Institute
for Advanced Science and Technology at the University of Illinois
at Urbana-Champaign. For high resolution pictures the protein
was prepared by Visual Molecular Dynamics (http://www.ks.
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uiuc.edu/Research/vmd/; Humphrey et al., 1996) and rendered
by Tachyon implemented in the VMD software package (Stone,
1998).

Docking

Ligand structures were downloaded from https://pubchem.ncbi.
nlm.nih.gov/ available and geometrically optimized by 500
steps of steepest descent under MMFF94 force field parameters
included in Avogadro. Protein structures were prepared by Dock
Prep, which is part of the Chimera software environment. The
AMBER force field (AMBER({t14SB) was applied to the receptor
while Gasteiger charges were added to the ligand and co-factors.
As recently reported, docking can be improved by assigning
partial charges to metal ions (Hu and Shelver, 2003). In this
context, Mg-ion charges were set to 1. Syn-CDP charge was set
to —3. Docking was performed by AutoDock Vina using standard
parameters. Docking poses were chosen based on a structural
comparison to the pyrophosphate group that is co-crystallized
in pdb 5A0]J (see Figure S1B). The chosen pose was furthermore
validated by re-dock approaches. Therefore, the predicted syn-
CDP pose was de novo geometrically optimized by 500 steps of
steepest descent under MMFF94 force field parameters included
in Avogadro software environment prior to docking repetition
(see Figure S1A).

Model Generation

An initial homology model of the ACS a-domain was predicted
by RaptorX starting from the amino acid 565. A model based
on the pdb crystal structure 5A0], referring to a labdane related
diterpene synthase, was manually selected for further structure
function analyses. In order to prepare the model for docking
studies, the coordinating Mg?*-ion triad and water molecules
were implemented in the structure by different methods. Model
A was generated by structural alignment to 5A0]. Cofactor
positions were transferred from the structure template to Model
A without any further adjustment prior to docking studies.
Model B was created by MODELLER implemented in the
Chimera software environment using the 5A0] as template
structure. In this model hetero atoms and water molecules in
the structure environment were computationally implemented.
The pyrophosphate group was removed prior to docking with
syn-CDP. Model C was prepared analogously to Model B but
prior to refinement by MODELLER, syn-CDP was docked into
the template structure 5A0].

Model Validation

The protein ligand complex of Model B was validated by
molecular dynamics studies. Therefore, syn-CDP was initially
extracted from Model B and parameterized by CHARMM
General Force Field program version 1.0.0 for use with CGenFF
version 3.0.1. VMD was used to parameterize the protein and for
merging ligand and protein. Subsequently, a water sphere was
added around the protein-ligand complex. Two nanoseconds of
molecular dynamic studies under CHARMM General Force Field
was applied to the protein complex by NAMD. The calculated
rmsd of the generated frames was plotted over time (Figure S2). A
constant rmsd value was chosen as the criteria for an equilibrated

protein-ligand complex. The last frame obtained was compared
to the initial model B (Figure S3).

Plasmids for Diterpene Production

For all cloning procedures E. coli HMS 174 (DE3) was used.
Clones were cultivated at 37°C in Luria-Bertani (LB) medium.
Chloramphenicol (34 pg/L) and Kanamycin (50 jpg/L) were
added as required. For efficient production of the diterpene AD,
E. coli’s internal 1-deoxy-xylulose-5 phosphate pathway flux was
increased by overexpression of deoxy-xylulose 5 phosphate
synthase (dxs: GenBank: YP001461602.1), isopentenyl-
diphosphate delta isomerase (idi: GenBank: AAC32208.1),
and further extended by expressing geranylgeranyl diphosphate
synthase (crtE: GenBank: KPA04564.1) and Aphidicolan-16-£3-ol
synthase (acs: GenBank: AB049075.1). Therefore, dxs and
acs were amplified from original sources by PCR. Polycistronic
operons (Table 1) were constructed by BioBrick cloning standard
(Shetty et al., 2008).

Site directed mutations of acs were generated by PCR.
Forward primers were designed exhibiting the respective
mutation at the 5" end while the corresponding reverse primers
were phosphorylated at 5" end (Table S1). PCR products were
ligated by T4 Ligase prior to transformation. All amino acid
exchanges were confirmed by sequencing.

Production of Diterpenes

All diterpene production experiments were performed in E. coli
BL 21 (DE3). To investigate the product outcome of ACS
mutants, pACYC acs plasmids were co-transformed with pAX
dic. Cultivation was performed in minimal media supplemented
with 6 g/L yeast extract and 30 g/L glycerol at 25°C. After 60 h
the culture was extracted with a mixture of hexane, ethanol and
ethyl acetate (1:1:1) (v/v/v) for 1 h. The extract was centrifuged
at 10,000 g for 2min. The upper, organic phase was directly
analyzed for diterpene products via GC-MS.

Diterpene Analytics
GC-MS analyses of diterpenes was performed by a Trace GC
Ultra with DSQII (Thermo Fisher Scientific). Therefore, 1 wL
sample was loaded (Split 1/10) by TriPlus AS onto a SGE BPX5
column (30 m, I.D 0.25 mm, Film 0.25 pm). The initial column
temperature was set to 160°C and maintained for 5 min before a
temperature gradient at 8°C/min up to 320°C was applied. The
final temperature was kept for additional 3 min. MS data were
recorded at 70 eV (EI) and m/z (rel. intensity in %) as total ion
current (TIC). The recorded m/z range was in between 50 to 650.
NMR spectra were recorded in CDCIl3 with an Avance III
500 MHz (Bruker) at 300 K. '"H NMR chemical shifts are given
in ppm relative to CDCl3 (§ = 7.26 ppm). The 2D experiments

TABLE 1 | Plasmids used for AD production in E. col.

Name Promotor Genes Resistance vector
strength

pAX dic Weak dxs, idi, crtE Kanamycin pBR322

PACYC acs Strong acs Chloramphenicol PACYC duet
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(HSQC) were performed using standard Bruker pulse sequences
and parameters.

RESULTS AND DISCUSSION
Homology Model Refinement

The steady increase in published protein crystal structures
provides for an accelerated improvement of computational
homology prediction. Especially due to the high structurally
conservation of the terpene synthase enzyme families,
biomolecular tools can predict structures solely based on
the amino acid sequence. In this context, structure prediction
of the bifunctional ACS was performed to analyze the highly
complex conversion of GGDP via syn-CDP to the tetracyclic
AD which is the core structure of the cytostatic compound
Aphidicolin. ACS belongs to the diterpene synthase family
and we identified three highly structurally conserved domains.
The initial conversion from the universal diterpene precursor
GGDP to syn-CDP occurs in class II active site, located
between the ACS 8- and y-domain. The subsequent syn-CDP
cyclization to AD is then conducted in the class I active site
that is positioned in the middle of an a-helical bundle forming
the ACS a-domain. Notably, the fungal ACS is structurally
highly similar to the previously crystallized plant diterpene
synthases Abietadiene (pdb: 3S9V) and Taxadiene synthase (pdb:
3P5R), respectively. Homology prediction based on the full
ACS sequence took those two structures into account, but for
both, crystals could only be achieved in N-terminal truncated
forms. Furthermore, these crystal structures have only been
solved in an open conformation that is catalytically inactive.
In order to circumvent the consideration of these catalytically
inactive templates, only the ACS a-domain sequence was used
for homology prediction. A model based on the labdane related
diterpene synthases (LRS) (pdb: 5A0]), which is provided in a
catalytically active holo-complex (Serrano-Posada et al., 2015),
was selected for ACS homology refinement. The structural
superposition of Abietadiene (pdb: 3S9V), LRS (pdb: 5A0]), and
the ACS model, as depicted in Figure 3, explicitly demonstrates
that there is a better fit between the ACS model and the LRS
crystal structure. While the structural fit between LRS and the
ACS model is visually well apparent, we have not calculated an
rmsd value qualifier as structural domains that do not constitute
the active site region are highly variable.

Co-crystallized cofactors (Mgt -ion triad) and waters, both
provided in the LRS structure, are also involved in the
ACS reaction en-route from syn-CDP to AD. Therefore, we
differentially adapted both, the positions of the Mg?* ions and
waters into the ACS models that resulted in the generation of
three ACS models (A-C). Model A was prepared by adaptation
of cofactor positions from the template structure LRS after
structural alignment. Initial evaluation of this model indicated
that this un-refined modeling method results in clashes of
cofactors positions with amino acids side chains. Generally, in
homology prediction the active site’s cavity is not reserved for
the substrate or cofactors specifically. Therefore, we presume
that amino acid sidechains occupy this free space due to applied
energy minimization optimizations. This is demonstrated in

- \‘;'1 ’\Qv//’j
V"

FIGURE 3 | Structural alignment of Abietadiene synthase (gray), LRS (blue),
and ACS (purple) in complex with Mg2+-ions and syn-CDP.

our docking studies of model A, where ACS amino acid
Y658 is preventing syn-CDP to completely access the active
site cavity. With the MODELLER package, which is based on
comparative protein structure modeling by spatial restraints, a
protein structure can be refined based on a template structure.
Additionally, hetero-atoms and water molecules can be included
directly in the model refinement. This refinement methodology
applied to our initial model structure lead to the generation
of ACS model B. This model B computationally included
the three Mg?*-ions, a pyrophosphate group (conventionally
derived by Mg?* based hydrolysis of the phosphorylated
substrate [syn-CDP] substrate) and water molecules directly as
they are all present in the LRS template structure. Model B
provides reliable positioning of the conserved amino acids that
constitute the class I diterpene synthase signature DDXXD/E
and NSE/DTE motifs in relation to the adapted Mg?*"- ions,
water and pyrophosphate moieties, respectively. Subsequently,
we removed the pyrophosphate group from the model B
structure to enable docking with the native syn-CDP substrate.
Our docking data indicated that in Model B syn-CDP can
completely access the active site’s cavity. A specific syn-CDP
conformation was selected pointing toward the ACS G-Helix,
as this flexible helix is proposed to be involved in terpene
cyclization reactions (Yoshikuni et al., 2006; Baer et al., 2014;
Jia et al., 2017). This docking pose was validated by multiple
re-docking approaches (Figure S1A). Additionally, we validated
the pose while the position of the pyrophosphate moiety was
compared to the pyrophosphate group co-crystallized in LRS
(Figure S1B). Finally, a third approach for structure-function
analyses was performed by docking syn-CDP into LRS prior
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to ACS refinement with MODELLER. Again, a syn-CDP
conformation was chosen with close proximity toward the G-
Helix. On the basis of this LRS holo-protein complex, an ACS
holo-complex model C was generated. This method provided
for a protein model that was refined around the substrate
and cofactors. This methodology also provided for a precise
specification of amino acids involved in the AD cyclization
reaction. For all three models amino acids located within a five
A vicinity to the docked substrate syn-CDP (thereby neglecting
the pyrophosphate moiety) were analyzed by mutational
studies to elucidate their catalytic relevance (see Figure 4,
Table S2).

Mutational Validation of Catalytically
Relevant ACS Amino Acids

Due to their stereo-chemical diversity, natural diterpene scaffolds
are attractive research leads. The enormous stereo-chemical
demand of diterpene macrocycles renders them difficult to access
via total chemical synthesis approaches. Therefore, biosynthetic
routes to generate these complex structures are currently an
intense research focus (Dickschat, 2016; Bian et al., 2017;
Jones, 2017). The ability to access new diterpene macrocycles
via selective alteration of amino acids in diterpene synthases
provides for a highly varied accessible chemical space. For the
class I cyclooctat-9-en-7-ol synthase, which naturally generates
a tricyclic fusicoccin type diterpene, amino acid mutations in
the vicinity of the active site lead to intermittent abortion of
the reaction cascade. Hence, alternative macrocyclic structures,
such as the bicyclic dolabellane and the monocyclic cembrane,
could be generated thereby elucidating the reaction cascade
(Gorner et al, 2013; Janke et al, 2014). In this study,
insights into the class I reaction of the ACS were achieved

by mutational studies. In that respect, we intended to quench
the reaction from syn-CDP to AD at previously proposed
transitional states (Adams and Bu’Lock, 1975; Oikawa et al.,
2002). Based on the proposed ACS transitional states we presume
that syn-labdatriene and syn-copalol (termination product of
the syn-copalyl carbocation), stereoisomers of syn-pimaradiene
(termination products of the pimaradienyl carbocation), or
aphidicolene and stemodene (termination products of the
aphidicolenyl carbocation) are potential abortion products (see
Figure 5).

For an intermittent abortion of the reaction cascade from
syn-CDP to AD, we have selected amino acids within a

range of five A to the docked ligands as prime targets for
mutagenesis (see Figure4). Preliminary studies revealed that
sidechain substitutions encompassing amino acids exchanges
that inherently change physico-chemical properties frequently
resulted in inactive enzyme variants (Janke et al., 2014; Schrepfer
et al,, 2016). In this context, we focused on changing the size of
the respective amino acid sidechain thereby trying to preserve
physico-chemical characteristics. Alternatively, we chose amino
acid side chain substitutions that would replace polar groups with
similar size amino acids (Table S2).

ACS syn-CDP docking results pointed toward a strong
interaction between the decalin core and surrounding
hydrophobic sidechains. However, as the decalin structure
of syn-CDP remains untouched in further cyclization steps
most of the implemented mutations near this particular moiety
resulted in inactive (I626A, Y923L, F789L) or wildtype activity
variants (F629L, Y658F, C831G, C831T, T920G, Y923F). Based
on our modeling results, we also identified specific amino
acids located in the ACS G-helix that in other studies have
been proposed to be of catalytic relevance (Baer et al.,, 2014;

Model A
®
O |

Model B

Model C

and Model C results blue.

FIGURE 4 | Homology models of ACS synthase refined and prepared for docking of the substrate syn-CDP. Model A results are colored red, Model B resullts yellow,
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)/\/OH syn-copalol

ACS class I
reaction

stereo isomers of pimaradiene

stemodene

aphidicolene

FIGURE 5 | Expected products generated by ACS if the reaction cascade en-
route from syn-CDP to AD is prematurely terminated.

Jia et al., 2017). While mutational changes in the G-Helix of
Kaurene synthase like diterpene synthases resulted in alternative
product profiles (Jia et al., 2017), our analogous approaches
with ACS only provided inactive (A786L, F789L) or wildtype
active (A786G, F789Y) variants. Nevertheless, our results support
previous findings that propose the G-Helix as an essential flexible
motif which is involved in the catalytically relevant structural
change from the open to the closed enzyme configuration (Baer
etal., 2014).

Only the substitution of ACS Y658L and D661A provided
for a varied product outcome. In addition to amino acids
that constitute the DXXDD/E and NSE/DTE signature
motifs that are responsible for Mg?T-ion coordination, our
combined in silico and experimental study identified only a
few amino acids (see Figure6, colored in pink) capable to
terminate activity. Our successful mutations (D661A, Y658L)
indicated that the unusual cyclization from syn-CDP to
AD proceeds in a spatially restricted area of the active site’s
cleft. Additionally, our data suggests that the pyrophosphate
group remains in the active site and coordinates the reaction
cascade. This is in accordance to the recently postulated
Taxadiene synthase reaction mechanism (Schrepfer et al,
2016).

ACS Mutants D661A and Y658L

GC-MS analyses of the ACS mutants Y658L and D661A revealed
that this mutations lead to the formation of two unknown
diterpene products (see Figure 7). In contrast to the native AD,

which had a GC retention time of 17.67 min, these new diterpenes
had a retention time of 12.79 and 13.46 min, respectively. The
latter product with a retention time of 13.46 min, showed a
total mass of 290 m/z. Comparison of the MS spectral data
suggests that this was a hydroxylated diterpene with a similar
structure to syn-copalol (Hoshino et al., 2011). Subsequently,
this compound was isolated and structural characterized by
NMR (Figures S4, S5). The results are in accordance to
previous spectral data for syn-copalol (Yee and Coates, 1992).
One plausible explanation for syn-copalol formation is the
quenching of the syn-copalyl carbocation intermediate by water
in the active site of the enzyme. The other diterpene product
with a retention time of 12.79min had a total mass of 272
m/z indicating that this structure was not-hydroxylated. While
we expected the formation of syn-labda-8(17),12E,14-triene,
comparison with published MS-spectra revealed significant
differences (Morrone et al, 2011). Unfortunately, due to the
low amounts produced and purification issues for this highly
hydrophobic compound, we could not conduct NMR analysis.
However, we presume that this compound is also originated from
the syn-copalyl carbocation and that a labdane related diterpene
with high structural similarity to syn-labda-8(17),12E,14-triene
was generated by the ACS mutants. The newly generated
diterpenes are of great interest as copalol derivatives display
various biological activities analogous to aphidicolin (Hanson,
2015).

The structural changes (D661A and Y658L) still allowed
syn-CDP binding in the active site with subsequent hydrolyses
of the pyrophosphate group. The syn-copalyl carbocation was
then quenched either by water (release of syn-copalol) or an
amino acid side chain (release of non-hydroxylated diterpene).
Furthermore, as we did not find other substitution that stopped
cyclization at the proposed transitional states and as we could
not even detect changes in the byproduct formation of the
active mutants, we presume that the ACS cyclization occurs
in a spatially restricted area and that the pyrophosphate group
remains in the active site, which is in accordance to recent reports
(Schrepfer et al., 2016).

Former diterpene centered production processes were
limited by low target compound yields. However, optimization
of recombinant diterpene production hosts has extensively
progressed to provide gram per liter yields (Ajikumar et al,
2010; Schalk et al., 2012). Today, access to novel diterpene lead
structures is limited by the effective identification of relevant
enzyme systems from large scale genome sequencing projects.
Therefore, rational alteration of known terpene synthase
product profiles by using a combination of in silico prediction
and knowledge based mutagenesis studies can allow for a
more rapid and targeted expansion of the desired chemical
space.

CONCLUSION

A model of ACS synthase was computed that required the
application of various methods for model refinement to improve
the quality of in silico structure function analysis. A model of the
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FIGURE 6 | (A) ACS active sites cleft in complex with Mg2* and syn-CDP. Amino acid network within five A to syn-CDP are displayed. (B) ACS active sites cleft in
complex with M92+ and syn-CDP. Substitution of labeled amino acid (displayed in pink) resulted in inactive enzyme versions or mutants with altered product outcome.

are presented below.
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FIGURE 7 | Analysis of ACS wildtype and ACS D661A mutant product outcome by GC. The MS-patterns for syn-labdatriene, syn-copalol and AD (from right to left)

catalytically active, closed ACS a-domain complex was generated.  acid substitutions Y658L and D661A in the vicinity of the
Examination of this model provided for the identification of  ACS active site lead to formation of the alternative cyclization
catalytically active amino acid sidechains. The in silico results  products syn-copalol and a minor labdane related diterpene.
were confirmed by mutational studies of the ACS. The amino  Formation of these products were delineated by quenching of
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the syn-copalyl carbocation en-route to AD. Additional mutants
leading to inactive enzyme variants (A786L, F789L) provided
insights into catalytically relevant amino acid residues within
the G-Helix. The cumulative in-silico and experimental data
suggests that amino acids constituting the G-loop motif of class
I terpene cyclases are involved in the transformation of the
open to the closed, catalytically active enzyme conformation.
Moreover, as we only obtained a limited number of alternative
cyclization products in our mutational screens, we presume
that AD formation occurs in a rather confined location of the
ACS active site. With respect to our biomolecular modeling
approaches, we demonstrated that application of simple and
rapid computational methodologies can be employed for
prediction and structure function analyses of class I diterpene
synthases.
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Synopsis

Production and degradation of traditionally applied pesticides have a measurable impact on health and
environment. Therefore, it is necessary to identify compounds that protect crops under ecological
constraints. The research “Modular biomanufacturing for a sustainable production of terpenoid-based
insect deterrents” describes a holistic production process encompassing biotechnological production
and purification of cembranoid diterpenoids at technical scale as well as successful biological activity

screening of « and B-cembratrienol on insect and cancer cell lines.

A polycistronic operon for the production of cembratrienol was constructed and optimized. In order
to generate a circular and sustainable production process, wheat bran was used as renewable raw
material feedstock for the fermentative production. This low value by-product is produced during the
wheat milling procedure, however needs to be hydrolyzed and concentrated prior to usage in a
microbial fermentation process setting. A central innovation was the 7 situ extraction of the target
molecule during the fermentation process. This was conducted by a by-pass fermentation strategy
implementing a continuously flushed column that was filled with a hydrophobic adsorber polymere.
In order to maximize the diterpene yield, elution and regeneration of the column was conducted every
30 hours. However, a decrease in the adsorber’s capacity was measurable. Eventually, a cembrantrienol
yvield of almost 80 mg/L was reached exceeding all previously reported biotechnologically obtained

titers and that of natural cembratrienol producers.

After the fermentation process all terpene extracts were combined and evaporated, which resulted in
an oily resin. It was hardly possible to mix the resin with an acetonitrile water mixture applied in
cembratrienol RP-HPLC purification. To that end, we devised a new purification strategy for the
isolation of the o- and B-cembratrienol isomers encompassing centrifugal partitioning
chromatography (CPC) followed by chiral RP-HPLC. Individual screening of the isomers revealed
that a-cembratrienol has higher activity on aphids that are the predominant pest in wheat production.

Moreover, both compounds showed significant activity towards MCFES cancer cell lines.

Authors contribution
In this research collaboration I consulted and supported Wolfgang Mischko in analytical steps, as well
as in upstream and downstream processing steps. Together we devised ternary, biphasic solvent

mixtures that are suitable for diterpene purification in liquid/liquid chromatogtraphy.
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Introduction

Modular biomanufacturing for a sustainable
production of terpenoid-based insect deterrents+

Wolfgang Mischko, 2 Max Hirte, €2 Simon Roehrer,” Hannes Engelhardt,©
Norbert Mehlmer, &2 Mirjana Minceva € ° and Thomas Briick £ *2

Synthetic agricultural insecticides are toxic to many species and accumulate in the environment.
Therefore, the development of target-specific and biodegradable insecticides and deterrents is in
demand. This study describes an improved and sustainable process for the green production of a biologi-
cal insect repellent based on the diterpene cembratriene-ol (CBT-ol). This compound is a natural part of
the tobacco (Nicotiana sp.) plant’s defense against insects and thus minimizes damage to the environ-
ment. The study reports a new recombinant (E. coli) CBT-ol production and purification system. Efficient
production was achieved by ribosomal binding site combinatorics using the BioBrick assembly system.
These methods generated a metabolically balanced microbial system capable of generating
789 + 2.4 mg L™* CBT-ol in a 50 L bioreactor. Fermentations were entirely carried out on enzymatically
generated wheat bran hydrolysate, representing a waste fraction of the grain milling process. The application
of this complex and cost-efficient cultivation medium enabled an ecologically and economically sensible
production of this high-value insect deterrent. Moreover, an ecologically favorable downstream processing
protocol was established, combining adsorptive CBT-ol capture and centrifugal partition chromatography
(CPC) followed by HPLC-based isomer separation. This is the first report using CPC to recover recombi-
nant-generated, bioactive terpenes. The methodology enabled 95% CBT-ol recovery and purification in a
single CPC step with significantly reduced solvent consumption in comparison to conventional chromato-
graphic methods. In vivo and in vitro bioactivity studies confirmed the insecticide characteristics but also
indicated that CBT-ol shows other bioactivities specifically targeting Gram-positive bacteria.

are derived from plant material, their extraction poses signifi-
cant challenges due to the presence of multiple contaminants.

With over 50 000 characterized compounds, terpenoids are the
largest and structurally most diverse group of natural products.
With respect to the development of a sustainable bioeconomy,
terpenoids represent important renewable chemical building
blocks with industrial applications in the pharmaceutical
(e.g., taxol'), cosmetic (e.g.,, pseudopterosin®), food (e.g.,
p-carotene?), fragrance (e.g., nootkatone®*), and chemical (e.g.,
limonene®) industries. Like most bioactives, terpenoids are
secondary metabolites, only found in very low abundance in
the natural source.’® As most industrially relevant terpenoids
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To obtain high titers of specific terpenoids, there is an
ongoing effort in the scientific community to generate impor-
tant building blocks by genetic engineering in microbial hosts,
such as E. coli and S. cerevisiae.” While these efforts have been
successful for some industrially important compounds such
as limonene (2.7 ¢ L™)®° and nootkatone (208 mg L™"),'° most
engineering efforts do not generate industrially relevant titers
of the desired target compounds. Moreover, reported studies
conventionally do not address issues of process scaling and
downstream purification of target molecules under economic
constraints. The current study addresses issues of sustainable
heterologous production and purification at the laboratory and
technical scales for a diterpene-type insect repellent from agri-
cultural waste streams targeted at the agrochemical industry.
In the context of the global insecticide market, chemically
synthesized active compounds, such as artificial pyrethrum
derivatives and most prominently neonicotinoids (e.g., imida-
cloprid, thiamethoxan and clothianidin; worth US $1.89
billion'"), are dominant, fast-acting but non-target discrimi-
nant products. Neonicotinoids represent the major class of
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insecticides that mediate neurotoxic effects in all insects
through irreversible binding to nicotinic acetylcholine recep-
tors.">'® Therefore, these compounds affect pests as well as
beneficial insects such as bees and bumble bees, thereby nega-
tively impacting pollination of agricultural crops and biodiver-
sity in rural regions.'*'* Chemical insecticides even endanger
industrial agricultural activity and the sustainability of a still
growing human population. Moreover, these chemicals are
poorly biologically degradable,"*"* which leads to an accumu-
lation in the environment resulting in a negative impact on
the biodiversity of terrestrial and aquatic ecosystems.'® The
broad environmental effects of neonicotinoids has recently
triggered the European Commission to strictly limit the appli-
cability of these compounds in agricultural activities.'”*® By
contrast, bio-based insecticides are rapidly degraded by terres-
trial microbes or light and therefore do not accumulate. In
addition, selected natural insecticidal compounds are non-
toxic to off-target insects, ensuring only positive effects on
agricultural activity and crops yields.

In this context, the class of cembranoid diterpenes,
originally reported from cuticular wax of many Nicotiana
species, has been identified as a promising resource. The
two most abundant epimeric tobacco cembranoids
are  (1S,2E,4S,6R,7E,11E)-2,7,11-cembratriene-4,6-diol ~ and
(1S,2E,4R,6R,-7E,11E)-2,7,11-cembratriene-4,6-diol ~ (CBT-diol)
with the typical macrocyclic C;4 backbone.>**' These are con-
stituents of the plant’s exudates® representing a major part of
the plant’s defense against insects, pathogenic microbes and
herbivores.>® Additionally, several other bioactivities encom-
passing anti-tumor,>® antibiotic*® or neuroprotective®® pro-
perties have been reported. Interestingly, the mono-hydroxyl-
ated biosynthetic precursors of these compounds, cembra-
triene-ol (CBT-ol), could only be detected in trace amounts
in planta. However, CBT-ol has recently received some atten-
tion*>*” due to its apparent insecticidal activity but data are
scanty.

CBT-ol occurs as a- and f-2,7,11-cembratriene-4-ol isomers
(a-CBT-ol, also known as thunbergol or isocembrol and $-CBT-
ol, equivalent to 4-epiisocembrol) with absolute configurations
determined as (1S,2E,4R,7E,11E)- and (18,2E,4S,7E,11E)-2,7,11-
cembratriene-4-ol, respectively.*®*° The corresponding CBT-ol
synthase (CBTS) has been reported from Nicotiana tabacum
and Nicotiana sylvestris with almost identical amino acid
sequences. The enzyme is a 58 kDa monomeric*® class I
terpene synthase with the signature aspartate-rich DDXXD and
(N,D)DXX(S,T)XXXE motifs, and a magnesium cluster, which
is essential for the ionization of an isoprenoid diphosphate
group to generate a reactive carbocation intermediate.*
In nature, the subsequent step in the native pathway is a
site-specific oxidation by an also specified cytochrome
P450 monooxygenase. The transcriptional silencing of this
CYP450 increases the amount of available CBT-ol in the
plant exudates and simultaneously enhances the resistance
to aphids.?®*' Other results demonstrate the direct
application of purified CBT-ol and its potential as a contact
insecticide.*?
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CBT-ol and related cembrene-like compounds derived from
the tobacco plant are susceptible to biodegradation and are
rapidly ~catabolized within the maturing plant.*"??
Additionally, field studies demonstrated the natural degra-
dation process of exogenously applied CBT-ol without an
accumulation in the ecosphere.*® These results contrast those
of synthetic neonicotinoids, which are highly toxic and
accumulate in soil or water ecosystems.'>'>'® Therefore, the
use of CBT-ol as an ecologically friendly and rapidly bio-
degradable insecticide represents a radically new, sustainable
crop protection strategy, that does not affect beneficial insects
populations.

Due to the low concentration in planta (0.18% of the leaf
dry weight*®) and the presence of various functionalized cem-
brene derivatives,”® the scale-up and purification of the bio-
active CBT-ol from plant biomass is technically challenging
and associated with high costs. To simplify this process, a
more targeted approach is the direct biosynthesis of bioactive
cembranoids in an engineered microbial host.”*> The recent
developments in synthetic biology and bioprocess engineering
provide a directed route to obtain tailor-made bioactive com-
pounds, which even improve on cumbersome chemical syn-
thesis routes for structurally complex terpenoids.*®

The costs and the sustainability of fermentation are still a
central obstacle in the economical production of heterolo-
gously generated natural products. Utilization of complex
biomass hydrolysates derived from agricultural waste streams
may provide an alternative toward economically viable pro-
duction processes. In this respect, wheat bran, a waste stream
of the grain processing industry encompassing a production
volume of more than 7 million tons per year in the EU?” may
present a formidable resource for the generation of cost-
effective fermentation media. Wheat bran predominantly con-
sists of non-starch polysaccharides (up to 45% w/w) but in con-
trast to other agricultural residues (e.g., straw and wood) it
lacks significant amounts of lignin.*”*® Therefore, wheat bran
may be more amenable to enzymatic hydrolysis, which was
extensively investigated in this study.

In addition to fermentation media, the recovery of terpe-
noid target molecules from the fermentation broth is a par-
ticular challenge as critical concentrations may affect the pro-
duction host and the received titers. In this respect, a tailor-
made capturing method was evaluated and combined with
solid support-free liquid-liquid chromatography, better known
as centrifugal partition chromatography (CPC), representing a
suitable alternative to conventional separation methods. This
flexible technique does not require expensive HPLC column
material and provides a high loading capacity in conjunction
with efficient sample recovery. The method can be regarded as
a more sustainable chromatography method as solvent con-
sumption is significantly reduced compared to the alterna-
tives.*>*® As this methodology allows for tailor-made biphasic
solvent systems, CPC is a rather versatile technology to
purify molecules varying in size, polarity or chemical
functionality.>>*! While CPC has been applied in many cases
for the purification and separation of bioactive compounds
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from plant biomass,*? this is the first account of the purifi-
cation of a heterologously produced diterpene in microbial
cells.

The total chemical synthesis of the cembrene type macro-
cyclic core relies on petrochemical educts, which are
assembled in at least 8 consecutive reaction steps.*’ This syn-
thesis path involves several intermediate and waste streams.
Various toxic, irritant and organ damaging reagents (e.g.,
oxalyl chloride and triphenylphosphine) and hazardous sol-
vents such as THF, DMF and HMPA are applied. Moreover, the
synthesis steps are dependent on the application of several
protecting moieties (e.g., TBSCI). As reactions are carried out
at temperatures varying between —78 °C to +50 °C, the energy
efficiency of the synthesis route is limited.**** An equivalent
scenario is reported for the chemical synthesis routes of neoni-
cotinoid type insecticides. The use of hazardous reactants,
intermediates and solvents, which are particularly harmful for
the environment, is indispensable as well.*” In contrast, our
new biotechnological production process strictly adheres to
the 12 principles of green chemistry.*® Most prominently, we
rigorously apply the principles of preventing waste, the use of
renewable feedstocks and catalysis as well as the reduction of
derivatives.

For the first time, this study presents a holistic production
process for a bioactive diterpene insect-deterrent using an
engineered E. coli production host cultivated on enzymatically
generated wheat bran hydrolysate (Fig. 1). In contrast to the
chemical multi-step synthesis of the cembrene macrocycle,****
we engineered a consolidated whole cell biocatalyst that
enables the single step synthesis in conjunction with a site-
specific  hydroxylation. Moreover, the biotechnological
approaches applied in our study provides a hazardless syn-
thesis route that uses benign chemicals, benign auxiliaries
and is designed for energy efficiency. With respect to pro-
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Fig. 1 Graphical presentation of the holistic production process for the
sustainable generation of CBT-ol. This process combines the application
of an engineered host organism and the circular product generation
based on the utilization of the wheat bran waste stream.
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duction host engineering, this study presents a combinatorial
ribosome binding site-centered approach for the harmoniza-
tion of biosynthetic enzyme expression levels. That ultimately
allows for an optimized metabolic flux of terpene-relevant
intermediates resulting in high target product titers.
Additionally, it was demonstrated that the target compound
CBT-ol could be purified from crude fermentation broth using
a combined adsorptive bypass system in conjunction with a
customized CPC methodology. The purified CBT-ol target com-
pound was structurally characterized and respective isomers
were tested for their bioactivity in insect deterrent and conti-
nuative bioassays. This is the first account of an E. coli-based
terpene production system cultivated on wheat bran milling
waste without accumulating toxic and persisting waste
streams. The application of this agricultural residue does not
impact agricultural activity per se and has no negative influ-
ence on food production. We demonstrate that CBT-ol serves
as an effective insect deterrent that has no direct toxic effects
on the target organisms and may therefore serve in organic
farming.

Results and discussion

The new agrochemical biorefinery setting was developed
according to subsequent unit operations. One main operation
was the construction of a suitable high-performance E. coli
production system by metabolic engineering.

Establishing cembratriene-ol biosynthesis in E. coli

In order to develop the heterologous production and proces-
sing of CBT-ol, the codon-optimized open reading frame of
the previously reported CBTS (lacking the 52 AA plastid
transit peptide) from Nicotiana sylvestris (AAS46038.1) was
co-expressed with an essential geranylgeranyl pyrophosphate
synthetase (GGPPS) gene in E. coli. A pETDuet-1 vector carry-
ing two strong T7 promotors and integrated ribosomal
binding site (RBS) sequences was used for the maximal
expression rate of the enzymes resulting in the pETDuet-
GGPPS-CBTS vector. The initial gene construct was trans-
formed into E. coli HMS 174 (DE3), which was subsequently
cultivated (37 °C, 48 h) in artificial M9 minimal medium.
Subsequently, the entire fermentation broth with cell mass
was extracted with ethyl acetate. In the resulting crude
extract, CBT-ol could be identified via Gas Chromatography-
Mass Spectrometry (GC-MS) analysis by comparison to a
commercial standard and to the respective NIST Database
entry. The quantification by Gas Chromatography-Flame
Ionization Detector (GC-FID) indicated a CBT-ol concen-
tration of 0.92 mg L™". The action of the CBTS enzyme on
the universal diterpene precursor GGPP typically generates
two isomers.”® However, since a- and B-CBT-ol isomers
cannot be separated via GC-MS, they result in a single
product peak (Fig. 3A).
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Optimization of cembratriene-ol production by designing a
new synthetic polycistronic operon using RBS combinatorics

To increase the CBT-ol production efficiency, the entire pro-
duction system had to be redesigned on a genetic level. In this
regard, it was essential to primarily enhance the supply of the
universal terpene precursors isopentenyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP) in the native E. coli
non-mevalonate (MEP) isoprenoid pathway. To that end, the
major enzymatic bottlenecks 1-deoxy-p-xylulose-5-phosphate
synthase (dxs) and IPP isomerase (idi) were overexpressed
(Fig. 2A). This measure has previously been reported to
increase heterologous terpene yields.?” All four genes were
placed under the control of only one inducible tac promoter
due to its benefits in controlling a whole operon without the
danger of overcharging the cells like the previous T7 promotor.

. o I
o
~ o/I\a/I\ON
— on  on

A i
i
)\Ao/‘\o/|\on

PP \ H DMAPP

B-Cembratrien-ol

a-Cembratrien-ol

+ p450 +

W\ \

o.-Cembratrien-diol [B-Cembratrien-diol

E idi 88pps

View Article Online

Green Chemistry

To reduce the metabolic burden on the microbial host, we
opted to generate a single plasmid containing a polycistronic
operon, which allowed for the minimization of the required
antibiotics selectors, thereby reducing cellular stress.*®
Moreover, heterologous production via non-native metabolic
pathways are often limited by the relative biosynthetic enzyme
expressions. Therefore, the respective enzyme expression levels
must be fine-tuned to balance the system and increase target
productivity.** In this regard, the order of enzyme operators
within an operon structure can be altered.’® Alternatively, their
relative expression rates can be harmonized in a combinatorial
approach by varying the strength of the respective ribosomal
binding sites (RBS).*> This leads to different possibilities in
the design and optimization of metabolic pathways to ensure
high enzyme activities and to avoid protein burden or the
accumulation of toxic intermediates. In this study, we opted to
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Fig. 2 [A] The metabolic pathway for the production of CBT-ol in E. coli consists of the native upstream non-mevalonate (MEP) isoprenoid pathway

and a heterologous downstream terpenoid pathway. The structural diversity of all terpenes is derived from two universal isoprenoid Cs building
blocks isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) to form farnesyl diphosphate (FPP, Cys) and geranylgeranyl diphosphate
(GGPP, C50). GGPP represents the substrate for the cyclization reaction by the CBT-ol synthase (CBTS) providing the two isoforms a- and 3-CBT-ol.
In the tobacco plant, the further formation of the final a- and -CBT-diols is catalyzed by a P450 hydroxylase. [B] Design of the synthetic operon for
an increased precursor flux and CBT-ol production. Two enzymatic bottlenecks within the upstream MEP pathway (dxs, idi) and the heterologous
downstream genes for the GGPP synthase (ggpps) and CBTS were combined in the synthetic operon (idi-ggpps-CBTS-dxs). The pathway is placed
under the control of an inducible tac promoter (P). [C] Different exemplary combinations of the operon library illustrated by radar diagrams show
RBS-dependent changes in the specific translation rate (au) of all involved genes within the polycistronic operon. The modulation of every enzyme
expression level is essential to ensure a balanced pathway function and process efficiency.
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leave the order of enzyme operators within the operon struc-
ture unaffected, while varying the respective RBS strength for
each element in a combinatorial manner. All selected RBS
were categorized by their translation initiation rate (au) using
the RBS calculator tool’™** depending on the associated gene
spanning a range from about 50 au up to 500000 au. Each
enzyme operator encoded in the synthetic CBT-ol operon struc-
ture was randomly paired with a preselected RBS set (Fig. 2B).
We applied the BioBrick cloning strategy designated for the
assembly of synthetic operons.**® As a result, a widespread
library of different combinations was combinatorially
assembled and transformed into E. coli HMS 174 (DE3)
(Fig. 2C). Subsequently, in excess of 200 clones were screened
for CBT-ol production titers. The CBT-ol concentration varied
greatly with the changing expression levels within this library.
The clone with the highest CBT-ol productivity and constant
cell growth was selected for further experiments. Detailed
characterization of this clone demonstrated that the optimized
translation rate combination for CBT-ol centered biosynthetic
genes was: idi (830 au); ggpps (2829 au); CBTS (60 688 au); dxs
(167 au). Interestingly, these relatively low translation values
indicate that construct stability and production efficiency
increase when the cellular burden with heterologous proteins
is low. Moreover, the low expression of heterologous proteins
also fostered an increased metabolic balance within the cellu-
lar system. The new strain carrying the optimized operon
(pSB4K5-CBT) was used for further evaluation of the CBT-ol
production. Three-day shake flask cultures (50 mL) resulted in
one dominant peak in a GC-MS chromatogram (Fig. 3B) with
CBT-ol concentrations of up to 13.9 mg L. Subsequent, pre-
parative TLC purification resulted in a colorless, highly viscous
liquid. This liquid was characterized by nuclear magnetic reso-
nance spectroscopy (NMR) as a mixture of the a- and p-CBT-ol
isoforms (Fig. 3D). These isoforms are commonly termed
thunbergol and 4-epiisocembrol, respectively.
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A comparison of CBT-ol product titers showed that the syn-
thetic CBT-ol operon with harmonized RBS binding sites pro-
vided a 15-fold product increase with respect to the primary
expression system (0.91 mg L™'). The RBS optimized operon
was used for further technical scale-up, purification and bioac-
tivity studies.

Enzymatic wheat bran hydrolysate as alternative nutrition
supply

To enable a sustainable production of terpenoids that does not
impact land use and agricultural activity, we focused on wheat
bran as a feedstock, which constitutes up to 19% of the total
grain composition®® and is considered a major by-product of
flour milling. In this study, we had access to this milling
residue and devised an enzymatic process for its hydrolysis
and use as fermentation medium for E. coli. Therefore, the
procedure is in line with the concept of generating a sustain-
able agrochemical from the field for the field. The use of
wheat bran hydrolysate as a carbon source has been reported
previously in another context.>® Prior to tailoring the enzyme
system for wheat bran hydrolysis, we confirmed the reported
biomass composition range of the present wheat bran
feedstock: ash 5.2% (3.9-8.10%°°%) (w/w), protein 19.8%
(9.60-18%°°) (w/w) and carbohydrates 65.2% (cellulose
11-13%;>” hemicellulose 27-31%;*” starch 18-20%"") (w/w).
The amounts of lignin and lipids were measured as 5.5%
(w/w) and 3.7% (w/w), respectively. Much like other agri-
cultural residues (e.g., straw), wheat bran requires physical
pretreatment, a preprocessing step that improves enzyme
access to the cellulose.”””® In this study, we selected a mild
hydrothermal pretreatment (121 °C, 15 min). This method-
ology did not result in any sugar degradation products and
was environmentally and energetically favorable due to the
lack of chemical additives (e.g., acid or base).”® The sub-
sequent enzymatic hydrolysation (combined amylase, cellulase
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Fig. 3 Gas chromatographic profiles of extracts from E. coli cultures transformed with [A] pETDuet-GGPPS-CBTS and [B] the optimized pSB4K5-
CBT plasmid showing a dominant product peak at 21.72 min RT. The optimized system presents a significantly higher CBT-ol concentration. [C] The
associated mass peaks of the produced CBT-ol, which consists of two isomeric forms with differently oriented hydroxyl groups [D].
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and hemicellulase system) of a 100 g L™ wheat bran solution
released 33.0 g L™" glucose, 20.5 g L™ " xylose and 1.3 g " ara-
binose. The total sugar content of the final wheat bran hydroly-
sate was 548 mg g~ ' dry wheat bran, which is equivalent to a
91.7% recovery of accessible sugar from the solid feedstock.
For an optimal E. coli cultivation medium, we added essential
metal salts such as MgSO,, CaCl,, and the M9 mineral salt
mixture (see Experimental). E. coli cultivated for 24 h in the
wheat bran-based hydrolysate medium standardized to 10 g
glucose per L showed better growth rates and final cell den-
sities compared to conventional complex media like Luria-
Bertani (LB). This is most likely because of the higher
amounts of sugars in the wheat bran-based growth medium. A
parallel growth experiment with E. coli in LB medium sup-
plemented with the same amount of glucose showed approxi-
mately equivalent growth rates and final ODggo. The results
indicate that the chemical composition (e.g., low lignin con-
centration) of wheat bran is particularly favorable to achieve
efficient enzymatic hydrolysis with high fermentable sugar
titers compared to other agricultural waste streams, such as
corn stover®® or wheat straw.’® Additionally, it demonstrates
the efficiency of the applied enzymatic hydrolysis protocol. The
data shows that wheat bran constituents could replace com-
mercial carbon and nitrogen sources, such as purified glucose
or yeast extract. Therefore, the generated hydrolysate media
can serve as an excellent replacement for commercially avail-
able cultivation media in industrial applications.

Technical scale-up with semi-continuous product capturing in
50 L controlled bioreactors

The economic feasibility of our CBT-ol production process is
interdependent with end-product toxicity effects. The assays
demonstrated that CBT-ol imparts almost no toxicity towards
E. coli at concentrations of 2 g L. Specific cell growth in culti-
vation media supplemented with increasing amounts of CBT-
ol is comparable to the negative control (see ESIT). The lack of
toxicity forms the basis for the efficient biotechnological pro-
duction of CBT-ol in E. coli.

We aimed to optimize terpene product concentration by
streamlining the entire bioprocess on a technically relevant
scale of 50 L in controlled bioreactor systems. We utilized the
wheat bran hydrolysate as fermentation medium in conjunc-
tion with the optimized CBT-ol production host. To facilitate
the process, we additionally devised a comfortable capture
method for parallel product removal. With regard to the latter,
an adsorption-based bypass system was mounted on the bio-
reactor outlet, which enabled cyclization of the fermentation
broth and semicontinuous depletion of the terpenoid product.
In the developed system, the fermentation broth continuously
flowed through an external column filled with hydrophobic
Amberlite® XAD®-2 beads (Fig. 4A). The system provided for
binding of hydrophobic products such as CBT-ol to the hydro-
phobic beads while the bacterial suspension was recycled into
the fermentation process. This methodology reduced the
product stress on the E. coli system and enabled simplified
product recovery from the column material. For process optim-
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Fig. 4 [A] Sketch of the fermentation set up with the applied bypass
system composed of two basic circuits. First circuit (blue arrows) serves
to capture the product via absorption on the hydrophobic beads in the
column. The second circuit (green arrows) is activated for the actual
recovery and regeneration process by switching to a solvent which leads
to product elution. The three-way valves allow an easy transition
between the two circuits. [B] Bacterial growth curve and CBT-ol pro-
duction rate during a 50 L fermentation with the applied bypass system.
Extracted (blue) and remaining (gray) CBT-ol concentrations are shown
for every point of measurement. The first capturing step started after
40 h and was then carried out every 24 h. The production dropped after
120 h which is therefore considered as the endpoint of the fermentation
followed by continuous product depletion. The error bars represent the
mean values + standard deviation of technical triplicates.

ization, it was essential to provide a sufficient flow rate in the
column in order to minimize the residence time of the bac-
terial suspension within the bypass system as much as poss-
ible. This minimal residence time was essential to maintain a
critical oxygen and nutrient supply for bacterial growth. The
bypass adsorption system presented in this study has the
potential to replace extremely time- and solvent-consuming
methods such as liquid-liquid extraction, which are conven-
tionally applied for the quantitative recovery of hydrophobic
molecules from the reactor volume after fermentation. To
maintain operations, we eluted adsorbed products from the
hydrophobic resin at 24 h intervals with fresh ethyl acetate to
keep capturing efficiency over the duration of the fermentation
process.

Within this set-up, the CBT-ol production rate after the
induction with IPTG (after 15 h, ODg,, ~12) showed a constant
correlation with the E. coli growth rate measured at ODggo
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(Fig. 4B). The presented data reveal that CBT-ol is not accumu-
lated in the stationary phase and that the biosynthesis occurs
mainly in the active growth phase. The terpene production rate
dropped after 120 h and the overall concentration of CBT-ol in
the bioreactor decreased with subsequent capturing steps. At
this time, the fermentation process was terminated. Similar
results were reported for the biotechnological production of
other terpenoid compounds.®®*> The recombinant CBT-ol bio-
synthesis is directly coupled and therefore interdependent
with the endogenous FPP supply. FPP biosynthesis in E. coli is
linked to an active cellular metabolism since it is essential for
growth related respiratory quinone- and cell wall synthesis.***?
Therefore, the recombinant CBT-ol production closely follows
exponential growth and ceases in the stationary phase. The
cumulative CBT-ol concentration obtained within the 120 h
fermentation time was measured to be 78.9 + 2.4 mg L™". The
specific CBT-ol productivity was 5.17 mg g~' dry cell weight
(DCW) and is therefore 2.9 times higher than in natural
tobacco biomass (~0.18 mg g~ ' dry weight®°). In the 50 L reac-
tion system, we could therefore generate a total CBT-ol quan-
tity of 3.5 g. Based on this data, the terpene yield corresponded
to ~3.4 mg CBT-ol per g glucose. The maximum and average
production rates for CBT-ol were 1.48 + 0.12 mg L' h™" and
0.65 + 0.02 mg L™" h™" over 120 h, respectively. With this
method, it was possible to semi-continuously isolate more
than 42% (w/w) of the generated CBT-ol from a large reactor
volume already during the fermentation process and in a man-
ageable time frame. A replacement of the adsorbent further
increased the capturing efficiency subsequent to the fermenta-
tion. The pooled solvent fractions were concentrated via evap-
oration and subsequently separated with CPC.

To date, recovery of heterologous generated terpenes in
almost all comparable studies relies on the in situ organic
solvent extraction with dodecane or decane.’®**®* In compari-
son to alternative liquid-liquid extraction methods, this meth-
odology prevents product volatilization into the gas phase and
allows for significantly higher terpene titers, thus meeting all
requirements of most literature studies.®® However, this
terpene recovery procedure is not trivial to implement on a
larger scale and prevents simple downstream product recovery,
since terpene products and the overlay solvent generally
exhibit very similar physical properties. Therefore, an essential
focus of this study was to establish a technically and economi-
cally scalable method for CBT-ol recovery and purification. In
that regard, the developed bypass adsorption system enabled
effective removal of toxic metabolites and separation of
desired target products. Thereby, optimal E. coli growth and
product recovery was achieved, while using less solvent com-
pared to conventional methods.

With respect to the economic feasibility, most industrially
relevant terpene production systems are currently designed for
the generation of mono- or sesquiterpenes, such as limonene
or nootkatone.”'**%®” Especially in the field of low-cost
biofuel production, the focus is exclusively on the less complex
biosynthesis of smaller terpenoids.>>***”°® In contrast, most
diterpene-producing platforms are still less advanced than
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established production systems for mono- or sesquiterpenes.
Insufficient precursor supply and flux into competing path-
ways as well as low expression of plant enzymes in microbial
hosts are limiting factors that often prohibit high diterpene
product titers.®” Several years were spent optimizing special-
ized limonene production routes and processes® to achieve the
current titers of 2.7 g L™".° The same effort in optimization of
individual process steps, fermentation parameters and enzyme
systems would lead to comparable diterpene titers in the gram
scale. However, the target titer is also dependent on the
pricing and application of the final product. In that respect,
we estimate that titers of 500-1000 mg L~' CBT-ol would be
sufficient for industrial exploitation of our process, and we pri-
marily envision to improve the cell densities (ODgoo > 150) in
technical scale fermentations.”®”*

Purification and separation of cembratriene-ol isomers via
CPC and chiral HPLC column

A major challenge in CBT-ol product purification and charac-
terization is the separation of the respective isomers. In that
regard, the concentrated crude extract, obtained in the captur-
ing step, contained 10% (w/w) of racemic CBT-ol as well as
other hydrophobic byproducts of the bacterial fermentation.
To reduce costs and environmental impact, a purification pro-
cedure that provided high target product purity and recovery
was favored. Centrifugal partition chromatography (CPC)
allows versatile processing of different raw materials paired
with reduced solvent consumption at high loading
capacities.’ In order to develop a CPC purification protocol
for CBT-ol, we initially screened several biphasic solvent
systems to find a system in which the partition coefficient (K)
for racemic CBT-ol was within or close to the preferred
“sweet spot” range (0.4 < K < 2.5). According to literature, this
range provides a good compromise between the separation
resolution, productivity, and solvent consumption in CPC.”* In
order to reduce experimental effort, the predictive thermo-
dynamic model Conductor-like Screening Model for Realistic
Solvation (COSMO-RS) was used as suggested by Hopmann
et al.”® For the selection of a suitable system, the partition
coefficient K of CBT-ol was predicted in different biphasic
solvent systems commonly used in CPC. For this study, only
the molecular structures of CBT-ol and considered solvents
were needed as input information. Solvent systems with
various compositions and different polarities were screened,
including hexane/ethyl acetate/methanol/water, heptane/ethyl
acetate/methanol/water, butanol/methanol/water, hexane/ethyl
acetate/acetonitrile and hexane/ethanol/acetonitrile. Based on
the COSMO-RS predicted K-values of CBT-ol, the hexane/
ethanol/acetonitrile system was selected to be most suitable.
Systems with ethyl acetate and a K value of CBT-ol in the pre-
ferred range were excluded in order to avoid any UV-inter-
ference with the CBT-ol absorbance spectrum at the point of
detection at 210 nm. Subsequently, the hexane/ethanol/aceto-
nitrile system was experimentally evaluated to verify the pre-
dicted partition coefficients of CBT-ol and determine the K
values of the unknown impurities, which could not be taken
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into account in the COSMO-RS screening study due to missing
molecular structures. Based on the K values determined by
shake flask experiments, an acetonitrile/ethanol/n-hexane
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Table 1 **C chemical shifts (CDCls) and assignments for a- and p-CBT-ol
compared to the literature®®

oy . C Ref. Ref.

system composition of 27.4/1.6/71 (v/v/v) was selected as a suit- a ¢ 4 ©
able system for CBT-ol separation with CPC. The CPC separ- 1 46.1 45.9 46.3 46.2
. . . . 2 129.3 129.0 127.1 126.9
ation was performed in descending m.ode, using the'lower 3 1382 1383 138.9 1389
phase of the solvent system as the mobile phase. A stationary 4 2.8 72.5 73.9 73.8
phase retention (Sp) of 0.63 was obtained. After the sample 5 43.1 43.1 44.2 44.1
S . 6 22.7 22.6 23.6 23.5
injection, only a sma.ll statloflary phase.: loss of about 4 mL was 5 128.6 128.6 1279 1279
detected over the entire runtime. Fractions were collected every g 132.5 132.2 132.7 132.4
30 s and analyzed by GC-FID. In Fig. 5A, the reconstructed 9 36.9 36.8 37.0 36.9
: 10 23.8 23.8 23.8 23.7
CPC chromatogram is presented. As apparer.lt from t'he chro it 1253 1259 1250 1249
matogram, a small peak overlap occurred. Still, sufficient sep- 15 132.6 132.3 133.0 132.7
aration of racemic CBT-ol from main impurities was achieved 13 39.3 39.2 39.2 39.1
. . 14 27.7 27.6 28.1 28.0
with this system. . . 15 33.0 33.0 33.2 33.1
As a good compromise between the CBT-ol purity and recov- 14 20.6 20.4 20.8 20.7
ery, the fractions were combined in a way that both exceeded 17 19.6 19.5 19.5 19.4
o (10 . . 18 28.2 28.1 29.5 29.3
95% (F.‘lg. 5A). Acc'ordlng to the CPC ch'romatogram, a purity of 19 119 147 50 118
racemic CBT-ol higher than 99.5% with a 28.3% loss of the 5 15.2 15.0 15.3 15.1

target product would be possible. A productivity of 390 mg h™*
with a solvent consumption of 1.23 mL mg " was obtained,
calculated based on a mass load of 280 mg per pulse injection
and a purity of racemic CBT-ol of 95%.

The subsequent separation of a- and p-CBT-ol isomers was
accomplished via a chiral HPLC column at a semi-preparative
scale. The chromatogram indicated two clearly separated com-
pounds (Fig. 5B), which could be identified as the respective
CBT-ol isomers with NMR analysis (see ESI{). The **C and 'H
(CDCl;) NMR data matched the reported data sets for thunber-
gol and 4-epiisocembrol, respectively (Table 1). Signature NMR
signals like the >C NMR singlet at § 72.8 and 73.8 for the C-4
atom connected to the hydroxyl group and the 'H singlet at §
1.34 and 1.27 (C-18 methyl group) could be confirmed.*® The
peak area integration revealed a relative ratio of 1:2.3, a- and
B-CBT-ol in the racemic mixture, respectively. These results

contrast with the isomer distribution reported in planta, where
the a-CBT-ol isomer was dominant.*

Assessment of insect repellent activity by a specific aphid
colonization test

CBT-0l is reported to exert an insect protective effect in
planta.®® Most interestingly, genetic plant modifications
leading to higher CBT-ol concentration enhance the insect pro-
tective effect.”® These reports lead to the expectation that
recombinantly generated CBT-ol could be applied as an insect
repellent on plant material. To test this hypothesis, a two-
choice aphid colonization experiment was carried out, compar-
ing CBT-ol-treated plants and untreated controls upon release
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Fig. 5

[A] Chromatogram of a CPC batch separation of racemic CBT-ol from crude extract using the solvent system acetonitrile/ethanol/n-hexane

27.4/1.6/71 (v/v/v) (descending mode: lower phase as mobile phase, 8 mL min~* mobile phase flow rate, 1700 rpm, Min; = 280 mg, Vin; = 2 mL).
Fraction content was determined and quantified via GC-FID. High purity as well as recovery rates were intended to separate CBT-ol (green peak)
from the major impurities (blue and gray peaks). A purity >95% was aspired choosing a specific starting point for the sample fractioning after
35.2 minutes. [B] Separation of the two CBT-ol isomer forms using a chiral Lux® 5 pm amylose-1 LC column 250 x 10 mm (mobile phase: ACN and
H>0 (7:3), 2.2 mL min~* flow rate, Min; = 40 mg, Vi, = 2 ml) resulted in a chromatogram with two clear and independent peaks representing the a-
and B-CBT-ol (ratio 1: 2.3).
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of live aphids (Rhopalosiphum padi). We observed an increased
aphid deterrent activity regarding the infestation rate for the
CBT-ol-treated plants. This protective effect reached a
maximum of 70% within the first 48 h after CBT-ol racemate
application (Fig. 6A). We subjected the data set to a Student’s
t-test, which indicated a high significance (p < 0.005) with
regard to the CBT-ol aphid repellent activity. These results are
consistent with the previous reports indicating that increased
CBT-ol content in plants results in lower aphid colonization,>
and potentially acting as a contact insecticide.’® To gain a
more detailed insight into the bioactivity of the two CBT-ol
isomers, we investigated the specific aphid deterrent effects
for each compound separately. The data initially suggested a
slightly higher activity of the a-isomer, but a statistical evalu-
ation did not support a significant difference between the
CBT-ol isomer activities. In the control experiments with com-
mercially available plant-derived and pyrethrin-based insecti-
cide,”* all aphids that initially colonized the assay plants were
killed. By contrast, the application of either CBT-ol isomer
only induced an avoidance behavior in the applied aphids,
which indicates that CBT-ol has a deterrent but no actual toxic
activity toward these pests. This suggests that CBT-ol utiliz-
ation may mimic the biological protective mechanism of the
tobacco plant and exert no toxic effects on beneficial insects,
such as bees, which would significantly benefit agricultural
efficiency per se.

Regarding CBT-ol formulation, application and dosage as
an insecticidal repellent, further studies have to be carried out.
In summary, the data suggest that CBT-ol may play a promis-
ing role in future plant protection strategies as a deterrent.
Additionally, the application of CBT-ol as a topical insect repel-
lent for human use may be an alternative. In that respect, the
development of a cosmetic application may be associated with
reduced regulatory demands and could accelerate market entry
for this interesting compound.
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Extended cembratriene-ol bioactivity studies

Due to previous literature evidence, this study initially focused
on the characterization of CBT-ol as an insecticide deterrent.
Although various hydroxylated cembrenes have been reported
to show neuroprotective®® and anti-tumor’® activities, at
present no data have been reported for the monohydroxylated
CBT-ol in this regard. To elucidate whether the CBT-ol race-
mate has anti-microbial, anti-tumor or extended anti-insectici-
dal activities, we conducted an array of in vitro toxicity tests
with respective cell lines. We applied the purified CBT-ol race-
mate to nine different cell types including human cancer cells
(MCF-7, HeLa), bacteria (E. coli, B. subtilis, M. luteus), yeast
(C. glabrata, S. pombe, Z. rouxii) and Spodoptera frugiperda
insect (Sf21) cells. Of the nine tested cell lines, six showed
growth inhibition when exposed to CBT-ol. In that respect, the
half maximum inhibitory concentration (ICs,) could be calcu-
lated (Fig. 6B). S. pombe, B. subtilis and M. luteus appeared to
be the most sensitive organism to the CBT-ol treatment with
the lowest ICs, values of 8, 9 and 10 uM, respectively. By con-
trast, the human breast adenocarcinoma and human cervix
carcinoma cell lines MCF-7 and HeLa as well as the insect cell
Sf21 were more resilient toward CBT-ol exposure, with ICs,
values of 42 uM, 51 pM and 68 pM, respectively. No CBT-ol tox-
icity effects were observed for E. coli, Z. rouxii and C. glabrata.
The relatively low CBT-ol toxicity toward insect cells may
support its observed action as an insect repellent and not as
an insecticide. Furthermore, the enhanced CBT-ol sensitivity
of Gram-positive bacteria (B. subtilis and M. luteus) might be
attributed to the different cell wall composition compared to
Gram-negative bacteria, such as E. coli. While the Gram-nega-
tive cell wall is rather impermeable to lipophilic molecules,”®
the hydrophobic nature of CBT-ol may be better suited to enter
Gram-positive bacterial cells. This selective activity may trigger
the development of CBT-ol as a specific antibiotic or topical

C. glabrata
Z. rouxii
E. coli

S. pombe
B. subtilis

M. luteus

MCF-7

Hela

Sf21

30 40
IC,, [uM]

Fig. 6 [A] Biological effect of a 0.25% CBT-ol solution on the colonization behavior of aphids. Treated plants (blue) are compared to a control
group (gray), showing that the aphid count was reduced by up to 70%. The results are represented as the mean + standard deviation of multiple
repeated experiments (*p < 0.005). [B] Effect of CBT-ol on different cell lines and types represented as the particular ICsq values. All experiments
were based on a 6-fold approach. The experiments on the cell lines (HeLa; MCF-7; Sf-21) were performed two times to calculate the ICsq values

(N.D.: ICso were not determined due to no measurable activity).
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antiseptic preparation against clinically relevant pathogens
such as Bacillus cereus, Staphylococcus aureus, Streptococcus
pneumoniae and Listeria monocytogenes.””””®

Experimental
General

Components for cultivation media were obtained from Roth
chemicals and Applichem GmbH. Extraction was performed with
technical grade ethyl acetate and hexane from Westfalen AG. For
all other procedures, the highest purity grade chemicals were
used. Acetic acid, acetonitrile, ethyl acetate, ethanol and hexane
were obtained from Roth chemicals. CDCl; was purchased from
Sigma Aldrich. Cellic® HTec and Cellic® CTec for enzymatic
hydrolysis were obtained from Novozymes and a-amylase
(Bazillus licheniformis) from Sigma Aldrich. Phusion polymerase
for polymerase chain reactions (PCR), restriction enzymes and T4
Ligase were purchased from Thermo Fisher Scientific. DNA prep-
arations kits (Thermo Fisher Scientific) and gel extractions kits
(Analytik Jena) were used for DNA preparation.

Cloning

E. coli HMS 174 (DE3) was used for cloning and was cultivated
at 37 °C in lysogeny broth (LB) medium. Chloramphenicol
(34 pg L™") and kanamycin (50 pug L™") were added as required.
All primers and genes were synthesized by Eurofins Genomics.
Standard protocols were used for PCR and ligation. The RBS
calculator software tool*”" was used to design and evaluate
the relevant ribosomal binding sites (RBS). The following
genes were used in this study: isopentenyl pyrophosphate
isomerase (idi) from Haematococcus lacustris (GenBank:
AAC32208.1); geranylgeranyl pyrophosphate synthetase (crtE)
from Pantoea ananatis (GenBank: ADD79325.1); Terpene
Cyclase/Synthase (TPS) from Nicotiana sylvestris (GenBank:
AAS46038.1); 1-deoxy-p-xylulose-5-phosphate synthase (dxs)
from Escherichia coli (GenBank: AF035440.1).

All genes were custom synthesized and codon optimized for
best possible expression results. All vectors, genes and RBS
sequences were verified by sequencing (Eurofins Genomics).
The iterative assembly of the synthetic operon receiving a com-
binatorial library was performed according to the BioBrick
principles®® described by Zelcbuch et al.*® The construction of
the synthetic operon was performed in pNiv vectors. The
whole operon library was transferred into a pSB4K5 expression
vector for production studies. Idi, crtE, dxs, pSB4K5 and pNiv
were kindly provided by prof. R. Milo, Weizmann Institute of
Science, Israel.

CBT-ol in vivo production

75 mL of M9 Minimal Medium supplied with 4 ¢ L™" glucose,
1 mg L' thiamine and 1 mg L' biotin containing the
required antibiotic in a 250 mL baffled shake flask was inocu-
lated with 1 mL of overnight LB culture of pre-engineered
E. coli harboring the appropriate plasmid. The cultures were
grown at 37 °C at 130 rpm up to an optical density (ODggo) of
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0.5-0.7 before inducing with IPTG (150 pM) and switching to
22 °C for 2 days.

CBT-ol isolation for analytical purposes

For analytical CBT-ol isolation within the screening process,
30 mL of the selected cultures was lysed by brief sonication.
Then, 15 mL of a mixture of ethyl acetate and hexane (1:1)
was added. The suspension was then strongly shaken for
30 min. A centrifugation step at 8000g for 60 s was carried out
to separate the phases. A defined volume of the upper organic
phase was then sampled and evaporated under a gentle N,
stream. The residues were resuspended in 1 mL of ethyl
acetate and analyzed.

CG-MS and NMR analytics

Extracted terpene products were analyzed by a Trace GC Ultra
with DSQII (Thermo Scientific). The sample was loaded by
TriPlus AS onto an SGE BPX5 column (30 m, I.D. 0.25 mm,
film 0.25 pm). The initial column temperature was set to 50 °C
and was maintained for 2.5 min before a temperature gradient
of 10 °C min™" to 320 °C was applied. The final temperature
was kept for additional 3 min. MS data were recorded at 70 eV
(EI) and m/z (rel. intensity in %) as total ion current (TIC). The
data were collected in full scan mode (m/z 50-650). Terpenes
were identified by comparison of GC-MS retention times and
mass spectra to a commercially available CBT-ol standard
(Biomol) and mass spectra data of the NIST Standard
Reference Database. Concentrations were quantified correlat-
ing the FID peak area to a defined CBT-ol standard of known
quantity, ranging from 85 ng to 2.5 mg (see ESIT).

The NMR spectra were recorded in CDCl; with a Bruker
Ascend™ 400 MHz NMR spectrometer. All chemical shifts are
relative to CDCl; at 6 = 7.26 ("H-NMR) or CDCl; at § = 77.16
(**C-NMR) using the standard & notation in parts per million.

Wheat bran hydrolysation and media preparation

For the preparation of 1 L of 10% (w/v) biomass hydrolysate
solution, 500 mL of 50 mM sodium acetate buffer (pH 5
adjusted with acetic acid) was mixed with 100 g of wheat bran
and supplemented with 100 pL of amylase. After incubation
for 1 h, the mixture was autoclaved at 121 °C for 15 min.
Subsequently, 1% of Cellic® HTec and Cellic® CTec, respect-
ively, were solved in another 470 mL of sodium acetate buffer
and centrifuged to separate sediments before sterile filtration
with a 0.2 pm filter. The enzyme mixture was added to the
wheat bran mash for a final volume of 1 L. After 72 h of hydro-
lysis at 50 °C and moderate constant shaking, the solid residue
was removed using filter paper followed by a sterile filtration
step of the liquid phase. For the large scale hydrolysation, 5 kg
of wheat bran was added to 35 liters of sodium acetate buffer
and transferred to an LP 75 L Bioreactor (Bioengineering).
Starch hydrolysis with 5 mL of amylase for one hour at 37 °C
was followed by sterilization at 121 °C for 30 minutes with con-
stant stirring. For the enzymatic hydrolysis, 3.0 volume percent
(1.5 L) of each enzyme were mixed with the same amount of
hydrolysis buffer and pumped directly into the reactor using a
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sterile filter (final volume 45 L). The reactor temperature was
reduced to 50 °C with constant stirring for 48 hours and a pH
of 5. To clarify the hydrolysate, a plate separator was used at
9000 rpm followed by a final sterile filtration step. The final
hydrolysate media was based on modified M9 minimal media
with a final glucose concentration of 10 ¢ L™ and a pH of 7.

Hydrolysate media

M09 salts mixture 50 mL
60 g Na,HPO,, 30 g KH,PO,,
5 g NaCl, 10 g NH,Cl, 1 L H,O (pH 7.4)
1M MgSO, 250 pL
1M CaCl, 100 pL
Hydrolysate (10%) 250 mL
Kanamycin monosulfate 50 mg
H,0 UptolL

Fed-batch fermentation including bypass system

The large-scale fermentation was performed in a 75 L
Bioreactor (Bioengineering). Initial cultivation volume was set
to 32 L using optimized hydrolysate medium (10 g L™
glucose). The pH was set to 7.0 and controlled by 25%
ammonium hydroxide and 25% phosphoric acid. We used 2 L
of an 8 h culture grown in LB medium for inoculation (final
ODgpp ~0.1). The feed solution consisted of pure hydrolysate
solution (~40 g L™" glucose). The feed protocol started with
1.5 mL min~" and was increased to 3 mL min~" after 40 h. The
total volume of consumed feed solution was 18 L within 120 h.
Cultivation temperature was kept constant at 37 °C for the
initial growth phase and was reduced to 22 °C after induction
with 1 mM IPTG at an ODg, of approximately 12. Dissolved
oxygen was controlled at 40% air saturation by adjusting the
agitation rate (300-530 rpm) at a constant airflow of 10 stan-
dard liters per minute of compressed air. Cell density and
product output were monitored by periodic sampling.

For the semicontinuous product isolation during the fer-
mentation, a 2 L chromatography column (10 x 24 cm) was
applied and filled with 1 kg Amberlite® XAD®-2 beads (Sigma-
Aldrich). The whole column was sterilized with 1 M NaOH for
three hours and washed with sterile water afterward. The
bypass system was mounted to the reactor via hose pumps and
frits (45 pm pore diameter). The entire reactor volume was con-
stantly pumped through the packed column at a flow rate of
120 mL min~" to prevent blockage. Every 24 hours, the column
was washed with 8 L demineralized water followed by a
product elution step with 1.5 L ethyl acetate. After a final wash
with sterile water (10 L) and sterile air, the column was again
incorporated into the fermentation circuit. Ethyl acetate from
all elution steps was pooled and evaporated using a rotary
evaporator (40 °C, 240 mbar) and the concentrated crude
extract was stored at —20 °C.

Terpene purification by CPC

Experiments were performed at room temperature in an SCPC
250 unit from Armen Instrument (now called CPC 250, Gilson
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Purification SAS, Saint-Avé, France). The unit consists of two
single columns connected in series with a total column
volume of 182 mL. The maximum achievable rotational speed
is 3000 rpm and the whole column can be operated at a
maximum pressure drop of 100 bar. The CPC unit was con-
nected to two isocratic preparative HPLC pumps with
maximum flowrates of 50 mL min', one for filling the
column with the stationary phase and the other one for
pumping the mobile phase during the separation. The effluent
was monitored with a UV detector (ECOM DAD600 2WL
200-600 nm, Prague, Czech Republic) at 210 nm, and a frac-
tion collector (LS 5600, Armen Instrument, France) was used
for collecting fractions during the separation. The feed sample
was introduced through a six-port manual injection valve. An
injection loop of 2 mL was used.

We used the biphasic solvent system acetonitrile/ethanol/
n-hexane 27.4/1.6/71 (v/v/v) to separate the concentrated CBT-
ol crude extract. The biphasic system was prepared by mixing
the respective volume portions of the solvents at room temp-
erature. The mixture was vigorously shaken and equilibrated at
room temperature for at least two hours. Afterwards, the two
phases were filled in a separation funnel, split and conveyed
into two distinct reservoirs. Before use, the phases were
degassed in an ultrasonic bath. The lower phase was used as
the mobile phase in descending mode. The feed mixture was
prepared by dissolving the concentrated CBT-ol crude extract
obtained from the bypass adsorptive isolation in the mobile
phase (140 mg mL™"). At the beginning of the CPC experiment,
the columns were filled with the stationary phase (upper
phase) at a flow rate of 40 mL min~". Afterwards, the rotational
speed was set to 1700 rpm and the mobile phase was pumped
through the column at 8 mL min™" until no more stationary
phase eluted from the column. Then, 2 ml of the feed mixture
was injected, the effluent was monitored at a wavelength of
210 nm and fractions were collected every 30 seconds. The
CBT-ol-containing fractions were pooled and evaporated under
a N, stream. The purified racemic CBT-ol oil was stored at
—20 °C.

Semi-preparative CBT-ol isomer separation

The two isomers - and p-CBT-ol were separated via High-per-
formance liquid chromatography (HPLC: UltiMate™
HPG-3200BX pump, UltiMate™ 3000 AFC and DAD from
Thermo Fischer; Jetstream II Plus Column Thermostat;
Degasser from Knauer) using a Lux® 5 pm amylose-1, LC
column 250 x 10 mm (Phenomenex) and a diode array UV
detector. The separation was carried out in an isocratic mode
with a mobile phase composed of ACN and H,O (7:3) (2.2
mL min~", 50 °C, 15 min) with active peak fraction collection.
The injection volume was 2 mL with a concentration of 20
mg mL™! of CPC-purified racemic CBT-ol oil in ACN and H,O
(7 : 3). The chromatogram was recorded at 210 nm wavelength.
The corresponding fractions with the separated products were
pooled and evaporated under a N, stream. The pure isomers
were stored at —20 °C for further usage.
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Bio-insecticide assay

The aphid response to the isolated and purified compound
was measured in a two-choice colonization experiment. The
compound was applied as 0.25% solutions in ethyl acetate to
separated groups of wheat seedlings. The plants were grown in
the laboratory at RT in a homemade growing chamber for
7 days on cotton wool. A nebulizer was used for the equal
application of the solution. Control seedlings were treated
with pure ethyl acetate. The solvent had evaporated comple-
tely after 1 hour, and all plants were placed randomly in a test
box and the aphids (Rhopalosiphum padi) were distributed
evenly at a certain distance to all plants. Aphids that settled
on the green parts of each group were counted after 24 h and
48 h. The results were statistically analyzed using Student’s
t-test.

Conclusions

We strongly advocate the substitution of non-target discrimi-
nant insecticides (e.g., imidacloprid, thiamethoxan and
clothianidin) with bio-degradable insect deterrents, such as
CBT-ol. The move towards biological insect deterrents rep-
resents a fundamental change in crop protection strategies,
which would support and expand sustainable agricultural
practices. Specifically, we would like to propose that future
crop protection methods focus on deterrent rather than
lethal active ingredients to protect beneficial and increasingly
endangered insect populations, which are essential for polli-
nation of agricultural crops. In this context, the EU commis-
sion has recently decided to significantly limit the applica-
bility of toxic insecticides, particularly of the neonicotina-
mide family in order to enhance protection of bee
populations.’”™*°

In this study, we present the heterologous production of the
complex diterpene CBT-ol in an engineered E. coli production
strain. Application of combinatorial RBS adaptation to each
biosynthetic bottleneck enzyme provided for an improved
protein expression and metabolic flux in the host cell.
Moreover, we devised a commercial enzyme system to convert
a wheat bran-based milling waste stream into a highly effective
E. coli fermentation medium. On this waste stream-based
growth medium, we obtained CBT-ol titers of 78.9 mg L™
using a technically relevant 50 L bioreactor. To avoid toxic end-
product effects on E. coli and enable in-process target com-
pound enrichment, we devised an adsorption-based bypass
system, which was directly connected to the bioreactor system.
We developed a centrifugal partition chromatography (CPC)-
based CBT-ol purification strategy that allowed for 95% purity
and recovery of the target compound to work up the crude
extract eluted from the bypass absorbent. Moreover, this CPC
strategy allowed for the reduced use of organic solvents during
purification, which rendered the process environmentally
benign. To our knowledge, this is the first account of a CPC
strategy for the purification of a microbial-generated diterpene.
The CBT-ol methodologies disclosed here are entirely scalable
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from the laboratory to the technical scale, which provides a
direct route for industrial exploitation.”® The application of
chiral HPLC chromatography allowed for the isolation of
CBT-ol a- and f-isomers. For the first time, we could demon-
strate that the CBT-ol isomer distribution in heterologous
E. coli systems contrasts the situation in plant systems.
Initial aphid avoidance assays indicated that both o- and
B-CBT-ol isomers had equivalent effects, demonstrating
insect repellent activity. It was confirmed in in vitro assays
with an insect cell line that CBT-ol was not directly toxic.
Therefore, we suggest that CBT-ol has repellent and not
direct insecticidal activity. This insect repellent activity may
be useful in a cosmetic preparation and is also of particular
importance for agricultural applications, as beneficial
insects such as bees are not affected by its application. In
addition, CBT-ol does not accumulate® in soil or aquatic
habitats, which contrasts the situation with synthetic insecti-
cides such as neonicotinoids. Most interestingly, we con-
ducted extended cellular toxicity assays including yeast, bac-
teria and human cancer cell lines and for the first time, we
can report that the CBT-ol racemate shows selective toxicity
toward Gram-positive bacteria. This observation may trigger
further developments of CBT-ol as a selective antibiotic or
topical antiseptic toward clinically highly relevant pathogens
such as Staphylococcus aureus, Streptococcus pneumoniae or
Listeria monocytogenes.”®

With reference to other reports concerning transfer of lab-
oratory data to industrially applicable processes, starting from
a CBT-ol titer of 78.9 mg L™ represents a manageable leap to a
commercially viable process in the g L™ scale.®*® Currently,
genomic integration is frequently reported to enhance both
metabolic flux and microbial host productivities in non-terpe-
noid production systems.®' However, particularly the inte-
gration of plasmid-optimized operons for heterologous terpe-
noid pathways can result in unpredictable metabolic effects
that negatively affect both, protein expression and product
titer.®> Therefore, we would suggest to address other system
improvements, such as the evaluation and adaption of
different microbial production chassis’”®® as well as the itera-
tive optimization of the fermentation process towards higher
cell densities.”®”"
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Synopsis
The article “From microbial upcycling to biology-oriented synthesis: A systems approach for the
delivery of functionalized taxanoids” describes a novel strategy for the biotechnological production

and purification of taxanoid diterpenoids.

The generation and optimization strategy for the generation of a terpene production platform using
lycopene as read out system is described. One major progress and finding in strain optimization was
the substitution of the inducible to constitutive protein expression. This step substantially increased
TD titers and was transferable without limitations to any production scale. Using corn steep liquor
and glycerol as feedstock in the bacterial fermentation process significantly improved the process
ecologically and economically. Moreover, a newly devised two step liquid/liquid extraction facilitates
handling and efficiency of the TD capture process from high cell density cultures. Screening and
optimization of ternary solvent mixtures was conducted in order to identify a stable, biphasic system
that can be applied for TD liquid/liquid purification. A solvent mixture containing acetonitrile, ethanol
and hexane in specific proportion provided for high purity and recovery rates in CPC purification.
This new strategy provides for industrial approved and time saving downstream processing options
and it can be scaled up easily. Furthermore, TD was oxygenated by a lipase mediated epoxidation
reaction. Our results demonstrate that /# vitro catalyzed lipase mediated epoxidation is a great
possibility to activate carbon bonds in diterpenes that allow for further functionalization steps. We
believe that this so-called biology-oriented synthesis strategy is highly relevant for industrial active

ingredient production.
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Introduction

From microbial upcycling to biology-oriented
synthesis: combining whole-cell production
and chemo-enzymatic functionalization for
sustainable taxanoid delivery+

M. Hirte, ©@ W. Mischko, 2 K. Kemper,? S. Réhrer,” C. Huber,© M. Fuchs, (92
W. Eisenreich, @< M. Minceva ©2° and T. B. Briick & *@

A holistic bio-process based on the microbial upcycling of low-value feedstocks and leading to chemo-
enzymatically derived, functionalized taxanoids was established. The upcycling of biotechnological by-
product streams glycerol and corn steep liquor by an engineered Escherichia coli strain that constitutively
expressed bottleneck enzymes within the MEP-pathway led to the formation of 364.4 + 10.7 mg L™* tax-
adiene within 44 h. In contrast to standard inducible systems, our constitutive microbial production system
provided concomitant growth and taxadiene formation. This strategy is the basis for subsequent continu-
ous taxadiene production processes, which is favorable under economic constraints. The growth depen-
dent taxadiene production showed improved yields, reproducibility and transferability at any scale com-
pared to inducible taxadiene production platforms examined in this study. Additionally, we developed new
taxadiene isolation and purification strategies. To that end, these new downstream processing strategies
display efficient alternatives to conventional biphasic, in situ extraction and purification procedures.
Specifically, we developed a rapid and easy two-step extraction procedure followed by centrifugal par-
tition chromatography purification. This process strategy provided 249.0 + 11.1 mg L™* taxadiene with 95%
purity from E. coli high cell-density cultures at a liter scale. To functionalize taxadiene, a mild lipase
mediated epoxidation reaction was devised. Optimization of this biology-oriented synthesis strategy led
to a quantitative conversion of taxadiene to taxa-4(5),11(12)-bisepoxide with an enantiomeric excess of
over 83%. The holistic process strategy afforded in excess of 215 mg taxa-4(5),11(12)-bisepoxide by up-
cycling the low-value feedstocks glycerol (300 g) and corn steep liquor (25 g).

particularly resourceful option for such a process is the use of
metabolically engineered whole-cell biocatalysts, such as

Legislative measures for reducing CO, emissions, and price
fluctuations in fossil fuel resources, drive the development
and industrial deployment of sustainable bio-based processes.
These sustainable processes should comply with the 12 prin-
ciples of green chemistry."” Consequently, by-product streams,
such as glycerol from bio-diesel production or corn steep
liquor (CSL) from wet corn milling, represent optimal carbon
and nitrogen feedstocks for designing new bio-processes. One
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Escherichia coli, which can convert these residual feedstocks
into high-value target compounds.®*® Additionally, this
“microbial upcycling” processing strategy complies with the
aim of a zero waste, circular bio-economy.”

The family of diterpenoid natural products is structurally
and functionally highly diverse. It encompasses several high-
value compounds such as the tumor therapeutic Paclitaxel or
the fragrance precursor Sclareol.> Due to their structural com-
plexity and predominantly low natural abundance, synthetic or
semi-synthetic production routes are often applied for their
industrial-scale production.'”™ However, synthesis of these
compounds is often associated with low product yields and/or
significant generation of toxic waste streams.'>"'®> Hence, a bio-
technological production route represents an attractive and
alternative strategy to chemical synthesis."*? In this respect,
engineered microbial platforms provide a technically relevant
supply of the universal terpene precursors isopentenyl dipho-
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sphate and dimethylallyl diphosphate, which in conjunction
with expression of prenyl transferases and diterpene synthases,
facilitate the production of diterpenes.?*”>* To date, recovery of
these heterologously generated diterpenes has almost exclu-
sively relied on organic solvent-mediated in situ extraction
mediated by a dodecane or decane overlay.”*>® In comparison
with post-cultivation liquid-liquid extraction, this method-
ology yields significantly higher achievable diterpene titers
that can be obtained from 1 L of cell culture.?**® However, the
applicability of in situ extraction method for the diterpene
molecules has to be controlled in terms of further downstream
recovery, synthetic work-up options and their associated costs.
Additionally, the in situ extraction method faces the issue of
premature compound extraction if in vivo functionalization of
the diterpene molecule is to be conducted. Furthermore, such
diterpene-centered in vivo catalyzed transformations often
suffer from low enzyme activity or promiscuity. Moreover,
product instability and toxicity effect towards to the microbial
production system are observed, leading to low target product
yields.*** However, functionalization of the diterpene skel-
eton is mostly required to convey biological activity.'®3°77

Therefore, new routes for efficient diterpene recovery and
functionalization have to be identified to enable eco-friendly
diterpenoid production at economically relevant scales. One pro-
duction strategy is the initial biotechnological production of a
diterpene scaffold combined with subsequent in vitro functionali-
zation. In general, such biology-oriented strategies are highly
promising in the identification of new lead compounds.®**°

One of the most prominent and structurally complex diter-
penoids is the clinically relevant anti-tumor agent Paclitaxel.**
In this regard, the bio-production of the macrocyclic core,
which comprises taxadiene (TD) and its hydroxylated conge-
ners (taxanoids), remains challenging to realize at large
scales."*?”** In this study, we report a new holistic approach
for the sustainable delivery of promising taxanoid diterpenoids
that are targeted at pharmaceutical applications. In this
context, we demonstrate the possibility of upcycling by-
product streams of industrial origin by utilizing glycerol and
CSL for the sustainable production of the diterpene TD. We
initially engineered E. coli strains to express enzyme comp-
lements that are required for TD generation. We identified that
constitutive expression of those enzymes improve TD yields
substantially. Biphasic, in situ extraction by the overlay of
dodecane was compared to a two-step post-cultivation liquid-
liquid extraction. Subsequently, a new purification method for
TD enrichment and recovery from high-cell density cultures
was established. This demonstrates that terpenoids such as TD
can be efficiently purified from cell broth-derived extracts in a
single step using centrifugal partition chromatography (CPC).
Additionally, a highly specific biology-oriented synthesis
approach for purified TD is reported that allows for specific
diterpene scaffold functionalization. More specifically, a mild
lipase-mediated epoxidation that follows the Prilezahev reac-
tion was established.”” This reaction provides mass efficient
access to a single bis-epoxilated taxanoid molecule that can be
further derivatized by various, synthetic strategies.
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Results and discussion
Strain engineering

Heterologous production of diterpenes have been conducted
in several organisms such as plants, fungi, yeast and
bacteria.”®™*> In that regard, S. cerevisae and E. coli are
widely used because they are well studied, easy to manip-
ulate and fast to cultivate. In this study, we choose E. coli
as production host, as higher diterpene production titers
are achievable in shorter time compared to alternative pro-
duction systems.>*
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Recent reports have demonstrated that the overexpression
of biosynthetic bottleneck enzymes within the deoxyxylulose
5-phosphate pathway (MEP-pathway) provides for significantly
improved terpene yields in E. coli.*® In our experimental sets
however, the reconstruction of an equivalent inducible syn-
thetic operon (T,-promotor - induction by isopropyl p-p-1-thio-
galactopyranoside) resulted in low TD titers in amounts of
8.77 + 0.5 mg L' after 24 h (ESI{). This was traced back to
reduced cellular viability after induction, which resulted in a
short TD production period. Specifically, dxs overexpression
potentially led to a marked depletion of the central metab-
olites, pyruvate and glyceraldehyde 3-phosphate, which are the
initial precursors of E. coli’s terpene biosynthesis (see Fig. 1).

Therefore, we hypothesized that induction-based terpene
production limits the potential of whole-cell bio-catalysis
systems. To test this hypothesis, we replaced the T,-promoter
region by lac-I-derived constitutive promoter systems. Such
constitutive expression systems do not rely on an inducer
molecule, and continuously synthesize the targeted enzymes.
The expression rates of the applied constitutive promoters are
much lower compared to T, promoter systems. Hence, while
cells remained in an active growth phase, the metabolic flux
from glucose to the desired terpene product remained stable
throughout the entire cultivation cycle (see Fig. 2). In addition,
switching from an induction-based expression to a constitutive
expression system enabled us to efficiently and comparatively
screen different synthetic operons for terpene production and
productivity (see ESIf). Initially, txs was replaced by genes
coding for the biosynthesis of the tetraterpene lycopene (CrtL,
Crtl) as both, lycopene as well as TD rely on the diterpene pre-
cursor GGDP. Lycopene is a prominent red pigment (ie.
tomato and water melon), which is highly suitable for simple
visual control of terpene product formation. This system pro-
vides for accurate and simple determination of terpene
product formation by UV-Vis spectrophotometry and therefore,
rapid optimization of heterologous terpene production hosts.

Bio-production of terpenes

strategies for whole-cell bio-catalysis

T
by
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Once a heterologous terpene centered operon has been harmo-
nized, with respect to carbon and redox flux balance as well as
product yield using lycopene as a read-out system. To
implement a metabolically balance host for the desired
terpene production, central genetic elements specific to lyco-
pene production, can simply be exchanged with those coding
for taxadiene in our study (see ESI{)."”

Accordingly, our screening approach identified an operon
construct combining the genes dxs, idi and crtE that, if co-
transformed with the ctrL-crtI operon, yielded amounts of
1.26 + 0.06 Mgy Zeaw = lycopene with a growth rate of
0.42 h™" in minimal media. Co-transformation of the dxs, idi
and crtE operon with the txs coding plasmid yielded signifi-
cantly improved TD titers with high reproducibility even in
shake flask cultures (7.3 + 0.25 mgrp geaw )- By contrast, our
initial, inducible T,-promotor production system yielded only
2.7 + 0.25 mgrp geaw - after 48 h. Consequently, we used our
constitutive, whole cell expression system for fed-batch fer-
mentation experiments to efficiently generate TD.

Microbial upcycling and TD production

E. coli is capable of metabolizing a wide range of carbon and
nitrogen sources.’®*® Especially low-value feedstocks, like
agro-industrial waste streams, are promising sources for the
generation of new sustainable processes.’”>! However, the util-
ization of alternative feedstocks, specifically with respect to
complex nitrogen sources, can lead to significant productivity
modulation.*® In that regard, we investigated TD production in
fed-batch fermentations that were supplemented with either
yeast extract (YE) or CSL as main nitrogen source in combi-
nation with glycerol as main carbon source. Fermentations
using YE under low basal protein expression resulted in a
growth rate of fa = 0.36 + 0.01 h™ at 30 °C. A TD titer of
274.3 + 1.0 mg L™ was obtained after 40 h fermentation
runtime, and no further changes in TD concentration were
detected beyond this time point (see Fig. 3 purple bars). This

Constitutive expression system

* Stable fermentation conditions

* No inducer required

* Weak expression

« Terpene yield directly correlated to bacterial growth

Induction based expression system

* Requires addition of inducer

* Strong expression

+ Immediate depletion of energy resources
and central metabolites

Fig. 2 Constitutive expression and induction-based expression strategy for whole cell biocatalysis of terpenes. Both strategies have been investi-

gated for TD production in this study.
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Fig. 3 Time-dependent production of TD in fed-batch fermentations.
Fermentation set-ups distinguished between the complex nitrogen
sources used (100% YE—purple; mixture of 87.5% CSL and 12.5% YE—
green). Lines Represent the calculated ODggg; bars represent the TD
concentration.

suggests that TD production was directly correlated with bac-
terial growth. The correlation between cell dry weight (cdw)
and TD concentration was calculated and revealed a stable TD
amount of 6.65 = 0.1 mgrp gcdw_l. This correlation was lower
than in our shake flask experiment. We hypothesize that the
extraction was not complete or TD was actively depleted by
aeration or degradation effects in the reaction medium.

In parallel, we investigated whether CSL, which accumu-
lates as a by-product in the wet corn milling process, is a suit-
able YE replacement for fed-batch TD fermentation processes.
Interestingly, the use of CSL as the main nitrogen source
resulted in a 32% (w/v) increase in TD production at the end of
the fermentation (see Fig. 3 green bar). Although the maximal
growth rate ({ma = 0.18 + 0.01 h™") in CSL-based culture was
lower than in the YE-based control, a TD concentration of 364.5 +
10.3 mg L' was obtained after 44 h. While no active cell growth
was observed during the next 3 h, our analyses revealed that the
TD concentration increased further during this time. Therefore,
we determined the cell dry weight in final samples taken from
the fermentation and observed a much lower correlation factor of
0.22 geqw L7 for an ODgy, of 1 than during the batch fermenta-
tion phase (0.37 geaw L™). This effect could be correlated with the
high amounts of solid impurities in the fermentation broth
derived from the CSL feed solution. In this regard, TD titers were
determined in amounts of 9.9 + 0.6 mgrp gcdw_l.

Additionally, we investigated the economic gain by repla-
cing main parts of YE from the fermentation process by CSL.
Interestingly, the cost per liter cultivation (includes batch and
feed solution) could be lowered by more than 35% (see ESIf).
Altogether, this highlights the benefit of upcycling CSL.
Moreover, this approach demonstrates that further medium
and fermentation optimization will lead to higher TD titers.

TD capture by in situ dodecane overlay and two-step liquid-
liquid extraction

Higher alkanes such as decane or dodecane are often used for
diterpene in situ extraction in biphasic fermentation systems.>**°
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This diterpene capture process is highly efficient because con-
tinuous extraction keeps air-stripping, degradation, and other
cultivation-based losses to a minimum.?**° However, further
processing steps have to be considered and in situ extraction
strategies have to be evaluated for applicability.

Primarily, the diterpene molecule has to be investigated for
its thermal stability, because removing the in situ extracting
agent is commonly conducted by distillation, which exerts
thermal stress on the target compound TD. In parallel, the tox-
icity and “sustainability” of possible solvents has to agree with
the principles of green chemistry. Eventually, in most of the
cases a further functionalization step is required to produce
biological active diterpenoids. This modification can be
carried out in vivo eg. by expressing a cytochrome
p450 hydroxylase or in vitro via chemically and enzymatically
catalyzed reactions respectively. However, if an in vivo
functionalization step is conducted, premature extraction of
the unmodified diterpene molecule drastically lowers titers of
functionalized targets when the in situ extraction strategy is
applied.

Keeping these limitations in mind, we identified dodecane
as one promising and suitable in situ extraction solvent for
diterpenes. TD remained stable under dodecane distillation
conditions. Nevertheless, higher alkenes or oils have high
boiling points and its or the diterpene molecules separation
by distillation would be highly cumbersome and energy inten-
sive. By contrast, lower alkenes like decane, undecane or
nonane are toxic and have a negative environmental impact.*?
These extraction reagents can only be applied if they are
applied in a minimal fashion or their recovery efficiency
exceeds other options. Unfortunately, this cannot be guaran-
teed in biphasic fermentation systems because solvent loss by
aeration or formation of stable emulsions is hardly avoidable.
In this regard, we repeated our initial YE and CSL based fer-
mentation process, however, this time using a dodecane
overlay of 10% (v/v) fermentation volume, respectively.
Interestingly, we did not observe an alteration of the growth
rates nor other lasting effects during the fermentation process.
This data is in accordance to previous work, which demon-
strated that solvents with a log Pow value above 4 do not inter-
act with E. coli’s cell membrane (dodecane log Poy = 7).>

As dodecane had no effect on the initial fermentation
process, we subsequently analyzed TD formation over time in
fed-batch fermentation procedures supplemented either with
YE or CSL as main nitrogen source. In the presence of CSL the
strong formation of stable emulsion (probably dodecane in
combination with free peptides) was observed during the fer-
mentation procedure. This effect prevented an accurate deter-
mination of the TD concentration (see ESI}). Accordingly, we
did not further investigate the process of biphasic in situ
extraction in combination with CSL as main nitrogen source
as almost none of the applied dodecane could be recovered.

In contrast, we were able to demonstrate the benefit of
in situ extraction by dodecane within the YE based fermenta-
tion (see ESIt). More specifically, the TD concentration per cell
dry weight (cdw) increased by more than 40% (w/w), affording
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9.4 + 0.5 mgrp eaw - After separating the dodecane phase
from the aqueous fermentation broth, we evaporated the
dodecane phase to prepare TD for further purification. In this
regard, we observed that TD exhibits significant stability
(170 °C, <50 mbar, >30 min). After evaporation a very low TD
loss of 7% (v/v) was determined. Therefore, we presume that
TD is a very stable molecule and that the dodecane mediated
TD in situ extraction process is a suitable extraction procedure
depending on the constituents of the fermentation media.
Concerning in situ extraction production process the depletion
of hydrophobic cultivation media components by the overlay is
expected.

Nevertheless, recovery of the dodecane solvent turned out
to be challenging. Only 70% (v/v) of the initially applied
dodecane could be recaptured (Table 1).

Accordingly, the greenness and sustainability of such a
biphasic fermentation process is questionable. Particularly,
the spent culture after extraction must be treated as special
waste as dodecane evaporates much slower than water under
normal conditions. The dodecane loss during the extraction
and solvent recovery step contributed over 75% to the total
costs of the fermentation process. However, the processing
time savings using this in situ extraction method lowers per-
sonal expenses. Therefore, with regard to economic efficiency
the dodecane extraction process must be investigated individu-
ally by a thorough techno-economic analysis, which is not
focus of this manuscript.

In our alternative TD capture strategy, we devised a con-
venient procedure based on classical liquid-liquid extraction.
The efficiency of liquid-liquid extraction is commonly low,
and high product recovery requires repeated and elaborate
extraction procedures. As fermentatively generated diterpenes

Table 1 Evaluation of both strategies investigated in this study for TD
extraction from 1 L fermentation broth (in situ product removal, two
step liquid—liquid extraction)

Extraction strategies 1 L TD
fermentation broth

In situ Liquid- Liquid-
(YE) liquid (YE) liquid (CSL)

Solvents [L] and Dodecane 0.1 — —
Recovery [%] 70
Hexane — 0.5 0.5
90 90
Ethyl acetate 0.5 0.5
n.d. n.d.
Ethanol — 0.5 0.5
n.d. n.d.
Evaporation Solvent volume [L] 0.07  0.75 0.75
Energy required [k]] ~16 ~ ~200 ~200
TD recovery [%] 93 99 99
Results Expenses solvent o+ +
Special waste +++ + +
Time + ++ ++
Produced TD [mg] ~394 ~274 ~364
Extracted TD [mg] ~256 ~195 ~260
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are located in both the supernatant as well as in the cell pellet
fractions, the extraction of the entire fermentation broth is
required to maximize product yields.*°

To that end, our high cell-density culture broth required
special handling procedures to enable efficient extraction. In
order to minimize the effort of extraction, we developed a
simple two-step procedure. Initially, the entire cell-containing
fermentation broth (1 L) was treated with an admixture of
ethyl acetate and ethanol (1 L) that led to cell lysis and liber-
ation of intracellularly accumulated TD. Subsequently, the
lysed cell debris were removed by centrifugation. Hexane
(500 mL) was added to the resulting supernatant, which
induced a phase separation and a reduction of the sample
volume (750 mL). This step-wise TD extraction circumvented
the formation of a highly stable emulsion as observed with
dodecane extraction. In our experience this emulsion is
formed only when solvent assisted terpene extraction is con-
ducted in a single step from high cell-density fermentation
broths. Notably, our two-step extraction protocol resulted in a
71% (w/v) TD recovery at liter scale. This TD yield could poten-
tially be increased even further by repeated hexane extraction.
However, the excessive solvent handling does not justify these
extended efforts to maximize TD yield at this point. Moreover,
the possibility of fractionated solvent recovery improves the
sustainability aspect of classical liquid-liquid extraction.
Albeit our liquid-liquid extraction is superior due to the mini-
mization of emulsion formation. Furthermore, it is also suit-
able for thermally labile or functionalized terpenes.

TD purification by CPC

For further TD purification, the extracts obtained, whether by
in situ dodecane overlay or by post-cultivation liquid-liquid
extraction, were evaporated until an oily mixture that predomi-
nantly consisted of lipids with a TD content below 10% (w/v)
remained. The initial purification strategy involved an isocratic
(100% acetonitrile (w/v)) reversed phase HPLC (RP-HPLC) puri-
fication method where the oily mixture was mixed with aceto-
nitrile. However, this re-solubilization approach resulted in the
formation of immiscible oil drops/resins that incorporated a
substantial amount of TD. Only significant dilution with more
acetonitrile led to complete dissolution of the mixture. Thus,
many feed injections would have been necessary to completely
purify the produced TD. The screening of other solvent
systems that are classically used in RP-HPLC protocols did not
solve this admixing issue. Therefore, we set out to develop an
alternative downstream technology, due to this universal issue
concerning diterpene purification from microbial-derived
extracts. Eventually, we devised a new CPC-based purification
protocol inspired by sesquiterpenoid purification from plant
material.>* This liquid-liquid chromatographic separation
technology uses two immiscible liquid phases, one serving as
a mobile and the other as a stationary phase. The mobile
phase is pumped through the stationary phase, whereas the
latter is kept in the column by applying a centrifugal force
field. The separation of the applied sample is achieved by
differential partitioning of the mixture compounds between
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the two phases. In order to achieve sufficient separation in
terms of resolution, productivity and solvent consumption, a
biphasic system in which the partition coefficient (K) of the
target compound is in the range of 0.5 < K < 2.5 is preferred.’®
Initially, various biphasic solvent systems were screened. The
predictive thermodynamic model “Conductor-like Screening
Model for Realistic Solvation” was used for the pre-selection of
a suitable solvent system in order to reduce experimental
effort as described by Hopmann et al.>®>” On the basis of the
molecular structure of TD, K-values were predicted in com-
monly used CPC solvent systems, including hexane/ethyl
acetate/methanol/water, heptane/ethyl acetate/methanol/water,
butanol/methanol/water, hexane/ethyl acetate/acetonitrile, and
hexane/ethanol/acetonitrile. Various compositions of these
systems were screened in order to cover a wide polarity range.
In that regard, a hexane/ethanol/acetonitrile biphasic system
was computationally selected as a prime target for TD purifi-
cation. Subsequently, an experimental evaluation using shaker
flask experiments was performed and the respective TD
K-values determined for different solvent compositions.
An n-hexane/ethanol/acetonitrile system with proportions of
4.33/1.0/1.07 (v/v/v) was ultimately selected and applied for TD
separation by CPC. The stationary phase retention (SF) deter-
mined for this system was 0.56 at a mobile phase flow rate of
8 mL min~". After sample injection, constant stationary phase
loss (2 mL min~") was detected over the entire runtime. The
collected fractions were analyzed by GC-MS. TD eluted
between minute 43 and 48, and TD purity and recoveries were
determined by GC-flame ionization detection (FID). The final
purification process produced TD that was 95% pure with a
recovery of 95% (Fig. 4).

This purification process allowed for rapid and efficient iso-
lation of the sample diterpene TD. Specifically, sample dis-
solution with the lower phase of the biphasic system did not
lead to the incorporation of the diterpene molecule into
immiscible oil droplets. This significantly raised the process
efficiency because of the increased TD mass load in CPC puri-
fication compared with our initial RP-HPLC separation
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process. Additionally, although irreversible adsorption of the
diterpene macrocycle scaffold to solid phases is particularly
responsible for losses in RP-HPLC diterpene purification, this
does not apply to CPC, resulting in improved recovery.
Therefore, we recommend CPC as an alternative to the classi-
cally used RP-HPLC purification processes for diterpene purifi-
cation from high cell density fermentation broth.*?

Lipase-mediated epoxidation of TD

Most of the terpenoids mentioned in the dictionary of natural
products harbor at least two oxygen-containing functional
groups.”” These groups, in conjunction with the high stereo
complexity and density of the carbon atoms within diterpe-
noids, commonly convey biological functions.'®*>*¢ Notably,
natural diterpene epoxides such as dictyoepoxide, dollabella-
none, and calyculone have been found to act as a vasopressin
receptor agonist, an anti-protozoal agent, and a cytotoxic
agent, respectively.’®®° Moreover, epoxides can be chemically
diversified further into ketones, alcohols (diols, thiols, amino
alcohols, etc.), and polymers, thereby expanding the chemical
space.®™** To date, epoxidation of monoterpenes has been
mainly investigated because of their abundant availability in
plant extracts.®>®° However, Dolabellatriene, a natural diter-
pene found in algae and corals, was also recently reported to
be a suitable target for a lipase-mediated epoxidation reac-
tion.”” In contrast to chemical epoxidation protocols, enzy-
matically mediated reactions are highly specific and can be
conducted under milder conditions.®*®>7"*

In this study, we investigated a lipase (CalB)-mediated TD
epoxidation reaction. In order to slowly release H,O, into the
reaction medium, we used environmentally compatible urea-
hydrogen peroxide.®® As depicted in Fig. 5, acetic acid primar-
ily reacts with hydrogen peroxide to form a per-oxo acid. This
per-oxo-acetic acid targets the olefinic bonds of TD either
from the re- or si face, which theoretically would results in 4
stereo-isomeres. The epoxidation reaction was monitored by
time-resolved GC-FID analysis of samples that were regularly
drawn from the reaction vessel (0.75 h intervals). Detailed
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Fig. 4 Left: On-line chromatogram at 210 nm of a centrifugal partition chromatography batch seperation process of the TD-containing crude
extract that was obtained from E. coli fed-batch fermentation. The solvent system of n-hexane/acetonitrile/ethanol/4.33/1.0/1.07 (v/v/v) was applied
(descending mode: lower phase as mobile phase, 8 mL min~ mobile phase flow rate, 1700 rpm, cinj TD ~ 16 mg mL™, vinj = 2 mL). Right: Off-line
chromatogram of the fractions in close proximity to the TD retention time reconstructed by GC-FID analyses.
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Fig. 5 Reaction mechanism from TD to bis-epoxilated taxanoids by
lipase (CalB) mediated epoxidation reaction.
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Fig. 6 A: Time-resolved epoxidation reaction from TD (green), over
mono-epoxilated taxanoids (blue) to bis-epoxilated taxanoids (yellow).
B: MS-spectra of TD. C: MS-spectra of the major product taxa-4(5),11
(12)-bisepoxide.

GC-MS analyses of the sample revealed the formation of
mono-epoxides (m/z 288) prior to a second epoxidation step
that generated bis-epoxilated taxanoid compounds (m/z 304)
(see Fig. 6).

Interestingly, we noticed a predominant formation of a
single bis-epoxid species that was isolated by thin layer chrom-
atography and subsequently structurally characterized. The 1D
and 2D-NMR spectroscopy data of this compound were con-
sistent with reported chemical shifts of taxa-4(5),11(12)-bisep-
oxide (ESIt).”"

These GC-MS and NMR datasets indicate that the complex
stereochemistry of TD and this reaction set-up resulted in the
generation of taxa-4(5),11(12)-bisepoxide as the major product.
Subsequently, we fine-tuned the reaction conditions towards

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Possible routes for expanding the taxanoid chemical space
based on our holistic process for TD and taxa-4(5),11(12)-bisepoxide
molecules production.

the exclusive production of this molecule. The enantiomeric
excess was increased from an initial 58.3% to 83.1% simply by
lowering the reaction temperature from 30 °C to 20 °C (ESIf).
Under these conditions, TD conversion was complete after 6 h
and in situ product stability was monitored for a period of
another 2 h. TD oxy-functionalization outside the cellular
environment can circumvent common issues that are inherent
to the in vivo targeted taxanoid production. In that regard,
intracellular hydroxylation conventionally leads to a dramatic
decrease in taxanoid titers due to low enzyme transformation
rates and to decreased viability from the enhanced metabolic
burden.”” Moreover, the heterologous expression of the native
cytochrome p450 5-a-TD hydroxylase leads to a diverse range
of products, which complicates the efficient production of
single taxanoids in whole-cell biocatalysis approaches and
reduces the yield of target compounds.”*

In addition, the epoxides generated in this study are highly
reactive, and their chemical space can be easily diversified in
order to obtain new taxanoid structures with potential
pharmacological activities (see Fig. 7).

Conclusions

This study describes a fast and sustainable fermentative pro-
duction of the structurally complex natural compound TD and
its subsequent chemo-enzymatic functionalization. In order to
provide practical access to taxanoid molecules, initially
different TD extraction methods from E. coli high cell-density
cultures were evaluated and optimized with a particular focus
on further recovery and purification options. Subsequently, a
new purification process for diterpenes from biotechnological
fermentation broth using CPC was developed that resulted in
high TD recovery and purity. The obtained TD was further
functionalized in vitro by a lipase mediated epoxidation reac-
tion. Most notably, this epoxy-functionalization approach
resulted in the highly specific generation of taxa-4(5),11(12)-
bisepoxide that can be easily converted to a diverse array of tax-
anoids using standard chemical reactions (see Fig. 7). This
situation contrasts with the commonly applied in vivo cyto-
chrome P450 hydroxylation approaches that usually exhibit low
reaction rates and the generation of multiple products.
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All the process steps involved in TD generation, purification
and functionalization can be transferred to commercially rele-
vant scales, with a particular focus on economic and ecological
constraints. For the first time, the processes reported here
facilitate the ready availability of the TD molecule and its func-
tionalized congeners. The technology platform described in
this study enables a biology-oriented synthesis of ad hoc
designed bioactive taxanoids.

Experimental
Materials

Fermentation media components were obtained at highest
purity from Roth chemicals and Applichem GmbH. CSL was
purchased from Sigma-Aldrich. Extraction was performed with
technical grade ethanol, ethyl acetate, and hexane from
Westfalen AG. For all other procedures, highest purity grade
chemicals were used. In this context, acetic acid, acetonitrile,
chloroform, ethyl acetate, and hexane were obtained from
Roth chemicals. Immobilized Lipase B from Candida
Antarctica (CalB), CDCls, isopropyl-p-b-thiogalactopyranoside
and urea-hydrogen peroxide were purchased from Sigma-
Aldrich.

Bacterial strains and growth conditions

All strains used were obtained from Merk Millipore. For
cloning, E. coli HMS 174 (DE3) was used and grown at 37 °C in
Luria-Bertani medium. The screening of the constructed lyco-
pene production platform library is described in the ESL.{

E. coli BL21 (DE3) grown in R-Media”® supplemented with
10 g L™ glycerol instead of sucrose and 12 g L' YE or 10.5 g L™"
CSL in combination with 1.5 g L™" YE was used for TD pro-
duction at 30 °C (shake flask experiments and fermentation
batch medium). Induction of T,-promoted TD production was
initiated at ODggo = 0.2 by the addition of 0.1 mM isopropyl-
p-p-thiogalactopyranoside. Chloramphenicol (34 pg mL™") and
Kanamycin (50 pg mL™") were added as required.

Cloning

Genes coding for deoxyxylulose 5 phosphate synthase (dxs;
GenBank: YP001461602.1), isopentenyl-diphosphate delta iso-
merase (idi; GenBank: AAC32208.1), geranylgeranyl dipho-
sphate synthase (crtE; GenBank: KPA04564.1), taxadiene
synthase (txs; GenBank: AAK83566.1), phytoene desaturase
(CrtB; GenBank: AHG94990.1) and Phytoene synthase (CrtL;
GenBank: AHG94989.1) were used.”* The construction of poly-
cistronic operons were conducted by standard BioBrick
cloning and adjusted as described previously.”>”® Dxs was
amplified from original sources by PCR. The other genes were
synthesized by Life Technologies GmbH, and the codon usage
was optimized for E. coli. Primers were obtained by Eurofins
Genomics, and plasmids were obtained from Novagen/Merk
Millipore. The Operons were set under constitutive expression
by lac-I-derived promoters.””
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Analytics and TD quantification

Analysis of TD was performed using a Trace GC-MS Ultra with
DSQII (Thermo Scientific). One microliter (1/10 split) of the
sample was loaded using a TriPlus auto sampler onto an SGE
BPX5 column (30 m, I.D 0.25 mm, film 0.25 pm). The injection
temperature was 280 °C, and helium was used as the carrier
gas. Initial column temperature was set to 50 °C and main-
tained for 2.5 min before a temperature gradient at 10 °C
min~" up to 320 °C was applied. The final temperature was
held for an additional 3 min. MS data were recorded at 70 eV
(EI) as total ion current, and m/z was given as relative intensity
(%). The recorded m/z range was between 50 and 650. The
same GC protocol was followed for FID.

NMR spectra were recorded in CDCl; with an Avance-III
500 MHz (Bruker) at 300 K. "H NMR chemical shifts are given
in ppm relative to CDCl; (6 = 7.26 ppm). ">*C NMR chemical
shifts are given in ppm relative to CDCl; at 6 = 77.16. The 2D
experiments (HSQC, HMBC, COSY, and NOESY) were per-
formed wusing standard Bruker pulse sequences and
parameters.

For TD quantification, the purified compound was evapor-
ated to dryness, weighed and dissolved at different concen-
tration in hexane before analyzed by GC-FID. A standard curve
of TD concentration over the respective GC-FID peak area was
produced, and a correlation factor was calculated (ESIT).

Fermentation

Fermentation was performed in a DASGIP® 1.3 L parallel
reactor system (Eppendorf AG). An overnight pre-culture was
used for the inoculation of fermenters (OD = 0.1) that differed
in the supplemented nitrogen source. The cultivation tempera-
ture was kept constant at 30 °C. Initial stirring velocity and
airflow was set to 200 rpm and to 0.2 volumes of air per
volume of medium per min (vwvm), respectively. Dissolved
oxygen was kept at 30% by successive increases of the stirrer
velocity, the oxygen proportion, and eventually the airflow. A
pH value of 7.00 was controlled by the addition of 25%
aqueous ammonia. A pH value shift above 7.05 initiated a feed
shot of 40 mL. The feed solution consisted of 600 g L™ gly-
cerol, 20 g L™" MgSO,-7H,0, 2 mg L™ thiamine-HCI, 16 mL
100x trace elements solution (5 g L' EDTA; 0.83 g L™" FeCls-
6-H,0; 84 mg L™ ZnCl,, 13 mg L™' CuCl,-2-H,0, 10 mg L™"
CoCl,-2-H,0, 10 mg L™ H3BO3, and 1.6 mg L™ MnCl,-4-H,0),
and 40 g L™' complex nitrogen source (pH = 7.00). Complex
nitrogen sources besides 100% YE consisted of 87.5% CSL
mixed with 12.5% YE. Samples were taken at different time
points to determine the ODg(( and the TD content.

TD extraction and its preparation for the purification process

In situ extraction was conducted by the addition of 10% (v/v)
dodecane after 25 h of cultivation time. TD quantification was
conducted by analyzing the TD content in the dodecane
phase. Therefore, samples taken were centrifuged for 2 min at
10 000 rpm and 100 pL of the upper phase taken, diluted 1:10
with hexane and analyzed by GC-FID.

This journal is © The Royal Society of Chemistry 2018
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After the fermentation was terminated the whole fermenta-
tion broth was centrifuged for 20 min at 10000 rpm. The
dodecane phase was separated by a separation funnel. The
recovered dodecane was completely evaporated prior to re-
solubilization.

For the other extraction strategy investigated, samples were
regularly taken from the fermenter in the range from 0.5 to
10 mL, depending on the ODg, and diluted as required to a
final volume of 10 mL. Thirty milliliters of a solvent mixture
that consisted of ethanol, ethyl acetate, and hexane (1:1:1)
(v/viv) was added and vigorously mixed for 1 h at 30 °C. The
solution was centrifuged for 2 min at 10000 rpm.
Subsequently, the upper organic phase was directly analyzed
by GC-FID for TD quantification.

For the extraction of the whole cultivation broth, equal
amounts of ethyl acetate and ethanol were added to the cell
culture in a ratio of 1:1. This first extraction step was per-
formed for 12 h at 30 °C on a rotary shaker (60 rpm).
Subsequently, the extract was centrifuged for 15 min at
7000 rpm, the supernatant separated from the pelleted cell
debris, and hexane added (25% of the supernatant volume).
The mixture was shaken for an additional 3 h before the
phases were separated using a separation funnel. The upper
phase was evaporated until an oily resin remained.

For the re-solubilization and preparation for CPC purifi-
cation of the oily resin, a biphasic system consisting of
n-hexane/ethanol/acetonitrile 4.33/1.0/1.07 (v/v/v) was prepared
and separated by a separation funnel. 20 mL of the lower
phase was mixed with the TD enriched oil (approximately
5 mL) and subsequently centrifuged for 5 min at 12 000 rpm.
The soluble fraction was applied for CPC purification.

Purification of TD

Purification was performed at room temperature in a SCPC
250 unit from Armen Instrument (now called CPC 250, Gilson
Purification SAS). Two preparative HPLC pumps (maximal flow
rates of 50 mL min~") were used for filling the column with
stationary phase and for pumping the mobile phase during
the separation process, respectively. The CPC column volume
was 182 mL. The feed sample was introduced through a six
port manual injection valve and a 2 mL injection loop was
used. The effluent was monitored with a UV-Detector (ECOM
DAD600 2WL 200-600 nm) at 210 nm.

The biphasic liquid system, n-hexane/ethanol/acetonitrile
4.33/1.0/1.07 (v/v/v), was prepared at room temperature (22 °C)
by mixing the corresponding volume portions of the solvents.
The mixture was vigorously shaken and equilibrated for at
least 2 h before being split with a separation funnel.

The CPC column was filled with the upper (stationary)
phase, and the instrument’s rotational speed was set at
1700 rpm. The lower phase (mobile) phase was pumped with a
flow rate of 8 mL min~" until no more stationary phase eluted
from the column, i.e. hydrodynamic equilibrium was achieved.
Subsequently, CPC separation was initiated by an injection of
2 mL of sample while a 1700 rpm rotational speed and a
mobile phase flow rate of 8 mL min™' in descending mode

This journal is © The Royal Society of Chemistry 2018
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were applied. Fractions were collected during the separation
process using a fraction collector (LS 5600, Armen Instrument)
and analyzed by GC-FID.

Lipase-mediated epoxidation of TD

For the epoxidation reaction 1 mg mL™' TD, 0.1 mg mL ™"
acetic acid, and 2 mg mL™" immobilized CalB were added to
5 mL ethyl acetate. In order to keep temperature constant at
20 °C, 25 °C, or 30 °C, the reaction vessel was placed in a ther-
moblock (Eppendorf AG). Reactions were initiated by the
addition of 2 mg mL™" urea-hydrogen peroxide, which was dis-
solved in ethanol as a stock solution of 100 mg mL™", before
shaking at 1000 rpm. Samples were taken after different time
points, and the reaction monitored over time by GC-MS and
GC-FID analysis.
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Synopsis

To date, Basidiomycota have hardly been investigated for the secondary metabolome, although they
are widely applied in traditional medicine approaches. Interestingly, genomic data reveals that plenty
of putative terpene synthases are in the Basidiomycota’s genetic code. The brown rot fungus Coniphora
puteana for instance, has more than 20 annotated terpene synthases and none of them has been
investigated in experimental settings to date. We selected three putative terpene synthase sequences
(copu 1-3) from C. puteana and subsequently investigated the function in a heterologous expression
system. The corresponding genetic information of copx 71-3 were cloned into a constitutive expressing
system encompassing dxs, idi and ¢7E. This combination allowed for the screening of mono, sesqui-
and diterpene synthase activity of Copu 1-3. Terpene production was evaluated by thin layer
chromatography and GC-MS. Extracts of Copu 2 and Copu 3 expressing cultures, both, showed a
unique GC-spectra. MS analyses of the GC peaks revealed the formation of sesquiterpenoids.
Interestingly, both terpene synthases mainly generated a single product. The products were
characterized by MS and NMR analyses. Copu 3 specifically cyclizes FDP to the tricyclic cubebol.
This molecule has been isolated prior from pepper and grapefruits. It is of high commercial interest,
because it has a strong refreshing effect without taste and it is approved as a safe food supplement by
the FDA. Copu 2 specifically produces the tricyclic B-copaene from FDP. To date, this molecule has
not been investigated for their biological function in detail due to limited availability. In this study we
additionally showed that B-copaene can be completely transformed to a-copaene if 3-copaene is stored

in chloroform. The alpha isomer of copaene shows significant activity as an insect attractant.

Moreover, all published and characterized sesquiterpene synthase sequences from Basidiomycota were
collected and a phylogenetic tree generated. This investigation revealed a correlation between

sesquiterpene product and synthase sequence similarity.

A fermentation process was developed utilizing collagen hydrolysate and glycerol, which are both low
value and renewable resources. The copu2 expressing culture reached stationary phase after 46 hours
(ODgo of 130) at 30°C providing 215 mg/L. B-copaene. Fermentation expressing copu3 reached an
ODgu of 182 that in parallel provided for 497 mg/L cubebol. For both molecules these are the highest
titers that have been reached in biotechnological attempts. Compared to natural producers the
complexity, in terms of sesquiterpenoid by-products, of the obtained extracts is much lower and

facilitates further purification steps.

Authors contribution
W. Mischko and me initiated this project. Based on conserved terpene synthase motifs and the

proteins’ C-terminal domain, we selected promising terpene synthases. In this context, I contributed
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to this work performing the bioinformatic tasks, supporting the fermentation process development
and supporting in characterization and elucidation of unknown sesquiterpenoids. In parallel, 1
provided the initial expression system which was subsequently modified by W. Mischko for the

screening and production of the terpene synthase activity.
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Background: Terpenes are an important and extremely versatile class of secondary metabolites that are commer-
cially used in the pharmaceutical, food and cosmetics sectors. Genome mining of different fungal collections has
revealed the genetic basis for a steadily increasing number of putative terpene synthases without any detailed knowl-
edge about their biochemical properties. The analysis and research of this rich genetic source provides a precious
basis for the advancing biotechnological production of an almost endless number of valuable natural metabolites.

Results: Three annotated terpene synthases from the little investigated Basidiomycota Coniophora puteana were
studied in this work. For biochemical characterization, the heterologous expression in E. coli was conducted leading
to the identification of two sesquiterpene synthases capable of the highly selective generation of 3-copaene and
cubebol. These compounds are commercially used as food and flavor additives. The new enzymes show the high-
est reported product selectivity for their main compounds and therefore represent the first exclusive synthases for
[-copaene (62% product selectivity) and cubebol (75% product selectivity) generation. In combination with an opti-
mized heterologous microbial production system, we obtained product titers of 215 mg/L 3-copaene and 497 mg/L

cubebol.

Conclusion: The reported product selectivity and our generated terpene titers exceed all published biotechnological
data regarding the production of 3-copaene and cubebol. This represents a promising and economic alternative to
extraction from natural plant sources and the associated complex product purification.

Keywords: Copaene, Cubebol, Sesquiterpene, Basidiomycota, Coniophora puteana, Heterologous expression,

Fermentation, Phylogenetic analysis

Background

Filamentous fungi are experts at producing highly com-
plex natural compounds of commercial interest [1].
Fungal-derived polyketides have been the main focus
of recent research activities, whereas the identifica-
tion of terpenoids and their biosynthesis in fungi have
received little attention although these compounds rep-
resent the most structurally diverse group of natural

*Correspondence: brueck@tum.de
Werner Siemens-Chair of Synthetic Biotechnology, Department
of Chemistry, Technical University of Munich, 85748 Garching, Germany
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products [2]. All terpenoids are based on the same basic
C; isoprene building blocks, dimethylallyl pyrophos-
phate (DMAPP) and isopentenyl pyrophosphate (IPP),
which are consecutively fused by head to tail conden-
sation. Depending on their carbon chain length, these
linear phosphorylated alkenes are universal precursors
of mono(Cyy)-, sesqui(C;5)-, di(Cyy)-, sester(C,s)- or
tri(Csy)-terpenes [3]. The structural diversity within the
class of terpenoids results from the complex cyclization
of the linear precursors into chemically complex mol-
ecules, a reaction catalyzed by the family of terpene syn-
thase (TPS) enzymes. More specifically, sesquiterpene
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synthases (STPSs) transform the linear C,; precursor
farnesyl pyrophosphate (FPP) into a variety of different
scaffolds, which form the structural core of functional-
ized, bioactive sesquiterpenoids (STPs) [2]. Many STPs
are lead structures in pharmaceutical applications,
encompassing anti-cancer [4, 5], anti-inflammatory [6, 7]
and antibiotic [8] therapies. STPs also have existing appli-
cations in the food and cosmetics industries, where they
are used as flavor and fragrance ingredients [9, 10].

As the extraction of these latter compounds from nat-
ural sources is often cost-intensive and not suitable to
meet market demands [11], effective biotechnological
production routes are the focus of development efforts
[12]. Due to the rapid progress of modern sequencing
techniques, in silico genome mining based on conserved
amino acid motifs can be applied to identify putative
TPSs [13]. Whole genome projects of different mush-
room-forming fungi (Basidiomycota) species represent a
largely unexplored source of investigation and extraction
of rarely characterized STPSs [14, 15]. In this context,
numerous putative TPSs have already been annotated
but their catalytic capacities remain to be established
[14]. To exploit the biotechnological potential of fungal
biosynthetic pathways, subsequent functional expression
and characterization of these enzymes is required. This
represents the first step in providing a sustainable supply
of high-value natural products using microorganisms as
cell factories [16].

Based on the available genome data, we were able to
select potential TPSs from the Basidiomycota Coni-
ophora puteana, which is classified as a common wood
rotting fungus [17]. At present, only the enzyme systems
involved in C. puteana-dependent wood depolymeriza-
tion have been characterized in detail [18, 19]. However,
there are no reports of any other enzymes involved in
secondary metabolite production. Therefore, this study
focuses on the identification and characterization of
three putative C. puteana-derived TPSs. We present the
functional reconstitution of these enzymes in an E. coli
whole-cell production system. With respect to designing
an effective STP production system, the supply of the FPP
precursor needed to be ensured by an adapted co-expres-
sion of bottleneck enzymes (DXS, Idi) from the native
non-mevalonate pathway (MEP) (Fig. 2a). This optimi-
zation measure ensured a directed carbon flux towards
STP production. Two of the three identified TPSs from
C. puteana (Copul-3) could be expressed functionally
in E. coli, resulting in a range of sesquiterpene products.
The main product of the Copu2 fermentations was the
tricyclic B-copaene. By contrast, Copu3 fermentations
provided cubebol as the main product, which is approved
as a dietary supplement and flavoring agent [9, 20] due
to its pronounced cooling effect [21]. Utilizing the new
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terpene synthases from C. puteana within an optimized
production construct provided 215 mg/L [-copaene
and 497 mg/L cubebol. The cubebol production titers
reported in this study exceeded all other described pro-
duction systems by a factor of 50.

Results

Identification and characterization of putative terpene
synthase genes in C. puteana

A Basic Local Alignment Search Tool (BLAST) analy-
sis of fungal genomes with conserved terpene synthases
sequences resulted in the identification of a large number
of putative terpene synthases (TPSs). However, for the
majority of TPS candidates, a biochemical and functional
characterization remains to be established. In order to
gain insight into their catalytic function, three putative
TPSs (Copul: XP_007772164.1; Copu2: XP_007771895.1;
Copu3: XP_007765978.1) from C. puteana were selected
for cloning and functional characterization. The specific
selection was made on the basis of characteristic con-
served sequence motifs. Moreover, Copul-3 showed
closely related amino acid (AA) sequences (55—-62% simi-
larity). A comparison of the AA sequence of Copul and
Copu2 with the public database showed <50% similarity
to other listed enzymes, covering all biological realms. By
contrast, Copu3 showed 65% similarity to putative TPS
sequences, which were not functionally characterized.
The AA sequences of all three enzymes contained typi-
cal sequence motifs common to the TPS family, such as
the highly conserved (N/D)D(L/1/V)x(S/T)xxxE (NSE)
triad and the aspartate-rich D(D/E)xxD motif, coordi-
nating a trinuclear Mg®" cluster, which is catalytically
essential for the initial hydrolysis of the FPP-derived
pyrophosphate group [22] (see Additional file 1). A highly
conserved arginine residue, indicated as the pyrophos-
phate sensor, is located 46 positions upstream of the NSE
triad. Additionally, the catalytically important RY-dimer,
which is involved in the formation of hydrogen bonds
to the substrate-derived pyrophosphate, is found 80 AA
downstream of the NSE triad and close to the C-terminus
[23-25].

Heterologous expression of C. puteana TPS genes resulted
in the generation of diverse sesquiterpenes in E. coli

To study the product profile of Copul-3, their pre-
dicted coding sequences were codon-optimized and
synthesized for transfer into E. coli expression vectors.
For the heterologous expression, an adapted produc-
tion system based on a single operon with a constitu-
tive promoter was constructed. Reported bottleneck
enzymes from E. coli’s native non-mevalonate path-
way (MEP) were selected for co-expression (DXS;
WP_099145004.1 and idi; AAC32208.1) to increase
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the precursor supply and enhance the general isopre-
noid production (Fig. 1). The resulting plasmids were
transformed into E. coli HMS174 (DE3) for recombi-
nant gene expression and subsequent analysis of new,
potential terpene compounds. In the first series of
experiments, a geranylgeranyl diphosphate synthase
(Pantoea ananatis; crtE; ADD79325.1) was additionally
integrated into the operon to study a potential function
as diterpene synthases. E. coli cultures co-expressing
Copu2 or Copu3 with the MEP bottleneck enzymes
for 48 h produced a mixture of exclusively 12 and 18
terpene products, respectively. A cultivation tempera-
ture of 30 °C and reduced shaking (90 rpm) ensured an
adequate bacterial growth rate and the requirements
for the production of potentially volatile compounds.
Gas chromatography—mass spectrometry (GC-MS)
analysis of the liquid extract revealed new product
peaks in both cultures with typical mass fragmenta-
tion patterns at 161, 207, 222 m/z and 105, 161, 204
m/z (Fig. 2), illustrating the mass patterns for cyclic
C,5 hydrocarbons with and without a single hydroxyl
group. Copu3 appeared to be quite selective for the
generation of one major STP alcohol (RT: 15.4 min;
parent ion at 222 m/z). In contrast, Copu2 appeared to
convert FPP into a smaller and slightly different set of
cyclization products. The major product of Copu2 fer-
mentations (RT: 14.3 min) was identified as an unhy-
droxylated STP compound (parent ion at 204 m/z). By
contrast, no terpenoid products were detected in E. coli
cultures expressing Copul. Neither the co-expression
with a GGPP synthase to enable a possible formation of
diterpenes nor the evaluation of different fermentation
temperatures to avoid eventual evaporation of volatile
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compounds (e.g., monoterpenes) showed any product
formation. Therefore, Copul was classified as a non-
functional TPS sequence.

Terpene purification and structure elucidation

A putative identification of the newly generated STPs
was performed by comparing their detailed mass spec-
tra to the National Institute of Standards and Technology
(NIST) Database. The comparison of the GC-MS metab-
olite profiles of E. coli cultures expressing Copu2 revealed
the putative tricyclic STP B-copaene (RT: 14.3 min; par-
ent ion at 204 m/z; major daughter ions at 105, 161 m/z)
as the major product. p-Copaene accounted for about
62% of the total STPs detected by GC-FID. E. coli strains
expressing Copu3 accumulated the putative tricyclic STP
alcohol cubebol (RT: 15.4 min; parent ion at 222 m/z;
major daughter ions at 105, 161, 207 m/z) as the major
product, representing 75% of the total terpene fraction
(Fig. 2). Other minor compounds from both cultures
encompassed 8-cadinene, B-elemene, germacrene D and
germacrene D-4-ol, whose GC-MS spectra were con-
sistent with NIST database references. Notably, several
minor STPs did not match any NIST reference spectra
and could therefore not be assigned. In addition to GC—
MS analyses, the main products of Copu2 and Copu3
were analyzed by NMR spectroscopy. Organic extraction
allowed HPLC-based B-copaene and cubebol purifica-
tion from 1-L fermentations. The HPLC separation of the
Copu?2 fermentation products allowed for the extraction
of the main product but could not resolve several other
STPs, which most likely represent a mixture of differ-
ent product isoforms. However, another minor prod-
uct was isolated from the Copu3 fermentation broth.

Enzymatic bottlenecks

constitutive promoter (P) regulates the pathways

Fig. 1 Design of the synthetic operons for an increased precursor supply and efficient STP production. Enzymatic bottlenecks within the upstream
non-mevalonate (MEP) pathway (dxs and idi) as well as the heterologous STPS genes (Copu2 and Copu3) are combined in a single synthetic
operon. The integration of an additional geranylgeranyl diphosphate synthase (crtE) allowed to study a potential function as diterpene synthases. A

Heterologous
STPS genes
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A comparison of NMR spectra to reported references
confirmed the presence of B-copaene [26, 27], cube-
bol [28] and §-cadinene [29] as products of Copu2 and
Copu3, respectively. Based on the NMR data, we desig-
nated Copu2 as a new P-copaene synthase. Conversely,
Copu3 was designated as a new, highly selective cubebol
synthase.

Interestingly, a rearrangement of 3-copaene to the bet-
ter described a-isomer could be observed in this context.
The complete conversion took place by storing the pure
compound in chloroform for <12 h (Fig. 3). a-Copaene
has been shown to possess important biological proper-
ties, including anticarcinogenic as well as antioxidant
activity in the field of neurodegenerative diseases [30,
31], or serves as an insect attractant [32].

Phylogenetic synthase evolution

At present, the identification and characterization of ter-
pene cyclases from the group of Basidiomycota is lim-
ited. Protein sequence-based phylogenetic analysis of the
29 genetically and biochemically characterized STPSs
derived from Basidiomycota revealed four distinct clades
(clade I-1V) (Fig. 4). The clustering by sequence con-
servation suggests that STPSs within one specific clade
may catalyze the same or a related cyclization reaction.
It also revealed that Copu2 and Copu3 clustered in clade
I together with all other Basidiomycota-derived STPSs,
generating either 3-copaene or cubebol (ACTPS9, Cop4
and Stehi_128017). Additionally, most enzymes that gen-
erated cadinene isoforms clustered in clade I. For several
candidate enzymes constituting this clade (Cop4, Omp4,
Ompb5a and 5b), a substrate cyclization mechanism has
already been postulated, involving a 1,10-cyclization of
(3R) nerolidyl diphosphate (NPP). The conversion of
initial FPP involves the formation of a cis-germacradi-
enyl cation, followed by a subsequent 1,6-cyclization.
The final result is various STPs derived from a cadi-
nyl cation (Fig. 5) [14, 33, 34]. By contrast, the clade II
STPS mechanism involves a 1,10-cyclization of (2E,6E)-
FPP to an E,E-germacradienyl cation (Ompl-3, Cop
1-3) [35], generating predominantly a-muurolene and

CHCl,

—_—

RT, 12 h, 100 %

R-copaene
Fig. 3 Reaction scheme to illustrate the rearrangement from
[-copaene to a-copaene. This reaction is observed in the presence of
chlorophorm

o-copaene
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germacrene A as well as different types of cadinol. Clade
III STPSs share a 1,6-cyclization mechanism of (3R)-NPP
or (3S)-NPP, leading to a bisabolyl cation [33, 36], form-
ing mainly barbatene or a-cuprenene. Finally, clade IV
STPSs share a common 1,11-cyclization mechanism of
(2E,6E)-FPP [37]. Except for GME9210, all enzymes in
this clade exclusively represent functionally characterized
A6-protoilludene synthases.

In silico homology modeling [38] of Copul-3 as well
as Cop4 and structural alignments with the selinadiene
cyclase (4OKM), a monomeric STPS from Streptomyces
pristinaespiralis, as a nearest neighbor reference struc-
ture were carried out (see Additional file 1). Interest-
ingly, the sequence identity analyses strictly differentiates
sequences from distinct organisms while the structural
analysis (RMSD calculation) reveals a close structural
relation between Copu3 and Cop4. Both enzymes pro-
duce §-cadinene, -copaene and cubebol.

Technical scale, fed-batch production of B-copaene

and cubebol

To investigate the production performance of Copu2
and Copu3 in an optimized microbial system, fed-batch
fermentation experiments were carried out in 1.3-L
fermenters. This production scale provided for techni-
cally relevant amounts of f-copaene and cubebol. E. coli
HMS174 (DE3) strains co-expressing either Copu2 or
Copu3 and the corresponding MEP bottleneck enzymes
were cultured at 30 °C under controlled conditions
(Fig. 6). The Copu2-expressing culture reached its sta-
tionary phase after 46 h with a final calculated ODg,
of 130, providing a final B-copaene titer of 215 mg/L.
Based on these data, the specific f-copaene production
and productivity were 4.4 mg/g dry cell weight (DCW)
and 4.7 mg/L/h, respectively. To the authors’ knowledge,
this is the first report of any quantitative biotechnologi-
cal production of B-copaene. In comparison, the Copu3-
based fermentation generated a cubebol titer of 497 mg/L
(calculated ODygy, of 182), and the specific cubebol pro-
duction and productivity even reached 7.2 mg/g DCW
and 11.2 mg/L/h, respectively. The reported titers in this
study exceeded concentrations of alternative approaches
obtained by equivalent fermentations based on a plant-
derived cubebol synthase (titers of 10 mg/L cubebol) [48]
by 50-fold.

Discussion

In this study, three new terpene synthases (Copul-3)
were identified from genome data of the Basidiomycota
Coniophora puteana and functionally characterized for
their product profiles. At present, this filamentous fun-
gus has only been described in the context of cellulytic
activity. Therefore, this is the first report of any enzyme
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Fig. 4 Unrooted neighbor-joining phylogram of all 29 reported and experimentally characterized STPSs from Basidiomycota. The protein sequence
based analysis includes STPSs from Antrodia cinnamomea [39], Armillaria gallica [40], Boreostereum vibrans [411, Coprinopsis cinereus [35], Fomitopsis
pinicola [42], Lignosus rhinocerus [43] Stereum hirsutum [37], Omphalotus olearius [42] as well as Coniophora puteana. The phylogenetic analysis
revealed four distinct clades, divided into different cyclization mechanisms and product profiles. Copu1-3 belong to clade | including all other
known B-copaene or cubebol synthases from Basidiomycota. For detailed information about the used sequences and accession numbers, see
Additional file 1

system involved in secondary metabolite biosynthesis
from this organism. Only a few reports describe the suc-
cessful functional characterization of TPSs from the phy-
lum of Basidiomycota [35, 37, 39, 42]. In this study, the
heterologous expression of Copu2 and Copu3 function-
ally confirmed their identities as sesquiterpene synthases
(STPSs). By contrast, Copul expression in either an engi-
neered sesqui- or diterpene E. coli production system did
not yield any products. The Copul sequence may repre-
sent a non-functional TPS variant. This could be attrib-
uted to the fact that Basidiomycota tends to have very
intron-rich genomes, and various functional transcripts

may be generated by alternative splicing events. The
in silico identification of the annotated Copul coding
sequence may only encompass splicing events that result
in a catalytically inactive enzyme [14, 49].

The selectivity of terpene synthases varies significantly
in this enzyme class. In that respect, highly selective TPSs
only provide a single product (e.g., the (4)-d-cadinene
synthase from Gossypium arboreum [46]), while more
promiscuous enzymes can generate in excess of 50 dif-
ferent compounds (e.g., the y-humulene synthase
(Abies grandis) [45]). Product promiscuity is prevalent,
especially within the group of STPSs [50]. However,
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heterologously expressed Copu2 and Copu3 display a
fairly restricted product profile. As B-copaene accounted
for 62% of all terpenoid products in Copu2 fermenta-
tions, this enzyme was identified as a -copaene syn-
thase. By contrast, cubebol was the main product (75%)
of Copu3 fermentations, which designated this enzyme
as a cubebol synthase. To the best of our knowledge, this
is the first report of a selective B-copaene synthase and
cubebol synthase. Both enzymes combine high product
titers with significant product selectivity. Although we
cannot completely rule out an E. coli-specific effect on
the generated products, we believe that the enzymatic
reaction corresponds to the natural conditions in C.
puteana.

To provide insights into the structural and functional
diversity of STPSs from Basidiomycota, we carried out
a comprehensive phylogenetic analysis. This analy-
sis encompassed the STPS sequences of Antrodia cin-
namomea [39], Armillaria gallica [40], Boreostereum
vibrans [41], Coprinopsis cinereus [35], Fomitopsis pini-
cola [42], Lignosus rhinocerus [43] Stereum hirsutum [37]
and Omphalotus olearius [42], which are all function-
ally characterized. The phylogenetic analysis suggests
that Copul-3 belong to the same STPS clade, sharing a
1,10-cyclization mechanism with other related enzymes
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in this group (Fig. 4). Clade I encompasses all previ-
ously reported Basidiomycota STPSs that are capable of
generating (-copaene, cubebol or cadinenes, which are
all derived from a cadinyl cation intermediate (Fig. 5).
However, Copu2 and Copu3 are the only STPSs realizing
the generation of significant amounts of B-copaene and
cubebol, respectively. Both enzymes form germacrene
D and germacrene D-4-o0l as minor products, which are
derived from an earlier cis-germacradienyl cation inter-
mediate. This carbocation intermediate is present in the
biosynthesis of various cadinene type compounds [51].
The phylogenetic analysis based on amino acid sequences
clearly illustrates the potential for possibly predicting
enzymatic reaction mechanisms and an eventual product
profile. Phylogenetic tree generation based on structural
information might further improve this functional in
silico prediction of an unknown terpene synthase. How-
ever, for a more precise prediction of enzymatic func-
tions, more data have to be generated for Basidiomycota
since this research area is still at a very early stage and
comprises only a few candidate enzymes.

Cubebol is of interest to the cosmetic and flavor
industry as it is already a registered product with a pro-
nounced cooling effect [21] and is therefore formulated
into dietary supplements and flavoring agents [9, 20].
Also the performed conversion of f-copaene to the more
extensively investigated a-isoform opens up access to
a potential pharmaceutical market, based on the pro-
posed anticarcinogenic as well as antioxidant activity in
the field of neurodegenerative diseases [30, 31]. At pre-
sent, both compounds are commercially extracted from
plant material. Specifically, B-copaene is a component
of the essential oil (15%) from Piper nemorense leaves
[52]. Similarly, cubebol is a constituent in the berry oil
(5-10%) of Piper cubeba [53, 54] or the volatile leaf oil
(3.3%) extracted from Jumiperus convallium [55]. The
quality and quantity of the target compounds from plant
extracts vary seasonally and with global production loca-
tion [53]. Consequently, purification from these natu-
ral extracts is technically challenging and cost-intensive
[11, 12] because of various isoforms and structurally
related impurities in complex mixtures. In contrast to
the plant extracts, the biotechnological production of
both B-copaene and cubebol would provide an efficient
and sustainable alternative with simplified purification
procedures. This could ensure a constant product quality,
which is of high interest to the flavor industry [12].

The biotechnological formation of cubebol or
B-copaene could only be provided by very few charac-
terized STPSs. The §-cadinene synthase VvPNCuCad
(HM807407.1) from grapevine (Vitis vinifera) encoding
a multi-product STPS shows 20.5% cubebol selectivity
when expressed in E. coli [56]. The fungal §-cadinene
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synthase Cop4 (A8NU13.1) from C. cinereus is also des-
ignated as a cubebol and B-copaene synthase. The prod-
uct profile of recombinant Cop4 is reported to generate
30% P-copaene and 10% cubebol with respect to the total
terpene production titer [35]. Even under optimized
in vitro conditions, Cop4 does not generate in excess
of 34.2% cubebol [47]. Other fungal STPSs with related
enzymatic activity have been cloned and characterized
from A. cinnamomea (AcCTPS9) [39] and S. hirsutum
(Stehi_128017) [37] but with significantly lower produc-
tion rates. Even though several other plant enzymes are
listed for the more common «a-copaene isoform [57, 58],
Cop4 represented the only known enzyme with a relevant
formation of B-copaene to date. Therefore, Copu2 and 3
isolated from C. puteana are the only enzymes capable
of the highly selective generation of their main products
[B-copaene (62% product selectivity) and cubebol (75%
product selectivity) and represent an excellent basis for
biotechnological production.

The only described biotechnological production
approach reported for the quantitative generation of
cubebol utilized a patented plant enzyme (CQ813505.1
from grapefruit Citrus x paradisi; 28% cubebol selectiv-
ity) but only provided titers of 10 mg/L [48], which is well
below the titers we report with Copu3 fermentations.
In our E. coli-based approach, we were able to demon-
strate cubebol titers of 497 mg/L even without significant
optimization of the fermentation procedures. The pro-
duction of 215 mg/L p-copaene represents the first bio-
technological process with technically relevant titers of
this compound. Our data expand the set of functionally
characterized STPSs, which can be used for biotechno-
logical processes. With respect to literature data and cur-
rent state-of-the art technology of essential oil extraction
[59, 60], our production system provided, within <2 days,
cubebol concentrations (w/w) that were similar to the
natural producer (ripe berries of piper cubeba) [53] over
a whole season. At the same time, it represents a 50-fold
increase compared to the only reported target-oriented
biotechnological approach in yeast [48].

Conclusion

Fungi have an enormous capacity for biosynthesis of
versatile natural terpenoids and therefore represent an
outstanding resource of new metabolic pathways for
biotechnological production. Regarding the increasing
availability of complete fungal genomes, the quantity of
genetic information is expanding continuously. How-
ever, the complex biochemical characterization of the in
silico-annotated enzyme activities is lagging far behind.
While most enzyme-focused studies involve Ascomy-
cota-derived sequences, the biosynthetic diversity of
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secondary metabolites, particularly related to the terpe-
nome of Basidiomycota, is largely unexplored.

In this study, we focused on the discovery and inves-
tigation of sesquiterpene synthases (STPSs) from the
Basidiomycota Coniophora puteana. We identified the
STPSs Copul-3, which were subsequently expressed in
an engineered E. coli host capable of either sesqui- or
diterpene production. While the expression of Copul
did not show any terpene accumulation, the sesquiter-
pene B-copaene was the main product of Copu2. Hence,
Copu2 was designated as the first exclusive -copaene
synthase (62% product selectivity). Similarly, Copu3 was
identified as the most efficient cubebol synthase (75%
product selectivity) to date. The metabolic optimization
of a microbial production host, including the introduc-
tion of MEP pathway enzymes and the fungal enzymes
Copu2 and Copu3, created microbial cell factories for
the de novo production of 215 mg/L B-copaene and
497 mg/L cubebol. Although further work is needed to
optimize the product titers, the current whole-cell sys-
tems could serve as a promising basis for the develop-
ment of large-scale biotechnological production of these
compounds. Patent filed.

Methods

Gene cloning, plasmid construction and culture condition
Escherichia coli strain DH5a was used for cloning
and E. coli strain HMS174 (DE3) for terpene produc-
tion. Genes encoding for the sesquiterpene synthases
Copul (327 AA; XP_007772164.1); Copu2 (340 AA;
XP_007771895.1) and Copu3 (332 AA; XP_007765978.1)
from Coniophora puteana were ordered codon-opti-
mized (Eurofins Genomics) for improved efficiency in
E. coli and cloned into a pACYC-based expression vec-
tor system. The final production construct contained a
single operon with selected bottleneck enzymes of the
MEP pathway (DXS; 1-deoxy-p-xylulose-5-phosphate
synthase from E. coli; WP_099145004.1) (idi; isopente-
nyl pyrophosphate: dimethylallyl pyrophosphate isomer-
ase from Haematococcus lacustris; AAC32208.1) and
the corresponding cyclase under the control of a lac-I-
derived constitutive promoter [61]. Cultures were grown
in modified R-media [62] (13.3 g/L KH,PO,, 4.0 g/L
(NH,),HPO,, 1.7 g/L citric acid, 5.0 g/L yeast extract,
35 g/L glycerol, 4.9 mL/L 1 M MgSO,, 2.45 mL/L 0.1 M
Fe(III) citrate, 10 mL/L 100 x trace elements solution
(5 g/L EDTA, 0.83 g/L FeCl;—6H,0, 84 mg/L ZnCl,,
13 mg/L CuCl,—2H,0, 10 mg/L CoCl,-2H,0O, 10 mg/L
H;BO,, 1.6 mg/L MnCl,-4H,0), 1 mg/L Thiamin) sup-
plemented with the appropriate antibiotics, ampicillin
(100 pg/mL) or chloramphenicol (34 pg/mL), at 30 °C
and 90 rpm shaking.
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Terpene isolation

For analytical terpene isolation within the screening
process, 35 mL of the selected cultures was mixed with
15 mL of an extraction solution (ethyl acetate, hexane
and ethanol; 1:1:1). The suspension was then strongly
shaken for 15 min followed by a 60 s centrifugation step
at 8000g for phase separation. A defined volume of the
upper organic phase was then sampled and analyzed by
GC-MS.

Fermentation and preparative extraction

All fermentations were performed in a DASGIP® 1.3 L
parallel reactor system (Eppendorf AG) using modified
R-media [62] supplemented with 35 g/L glycerol. An
overnight preculture was used for inoculation (OD =0.1).
The cultivation temperature was kept constant at 30 °C.
The initial stirrer velocity and airflow were set to 200 rpm
and 0.5 volumes of air per volume of medium per minute
(vvm), respectively. The dissolved oxygen (DO) was kept
at 30% and controlled by stirrer velocity (up to 1000 rpm),
oxygen content (up to 100%) and airflow. A pH value of
7.00 was maintained by adding 25% sodium hydroxide
solution as needed. A pH-based feed was activated by
pH values exceeding 7.05, which triggered a feed shot of
40 mL. The feed solution consisted of 600 g/L glycerol,
20 g/L MgSO,-7H,0, 15 mL/L 100 x trace elements solu-
tion (5 g/L EDTA, 0.83 g/L FeCl,—~6H,0, 84 mg/L ZnCl,,
13 mg/L CuCl,—2H,0, 10 mg/L CoCl,—2H,0, 10 mg/L
H;BO,, 1.6 mg/L MnCl,—4H,0), 70 g/L collagen hydro-
lysate and 7.5 g/L yeast extract (pH=7.00). Samples were
taken regularly to measure the ODy,, and the respective
terpene concentration.

The whole cultivation broth was extracted by adding
an equal volume of ethyl acetate and ethanol (1:1) to the
cell culture. The suspension was shaken for 12 h at 22 °C
followed by a centrifugation step for 15 min at 7000g.
After separating the supernatant from the pellet, an addi-
tional 1/4 volume of hexane was added. The mixture was
shaken for 2 h before the upper phase was isolated using
a separation funnel. The organic layer was concentrated
using a rotary evaporator. The remaining crude oil con-
taining terpenoids was dissolved in an ACN and H,O
(9:1) solution for further HPLC purification.

Terpene purification, identification and quantification

The purification was performed by preparative HPLC
using a NUCLEODUR® C18 HTec 250/10 mm 5 pm
column (MACHEREY-NAGEL GmbH & Co. KG) and
a diode array UV detector at 2.2 mL/min flow rate. The
injection volume was 2 mL at a concentration of 25 mg/
mL of crude extract in ACN and H,O (9:1). The separa-
tion was performed applying an ACN gradient starting
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at 90% and increasing to 100% within 10 min. This was
maintained for 30 min. The oven temperature was set
to 30 °C. The terpene peaks were detected at 210 nm
wavelength. Fractions containing the pure product,
determined by GC-MS analysis, were pooled and con-
centrated using a rotary evaporator.

Escherichia coli whole-cell conversion extracts from
C. puteana Copul-3 were analyzed by a Trace GC Ultra
with DSQ II (Thermo Scientific). The sample was loaded
by TriPlus AS onto an SGE BPX5 column (30 m, L.D.
0.25 mm, film 0.25 pm). The initial oven temperature
was set at 50 °C for 2 min, increased to 320 °C at a rate
of 10 °C/min, and held for 3 min. MS data were recorded
at 70 eV (EI) and m/z (rel. intensity in %) as total ion cur-
rent (TIC). Data were collected in full scan mode (m/z
50-650). Structural determination of terpenes was con-
ducted by comparison to mass spectra data of the NIST
Standard Reference Database. Concentrations were
quantified by correlating the FID peak area to a defined
a-humulene and cubebol standard of known quantity
(see Additional file 1 for calibration curves).

The NMR spectra of the products were recorded in
CDCl; (cubebol and §-cadinene) or C,Dy (B-copaene)
with a Bruker Ascend™ 400 MHz NMR spectrome-
ter. All chemical shifts are relative to CDCl; at 6="7.26
(IH-NMR) and CDCl; at §=77.16 (13C-NMR) or C,Dy
at 6="7.16 (IH-NMR) and CD, at §=128.06.16 (13C-
NMR) using the standard & notation in parts per million.

Protein modeling
The webservice RaptorX was applied for homology mod-
eling studies (http://raptorx.uchicago.edu) [63]. Subse-
quently, the predicted structures (Cop4, Copu 1-3) were
analyzed by Visual Molecular Dynamics (VMD) (http://
www.ks.uiuc.edu/Research/vmd/) [64]. Protein struc-
tures were aligned and compared using the MultiSeq
[65], and scenes rendered by Tachyon [66], both, imple-
mented in the VMD software package. Phylogenetic trees
of these five proteins were calculated using sequence
identity or the rmsd value as tree generation criteria.
Structure function analyses of Copu3 were performed
as previously described [38].

Phylogenetic analysis

A multiple sequence alignment was generated with
Clustal Omega (https://www.ebi.ac.uk/Tools), using
seeded guide trees and HMM profile techniques. Evolu-
tionary analyses were conducted with iTOL (https://itol.
embl.de/). The phylogenetic tree was inferred using the
maximum likelihood method.
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Additional file

Additional file 1. Details on phylogenetic analysis, sequence homology,
protein structure modelling and additional NMR data are provided as
additional information.
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Strain Optimization — High through put screening

To further raise the efficiency of the terpene production platform, the terpenoid metabolic flux inside
the cell needs to be further optimized and increased. Novel approaches to engineer high product
yielding hosts take mathematic model calculations into account|[74, 115]. However, the predicted
model, btw. optimal combinatorics of the enzyme cascade in optimal expression strength, still requires
elaborate computational effort and subsequent experimental evaluation. Moreover, it still remains
difficult to predict the behavior of a genetically modified production host. Accordingly, iterative
optimization approaches to raise terpene yields are normally applied[82, 116, 117]. However, such

methodology requires man and lab power or an efficient and automated screening system.

The generation of a constitutive production platform for lycopene formation is an optimal basis for
the development of an automated screening system for strain optimization[9]. The constitutive
expression provides for a direct correlation between cell growth and lycopene formation. Accordingly,
the production platform can be randomly varied and quickly evaluated. For example, the impact of
expression strength modulation or the addition of other proteins to the expression system can

investigated easily.

One strategy to optimize the production platform would be the random substitution of bases within
the polycistronic gene sequence by error prone PCR or other mutation inducing experiments. In this
context, hundreds of mutants generated require a specific and precise screening. To identify a high
performing clone from the rest, automated cell sorting based on the lycopene content per cell should

be considered.

Design of experiment — Process optimization

Fermentation process optimization is a major task in industrial process development[10]. In this
context, design of experiments (DoE) minimizes experimental effort by mathematic-based prediction
of the optimal parameter’s values. The system is characterized in different dimensions and each
dimension is delineated by two defined settings. Accordingly, a system can only be operated in the
dimension defined. The experimental characterization of the dimension’s corners and their outcome
is used to mathematically identify correlations and to predict the optimum value of the screened
dimensions. DoE is used in biotechnology to identify optimal operation settings for growth

temperature or oxygen uptake rates, but also for media optimization[118].
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In the context of this study, process optimization was carried out step by step and hence, only
optimized in one dimension at a time. No interacting correlations were investigated. This should be

addressed by future researchers, which potentially will result in a terpene titer increase.

Another impact identified during this research was the composition of the media applied[9]. For
example, using tryptone/peptone as nutrient supplement in the media resulted in extensive production
of indole that lowers the terpene yield substantially[82]. Moreover, substitution of major parts of yeast
extract by corn steep liquor lead to an increase in TD concentration per cell dry weight[9]. Hence,
variation of the components within the culture media and feed will affectively influence the terpene
yield outcome. A factorial DoE should be applied to investigate the impact of media components in
order to identify correlations between terpene production and media components. The constitutive

lycopene expression platform should be used for the reasons mentioned above.

Process optimization

The efficiency of the terpene production process can be further optimized. One strategy is the
development of a continuous fed-batch fermentation process[119]. The constitutive terpene
production platform provides for a continuous production of terpene as long as the cells keep on
growing. By mathematic calculations the feed rate and concentration can be determined for an optimal
process flow. The extended production period will result in a higher time-space yield, which might be

relevant for industrial scale production.

One particular processing problem during downstream operations was the high hydrophobicity of the
terpenoid molecules. Extraction and purification were affected by emulsion formation and solubility
issues. Therefore, we devised a new purification process of microbial derived terpenoids by
liquid/liquid chromatography[8, 9]. Distribution coefficient of terpenoids in biphasic mixtures based
on classical thermodynamics were the most interesting fact, I completely neglected in the beginning
of my PhD study. Biphasic systems should be screened and identified that can remove major
contaminants of the microbial derived extract to reduce the complexity of the extract. This simple and
fast pre-purification can lead to an already concentrated terpene rich extract that can be directly applied

for HPLC purification without preparation issues.
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Exploring the fungal genetic code

Time and cost needed to solve and annotate genomes has drastically decreased in the last decades[120].
Accordingly, lots of genetic information are freely available (e.g. National Center for Biotechnology
Information). Most of this information are solely annotated enzyme function and only few of the
enzymes have been characterized in experimental settings so far. The characterization of the putative
terpene synthases of C. puteana were very successful and expression in E. /i was possible without
limitations[85]. Moreover, the phylogenetic classification revealed significant correlation between
sesquiterpene product and sequence similarity[85]. This strategy should be evaluated and further

improved.

Clustering of biosynthetic routes in fungi also allow for the specific selection of CYPs potentially

modifying the macrocycle core[121, 122].

Functionalization of terpenes by CYPs

Hydroxylation reactions of terpenes are still challenging[40, 42]. In the context of this study, a new
strategy was developed that facilitates activity screening of CYPs and reductases on diverse terpene
scaffolds by an in-vitro biotransformation approach|[107, 108]. This system needs to be further
improved, initially by raising the promoter expression strength and stationary phase induction. During
our experiments we also identified a strong influence of the N-terminal sequence. This protein

sequence should be optimized to guarantee soluble und functional protein expression.

The transferability of reductase systems should be evaluated by other CYPs. 5SHTD is a special CYP
because it performs an epoxidation reaction of TDJ[40]. It might be possible that only for CYP
epoxidation reactions replacement of a flavin dependent reductase remains functional. A negative
control (expressing CotB3, not expressing a heterologous reductase) has to be conducted for the
hydroxylation of cycloocat-9-en-7-ol in order to prove that the electron transfer can also be conducted

by a CPR.

CotB3 is a promising CYP for new-to-nature combinations due to its activity on diverse diterpene
macrocylces[107]. Virtual protein modelling should be applied to specifically alter the enzymes active

site[26]. Enzyme mutants could have improved activity on non-natural substrates.
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SHTD

AC

API

ATP

CO

CPR

CTP

CYP

DMADP

Fd

FDP

GDP

GGDP

IDP

IPTG

NADH

NADPH

TD

5-a-hydoxytaxadiene

Aphidicolin

Active pharmaceutical ingredient
Adenosine triphosphate

Cyclooctatin

Cytochrome P450 reductase

Cytosine triphosphate

Cytochrome P450 monooxygenase
Dimethylallyl diphosphate

Ferredoxin

Farnesyl diphosphate

Geranyl diphosphate

Geranylgeranyl diphosphate
Isopentenyl diphosphate

Isopropyl B-D-1-thiogalactopyranoside
Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate

Taxadiene
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Split_stream.pl

use strict;
use File::Basename;

my $rtf="";
my $prm:"";

my $junk="";

my $r=\$junk;
my $warn_rtf=0;
my $warn_prm=0;

my($basename, $directories, $suffix) = fileparse(SARGV[0]);
$basename=~s/.str$//;

$basename=~s/"toppar_//;

my $ortf="top_$basename.rtf";

my $oprm="par_§$basename.prm";

while(my $l=<>) {
if($1=~/"read rtf card/i) {

$r=\$rtf;
i(351) {
$%r.="1 WARNING -- ANOTHER rtf SECTION FOUND\n";
$warn_rtf++;
}
¥
elsif($1=~/"read param? card/i) {
$r=\$prm;
if(591) ¢
$$r.=" WARNING -- ANOTHER para SECTION FOUND\n";
$warn_prm++;
}
}
elsif($l=~/"end/i) { $r=\$junk; }
else {
$r .= §l;
}

}

if(warn_rtf | | $warn_prm) {
print STDERR "Warning - duplicate sections found. You need to revise the outputs marked
with [*]\n";

}

my $w;
$w="*"xFwarn_rtf;
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print STDERR "Creating $ortf $w\n";
open R,">$ortf";

print R $rtf;

print R "END\n";

close R;

$w="*"x$warn_prm;

print STDERR "Creating $oprm $w\n";
open P,">$oprm";

print P $prm;

print P "END\n";

close P;

Generate pdb and psf files by VMD (TK-console command)

For the ligand (requires: ligand.pdb; top_ligand.rtf):

package require psfgen
topology top_all36_cgenff.rtf
topology top_ligand.rtf
segment Z {pdb ligand.pdb}
coordpdb ligand.pdb Z
guesscoord

writepdb ligand-VMD.pdb
writepsf ligand-VMD.psf

For the protein (requires receptor.pdb):

package require psfgen

topology top_all27_prot_lipid.inp
pdbalias residue HIS HSE
pdbalias atom ILE CD1 CD
segment A {pdb receptor.pdb}
coordpdb receptor.pdb A
guesscoord

writepdb receptor-VMD.pdb
writepsf receptor-VMD.psf

Add water sphere around the protein in VMD (TK-console command)

set molname complex2

mol new ${molname}.psf

mol addfile $ {molname}.pdb

#HH# Determine the center of mass of the molecule and store the coordinates
set cen [measure center [atomselect top all] weight mass]
set x1 [lindex $cen 0]
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set yl [lindex $cen 1]
set z1 [lindex $cen 2]
set max 0

H### Determine the distance of the farthest atom from the center of mass
foreach atom [[atomselect top all] get index] {
set pos [lindex [[atomselect top "index $atom"] get {x y z}] 0]
set x2 [lindex $pos 0]
set y2 [lindex $pos 1]
set z2 [lindex $pos 2]
set dist [expt pow(($x2-$x1)*($x2-$x1) + ($y2-$y1)*($y2-$y1) + ($22-$21)*($22-$21),0.5)]
if {$dist > $max} {set max $dist}
}

mol delete top

### Solvate the molecule in a water box with enough padding (15 A).
### One could alternatively align the molecule such that the vector
H#H## from the center of mass to the farthest atom is aligned with an axis,
### and then use no padding

package require solvate

solvate ${molname}.psf ${molname}.pdb -t 15 -o del_water

resetpsf

package require psfgen
mol new del_water.psf
mol addfile del_water.pdb
readpsf del_water.psf
coordpdb del_water.pdb

### Determine which water molecules need to be deleted and use a for loop
H## to delete them
set wat [atomselect top "same residue as {water and ((x-$x1)*(x-$x1) + (y-$yD)*(y-$y1) + (2-$z1)*(z-
$21))<($max*$max)}"|
set del [atomselect top "water and not same residue as {water and ((x-$x1)*(x-$x1) + (y-$y1)*(y-$y1)
+ (2-$21)*(2-$21)) < ($max*$max) } "]
set seg [$del get segid]
set res [$del get resid)]
set name [$del get name]
for {setiO0} {$i < [llength $seg]} {incri} {
delatom [lindex $seg $i] [lindex $res $i] [lindex $name $i]
}
writepsf § {molname}_ws.psf

writepdb ${molname}_ws.pdb
mol delete top

mol new ${molname}_ws.psf

mol addfile $ {molname}_ws.pdb

puts "CENTER OF MASS OF SPHERE IS: [measute center [atomselect top all] weight mass]"
puts "RADIUS OF SPHERE IS: $§max"
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mol delete top

Simulation.conf (run by namd2.exe)

SHHIEEE R TR TR R R T T
1

## JOB DESCRIPTION Hit

HHHHHHBH AR B HHH B H IR HH R R R R R AR AR R R R R
1

# Minimization and Equilibration of
# a protein with a ligand in a water box

HHHHHHBHHHBHHH B AR H R R AR AR AR R R R R R R H
HHH

## ADJUSTABLE PARAMETERS Hit

R R R R R R R R R R R R R RN R N R TR TR
A

structure ../complex_ws.psf
coordinates ../complex_ws.pdb

set temperature 300
set outputname  complex-MD

firsttimestep 0

B R R R R R R R R R R R RN R R R R IR
HHH

## SIMULATION PARAMETERS Hit

HARHHHRH AR AHH B AR AR AR HAR AR AR AR AR R RR AR
HHH

# Input

paraTypeCharmm on

parameters ../par_all27_prot_lipid_na.inp
parameters ../ par_all36_cgenff.prm
parameters ../par_ligand.prm
mergeCrossterms  yes

temperature $temperature

# Force-Field Parameters

exclude scaled1-4
1-4scaling 1.0
cutoff 12.0
switching on
switchdist 10.0

pairlistdist 14.0
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# Integrator Parameters

timestep 1.0 ;# 2fs/step

rigidBonds all ;# needed for 2fs steps
nonbondedFreq 1

fullElectFrequency 2

stepspercycle 10

# Constant Temperature Control

langevin on ;# do langevin dynamics
langevinDamping 5 ;# damping coefficient (gamma) of 1/ps
langevinTemp $temperature

langevinHydrogen off ;# don't couple langevin bath to hydrogens

# Periodic Boundary Conditions

cellBasisVectorl 150.0 0. 0.0

cellBasisVector2 0.0 150.0 0.0

cellBasisVector3 0.0 0.0 150.0

cellOrigin 6.054964065551758 -0.5199195742607117 -19.352827072143555

wrapAll on

# PME (for full-system periodic electrostatics)
PME yes
PMEGtridSpacing 1.1

#manual grid definition

H#PMEGtidSizeX 128
H#PMEGtidSizeY 128
H#PMEGridSizeZ 128

# Constant Pressure Control (variable volume)
useGroupPressure  yes ;# needed for rigidBonds
useFlexibleCell yes

useConstantArea no

langevinPiston on

langevinPistonTarget 1.01325 ;# in bar -> 1 atm
langevinPistonPeriod 100.0
langevinPistonDecay 50.0

langevinPistonTemp  $temperature

# Output
outputName $outputname
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restartfreq 500  ;# 500steps = every 1ps
dcdfreq 250

xstFreq 250

outputEnergies 100

outputPressure 100

HHHHHHBH AR B HHHBH IR AR AR R R R AR AR R R R R R
HHH

## EXTRA PARAMETERS Hit

SHHEE TR R R TR R i
HHH

SHHTHEE G T T T
A

## EXECUTION SCRIPT Hit

R R R R R R R R R R R R R RN R N R TR TR
HHH

# Minimization
minimize 100
reinitvels $temperature

run 50000 ;# 100ps
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