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Abstract

Abstract

Climate change, antibiotic resistances and environmental pollution are growing threats.
Therefore, finding alternatives for fossil resources and discovery of new pharmaceuticals
grows more important every day. Natural compounds and their in vivo production
pathways proved to be a possible solution to overcome those problems. Optimized
microbial hosts can serve as sustainable production platforms for various compounds as
it is done for penicillin since many years.

The first research topic of this thesis are borneol dehydrogenases, enzymes which
convert borneol to camphor. Enantiomerically pure camphor has numerous applications
in cosmetic, pharmaceutical, and chemical industry. Thus, enantioselective borneol
dehydrogenases would be an attractive candidate to achieve enantiomerically pure
camphor. To better understand the differences of enantioselective and unselective
borneol dehydrogenases we solved the structures of two selective borneol
dehydrogenases from Salvia rosmarinus and Salvia officinalis using X-ray crystallography
and cryo-electron microscopy. The obtained structures were compared to the previously
solved structure of the unselective borneol dehydrogenase of Pseudomonas sp. TCU-
HL1.

The second focus of this thesis are terpene synthases, a class of enzymes responsible for
the cyclization of linear terpene precursors. The products of terpene synthases are
interesting candidates for the chemical and pharmaceutical industry due to their diverse
characteristics and properties. Latest advances in genome sequencing enabled the
discovery of many new and diverse terpene synthases from various organisms. We
report on the discovery of two terpene synthases from Coniophora. puteana, Copu5 and
Copu9, that not only have identical product profiles, but also show high yields in an
optimized Escherichia coli strain. Main product of both enzymes is (+)-6-cadinol that has
been shown to have cytotoxic effect on MCF7 cells and could be used as a new and
sustainable anti-tumor drug. To investigate their properties and gain deeper
understanding into their function, we attempted to crystallize and biochemically

characterize Copu5 and Copu9.
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Zusammenfassung

Zusammenfassung

Klimawandel, Antibiotikaresistenzen und Umweltverschmutzung sind wachsende
Bedrohungen. Daher wird die Suche nach Alternativen fir fossile Ressourcen und die
Entdeckung neuer Arzneimittel von Tag zu Tag wichtiger. Naturstoffe und ihre in-vivo-
Produktionswege bieten eine mogliche Losung dieser Probleme. Optimierte mikrobielle
Wirte konnen als nachhaltige Produktionsplattformen fir verschiedene chemische
Verbindungen dienen, wie es seit vielen Jahren flr Penicillin Gblich ist.

Der erste Fokus dieser Arbeit sind Terpensynthasen, eine Klasse von Enzymen, die fir die
Zyklisierung von linearen Terpenvorldufern verantwortlich sind. Die Produkte der
Terpensynthasen sind aufgrund ihrer vielfaltigen Eigenschaften interessante Kandidaten
fir die chemische und pharmazeutische Industrie. Jingste Fortschritte in der
Genomsequenzierung ermoglichten die Entdeckung vieler neuer und vielfaltiger
Terpensynthasen aus verschiedenen Organismen. Wir berichten Uber die Entdeckung
zweier Terpensynthasen aus Coniophora puteana, Copu5 und Copu9, die nicht nur
identische Produktprofile aufweisen, sondern auch hohe Ausbeuten in einem
optimierten Escherichia coli-Stamm zeigen. Hauptprodukt beider Enzyme ist (+)-6-
Cadinol, das nachweislich eine zytotoxische Wirkung auf MCF7-Zellen hat und als neues
und nachhaltiges Antitumormittel eingesetzt werden kénnte. Zur Untersuchung ihrer
Eigenschaften und um ein tieferes Verstandnis ihrer Funktion zu erlangen, haben wir
versucht, Copu5 und Copu?9 zu kristallisieren und biochemisch zu charakterisieren.

Der zweite Schwerpunkt dieser Arbeit sind Borneoldehydrogenasen, Enzyme, die
Borneol zu Kampfer umwandeln. Enantiomerenreiner Kampfer hat zahlreiche
Anwendungen in der kosmetischen, pharmazeutischen und chemischen Industrie. Daher
waren enantioselektive Borneoldehydrogenasen ein attraktiver Kandidat zur Herstellung
von enantiomerenreinem Kampfer. Um die Unterschiede zwischen enantioselektiven
und unselektiven Borneoldehydrogenasen besser zu verstehen, haben wir die Strukturen
zweier selektiver Borneoldehydrogenasen aus Salvia rosmarinus und Salvia officinalis
mittels Rontgenkristallographie und Kryo-Elektronenmikroskopie geldst. Die erhaltenen
Strukturen wurden mit der zuvor geldsten Struktur der unselektiven Borneol-

Dehydrogenase von Pseudomonas sp. TCU-HL1 verglichen.
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Introduction

1 Introduction

In a world with ever growing threats as climate change, depletion of fossil energy
sources, water pollution, and antibiotic resistances to name just a few, the need of
sustainable solutions is rising more and more. Finding new therapeutics for diseases and
sustainable green fuel resources in a CO; neutral or even negative manner has been a
challenge for quite some time. Moving away from fossil resources is a step that has to be
taken. Taking a closer look to natures solutions is one way to go.

A huge number of natural compounds have been used over centuries as drugs,
fragrances, pigments, insect repellents and much more. These natural compounds are
often derived from plants, fungi or bacteria. They can be of complex chemical structure
and have one or more chiral centers. This can lead to stereoisomers with different
properties and effects, making chemical synthesis of pure compounds with good yields
rather complicated (Brick et al., 2014). On the other side, direct extraction from their
natural sources usually requires large amounts of starting material and high energy
consumption for the isolation, leading to insufficient yields. For example the anti-cancer
drug Taxol which is extracted from the bark of the Pacific yew with a yield of in average
0.66 g/tree, which leads to the need of 3-10 trees to treat one single patient (Kathiravan
et al., 2012).

Therefore, the development of biological platforms to produce these compounds, can
be a resource-saving option, as it has been done in the past for penicillin. Specifically,
non-genetically or genetically modified organisms, as well as purified enzymes, can be
used to achieve this goal. The use of nature’s toolbox to address drug development and
their production can be of help moving away from fossil resources and reducing waste

production.

1.1 Terpenes

Terpenes are a heterogenous group of natural products consisting of over 80,000
compounds (Christianson, 2017). The properties of terpenes range from antibiotic,

cytotoxic and anti-tumor activity over insecticides to perfumes and flavours, but they can
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also serve as building blocks for synthetic polymers (Silvestre and Gandini, 2008). They
derive from isoprene (CsHs) and, depending on the number of their isoprene units, are
categorized as monoterpenes(Cio), sesquiterpenes(Cis), diterpenes(Cao), triterpenes(Cso)
and polyterpenes. They are synthesized from linear precursors like geranyl diphosphate
(GPP), farnesyl diphosphate (FPP) and geranylgeranyl diphosphate (GGPP) by enzymes
called terpene synthases or terpene cyclases (Figure 1) (Christianson, 2017).

Bioactive terpenes can be found in essential oils of many plants, which have been used
for many centuries to treat different conditions, i.e. eucalyptus oil for scarlet fever and
other infectious diseases (Curgenven, 1891; Masyita et al., 2022). This makes essential
oils and the recently elucidated genomes of their origin organisms an interesting starting
point for terpene identification and the further investigation of the enzymes involved in

their in vivo production (Drienovska et al., 2020).
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Figure 1: Terpene synthesis in vivo. a Upstream part of terpene synthesis from initial glucose
uptake to the linear terpene precursor GPP. Multiple arrows indicate several steps in between.
b Downstream part of terpene synthesis. Exemplary terpene products are indicated with arrows
from their linear precursor. Upstream part of the process is highlighted with a green box,
downstream part is highlighted with a blue box. Abbreviations: glyceraldehyde 3-phosphate
(G3P); mevalonate (MVA); methylerythritol phosphate (MEP); isopentyl diphosphate (IPP);
dimethylallyl diphosphate (DMAPP).
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Enzymes involved in downstream terpene metabolism can be divided into two groups,
the ones responsible for the carbo-skeleton formation and those taking part in further
decoration and functionalization (Brick et al., 2014; Wriessnegger et al., 2014; Dickschat,
2016). In this thesis we focus on representatives of both groups: sesquiterpene synthases
that cyclizes FPP and borneol dehydrogenases that convert the bicyclic alcohol borneol

to the ketone camphor.

1.1.1 Terpenes in white biotechnology

White biotechnology is the branch of biotechnology that focuses on industrial application
of biotechnological techniques. The main goals are the sustainable production of
different substances by microorganisms or enzymatic reactions. This is especially
interesting for substances with complex chemical structures, such as terpenes. The
chemical production of these complex multicyclic compounds often involves many highly
complex synthesis steps and yields only minimal amounts of products.

Optimizing microorganisms for the industrial production of these compounds appears to
be the logical step considering nature produced these compounds first. Therefore, it
makes sense to use nature’s toolbox as a starting point. This approach gives the
opportunity to minimize waste and save fossil resources. Enzyme engineering is an
important part in optimization of these processes as it gives the opportunity to adjust
the formed product but also the yield (Brick et al., 2014; Zhang and Hong, 2020).

The process of terpene production can be subdivided into an upstream and a
downstream part. While the upstream part focuses on the enzyme pathway responsible
for the formation of the building blocks for the linear terpene precursors from
carbohydrates, the downstream part is centered on the synthesis of the linear precursor
generating enzyme and the further synthesis and decoration needed to reach the final
product (Figure 1). In this downstream part terpene synthases (TPS) involved in the
cyclization of the linear precursors are especially interesting targets as they perform the
most challenging chemical reaction. These TPS also offer the great opportunity to shift
their product spectra or change their product via site directed mutagenesis (Lodeiro et

al., 2004; Janke et al., 2014; Driller et al., 2018).
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In addition to exploiting engineered microbial cell factories, purified enzymes can be
used in industrial context (i.e.: food industry (amylases), pharmaceutical industry
(Penicillin amidase), detergents (proteases)) either in soluble or immobilized form
(DiCosimo et al., 2013; Rigoldi et al., 2018). The usage of enzymes could also help
producing enantiomerically pure compounds, which have high demand in
pharmaceutical and cosmetic industry instead of racemic mixtures that are often hardly

or not at all separable.
1.2 Borneol dehydrogenases

Borneol dehydrogenases (BDH) belong to the family of short chain dehydrogenases/
reductases (SDR). They convert the monoterpene borneol to camphor. SDRs show a
classical Rossmann-like fold that harbors the co-factor NAD* needed for the oxidation of
the substrate (Rossman et al., 1975). The Rossmann-like fold consists of alternating a-
helices and B-strands that form a central parallel B-sheet consisting of 6 to 7 B-strands
with three to four a-helices on each side (Rossman et al., 1975; Jornvall et al., 1981; Lesk,
1995). Highly variable C-terminal regions complete the enzyme by forming the substrate
binding site (Kavanagh et al., 2008). Most SDRs share a highly conserved catalytic motif
YxxxK and a serine in their active sites, where the tyrosine acid/base properties are
enhanced by the adjacent lysine (Figure 2) (Fujimoto et al., 2001). The tyrosine abstracts
a hydrogen from the substrate, while the serine’s role is to stabilize and polarize the

carbonyl group of the substrate (Kavanagh et al., 2008).
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Figure 2: Close-up to the catalytic pocket of 30/208 hydroxysteroid dehydrogenase (PDB-ID: 2hsd
(Ghosh et al., 1994)). B-strands of 3a/20B HSD are depicted as yellow arrows and a-helices as
red spirals. Catalytic residues are shown as orange sticks and the bound NAD as sand sticks.

The observation of enantiomeric pure camphor and borneol in some plants led to the
initial idea of enantiospecific BDHs, that was confirmed in 1978 by Croteau and
coworkers with the observation of enantiospecific activity of sage extracts (S. officinalis).
Many years later, thanks to the advances in genome sequencing and genome mining
techniques, the responsible BDH could be identified, together with other enantiospecific

BDHSs from related organisms (Drienovska et al., 2020).
1.3 Terpene synthases

TPS are a group of enzymes responsible for the huge variety of terpenes. TPS cyclize their
linear precursors to mono- or polycyclic molecules. They are divided into two classes:
class | and class Il depending on their reaction mechanism. In class | TPS the initial
carbocation is formed through abstraction of the diphosphate group that is bound by 3
Mg?* ions via the DDxxD and NSE motif. In contrast, in class Il TPS a tertiary carbocation
is formed through protonation of an alkene group by the DxDD motif (Christianson, 2008;
Rudolf and Chang, 2020). In addition class | TPS have an additional c-terminal WxxxxxRY
motif that facilitates the folding of the c-terminus above the active site (Baer et al., 2014;
Rabe et al.,, 2016; Driller et al.,, 2018). These differences are also reflected in their

secondary structure and catalytic motifs. Whereas most class | TPS consist of one a-
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helical bundle domain (a-fold), Class Il TPS consist of two a-helical domains, namely B
and y (Wendt and Schulz, 1998). Although there are examples of monomeric plant class

| TPS with additional B and/ or y domains, for one domain class | TPS parallel or

antiparallel dimers are observed (Figure 3).

Figure 3: Structural comparison of three class | TPS. a Epi-aristochelene synthase from Nicotiana
tabacum (PDB-ID: 5EAS (Starks et al., 1997)), showing a two domain architecture ( a subunit
shown in teal B subunit shown in dark blue). Dimeric terpene synthases b CotB2 from
Streptomyces melanosporofaciens (PDB-ID: 40MG (Janke et al., 2014)) and ¢ SdS of Streptomyces
pristinaespiralis (PDB-ID: 40KM (Baer et al., 2014)) exhibiting a one a domain architecture ( one
protomer is shown in teal the second one in gray). CotB2 shows an antiparallel dimeric state
while SdS forms a parallel dimer.

One well studied class | TPS is CotB2, a diterpene synthase from S. melanosporofaciens
which is the first bacterial terpene synthase with a solved crystal structure (Janke et al.,
2014). Using a structure-based approach, multiple point mutations of CotB2 in the active
site have been tested for their effect on the product as observed already for different
TPS (Lodeiro et al., 2004; Hyatt and Croteau, 2005; Wilderman and Peters, 2007). CotB2
single point-mutations lead to many different products (Kim et al., 2009; Gorner et al.,
2013; Janke et al., 2014; Tomita et al., 2017; Driller et al., 2018). Further structures of
CotB2 point mutants and computational approaches supported the opinion that one role
of active site decoration is the guidance of the substrate fold and offering a suitable
chemical environment for the reaction rather than actively participating in the reaction
(Raz et al., 2020b). Since the determination of the CotB2 structure in the closed, active
and open, inactive state, further studies have shed light into the reaction mechanism of
class | TPS (Janke et al., 2014; Tomita et al., 2017; Driller et al., 2018; Tang et al., 2020).
They proposed a structure evidenced timeline that lead from an open apo state in steps
to the active closed conformation and a state after the reaction, but before the release

of the products and Mg?* ions (Driller et al., 2018). Briefly, the structures suggest a

sequential binding of the first Mg?* ion, followed by the binding of the substrate, leading
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to first conformational changes in the C-terminus (salt-bridge formation between R294
(part of the C-terminal WxxxxxRY motif) and D111 (part of the DDXD motif)). After
binding of the two remaining Mg?* ions, the C-terminus folds completely over the active
site and CotB2 cleaves the diphosphate moiety of the substrate, starting the cyclization
reaction. At the end the substrate and Mg?* ions are released, leading to the initial open
state of CotB2. A CotB2 variant lacking the C-terminus did not show any activity,
suggesting its importance in TPS function.

This suggests that TPS offer an extraordinary option for designed terpene production,
which can be used in biotechnological industry. In the focus of this thesis are two

sesquiterpene synthases of C. puteana that share identical product spectra.
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2 Aims

The aim of this thesis was to gain deeper understanding on biotechnological relevant
enzymes by solving their structures in native and substrate/product-bound states. This
was attempted by X-ray crystallography and cryo-electron microscopy. Additionally,
different biochemical methods were used to gain further insights into their biochemical
and catalytic properties. For some enzymes, structure-based mutagenesis was
conducted to gain information about the susceptibility to changes in their product

spectra. In this thesis the focus lays on the following enzymes:

e The enantiospecific borneol dehydrogenases of S. rosmarinus (SrBDH1) and S.

officinalis (SOBDH2)

e Two sesquiterpene synthases of C. puteana, Copu5 and Copu9

15
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Results and Discussion

3 Results and Discussion

3.1 Borneol dehydrogenases SrBDH1 and SoBDH2

This section refers to the following publications:
e Chanique, Andrea M.*; Dimos, Nicole*; Drienovskad, Ivana; Calderini, Elia; Pantin,

Monica P.; Helmer, Carl P. O.; Hofer, Michael; Sieber, Volker; Parra, Loreto P.; Loll,
Bernhard; Kourist, Robert (2021): A Structural View on the Stereospecificity of
Plant Borneol-Type Dehydrogenases. ChemCatChem 13 (9), S. 2262-2277. DOI:
https://doi.org/10.1002/cctc.202100110

e Dimos, Nicole*; Helmer, Carl P. O.*; Chanique, Andrea M.; Wahl, Markus C;
Kourist, Robert; Hilal, Tarek; Loll, Bernhard (2022): CryoEM analysis of small plant
biocatalysts at sub-2 A resolution. Acta cryst. D 78 (Pt 1), S. 113-123. DOI:
https://doi.org/10.1107/5S205979832101216X

Previous findings of enantiomeric pure camphor and borneol in S. rosmarinus and S.
officinalis were the first hint towards enantioselective borneol dehydrogenases in these
species (Croteau et al., 1978; Satyal et al., 2017). Our cooperation partners from the
Technical University of Graz identified several BDHs and tested them for
enantioselectivity and specificity. Two of the most promising candidates were SrBDH1
(BDH from S. rosmarinus) and SoBDH2 (BDH from S. officinalis). The lack of a structure

for an enantiospecific BDH further motivated us to pursue their structural elucidation.

3.1.1 Crystal Structure of SrBDH1

We were able to obtain crystal structures of SrBDH1 in two different space groups from
two different crystallization conditions, one with high concentrations of NaCl at 2.6 A
resolution(PDB-ID: 6ZZT (Chanique et al., 2021)) the other one with 5/4 pentaerythritol
propoxylate (5/4 PO/OH) at 2.27 A resolution (PDB-ID: 6ZYZ (Chanique et al., 2021)). The
overall crystal structure of SrBDH1 is tetrameric, which was also confirmed by SEC-MALS

(Figure 4 and Figure 6). Each protomer shows a Rossmann-like fold characteristic for the
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family of short-chain dehydrogenases/ reductases (SDR) to which the BDH belongs
(Rossman et al., 1975; Jornvall et al., 1995). This fold harbors the co-factor NAD* which
is needed for the oxidation of borneol to camphor as it serves as an oxidizing agent. While
only one protomer harbors NAD* in the high salt structure, we observe it in all four in the
PO/OH condition. It should be noted that no NAD* was added during purification and
crystallization of SrBDH1, hence it must have been co-purified with the protein itself. In
monomers with NAD* bound we observe the folded loop region from residue V197 to
S203, which cannot be observed in monomers lacking NAD*. The presence of NAD*
seems to lead to a stabilization of this loop, which then, blocked through a crystal
contact, does not allow NAD* diffusion in the high salt structure. In the PO/OH structure
we observe density for NAD* in all protomers, although at different sigma levels, which

is indicated through different occupancy levels between the protomers of one tetramer.

Figure 4: Crystal structure of SrBDH1. a homo tetrameric structure of SrBDH1 obtained in PO/OH
condition (PDB-ID: 6ZYZ). One protomer is highlighted in dark blue. NAD" is depicted as light
orange sticks. The diagonal C-terminal a-helix closing the active site is shown in teal. b protomer
of SrBDH1 rotated by 180°. The classical Rossmann-like fold is highlighted in red (a-helices) and
yellow (B-strands). The remaining structure is color coded as in panel a. ¢ color coded as panel a.
zoom in to the active site showing the C-terminal a-helix contributing to the active site formation.
Mainly hydrophobic residues line the active site of SrBDH1 (V97, G99, 1154, A155, F190,
G191, 1196, V197, and M211) and F260 from the C-terminal a-helix of the diagonal
monomer, which completes the active site together with the conserved catalytic motif
(5146, Y159, and K163) and the NAD* (Figure 5). It has been shown for other SDRs, that
the tyrosine abstracts a proton from the substrate, while the lysine enhances the

acid/base properties of the tyrosine. The serine meanwhile stabilizes and polarizes the

newly formed carbonyl group of the substrate for the further reaction (Kavanagh et al,,
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2008). Loss of activity was observed for S146A and Y159A mutant supporting their

importance in the catalysis process.
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Figure 5: SrBDH1 active site residues. Residues forming the active site are shown as dark blue
and teal (originating from another protomer, residue name is underlined) sticks. The catalytic
motif is shown as orange sticks. NAD* is depicted as sand sticks.

3.1.2 Cryo-EM structure of SoBDH2

Although SoBDH2 has 44% sequence identity and 60% sequence similarity to SrBDH1,
attempt to crystallize it failed. To have a better understanding of the reasons behind this
behavior we conducted thermal shift assay (TSA) measurements, comparing the two
BDHSs. Surprisingly, the melting temperature of SOBDH2 was around 8 °C lower than of
SrBDH1, speaking in favor of lower thermostability (Figure 6). Additionally, the
multimeric state of SoOBDH2 was analyzed via SEC-MALS. Besides a 123 kDa tetrameric
state similarly observed for SrBDH1, we identified a smaller fraction that seemingly forms
octamers with a 245 kDa apparent molecular weight for the SoBDH2. The hint towards
higher oligomeric states led us to attempt to solve the aforementioned structure using
Cryo-EM. After initial promising negative stain EM trials, we proceeded to Cryo-EM data
collection and data processing.

We were able to achieve a resolution of 2.04 A for the tetrameric SOBDH2(EMD-12739;
PDB-ID: 706P; (Dimos et al., 2022)) exhibiting a D2 symmetry, similarly to SrBDH1 and
PsBDH. Interestingly, we could not observe any octamers. The protomers adopt a
Rossmann-like fold which is required for NAD* binding, as observed for SrBDH1. For the
first 12 N-terminal residues, alongside with the preceding 6xHis tag no density was
observed, probably due to high flexibility (Figure 6). The density for a-helix C residues

Q52-G65 is weak and fragmented, reflected by elevated B factors (Figure 7). We could
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not observe any density for the co-factor NAD* in the binding pocket as well as for the
residues S205-E218. This observation was not surprising as we only observed a folded
loop in SrBDH1 for protomers with NAD* binding. Although there was no need to add
NAD* to SrBDH1 to observe it in the crystal structure and an apo structure could only be
obtained after co-crystallization trials with the substrate (+)-borneol(PDB-ID: 6770
(Chanique et al., 2021)) , which led to the reduction of NAD* and the release of product
and cofactor. We could not prevent the loss of the cofactor even when adding 3-fold
molar excess to the SOBDH2 before size exclusion chromatography. The NAD* binding

site might be artificially stabilized under crystallization conditions and prevent the

cofactor loss in contrast to Cryo-EM sample preparation.
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Figure 6: Cryo-EM structure of SoBDH2. a Cryo-EM volume of SoBDH2 (EMD-12739; PDB-
ID:706P). Each protomer is shown in a different shade of green. Red colored volume indicates
positions of water molecules. b Side view of a. ¢ Tetrameric structure of SoBDH?2 as derived from
the Cryo-EM volume. One protomer is highlighted in green. The C-terminus of another protomer
closing the active site is shown in dark green. d Zoom-in to the active site of SOBDH2. The active
site residues are shown as green and dark green (residue originating from another protomer,
residue name underlined) sticks. The catalytic residues are depicted as orange sticks. e Exemplary
melting curves of SOBDH2 (green) and SrBDH1 (blue). SOBDH2 shows a significantly lower melting
temperature compared to SrBDH1.
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3.1.3 Cryo-EM structure of SrBDH1

To further evaluate the applicability of Cryo-EM to achieve high resolution structures for
small plant enzymes, we opted to structurally analyze SrBDH1 with Cryo-EM in addition.
As mentioned above, the SEC-MALS analysis of SrBDH1 vyielded only one peak
corresponding to a tetramer, which we also observed in the crystal structures. We were
able to obtain a structure with a resolution of 1.88 A (EMD-12740; PDB-ID: 706Q, (Dimos
et al., 2022)) (Figure 7). Similar to the structure of SOBDH2, no density was observed for
the 8 N-terminal residues and the very C-terminal residue as well as for the loop region
L193- L205 due to the absence of NAD'. Except these parts, almost the entire protein
chain could be traced in the Cryo-EM map. This is reflected by an exceptional atom
inclusion level at the moderate contour level of 0.3 for 97% of all backbone atoms and
93% of all non-H atoms. The completeness of the Cryo-EM structure is virtually identical

to the crystal structures.

Figure 7: Cryo-EM structure of SrBDH1. a Cryo-EM volume of SrBDH1 (EMD-12740; PDB-ID:
706Q). Each protomer is shown in a different shade of blue. Red colored volume indicates
positions of water molecules. b Side view of a. ¢ and d show exemplary parts of the model (¢ a-
helix aF and d part of the B-sheet) in the Cryo-EM volume highlighting the high quality of the
map.

The apo crystal structure compared to the Cryo-EM model has a root-mean-square
deviation (r.m.s.d.) of 0.6 A (for 982 pairs of Ca-atoms), thus are indistinguishable. We
identified 399 water molecules uniformly distributed around the protein and in cavities
within the protein core, giving a ratio of 0.4 water molecules per residue. This is much
lower compared to a crystal structure of comparable resolution, where the expected
ratio is one water per residue (Carugo and Bordo, 1999). This might be the effect of
missing solvent channels in Cryo-EM and the missing proximity of protein molecules. In
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contrast, the observed 34 double conformations of side chains corresponding to 3.5% of
all build residues perfectly fit the expected value of 3% for protein crystal structures
between 1.0 and 2.0 A (Miao and Cao, 2016).

Interestingly, the a-helix C in SrBDH1 is much less flexible than in SoBDH2 (Figure 8). A
closer look into the crystal structure shows that it is part of crystal contacts. This might

be an explanation on why our attempts to crystalize SOBDH?2 failed.

67 A’

12 A°

Figure 8: Grouped B factor mapped onto the densities of a SOBDH2 and b SrBDH1. The color
gradient is from blue to red corresponding to increasing B factors. Regions with high B factors
are highlighted with gray ellipses and are labeled according to the assigned secondary structure.

3.1.4 Comparison of SrBDH1 and SoBDH2 with PsBDH

The structure of the first unspecific borneol dehydrogenase PsBDH originating from
Pseudomonas sp. TCU-HL1 (PDB ID 6M5N) was recently published by Khine and co-
workers making it an interesting target for comparison with the specific BDHs SrBDH1
and SoBDH2 (Khine et al., 2020). PsBDH shares a sequence identity of 30% with SrBDH1
and superimposes to SrBDH1-NAD*/high salt with an r.m.s.d of 1.52 A (Figure 9).
Interestingly, the largest differences are found upstream of BF affecting the potential
borneol binding site. In SrBDH1 the BF strand is connected to a-helix aG via a single a-
helix aFG, the same is observed for SOBDH2. In contrast, PsBDH has two a-helices aFG1
and aFG2 connecting BF and aG. While SrBDH1 has a C-terminal a-helix harboring F260
which completes the active site of the diagonal protomer, in SOBDH2 the corresponding

residue L277 is part of the C-terminal coiled coil and is absent in PsBDH.
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Figure 9: Comparison of the SoBDH2 and PsBDH to SrBDH1. a Overlay of SoBDH2 (green) and
SrBDH1 (transparent blue). b Active site residues of SOBDH2 and SrBDH1 shown as sticks color-
coded as in a. ¢ Overlay of PsBDH (Red) and SrBDH1 (transparent blue). d Active site residues of
PsBDH and SrBDH1 shown as sticks color-coded as in c.

While SrBDH1 and SoBDH2 have a very similar active site architecture, the PsBDH active
site differs. In SrBDH1 and SoBDH2 the active site is flanked by the single a-helix aFG,
whereas the corresponding part of PsBDH consists of two a-helices aFG1 and aFG2. This,
in addition to the missing C-terminal counterpart from another protomer, leads to a
broader active site in PsBDH. This in in agreement with the observation of specific
borneol turnover for the plant BDHs with the more restrictive active site and the
unspecific turnover for the more open active site. Moreover, the observation of the C-
terminus completing the active site of the plant BDHs fits the results from earlier studies
that the C-terminus is involved in substrate binding which means variations in C-terminal

structure would have consequences on diversity of substrate specificities (Duax et al.,
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2000). The differences could be related to the original function of the enzymes. While
the bacterial BDH is part of the catabolic pathway, selectivity would restrict the enzyme
to a less broad substrate spectrum, thus potential substrates could not be degraded. In
contrast in plants BDHs are part of the anabolic pathway, its enzymes being generally

more restrictive than their catabolic counterparts.
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3.2 Sesquiterpene synthase Copu9

This section refers to the following publication:
e Ringel, Marion*; Dimos, Nicole*; Himpich, Stephanie; Haack, Martina; Huber,

Claudia; Eisenreich, Wolfgang; Schenk, Gerhard; Loll, Bernhard; Briick, Thomas
(2022): Biotechnological potential and initial characterization of two novel
sesquiterpene synthases from Basidiomycota Coniophora puteana for
heterologous production of &-cadinol. Microbial cell factories 21 (1), S. 64. DOI:
https://doi.org/10.1186/s12934-022-01791-8

For the first time two sesquiterpene synthases with the same product spectrum
originating from the same organism were discovered. These TPS from C. puteana, Copu5
and Copu9, were initially characterized by our collaborators from the technical University
of Munich. In addition to identical product spectra, both enzymes show high vyields,

Copu9 395 mg I}, even higher than Copu5 (225 mg I™%).

3.2.1 Overall Structure

To gain detailed information on the architecture of Copu9 we opted to crystalize it in its
apo state and in complex with the non-hydrolysable FPP mimic (4-amino-1-
hydroxybutylidene) bisphosphonic acid (alendronate, AHD) to compare the inactive,
open with the active, closed conformation. We were not able to crystalize Copu9 in the
open form but were successful with the closed AHD bound conformation (PDB-ID: 70FL
(Ringel et al., 2022)).

The 1.83 A resolution crystal structure revealed that Copu9 forms a dimer, characteristic
for class | TPS, in crystallo as observed in solution by size exclusion chromatography.
Copu9 is a a-helical bundle protein consisting of 15 a-helices per monomer, but in
contrast to other TPS it has two additional B-strands, located at the N- and C-terminus
(Figure 10). These two B-strands (T17-L21 and R335-L339) form a short antiparallel B-
sheet which might facilitate the closure of the enzyme, as it fixates the C-terminal lid
region above the active site. The two protomers of Copu9 show a practically identical
fold with a r.m.s.d. of 0.32 A for 330 Ca pairs. The closest structural homologue to Copu9
is the selinadiene synthase SdS (PDB-ID:40KM (Baer et al., 2014)) according to a DALI
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search (Holm, 2020). Superposition of the two structures reveals a r.m.s.d. of 1.45 A for

296 pairs of Ca-atoms showing their high similarity.

Figure 10: Crystal structure of Copu9 in complex with AHD. a Overall structure of dimeric Copu9
structure is shown as a cartoon. One protomer is highlighted in teal (a-helices and loops) and
dark blue (B-strands). AHD is depicted as black sticks. b Same color-coding as in a. Mg?* ions are
shown as green spheres. a-helices are depicted as cylinders and labeled. The NSE motif is
highlighted in yellow and the Asp-rich motif in salmon. c Same as in panel b but rotated by 90
degrees for a top view. d Coordination of AHD and the three Mg?* ions by the NSE motif (yellow
sticks) and the Asp-rich motif (red sticks). e Overlay of Copu9 (colors as before) and SdS (PDB-ID:
40KM; orange). f Active site cavity of Copu9 (colors a before) is shown as a grey negative surface.
The residues surrounding this cavity are depicted as teal sticks.

The active site of Copu9 shows the characteristic aspartate rich motif *?DDWLD!® on a-
helix C as well as the NSE motif (N235, S239 and E243) on a-helix H at the opposite side
of the active site. These residues coordinate 3 Mg?* ions needed for the binding of the
diphosphate group of FPP. This is shown in the structure by the coordination of AHD via
its diphosphate group. The C-terminal WxxxxxRY motif is folded on top of the active site,
adopting the same conformation as in the closed conformation of CotB2 (Driller et al,,
2018). As a result, R323 and Y324 point towards the active site, R323 forming a salt-

bridge with D99 of the aspartate rich motif and Y324 forming a hydrogen bond to the
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diphosphate group of AHD. R323 takes the role of the previously described diphosphate
sensor by establishing a bidentate salt-bridge to one phosphate group of AHD (Dickschat,
2016). The active site is lined by mostly hydrophobic residues L72, T73, C76, M92, L95,
F96, F163, T192, S193, G194, C195, P197, C198, N228, V231, T232, W310 and S314 as

already observed for other TPS.

3.2.2 Characterization of Copu5

In contrast to Copu9, the purification of Copu5 proved to be much more challenging.
After multiple attempts, were able to obtain pure Copu5 by adding sodium diphosphate
to the buffer to mimic the diphosphate of FPP and therefore stabilizing Copu5. TSA buffer
screening did give two hits for stabilizing buffers, but unfortunately, neither of them
stabilized Copu5 enough to purify it without the addition of diphosphate. Comparison to
Copu9 revealed a more than 10 °C lower melting temperature for Copu5 further

underlining the observed stability differences (Figure 11).
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Figure 11: Characterization and computed model of Copu5 and Copu9. a TSA results of Copu5
and Copu9. The melting temperature of Copu9 and Copu5 in diphosphate containing buffer is
37.2+-0.5 °C/27.6+-1.0 °C without AHD respectively and 44.3+-0.6 °C/33.5+-0.8 °C with addition
of 10-fold molar access of AHD. b Copu5(orange) computed model overlaid with the
experimental structure of Copu9(teal). ¢ Copu9 computed model overlaid (purple) with the
experimental structure of Copu9(teal).

After multiple trials we were not able to crystalize Copu5. To compare the active sites of
the two enzymes we used the Robetta server to predict the structure of Copu5 (Baek et

al.,, 2021). As a control we additionally predicted the structure of Copu9 using the
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Robetta server (Figure 11). The most striking differences between the modeled Copu9
and the experimental structure are in the N- and C- terminal regions. Also, the NSE and
Asp-rich motif are tilted slightly away from the catalytic pocket resulting in a wider active
site. The wider active site is a result of the absent Mg?* ions and the substrate mimic.
These are usual differences observed when comparing open, inactive and closed
confirmations of TPS (e.g., CotB2). This is also reflected in the model of Copu5.

Interestingly, the residues involved in the formation of the hydrophobic, catalytic pocket
are identical between the two TPS. Since they are involved in pre-shaping the geometry
of the product or propagation of the carbocation, this might explain the identical product
spectrum. To the best of our knowledge, Copu5 and Copu9 are the first reported TPS
from the same organism that share identical product profiles and have basically identical
active site decoration. It should be noted that differences between the two are observed
in the second shell of residues, the ones surrounding the first shell residues. In contrast,
comparing the active site residues of Copu5/Copu9 to the cubebol synthase Copu3 (also
from C. puteana (Mischko et al., 2018)), only 4 of the 12 residues in the active are
identical, while the other 8 residues might be critical in guiding the product profiles in

different directions.

3.2.3 Characterization of Copu5 and Copu9 point-mutants

To test the acceptance of point mutants and their effect on the products, we compared
active site residues to another sesquiterpene synthase from C. puteana, Copu3 (Mischko
et al., 2018). The main product of Copu3 is cubebol, which is also produced in minor
amounts by Copu5 and Copu9 in addition to their main product (+)-6-cadinol (Figure 12).
Comparing the 12 identified active site residues from Copu5/Copu9 to the ones of
Copus3, 4 residues were identical. The 8 remaining differing residues were chosen to be
targeted by a point-mutation study (Figure 13). Initially, our collaborators from the TU

Munich analysed the product spectra of each of the 16 point-mutants.
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Figure 12: Main products of Copu5/ Copu9 and Copu3: a (+)-6-cadinol is the main product of
Copu5 and Copu9. b Copu3 main product cubebol.

To our surprise, only two point-mutants of Copu9 and 3 point-mutants of Copu5 showed
an increase of side product synthesis. Interestingly, these mutants showed a new side
product, germacrene D-4-ol, which is one of the Copu3 side products. One point-mutant
of Copu5 (P189C) showed reduced product formation. This residue might be essential
for catalysis or simply interfere with the active closed conformation of Copu5. As the
corresponding point-mutant of Copu9 P197C did not show any change in productivity,
the effect observed in Copu5 P189C might also be due to a destabilizing effect on the

closed conformation, thus interfering with the active state.
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Figure 13: Characterization of Copu9 point-mutants. a One protomer of Copu9 is shown. 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 shown as orange-colored spheres.
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b Zoom into the active site. View and colors as in a with residues numbered. ¢ TSA results of
Copu9 and its variants with and without 10-fold access of AHD showing similar melting
temperatures to the wildtype. d-f In vitro Michaelis—Menten kinetics of Copu9 wildtype and the
variant N228A and S314N using the EnzChek™ pyrophosphate Assay. A non-linear regression
analysis was performed on the data collected from the time-resolved steady-state kinetic assay.

Next, we conducted in vitro kinetic measurements to evaluate the catalytic properties of
the point-mutants. While all Copu9 variants showed comparable binding affinities (Km)
towards FPP, some slight differences in catalytic turnover could be observed. Variants
C76V, N228A and S314N showed slightly decreased turnover compared to the wildtype
while variants T73C, T192N, G194A, C195V and P197C retained wildtype activity or
showed a slight increase in activity (Figure 13 and Table 1). Variant C76V showed
increased substrate specificity although the turnover is minorly reduced. Interestingly,
variants N228A and S314N show reduced substrate specificity compared to the wildtype,
which might explain the minor shift towards the side products. To exclude the possibility
of these differences being an effect of altered stability, we conducted TSA measurements
and observed similar melting temperatures for all variants in the apo state suggesting no
changes in overall stability. Overall, the observed kinetic parameters are within the range

of the previously characterized Cop4 and Cop6 of C. cinereus (Lopez-Gallego et al., 2010).

Table 1: Steady-state kinetic parameters of Copu9 and its variants calculated from the EnzChek™
pyrophosphate assay. Errors shown are standard errors as calculated with Graphpad Prism
5.0.0.228 (Graph Pad Software Inc.).

Copu9 variant | keat [s2] Km [UM] Keat/Km (x103) [s2TM2]
wild type (3.24 +0.03) x102 | 4.59+0.17 7.067
T73C (5.02+£0.26) x10?% | 6.28 +1.37 7.995
c76v (2.91+0.07) x10?% | 3.14+0.45 9.252
T192N (3.96 £0.08) x10?% | 8.28 +0.60 4,782
G194A (3.60+0.05) x10?% | 7.00 +0.37 5.135
C195v (3.98 +0.07) x10?% | 8.48+0.51 4.692
P197C (3.81 +0.10) x1072 6.82+0.77 5.584
N228A (2.62 +0.07) x10?% | 4.42+0.59 5.940
S314N (1.92 £0.05) x10?% | 5.10+0.54 3.755
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In contrast to Copu9 variants, Copu5 could only be purified in diphosphate containing
buffer due to its stabilizing effect. As the kinetic assay (EnzChek™ diphosphate assay)
measures the production of diphosphate and multiple trials to remove the diphosphate
from the sample remained unsuccessful, we could not measure the catalytic properties
of Copu5 and its variants.

Nevertheless, the effects of the point-mutation were rather mild. None of the variants
shifted the product spectrum towards the Copu3 main product cubebol. Likewise,
neither of them had drastic effects on the catalytic properties. This contrasts other
studies of TPS (i.e., CotB2) where point mutations had drastic effects (Gorner et al., 2013;
Schrepfer et al., 2016; Driller et al., 2019; Raz et al., 2020a). Overall Copu5 seems to be
more receptive to the point-mutations compared to Copu9 that largely compensates the
mutations and maintains the wildtype product profile. This might be the effect of general
enzyme stability and flexibility but could also point towards the importance of second

shell active site residues.
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4 Conclusion

Over the past decades many concerns have been raised regarding the abuse and
depletion of fossil resources in combination with the dramatic effect on climate change.
Finding climate friendly production routes for diverse known and new compounds using
microbial platforms and enzymatic reactions is a step into the right direction.

We were able to characterize two enantioselective borneol dehydrogenases of plant
origin. Despite their total molecular weight of only around 120 kDa we could solve their
structures using Cryo-EM to a resolution of at or below 2.0 A. This result shows how
structures of rather small complexes can be solved using Cryo-EM which makes this
method an interesting option even for smaller targets as our results show. The low
sample consumption makes it a good alternative to crystallization especially for targets
that are difficult to produce in large amounts or, as shown in this study, do not crystallize
due to higher flexibility. The faster sample preparation and direct structural information
make Cryo-EM a valuable tool also for high throughput screening approaches, such as
fragment screening.

The rising numbers of fully sequenced genomes enable the identification of to this day
uncharacterized TPS from different organisms and with them numerous unknown
terpenes with interesting properties. Although the variety of bioactive terpenes
produced by fungi is well characterized, their TPS are still underrepresented in the
literature (Quin et al., 2014). Therefore, we characterized two TPS originating from the
Basidiomycota C. puteana, Copu5 and Copu9, that share identical product spectra.
Remarkably, this has been the first time that two TPS from the same organism with
identical product spectra have been reported.

We were able to solve the first structure of a TPS originating from Basidiomycota. Based
on this experimental structure and a predicted structure, we compared both TPS
revealing open, inactive conformations for the predicted structures in contrast to the
closed structure obtained by crystallization in presence of the substrate mimic AHD. The
indistinguishable product spectra seem to be the result of identically decorated active
sites. Interestingly, the point-mutations introduced to the active site in this study had a

rather mild effect on enzyme activity and stability, which contrasts with other studies
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with TPS (i.e., CotB2). It is also fascinating how Copu5 is more susceptible to point-
mutations than Copu9, which might be the effect of general enzyme stability and
flexibility but could also point towards the importance of second shell active site
residues. Previous studies showed the significance of linking residues between the a-
helices G1 and G2 in other TPS (Yoshikuni et al., 2006; Baer et al., 2014; Karunanithi and
Zerbe, 2019). While mutations in this region affect the product profile of Copus5, this was
not true for Copu9. This linker region is subjected to a conformational change upon
substrate binding, triggered by an effector triad at the C- terminal end of a-helix G1. This
triad classically consists of a phosphate sensing arginine, a linking aspartate and the
effector carbonyl oxygen of a glycine residue and triggers the ionization of the substrate,
thus the start of carbocation cyclization. In the case of Copu5 and Copu9 this glycine
residue is exchanged to a serine residue. Mutations of Copu9 in the region of this triad
did not have any significant effect on neither the product spectrum nor the catalytic
properties underlining its robust structure. This structural robustness of Copu9 could be
also responsible for its high yields. This might also suggest that further structural
elements influence the catalytic performance and product spectra. This makes Copu5
and Copu9 an interesting model system to gain more mechanistic insights into class | TPS
and improve their application in biotechnology.

Since structure and function go hand in hand, the structural elucidation of
biotechnologically relevant enzymes remains an important part of their characterization.
Structural knowledge of newly discovered enzymes can help improving their stability,
selectivity, and productivity by rational design. This in turn will enable faster
development of enzymes adjusted to the industrial needs.

The better we understand the underlying mechanisms the better we will be able to

optimize them for industrial usage.
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°C degrees Celsius

A Angstrbm

AHD alendronate

BDH borneol dehydrogenase
Cryo-EM cryo-electron microscopy
DMAPP dimethylallyl diphosphate

FPP farnesyl diphosphate

G3P glyceraldehyde 3-phosphate
GGPP geranyl geranyl diphosphate
GPP geranyl diphosphate

IPP isopentyl diphosphate

Keat turnover number

kDa kilodalton

Km Michaelis-Menten constant
MALS multi-angle light-scattering
MEP methylerythritol phosphate
MVA mevalonate

NAD* nicotinamide adenine dinucleotide
PDB protein data bank

PO/OH 5/4 pentaerythritol propoxylate
SDR short-chain dehydrogenase/ reductase
r.m.s.d. root-mean-square deviation
SEC size-exclusion chromatography
TPS terpene synthase

TSA thermal shift assay
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The development of sustainable processes for the valorization
of byproducts and other waste streams remains an ongoing
challenge in the field of catalysis. Racemic borneol, isoborneol
and camphor are currently produced from a-pinene, a side
product from the production of cellulose. The pure enantiomers
of these monoterpenoids have numerous applications in
cosmetics and act as reagents for asymmetric synthesis, making
an enzymatic route for their separation into optically pure
enantiomers a desirable goal. Known short-chain borneol-type
dehydrogenases (BDHs) from plants and bacteria lack the
required specificity, stability or activity for industrial utilization.
Prompted by reports on the presence of pure (—)-borneol and
(—)-camphor in essential oils from rosemary, we set out to
investigate dehydrogenases from the genus Salvia and discov-

Introduction

The enantiospecificity of many enzymes is a key feature that is
currently exploited for numerous biotechnological processes.
Often, increase or inversion of the specificity by enzyme
engineering is necessary, for which an understanding of the
molecular mechanisms of enantiospecificity becomes crucial.
Several short-chain dehydrogenases-reductases (SDR) exert an
intriguing two-fold stereospecificity in the conversion of chiral
monoterpenoids and could potentially be exploited for the
synthesis of pure ingredients from essential oils.” These

ered a dehydrogenase with high specificity (E>120) and high
specific activity (>0.02Umg™") for borneol and isoborneol.
Compared to other specific dehydrogenases, the one reported
here shows remarkably higher stability, which was exploited to
obtain the first three-dimensional structure of an enantiospe-
cific borneol-type short-chain dehydrogenase. This, together
with docking studies, led to the identification of a hydrophobic
pocket in the enzyme that plays a crucial role in the stereo
discrimination of bornane-type monoterpenoids. The kinetic
resolution of borneol and isoborneol can be easily integrated
into the existing synthetic route from a-pinene to camphor
thereby allowing the facile synthesis of optically pure mono-
terpenols from an abundant renewable source.

enzymes catalyze the kinetic resolution of racemic alcohols and
are also capable of forming a stereocenter by the asymmetric
reduction of an enantiotopic or diastereotopic keto-group.
Terpenes are a structurally and functionally diverse group of
molecules. Their diversity is generated by the outstanding
selectivity of the biosynthetic enzymes that participate in both
the formation of the hydrocarbon skeleton and its oxyfunction-
alization and further decoration.”® Among the vast diversity of
bioactive terpenoids are the bornane-type bicyclic monoterpe-
noids borneol (endo-1a) and isoborneol (exo-1a) and their
corresponding ketone, camphor (1b) (Scheme 1). They are
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Scheme 1. Chemical structures of the terpenoids exo-1a, endo-1a and 1b and generic oxidation catalyzed by a specific alcohol dehydrogenase.

found in essential oil extracts from different plants. Their pure
isomers, and synthetic mixtures thereof, are widely used in
Chinese medicine.” Different studies have suggested their
activity as anti-inflammatory, neuroprotective and vasorelaxant
agents, making them valuable ingredients for health-related
formulations.” Derivatives of optically pure isoborneol such as
(25)-(—)-3-exo-(morpholino)isoborneol  and  (2S)-(—)-3-exo-
(dimethylamino)isoborneol also find application as chiral
ligands in asymmetric synthesis.’®”

The biosynthesis of 1b proceeds from the cyclization and
subsequent hydrolysis of geranyl diphosphate by borneol
diphosphate synthase and borneol synthase Enzymatic
oxidation of 1a by an alcohol dehydrogenase then gives rise to
1b. This biosynthetic pathway does not necessarily require an
enantiospecific borneol dehydrogenase as (+)-endo-1a is
produced from geranyl pyrophosphate already in optically pure
form. In fact, the first recombinantly produced borneol dehy-
drogenases from the plants Artemisia annua®'® and Lavandula
intermedia,"" and the bacterium Pseudomonas sp. TCU-HL1"™
did not show any significant enantiospecificity, which seemed
to confirm this notion.

Racemic 1b can easily be obtained by chemical synthesis
from a- and B-pinene with racemic 1a as intermediate. As a-
and f-pinene are side-streams in the processing of pine trees,
intermediates of this route represent inexpensive starting
material for the production of optically pure isomers of bornane
type monoterpenoids."” This can be achieved by the kinetic
resolution of rac-1b using a dehydrogenase that is enantiospe-
cific towards 1b and diastereoselective for the formation of
(+)-endo-1a. Using iterative saturation mutagenesis, we re-
cently created the first described variant of a bacterial short-
chain dehydrogenase capable of doing this.'¥ Alternatively, the
oxidative kinetic resolution of rac-exo-1a as intermediate of the
existing chemical route is shorter and would provide a clean
alternative to the isolation process from plants."

In the 1980’s, Croteau and coworkers reported the presence
of (+)-specific borneol dehydrogenase activity in sage leaf
homogenate (Salvia officinalis L.)."® Additionally, the essential
oil from the related Salvia rosmarinus is reported to contain a
high relative content of (—)-endo-1a and (—)-1b."” Based on
the hypothesis that the synthesis of optically pure 1a and 1b
isomers in Salvia species would require highly enantiospecific

ChemCatChem 2021, 13, 2262-2277 www.chemcatchem.org

enzymes, we previously identified two dehydrogenases from S.
officinalis L. that catalyze the specific oxidation of (+)-endo-1a
with outstanding enantiospecificity (E>200)."” The enantiopre-
ference of these enzymes was at first sight unexpected, as the
enzymes preferentially produced (+)-1b from racemic endo-1a,
but (-)-1b from racemic exo-1a.! Unfortunately, the low
activity and stability of both enzymes represented an obstacle
for synthetic application and structure elucidation. In order to
find an enzyme with higher stability and to understand whether
enantiospecificity is a frequent feature or an exception in this
group of dehydrogenases, we continued studying other
enzymes from the Salvia genus, specifically, S. rosmarinus and S.
officinalis. We also investigated the capability of these plant
dehydrogenases to perform the reverse reaction. Herein, we
report the specificity, substrate scope and activity of a set of
plant borneol-type dehydrogenases, with special emphasis on
the highly stable and active borneol dehydrogenase SrBDH1
from S. rosmarinus. We also determined the structure of SrBDH1
in complex with NAD* at 2.8 A resolution. This represents the
first structure of a selective borneol-type SDR; from which a
deeper insight into the molecular basis of the enantiospecificity
of the enzyme was obtained.

Results and discussion
Sequence analysis

Two putative members of the SDR class from the genome S.
rosmarinus and one from S. officinalis L."® were identified using
the BLASTP server. The percentage of identity with the
unselective AaADH2 (Artemisia annua)™® ranged between 43 %
and 53 %, making them likely candidates for borneol-converting
dehydrogenases. For S. officinalis L., the two first hits had
already been shown to convert (+)-endo-1a in an enantiospe-
cific fashion (SoBDH1 and SoBDH2)." The three putative
dehydrogenases have the typical TGxxx[AG]xG cofactor binding
motif and the YxxxK active site motif that is characteristic to the
classic SDR family (Figure 51)."" According to the classification
suggested by Kallberg etal. (2010)*? all of the alcohol
dehydrogenases investigated in this paper (except the bacterial
borneol dehydrogenase from Pseudomonas sp. TCU-HL1
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(PsBDH)) belong to the SDR110 C subgroup of the SDR super-
family (hereafter, borneol-type dehydrogenases). Other mem-
bers are the sex determination protein tasselseed-2 from Zea
mays (ZmSDP) and secoisolariciresinol dehydrogenase from
Podophyllum peltatum (PeSDH), which show a wide diversity in
terms of function and substrate acceptance within the sub-
group (Figure 1). Other subgroups displayed in the phyloge-
netic tree are tropinone reductase-like SDRs (SDR65 C), menthol
dehydrogenase-like SDRs (SDR114 C) and carbonyl reductases
(SDR21 Q).

Recombinant production and substrate scope

The recombinant production in E coli and subsequent
purification of the three enzymes yielded ~50mg L' for
SrBDH1, and values in the same range for SrBDH2 and SoBDH3
(Figure S2). Size exclusion chromatography classifies the en-
zymes as tetramers (Figure S3). SrBDH1 had a specific activity of
0.030 U mg™' towards rac-endo-1a, the highest value among
borneol-type dehydrogenases from plants. pH stability analysis
showed over 50% retention of activity for pH values between 5
and 10.5 after 30 min of incubation at the selected pH
(Figure 2A). After 24 h of incubation, the activity showed little
variation for pH between 5.5 and 10.5 (Figure 2B). This relatively

bo'\"a W
® ef
7 CsADH (_J Ii::l
0.1 " SoBDH2 @
i StDR O @
ZmSDP O O
150 96
zZsD1 D O
AaADH o O
Wy FiSDH O O
o LiBDH @ &)
SrBDH1 @ a5
L%  soBDH1 ® ©
1 PeSDH ey 1
—|69 AaADH2 @ &
100
SrBDH2 [ ] &
aq DIHSDH C;: |/:>
—i% I MpIDH (_J‘- ;)
88 SAD-C O O
SoBDH3 &
& CbHCDH O &)
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RsGDH O O
58 DsTR O O
100 At2g29330 O O
100 CoTR ) O
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Figure 1. Phylogram showing evolutionary relationships of different short-chain dehydrogenases. The tree was constructed using Maximum Likelihood
method with Mega X software. The three borneol-type dehydrogenases characterized in this paper are highlighted in blue. Specificity for endo-1a and exo-1a
is indicated in circles, with high specificity in blue (E>100) and low specificity in orange. Enzymes described to convert 1a with no indicated specificity are
shown with grey circles and enzymes not described to convert it are shown with white. The bootstrap values are shown next to each branch. For the
sequences of short-chain dehydrogenases and their accession numbers, please refer to the Supplementary Information.
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Figure 2. Rates for conversion of (+)-endo-1a for SrBDH1 after incubation at different pH values. The enzyme was incubated at room temperature for 30 min
(A) and 24 h (B) at the indicated pH and then the initial rate of oxidation of (+)-endo-1a was determined at pH 9 by following NADH formation at 340 nm.

high stability at a broad pH range is particularly interesting for
reduction reactions, which are favored at an acidic pH. It is also
observed from Figure 2 that after 24 h of incubation at neutral
pH values, the enzyme still retained 50% of its initial activity.
This is a very promising starting point for further optimization
by protein and reaction engineering. The higher stability of
SrBDH1 in comparison to previously investigated enzymes from
S. officinalis L., also allowed us to successfully elucidate its
crystal structure.

Determination of the specific activities of the BDHs in the
oxidation of a set of primary and secondary alcohols showed
that the enzymes do not exclusively oxidize bicyclic mono-
terpenols; they also accept monocyclic and linear substrates
(Figure 3, Table 1). The dehydrogenases clearly favor secondary

exo-1a

@ .OH ﬁ““@\/oH

(+)-endo-2a 4a 5a

OH
o
OH
9

a 10a 11a

OH

A

14a 15a

endo-1a

alcohols over primary alcohols. All enzymes had the highest
specific activity either for endo-1a (SrBDH1 and PsBDH),
(—)-carveol (4a) (SrBDH2, SoBDH3 and AaADH2) or 3-methyl
cyclohexanol (7 a) (SoBDH2).

Interestingly, we noted that none of the enzymes oxidized
menthol (9a), despite its structural similarity to 4a. In fact,
menthol dehydrogenases appear as a separated clade in the
phylogram (Figure 1, MMR and MNR). A BLASTP search using
menthol and neomenthol dehydrogenases from Mentha x
piperita as queries suggests that this subfamily of SDRs is also
present in S. officinalis and S. rosmarinus (best hits with 67 %
identity for MNR and 68 % identity for MMR), leading us to think
that Salvia plants have independent biocatalysts for the syn-
thesis of menthone-like compounds and camphor-like com-

i HO OH
" ’ \@l ' @/

exo-2a

6a 7a 8a
12a 13a

Figure 3. Primary and secondary alcohols tested in the substrate scope study of BDHs.
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Table 1. Specific activities measured for different borneol-type dehydrogenases.
Specific activity [mU/mg] @
Substrate SrBDH1™® SrBDH2™! SoBDH3™! AaADH2™ SoBDH2™! PsBDH™
exo-1a 24 5.1 0.3 53 13 115
endo-1a 30 10.0 n.c 22 18 122
exo-2a 4.8 15 n.c. 29 n.c. 69
(+)-endo-2a 39 5.9 n.c. 23 n.d. 28
endo-3a 46 1.0 n.c. 14 71 30
4a 29 16 0.46 88 12 5.0
5a 33 n.c. n.c. 29 6.7 28
6a 10 25 n.c. 17 18 23
7a 44 n.c. 0.23 21 39 18
8a 83 n.c. 0.21 15 3.8 1
9a n.c. n.c. n.c. n.c. n.c. n.c.
10a n.c. n.c. n.c. 59 n.c. n.c.
11a n.c. n.c. n.c. n.c. n.c. n.c.
12a 13 4.4 n.c. 8.7 23 43
13a 9.8 2.0 n.c. 63 6.3 6.2
14a n.c. n.c. n.c. 10.0 n.c. n.c.
15a n.c. n.c. n.c. n.c. 34 n.c.
16a n.c. n.c. n.c. 4.8 4.7 n.c.
17a 33 n.c. 0.2 n.c. 6.5 3.2
[a] The highest activity for each enzyme is highlighted in bold letters. For the experimental error from technical triplicates, please refer to Table S1, [b]
AaADH2: alcohol dehydrogenase from A. annua"”; SOBDH2: borneol dehydrogenase from S. officinalis L.""'; S'BBDH1/2: borneol- like dehydrogenases from S.
rosmarinus; SoBDH3: borneol-like dehydrogenase from S. officinalis L.; PsBDH: borneol dehydrogenase from Pseudomonas sp. TCU-HL1."?" [c] n.c.=no
conversion detected. Reactions with substrates displaying specific activities less than twice the blank are not shown.

pounds. We also noted differences in the specific activities
obtained for the unnatural substrate cyclohexanol (5a) and the
isomers 2-methylcyclohexanol (6a), 3-methylcyclohexanol (7 a)
and 4-methylcyclohexanol (8a). For SrBDH1, SrBDH2 and
SoBDH2 we observed a higher specific activity for 6a in
comparison to 5a. This situation is similar to what we observed
with endo-1a vs endo-2a, where the presence of methyl groups
seems to improve the fit in the active site, making the reaction
faster. Conversely, the unselective enzymes AaADH2 and PsBDH
have a higher specific activity for the alcohol without the
methyl group, 5a. The specific activities observed for SrBDH1
with endo-1a and exo-1a are the best among the selective
enzymes studied and fall within the same range of the
unselective borneol dehydrogenase from A. annua AaADH2,
making SrBDH1 interesting for biocatalytic applications. Cofac-
tor usage was also studied spectrophotometrically. Results
showed that AaADH2 was the only enzyme also capable of
using NADP, albeit less efficiently than NAD*. The other tested
enzymes did not show measurable activity for NADP* (Fig-
ure S4).

Enantiospecificity and selectivity towards bicyclic alcohols
and ketones

To obtain a more systematic overview on the enantiospecificity
of the dehydrogenases, we investigated the kinetic resolution
of the three bornane type monoterpenols endo-1a, exo-1a and
fenchol (endo-3a) and the structurally related exo-norborneol
(exo-2a) (Table 2, Scheme 2). SoBDH1 and SrBDH1 showed
outstanding enantiospecificity (E>200) towards both endo-1a
and exo-1a, while SoBDH2 and SrBDH2 showed specificity for
endo-1a, but not for exo-1a. The differences in the specificity of
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this set of enzymes towards exo-1a and the smaller exo-2a
were striking. In particular, SOBDH1 and SrBDH1 were hardly
specific towards exo-2a, in contrast with exo-1a, which might
be an indication that a precise fit of the substrate is important
for the specificity of both enzymes. It should be noted,
however, that the activity of SrBDH1 towards exo-2a is
substantially lower than towards exo-1a, making comparisons
of the specificity difficult. SrBDH1 shows a similar drop in
activity and specificity in the conversion of the structural isomer
endo-3a (Table 2, Scheme 2). The differences in activity and
selectivity of SrBDH1 towards these substrates indicates that
the position of the methyl substituents is crucial for the
substrate recognition of this enzyme. Therefore, the high
specificity of SrBDH1 and SoBDH1 towards both endo-1a and
exo-1a is somehow counterintuitive and led us to think that
these two enzymes share key active pocket configurations that
other BDHs lack. None of the plant dehydrogenases have any
noteworthy specificity in the resolution of endo-3a. While the
investigated enzymes share the enantiopreference for the same
isomer of endo-1a, exo-1a and exo-2a, we noted that the
preference for the (+) and (—) isomers of endo-3 a differed.

PsBDH displays a different behavior in comparison to plant
BDHs, as the bacterial enzyme showed very low specificity
towards endo-1a, exo-1a and exo-2a, but it is the most specific
of the studied enzymes for the oxidation of endo-3a, with
>99% ee, and E=27. SoBDH3 was not active towards endo-1a
and exo-2a and showed little conversion for exo-1a, leading us
to assume that this enzyme has a natural substrate with
significant structural differences from endo-1a, which is re-
flected in the divergent sequence compared to other BDHs
from plants (Figure 1).

Based on reports describing a short-chain dehydrogenase
from the tropinone reductase subfamily capable of catalyzing

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Table 2. Kinetic resolution of racemic secondary alcohols of the bornane and norbornane types catalyzed by alcohol dehydrogenases at a substrate
concentration of 1 mM.
AaADH2® SoBDH1 © SoBDH2" SoBDH3™! SrBDH1™! SrBDH2™! PsBDH ©

exo-1a Time (h) 0.5 24 4 48 2 48 0.5

Specificity (+) (+) (+) (+) (+) (+) (+)

%ee, 4% 99% 13% >99% >99% 31% 4%

%ee ! 99% 30% 99% 5% 52% 32% 27%

%c 96 % 28% 88% 5% 34% 51% 87%

Ef n.d. >200 46 n.d. >200 3 13
endo-1a  Time (h) 0.5 24 4 nc 2 48 0.5

Specificity () +) +) nc. (+) (+) (+)

%ee, 46% >99% >99% n.c. >99% >99% 17%

%eed 83% 18% 49% n.c. 77% 23% 50%

%c 64 % 22% 33% n.c. 44% 19% 75%

g 6.6 >200 >200 nd.® >200 >200 2.1
exo-2a Time (h) 0.25 48 48 n.c. 48 48 0.25

Specificity (=) (=) (=) n.c. (=) (=) (=)

%ee, 65% 10% 80% n.c. 75% 49% 9%

%ee, 53% 3% 15% n.c. 10% 1% 2%

%c 45% 22% 16% n.c. 12% 2% 18%

£ 7.9 12 103 n.d. 7.7 nd 12
endo-3a  Time (h) 0.25 n.c. 48 48 48 48 48

Specificity (+) n.c. (=) nd. (+) (=) (+)

%ee, - nc. - - - - -

%ee 13% nc 84% <1% 26% 6% >99%

%c 67% n.c. 58% 22% 45% 10% 59%

E® 13 n.d. 10 1 2.5 3.7 27
[a] Data from literature for endo-1a and exo-1a."; AaADH2: alcohol dehydrogenase from A. annua."”; SoBDH1/2: borneol-type dehydrogenases from S.
officinalis L"; PsBDH: borneol dehydrogenase from Pseudomonas sp. TCU-HL1,"? [b] SOBDH3: borneol- type dehydrogenases from S. officinalis; SrtBDH1/2:
borneol- type dehydrogenases from S. rosmarinus, [c] %ee,: Enantiomeric excess of substrates. %ee,: Enantiomeric excess of the products. All enantiomeric
excess were determined by chiral gas chromatography. [d] n.c.: no conversion, [e] n.d.: not determined, [f] Calculated according to Straathop and Jogejan
(1997).5% [g] %ee, not calculated as we did not obtain baseline separation for the fenchone enantiomers in GC analysis.

Substrates Products Enantiospecificity
Isoborneol
A S E>200
(+)-exo-1a ) 1 ' (-)-1b
: (-)- Camphor
Borneol ;
+ H : + O
’ ; < E>200
HO ;
(+)-endo-1a )-endo- (+)-1b

' (+)-Camphor
Exo-norborneol '

OH 0o _4 0 + SN y E=8

(-)-exo-2a \-ex0-2a (+)-2b
(+)-Exonorcamphor
Endo- fenchol

H \_ )
# : + E=2.5
HO Ll /N

(+)-endo-3a : endo-3a (-)-3b

(-)- Fenchone

Scheme 2. Preferred substrates (highlighted in black) and enantiospecificity of SrBDH1 in the kinetic resolution of bicyclic secondary alcohols.

the stereoselective reduction of pure 1b isomers?” and an type dehydrogenases were also capable of catalyzing the

engineered Pseudomonas dehydrogenase with high enantiospe-  reduction. The reduction reaction is favored at acidic pH values,
cificity towards (+)-1b,"™ we decided to investigate if borneol-  however, we used pH 5.5 as the stability of SrBDH1 was notably
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reduced at lower pH values (Figure 2). In fact, all of the enzymes
showed some degree of precipitation at pH5.0. Among
borneol-type dehydrogenases, AaADH2 and SrBDH1 were the
only ones that catalyzed the reduction of 1b (Table 3). SrBDH1
exclusively produced (+)-endo-1a from pure (+)-1b and
(4)-exo-1a from pure (—)-1b (de,>99 % for both) (Table S2). As
the enzyme converts both enantiomers of 1b, reduction of rac-
1b produces a mixture of (+)-endo-1a and (+)-exo-1a in the
ratio 91:9. AaADH2 showed lower diastereoselectivity and
produced (+)-endo-1a with 89% de, and (+)-exo-1b with 94%

de,, respectively (Scheme 3, Figure S5). Intriguingly, all of the
enzymes, except SrBDH1, showed a higher conversion for 2b in
comparison to 1b, while for the oxidations, we obtained better
conversion for endo-1a and exo-1a compared to exo-2a. Also
from the DR in the reductions, we observe endo predominance
in all cases, leading us to think that endo-2a would be better
oxidized than exo-2a for the studied enzymes. In the case of
3b, the only enzyme catalyzing the reduction was AaADH2. This
last result also contrasts with the capacity of catalyzing the
oxidation of endo-3a observed in all the studied enzymes, and

Table 3. Reduction of racemic bicyclic ketones catalyzed by alcohol dehydrogenases at a substrate concentration of 5 mM.
AaADH2" SoBDH1® SoBDH2® SoBDH3™ SrBDH1® SrBDH2™ PsBDH®

rac-1b  Time (h) 48 n.c® n.c. n.c. 48 n.c. 48

Specificity (+) n.c. n.c. n.c. (+) n.c. (+)

%c 51% n.c. n.c. n.c. 31% n.c. 22%

%ee," 10% n.c. n.c. n.c. 36% n.c. 1%

%ee,"” 10% n.c. n.c. n.c. 80% n.c. 37%

EY 1.3 n.c. n.c. n.c 124 n.c. 24

DRY 44:3:51:2 n.c. n.c. n.c. 91:0:9:0 n.c. 65:24:5:5
rac-2b  Time (h) 4 48 48 n.c. 48 48 48

Specificity (+) (- (-) n.c. (=) (=) (=)

%cC 94 % 2% 7% n.c. 30% 2% 88%

%ee, ! 60% <1% 69% nc. 33% 1% 38%

%ee,"” 4% 19% 85% n.c. 76% 51% 5%

EN 16 n.d.? 5.8 n.c. 10 n.d. 14

DR 13:41:7:39 36:41:18:4 10:85:0:6 n.c. 6:87:0:6 14:68:7:10 22:37:16:26
rac-3b  Time (h) 48 n.c. n.c. n.c. n.c. n.c. n.c.

Specificity (+) n.c. n.c. n.c. n.c. n.c. n.c.

%c 49% n.c. n.c. n.c. n.c. n.c. n.c.

%ee,”! 9% n.c. n.c. n.c. n.c. n.c. n.c.

%ee,"” 9% n.c. n.c. n.c. n.c. n.c. n.c.

EY 1.3 n.c. n.c. n.c n.c n.c. n.c

DRY 40:54:5:0 n.c. n.c. n.c. n.c. n.c. n.c.
[a] AaADH2: ADH from A. annua.'”; SOBDH2: borneol dehydrogenase from S. officinalis L"; SrBDH1/2: borneol- like dehydrogenases from S. rosmarinus;
SoBDH3: borneol-like dehydrogenase from S. officinalis L. PsBDH: borneol dehydrogenase from Pseudomonas sp. TCU-HL1."? [b] %ee, percentage
enantiomeric excess of substrates. %ee,: percentage enantiomeric excess of the products. All enantiomeric excess were determined by chiral gas
chromatography. The enantiomeric excess of the product was calculated based on the sums of the products resulting from (+)-1b and (—)-1b, (+)-2b and
(=)-2b or (+)-3b and (—)-3b, respectively. For instance, the ee, for the conversion of 1 is defined as ee,=(([(+)-exo-1a] + [(—)-endo-1al])-([(—)-exo-1a] +
[(+)-endo-1 al))/(([(+)-exo-1a] + [(—)-endo-1 a]) + ([(—)-exo-1al + [(+)-endo-1al)), [c] calculated according to Straathop and Jogejan (1997),%* [d] DR:
diastereomer ratio: (4)-endo-a : (—)-endo-a : (+)-exo-a : (—)-exo-a. [e] n.c.: no conversion. [f] n.d. : not determined;

* o] SrBDH1 = + OH +
H
(->-1b NADH NAD* (+)-exo-1a
31% total conversion
SrBDH1
NADH NAD*
o) SrBDH1 OH
H
(-)-1b NADH NAD* (+)-exo-1a

Scheme 3. Reduction of racemic and pure enantiomers of 1b by SrBDH1 at pH 5.5 with phosphite dehydrogenase as cofactor-regeneration system. Reaction
with 5 mM of substrate, 20 uM of NADH, 10 mM of phosphite and 12 uM of phosphite dehydrogenase.
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could be indicating, for instance, an inhibiting effect caused by
exo-3a, which we did not analyze for oxidation reactions.

Kinetic parameters of SrBDH1

The high activity of SrBDH1 stood out amongst this family of
enzymes. While the poor solubility of (+)-endo-1a limited the
determination of initial rates to concentrations up to 6 mM
(three-fold of the Ky-value), the apparent k., obtained corre-
sponds to 0.20 s™' (Figure S6). This value is higher by at least
two orders of magnitude compared with those of related
dehydrogenases from S. officinalis L. (0.005s7"),"" A. annua
(0.006 s°),®" L. intermedia (0.0004s")"" and one order of
magnitude compared with tropinone reductase from Cochlearia
officinalis CoTR (0.09 s™' towards (—)-endo-1a).”" The value is
comparable to the non-specific bacterial PsBDH from Pseudo-
monas sp. TCU-HL1 (0.75 s7)."? The Ky-value of 2.0240.18 mM
is surprisingly high compared to those of the other plant
dehydrogenases (typically 50 uM™). At a non-saturating concen-
tration of (+)-endo-1a, the K,-value estimated for NAD" was
100+£26 uM, which is comparable to the K, for NAD™
determined for SoBDH2."

Structure elucidation and comparison with PsBDH of
Pseudomonas sp. TCU-HL1

SrBDH1 crystals were obtained under two different crystalliza-
tion conditions. The first one with high concentrations of NaCl
and the second one using the polymer pentaerythritol propox-
ylate (PO/OH). The obtained crystals belong to two different
space groups (Table S3) with different crystal packing. The
overall architecture of SrBDH1 in crystallo is tetrameric (Fig-
ure S7), in agreement with SEC/MALS measurements confirming
a tetrameric state in solution (Figure S8). The tetramers as
obtained from both crystallization conditions are practically
undistinguishable with a root mean square deviation (RMSD) of
0.435A for 258 pairs of Co atoms. As a member of the
superfamily of short-chain dehydrogenases/reductases (SDR),"””
SrBDH1 folds into the characteristic Rossmann-like fold,””® that
harbors the cofactor NAD*, and has an additional short a-helix
at the C-terminus (Figure 4, Figure S7). A closer inspection of
both structures revealed remarkable differences in the cofactor
binding sites. In the structure obtained from crystals under the
high salt condition, we saw a defined electron density for the
NAD™ cofactor in only one monomer (Figure S7). Notably, no
NAD™ was added during protein purification or crystallization,
therefore NAD" was co-purified with SrBDH1. Hence, the
structure represents the binary complex (SrBDH1-NAD™ /high
salt). Binding of NAD™ leads to a defined folded loop region
from residue V197 to S203. The well-defined loop conformation
might be a consequence of crystal packing, which hampers
dissociation of the cofactor. The apo structure of SrBDHI
(Table S3) lacks electron density for NAD™, and the latter loop
region is not defined. The remaining apo structure is practically
indistinguishable from the structure of the binary complex.
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In contrast, we do observe electron density for all four
cofactor binding sites in the structure obtained under the PO/
OH crystallization condition (SrBDH-NAD*/PO/OH) (Figure S7).
The electron density clearly shows different sigma levels at the
supposed binding groove for NADY, indicating different
occupancies of the NAD™ across the four monomers.

The active site is mainly lined by hydrophobic residues (V97,
G99, 1154, A155, F190, G191, 1196, V197, and M211) and is
composed of F260 from a symmetry-related molecule (Fig-
ure 4C and D and Figure S7A). The NAD", as well as the strictly
conserved catalytic residues S146, Y159, and K163, complete
the active site. For other studied SDRs, during oxidation, the
hydroxyl group of the tyrosine abstracts a proton from the
substrate. The adjacent lysine enhances the acid/base proper-
ties of the tyrosine, and the serine stabilizes and polarizes the
carbonyl group of the substrate.?” Activity loss of the enzyme
after substitution of S146 and Y159 to alanine confirmed their
catalytic role.

Recently, the crystal structure of the unspecific PsBDH of
Pseudomonas sp. TCU-HL1 (PDB ID 6M5N) sharing 30% of
sequence identity with SrBDH1, was solved.”™ The monomers
of PsBDH and SrBDH1-NAD*/high salt superimpose with a
RMSD of 1.52 A for 230 pairs of Co atoms (Figure 4A). The
largest differences between both structures are located in the
last third of the amino acid sequence upstream of [3-strand 3F
(Figure 4A and B), affecting the putative borneol binding site. In
the structure of SrBDH1, the P-strand BF is connected by a
single a-helix aFG to oG, while in the structure of PsBDH we
find an insertion of two a-helices, oFG1 and aFG2. Moreover,
SrBDH1 contains an additional C-terminal a-helix aH that is
absent in PsBDH (Figure 4A, B, and C). Due to the differences in
fold and secondary structure content, amino acids that are
flanking the active site differ between both structures (Fig-
ure 4C, D, and E). Notably, the active site of SrBDH1 is further
shielded by the o-helix aH of a symmetry-related molecule
(Figure 4). The location of SrBDH1 aH is comparable to the a-
helix aFG2, which is more distant from the active site (Figure 4A
and B), but from the identical monomer. Our observations are
in accordance with previous publications stating that the C-
terminal portion generally functions in substrate binding, there-
fore, the obvious structural variation in this region results in the
diversity of substrate specificities.”® A more detailed inspection
of the active site revealed, that except for 1154 of SrBDH1, none
of the amino acids present the active site are conserved to
PsBDH.

Probing enantiospecificity by site-directed mutagenesis

Intrigued by these findings we proceeded to elucidate the
origin of specificity in BDH-type enzymes. Since soaking or co-
crystallization experiments with substrates failed in yielding a
crystal structure with a bound substrate, we performed docking
studies using both enantiomers of endo-1a, exo-1a and 1b to
identify the most probable conformation in the active site. The
bicyclic monoterpenols endo-1a and exo-1a are compact
molecules that offer only small differences regarding asymme-
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Figure 4. (A) In cartoon representation, a superposition of one monomer of SrBDH1 and PsBDH. Identical view as in Figure S7. SrBDH1 is shown in blue and
PsBDH in violet. The C-terminal a-helix (aH) of a symmetry-related molecule, that shields the active site, is shown in green cartoon representation. The NAD*
bound to SrBDH1 is shown as brown sticks. (B) View of panel (A) rotated by 45°. (C) Structure-based sequence alignment of SrBDH1 and PsBDH PDB-ID:
6M5N. The secondary structure elements are shown above the alignment for SrBDH1 and below for PsBDH with a-helices depicted as cylinders and 3-strands
as arrows. Inclined lines indicated sections of SrBDH1 and PsBDH, that are not included in modelled the crystal structures. The catalytic motif is indicated by
orange triangles. Amino acids lining the putative active site of SrBDH1 are indicated by blue triangles and as green triangle if derived for another SrBDH1
monomer within the tetramer. (D) Stick representation of residues lining the active site of SrBDH1 with bound NAD*. The active is site is defined mainly by
hydrophobic amino acid residues from two symmetry-related protein monomers colored in blue and green, respectively. (E) Stick representation of residues
lining the active site of chain C with the bound NAD™ and PsBDH in violet. The active is site is defined mainly by hydrophobic amino acid residues from two

different protein monomers. Color-coding according to panel A.

tries or polar groups that could facilitate stereodiscrimination
by the enzyme. This was reflected in a large number of different
poses (8-12) obtained in docking experiments (using a min
RMSD of 2 A for clustering). To identify productive binding
modes, we lowered the clustering threshold to get more poses.

ChemCatChem 2021, 13, 2262-2277 www.chemcatchem.org
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We considered a pose to be productive when the hydrogen in
a position from the hydroxyl group was located towards NAD*
and the hydrogen of the hydroxyl group was in range (d <4 A)
with the catalytic residues S146 and Y159 (Figure 5).** The low
ratio of productive binding mode is in agreement with the very
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Figure 5. Docking results of (+)-endo-1a (A), (—)-endo-1a (manually docked, B), (+)-exo-1a (C), (—)-exo-1a (D) in the active site of SrBDH1. Endo-1a
enantiomers seem to be located in the active site in a different orientation compared to exo-1a enantiomers, but the most striking difference is the methyl
group that points away from the page in accepted molecules (A and B) whereas it is in the opposite direction in non-accepted molecules (B and D).

high K, of the enzyme. Docking of exo-1a yielded one
productive pose for each enantiomer. In the case of endo-1a,
the preferred (+)-enantiomer led to a productive binding
mode, whereas no productive pose was found for the
(—)-enantiomer. In this last case, we forced (—)-endo-1a in a
hypothetical binding mode in the crystallographic structure of
the enzyme in order to study how we could enable its
conversion (Figure 5B). When (+)-endo-1a was soaked into
crystals of SrBDH1 prior to structure determination, an addi-
tional patch of electron density (data not shown) was revealed.
The volume and location of this additional electron density is in
good agreement with the modeled position of (+)-endo-1a. To
further verify that the missing binding mode for (—)-endo-1a
might be possible, the same ligands were docked in the newly
structurally characterized unselective BDH from Pseudomonas
sp. TCU-HL1 (PsBDH, PDB-ID: 6M5N).”¥ In this case, a productive
binding mode for (—)-endo-1a could be found. The PsBDH
seems to have more space in the hydrophobic pocket of the
active site. However, the significantly different secondary
structure in the active-site pocket made it difficult to pinpoint
concrete differences that could explain why productive poses
for all ligands could be found in this dehydrogenase (Figure 4A
and B).

The docking results highlighted two main potential differ-
ences between the positioning of the isomers. First, borneol
and isoborneol seem to fit differently in the pocket. In
particular, the two methyl groups in C7 assume a different
position. Second, the methyl group in the chiral C1 in the
binding modes of preferred (Figure 5A and C) and non-
preferred enantiomers (Figure 5B and D) points in opposite
directions.

ChemCatChem 2021, 13, 2262-2277 www.chemcatchem.org

The crystallographic and docking studies served as a
starting point for the selection of active site residues that might
have a significant effect on stereospecificity. Furthermore, two
strategies were combined to create variants with decreased
specificity allowing us to identify residues that are responsible
for the excellent enantiodiscrimination in SrBDH1 enzyme. The
first strategy was to introduce residues found in the active site
of non-specific BDHs that differed from ones at the same
positions in SrBDH1 (Table S4). The second strategy was to use
the coupled moves protocol implemented in the Rosetta
framework by Ollikainen et al.””? for the four isomers of 1a. The
Rosetta protocol was designed to change substrate specificity
by redesigning the active site of a certain enzyme. Specifically,
for each isomer we obtained a set of positions in which certain
residues could possibly have a positive impact on the binding
energy of the enzyme for the isomer. We hypothesized that
positions, where the enriched residues were different for each
enantiomer, are important for the specificity of SrBDH1. The
coupled moves highlighted positions such as V97F/Y, G99T/P,
C148 A or 1196 L (Figure S9). Table 4 shows the effect of amino
acid substitutions in the active site on the specificity towards
endo-1a and exo-1a. Mutagenesis points out the residues V97
and G191 as determinants of enantiospecificity for exo-1a.
Valine 97 is located in direct vicinity to the cofactor and the
substrate and is likely to exert an influence on substrate
recognition. The coupled moves protocol suggested multiple
mutations at this position, making us think that it might be an
important site for enantiospecificity. However, the decision to
substitute V97 by proline was made after observing that several
non-specific BDHs have a proline in the analogous position.
Indeed, V97P has a reduced specificity (E=15), while conver-
sions were similar to those of the wildtype enzyme. In
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substrate, 1 mM of NAD ™ and was incubated at 20°C for 30 min before extraction for GC analysis.

endo-1a exo-1a

Mutant E[a] [%]C[a] E[a] [%] c[a]
SrBDH1 > 200 50% 132 53%
V97G®! > 200 7% > 200 4%
Vvo7CH >200 50% 47 45%
V97pIE! > 200 41% 15 38%
Vo7F >200 10% 14 8%
vo7Y« > 200 4% > 200 1%
G99 N© > 200 37% > 200 27%
GY9HL el n.cf n.c. n.c. n.c.
G99D™ > 200 43% > 200 38%
G99TH >200 50% 76 51%
C148A1 >200 50% >200 51%
F190Y" > 200 47% > 200 43%
G191M© > 200 48% > 200 49%
G1915¢ >200 17% > 200 14%
G191F9 >200 1% 4 15%
1196L1 > 200 20% > 200 14%
F207W¢ n.c. n.c. n.c. n.c.
M211VEMe >200 50% > 200 50%
M211L > 200 50% > 200 50%

[a] Calculated from ee, and ee, that were determined by chiral gas chromatography, [b] Selected according to docking results, [c] Selected according to
sequence alignment analysis, [d] Selected according to results of Rosetta couple moves protocol, [e] Expressed in insoluble form, [f] n.c.=no conversion

detected.

homology models of the non-specific AaADH2, the equivalent
proline is in a loop that strongly differs from that of SrBDH1
(Figure S10). As V97P might have consequences on the protein
backbone conformation of this loop, its effect on the
enantiospecificity is not easy to rationalize. Glycine 191 is
positioned at the opposite side of the active site (Figure 5) and
its methylene group has a distance of 4A to both the
nicotinamide moiety of the cofactor and the substrate.
Exchanging G191F was done due to the presence of this residue
in several non-specific BDHs (Figure S1, Table S4) and led to a
considerable reduction of activity towards exo-1a. F191 could
undergo m-stacking with F207 and lead to rearrangement of
this part of the active-site pocket. However, there is no obvious
explanation why the V97P and G191F substitutions increase
(—)-exo-1a proportional formation, but do not affect the
specificity for (—)-endo-1a. Substitutions in M211 by valine and
leucine showed a slight increase in the specificity for exo-1a,
while maintaining the high specificity for endo-1a. M211 is
located in an a-helix that has not equivalent structure in PsBDH
(Figure 4), at the opposite side of the active site where the
hydroxyl group of the substrate is located (Figure 5).

The mechanisms underlying the enantiospecificity of many
enzymes are often characterized by well-defined steric and
electronic interactions. The different sizes of the two substitu-
ents of secondary alcohols guide the stereospecificity of
lipases.”® Both (S)-specific and (R)-specific amine transaminases
employ binding pockets for the accommodation of large and
medium-sized prochiral ketones, which often results in out-
standing specificity.”>*” The stereoselectivity of ketoreductases
in the asymmetric reduction of prochiral ketones follows the
same principle.®” Many enzyme classes bind their substrates
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with a multitude of polar interactions, which allows them to
discriminate between different polar groups on the substrate
molecule;®? this principle allows carbohydrate-converting en-
zymes a tremendous specificity toward molecules with several
functional groups of similar reactivity.®” In contrast, the stereo-
specificity of plant SDR for bicyclic monoterpenols endo-1a and
exo-1a is a curious case, as their carbon skeleton is rigid and
does not have any rotational degrees of freedom. The compact
bornane-type structure does not show any obvious steric
differences (such as a large and a small substituent) that would
facilitate discrimination between both enantiomers. Possibly,
endo-1a and exo-1a present minor steric differences in the
accessibility of hydrogen in the chiral C1; in exo-1a this
hydrogen is on the same plane as the methyl groups in C7
whereas in exo-1a it is on the less sterically-crowded plane. This
minor difference might explain the preference of most enzymes
for exo-1a in the reverse reaction, here the hydride from NADH
should access the less sterically-crowded plane resulting in exo-
1a. The positioning of the substrate can be deduced from the
required short distances from C;-H to the cofactor, and OH—H
to S146 and Y159. Other than these, there are no clearly defined
interactions between the substrate and the hydrophobic active
site of SrBDH1 that could explain its very high specificity
towards racemic endo-1a and exo-1a. SrBDH1 preferentially
converts (+)-endo-1a and (+)-exo-1a and shows scarce activity
towards the (—)-enantiomers. Mutagenesis of 6 of the 8
residues of the active-site pocket (the remaining two being
highly conserved) led to the identification of two variants that
additionally convert (—)-exo-1a, but, not (—)-endo-1a. This
corresponds to the observation that in docking experiments,
only (—)-endo-1a did not form a productive binding mode. It is
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not clear whether the enantiospecificity towards endo-1a, the
presumed natural substrate of these SDRs, has any evolutionary
advantages for the plant. However, a possible benefit might be
the possibility of specific oxidation of (+)-endo-1a to (+)-2a in
the presence of (—)-endo-1a. Indeed, the essential oil of R.
officinalis contains both (—)-endo-1a and (—)-exo-1a. In view of
the very high enantiospecificity of R. officinalis towards borneol
and the fact that its specificity was not affected by single-site
mutagenesis, it is indeed striking that a few of the investigated
borneol-dehydrogenases show specificity (Figure 1).

Conclusion

A selected set of short-chain borneol-type dehydrogenases
were characterized in this study in terms of substrate accept-
ance and specificity. All enzymes converting the substrates
showed some extent of preference for (-+)-endo-1a and (+)-exo-
Ta over their specular images, with the novel SrBDH2
presenting outstanding specificity for (+)-endo-1a and SrBDH1
for both of them. The kinetic resolution of endo-1a utilizing
SrBDH1 produces optically pure (+)-1b and allows the isolation
of the unreacted (—)-endo-1a. In the case of exo-1a, SrBDH1
yields (—)-1b and (—)-exo-1a in optically pure form. The high
activity, stability and specificity of StBDH1, make this enzyme a
promising biocatalyst for the preparation of optically pure
endo-1a, exo-1a, (+)-1b and (—)-1b. Therefore, enzymatic
catalysis utilizing SrBDH1 could substitute the currently used
extraction from plants, which is unfavorable from both the
environmental and economical point of view.

The distribution of enantiospecificity enzymes observed in
the phylogenetic tree indicates that either the ability to oxidize
borneol evolved independently several times during evolution
or that a borneol oxidizing ancestor existed and some
descendants lost the affinity for this substrate. Further charac-
terization of different alcohol dehydrogenases belonging to
SDR110 C group would be necessary in order to have a more
complete and correct interpretation of the evolution of this
family.

The structure of SrBDH1 showed a predominantly hydro-
phobic catalytic pocket. A comparison with the non-specific
PsBDH revealed major differences in the structure and amino
acids shaping the active site pocket. Docking of the enantiom-
ers of endo-1a, exo-1a and 1b was performed with SrBDH1
structure. These results displayed productive binding modes for
(+)-endo-1a, (+)-exo-1a and (—)-exo-1a, but not for (—)-endo-
1a. This is in agreement with the directed mutagenesis study,
where the specificity for (+)-endo-1a remained high for all
mutations, whereas we could significantly reduce it for exo-1a
with mutations at positions V97, G99 and G191. Despite the
high structural similarity between endo-1a and exo-1a, SrBDH1
can discriminate between the diastereoisomers. In fact,
(+)-endo-1a, the supposed natural substrate, shares the same
backbone with (—)-exo-1a, still the found binding mode of
(+)-endo-1a would be unproductive for (—)-exo-1a. Productive
binding modes for both substrates seem to depend on different
interactions making it difficult to alter the specificity with point

ChemCatChem 2021, 13, 2262-2277 www.chemcatchem.org

mutations only. This study describes a curious case of
enantiospecificity and shows that this feature, in the case of
unfunctionalized molecules, can be achieved in nature relying
only on multiple weak interactions. Based on our results, the
specificity of borneol-type SDRs appears to be more robust to
point mutations compared to lipases, transaminases, ketoreduc-
tases or carbohydrate-converting enzymes. A combinatorial
mutagenesis approach such as CASTing could highlight
hotspots with epistatic effects, which are extremely difficult to
highlight with point mutations only. Nevertheless, the identi-
fication of a highly active, stable and specific SrBDH1 in a still
untapped market niche nicely proofs once again the potential
of biocatalytic applications.

Experimental section

Materials

All chemicals were bought from Sigma Aldrich (Germany), except
for (+)-endo-2a (15,2R,4R) (AaBlocks, USA) and used without further
purification. E. coli strain BL21 (DE3) was used for expression.

Protein and DNA concentration were measured using a Nanodrop
2000 UV-Vis spectrophotometer (Thermo Scientific, USA) at 260 and
280 nm respectively. Absorbance at 340 and 550-800 nm was
measured using an Eon plate reader (BioTek, USA). The enzymes
were purified using AKTA pure system (GE Healthcare Life Sciences,
Austria).

The genes were ordered at GeneScript (USA), codon-optimized for
E. coli and cloned into the vector pET15b in frame with an N-
terminal poly-histidine tag.

Phylogenetic tree and alignment

Evolutionary analyses were conducted in MEGA X.®¥ The evolu-
tionary history was inferred by using the Maximum Likelihood
method and Le_Gascuel_2008 model.®” The tree with the highest
log likelihood is shown in Figure 1. Initial trees for the heuristic
search were obtained automatically by applying Neighbor-Join and
BioNJ algorithms to a matrix of pairwise distances estimated using
a JTT model, and then selecting the topology with superior log
likelihood value. A discrete Gamma distribution was used to model
evolutionary rate differences among sites (5 categories (4G,
parameter=1.5189)). The rate variation model allowed for some
sites to be evolutionarily invariable ([+1], 0.26 % sites). Evolview v2
was used for visualization.®™

Protein expression and purification

Protein expression and purification of AaADH2, PsBDH, SoBDH1
and SoBDH2 were done as described before.!" Briefly, for SrBDH1,
SrBDH2 and SoBDH3, E. coli BL21 (DE3) chemo-competent cells
were transformed with the constructs. Overnight cultures of
125 mL were used to inoculate flasks of 500 mL of LB media
supplemented with of ampicillin (100 mg L™ final concentration).
The flasks were shaken at 130 rpm at 37°C for 3.5 h (until OD600
between 0.6-0.8 was reached). The cultures were then induced with
of IPTG (1 mM final concentration) and shaken overnight at
130 rpm at 28°C.

Cells were harvested by centrifugation (Beckman Coulter, USA, JA10
rotor) at 6,000 rpm at 4 °C for 20 min. The pellets were resuspended
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in 20 mL of lysis buffer (20 mM Tris-HCI, 500 mM NacCl, 1 mM DTT,
10% glycerol, 20 mM imidazole, pH 8). The resuspended cells were
sonicated for 6 min, output control 7, duty cycle 70% and then
centrifuged at 13,000 rpm for 45 min at 4°C. The supernatants were
recovered, filtered with 0.45 um filters and loaded into pre-
equilibrated His-Trap FF crude 5mL columns (GE-Healthcare,
Austria) for affinity chromatography purification. The loaded
columns were washed with 50 mL of binding buffer (20 mM Tris-
HCl, 500 mM NaCl, 10% glycerol, 30 mM imidazole, pH 8). The
purified enzymes were eluted using 30 mL of elution buffer (Tris-
HCl 20 mM, 500 mM NaCl, 10% glycerol, 300 mM imidazole, pH 8)
and dialyzed overnight with storage buffer (Tris-HCI 20 mM,
500 mM NaCl, pH 8). If needed, the enzymes were concentrated
using Amicon® Ultra 10 K centrifugal filter (Merck KGaA, Germany).
The enzymes were aliquoted and stored with a final concentration
of 10% glycerol at —20°C. Following the purification, the fractions
were analyzed by SDS-PAGE electrophoresis on 12% polyacryla-
mide gels (ExpressPlus™ PAGE Gel, Genscript, USA) followed by
staying with Coomassie Brilliant Blue. Protein concentration was
determined by measuring absorbance at 280 nm. The extinction
coefficients for the enzymes were obtained from ExPASy ProtParam
Tool (https://web.expasy.org/protparam/). The €,q, for the mono-
mers of the enzymes correspond to 9,190 M~' cm™' for SrBDHI1,
10,680 M~' cm ™' for SrBDH2, and 13,200 M~ cm™" for SOBDH3.

Size exclusion chromatography

Size exclusion chromatography was carried using a HiLoad™ 16/60
200 Superdex™ column (GE Healthcare). The column was equili-
brated overnight with buffer Tris-HCI 100 mM, 500 mM of Nadl,
pH 8. 500 puL samples were injected and then eluted at a flow of
TmL min" in 1.5 column volumes. A calibration curve was
elaborated using Gel Filtration Cal Kit High Molecular Weight (GE
Healthcare). The molecular mass standards used were Ovalbumin
(44 kDa), Conalbumin (75 kDa) Aldolase (158 kDa) and Ferritin
(440 kDa).

Determination of conversion, enantiomeric excess and E
value for the oxidative and reductive reactions

For the oxidations, a reaction volume of 1 mL containing the
alcohol dehydrogenase (15 uM of the monomer of AaADH2, PsBDH,
SoBDH1, SoBDH2, SoBDH3, SrBDH1, SrBDH2), 1 mM of NAD*, 1 mM
of substrate (endo-1a, exo-1a, exo-2a or endo-3a) in buffer Tris-HCI
100 mM, 500 mM of NaCl, pH 8 at 20°C, 600 rpm was used. Samples
of 200 uL were taken at different time points for gas chromatog-
raphy analysis. All the reactions were done in duplicate.

A colorimetric screening based in phosphate detection® was used

to identify activity for the reductive reaction of the enzymes. The
reactions were prepared in a 96 deep well plate by triplicate. The
reaction mix of 1 mL consisted in 15 uM (monomer) of the alcohol
dehydrogenase determined by the absorption at 280 nm (AaADH2,
PsBDH, SoBDH1, SoBDH2, SoBDH3, SrBDH1 or SrBDH2), 20 uM of
NADH, 10 mM of sodium phosphite, 12 uM of phosphite dehydro-
genase and 5 mM of substrate (1b, 2b or 3b) in citrate buffer
(50 mM, 500 mM NaCl, pH 5.5). The reactions were incubated at
20°C, 200 rpm for 48 h. Samples of 200 uL were taken at 0, 24 and
48 h and frozen with liquid nitrogen. For phosphate measurement,
a mix of 200 uL of molybdate reagent ((CH;CO,),Zn 100 mM,
ammonium molybdate ((NH,)sMo0,0,4H,0) 10 mM, pH 5 adjusted
with HCl), 50 L of ascorbic acid solution (L-(+)- ascorbic acid 10%,
pH 5 adjusted with NaOH) and 20 pL of sample was put together in
a 96 well plate. After 30 min at 37°C, absorbance in the range
between 550-800 nm was measured. A calibration curve with
known phosphate concentrations from 0 to 10 mM (triplicate) was
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used for interpretation of the results. The reactions that after 48 h
showed some level of conversion were extracted and analyzed by
GC-FID.

Determination of kinetic parameters and specific activities

Kinetic parameters were determined measuring NADH formation at
340 nm. Reaction mixes were prepared in 96 well plates for UV
measurement by triplicate. For (4)-endo-1a kinetic study: 0.5 pM of
SrBDH1 (tetramer), 1 mM NAD®, (+)-endo-1a in a range between
0.5 and 6 mM, 5% DMSO, buffer Tris-HCl 100 mM pH 9. For NAD™*
kinetic study: 0.5 uM of SrBDH1, NAD* in a range between 0.05 and
2mM, 5mM of (+)-endo-1a, 5% DMSO, buffer Tris-HCl 100 mM
pH 9. All the reactions were started adding NAD" to the reaction
mix. Absorbance at 340 nm was measured every 15s for 30 min.
The linear range of the curves was used to calculate the initial rates.
Origin 2019b (OriginLab Corporation, USA) was used for the
nonlinear fitting using Michaelis-Menten model to obtain the
kinetic parameters.

Specific activities were obtained in a similar way under the
following conditions: 20 uM of the alcohol dehydrogenase (mono-
mer) (AaADH2, PsBDH, SoBDH2, SoBDH3, SrBDH1 or SrBDH2), 2 mM
NAD¥, 2 mM of substrate, 1% DMSO in Tris-HCl 100 mM pH 9.

Optimum pH determination for SrBDH1

SrBDH1 was incubated for 30 min on the following buffers: citrate
buffer 100 mM for pH 4.5, 5 and 5.5; potassium phosphate buffer
100 mM for pH 6, 6.5 and 7; Tris-HCl buffer 100 mM for pH 7.5, 8,
8.5 and 9; carbonate-bicarbonate buffer 100 mM for pH 9.5, 10 and
10.5. After that time, 5 pL of the incubated enzyme were added to
a mix consisting in 4 mM of (+)-endo-1a, 5% DMSO, 5 mM NAD™,
0.15 puM of SrBDH1 in buffer Tris-HCl 100 mM pH 9 in a final volume
of 200 pL. Absorbance at 340 nm was measured every 15 seconds
for 45 min. The linear range of the curves was used to calculate the
initial rates of reaction. All the reactions were done by triplicate.

Gas Chromatography-flame ionization detector (GC-FID)
analysis

GC-FID analysis was carried using a Shimadzu QP2010 SE GC-FID
system. All extractions were performed using 400 uL of DCM and
200 pL of sample at 0, 24 and 48 h. After mixing and discarding the
inorganic phase, the samples were dried using Na,SO,, centrifuged
and transferred to 1.5 mL vials with 200 pL inserts. For 1a, 1b, exo-
2a and 2b, an Hydrodex -6TDM chiral column (Macharey-Nagel)
(25 m, 0.25mm 1D, 0.25uM film thickness) was used with the
following program: 60°C for 8 min, a linear increase of 2°C/min to
150°C, a linear increase of 40°C/min to 200°C, 200°C for 2 min. For
endo-3a and 3b, an Hydrodex-3-6TBDAc chiral column (Macharey-
Nagel) (50 m, 0.25 mm 1.D., 0.25 puM film thickness) was used with
the following program: 50°C for 15 min, a linear increase of 1°C/
min to 110°C, a linear increase of 20°C/min to 220°C, 220°C for
1 min.

Protein expression and protein purification for crystallization
experiments

E. coli BL21-RIL was transformed with pET15a vector containing
SrBDH1 fused to an N-terminal hexa-histidine-tag. Protein induction
was carried in auto-induction media at 37°C for 7h and
subsequently cooled down to 16°C.%” Cells were grown over night
and harvested by centrifugation (10 min, 7,000 rom at 4°C). The
pellets were resuspended with buffer A (20 mM Tris/HCl pH 8.0,
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500 mM Nadl). Cells were lysed by homogenization at 4°C for 7 min
after addition of 0.5 mg I”' DNase and the lysate was cleared by
centrifugation (30 min, 21’500 rpm at 4°C). Ni?*-NTA beads (cv
1 ml, GE Healthcare) were equilibrated with buffer A. SrBDH1 was
loaded on the column and washed with 15 cv of buffer A. SrBDH1
was eluted using a linear gradient with increasing imidazole
concentration up to 300 mM. Size exclusion chromatography (SEC)
was performed with a HighLoad Superdex S200 16/60 column (GE
Healthcare), equilibrated with buffer B (20 mM Tris/HCI, pH 8.0,
125 mM NaCl). Pooled protein fractions were concentrated with
Amicon-Ultra-15 (Merck KGaA) to 27.3 mg ml~' as measured by the
absorbance at 280 nm.

Crystallization

Crystals were obtained by the sitting-drop vapor-diffusion method
at 18°C with a reservoir solution composed of 0.1 M Bis-Tris/HCl
pH 5.5 to pH 7.2, and NaCl ranging from 2.7 M to 3.2 M. Crystals
were cryo-protected with 25% (v/v) glycerol supplemented to the
reservoir resolution and subsequently flash-cooled in liquid nitro-
gen. A second crystallization condition was obtained with a
reservoir solution composed of 0.1 M HEPES/NaOH pH7.0 to
pH 7.8, 5/4 pentaerythritol propoxylate (PO/OH) 25% (v/v), 30%,
35%, 0.1 M and 0.2 M KCl. Crystals were cryo-protected with 15%
(v/v) glycerol supplemented to the reservoir resolution and
subsequently flash-cooled in liquid nitrogen.

Soaking and co-crystallization experiments

Crystals were soaked for 70 min in (+)-borneol (80 mM from
400 mM stock in 100% DMSO) containing cryo-protectant and
subsequently flash-cooled in liquid nitrogen. For co-crystallization
20 mM (+)-borneol (from 100 mM stock in 100% ethanol) were
added to the protein solution and incubated for 1 h on ice prior
crystallization. Crystals were cryo-protected as above and subse-
quently flash-cooled in liquid nitrogen.

Diffraction data collection, structure determination and
refinement

Synchrotron diffraction data were collected at the beamline 14.1
and 142 of the MX Joint Berlin laboratory at BESSY (Berlin,
Germany). X-ray data collection was performed at 100 K. Diffraction
data were processed with XDSP® (Table S3). The structure for the
SrBDH1 apo was solved via molecular replacement in PHASER®® by
using the structure of the ternary-secoisolariciresinol dehydrogen-
ase from Podophyllum petatum (PDB ID 2bgm™”) as search model.
Crystals of StBDH1 apo belong to the space group P4,2,2, with two
molecules in the asymmetric unit. Model building and water
picking were performed with COOT.*" The structure was initially
refined by applying a simulated annealing protocol and in later
refinement cycles by maximum-likelihood restrained refinement
using PHENIX.refine.***¥ The crystals of SrBDH1 NAD™ crystallized
in space group P6s; and the structure was solved by molecular
replacement with the SrBDH1 structure, computed from the crystals
of the high salt condition, as search model. Model quality was
evaluated with MolProbity*” and the JCSG validation server.*
Figures were prepared using PyMOL (Schrdodinger, Inc). Secondary
structure elements were assigned with DSSP,“? and ALSCRIPT*"
was used for secondary structure-based sequence alignments.
Structure factor amplitudes and coordinates have been deposited
in the ProteinDataBank.
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Multi-angle light scattering (MALS)

MALS experiment was performed at 18°C. SrBDH1 was loaded onto
a Superdex 200 increase 10/300 column (GE Healthcare) that was
coupled to a miniDAWN TREOS three-angle light scattering
detector (Wyatt Technology) in combination with a RefractoMax520
refractive index detector. For calculation of the molecular mass,
protein concentrations were determined from the differential
refractive index with a specific refractive index increment (dn/dc) of
0.185 ml g~'. Data were analyzed with the ASTRA 6.1.4.25 software
(Wyatt Technology).

Docking studies

(+)-endo-1a, (—)-endo-1a, (+)-exo-1a, (—)-exo-1a, (+)-1b and
(—)-1b were energy minimized using a MM2-force field for
molecular docking into the active site of a monomeric representa-
tion of SrBDH1 and PsBDH (PDB-ID: 6M5N). The docking was
performed using the AutoDockVina program environment of
YASARA Structure.*®*¥' All 6 substrate structures were docked into a
simulation cell (X size=16 A, Y size=16 A, Z size=16 A; angles: o=
90°, B=90° y=90°) extended 1 A around the residues 196, 1154,
G195 and 1210 in SrBDH1 and the corresponding residues V95, 1152,
M193 and A208 in PsBDH. For each substrate, 999 docking runs
were performed with atoms and bonds of the corresponding
substrates set as flexible. Docking of each substrate resulted in one
or more clusters using a rmsd cutoff for clustering of 2.0 A.

Coupled moves

The SrBDH1 structure was pre-processed by running the Relax
protocol with (+)-endo-1a in the active site to minimize artefacts in
the following protocol. The ligand rotamer library was generated
by the free online tool Frog2®® with default options. The coupled
moves protocol was run according to published setting®” (com-
mand line) as reported in the Supplementary Information.

The resulting output sequences were filtered for redundancy and
analyzed using the script analyze_coupled_moves.py made avail-
able by the Kortemme lab in github.com®" which allows high-
lighting of the top 10 mutations enriched in the ligand of interest
compared to a known accepted ligand and furthermore it allows
the visualization of results via WebLogo.®? In all cases the Rosetta
version 3.11 was used.

Point Mutations

The QuikChange method (Agilent Technologies) was used for site-
directed mutagenesis. For the complete list of the primers used,
please refer to the Supplementary Table S5). After PCR for the
insertion of the mutants in pET15b_SrBDH1 plasmid, 10 U Dpnl
were added to the mix and incubated at 37°C for 1 h. Chemo-
competent E. coli Top 10 cells were transformed using 3 pL of the
mix. The mutants were confirmed by sequencing and retrans-
formed in E. coli BL21 (DE3).

Cell-free extract of SrBDH1 mutants was obtained as described
before for the wild type. For biotransformations, 1 mM of endo-1a
or exo-1a, 1 mM of NAD™ and 975 pL of cell-free extract were used,
for a total reaction volume of 1 mL. Samples of the reaction after
30 min and 24 h were extracted for chiral GC-analysis.

2275 © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH

AsULOIT suowwo)) dAnear) d[qesrjdde ayy £q pauILA0S a1e SA[ONIE YO (9N JO SanI 10§ KIeIqr] auluQ) KJ[IAL UO (SUONIPUOD-PUB-SULI) WO Ko[1mKreiqr[aurjuoy/:sdny) suonipuo)) pue sutd ], oyl 23S *[zz07/21/S0] uo Areiqr auruQ A[ip ‘urpiag 1oensioatun) a1 £q 01 100120T919/2001°01/10p/wod Ko[im*Kreiqrjaur[uo-adoma-Lnsiwayo//:sdiy woiy papeojumo( ‘6 ‘|


https://doi.org/10.1002/cctc.202100110

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemCatChem doi.org/10.1002/cctc.202100110

T 668€L981

Author Contributions

RK., B.L., A.C. and I.D. conceived the project and main conceptual
ideas. A.C, N.D., MP.P. and CP.O.H carried out experiments,
analyzed results and prepared figures for the paper. E.C. performed
molecular modeling. E.C., LP.P,, MH. and V.S. participated in the
analysis of the results. All authors discussed the results and
participated in the writing of the manuscript.

Funding Sources

The authors acknowledge financial support by the German
Federal Ministry of Education and Research (BMBF) for the
project CbP-camphor based polymers within the bio-economy
international program (grant No. 031B050B). R.K. and A.C. also
would like to thank the Austrian Science Funds (FWF, P31001-
B29) for financial support. C.P.H. is supported by the Hanns
Seidel Foundation.

Abbreviations
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1. Supplementary Figures

I B B ENESE R BN 'l BN T R

Consensus - ------- RLEGKVATIYV S VRLF HGAKVVIAD QD L6Q L LOX === Y HCDVT E D-V AV
SrADHET @ - ---- MSCNTAVSRRLEGKVAI ASTVRLFHDHGAKVVIADIQDDLGQTLADRLG----- RNISYTHCDVTDEDQ-VRALVDA
SrADH2 - MKMKPESNGLHTSKRLEGKVAII ATAALFVRHGAKVVIADVQDDRGSALCRDLG- LPNQISYVHCDVTSDAD-VSAAVDL
SO I - ------ MSS-SAVSKRLEGKVATI A\STVSLFHDHGAKVVIADIQDNLGQTLAGRLG - - - - - RNISYIHCDVTDENQ-VRALVDA
SoBDH2 -MATGAANVESPQSLPLRLLGRVAL SIVLLFRKHGAKVCIADVQDNQGQRLCETLGG---SSDIAFCHCDVTIEDD - VKRAVDF
SOADH3 MDSDESKDDMTHHLPSKRLSGKVAVI AATAKAFAENGANVVIADILDEPGAEVAAAIGG---- - - - KYVHCDVSVEKD - VERAIQV.
AaADH2 ~ ----e---- MNGVYPHRLLEGKVAII STVRLFAKHGAKVVIADIQDQLGLSLCNDLVNK-IGDNVIYLHCDVTKESENIENTVNT
PsBDH = c--mmeeeccee-- MKLLEGKRII ASVVRAYIAAGATVASMDMNDTLGQQVVSEAGKANPGCKSRYYHCNIADRPE-VEKAFAT
LIBOH - -MASTVLRRLEGKVALI SAARLFSRHGAKVVIADIQDELALNICKDLG------- STFVHCDVTKEFD-VETAVNT
ABADH = -MAS-------- LTPKARLENKVAI CIVRLFVKHGAKVVIADVNDDLGKLLCQDLG----SKFACFVHCDVTIESD-IENLINT
ZSD1 2 ceeeeeesceeee--- MRLEGKVAL SIARLFIEHGAKICIVDVQDELGQQVSQRLGG---DPHACYFHCDVTVEDD-VRRAVDF
CoTR -~ -MANLRESSRDKSRWSLEGMTAL AVVEELAMLGARVHTCARDETQLQESLREWQAK--GFQVTTSVCDVSSRDQREKLMETV

N 'mINE N §F IENEE =EEES ‘mn | | ]
Consensus I P ID0 F RV INL 6 FLG KHAAR MIP 6- II TAS AS AG H YT SKHAVVGL KN A ELG HGIRVNCV
SrADH1 TVEGPN-SIFDVDKDELERLMGINLVGAFLAAKHAARVMVPAKKG-CIIFTASACTEIAGIAGHSYTASKYGIVGLMKSLAVELGSHGIRANCV.
SrADH2 IPGGLDFTIVDADNDNFRRVFEVNVYGAFLGAKHAARAMIPARRGGAILFTASVASAVAGESPHSYAASKHAVVGLMRNLCVELGQHGIRVNATL
SoBDH1 IVEGPTVSIFDADKGALERLLGINLVGGFLAAKHAARVMSPTKKG-CITFTASACTEVAGISGPGYVASKYGIVGLMKSLAAELGSHGIRANCY
SoBDH2 VSGPPCPDIRDFELSAFDRVFDINVRGVFIGMKHAARIMIPAKKG-SIISIYSVASTMGGLGPHAYTGSKHAVLGLTKNVAAELGKHGIRVNCYV
SOADH3 IS-GPEGSITNLKMEQLAALLEINLNGVVHGIKHAARAMIEGRNAGTIICSYSSAATMGGLASHAYTLSKIAAILGVARSSACELGLHSIRVNCV
AaADH2 IPGNLDFTILNSONENFKRVFDVNVFGSFLGAKHAARVMIPAKRG-VILFTYSVASVLAGESPHSYTVSKHAVIGLMKNLCVELGQYGIRVNCI
PsBDH VHRHSPPDAIAEEL--YDMLFRVNVLGTINTNAVAYRLMKGQGIG-NIINFUSESGLTGEINNALYSAT AVHTWTRNVARQWGPDGIRINAV
LiBDH ISGAPKYKISNTQLSDFKRVVDVNLVGVFLGTKHAARVMIPNRSG-SIISTASAATAAAAGTPYPYICS GVVGLTRNAAVEMGGHGIRVNCV.
AaADH TVDEPKLSILDNEKSDFDRVVSINLAGVFLGTKHAARVMIPKCSG-SIITTASICSVTIGGVASHAYTSS GVVGLAKNAAAELGKYNIRVNCV.
z5D1 ITGDKVIDIRDADFNEFKKVFDINVNGVFLGMKHAARIMIPKMKG-SIVSLASVSSVIAGAGPHGYTGAKHAVVGLTKSVAAELGRHGIRVNCY
CoTR TCITKP--TIDYTSEDFSFLMSTNLESSFHLSQLAHPLLKSSGLG-SIVLI§SVASVVHVNVGSIYGATKIGAMNQLARNLACEWASDSIKVNSY

Bl 0 ' 1 s HEE "'l HI'IEE |
Consensus S XXXXXXXX mmmmme NLKG LTA -DVA A LYLASDES YVSG NLVVDGGYS N --
SrADH1 -ASKLMFEG------ IMSKVGNLKGKILTAE-DVAVTVLYLASEEASYVSGVNLLVDGGYTVVNPTFINVITAGQS----
SrADH2 ~-VEKAVVED - - -~~~ IICASANLKGVVPTAE-DVAEAALYLGSDESKFVSGLNLVVDGGYSTTNQSYSRAGTTGSQTLPSASSREPEMG
SoBDH1 ~KTKLMFEG------ LMSKVGNLKGKILTAD-DVAKAALYLASDEASYVSGVNLVLDGGYSVVNP z
SoBDH2 ~-EAERTEDTWDDFRRFVADNANLQGVELTME -DVANAVVFLASDEARYVSGMNLMVDGGFTSTNHALQVFRP
SoADH3 FLGNENLQPQDVRKIVGEKGSLLRGRGGSME-DVAEAVVFLASDEAGFITGHNLVIDGGYTCASNQMNFIYQE------------mcooooononn
AaADH2 -VDKEVVDG------ ILCASAVLKGVVPTAD-DVAEAALYLGSDASRYVTGVNLVVDGGYSTTNPTYSRVIKQTFEDLAKKNEGCNGNGVSHAT
PsBDH SSEDLAAHD----- AATKTDIPLGGKFGDADKDLAPVMVFLASDASHFMTGQMFPVDGGLIAVR--------------oommmmm oo oo
LIBOH --DDDWIQG------ CFSN---LKGAVLTAE-DVAEAALYLASDESKYVSGHNLLVDGGVSIMNQGCN
AaADH ~-MDETSS-----cnunn- FYSNLQGKTLGPQ-DIANATLFLASDESGYVSGHNLVVDGGYSVLNPAFGLFSWKP
25D1 ~ESEMQEDALRGFLTFVRSNANLKGVDLMPN-DVAEAVLYLATEESKYVSGLNLVIDGGFSTANHTLQVFE -~~~ --------=--—---—--
CoTR EEFKKEVEN----------- IIPTGRVGEAN-EVSSLVAYLCLPAASYVTGQTICVDGGFSVNGFTFKSLPLR- -~ -------=-c-mmmnn

u H N .
AV K G LDIM NNAG

AVAKHGGVDIMFSNAG
AVSKYGGLDIMFNNAG
TVAKHGGVDIMFSNAG
TVDKFGTLDIMVNNAG
AVDWKGRLDIMFNNAG
AVSKFGKLDIMFNNAG
AAEDMGGLDVMVNVAG
AVSTYGKLDIMLNNAG
TIAKHGQLDIMVNNAG
TAEKYGTIDIMVNNAG
SSLFQGKLNILVNNAG

sSP VXTXL -
SPFGVLTGIVPDD-E-
SPCAVATPLLTGTMG-
SPFGVLTGIAAGD-D-
SPYAVATSLALAHLP -
SPHGVPSEMLMTAYRR
SPGSVSTPLVTTAMG-
LPYMVTPMYVDFRNAL
SPYYVATPMTR- -~~~
SPYFVPTKLAFKFLN-
SPYAVPTRLSMPYLP -
CPGFISTPLASNYFRN

283
294
260

202
212
202
213
211

201
196

198
212

Figure S1. Alignment of new amino acid sequences from Salvia officinalis, Salvia
rosmarinus and enzymes previously described to catalyze the oxidation of borneol. The
sequences were aligned using Mega X with parameters defined by default and visualized in
SnapGene 5.1. Residues matching the consensus sequence are highlighted in grey. Degree of
conservation is indicated on top, with blue representing the less conserved residues and red
the most conserved ones. “Classical” SDR motif for cofactor binding (TGxxx[AG]xQG) is
highlighted in an orange square. The catalytic triad (S, Y, K), including the active site

“classical” SDR motif (YxxxK) is highlighted in a blue square.
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Figure S2. SDS gels for the purification of the three new BDH. CFE: cell free extract.



Calibration curve SEC
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Figure S3. Graph showing calibration curve for size exclusion chromatography and table with the
oligomeric state of STBDH1, StBDH2 and SoBDH3.
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Figure S4. Graphs showing absorbance at 340 nm for NAD' and NADP" for borneol
dehydrogenase-like enzymes. 2 uM of AaADH2, PsBDH, SoBDH2 and SrBDHI1 or 20 uM of
SrBDH2, 2 mM NAD(P)", 2 mM exo-1a, 1% DMSO, buffer Tris-HCI 100 mM pH 9.
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Figure S5. Chromatograms for conversion of pure enantiomers (+)-1b (left) and (-)-1b (right)
catalyzed by SrBDH1. Orange for time 0 and blue for 48 hours.
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Figure S6: Kinetic characterization of S'TBDH1 for (+)-endo-1a (left) and NAD". The lines represent
the fit obtained using the Michaelis-Menten equation constructed using Origin 2019 software.



Figure S7. (A) Overall architecture of STBDH1*NAD" / high salt forming a tetramer shown in
cartoon representation. Only one NAD" molecule is bound to one monomer (chain C) depicted in
stick representation. (B) Overall architecture of S'TBDH1*NAD" / PO/OH. Identical view as in panel
(A). NAD" is shown in brown stick representation. Quality of the electron density clearly indicates
that the cofactor is not fully occupied. Two molecules of PO/OH are clearly defined in the electron
density shown in orange stick representation. (C) Some view as in panel (A) but merely of the protein
chain C in blue cartoon representation with the bound NAD*. A POLDER map!!! was calculated for
the omitted NAD". The electron density map is shown as green mesh contoured at 3 ©.
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Figure S9. Residues suggested by the coupled moves protocol implemented in the Rosetta framework

by Ollikainen et al.l
(C) and (-)-exo-1a (D).

for a better fit in the active site of (+)-endo-1a (A), (+)-exo-1a (B), (-)-endo-1a



Figure S10. Secondary structure of the active site of STBDH1 (blue) and AaADH2 (homology
model) (violet). Positions mutated are labeled for S'tBDHI. (+)-endo-1a showed in white and NAD*
in orange.



2. Supplementary tables

Table S1. Specific activities measured for AaADH2: alcohol dehydrogenase from A. annuab
SoBDH2: borneol dehydrogenase from S. officinalis L."*'; StTBDH1/2: borneol- like dehydrogenases
from S. rosmarinus; SOBDH3: borneol-like dehydrogenase from S. officinalis L. PsSBDH: borneol
dehydrogenase from Pseudomonas sp. TCU-HL1.5) The highest activity for each enzyme is
highlighted in bold letters. Reactions with substrates displaying specific activities less than twice the
blank are not shown. ?In.c. = no conversion detected.

Specific activity (mU/mg)
Substrate SrBDH1 SrBDH2 SoBDH3 AaADH2 SoBDH2 PsBDH
endo-1a 30.22+0.46 9.98+0.46 n.c. 21.52+0.77 17.9240.20 122.12421.54
exo-1a 23.66+0.36 5.05+1.71 0.30+0.05 53.34+1.29 12.74+0.56 114.78+5.17
exo-2a 4.80+0.04 1.54+0.13 n.c. 29.29+1.44 n.c. 68.59+3.58
(+)-endo-2a 3.92+0.36 5.89+1.04 0.27+0.04 22.50+0.81 n.d. 28.12+0.63
endo-3a 4.63+0.22 1.03+0.04 n.c. 14.48+0.53 7.05+1.03 29.54+1.86
4a 2.88+0.12 15.89+1.09 0.46+0.03 87.80+2.73 12.25+1.44 5.02+1.55
Sa 3.33+0.07 n.c. n.c. 29.10+2.87 6.69+0.78 28.49+3.12
6a 10.01+0.15 2.524+0.18 n.c. 16.76+0.73 18.03+0.0.46 22.81+1.46
7a 4.40+0.62 n.c 0.23+0.02 20.54+0.47 38.79+2.94 17.51+0.83
8a 8.34+0.32 n.c 0.21+0.11 14.75+2.11 3.76+0.25 10.69+0.66
9a n.c n.c n.c n.c. n.c n.c
10a n.c n.c n.c 5.94+0.36 n.c n.c
11a n.c n.c n.c n.c. n.c n.c
12a 12.93+1.20 4.36+0.82 n.c 8.70+5.17 2.26+0.10 42.98+5.8
13a 9.75+0.44 1.98+0.10 n.c 62.73+2.74 6.33+0.13 6.15+0.12
14a n.c n.c n.c 9.96+1.97 n.c. n.c
15a n.c n.c n.c n.c. 3.36+0.11 n.c
16a n.c n.c n.c 4.77+£0.34 4.724+0.54 n.c
17a 3.27+0.14 - 0.20+0.01 - 6.45+0.49 3.244+0.18




Table S2. Conversions for (+)-1b and (-)-1b at 24 and 48 h with different concentrations of
substrate.

24 h 22% 24% 51%
48 h 39% 45% 81%
24 h 7% 6% 6%

48 h 9% 10% 11%



Table S3. Crystallographic data

Data collection

SrBDH1sNAD" / SrBDH1sNAD" / SrBDHI apo /
high salt PO/OH high salt
Wavelength [A] 0.9184 0.9184 1.0332
Space group P452,2 Po6s P432,2
Unit cell parameters
a, b, c[A] 107.4,107.4,218.6 196.8, 196.8, 65.3 108.2,108.2,230.4
Resolution [A]? 20.00 - 2.60 50.00 - 2.27 48.96-3.10
(2.76 — 2.60) (2.41-2.27) (3.29-3.10)
Reflections
Total 473,592 (75,703) 561,781 (87,917) 663,719 (101,808)
Unique 40,188 (6,358) 66,509 (10,563) 25,633 (4,012)
Multiplicity 12.1 (12.0) 8.4 (8.3) 25.9 (25.4)
Completeness [%] 99.9 (99.7) 99.7 (98.4) 99.9 (99.6)
Mean I/o(I) 14.33 (0.98) 9.88 (1.11) 16.49 (1.59)
Rumerge(T) ® 0.145 (2.284) 0.205 (1.853) 0.194 (2.125)
Rineas(I) © 0.152 (2.386) 0.218 (1.975) 0.198 (2.169)
CCi2 [%]@ 99.9 (58.5) 99.7 (50.9) 99.9 (88.9)
Refinement
Resolution [A]? 20.00 - 2.59 50.00 - 2.27 50.00-3.10
Reflections
Unique 40,006 66,484 25556
Test set [%] 5.0 3.1 5.0
Ruork © 0.210 (0.430) 0.197 (0.310) 0.255(0.372)
Riree O 0.254 (0.470) 0.235 (0.349) 0.305 (0.451)
Contents of A.U.®
Non-H atoms 7437 8044 7293
Protein residues/atoms 1008 / 7363 1038/ 7621 997/ 7290
NAD* molecules 1 4 -
PO/OH molecules - 2 -
Chloride ion 2 1 -
Water molecules 28 196 3
Mean B factors [A2]
Wilson 71.9 47.9 82.7
Model atoms 81.0 51.8 94.8
Rmsd®™ from ideal geometry
Bond lengths [A] 0.006 0.007 0.004
Bond angles [°] 0.870 0.949 0.748
Model quality®
Overall score 1.87 1.46 1.85
Clash score 8.0 4.1 9.73
Ramachandran favored [%] 97.6 96.9 95.12
Ramachandran outliers [%] 0.1 0.8 0.0
PDB ID 677T 62YZ 67270

Values in parentheses refer to the highest resolution shells.

Runerge(1) = Y0 Y | Lin - <In> | / >nyi Lin, in which <In> is the mean intensity of symmetry-equivalent reflections h and

I is the intensity of a particular observation of h.[]

Rumeas(I) = Y0 [N/(N-1)]'2 35 |L-h - <Ih>| / >nYi Im, in which <In> is the mean intensity of symmetry-equivalent
reflections h, I is the intensity of a particular observation of h and N is the number of redundant observations of

reflection h.[%

CCiz = (<I>> - <I>?) / (<I®> - <I>?) + 6%, in which 6% is the mean error within a half-dataset.[]
Rwork = Y'h | Fo - Fe | /¥ Fo (working set, no ¢ cut-off applied).
Riree is the same as Rwork, but calculated on the test set of reflections excluded from refinement.




A.U. — asymmetric unit.
Rmsd — root-mean-square deviation
i Calculated with MolProbity.!"!

h

Table S4. Residues in the active site for StBDH1 and comparison with the equivalent residues in
other members of the family of borneol dehydrogenases.

Selective?
99 146 | 154 | 155 | 159 | 190 | 191 | 211 Borneol | Isoborneol
SrBDH1 G S I A Y F G M Yes Yes
SoBDH1 G S 1 S Y F G M Yes Yes
SrBDH2 G S E S Y C A I Yes No
SoBDH?2 P S L G Y Y A A\ Yes No
AaADH?2 N S E S Y G S L No No
PsBDH H S I N Y Y M T No No
LiBDH A S G T Y Y Y F No Yes
AaBDH E S A\ A Y Y F - No No
7sD1 D S A G Y Y A \% ? ?
CoTR T S N VvV Y G F - ? ?
SoBDH3 G S L A Y H G G - -




Table S5. Primers for point mutation

Mutant Replaced nucleotides Primers used
'-gatgctgtt tttt t ttgct -3'
G99N 29839299 ? gatgctgttcgggttttcaacaatacccgegttgetgaac-3 '
5'-gttcagcaacgcgggtattgttgaaaacccgaacageatce-3
'-atgctgtt tgtt t ttgctga-3'
G99H 298¢ 9299 5' atgctgttcgggtgttcaacaatacccgegttgetga-3 '
5'-tcagcaacgcgggtattgttgaacacccgaacagceat-3
- tgetgtt tett t -3'
G99D 2992 5' caaagatgctgticgggtcttcaacaatacccgeg 3'
5'-cgegggtattgttgaagacccgaacageatctttg-3
'-atgctgtt ttt t ttgctga-3'
G99T 298a_299¢ 5' atgctgttcggggtttcaacaatacccgegttgetga-3 '
— 5'-tcagcaacgcgggtattgttgaaaccccgaacagceat-3
F190Y 5724 c573t 5 '-ccggtcagaacaccatacgggctcacgcagtt-%
- 5'-aactgcgtgagcccgtatggtgttetgaccgg-3
G191M 0574a_g575t 1576¢ 5 -'cgatgccggtcagaaccatgaacgggctcacgcag-?
- - 5'-ctgcgtgageccgttcatggttetgaccggeateg-3
G191S 05742 5 —'ccggtcagaacactgaacgggctcacg—%
5'-cgtgagcccgttcagtgttetgaccgg-3
G191F 574t @575t 5 —g'atgccggtcagaacaaagaacgggctcacgcag—'3
— 5'-ctgcgtgageccgttetttgttctgaccggceate-3
M211V a634g '5 -cccactttgctcacaataccttcaaacatcagettgete-3 '
5'-gagcaagctgatgtttgaaggtattgtgagcaaagtggg-3
M211L 634t 5' -cccactttgctcaaaataccttcaaacatcagettgete-3 '
5'-gagcaagctgatgtttgaaggtattttgagcaaagtggg-3
VOIG 293¢ '5—ctgttcgggccttcaccaatacccgcgttgc—3 :
5'-gcaacgcgggtattggtgaaggcccgaacag-3
V97C 2202t 1293g 5"—gctgttcgggccttcacaaatacccgcgttgctgaac—3"
5'-gttcagcaacgegggtatttgtgaaggceccgaacage-3
VOTP 0292¢ 293¢ 5' -ctgttcgggccttcaggaatacccgegttgctgaa-3 :
S'-ttcagcaacgcgggtattcctgaaggeccgaacag-3
Y159F ad79t 5’ -ttgctcgeggtgaagcetgtggcceg-3 :
5'-cgggccacagcttcaccgegageaa-3
S146A a439g_g440c 5 :caatctcggtgcacgcggccgcggtaaaaatgatgc-3:
5'-gcatcatttttaccgecggecgegtgeaccgagattg-3
1196L 4589¢ 5 :cgtccggcacgaggccggtcagaac-%
5'-gttctgaccggectegtgccggacg-3
VOTF 02921 5' -gttcgggccttcaaaaatacccgcgttgctga-3'
5'-tcagcaacgcgggtatttttgaaggcccgaac-3
V7Y 2292t 1293a 5'-gctgttcgggccttcataaatacccgcgttgctgaac-3 :
- S'-gttcagcaacgcgggtatttatgaaggccegaacagce-3
F207TW 1623g_t624g ’5 -ctttgctcataataccttcccacatcagettgetegecte-3 :
- 5'-gaggcgagcaagctgatgtgggaaggtattatgagcaaag-3
C148A t445g_gdd6e 5'—cgcaatctcggtggccgcgctcgcggta—3'
— 5'-taccgcgagegeggccaccgagattgeg-3
GI99T+VI98 | g292t t293g g298a g299 5'-gctgttcggggtttcacaaataccegegttgctgaaca-3'
C c

5'-tgttcagcaacgcgggtatttgtgaaaccccgaacagce-3'




3. Nucleotide and amino acid sequences of the enzymes used in
this study

a. Amino acid sequences
>AaADH2

MNGVYPHRLLEGKVAIITGGASGFGESTVRLFAKHGAKVVIADIQDQLGLSLCNDLVNKIGDNVIYLHCDVTKES
ENIENTVNTAVSKFGKLDIMFNNAGIPGNLDFTILNSDNENFKRVFDVNVFGSFLGAKHAARVMIPAKRGVILFTS
SVASVLAGESPHSYTVSKHAVIGLMKNLCVELGQYGIRVNCISPGSVSTPLVITAMGVDKEVVDGILCASAVLK
GVVPTADDVAEAALYLGSDASRYVTGVNLVVDGGYSTTNPTYSRVIKQTFEDLAKKNEGCNGNGVSHAT

>PsBDH

MKLLEGKRIIVTGGAQGIGASVVRAYIAAGATVASMDMNDTLGQQVVSEAGKANPGCKSRYYHCNIADRPEVE
KAFATAAEDMGGLDVMVNVAGVHRHSPPDAIAEELYDMLFRVNVLGTINTNAVAYRLMKGQGIGNIINFGSES
GLTGEINNALYSATKAAVHTWTRNVARQWGPDGIRINAVLPYMVTPMY VDFRNALSSEDLAAHDAATKTDIPL
GGKFGDADKDLAPVMVFLASDASHFMTGQMFPVDGGLIAVR

>SoBDH1

MSSSAVSKRLEGKVAIVTGGASGIGASTVSLFHDHGAKV VIADIQDNLGQTLAGRLGRNISYIHCDVTDENQVRA
LVDATVAKHGGVDIMFSNAGIVEGPTVSIFDADKGALERLLGINLVGGFLAAKHAARVMSPTKKGCIFTASACT
EVAGISGPGYVASKYGIVGLMKSLAAELGSHGIRANCVSPFGVLTGIAAGDDKTKLMFEGLMSKVGNLKGKILT
ADDVAKAALYLASDEASYVSGVNLVLDGGYSVVNP

>SoBDH2

MATGAANVESPQSLPLRLLGRVALVTGGSSGIGESIVLLFRKHGAKVCIADVQDNQGQRLCETLGGSSDIAFCHC
DVTIEDDVKRAVDFTVDKFGTLDIMVNNAGVSGPPCPDIRDFELSAFDRVFDINVRGVFIGMKHAARIMIPAKKG
SIISISSVASTMGGLGPHAYTGSKHAVLGLTKNVAAELGKHGIRVNCVSPYAVATSLALAHLPEAERTEDTWDDF
RRFVADNANLQGVELTMEDVANAVVFLASDEARYVSGMNLMVDGGFTSTNHALQVFRP

>SrBDH1

MSCNTAVSRRLEGKVAIVTGGASGIGASTVRLFHDHGAKVVIADIQDDLGQTLADRLGRNISYTHCDVTDEDQV
RALVDAAVAKHGGVDIMFSNAGIVEGPNSIFDVDKDELERLMGINLVGAFLAAKHAARVMVPAKKGCIIFTASA
CTEIAGIAGHSYTASKYGIVGLMKSLAVELGSHGIRANCVSPFGVLTGIVPDDEASKLMFEGIMSKVGNLKGKILT
AEDVAVTVLYLASEEASYVSGVNLLVDGGYTVVNPTFINVITAGQS

>SrBDH2

MKMKPESNGLHTSKRLEGKVAIITGGASGFGEATAALFVRHGAKVVIADVQDDRGSALCRDLGLPNQISYVHCD
VTSDADVSAAVDLAVSKYGGLDIMFNNAGIPGGLDFTIVDADNDNFRRVFEVNVYGAFLGAKHAARAMIPARR
GGAILFTASVASAVAGESPHSYAASKHAVVGLMRNLCVELGQHGIRVNAISPCAVATPLLTGTMGVEKAVVEDI
ICASANLKGVVPTAEDVAEAALYLGSDESKFVSGLNLVVDGGYSTTNQSYSRAGTTGSQTLPSASSREPEMG

>SoBDH3

MDSDESKDDMTHHLPSKRLSGKVAVITGGARGIGAATAKAFAENGANVVIADILDEPGAEVAAAIGGKYVHCD
VSVEKDVERAIQVAVDWKGRLDIMFNNAGISGPEGSITNLKMEQLAALLEINLNGVVHGIKHAARAMIEGRNAG
TIICSSSSAATMGGLASHAYTLSKAAILGVARSSACELGLHSIRVNCVSPHGVPSEMLMTAYRRFLGNENLQPQD
VRKIVGEKGSLLRGRGGSMEDVAEAVVFLASDEAGFITGHNLVIDGGYTCASNQMNFIYQE



b. Nucleotide sequence (codon optimized for E. coli)

>SoBDHI1

ATGAGCAGCAGCGCGGTGAGCAAACGCCTGGAAGGCAAAGTGGCGATTGTGACCGGCGGCGCGAGCGGCA
TTGGCGCGAGCACCGTGAGCCTGTTTCATGATCATGGCGCGAAAGTGGTGATTGCGGATATTCAGGATAAC
CTGGGCCAGACCCTGGCGGGCCGCCTGGGCCGCAACATTAGCTATATTCATTGCGATGTGACCGATGAAAA
CCAGGTGCGCGCGCTGGTGGATGCGACCGTGGCGAAACATGGCGGCGTGGATATTATGTTTAGCAACGCGG
GCATTGTGGAAGGCCCGACCGTGAGCATTTTTGATGCGGATAAAGGCGCGCTGGAACGCCTGCTGGGCATT
AACCTGGTGGGCGGCTTTCTGGCGGCGAAACATGCGGCGCGCGTGATGAGCCCGACCAAAAAAGGCTGCAT
TATTTTTACCGCGAGCGCGTGCACCGAAGTGGCGGGCATTAGCGGCCCGGGCTATGTGGCGAGCAAATATG
GCATTGTGGGCCTGATGAAAAGCCTGGCGGCGGAACTGGGCAGCCATGGCATTCGCGCGAACTGCGTGAGC
CCGTTTGGCGTGCTGACCGGCATTGCGGCGGGCGATGATAAAACCAAACTGATGTTTGAAGGCCTGATGAG
CAAAGTGGGCAACCTGAAAGGCAAAATTCTGACCGCGGATGATGTGGCGAAAGCGGCGCTGTATCTGGCG
AGCGATGAAGCGAGCTATGTGAGCGGCGTGAACCTGGTGCTGGATGGCGGCTATAGCGTGGTGAACCCGTG
A

>SoBDH2

ATGGCTACAGGCGCTGCAAATGTTGAGTCACCACAGTCTCTCCCCTTAAGATTATTAGGGAGAGTTGCTCTG
GTCACCGGAGGTTCGAGTGGCATTGGAGAGAGCATCGTGCTTCTGTTTCGTAAACATGGTGCAAAAGTTTGT
ATAGCCGATGTTCAAGACAACCAAGGGCAACGTCTCTGCGAAACCCTAGGTGGCAGCTCAGACATCGCCTT
TTGCCACTGCGATGTGACAATTGAAGATGATGTCAAGCGTGCAGTGGACTTCACCGTGGACAAGTTCGGTA
CCCTCGACATAATGGTGAACAACGCTGGGGTGTCGGGCCCACCCTGCCCCGATATCCGCGACTTTGAACTCT
CCGCTTTCGACAGGGTCTTCGACATAAACGTGAGAGGGGTTTTCATCGGAATGAAGCACGCGGCTCGCATA
ATGATCCCGGCCAAGAAAGGGTCGATAATATCAATCTCCAGCGTGGCGAGCACTATGGGCGGCTTAGGGCC
TCACGCATACACGGGGTCCAAGCATGCTGTTCTGGGACTCACCAAGAACGTCGCGGCGGAGCTAGGGAAAC
ACGGCATACGCGTGAACTGCGTGTCGCCGTACGCGGTCGCGACTAGCTTGGCGCTGGCGCACTTGCCCGAG
GCGGAGAGGACGGAGGATACGTGGGATGATTTCCGTAGATTTGTGGCGGATAATGCAAACTTGCAGGGAGT
GGAATTGACTATGGAGGATGTGGCGAATGCGGTGGTTTTCTTGGCGAGTGATGAGGCAAGGTATGTAAGCG
GCATGAATCTCATGGTTGATGGAGGCTTCACATCTACAAATCATGCCCTCCAAGTATTTCGTCCCTGA

>SrBDH1

ATGAGCTGCAACACCGCGGTTAGCCGTCGTCTGGAGGGCAAGGTTGCGATTGTTACCGGTGGCGCGAGCGG
TATTGGTGCGAGCACCGTGCGTCTGTTCCACGATCACGGCGCGAAAGTGGTTATCGCGGACATTCAGGACG
ATCTGGGTCAAACCCTGGCGGATCGTCTGGGCCGTAACATCAGCTACACCCACTGCGACGTTACCGACGAG
GATCAGGTTCGTGCGCTGGTTGACGCGGCGGTTGCGAAGCATGGTGGCGTGGACATCATGTTCAGCAACGC
GGGTATTGTTGAAGGCCCGAACAGCATCTTTGACGTGGATAAGGACGAGCTGGAACGTCTGATGGGTATTA
ACCTGGTTGGTGCGTTCCTGGCGGCGAAACATGCGGCGCGTGTGATGGTTCCGGCGAAGAAAGGTTGCATC
ATTTTTACCGCGAGCGCGTGCACCGAGATTGCGGGTATTGCGGGCCACAGCTACACCGCGAGCAAGTATGG
TATCGTTGGCCTGATGAAAAGCCTGGCGGTGGAACTGGGTAGCCACGGCATTCGTGCGAACTGCGTGAGCC
CGTTCGGTGTTCTGACCGGCATCGTGCCGGACGATGAGGCGAGCAAGCTGATGTTTGAAGGTATTATGAGC
AAAGTGGGTAACCTGAAGGGCAAAATCCTGACCGCGGAAGATGTGGCGGTTACCGTGCTGTACCTGGCGAG
CGAGGAAGCGAGCTATGTTAGCGGTGTGAACCTGCTGGTTGACGGTGGCTATACCGTGGTTAACCCGACCT
TTATCAACGTGATTACCGCGGGCCAAAGCTAA

>SrBDH2

ATGAAGATGAAACCGGAGAGCAACGGTCTGCACACCAGCAAGCGTCTGGAAGGCAAAGTTGCGATCATTA
CCGGTGGCGCGAGCGGTTTTGGTGAAGCGACCGCGGCGCTGTTTGTTCGTCACGGTGCGAAGGTGGTTATC
GCGGATGTGCAGGACGATCGTGGTAGCGCGCTGTGCCGTGACCTGGGTCTGCCGAACCAAATTAGCTACGT
GCACTGCGATGTTACCAGCGATGCGGATGTGAGCGCGGCGGTTGATCTGGCTGTGAGCAAATATGGTGGCC
TGGACATCATGTTCAACAACGCGGGCATTCCGGGTGGCCTGGACTTTACCATCGTTGACGCGGATAACGAC
AACTTCCGTCGTGTGTTTGAAGTGAACGTTTACGGTGCGTTCCTGGGCGCGAAACATGCGGCGCGTGCGATG
ATCCCGGCGCGTCGTGGTGGCGCGATTCTGTTTACCGCGAGCGTTGCGAGCGCGGTTGCGGGCGAGAGCCC



GCACAGCTATGCGGCGAGCAAACACGCGGTGGTTGGCCTGATGCGTAACCTGTGCGTTGAACTGGGTCAGC
ACGGCATCCGTGTTAACGCGATTAGCCCGTGCGCGGTTGCGACCCCGCTGCTGACCGGTACCATGGGCGTG
GAGAAGGCGGTGGTTGAAGATATCATTTGCGCGAGCGCGAACCTGAAAGGTGTGGTTCCGACCGCGGAGG
ATGTTGCGGAAGCGGCGCTGTACCTGGGTAGCGACGAGAGCAAGTTCGTGAGCGGCCTGAACCTGGTGGTT
GACGGTGGCTACAGCACCACCAACCAGAGCTATAGCCGTGCGGGTACCACCGGCAGCCAGACCCTGCCGAG
CGCGAGCAGCCGTGAGCCGGAAATGGGTTAA

>SoBDH3

ATGGACAGCGATGAAAGCAAGGACGATATGACCCACCACCTGCCGAGCAAGCGTCTGAGCGGCAAAGTGG

CGGTTATCACCGGTGGCGCGCGTGGTATTGGTGCGGCGACCGCGAAAGCGTTTGCGGAGAACGGCGCGAAC
GTGGTTATCGCGGACATTCTGGATGAGCCGGGTGCGGAAGTGGCGGCGGCGATTGGTGGCAAGTACGTTCA

CTGCGACGTGAGCGTTGAGAAAGATGTGGAACGTGCGATCCAGGTGGCGGTTGACTGGAAGGGTCGTCTGG
ATATCATGTTTAACAACGCGGGTATTAGCGGCCCGGAAGGTAGCATCACCAACCTGAAGATGGAGCAACTG
GCGGCGCTGCTGGAAATCAACCTGAACGGCGTGGTTCACGGTATTAAGCATGCGGCGCGTGCGATGATTGA

GGGTCGTAACGCGGGTACCATCATTTGCAGCAGCAGCAGCGCGGCGACCATGGGTGGCCTGGCGAGCCATG
CGTACACCCTGAGCAAAGCGGCGATTCTGGGCGTGGCGCGTAGCAGCGCGTGCGAACTGGGTCTGCACAGC
ATCCGTGTGAACTGCGTTAGCCCGCACGGCGTTCCGAGCGAGATGCTGATGACCGCGTATCGTCGTTTCCTG
GGTAACGAAAACCTGCAGCCGCAAGACGTGCGTAAGATTGTTGGCGAGAAAGGTAGCCTGCTGCGTGGTCG
TGGTGGCAGCATGGAGGACGTGGCGGAAGCGGTGGTTTTCCTGGCGAGCGATGAAGCGGGCTTTATTACCG

GTCACAACCTGGTTATCGATGGTGGCTACACCTGCGCGAGCAACCAGATGAACTTTATCTATCAAGAGTAA



4. Complete name and accession numbers of SDR used in
phylogenetic tree

LiBDH: borneol dehydrogenase from Lavandula intermedia (AFV30207.1%)
AaBDH: borneol dehydrogenase from Artemisia annua (ANJ65052.1%)
AaADH2: alcohol dehydrogenase from Artemisia annua (ADK56099.1%)
PsBDH: borneol dehydrogenase from Pseudomonas sp. TCU-HL1 (WP_032492645.1%)
SoBDH1: borneol dehydrogenase 1 from Salvia officinalis L. (MT525100%)
SoBDH2: borneol dehydrogenase 2 from Salvia officinalis L. (MT525099 %)
SoBDH3: alcohol dehydrogenase 3 from Salvia officinalis L.

SrBDH1: alcohol dehydrogenase 1 from Rosmarinus officinalis (MT857224%)
SrBDH2: alcohol dehydrogenase 2 from Rosmarinus officinalis

PgADH: short-chain alcohol dehydrogenase from Panax ginseng (ACL37155.1%)
PaADH: alcohol dehydrogenase from Prunus armeniaca (ABZ79222.1%)
CmADH: putative alcohol dehydrogenases from Cucumis melo (ABC02082.1%)
AtADH: putative dehydrogenase from Arabidopsis thaliana (AAM65725.1%)
DsTR: tropinone reductase-II from Datura stramonium (AAA33282.1%)

CoTR: Tropinone reductase from Cochlearia officinalis



At2g29330: Tropinone reductase from Arabidopsis thaliana (Q9ZW16P)

At2g29150: Tropinone reductase from Arabidopsis thaliana (Q9ZW03P)

At2829350: Senescence-associated protein from Arabidopsis thaliana (Q9ZW18P)

MMR: Menthol dehydrogenase from Mentha x piperita (AAQ55960.1%)

MNR: neomenthol dehydrogenase from Mentha x piperita (AAQ55959.1%)

SAD-C: short-chain alcohol dehydrogenase from Pisum sativum (AAF04253.1%)

DIHSDH: 3-beta-hydroxysteroiddehydrogenase from Digitalis lanata (Q93Y47°)

PeSDH: Secoisolariciresinol dehydrogenase from Podophyllum peltatum (AAK38664.1%)

FiSDH: secoisolariciresinol dehydrogenase from Forsythia x intermedia (AAK38665.1%)

HsCR: carbonyl reductase from Homo sapiens (AAA52070.1%)

SsHSDH: 20-beta-hydroxysteroid dehydrogenase from Sus scrofa (AAA30980.1%)

CgCR: Carbonyl reductase from Cricetulus griseus (BAB07797.1%)

MpIDH: (-)-isopiperitenol dehydrogenase Mentha x piperita (AAU20370.1%)

CrADH1: Alcohol dehydrogenase 1 from Catharanthus roseus (5098 1°)

salR: Salutaridine reductase from Papaver somniferum (3026 _1°)

ZSD1: Short-chain dehydrogenase/reductase 1 from Zingiber zerumbet (BAK09296.1%)

ZmSDP: Sex determination protein tasselseed-2 from Zea mays (ACG37730.1%)



CsADH: Short chain alcohol dehydrogenase from Citrus sinensis (ADH82118.1%)
StDR: Short-chain dehydrogenase/reductase from Solanum tuberosum (AAT75153.1%)

CbHCDH: (S)-6 beta-hydroxycineole dehydrogenase from Citrobacter braakii

(ACX31575.1%)

RsGDH: Galactitol dehydrogenase from Rhodobacter sphaeroides (ACM89305.1%)
AaFDH: Farnesol dehydrogenase 1 from Aedes aegypti (ADB03639.1%)

AaDH: Broad substrate reductase/dehydrogenase Artemisia annua (ACZ34296.1%).

“NCBI, ®Uniprot, ‘PDB

5. Commands used for couple moves protocol
~/Rosetta/main/source/bin/coupled _moves.linuxgccrelease —s pdb_file —resfile res_file —

database = ~/Rosetta/main/database =~ —mute  protocols.backrub.BackrubMover —
extra res fa params file —ex] —ex2 —extrachi cutoff 0 -—nstruct 99 —
coupled moves::mc_kt 0.6 —coupled_moves::ntrials 1000 —
coupled moves::initial repack  false = —coupled moves::ligand mode  true —

coupled moves::ligand weight N
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Enzyme catalysis has emerged as a key technology for developing efficient,
sustainable processes in the chemical, biotechnological and pharmaceutical
industries. Plants provide large and diverse pools of biosynthetic enzymes that
facilitate complex reactions, such as the formation of intricate terpene carbon
skeletons, with exquisite specificity. High-resolution structural analysis of these
enzymes is crucial in order to understand their mechanisms and modulate their
properties by targeted engineering. Although cryo-electron microscopy
(cryoEM) has revolutionized structural biology, its applicability to high-
resolution structural analysis of comparatively small enzymes has so far been
largely unexplored. Here, it is shown that cryoEM can reveal the structures of
plant borneol dehydrogenases of ~120 kDa at or below 2 A resolution, paving
the way for the rapid development of new biocatalysts that can provide access to
bioactive terpenes and terpenoids.

1. Introduction

Despite the stunning recent success of single-particle cryoEM
in the structural analysis of many large molecular machines,
comparatively small proteins remain a major challenge for this
technique (Kiihlbrandt, 2014; Lyumkis, 2019; Vinothkumar &
Henderson, 2016). To date, the highest resolution achieved by
cryoEM is 1.14 A for the highly symmetric 480 kDa protein
apoferritin (Yip et al., 2020). Presently, the cryoEM structures
of only four macromolecular complexes smaller than 120 kDa
have been reported at a resolution better than 3.0 A
(Supplementary Table S1). Due to limited structural data and
frequently insufficient understanding of the molecular basis of
enzyme catalysis, protein engineering still mainly relies on
combinatorial approaches for enzyme engineering such as
random or saturation mutagenesis. An expansion of the scope
of single-particle analysis towards the rapid elucidation of the
structures of smaller proteins has tremendous potential to
increase the rational element of protein engineering.
Enzyme catalysis offers an efficient and sustainable alter-
native to traditional chemical synthesis, as biocatalysts harbor
excellent selectivity and work under mild reaction conditions.
Today, enzymes are widely used in the chemical and phar-
maceutical industries, and the application of biocatalysts to the
manufacture of chemicals from renewable resources is a
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rapidly growing field. However, due to limited structural data
and, as a consequence, insufficient understanding of the
molecular basis of enzyme catalysis, rational improvement of
biotechnologically relevant enzymes has been severely
hampered. Protein engineering relies mainly on directed
evolution or semi-rational approaches. While often successful,
these methods require the implementation of high-throughput
screenings and a substantial effort in terms of laboratory work,
leading to long time-to-market horizons. This situation could
be alleviated by expanding the scope of cryoEM towards the
elucidation of high-resolution structures of smaller proteins.

A particularly interesting application of enzyme catalysis is
the synthesis and modification of bioactive terpenes and
terpenoids. With more than 50000 different structures,
terpenes are a structurally and functionally extraordinarily
diverse group of natural products (Oldfield & Lin, 2012). The
outstanding selectivity of the enzymes involved in the
formation of terpene carbon skeletons (Christianson, 2017),
their primary functionalization (Bohlmann & Keeling, 2008)
and their further derivatization (Rinkel et al., 2019) could
enable the formation of a myriad of new terpene derivatives
with diverse, interesting properties for the food and pharma-
ceutical industries via environmentally friendly catalytic
processes (Newman & Cragg, 2016; Oldfield & Lin, 2012).
To this end, a detailed understanding of the molecular basis of
the reaction mechanisms and selectivity of the enzymes is
required.

Bornane-type monoterpenoids, such as borneol, isoborneol
and camphor, are found in essential oils from plants and are
used in traditional medicine and cosmetics (Cheng et al., 2013).
Racemic borneol, isoborneol and camphor are currently
produced from «-pinene, a side product of cellulose produc-
tion. Essential oils from plants are often enriched in one of the
enantiomers of these compounds, indicating the potential
presence of highly stereoselective borneol dehydrogenases
(BDHs). An enzymatic route towards pure enantiomers using
enantioselective dehydrogenases would be highly desirable to
avoid the labor-intensive and expensive extraction of pure
enantiomers from plants.

BDHs belong to the family of short-chain dehydrogenase—
reductases (SDRs; Chéanique et al., 2021). The members of this
enzyme class have a TGXXX(AG)XG NAD"-binding motif
and a YXXXK active-site motif (Ladenstein et al., 2008;
Kallberg et al,, 2002) and form dimers or tetramers. Some
BDHs have a high twofold stereoselectivity in the conversion
of chiral monoterpenoids (Chanique et al., 2021; Croteau et al.,
1978; Drienovska et al., 2020) by preferring one of the two
substrate enantiomers and forming a stereocenter by asym-
metric reduction of the diastereotopic keto group. The selec-
tive oxidation of (+)-borneol to (+)-camphor by a partially
purified BDH from Salvia officinalis L. was first described by
Croteau et al. (1978). Recently, the isolation and purification
of two BDHs confirmed the high stereoselectivity of these
enzymes (Figs. 1a, 15 and 1c¢; Drienovska et al., 2020; Chanique
et al., 2021).

The understanding of terpene formation on a structural and
mechanistic basis is important for the engineering of biosyn-

thetic pathways for the formation of new terpenoids (Kemper
et al., 2017). Unfortunately, the difficulty in producing
enzymes from higher organisms in bacteria, and often their
limited stability, make structure determination by classical
crystallization very challenging. In order to obtain a structure
under these circumstances, approaches such as truncation and
homology modeling have been utilized, both of which have
limited informational value for mechanistic studies and
enzyme engineering. In the particular case of BDHs, only two
crystal structures have been reported to date: those of the
nonselective bacterial BDH from Pseudomonas sp. TCU-HL1
(PsBDH; PDB entry 6m5n; Khine et al., 2020) and the enan-
tioselective BDH from Salvia rosmarinus (SrBDH1; Chanique
et al., 2021). Although structural analysis of SrBDH1 allowed
us to identify a hydrophobic pocket that discriminates the
monoterpenol isoborneol, structures of additional BDHs, for
example from S. officinalis (SoBDH?2), are required to ratio-
nalize the selectivity of the enzymes towards (+)-borneol.
Here, we report the determination of the structures of two
stereoselective dehydrogenases, SYBDH1 and SoBDH2, by
single-particle cryoEM.

2. Experimental procedures
2.1. Cloning

The synthetic genes for the borneol-type dehydrogenases
SoBDH?2 from S. officinalis (GenBank ID MT525099) and
SrBDHI from S. rosmarinus (GenBank ID MT857224) were
ordered from GenScript (USA), codon-optimized for
Escherichia coli expression and cloned into the vector pET-
15b in frame with an N-terminal Hiss tag (Chénique et al.,
2021; Drienovska et al., 2020).

2.2. Expression and purification of SoBDH2

E. coli BL21-RIL cells (Stratagene) were transformed with
a pET-15a vector containing SoBDH2 fused to an N-terminal
hexahistidine tag. Protein induction was carried out in auto-
induction medium at 37°C for 7 h with subsequent cooling to
16°C (Studier, 2018). The cells were grown overnight and
harvested by centrifugation (10 min at 7000 rev min " at 4°C).
The pellets were resuspended in 20 mM Tris-HCI pH 8.0,
500 mM NaCl (buffer A). The cells were lysed by homo-
genization at 4°C for 7 min after the addition of 0.5 mgl™"
DNase and the lysate was cleared by centrifugation (30 min at
21 500 rev min~" at 4°C). All subsequent purification steps
were performed at 4°C. A Ni**-NTA column (1 ml column
volume, Macherey Nagel) was equilibrated with buffer A, and
SoBDH2 was loaded onto the column and washed with 15
column volumes of buffer A. SoBDH2 was eluted with buffer
A supplemented with 300 mM imidazole. The protein was
incubated with a threefold molar excess of NAD* (0.5 M in
double-distilled H,O) for 10 min on ice prior to size-exclusion
chromatography (SEC). SEC was performed using a HiLoad
Superdex S200 16/60 column (GE Healthcare) equilibrated
with 20 mM Tris—HCI pH 8.0, 125 mM NaCl. Pooled protein
fractions were concentrated with Amicon Ultra-15 (Merck
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KGaA) to 11.2 mgml~' as measured by the absorbance at
280 nm. SrBDH1 was purified using a practically identical
protocol (Chanique et al., 2021).

2.3. Size-exclusion chromatography—multi-angle light
scattering (SEC-MALS)

SEC-MALS experiments were performed at 18°C. SoBDH2
was loaded onto a Superdex 200 Increase 10/300 column (GE
Healthcare) coupled to a miniDAWN TREOS three-angle
light-scattering detector (Wyatt Technology) in combination
with a RefractoMax520 refractive-index detector. For calcu-
lation of the molecular mass, protein concentrations were
determined from the differential refractive index with a
specific refractive-index increment (dn/dc) of 0.185 ml™'. Data
were analyzed using the ASTRA 6.1.4.25 software (Wyatt
Technology).

2.4. Differential scanning fluorometry (DSF)

The melting temperatures of the proteins were measured
using an Mx3005P qPCR system (Agilent) in 96-well plate
format under the buffer condition 20 mM Tris—HCI pH 8.0,
125 mM NaCl as used for crystallization or cryoEM experi-
ments. Each well contained 10 pl buffer and 10 pl protein

Orange dye (Invitrogen). 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 a temperature increase of 1°C
within 20 s. The temperature gradient proceeded from 25 to
95°C at 1°C per minute. Samples were measured in triplicate.
The data were acquired using the MxPro QPCR software
(Agilent) and analyzed using the DSF Analysis version 3.0.1
tool (ftp://ftp.sgc.ox.ac.uk/pub/biophysics) and GraphPad
Prism 5.0.0.228 (Graph Pad Software). A t-test was performed
with GraphPad Prism to validate the significance of the
results.

2.5. Cryo-electron microscopy

Samples were diluted to 1 mg ml~" and a total of 3.8 ul was
applied onto glow-discharged 300 mesh holey gold Ultr AuFoil
R1.2/1.3 grids (Quantifoil Micro Tools GmbH). Vitrification
was conducted using a Vitrobot Mark IV (Thermo Fisher
Scientific, Eindhoven, The Netherlands) set to 10°C and 100%
humidity by plunging into liquid ethane after 4 s of blotting.

Data for So0BDH2 were collected on an FEI Titan Krios G3i
transmission electron microscope (Thermo Fisher Scientific,
Eindhoven, The Netherlands) operated at 300 kV equipped
with a Falcon 3EC at a nominal magnification of 96 000x,

(0.15 ug ul™") with a final concentration of 10x SYPRO corresponding to a calibrated pixel size of 0.832 A. Objective
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Figure 1

Reaction schemes and enzyme characterization of SOBDH2 and SrBDH1. The BDHs discussed here preferentially convert the (+)-enantiomers of
borneol and isoborneol. SrBDHI1 is highly selective for both alcohols and catalyzes the reduction of (+)-camphor. SOBDH2 is highly selective for
borneol. PsBDH only shows a slight selectivity for both borneol and isoborneol and is capable of catalyzing the reduction of camphor (Khine et al., 2020).
(a, b) Reaction schemes of SYrBDH1 and SoBDH2 in the enantiospecific oxidation of rac-borneol (a) and rac-isoborneol (b). (c¢) Reduction of
(+)-camphor. (d) SEC-MALS analysis of SrBDH1 (blue) and SoOBDH2 (green). For SrBDHI a single peak is observed consistent with a tetramer
(theoretical molecular mass 120 kDa). The first peak in the chromatogram of SoBDH?2 corresponds to an octamer (theoretical molecular mass 258 kDa)
and the second peak corresponds to a tetramer (theoretical molecular mass 129 kDa). The brown (SrBDH1) and red (SoBDH2) curves are refractive-
index signals. (e) Differential scanning fluorometry reveals a significantly lower T, for SoOBDH2 (55.5 = 0.7°C) compared with SrBDH1 (63.3 £ 1.3°C).
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astigmatism and coma were corrected with AutoCTF (Thermo
Fisher Scientific, Eindhoven, The Netherlands) under the final
imaging conditions. To maximize beam coherence, a 50 pm C2
aperture was chosen. Direct alignments were executed thor-
oughly and beam parallelism and condenser astigmatism were
optimized using the ronchigram on a Volta phase plate (VPP),
which was retracted during data acquisition. During imaging
an electron flux of 0.7 e~ per pixel per second on the detector
was selected, corresponding to an exposure rate of
le” A7257! on the sample. Images were taken at a nominal
defocus of between —0.6 and —1.6 pm, accumulating a total
electron exposure of 40 e~ A2 during a 40 s exposure, frac-
tionated into 33 images. For automated data acquisition, EPU
2.8.1 (Thermo Fisher Scientific, Eindhoven, The Netherlands)
was utilized with aberration-free image shift (AFIS) enabled,
allowing 6 pm image-beam-shift acquisition. The implemented
ice filter was adjusted to exclusively image regions with the
thinnest ice.

Data for SYBDH1 were acquired on the same instrument
with minor exceptions. The nominal magnification was
increased to 120 000x, yielding a pixel size of 0.657 A. The
electron flux was adjusted to 0.6 e~ per pixel per second on the
detector, resulting in a dose rate of 1.3e”~ A7257" on the
sample. During an exposure time of 31s, a total dose of
40 e~ A2 was applied to the sample.

2.6. CryoEM image processing

Raw movies of the SoOBDH2 data set were aligned and dose-
weighted with patch-motion correction implemented in
cryoSPARC version 2.9 (Punjani et al., 2017). Initial CTF
estimation was achieved using Patch CTF. For initial particle
picking, the Blob Picker was used with a particle diameter of
120-160 A. Shiny class averages generated by reference-free
2D classification were selected as templates for template-
based particle picking using a 120 A circular mask. A total of
1 551 724 particle images were extracted with a box size of 224
pixels Fourier-cropped to 56 pixels (3.328 A per pixel) for
initial analysis and subjected to 40 iterations of 2D classifica-
tion. Shiny classes were selected for ab initio reconstruction
imposing D2 symmetry. Heterogeneous refinement with three
classes did not guide further classification; therefore, particle
images were re-extracted Fourier-cropped to a box size of 112
pixels (1.664 A per pixel). The best resolved structure after
heterogeneous refinement was re-extracted with a box size of
256 pixels (0.832 A per pixel). Non-uniform (NU) refinement
into a single class of 290 356 particles yielded a reconstruction
with 2.32 A resolution. Global and local CTF correction did
not improve the resolution; however, the reconstruction
visually appeared to be better defined. In order to better
account for anisotropic motion of the particles, local motion
correction was applied followed by global CTF refinement,
yielding a reconstruction after NU refinement at 2.2 A reso-
lution. Micrographs with estimated resolutions of worse than
3.5 A were discarded, leaving 254 403 particle images for
another cycle of local motion correction followed by global
CTF refinement and NU refinement. To account for the point

spread of the signal in the particle images, a box size of 384
pixels (320 A) was used for re-extraction, giving a resolution
after NU refinement of 2.1 A. Another heterogeneous
refinement run was conducted to isolate the final population
of 173 781 particle images, which was reconstructed after local
motion correction by NU refinement to 2.0 A resolution. In
the later NU refinement runs, references were initially filtered
t0 20 A to retain more structural information in the reference
projections, which helped to stabilize refinement. We suspect
that the similar appearance of BDH from perpendicular
projections of the top view exacerbates the alignment which
results in misaligned particles, thus limiting the resolution.

SrBDH1 was refined similarly, with the exception that
choosing the same final box size of 384 pixels resulted in
smaller absolute dimensions of the box. From a total of 1587
micrographs 1635690 particle images were extracted,
resulting in 410 573 selected particle images after reference-
free 2D classification. After iterative homogeneous and
heterogeneous refinement cycles, a final subset of 210 505
particle images were selected, yielding a reconstruction with
1.88 A resolution after NU refinement.

2.7. Model building and refinement

An initial model of SoBDH2 was obtained by automatic
model building with ARP/WARP ARPEM (version 8.0;
Chojnowski et al., 2019) using the protein sequence as input
and a sharpened Coulomb potential map. Sharpening was
achieved by density modification with phenix.resolve_cryo_em
with default settings using unfiltered, unmasked half-maps and
the nominal resolution determined by gold-standard FSC.
Sharpening of the SYBDHI1 reconstruction was conducted with
phenix.auto_sharpen using default settings starting with
unfiltered, unmasked half-maps and the gold-standard reso-
lution as the target resolution. Automatic model building
comprised iterative refinement in REFMACS (version
5.8.0258; Murshudov et al, 2011). For comparison, the
phenix.map_to_model procedure (Terwilliger et al., 2018) as
well as Buccaneer (Hoh et al., 2020) as part of the CCPEM
suite (Burnley et al, 2017) were used for automated model
building. The automated model-building programs were run
with the standard settings, since they gave the best results. The
obtained model was manually adjusted to the cryoEM density,
supported by real-space refinement in Coot (version 0.8.9.1;
Casaiial et al., 2020). The model was refined against the
cryoEM map using the real-space refinement protocol in
Phenix (version 1.19.1; Liebschner et al., 2019; Afonine et al.,
2018). Water molecules were added in Coot and manually
inspected, followed by an additional round of real-space
refinement in Phenix. In the final stages of refinement, we fully
released the restraints for secondary-structure elements,
Ramachandran, noncrystallographic symmetry (NCS) and no
corrections of energetically disfavored rotamer conforma-
tions. In final rounds of refinement, grouped atomic displa-
cement factors were refined. The structures were evaluated
with EMRinger (Barad et al., 2015) and MolProbity (Williams
et al., 2018). Structure figures were prepared using PyMOL
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Table 1

CryoEM data-collection, refinement and validation statistics.

maps have been deposited in the Elec-
tron Microscopy Data Bank as follows:

SrBDH1
(PDB entry 706q,
EMDB entry EMD-12740)

SoBDH2 SoBDH2, EMD-12739; SrBDH1, EMD-

(PDB entry 706p, 12740.
EMDB entry EMD-12739)

Data collection and processing

Microscope FEI Titan Krios G3i
Voltage (keV) 300
Camera Falcon 3EC
Magnification (nominal) 120000
Pixel size at detector (A per pixel) 0.657

Total electron exposure (e~ A’z) 40
Exposure rate (e~ per pixel per second) 0.6

No. of frames collected during exposure 33

Defocus range (pum) 0.60-1.6
Automation software EPU28.1
No. of micrographs collected 1666

No. of micrographs used 1587

Total No. of extracted particles 1635690
No. of refined particles 410574
Final No. of particles 210505

Point-group or helical symmetry parameters D2
Resolution (global) (A)
FSC 0.143 (unmasked/masked) 2.1/1.88

Resolution range (local) (A) 1.66-30.00

Map-sharpening B factor (A?) —46

Map-sharpening methods Local B factor

Refinement package phenix.real_space_refine
Model composition

Non-H atoms 7999

Protein residues 977

‘Water molecules 399

Model refinement
Model-map scores

CC (mask) 0.84

CC (volume) 0.85

Average FSC (unmasked/masked) 1.6/1.6
Average grouped B factors (Az)

Overall 18.4

Protein residues 18.3

‘Water 19.5
R.m.s.d. from ideal values

Bond lengths (A) 0.010

Bond angles (°) 0.708

Validation

MolProbity score 1.5
CaBLAM outliers (%) 0.4
Clashscore 4.8
Poor rotamers (%) 13
C* deviations 0
EMRinger score 73
Ramachandran plot

Favored (%) 96.8

Allowed (%) 32

Outliers (%) 0.0
Ramachandran plot Z-score (r.m.s.d.)

Overall —1.61 (0.23)

Helix —1.25(0.19)

Sheet —0.75 (0.36)

Loop —0.58 (0.30)

FEI Titan Krios G3i

300 3. Results and discussion

Falcon 3EC . .

96000 3.1. High-resolution cryoEM structure
0.832 of SoBDH2

397 SrBDH1 and SoBDH2 exhibit 44%
33 sequence identity and 60% sequence
%20512'%. 1 similarity. We produced SoBDH2 with
1439 an N-terminal Hisgs tag (theoretical
1439 molecular mass 32.2 kDa) in E. coli and
igzgg‘; prepared the protein at high purity.
173781 Size-exclusion chromatography coupled
D2 to multi-angle light scattering (SEC-
2 610,04 MALS) revealed two distinct species
1.84-9.96 (Fig. 1d) corresponding to an octameric
—43 and a tetrameric assembly.

Local B factor

Encouraged by the possible occur-
phenix.real_space_refine & y p

rence of an octameric assembly, we
8276 considered cryoEM as powerful method
1022 to dissect structural heterogeneity, and

208 prepared cryoEM grids. Imaging was
conducted on a Titan Krios 300 kV
8:22 TEM equipped with a Falcon 3EC
1717 detector operated in counting mode. We
aligned the instrument thoroughly and
;g:g aimed to maximize the beam coherence

333 by choosing a 50 um C2 aperture. To
optimize the C2 intensity and stigma-

8:232 tion, we used the ronchigram method on

a Volta phase plate (VPP; Rodenburg &
17 Macak, 2002). The VPP was only used
é(s) for alignment and was retracted during
0.9 data acquisition. A total of 1439
0 micrographs  was  acquired and
>8 subjected to motion correction and CTF
982 estimation. From the 1 551 724 particle
1.8 images that were initially picked,
0.0 173 781 particle images were selected
~0.54 (0.23) by iterative 2D and 3D classification
—0.01 (0.22) cycles for homogeneous 3D refinement
2?)?9205?2) 6 (Supplementary Figs. S1 and S2).

(version 1.8; Schrodinger) and UCSF Chimera (Pettersen et
al., 2004). Secondary-structure elements were assigned with
DSSP (Kabsch & Sander, 1983), and ALSCRIPT (Barton,
1993) was used for secondary-structure-based sequence
alignments. The atomic models have been deposited in the
Protein Data Bank (PDB) with the following accession codes:
706p for the 2.04 A resolution structure of SOBDH2 and 706q
for the 1.88 A resolution structure of SrBDH1. The cryoEM

Although we had observed a fraction of
octamers in solution (Fig. 1d), 3D
refinement only yielded a tetrameric
structure (Supplementary Fig. S2); we also failed to detect
octamers in negative-stain EM.

After the application of global and local CTF refinement,
particle-based local motion correction and NU refinement
within the cryoSPARC framework (Punjani et al., 2017), a final
gold-standard resolution of 2.04 A was obtained. The obtained
cryoEM density reflects the nominal resolution, as individual
side chains could be unambiguously identified and built. Given
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the high resolution of our cryoEM map (Figs. 2a and 2b and
Table 1), we tested how the automated model-building
programs ARP/WARP (Chojnowski et al., 2019), phenix.
map_to_model (Terwilliger et al., 2018) and Buccaneer (Hoh et
al., 2020) would perform. The programs were run with the
recommended standard settings and the results are summar-
ized in Supplementary Table S2. All programs managed to fit

large portions of the protein sequence to the density (82—
92%), with ARP/WARP outperforming the other two
programs. We manually completed the initial ARP/WARP
model. Spherical density regions clearly indicated water
molecules, and well defined water molecules were auto-
matically placed with Coot (Casaial et al., 2020). The quality
of the density allowed the modeling of 50 double conforma-
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Figure 2

CryoEM structure of SOBDH2. (a) Tetrameric assembly of SoOBDH?2. Density at a contour level of 1.1 is shown for each of the four protomers in different
shades of green after sharpening with Phenix. The locations of very well defined water molecules are shown in red. (b) The same color-coding as in (a),
but rotated by 90°. (¢) Grouped B factor mapped onto the density. The color gradient is from blue to red corresponding to increasing B factors. Regions
with high B factors are highlighted with gray ellipses and are labeled according to the assigned secondary structure. (d) SOBDH2 structure in cartoon
representation. The same view and color-coding as in (a) is used. (e) Structure-based sequence alignment of S¥YBDH1 (GenBank ID MT857224) and
SoBDH2 (GenBank ID MT525099) as obtained by cryoEM. Secondary-structure elements are drawn above the alignment for S'BDH1 and below the
alignment for SoOBDH?2, with a-helices depicted as cylinders and S-strands as arrows. Gray inclined lines indicate sections of the structures which could
not be modeled since they were not resolved in the reconstruction. Orange triangles indicate the catalytic motif. Amino acids lining the putative active
site of SrBDHI, based on its crystal structure (PDB entry 6zyz) with bound NAD", are indicated by blue triangles and by a dark blue circle if derived
from the C-terminal portion of another SYTBDH1 monomer within the tetramer. The dark green circle marks a residue derived from another protomer of
SoBDH?2 that completes the active site. Gray-shaded amino acids are identical. The TGXXX(AG)XG NAD™-binding motif, between BA and oB, is
indicated with a magenta rectangle.
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tions of amino-acid side chains and the
localization of 268 water molecules. The
final model exhibits an excellent fit to
the density, with mask/volume correla-
tion coefficients of 0.86/0.83 (Table 1).
As previously observed in the crystal
structures of Sy BDH1 and PsBDH, the
SoBDH2 homotetramer exhibits D2
symmetry (Fig. 2 and Supplementary
Fig. S1). The protomers adopt a Ross-
mann-like fold (Rossman et al., 1975) as
required for binding of the NAD"
cofactor (Supplementary Fig. S3). The
12 N-terminal residues and the
preceding Hisg tag lack density (Fig. 2e).
Very weak and fragmented density is
observed for SoBDH2 residues GIn52-
Gly65 that fold into a-helix «C (Fig. 2e),
reflected by elevated B factors (Fig. 2¢).
Moreover, the region from Ser205 to
Glu218 is not resolved in the density
and has not been modeled (Fig. 2e),
which is in agreement with the obser-
vation that we could not observe any
density for the NAD™ cofactors in their
binding pockets. The latter observation is in agreement with
the apo-state crystal structure of SrBDH1. However, the
crystal structure of apo SYBDHI1 could only be obtained after
co-crystallization with the substrate (+)-borneol, which led to
the reduction of NAD™ and the release of product and
cofactor. Loss of the cofactor could not be prevented by
adding a threefold molar excess of NAD" to SoOBDH2 before
size-exclusion chromatography. While the loss of NAD* may
have occurred during vitrification of the cryoEM sample, in
the NAD"-bound crystal structures of SrBDHI1 the cofactor-
binding site is stabilized by crystal contacts, suggesting that
under the crystallization conditions the NAD"-binding site is
artificially stabilized to prevent release of the cofactor.

Figure 3

3.2. Active site of SOBDH2

Despite the absence of NAD", the spatial arrangement of
the catalytic Ser156, Lys169, Tyr173 motif (Fig. 2¢) is main-
tained in SoOBDH2 compared with SrBDH1-NAD"* (PDB
entry 6zyz; Chanique et al., 2021; Fig. 3). The lysine residue, in
concert with the positively charged nicotinamide, lowers the
pK, value of the tyrosine, which acts as the catalytic acid/base.
The serine residue is involved in stabilization and polarization
of the carbonyl function of the substrate (Kavanagh et al.,
2008). As in SrBDHI, the substrate-binding niche is very
hydrophobic, but is decorated by different amino-acid resi-
dues. Moreover, in both enzymes the C-terminus of another
protomer completes the active-site pocket (Fig. 3). Notably,
the C-terminus of SoBDH2 adopts a coiled-coil structure, in
contrast to the C-terminal «-helix ¢H in SrBDH1 (Supple-
mentary Fig. S7a), but both Phe260 of SrBDH1 and Leu277 of
SoBDH?2 reside in the same position (Fig. 3b).

1154
i )MSS
\l*l\fh\/ K163

Y eoglsy

(a) (b)

Active-site architecture of SOBDH2. Residues of the catalytic motif are colored orange and residues
of SoBDH?2 lining the active site are colored light green. The substrate-binding pocket is completed
by Leu277 (underlined) from the other, neighboring protomer. (a) Substrate-binding pocket of
SoBDH2. Numbering refers to residues of SoBDH2. (b) Superposition of the cryoEM structure of
SoBDH2 and the crystal structure of SFBDHI-NAD" (PDB entry 6zyz; Chéanique et al., 2021).
Residues of SrBDHI1 are drawn in light blue or marine for Phe260 (underlined) from the other,
neighboring protomer. The numbering of amino acids refers to SrBDH1. Residues in the equivalent
positions to Ile196 and Val197 in SrBDH1-NAD™ are not resolved in the density of SOBDH2 due to
the absence of NAD™. The corresponding residues to the latter two residues in SOBDH2 are Leu206
and Ala207, respectively. The yellow ellipse indicates the potential substrate-binding site.

Due to fold differences, the active-site architectures of plant
BDHs and PsBDH differ drastically (Supplementary Fig. S7c).
In both SoBDH?2 and SrBDHI1 the single «FG helix flanks the
substrate-binding site, while the equivalent region in PsBDH
is divided into two discrete helices (Supplementary Fig. S7¢):
«FG1 and oFG2. Furthermore, the C-terminus of PsBDH
does not contribute to the substrate-binding site. The differ-
ences could be related to the natural functions of the enzymes.
The bacterial enzyme, in contrast, participates in the degra-
dation of monoterpenols. Development of stereoselectivity in
a catabolic dehydrogenase would restrict the substrate scope
as some potential substrates can no longer be converted.
While catabolic enzymes generally have a broader substrate
acceptance than their anabolic counterparts, in this particular
case the development of enantiospecificity would preclude the
oxidation of both enantiomers of borneol and isoborneol. As
both the (+)- and (—)-enantiomers of these two terpenoids are
constituents of the essential oils of many plants, it can be
argued that the development of stereoselectivity does not
provide an evolutionary advantage.

3.3. CryoEM structure of SrBDH1

To explore the general applicability of cryoEM to the high-
resolution structural analysis of small plant enzymes, we also
subjected SYTBDHI1 to cryoEM-based structure analysis. The
SrBDHI1 preparation yielded a single peak in a SEC-MALS
analysis, consistent with a tetramer in solution, in agreement
with its crystal structure (Chanique et al., 2021). As SrBDH1
readily crystallized under various conditions, unlike SoOBDH?2,
we compared the thermal stabilities of the two proteins by
differential scanning fluorometry. Interestingly, the readily
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crystallizable SYrBDH1 is stabilized by approximately 8°C
compared with SoBDH2 (Fig. 1e).

Cryo-grid preparation for SYrBDH1 was performed as for
SoBDH2. To ensure that the resolution would not be limited
by the sampling of the detector, we decided to increase the
magnification during data acquisition. By picking 1 635 690
particle images from 1666 micrographs, we generated a data
set of similar size to that for SoBDH2. Following the same
data-processing routine as used for SoBDH?2 yielded a final
SrBDHI1 reconstruction at 1.88 A resolution (Table 1,
Supplementary Figs. S4 and S5). This, to the best of our
knowledge, is the highest reported resolution of a sub-200 kDa

\
z
2/‘\
4

Figure 4

protein solved by single-particle cryoEM. Remarkably, the
resolution of the cryoEM structure of apo SrBDHI is much
higher compared with the best resolved crystal structure of
SrBDHI1-NAD" (PDB entry 6zyz; Chanique et al., 2021), with
four bound NAD®* molecules, at 2.27 A resolution. As

assumed, SrBDHI1 is arranged as a tetramer (Fig. 4 and
Supplementary Fig. S4). During atomic modeling we followed
the same refinement procedure as described for SoOBDH?2 with
the exception that we used the crystal structure of apo
SrBDH1 (PDB entry 6zz0; Chanique et al., 2021) as the
starting model. The crystal structure and cryoEM structure are
practically identical (Supplementary Table S3). The density is

R74(A)
(e) (8

CryoEM structure of SrBDHI1. (a) Tetrameric assembly of SrBDH1. Density-modified cryoEM reconstructions at a contour level of 9.5 are shown for
each of the four protomers in different shades of blue. Locations of very well defined water molecules are shown in red. (b) The same color-coding as in
(a) but rotated by 90°. (¢) Grouped B factor mapped onto the density. The color gradient is from blue to red corresponding to increasing B factors. In
contrast to SOBDH2, the B-factor distribution is uniform. (d) The SrBDHI1 structure in cartoon representation. The same view and color-coding are used
as in (a). (¢) Enlargement of the C-terminal end of «F with an alternate side-chain conformation of Ser179 and well defined water molecules, shown as
red spheres. (f) C-terminal end of «H with Phe260 with a characteristic hole in the density for the aromatic ring system. (g) Double conformation of
Arg74. The water molecule is at a distance of 2.5 A from the guanidinium function of Arg74 in side-chain conformation Arg74(B).
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of outstanding quality, allowing the unambiguous assignment
of amino-acid side chains in alternate conformations (Fig. 4
and Supplementary Fig. S6) and the placement of water
molecules.

Almost the entire protein chain could be traced in the
cryoEM map, which is reflected by an exceptional atom
inclusion level at the moderate contour level of 0.3 for 97% of
all backbone atoms and 93% of all non-H atoms. In addition to
the first eight residues and the very C-terminal residue
(Fig. 2e), the region from Leul93 to Leu205 is not defined in
the density due to the missing NAD" cofactor, as in SoOBDH2
(Fig. 2e and Supplementary Fig. S7a). In comparison to the
available crystal structures of SrBDHI, the total number of
built residues is practically identical.

The SrBDH1 model derived from the cryoEM map is
virtually identical to the apo-state crystal structure (r.m.s.d. of
0.6 A for 982 pairs of C* atoms; Supplementary Fig. S7b). At
1.88 A resolution we could identify 399 water molecules,
which uniformly cover the protein surface or are bound in
cavities within the protein core. The ratio of water molecules
to residues (0.4) is much lower compared with structures
determined by X-ray crystallography, where one water mole-
cule per residue is expected at a resolution of 2.0 A (Carugo &
Bordo, 1999). This discrepancy is explained by the absence of
solvent channels in cryoEM structures and the missing local
proximity of protein molecules. We observed 34 side chains
with a double conformation, corresponding to about 3.5% of
all residues. The observed ratio is perfectly in line with a
detailed study reporting that 3% of residues present alternate
side-chain conformations in protein crystal structures with a
resolution between 1.0 and 2.0 A (Miao & Cao, 2016).

Since the number of high-resolution cryoEM structures is
limited, we wondered whether the Ramachandran Z-scores
(Hooft et al., 1997) of our structures (Table 1) would follow the
distribution of Ramachandran Z ranges as observed for crystal
structures in a similar resolution regime (Sobolev et al., 2020).
The Ramachandran Z-scores of the SrBDHI1 and SoBDH?2
structures are in the expected region for crystal structures of
similar resolution. Notably, we refined the models without
Ramachandran restraints, demonstrating that the Rama-
chandran Z-score can also be a valuable measure for cryoEM
densities.

4. Summary

Structures of homomultimeric plant enzymes are under-
represented in the fast-growing collection of protein structures
analyzed by cryoEM. Here, we elucidated the cryoEM struc-
tures of two comparatively small plant BDHs to high resolu-
tion. Given the molecular mass of the tetrameric complex,
here we report the highest resolution achieved by cryoEM so
far (Supplementary Table S1), pushing the boundaries of this
rapidly developing method.

The new SoBDH2 structure we describe revealed details of
the active-site architecture of the enzyme and allowed
comparison to SrfBDHI. To our surprise, we could not observe
NAD" in the cryoEM structure of SrBDHI, although the

protein samples used for crystallization and cryoEM were
identical. A possible explanation for this difference could be
that in the crystal the cofactor-binding loop is stabilized by
crystal contacts and thus may have trapped NAD". Alter-
natively, vitrification of the sample for cryoEM may have led
to the loss of the cofactor.

We attempted to find an explanation why S¥rBDHI1, but not
SoBDH2, could be crystallized. Firstly, SYrBDH1 has a
considerably higher T, compared with SoBDH?2, suggesting a
higher fold stability that may be more amenable to crystal-
lization. Furthermore, although the cryoEM structures
superimpose with an r.m.s.d. of 1.3 A for 952 pairs of C* atoms
(Supplementary Fig. S7a), local structural differences might
have hindered the crystallization of SOBDH2. The «C helix of
SoBDH2 (GIn52-Gly65) is weakly defined in the density and
hence is much more flexible compared with that in SYBDH1
(Figs. 2¢, 2e and 3c¢). Furthermore, in the SrBDHI1 structure
the oFG helix, upstream of the unresolved loop region, is
stabilized by the C-terminal oH helix via hydrophobic
contacts. In contrast, the C-terminus is shorter and is not
folded in an «-helix in SoBDH2 (Figs. 2¢, 2e and Supple-
mentary Fig. S7a). Lastly, we cannot rule out that the NAD*
cofactor might stabilize SYfBDH1 to a larger extent, and its
presence might support the crystallization process, which is
not the case for SoOBDH2.

Given the small size of our protein samples and the high
particle density on the grids, sufficient data for high-resolution
structure analysis could rapidly be acquired, reducing the use
of valuable instrument time. Given the high resolution of our
structures, model building was greatly facilitated by auto-
mated routines, in particular ARP/WARP ARPEM (Choj-
nowski et al., 2019) in combination with iterative refinement
cycles in REFMACS5 (Murshudov et al., 2011). Moreover, due
to the small protein size, real-space refinement and validation
was fast.

During the past two decades, X-ray crystallography has
been the main structural biochemical method to support drug
development. Our observation that high-resolution (<2.0 A)
structures of rather small proteins can be elucidated by
cryoEM in a short time emphasizes the important role that
cryoEM has to play in future drug-development efforts, for
example using high-throughput applications such as fragment-
based screening. Apart from circumventing time-consuming
crystallization screening and possible phasing problems, an
additional considerable advantage of cryoEM in these and
other endeavors is a much-reduced sample consumption
compared with crystallography. Likewise, our findings show
that cryoEM is already an attractive tool for the structural
analysis of enzymes used in green industry.

The availability of high-resolution structural data on newly
discovered enzymes is crucial for understanding the molecular
basis of their catalytic properties. Furthermore, with this
knowledge, characteristics such as stability and selectivity can
be improved by rational protein engineering instead of the
time-consuming random mutagenesis approaches (Jemli et al.,
2016). Rational design will greatly facilitate the generation of
tailor-made enzymes in relatively short time periods. CryoEM
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is a valuable tool to achieve these goals, as it allows the fast
and high-resolution structure determination of enzymes that
prove difficult to crystallize.

5. Related literature
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(2017, 2019), Kern et al. (2021), Krissinel & Henrick (2004),
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(2020) and Zhang et al. (2019).
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Figure S1 CryoEM analysis of SOBDH2. (a) representative cryoEM micrograph, the scale bar indicates
50 nm spacing. (b) selected 2D class averages after reference-free 2D classification with cryoSPARC.
Top and side views can be identified, excluding preferential orientation issues. A circular mask of 120 A
diameter was used during classification. (¢) Viewing direction distribution as determined during non-
uniform refinement with cryoSPARC. (d) Resolution estimates by fourier-shell correlation using either no

mask (black line), a generous spherical mask (blue line) and after solvent correction by phase



Acta Cryst. (2022). D78, https://doi.org/10.1107/S205979832101216X Supporting information, sup-2

randomization (red line). Dashed lines represent FSC(0.5) and FSC(0.143) crossings. Model to map
correlation as determined with PHENIX is colored purple. (e) Illustration of the local resolution
estimation calculated with cryoSPARC for two different views of SoOBDH2 after rotation by 90°. Coloring
of the cryoEM density reflects the local resolution ranging from 1.6 A to 3.6 A. A major fraction of the
structure is resolved well beyond 2 A, less resolved regions are mainly situated in the periphery of
SoBDH2. (f) results from 3DFSC calculations show an overall good agreement of the directional FSC
with the global FSC.
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Figure S2 Data processing workflow for the SOBDH2 dataset. From initially selected 1,439

micrographs ~1.5 M particles were picked and subjected to reference-free 2D classification. ~678k

particle images were re-extracted with a box-size of 224 px Fourier-cropped to 112 px giving a pixel-size

of 1.664 A. After 3D classification, a subset of 290,356 particle images was again re-extracted at full

resolution with a larger box size of 256 px and homogeneously refined to 2.32 A resolution. Particle
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based local motion correction improved the resolution to 2.24 A, which could be only marginally
improved to 2.22 A by CTF refinement. Another cycle of local motion correction was applied using a
larger extraction box of 384 px to preserve high frequency information of the CTF. Following CTF
refinement the resolution improved to 2.11 A. By heterogeneous refinement, a final subset of 173,781
particle images was selected for homogeneous NU refinement, yielding the final reconstruction at 2.04 A

resolution.
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() (f

Figure S3 The Rossmann fold in BDHs. (a) Same view as in Figure 1a. Tetrameric architecture of
SoBDH?2 with three protomers in grey. In one monomer the Rossmann fold is highlighted with yellow -
strands, red a-helices, and purple loop regions. The remaining structure is colored in green and loop
regions in gray. (b) Identical view as in panel (a), zoom on one protomer. (¢) view of (b) rotated by 90 °.
(d) Same view as in Figure 3a. Tetrameric architecture of SYBDH1 with three protomers in grey. In one
monomer the Rossmann fold is highlighted with yellow -strands, red a-helices, and purple loop regions.
The remaining structure is colored in teal and loop regions in gray. (e) Identical view as in panel (a),

zoom on one protomer. (f) view of (e) rotated by 90 °.
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Figure S4 CryoEM analysis of SrBDHI. () Representative cryoEM micrograph, the scale bar indicates
50 nm spacing. () selected 2D class averages after reference-free 2D classification with cryoSPARC. As
for SOBDH2, top and side views can be identified. A circular mask of 100 A diameter was used during
classification. (¢) Viewing direction distribution as determined during non-uniform refinement with
cryoSPARC. (d) Resolution estimates by Fourier-shell correlation using either no mask (black line), a

generous spherical mask (blue line) and after solvent correction by phase randomization (red line).
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Dashed lines represent FSC(0.5) and FSC(0.143) crossings. Model to map correlation as determined with
PHENIX is colored purple. (e) Illustration of the local resolution estimation calculated with cryoSPARC
for two different views of SrBDH1 after rotation by 90°. Coloring of the cryoEM density reflects the local
resolution ranging from 1.6 to 3.6 A. The vast majority of the structure is resolved well beyond 2 A. (f)
3DFSC calculations confirm that the global FSC falls in between the only two existing bins of directional

FSCs. The directional resolution anisotropy did not result in obvious peculiarities of the reconstruction.
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Figure S5 Data analysis of the SY'/BDH1 dataset. Using the SOBDH2 structure as reference, ~1.6 M

particles were automatically picked from 1,666 micrographs with cryoSPARC. Iterations of 2D

classification were applied to select 410,573 particle images for heterogeneous 3D classification. A subset

of 341,981 was re-extracted with a box-size of 288 px, fourier-cropped to 144 px and homogeneously

refined to 2.86 A resolution. After another heterogeneous refinement using 3 classes, 219,651 particles

were re-extracted at full resolution (0.657 A/pix) yielding a reconstruction of 2.16 A. Local motion
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correction was applied, after which 210,505 particles were re-extracted with a box size of 384 px and
homogeneously refined to 1.91 A resolution. CTF refinement followed by NU refinement generated the

final reconstruction with 1.88 A resolution (cyan).
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(b) (c)

Figure S6 Examples of the high-quality electron volumes of Sy BDHI. (a) Zoom on the central B-sheet.

(b) and (c) examples of two a-helices.
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cryo-EM SrBDH1
cryo-EM SoBDH2

cryo-EM S/BDH1
ETINN cryo-EM SoBDH2

Figure S7 Structural comparison of related BDH structures focusing on the substrate/cofactor binding
site. Only one protomer of the tetrameric complexes is shown. The proteins are shown in cartoon
representation. (a) Superposition of the cryoEM structures of SYBDH1, drawn in blue, as well as
SoBDH2, drawn in green cartoon. The C-terminal aH helix of another protomer completes the substrate
binding site. The NAD" molecule is drawn in black, obtained by a superposition with the crystal structure
of S\'BDH1-NAD"/ PO/OH (PDB ID 6ZYZ) (Chanique et al., 2021). Structural differences can be seen
in particular for the C-terminus and the aC helix. (b) Superposition of the cryoEM structure of SYyBDH1
drawn in blue and the crystal structure of S'/BDH1sNAD" / PO/OH (PDB ID 6ZYZ (Chanique et al.,
2021)) drawn in gray. Binding of NAD" leads to stabilization of the loop region upstream of helix aFG
and the helix itself. (¢) Superposition of the cryoEM structure of SoBDH2 and the crystal structure of
PsBDH PDB ID 6M5N (Khine et al., 2020)) shown in light purple. Major structural differences are

observed for the C-terminal portion of the protein.
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Table S1  Overview of selected cryoEM structures with the highest achieved resolution.

The summary does not include larger multi-subunit complexes. Membrane proteins incorporated in nanodiscs are

indicated with an asterisk.

resolution total M, EMDB
enzyme organism assembly (A] [kDa] - reference
apoferritin H. sapiens 24-mer 1.15 480 11668 (Yip et al.,
2020)
B3 GABAA H. sapiens pentamer 1.7 200 11657 (Nakane et
receptor™® al., 2020)
[-galactosidase E. coli tetramer 1.8 465 21995  (Merket al.,
2020)
BDH1 S. rosmarinus tetramer 1.88 120 12740 This study
urease H. pylori dodecamer 2.04 1100 11233 (Cunha et
al., 2021)
BDH2 S. officinalis tetramer 2.04 129 12739 This study
ORF3a/apolipo* SARS-CoV-2 tetramer 2.08 114 22898 (Kern et al.,
2021)
CDK-activating H. sapiens dimer 2.51 119 12042 (Greber et
kinase al.,2021)
aldolase O. cuniculus tetramer 2.6 150 8743 (Herzik et
al., 2017)
catalase- M. tuberculosis dimer 2.68 161 11776 ~ (Munir et al.,
peroxidase 2021)
alcohol S. carlsbergensis tetramer 2.7 147 22807 (Guntupalli
dehydrogenase etal.,2021)
methemoglobin H. sapiens tetramer 2.8 64 0407 (Herzik et
al.,2019)
lactate G. gallus tetramer 2.8 144 8191 (Merk et al.,
dehydrogenase 2016)
alcohol E. caballus dimer 2.9 82 0406 (Herzik et
dehydrogenase al., 2019)
biotin-bound S. avidinii tetramer 3.2 52 0689 (Fan et al.,
streptavidin 2019)
cytotoxin A H. pylori hexameric 3.2 530 0542 (Zhang et

al., 2019)
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isocitrate H. sapiens dimer 3.8 93 8193 (Merk et al.,
dehydrogenase 2016)
catalytic subunit M. musculus monomer 6.0 43 0409 (Herzik et

protein kinase A al., 2019)
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Table S2 Comparison of the performance of different automated model building programs.

ARP/wARP — ARPEM(Chojnowski ef al., 2019), phenix.map_to_model(Terwilliger et al., 2018), as well as
Buccaneer(Hoh et al., 2020). Green numbers refer to the structure of SOBDH2 and blue numbers to SrBDH1

ARP/wARP Phenix CCPEM Final model
ARPEM map_to_model Buccaneer
Total number of residues /1160
Residues built /963 / 828 /972 /1977
Residues sequenced /921 / /955 /1977

Completeness by residues built [%] /83.0 / /83.8 /84.2
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Table S3  Structural comparison of the three different crystal structures of SrBDHI.

SrBDHI apo (PDB ID 6ZZ70), SrBDH1-NAD" / high salt (PDB ID 6ZZT) with one bound NAD™" as well as
SrBDH1*NAD" / PO/OH (PDB ID 6ZYZ) with four bound NAD* molecules (Chanique et al., 2021) as well as the
two cryoEM structures of Sr'BDH1 and SoBDH2. R.m.s.d. for pairs of Ca-atoms calculated with SSM (Krissinel &
Henrick, 2004) as implemented in COOT (Casaiial et al., 2020).

SrBDH1°NAD*/ SrBDH1.NAD* cryoEM cryoEM
SrBDH1 apo
high salt / PO/OH SrBDH1 SoBDH2
SrBDHI1 apo
SrBDH1°NAD" /
0.48
high salt
SrBDH1°NAD" /
0.56 0.52
PO/OH
cryoEM SrBDH1 0.57 0.49 0.39

cryoEM SoBDH?2 1.44 1.39 1.39 1.15
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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 (4)-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 I, 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 Copu9 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 (4)-6-cadinol. Furthermore, Copu5 and Copu9
may serve as model systems for further mechanistic studies of terpenoid catalysis.

Keywords: 6-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

¢ o

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, af} or afy 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 affy 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 (+)-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., 0-cadinol) were shown to
have anti-microbial, anti-fungal and anti-inflammatory
properties [15, 16]. Furthermore, purified (+)-8-cadinol
exhibited cytotoxic activity against MCF7 cells with an
IC;, of 3.54+0.58 pug 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 [B-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 Copu5
and Copu9 revealed (+)-6-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,
3C=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, J=6.9 Hz, 3H), 0.81 (d, J=6.9 Hz, 3H); 13C
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
MEP bottleneck enzymes reached stationary phase after
48 h with a final ODg, of 88 and a (+)-6-cadinol titer of
225 mg 1! (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 17!, entering
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stationary phase after 48 h (Fig. 2). The calculated pro-
ductivity of Copu9 was 8.2 mg I™* 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 (ODg,) and 8-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 §-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
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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 Copu5. 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 Copu5.

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 p-strands, two short -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

[B-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 37 WxxxxxRY>2* motif
adopts a random coil conformation and folds onto the
active site, reflecting the closed conformation of Copu9.
Latter conformation of the 37WxooxRY?* 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 a-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, L95, F96, F163, S193, G194, C195, C198, V231,
T232 and W310 (Fig. 4). Based on a DALI search [33],
the closest structural homologue to Copu9 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, c and
Table S3). The amino acid sequences in their hydrophilic
PP binding pockets are highly conserved (DDXXD:
Copu5:  DDWSD?®, Copu9: *DDWLD!%; NSE:
Copu5: *’NDVESYNKE>®, Copu9: **NDIFSYNKE>*;
WaoooxxRY: 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/Copu9.
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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
$18), 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

Fig.5 Location of residues subjected to mutagenesis. a The same perspective and color-coding as in Fig. 3b were used. a-Helices are drawn

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] km/Kén
(x10°)
[s'M™]
WT (3244003) x 1072 4594017 7.067
T73C (50240.26) x 1072 6284137 7.995
76V (29140.07) x 1072 3144045 9252
TI92N (3.960.08) x 1072 8.2840.60 4782
G194A (36040.05) x 1072 7004037 5135
C195V (3.9840.07) x 1072 8484051 4692
P197C (38140.10) x 1072 6824077 5.584
N228A (2624£0.07) x 107 4424059 5.940
S314N (1.9240.05) x 1072 5104054 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 Copub5) affect product
specificity.
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The directed modulation of a product profile towards
a defined product was previously demonstrated for
(+)-6-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.
S$15-S517). 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
@ 0.034 » 0.03 @ 0.034
= = =
= = =
S 0.02- S 0.02- S 0.02-
0.01 0.014 0.01
0.00 T T T J 0.00 T T T ) 0.00 T T T )
(] 20 40 60 80 (] 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 (4)-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 By 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 (+)-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 (+)-5-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 a-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 (Minster, Germany). CDCl; and Benzene-dg, 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),
Copub (XP_007773189), Copu7 (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-1-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 I'! KH,PO,, 4.0 g 1" (NH,),HPO,, 1.7 g I cit-
ric acid, 5.0 g I"! yeast extract, 4.88 ml 1! 1 M MgSO,,
245 ml 171 0.1 M Fe(III) citrate, 1.00 ml 17! 100 x Trace
Element Solution (5.0 g 17! EDTA, 84 mg 1™' ZnCl,,
13 mg 1! CuClL*2 H,0, 10 mg I"! CoCl*2 H,O,
10 mg 1™ 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 pg ml™!) 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 (ODgy,=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 (vwvm), 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(IIl) 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, LD 0.25 mm, film 0.25 pm) 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, 'H/"C/2'P/*F/*°Si;
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 SEI; 'H/*C; 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
8=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/HCI 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,; Copu5:
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 pl 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: 6TJZ
[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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Fig. S1. Amino acid sequences

>Copu3 [1]
MSATPAPTEFILPNLFSVCPLTFGRSNPYYDEVIPEARAWIAKYNPFVDSKRAEFVQGCNELLCSRVWPYAGREEFRT
CCDFVNLLFVLDELSDDMGGADARSTCDSFIRVLNDPDAPDTSLIAQMTREFRARVAERAKPGCLRRFIALCGTYVE
AVCVEAELREQGRVLDLRSFILLRRENSAVRCCLALAEYALGLELPDAVFNDPAFQSVYFCAADMVCWSNDVYSYN
MEQAKGHTGNNVVTVLMQEHGIDLQAAADRVGEVFGQLMEHYTSGSRSLPTWGGKVDADAARFLEAAGQWV
VGNLEWSFETPRYFGPDHDEVRDTHRVLLK

>Copu5
MHLPEPFHFLLPDFSSHCSYPLRLNKHCVAAAAASEDWLIRLAQLRSPRNGRKLKKFMGLKAGYLTALCYPDCPRTE
LRVVSDYMNFLFTLDDWSDEFAEAGVRGLEQCVMGMLYDPTVKTDKAAGRLARSFWLRMIRTAGPRVQHRFIVA
FEDFFRAVEQQSRDRAKGVMPDLESYIALRRDTSGCRPVFVLAEYAAGIELPDEVFEHPIIQSMTEATNDLVTWSND
VFSYNKEQALGDTHNMITLLMAQHGLSLQGAVDFVGQLCAASITRFESGRTTLPSWGPDVDCDVQKYVMGLQD
WIAGSLHWSFETERYFGKRGKEVRQAGVVKLSPMKAPKKV

>Copub
MLQLPSHFVLQDLCAISGRACELKVSPLOQREAGALATKWFDSIGVYDEIKFTKFTKFGKFDLFAALSFPEADLRHLETC
LMFFFWAFSTDDLSDEGALOQNRPDEVQAGHDVSNAVIDHPEAPRPAYPYAAMLYDLLERFRETGTEGAYARFIRAF
EDWSESQVQQSQNRSEDRMPSIHEFILMRRATIGGAMVEAMIEYSLDIDLPDFIFEHPTIIAMSEATNDIMTWPND
LCSFNKEQADGDYQNLVFIIMEERGVGLQEGIDILTDMLSQRVDDYLALKASLPSFGPKVDYELARYLKALEHFTQGT
VLWYYLSPRYFRTVDVSNRHNLVVPLFPQSFH

>Copu7
MPNRFYLPDTMVTWPWKTRTNPHADEVEEKCVEWCNAFPMMTKAYKKLKPDHLLVVSLFVLVIILVDDCTDAEN
ADVARKTADLVKDAFEHSDQPRPAGEGPIGEIVRRFWQFSIGVITANVQVAFLKHFDEFLDSIVTQAGQRDEDVRLS
VDKYLKLRRDNVGVMPFFPFLRTTSGPDLPEEIWDSAVIAEMTGHIIDMYIFDNDTISYGREYALGDTGHNIVTLLM
QEHGIDVGSAVAWATARHAAAQKAFKDGLERLPSLGSHADAQVKEYLNGLGYWIRAYHVWSFKIERYFDGRGDE
VKASRLVQLKPPASSVQSSAH

>Copu9
MSPTATFTTTSSEENAPTKFILPDLVSDCTYPLLLNDNCEPVARASEQWLIAGARLQEPRRTKFMGLLAGELTAACYP
HADASHLRVCVDFMNWLFNMDDWLDDFDVDDTWGMRHCCLGAFRDPVGFETDKLGGLMSKSFFSRFRQDGG
PGCTERFIHTMDLFFIAVAQQAGDRANGITPDLESYITVRRDTSGCKPCFALIEYAAGIDLPDHVIYHPTLAAMEEAT
NDLVTWSNDIFSYNKEQVTDDTHNMIPVLMRERGLDLQGAVDFVGRLCKGTIERFETERARLPSWGPELDAQVQT
YIEGLONWIVGSLHWSFDSHRYFGKDGHAVKKHRIVKLLPKRVPQQA

>Copul0
MSPSPTRFYLPDTMASWPWKTRTNPHADEVGGGDASSGHLSLLSESFSRLIQLVHSFDHLLVVSLFVLVIILVDDCT
DTENADVARQTADLVNDAFEHSDQPRPAGEGPIGEIVRRFWQYAIGIISPKVQVAFLKHFGEFLESIVTQAGQRDED
VRLNVDTYLKLRRDNVGVMPFFPFLRPTSGPDLPEEIWESAVIAEMTGHIVDMYIFDNDTIFYGREYALGDTGHNIV
TLLMQEYGIDVGSVAWATARHAAAQKAFKDGLERLPSHGAQADAQVKEYLNGLGYWIRAYHVWSFKIERYFDGR
GDEVKVSRLVQLKPQ

>Copull
MTSWPWKTKVNPYANAVRQRCAEWCSSFPMMAKAYKKLDPNQLLVVSLFSLVIVLVDDSTDVEDAAAAQQTAT
LVRDALQHPHQARPFGEAPIGEIVRRFWQLAIQTTHVDVQSAFLTHFDAFLESVVAQAGFRDHDSQLSIDAYLTIRR
DTVGVMPFFPFLRPSADDRATENVWNSPIIAELTGYIVDMYIYDNDTISYAREHALGDIGHNITLLMRDLNIDLGSA
VSWAVMQHAVAQRAFIEGIARLPSWDADVDRQVRDYLDGLGHWAKAYHTWAFEVERYFGDRGKEVKATGLVR
LRRS



Fig. S2. Protein sequence analysis with Copu3 as reference

DDXXD maotif presented in salmon, NSE-triad in yellow and WxxxxxRY motif in blue; effector
triad R, D and S in green

CLUSTAL O(l1.2.4) multiple sequence alignment

copud = —m———————- MSATPAPTEFILPNLFSVC--PLTFGRSNPYYDEVIPEARAWIAKYNPEV
copub = ——————————- MHLPEPFHFLLPDFSSHC--SYPLRLNK-HCVAAAAASEDWLIRLAQLR
copu6 = —m—————————- MLQLPSHFVLQDLCAISGRACELKVS-PLOREAGALATKWEDSIGVYD
copu? = —mm—mm————— - MPNRFYLPDTMVTW--PWKTRTN-PHADEVEEKCVEWCNAFPMMT
copu9 MSPTATFTTTSSEENAPTKFILPDLVSDC--TYPLLLND-NCEPVARASEQWLIAGARLQ
copuld  ————mm—————- MSPSPTRFYLPDTMASW--PWKTRTN-PHADEVGGGDASS-GHLSLLS
copull =~ —mmmmmmmmmm - MTSW--PWKTKVN-PYANAVRQRCAEWCSSFPMMA
copu3 DSKR----AEFVQ-GCNELLCSRVWPYAGREEFRTCCDFVNLLEVL DMGGADAR-
copub SPRNGRKLKKFMG-LKAGYLTALCYPDCPRTELRVVSDYMNFLFTL EFAEAGVR-
copub EIKF----TKFTKFGKFDLFAALSFPEADLRHLETCLMFFFWAFST EGALQNRPD
copu’ KAYK-—---- L et LKPDHLLVVSLEVLVIILV AENADVAR-
copu? EPRR----TKFMG-LLAGELTAACYPHADASHLRVCVDFMNWLENM DEDVDDTW-
copul0 ESFS----- RLIQ-L-——-———-——- VHSFDHLLVVSLEVLVIILV TENADVAR-
copull KAYK-—---- L e LDPNQLLVVSLFSLVIVLV VEDAAAAQ-
. . * . *
copu3 —-——-STCDSFIRVLNDPDAP--DT-SLIAQMTREFRARVAERAKPGCLRRFIALCGTYVEA
copub -—--GLEQCVMGMLYDPT-V--KTDKAAGRLARSFWLRMIRTAGPRVQHRFIVAFEDFFRA
copub EVQAGHDVSNAVIDHPE--APRPAYPYAAMLYDLLERFRETGTEGAYARFIRAFEDWSES
copu’ —-——-KTADLVKDAFEHSDQPRPAGEGPIGEIVRRFWQFSIGVITANVQVAFLKHFDEFLDS
copu?9 —-——-GMRHCCLGAFRDPVGF--ETDKLGGLMSKSFFSRFRODGGPGCTERFIHTMDLFFIA
copulO -——-QTADLVNDAFEHSDQPRPAGEGPIGEIVRRFWQYAIGIISPKVQVAFLKHFGEFLES
copull -——-QTATLVRDALQHPHQARPFGEAPIGEIVRRFWQLAIQTTHVDVQSAFLTHFDAFLES
copu3 VCVEAELREQGRVLDLRSFILLRRENSAVRCCLALAEYALGLELPDAVENDPAFQSVYFC
copub VEQQSRDRAKGVMPDLESYIALRRDTSGCRPVEFVLAEYAAGIELPDEVFEHPIIQSMTEA
copub QOVQQOSONRSEDRMPSTIHEFILMRRAT IIGGAMVEAMIEYSLDIDLPDFIFEHPTIIAMSEA
copu’ IVTQAGQRDEDVRLSVDKYLKLRRDNVIGVMPFFPFLRTTSGPDLPEEIWDSAVIAEMTGH
copu?9 VAQQAGDRANGITPDLESYITVRRDTSGCKPCFALIEYAAGIDLPDHVIYHPTLAAMEEA
copulO IVTQAGQRDEDVRLNVDTYLKLRRDNVIGVMPFFPFLRPTSGPDLPEEIWESAVIAEMTGH
copull VVAQAGFRDHDSQLSIDAYLTIRRDTVGVMPFFPFLRPSADDRATENVWNSPITAELTGY
. .k k . . . . . .
copu3 AADMVCWS QAKGHTGNNVVTVLMQEHGIDLQAAADRVGEVFGQLMEHYTSG
copub TNDLVTWS QOALGDTH-NMITLLMAQHGLSLQGAVDEFVGQLCAASITRFESG
copub TNDIMTWP QADGDYQ-NLVFIIMEERGVGLQEGIDILTDMLSQRVDDYLAL
copu’ IIDMYIFD YALGDTGHNIVTLLMQEHGIDVGSAVAWATARHAAAQKAFKDG
copu?9 TNDLVTWS QVTDDTH-NMIPVLMRERGLDLQGAVDEFVGRLCKGTIERFETE
copulO IVDMYIFD YALGDTGHNIVTLLMQEYGIDVGS-VAWATARHAAAQKAFKDG
copull IVDMYIYD HALGDIGHNIITLLMRDLNIDLGSAVSWAVMQHAVAQRAFIEG
* HE H Frrori*o HIH :
copu3 SRSLPTWGGKVDADAARFLEAAGQWVVGNLEWSFETPRYFGPDHDEVRDTHRVLLK-———
copub RTTLPSWGPDVDCDVQKYVMGLODWIAGSLHWS FETERYFGKRGKEVRQAGVVKLSPMKA
copub KASLPSFGPKVDYELARYLKALEHFTQGTVLWYYLSPRYFRTVDVSNRHNLVVPLFPQSF
copu’ LERLPSLGSHADAQVKEYLNGLGYWIRAYHVWSEFKIERYEFDGRGDEVKASRLVQLKPPAS
copu?9 RARLPSWGPELDAQVQTYIEGLONWIVGSLHWSEFDSHRYFGKDGHAVKKHRIVKLLPKRV
copulO LERLPSHGAQADAQVKEYLNGLGYWIRAYHVWSEFKIERYEFDGRGDEVKVSRLVQLKPQ—--
copull TIARLPSWDADVDRQVRDYLDGLGHWAKAYHTIWAFEVERYFGDRGKEVKATGLVRLRRS——
. - * . . *

* Kk . * . .
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Fig. S3. Multiple sequence alignment of Copu9, Copu5, GME3638 and BvCS with Copu9 as reference

DDXXD motif presented in salmon, NSE-triad in yellow and WxxxxxRY motif in blue; effector triad R, D and S in green

Sw N DSw N =Sw N =Sw N

Sw N

Copu9
Copub
GME3638
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Copu9
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BvCS

Copu9
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GME3638
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Copu9
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cov
100.0%
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81

161

241

321

—————————————— MSPT-ATFTTTSSEENAPTKFILPDLVSDCTYPLLLNDNCEPVARASEQWLIAGARLOQEPRR-—-—

—————————————————————————— MHLPEPFHFLLPDFSSHCSYPLRLNKHCVAAAAASEDWLIRLAQLRSPRNGRKL
————————————————————————————— MRARSFILPDLVSDCPYTLRCNSNCEAVARASEAWMLEDANLSPKRR-—-—--
MSTASSPSLVASEIDSPHHSRTSSPSPTLSPPTSFILPDLVSHCNEFPLTYHPAGDEQAAASLAWMLSEFVPHETPK-—--KV

. 1 .
TKFMGLLAGELTAACYPHADASHLRVCVDFMNWLENM
KKFMGLKAGYLTALCYPDCPRTELRVVSDYMNFLEFTL
DAFLRLRGGELTAACYPDTDEACLRVAADFLNFLESL
AAMNGLQAGELTAYCYHDCPPERLRVVDDFMNYLFHL

LGGLMSKSFFSRFRODGGPGCTERFIHTMDLEFFIAVAQQAGDRANGITPDLESYITVRRDTSGCKPCFALIEYAAGIDLP
AAGRLARSFWLRMIRTAGPRVOQHRFIVAFEDFFRAVEQQSRDRAKGVMPDLESYIALRRDTSGCRPVEVLAEYAAGIELP
AAGKLAKSFENRFROQTAGPRCTRRFIDSMDLEFFHATAQQAQDRASGSAPSLEEYVALREDTSGCKPCFALIEYAAGMDLP
AAVKLARDYWSRCIQQAKPGVQORFKSSMNMEFQAVEQQTNDRDGQVVPDLESYIDMRRDTSIGCKPVEDLIEYALGFELP

DHVIYHPTLAAMEEATNDLVTWS
DEVFEHPIIQSMTEATNDLVTWS
DHVAHHPTITALEREANACISWS
EEVVDHPVIKALNQDANDLVTWS

W---GPELDAQVQTYIEGLONWIVGSLHWSEFDSHRYFGKDGHAVKKHRIVKLLPKRVPQQA-——————————————

DFDVDDTWGMRHCCLGAFRDPVGFET-—-—-———-—-—-— DK

EFAEAGVRGLEQCVMGMLYDPT-VKT---—-————-—— DK

EFSMEDTCGLAQCVMCVLHDPDDFQT-—--—————-—-— EK

GMMAKNTTQLADWVMNAFEWPEKFQPTVNADGEVVEE T
3

QVTDDTHNMIPVLMRERGLDLQGAVDEFVGRLCKGTIERFETERARLPS
QALGDTHNMITLLMAQHGLSLQOGAVDEVGQLCAASITRFESGRTTLPS
QARGDTHNMIAVIMREDGRSLOEAVEYLGALCKLCIVHFEENRAMLPS
QARGDTHNMICIFMEHDGCTLQEAIDRVGGLCKQTIDAFVENKARVPS

W-—--GPDVDCDVQKYVMGLODWIAGSLHWSFETERYFGKRGKEVROQAGVVKLSPMKAPKKV-————-——————————
W---GPEIDGEVDRYVLGLODWMVGALHWSEFDTARYFGDEGPAIKKHGVVTLLPRKSSS———-———-———————————
FAHLGPEVDAWTTGYVQGLODWIVGSLHWSEMTKRYFQEAGAEVKKTREFVKLLPIEEGRHKHIPPIYASAMVAATA

80

160

240

320



Terpene structure elucidation: NMR Results
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Fig. S4. "H NMR spectrum of (+)-0-cadinol produced by Copu9; Standardised on solvent (CDCl3) peak:
'H =7.26 ppm, '"H NMR (500 MHz, CDCl3) 6 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, J = 6.9 Hz, 3H), 0.81 (d, J = 6.9 Hz, 3H).
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Fig. S5. 3C NMR spectrum of (+)-0-cadinol produced by Copu9; Standardised on solvent (CDCls)
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Fig. S10. Comparison of "H-NMR spectra of (+)-0-cadinol produced by Copu9 and Copu5
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Fig. S12. Structure-based sequence alignment of Copu9, Copub and Copu3. On top of the primary
sequence of Copu9 the secondary structure elements are drawn. Slashed lines at the N-terminus
indicate the terminal residue, which is included in the crystal structure. The aspartate-rich motif
(®DDWLD%) s highlighted with red spheres and the 28NSE236 motif with yellow spheres. The
3S1T7TWixxxxxR Y324 motif (with x as any amino acid) is indicated by blue spheres. Copu9 residues subjected
to side directed mutagenesis are highlighted with triangles. Residues that have been subjected to
mutagenesis, without altering the product, are shown as teal triangles, whereas single residue
exchanges with an effect on the product profile are drawn as magenta triangles.

Fig. S13. Polder electron density map[2] shown as mesh at a o-level of 2.0. AHD is presented as ball-
stick-model with carbon atoms colored in black, oxygen in red, phosphorous in orange and nitrogen in
light blue. Mg?* ions are shown as green spheres.
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Fig. S 14: Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) of the purified
Copub (theoretical mass including the Hiss-tag 41.9 kDa) and Copu9 (theoretical mass including the
Hiss-tag 42.7 kDa) with Precision Plus unstained protein standard (Bio-Rad) on the left lane.
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Fig. S15: Thermal shift analysis of Copub and Copu9 in pyrophosphate containing buffer with and
without AHD (a) and Copu9 and its variants in Copu9 buffer with and without AHD
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Table S1. Crystallographic data collection and model refinement statistics

Dataset Copu9-Mg?*3*AHD
PDB entry 70FL
Data Collection
Wavelength [A] 0.9184
Temperature [K] 100
Space group P21242
Unit Cell Parameters
a, b, c[A] 74.4576.62 135.11
a, B,y I[] 90.0 90.0 90.0
Resolution [AJ? 50.00 - 1.83
(1.94 - 1.83)
Reflections @
Unique 2 68,244 (10,301)
Completeness [%]? 98.6 (93.3)
Multiplicity @ 7.3(7.3)
Data quality @
Intensity [I/a(1)] 2 8.73 (1.01)
Rmeas [%]? P 52.5 (302.0)
CCi22° 98.9 (44.0)
Wilson B value [A2?] 35.7
Refinement
Resolution [A]? 50.00 - 1.83
(1.88 - 1.83)
Reflections @
Number 67671
Test Set [%] 3.1
Rwork [%]a 18.3 (34.9)
Riree [%]? 23.1 (36.5)

Asymmetric Unit
Protein: Residues, Atoms 335 (A), 2,742 (A)
334 (B), 2,716 (B)

Ligands: Molecules 2 (AHD), 6 (Mg?*),

14 (EDO),

Water molecules 697
Mean Temperature factors [A2]°
All Atoms 29.3
Macromolecules 26.9 (A), 30.5 (B)
Ligands 25.2 (AHD), 21.4 (Mg?*)

40.4 (EDO),
Water molecules 33.6
RMSD from Target Geometry ¢
Bond Lengths [A] 0.013
Bond Angles [°] 1.154

\Validation Statistics
Ramachandran Plotf

Residues in Allowed Regions [%] 0.6
Residues in Favored Regions [%] 99.4
Ramachandran plot Z-score f (RMSD)
whole -1.20 (0.28)
helix -0.86 (0.19)
sheet -
loop -0.04 (0.46)
MoLPROBITY Clashscore 9 3.48
MOLPROBITY score f 1.16

2 data for the highest resolution shell in parenthesis

® Rmeas(l) = ¥n [N/(N-1)]"2 5 | In - <Ih>| / 313 I, in which <ly> is the mean intensity of symmetry-equivalent reflections h, I, is
the intensity of a particular observation of h and N is the number of redundant observations of reflection h[3].

¢ CCypp = (<I?> - <I>2) | (<I?> - <I>?) + g%, in which 0% is the mean error within a half-dataset[4].

49RMSD - root mean square deviation

¢ calculated with PHENIX [5]

f calculated with MOLPROBITY [6]

9 Clashscore is the number of serious steric overlaps (> 0.4 ) per 1,000 atoms|[6].
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Table S 2: Results of a DALI [7] search with the coordinated of the structure of Copu9e Mg32+e AHD.

PDB | rmsd[A] | sequence |2Z- protein TPS family Ligand in active site resolutio | Reference
ID identity [%] | score n [A]
40kz 1.7 23 39.1 selinadiene synthase sesquiterpene dihydrofarnesyl, 1.90 [8]
pyrophosphate
41z0 2.3 22 38.1 Epi-isozizaene sesquiterpene pyrophosphate, benzyl 1.75 [9]
synthase triethyl ammonium cation
5dz2 1.9 24 36.8 | germacradienol/ sesquiterpene alendronate 2.11 [10]
geomisin synthase
5nx7 2.0 20 36.0 | pentalenene synthase | monoterpene 2-fluoroneryl diphosphate 1.51 [11]
6tjz 21 25 36.0 | spiroviolene synthase diterpene none 2.40 [12]
Sivg 2.1 19 34.4 | aristolochene synthase | sesquiterpene farnesyl 1.95 [13]
thiolodiphosphate
60h6 2.3 16 34.1 labdane-relateded diterpene pyrophosphate 2.07 [14]
diterpene synthase

Table S 3: Superposition of the experimentally obtained crystal structure of Copu9eMg?*;e AHD, with the models for Copu9 and Copub, respectively. The root

mean square deviation (rmsd) for aligned pairs of Ca-atoms is given in [A]. The number of aligned residues is provided in parenthesis.

PDB ID Copu9eMg?*36AHD Copu9 (model) Copu5 (model)
Copu9eMg?*;6AHD - 1.2 (317) 1.1 (319)
Copu9 (model) - 0.8 (321)

Copu5 (model)
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Fig. S 16: Comparison of the experimentally determined closed conformation of Copu9 with the
modelled structures of Copub and Copu9. For clarity only one monomer is shown in ribbon
representation. (a) Superposition Copu9eMg?*:e AHD with a-helices are depicted in light blue and B-
sheets in green. The Asp-rich motif is coloured in salmon and the NSE motif in yellow. The 3 Mg?* ions
are indicated as green spheres and alendronate in stick representation. The modelled structure of
Copu9 is shown in brown, representing the open, inactive conformation. (b) Superposition of
Copu9eMg?*3e AHD and the modelled Cop5 shown in violet. (c) Superposition of the models of
Copub (violet) and Copu9 (brown).

Table S4. Summary of active side residues in Copu3, Copub and Copu9. The listed residues are
identical in Copub and Copu9. Only four of these residues are also identical in Copu3 (shown in grey).
In the site directed mutagenesis study described the non-identical residues in Copub and Copu9 were
replaced with the corresponding amino acids present in Copu3.

Copu3 Copub Copu9
L63 L65 L72
C64 T66C T73C
V67 C69V C76V
L86 L88 L95
F87 F89 F96

N182 T184N T192N
A184 G186A G194A
V185 Cc187Vv C195Vv
c187 P189C P197C

A218 N220A N228A

W301 W302 W310

N305 S306N S314N
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Fig. S17. GC-Chromatograms of Copub WT and variants G186A, C187V, N220A and S306N; Detailed
GC-MS analysis based on NIST database comparison allows for compound assignment of (1) tau-
muurolene (RT: 15.51 min), (2) delta-cadinene (RT: 16.03 min), (3) cubebol (RT: 16.05 min), (4) (+)-6-
cadinol (RT: 17.66 min) and (5) a-cadinol (RT: 17.78 min); (*) represents the formation of a new side
product germacrene-D-4-ol (RT: 16.85 min); G186A shows enhanced production of tau-muurolene;
C187V shows enhanced production of &-cadinene, cubebol and alpha-cadinol and formation of
germacrene-D-4-ol; N220A shows a decrease in the formation of the main product, an increase in &
cadinene and a-cadinol and the formation of germacrene-D-4-ol; S306N shows a decrease in the
formation of the main product, an increase in &-cadinene and a-cadinol and the formation of
germancrene-D-4-ol.
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Fig. S18. GC-Chromatograms of Copu9 WT and variants N228A and S314N; Detailed GC-MS analysis
based on NIST database comparison allows for compound assignment of (1) tau-muurolene (RT:

15.51 min), (2)

o-cadinene (RT: 16.03 min), (3) cubebol (RT: 16.05 min), (4) (+)-6-cadinol (RT:

17.66 min) and (5) a-cadinol (RT: 17.78 min); (*) represents the formation of a new side product
germacrene-D-4-ol (RT: 16.85 min); N228A shows an increase in 5-cadinene and a-cadinol and the
formation of germacrene-D-4-ol; S314N shows a decrease in the formation of the main product, an
increase in 5-cadinene and a-cadinol and the formation of germancrene-D-4-ol.
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Fig. S19. GC-MS spectrum of germacrene-D-4-ol (RT: 16.85 min) as identified by NIST database[15];
assigned with (*) in Fig. S 10 and Fig. S11.
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Fig. S20. Proposed cyclication pathway of all products of Copub and Copu9 leading the carbocation
reaction trajectory via the key carbocations germacryl and cadinyl[1, 16, 17].
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Fig S21: In vitro Michaelis-Menten kinetics of Copu9 variants T73C(a), C76V(b),T192N(c), G194A (d),
C195V (e) and P197C (f) 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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