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| Abstracts

Chapter |

In the first chapter, we present a sustainable, coral-independent, biosynthetic route towards
pseudopterosin-bioactives. The Streptomyces clavuligerus derived hydropyrene diterpene
synthase (HpS) was implemented into an E. coli host for effective, heterologous production of
its main product hydropyrene, side product Hydropyrenol, and the pseudopterosin precursors
isoelisabethatriene A and B. In-silico guided, site-directed mutagenesis based on the
diterpene synthase CotB2 from Streptomyces melanosporofaciens altered the product
portfolio of HpS towards isoelisabethatriene A as new main product. Notably, mutagenesis
studies revealed the presence of catalytically important methionines which represents the first
experimental evidence of the direct involvement of methionines in terpenoid catalysis.
Consequently, the production and purification of isoelisabethatriene A and B allowed for lipase
B (Candida antarctica) mediated, selective oxyfunctionalisation towards the key
pseudopterosin intermediate erogorgiaene and 1R-epoxy-5,14-elisabethadiene, respectively.
The availability of the anti-tubercular bioactive erogorgiaene thus paves the way towards a
sustainable and scalable pseudopterosin production, while 1R-epoxy-5,14-elisabethadiene

might potentially serve as new scaffold for pharmaceutical development.

Chapter Il

In the second chapter, we were able to identify two new &-cadinol synthases from the wood-
rotting fungus Coniophora puteana. Both enzymes, Copu5 and Copu9 were heterologously
expressed in an engineered E. coli host, exhibit a high product selectivity and outstanding
product titers with 225 mg L™ and 395 mg L™, respectively. Remarkably, Copu5 and 9 exhibit
an identical product spectrum, thus representing the first two class | sesquiterpene synthases
from Basidiomycota with identical product portfolios. The generation of a high-resolution
crystal structure of Copu9 and subsequent model generation of Copu5 led to an in-silico
guided mutagenesis study targeting identical active site residues in order to shift their
respective product profile in a product orientated manner. Consequently, mutagenesis studies
of both synthases revealed, that active site residues have an influence on controlling the
carbocation reaction trajectory. However, Copu5 and 9 exhibit a difference in structural
robustness towards conformational changes suggesting a fundamental importance of tertiary
structure elements for terpene synthases’ catalysis. Copu5 and Copu9 are thus promising

model systems for further mechanistic studies on catalysis in terpene synthases



Il Zusammenfassungen

Kapitel |

Das erste Kapitel befasst sich mit der Darstellung eines nachhaltigen, korallen-unabhangigen
Biosynthesewegs fiir bioaktive Pseudopterosinderivate. Mit Hilfe der Hydropyrene Synthase
(HpS) aus Streptomyces clavuligerus konnte das Hauptprodukt Hydropyrene, das
Nebenprodukt Hydropyrenol und die beiden Pseudopterosin-Vorlaufer Isoelisabethatriene A
und B heterolog in E. coli produziert werden. Das Produkispekirum der HpS wurde
anschlieBend durch in-silico gestitzte, gerichtete Mutagenese basierend auf der
Diterpenesynthase CotB2 aus Streptomyces melanosporofaciens in Richtung eines neuen
Hauptprodukts, Isoelisabethatriene A, verandert. Hervorzuheben ist, dass katalytisch aktive
Methionine mit Hilfe der Mutagenese der HpS identifiziert werden konnten. Dies stellt den
ersten experimentellen Nachweis von katalytisch aktiven Methioninen in Kontext der Katalyse
von Terpensynthasen dar. Die Produktion und Aufreinigung der beiden Pseudopterosin-
Vorlaufer Isoelisabethatriene A und B ermdglichte zudem die selektive Oxifunktionalisierung
durch die Lipase B aus Candida antarctica. Dabei konnte zum einen Erogorgiaene und zum
anderen 1R-Epoxi-5,14-elisabethadiene als Produkte der Lipase Reaktion identifiziert werden.
Die Verfugbarkeit des antituberkular wirksamen Erogorgiaenes ebnet somit den Weg zu einer
nachhaltigen und skalierbaren Pseudopterosin-Produktion, wahrend 1R-Epoxi-5,14-
elisabethadiene mdglicherweise als neues Target fir die pharmazeutische Entwicklung
dienen kénnte.

Kapitel 1l

Das zweite Kapitel befasst sich mit der Identifizierung von zwei neuen &-Cadinol Synthasen
aus dem holzzersetzenden Pilz Coniophora puteana. Beide Enzyme, Copu5 und Copu9,
wurden heterolog in einem gentechnisch veranderten E. coli-Wirt exprimiert und weisen eine
hohe Produktselektivitdt und hervorragende Produkttiter (225 mg L' bzw. 395 mg L") auf.
Interessanterweise zeigen Copu5 und Copu9 ein identisches Produktspekirum und stellen
damit die ersten beiden Sesquiterpene-Synthasen aus einem Basidiomyceten mit identischem
Produktportfolio dar. Zur genaueren Untersuchung des molekularen Ursprungs der
identischen Produktspezifitdt der beiden Enzyme wurde eine in-silico gestitzte, gerichtete
Mutagenesestudie durchgefihrt. Hierbei wurden, zwischen Copu5 und 9 identische,
Aminosaurereste ausgetauscht, mit dem Ziel das Produktportfolio gezielt zu verandern. Dazu
wurde jedoch zunachst die Kristallstruktur von Copu9 gelést und darauf aufbauend ein
Homologie Modell von Copub erstellt. Die Untersuchungen zeigten, dass die Reste der aktiven
Tasche einen Einfluss auf die Lenkung der Umlagerungsreaktionen des Carbokations



wahrend der Katalyse besitzen. Allerdings konnte beobachtet werden, dass sich Copu5 und
Copu9 hinsichtlich ihrer strukturellen Robustheit gegenliber Konformationsdnderungen
innerhalb der Tertiarstruktur stark unterscheiden. Dies weist auf eine grundlegende
Bedeutung von Tertidrstrukturelementen fir die Katalyse von Terpensynthasen hin.
Entsprechend kdnnten sich Copu5 und Copu9 als vielversprechende Modellsysteme fir

weiterfihrende, mechanistische Studien zur Katalyse von Terpensynthasen erweisen.
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1. Introduction

Climate change and infectious diseases — future challenges

The increasing world population and economic growth in uprising industrial nations foster the
surge in carbon dioxide emissions thereby supporting the anthropogenic climate change.'-2
While the effects of climate change on non-human systems®™® are widely discussed in the
world’s leading political committees, less attention has been paid to the interconnection of
environmental effects of climate change and their direct impacts on human health.® Extreme
weather events, environmental degradation and sea-level rise are causing either direct, short-
term risks on human health by injury or death from floods, storms and bushfires or show
adverse effects on the long run such as desolation of arable land, thereby ultimately leading
to shortages in food supply.® Furthermore, the environmental effects of climate change foster
changes in terrestrial as well as marine ecosystems that lead to an emergence of new

infectious diseases.’”

To that end, the emergence of SARS-CoV-2 originating from South China is the most
prominent recent example. For instance, the appearance of (bat-borne) zoonoses like SARS-
CoV-2 correlates with the biodiversity of the host organisms which itself is affected by climate
conditions.® Changing climate conditions can lead to varying geographic distributions of
species thus introducing new species with potential pathogens into new areas. As a result the
variation of species composition in certain ecological niches facilitates novel host-pathogen
interactions thus fostering the evolution of new diseases.®'° In particular in biodiversity hot
spot areas like South-East-Asia, Central Africa or the Amazonas basin, these effects play an
important role in the evolution of new pathogens and facilitate zoonotic spill overs of infectious
diseases.”® Moreover, the numbers of vector-borne diseases such as yellow-fever, dengue or
malaria previously mainly prevalent in subtropical areas or other diseases like tick-borne
encephalitis and Lyme borreliosis are on the rise in regions of moderate climate due to climate
change effects.®'"12

In any case, the battle against climate change demands a holistic solution that encompasses
all sectors of society. However, the emergence of new infectious diseases as an effect of
climate change urges the scientific community to develop new systemic anti-infective, anti-
viral and anti-inflammatory drugs as first-line treatment.' To this end natural products are a
tremendous and to date largely unexploited source of new pharmaceuticals encompassing
various biological activities ranging from anti-infective, anti-viral, anti-inflammatory to anti-

cancer or insect-repellent and beyond.'*7



Terpenoid bioactives

Terpenoids are the largest and structurally most diverse group of natural products. To date
this natural product family encompasses over 80 000 characterised compounds including
steroids and carotenoids.'®'® Terpenes are abundant throughout all domains of life as primary
or secondary metabolites thereby playing a significant role in biological processes.?’ Some of
the numerous functions of terpenoid compounds are essential for prokaryotic organisms such
as involvement in cell-wall biosynthesis, membrane function, electron transport or conversion
of light into chemical energy.?' Interestingly, terpenoid compounds seem to be involved in
biological processes since the very beginning of life on earth as shown by fossilized terpenes
that were found in geological deposits by this means suggesting a fundamental importance
for this group of natural products.??

While prokaryotic organisms encompass only a small variety of terpenoid secondary
metabolites mainly functioning as odour constituents, pigments or antibiotics, eukaryotic
systems (e.qg., fungi, liverworts or plants) have evolved a huge array of terpenes with different
biological roles.?! In their original host organisms, these secondary metabolites comprise
various functions such as phytohormones, pheromones, repellents, protection against abiotic
and biotic stress, antifeedants or attractants.>2'23 Apart from their function in vivo, terpenoids
show potent pharmaceutical activities ranging from anti-viral, anti-infective and anti-
inflammatory to anti-cancer and beyond.'*'” These bioactivities render terpenoid natural
products as promising candidates for innovative, new drug leads effective against known
diseases or as potential cure for challenges along the road. In fact, over the past 20 years
more than 50% of the newly developed and registered small-molecule drug leads are either
directly originating from natural products or (semi-) synthetic derivatives thereof.24% In
addition to the pharmaceutical applications, terpenoids show benefits that can be used in the
cosmetic industry (e.g., as insect-repellent or skin care products), the agricultural sector (e.g.,
as crop protection) or as bulk chemicals and fuel additives.?®

There are multiple examples of successfully used terpenoid bioactives for pharmaceutical
applications. A blockbuster in clinically relevant terpenoids definitely are artemisinin and its
derivatives. Artemisinin, which is originally extracted from Artemisia annua, is a potent anti-
malarial drug lead with the key terpenoid intermediate amorpha-4,11-diene which is
subsequently converted to artemisinin.?®2” To date the main supply route for artemisinin is the
biotechnological production of amorpha-4,11-diene in Escherichia coli with titers up to
27.4 g L' 2" and subsequent (semi-) biosynthetic conversion to artemisinin.?® Another well-
known and already established drug is taxol. Originally found in the bark of the pacific yew
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tree Taxus brevifolia, taxol is a potent anti-cancer drug and has already been issued to clinical

trials.?!

Yet the yield of taxol from its natural source comprises low yields and deforestation of yew
tree forests.?' For instance, also other promising drug candidates such as the novel anti-
inflammatory bioactives pseudopterosins from the Caribbean gorgonian coral Antillogorgia
elisabethae or cyclooctatin from Streptomyces melanosporofaciens are hampered from
market entry due to low yields and unsustainable extraction processes from their natural
sources. The latter, cyclooctatin, exhibits potent anti-inflammatory properties by inhibiting a
lysophospholipase during eosinophilic inflammatory reactions.?® However, pseudopterosins,
which belong to the family of diterpene glycosides, comprise potent anti-inflammatory activities
exceeding those of their synthetic counterpart indomethacin and thus were issued to clinical
trials.30-3% Unfortunately, clinical trials were stopped in phase Il due to insufficient product
supply.3* Nevertheless, pseudopterosins are already commercially used as natural, marine
anti-irritants in skincare products and are to date exclusively sourced by unsustainable
harvesting and extracting of its natural producer Antillogorgia elisabethae.3*3%

Figure 1: Blockbuster terpenoid bioactives and their natural sources — anti-malarial agent Artemisinin from
Artemisia annua?®, cancer therapeutic Taxol from Taxus brevifolia®®, anti-inflammatory bioactive Cyclooctatin from
soil bacterium Streptomyces melanosporofaciens®® and the pseudopterosin group of novel anti-inflammatory
agents represented by derivative Pseudopterosin A from the gorgonian coral Antillogorgia elisabethae®’; Structures
drawn with ChemDraw Professional 17.1 and overall figure created with BioRender.




Thus, large scale industrial applications by means of extraction of bioactives from their natural
source are neither sustainable nor scalable.3”8 Alternative chemical synthesis approaches
are well established for several terpenoid compounds but usually comprise cost- and workup-
intensive metal-organic catalysts and toxic waste streams thus leaving them unsustainable
and economically inviable.?2>3%4" Consequently, a sustainable but also economically viable
approach towards the production of natural bioactives is of high importance to grant access to
sustainably sourced novel drug leads. To this end the biotechnological production of terpenoid
bioactives using genetically engineered microbial chassis such as E. coli or Saccharomyces
cerevisiae is a very promising and already well established approach.?'42-44

Biosynthesis of terpenes

For development of sustainably sourced, novel drug leads it is crucial to understand the
biosynthesis of terpenoid bioactives, within their natural hosts and the opportunities and
challenges that might arise during heterologous production in genetically engineered microbial
chassis. Generally, all terpenes derive from the universal, five carbon (Cs) building block
isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP).%!
Depending on the natural host organism there are two distinct pathways utilising sugar
metabolism intermediates for the production of the terpene precursors IPP and DMAPP 2045

First, there is the mevalonate pathway (MVA), which is found in all domains of life, specifically
in eucaryotes, archaebacteria, and cytosols of higher plants (c.f. Figure 2).2°46 Here, the
precursor formation starts with the condensation of two acetyl-coenzyme A (CoA) and
proceeds via hydroxy-3-methylglutaryl-CoA (HMG-CoA), mevalonate, mevalonate-5-
phosphate, mevalonate-5-diphosphate thereby leading to IPP.20:45:46

Alternatively, isoprenoid precursors can be synthesised via the 1-deoxy-D-xylulose-5-
phosphate pathway (DXP) (also called 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway)
which is mainly found in eubacteria, cyanobacteria, green algae, and plastids of higher plants
(c.f. Figure 2).204¢ This pathway commences with pyruvate and D-glyceraldehyde-3-
phosphate and leads to IPP via 1-deoxy-D-xylulose-5-phosphate (DXP), 2-C-methyl-D-
erythritol-4-phosphate (MEP), 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDPME), 4-
diphosphocytidyl-2-C-methyl-D-erythritol 2 phosphate, 2-C-methyl-D-erythritol-2,4-
cyclodiphosphate, and 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate.*5*7
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Figure 2: Two biosynthetic pathways for formation of universal terpenoid precursors IPP and DMAPP*47; A: DXP
(1-deoxy-D-xylulose-5-phosphate) or also called MEP (2-C-methyl-D-erythritol-4-phosphate) pathway employing
seven enzymes for the formation of DMAPP from pyruvate and glyceraldehyd-3-phosphate as initial intermediates;
B: MVA (mevalonate) pathway using two molecules of acetyl-CoA as starting point for six enzymes involving
pathway yielding IPP; IPP isomerase idi converts IPP and DMAPP to their respective isomer according to the
metabolic requirements; Abbreviations: dxs — DXP synthase, dxr— DXP reductase, ispD - COPME synthase, ispE
— kinase, ispF - 2-C-methyl-D-erythritol-2,4-diphosphate synthase, ispG - 1-hydroxy-2-methyl-2-(E)-butenyl-4-
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mevalonate kinase, pmk — phosphomevalonate kinase, pmd — phosphomevalonate decarboxylase and idi — IPP
isomerase*’; Structures drawn with ChemDraw Professional 17.1 and overall figure created with BioRender.




Both pathways have previously been successfully implemented in various metabolically
engineered microbial hosts such as E. coli, S. cerevisiae or Yarrowia lipolytica thereby
allowing for enhanced precursor supply for biotechnological terpene production.*®-°2 Studies
on the improved production of diterpenes in E. coli showed that specifically the DXP synthase
DXS and the IPP isomerase IDI are important bottleneck enzymes for improving the metabolic
flux towards terpenoid production in an E. coli host.**® Furthermore, terpenes are
characterized by the number of Cs isoprene subunits involved in the biosynthesis of their linear
terpene precursors thus distinguishing between hemi- (Cs), mono- (C+o), sesqui- (C1s), di-
(Cz0), tri- (Cgo), tetra- (Cao), and polyterpenes (Cs)n (c.f. Figure 3).22 To this end, all-trans
prenyltransferases catalyse the head to tail 1°-4 condensation of one to three units of IPP and
one DMAPP to form the direct, linear precursors geranyl diphosphate (GPP, C1o), farnesyl
diphosphate (FPP, Cis), and geranylgeranyl diphosphate (GGPP, Cz).2"** Isoprenyl chains
exceeding the length of Czo, such as Cso, or Cqo linear terpene precursors are subsequently
formed by the 1’-1 head-to-head condensation from either two FPP or two GGPP molecules.?’
Interestingly, while terpene precursors are only formed by all-trans condensations, so-called
regular isoprenoid coupling reactions, also irregular couplings, including all-cis condensations
occur in nature.’ One prominent example for an all-cis terpenoid is natural rubber.?%%* As
in the course of this study only sesquiterpenes and diterpenes originating from all-trans
condensations are discussed, the complexity of irregular coupling events, which are described
thoroughly by Christianson'®, will not be presented in detail.

s )
(c-Atoms)| | [Terpene) [ Linear terpene precursors |

5) Hemi- )\/\ - )\/\
oPp OPP
+1PP &DMAPP IPP
10 Mono- W
= N OPP

+IPPK GPP
15 Sesqui- N S S +FPP
OPP
+IPPK IR
AL D S S N S
& GGPP
+IPP
25 Sester- S S S S S .
GFPP
30 Tri ¥y
2 S S S \ . N

Squalene
& s\ S S

Figure 3: Overview over linear terpene precursors and their nomenclature based on the respective number of Cs
units which are joint by either 1’-4 head to tail condensations (GPP, FPP, GGPP & GFPP) or 1’-1 head to head
condensation in case of triterpenoids.’2° Structures drawn with ChemDraw Professional 17.1 and overall figure
created with BioRender.



Terpene synthases — carbocation chemistry wizards

The vast structural diversity of the terpenoid natural product family, which is solely based on
their aliphatic, linear precursors i.e., GPP, FPP, and GGPP, is subsequently created by the
terpene synthase (TPS) enzyme family. Generally, terpene synthases can be divided into two
distinct classes distinguished from each other by their respective cyclisation initiation reaction.
While class | synthases initiate the cyclisation of the aliphatic, linear terpene precursors by
abstraction and subsequent ionization yielding the initial carbocation, class Il synthases
commence catalysis by protonation of the terminal, isoprenyl carbon-carbon double bond.'
Since only class | TPSs were discussed in the course of this work, the following paragraph will
refrain from a detailed assessment of class Il TPSs.

- J/

Figure 4: Different class | terpene synthases and respective domain architectures. a-helices are shown as
cylinders. A: Diterpene synthase CotB2 (PDB: 6GGI) %° in complex with 3 Mg?* ions and 2-fluoro-3,7,18-
dolabellatriene exhibiting the class | typical alpha-barrel fold. B: Taxadiene synthase (PDB 3P5R) %¢ consisting of
the three domain architectures a, B and y (marine: a-domain, turquoise: 3-domain, orange: y-domain, purple: N-
terminus of B-domain). Taxadiene synthase is catalytically active in its a-domain, thus crystalized in complex with
3 Mg?+ ions and 2-fluorogeranylgerany! diphosphate. Representation and domain nomenclature of synthases
according to Christianson (2017)'9. Graphical representations were created with PyMOL 2.6.0 (The PyMOL
Molecular Graphics System, Schréddinger, LLC.), overall figure created with BioRender.

Class | TPSs are metal-, in particular Mg-dependent, enzymes mediating the formation of a
multiplicity of terpenes encompassing various ring systems and stereocenters.'
Monofunctional class | TPSs exhibit a typical a fold with an a, a3, or afy domain architecture
with the catalytically active site always located within the a-domain (c.f. Figure 4).1°
Bifunctional TPSs accordingly exhibit two catalytically active subunits with a possibility for
combining the functionality of class | and class Il synthases thereby showing respective aa
(class | — class 1) or aBy (class | — class |l) domain architectures.®



For the precise chemical rearrangement of the acyclic, aliphatic terpenoid precursors into the
immense variety of terpene natural products, class | TPSs are equipped with a unique, bifacial
active site. The anterior part of the active site is composed of a highly polar diphosphate (PP)
binding region followed by a hydrophobic carbocation binding pocket located deep inside the
a-barrel architecture of class | TPSs.%"% However, the enzymatic catalysis in class | TPSs, by
traditional means of rate enhancement, is limited to the initial C-O bond cleavage step during
the abstraction of the diphosphate moiety.5® This initial step of catalysis in class | TPSs is
affected by highly conserved, metal-binding sequence motifs located at the entrance of the
active site on helices D and H. Two motifs, namely the DDXXD dyad and the
(N,D)D(L,1,V)X(S,T)XXXE (NSE) triad are responsible for complexing three Mg?* ions which
are essential for catalysis (c.f. Figure 5). By this means, the aspartate-rich DDXXD motif,
placed on helix D, and the NSE triad, located on helix H, are involved in the initial binding and
orientation of the synthase’s substrate.'® While the DDXXD motif usually is highly conserved
within class | TPSs, there are some incidences such as CotB2 from Streptomyces
melanosporofaciens, hydropyrene synthase (HpS) and (+)-T-muurolol synthase from
Streptomyces clavuligerus or selina-3,7(11)-diene synthase (SdS) from Streptomyces
pristinaespiralis in which this motif was altered to DDXD or DDXXXD respectively, while still

maintaining catalytic activity.5%-62

.

Figure 5: Overall architecture of monomer of diterpene synthase CotB2% (side view and rotated by 90° resulting in
a view from the top into the active site). a-helices are shown as blue cylinders. The aspartate-rich motif DDXXD is
highlighted in red, the NSE motif is coloured in orange and the WxxxxxRY motif in green. CotB2 is depicted in
complex with 3 Mg?* ions and 2-fluoro-3,7,18-dolabellatriene. Graphical representations were created with PyMOL
2.6.0 (The PyMOL Molecular Graphics System, Schrédinger, LLC.), overall figure created with BioRender.



Upon substrate binding, class | TPSs are subject to a conformational change from an open
(apo) to closed (substrate bound) state including a translation and rotation of several a-helices
(B, C, D, F and H) towards the active site thus precisely positioning catalytically important
motifs and residues.®® The structural differences of the open and closed conformation and
resulting amino acid interactions were previously shown in detail for the bacterial class | TPS
CotB2 in complex with the substrate-analogue 2-fluoro GGPP (FGGPP).%® The detailed
assessment of CotB2’s open and closed crystal structure in particular revealed several amino
acid interactions directly involved in active side closure (c.f. Table 1). Furthermore, the
obtained data in comparison with other bacterial TPS sequences suggests the presence of an
additional highly conserved motif, namely WxxxxxRY, which is directly involved in the active
site closure by salt bridge formation mediated by the RY dimer (c.f. Figure 5).5562 Tryptophan
(W) residues in the vicinity of the latter motif are most likely involved in guiding of the product
formation as already shown for respective variants of CotB2.5°

Table 1: CotB2 residues involved in terpene catalysis and their respective function.®563

Residue Motif Catalytic role

D110 DDXD Complexing of Mg?*a and Mg?*c and subsequent induction of
conformational change of helix D causing active site size
reduction and trapping of the substrate

D111 DDXD Salt bridge formation with R294

- NSE Complexing of Mg?*s

R227 - Compensation of negative charge of PP
R294 RY-Dimer Compensation of negative charge of PP
Y295 RY-Dimer Hydrogen bonds to PP and N220 (NSE)

Subsequently, upon substrate binding and active site closure, the cleavage of the diphosphate
moiety affording the initial carbocation is mediated by an effector triad (PP sensor (R), a linker
(D) and an effector (G)), which was first shown for the SdS from Streptomyces
pristinaespiralis.®* The reaction follows a distinct induced-fit mechanism, in which the effector
triad located on the G1/2 helix-break motif is subjected to a major conformational change thus
moving the carbonyl oxygen atom of the effector residue towards the bound substrate. In
consequence this triggers the abstraction of the PP moiety thereby yielding the initial

carbocation.®*



The resulting carbocation is subsequently subjected to a series of electrophilic cycloadditions
and carbocation rearrangements thus maturing the carbocation intermediate along the
reaction trajectory to conclusively yield the respective cyclized terpenes.®*%” The structure of
the final product is defined by a precisely decorated, hydrophobic active site which is
preshaping the carbocation to chaperone it along its reaction path.'%%

In contrast to the first committed step of catalysis, the PP abstraction, the formation of a
matured cyclized terpene is a rather fast reaction step due to the reactivity of the carbocation
intermediates. In order to control and carefully guide these highly reactive carbocation
intermediates along the reaction trajectory the main catalytic challenge rather lies in slowing
down the reaction to gain control over the terpenoid intermediate.*®® Detailed computational
assessment of class | TPSs including the bornyl diphosphate synthase (BPPS), trichodiene
synthase (TDS) and CotB2 by Major et al. revealed that the bifacial active site of TPSs is
arranged in a layered manner relative to the carbocation binding pocket with alternating
negative and positive layers.58¢ By this means, TPSs create an electrostatic control of the
highly reactive carbocation intermediates thus slowing down the reaction in the early stages
of catalysis to avoid the formation of numerous side products.%°

To this end it was shown for two fungal class | TPSs, Cop4 and Cop6 from Coprinus cinereus,
that also the active site size has an influence on the product specificity of TPSs thus rendering
a smaller active site more product specific due to a restricted carbocation cyclization route.”®”"
Moreover, TPSs control certain reaction paths by raising the free energy of specific
intermediates or by precise positioning of carbocation stabilizing residues such as
methionine.%88%72 The carbocation is finally matured by either deprotonation or quenching of
the carbocation by addition of a water molecule.” For instance, as the active site is shielded
from entry of bulk solvent by the active site closure, water molecules quenching the
carbocation to yield a mono-hydroxylated terpene are also precisely positioned within the

active site.”®

In conclusion, TPSs represent an enigmatic enzyme family encompassing a vast capacity for
the catalysis of natural bioactives. To this end, a deep understanding of the mechanistic
involved in TPS’s carbocation chemistry is crucial for development of industrially viable

enzymatic catalysts.



2. Methods

The following paragraph represents an overview of the most important materials, methods and
procedures used in this thesis. Further, detailed information is presented in the respective
materials and methods parts and the supplementary data sections of the corresponding
manuscripts included in this thesis.

Chemicals and reagents

Chemicals used within the presented projects were obtained from standard sources at the
highest purity grade available. Components for cultivation media were purchased from Roth
chemicals (Karlsruhe, Germany), Sigma-Aldrich (St. Louis, USA), AppliChem GmbH
(Darmstadt, Germany), or Merck (Darmstadt, Germany). Ethanol (EtOH), ethyl acetate
(EtOAc), n-hexane, acetonitrile (ACN), or methanol (MeOH) were purchased from Roth
Chemicals (Darmstadt, Germany) or TH Geyer (Renningen, Germany). CDClz and benzene-
ds used for NMR structure elucidation were obtained from Sigma-Aldrich (St. Louis, USA).
Immobilized lipase B from Candida antarctica and urea hydrogen peroxide used for in-vitro
oxyfunctionalisation studies were purchased from Sigma-Aldrich (St. Louis, USA). Enzymes
for polymerase chain reaction (PCR), ligation, or restriction digestions were purchased from
either Thermo Fisher Scientific (Waltham, USA) or New England Biolabs (NEB) (lpswich,
USA). DNA preparation kits used for plasmid mini preps were obtained from Thermo Fisher
Scientific (Waltham, USA), Monarch® PCR & DNA Cleanup Kits and Monarch® DNA Gel
Extraction Kits were purchased from New England Biolabs (Ipswich, USA). Terpene standards
for quantification were obtained from Biomol (Hamburg, Germany).

Media composition and stock solutions

For all media described below, the pH was adjusted before autoclaving with the appropriate
acid or base, respectively. Trace elements, vitamins, sugars, antibiotics, or non-heat-stable
media components were either sterile filtrated or autoclaved separately and added to the final

media after autoclaving.



Luria-Bertani Broth/ Agar (pH 7)7*

Yeast extract 500 gL
NaCl 10.00 gL
Tryptone 10.00 gL
Agar-Agar (if needed) 15.00 gL
ddHz0 UptoiL

SOC medium (pH 7)7

Yeast extract 500 gL
NaCl 058 gL
KCI 0.18 gL
Tryptone 20.00 gL
ddH20 Up to 980 mL

Added after autoclaving:
2M MgSOs4 10.00 mL L™
2M Glucose 10.00 mL L™

Modified R-Media for shake flask experiments (pH 7) (according to Biggs et al.”®)

Batch medium

KoHPO, 500 gL
KH2PO4 10.00 gL
(NH4)2HPO4 10.00 gL
Yeast extract 500 gL
Citric acid (water free) 155 gL
1M MgSO4 488 mLL"
0.1M (NH.) Fe(lll) citrate 245 mLL"
Trace element solution (100x) 1.00 mLL"
50% (w/v) Glycerol (500 g L) 60.00 mL L
1M Thiamin HCI 0.01 mLL"
Antibiotics (1000x) 1.00 mLL"

ddH20 Uptoi1lL




Modified R-Media for fermentation (pH 7) ) (according to Biggs et al.’®)

Batch medium

KoHPO4 5.00 gL
KH2PO4 10.00 gL
(NH4)2HPO4 10.00 gL
Yeast extract 500 gL’
Citric acid (water free) 155 gL
Glycerol 30.00 gL
1M MgSO. 488 mLL"
0.1M (NH.) Fe(lll) citrate 245 mLL"
Trace element solution (100x) 1.00 mLL"
1M Thiamin HCI 0.01 mLL"
Antibiotics (1000x) 1.00 mLL"
ddH0 Upto1lL
R-Media feeding solution for fermentation
Glycerol 600.00¢g L
Yeast extract 500 gL
Collagen hydrolysate 35.00 gL
MgSO. 20.00 gL
0.1M (NHs) Fe(lll) citrate 245 mLL"
Trace element solution (100x) 20.00 mL L
ddH0 UptodL
Trace element solution (100x)
EDTA 500 gL 13.40 mM
FeCls*(6 H20) 0.83 gL 310 mM
ZnCly 84.00 mg L 062 mM
CuCl>*(2 H20) 13.00 mg L™’ 76.00 uM
CoClo*(2 H20) 10.00 mg L 42.00 pM
HsBOs 10.00 mg L™’ 162.00 pM
MnClo*(4 Hz0) 1.60 mgL" 8.10 uM

ddH20

Uptol1lL




Bacterial strains

All strains used in this thesis were obtained from either Merck Millipore (Darmstadt, Germany),
Thermo Fisher Scientific (Waltham, USA), or New England Biolabs (Ipswich, USA).
Escherichia coli (E. coli) strains DH5a or DH10B were employed for cloning and subcloning of
all used terpene synthases and their respective mutants.

Heterologous expression of terpene synthases and the 1-deoxy-D-xylulose-5-phosphate
(DXP) pathway bottleneck enzymes, all set under constitutive control of a lacl-derived
promoter system, was carried out in E. coli strains HMS174 (DE3) or ER2566.

Table 2: Employed E. coli strains and their respective genotypes””

Strain Genotype

DH5a F~ endA1 ginV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20
¢80d/acZAM15 A(lacZYA-argF)U169, hsdR17(rk mk*), A~

DH10pB F~ A(ara-leu) 7697T1A(rapA'-cra')] A(lac) X74[A('yahH-mhpE)]

duplication(514341-627601)[nmpC-gltl] galK16 galE15 e14~(icd"T
mcrA) ¢80dlacZAM15 recA1 relA1 endA1 Tn10.10 nupG rpsL150(Str?)
roht spoT1 A(mrr-hsdRMS-mcrBC) A~ Missense(dnaA gimS glyQ IpxK
mreC murA) Nonsense(chiA gatZ fhuA? yigA ygcG) Frameshift(flhC

mglA fruB)
HMS174 (DE3) F- recA1 hsdR(rK12- mK12+) (DE3) (Rif R)
ER2566 F- A- fhuA2 [lon] ompT lacZ::T7p07 gal sulA11 A(mcrC-mrr)114::1S10

R(mer-73::miniTn10-TetS)2 R(zgb-210::Tn10)(TetS) endA1 [dem]

Cloning, plasmid construction and culture conditions

All genes used in this thesis were codon-optimized for the expression in E. coli using
GeneOptimizer™ software.”® Genes and oligonucleotides were subsequently synthesised by
Eurofins Genomics (Ebersberg, Germany). E. coli DH5a cultures were grown in LB broth
supplemented with the appropriate antibiotics (ampicillin: 100 ug mL"; chloramphenicol:
35 pug mL"; kanamycin: 50 ug mL"). Ribosomal binding site (RBS) sequences and balanced
translational rate were calculated using the SalisLab webtool box including the RBS and
operon calculator software package. %2



Standard protocols were employed for polymerase chain reaction (PCR), DNA restriction
digestions and ligation. PCR products were checked using 1% (w/v) agarose in TAE buffer
and subsequently purified using the Monarch® PCR & DNA Cleanup Kit (New England
Biolabs). If needed, gene bands of interest were isolated and purified using Monarch® DNA
Gel Extraction Kit (New England Biolabs). Ready cloned plasmids after ligation were
transformed into chemically competent cells following the standard heat shock procedure for
E. coli cells and plated on LB agar supplemented with the appropriate antibiotic.®3

A colony PCR was conducted for a minimum of 15 clones for each construct. Clones showing
a positive colony PCR result were subsequently grown in liquid LB broth supplemented with
the appropriate antibiotic for increasing the amount of plasmid DNA for further cloning or
expression steps. The GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) was used for
plasmid purification. All obtained clones were checked by test restriction digestion and DNA
sequencing (Eurofins Genomics). Only clones with a positive sequencing result were used for
further experiments. All DNA concentrations in all cloning steps including plasmid preps were
checked using a NanoPhotometer® (Implen, Munich, Germany). Wherever applicable,

manufacturer’s protocols were followed for all procedures.

Gene and protein sequences

In the following section all genes are presented that were used in this thesis. New terpene
synthases for functional characterization and heterologous expression were identified by
targeted genome mining from Coniophora puteana (Coniophora puteana RWD-64-598 SS2).
Based on the amino acid sequence of already characterized Copu3 from Coniophora puteana
a homology search was performed applying the Basic Local Alignment Search Tool
(BLAST).84# The putative, new terpenoid synthases were selected based on the class |
sequence specific, conserved motifs DDXXD, the (N,D)D(L,I,V)X(S,T)XXXE (NSE) triad and

WxxxxxRY.19:55

Terpenoid synthases from Coniophora puteana
Copu5 (XP_007765330
Copu6 (XP_007773189
Copu7 (XP_007767204
Copu9 (XP_007765560
(
(

)
)
)
)

Copui0 XP_007766266.1)
Copui1 XP_007767169.1)




Diterpene synthase from Streptomyces clavuligerus (ATCC 27064)%
Hydropyrene synthase (HpS) (SCLAV_p0765)

MEP pathway bottleneck enzymes**>3
1-deoxy-D-xylulose-5-phosphate synthase  (WP_099145004.1)
from E. coli (DXS)

isopentenyl-pyrophosphate isomerase from (AAC32208.1)

Haematococcus lacustris (IDI)
Geranylgeranyl pyrophosphate synthetase = (ADD79325.1)
from Pantoea ananatis (crtE)

Mutagenesis of terpene synthases

In order to alter the product profile of the used terpene synthases their respective active site
was mutated using a site-directed mutagenesis approach. Standard protocols for cloning were
followed as described above. For the identification of target residues for mutagenesis
sequence alignments were performed using Clustal Omega.®”#8 If applicable, phylogenetic
analysis were conducted with iTOL using the maximum likelihood method.8%%° In parallel either
the web tool iTasser or ROBETTA server °' were used for generation of homology models of
the respective terpene synthases.?>% In case of mutagenesis of sesquiterpene synthases,
matching amino acid residues as shown by multiple sequence alignments were identified in
the active site of the respective synthase. Therefore crystal structure data and homology
models were analysed within the environment of UCSF chimera °*% and subsequently
exchanged for desired amino acids. UCSF chimera was also employed for identification of
target residues in all other synthases.

Terpene production in analytical scale

Initial screening of newly identified TPS and other analytical scale terpene production were
carried out in either 100 or 500 ml baffled shaking flasks using a New Brunswick Scientific
Innova 44R shaking incubator (Eppendorf AG, Hamburg, Germany). Precultures were
prepared in either LB or modified R-media (for shaking flask experiments) supplemented with
the appropriate antibiotics and incubated at 37 °C, 120 rpm overnight. Main cultures were
cultivated in modified R-media (for shaking flask experiments) with a total sugar content of 3%
and a starting ODeoo of 0.1. Depending on the respective terpene product, cultivations were
carried out at 22 °C, 120 rpm shaking for 48-72 h (diterpenes) or 30 °C, 100 rpm shaking for
36-48 h (sesquiterpenes), respectively.



Terpene production at technical scale

Fermentation at technical scale for determination of product titers or production of terpenes
for further experiments was performed using a DASGIP® 1.3 L parallel rector system
(Eppendorf, AG, Germany). Modified R-media (for fermentations) and R-Media feeding
solution were used as cultivation broth and feeding solution, respectively. Antifoam 204
(Sigma-Aldrich, USA) was used to control excessive foaming during a fermentation. An
overnight culture was used for inoculation of the fermentations (ODeoo=0.1). The cultivation
temperature was kept constant at 23 °C (diterpene production) or 30 °C (sesquiterpene
production). Initial stirring velocity and airflow was set to 200 rpm and 0.2 volumes of air per
volume of medium per minute (vwm). Dissolved oxygen was kept constant at 30% and
maintained by successive increase in stirring velocity (max. 1000 rpm), oxygen content (max.
100%) and airflow (max. 0.8 vvm) during the duration of a fermentation. A pH value of 7.00
was controlled by the addition of 25% aqueous ammonia with a dead band of 0.02. Automated
feeding was conducted by a applying a pH-based feeding protocol (feed shot of 40 mL
triggered by a rise in pH above 7.05). ODsoo, dry cell weight (DCW) and terpene content were

measured regularly during the course of a fermentation.

Terpene isolation for product screening

In order to functionally characterise and analyse the product profile of terpene synthases in
an analytical scale, 20 — 50 ml of engineered E. coli cultures in stationary phase (after 48-
72 h) were mixed with an equal amount of extraction solution (equal volumes of EtOH, EtOAc
and n-hexane). The mixture was shaken vigorously for 2 h at room temperature and
subsequently centrifuged (5 min, 8000 rpm) for phase separation. The organic phase was
analysed directly via GC-FID/ MS.

Terpene isolation for product purification

For extraction of larger cultivation volumes (e.g.: from fermentations) the whole cultivation
broth was mixed with the equal amount of EtOH and shaken (80 rpm) at 20 °C for 12 h.
Subsequently the mixture was centrifuged for 20 min at 7000 rpm to separate the supernatant
from cell debris. Then EtOAc (50% of the supernatant volume) was added to the mixture and
shaken for 5 h (80 rpm, 20 °C). Afterwards the same amount of n-hexane was added to the
extraction mixture and shaken for an additional 2 h (80 rpm, 20 °C). Successively, phase
separation was conducted using a separation funnel. The upper, organic phase was
evaporated using a rotary evaporator. The remaining oily resin was analysed using GC-FID/
MS and subjected to further product purification steps.



Terpene purification

For NMR structure elucidation or further experiments on in vitro functionalization, respective
terpenes were purified using flash chromatography and HPLC - techniques. All purified
compounds were stored in hexane at -20 °C after liquid-liquid extraction from acetonitrile or

methanol to hexane.

Separation of terpene fractions from fatty acid residues in crude extracts

First the flash chromatography system PLC 2250 (Gilson, USA) equipped with a Luna 10um
Silica (2) 100A (Phenomenex Inc., Torrance, USA) column, was used for a separation of fatty
acid residues and the terpene fraction from the crude E. coli extract. n-Hexane and EtOAc
were used as mobile phase with a flowrate of 10mL min” at room temperature. Eluted
compounds were analysed by a diode array and an ELSD detector which was flushed with
nitrogen gas at 40°C. The oven temperature was set to 40°C.The following gradient was
applied: 100% hexane for 15 min, increasing EtOAc within 3 sec to 100%, holding 100%
EtOAc for 15 min and then applying 100% hexane for 30 min. Terpene fractions were
evaporated under nitrogen flow to approximately 2 mL. The concentration of terpenes of
interest were measured using GC-FID. Desired fractions were mixed with Acetonitrile.
Subsequently hexane was evaporated until only Acetonitrile containing terpenes of interest

remained.
Purification of Diterpenes

In case of products of HpS or IES (Isoelisabethatriene (IE) A/ B, Hydropyrene (HP),
Hydropyrenol (HPol)) the further purification was performed by 2d preparative HPLC
employing the Ultimate 3000 UHPLC system (Thermo Scientific, USA) containing a binary
pump, a diode array detector, an automated fraction collector, and a Jetstream b1.18 column
oven. A diode array UV detector at 2,2 mL min™ flow rate using each 25 mg of terpene mixture
in Acetonitrile was used. Separation of IEs from Hydropyrenol, Hydropyrene and other terpene
derivatives was carried out using a NUCLEODUR® C18 HTec 250/10 mm 5 pm column with
guard column NUCLEODUR® C18 HTec 10/8 mm and guard column holder 8 mm
(Macherey-Nagel GmbH & Co. KG, Diren, Germany). The separation was performed applying
30% ACN for 5 min, then increasing to 100% within 55 min. This was maintained for 60 min.
The oven temperature was set to 30°C.



For separation of IE A and IE B NUCLEODUR® C18 Isis 250/10 mm 5 pm column with guard
column NUCLEODUR® C18 Isis 10/8 mm and guard column holder 8 mm (Macherey-Nagel
GmbH & Co. KG, Germany) was used applying the following program: 30% MeOH for 5 min,
then increasing to 100% within 55 min. This was maintained for 35 min. The oven temperature
was set to 30°C.

Purification of sesquiterpenes

In case of sesquiterpenes as the respective cyclisation product, the further purification was
carried out using the same instrument setup as described above for the purification of
diterpenes. The separation of various sesquiterpenes was carried out on a NUCLEODUR®
C18 HTec 250/10 mm and guard column holder 8 mm (Machery-Nagel GmbH & Co. KG,
Germany) at 30°C (oven temperature) and a flowrate of 2.2 ml min™' using H.O and ACN as
solvents. The following gradient was applied: 90% ACN for 0.5 min, increased to 100% ACN
within 10 min to remain for 12 min, decrease to 90% ACN within 0.1 min to remain for another

10 min.



Analytics

Gas chromatography — FID/ MS analysis

The analysis and quantification of extracted terpenes was performed using a Trace GC-MS
Ultra system with DSQII (Thermo Scientific, USA). One microliter (1/10 split ratio) of the
respective sample was injected by a TriPlus auto sampler onto a SGE BPX5 column (30 m,
1.D. 0.25 mm, film 0.25 um) with an injector temperature or 280°C. Helium was used as carrier
gas with a flow rate of 0.8 ml min'. Initial oven temperature was set to 50°C for 2 min. The
temperature was subsequently increased to 320°C with a rate of 10°C min and then held for
3 min. MS data was recorded at 70 eV (El). Masses were recorded in positive mode in a range
between 50 and 650. GC-FID experiments followed the same GC protocol.

Nuclear magnetic resonance (NMR) spectroscopy

Purified compounds for further structural elucidation via NMR experiments were dissolved in
either CDCl; or benzene-ds. 3 C NMR spectra were measured with a Bruker Advance-IIl 500
MHz spectrometer equipped with a cryo probe head. 'H NMR spectra as well as 2D
experiments (HSQC, HMBC, COSY, NOESY) were obtained on an Advance-l 500 MHz
system with an inverse probehead (5 mm SEl; 'H/'3C; Z-gradient). The temperature was set
to 300 K. Chemical shifts are stated in ppm relative to CDCl; (5 = 7.26 ppm for 'H and
d = 77.16 ppm for 3C spectra).



3. Research

3.1 Summaries of included publications

Chapter | - Towards a sustainable generation of pseudopterosin-type bioactives

The article “Towards a sustainable generation of pseudopterosin-type bioactives” has been
published in Green Chemistry in July 2020 (DOI: 10.1039/d0gc01697g). The author of this
thesis, Marion Aloisia Ringel, designed and carried out the experimental work except for
identification of residues for site-directed mutagenesis and cloning of the wildtype HpS and
respective variants (except for M75L), evaluated the experimental data and wrote the

manuscript.

Climate change and increasing population density drive the emergence of new infectious
diseases, which demands the development of novel, systemic anti-infective and anti-

inflammatory drugs for first-line treatment options.

To this end a prominent example of diterpenoid natural bioactives are the pseudopterosins,
which are originally isolated from the Caribbean gorgonian coral, Antillogorgia elisabethae.
Pseudopterosin-type compounds are known for their potent antibiotic, anti-inflammatory,
wound-healing and analgesic activities, with some of them significantly exceeding the
efficiency of non-steroidal, synthetic counterparts (i.e., indomethacin), while also causing
fewer side effects. The natural extract of Antillogorgia elisabethae encompassing
pseudopterosin natural products is already applied as anti-irritants in diverse skincare
products associated with a multi-billion Euro market value.®* Importantly, pseudopterosins are
of great interest not only because of their superior bioactivities, but also because their
biosynthetic precursors feature substantial bioactivities.®® Particularly, the aromatic,
macrocyclic compound erogorgiaene has been demonstrated to have potent activity against
multi-drug resistant bacteria such as Mycobacterium tuberculosis.®® However, clinical trials
with pseudopterosin-based compounds have not yet progressed past phase Il due to an
insufficient supply, which is at present exclusively met by extraction from the natural source,
a practice that leads to extensive destruction of highly sensitive coral reef ecosystems.3+% In
light of climate change and global warming, this method is neither scalable nor sustainable.

The presented study shows a sustainable, coral-independent production route for
pseudopterosin-type compounds, utilizing the scientific synergies of biotechnology, structural
biology, and chemistry. In that context, the enzyme hydropyrene diterpene synthase (HpS)

from Streptomyces clavuligerus® was implemented in an Escherichia coli production host.



The main products of the wild-type HpS-catalysed reaction are hydropyrene and hydropyrenol,
with isoelisabethatriene A and B (IE A and B) formed in minor quantities. Remarkably, IE A is
the direct precursor for erogorgiaene and |IE B for novel natural products. The aim of this study
was thus to design HpS variants to alter the product spectrum in favour of IE A and B.

Owing to the unavailability of a high-resolution crystal structure of HpS which could facilitate
a rational, structure-guided mutagenesis approach, HpS was consequently subjected to an in
silico-guided mutagenesis, based on the well-characterized bacterial terpene synthase
CotB2.% Notably, a series of catalytically relevant methionine residues lining the HpS active
site were identified. By mutation of these methionine residues, the native HpS product profile
was successful altered to an increased IE A and B content, thus providing an efficient route
for the conversion of the universal diterpene precursor geranylgeranyl diphosphate (GGPP)
to IE A and B, respectively. While the involvement of methionine residues was shown in silico
for trichodiene synthase®, the current study represents the first experimental evidence that
methionines play an essential role in directing product formation.

The efficient production of the pseudopterosin-specific precursors IE A and B also enabled
their selective oxyfunctionalisation, mediated by lipase B (CalB) from Candida antarctica. |E
A and B showed differential reactivity to form either the well-known pseudopterosin precursor
erogorgiaene or the novel natural product 1 R-epoxy-5,14-elisabethadiene. Consequently, the
production of IE A and its subsequent oxidation to erogorgiaene opens a fast-tracked route to
a consolidated, sustainable, scalable pseudopterosin production, while 1R-epoxy-5,14-

elisabethadiene can serve as a new scaffold for pharmaceutical developments.



Chapter Il - Biotechnological potential und initial characterization of two novel
sesquiterpene synthases from Basidiomycota Coniophora puteana for heterologous
production of &-cadinol

The article “Biotechnological potential und initial characterization of two novel sesquiterpene
synthases from Basidiomycota Coniophora puteana for heterologous production of &-cadinol”
has been published in Microbial Cell Factories in April 2022 (DOI: 10.1186/s12934-022-
01791-8). The author of this thesis, Marion Aloisia Ringel, and Nicole Dimos contributed
equally to the work and writing of this manuscript. Marion Aloisia Ringel identified and
functionally characterized the novel terpenoid synthases, carried out site-directed
mutagenesis, developed the concept of the publication and carried out experimental work
except for protein-crystallography and in-vitro kinetic characterization of the enzymes.

Emerging new diseases and increasing microbial resistance against established drugs
highlight the global demand for new, innovative drug leads. Terpenes (and in particular the
sesquiterpene subfamily) exhibit antioxidant, anti-inflammatory, antiviral, antimalarial,
antibiotic, and antitumor activities.'®'” Routinely these highly valuable bioactives can only be
accessed in minor amounts by extraction from their natural sources. Furthermore, due to the
structural complexity of terpenoid drug leads, conventional, chemical synthesis approaches
commonly rely on uneconomical, multi-step production routes that are also associated with an
adverse ecological profile due to the generation of toxic side products, harsh reaction
conditions and the use of metal catalysts.? Consequently, the commercialization of various
terpenoid drug leads is currently hampered by the lack of sustainable and cost-efficient supply

routes.

In order to bypass this limitation, biotechnological production routes for terpenoid bioactives
employing genetically engineered microbial hosts and genome mining techniques to identify
yet uncharacterized, relevant enzymes from natural sources (i.e., terpene synthases (TPSs))

are on the rise.®

This study describes two newly identified class | sesquiterpene synthases from the wood
rotting fungus Coniophora puteana, Copu5 and Copu9. Both enzymes were demonstrated to
be efficient and highly selective (+)-8-cadinol synthases with product yields of 225 mg L-1 and
395 mg L-1, respectively. (+)-6-cadinol was previously shown to exhibit cytotoxic activity and
may thus emerge as a new, sustainably sourced anti-tumour agent. In addition to their main
cyclisation product (+)-6-cadinol, both Copu5 and Copu9 generate minor side products,
including cubebol, a well-known fragrance ingredient originally isolated from plants sources.

Remarkably, both enzymes share the same product profile, thereby representing the first two
terpene synthases from the same organism with identical product profiles. To this end the



generation of the crystal structure of Copu9 (Copu9eMg3eAHD), which is the first of a class |
TPS from Basidiomycota, in comparison with a high-quality homology model of Copu5 allowed
for detailed, structure sequence related insights into the catalytic mechanism of these two
class | TPSs. The detailed inspection of Copu5 and Copu9’s active sites revealed several
conserved residues potentially involved in catalysis. Subsequently, both class | TPSs were
subjected to structurally informed mutagenesis to evaluate whether the product profile of
Copub5 and Copu9 could be altered towards that of Copu3, a previously identified cubebol
synthase from the same organism, by exchanging the respective amino acids lining the active
sites of Copu5 and Copu9 with the corresponding residues of Copu3.

Residues lining the hydrophobic pocket in the active site were shown to have an influence on
controlling the carbocation reaction trajectory. However, despite a high degree of conservation
in their active sites Copu5 and Copu9 display a difference in structural robustness towards
conformational changes. This observation suggests that beyond the previously described
catalytically relevant active site motifs addressed by our mutagenesis approach, tertiary
structure interactions may play a significant role in shaping the active site and control the
carbocation reaction pathway. Copu5 and Copu9 are thus promising model systems for further
mechanistic studies of terpenoid catalysis and to design optimized catalysts to produce
tailored compounds.
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Towards a sustainable generation of pseudopterosin-type
bioactives

Pseudopterosins (Ps), marine diterpene glycosides derived
from the marine octocoral Antillogorgia elisabethae, show
potent anti-inflammatory activity. As chemical synthesis is
not economical, Ps applications are limited to anti-irritant
cosmeceuticals, which are exclusively sourced by coral
extraction. The presented two-step biosynthesis approach
now opens a sustainable route towards production of the
pseudopterosin precursor erogorgiaene. Erogorgiaene
itself exhibits potent activity against Mycobacterium
tuberculosis. This biosynthetic approach addresses 4 of the
17 UN sustainability goals and showcases the road ahead for
developments of a circular economy.
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Introduction

Towards a sustainable generation of
pseudopterosin-type bioactivest

Marion Ringel, ©2 Markus Reinbold,? Max Hirte,* Martina Haack,? Claudia Huber,?
Wolfgang Eisenreich,® Mahmoud A. Masri, @ 2 Gerhard Schenk, ¢

Luke W. Guddat,® Bernhard Loll, © ¢ Russell Kerr,® Daniel Garbe (2 and

Thomas Briick @ *2

Pseudopterosins (Ps), marine diterpene glycosides derived from the marine octocoral Antillogorgia elisa-
bethae, have potent anti-inflammatory activity demonstrated in phase Il clinical trials. As multi-step total
chemical synthesis is not economical, Ps applications are limited to anti-irritant cosmeceuticals, which
are exclusively sourced by unsustainable coral extraction. While chemical intermediates in Ps biosynthesis
have been resolved, the underlying biochemical processes remain elusive. Therefore, a coral independent
route to enable sustainable access to Ps and respective bioactive precusors is required. Here, in silico
guided mutagenesis of the hydropyrene synthase (HpS) from Streptomyces clavuligerus reveals five
unique, catalytically relevant methionine residues, and affords selective formation of biosynthetic Ps pre-
cursors isoelisabethatriene A and B in an Escherichia coli host with total terpene yield of HpS M75L of
41.91 + 1.87 mg L% This is the first experimental precedence of methionine residues being involved in
terpene synthase catalysis, indicating that HpS may belong to a new subfamily. Further, lipase catalysed
chemo-enzymatic oxidation differentially transforms the isomers isoelisabethatriene A and B to the
advanced Ps precursor erogorgiaene (yield: 69%) and the new compound 1R-epoxy-elisabetha-5,14-
diene (EED) (yield: 41%), respectively. As erogorgiaene has significant activity against multi-drug resistant
Mycobacterium tuberculosis, the process provides a consolidated and scalable access to erogorgiaene,
which allows further clinical development of this compound. Moreover, erogorgiaene access also pro-
vides a consolidated route for Ps synthesis. Synergistically EED generation affords a new scaffold for Ps-
type drug development. These technologies assist in preserving fragile coral reef ecosystem biodiversity
and open a fast track for clinical Ps development.

inflammatory drugs have to be developed as a first-line treat-
ment response.’ Natural products are a treasure trove for new

Global population increase paired with unsustainable lifestyles
drives climate change and the evolution of new, contractible
diseases.”” For the latter, new systemic anti-infective and anti-
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drug leads, and with over 50 000 characterized compounds ter-
penes represent the structurally most diverse natural product
family. The diterpenoid subfamily encompasses a diverse
range of bioactivities including antioxidant, anti-inflamma-
tory, antiviral, antimalarial, antibiotic and antitumor agents,
such as the clinically important Taxol.> Diterpenes derived
from plants, fungi and prokaryotes feature a unique, highly
functionalized, structurally complex macrocyclic core. This
macrocyclic scaffold is formed by cyclisation of the universal,
aliphatic diterpene precursor geranylgeranyl diphosphate
(GGPP), a reaction catalysed by the enigmatic family of diter-
pene synthases.*”

The Streptomyces-derived diterpene synthase CotB2, which
converts GGPP to cyclooctat-9-en-7-ol, a direct precursor to the
anti-inflammatory agent cyclooctatin, belongs to the best
characterized diterpene synthases to date.*” Synergistic crystal-
lography, computational and mutagenesis studies allowed for

Green Chem., 2020, 22, 6033-6046 | 6033
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functional predictions driving rapid diversification of the
enzyme’s product profile, thereby opening new routes for sus-
tainable drug development.

As diterpene-type natural products predominantly represent
secondary metabolites, only minor amounts can routinely be
obtained from their respective natural source, often demand-
ing elaborate purification strategies. Moreover, their structural
complexity demands uneconomical, multi-step total synthesis
approaches.” Therefore, commercialization of diterpenoid
drug leads is hampered by lack of sustainable and/or cost-
efficient supply routes.” Prominent examples are the pseudop-
terosins (Ps), an amphilectane-type diterpene glycoside family,
encompassing 31 members, which were originally isolated
from the Caribbean gorgonian coral Antillogorgia elisabethae.®
Ps feature potent anti-inflammatory, wound healing and
analgesic activities, which significantly exceed those of their
non-steroidal, synthetic counterpart indomethacin.”*® The
superior anti-inflammatory action and reduced side effects are
due to a new pharmacological mode of action."' Notably, the
advanced biosynthetic Ps precursor erogorgiaene exhibits sig-
nificant antibiotic activity, particularly against Mycobacterium
tuberculosis,  the agent of  drug-resistant
tuberculosis."?

Commercially, Ps are applied as natural, marine anti-irri-
tants in diverse skincare products associated with a multi-
billion Euro market value.®'*'* However, the ever-expanding
Ps demand is currently exclusively met by harvesting and
extracting its natural source. This practice is neither scalable
nor sustainable, as it leads to extensive destruction of sensitive
coral reef ecosystems, which are under increasing pressure
from climate change effects."”'> Moreover, while Ps have pro-
gressed to phase II clinical trials as a topical anti-inflammatory
agent, further clinical development has been discontinued due
to insufficient supply."’

While total syntheses for various Ps and their bioactive
intermediates (such as erogorgiaene) have been devised,'®™"°
none allowed a cost-efficient, sustainable supply of the target
compound for further clinical development. Hence, implemen-
tation of a sustainable production route via an engineered
microbial chassis (e.g. Escherichia coli) may provide an alterna-
tive. In that respect, the most efficient chemical synthesis of
the bioactive Ps precursor erogorgiaene and Ps, comprises 8
and 11 steps, respectively, each requiring extensive intermedi-
ate work-up procedures.'®' All total chemical synthesis are
predominantly based on petroleum based educts, require
noxious solvents and harsh reaction conditions, which are
associated with extensive energy expenditure. Further, multi-
step chemical synthesis generate various toxic side streams.
This scenario contrasts with biotechnological terpene pro-
duction processes, which utilize renewable starting materials,
are conducted under mild reactions conditions, employ
minimal, non-toxic solvents and do not result in toxic side
streams.””*! Generally, the mass efficiency between chemical
and biotechnological routes is dependent on the chemical
nature of the target terpene, the cellular production system
and bioprocess engineering aspects.’* However, there are

causative
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increasing commercial references, such as taxol, arteminisic
acid and nootkatone production, where both sustainability,
cost - and mass efficiency of biotechnological processes is
superior to chemical counterparts.”>**">* Therefore, biotech-
nological generation of chemically complex terpenes is gaining
importance for industrial process and product development.

To that end, the chemical steps in Ps biosynthesis have
been reported, while the underlying genetics and biochemistry
remain unclear.”>® Therefore, any biotechnological pro-
duction scenarios have remained a future prospect. A first step
towards this goal has been the isolation and characterisation
of elisabethatriene synthase (ELS) from coral tissue, the diter-
pene synthase responsible for conversion of GGPP to the first
biosynthetically committed Ps intermediate, -elisabetha-
triene.>®> However, low yields and complex purification pro-
cedures have prohibited the sequence elucidation of this
enzyme. Moreover, as marine corals are complex organismic
consortia constituting polyps harbouring endosymbiotic
microalgae (Symbiodinium sp.), as well as various bacteria and
fungi,*®*' the actual Ps production organisms remain
elusive.**** Consequently, new, coral-independent approaches
for a biotechnological Ps supply route are needed.

The well characterized hydropyrene synthase (HpS) from
Streptomyces clavuligerus generates hydropyrene (HP) (52%)
and hydropyrenol (HPol) (26%) as its main GGPP cyclization
products, along with two minor compounds, namely the elisa-
bethatriene isomers isoelisabethatriene (IE) A (12%) and B
(9%), respectively.>® Interestingly, IE A and B only differ in the
position of unsaturation within their bicyclic carbon skeleton
with reference to the confirmed pseudopterosin precursor, eli-
sabethatriene (Fig. 1).>**°

Therefore, these compounds may replace elisabethatriene
in a designed biotechnological Ps synthesis cascade (Fig. 2).

This study reports a new, coral independent approach for
the biosynthetic production of bioactive intermediates en-route
to a consolidated, scalable, and sustainable production of Ps-
type bioactive compounds. The technologies reported herein

2 20

16 D E
F % f OH

Fig. 1 Structures of elisabethatriene (A), IE A (B), IE B (C), HP (D) and
HPol (E); B (12%), C (9%), D (52%) and E (26%) are products of the hydro-
pyrene synthase (HpS) (percentage of product spectrum of wild-type
HpS in brackets; carbon numbering as previously described by Kohl and
co-workers?’).
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A
—>  mature diterpene (e.g. elisabethatriene or isoelisabethatriene A)
geranylgeranyl
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Fig. 2 Early biosynthetic intermediates leading to pseudopterosins; (A)
GGPP, the universal diterpene precursor; (B) endogenous coral pathway
of pseudopterosin production starting with elisabethatriene via erogor-
giaene and seco-pseudopterosins; (C) proposed pathway using HpS
from S. clavuligerus encompassing isoelisabethatriene A; R1,2 = sugar
moiety.

will significantly contribute to coral reef protection and
provide clinical access to new antibiotic and anti-inflammatory
drugs. These can be applied in first line-treatments to control
contagion agents and the disease associated excessive inflam-
matory response during infective epidemics (i.e. COVID-19).
Moreover, these Ps-type compounds can be applied in chronic
inflammatory diseases observed in ageing populations.>®?”

Results and discussion
Tailoring E. coli for HpS-derived diterpene production

Previous studies reported the formation of early Ps precursors
IE A and B by wild-type (wt) HpS, but with low yields.>* Initial
in vitro studies with HpS revealed a plausible cyclisation
mechanism for GGPP conversion towards the products IE A, IE
B, HP and HP-ol (Fig. 1).>> None of these previous studies
specifically aimed for selective production of the Ps precursors
IE A and IE B.

In this study, an engineered E. coli host harbouring a meta-
bolically balanced two-plasmid terpene production system
(previously described by Hirte and co-workers) has been
employed for HpS expression.”® Employing E. coli as host
system allows for rapid mutagenesis of wt class I HpS and sub-
sequent screening for altered product profiles. Co-transform-
ation of the plasmid carrying the codon optimised HpS gene,
together with a separate plasmid harbouring bottleneck
enzymes of E. coli terpene biosynthesis, led to efficient pro-
duction of functional HpS. The balanced carbon flux and
terpene precursor supply in the tailored E. coli host allowed
native HpS to efficiently convert GGPP to HP, HP-ol, IE A and
IE B (total terpene yield 55.56 + 2.01 mg L™", Fig. 2).** The
HpS-harbouring E. coli production system provided rapid and
simplified cultivation with high product yields, which were

This journal is © The Royal Society of Chemistry 2020
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confirmed from purified extracts via GC-MS and NMR (Tables
S1-84+).

Delineation of HpS model-based mutagenesis strategy

While class I terpene synthases, such as HpS, share low
primary sequence similarity, these enzymes display a signifi-
cant homology in secondary and tertiary structural features,
forming a common a-barrel protein scaffold. Class I terpene
synthase catalysis is primed by initial binding and orientation
of GGPP via its diphosphate (PP) moiety to a conserved Mg>*
triade in the active site, characterised by the canonical (DDXX
(X)D) motif, and which is located in the centre of the o-barrel
(Fig. 3B). Substrate binding initiates active site closure by an
induced fit mechanism and subsequent Mg>*-mediated PP
hydrolysis, generating a highly reactive, priming carbocation.
Solvent water is expelled during active site closure creating a
hydrophobic microenvironment that prevents an uncontrolled
nucleophilic attack on the carbocation.®*° Moreover, specific
amino acid residues lining the active site also pre-shape the
priming carbocation, thereby significantly influencing the
terminal terpene product profile.*®*! The subsequent intra-
molecular carbocation rearrangement cascade and terminal
cyclization can then commence through C1-C6-, C1-C7-,
C1-C10-, C1-C11-, C1-C14- or C1-C15-bond forming reactions
(Fig. 2), which are modulated by the relative double bond reac-
tivity of the priming carbocation.*”** In addition to the

C

Motif Function CotB2 HpS
Metal (Mg?*) binding

DDXXD DDMD DDRAID
Diphosphate coordination

NSE triad
Metal (Mg?*) binding

(ND)DLLVIX(S, | _. v NDFYSYDRE NDLXSFARE
Diphosphate coordination

T)XXXE)
active site closure by salt

WXXXXXRY WTTSNKRY WSARSARY
bridge formation

Fig. 3 (A) Relative position of amino acids of conserved motifs in pres-

ence of GGPP and three Mg ions; HpS and CotB2 amino acids are in
yellow and blue, respectively; DDX(XX)D motif highlighted in red (HpS:
residues 82D, ®D, ¥’D; CotB2 residues: *°D, D, *D; NDXXSXXRE
motif highlighted in green (HpS residues: 22°N, 225D, 2295, 232R 233,
CotB2 residues: 22°N, 221D, 2245, 227R, 228E) conserved residue Y°R (HpS)
and 7R (CotB2), highlighted in dark blue; (B) homology model of HpS
with docked substrate GGPP and Mg?* inside the active site with heat
map of conserved motifs, dark blue showing highly conserved areas; (C)
conserved motifs of class | terpene synthases with their respective cata-
lytic function’83% (Mg?*-coordinating residues in bold) and the corres-
ponding amino acid sequences for CotB2 and HpS.
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inherent carbocation reactivity, the local electrostatic environ-
ment created by the substrate-derived PP moiety, as well as
transient electronic and ionic interactions with amino acids of
the active site, drive and control successive carbocation
rearrangements along the reaction trajectory towards an
enzyme specific terminal product profile.""*® Specifically,
terminal cyclisation is induced by amino acid-mediated depro-
tonation or addition of a water molecule to the final carbo-
cation. These concerted enzyme-substrate interactions facili-
tate an intense diversity of stereochemically complex diterpene
macrocycles, all being derived from the universal precursor
GGPP.

Knowledge-based HpS structure-function studies require a
structural model to delineate a consolidated mutagenesis strat-
egy. As no HpS crystal structure is available, a homology
model***® was constructed, employing the high resolution
crystal structure of the taxonomically and secondary structure-
related”® (Fig. S111) class I terpene synthase CotB2 (PDB-ID
6GGI) as a template.”*” The Streptomyces-derived diterpene
synthase CotB2, which converts GGPP to cyclooctat-9-en-7-ol, a
direct precursor to the anti-inflammatory agent cyclooctatin,
belongs to one of the best characterized diterpene synthases to
date and has been subject to extensive mutagenesis
studies.”*® So far, CotB2 is the only class I (di)terpene
synthase, for which a closed, catalytically relevant structure
containing a trapped diterpene reaction intermediate, is avail-
able.” Computational interrogation of this unique structure in
synergy with extensive QM/MD simulations provided detailed
insights into the dynamic CotB2 reaction mechanism, high-
lighting a concerted network of catalytically essential amino
acid lining its active site.”*® Therefore, CotB2 represents an
ideal template for a comprehensive HpS structure-function
analysis.

An initial CotB2/HpS comparison indicated that all catalyti-
cally relevant class I structural motifs are conserved (Fig. 3).
However, the canonical class I DDXXD motif, responsible for
initial binding and orientation of the substrate’s (GGPP)
diphosphate (PP) moiety in the active site, is altered in both
CotB2 and HpS to DDXD (‘'°DDMD) and DDXXXD
(*’DDRAID), respectively. Interestingly, such extensive modifi-
cations of the highly conserved DDXXD motif are rare in class
I terpene synthases (TPSs).***> However, the addition of a
single amino acid (X) has also been reported in other TPSs,
such as selina-3,7(11)-diene synthase (**DDGYCE) and (+)-T-
muurolol synthase (**DDEYCD).*° Other active site motifs are
also conserved in HpS and CotB2 (Fig. 3 and Fig. S127), includ-
ing the NSE triad* and the class I TPS specific WXXXXXRY
motif.” The HpS-specific amino acid sequences for each cataly-
tically relevant motif are listed in Fig. 3.

Interestingly, a more extensive HpS structural interrogation
revealed the distinctive presence of five unique methionine
residues (7'M, 7°M, '®M, *°°M and ***M) inside or in the
immediate vicinity of the putative HpS active site. A feature
that has not been reported or experimentally evaluated for any
TPS. The catalytic relevance of these residues is largely
unknown, although a computational (QM) study of Fusarium
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sporotrichioides trichodiene synthase (TdS) implicates a meth-
ionine residue in interactions with TdS-specific carbocation
reaction intermediates.”®> Thus, these methionine residues
were included in the mutational strategy to elucidate HpS
structure-function relationships to selectively establish the
biosynthetic Ps precursors IE A and B as the main GGPP cycli-
sation products.

Relevant active site residues selected for mutagenesis are
listed in Table 1. These include **’W and *'*R residues of the
conserved **’WXXXXXRY motif. Conservative substitutions of
these residues in CotB2 have previously been shown to modu-
late the product spectrum.””*”*®*! In addition to the amino
acid changes guided by the CotB2 model, active site residues
within a 5 A sphere of the GGPP binding site were modified. In
that regard, target amino acids were either modulated in size
or charge to alter the physical properties of the HpS active
site.® To gain more detailed mechanistic insights into the
catalytic function of amino acids surrounding the GGPP
binding site, detailed QM/MD simulations are currently in
process.

Diterpene-directed product screening of HpS variants

The library of HpS mutants (Fig. 4) was expressed in E. coli,
and diterpene products were extracted from the cultivation
broth.*® Notably, the total terpene yields of catalytically viable
HpS mutants was comparable to that of the wild type enzyme
(total terpene yield of HpS M75L: 41.91 + 1.87 mg 1~ %; Fig. S2,
S4t). Subsequently, all enzyme mutants were evaluated for
variations in their product spectrum with respect to wt HpS. A
specific focus was given to enhanced IE A and/or B generation.

Mutations Y153A, Y153F, G182K, and W307F did not affect
the product spectrum. In contrast, mutations L54A, Y58A,
M71R, M71P, M71G, Y78A, A79F, Y153R, R179A, M188G,
M188A, M188K, M188Y, M300G, M304D, W307A, W307G and
R313A inactivated HpS, indicating that the mutated amino
acids are essential for catalysis. Most notably, variants M71Y,
M75F, M75L, G182A, G182F, H184A, H184F, M300I and M304C
displayed an altered product spectrum with respect to wt HpS
(Fig. 5).

Mutation '7°R, **’W and *'*R, which have analogously been
addressed in CotB2 (***w, *'R),”**® either resulted in a non-

Table 1 Comparison of HpS and CotB2 active site residues used to
delineate the HpS mutagenesis strategy. Amino acid residues were
chosen due to their potential to alter the product range or stabilize the
carbocation intermediate. Residues in bold show identical amino acids
in HpS and CotB2

HpS CotB2 HpS CotB2
L 54 V 80 G 182 D 180
Y 58 S 84 H 184 G 182
M71 V99 M 188 W 186
M75 N 103 M 300 L 281

Y78 T 106 M 304 N 292
A79 F 107 W 307 W 288
Y 153 F 156 R 313 R 294
R 179 R 177

This journal is © The Royal Society of Chemistry 2020
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Fig. 4

O Ls54 @ G182
O vs8 @ H184
O w7 @ m188
O wm75 @ M300
O v8 @ M304
@ A7 @ w307
@ Y153 O R313
@ R179

(A) Variants linked to respective mutation sites (grey: variants with wild type-like product spectrum; red: inactive variants; blue: variants with

altered product spectrum), respective amino acids for exchange of wt residues have been chosen according to standard site directed mutagenesis
approaches;>? (B) primary structure and secondary structure elements of HpS (grey cylinders, brown lines and dots indicate alpha helices, beta
sheets and mutation sites, respectively; highlighted parts of the primary structure show conserved motifs (red = DDXXD, yellow = NSE; magenta =
WXXXXXRY); (C) secondary structure of HpS with highlighted mutation sites.

active variant or displayed the native HpS product
spectrum. Therefore, 7R, **”W and *"°R are likely to be essen-
tial for catalysis, which is consistent with previous reports for
CotB2.

Interestingly, mutants M71Y, M75F, M75L, M300I, and
M304C targeting HpS-specific methionine residues displayed
the most pronounced shifts in the diterpene product profile
when compared to wt HpS (Fig. 5). Mutations M300I and
M304C lead to a decrease in IE A production and a concomi-
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tant increase in IE B. A more significant effect is observed for
mutations M71Y, M75F and M75L. Each variant displays a sig-
nificantly enhanced yield of IE A and B, with a concomitant
reduction in HP and HPol production. The most prominent
effect is observed for mutations of M75. Notably, M75F
showed the highest IE B yield, whereas M75L displayed the
highest IE A yield.

Since IE A is a biosynthetic Ps intermediate,”® its increased
yield in the M71Y, M75F and M75L variants is highly encoura-
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isoelisabethatriene A

30% W isoelisabethatriene B
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wWT M300I M304C M75F M71Y M75L

WT  M3001 M304C  M75F  M71Y  M75L
isoelisabethatriene A 13% 1% 9% 20% 259% 44%
isoelisabethatriene B 9% 17% 27% 41% 16% 24%
hydropyrene 52%  48% 42% 34%  35%  26%
hydropyrenol 26%  34% 22% 5% 24% 6%

Fig. 5 Relative proportion of the main products of the reaction catalysed by HpS and its variants (displayed as percental ratio of the areas of the
respective GC-FID product peaks); HpS variants displayed in order of increasing IE A content.

ging for the ongoing effort to generate a sustainable Ps pro-
duction platform.

In summary, mutants M75F and M75L were the only var-
iants to shift the product spectrum towards an IE isomer as
their major product. M75L is the most promising mutation for
Ps production due to its particularly high IE A yield. Therefore,
this HpS variant was termed isoelisabethatriene synthase (IES)
and used for all downstream efforts to generate advanced Ps
intermediates.

In silico driven mechanistic considerations for IE generating
mutants

As mutations of 7'M and "M significantly modulated the HpS
product spectrum towards IE production it was essential to
evaluate the chemical mechanisms that induce these effects.
Interestingly, no methionine - carbocation interactions within
a distance of ~8 A have been suggested to be important in the
catalytic mechanism of CotB2.*° Notably, the residue equi-
valent to >M in HpS is "®*N in CotB2. The latter was proposed
to coordinate a water molecule that terminates the CotB2 cycli-
zation cascade’ or form a dipole-charge interaction during the
cyclization reaction.*”*® Interestingly, the N103A variant CotB2
featured a 3,7,12-dolabellatriene as the major cyclisation
product.*”*® CotB2 has one methionine (**’M) that lines its
active site but whose replacement by cysteine does not directly
interfere with catalysis.” The only report that describes the
effect of a methionine on terpene synthase catalysis is a com-
putational study of trichodiene synthase, in which "*M is stabi-
lizing selected carbocation conformations via a dative sulphur-
carbocation bond. Hence, substrate tumbling, and premature
deprotonation is prevented.*® It is thus plausible that methion-
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ine residues (especially “>M) in HpS also aid in the stabilis-
ation of carbocation intermediates, providing a route which is
crucial for opening a distinct reaction pathway (e.g. en-route to
HP derivatives; Fig. 6). Therefore, mutagenesis of "M and "°M
in HpS can reroute GGPP cyclisation to either HP or IE
derivatives.

Rinkel et al. resolved the HpS-specific mechanism for GGPP
cyclisation to HP, HP-ol, IE A and IE B, respectively.”> The
initial cyclisation step comprises a 1,10-ring closure, which
generates a carbocation at C11. Subsequently, the carbocation
(Fig. 7) can be channelled in two distinct reaction pathways.

Fig. 6 Distance of ’°M to catalytically important carbocations C1
(5.0 A), C11 (4.7 A) and C7 (7.6 A), as well as to 7*M (6.5 A; putatively
active as dative bond). The numbering of carbon atoms in the intermedi-
ate is based on the numbering of GGPP.
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Fig. 7 Important cyclisation intermediates; (A) GGPP; (B) C10 carbo-
cation intermediate; (C) C1 carbocation intermediate (D): C7 carbocation
intermediate; numbering of carbon atoms based on numbers of GGPP.

The primary route proceeds via the stable Markovnikov C11 car-
bocation followed by a 1,3-hydride shift to form the less stable
anti-Markovnikov C1 carbocation, which ultimately provides HP
or HPol, respectively.*” In contrast, the formation of IE deriva-
tives requires a 1,3-hydride migration, forming a carbocation
at position C7, which leads either to IE Avia a 1,2-hydrid shift
and deprotonation or to IE B via simple deprotonation.®®> For
effective biotechnological Ps precursor supply, it is crucial to
evolve the product spectrum of HpS towards a specific pro-
duction of IE isomers. As the C11 carbocation is the essential
intermediate for changing the preferred pathway to the desired
IE A, it is crucial to prevent the 1,3-hydrid shift towards the
less stable anti-Markovnikov C1 carbocation.*®

The route towards HP derivative formation requires that the
anti-Markovnikov C1 carbocation is stabilized within the active
site. In wild-type HpS "°M is in close proximity (~5.0 A) to both
C1 and C11 carbons, and it is plausible that in the C1:C11
carbocation transition the proximal "*M plays a stabilizing role
via a dative Met-Met interaction (Fig. 6).

Consequently, mutagenesis of "'M and "M are expected to
destabilize the key C1 carbocation intermediate enabling a
shift towards IE A and B formation. While this study provides
experimental evidence that 7'M and 7>M are involved in carbo-
cation stabilisation, a plausible catalytic role for the remaining
three methionines (***M, *°°M, *°*M) lining the HpS active site
currently cannot be delineated. To that end, solving the crystal
structure in synergy with subsequent QM/MD simulation
would afford a more insightful dataset.

Identification of hydroxylated IE derivatives

While IE A and B are primary biosynthetic Ps precursors,
especially the oxidised IE A variants represent advanced Ps pre-
cusors.> Culture broth extracts of E. coli expressing IES were
evaluated for the presence of oxidised IE derivatives using a
GC-MS based screening method. Inspection of GC-MS spectra
identified a compound with MS spectral similarity to IE but
with extended retention time (retention time (Rt) (IE A):
20.46 min; Rt (IE B): 20.87 min; Rt (unknown compound):
22.28 min) and an parent ion mass (m/z) of 290, indicating the
presence of a hydroxyl-moiety (Fig. S17 and S187). The putative
hydroxylated IE derivative can potentially arise by controlled
water capture within the HpS active site, which facilitates car-
bocation quenching along the reaction trajectory. Analogous
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data have been reported for the class I germacradien-4-ol ses-
quiterpene synthase.>

Moreover, the presence of the aromatized IE derivative, ero-
gorgiaene, a key intermediate in coral-based Ps biosynthesis,
was confirmed by comparison with an authentic GC-MS stan-
dard isolated from A. elisabethae coral tissue.?®”* However, as
erogorgiaene could not be detected, when the E. coli extract
was analysed directly after the extraction process, it is plausible
that oxygen exposure of the analysed extract initiated an oxi-
dative transformation of IE A or B to erogorgiaene. As erogor-
giaene is an advanced intermediate in Ps biosynthesis, the
current data are consistent with previous reports indicating
that hydroxylated elisabethatriene derivatives are direct erogor-
giaene precursors in the Ps biosynthetic pathway.>

Chemo-enzymatic IE A and B oxidation - a route to advanced
Ps precursors

As erogorgiaene formation is a crucial step in Ps biosynthesis,
its definitive biosynthetic origin was probed by development of
a selective in vitro chemo-enzymatic oxidation approach with
IE A and B as substrates. Recently, selective functionalization
of the macrocyclic diterpene hydrocarbons dolabellatriene and
taxadiene via lipase-mediated oxidation reactions has been
reported.*®>' Consequently, in a lipase-mediated and chemo-
enzymatic assay IE A and B were oxidised to establish whether
oxyfunctionalization, and therefore activation of the IE hydro-
carbon skeleton, is part of the Ps biosynthetic pathway. To
ensure future process scalability under economic boundary
conditions, we employed the industrially well-established
lipase Cal B.”> The mild lipase-mediated IE oxidation was
carried out in ethyl acetate in the presence of urea-hydrogen
peroxide with propionic acid, which generates the reactive
oxidant.>®™” The reaction was initiated by in situ generation of
per-oxo carboxylic acid as the reactive oxidant, which targets
olefinic IE bonds either in re- or si-face conformations to
afford a racemic mixture of oxidised products.’® Reaction pro-
gress was monitored by GC-FID analysis, while GC-MS was
applied to identify IE A and B specific oxidation products
(Fig. 8 and 9).

Identification of the IE B-specific oxidation products

While GC-FID allowed kinetic reaction profiling, parallel
GC-MS analysis indicated that the lipase-mediated IE B oxi-
dation resulted in a time dependent formation of IE B mono-

CH3CH,COOOH  CH3CH,COOH

Urea + HZO<A—;Urea—HQOZ

Fig. 8 Lipase-mediated epoxidation of IE B to the new natural product
1R-epoxy-5,14-elisabethadiene.
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(m/z 288) and IE B diepoxides (m/z 304), respectively (Fig. S19-
S227). To enhance product selectivity towards formation of the
IE B mono-epoxide, the reaction was terminated after 120 min
(yield of 41%). Subsequently, a 2D-HPLC protocol allowed for
1D and 2D NMR spectroscopy-based structure elucidation of
the putative IE B-derived mono-epoxide. "*C NMR analysis pro-
vided characteristic epoxide-type chemical shifts for C1 and C9
at 62.66 and 64.21 ppm, respectively. Comprehensive NMR
signal assignment confirmed the IE B monoepoxide as the
new natural product 1R-epoxy-5,14-elisabethadiene (EED,
Fig. 8, Table S51).

The epoxidation of the IE B diterpene carbon skeleton
enables various downstream biotechnological and chemical
functionalization strategies to access a diversified chemical
space.’®®" As most bioactive terpenoids contain at least one
functional group, subsequent modification of EED and other
IEs is a fundamental step towards the sustainable generation
of new pharmaceutical agents.®>® Various approaches for
hydroxyl group functionalization at the bicyclic Ps carbon skel-
eton have been applied to generate Ps derivatives and pseudop-
teroxazoles, which both were active against M. tuberculosis and
other pathogens.®*

IE A specific conversion to erogorgiaene

Lipase-mediated oxidation rapidly (90 min) transformed IE A
into a single new compound (yield: 69%). Synchronous GC-MS
analysis indicated that this compound was the aromatic Ps
precursor erogorgiaene (m/z 270, Fig. 9 and S30-S327%). For
structural confirmation, the putative erogorgiaene was purified
via an optimised 2D-HPLC method and subsequently sub-
jected to 1D and 2D NMR spectroscopy. The resulting NMR
signals of the purified compound were in agreement with
reported data for (+)-erogorgiaene (Table S6)."> While NOESY
experiments resolved the relative erogorgiaene stereo-
chemistry, the absolute configuration remained
However, the absolute stereochemistry of the primary HpS
cyclisation products was previously resolved using isotopically
labelled substrates and CD-spectrophotometric cyclisation
product detection.?® The analysis indicated that HpS converts
GGPP to the ((—)-IE A enantiomer, while the A. elisabethae
coral-derived counterpart constitutes (+)-IE A.*®*> Similarly, it
was deduced that the lipase-based oxidation of HpS derived
(=)-IE A leads to the formation of (—)-erogorgiaene, while the
coral-derived compound constitutes the (+)-erogorgiaene
enantiomer."’

elusive.

CH3CH,COOOH  CH3CH,COOH

Urea + HZOA—;Urea-HZOZ

Fig. 9 Lipase-mediated IE A to

(—)-erogorgiaene.

IE A specific conversion of
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The rapid (—)-erogorgiaene formation, precluded obser-
vation of any epoxidised IE A intermediates via GC-MS.
However, mechanistic considerations imply that IE A oxidation
proceeds via initial epoxidation of the C9-C10 double bond,
followed by protonation of the resulting epoxide and a sub-
sequent dehydration, which induces a spontaneous ring
system aromatization to afford (—)-erogorgiaene (Fig. S407).

This mechanistic sequence is supported by detection of eli-
sabethatriene as well as a transient hydroxylated elisabetha-
triene derivative in crude A. elisabethae coral extracts.>® The
spontaneous dehydration of the hydroxylated intermediate to
erogorgiaene has been proposed as an essential step in the Ps
biosynthesis (Fig. 10).>> In analogy, the observed chemo-enzy-
matic conversion of IE A to (—)-erogorgiaene employs the same
mechanism. Since erogorgiaene has potent activity against
M. tuberculosis (with reported MICs as low as 32.25 ug ml™),*?
the current technology platform can provide a scalable and
sustainable access to this interesting natural product.

In light of the accelerated evolution of infectious diseases
and the lack of new molecular leads for advanced antibiotic
therapy, this platform addresses the essential need for prepa-
redness to fight infection epidemics.®® The clinical develop-
ment of new drugs requires bulk access to active pharma-
ceutical ingredients (API's) under both economical and prefer-
entially ecological constrains.®”*® Since laboratory scale data
for the chemical and biotechnological erogorgiaene synthesis
are available, a basic in silico scaling and techno-economic
analysis (TEA) of both production routes can provide a first
glance at process feasibility and provide cues for further tech-
nical improvements en-route to an industrial process deploy-
ment. Therefore, a comparative processes simulation compris-
ing an 8 step chemical synthesis route'® and the 2 step bio-
technological approach described herein was constructed at a
scale of 10 kg per batch. The results of each the chemical and
biotechnological process simulation provides a basic, initial
cost- and productivity overview (Tables S7-18t). The TEA data
indicated that initial instrument capital costs for the chemical

geranylgeranyl diphosphate

!

OH OH
- = = -

elisabethatriene elisabethatrienol erogorgiaene hydroxy-erogorgiaene

OR! OR' OR' OH
OR? N OR? OR? OH
F 7 7 7

pseudopterosin amphilectosin seco-pseudopterosin dihydroxy-erogorgiaene

Fig. 10 Postulated biosynthetic pathway of Ps biosynthesis, leading
from the geranylgeranyl diphosphate to Ps via elisabethatrienol and ero-
gorgiaene (R = -H or -sugar).?®
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synthesis route were 70% lower than for the corresponding
biotechnological approach due to different equipment
demands in order to realize a 10 kg per batch scale. While the
chemical synthesis route at this scale could be conducted in
pilot-scale reactors, the biotechnological counterpart would
require an industrial-scale fermenter to conduct the first fer-
mentation step. This can be explained by the low fermentative
yields (41.91 + 1.87 mg L") currently obtained, which are
quite common for terpene production at proof of concept lab-
oratory scale.*”

However, during industrial process development product
yields are commonly significantly (10-1000 fold) enhanced
through further genetic engineering and/or change in the
microbial production host when combined with process engin-
eering optimizations.®*””"

Interestingly, operational costs per unit batch (1 kg erogor-
giaene) can be considered equivalent. It is however notable,
that the raw material costs for biotechnological process are sig-
nificantly reduced compared to the chemical counterpart, with
$8151 kg ' erogorgiaene and $20026 kg ' erogorgiaene,
respectively. More specifically, the costs for chemical synthesis
involves multiple noxious solvents and (nobel)-metal organic
catalysts (e.g. Ru-based catalysts),"® whereas the raw material
costs for the biotechnological route can mainly be attributed
to high glycerol consumption during the fermentation
process. As glycerol is a waste stream of biodiesel production,
the raw material stream dominating the biotechnological pro-
duction route demonstrates favourable economic and ecologi-
cal performance indicators.”>”* Further, the time expenditure
for one unit production cycle markedly varies between the two
approaches requiring 277 h per batch for chemical synthesis
and 50 h per batch for biotechnological production, respect-
ively. Summating all process performance indicators, the
current erogorgiaene production cost via the biotechnological
route is significantly lower than for the chemical synthesis
route with $9181 kg™' and $21195 kg™ ', respectively.
Therefore, even at laboratory scale the biotechnological erogor-
giaene production route appears to be favourable under econ-
omic and ecological constraints. Further yield improvements
in the IE A production host combined with an optimized, fer-
mentation process would lead to an industrially viable pro-
duction process.”*7°

Conclusions

Ps are potent diterpenoid-type anti-inflammatory compounds,
originally isolated from the Caribbean soft coral A. elisabethae.
Currently, Ps are used as natural anti-irritants in the cosmetics
industry, whose supply is entirely sourced from coral extrac-
tion. This practice is neither sustainable nor scalable. As
efficient total chemical syntheses are not available, this
inherent supply issue has also precluded the development of
clinically useful compounds from this family of natural pro-
ducts. While the chemical steps in coral-centred Ps biosyn-
thesis are established, the underlying biology remains
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unclear,’**° although some precursors (e.g. erogorgiaene)
display potent antibiotic activity.®® This study devised a sus-
tainable, coral-independent route for production of biosyn-
thetic Ps precursors en-route to scalable Ps generation. The
approach utilised in silico-guided mutagenesis of a bacterial
HpS to generate the primary Ps precursors IE A and B as the
dominant GGPP cyclisation products. Five methionine resi-
dues in the HpS active site were identified, that are essential to
reroute product formation from HP to IE. The catalytic impor-
tance of these residues (especially ">M) is unique among
terpene synthases, and current studies aim to establish
whether HpS belongs to a new diterpene synthase subclass.

To generate advanced Ps precursors, IE A and B were sub-
jected to a lipase-mediated chemo-enzymatic oxidation. Under
identical conditions IE A and B displayed differential reactivity,
leading to the formation of the established Ps precursor ero-
gorgiaene and the new natural product 1R-epoxy-5,14-elisa-
bethadiene, respectively. Generally, oxyfunctionalisation of
diterpenoid backbones provides access to a wide chemical
space that enables diversified functionalisation approaches,
the basis for the efficient chemo-enzymatic production of
various bioactive compounds.””””® Given the diversity of func-
tionalised serrulatane diterpenes,” ®" this development is the
basis for the efficient chemoenzymatic production of such bio-
active compounds.®* The concerted application of different
biotechnological and chemical functionalisation strategies
towards 1R-epoxy-5,14-elisabethadiene functionalisation pro-
vides a route for development of designed bioactive natural
products.

While the bioactivity of IE B oxidation product 1R-epoxy-
5,14-elisabethadiene has not been evaluated (due to low
yields), the IE A oxidation product erogorgiaene has potent
antibacterial activity against antibiotic sensitive and multi
drug resistant M. tuberculosis strains (MICs: 32.25 pg ml™" and
125.00 pg ml™", respectively).'>®

Notably, the chemical synthesis of erogorgiaene requires at
least eight steps, utilizing petroleum-based building blocks,"
the biotechnological approach provides a stereoselective, two-
step biosynthetic procedure, solely based on renewable feed-
stocks.®? Furthermore, in contrast to chemical synthesis this
method does not require metal organic catalysts, nor does it
result in any toxic side streams, and is carried out under mild
reactions conditions, thereby featuring a superior ecological
profile. This consolidated and sustainable production route
enables a fast-track pharmaceutical development pipeline for
erogorgiaene. As few antibiotic drug leads have been developed
to clinical maturity in the past decades, the scalable erogor-
giaene supply route addresses an urgent need in the pharma-
ceutical industry, that underpins new drug development. Such
developments are essential to protect an ever-increasing global
population from rapidly emerging contagious epidemics (e.g.
tuberculosis).>*”°°

Beyond the generation of new antibiotic entities, erogor-
giaene enables consolidated (bio)chemical synthesis to afford
Ps-type anti-inflammatory drugs.’ To that end, sustainably
accessed Ps could serve as a new first-line treatment option in
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controlling excessive inflammatory symptoms in newly evol-
ving viral epidemics (e.g. COVID-19) as well as treating chronic
inflammation in aging, industrial populations.>*” Ultimately,
a sustainable Ps production platform will also replace coral
extracts in scalable cosmetic applications, thereby preventing
exploitation of fragile reef eco-systems, while protecting
marine biodiversity. In summary, the technology platform pre-
sented in this study simultaneously complies with all 12 cri-
teria of a green chemistry and addresses four of 17 UN sustain-
ability goals (good health and well-being (goal 3), climate
action (13), protecting aquatic (15) and terrestrial (15) life),
thereby signalling a path to enhance systemic resilience
towards global challenges such as climate change and evolving
infectious diseases.

Experimental
Materials

Media components were obtained from Roth chemicals
(Karlsruhe, Germany). For terpene extraction technical grade
ethanol, ethyl acetate and hexane were purchased from
Westfalen AG (Minster, Germany). For all other purposes,
highest purity grade chemicals were used. Acetonitrile, ethyl
acetate, hexane, methanol, and propionic acid were obtained
from Roth chemicals (Karlsruhe, Germany). Immobilized
Lipase B from C. antarctica (CalB), CDCls, benzene-d6 and urea
hydrogen peroxide were purchased from Sigma-Aldrich
(St Louis, USA).

Bacterial strains and growth conditions

E. coli strain DH5a was used for plasmid generation and
cloning. It was cultivated at 37 °C in Luria-Bertani medium.
Terpenes were produced with E. coli strain ER2566. During
shaking flask experiments E. coli ER2566 was grown at 23 °C
in either Luria-Bertani or R-Media supplemented with 30 g
L™ glucose and 5 g L™" yeast extract. In case of fermentation
experiments, E. coli ER2566 was cultivated in R-Media sup-
plemented with 30 g L™ glycerol and 5 g L™" yeast extract.
Chloramphenicol (30 pg mL™") and Kanamycin (50 pg mL™")
were added as required.

Gene cloning, plasmid construction

The plasmid for production of diterpene precursors was con-
structed as described previously.*® All genes encoding diter-
pene synthase (Uniprot: SCLAV_p0765) from S. clavuligerus
(ATCC 27064) were cloned into pACYC-based expression vector
system. All genes and primers were synthesized by Eurofins
Genomics GmbH (Ebersberg, Germany). Genes were codon
optimised for E. coli by use of the GeneOptimizer™ software.

Fermentation

Overnight pre-culture was used to inoculate the fermenters of
a DASGIP® 1.3 L parallel reactor system (Eppendorf AG,
Germany) (ODgo = 0.1). Cultivation temperature was kept con-
stant at 23 °C. Stirring velocity, airflow, oxygen content and
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feeding protocol were set as previously described.*® Feed solu-
tion consisted of 600 g L™" glycerol, 5 ¢ L™" yeast extract, 35 g
L~" collagen, 20 g L™" MgSO,, 0.3 g L™" thiamine-HCI, 5 ml L™"
1 M ammonium iron(im) citrate, 20 ml L' 100x trace elements
solution (pH = 7.0) as described previously.*® To monitor
terpene production, samples were taken at different time
points.

Protein modelling

Applying the Web tool I-Tasser a homology model of the
closed complex of HpS synthase could be generated (https:/
zhanglab.cemb.med.umich.edu/I-TASSER/).***> The predicted
structure was further analysed and modified within the
environment of UCSF Chimera software package including
Modeller software package for comparative modelling (http://
www.cgl.ucsf.edu/chimera/).?*#> As previously described by
Hirte et al, all substrate docking studies were predicted by
AutoDock Vina.*®¥” For subsequent site directed mutagenesis
of HpS residues in proximity (3-8 A) to the docked substrate re-
placement by more polar or more spacious non-polar residues
should allow for quenching of the carbocation intermediate
and restrict free folding of the HP skeleton.

For comparative alignment of secondary structure of
terpene synthases HHPred applying HMM/HMM comparisons
and Ali2D including PSIPRED and MEMSAT software package
was used.*®

Terpene extraction

To extract terpenes from shaking flask experiments and
samples taken from fermentation units an equivalent volume
of solvent (ethanol : ethyl acetate : hexane = 1:1:1) was added
to the culture broth and mixed for 2 h at room temperature.
The solution was centrifuged for 5 min at 8000 rpm to separate
the upper organic phase to be analysed by GC-FID and GC-MS.
The whole fermentation broth was extracted by addition of the
same volume of ethanol. This first process step was carried out
on a rotary shaker (80 rpm) at 20 °C for 12 h. Subsequently,
the extraction mixture was centrifuged for 20 min at 7000 rpm
to separate the supernatant from the cell debris. Via addition
of ethyl acetate (50% of supernatant volume) a second extrac-
tion step on the rotary shaker (80 rpm) was started (20 °C for
5 h). After 5 h the same amount of hexane was added, and the
extraction process continued for further 2 h. Finally, the
phases were separated by a separation funnel and the organic
phase was evaporated.

Terpene purification

Flash chromatography system PLC 2250 (Gilson, USA) allowed
for a separation between the fatty acid residues and the
terpene fraction. The solvents hexane (A) and ethyl acetate (B)
were pumped with a flowrate of 10 mL min™" at room tempera-
ture over a Luna 10 um silica (2) 100 A column. The following
gradient was applied: 100% A for 15 min, increasing B in one
step to 100%, holding 100% B for 15 min and then applying
100% A for 30 min. Eluted compounds were analysed by a
diode array and an ELSD detector which was flushed with
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nitrogen gas at 40 °C. Fractions of interest were reduced by
nitrogen flow to approximately 2 ml. Fractions containing IEs
were mixed with acetonitrile (ACN). Subsequently hexane and
ethyl acetate were carefully evaporated until only acetonitrile
remained. To further purify the IEs dissolved in ACN, the
samples were injected into an Ultimate 3000 UHPLC system
(Thermo Scientific, USA) containing a binary pump, a diode
array detector, an automated fraction collector, and a
Jetstream b1.18 column oven. Separation of isoelisabetha-
trienes from hydropyrenol, hydropyrene and other terpene
derivatives (maximum terpene content of 25 mg) was carried
out at 30 °C oven temperature using H,O (A) and ACN (B) as
solvents with a flowrate of 2.2 mL min~" on a NUCLEODUR®
C18 HTec 250/10 mm 5 pm column with a guard column
NUCLEODUR® C18 HTec 10/8 mm and guard column holder
8 mm (Macherey-Nagel GmbH & Co. KG, Germany). The separ-
ation gradient started with 30% B for 5 min, then it increased
within 55 min to 100% B. 100% B was maintained for further
60 min.

To separate IE A from B, the same HPLC system was
equipped with a NUCLEODUR® C18 Isis 250/10 mm 5 pm
column with guard column NUCLEODUR® C18 Isis 10/8 mm
and guard column holder 8§ mm (Macherey-Nagel GmbH & Co.
KG, Germany). The mobile phase consisted of H,O (A) and
MeOH (B). The following program was applied: 30% B for
5 min, then increase to 100% B within 55 min to remain for
another 35 min. The oven temperature was set to 30 °C. After
liquid-liquid extraction with hexane purified compounds were
stored at —20 °C.

Lipase-mediated oxidation of IEs

250 pg mL™" IE A or B was mixed in 5 mL ethyl acetate with
1 pl concentrated propionic acid, 2 mg mL™" immobilised
CalB and 2 mg mL™" urea-hydrogen peroxide. Reaction was
performed at 22 °C and 1000 rpm in a thermo shaker
(Eppendorf AG; Germany). At different time points, samples
were taken to monitor the reaction progress by GC-MS ana-
lysis. CalB reaction was stopped at appropriate time points by
separation of immobilised CalB from reaction mixture by fil-
tration. The remaining solution was diluted with hexane (1:4)
and filtrated through filter paper. Final product purification
occurred in two steps:

In case of IE A, the reaction mixture was first purified by
flash chromatography. Hence, the solvents hexane (A) and
ethyl acetate (B) were applied at 10 mL min~" to a Luna 10 um
silica (2) 100 A column. After 10 min 100% A, solvent B was
increased within 5 min to 100%. Finally, another 30 min the
system was operated with 100% A. Subsequently, the fractions
were further purified by a preparative HPLC system equipped
with a NUCLEODUR® C18 HTec 250/10 mm, 5 pm column
with Guard column NUCLEODUR® C18 HTec 10/8 mm and
guard column holder 8 mm (Macherey-Nagel GmbH & Co. KG,
Germany). The method used an oven temperature of 30 °C and
the solvents H,O (A) and ACN (B) at a flowrate of 2.2 mL
min~". The gradient started with 30% B for 5 min to increase
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afterwards to 100% B within 55 min. This solvent level was
maintained for 60 min.

When purifying products originating from the reaction
using IE B, the process also starts with a flash chromato-
graphy. This time the gradient was altered to: 1% B for 10 min,
increase of B within 41 min to 40%, stay at 40% B for 1 min,
further increase to 100% B within the next 3 min and final
remain at this level for 10 min. Afterwards the column was
cleaned with 100% A for 30 min. Again, the second step con-
sists of a preparative HPLC purification. The solvents remain
H,O (A) and ACN (B), but the following gradient was used:
40% B for 5 min, increase of B to 100% in 30 min and a stay at
100% B for 60 min.

Analytics

Analysis and quantification of terpenes was performed using a
Trace GC-MS Ultra system with DSQII (Thermo Scientific,
USA). One microliter (1/10 split) of sample was injected by a
TriPlus auto sampler onto a SGE BPX5 column (30 m, I.D
0.25 mm, film 0.25 pm) with an injector temperature of
280 °C. Helium was used as carrier gas with a flow rate of
0.8 ml min~". Initial oven temperature was set to 50 °C for
2 min. The temperature was increased to 320 °C at a rate of
10 °C min~" and then held for 3 min. MS data were recorded
at 70 eV (EI). Masses were recorded in positive mode in a
range between 50 and 650. GC-FID analysis was performed in
the same way.

Compounds for NMR studies were dissolved either in
CDCI; or benzene-ds. >C NMR spectra were measured with a
Bruker Avance-III 500 MHz spectrometer equipped with a cryo
probe head (5 mm CPQNP, 'H/"*C/>'P/*°F/*°Si; Z-gradient). "H
NMR spectra as well as the 2D experiments (HSQC, HMBC,
COSY, NOESY) were obtained on an Avance-I 500 MHz system
with an inverse probehead (5 mm SEI, "H/**C; Z-gradient). The
temperature was set to 300 K. Resulting data was processed
and analysed by TOPSPIN 3.0 or MestreNova. Chemical shifts
were given in ppm relative to CDCI; (8 = 7.26 ppm for 'H and
8 =77.16 ppm for *C spectra) or benzene-dg (5 = 7.16 ppm for
'H and § = 128.06 ppm for >C spectra).

Techno-economic analysis

SuperPro Designer (SPD) V10 (Intelligen, Inc., Scotch Plains,
NJ, USA) was used to construct a basic in silico cost estimation
model for the commercial production of erogorgiaene for each
a chemical and a biotechnological production approach.®®*°
The data presented in this study was applied as the base case
for the biotechnological process simulation, while the chemi-
cal synthesis route was based on results reported by Elford
et al., 2011."° A production site with a capacity for the pro-
duction of 10 kg erogorgiaene was the base for this compari-
son. For determination of the required machine sizing,
process cycle timing, and respective purchasing cost (PC), the
built-in material and energy balance data in SPD were applied.
Raw material scale up and consumption was calculated from
the reaction formulas and media composition for each the
chemical and biotechnological process approaches. For cost
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calculations, recovery of solvents including a 5-10% annual
evaporation loss and recovery and recycling (1000x) of catalysts
for chemical synthesis steps were assumed. Laboratory scale
prices (retrieved from Sigma-Aldrich) for reagents were applied
with a discount of 30% in order to delinate bulk procurement
pricing. Capital costs including installation, warehousing, site
development, additional piping, construction, and contin-
gency were estimated as a percentage of the inside-battery-
limit (ISBL) equipment costs based on percentages retrieved
from the NREL database.”® Operational costs were extracted
from the build-in model from SPD V10. Details concerning the
basic cost estimation model are presented in the ESL.{
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Abstract

Background: Terpene synthases are versatile catalysts in all domains of life, catalyzing the formation of an enormous
variety of different terpenoid secondary metabolites. Due to their diverse bioactive properties, terpenoids are of great
interest as innovative ingredients in pharmaceutical and cosmetic applications. Recent advances in genome sequenc-
ing have led to the discovery of numerous terpene synthases, in particular in Basidiomycota like the wood rotting fun-
gus Coniophora puteana, which further enhances the scope for the manufacture of terpenes for industrial purposes.

Results: In this study we describe the identification of two novel (+)-6-cadinol synthases from C. puteana, Copu5
and Copu9. The sesquiterpene (4)-6-cadinol was previously shown to exhibit cytotoxic activity therefore having an
application as possible, new, and sustainably sourced anti-tumor agent. In an Escherichia coli strain, optimized for
sesquiterpene production, titers of 225 mg I=" and 395 mg -, respectively, could be achieved. Remarkably, both
enzymes share the same product profile thereby representing the first two terpene synthases from Basidiomycota
with identical product profiles. We solved the crystal structure of Copu9 in its closed conformation, for the first time
providing molecular details of sesquiterpene synthase from Basidiomycota. Based on the Copu?9 structure, we con-
ducted structure-based mutagenesis of amino acid residues lining the active site, thereby altering the product profile.
Interestingly, the mutagenesis study also revealed that despite the conserved product profiles of Copu5 and Copu9
different conformational changes may accompany the catalytic cycle of the two enzymes. This observation suggests
that the involvement of tertiary structure elements in the reaction mechanism(s) employed by terpene synthases may
be more complex than commonly expected.
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Conclusion: The presented product selectivity and titers of Copu5 and Copu9 may pave the way towards a sustain-
able, biotechnological production of the potentially new bioactive (+)-6-cadinol. Furthermore, Copu5 and Copu9
may serve as model systems for further mechanistic studies of terpenoid catalysis.

Keywords: &-cadinol, Sesquiterpene, Basidiomycota, Terpene synthases, Active site architecture, Mutagenesis

Graphical Abstract

Introduction

The rapid emergence of new diseases (e.g., Covid-19)
and the excess use of common drugs such as antibiotics
continuously forces the scientific community towards
the development of new, innovative drug leads. Over the
past decades filamentous fungi have mainly been sub-
ject to research focused on the biosynthesis of major
antibiotic agents, whereas the identification of bioactive
terpenoids was largely based on the analysis of second-
ary metabolites of medicinal plants [1]. Little attention
has been paid to filamentous fungi as potential source of
new terpenoid-based bioactives. To date terpenoids rep-
resent the largest and structurally most diverse group of
natural products encompassing over 80,000 character-
ized compounds [2]. Terpenoids (and in particular the
sesquiterpenoid subfamily) are widely used in medicine
and health care for their anti-insect, anti-inflammatory,
anti-viral, anti-malarial, anti-microbial and anti-tumor
activities [3, 4]. A prominent example for a clinically rel-
evant sesquiterpenoid bioactive is artemisinin, which is

a first line treatment against malaria [5]. All sesquiterpe-
noids feature a complex C,; carbohydrate skeleton which
is formed by the cyclization of the universal, aliphatic
precursor farnesyl diphosphate (FPP), a reaction cata-
lyzed by enzymes from the sesquiterpene synthase fam-
ily. Sesquiterpene synthases typically belong to the class
I terpene synthase (TPS) family, commonly exhibiting
a o, aff or affy domain architecture for monofunctional
enzymes, with the catalytic site located in their respective
a-domains. Bifunctional class I TPS also exist, exhibit-
ing additional catalytic functions in either a second a- or
the y-domain (displaying the class I—class I aa or class
I—class II afy domain architecture) [2]. All class I TPSs
share highly conserved sequence motifs in their respec-
tive a-domains, such as the aspartate-rich DDXXD (DD)
dyad and the (N,D)D(L,LV)X(S,T)XXXE (NSE) triad,
with both being involved in complexing of three Mg*"
ions that are essential for catalysis [2]. Furthermore, class
I TPSs share a WxxxxxRY sequence motif that facilitates
the closure of the active site via salt bridge formation
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upon substrate binding [6, 7]. In this regard, the Strepto-
myces-derived class I di-TPS CotB2 [8] and the trichodi-
ene synthase from Fusarium sporotrichioides [9], yielding
the sesquiterpene trichodiene, belong to the best studied
TPSs to date [6, 10]. Detailed computational studies on
the mechanism employed by trichodiene synthase have
highlighted the relevance of a bifacial active site architec-
ture consisting of a highly polar region to promote bind-
ing of diphosphate (PP region) and a hydrophobic pocket
lined with aromatic amino side chains to guide the propa-
gation of carbocations [10, 11]. Upon the initial substrate
binding within the PP region, which also involves the
complexation of the diphosphate moiety by the tri-Mg?*-
cluster, the active site is closed (induced fit) [7, 10]. In the
first step of the chemical reaction, C—O bond cleavage
and the abstraction of the PP moiety result in the forma-
tion of a farnesyl carbocation intermediate. Subsequently,
the carbocation relocates to the hydrophobic pocket; the
rate of this rearrangement, and therefore the maturing
of the carbocation to the respective cyclized (sesqui-)
terpene, is controlled by electrostatic interactions within
the active site [11]. The structure of the mature terpene is
ultimately defined by the amino acid residues lining the
hydrophobic binding pocket [2, 11]. Therefore, detailed
knowledge about catalytically essential residues within
the active site of TPSs may guide the engineering of such
enzymes towards targeted products (e.g., new natural
bioactives).

This study reports the identification of two new sesqui-
TPSs, Copu5 and Copu9, from the wood rotting fungus
Coniophora puteana via a genome mining approach. Both
enzymes can be classified as class I terpene synthases and
catalyze the formation of (4)-8-cadinol as main product
from its direct precursor FPP. (4)-8-cadinol, which is also
known as “torreyol” or “pilgerol” [12], has been subject to
numerous studies over the past decades including bioac-
tivity tests [13, 14]; plant extracts containing cadinene-
type sesquiterpenes (e.g., O-cadinol) were shown to
have anti-microbial, anti-fungal and anti-inflammatory
properties [15, 16]. Furthermore, purified (+)-8-cadinol
exhibited cytotoxic activity against MCE7 cells with an
IC;, of 3.54+0.58 pg ml™! [17]. To date only two other
terpene synthases predominantly forming &-cadinol
have been identified, BvCS from Boreostereum vibrans
[18] and GME3638 from Lignosus rhinocerotis [17] with
sequence similarities of 41.4% and 58.3% compared to
Copu9, respectively (Additional file 1: Fig. S3). Interest-
ingly, exactly like Coniophora puteana, both organisms
belong to the division of Basidiomycota. Analyses of the
amino acid sequences and corresponding tertiary struc-
ture elements of Copu5 and Copu9, employing protein
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crystallization and homology modelling techniques,
revealed that both enzymes share an almost identical
active site architecture. Structure-based mutagenesis
was employed to probe the role of catalytically important
residues, with a view to provide a platform for product-
targeted engineering of TPSs.

Results and discussion

Identification of potential sesquiterpene synthases

A previous study reported the identification and func-
tional characterization of several putative TPSs within
the genome of the wood rotting fungi C. puteana. Two
of these candidates were indeed shown to be efficient
and highly selective sesqui-TPSs producing cubebol
and P-copaene, respectively [19]. However, the major-
ity of these putative TPSs still await characterization.
To gain further insight into the terpenom of C. puteana,
the genome of C. puteana was probed for the presence
of additional TPS-like sequences using a Basic Local
Alignment Search Tool (BLAST) with the amino acid
sequence of the recently identified cubebol synthase
Copu3 [19] as reference. Six candidates were identi-
fied (Copu5: XP_007765330, Copu6: XP_007773189,
Copu7: XP_007767204, Copu9: XP_007765560, CopulO:
XP_007766266.1 and Copull: XP_007767169.1), all of
which contain the aspartate-rich DDXXD motif and the
NSE triad, which provide ligands for the three essential
Mg?" ions in the active site (Additional file 1: Fig. S1 and
S2) [2, 7]. The class I TPS-specific WxxxxxRY motif, a
component of the induced fit mechanism, is also con-
served [6]. Beyond these motifs the level of sequence
conservation is considerably lower, with the six newly
identified putative TPS sequences sharing only 24-37%
sequence similarity with Copu3.

Heterologous expression in Escherichia coli

and characterization of produced sesquiterpenes

In order to biochemically and functionally characterize
the novel TPSs from C. puteana, their respective open
reading frames (ORFs) were codon-optimized for het-
erologous expression in E. coli and cloned into a single
operon expression system as described previously[19].
The employed expression system, also includes the
native E. coli non-mevalonate pathway (MEP) bottle-
neck enzymes 1-deoxy-D-xylulose-5-phosphate synthase
(DXS; WP_099145004.1) and isopentenyl-pyrophosphate
isomerase (IDI; AAC32208.1) to enhance sesquiterpene
production as previously described [19, 20]. In addi-
tion, the ORFs of the TPS candidates were also cloned
into a two-plasmid diterpene production system, which
includes a geranylgeranyl diphosphate synthase (crtE
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from Pantoea ananatis; ADD79325.1) [21], to test for
possible catalytic activity towards diterpene production.
In preliminary experiments Copu6, Copu7, CopulO and
Copull did not show any catalytic activity when tested
for sesquiterpene production using the single operon
expression vector nor for diterpene production applying
the two-plasmid system. Therefore, these four putative
TPSs are considered as non-viable protein sequences.
Basidiomycota like C. puteana are prone to alterna-
tive splicing events which especially occur in organisms
under stress conditions [22, 23]. Therefore, it is likely that
the in silico annotated TPS coding sequences encompass
variations of the enzymes, that result in inactive enzyme
variants. Active variants of the annotated genes might
occur in vivo during splicing events caused by exogenous
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stress conditions. In contrast, GC-MS analysis of Copu5-
and Copu9-expressing E. coli extracts showed catalytic
activity towards the production of five different sesquit-
erpenes, when co-expressed with the MEP bottleneck
enzymes (Fig. 1). Both cell extracts show typical fragmen-
tation patterns at 105, 119, 161 and 204 m/z indicative
of non-functionalized, cyclic sesquiterpenes. Moreover,
m/z values at 105, 119, 161, 204 and 222 suggest that
the generated sesquiterpenes are decorated with a single
hydroxyl group. Interestingly, Copu5 and Copu9 appear
to be very selective showing only one prominent GC—
MS signal with a typical mass pattern representative of a
mono-hydroxylated sesquiterpene (parent ion 222 m/z;
RT: 17.09 min). Remarkably, the cyclisation products
generated by both Copu5- and Copu9 display the same
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fragmentation pattern, indicative of formation of identi-
cal sesquiterpenes (Fig. 1).

Structure elucidation of generated sesquiterpenes

In order to structurally identify the sesquiterpenes gener-
ated by Copu5 and Copu9 a detailed comparison of their
mass spectra with the National Institute of Standards
and Technology (NIST) database was performed [24].
This evaluation of the E. coli extracts expressing Copub
and Copu9 revealed (+)-8-cadinol (RT: 17:66 min; par-
ent ion mass 222 m/z, major daughter ions at 119, 161
and 204 m/z) as the main product (Fig. 1). The identity
of this product was confirmed via NMR experiments
(Standardized on solvent (CDCl,) peak: 'H=7.26 ppm,
13C=77.2 ppm 'H NMR (500 MHz, CDCl,) § 5.51 (dq,
J=5.3, 1.6 Hz, 1H), 1.98 (m, J=13.9, 10.4, 6.2 Hz, 4H),
1.92-1.85 (m, 1H), 1.66 (s, 3H); 1.63-1.45 (m, 5H),
1.35-1.25 (m, 1H), 1.29 (s, 3H), 1.09 (qd, J=13.2, 4.2 Hz,
1H), 0.88 (d, ] =6.9 Hz, 3H), 0.81 (d, ]=6.9 Hz, 3H); **C
NMR (126 MHz, CDCl;) 6 134.36, 124.61, 72.55, 45.55,
44.08, 36.77, 35.31, 31.14, 27.97, 26.41, 23.66, 21.70,
21.52, 18.51, 15.31.) in conjunction with a compari-
son to reported NMR data (Additional file 1: Figs. S4—
S11) [17]. In addition to the main cyclisation product
(4)-8-cadinol, the sesquiterpenes tau-muurolene (RT:
15.51 min), delta-cadinene (RT: 16.03 min), cubebol (RT:
16.05 min) and a-cadinol (RT: 17.78 min) were putatively
assigned as minor products in both extracts as indicated
by comparison of GC-MS fingerprint spectra with NIST
database references (Fig. 1). Based on these product pro-
files both Copu5 and Copu9 can be designated as new,
highly selective (+)-8-cadinol synthases. The product
selectivity of (sesqui-) TPSs varies significantly within
this versatile enzyme family ranging from single product
formation (e.g., (+)-8-cadinene synthase from Gossyp-
ium arboreum) to a product portfolio of over 50 different
compounds (e.g., y-humulene synthase from Abies gran-
dis) [19, 25, 26]. In contrast to the common function of
an enzyme as an accelerator of a reaction rate, the cata-
lytic challenge for TPSs rather lies in the control of the
highly reactive carbocation intermediates alongside their
reaction trajectory [27]. The product distribution in TPSs
is guided by several factors such as: (i) the activation of
the C—O bond by the pyrophosphate-Mg”"-cluster in the
active site, (ii) electrostatic interactions that lead to the
sequestration of the active site, (iii) the specific position-
ing of water molecules or acidic/basic residues, that facil-
itate site-specific hydroxylations or (de)protonations, and
(iv) a specific active site architecture that pre-shapes the
carbocation intermediate [11, 27]. For instance, for two
fungal sesquiterpene synthases, Cop4 and Cop6 from
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Coprinus cinereus, it was demonstrated that a smaller
carbocation binding pocket lead to a more specific
product profile as the carbocation intermediate is more
restricted along its potential cyclization routes [28, 29].
At present, all functionally characterized sesquiterpene
synthases from C. puteana show a highly specific product
distribution, indicating that their active site architectures
may be very effective in restricting the carbocation inter-
mediates, thereby preventing undesired side reactions.

Technical scale production of (+)-6-cadinol

Mischko and co-workers demonstrated that the TPSs
from C. puteana have both a high product selectivity as
well as high product titers [19]. In order to investigate
the performance of the newly identified (+)-8-cadinol
synthases Copu5 and Copu9 in an optimized E. coli pro-
duction host, technical scale, fed-batch fermentation
experiments were carried out using a 1.3 L parallel fer-
mentation system as described previously [19]. Escheri-
chia coli cultures co-expressing Copu5 and the respective
MEDP bottleneck enzymes reached stationary phase after
48 h with a final ODg, of 88 and a (+)-8-cadinol titer of
225 mg 17! (Fig. 2). Based on this data a Copu5-specific
productivity of 4.7 mg 1=! h™! was calculated. In con-
trast, Copu9-expressing cultures reached a final ODyg,
of 126 and a (+)-8-cadinol titer of 395 mg ™!, entering
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Fig. 2 Growth curves of technical scale for the fed-batch
fermentation of a Copu5 and b Copu9 in respective E. coli production
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Ringel et al. Microbial Cell Factories (2022) 21:64

stationary phase after 48 h (Fig. 2). The calculated pro-
ductivity of Copu9 was 8.2 mg 1! h™?, respectively. Since
equal fermentation parameters were maintained in the
fermentation of Copu5- and Copu9-expressing strains,
the only varying factor was the used TPS itself. The result-
ing different biomass (ODy,) and §-cadinol accumula-
tion is thus likely to be a result of a difference in metabolic
burden. To date only a few attempts for the biotechno-
logical production of 8-cadinol by microbial hosts have
been reported, all of them resulting only in minor yields
(no larger than 1 mg 17') [17, 18], and hence, despite its
promising pharmaceutical properties, §-cadinol is mainly
referred to as constituent of various plant extracts used
in traditional medicine [15, 30, 31]. Therefore, our titers
not only significantly exceed those of previous studies, but
also, provide an opportunity to sustainably and scalably
generate this highly valuable natural bioactive.

Structural comparison of Copu5 and Copu9

Copu5 and Copu9 exhibit the same product profile (Fig. 1)
but differ in their productivities (Fig. 2). The two enzymes
share 52.7% sequence identity and a homology of 65.2%
(Additional file 1: Figs. S2 and S3). In order to gain insight
into residues, that promote the high selectivity of these
enzymes, but also the enhanced productivity of Copu9,
crystallization trials were carried out. Copu9 could not be
crystallized in its open, resting state conformation, but co-
crystallization with the non-hydrolysable FPP substrate

Page 6 of 15

mimic (4-amino-1-hydroxybutylidene)bisphosphonic acid
(alendronate, AHD) and MgCl, resulted in crystals suitable
for the collection of X-ray diffraction data. The obtained
structure thus represents the closed, catalytically active
Copu9 (Copu9-Mg,-AHD) conformation. No crystals were
obtained for Copub. In order to further understand the
differences of Copu9 and Copu5 a thermal shift assay was
performed revealing a significantly lower melting temper-
ature for Copub5 in its apo state as well as bound to AHD
[27.6£1.0/33.5+0.8 °C compared to 37.2+0.6/44.3+0.6 °C
of Copu9 in pyrophosphate containing Copu5 buffer (Addi-
tional file 1 Fig. S15)]. This might be an explanation for the
difficulties in purification of Copub.

Crystals of Copu9-Mg,-AHD diffracted to a resolu-
tion of 1.83 A (Additional file 1: Table S1). The enzyme
forms a homodimer both in crystallo and in solution as
observed in size exclusion chromatography. Inspection
of the electron density clearly revealed bound AHD and
the presence of three Mg?" cations (Additional file 1:
Fig. S13) in a closed conformation. Both poly-peptide
chains are practically identical with a root mean square
deviation (rmsd) of 0.32 A for 330 pairs of Ca atoms. The
structure of Copu9 is complete except for its 13 N-ter-
minal residues. While TPSs generally are helical bundle
proteins lacking any B-strands, two short B-strands are
present in Copu9, one at the N- and one at the C-terminal
ends (Fig. 3a, b and Additional file 1: Fig. S12). These two
B-strands (T17-L21 and R335-L339) form an antiparallel

Fig. 3 Overall architecture of one monomer of Copu9; a a-helices are drawn as blue cylinders and B-sheets as green arrows. The Asp-rich motif
is colored in salmon and the NSE motif in yellow. The three Mg?* ions are shown as green spheres and the AHD in stick representation; b View of
panel a rotated by 90°, resulting in a view from the top into the active site; ¢ detailed view of the Asp-rich and the NSE motif. The three Mg®* ions
are octahedrally coordinated by side chains of the catalytic motifs, water molecules and the phosphate functions of AHD
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Fig. 4 Overall view on residues lining the active site of Copu9. Same color coding as in Fig. 3. The three Mg’* ions are shown as green spheres and
the AHD in stick representation. The cavity of the active site pocket is indicated as an inverted surface displayed in gray

[-sheet, which might further stabilize the closed confor-
mation. Copu9 shows the classical ?DDWLD'® (located
on a-helix C) and *°NSE*** (located on the opposing
a-helix H) motifs. The C-terminal 3" WxxxxxRY>?* motif
adopts a random coil conformation and folds onto the
active site, reflecting the closed conformation of Copu9.
Latter conformation of the 37WxxxxxRY*?* segment
is identical as previously observed in CotB2 [6]. There-
fore, both side chains of R223 and Y324 point towards
the active site. R223 established a bidentate salt-bridge
to Asp99 of the Asp-rich motif. R324 forms a hydrogen
bond to one phosphate function of AHD. The pyroph-
osphate sensor [32] R188 is located on «-helix G1 and
establishes a bidentate salt-bridge to the second phos-
phate group of AHD.

The active site is mainly lined by hydrophobic residues:
L72, M92, L.95, F96, F163, S193, G194, C195, C198, V231,
T232 and W310 (Fig. 4). Based on a DALI search [33],
the closest structural homologue to Copu is Selinadiene
synthase (SdS; PDB-ID 40KM [7]) (Additional file 1:
Table S2). The two structures superimpose with a rmsd of
1.45 A for 296 pairs of Ca atoms.

Since we could not obtain an experimental structure
of Copu5, we predicted the structure by the ROBETTA
server [34]. To validate the prediction, we initially pre-
dicted the structure of Copu9. The obtained model,
in its open, inactive conformation superimposes very
well, with the experimentally obtained structure of
Copu9-Mg2+3-AHD (Additional file 1: Fig. S16 and
Table S3). The largest differences in the protein back-
bone are observed in the N- and C-terminal extensions
of the protein (Additional file 1: Fig. S16). As anticipated,

the active site of the modeled structure is wider, due to
the absence of the Mg2+ ions as well as alendronate,
since both a-helices harboring the metal binding motifs
are tilted away from the active side. A similar observa-
tion is made in the model of Copu5 that largely resem-
bles the fold of Copu9 (Additional file 1: Fig. S16b, ¢ and
Table S3). The amino acid sequences in their hydrophilic
PP binding pockets are highly conserved (DDXXD:
Copu5:  ?DDWSD%, Copu9: *DDWLD!%; NSE:
Copu5: 2’NDVFSYNKE?®, Copu9: 2*NDIFSYNKE?**3;
WxxxxxRY: Copu5: ***WSFETERY>!®, Copu9: 3" WSFD-
SHRY??*) (Additional file 1: Fig. S2). Furthermore, the
12 residues involved in either pre-shaping the geometry
or the propagation of the carbocations in the hydro-
phobic pocket of the active site are identical in the two
enzymes (Additional file 1: Fig. S12 and Table S4) which
is likely to be the cause of their identical catalytic activ-
ity. To the best of our knowledge Copu5 and Copu9 are
the first reported TPSs from the same organism with the
same product profile and an almost equivalent active site
decoration. To this end, there are two residues located
in the second shell of residues lining the active site and
thus merely surrounding first shell residues, which are
different between Copu9/Copub: namely (F91/Y84), and
(C198, V190), respectively. By contrast, both Copu5 and
Copu9 only share four of the 12 relevant residues in the
hydrophobic pocket with the previously reported cube-
bol synthase Copu3 [19] (Additional file 1: Fig. S12 and
Table S4). The remaining eight amino acid side chains are
thus likely to play an important role in guiding the prod-
uct profiles of Copu3 and Copu5/Copu.
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Structure-based mutagenesis targeting active site residues
In order to evaluate their roles, each of them was itera-
tively changed in Copu5 and Copu9 to their counterpart
present in Copu3. As the main product of Copu3 is cube-
bol [19], which is also produced in minor amounts by
Copu5 and Copu9 (Fig. 1), the mutations introduced into
Copu5 and Copu9 were anticipated to shift their product
profile towards that of Copu3, i.e., generation of cubebol
as the main cyclization product (Fig. 5).

The Copu5 variants T66C, C69V and T184N and the
Copu9 variants T73C, C76V, T192N, G194A, C195V and
P197C did not affect their product spectrum. In contrast,
Copu5 variants G186A, C187V and S306N and Copu9
variants N228A and S314N showed increased synthesis
of minor products (Fig. 1, Additional file 1: Fig. S17 and
S18), while the P189C variant of Copu5 exhibited lower
product formation indicating, that this residue is either
essential for catalysis or interferes with the catalytically
active, closed conformation. Notably, Copu5 variants
C187V, N220A and S306N as well as Copu9 variants
N228A and S314N showed the formation of an addi-
tional side product, germacrene D-4-ol (Additional file 1:
Figs. S17-S19; RT: 16.85 min; identified by a comparison
to the NIST database [24]). Interestingly, germacrene
D-4-ol is also a side product of Copu3.'%

In order to further evaluate the influence of the con-
ducted point mutations on the synthases’ catalytic prop-
erties in vitro kinetic experiments were performed. All
kinetic parameters obtained from Copu9 and its variants
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reaction with FPP are listed in Table 1 (Fig. 6, Additional
file 1: Fig. S21). Copu9 WT and all variants show com-
parable binding affinity (K,) towards FPP. However,
Copu9 variants C76V, N228A and S314N show a minor
decrease in catalytic turnover (k) compared to Copu9
WT, while variants T73C, T192N, G194A, C195V and
P197C either retain WT k, or show a slightly increased
catalytic turnover compared to Copu9 WT (Table 1,
Fig. 6). Copu9 WT and all variants also show compara-
ble catalytic efficiency (k.,/K,,). However, variant C76V,
which showed a minor decrease in catalytic turnover,
exhibits slightly higher substrate specificity. Interestingly,
the variants N228A and S314N, show a tendency towards
decreased substrate specificity which possibly reflects
the minor changes in their product spectrum. All kinetic
parameters observed for Copu9 WT and its variants are
within range of the respective kinetic constants of the
kinetically well characterized fungal sesquiterpene syn-
thases Cop4 and Cop6 from Coprinus cinereus [29]. In
contrast to Copu9, it was only possible to purify Copu5
using pyrophosphate containing buffers due to its signifi-
cant in-vitro stabilizing effect. Hence, we were not able to
determine the in-vitro kinetics of Copu5 and its variants.

However, none of the variants neither significantly
changed the product profile towards another major
product, such as cubebol, nor showed a drastic change
in its respective catalytic properties. Copu5 appears to
be more receptive to single amino acid changes whereas
Copu9 largely compensates mutations and retains its

as spirals. Identical amino acids between Copu3 and Copu9 are indicated as grey spheres. Residues that have been subjected to mutagenesis
without altering the product are shown as teal-colored spheres. Single amino acid exchanges with an effect on the product profile are drawn as
magenta-colored spheres. b Magnified view into the active site (same perspective and color coding as in panel a), with residues numbered
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Table 1 Steady-state kinetic parameters of Copu9 and its
variants calculated from the EnzChek™ pyrophosphate assay

Copu9 Keae [s7] K, [UM] kcat/Kgn
(x10°)
s'M]
WT (324£0.03) x 107 459£0.17 7.067
T73C (5.0240.26) x 1072 6.28+1.37 7.995
c7ev (2914£0.07)x 107 3.14£045 9.252
T192N (3.96£0.08) x 107 8.28+0.60 4.782
G194A (360-+0.05) x 1072 700+0.37 5.135
C195V (398+£0.07) x 107 848+0.51 4.692
P197C (3.8140.10) x 1072 6.82+0.77 5584
N228A (2624£0.07) x 107 4424059 5.940
S314N (19240.05) x 1072 510+0.54 3.755

wild-type product profile. Recently, it was demonstrated
that mutations in loop regions distinct from the active
site may result in drastic catalytic differences in related
synthases [28]. Considering the proposed cyclization
mechanism required to form cadinene-type sesquiter-
penes (Additional file 1: Fig. S20) every mutation carried
out for Copu5 and Copu9 would be anticipated: (i) to
have an effect (stabilizing or destabilizing) on the reac-
tion of the carbocation intermediates as well as, (ii) to
allow or restrict water molecule(s) to enter the active site
[19, 26, 35]. In particular, residues C187, N220 and S306
in Copu5 and corresponding residues in Copu9 (N228
and S314) appear to have an impact on controlling the
carbocation reaction trajectory of the germacryl cation,
which is the common intermediate of the cadinene and
germacrene cyclization trajectories (Additional file 1:Fig.
S20) [19, 26, 29]. However, the impact of single amino
acid substitutions in Copu5 and Copu? is relatively small
when compared to other TPSs (e.g., CotB2) [36-39]. In
that context, residues lining the entrance of the active site
(e.g., residues G186 and C187 in Copu5) affect product
specificity.
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The directed modulation of a product profile towards
a defined product was previously demonstrated for
(4)-8-cadinene synthase from G. arboreum [26]. The
main product of that synthase was altered towards the
production of germacrene D-4-ol by specific muta-
tions within the G1 and G2 a-helices in the hydrophobic
pocket of the active site of this enzyme. These helices and
the small linker region connecting them, were shown to
be important for product specificity in class I TPSs [7, 26,
40]. Upon substrate binding this segment is subject to a
conformational change triggered by a conserved effec-
tor triad, which was first identified in the C-terminal end
of the G1 a-helix of SdS (residues Argl78, Asp181 and
Gly182 [7]). This induced-fit mechanism triggers sub-
strate ionization and therefore represents the starting
point of the subsequent carbocation cyclization trajec-
tory towards germacrene D-4-ol. By a superimposition
of the SdS and Copu9 structures in conjunction with an
inspection of a sequence alignment that also includes
Copub, this effector triad could also be identified in the
C-terminal ends of the G1 a-helices of Copu5 (R182,
D183 and S185) and Copu9 (R190, D191 and S193),
respectively. However, instead of the commonly found
glycine at the third position of this triad, both Copu5 and
Copu9 employ a serine residue (S185 and S193, respec-
tively). Single mutations in the vicinity of the effector
triad of Copu9 (i.e., T192, G194, C195 and P197) have
no significant effect on the catalytic properties nor prod-
uct profile of that enzyme (vide supra). However, muta-
tions of the corresponding glycine (G186) and cysteine
(C187) residues in Copu5, both located in the linker
region between the a-helices G1 and G2, alter the prod-
uct profile, with the G186A variant also promoting the
formation of germacrene D-4-ol (Additional file 1: Figs.
S15-S17). This glycine and cysteine residues are the clos-
est residues within the hydrophobic pocket to the phos-
phate moiety of the bound substrate (see G194 and C195
in Fig. 5).

a b C
Copu9 WT Copu9 N228A Copu9 S314N
0.05- 0.05+ 0.05+
0.04 0.04 0.04
@ 0.03- @ 0.03 @ 0.034
= = =
= - =
S 0.02- S 0.02 S 0.02-
0.014 0.01- 0.014
0.00 T T T J 0.00 T T T , 0.00 T T T "
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
FPP[uM] FPP[uM] FPP[uM]
Fig. 6 In vitro Michaelis-Menten kinetics of Copu9 WT (a) and the variant N228A (b) and S314N (c) using the EnzChek pyrophosphate Assay. A
non-linear regression analysis was performed on the data collected from the time-resolved steady- state kinetic assay
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Therefore, the results presented herein point out: (i)
that the serine residue in the effector triad may be impor-
tant in promoting the production of (+)-8-cadinol, but
also (ii) that there are likely additional tertiary structural
elements, that influence the product profile of sesqui-
TPSs, possibly by affecting the interface between the
hydrophilic and hydrophobic regions in the active site,
and/or by interaction with the linker region between
a-helices G1 and G2. This is in agreement with studies
exploring the influence of domain-domain interactions
on the catalytic function of TPSs [41, 42]. It was shown
that different bifunctional TPSs exhibit varying degrees
of domain-domain interdependence regarding their cata-
lytic activity. Upon separation of the a and fy domain in
Ent-kaurene synthase from Phaeosphaeria sp. [42], the
single domains still showed catalytic activity but cata-
lytic activity was decreased by 30-fold compared to the
wild-type full-length protein. Taxadiene synthase from
Taxus brevifolia also showed severely compromised cata-
lytic activity in its a-domain when being separated from
the Py-domain [43]. In contrast, the separation of the
same domains in abietadiene synthase from Abies gran-
dis [41] led to a complete loss of function of the separate
domains. Further studies on domain-domain chimeras
of fusicoccadiene synthase from Phomopsis amygdala as
well as ophiobolin F synthase from Aspergillus clavatus
showed significantly altered cyclization fidelity and cata-
lytic activity compared to the wild-type enzymes [43].
The architecture of multi-domain TPS might contribute
to the overall stability of the proteins. Moreover, tertiary
structure interactions play a significant role in shap-
ing the active site for precise chemical control along the
carbocation reaction trajectory. Especially for residues
involved in conformational changes during catalysis or
flexible tertiary structure elements this might play a big-
ger role than hitherto expected.

Conclusion

The genomes of terrestrial and marine organisms bear an
enormous and at present widely uncharacterized capac-
ity of TPSs mediating the formation of natural bioactives
[44, 45]. Similarly, although fungi are known for their
broad variety of bioactive terpenoids, fungal TPSs have
not yet been explored in depth for their potential for
biotechnology applications [35]. In this study six novel
putative TPSs from the Basidiomycota C. puteana were
characterized. Only two of them, Copu5 and Copu9,
were functional and identified as efficient and highly
product selective (4)-8-cadinol synthases (Fig. 1). Nota-
bly, these two synthases are the first TPSs that originate
from the same organism and yet have virtually identi-
cal product profiles. The observed product selectivity of
both synthases is likely to be a results of highly conserved
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sequence motifs and a carefully and equally decorated
active site. Both display excellent production and produc-
tivity for cadinol, exceeding currently available biosyn-
thesis systems by far (Fig. 2).

The crystal structure of Copu9 in complex with
three catalytically essential Mg*" ions and the sub-
strate mimic AHD was solved to a resolution of 1.83 A
(Fig. 3). This structure is the first of a class I TPS from
Basidiomycota. Structure-informed mutations in the
hydrophobic pockets of the active sites provided proof-
of-concept, that single amino acid changes can alter the
product profile of Copu5 and Copu9 from (+)-8-cadinol
to germacrene D-4-ol. However, despite having iden-
tical residues in the hydrophobic substrate binding
pocket, Copu5 appears to be more flexible towards
changing its product profile than Copu9. For Copu5
mutations targeting the linker between the o-helices
G1 and G2 affected the product spectrum (Additional
file 1: Fig. S12). This structural segment has previously
been shown to be important for the product specificity
in class I TPSs [7, 26, 40]. To this end, the herein pre-
sented results in conjunction with the results previously
shown for a (+)-8-cadinene synthase [26] suggest that
the helix-turn-helix motif may be a hotspot for prod-
uct shifting mutations and thus serve as a guiding sig-
nificance for the improvement of related class I terpene
synthases. The question remains why Copu9, unlike
other members of this class of enzymes, appears to be
less affected by mutations in this region. This observa-
tion may suggest a structural robustness of Copu9 and
may also be connected to its high product yield and
specificity when expressed in E. coli. It is likely, that
additional structural elements and associated confor-
mational changes play an important role in modulating
the catalytic performance and product profile of class I
TPSs. In this respect, Copu5 and Copu9 present ideal
model systems to enhance mechanistic insight into this
important class of enzymes for applications in biotech-
nology and synthetic biology.

Experimental section

General

All media components and HPLC grade chemicals were
purchased from Roth chemicals (Karlsruhe, Germany).
Technical grade solvents were obtained from Westfalen
AG (Miinster, Germany). CDCl; and Benzene-d,; were
purchased from Sigma-Aldrich (St. Louis, USA).

Gene cloning, plasmid construction and culture condition

Escherichia coli strain DH5a was used for all cloning steps
and E. coli strain HMS174 (DE3) for terpene production.
Genes encoding putative TPSs Copu5 (XP_007765330),
Copu6 (XP_007773189), Copu? (XP_007767204), Copu9
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(XP_007765560), Copul0 (XP_007766266.1) and Copull
(XP_007767169.1) from C. puteana were codon-opti-
mized for E. coli using the GeneOptimizer' " software and
subsequently synthesized by Eurofins Genomics GmbH
(Ebersberg, Germany). For sesquiterpene production
all genes were cloned into a pACYC-based vector sys-
tem containing a single operon with selected bottleneck
enzymes of the MEP pathway as previously described
[19] and the respective TPS all set under the control of
a lac-I-derived constitutive promoter [21]. For determi-
nation of potential catalytic activity towards diterpene
production all genes were cloned into a pACYC-based
expression vector system and co-transformed with a
plasmid containing essential bottleneck enzymes for dit-
erpene production as previously described [21]. All clon-
ing experiments were performed according to standard
protocols.

Cultures were grown in modified R-Media [46]
(13.3 g It KH,PO,, 4.0 g I"* (NH,),HPO,, 1.7 g I"* cit-
ric acid, 5.0 g 17! yeast extract, 4.88 ml 1”! 1 M MgSO,,
2.45 ml 171 0.1 M Fe(III) citrate, 1.00 ml 17 100 x Trace
Element Solution (5.0 g 1”1 EDTA, 84 mg 11 ZnCl,,
13 mg 1! CuClL,*2 H,0, 10 mg I"! CoCL*2 H,O,
10 mg I™! Hy;BO,, 1.6 mg 1! MnCl,*4 H,0) and 30 g 17!
glycerol at 30 °C and 100 rpm shaking. The appropriate
antibiotics kanamycin (50 pg ml™'), chloramphenicol
(35 ug ml™Y) or ampicillin (100 pg ml™!) were added as
needed.

Fermentation

Fermentation on a technical scale was performed using a
DASGIP® 1.3 L parallel reactor system (Eppendorf AG,
Germany) with a modified R-media as described above.
An overnight preculture was used for the inoculation of
the fermenters (ODgyy,=0.1). Cultivation temperature
was kept constant at 30 °C. Initial stirring velocity and
air flow were set to 200 rpm and 0.2 volumes of air per
volumes of medium per minute (vvm), respectively. Dis-
solved oxygen was kept constant at 30% and maintained
by a gradual increase in stirring velocity (max. 1000 rpm),
oxygen content (max. 100%) and airflow (max. 0.8 vvm)
during fermentation. A pH value of 7.0 was controlled by
the addition of 25% aqueous ammonia. A pH-based feed-
ing protocol was set as previously described [19, 21]. The
feeding solution consisted of 600 g 1! glycerol, 5 g 1*
yeast extract, 35 g 1"! collagen, 20 g 1! MgSO4, 0.3 g 1!
thiamine-HCl, 5 ml 17} 1 M ammonium iron(II) citrate,
20 ml 17! 100 x trace element solution (pH=7.0) [19, 47].

Terpene extraction

To extract terpenes during the screening process 20 ml
of the E. coli culture broth were mixed with 20 ml of an
extraction solution (ethanol, ethyl acetate and hexane;
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1:1:1). The mixture was shaken for 4 h at room temper-
ature and subsequently centrifuged down for 5 min at
8000 rpm to separate the organic phase. A sample from
the organic phase was then analyzed via GC-MS.

The cultivation broth from either large-scale shaking
flask experiments (1 1) or fermentation using a DASGIP®
1.3 1 parallel reactor system (Eppendorf AG, Germany)
was extracted by adding the same volume of ethanol.
This mixture was shaken on a rotary shaker (80 rpm) at
20 °C for 12 h. Subsequently % volume of ethyl acetate
was added and shaken for 3 h (20 °C, 80 rpm) followed
by a centrifugation step for 15 min at 7000g to separate
the supernatant from the cell debris. Afterwards the %
volume of hexane was added to the supernatant and
the extraction was carried out for 3 h (20 °C, 80 rpm).
The organic phase was separated using a separation
funnel and subsequently concentrated using a rotary
evaporator.

Terpene purification

The crude extract was evaporated until only the oily
resin remained. The resin was dissolved in 10 ml of hex-
ane. Subsequently, flash chromatography was carried
out to separate the terpene fraction from fatty acid resi-
dues using the flash chromatography system PLC 2250
(Gilson, USA) equipped with a Luna 10 pm silica (2)
100 A column at a flow rate of 10 ml min~'. Peaks were
detected using an Evaporative Light Scattering Detec-
tor (ELSD) flushed with nitrogen gas and a diode array
detector at 40 °C. The following gradient was applied:
100% hexane (solvent A) for 15 min, followed by a rapid
change (within 3 s) to 100% EtOAc (solvent B), a 15 min
wash with solvent B, a return to 100% solvent A within
3 s and a final wash with that solvent for further 30 min.
Fractions of interest were reduced to approximately 2 ml
using a rotary evaporator and mixed with acetonitrile.
Subsequently, the residual hexane was evaporated until
only acetonitrile (ACN) remained.

For further purification of the products, the samples
were injected into an Ultimate 3000 UHPLC system
(Thermo Scientific, USA) containing a binary pump, a
diode array detector, an automated fraction collector, and
a Jetstream b1.18 column oven. The purification of the
respective sesquiterpenes was carried out on a NUCLE-
ODUR® C18 HTec 250/10 mm and guard column holder
8 mm (Machery-Nagel GmbH & Co. KG, Germany) at
30 °C and a flowrate of 2.2 ml min~! using H,O and ACN
as solvents. The following gradient was applied: 90%
ACN for 0.5 min, increased to 100% ACN within 10 min
to remain for 12 min, decrease to 90% ACN within
0.1 min to remain for another 10 min. Fractions contain-
ing the sesquiterpene of interest were evaporated under
low nitrogen flow to dryness and subsequently dissolved
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in the solvent of interest (hexane for GC-MS analysis or
CDCI; for NMR analysis).

Analytics

Analysis and quantification of terpenes was performed
using a Trace GC-MS Ultra system with DSQII (Thermo
Scientific, USA). The sample (1 pl, 1/10 split) was injected
by a TriPlus auto sampler onto a SGE BPX5 column
(30 m, I.D 0.25 mm, film 0.25 um) with an injector tem-
perature of 280 °C. Helium was used as carrier gas with
a flow rate of 0.8 ml min~!. Initial oven temperature was
set to 50 °C for 2 min. The temperature was increased to
320 °C at a rate of 10 °C/min~! and then held for 3 min.
MS data were recorded at 70 eV (EI) in positive mode in
a range between 50 and 650. GC-FID analysis was car-
ried out accordingly. Quantification of sesquiterpenes
was carried out by correlation of the FID peak area to a
defined a-humulene standard of known quantity as pre-
viously described [19].

Purified compounds for further NMR analysis were dis-
solved in CDCl,. *C NMR spectra were measured with a
Bruker Avance-III 500 MHz spectrometer equipped with
a cryo probe head (5 mm CPQNP, TH/BC/3p /19 /29s);
Z-gradient). "H NMR spectra as well as 2D experiments
(HSQC, HMBC, COSY, NOESY) were obtained on an
Avance-I 500 MHz system with an inverse probehead
(5 mm SEL 'H/'3C; Z-gradient). The temperature was set
to 300 K. Resulting data were processed and analyzed by
TOPSPIN 3.2 or MestreNova 11.0. Chemical shifts were
given in ppm relative to CDCl, (§=7.26 ppm for 'H and
§=77.16 ppm for 3C spectra).

Protein expression and purification for crystallization
experiments

The codon optimized genes encoding Copu5 and Copu9
were fused to an N-terminal hexa-histidine-tag in a pET-
M11 vector and transformed into E. coli BL21 RIL DE3.
Overexpression was performed using auto-induction
medium at 37 °C until an OD ~ 0.7 was reached and sub-
sequently cooled down to 18 °C [48]. Cells grew 48 h and
were harvested by centrifugation (10 min, 6000 rpm at
4 °C). For resuspension of the cell pellets, buffer A was
used (Copu9: 20 mM Tris/HCI pH 7.5, 500 mM NaCl,
5 mM MgCl,; Copu5: 100 mM Tris/HCl pH 7.5, 500 mM
NaCl, 5 mM MgCl,, 10% (w/v) glycerol, 10 mM sodium
pyrophosphate, 1 mM DTT). Cells were lysed by homog-
enization at 4 °C and the lysate was cleared by centrifu-
gation (1 h, 21,000 rpm at 4 °C). Ni>*-NTA beads (cv
~1 ml; GE Healthcare) were equilibrated with buffer
A. Copu9 was loaded on the column and washed with
10 cv of buffer A containing additional 30 mM imidazole.
Copu9 was eluted with buffer A containing 250 mM imi-
dazole. Size exclusion chromatography was performed
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with a HighLoad Superdex S200 16/60 column (GE
Healthcare), equilibrated with buffer B [(Copu9: 20 mM
Tris/HCI pH 7.5, 150 mM NaCl, 5 mM MgCl,; Copub5:
100 mM Tris/HCI pH 7.5, 250 mM NaCl, 5 mM MgCl,,
10% (w/v) glycerol, 10 mM sodium pyrophosphate, 1 mM
DTT)]. Pooled protein fractions were concentrated with
an Amicon-Ultra 30,000 cell. Calibration runs were per-
formed with the high molecular weight standard (GE
Healthcare).

Thermal shift assay

Melting temperatures of Copu9 variants and Copu5 were
measured with the Mx3005P qPCR system (Agilent) in a
96-well plate format with and without alendronate. Each
well contained 8 ul SEC buffer (either of Copu9 or Copu5,
as stated in the manuscript), 10 pl protein (0.15 pg pl ™)
with 1x SYPRO Orange dye (Invitrogen) end concentra-
tion and either 2 ul water or 2 pl alendronate (0.6 mg/ml)
dissolved in water. The program consisted of three steps:
step 1 was a pre-incubation for 1 min at 20 °C, and steps
2 and 3 were cycles comprising the temperature increase
of 1 °C within 20 s. The temperature gradient proceeded
from 25 to 95 °C at 1 °C per minute. Samples were meas-
ured in triplicates. The data was acquired with MxPro
QPCR software (Agilent, Germany) and analyzed with
DSF Analysis v3.0.1 tool (ftp://ftp.sgc.ox.ac.uk/pub/bioph
ysics) and Graphpad Prism 5.0.0.228 (Graph Pad Soft-
ware Inc.). A t-test was performed with Graphpad Prism
to validate the significance of the results.

In-vitro kinetics

Time resolved kinetics were measured using the
EnzChek"" pyrophosphate assay kit (Invitrogen", Ther-
moFisher Scientific) in a 96-well-plate with a reduced
volume of 200 pl. The assay was performed as stated in
the manual using 0.8—1.2 pM of the Copu9 variants and
FPP (Sigma-Aldrich) concentrations ranging from 0 to
70 uM dissolved in methanol. Everything except the sub-
strate was mixed and preincubated at 25 °C for 10 min.
The substrate was added shortly before measurement and
mixed for 5 s prior the first measurement. The enzymatic
reaction was performed at 25 °C and the absorption was
measured at 360 nm in 30 s increments using a CM Spark
plate reader (Tecan, Germany). The data was analyzed
using Graphpad Prism 5.0.0.228 (Graph Pad Software
Inc.).

Crystallization

For co-crystallization experiments, Copu9 was concen-
trated to 28 mg ml™! as measured by the absorbance at
280 nm and incubated with a 10 -fold molar excess of
AHD for 30 min on ice. Initial crystals were obtained by
the sitting-drop vapor-diffusion method at 18 °C with a
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reservoir solution composed of 15.0% (w/v) polyethylene
glycol 3350, 100 mM Tris/HCl at pH 8.5 and 100 mM Mg
formate. Initial, inter-grown crystals were used to prepare
a seed stock. With a cat whisker, seeds were transferred
to a freshly prepared crystallization drop and crystalli-
zation plates were subsequently stored at 4 °C. Prior to
flash-freezing in liquid nitrogen, crystals were transferred
to a cryo-protectant solution composed of the reservoir
solution supplemented with 25% (v/v) ethylene glycol.

Structure determination and refinement

Synchrotron diffraction data were collected at the
beamline 14.1 of the MX Joint Berlin laboratory at
BESSY (Berlin, Germany). Diffraction data were pro-
cessed with XDS [49] (Additional file 1: Table S1).
The structure was determined by molecular replace-
ment using the coordinates of SVS_A2 (PDB-ID: 6T)Z
[50]) as search model using the PHASER software [51].
The structure was refined by maximum-likelihood
restrained refinement in PHENIX Model building [52,
53] and water picking was performed with COOT [54].
Model quality was evaluated with MolProbity [55]
and the JCSG validation server (JCSG Quality Con-
trol Check v3.1). Secondary structure elements were
assigned with DSSP [56] and ALSCRIPT [57] was used
for secondary structure based sequence alignments.
Figures were prepared using PyMOL (Schrodinger,
Inc.). The DALI server [33] was used to identify struc-
tures closely related to Copu9.

Protein modelling and phylogenetic analysis

Sequence alignments were performed using Clustal
Omega [58] by employing seeded guide trees and HMM
profile techniques as previously described [19]. To pre-
dict the tertiary structure of Copu5 and Copu9 the
ROBETTA server was used [34]. The primary sequence
of both proteins was submitted, and the server was run
with standard settings. All calculated models have been
analyzed and verified by SAVES 6.0 (https://saves.mbi.
ucla.edu/) which were subsequently analyzed within
the UCSF Chimera environment [59, 60]. For further
comparison of the sesquiterpene synthases sequences
AliView [61] was used.
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